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PA3SMMUT PEI'YJIATOP HA CMUT 3A HEJIJMHEAHU OBEKTU
CYUCTO 3AKbCHEHHUE HA ITPUHIUIIA HA ITAPAJIEJIHO
PA3SNPEIEJIEHA KOMIIEHCALIUA

Cuexana HopaanoBa

Pesrome: [Ipeonosicen e memoo 3a cunmes na pazmum Cmum npeouxmop (PCII) 3a
nenuneen obexm cwvc 3axvchenue. PCII e uzepaden na 6aza na Takagi-Sugeno-Kang
(TSK) pazmum mooen na obekma, cocmagen om NOKAIHU TUHEUHU 0OEKMU CbC 3HA-
yumenHu yucmu 3aKvchenus. Mznonzea ce npunyunvm na Ilapaneino Pasnpedenena
Komnencayus (IIPK) u noxannume nuneinu pe2yiamopu ce CUHmMe3upam Kamo Kid-
cuyecku Cmum npeduxmopu 3a CboOmeemHnume JOKAIHU 00eKmu 3a KOMNEeHCupane Ha
3axveHenuama um. Mzeedenu ca yciosus Ha JIAnyHoe 3a anaius Ha yCmouvueocmma
Ha 2100anHama pamuma cucmema Kamo JuHetHu mampuyru Hepasencmea. Cunme-
supan e PCII 3a ynpasnenue na memnepamypama 6 1abopamopua newi u 3ameope-
Hama cucmema € u3Cie08ana upe3 CUMYIAYUsL.

Kniouoeu oymu’ 3axvcHenu€, neauneen oOexm, napanieino panpeoenena KOMneHca-
yus, pazmum Cmum npeoOuxmop, CUMyaayust, yCmoudugocm

FUZZY SMITH PREDICTOR FOR NONLINEAR PLANTS WITH TIME DE-
LAY BASED ON PARALLEL DISTRIBUTED COMPENSATION

Snejana Yordanova

Abstract: A method for the design of fuzzy Smith predictor (FSP) for a nonlinear
plant with time delay is developed. The FSP is based on Takagi-Sugeno-Kang (TSK)
plant model, comprised of linear local plants with significant time delays. 7he princi-
ple of Parallel Distributed Compensation (PDC) is employed and the local linear
controllers are designed as classical Smith predictors for the corresponding local lin-
ear plants aiming at compensation of their time delays. Lyapunov conditions for anal-
ysis of the global fuzzy system stability are suggested in the form of linear matrix ine-
qualities. A FSP is designed for the control of the temperature in a laboratory furnace
and the closed loop system is investigated via simulations.

Keywords: fuzzy Smith predictor, nonlinear plant, parallel distributed compensation,
simulation, stability, time delay compensation

1. INTRODUCTION AND PRELIMINARY INVESTIGATIONS

In the development of fuzzy control there have emerged two main approaches. The
first one is the model-free expert Mamdani controller [1-4]. The recent and the more
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advanced is the model-based approach, built on dynamic fuzzy Takagi-Sugeno-Kang
(TSK) plant model [5-7]. The TSK plant model allows modelling of any nonlinear
plant by local linear plant models in the conclusions of the fuzzy rules and blending
the qualified conclusions of the activated rules by the inference mechanism. Accord-
ing to the Parallel Distributed Compensation (PDC) the fuzzy logic controller (FLC)
and the TSK plant model have fuzzy rules with common premises. Each conclusion is
a local linear controller - usually a state feedback, designed to compensate the corre-
sponding fuzzy rule in the plant [4-10]. Thus the PDC controllers have only a few
rules — one for each plant model. The PDC-TSK approach is gaining popularity for
being systematic in considering system stability, robustness and performance and also
for the use of the well-developed linear control technique for the design of the local
controllers.

The PDC fuzzy logic controller design is decomposed into local linear controllers de-
sign from the requirement to ensure local linear systems stability and robustness and a
global fuzzy nonlinear system stability analysis, employing Lyapunov stability direct
method and Linear Matrix Inequalities (LMIs) numerical technique [4-8, 10] for solv-
ing the Lyapunov stability conditions. The local controllers design and the Lyapunov
global system stability problem may become computationally hard and even insolva-
ble for plants with immeasurable state variables, time delay and model uncertainties.

Most industrial processes are inertial complex nonlinear time-varying plants with sig-
nificant time delay [4, 8-12]. Fortunately the nonlinear plant in most cases can be rep-
resented by a TSK plant model of finite number of local linear models with time de-
lay, each for a given operation sub-domain. This makes the application of the ad-
vanced and simple fuzzy PDC-TSK approach suitable for achieving of the high per-
formance demands to the control of such plants as it accounts for the time delay, the
nonlinearity, the model uncertainty and complexity [4-10]. The significant time delay
and the nonlinearity of both plant and controller make system stability and robustness
essential for the practical feasibility of the designed control system [4-8, 10].

Different new developments, based on linear control analogies, have been proposed to
the classical PDC-TSK approach [5-7] in case of local plants with immeasurable state
space variables, time delay and model uncertainty. Dynamic Pl local controllers are
designed in [4, 8-9]. A fuzzy internal model controller (FIMC) is suggested in [10] to
compensate plant model uncertainty.

The aim of the present investigation is to develop a method for the design of a fuzzy
Smith predictor (FSP) for a nonlinear plant with local low order linear plant models
with relatively significant time delays. The FSP is PDC-TSK based with dynamic lo-
cal controllers, which are derived on the principle of linear Smith predictor to ensure
local linear systems stability and to improve their performance by compensating the
corresponding local plant time delay.

The time delay is due to modelling error, distribution in space of the parameters of the
plant, high order or multi-capacitance of the plant, transport delay, inertia caused by
finite rate of reactions, restricted flow velocities, time required to overcome re-
sistance, etc. The pure time delay reflects the total effect of transient, transport and
approximation delays. Plants with time delay are difficult to control since the control
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action is not felt right away. Stability constraints should be carefully observed as well.
In case of high relative time delay t/T > 0.5 with respect to plant model time con-
stant T, special measures for compensation of the time delay are recommended in or-
der to improve system stability and performance [11, 12]. The Smith predictor is one
of the most popular.

The block diagram of a control system with a Smith predictor is shown in Fig.1. A

plant model with transfer function with time delay P,(s)e™™ represents the plant. The
Smith predictor R(s) consists of a conventional controller C(s), enclosed by a feed-
back Cg,(s), and has the following transfer function:
C(s
RS =), @
1+ C(s)Csy(5)
The necessary feedback Cy,(S), derived to ensure no time delay in the characteristic
equation of the closed loop system, is:
Crp () =Py (s)[L-e 7] 2)
As seen from (2), Cy,(S) depends entirely on the plant model. Substituting (2) in (1)
results in:

C(s
R(s) = 6 ©
1+C(s)R,(s)[1-e ]
The stability of the closed loop system is not influenced by the time delay t as it is not

present in the denumerator of the transfer function of the closed loop system with the
Smith predictor:

R(s)Py (s)e™™ C(s)Py(s)e™ _C()Ry(s)e™

1+RG)P,(s)e™ 1+ C(5)Cqp(s)+ C(S)P,(5)e ™ 1+ C(S)Py(s)

(DSmith (5) =

v

Po(S)e-TS

Fig.1. Block diagram of a closed loop system with Smith predictor R(s)

This allows for P,(s)= a PI controller C(s)=K,(1+1/T;s) to work with a very

Ts+1
great gain K, without violation of system stability as the open loop system C(s).P4(s)
is of second order and its Nyquist plot never crosses the negative abscise axis — the
system remains stable at high controller’s gain. This ensures high dynamic accuracy,
insensitivity to model uncertainty and good disturbance filtration can be ensured.
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Despite of the advantages of the Smith predictor its industrial application is still not
widely spread due to the difficulties in the completion of the necessary feedback
Cs, (s) and the high demand for precise plant model parameters. System performance

may be greatly deteriorated in case of deflection between plant and model parameters
caused by model uncertainties, changes of plant parameters with time or with the shift
of the operation point along nonlinear characteristics, etc.

In order to make the Smith predictor more robust and to extend its application to non-
linear plants a method for the design of FSP on PDC-TSK scheme is suggested in the
next chapter 2. In chapter 3 a FSP for the air temperature in a laboratory furnace is
developed. Simulation investigations of the system with the FSP are described in
chapter 4. The final chapter 5 contains analysis of results and conclusion and outlines
the future work.

2. METHOD FOR THE DESIGN OF FUZZY Smith PREDICTOR

The fuzzy Smith predictor is based on the PDC-TSK scheme. It requires a TSK plant
model, derived from identification for industrial processes with time delay in [4, 8-
10]. Experimentally recorded plant step responses in different operation points are ap-
proximated by Ziegler-Nichols models. Then sub-domains of linearisation are deter-
mined by grouping similar adjacent step responses, to which correspond models with
close parameters. In each sub-domain an average Ziegler-Nichols model
P (s)=K; (T, s+1)1e™* =P_(s)e™* is computed, which is accepted as the local lin-
ear plant in the corresponding fuzzy rule of the TSK plant model. The sub-domains
are recognized by the plant output y(t) or its reference y,(t). When under closed loop
control, the plant output follows the reference y, and smoothly passes through all sub-
domains from the current to the final. This causes the model parameters K;, T; and r;
to vary with the operation point or the sub-domain.

Each local linear controller is designed as a Smith predictor to compensate one local
linear plant and its relatively great time delay. Thus each local closed loop system has
the block diagram, depicted in Fig.1. After an equivalent transformation, shown in
Fig.2, the resemblance with a system with Internal Model Controller (IMC) Q(Ss) be-

comes obvious [10, 12]. The local IMCs, however, have transfer functions
Qi(s)=[P, (s)T*.Fi(s). The filter Fi(s) is designed to make proper the transfer function

Po(s)e-Ts

Po(s)e-rs

Fig.2. Equivalence of systems with Smith predictor R(s) and internal model controller

Q(s)
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P. (s) and no noise and disturbances, and also to ensure no steady state error for step

inputs. The non-minimal phase plant time delay can be omitted in obtaining the in-
verse plant and the result is the following:

QS)=[P, () 1LF(s)= [(T, s+D/K; 1.0s+D) . (4)

The time constant A of the filter is the only tuning parameter. It is selected to be small
for fast system step response but also high enough to satisfy the system robustness
criterion [4, 10].

In the Smith predictor from Fig.2 with C;(s) a PI controller is obtained:

QOO 11+ GO R O
Qi (S) = Kpi (1+1/Tii S).[1+ Ki 'Kpi'(1+1/Tii S)'(Ti S-l-l)_l]_l:

=Ko (T s+0).(T s +D).[T;s. (T s +D) + K Ko (T s+DT™ (5)
The classical controller Ci(s) in the Smith predictor is tuned to have a great gain Ky,
and employing some empirical tuning method can have T, =T. [11]. Then (5) is
simplified to the following expression:

Q (8) =Ky (T; s+(T; s+K; K L =[(T; s +D/K; T AK; Ky)ls +37. (6)

From the analogy between (4) for the IMC and (6) for the Smith predictor it can be
established that:

=T, I(K; Ky), (7)

which for the selected great gain K, can turn out to be very small and may not satisfy
robustness criteria.

The transfer function (6) for K, Kpi>1 Is that of a PD controller (a time lead element)
Q (8)=Cppi(s) =(W/K; ).(T; s+1).(As +1) ™ with a gain K,g; =1/K; and a differ-
entiating time constant Ty =T, . The maximal value for t=0 and considering (7) is
T, /(K; A)=K; and is high.

Po(s)e_TS

Fig.3. A system with Smith predictor R(s) based on internal model controller

Q(s)
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The derivation of the conclusions in the fuzzy rules in the TSK model of the FSP re-
quires transformation of the system in Fig.2 into the system in Fig.3. Also the fol-
lowing assumptions are accepted:

1) A; can be neglected as comparatively small with respect to t; - Ai<<t; since

for great K, - K; .Kpi>1 and hence Ai<T;, on the other hand the Smith predictor is

used when Ti<t;, so Ai<T;,<t;, in this case F;(s)=1;
2) the time delay can be approximated by the linear term in the Taylor’s series

expansion - € * ~ (s +1)_1.
Under these assumptions the Smith predictor is derived as follows:

R.(s) = Qi(s) _ Chppi (8)
1-Q;(s)P (s)e I~ 1-P._(S)[P, ()] Fi(s)e ©° o
1 ,
_CeoilS) Cppi (8). R = Copp;i (5).Cpji ()
1-F(s)e i TS

As seen from (8) the local Smith predictors are comprised of connected in series local
linear controllers PD and PI with gain 1 and integral action time t;. This determines
the suggested structure of the PDC FSP, shown in Fig.4. It consists of two PDC con-
trollers in series — a PD and an incremental Pl. The necessary integrator can be re-
ferred to the plant like in [4, 8-10]. The scaling factors normalise the inputs in the
range [-1,1]. For a given maximal expected error magnitude |emax| - Ke=Kge=1/|€max|
and considering that |Uppmax|=Kpimax-|€max| = Kupo=Kaupo=1/(Kpimax-|€max|)-

X
€ u
—»| PDC PD X
e x PD Kéo|»| PDC |Aue Ug
d/dt —» yé:-l_' Upp Incremental —¥ Kawr PP 1/s >
didt | 5(:;|—. Pl

y ] ¥

Fig.4. PDC Smith predictor R(s)

The fuzzy rules of the plant and the PDC Smith controller are respectively:
Ri: IF y(t) is Mi; AND e(t) is Mj; AND é(t) is M3

THEN. |%i (1) = A% (1) + Bigu;(t— ;) (9)
yi () =Cix; (t)
Rii: IF y(t) is Mi; AND e(t) is Mj; AND é(t) is M3
THEN Upp; (t) = —Fpp; X; (1) + Gppi X, (10a)

or Upp; (t) = Kpgie(t) + Kpgi T €(1),
Ri2: IF y(t) is Mij; AND upp(t) is Mig AND Upp (t) is Mis
THEN Upy; (t) = FpyiXpp;i (1) (10b)
or Upy; (t) = (1/7; )upp () + Upp (1),
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where: Mj; are linguistic values, defined as membership function (MF) of fuzzy sets;
x(t)eR" is the state vector; u(t)eR™ is the input control vector; y(t)eR? is the output
vector; e(t) =y, — y(t) is the error in the closed loop system for constant reference y,

3 (t) = — V(1)) [ xa®=y® ] [X1=Vr | p |0 1 | 0L
(€M) =-y®O): % (t)—[xi;(t):,(ﬂ(t)} X {sz =0 | %o T, | Bk T |
. . . Xppig(t) =Uppi(t) |.
Ci=[ 0] Fepi =[Kpsi KpgiTaili Gepi =[Kyg Ol XPDi(t):{X:;g(t):xss;l(t)}’
The state vector x;(t) can be extended with Xpp;(t) to yield:
X1 (t) = y(t)
e X (t):X' (t)
xS (t) =| 12 il .
O Xi3(t) = Upp(t)
Xiq (£) = Xi3(t)
As a result the defined vectors and matrices will be converted into blocks from the

: : 0 B;
new block vectors or matrices — for instance Aﬁ,:{p‘%xz ZXZ}, Bﬁjz{o'dm},
22 Oaxa 2x

X
Cf =[Ciy, O Xr :[0;2;11] Fi=[Fepi  Fpil: Gi =[Gpp;i 0.

Then the global system stability can be proved by applying the derived in [4, 8] Lya-
punov sufficient conditions. The system (9), (10a), (10b) is quadratically stable if
there exist matrices P>0, and Q>0 such that the following matrix inequalities are sat-
isfied for i, j=1...r, j>i:

T T
PA +AS P+PBIRQTIR'BS P+Q<0

[§] (] (] [§] [§] — eT [§] — [§] T (11)
POS(A, +A) +[05(AS + A)]T P++05(BLFQ'F, "By +B3RQ R 'BY )+Q<0

3. DESIGN OF FUZZY Smith PREDICTOR FOR AIR TEMPERATURE
CONTROL

The developed method for the design of FSP is applied for the control of the air tem-
perature in a laboratory furnace [10]. The experimental study showed three linearisa-
tion sub-domains, represented by Ziegler-Nichols plant models with average for the
sub-domain parameters, given in Table 1.

The FSP is designed using MATLAB™ [13]. Each of the two PDC has three fuzzy
rules according to (10a) and (10b) respectively — one for each linear sub-domain. The
two PDC rule bases are identical. The conclusion is a different deterministic function
of the inputs in each rule and different for the PD and the Pl PDCs and depends only
on the local plant parameters. The inputs are [y, e €] for the PD controller and [y; upp
Upp ] — for the PI controller. The temperature range is [0+80] °C and the maximal ex-

pected error |ema|=10°C. The control action is bounded in the range [0+2] V. The
fuzzy units inputs are normalized — e, €, Upp and Upp in the range [-1+1] °C, and y; -
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in the range [0+1] °C. The denormalisation factor at the output of the fuzzy unit,
which serves also as an integrator gain, is fine tuned by simulation experimentations
to Kgyp1 =1.2. The derivatives é and upp are obtained at the output of a noise resistive
first order differentiators s/(s+1). The MFs for y, shown in Fig.5 with “H” - high,
“Nres” - normal and “L” — low, are designed to map the relative location of the sub-
domains. Only they matter in distinguishing the linearisation sub-domains.

L Nref H

Table 1. Local plants parameters i —
Plant model Ki T; T
parameters °C/V__min__ min osl

Sub-domain 1 66 8 14
Sub-domain 2 10 6 10

Sub-domain 3 50 9 8 L e i——

1 1 1 1 1 1
0 o1 02 03 04 05 0 OF 08 03 A1
input wariable "Tref"

Fig.5. Membership functions for y(t)

4. SIMULATION INVESTIGATIONS OF THE FUZZY SMITH PREDICTOR
CLOSED LOOP SYSTEM

The closed loop system with the designed PDC-Smith controller is studied by simula-
tion in Simulink of MATLAB™ [13]. Its performance is assessed in comparison to
several control systems with:

- PDC-PI controller, designed according to [8];

- PDC-FIMC designed in [10] with denormalisation factor of 1.2,
The simulation is carried out with nominal and perturbed plant in order to assess ro-
bustness. The used Simulink TSK nominal and perturbed plant models are developed
in [10] to reproduce the experimental step responses in the different operation points.
The step responses are shown in Fig. 6. The main performance indices — settling time
ts, min, overshoot o, % and maximal deviation between

Temperature, °C Dashed line for perturbed plant

15
PDC-FIMC

PDC-Smith controller
PDC-PI controller

0 100 200 300 400 500 600
Fig.6. Step responses of systems with PDC controllers - FSP, Pl and FIMC

Time, min

OiiA
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Table 2. Systems performance for nominal/perturbed plant

System FSP PI FIMC
t,, min 300/150 500/300 150/170
G, % 0/0 0/0 0/10
IAYmaxls °C 25 2 35

outputs of systems with nominal and perturbed plants |Ayma, °C, as a measure for ro-
bustness, are given in Table 2.

5. ANALYSIS OF RESULTS AND CONCLUSION
The main contributions of the present investigation conclude in the following.
A method for the design of Smith predictor for nonlinear plants with significant time
delays is suggested on the basis of the fuzzy PDC-TSK approach.
Lyapunov stability conditions in the form of Linear Matrix Inequalities are proposed
to prove global fuzzy system stability.
The method is applied in the design of a FSP for the air temperature in a laboratory
furnace.
The Simulink-based simulation investigations show that the system with the designed
fuzzy PDC Smith predictor has fast step response, no overshoot and good robustness.
It outperforms the system with PDC-FIMC, designed from robustness requirements,
and demonstrates good compensation of the time delay when compared to the system
with PDC-PI controller.
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YCTOUUYUBOCT HA CUCTEMA 3A YIIPABJIEHUE C PABMUT
PEI'YJIATOP HA ITPUHIIUIIA HA ITAPAJIEJIHO PA3ITPEJAEJIEHA
KOMIIEHCALIMA U HPEJAUKTOP HA OBEKTA

buasaua TadakoBa

Pe3rome: B pabomama ce pazenedxcoam npobiemume 3a yCMoudu8oCm Ha CUCMEMU C
pazmumo ynpaeienue (CPY), koumo ca cunmesupanu Ha APUHYUNA HA NAPATIETHO
pasnpedenenama xomnencayus (IIPK) ¢ npoecnosupane na obexma. Ilpednodicen e
Memoo 3a u3Ccie08ane Ha YCMoU4YUsoCm, U3ee0eH om YCio8Usma 3a YCmouyusoCm Ha
Jlanynos, koumo ce pewasam ¢ nNOMOwma HA JUHEUHO - MAMPUYHU HEPABEHCMEA
(VIMH). Epexmusnocmma Ha mMemooa ce OYeHsA8d upe3 Npuidaeauemo my npu CuH-
mesa na IIPK pasmumu peeynamopu (PP) ¢ npoenosupane 3a ynpasnenue Ha mepmo-
ounamuvern obexm.

Kniwowuoseu oymu: JIMH, PP, IIPK CPY, cucmemu ¢ npeduxmopHo ynpasieHue, yc-
MOUYUBOC HA PASMUMU CUCTEMU

STABILITY OF AFUZZY CONTROL SYSTEM WITH PARALLEL
DISTRIBUTED COMPENSATION BASED CONTROLLER AND PLANT
PREDICTOR

Bilyana Tabakova

Abstract: This paper addresses the problems of the stability of fuzzy control systems
(FCS) with plant predictor based on the principle of the parallel distribution compen-
sation (PDC). A method for stability analysis of such systems is suggested. The meth-
od is an extension of the Lyapunov stability conditions, which are solved by the means
of Linear Matrix Inequalities (LMI). The effectiveness of the developed method is as-
sessed by its application to PDC FCS design for temperature control

Keywords: fuzzy controllers, FCS with predictors, LMI, PDC FCS, stability of FCS

1. BBBEJAEHUE

B ncropudecku miiaH KOHICTIIHATA 33 TapalieTHo pa3npenenena kommneHcanws ([TPK)
€ TpecTaBeHa KaTo Mpoleaypa 3a mpoekTupane Ha pa3mut perynarop (PP), 6azupan
Ha Mozen Ha obekta [1]. Jlo To3u eran mpoOiieMuTe 3a yCTOMYMBOCTTA HA MPOCKTH-
panute cuctemu ¢ pasmurto yrpasieaue (CPY) He ca pernraBaHu NpH CHHTE3a WM.
[TocneaBanure pa3zpaboTku ce HoKycHpaT BbPXY NOJ00PSBAHETO HA MPOLETYPUTE IO
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NPOCKTUPAHE W aHAJIM3a HAa yCTOWYHMBOCT [2]. 3a MPBB MBT TEPMHUHBT ,,[TAPAIICITHO
pasmnpenenena komnencanus” ([TPK) ce BpBexkna mpe3 1995 [3]. ITapanenHo pasmpe-
JeNieHaTa KOMIICHCAIUS TIpeiara npolenypa 3a npoektupane Ha PP npu Hanmuue Ha
Takaru-Cyreno (T-C) monen 3a obekra [4,5]. Besiko mpaBmio Ha PP kommeHcupa cb-
otrBeTHOTO IpaBuiio oT T-C monena Ha oOekTa. [IpoekTupanusT peryiaaTop u 00EKTHT
MMAT €IHa U ChIla MPEJANKATHA YaCT B PA3MUTHTE MPaBHJIA.

2.YIIPABJIEHUE HA ITPUHIMUIIA HA TTPK C TIPOI'HO3UPAHE HA
OBEKTA

2.1. T-C MOJEJIMPAHE HA IIPK CPY
T-C monenute ca komOunHarus ot pazmut |F-THEN npaBuia, npencrapsiy Heau-
HeWHaTa CUCTEeMa KaTo cOOp OT JIOKAJHU JIMHEWHU BXOJHO - MU3XOJHH 3aBUCUMOCTH.
[IpaBuno i Ha T-C moznena Ha 0OekTa € OT BU/A:

. . %(t) = Ax(t) + Bpult) + ay,
IF 2, (€) is My AND... z,ds M,, THEN {}}m P ¥

z(t) e BeKTOp C eleMeHTU Z4(L), ..., Zy (£} - mpenBapHUTEIHO M3BECTHU JIMHIBUCTUYHHU

=1,2,..,7(1)

IIPOMEHJIMBH, KOMTO MoraT Aa ObAarT (YHKIUH HA IIPOMEHIIMBUTE HA CHCTOSHHETO,
BBHIITHUTE CMyIIeHHs uiau Bpemero. My, e pasmuro muoxkectBo (PM), re Oposr Ha
npaswiata, x{t) € R™e BekTop Ha chCcTOsHHETO, ft) € R™ e BXOAHUST BEKTOP,
(L} € R9e u3xogHusAT BekTop, & € R™® By € RY™® g, € R¥™ y € R ca
MaTPUYHHU HapaMETPH.

3a Besika qBoiika (x(t), u{t)) kpaifHOTO 3aKIFOUYEHHE CC N3YKCIISIBA MO CIICAHUS HAYHH:

o W (EEN{A () + Bu)] | N
#(E) = e —;ha‘:z&}}{ﬂzx{ﬂ'*'gzw:ﬂ} 2)

=g W (2(e))Cx(t)
= Wy (z(t]))

¥(6) = - D R(EEEx(E) 3)
i=1

= = el
My iz;(t)) e crenenta Ha npuHamexHoct Ha Z(E) koM My,
3a pasmutuTe Mojiesi Ha ooekTa (1) monmyuyenure npasuia Ha [TPK PP ca ot Buaa [6]:

IF z, (£} is Miy AND...AND z,(t) is Mj, THEN w%(t) = —Fixit), i = 1,2,..,r 4)

JloxanHuute perynaTopu B 3aKJIIOUEHHUATA Ha NpaBwiata Ha PP peanusupar 0OMKHO-
BEHO o0paTHa Bpb3Ka MO ChCTOSIHUE. YTIPABICHUETO CJIE] Iepa3MUBaHe Ha M3X0/1a Ha
ITPK PP ce npexncraBs B ciieAHUS BUJL!
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[Ipoextupanero Ha [IPK PP ce chcTou B onpesenssHeTo Ha JOKATHUTE KOSHUITHEHTH

I

F., KaTO C€ OTYMUTAT MU3UCKBAHUATA 3a YCTOMYMBOCT Ha JIOKAJHWUTE JIMHEWHU 3aTBO-

PEHU CHCTEMH M 3a Ka4yeCTBO Ha YIPABJIEHUETO. Y CTOWYMBOCTTA Ha riaodanHata CPY
ce m3ciieqBa o Meroa Ha JlsmyHos [6,8].

2.2. IPK CPY C IPEJUKTOP 3A YIIPABJIEHUE HA HEJIMHEEH OBEKT

Cucrtemute ¢ [1PK ynpaBinenue ¢ mporsosupane Ha moBejaeHueTo Ha obekra (¢ur.l)
Ce CBCTOAT Hal-00I10 OT: 1) 0000IIeH 00CKT, MOMI0KEH Ha CMYIICHUS Y.\, KOHTO
BKIIFOYBA B ce0e CH yMNpaBIsBaHUS TPOIEC, M3MBIHUTEICH MEXaHU3bM, H3MEpBa-
tenau ycrporctia; 2) TTPK perynatop u 3) Cyreno veBponHo-pasmut (HP) npeauk-
TOp, UHTETPUPAH B OOpaTHaTa Bpb3ka Ha cuctemara [7]. [Tomoben pox CPY ce mpu-
Jarar 3a ynpaBJIeHHE Ha TPOMUIUICHH 00CKTH, KOUTO C€ XapaKTepUu3upaT ¢ WHEPIU-
OHHOCT, HEJIMHEMHOCT WJIM HAJIMYKE HA 3aKHCHEHUE.

MPK PP c HP npeauktop ¢ Yem
AN i

—> > > ——>
: obekT
o ey
Ty
CyreHo HP

Yk+h

NPeauKTop |

@ur.1. Ctpykrypa Ha [IPK CPY ¢ npenukrop

HenuueitHusT 00EKT MOXeE Ja ce alpoKCHUMUpa ¢ KpaeH Opoil TMHEWHH MOJEIH OT
IBPBH PeJl ChC 3aKbCHEHHE B pa3inuHuTe padoTHH pexkumu [7,10]. 3a Bceku nuHESH
MOJIeJI ce cuHTe3upa ckopocteH 111 nuHeeH perynarop, a UHTErpaTopbT OT JOIBIHU-
TenHata o0OpaboTKa ce otynTa B obekra. Taka ce momydaBat T-C monenure Ha oOekTa
u IIPK perynaropa, pasmMutuTe npasuia Ha KOUTO Ca CbOTBETHO:

R;: IF v(£) is My, AND e(t) is My; AND &(t) is M,
x(t) = 4x(t) + Byoule — )

THEN by (0 = € ©
Ry: IF y(c) is My, AND e(t)is My, AND &(t) is My,
THEN (t) = Fx,(6) + G,x, 7

1 1 o E
wm () = Kpé(e] + }F'—’ e(i)
n
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A, , By, C,, F;, G; ca MaTpHIIH, KOUTO CE€ U3UMCIIABAT OT IMapaMeTpuTe Ha 00eKTa U Ha

n3nensanara CPY.
Tpute Bxona Ha [TPK PP ca: y(t)- u3xon Ha oOekTa, e(t)-pa3chriracyBaHeTo Ha U3X0/1a
oT 3amaHmeTo Y, (t) (rpemka Ha cucremara) m £(f)-mpoWs3BojHa Ha rpemkara -

2'=[y e ¢ ]. EAMHCTBEHUAT M3XOJ HA PETYJIATOPa € CKOPOCTTA HA yIpasiIeHHeTo U(t).

PemaBanero Ha npasunata (6) u (7) ¢ u3mon3BaHe Ha METO/A Ha JAepa3MHUBaHE ,,IICH-
Thp Ha TeskectTa” (COG) Boau 110 [6]:

0= YN @IAKO-BFxt ) +2X YN @R @OS(A, + ANXO -, ~BPX 1) (8)

i< joi

HeBpoHHO-pa3zMuTHAT npeaukTop oT ¢ur.l ce cuHTe3npa no cbOpaHu U HOPMUPAHU
naHHu OT paborara Ha cuctemara ¢ [IPK PP u ce BkitouBa B oOpaTHara Bpb3Ka, 3a Ja
npenoctaps usnpenappaina nHopmanus Ha [TPK PP 3a u3zxonma Ha oGekra [7]. Po-
JNATa My € J]a IPOTHO3MpPa MOBEJICHUETO Ha 00eKkTa ciell BpeMe 1,,=h.At, kpreTo At e
TaKTHT Ha JUCKPETU3aIHs, a N € XOpHU30HTHT Ha Tpe/ICKa3BaHe.

2.3. YCJIOBUSI HA JIAITYHOB 3A YCTONMYUBOCT HA CPY C IIPK PP
3arBopenara cuctema (6)-(7) e KBaapaTHYHO YCTOMUYMBA, aKO CHINECTBYBAT ITOJIOMKH-
TEJIHO ompenaeneHn Matpund P u Q , KOMTO [a yIOBIETBOPSABAT CIEIHUTE JINHEHHO-
maTpuyHu HepaBeHcTBa (JIMH) 3a i, j=1...r, ] >1 [6,8]:

PA, +A,'P+PB,FQ'F'B,'/P+Q <0 (9)
P.O5(A, +A,) +[05(A, + A,)] P+05(B,FQ"F'B, +B,FQF B, )+Q<0(10)

Oxonuarenaure JIMH [8, 9]ce momyuaBar ciej mpuiiaraHe Ha JOIMBIHCHHETO Ha
[lyp u kaTo ce 700aBAT HEpABEHCTBATA 3a MOJOKHUTENHA ompeerneHocT Ha P u Q:

PA,+A'P+Q PBFF
T T < 0
F By P -Q
P.O5(A, + A,) +[05(A, + A )T P+0.5(B,FQF' By +BFRQ'R'B, ) +Q<04qy
-P<0
-Q<0

JIMH (11) ce pemaBa ¢ momomra Ha MATLAB 1o oTHomIeHHe Ha HEW3BECTHUTE
maTpuun P 1 Q, 1 ako chIlecTByBa pelIieHue, TO CUCTeMara € ycroiunsa. B mpotu-
BEH ciyuval, pasraexaanara CPY Ou morna na Obae ycTOWYMBa WM HEYCTOMYMBA
Thit Kato (9) u (10) neduHUpaT MO-KOHCEPBATUBHU JIOCTATHYHHU YCIOBHUS 33 yCTONUH-
BOCT M MOraT /1a ObAaT ThPCEHU U U3BEJICHU APYTH YCIOBUS.

[lenTa Ha HacTosAmaTa paboTa € 1a ce pa3padoTu METO/ 3a aHAIN3 HA YCTOMYMBOCT Ha
I[TPK CPY ¢ HP npenuktop, KaTo 3a HEHHOTO MOCTUTaHE C€ pellaBaT CIETHUTE 3a-
naun:. 1) m3BekmaHe Ha yCIOBHATA 3a ycroiumBocT Ha riobannara [IPK CPY ¢ HP
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NPEAUKTOP; 2) OLICHKA Ha e()EKTUBHOCTTA HA TMPEJI0KEHUS METO/] TIPU aHAJIN3 HA YC-
toitunBoctTa Ha [IPK CPY ¢ HP npenukrop Ha TepMOgMHAMUYEH OOEKT.

3. METO/ 3A AHAJIN3 HA YCTOMYUBOCT HA

ITPK CPY C HP IPEJJUKTOP
3a na ce mpuioxkar ycioBusaTa Ha JIsmyHoB 3a ycroiuuBoct kbM [IPK CPY ¢ HP
MPEUKTOP, TS ce MpeodpasyBa, KaKTo € mokazaHo Ha (ur.2. Ta3u ekBUBaJIeHTHA CHUC-
TeMa € ChBKYITHOCT OT CJIeIHUTE KOMIOHEHTH: 1) 00001ien PP, koiiTo chaspika B ce-
0e cu pa3mMuTaTa €IMHMIIA, OCHIIECTBSBAIA YMPABICHUETO, 3a€THO C MHTETPHUpAIILl
MEXaHU3bM U TPEIUKTOPHATA YaCT; 2) yIpaBisiBaH 0000IIeH 00EKT.

|
|
|
:
: ObeKT
|
|
|
|

u_.
1/Z < k-di+1

y k+1

1/z |«

@ur.2. Ctpykrypa Ha ekBuBasienTHa CPY ¢ 0600men [IPK PP

O606menustT PP e ¢ Tpu BXxoma: 3aaHUETO Y;, CTOMHOCTTA HA M3X0/1a Ha 00EKTa B
NpEAUIIHUS MOMEHT (TakT) ty - Yk W ympaBIeHHETO Uy _g (&, = &t.T,} BBB Bpeme

t=tx . U3xoapT HA perynaropa € TEKyIIOTO yIIpaBiIeHUE Uyx.q+1 BbB Bpeme t=ty,;. Eie-
MeHTuTe 1/Z oT ¢ur.2 mpencrarisBar OJIOKOBE 3a €IMHUIA 3aKbCHCHHE, M3UMCIIS-
Ballly MpEeAUIIHATa CTOMHOCT Ha curHanurte. CiemoBarenHo, 00600menusT PP moxe
Jla Ce OIMIIIE C YPAaBHEHUATA HA JIOKAJTHUTE PETYJIATOPU B IIPOCTPAHCTBOTO HA CHCTO-
SAHUATA!

Ug-gier = G Vet B g T €10 T 2 (12)

t =1 +mne OposT Ha JIOKAJTHUTE JIMHEWHU MOJENIH, HA KOUTO ce pa3zens ooekra. J(u-

(epeHIMaTHOTO ypaBHEHHE OT MBPBU PElI, KOCTO OIKMCBA JIOKATHHUS 00EKT C JIHHEEH
Hurnep-Hukonc (UH) monen, e Ty(t) + y(t) = K.w(t —t) [10]. Axo npuemem, ue

' T — -
J(E) = %, TO 3a Pa3JIMYHUTE JIOKAJIHU OOEKTH CJIe/IBa:

A = Kyt O (% + 1) ~ 3t Vea = Eutiea (13)

n :
AKO C€ MOJIOKHU 7= = Ty, TO.
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(g Ly =13, 75—y (14)

W—aL = 2

Upes 3amectBane Ha (14) B (12) ce nonyuasa:
b by Ty .
Ug—di+1 — (ﬂi'f' E:) et ‘;E—'l- Y telty (15)

B (6) u (7) 00eKTBT € OT BTOPH Pe/I, 3alll0TO ChAbPKa HHTerparopa ot PP, a peryia-
TOPBT € CKOPOCTEH - ¢ m3xoa H(f). Tyk 0OEKTBHT € OT IMBPBU Pei, a PEeryIaTophbT-

MO3UIIMOHEH, ¢ M3XO0 #{t), U AecHUTe YacTu Ha mpaBuiara (6) u (7) nobusar ciea-
HUS BUJL

x(t) = Ax(t) + Bult — )
y(t) = Cix(t)

u(t) = —F x(t) + Gx, , (17)

(16)

KBACTO
MEAGERIO) -0 3
0= [0 oA [ N Dl’ B = [E G= 10

by By X1 CE) = 70
F=a+—’¥{?=eﬂx=[“ ol
i [i K K!ri [i]ra Iﬂ{f}=ﬁ
Koedunuenture @y, by, €; 1 py oT ypaBHeHue (12) 3a Bceku JIMHEEH y4yacTbK i ce Io-

Jy4aBaT cjex oOydeHue Ha u3KycTBeHa HeBpoHHA Mpexka (MHM) ot tun Cyreno ¢ r
Ha Opo¥l mpaBwiia, YMATO MPUMEPHA CTPYKTypa € Aanena Ha Our.3. 3a ylecHeH aHa-
m3 Ha [TPK CPY ce pa3pemaBa npeneOpersaneto Ha koeguuuentute gy [11]. Hes-
pOHHATa MpeXka UMa 3a BXOJ0BE HOPMAJIM3UPAHUTE CTOMHOCTH 3a M Ha Opol pa3mu-
TH BXOIHHU IIPOMEHIMBH X1, Xy,..,Km , BcAka oT KoMTO € ne(UHUpaHa ¢ KOHKPETEH
opoit repmu u ®@IT Mj;, kprero i=1,..m u j=1,..,0, a q € OAIO0 MOJOKUTEIHO YHUCIIO,
ChOTBETCTBAIIIO Ha OpOsi TEPMHU 3a CHOTBETHaTa pazmuta npomennusa. MTHM 3a mpo-
extupanus 0600men PP (12) uma ciepnuTe pa3MUTH BXOJHU npoMeHnuBu. X - 3a-

JAHUETO HA U3XO0MA ¥, C I PII - BesAKa, OT KOUTO yKa3Ba KOM JIOKAJIEH JIMHEEH MOJIE
3a 00eKTa € B cuia; X, - yIpaBIeHueTo g Wik ty ¢ N OIT; X3 - Tekymara croii-
HOCT Ha U3X0Ja Ha 00eKTa Y, ¢ P PIL.

bposT Ha nuneliHuTe QyHkuuu f,, renepupanu or MHM 3a BcsKo ChOTBETHO Ipa-
BuIIo e I' (ixnxp) : f=a,.y;n+tbr.untc.yntd,. Koebunmenture ay, by,ey ot (12) ce us-
YKCIIABAT KATO OCPEIHEHU CTOMHOCTH Ha @y, By, €, OT IpaBHJIATa 32 CHOTBETHUS JIM-

HEEH Y4YacTbK, T.€. OT MPABUJIATA, B KOUTO Yy4acTBa CbOTBETHATA 3a KOHKPETHUS JIH-
HeeH Moaen PII Ha BXogHUTE BEIIUUYNHU.
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Bx0OHU Tepmu BxodHu ®I1 CmeneH Ha
npomeHausu aKmugsupaHe
Wi
My Hyont »( AND

Hyn1

U3xo0HuU DI LlepasmusaHe

flzarl-Y3n+br1-Unk+cr1-Ynk+pr1 \

fzzar2~Y3n+br2-Unk+cr2~Ynk+pr2

f3=ar3-Y3n+br3-Unk+cr3-Ynk+pr3

f4=ar4-Y3n+br4-Unk+cr4-Ynk+pr4

f5=ar5-Y3n+b75-Unk+CrS-Ynk+pr5

f6=ar6-Y3n+b76-Unk+cr6-Ynk+pr6

D wf,

f7:ar7~Y3n+br7-Unk+cr7~Ynk+pr7

Unien :W

f8=ar8-Y3nk+br8-Unk+cr8-Ynk+p78

f9:ar9~Y3n+br9-Unk+cr9~Ynk+pr9

J10=0r10-Yantbr10-UnictCrao- YnictPrao

f1120m1.Yantbra1.Unict Crar YoitPraa

fr=arr-Yan+brr-Unk+crr-Ynk+prr /

@wur.3. CTpykTypa Ha HEBPOHHA MpeXka C I' TpaBuiIa

3a npuMepeH 00eKT ¢ =3 JTMHEHHHU ydacTbhKa, IbPBUAT OT KOMTO C€ M3pa3siBa 4ype3
®II My, va Bxoaa W, (dur.3), yaacrama B npasuna fi, fs, f; u fio, BTOpHAT NIMHECH

ydacTbK - upe3 ®II My,, yuactBama B npasuna f,, fs, fg u fyy, a Tperusar nuneen
ydacTbk - upe3 PIT Mys, yuactBaimia B npaBuna f3, fs, fg u fj,, ce momyuasar cnen-

HUTE YPaBHECHMS!

G, = Kpy T ApgFaprtapLp G = Gpg tapgtapg FhpLy
1= 4 2= a

B = by #dp,tlype +by o B, = by #bypgtbyps +0p
1~ 4 . 4

o, = Gpy FOpyFoprFSpLn o = CpgFopgtopeFop
1 4 2 4

b = ﬂpa_'f‘ﬁ'_pﬁ,""ﬂ'_pg-'f‘ﬂ'_pg
i 4
byg +bygtbype +0y o
€. = ﬂ-pa_""‘ﬂ]lﬁ,'f‘ﬂ-pp'f'cpg
i a

3a Taka IOJy4YEHHUTE KOCMUUUEHTH ¢y, I, €; c€ M3BEXKIAT CHOTBETHUTE MATPUIM OT
(16) u (17): Ay, By, €, Fyu &, c xouro ce pemasatr JIMH (11) 3a onpeznemnsine Ha MaT-

punute P u Q. Axo O6baaT Hamepenu nojoxurennu P u Q, To pasrnenanara CPY c
MPEIUKTOP HAa 00EKTa € KBaapaTUIHO yCTONYHBA.
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4. MPUJIOKEHUE HA METOJIA 3A AHAJIM3 HA YCTOMYUBOCT
HA IIPK CPY C HP IIPEJUKTOP

MeTonbT, npenokeH B NpeaxogHaTa T.3, € IPUIOKEH 3a yIpaBJIEHUE Ha TeMIlepa-
TypaTa J4 Ha Bb3AyXa Ha TEPMOJMHAMUYEH IPOMMIUIEH O0CKT— TPBHOHA CYILMIIHS.

[Ipu u3cnenBane Ha 0OEKTa B pa3iuvHH PaOOTHU TOYKH C€ pa3rpaHuyaBaT TpU 00-
JacTH Ha JMHeapu3auus. JIokaaHUTEe JIMHEWHH MOJENH 3a pa3nyHUTE O0O0JAacTH Ha
JuHeapu3auus ca anpokcumupanu ¢ LIH moxenu, ynuto napameTpu- KOeQUIIMEHTH,
BPEMEKOHCTAHTHU U 3aKbCHEHUSI Ha 00€KTa, ca 3amucaHu B Tabn.l. 3a To3u 00eKT e
cunresupana CPY c I1PK PP.

W3xoabT HA 00OEKTa € TeKyllara Temieparypa Yg, a BIMSIHUETO Ha TeMIlepaTypara Ha
OKOJIHaTa cpena Y., € OCHOBHOTO cMyleHue. HP npeaukTopbT nporHosupa mnoseje-
HUEeTO Ha obekTa cien Bpeme t=20 cekyHnu, KbieTo At =5S € TaKThT Ha IUCKpETHU3a-
IIMs1, @ XOPU30HTa Ha porHo3upane ¢ h=4 crenku Hampen. ['perikara Ha cucTemMara
Ce M3YMCIsIBA KaTo pa3jiKa OT 3ajajJieHaTa TeMIepaTrypa Y, U MPOTrHO3UpaHaTa TeM-
neparypa Ynpk=Yx+h. [IPK PP m3umcnsaBa ynpaBieHunero Ha oO€KTa KaTo H3MOJI3Ba
IpeAcKa3aHaTa TeMieparypa Y, BMECTO TEKyllara Yy U Taka KOMIIEHCHpa 0 rojisiMa
CTEIIeH 3aKbCHEHHETO B 00ekTa. Ha n3xona Ha perynatopa ce U34ucisgBa HOPpMaJIU3H-
paHara IPOMSHA B YIPaBIeHHETO AUy’, KOSITO Ce€ UHTErpUpa B MHTErPaTop. AJIropu-
TBMBT 32 ynpaslieHue € copryepHo peanuzupad B MATLAB ¢ nomomira Ha npuiio-
xenusta Fuzzy Logic Toolbox, Neural Network Toolbox u Real-Time Workshop [12].

3a m3Bexaanero Ha T-C mojen Ha o6o6menus peryiarop (12) ce ooyuasa MHM ¢
TPU BXOJA U €IMH U3X0J. Tpure BXoJa ca: 3aJJaHUEeTO 3a TeMIlepaTyparta Y, ¢ TEpMH S
(manka), M (cpeana) u L (ronsimMa)- BceKH TepM ChOTBETCTBA HA KOHKpETHA 00JIacT Ha
JMHeapu3alusa Ha 00€KTa; TeKylaTa TeMmIepaTypa Ha u3Xoia Ha 00eKTa Yk ¢ TepMH
§y u Ly v Texymoro ynpasnenue Ugg ¢ Tepmu S, u L, . Jlannure 3a 00y4eHueTo Ha

NHM ca cuetu oT npexoauure npouecu Ha cunTesupanara CPY ¢ I1PK perynarop c
HP npenuxrtop. bpost Ha mpaBunata € IpoU3BEACHUETO Ha OpOS TEPMH 32 BCUYKH
BX0JI0Be-3x2x2 — T.¢ 12 mpaBuia. M3xoabT Ha HEBpOHHATA MpEXa € MPETETJIEHOTO

wa f,

cpemHo U =‘Z—W, KkbaeTo r=1..12 e Opos npasuia, a h=1.

Tabnuna 1. [Tapamerpu Ha JTOKaTHUTE Tabnuna 2. [Tapamerpu Ha U3XOTHUTE
JUHEWHUTE OOEKTH Ha TpbOHA CYy- JTUHEWHW (QYHKIUMU Ha TpaBuUiiaTa Ha
IIAJTHS NHM
Mapametpu | Ki(°C/V) | Ti(s) | Ti(s) a; b; C
YyacTbk 1 10 78 | 7 Yuactbk| -1,615 | 0,76 | 0,47
YyacTbK 2 4 67 10 YyactbK| 0,67 2,37 -0,1
YyacTbK 3 5,5 58 8 YuacteKk| 0,24 1,55 0,4

AnexBatHocTTa Ha 00001enust PP, uniito T-C Mozen e nosydeHn upe3 oOydeHue Ha
NHM, ce npoBepsiBa npu yrnpaBieHUE Ha 00EKTa MpU CUMYyJalus. Y CTaHOBsBA CE, 4e
CUHTE3UPAHUAT 0000IIEH peryiaTop € TOYCH W aJeKBaTeH KaKTO CE BHXK/IA OT MOKa-
3aHHUTE Ha (PUr.4 MPexoIHU MPOIIECH.
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Koedummenture @y, by, ¢; , konto ydactBar B Matpunure Ha (16) u (17) ce uzuuncns-

BaT ot (18). 3a Tpute nuHelHM obnacTu Ha obOekrta (I=1..3) monydeHHTE KOCPUITH-
entu cbritacHo (18) ca magenn B Ta6m.2. Marpurure ot onucanuero Ha T-C mojena
Ha oOckTa u peryiaropa B (16) u (17) 3a TpuTe TMHEHHN 00JIaCTH Ca ChOTBETHO:

-4

Hio -

1-'190

By BaTx

Ff[“ﬁ‘;fx—f

1 1
= 3], i=1,23 Am=[‘5 ﬂ
0 0 ¢ 0

[T 3 ae-[
=[] 2= (Y87 macm 0]

€, =[10]

Fy=[-1,54593] F,=[1,2639,7] F,==[0,515]

G, =[c,0] 6,=[0470] 6,=[-010] G,=[040]
RealT_Plant_TRAINEDPDCFuzzy_3ref_dt1SPrinv2
| | | | | | | |
| | | | | | | |
solb - — — — — _ JE 1 4 T, [T [T, Lo Lo |
| | | | | | | |
| | | | | | | |
| | | | | | | |
| | | | | | | |
1) S [ 1 [ [ | I I
| | | | ‘ | | |
| | | | | | |
| | | | | | | |
| | | | | | | |
M- - - - - = J i - - o - [ Lo _
| | ‘ | | | | | |
| | | | | | | |
| | ‘ | | | | | |
| | | | | | | | |
35 T i [ o [[E [N [ [ |
| | | | | | | |
| | | | | | | |
| | | | | | | |
| | | | | | | |
7o) A S [ [T [ TR - - - - — - — - — [E I —
| | | | | | | |
| | | | | | | |
| | | | | | | |
| | | | | | | |
2B — - — — - — JEE JEEE [T — T - ————— = - ———— = [ b —— - -
| | | | | | | |
| | | | | | | |
| | | | | | | |
| | | | | | | |
0 200 400 600 800 1000 1200 1400 1600
Time (St ds)

®ur.4. IIpexonuu npouecu Ha CPY ¢ 0606men [1PK PP

Pemapanero Ha JIMH (11) ¢ nomoinra Ha npuinoxenuero 3a IMH B MATLAB Ha-
MHpa CIIEIHUTE TOJOKUTEIHA MAaTPHUIIH:

055 -1.10"°

-61 1,310

F=[—1.1a-* 11,7 ]’Q=[1,3.m-* -1,96 I

KOCTO AOKa3Ba 4YC€ pas3rijicaaHara CPYe KBaaApPaTU4IHO YCTOﬁqHBa.
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5. BAK/IIOYEHUE

HacrosmoTo n3cneaBane uMa CilieJHUTE OCHOBHU PE3yJITATH:

[Ipennioxxen e merox 3a aHanu3 Ha ycronuusocT Ha [IPK CPY ¢ HP npenukrop 3a
HEJIMHEEH O00EKT ChC 3aKbCHEHUE, npencraBeH upe3 T-C mopen. 3akitouyeHUsiTa B
pasmutute npasuia Ha T-C mojaena Ha obekrta ca [{urnep-Hukonc monenu. I1PK e ¢
nokanuu [N perynaropu, a HP npenukrop e o6yuena UHM na nporuosupa c naaex
XOpU3O0HT M3X0J1a Ha 00ekTa. ChIIHOCTTAa HA MeTo/1a ce 3akitovaBa B ToBa [IPK CPY
¢ HP npenuxTop na ce cBeie 10 eKBUBaJICHTHA cucTeMa ¢ o0o6meH PP, koitTo na ce
npeactaBu ¢ ooydeHa Cyreno MHM. Torasa 3a aHanu3 Ha YCTOMYMBOCTTA Ha CKBU-

BAJICHTHATAa CUCTEMa Ce M3I0JI3BaT M3BeCTHH yJoBHs [8] ¢ apyru mapamerpu (16) u
7).
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CHUHTE3 U U3CJIEIBAHE HA PASMUTHU AJI'OPUTMMU 3A
YIIPABJIEHUE HA IBYCBBP3AHU OBEKTHU

Januen Mepaszuuen

Pestome: [Ipomuwinenume npoyecu kamo obexkmu 3a ynpasieHue ce Xapakxmepusu-
pam cvC 3aKbCHEeHUsl, UHEPYUOHHOCH, MHO20C8bP3AHOC, HETUHEUHOC U NPOMEHIU-
e6ocm Ha napamempume. EOHospemennomo omuumane Ha me3u 0CoOOEHOCMU 8b3npe-
NAMCMBA HAMUPAHEMO HA HEeCA0MHCEeH U CbUie8PEeMEHHO MmodeH Mooel Ha obeKkma, Ko-
emo 3ampyoHa6a cCUHmMe3a Ha YNpaesieHue ¢ U3noa38ane Ha Kiacuiecku nooxoou. Llen
Ha pazpabomkama e npoeKmupane Ha pasmumu aleoOpummuy 3a ynpasieHue Ha 08yc-
8bp3aH 00ekm 06e3 Heobxooumocm om Kiacuuecku mooen Ha obexkma. Cunmesupa-
Hume pasmumu cucmemu ce uscieosam upes cumynayus ¢ MATLAB™ u noxaszame-
Jume Ha npoyecume ce CpAHABAM Medcoy CU U C noxkazamenume HA A6MOHOMHA
cucmema ¢ K1acuyecku 08yC8bp3aH pe2yiamop.

Knwouoeu oymu: osycevpsan obexm, MATLAB™ | ITH pezynamop, pazmumu aneo-
pummu 3a ynpasienue, CUMYIUpaHe

DESIGN AND INVESTIGATION OF FUZZY LOGIC ALGORITHMS
FOR CONTROL OF TWOVARIABLE PLANTS

Daniel Merazchiev

Abstract: Basic features of the industrial processes are the time delay, the inertia, the
multivariable character, the nonlinearity and the parameter variations. The consider-
ation of all these peculiarities in a simple and precise plant model is a difficult task,
which hinders the design of the controller using the classical approaches. The aim of
the present research is the design of fuzzy logic algorithms for the control of a multi-
variable plant without the need of a classical plant model. The designed fuzzy systems
are investigated via simulation in MATLAB™ and the performances of the processes
are compared for the different control algorithms and with the performance of a de-
coupled system with classical two-variable controller.

Keywords: Fuzzy logic control, MIMO System, MATLAB™. PI controller, simulation
investigations

1. BBBEJAEHUE

B rossiMaTta cu yact MHIyCTPHAITHUTE TPOIIECH ca MHOTOCBBp3aHu [1], T.e. xapakTe-
pHU3UpAT CE C JIBE WM MOBEYE PEryIUPYEMH BEIMUYUHU U OOMKHOBEHO CHIIHS OpOii
yOpaBJsABalllM Bb3JICUCTBUSA, CBBbP3aHU MOMEXAY CH. Paszimkara mpu ynpaBIE€HUETO
Ha MHOTOCBBP3aHU OOEKTH U TaKUBa C €AMHCTBEH BXOJl M M3XOJ] CE MPOsIBSBA B OIle-
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HSIBaHE W KOMIIEHCAIMs Ha B3aMMOCBBP3aHOCTTA IO BCUUKH KaHAJIM Ha 00eKTa — Ipa-
BU U KpbCTOCaHU. EQEKThT Ha B3aMMOCBBP3aHOCT HE TPsAOBa 1a ObJe npeHeOpersax,
a 3a mocturane Ha go0Opa paboTOCMOCOOHOCT ToM TpsiOBa Aa Obae mpeogossiH. OT
Apyra cTpaHa 3aKbCHEHUATA, HHEPIIMOHHOCTUTE U HEITUHEHHOCTUTE MO KaHAJIUTE 3a
yrOpaBlieHUE, KaKTO M MPOMEHJIMBOCTTAa Ha TapaMeTpHUTe B pe3yiTaT Ha HapamMer-
PUYHU WU CUTHAITHU CMYIIEHUS TOMBIHUTEIHO 3aTPyHIBAT HAMUPAHETO Ha JJ0CTa-
THYHO TOUEH MOJIeN Ha 0OekTa. ToBa BOJM U 70 YCIOXKHEHHs IIPU CHHTE3a Ha yNpaB-
JIEHMETO Ha MHOTOCBBP3aHU MPOLECU C KJIACUYECKU MOJAXOAM, M3UCKBAIIA MOJIET HA
o0ekTa.

MetoauTe 3a pa3MUTO yNpaBiICHUE YCIEIIHO C€ MpuiaraT 3a pellaBaHe Ha LIUPOK
KpBI IPOOJIEMH B PA3IMYHU 00JACTH, KBAETO PEryIUpyeMUTE OOEKTH ca HEIMHEWHU
U MHOroMepHu. IlpenumMcTBOTO MM ce u3pa3siBa Haii-Beye B MOCTUTAHETO Ha poOacT-
HOCT IPU HAJIMYUETO HA CMYILEHUS U HEONpPEeAENEHOCTH B 00EKTa, KaKTO U B JIUIICATa
Ha HEOOXOMMOCT OT KJIaCHUECKH MOJICN Ha o0ekTa [2-5]. M3mon3BaneTo Ha pa3MHuTH
peryiatopu € 3a MpeArnovYnTane, Koraro ynpaBisBaHUAT MPOIIEC € MHOTOMEPEH U OT-
YUTAHETO Ha KPHCTOCAHUTE BIUSHUS € TPYAHO [6, 7].

B nacrosimara pa3paboTka ce u3ciieJBa CHHTE3bT Ha Pa3MUTH PETyJIaTOpH 3a YIpaB-
JICHHE Ha JABYCBBP3aH OOCKT U Ce CPaBHSIBAT MOKA3aTEINTE Ha 3aTBOPEHUTE CUCTEMH.
OO0ekThT (ur.1l) ce xapakTepusupa ChC 3aKbCHEHHUS IO MPABUTE KaHAIM U OTPUIIA-
TEJIHO BIUSHUE MO KPHCTOCAHUS KaHam Yip. [logo0HM ca mporecuTe, KOUTO MPOTHYAT
B CUCTEMHTE 3a OTOIUIEHHME, BEHTUJIALMS U KiuMaTu3auus. Pasmurure perynaropu ca
[IN-nogo0HM, KOMTO BKJIIOYBAT MH(OpMAaLMs 3a KPbCTOCAHOTO BIMSHHME Ha BXOJa
WIM KOPUTHpAT YIPABIEHUETO Ha PErysiaropa OT HECOOCTBEHUs KaHall. Te ce chCTosT
OT OJIOKOBE 3a TpeBapHTENIHA MOArOTOBKAa (BKJIFOYBAIA HOPMATM3AlMs M TOJTyda-
BaHE Ha MPOM3BOJIHA), Pa3MUTA CIUHMIIA U JIOMBIHUTEIHA 00paboTka. Moaynure Ha
MaKCHMaJHHUTE Ipelky nmo asara kaHana ca 10. M3cnenBanusara ce u3BbpIIBAT Upes

cuMyTamuy B mporpamuata cpena MATLAB™, kato 3a cuuTes Ha pasmutu peryina-
topu ce nmon3ea FUZZY LOGIC TOOLBOX [8].

U]_ I 12 e,2s yll +| : : yl Py
13s+1 - — T,
W11 1.5
Y1
> 0.7 ! Y21
55+1 Pt e e
W21 0.5 yl
Y12 0
> 1.05
8s+1 os \\
w e \
12 .\ B} \\\ Y12
11 o Y22 T ]
e
U2 205 +1 e -‘(X) »yz 0 20 40 60 80 t, cek
W22

®wur.1 biokoBa cxema Ha IBYCBBP3aH OOCKT 3a YIPABICHUE U MTPEXOTHU TIPOIIECH
10 TIPaBU U KPbCTOCAHM KaHAJU MPU BXOJAHO BB3JeHCTBUE U=U,=1
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2. IBYCBBP3AHO PASMUTO YIIPABJIEHUE C OTYUTAHE HA
I'PEIHKUTE ITIO OCHOBHUMTE U KPBbCTOCAHUTE KAHAJIN

JIByCBBp3aHUAT Pa3MUT PETYIATOP CE CHCTOM OT JIBA PA3MUTH PETyJIaTopa — MO €AUH
3a ocHOBHUTE KaHanu (¢pur.2). Bceku oT pasMHUTUTE peryjaropu MMa JiBa BXOojaa —
HOPMAJIM3UPAHUTE TPEIIKU OT YIpaBJIEHUE MO COOCTBEHMS €; U IO KPbCTOCAHUS Ka-
Han €j, i# [5]:

€i = Yisan — Vi » 1I=1,2. (1)

W3xoabT Ha perynaropa ce HyXxJae OoT JTOIMbJIHUTENHA 00paboTKa, KOSTO CE OChIIECT-
BSIBa OT JeHOpManu3upany koeguimeHTt u kinacuuecku 11 perymarop. Hopmanuzu-
pammute koepuimenTr Ke1=0.1 u K,=0.1 ca mpecmeTHaTH 3a Hail-roIAMaTa OYaKBaHa
rpellika B CbOTBETHUS KaHAJI IPU NPOMsSHA HA 3aJaHUETO WK NpU cmylieHue. [le-
nopmamusupamure koeduuuentn Kyp=0.2 u Kpp=0.2 ce nomydapar eMIMpHYHO OT
YCJIOBHETO 3a ChIJIaCYyBaHE HA CUTHAJIUTE HA U3X0Ja Ha pa3MUTHUTE U Ha BXxoja Ha [1U
peryiaTopuTe ¢ BpeMeKoHCTaHTa T ,1=T,, =2.

- 1
€1
Yisan Ke; Aup Uy yi1
7 a > V1
Pasmut perymatop 1 nmi \‘\,,’/)/12
€2 K ! i \‘¥21
y23aﬂ e2 AN > M Auz R u2 R ,-/- -Yg% -\-\ - y2

Pasmur perymnatop 2 I 2

@wur.2 J[BycBbp3aHO CHCTEMA 32 Pa3MHUTO YIIPABJICHUE C OTYUTAHE
Ha FPEUIKUTE 110 OCHOBHUTE U KPBCTOCAHUTE KAHAIIH

JIBaTa pa3MUTH peryiaTropa Moja3BaT WACHTUYHU (yHKIHMK Ha npuHaIIeKHOCT (DIT)
3a BXOJIHMTE W M3XOJIHATa BEJIMYMHA, mpeactaBsuy tepmute ,,NB” — oTpumarento
roJjisamo, ,,N” — orpuniarenso, ,,Z” — Hyna, ,,P”’ — monoxurento, ,,PB” — monoxurenno
rojsiMo. MYHKIIMUTE 3a MPUHAIICKHOCT HA IIBPBUS PAa3MUT PETyIaTop ca MOKa3aHU
Ha (ur.3, kaTo 3 ¢ PII Ha rpemkaTa Mo OCHOBHUS KaHal, [, — PII 3a rpemkara mo
KpbCTOCaHMs KaHal, a ,;; — @Il Ha u3X0aHOTO ymnpasisBailo Bb3aekcTBue. Cucre-
MaTa 3a M3BEXKIaHEe Ha pa3MUTO 3akioueHre € Mamnanu. ba3ara mpaBuia ce omnpe-
JieNst B3 OCHOBA Ha 3HAKA HA BPB3KaTa BXO-U3X0J Ha 00CKTa MO MPABUTE U KPHCTO-
canurte kanaimu (¢ur.4) u npaBuIaTa ca OT BHJIA!

Ri: IFe ISAAND ¢ ISBTHEN u; ISC;  1,j=1,2; (2)

kbJieTo A u B ca TepmuTe ChOTBETHO 3a IbpBaTa M BTOpPA BXOJHHU JUHTBUCTHYHA
MIPOMEHJINBA — ABeTe rpenik, a C ¢ JIMHIBUCTUYHATA CTOMHOCT 3a M3XOJHATa Mpo-
MeHJIMBa U;.

37



MetonsT 3a nepa3MUBaHE € LEHTBbP Ha TexecTTa. [IpexoxHuTe mpouecHu Mnpu mnpo-
MsIHA Ha 33JaHUETO IO JBaTa KaHaja ca MoKa3aHu Ha (ur.5. JIByCBbp3aHUAT pa3sMUT
peryjaTop BHAcs HEJIMHETHA KOpeKuus Ha koepuuueHture Ha JuHenure [1U pery-
JaTOpH C 11eJI KOMIIEHCUPAaHE Ha CBBbP3aHOCTTA U HEIMHEHHOCTTa Ha oOekTa. [loka3a-
TEJIUTE 33 KAUeCTBO HA PETyJIMpPaHe MOraT J1a ce MoJoOpsT Ype3 yBellnyaBaHe Ha Opos
Ha @II no kaHaIUTE Ha KPBCTOCAHUTE TPELIKH, KOETO BOAM 10 IMO-TOYHO OTPa3sBAHE
Ha CBbP3aHOCTTa B 0OEKTA.
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®ur.3 OyHKIUYU 32 TPUHAAIICKHOCT HA BXOAHUTE M U3X0JHATA BETUYHHA
Ha Pasmut perynarop 1
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®ur.4 Pa3mura aconuaTuBHa aMeT 3a peryiaaTopu 1 u 2
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@ur.5 [IpexoaHu mpoiiecu Mo NpaBu KaHAIHU OPH Pa3MUTO
YIIPABJICHUE C OTYUTAHE HA TPELIKUTE [0 OCHOBHUTE U KPBCTOCAHU KaHAJIN
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3. ABYCBBP3AHO PASMUTO YIIPABJIEHUE C OTYUUTAH
HA 3HAKOBOTO PA3CTOAHHUE 110 OCHOBHUTE U KPBCTOCAHHA
KAHAJIN

3HakoBOTO pa3ctosinue ds € 0000IIeHa TPOMEHIINBA, KOSITO YECTO Ce M3IO0JI3BA 32 3a-
MsHa Ha €THOBPEMEHHOTO TOJI3BAHE Ha TpelIkaTta OT YIpaBlieHHWEe € U HeifHaTa mpo-
n3BojiHA € [5]. [Ipu TpamuIoHHUTE pa3MHUTH peryiaTopu 0a3aTa MpaBuiia 3a pa3iiny-
HUTE TEPMH HA € M € ¢ aHTUCUMCTPUYHA, a TOJIEeMUHATa Ha ynpasicHuero |u| (nim
|Au|) e mponopIoHaTHA HA PAa3CTOSIHUETO JIO JIMHUATA, ONpeeiicHa OT TJIaBHUS JHa-
roHai. [Ipu HamansiBaHe Ha CTHIKAaTa HA IUCKPETU3AIMs TI0 HUBO B TPAHUYHHS CITy-
Yaii ce JIOCTHra JI0 HEeNPEeKbCHATA pa3MuTa acolaruBHa namet (¢pwur.6). 'panunara
MEXIY TOJIOKUTECIIHUTE U OTPUIIATEIIHUTE CTOMHOCTH Ha YIPABJIICHHE CE OIMHUCBA C
npaBata Si: é + A.e = 0, yulTO HAKJIOH Ce 3aJ]aBa OT A M 3aBHCH OT YHUBEPCATHUTE
MHOKECTBa B KOUTO ca fedunupanu € u é. KoedumumeHtst A € paBeH Ha 1 npu HOp-
MaJTM3aliys Ha Te3W MHOXKecTBa B oOxBaTa [-1, 1].

<

N _
®

A(e11 el)

s|:é+x.e:0

®dur.6 PazmuTa acormaTiBHa mamMeT ¢ Oe3KpaeH Opoil HMBA HA JTUCKPETU3AIIMS

3HAKOBOTO Pa3CTOSIHUE 3a MPOM3BOJHA Touka A ¢ koopauHatu (€1, é1) ce aedunupa
Karo:

|é+1e| é+dre . 1s >0
= ,Sign(sy) =

d. =sign(s =
0 (')J1+x2 NEE -1, <0

(3)

[Ipu TO3u MeTOA 3a ympaBieHHE Ha BYCBBP3aHH OOCKTH OTHOBO CE€ HM3IOJI3BAT JIBA
pa3MHUTH peryjaTopa — 1o eIuH 3a npaBute kanamu (¢ur.7). Ha Bxoma Ha BCeKH OT
TSAX C€ MOJAaBaT 3HAKOBHUTE PA3CTOSIHUS OT COOCTBEHUS U OT KPbCTOCAaHUs KaHail. B
HACTOSIIETO M3cieIBaHe pasmMuTaTa aconraruBHa nmamet (PAII) e upenTruHa Ha Ta3u
OT T.2, KaTo MpaBujaTa ca OT BUJA!

Re: IF dgi IS A AND dg; IS B THEN Au; IS C; 1,j=1,2; i#] (4)
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KkbaeTo Osi ¥ Jgj ca BXOAHUTE JTMHTBUCTHYHU NIPOMECHIMBU — 3HAKOBHUTE PA3CTOSHU
Mo /Bata KaHana, A u B — ChOTBETHUTE UM TepMH, a C € TUHTBUCTUYHATA CTOHHOCT
Ha U3XO0JHAaTa NpoMeHanBa Aui;.
TbHil KaTO U3XOABT HA PA3MUTHUTE CAUHUIIA € MPOMSIHA Ha yIpaBlieHHEeTo AU, ce Ha-
Jara JOIbJIHUTEJIHA 00pab0TKa OT UHTETrpaTop. B ciiyyauTe, KOrato U3MbJIHUTEITHUST
Mexaun3bpM (M) e mHTerpupaio 3BeHO, OTIaja HyXKJaTa OT JOMbJIHWTEIHa o0pa-
6otka. Hopmanuzupamure koepunneHTn Kys1=Ky2=0.1 ce onpenenst ot Moayna Ha
MaKCHMaJHaTa rpelika Mo CbOTBETHUS KaHal. EMIUpUYHO
e noaydeHo Ky1=K,»,=0.2.
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Pasmur perymatop 2
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@ur./. JIBycBbp3aHa cucTeMa 3a Pa3MUTO YIIPABICHHUE C OTYUTAHE
Ha 3HaKOBOTO Pa3CTOSHUE 10 OCHOBHUTE U KPBCTOCAHUTE KaHAJIN

W3cnenBaHusTa MoKa3BaT, Y€ MPEXOJHUTE MPOIECH ¢ OTYUTAHE Ha 3HAKOBOTO pasc-
tostaue (pur.8) ca mo-0up3u oT Te3w B T.2. BeBekIaHeTo Ha IUBEPSHIIMATOP C Ipe-
naBatenHa Gynknus 5S/(S+1) ce koMIleHCHUpa OT OMPOCTEHATa JOMbIHUTEIHA 00pa-
0OTKa WJTH JIUTICATa HA TaKaBa.
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®ur.8. IIpexoaHu MpoiiecH 1Mo mpaBy KaHaJIW IPU pa3MHUTO
yIpaBJICHHE C OTYUTAHE HA 3HAKOBOTO PA3CTOSIHUE
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4. IBYCBBP3AHO PASMHUTO YIIPABJIEHHE C
KPBCTOCAHO YIIPABJIABAIIIO Bb3IEUCTBHUE

B HacrosimaTta pa3paboTka € mpeacTaBeHa HOBa CTPYKTypa 3a ymnpaBieHHE Ha JBYC-
BBbP3aH 00CKT — 4pe3 KPBCTOCAHO YIPABISIBAIIO BB3ACHCTBUE. TS ce ChCTOM OT JBa
pa3MUTH perysiaTopa — 3a BCEKH CemapaTeH KaHall, KaTo Ha BXOJa Ha BCEKH OT TAX Ce
M0/1aBaT HOPMAJIM3UPAHNUTE TPEIIKA U MPOU3BOJIHA HA TPENIKaTa OT COOCTBEHUS Ka-
HaJl, a U3XObT My € NMPOMSIHA Ha ymnpaBieHHeTo AU. OyHKITUUTE 332 MPUHAICKHOCT
Ha BXOJHUTE W U3XOJ{HATA JIMHIBUCTUYHU MMPOMEHJINBH, KaKTO U 0a3ara ¢ MpaBuiia ca
CTaHJApTHH ¥ Ca €THAKBU 3a JqBaTa perynaropa (pur.9). 3a nu3BexmaaHe Ha JOTHISCKO
3aKJIIOUEHUE C€ M3MO0J3Ba UMIUTHKAIM Ha MaMJaHu, a METOIBT 3a Jepa3MUBaHE €
eHThp Ha TexecTTa. Hopmanusupamnute koedurmentun K;=0.1 ca mpecmeTHaTtH 3a
Hali-ToJsIMaTa OYaKBaHa TpEIIKa B CbOTBETHUS KaHA, a JIEHOPMAIM3UPAIIUTE KOe-
¢urmentu K,=0.3, 1=1,2 ca mapameTpu 3a HACTPOHKA U C€ OMPEACIAT SMITMPHUYHO.
Jubepennmatopure, CIyKEIX 3a OMpEEIsSTHE HA MPOW3BOJHUTE HA TPEIIKUTE IO
JBaTa KaHaJia, ca ¢ mpenaBateau GyHkuuu 5S/(s+1).

He g au Au e
) NB N Z P PB NB N 7 P PB
NB|NB|NB|NB| N | Z
05 N |NB|NB|N| Z | P
el ZzINBI N Z | P |PB
0 . PIN| ZzZ | P |PB|PB
-1 -08 -0.6 -04 -0.2 0 02 04 06 08 Vl PB Z P PB PB PB

®dur.9. OyHKIIMU HA TPUHAJJICKHOCT 3a €, ¢, AU ¥ pa3MHTa acollMaTUBHA
nameT Ha pa3MuT perynarop 1 u 2

CtpyKTypaTa Ha cxemara 3a pa3MUTO YIpPaBJICHHE Ha JBYCBBP3aHMs OOEKT € IOoKa-
3aHa Ha (ur.10. YnpaBiasBamoTo Bb3ACHCTBHE KbM BCEKU M3MBIHUTEICH MEXaHU3bM
ce MoJlyuyaBa KaTo CyMa OT JECHOPMAIM3UPAHUTE W3XOAU Ha OTICIHUTE PEryIaTopu
[9], xaT0 3HamuTE B CyMaTOpUTE 3aBUCSIT OT 3HAIUTE HA IMpeaaBaTeIHUTE (DyHKIUH
M0 KPbCTOCAHUTE KaHAJIM HA 00EKTa!

AUi=Aui £Ay;  1,j=1,2; 04 5)

W3non3BaHeTo Ha cTaHAapTHA 0asza OT MpaBuiia yJIECHSIBA YIPABJICHUETO HA JIBYCBbP-
3anus 00ekT. M3cnenBanusta mokazBar pabOTOCIOCOOHOCT U JOOPH IMOKa3aTesld Ha
cucremara (¢ur.11l). 3a mo-HaTaTHIIHO MOAOOpPSIBaHE HA KAYSCTBCHHTE TOKA3aTeIIN
Ha PEryJHpPAHETO C€ MPENopbUYBA M3MOJ3BAHETO HA PA3IUYHU METOJIU 3a JOHACT-
poiika Ha (QYHKIMHUTE 32 TPUHAMJIEKHOCT — Ype3 HEBPOHHU MPEKHU, TEHETUIHH aJro-
putMmu u ap. [5, 10].
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@ur.11. [IpexoaHu npolecy Mo NpaBUTe KaHAIH MPU PaA3MHUTO
yIpaBJIEHHE C KPBCTOCAHO YIIPABIISIBAIIO Bb3/ICHCTBUE

5. BAK/IIOYEHUE

B paspaboTkaTa ca pasriieaHd TP METOJa 3a CHHTE3 Ha Pa3MHUTH JBYCBBp3aHU pe-
I'yJIaTOpU — C OTYMTAHE Ha TPEIIKUTE 10 OCHOBHHUTE M KpbCcTocaHuTe KaHanu (Bapu-
aHT 1), ¢ oTYMTaHEe HA 3HAKOBOTO pa3cTosiare (BapuaHT 2) M METOJ] C KPhCTOCAHO YII-
paBisBaiio Bb3aeiicTeue (Bapumant 3). KadecTBeHuTE moKazaTeau MPH PEryIHpaHe
10 TPHTE METO/A, KAKTO M TE3M IIPH PEryJMpaHe ¢ Kiacudecku aBycBbp3an 11 pery-
narop (Bapuant 4) ca nokaszanu B TabOmuma 1. Ha ¢ur.12 ca gameHu npexoaHuTe
NPOIIECH MPH yIPaABJICHUE HA U3CIICABAHUS OOCKT C KIIACHUYECKU BYCBBP3aH peryJa-
TOp, CHHTE3HPaH OT YCJIOBHUS 32 aBTOHOMHOCT. J|BYCBBP3aHUAT PEryaTop Ce ChbCTOU
or naBa cemnapatHu [IM perymatopa ¢ mnpenaBateaHu (DYHKIUH, CBOTBETHO
R;=1,63+1,63/(11,7s) u R,=2,72+2,72/(18S) u xomMIieHcaTopu ¢ IpeaaBaTeIHu (yHK-
mun Ki=1,4s/(8s+1) u K,=4,6s/(5s+1), cBbp3anu KbM TsX. Perynatopure ca HacTpo-
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CHH TI0 CKBUBAJICHTHU OOCKTH, CHHTE3WPAHW C OTYMTAHE Ha IpeIaBaTCIHUTE (PYHK-
IIUY TI0 NIPABUTE M KPBCTOCAHNUTE KaHATH Ha m3ciieaBanust 00ekt: Wei(S)=Wii(s).(1-Ky),
1I=1,2, kpero K=[W11(S).W22(S)]/[W12(S).W21(S)]. TTopaam BUCOKHS CH pea M HATHYH-
€TO Ha YHCTO 3aKhCHCHHE CKBHBAJICHTHUTE OOCKTH C€ allPOKCHMHpAT JIO 3BEHA OT
BPBU PeJi ChC 3aKbCHEHUE, a KOMIIEHCATOPUTE — J0 pealHO-Au(epeHIIMpAII 3BeHA
OT II'bPBH PE/I.

W3cnenBanusiTa MOKa3BaT, Ye MOKA3aTEIMTe HA MPEXOIHUTE IpoliecH mpu Bapuant 1
u BapuaHT 2 ca OMU3KHM U ce XapaKTepu3upar C MO-rojsIMO MaKCHUMAaJTHO JHHAMHYHO
OTKJIOHCHHE W BpEMe 3a peryjJupaHe OTKOJIKOTO mpu Bapumant 3. PazmMutute peryna-
TOPH C KPBCTOCAHO YIIPABJISBAIIO BB3JCHCTBIE, KOUTO ca HOBA pa3paboTKa, BOMIST JI0
no-700pH MOKa3aTeIn Ha CUCTeMarTa U U3Moy3BaT crangaptHa PAIL

YnpasneHueTo ¢ Kinacuuecku aBycBbp3aH [IM perynarop ce xapakrepusupa c 1O-
MaJIKO MaKCUMAJTHO THHAMHUYHO OTKJIOHEHHUE, ITO-KPAaTKO BPEME 3a peryjupaHe, HO U
C TIO-TOJIIMAa B3aUMOCBBP3aHOCT MEXKYy perympyeMure Bennduan. OT 3HaYCHHE € U
(GakThT, Y€ 3a YNpaBICHUETO CH TOH W3IMOJ3Ba MAaTEMAaTWYCH MOJET Ha O0OCKTa, Ka-
KbBTO HE € HY)KEH IPU METOJHTE 3a Pa3MUTO yrpasicHue. EnuHcTBeHaTa nadopma-
U 32 00CKTA, KOSATO M3IMOJI3BAT AITOPUTMHUTE 332 Pa3MHUTO YIIPABJIICHUE, € 3HAKbT Ha
npeaaBaTeTHUTe QYHKIIUHU 10 KPhCTOCAHUTE BPH3KH Ha 00EKTA.

Ta6J'II/IIIa 1. CpaBHeHI/IC Ha ITOKAa3aTCJIMTC HA IIPCXOJHHUTC ITPOICCHU

[Tokazarenu Ha VYnpasnsgBamu Bapuant 1 Bapuant 2 | Bapuant 3 | Bapwmanr 4

IPEXOIHUsI IPOLIEC Bb3/1EHCTBUS Y1 Y2 Y1 2 Y1 Y2 Y1 2

Yisan=1, Y230,=0 160 160 | 100 | 100 | 100 | 130 | 50 35

Bpewme sa peryitn- 7y =5 Vo=l | 180 | 180 | 110 | 110 | 110 | 110 | 60 | 45

pare, cex. y13a)1:1, y23aﬂ:1 170 180 110 120 95 120 55 60

MaxkcumaiHo au- Yisan=1, ¥25,=0 | 0.07 | 0.15 | 0.12 | 0.26 | 0.05 |-0.09| 0O |-0.02

HAMHYHO OTKJIOHE- | Y132,=0, Y2501=1 -0.07 | 0.05 | -0.06 | 0.06 | -0.04 | 0.06 | -0.26 | 0.01

HHE Visan=1, Y2sax=1 0.13 | 0.03 | 0.08 | 0.03| 0.09 | 0.04 | 0.01 | 0.01
1.2
1 [Y2
0.8
|
0.4 ylaau:]-
ylsar[::]- y23an:1 y23a;1:1
0.2
o I
0.2

0 100 200 300 400 500 600 700 800 900 1000 CCK

@ur.12. [IpexoaHu mpoiecu Mo MpaBu KaHAIH MIPH YIIPABICHUE C
KJIacudecku ABycBbp3aH [11 perymarop
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AUCKPETHA BXOJHO-U3XO/JHA TUHEAPU3AIIUA HA TOKOBO
YIIPABJIABAHU ACUHXPOHHU ABUT'ATEJIN

CranucaaB EneB

Pe3rwome: B pabomama e cunme3supan iuHeapusupawy 3aKoH 3a ynpasieHue Ha ACuHx-
POHHU O8ucamenu 8 pexcum Ha ynpasieHue no mok. Cunmesvm e u3gbpuier Oupekm-
HO 8 OucKpemuama ooaacm, kamo ce 6a3upa Ha moyeH OUCKpemeH MoOoel Ha 08u2a-
mens. Quakeanume XapaKkmepucmuKky Ha cCucmemama 3a ynpasieHue ca NomevbpoeHu
nocpedcmeom cumynayuu. Komewmupanu ca u HAKOU 0COOEHOCMU, C8bP3AHU C
NPAKmMu4ecKkama peaiu3ayus Ha npediodceHus 3aKOH 3a YRpasieHue.

Kntouosu oymu: ynpasnenue Ha aCUHXPOHHU 08ULAMENU 8 PEXCUM HA YNpasieHue no
MOK, BXOOHO-U3X0OHA JIUHEaApU3aYuUs

DISCRETE-TIME INPUT-OUTPUT LINEARIZATION OF CURRENT-FED
INDUCTION MOTORS

Stanislav Enev

Abstract: In this paper, an input-output linearizing and decoupling control law for the
induction motor in current-fed mode is designed directly in the discrete-time domain,
based on an exact discrete-time model of the motor. The expected control system per-
formance is confirmed by simulations. Different practical implementation issues are
commented.

Keywords: current-fed induction motor control, input-output linearization

1. INTRODUCTION

The induction motor control problem has received a lot of attention in the scientific
literature. Different solutions were found, the most renowned being the so-called
“field-oriented control” [1],[2] which, in one of its many variants and modifications,
Is nowadays the industrial practice when high dynamic performance is required. An-
other promising approach, potentially allowing for superior performance is the feed-
back linearization based control [2-5]. In both cases design is typically performed us-
ing continuous-time descriptions of the motor, while control law is implemented us-
ing digital devices, being inherently a discrete-time process. This renders the task of
proving and guaranteeing stability of the overall system (interconnection of two non-
linear systems) a very difficult, practically impossible task. In this sense, a control law
designed from a discrete-time model will potentially eliminate this problem. For the

© 2012 Publishing House of Technical University of Sofia 45
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induction motor in current-fed mode, an exact discrete-time model can be obtained,
when quantities are expressed in a frame aligned with the rotor electrical position.
This possibility is exploited in [8] and [9], where a discrete-time field-oriented control
law is proposed and stability conditions are derived. In this paper, an input-output lin-
earizing and decoupling control law is derived using this exact description.

2. DISCRETE-TIME MODEL OF THE CURRENT-FED

INDUCTION MOTOR
Under the common assumptions for symmetrical construction, sinusoidal distribution
of the field in the air-gap and linearity of magnetic circuits, the equations describing
the motor dynamic behavior in the two-phase stator-fixed a-f frame in current-fed
mode are as follows:

. _l _1-
Wee = Telg Wey — NeOWes + mrelig, (1)

. -1 1= !
Yep = —lg Wrp TNy0OYg, + mrelg Iss

Jo=1,-Co-1,
-1 - - H
T = NN (Wrodsy —Wrpls,)

(2)

where: i, (t), i;,(t) - stator currents in the fixed frame, y,, (1), v.,(t) - rotor fluxes in the

fixed frame, o(t) - rotor speed, ¢, (t) - motor torque, r (t) - load torque, I, - rotor
phase winding inductance, r, - rotor phase winding resistance, m - mutual induct-
ance, n, - number of pole-pairs, J - rotor moment of inertia; c - viscous friction coef-

ficient.

In current-fed mode of operation, the stator currents are forced to follow desired tra-
jectories sufficiently fast which permits to neglect their dynamics and consider them
effectively as control inputs to the motor. Several techniques exist to achieving this
goal. The main ones include the introduction of high-gain, typically PI, current con-
trol loops [7], feedforward schemes [2] and, most often, the introduction of hysteresis
relay loops [7]. In [7], a thorough overview of current controllers for three-phase in-
verters can also be found.

For the derivation of the discrete-time model, the motor equations are rewritten in the
frame rotating with the rotor electrical speed. Making the following change of coordi-

nates:
Vea cos(n,@) sin(n,0) || v, ign cos(n,@)  sin(n @) || g, 3
|:'//RB:|: =sin(n, @) cos(n, ) || wg, ' LJ: —sin(n, @) cos(n,o) || is, ’ ( )

with ¢ — the rotor angular position (=), the motor model takes the form:

Wen = —1W s + Mg, (4)
Wee = —NWeg + M7igg
Ty = H(Wralss —Waslsa) » (5)
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with: n=rl?, ,u:npmlgl.

The discretization is done with the assumption of zero-order holds at the inputs of the
model (4), that is: i, (t) =i (KTs) , fOr kTg <t <(k+1T;, with T, being the sampling pe-
riod. For notational simplicity, the value of the continuous-time signal s(t) at the sam-
pling instant kT, will be denoted by s(k).

The following exact discrete-time description is obtained:

Wea(kK+1) = e’ Wea(K) + m1- e )iga (K) (6)
Wee (K+1) =& s (k) + mAL—e ™™ )igg (K)
)7y —7Tg (k+1)Ts
ok s =e® o)+ S0 gy L I e @ W )do. (7)
Jp-c3™) " J a

In cases, where the load torque satisfies: r (t) =7 _(k), for kT, <t<(k+1T,, that is, is con-
stant during the sampling periods, we have:
1 (k+1)Ts —cI My

e _ l-e
- J' e eI ((k+1)Tg U)TL (U)dl) —
‘] KTg

(k).  (8)

The following remark shoud be made. The discretization in the fixed frame leads to
exact model under the assumption of constant rotor speed, which is no longer a
restriction in the frame, aligned to the rotor electrical position. However, in order for
this discrete-time representation to hold exactly, the stator currrents applied to the
motor (at least the reference values for the current control loops) will be required to
vary between sampling instants, unless the rotor speed is zero, as seen by the
coordinate transformation between the two frames. This will require more complex
and faster current control loops, as well as higher (faster) sampling rates in the
position signal acquisition channel.

3. INPUT-OUTPUT LINEARIZATION
The theoretical foundations of feedback linearization and the basic control design
techniques extended for discrete-time systems can be found in [6]. Here it will be not-
ed only that the basic structure of a control system using such control laws consists of
two loops — an inner, in which the linearization is achieved, and an outer, linear loop,
where a linear controller attributes the desired dynamics of the overall system.
The model used here as basis for the control law design is given by:

X, (k +1) = ax, (k) +bx, (k)
x, (k +1) = ax, (k) + bx, (k)
X; (k+1) =u, (k) ’
X, (K +1) =u, (k)
With: [x k), % (K), %K), X, (K)]=[wea (), ¥gs (K), isa(K), e ()], U, (K), u,(k) - the control inputs,
and a=e™, b=m(1l-e ).
As seen, the first two equations represent the rotor flux equations, given by (6). Since
the design technique to be applied in the following will result in a static feedback con-
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trol law, a delay of one sampling period is added at each input of the model (6) in or-
der to render the control realizable from practical point of view. Thus the additional
two state variables - x,, x, and their respective equations are introduced, so that (9) is

obtained.
The controlled guantities are defined as follows:

Y1 (k) = 7, (k) = (%, (K)x, (k) =, (k) (k)) (10)
Y2 (k) = (4 (k)X (k =2) + %, (K) %, (k 1)) —a(x (k=1 + 3 (k=1))

For control design, the induction motor is normally considered as TITO-system, with
either the rotor speed or position as the main output of mechanical nature and the ro-
tor flux magnitude (squared) as a second output of electromagnetic nature. Here the
first output - vy, (k) is defined as the motor torque. Thus, the speed dynamics (being
linear) are not accounted for in the linearizing control, which renders it simpler and
more robust because it doesn’t include the mechanical parameters ¢ and J .

The second output - v, (k), is defined after the following modifications starting from
the expression for the rotor flux square - x’(k)+x2(k). First, it is modified by intro-
ducing previous values of each component, so that the design technique can be ap-
plied, thus obtaining the left term in the expression. Then, a correction term, pro-
portional to the previous value of the rotor flux square, is added, so that stabilization
of y,(k) guarantees physically acceptable regimes of motor operation and ultimately
stabilization of the rotor flux square. It should be noted that the minus sign is im-
portant, the value of the coefficient - e is chosen so that the resulting expressions
for the control law are simplified. In steady-state y,(k) is related to the rotor flux
square in the following way. We have:

X3 (K) =I5 sin(kTsy + @), X, (K) =I5 cos(kT;a, +¢) q
() = ¥, SIN(KT, 04 + $— ), %, (K) =¥ cOS(KTo0y +f— )

Y,(K) = W (cos(@,Ts) — €™ ) = (x2(K) + x2 (k) ) (cos(wy Ts) —e ™™ ),

where w, is the slip speed.

Thus, in steady state y,(k) is proportional to the rotor flux square by a factor of
(cos(e,T;)—e ™ ). Since the sampling period is typically atmost in the millisecond range
and the slip speed is generally low (typically single-digit percentage of the rotor
electrical speed), we can assume with satisfactory precision that cos(w,T,) ~1.

Finally, the description given by (9) and (10) represents a linear dynamic system with
outputs being static nonlinear functions of states.

The input-output linearizing control law is derived in the following. First, each output
Is written for successive sampling instants until an input appears in the expression.
We have:

V(K +1) = pu(x (K + 1), (K +2) =X, (k +1)%; (k +1)) = g2 (ax, (k) +bx (k) )u, (k) = z(@x, (k) +bx, (k) ) u; (k)
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Y, (K +1) = 0 (k +1)x, (k) + %, (K +1)%, (k) —a(x; (k) + x5 (k) = b(x (k) X, (K) + X, (k) X, (k) (11)
Vo (K +2) = b (%, (K +1)% (K +1) + %, (K +1)%, (k +1)) =b(ax, (k) +bx, (k) ) u, (k) +b(ax, (k) +bx, (k) ) u, (k)

Then, the model is put in the following input-output form.

Yi(k+2) || —pe(@x, (k) +bx, (k) p(ax (k) +bxy (k) | uy(K) (12)
V,(k+2) || b(ax (k) +bxy(k))  b(ax,(k)+bx, (k) || u, (k)

By introducing the linearizing control law as:

U (k)| [ —a(axy (k) +bx (k) p(ax (k) +bx(k)) T (k) (13)
u, (k)| | b(ax (k) +bx,(k))  b(ax,(k)+bx,(k)) | |v,(k) ]’

with v, (k) and v,(k) being the new input variables, the input-output relations of the
obtained system are given by:

yi(k+1) =v, (k) (14)

Yok +2) =V, (k)

As seen from equations, no coupling exists between the two outputs. The motor
torque lags the first input by one sampling period, while the flux-like output lags the
second input by two sampling periods. Since the obtained input-output dynaimcs are
of third order and the initial description is of fourth, first order internal dynamics,
unobservable from the outputs exist. These must be such that the system states remain
bounded while controlloing the outputs, otherwise, the control law would be unuseful.
No internal instabilities were observed while simulating system behavior.

The control law can be introduced as long as the matrix invertibility condition is
verified, that is, as long as:

—b( (4 (k) + b () + (@, () +bx, (€)' ) 0. (15)

At start-up (when the rotor flux magnitude is zero, i.e. when x =x,=0), the
realizability of the control law can be guaranteed by initializing with non-zero values
the variables x, and x, i.e. x,(0),x,(0)=0. Otherwise, the condition basically reduces to

the requirement for non-zero rotor flux. The resulting discrete-time system is shown

in Fig. 1.
|
-f‘-(-k-)ﬂl_G;(z).L--«\ A®
1 k 1 k :‘ u k
w® ] »®
cd 4 >
Fig.1. Equivalent block diagram
-7 —nTs t RS
W|th G =e —¢ 1 . f (K)=Db efc\]’l(t—u) d G (z :l e 1 .
(Z) J(T]—CJil) Z_e—c.HTS L( ) '([ TL(U) Ut%kTS L( ) z—e’chS
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With G, (z) is denoted the load torque transfer function in the cases when the load
torque is constant during the sampling periods.

As seen, the initial problem of controlling a nonlinear interacting TITO system is
reduced to a problem of controlling two linear and decoupled SISO systems. Desired
speed control performance can be achieved by introducing an outer loop with a linear
controller specified accordingly using some of the well established linear design
methods in the discrete-time domain. For the flux subsystem no additional extension
of the overall control law is necessarily needed, given the obtained input-output
relationship, and v, (k) can be considered as the reference for the flux-like output.

The motor models and the control law were implemented in Simulink environment
and different transients were simulated. The values of the motor parameters used in
the simulations are: r, =132, 1.=133H, m=0.957H, J=0,0005Nms®*, c=0,00014Nms,

n, =2. Some of the results are shown in Figs. 2 and 3. The sampling period is set to

T,=1ms. At t=0,8s a 0,5Nm load torque is applied to the motor. The time is shown in
seconds.

The transients (Fig.2) confirm the expected performance, as no coupling between the

two outputs. The input-output relationships, given by (14) are also observed. For the

flux subsystem, certain dynamic lag between the second output the rotor flux square

Is seen. In this setup, that is, when using the scaled v, (k) (by a factor of 1-e ™) as ref-

erence for the rotor flux square, it should be noted that, due fact that the slip speed is

usually non-zero, the rotor flux square will vary (as the slip speed may vary) slightly
above the reference value. These deviations, observed in the simulated transients, are
insignificant from practical point of view.

The following additional remarks should be made when considering a practical im-

plementation of a control system, based on the proposed control law:

- the control law calculation requires rotor fluxes and since their measurement is
very difficult in a practical setup, certain flux estimation scheme should be in-
cluded in the overall control system structure. This alone represents a very large
problem, which has received a lot of attention and a large number of solutions are
proposed in the literature. The major obstacle for obtaining accurate estimates is
the typical rotor time constant variability. Some preliminary simulations with a
simple open-loop current flux observer in the overall control scheme show, that no
stability issues arise due to an inaccuracy in the knowledge of the rotor time con-
stant, though of course such a mismatch results in a poor flux regulation and devi-
ations even in steady-state;

- at start-up, the control law realizability condition (15) can be guaranteed by forcing
constant stator currents before actually “closing” the linearization loop;

- finally, the calculated control input must be transformed into the stator-fixed a-
frame by the inverse of the transformation in (3), thus supplying the desired stator
currents, or more precisely, the references for the current control loops. These are
given by the following expression:
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{iw (t)} ~ {COS(n,ﬂ(t)) —sin(an(t))}{ul(k ~1)

is,(t) | | sin(n O(t)) cos(n, A(t)) Uz(k—l)} , for kT, <t<(k+DT,.

Motor torque y, and linearized system input v; (Nm)

Flux-like ouiput y,, linearized system input v, (both scaled by (1-a)) and refor flux square x,? + x,2 (Wb?)
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F|g.2. Transient responses
4. CONCLUSION

In this paper, an input-output linearizing and decoupling control designed in the dis-
crete-time domain for current-fed induction motors is proposed. The applied design
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technique required a non-trivial definition of the electromagnetic output of the motor.
However, a well specified modification results in a useful output definition, which is
motivated through a thorough analysis and discussion. The promised performance is
confirmed by simulations. A major benefit of the proposed scheme is the possibility
to analyse and prove stability of the closed-loop system, since no approximations are
done in any stage of the design. Some practical implementation issues are com-
mented. One of the main issues is related to the higher performance current control
required, which in turn will necessitate more complex and faster current control loops.
On the other hand the precise current control is crucial for having a discrete-time
model of the motor that holds exactly. Following this remark, a future research should
focus on including current deviations from their desired values in the formal setup and
studying the induced effects.
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HHPUJIOKEHUE HA HEBPOHHUTE MPE’KH
B CUCTEMMUTE 3A YIIPABJIEHUE HA KPEJUTHUA PUCK

Auexcanasp E¢ppemosn

Pe3tome: B pabomama e npedcmasen anzopumvm 3a 00yueHue Ha HeGPOHHU MPeNCU
(HM), uuemo npunosicenue e 6 cekmopa Ha gunancume. Aneopummom ce 6a3upa Ha
yucieHo ycmoudusa peanusayus Ha memooa I ayc-Hiomon. Bxoonume enuuunu Ha
HM ca xapaxmepucmuxume Ha 0aden KaHouoam 3a Kpeoum, a u3xoovm e 8eposini-
HOCMmMA Kpeoumouckamensim oa e ¢ 0006po noseoenue (Kopekmno oa 0b6cyxicea Kpe-
ouma). OchosHume 3aKI04eHUs ca cévp3anu ¢ npunodxcumocmma na HM 6 cucme-
mume 3a ynpaeienue Ha KpeoOumHus puck.

Kniwouosu oymu: nesponnu mpesicu, memoo Ha I ayc-Hiomon, kpeoumen puck

AN APPLICATION OF ARTIFICIAL NEURAL NETWORKS
IN THE CREDIT RISK MANAGEMENT SYSTEMS

Alexander Efremov

Abstract: The paper presents an algorithm for training of artificial neural networks
(ANN) and their application for risk assessment in the finance industry. A numerically
stable realization of the Gauss-Newton method is applied for training of ANN-s, used
by the credit risk management systems. In this application, the inputs of ANN are the
available characteristics about the individuals, applied for a credit (application and
bureau data) and the output is the probability the applicants to have a good perfor-
mance. The main conclusions are regarding the ANN applicability for the credit risk
assessment.

Keywords: neural networks, Gauss-Newton, credit risk

1. INTRODUCTION

In this section is introduced the notation used in the paper
and the structure of artificial neural networks (ANN), which
Is appropriate for a prediction of individuals’ performance,
applied for credit.

ANN is a system of interconnected neurons. A typical neu-
ron structure is presented on figure 1. Generally it has many
inputs and one output. The k-th observation of the i-th input (factor) is denoted be-
low with ¢, and the network output is §,. The total number of observations is N . If

Figure 1. Artificial neuron
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only one neuron is used for scoring the credit risk, then ¢;  is the set of factors asso-
ciated with a given (the k-th) individual, applied for a credit, y, is the predicted
probability of being good (which is denoted with y, and depends on the past individ-

ual’s performance) and N is the number of applicants in the data set. The input data is
processing by the neurons in two steps. The first step is to calculate a weighted sum
s, Of the inputs. The i-th neuron parameter (weight) is denoted with ¢, . In addition to

all weighted factors, a bias (intercept) term is added in the sum. In the following no-
tation, the bias is denoted with 6, and a fictive constant factor ¢y, =1 is introduced.

With this notation, the sum for the k -th individual can be written as
(o) =Sk =Gk +OPLK + ot Oy -
If all parameters and factors are collected in the vectors
0=16 6 .. 6,1 and oy =[pox @i - @il
(note that for n inputs, 6, ¢, € R™?) the above linear combination can be written as
Sk = o7 Py -

The second step of data processing is a transformation of the weighted sum by a func-
tion, named activation or transfer function. It is denoted with a(s). The actual neuron

output becomes

Vi =a(sy) -
The following activation functions are appropriate for the credit risk assessment:
— linear function a(s)=s
— isti i —_1
logistic function a(s) = ek

In the concrete implementation, the neurons in ANN may have different activation
functions.

An example of a feedforward ANN [2] (the signals are propagated only from input to
output) is presented on figure 2. The neurons in the
ANN are arranged in layers. The first layer is named
input layer and the last one is the output layer. All lay-
ers in between are named hidden layers.

The notation, when introduce the layers into consider- ‘
ation is presented below. e

For a given layer, s, is the vector Figure 2. Neural network

sc =[5100)  s2(@) o ST
of all linear functions of the neurons belonging to that layer. Also a(s,) is assumed to
be the vector
a(sy)=[asyx) alsye) - a(sn)l’
of all neurons outputs. With other words the transformation a(.) is applying on s, ele-
mentwise.
Let an ANN has m inputs/factors (¢, eR™) and ¢ outputs (§, eR"). Also, let the
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number of layers is | and the number of neurons in the r-th layer (for r=11) is n,.
The linear functions and the outputs of the r-th layer are denoted as si'! and
yl1 =a(sly respectively. Note that the vectors are s, yi"l e R™ . The last (1-th) layer
output is the ANN output i.e. yl'! = §,.
The inputs/factors of the r-th layer are outputs of the previous r-1-th layer (for
r=2,). These variables are gathered in the vector o[l ¢ R"1*1. According to the in-
troduced notation, the first element of this vector ¢} =1 is introduced to account for
the constant/bias term of the activation function, i.e.

o=t (T

In fact, the inputs of the first layer are gathered in a vector, which is also the input of
the ANN, i.e. ¢ =¢, . For consistency with the notation (n, is the number of inputs

of the r+1-st layer) is introduced n, — the number of inputs of the first layer, i.e.
Ng=m.
The vector function s['1, which depends on ¢l"l e R"-1*! can be written in the follow-
ing matrix form

sl = @lrlylr,
The r-th layer parameter matrix @[l e R™*M"1+1 jg

ol elll . el[gr]_l
ol _| 055 o5 ... e

Onb Ot o Ond
Each row of el contains the parameters of the corresponding neuron from the layer.
Actually the j-th neuron from the r-th layer represents the relation between the out-
puts from the previous, r-1-th layer (or the ANN inputs, for r=1) and the j-th out-

put of the r-th layer.

The paper is not focused on ANN structure selection, so it is assumed that the set of
inputs, number of layers, number of neurons per layer and types of all neurons activa-
tion functions is known, (the variable selection step and ANN architecture optimiza-
tion step from the system identification cycle are already performed).

2. THE TRAINING ALGORITHM
The presented algorithm is based on Gauss-Newton optimization method [1]. The
singular value decomposition (SVD) is used to ensure that the estimates are obtained
in a numerically stable way.
Idea behind the method

Gauss-Newton (GN) is a first order optimization method, in which the descent direc-
tion is determined, based on the gradient of the objective function and a Hessian ap-
proximation. To improve the convergence process, a step-size parameter is intro-
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duced, which adjusts the length of the step in the parameter space, based on the accu-
mulated information about the shape of the objective function.

GN is applicable, when the objective function is a sum of squared values. The ad-
vantage of this method is that avoiding the calculation of the full Hessin, the optimi-
zation complexity drastically decreases. On the other hand, when the current point
(from the parameter space) is away from the optimum and the objective function is
not quadratic, the accuracy of both GN and Newton-Raphson (NR) (which uses the
full Hessian) decreases. But when the trajectory approaches the optimum, usually the
accuracy of the Hessian approximation grows and in this case GR and NR have simi-
lar behaviour. In many real-life cases, because GN is less complex, it is more prefera-
ble then NR. For this reason, GN is chosen for the training of ANN.

Let the estimates at the i-th iteration of all ANN parameters are gathered in the vector
6" cRP (p is the total number of parameters). Let also f® = (@) is the (scalar)
objective function, g =g(9") is its gradient (a column vector) and H® = H(@©W) is
the Hessian at the i-th iteration. The consideration below start with NR, which is a se-
cond order method. It is based on a quadratic approximation of f (@), which accounts

for the first three terms of the Tailor series expansion
FOD = 104 a00)T g0 +1A0M)THOAHO + 0, (1)
in a neighbourhood of 6" (note that the objective function at the i+1-th iteration is
£+ = £ oM + A00)). With O, are denoted the terms from the third and higher order.
From (1) is obtained the model
MD@ag)=t0 +20TgM +1a0"H DA, (2)
which approximates f(g) in a neighbourhood of the current point from the trajectory.

This model is quadratic with respect to A¢ and from (2) can be determined a quasi-
optimal update A6® of o™ (it would be optimal if f(6) is quadratic). The parameters

correction A6 is determined by solving the equation

VoM D (A0) =0,

AG=AOW
which is equivalent to g® +H®a0® =0. The solution w.r.t. A6® (i.e. the optimal
step in the parameter space, which minimizes the model M©(A6)) is
A0 = —(H (i))—lg(i) ) (3)

Often, in the system identification, the objective function is the residual sum of
squares, i.e.

f(@)=e"e, (4)
where e RN is the vector
e=[ef] e .. enl,
which contains the residuals, associated with all dependant variables for the observa-
tion window. It depends on the model parameters, because
e=y-y(9).
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Here, the vectors vy, y < RN, which are
y=[lyl y; .. ynl'and §=[9/ §; .. 9.I",
contain all dependant and predicted (by ANN) dependant values.
The gradient g € R® has the form
g=V'f@)=23]e. (5)
The residual Jacobian J, e R™<P (the analogue of the first derivative of e w.r.t. 9)
has the following structure

oep Oy o |

o6, 00, 96,

0ep1 oy 1 01

o6, 06, - 00

Ve : : : :p

J —V,e— Ve, | o1 Oeyy o8y 1
e Yo~ : | oo 00, ' 06,
5611 2 681‘ 2 661' 2

Ven a6, o0, " 0,

o&yN O8N 08y N

o6, 96, T 00,

The analogue of the second derivative of f(g) w.r.t. ¢ is the Hessian H € R”", which
IS

H=V2f(0)=2J]J, +2H(I ®e) (6)
(® is the Kroneker multiplication). Because e and ¢ are vectors, then the Hessian of
e W.r.t. 6 (vZe is denoted below with H,) is a 3-rank tensor H, e RN*P*P, To avoid
the tensor notation, the matrix

H=[He1 Heo .. Hgpl eRNXP

Is introduced in (6), with blocks H
responding columns of J, i.e.

T e R which contain the derivatives of the cor-

e,.l.

Hg,l :VH‘]e,.i fOI’ |:1,_p
Keep in mind that expressions (5) and (6) for g and H holds when the objective

function is a sum of squared values of the residual.

The usage of the second term in (6) (in NR) significantly increases the complexity of
the correction A@ (see also (3)). In GN the term 2H (I ®e) is neglected and instead of
H, the updating formula of the estimates depends on the following Hessian approxi-
mation

H=2311J,.
The Standard GN consists of the following steps

1) Set the initial point ¥ and other optimisation parameters, such as tolerances for
the stopping criteria, maximum number of iterations, etc.

2) At the i-th iteration: calculate the gradient g and the Hessian approximation H®
at the current point 9. Determine the estimates correction
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AW = —(HD)2g® = (3T 3D M)Te®, (7)
3) Update the estimates
60D = 9 1AM, (8)
4) Check the stopping criteria and other termination rules (e.g. the maximum number

of iterations, maximum CPU time, etc.). If the optimisation process is not terminated,
set i «<—i+1 and continue from step 2. Otherwise, terminate the iterative process.

The matrix H is inverted in (7), in order to calculate A6 . A numerically sta-
ble realization of GN can be obtained by the Levenberg-Marquardt regularization of
H . In this case the updating formula (7) is modified as

o4 =60 —(aMNTIP +a) )T, 9)
With s >0 is avoided the case of inverting an ill-conditioned matrix. If § - 0, (9) be-

comes (7) and when § — «, the parameters trajectory approaches the one of the basic
gradient (first order) method (in this case the step has a negligible length).

In practice, the regularization in (9) is realised as an iterative procedure in which &
grows, until a better ANN in terms of f(8) is found. This is connected with additional

data passes (especially if some variables are multicollinear). For large data sets, this
leads to a significant increase of the convergence time. On the other hand, when
N >>1 (which is the usual case in the credit industry), the number of data passes
should be reduced. From this perspective, one way to increase the efficiency of the
optimization procedure, and at the same time to maintain numerically stable calcula-
tions, is to select 5 by using a quadratic approximation of f(#) at the chosen direc-

tion (this requires only one additional pass). So, at each iteration, one pass is neces-
sary to determine J{" (and the decent direction) and a second pass is used for 5 de-

termination. If the objective function has flat areas (this is a usual case with the credit
scoring application), the quadratic interpolation in not appropriate. This is one of the
reasons to use another approach for a numerically stable realization of GN, which is
based on SVD decomposition of H . The other reason for this choice is that it requires
only one data pass for the parameters update (this means about 50% time reduction,
compared with the previous approach). The second reason is important for the current
application, because the number of observations N in the real life projects can be

around 107 and the number of independent variables in the beginning of the mod-
elling stage from the system identification cycle, could be around 10° .
The SVD decomposition of H is

~ T 2 0 v

H=UzV' =[U; UZ]{O ZJ{V; : (10)
Here =, contains the significant singular values of H and =, — only the insignificant

ones. Then (10) can be approximated as H =U,5,V;' . The updating formula of the esti-
mates becomes

In this way the singular values in =,, which would lead to numerical issues in (7)
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have no influence on the new estimates ¢+ .

3. EXPERIMENT DESIGN AND RESULTS

The presented experiment investigates both, the ANN accuracy and the performance
of the training algorithm. The paper is not focused at the data preprocessing stage, so
it is assumed that the data set is already prepared for the training. This means that
missing data, outliers, linear dependent and not enough excited inputs are removed.
Also, the character variables are classed (replaced by dummy variables), the inde-
pendent continuous variables (if not classed) are standardized (with zero means and
unit standard deviations) and the range of the dependant variable is between 0.05 and
0.95 (this ensures that the output values have the meaning of a probability).

To avoid issues with the confidentiality, as the credit risk assessment systems operate
with sensitive (personal) data, the observations used in this paper are generated by a
simulation. The data sets, in the following experiment are formed, based on realistic
assumptions about the variables trends, which are accounted by a logistic regression
model. This approach is used at Experian — the leading company in the finance indus-
try and credit scoring, for testing the performance of new algorithms.

The analysis of ANN applicability for credit risk assessment is made by a Monte Car-
lo simulation (performed in Matlab). The approach is to generate statistically in-
dependent realizations of a set of normally distributed random processes, which rep-
resent both, the system uncertainty and the measurement noise. The system uncer-
tainty is due to the difference between the actual relations in the investigated system
and the simplified relations, accounted by the model. It is assumed that the measure-
ment noise represents the influence of the environment (unobservable factors), fraud,
data collection errors, not precise replacement of missing data, etc. Also, for each
Monte Carlo run, the factors (inputs) are generated as independent random processes
that are uniformly distributed with zero mean and unit variance (after the data prepro-
cessing stage in the real life projects, the inputs are standardized). The dependant var-
lables are calculated by the mentioned realistic logistic model, which leads to output
values between 0 and 1. The initial ANN parameters are also selected in a random
manner, but all other conditions (ANN structure, optimization parameters, used for
the step size adjustment and the termination rules) remain the same.

ANN validation technique is based on partitioning the data set into two complemen-
tary subsets. One of them, named development/training set is used for parameters es-
timation, and the other, named validation set is used for an assessment of the model
accuracy. The usage of two independent data sets gives the opportunity to check how
well the model (ANN or logistic model) predicts the dependent variables, avoiding
the potential overfitting/overtraining of the representation.

The following relative measure of the ANN accuracy

VAF = (1-var(e,) / var(y,))x100% ,

named Variance Accounted For is used below. It represents the percentage amount of
the variation of y,, accounted by the network.

The results from the Monte Carlo simulation are the average values of VAF, training
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time and number of iterations. They are summarized in table 1.

Table 1. ANN: average MSE, training time and iterations

N VAF time | iterations
5000 95.09 3.05 27.13
10 000 90.45 | 49.12 92.07
50 000 90.43 | 90.05 162.66

4. CONCLUSION

The achieved ANN precision (the average VAF from table 1) in terms of the condi-
tions set in the MC simulation shows that the neural networks are appropriate for
modelling the individuals’ performance. Tests with real life data confirm this conclu-
sion. The ability of ANN to represent non-linear behaviour is the main advantage,
which makes the networks preferable for the discussed application field.

ANN has much more flexible structure, compared with the logistic and linear regres-
sion models, which are widely used in the finance industry. The ability to introduce
hidden layers without changing the input and output sets means that more degrees of
freedom can be added in the explanation of the non-linear system behaviour. Another
advantage of ANN is the freedom to select different activation functions per every
single neuron and in this way to introduce some a-priori knowledge regarding the in-
vestigated system (especially if there are more than one dependant variables).

The time for training of ANN is significantly greater than the time for the logistic
model determination. The main reason is that the most time consuming operations are
reading and writing of data records (but not to the computation burden per iteration).
Hence the significantly greater number of iterations, necessary for obtaining of ANN,
leads to more data passes and therefore more time for the neural model determination.

In general, ANN parameters have no business meaning, which is an obstacle for the
validation of the trained ANN, by using of the available a-priori information, e.g.
about the logical trends in the relations between the factors and the dependant varia-
ble. On the other hand, the logistic and the linear model is easily interpretable in terms
of the specific business knowledge.
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Anexkcanasp Edppemos, Acen Togopos
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LOGISTIC REGRESSION
AND IT’S APPLICATION IN THE CREDIT RISK ASSESSMENT

Alexander Efremov, Assen Todorov

Abstract: The paper presents two algorithms for logistic models (LM) determination
and their application for risk assessment in the finance industry. The advantages of
LM for the credit risk assessment, compared with the linear regression models are
discussed. The Steepest Descent (with two variants for optimal step size determina-
tion) and a numerically stable realization of the Newton-Raphson method are used.
The reasons for the better behaviour of Newton-Raphson in the specific application
are explained.

Keywords: Logistic regression, Newton-Raphson, credit risk

1. INTRODUCTION

In this section is introduced the notation, used in the paper and the logistic
model (LM), widely used in many data-mining projects, when the dependant variable
Is binomial. One of the LM applications is in the finance sector for credit risk assess-
ment. Two regression models are most frequently used for scoring of individuals, ap-
plying for a credit. The inputs of both models are the available characteristics about
the applicants (application and bureau data) and the outputs are the probability, the
applicants to be good.
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Figure 1 shows that the logistic and linear models could be very similar for certain

values of the input variables (in the figure these values are ¥ X€lX %21y I the input

X is between *1 and *2 both models would have a very similar behaviour for the indi-
viduals in the modeled population. However, the linear model differs from the logistic
one outside this area. Also, the output of the system under investigation (individual
applying for a credit) is a probability, but there is no restriction on the output of the
linear model (it may predict a probability of e.g. 1.2 or -0.1 and such values are
meaningless from theoretical point of view). In the credit risk, the dependent distribu-
tion is binomial, as the individuals with known behaviour (applied for a credit in the
past) are assessed as goods (with probability 1) or as bads (with probability 0). Due to
the just explained reasons, the considerations in the paper are focused only on the lo-
gistic models.

ym A

>
>

: X0 . X
Figurel. Linear and logistic relation

The notation used in the paper is as follows. Let y, is the value (0 or 1) of the de-
pendent variable for the k -th applicant and x;, for i=1n is the value of the i-th inde-
pendent variable, associated with the k -th applicant. Let also e, is the remaining un-

certainty, which is not accounted by the logistic model. It represents the effect of all
not accounted processes, having an effect on y, as well as the fact that the model is

an abstract representation of the real interconnection between real processes. The gen-
eral form of the logistic model is
My

Yk = + €y fOI‘ k=1,_N (1)

1+ ek
If the model M, is linear with respect to the independent variables i.e., if it has the
following form
My =60y + O % + .o+ O Xp
then (1) is named a linear logistic model.
Let introduce the vector e R
0=[6y 0, ... 0,1,
which contains the model parameters and the vector ¢, e R™*

o =L X i Xn,k]T

of all factors (input variables), related to the k -th applicant. Here the bias term (inter-
cept) is denoted with 6, =[6],. Using these vectors, the LM can be written as
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ek .
Yk = Tt 8 = Yk T €,
1+ e’

where §, is the predicted value of the dependent variable.

2. PARAMETERS ESTIMATION

The algorithms are some of the most frequently used and proven in practice first and
second order gradient optimization methods. A modification of the Newton-Raphson
method with Singular value decomposition (SVD) of the Hessian is used to ensure
that the parameters estimates are obtained in a numerically stable way.

Objective function

The least squares (LS) estimator, which is a particular case of the Maximum Likeli-
hood (ML) is optimal in the case of normal distribution of the dependant variable. As
LS is not optimal when the distribution is binomial, ML estimator is used for the de-
termination of LM. By ML are determined the parameters, which maximize the like-
lihood of observing the available data.

The objective function in the following optimization problem is the likelihood func-
tion. Actually the model output §, can be viewed as a conditional probability the de-

pendent variable y, to be 1, given ¢,. More precisely the contribution of the pair
{o«, v} for the case y, =1 is ¥, =P(y, =1|¢,) and contribution of {p,, y,}when
Y =0 IS P(y, =0|g)=1-y,. Thus the contribution of the k-th observation
{o«. Y }to the (Bernoulli) likelihood function, is

A

ok = 9k @9y )k
Note that in the limited cases holds
" :{9k1A Ye=1
T 1Yk, Y =0

If the observations are independent and identically distributed, the likelihood function
is proportional to the product of all N contributions, so the objective function, which
Is maximized by ML can be written in the following way

N
f'(9) :Hlé’,k :
k=1

Actually the binomial likelihood function is L, :Cg‘ f'(9) (where p is the number of
model parameters), but in the next considerations the multiplier

cN_- N __ Nt
{p) p(N-p

will be ignored, as it is not a function of ¢ and therefore it doesn’t change the opti-
mum. Taking the negative of the natural logarithm of the above expression and multi-
plying by 2 for further simplifications of the explanation, the following objective
function is obtained
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N
f(0)=-2Inf'(0) =2 (yi In Y + X~y ) In@~ §y)) . (2)
k=1

Actually f'(8)<[0,1] (normally the limited cases are unrealistic). If f'(9)=0
(f(9) =-x), the model is completely inaccurate and if is f'(¢)=1 ( f(0)=0), the mod-
el fully replicates the dependent variable, i.e. §, =y, , k=1N.

Realization of the estimators

The previous subsection shows that for the specific application, the ML task is to find
the parameters estimates, which satisfy

6 =argmax f'(0) = argmin f (9).
This optimization problem is solved below by using of two methods — Steepest De-
scent (SD) and Newton-Raphson (NR).

The following notation is used below. The estimated LM parameter vector at the i-th
iteration is 8“eR” (p is the number of parameters, including the intercept),

fO = £(@") is the (scalar) objective function, g® = g(8©) is the gradient (column vec-
tor) and H® =H(#") is the Hessian at the i-th iteration. SD is a gradient method,
based on a linear approximation of f(9), i.e. by using the first two terms of the Tailor
series expansion
F00 = £O 4 (A9D) g® +2(A0D) HPAOD +0, (3)
in a neighbourhood of 6“ (note that f* = (™ +A0") is the objective function at
the i+1-th iteration). With O, are denoted the terms from third and higher order. On
the other hand, NR is based on a quadratic approximation of f(g) (by using the first
three terms). From (3) are obtained the models
M |(_i)(A‘9(i)) N AON (Ag(i))T g(i) ’
MS)(Ae(‘)) = 0 4 (AgMT g® +%(A9(i))T H®OAQ®M
which approximate f(#) in a neighbourhood of the current point from the trajectory.
The updating formula of the model parameters in SD is
00D — g® 1 () p® (4)
where »® is calculated by a line search optimization
p =argmin f (00 + p®)
H

and p® = —ﬁ is a unit vector, pointed at the antigradient direction.
9™l

The above problem is solved by using of two approaches. One of them is a x optimi-
zation by using of NR (the method is denoted below with SDNR). Because x is a
scalar, the gradient and the Hessian, necessary for NR of (% + ,p®) are also sca-

lars. Therefore, the complication of SDNR is not significant, when use NR for the line
search, compared with first order gradient methods. Moreover, the iterations of NR

for .M determination are in general less than the line search with first order methods.
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The other approach for selecting of »® is based on a quadratic approximation of
f (@M + 1pM) (denoted below as SDQA), i.e. the model

M(,u)za,u2+b,u+c
Is used to approximate the objective function at the anti-gradient direction. After
scanning of £ + p®M) in several points and estimating the polynomial’s parame-
ters (the estimates are 4, b and ¢), x© is calculated as

(i) __ob
M7 ==%7-

This value corresponds to the optimum of the estimated model M ().
According to NR, the updating formula of the model parameters is

o+ — g _ (g )14 (5)
After differentiating the objective function (2) w.r.t. ¢ are obtained the gradient and
the Hessian, which are

g=V' f(@)=d"e,
H=V2f(@)=-0'T?0.
With @ e RN"* is denoted the data (design) matrix

I X1 o Xna o1

Y X2 e Xe2 | o)
- . . . . - . ]

T

1 XN - XN o

r e RV*N is the diagonal matrix I =diag(§*(1- §))*?, where the symbol ‘** denotes

the elementwise multiplication of vectors/matrices and e<R™ is a column vector,
containing the residual values associated with all individuals.

If ® contains multicollinear factors, the Hessian, which is inverting in (5) is ill-condi-
tioned, which leads to numerical errors. Thus a numerically stable realization of NR is
used, where SVD is applied to H, i.e.

H=UsV'.
Let 3, is the submatrix, containing the singular values o; of H, which are most sig-
nificant and satisfy

%i__>107°,
Omax 110

where o, IS the maximal singular value. Let U, and v, are submatrices of U and Vv

respectively, which correspond to the selected singular values. As a result, the updat-
ing formula (4) becomes

00D = » _sv; 37U g@, (6)

Here the step size parameter s is introduced in order to improve the behaviour of NR.

The three algorithms approach the optimum in a different way (see figure 2). Gener-
ally, the advantage of SD is the reduced computational burden, compared with NR
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(which requires the full Hessian matrix). SD with quadratic approximation is the
lightest method from the computational point of view, but it has the disadvantage that,
if the scanning points are not appropriately selected, the approximation may not be

precise and the value of 4 to be away from the optimal step size. In the next section
Is investigated the performance of the three estimators.

92“ A 02“

—

_ =
0 6 ¢ 6 ¢ 0,
() (b) (c)
Figure 2. Trajectories of (a) — SDNR line search, (b) — SDQA and (c) - NR

v

3. EXPERIMENT DESIGN AND RESULTS
The experimental scenario, explained below, is used at Experian — the leading com-
pany in the finance industry and credit scoring, for testing the performance of new al-
gorithms. To avoid issues with the confidentiality, as the credit risk assessment sys-
tems operate with sensitive (personal) data, the observations used in this paper are
generated by a simulation. The data sets are formed by realistic assumptions about the
variables trends, which are accounted by a logistic regression model.

Table 1. Average performance time [sec] depending on the number of observations (50 factors)

N 1000 | 10000 | 100 000
SDNR 0.08 2.03 18.69
SDQA | 0.07 2.61 16.87
NR 0.05 0.66 5.49

Table 2. Average performance time [sec] depending on the number of factors (10° observations)

D 10 50 100

SDNR | 3.42 | 1559 | 65.78
SDQA | 509 | 7.54 52.2
NR 112 | 548 | 1482

The analysis of the estimators’ behaviour, applied for models determination (which
are later used for credit risk assessment) is made by Monte Carlo simulations (per-
formed in Matlab). The approach is to generate statistically independent realizations
of a set of normally distributed random processes, which represent both, the system
uncertainty and the measurement noise. The system uncertainty is due to the differ-
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ence between the actual relations in the investigated system and the simplified rela-
tions, accounted by the model. It is assumed that the measurement noise represents
the influence of the environment (unobservable factors), fraud, data collection errors,
not precise replacement of missing data, etc. Also, for each Monte Carlo run, the fac-
tors (inputs) are independently generated random processes that are uniformly distrib-
uted with zero mean and unit variance (after the data preprocessing stage in the real
life projects, the inputs are standardized). The dependant variables are calculated by
the mentioned realistic logistic model, which leads to realistic output values (between
0 and 1). Zero initial parameters are set, but all other conditions (ML structure and the
termination rules) remain the same. The stopping criterion is the following measure of
the convergence process

| O 0D <1078,

The results from the Monte Carlo simulations are shown on the tables below.
The average values of the estimators’ performance time, depending on the number of
observations and the number of factors are given in tables 1 and 2, respectively.

4. CONCLUSION

The results in the above tables show that NR is the most efficient method for
estimating of risk models. For small data sets, the differences in the methods
performance are not significant. However, when the number of observations is big,
which is a normal situation in the risk management, NR is the fastest optimization
method. Per each iteration, this method requires the Hessian calculation and inversion
(note that for instance, if the number of factors is 50, which is a realistic case, then the
second derivatives in H are 2500). But in spite of the highest computational burden,
the NR parameters update A@ is most precise, which leads to the smallest number of
iterations. Actually the main reason for the highest convergence rate of NR is that it
builds models with smallest number of data passes and the most time consuming
operations in the optimization task are the reading and writing the data (but not the
computational operations). Note that SDNR and SDQA perform multiple data passes,
but NR needs of only one pass per iteration. Also the antigradient direction is not
optimal (it doesn’t take into account the curvature of f(9)), which leads to the greater

number of iterations when the first order methods are used.

Both SDNR and SDQA have a similar performance, first of all, because they use only
the gradient when determine the descent direction. SDQA requires smaller number of
data passes per iteration, but the step size is determined by an approximation of f(9),
which depends on how the the scanning points are selected. As mentioned earlier, this
method is sensitive (especially away from the optimum) w.r.t the position of the
scanning points in relation to the optimum.
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In fact the second order optimization methods and the quasi-Newton methods (which
use an approximation of the Hessian) are preferable in the considered application
field. The objective function (the log likelihood) can be well approximated with a
quadratic model in a close area around the optimum. On one hand, when the estimates
are away of the extremum, both groups of methods calculate inefficient model
updates. But when approach the optimum, the quadratic approximation of f(#) and

the Hessian approximation (in the quasi-Newton methods) become more precise.
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— Xeaman, uniexcHo cmamane.

THE DISCRETE LOGARITHM PROBLEM IN FINITE FIELDS
Mariana Durcheva, Ivan Trendafilov

Abstract: In this paper we survey the discrete logarithm problem in finite fields
and some cryptosystem which based their security on it. Some generic and index-
calculus algorithms for computing discrete logarithms are presented.

Keywords: discrete logarithms, public key cryptosystem, baby-step, giant-step,
Pollard’s rho, Pohlig-Hellman method, index-calculus.

1. INTRODUCTION

Encryption has become tangibly more and more important in our everyday lives.
Many of the methods used to keep our communications secret and our important
information private involve The Discrete Logarithm Problem in some way. The
difficulty of the Discrete Logarithm Problem (DLP) forms the basis of the security
for many algorithms in public key cryptography, for performing tasks such as ex-
changing secret keys over public channel and ensuring the authenticity of electronic
messages.

As a good guide in finite fields we suggest books [8], [46], [56] and [81]. A brief
survey of the state of art in discrete logarithms till 2000 is presented in [61].

Definition 1.1. Let g be a primitive element of the finite field F7,. For any nonzero
element h of Fy the Discrete Logarithm of h to the base g, denoted log,(h) is the
least nonnegative integer ¢ in the set {0,...,q — 2} such that g = h. Note that
log,(h) is unique modulo ¢ — 1.

More generally, we can define discrete logarithm in groups.
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Definition 1.2. Let G be a finite cyclic group of order n. Let g be a generator
of G, and let h € G. The discrete logarithm of h to the base g, denoted log,(h), is
the unique integer z, 0 <z <n — 1.

Definition 1.3. The Discrete Logarithm Problem (DLP) in a finite field is: given
a finite field £y, a generator g of £/ and an element h € F, compute the discrete
logarithm log, (k).

Some authors (see for instance |91]) consider the Discrete Logarithm Problem
as some formal problem specification: DLP - when the order of the cyclic group is
unknown; DLKOP (Discrete Logarithm with Known Order Problem); DLKOFP
(Discrete Logarithm with Known Order Factorization Problem).

2. PUBLIC KEY CRYPTOGRAPHY BASED ON DLP

2.1 Diffie-Hellman Key Exchange

In 1976 Whitfield Diffie and Martin Hellman published New Directions in
Cryptography [24] in which they proposed an algorithm allowing two users Alice
and Bob who wish to communicate over insecure (public) channel to create a
common key. The Diffie-Hellman Key Exchange is the following protocol:

1. Alice and Bob publicly agree on a finite field F{; and a primitive element g € F}".
2. Alice and Bob each select integer a and b respectively from {2, ...,¢— 2} which
is their secret key.

3. Alice computes ¢g* and transmits it to Bob (¢g® is her public key) while Bob
computes ¢” and transmits it to Alice (¢g° is his public key).

4. Alice computes k, = (¢*)" = ¢** and Bob computes kj, = (ga)b = g,

At the end of this protocol both parties now share the key k = k, = k.

Definition 2.1. The problem of determing ¢ in field F, from knowing g, g% and
¢" is called the Diffie - Hellman problem (DHP).

Certainly, if one can compute discrete logarithms one can solve the DHP. Howev-
er for the converse it is unknown. For most groups it is believed that the DL and DH
problems have similar complexities. Some results to this effect have been obtained
in 7], [10], [20], [40], [41] and [96]. Some authors (see [83|) consider two variants
of Diffie-Hellman problems: Computational Diffie-Hellman (CDH) and Decision
Diffie-Hellman (DDH). Maurer and Wolf [48| further develop the Diffie-Hellman
protocols. The group Diffie-Hellman problems are considered in [13].

The Diffie-Hellman Key Exchange is standardized by ANSI x 9.42 [4] and is
used in numerous security protocols such as TLS.

2.2 ElGamal cryptosystem

In 1985 Tahir ElGamal [26] published a public key cryptosystem which is the
following protocol:

Key setup
1. Alice selects a finite field F|, and a primitive element g of this field.
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2. Alice selects a random integer a € {2,...,q — 1} which is her private key.

3. Alice computes k, = g* and publishes Fj, g, k, . This is her public key.
Encryption

1. Bob encodes the message m he wants to send Alice as an element of F,using a

public encoding scheme.

2. Bob selects a random integer b € {2,...,¢ — 1} and keep it secret.

3. Bob computes ¢; = ¢° and ¢y = k’m.

4. Bob transmits to Alice the ciphertext (cq,cs).
Decryption

1. Alice receives the ciphertext (¢, o).

2. Alice computes ¢ “cy = (¢°)"*(9%)’m = g~ %g%®m = m.

3. Alice decodes the message from m, according to the public scheme used by Bob.
Odlyzko in [56] pointed out that the security of the ElGamal cryptosystem is

equivalent to the infeasibility of DDH and the ElGamal decryption is equivalent

to solving CDH, and that any algorithm that solves CDH can be used to decrypt

ElGamal cyphertexts and vice versa. A simple modifications of the ElGamal Cryp-

tosystem are suggested in [5], [11], [15] and [45].

2.3 Digital Signature Scheme (DSS)

In [26] ElGamal proposed also a digital signature scheme which based its security
on the infeasibility of discrete logarithms. In 1994 a variation of this method was
accepted as a United States Federal Standard by the NIST an in common use.
The latest revision of the Digital Signature Scheme DSS can be found in [89).
Next we describe briefly DSS. This is a triple of algorithms. The first stage is key
generation when is selected an appropriate large prime order finite field F), and
private key. Besides, at this stage is computed public key. In [30] is presented an
improved Distributed Key Generation (DKG) protocol for generation private and
public keys. The second stage is message signing and the third stage is signature
verification. Peter Schnorr [77] proposed a variant of ElGamal digital signature. In
|67] is proved that the Schnorr signature scheme is unforgettable under the adaptive
chosen message attack. In [88], [95] and [96] are presented additions on ElGamal
encryption which result in non-malleability under adaptive chosen plaintext attack.
A novel encryption technique in this direction is presented in [47]. In [65] is provided
evidence that the unforgettability of several discrete logarithms based signatures
(like Schnorr signatures) cannot be equivalent to the DLP in the standard-model
security. The existing problems of ElGamal Digital Signature is analyzed also in
[11] and some improvements has been proposed.

The open-source software GnuPG uses ElGamal DSS as standard for signature
[59], [50]. El-Gamal is a part of the Open SSL, Pretty Good Privacy(PGP) and
other software (see [63]). In [44] is predicted the feasibility of the DLP in coming
years and ramifications for key sizes for cryptosystems based on discrete logarithms.
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3. EXPLICIT FORMULAS

Wells [94] gave an explicit polynomial form for discrete logarithms in prime
fields. Mullen and White [57] found an explicit form for discrete logarithms in
fields of prime power order. Meletiou [52] gave an explicit form for the discrete
logarithm over the field GF(p, k) (see also [51]). Niederreiter [60]| has provided
much simpler proofs of these formulas that also generalizes the formula of Wells to
fields of prime power order. For any h € F/,q > 3 we have

q—2 i
log,(h) = -1+ pe (mod p),
j=1

where on the right-hand side of the congruence there is an element of F),.

A shorter proof for an explicit formula for all ¢ was given by Wan in [92]. Series
of articles by Wintherhof et al. concerning approximation of discrete logarithms in
finite fields by polynomials recently appeared [12],[38],[43] and [49].

4. GENERIC ALGORITHMS

A good overview on the most important attack algorithm for solving DLP are
given in [27] and [37]|. The algorithm for computing discrete logarithms is called
generic if it can be used to solve DLP in any arbitrary finite cyclic group.

4.1 The Baby-step, Giant-step method

This algorithm due to Shanks [79] is a generic method which applies to any
cyclic group. Let G = (g) be a cyclic group of prime order p and h € G. We want
to find the value of integer k, (0 < k < p — 1) modulo p such that h = g*. First,
let & = ko + k1[y/p]. Now (since k& < p — 1) we have that 0 < kg, by < [/p] — 1.
It is clear to find k is sufficient to find the values of ky and k;. The baby-step
consists of computing ¢g; = ¢', for 0 < ¢ < [\/p] but the giant-step is computing
h; = h.g7/WP for 0 < j < [,/p] and trying to find a match in the table of baby-
steps. It means that we have to find a value g; such that g; = h;. Any common
element immediately allows us to find the discrete logarithm of h. For any cyclic
group of prime order p this algorithm has time complexity O(,/p) and requires
O(y/p) storage. There are many modifications of this algorithm [82], [85]. In [22],
|84] are presented several baby-step, giant-step algorithms for the low hamming
weight discrete logarithm problem.

4.2 The Pollard’s p method

The main idea for solving the DLP ¢* = h (mod p) in F; is to find a match be-
tween g'h/ and g'h™ for some known exponents 4, j, [, m € N [69]. Then g*~! = h™~J
and taking roots in £}, will solve the problem of expressing h as a power of g. The
difficulty is to find a function f : F, — F}, which is both easy to compute and
seemingly random. Assuming that function f : Fj, — [}, behaves like a random
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function, then the expected running time of this algorithm is O([,/p]) group mul-
tiplications. In [86] E.Teske gave an alternative method of sequence generation.In
6], [39] and [54] are suggested better parameters for iteration function and are
revisited Teske’s adding-walk and mixed-walk functions. In [62] is considered the
parallelisation of collision searches which has many applications in cryptography.
A new efficient collision detection algorithm for Pollard’s rho method is presented
in [93]. How to accelerate Pollard’s rho is shown in [19].

4.3 The Pollard’s A (Kangaroo) method

This algorithm was proposed by Pollard at the same time as his p method
|69]. Like the p method, the A method is based on finding sequence collisions and
the algorithm time complexity is estimated using the Birthday paradox. In 2000
Pollard published the paper [68] in which he revisited the p and the A methods
detailing improvements which had been published by other authors since his first
paper [69] and improving the complexity analysis of the A method.

4.4 The Pohlig-Hellman algorithm
This algorithm [66] works in any cyclic group. In [14] is shown that the problem
of computing the discrete logarithm in a cyclic group G can be reduced to a DLP
in a cyclic group of prime order if we know the factorization of the group order
n=|G| = Hpa(p) . Let us assume that we know how to split p — 1 into prime
p/n

factors p—1 = H ¢;". Then the Pohlig-Hellman algorithm works at 3 steps. Step

1 consists of crezatling a table of numbers; in step 2 the creating table is used for
obtaining the values of log, h (mod ¢;"), i =1,...,s. In step 3 is applied Chinese
remainder theorem for computing log, h (mod p—1) from known log, h (mod ¢*).

The Pohlig-Hellman algorithm has polynomial complexity O ((log p)cl) when
all prime divisors ¢; of p—1 are less than (logp)“2, where C; and Cy are nonnegative
constants. If p — 1 has prime divisor ¢, ¢ > p®, where C is a positive constant,
then the complexity of Pohlig-Hellman algorithm becomes exponential [90]. In the
case of fields Iy of characteristic 2, it is possible to choose n so that 2" — 1 is
in fact a prime (Mersenne prime), in which case the Pohlig-Hellman reduction is
absolutely no benefit to an attacker. For fields of odd characteristic, there exist
prime numbers p known as Sophie Germain primes, which have the property that
2p + 1 is also a prime. Using this numbers minimizes the usefulness of the Pohlig
— Hellman reduction. More details can be seen in [23| and [70].

4.5 Lower bounds

In 1997 Victor Shoup [80] improved previous results of [58] and gave a lower
bound for a cyclic group of order p” for a prime p. In Shoup’s model, a generic
algorithm starts with 1 and ¢* and at all times maintains a list of of group elements
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g®. The discrete logarithm can be computed only by finding a collision. After m
group operations, the probability for such a collision is O(m?p).

A combinatorial view on generic attacks on the DLP was first introduced by
Schnorr [78] and was further advanced by [16] which gave a characterization of
generic attacks on the entire group of prime order, see also [83]. In [55] is developed
a theory of lower bounds in the generic group model on the discrete logarithm
problem constrained to a subset S C Z, known to the attacker (constrained DLP).

5. INDEX CALCULUS ALGORITHMS FOR FINITE FIELDS

As a good survey we suggest [61]. The term "index calculus"describes a family
of discrete logarithm algorithms in which the details of implementation may vary
depending on the fields being considered and application specific requirements.
The first published method explicitly considering the computation of discrete log-
arithms is due to Adleman [3]. He published index calculus algorithm applicable
to prime order fields F),. Then the algorithm is improved in [1] for all finite fields.
The first generalization prime power order fields F» is due to Hellman and Reyneri
33]. In [9] is published an improvement to this method for arbitrary fields Fj,» and
also an improvement specific to field of characteristic 2, Fy.. The latter idea was
then extended by Coppersmith, Odlyzko, Schroeppel [21] to give a faster algorithm
for field Fy». Algorithms for computing discrete logarithms in fields of character-
istic two can be seen in [35], [87]. A Waterloo variant of the index calculus for
the DLP in Fy. is concerned in [25]. In [29] is considered the possibility of using a
factor base for fields F)» other then the usual choice of polynomials of degree be-
low some bounds. An adopted algorithm from the index-calculus for the finite field
extensions can be seen in [18]. The best known algorithm for computing discrete
logarithm in Z7 is a variation of index-calculus method called the number field
sieve (NFS). In 1993 a major breakthrough was achieved in [31] by improving. In
2] is suggested function field sieve. Acceleration of the NFS is proposed in [36] and
[71] = [76]. In [32] the index calculus algorithm for solving DLP is developed on an
algebraic torus.

We describe briefly index-calculus algorithm. Let’s consider the equation g* = h,
where g, h € (Z/pZ)*, p is a prime and the order of g is p — 1 (modulo p). The
first step is to select a factor base B which is a subset consisted of "small" primes
(preprocessing step). The second step is to compute the discrete logarithms of a
desired element A using the knowledge of the discrete logarithms of the elements
in the factor base. A new methodology for the precomputation phase of the index-
calculus is presented in [64]. The Adleman’s algorithm has running time L,(3;c).
The algorithm COS could achieve running time Lp(%; 1). The running time of the
number field sieve for DLP is L, (5; 1,923). See [34], [53] and [90] for more details. In
[34] is pointed out that the index-calculus is a subexponential algorithm for solving
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the DLP in F7. This stands in marked contrast to the DLP in elliptic curve group
where the best known algorithms are fully exponential. A general framework for
subexponential DLP can be seen in [28].
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THE DISCRETE LOGARITHM PROBLEM
ON THE GROUPS OF POINTS OF A CURVE

Mariana Durcheva, Ivan Trendafilov

Abstract: The purpose of the present paper is to survey some recent devel-
opments in curve-based cryptography, with a particular emphasis on elliptic and
hyperelliptic curve cryptography.

Keywords: discrete logarithm problem, elliptic curve, hyperelliptic curve

1. THE ELLIPTIC CURVE DISCRETE LOGARITHM PROBLEM

In 1985 N. Koblitz [65] and V. Miller [82] independently proposed using the
group of points on an elliptic curve defined over a finite field in discrete logarithm

cryptosystems.
Definition 1.1. An elliptic curve E over a field K is the set

{(z,y) € K*,y* =2+ ax + b,a,b € K} | J{o0}

with restriction that 4a3 + 27b? # 0. This restriction means that the cubic poly-
nomial 2% + ax + b must have no multiple roots. An equation y?> = 2> + ax + b
is reffered to as a Weierstrauss equation. This equation only works for fields of
characteristic not equal to 2 or 3. As a good guide to elliptic curve cryptography
we suggest [1], 18], [25], [27], [34], [52], [67], [68], [70], [71], [84] and [102]. Specially
for DLP in elliptic curves see 28], [29] and [40].

One define a binary operation + on F. Initially, define P+ 00 =00+ P = P
for all P € E. Additionally, define () = —P if the y — coordinates of P and ()
are additive inverses. Otherwise, when computing P + @), there are some different
cases to consider.
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A) If P =—Q, define P+ Q = cc.

B) If P # +Q, draw the line through P and Q. It will intersect E in a third
point R. Define P 4+ @) = —R.

C) If P = @, draw the line tangent to £ at P. It will intersect £ in a second
point R. Define P + () = —R.

Defintion 1.2. Elliptic Curve Discrete Logarithm Problem (ECDLP) is: Given
an elliptic curve E defined over a finite field F}, a point P € E(F,) of order n and
a point @ € (P), find the integer [ € [0,n — 1] such that @ = [P . The integer [
is called the discrete logarithm of () to the base P, denoted by [ = logp Q.

It is believed that ECDLP is as difficult if not more so than solving the DLP
over a field F, see [17], [58] and [74].

Various forms of elliptic curves have been explored as an alternative of
Weirstrass curve. We will mention:

o Hessian curve [95], [63] and [13] which is suggested because arithmetic in this
curve representation is faster and needs less memory than arithmetic in standard
Weirstrass form.

o Edwards curve |33] was introduced in 2007 over the field having characteristic
different by two. In [13] are suggested several advantages if this form in comparison
to Weirstrass form. In [3] is counted the number of isogeny classes of this curve.

¢ Twist of curve E over a field F' is an elliptic curve which is isomorphic to E
over an algebraic of F' see [14], [55].

o Jacobian curve [15], [77], [98] is used instead of the Weirstrass form because it
can provide a defence against simple and differential power analysis style attack.

o Montgomery curve was introduced by Montgomery in [85]

o Mixed representation [26].

For practical use are considered two kinds of fields: fields with odd characteristic
(see [13], [34], [63], [95]); fields with even characteristic (see [34]).

Cryptanalysis ECDLP is given in [27]. Using Pollard’s rho method can be shown
that complexity of solution ECDLP is O(In“(h)+/7.h/2 group operations (h is the
greatest prime divisor of ord(p),c is a constant). In [59]| is proven that all of
the special elliptic curves within isogeny class have equivalent discrete logarithm
problems in the random reducible case. Nigel Smart in [95] studying run time gives
implementation of elliptic curve operations over fields of various sizes and suggests
that these fields may have interesting practical properties. Icart in [56] describes
an algorithm that given elliptic curve E defined over Fj., maps elements of Fjn
into £ in deterministic polynomial time, when p" = 2 (mod 3).

Using an elliptic curve over non-prime field is known as Weil descent (restric-
tion) and have been proposed by Gerhrad Frey [39] as a possible instance of discrete
logarithm problem. This has motivated a series of important research with pro and
con arguments and become an important research topic, see [42], [77] and [80]. In
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[50] Gaudry used index calculus methods directly on elliptic curves defined over
Fyp, n > 1. For a factor base he used the set of points whose x-coordinate lies
in F},. He performed the crucial step of expressing a randomly generated point in
terms of the factor base by means of summation polynomials, a concept introduced
by Semaev [91]. In 2007 Silverman [93| gave a systematic analysis of the failure
of four possible plans of attack on the discrete log problem based on lifting to a
global field. For Gaudry, Hess and Smart attacks see [54], [79] and [81].

For supersingular elliptic curves see [21] and [99]. In [16] is considered the elliptic
curve subset sum generator and obtained some uniformity of distribution results
for this generator. For Kloossterman sums see 2] and [78§].

Definition 1.53. An isogeny f : E— E’ between two elliptic curves is a rational

map given by
_(r(x)  dr(n)
f(l',y) - (S(Jf),C/ydﬂfS(x) )

A(E")
A(E)’
discriminants of the curves. For isogenies of elliptic curves we suggest [3], [20], [22],
[60], [97] (for hyperelliptic curves) and [100]. Note the work of Dimitar Jetchev and
R. Venkatesan [61], where the authors prove a refinement of Lenstra’s lower bounds
on the sizes of the isogeny classes of elliptic curves and also Daniel Shumow’s
preprint [92| where are several algorithms for computational aspects of isogenies.

2. THE DISCRETE LOGARITHM PROBLEM IN THE JACO-
BIAN OF A HYPERELLIPTIC CURVE

A(E), A(E'") are

where r(1),s(z) € F,[x] are polynomials and c'? =

In his article [66] Neil Koblitz first proposed to take the Jacobians of a hyperel-
liptic curves as a group for cryptographic applications. It has been found [94] that
hyperelliptic curve of higher genus are potentially insecure from a cryptographic
point of view. As a good introduction to the arithmetic of hyperelliptic curves and
hyperelliptic cryptosystems we suggest [6], [7], [57] and [96].

Definition 2.1. A hyperelliptic curve C of genus g will be given in the form
C = y*+h(x) = f(x) where f(z) is a monic polynomial of degree 2g+ 1 and h(x)
is a polynomial of degree at most g, h(z), f(z) € Fylx].

Definition 2.2. Let C' be a hyperelliptic curve. A divisor D on C'is a formal
sum of points over the algebraic closure F, : D = Y - cp(P) with only finitely
many nonzero coefficients cp € Z.

Definition 2.5. The Jacobian J is D° /P where P is the set of divisors, DV is
the set of divisors of zero degree.

Definition 2.4. Hyperelliptic Curve Discrete Logarithm Problem (HCDLP) is
the following: given divisors Dp, Dy such that Dy = [Dq, find a number [; [ is
called the discrete logarithm of Dy to the base D; - see for instance [51].
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The first algorithm for discrete logarithms in hyperelliptic curves with a proven
subexponential running time is given in [35]. Gaudry [47] and Theriault [101]
showed that the index-calculus method for solving HCDLP are asymptotically
faster than the Pollard-rho method (see also [30], [31] and [72]). The running
time for Theriault’s algorithm on the Jacobian of a genus -g curve over Fj is
O(g°.q"972) /29+1)+2)  This algorithm is improved in [86] and [49]. Efficient algo-
rithms for hyperelliptic curves have been developed also in [36], [46], [51], [75].

In [7] and [87] is suggested that genus 2 hyperelliptic curves are only slighly
less efficient that their elliptic counterparts. In [30] the authors examine how the
index calculus approach for computing discrete logarithms in small genus hyper-
elliptic curves can be improved by introducing a double large prime variation. For
construction of new hyperelliptic cryptosystems see [48|. Recently, Smith [97]| has
found a novel attack on certain hyperelliptic curves of genus 3 using isogenies.

3. THE DISCRETE LOGARITHM PROBLEM ON SUPEREL-
LIPTIC CURVES

Let n and s be any positive integers, do not assume that either n or s are prime,
and [ is a field. By a superelliptic curve C over F we will mean
C’:y”:afc+---+ao, a; € F.
Algorithms for solving the discrete logarithm problem on superelliptic curves have
been developed in [11] and [43].

4. THE DISCRETE LOGARITHM PROBLEM ON PICARD
CURVES

Picard curves are special class of genus 3 curves. They are studied in [37], [38].

5. THE DISCRETE LOGARITHM PROBLEM ON C,, CURVES

Towards algorithms for computation in Jacobian of C,;, curve and their applica-
tions to discrete logarithm based public key cryptosystem see [4] and [5]. Efficient
algorithms for particular Cs 4 curves have been developed in [11], [12] and [89].

6. THE DISCRETE LOGARITHM PROBLEM ON AN ARBI-
TRARY CURVE

Some efficient algorithms for solving DLP on an arbitrary curve can be seen in
[44], [53] and [64].

7. CRYPTOGRAPHIC PROTOCOLS BASED ON ELLIPTIC
CURVES

Schemes and protocols such as Diffie - Hellman key exchange, El - Gamal public
key encryption, Elliptic Curve Digital Signature use the fact that attempting to
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solve the ECDLP is a difficult, if not intractable problem. We will consider some
approved cryptosystems which are standartized by several accredited standardiza-
tion bodies including ANSI, IEEE, ISO and NIST, see [23] and [24].

7.1. Digital Signatute Algorithms

o Elliptic Curve Digital Signature Algorithm (ECDSA) is the elliptic curve
analogue to the Digital Signature Algorithm (DSA) — see [18], [52] and [73].

o Elliptic Curve Korean Digital Signature Algorithm (ECKDSA) is the ellip-
tic curve analogue to the Korean Certificate-based Digital Signature Algorithm
(KeDSA) — see [52] and [73].

7.2. Public key encryption

o Elliptic Curve Integrated Encryption Scheme (ECIES) proposed by Bellare
and Rogaway is a variant of the El-Gamal public-key encryption scheme [18], [52]
and |73]. A new encryption scheme is proposed in [88].

o Provably Secure Encryption Curve scheme (PSEC) is due to Fujisaki and
Okamoto [52], [73].

7.3. Key Establishment

o ECKAS-DH1 are ECKAS-DH2 are analogue to Diffie-Hellman key exchange
protocol [18], [73].

o ECMQV is a three - pass key agreement protocol which is a variant of the MQV
(Menezes-Qu-Vanstone) authenticated protocol [18], [52], [73] which is improved
by Lee, Wu and Wang [76].

8. PAIRING — BASED CRYPTOGRAPHY

Starting in 2001, pairing-based cryptosystems were proposed by D. Boneh, M.
Franklin, and others.

Let n > 1 be a large integer and consider the minimal extension Fx of the
finite field F,, which has the smallest embedding degree k such that n|g* — 1, but
ntq?—1forall d < k. Let G and H be subgroups of rational points E (Fqk),
where the order of G'is n. A linear pairing is a function G x H — F . There are
several varieties of linear pairings. The most popular are the Weil pairing and Tate
pairing.

The basic idea is that the Weil or Tate pairing on elliptic curves allows certain
cryptographic functions to be performed more efficiently, provided that one works
with elliptic curves where the pairing can be efficiently computed, i.e., curves of
low embedding degree. Such curves have the "Diffie — Hellman gap"property, which
means that the DHP is thought to be difficult, whereas the decision DHP can be
easily solved using the pairing. An important application of the Weil and Tate
pairings are the transfer of the discrete logarithm on elliptic curves to the discrete
logarithm on finite fields.

One of the first applications of the pairing-based cryptography was the elegant
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solution suggested by Boneh and Franklin [19] to an old question of Shamir, who
had asked whether an efficient encryption scheme could be devised in which a
user’s public key would be just her identity. Such a system is called identity-based
encryption. Another early application was to obtain short signatures.

Note also that one of the most important applications of the Weil (or Tate)
pairing is to identity-based encryption [19]. The Weil pairing and the Tate pairing
have been used to construct a number of different cryptosystems. These systems
were the first elliptic curve cryptosystems not constructed by analogy with earlier
versions that used the multiplicative group of a finite field. Rather, pairing-based
cryptosystems use properties of elliptic curves in an essential way, and so they
cannot be constructed in simpler settings, [90].

In recent years cryptographic protocols based on the Weil and Tate pairings on
elliptic curves have attracted much attention — see [8], [9], [10], [20], [32], [41], [62],
[69], |76], |[83] and [103]. It is already known that the Weil and Tate pairings can
be used to solve many decision-Diffie-Hellman (DDH) problems on elliptic curves.
But DDH problems are easy on supersingular curves, see [45].
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AHAJIN3 HA JTUHAMUWYHU CUCTEMMU C
MN3ITOJI3BAHE HA Green-®YHKIHWMU - | vact

Emvnia HukogoB

Abstract: B pabomama e pazenedan memoovm na Green-gyukyuume 3a pewasamne
Ha yacmHuu ougepenyuaniu ypaguenus. C Heco8a NoMow ca peueru Yacmuume ou-
pepenyuannu ypasnenusma na Newton-Richman u na Lighthill-Whitham-Richards.
Uzcnedsanu ca cmayuonapuume u HeCMmayuoHapHu npoyecu Ha NpoMaHa Ha memnea-
mypama 6 HVAC-cucmema 3a xongpopm na xkaumama 6 cepaou u npomeHume Ha
NIBMHOCMMA HA NbMHUSA mpagux 6 aemomazucmpanu. Ilokazanu ca ceoticmeama Ha
Green-gyukyuume u maxHomo NPUIONCEHUE 8 MeOPUAMa HA YNPasLeHUemo.

Keywords: wacmnu ougpepenyuannu ypasuenus, memoo na Green-¢gpyukyuume, ana-
pU3 Ha cucmemu ¢ panpeoeieHu napamempu

ANALYSIS OF DYNAMICAL SYSTEMS
USING Green-FUNCTIONS - | part

Emil Nikolov

Abstract: The work is considered the method of Green-functions to solve partial dif-
ferential equation. With its help are solved PDE of Newton-Richman and PDE of
Lighthill-Whitham-Richards. Were examined stationary and nonstationary processes
of change of temperature in HVAC-system climate comfort in buildings and changes
in the density of traffic flow on highways. Below are the properties of the Green-func-
tions and their application in control theory.

Keywords: Partial Differential Equation, Method of Green-Function, Analysis of Dis-
tributed Parameter Systems

1. BbBEJAEHUE
B obOmuprara nureparypa [1-10,24], cnennanusupana B 001acTTa Ha YaCTHUTE Aude-
pPCHOUAIIHA YPAaBHCHUA, Ca HPCHIIOKCHU U PA3TIJICAAHH MHOFOO6paSI/I€ OT pPa3InMuHU
METOJU 3a TAXHOTO pemaBaHe. ToBa ca meronu karo. @ Karhunen-Loéve Galerkin
approximation method; e Restrictive Taylor approximation method; e Finite differ-
ence method; e mixed boundary elements in association with finite differences
method; e B-spline Galerkin methods method; e Galerkin quadratic B-spline finite
element method; e Galerkin finite element method; e Cubic B-splines finite element
method; e Decomposition method; e Variational method; e Variational iteration
method; e Lie symmetry group method; e Lie group method; e Linear damping
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method; e Nonlinear damping method; e Cole-Hopf transformation method; e Ga-
lerkin Least-Squares Approximations method; e Adomian’s decomposition method; e
Modified Adomian’s decomposition method; e Adaptive method; e Interval and
wavelet method; e Polynomial Approximate method; e Least-squares conjugate of
the finite element approximation method; e Scaling limit method; e Fully implicit fi-
nite-difference method; e Conjugate filter method; e Extended tanh Complex line
method;e Green-function method;e Distributed approximating functional line meth-
od; e Finite Variable Difference method; e Moving collocation (moving mesh)
method; e Domain Decomposition method, Ho Morar ga O6baaT U30poeHN W penuia
JpyTH, TTOBEYETO OT KOWUTO Ca MpEIHA3HAYECHH 3a WHTErpHUpaHe Ha ONpEeNeTICHU BU-
JIOBE ¥ TPYNH YaCTHU Tu(epeHInaanu ypaBHeHus. M3Mexy cucreMaTu3nupaHuTe or-
paHHueH € OpOosIT Ha METOAWTE, YHUBEPCATHO MPUIOKMMHU KbM IPeo0IaaBaiioTo
MHOrooOpasue or: oOuKHOBeHU nudepeHimanau ypaBaenus (ODE), wactHu mude-
peanuanau ypasHenus (PDE), dpakranau nudepenumanau ypasHenus (FODE) wu
yactHu (ppakranau audepeniuanau ypaBuenus (FOPDE). Equn ot te3u meroau e
METOIBT 32 MHTErpUpaHe Ha YacTHU JUEpEHIMATHU YpaBHEHHUS C U3IMOJI3BaHE HA
Green-gpynkuuume, cw3faneHu ot aHrmickus matematuk George Green (1793-
1841). llenta Ha HacTosmaTa paboTa € ja pasriena moaApoOHO TO3M METOJ| C HEro-
BUTE OCOOCHOCTH 3a MPWJIOKEHHWE M BB3MOXKHOCTH 3a aHAIM3 Ha MOJEIHM Ha JWHA-
MUYHHU CUCTEMHU M OOEKTH 3a YMpaBlieHHWEe, KOUTO CHIIECTBEHO I'0 OTIWYABaAT OT OCTa-
HaJIUTe, U3BECTHU B JUTeparypara meroau 3a pemaBane Ha ODE, PDE, FODE u
FOPDE u 3a aupekTHO nonyyaBaHe Ha aHATMTUYHUTE XapaKTEPUCTUKHU Ha M3CIIeBa-
HUTE CUCTEMHU B TEOPHsS Ha aBTOMATHYHOTO ympaBjieHue. Paborara e mpeacraBeHa B
JIBE€ YacTW - B I'bpBaTa ca MOKa3aHW OCHOBHM Je(UHUIIMU U CcBoiicTBa Ha Green-
¢ynKyuama, METO/ 32 HEWHOTO AHAIUTUYHO OTMpEACIIsHEe, PEUICHHETO Ha Tu(epeH-
LUaJIHU YpaBHEHMS U Pe3yJITaTh OT aHaiu3 Ha temmneparypara B HVAC-cuctema 3a
KOHGOPT Ha KIMMaTa B crpagu. BB BTOpaTa yacT Ha paboTara ca moKa3aHU pe3yd-
TaTW OT aHaJIM3a Ha TPAHCIOPTHUS TpapUK B aBTOMArucTpasia, 3aKJI0YEHUETO B pas-
paboTkara u Oubauorpadusra.

2. IEOUHUIINUN

Heka ocHOBHOTO ypaBHeHHE (Ha HE3aBUCHMMHTE MPOMEHJIMBU x U t - B TOBA YHCJIO H
KaTo BpeMe), KaTo 3ajaya 3a pelicHue, ¢ 3amucano BB Buaa (1), 3a KOATO rpaHud-
HHUTE YCJIOBHUS Ja ca mokaszanu ¢ (2), a HauanHute ycinoBus - ¢ (3), KpaeTo: - 1,7/ ,N ca

JMHEHHU oreparopu (/- -Ha TPAHUYHHUTE YCIIOBHS, N-Ha HAYAIHUTE YCIOBHUA); - f (x, 1),
g(xt) A u, (x) ca MpEeaABAPUTEIHO U3BECTHU (3a):[az[eHH); - D € MHOXXECTBOTO, OIIpee-
JICHO OT CTOMHOCTHUTE Ha x, BKJIFOYBAIIO M TPAHUIIMTE 4D HAa TOBa MHOXecTBO. CMU-
chIBT Ha 3amavara (1) (3) ce cbeTou B ompenensHe Ha QyHKIUATA u(x t), KOATO Ja
yJIOBJIETBOPH YyCIIOBUsATa, (hopmupanu ot ypaBuenusta (1), (2), (3).

I (u(xt))=f(xt),(xeD,t>t) (1)
r (u(xt))=g(xt),(xedD, t>t,) (2)
N (u(xt))=u, (x).(xeD t=t) 3)
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I (u(x,t))=a(xt),(xeD,t>t) (4)

I (u(x,t))=0,(xeaD t>t,) (5)

N (u(x,t))=0,(xeD, t=t) (6)

f(xt)=6(x-¢)6(t-7) , (xeD, t=t) ©)
L (gF(x&te))=0(x=¢)-6(t-7),(xeD t>1) (8)
r(gF(x&1t,7))=0,(xedD,t>t,) 9)

N (g7 (x,&,t,7))=0,(xeD,t=t,) (10)

Cranpapru3anusi. Jloka3zaHo e, 4e ChIIECTBYBa 0000IIeHa (YHKIUSI o (x.t), HApe-
YeHa cmanoapmusupawia yuxkyus, na 3agadara (1) - (3), 1uHerHO 3aBUCEINA OT f(x,t),
g(x,t) ¥ u, (x). Cmanoapmuszupawama Qynkuyus = (x,t)=lin {f(xt),g(xt)u, (x)} € k-
BHBaJICHTHA Ha 3anadara (4) - (6).

ExBuBanentHoct. Cieasa jga ce ordere, ue 3agadara (1) - (3) ¢ ekBuBajacHTHA HA 3a-
nadata (4)+(6), npu KOATO TPAHUYHUTE YCIOBHUS Ca CIHOPOJHM, & HAYAIHUTE YCIIO-
BUS ca HYJIEBH, T.e. ue 3amauara (4):(6) e crangaptHa dopma Ha 3amadara (1)-(3).
EctectBeno, ako B (2) pyHkumsara g(x t)=0,a B (3) u, (x)=0, To 3amadara (1) (3) e 3a-
JaJieHa TUPEKTHO B cTaHmapTHata cu ¢opma (4)+(6) u cranmaprusupama GyHKIUS €
@ (xt)=f(x1).

CpoiictBa Ha Green-gpyukuyusma. Vi3uepnaTtenna xapakTepUCTHKa Ha 3ajadara B
crannaptaara i ¢opma (4)+(6) e Green-gpynkuusama gr (x,zt,-). Ilo onpenencuue
Green-ghynkuusama e TakaBa PyHKIUSA, KOSTO 32 BCIKAKBU CTOMHOCTH HA MPOMEHJIU-
BUTC £eD U r>t YJOBIETBOpsiBa cucremara ypaBHeHus (4)-:(6), korato e B cuia
3apucumoctTa (7), T.e. Green-goyuxkuusama gr(x,£t,c) yIOBIETBOpSiBA CHCTEMATa
ypaBaenus (8)+(10): xbaero (s(x-¢),s(t-7)) ca s(v) € Dirac derma-pynkuun vmm
UMRYJICHU CUMBOJIU

5@g—{w'”:° Jolav-t .

0,v=0

3. OIPEAEJISAHE HA Green-gpynkuyusama,
BAPUAIIMOHHA ®OPMYVYJIA HA J. Hadamard [11-24]

3a BCMYKM KOHKPETHU BB3MOXKHU KomMOumHaiuu s, (11) Ha HavaJHUTE ¥ HA TPaHHUY-
Hute ycinosus (2), (3) 3a pemaBanero Ha ypaBHeHHe (1) MOXe J1a ce TBPCH M MOXKeE J1a
ObJIc HaMepeHa eJlHa ChOTBETCTBaIIa Ha ypaBHeHue (1) u Ha ycnoBusra (2), (3) dyH-
ks (12) gr (Green-ghynkuus), kosito yaosinersopsia yciaosusra (7), (8), (9), (10).
3a onpenaensiHeTo HA Green-gpynkyuama gr(z,¢) B n -MepHa 00JIACT H, H < %° B KOM-

IUIEKCHATa z-PaBHHMHA HA KpalHOMEpHOTO Riemann-mpocTpaHCTBO %, Ce M3I0JI3Ba
BapuaimonHata gpypmyia (13) va Jacques Salomon Hadamard (1865-1963).
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Bapuanuonnara popmyia sa J. Hadamard (13) e uzBectHa oT TeopusiTa Ha anreopuy-
HaTa Tomosiorus. dopmysaTa e MPUIoKHMa 3a onpenestHero Ha Green-gynkuu npu
u3BectHH (1), (2), (3), ako ca H3IBIHEHU CICTHUTE TPH YCIOBUS:

eKOMNOHEHmMUmMe HA 2PAHUNUAMA Ha KOMOWHALIMUTE 7, = {z: 2 = 4,(s )} OT TPAHUYHUTE yC-
noBusi(3) 7 (u(xt))=g(xt),(xedD,t>t)3a ChOTBETHOTO YaCTHO AU(PEPEHITUAIHO ypaBHE-

HUE B oOmactra H aa dopmupar ABoWHOIU(BEpPEHIIMpyeMa 3aTBOpEHAa KpHBa Ha
Jordan, kbpieTo s € Ab/DKMHATA Ha IbraTa Ha 7, 0<s<| ;

e CIoiiHOCIMmMa Ha napamemuvpa :, , (s > 0) BbB Bapuanuonnarta gopmyna (13) ma e
TOJIKOBA MaJika, Y¢ B KpaliHa CMeTKa BBHIIHHMAT Kpail Ha HOpMayata n'’ KbM 7, TIO
ITBJDKUHATA Ha ¢, ¢,(s), JIEXKalla B 00J1acTTa H, 1a € ¢ popMaTa Ha HENPEeKbCHATO Aude-
pEeHIIpyeMa KpUBa JIMHUS, OTPAHUYCHA B n -MEpHATa 00J1aCT H* H*c H ;

e moukama ¢ 1a ¢ PUKCUpaHa TOYKA B 007aCTTa H*.

C nomorira Ha Bapuainmonnara ¢popmyia Ha J. Hadamard (13) 3a Bcsko ypaBHeHHe
ot kiaca (1) u chboTBeTCTBAIMTE HAaYadHU U rpanuunu yciaosus (2) (3) ce ompenens
cpboTBeTcTBaInara Green-ghyukuusa g B 00JAaCTTa H* C IMOMOINTA HA g (z,¢) C €IHO-

pOJIHa XOMOTeHHA OIIeHKa O (¢°) (14), KaTo OCTaThYHMAT WICH € ONpe/ieicH B 00J1acTTa
H* Ha H .

roeH: o {r (u(xt)),N (u(xt))} (11)

gr(x&tr) o 1(ult)), 7 (u(xt)) (12)

gr* (2, £)=gF (2, €)=Y &,

k=1 )

¢, (s)ds +0(e?) (13)

0(s), & = max {¢,0<k<n} (14)

B teopusrta Ha anreOpuyHaTa TOMOJIOTHS CE Pa3ryIekKAAT CICIHUTE OCHOBHU BUIOBE
KpHBHU:

® Kkpueume om Kaaca na Jordan (¢wur.l) ca qocTaThbUHO IJIaJKK M3IMBKHAIN 3aTBO-
PEHH KPUBH, KOUTO Ca TOMOJIOTHYEH EKBUBAICHT (XOMECOMOP(HUIHO U300paKeHHE) Ha
CIMHUYHA OKPBIKHOCT, T.€. RPOCMU 3ameéopenu Kpueu;, Ha Gur.2 ca mokasaHu U JIH-
HHUH, KOUTO HE CE OTHACAT KbM Kpusume om Kiaca na Jordan;

® npocmume kpueu (pur.3) ce xapakTepuzupaT ¢ TOBa, Y€ HE ce ,,caMoIpecHyar”’;
® C110JiCHU Kpueu, TIokazaHu Ha ¢ur.4,

® 3ameopenume Kpueu (pur.5) ca 0e3 KpaliHH TOYKH, KOUTO I[SUIOCTHO C€ BIMCBAT B
neduHUpyeMaTa UM 00JIacT KPUBH;

® omeopenu Kpueu, TeMOHCTpUpaHu Ha ¢ur.6;

o kpumuunu Kpueu (hur.7), YUATO TPHHAJICKHOCT KbM KpPHUBHTE OT Kjlaca Ha
Jordan B anreOpuyHaTa TOMOJOTHS CE€ HW3CICABAa C IIOMOINTa Ha TeopeMara Ha
Jordan-Brouwer, upe3 pasnensHe Ha KpUBaTa Ha JBa KOMIIOHCHTA B %° - "BBTPEIIHA
4JacT' ¥ "BBHIIIHA YacT' .
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VO WSOE L0

Kpueu om knaca na Jordan Kpueu nHe om Kiaca na Jordan 3ameopenu Kpueu 0meopeHuU Kpueu
dur.1 dur.2 ®ur.3 dur.4
npocmu Kpueu CJIOJICHU Kpueu Kpumu4uHUu Kpueu
dur.5 Dur.6 dur.7

4. PEHIEHUE HA JU®EPEHIIUAJIHU YPABHEHUSA U AHAJIN3 HA
JAUHAMMUYHU XAPAKTEPUCTUKMU C Green-ghyukuuama

Axo ca (1) (3) ca usBectau Green-ghyuxkyuama gr v cmanoapmusupawama QyHK-
yua -, To pemrenueTo Ha 3amadata (1)-(3) (karo nmpexoana GyHKIUS Ha MOJCIHPA-
Hata ¢ (1) (3) nuHaMu4Ha crcTemMa) IpU MPOU3BOIHU f (xt), g(x t) M u, (x) CE ompe-
nens cboopaszuo (15).

Ilpeoasamennama Qyukyusa G (x & p) HA IUHAMUYHATA CUCTEMA C PA3NPEACIICHUE
napametpu, mozaenupana ¢ (1)+(3), ceorBercTBamia Ha Laplace-npeobpasyBane Ha
Green-ghynkuuama gr (x,£,t), a C TOBa Ha u(x, t), C€ OMPEEIs MO 3aBUCUMOCTTA (16),

KbACTO p € OIICPATOPHT HA Laplace, a K ¢ 00JacTTa Ha KOMIIJICKCHUTE YMCIIA.

CrotBercTBamara Ha (16) xapaktepucTuka G (x.¢&, jo) (17) e uecmomnama xapaxme-

pucmuka Ha pellaBaHata 3ajgava, T.e. Ha MozenupaHata ¢ (1)-(3) auHamuvHa
cUCTeMa, ChOTBETCTBAIla HaFourier-npeoopasysane HaGreen-gynkuuama g« .

u(x,t):jlGT(x,é,t,r)-w(é,r)dfdr (15)
G(x,é,p):je""ng(x,g,t)dt,(p=a+jco,peK) (16)
G (x.& jo)= [ e gr (x&t)dt (17)

0
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5. AHAJIM3 HA TEMIIEPATYPATA B HVAC-CUCTEMA 3A KOH®OPT
HA KJINMATA B CTPA/IM [24]

Tepmonunamuunute nporecu B HVAC-cuctema 3a yrmpaBieHrue Ha TeMiepaTrypara B
CrpajJii ce ONHMCBar ¢ momoinra Ha 3akoHa Ha Newton-Richman (18) 3a npunynen
KOHBEKTHBEH TOIJIOOOMEH B HECTALMOHAPEH PEXHM, KbJIETO Ca U3MOI3BAHU O3Haye-
HUSATA: TA(x,t) -TeMIieparypa Ha ¢urynna (000pOTeH Bb3AyX B OOMTaEMUTE MTOMEIICHHSI
B Crpajara), i -Koe(UIMEHT Ha TOILIONPOBOJHOCT Ha Cpelara; v -CKOpocT Ha (uiyu-
1, £ -TOIUIMHHA KOHCTAHTA, ¢ -TOIUIMHEH KaMalMTET, p -ITBbTHOCT HA (PIIyuaa, q -BeK-
TOp Ha TOIUTMHHUS TOTOK, Q -€HEPrHsl Ha TOIUIMHHHS M3TOYHHK, L -00eMm (Opoit mo-
MeleHus), ooxBaHar oT cucremara. [lo cpmectBo ypaBHeHuero (18) 3a Torutonpena-
CSIHE Ype3 TOIJIONPOBOJHOCT M NMPHUHYJEHA KOHBEKIHUS € AHAIMTUYHUAT MOJEN Ha
HECTallMOHAPHMSI PEKUM Ha IPOMsIHATa HAa TEMIIepaTypara B 0OMTaeMUTE MOMEILEHUS
B crpagata, ooxBanara ot HVAC-cucremara (quHamMuuHA CHCTEMa C paslpeiecHH
napameTpu). To pasriexaa KaTo BXOJHA BEJIMYUHA B CHCTEMATa SHEPrHusTa Ha TOI-
JUHHUS U3TOYHHUK Q,(0,p), @ KATO M3XOAHA - TeMmIeparypara TA(x,p) Ha OOOPOTHHS
BB31yX B HVAC-cucremara B pa3iiuHu TOYKU ¥ TIOMEIIECHUS.

ATA(x,
pce #+V(—@ VTA(x,t)+pcvTA(x,1))=Q (18.a)
t

B 82TA(x,t)+q:pc ATA (x,t)

A( 3 (18.0)
%_ y%:f(x,t) (19)
dTA (x,t) 2 OTA(xt) g
ot T pe ax pe 20
BU(X,t) _ g 82u(x,t) _t (X,t)
ot ox (21)
u(x,t)=TA(x,t); a=4 A/pc ; bEf (x,t)= q/pc
u(x,0)=TA(x,0)=u, (x)= TA, (x)
01, L)y ) o8 @
0<x<l,t=0, a%0

Upes TpaHchopmanuy, ypaBHEHHETO 3a TOIUIONPEHACSHE Ype3 TOIIONPOBOIHOCT U
npunyneHa kouseknus (18) moxe na Obae npuBeneHo no kanoHuueH kiac PDE (19),
KOETO CKBHBAJICHTHO 3a KOHKpeTHaTa (U3MYecKa CHCTeMa C paslpeleieHd Iapa-
MeTpu onpeneis 3amadata (1) - (3), magena ¢ ypaBaenneto (18), kakTo M CHhOTBETHHUTE
HAYaJIHU ¥ KpaHU yCIIoBHS B (22), KbACTO a U b ca KoeduireHTH. 3a kiaca (22) yac-
THU JUu(dEpPEHIIMATHU YPaBHCHUSI cmanoapmusupauiama yHKyusa € onpenesieHa ¢
(23), a Green-ghyuxyuama e noxkasana ¢ nomoinra Ha (24) OTKBACTO ClIe/Ba, Y€ Mpe-
naBaTeliHaTa QYHKIUS G, Ha MOJCIIMpaHaTa cucrema ce onpeaens ¢ (25), yectotHaTta

XapakTepucThka ¢ (26), a mpexoHaTa XapakTepUCTHKA TA(x, t) Ha cuctemara ¢ (27).
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a(xt)=f(xt)+u (x)s(t)-as(x)g,(t)+a*s(L-x)g,(t) (23)

G(x&.t)= e;l [1+2 2 (cos n;ix cos%eniiﬂz‘n (24)
G (x6p) = TAUEL) [ evgr (x ooty 23 COMEIL I 0snEELl )
G, (x.& jo)= j e gF (x,&.t)dt= m% > °°(snTZfﬂﬂt,;cf?z)’:?f (26)
TGt 2 (i) = [ [Gluene) o Er)azas 27)
Cnn B e e e
a=a(lpc)ib=b(qpc)

Ak, (Lba)= WAL L0 k“g;’b’a)am 0 k”é:b'a)ﬁa (29.a)

4k, (Lb,a) _4a’z’cos(Lz)’  2cos(Lz)’ 4 zcos(Lz)sin(Lz)

L“[a2”2+bJ Lz[azﬂz+bj L(a2”2+b]
L? L? L’
1 2cos(Lz)’  4az’cos(Lz)’

bz_ 22 2 22 2
|27 +p L[ 27 4p
L? L

AHaAUTHYHO ONpE/C/ICHUTE XapaKTepUCTUKK Ha cuctemata (25), (26), (27) mamat
BBH3MOKHOCTTA JIa CE aHAIM3HMpa HE CaMO HECTAIIMOHAPHMS, HO W CTAIIMOHAPHHS pe-
KUM Ha MOJIeJHMpaHaTa CHCTEMa 4pe3 MpeaaBaTesHus koedunueHt k, (28) u upes

(29.b)

+

YyBCTBUTEITHOCTTA 4 k, Ha MpenaBaTesHus koedumueHt (29).

OmnpeeeHnTe aHATUTHIHO TTOKA3aTe) M B CTAIIMOHAPEH PEKUM, BPEMEBH M YeCTOTHU
XapaKkTepecTHKH Ha mojenupanata ¢ (18) m (22) nuHamMudHa cuUcTeMa ¢ pasmpee-
JICHH TTapaMeTpH ca BU3yaIM3UPaHU KaKTO CJIe/[Ba Ha!

- pur.8, pur.9 - npegaBaTeneH KOCPUIIUEHT k, U TYYBCTBUTEIHOCT A4 k, ;
- ¢pur.10, ¢ur.11 -npexoana ¢GyHKIUS h, U MPEXOJHA XaPAKTEPUCTHUKA TA |

- ur.12 + ur.15 -yecTOTHU XapaKTEPUCTUKH G, 3a TapaMETPUUHUS TUATa30H

001 <b<50, 0005 <a<065, 0<L <20.
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001 = b = 50: 0005 =

Step Response Procede aux Parametres Distribuees

Amplitude (-)

Time (min)

ol g 50 0005 =

Nichols plot Procede aux Parametres Distribuees

L, b,a),¢, jo)

I
-100

400 Pha-szg(odeg) -150 -50 0
Dur.12
0,01 < b < 50; 0,005 <

Nyquist plot Procede aux Parametres Distribuees

20.10g10[G(jw)] (db)

Imag (jw)

Phase (deg)

GTA((L’ b’a)' ¢ Ja))

0.5

Real (jw)

dur.14

@ - S -100
~ @

= k=3

8 ©

E ﬁ -150
S o

=

=3

S

3 -

~ -200

<

Al <€ 01658 () L <20

Response Transitoire de Procede aux Parametres Distribuees

Amplitude (-)

Time (min)

L <20

Nichols plot Procede aux Parametres Distribuees

et GTA((LT b,a),f, Ja))

~ '
|

IA

-50

-250
100

Frequency (rad/sec) 0 400 20/0g10[G](w) (db)
®ur.13
a <065; 0 <L< 20
Bode plot Procede aux Parametres Distribuees
O 1 e TTTTI
Lo (R RT =
I bern L
00 == Fyi™ T T T 1
Lo Lo
I_i_bern L
200 == T ST T T
[N Lo | [RRRRR R R i |
300 . NN R NN
[RRAl [N
GTA((L’ b’a)’éj’Ja))Lmu e
-400 Lo Lo Lo Lo L1
10° 10" 10° 10* 10°
arg GTA((L’ b,a),f, Ja))
0= = — T T T T TTTIm TTTT
N - S IR [
100} s U RETTTRY]
-200 - —1— 14 L 1NN AR N N U L L L1
-300|- -l LW i1
400 L T T
10° 10" 10° 10* 107 10° 10*
Frequency (rad/sec)
®ur.15

B Ta3u mppBa yacT Ha paboTaTa ca moka3aHu: 1- BbBeCHHE, 2- OCHOBHU JCHUHUIIH
u cBorictBa Ha Green-gpynkyuama, 3- MeTon 3a HEHHOTO AHAIIUTUYHO OTPEJCISHE,
4- pemeHUeTO Ha MU(PEPEHIIMAIHNA YPaBHEHUS U 5- pe3yJITaTH OT aHAIM3 HA TeMIlepa-
typata B HVAC-cuctema 3a koH(pOpT Ha KJIMMarta B crpaju. BsB BTropaTa 4act Ha pa-
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OoTara, Hepa3IeTHO CBBbp3aHa C IIbpBaTa, ca MOKa3aHU: 6- pe3ynTaTH OT aHaIU3a Ha
TPAHCTIOPTHUA TpapHUK B ABTOMAruCTpana, /- 3aKJII0UeHUETO B pazpaboTkara u 8- 6uo-
auorpadusra.
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AHAJIN3 HA JTUHAMUWYHU CUCTEMMU C
MN3ITOJI3BAHE HA Green-®@YHKI UM - Il yact

Emvnia HukogoB

Abstract: B pabomama e pazenedan memoovm na Green-gyukyuume 3a pewasamne
Ha yacmHuu ougepenyuaniu ypaguenus. C Heco8a NoMow ca peueru Yacmuume ou-
pepenyuannu ypasnenusma na Newton-Richman u na Lighthill-Whitham-Richards.
Uzcnedsanu ca cmayuonapuume u HeCMmayuoHapHu npoyecu Ha NpoMaHa Ha memnea-
mypama 6 HVAC-cucmema 3a xongpopm na xkaumama 6 cepaou u npomeHume Ha
NIBMHOCMMA HA NbMHUSA mpagux 6 aemomazucmpanu. Ilokazanu ca ceoticmeama Ha
Green-gyukyuume u maxHomo NPUIONCEHUE 8 MeOPUAMa HA YNPasLeHUemo.

Keywords: wacmnu ougpepenyuannu ypasuenus, memoo na Green-¢gpyukyuume, ana-
pU3 Ha cucmemu ¢ panpeoeieHu napamempu

ANALYSIS OF DYNAMICAL SYSTEMS
USING Green-FUNCTIONS - Il part

Emil Nikolov

Abstract: The work is considered the method of Green-functions to solve partial dif-
ferential equation. With its help are solved PDE of Newton-Richman and PDE of
Lighthill-Whitham-Richards. Were examined stationary and nonstationary processes
of change of temperature in HVAC-system climate comfort in buildings and changes
in the density of traffic flow on highways. Below are the properties of the Green-func-
tions and their application in control theory.

Keywords: Partial Differential Equation, Method of Green-Function, Analysis of Dis-
tributed Parameter Systems

B mbpBata yact Ha Hactosmara padoTa ca nmokazaHu. 1- BbBeJieHUE, 2- OCHOBHH Jie-
¢bununuu u cBoiictBa Ha Green-ghyukyuama, 3- METO/ 32 HEMHOTO AHATUTUYHO OTI-
penensne, 4- pemieHueTo Ha qudepeHIIMaTIHl YPAaBHEHHS U S5- pe3yiTaTH OT aHallu3
Ha temneparypara B HVAC-cuctema 3a KOHPOPT Ha KJIuMarta B crpaau. B Ta3u BTopa
yacT Ha paboTara, HEpa3lelHO CBbpP3aHa C II'bpPBaTa, ca MOKa3aHU: 6- pe3yaTaTH OT
aHaJIM3a Ha TPAHCTIOPTHUS TpadUK B aBTOMAruCTpana, /- 3aKII0YCHUETO B pa3padoT-
Kara u 8- oubnuorpadusra.
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6. AHAJIU3 HA TPAHCIIOPTHUS TPA®UK B ABTOMATUCTPAJIA [24]

TpancnopTHUAT TpadUK B KOHTPOJIEH YYaCThK OT aBTOMAarucTpalia ce OM1cBa C ypaBs-
Henuero Ha Lighthill-Whitham-Richards (30), xoeTo 1o chiecTBo ¢ 4acTHo aude-
PCHIIMAJTHO ypaBHEHUE HAa ChXPAaHCHHWE HA MOTOKa (aBTOMOOWIHHS TpadHK) B pasr-
JCKIAHUS YIaCThK U € aHATUTUIHHUAT MOJIE Ha HECTAIIMOHAPHUS PEKUM Ha IPOMSI-
HaTa Ha MOTOKa Ha aBTOMOOWIHMS TpaduK (IMHAMUYHA CHCTEMa C paslpeIecHH Ta-
pamerpu),

2q(x,t) . op (x,t) o

oX ot (30)

KBJIETO Ca W3IMOJI3BaHN O3HAYEHUATA. q-00€MEH pa3xoj, AeOUT Ha TPAHCIIOPTHHS I10-
TOK -Opoil aBTOMOOMJIN 3a €AMHUIIA BPEME, q,, - MAKCUMAJICH JCOUT HA TPAHCIIOPTHUS
MOTOK; v -CKOPOCT; v, -CBOOOJIHA CKOPOCT Ha MOTOKA; v, -MHTETpajIHa CKOPOCT Ha I0-

max

TOKA; p -TUTBTHOCT HA TIOTOKA -OpOil aBTOMOOWIIN 3a €IHUIIA TUCTAHIINS; ,, , -HAYaJ-
HA ¥ KPUTHYHA ILTBTHOCT Ha TIOTOKA; ,, . -IUTBTHOCT HAa BXOJa M Ha M3XOja Ha Ma-
THCTPAJIHUS YYaCThK; L -AUCTAHIIAS HA Pa3riIeXkKTaHUs yIacThbK OT MarucTpasiaTa -KH-
JIOMETpPH; n -OpO¥ Ha MPTHUTE IUIATHA; m -OpOi HA MPOITYCKATEIIHUTE TyHKTOBE B Ma-
ructpanara. LWR-ypaBaennero (30) otunrta: GU3NYECKOTO ypaBHEHHE Ha JAcOMUTa HA
tpaduka (31), ypaBHEeHHETO 3a T.H. CBOOOHA CKOPOCT Ha Tpaduka (32) u ypaBHECHU-
ero Ha Greenshield (33) 3a unTerpanHata CKOPOCT Ha OTOKA Ha TPAHCIOPTHHUSA Tpa-

buk

a(x.t) = p(xt)vixt) (31)
vixt)=v(e (xt) (32)
v, (%, t) = v, (L= (o (x t) p.)) (33)

B®3 ocHOBa Ha cucremarnsupanute ypaBuenus (31), (32), (33) ca moka3aHu ekBHBa-
nertan Tpanchopmarmn (34)-(39) 3a npuBexaanero Ha 6azoBoro LWR-ypaBHeHue
(30) kbM ypaBHEHHE CaMO IO MPOMEHJIMBATA o (x, t) B KAHOHWYHA (opMa IpescTaBe-
HO 3a¢/IHO C TPAaHUYHHUTE W HadaaHu ycioBus ¢ (40), KbaeTO ca OTpa3eHU U aHAJIM-
TUYHHUTE U3UCKBAHUS 32 €KBHUBAJICHTHOCT. MOACNBT pasriiexkaa JMHAMHYHATA CHUCTE-
Ma C paslpelie]iCHH MmapaMeTpy C BXOAHA MPOMEHJIMBA - IUTBTHOCTTA Ha Tpaduka Ha
BXOJIa Ha y4acTbKa p,. (0,t) OT MarucTpajgara M M3XOJHA MIPOMEHIIMBA - IUTBTHOCTTA

Ha aBTOMOOWJIHUSA MOTOK p,,, (x, t) Ha OMpeIeSIeHa TUCTAHIIUS OT MarucTpaiara

Phrx

(1) = p(xt)yfa- 2et] (34)

oalxt) :%[Mx,t)v,[l_zMH (35)

OX P
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2q(xt) _ap(xt) [V{l_ p(x,t)B _ ap(xt) [V' p(x,t)J (36)

aqéi,t) :apéi't) [V'[l_p(p?;t)_ p;(o):;t)D 37)
2ft) -1 g i) S @9
dalxt)  ap(xt) o
oX ot
com 22l s pelet)) 2ole) g (%)
ot ' P 0X
op(xt), v(l—zp(x’t)J 0P (1) o s
ot ' Pone ox
o= aapa()t(’t)+ bapa(i’t)-k—cp(x,t):f(x,t) “0)

1;b=v(1-2p.p(xt) ; f(xt)=cp(xt) ; c=1)
x,0)=p,(x) , p(0,t)=p,.(t) ,t>0 ,x<L ,a#0 ,b=0
1 b=v,(1-2p 0 p(xt);f (x,t)=cp(xt);c=1

(a
{p

Crannmaprusupamara GyHKIMs B Tpolieca Ha WHTEerpupaHe Ha ypaBHeHuero (40) e
ompenencna ¢ (41), a choTBeTcTBamarta Ha ypaBHenuero (40) Green-gpyukuyusama - ¢
(42). ToBa ompenens: pemieHUeTo (MpexoaHaTta (GYHKIHA) p,. (x,t) HA YPaBHEHHETO
(30), (40) ¢ momomra (43), npenaBarenHaTa GyHKIHUS HA MOJCIIMpaHaTa JUHAMHYHA
cucrema ¢ (44), a HeifHaTa YeCTOTHA XapaKTePUCTHKHA - ¢ (45), KaKTO U BB3MOXKHOC-
TUTE 3a aHAJIM3 Ha CTAI[HOHAPHUS PEXKUM Upe3. IpeaaBaTeIHus KOShUIMEHT k Ha Iu-
HaMU4YHATa cucreMa (46), BpeMekoHcTanTara T (47) u 3akbcHeHHETO r (48), KaKTO |
YyBCTBUTEIHOCTTa Ha INpenaBaTesiHusl koeduuueHt 4k (49), Ha BpeMeKOHCTaHTaTa

AT ¥ Ha 3aKbCHEHHETO 4 r (50).

Q—~

OmnpeencHUTe aHAIMTHYHO TOKA3aTeM B CTAIIMOHAPEH PEXUM BPEMEBU U YCCTOTHH
xapaktepecTuku Ha mojenupanata ¢ (30) u (40) nuHaMuYHA cUCTeMa ¢ pasmpese-
JIEHH TIapaMETPH, Ca BU3yaTU3UPaHU KaKTO CJIeBa Ha:

- pur.16, ¢ur.17 -npenaBareneH KOePUIMEHT k ;

- pur.18, ¢ur.19 -npexomana QyHKIHUS h, ¥ IPEXOTHA XaPAKTEPUCTHKA o, .. ;

- (pur.20+ Ppur.15 yecTOTHU XapaKTEPUCTUKHU G, 33 MAPAMETPUUHUS TUANA30H

0 km/h<v, <220 km/h, 0.15 < p°< 0.4956, Okm < L < 12km.

o (x1)=1 (1) +ap, ()5 (1)-bs(x)g (1) 41)
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1 .
ey 9

F (x - ¢ _ (x=¢)
or (x.4.1) v (1-2p. p(xt)) 5(t v (1-2p.0 p(x 1) J 42

Pue (1) = [ [ 67 (x, & t7) 0 (§,7)dEdr (43)

—pm(x,f,p)i“‘e,p‘ F(x,&t)dt= v, (1 -2 Lt +1 71e7mp
= V&, = v, (1-2p, 44.a
(e p) 48T EndE v (- 20) | oo (44:2)

(Vf (1 _ 2p°)) lefL(v,(lfz/v“))"p efL(ZV,(leﬂ”))"n

G(L,v, o =
(Lv.p'.p) Lov 27 pe]] (44.b)
. “ L . B PRy 1L,zp jo
G(x.& jo)= v, (1—2p0)[m10’+1] et (45.9)
G((Lv.p). & jo)=v, (1- 2’“{@ jw+1] g tna (45.b)
, , ~ efL(‘(Hp))
k (p,Vf,L)—|G(,D,Vf,Llp)|:—v(1_2p) (46)
N X—-L L
Tl L)= =
(p s ) 2 V'(l - 2100) 2 V'(l - Zpo) (47)
0 A X—=¢& L
L)z =
T(’D i ) V'(l - Zpo) 2 Vf(l - 2:00) (48)
O o TET
Ak(LV(p)_—WALJF
B L B L B L B L (49)
. Le v, (1-27) ~ e v, (1-2") Av ol 2L e v, (1-2") . 2e v, (1-2") Ao
V20T V@20 | | Va2 v @2y |
AT(Lv p“);Ar(Lv p"): 1 AL - L AV, + L Ap° 50
Y Y 2 v, (1-2p°) 2v([1-2p°)" " v, (1-2p°F (50)
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0kmh < v, < 220 kmh; 015< p°

Step Response Procede a Parametres Distribuees

< 0.4956 ; Okm < L < 12 km

Response Transitoire de Procede a Parametres Distribuees

z z
g E
= =
g g
Time (sec) KT r=f (L v, p° ) Time (sec)
®wur.18 ®wur.19
0 km/h < v, < 220 km/h; 0.15 < p° < 0495 ; 0 km < L < 12 km
Nichols plot Procede a Parametres Distribuees Nichols plot Proceds a Parametres Distribuess
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7. 3JAK/IIOYEHHUE

OcBeH ¢ yHHBepCaIHUTE CH Bb3MOXHOCTH 3a nnrerpupane Ha ODE, PDE, FODE u
FOPDE wmeronst nHa Green-gpynkyuume mnpeaoctaBs yHUKaTHaTa Bb3MOXKHOCT Ia-
paJIesTHO ¢ pPelIeHUeTo Ja ObJaT OnpeeIeHH aHaJTUTHYHO U ChOTBETCTBAILIUTE HA MO-
nenupanara ¢ (1) (3) mruHamuyHa cucTemMa npeaaBaTeiHa (QYHKIHS W YECTOTHH Xa-
pakTepuctuku. Ta3u 0cOOEHOCT Ha METOoja OIpenaess HeroBaTa e(eKTHBHA MPHUIIO-
’KUMOCT B U3CJICIBAHETO HA TUHAMUYHU CHCTEMH, B T.U. U C pa3MpeesieH! mapameT-
pH, B TEOpUATA HA YIIPABIICHUETO.

B Hacrosiiata pabora ce JeMOHCTpUpaT BB3MOKHOCTUTE Ha MeToaa Ha Green-gyn-
Kyuume B aHAJTN3a HA pa3Npe/ie]ICHUTE BPEMEBU U YECTOTHU XapaKTEPUCTUKHU Ha JIBE
TUMIMYHU TUHAMUYHUA CUCTEMU C pasnpejesreHu napamerpu. [lokazanu ca aHaIUTHY-
HUTE ¥ TpaQUYHHM BU3YyAIU3allUd HA pasmnpenereHUuTe. TpexXoaHu GyHKIUU, TPEXO/I-
HUTE XapaKTePUCTUKH, TpenaBarelHd (yHKIUM W YECTOTHH XapaKTEPUCTHKU Ha
temriepatypara B HVAC-cucrema 3a kiimMara B crpajyl U Ha TPAHCIIOPTHUS TpapuK B
aBTOMarucTpaiu. B pesynrar Ha pemenusra Ha PDE na Newton-Richman u PDE na
Lighthill-Whitham-Richards ¢ merona na Green-ghyuxkyuume ca anaausupanu cra-
[MMOHAPHHUTE U HECTAIIMOHAPHY PEKUMHU Ha B TE3W JIBE TMHAMUYHU CUCTEMU C pasIipe-
JICIICHH TTapaMeTpPH.
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MOINPUIIUPAHU METO/HU B KOMIIVIEKCHATA PABHUHA
Becena Kapaosa-Cepruesa

Pe3rome: B nacmoswama paboma ca npeocmaseHu Memoou 3a Omuumane Ha Omuo-
cumennama yCmoudusocm @ cucmemume 3a ynpaegienue om 2ieoHa mouka Ha xo00e-
paga na kopenume. Mooyinama u azoeama xapakmepucmura O0ONvABAM X0002-
paga Ha Kopenume upe3 npociednsane HA GIUAHUEMO HA CB0O0OHUS Napamemvp
8bPX)Y KOpeHume Ha 3ameopenama cucmema. Tpuusmepnus xodoepagh Ha Kopenume
ce U3no/1368a 3a UHpopmayus 3a 4y8CmeuUmeIHoCm Ha KoOpeHume.

Kniwowuoseu oymu:. 3anacu no omumocumenna ycmoudugocm, uU30MoOYIHU U U30ape)-
MEHMHU KOHMYpU, MOOYIHA U (Pazo6a Xapaxmepucmuxa, pooacmuocm.

MODIFIED TECHNIQUES IN THE COMPLEX PLANE
Vessela Karlova-Sergieva

Abstract: Techniques are presented in this article to help visualize relative stability of
control systems from a root locus viewpoint. The gain plot extends the standard root
locus plot by depicting explicitly the influence of system parameter on closed-loop
system poles. The vertical information on 3-dimensional surface over the s-plane is
in fact helpful in understanding high sensitivity.

Keywords: Gain Margin, Phase Margin, Isomagnitude Curves, Isophase curves, Gain
plot, Angle plot, Robustness.

1. BBBEAEHHUE

OCHOBHOTO MpeIHa3HAYEHNE HA KOMIUIEKCHATA paBHUHA € B ThJIKYBAaHETO HA CBOMCT-
BaTa Ha CHCTEMHUTE 3a aBToMaTtu4Ho yrnpasieHue (CAY) BbB BpeMeBara 00J1acT, Bb3-
MO>KHOCT, KOSITO HE € MPHUCHIIAa HA YECTOTHATa 00JIAaCT.

N3non3BaneTo Ha 6a3aTa, KOSATO AaBa MeToAa Ha Xojorpada Ha KOPEHUTE, MO3BOJISIBA
Jla ce moytyyaT MoAu(UKALUKA Ha TO3U METO]I, Ype3 KOUTO Ja ce MoIyyr MHGOpMaIus
32 OTHOCHUTENIHATA yCTOWYUBOCT, BKITIOUBAIIA 3aIIaCUTE 110 MOy U (pa3a.

Te3u antepHaTHBH M3MOJ3BAT MOAY/IHA M (a3oBa xapakrepuctrka (MX u ®X) mo
OTHOULIEHHWE HA HE3aBHCUM IMAPAMETHP U M30MOIYJIHU U U30aPTYMEHTHH KOHTYPHU Ha
KOMILJIEKCHATA TpejaBaTeiaHa (yHKIMs Ha 3aTBOpeHATa cUcTeMa. Bcuuku Te mo3Bo-
JSBaT Ja Ce€ TPETHpa MOHSATUETO POOACTHOCT B KOMIUIEKCHATa paBHUHA, Thil KaTo B
SBEH BHJ] C€ BHXKJA KaK MPOMSHATA HAa BApUPYEMHs MapaMeThbp C€ OTpa3siBa BbPXY
Ka4eCcTBOTO Ha cuctemara [1-4].
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2. IEJ

IlenTa Ha HacTodmaTa padboTa € Aa ce MPEACTAaBAT U MPUIOKAT MOAUPULIMPAHU Me-
TOJM 3a MHTEPIIPETUPAHE HA 3aMACUTE Ha YCTOMYMBOCT 1O MOAY | (pa3a.

C 1en oHarjieasiBaHe Ha CBHINMHATA HA METOJAWTE M BHACSIHE Ha HEOOXOIMMaTa KOHK-
peTuka, 6e3 3aryba Ha OOIIIHOCT, € U3MO0JI3BaHa TECTOBA CUCTEMA 3a yIPaBJICHUE.

3. 3AJIAUN

B paboTara ce MOCTaBsT 3a/1a41 CBbP3aHH C:
a) TIoJTydaBaHe Ha MOIyJIHA U (Da30Ba XapaKTePUCTHUKA;
0) mosy4aBaHe Ha U30MOJYJTHH U U30apTyYMEHTHU KOHTYPH;
B) MHTEPIIPETUPAHE HA TPUU3MEPHH MPEICTABSIHHS;
I) aHaJU3 Ha PoOACTHOCT.

4. TECTOBA CUCTEMA

3a uenute B paborara ce uznonszsa mojen Ha CAY, cocrosimia ce ot [TW]] perynatop,

1
C OTHOLIEHHE Ha BPEMEKOHCTAHTUTE [, < 0 U KoJyiebaTeneH 00eKT. XapaKTepuc-
i
TUYHOTO YpaBHEHHUE Ha 3aTBOpeHaTa cucrema uMa Buaa (1).
3 2 2 2 2 2
TS’ +(2Téw, + kaTT,)s’ +(T .0} + kT, )s +kal =0 (1)
3a 1enuTe Ha U3CJIEIBAHETO Ca MPUETH CICAHUTE CTOMHOCTH Ha MapaMeTpUTe Ha CHUC-
Temarta (2):
£=01,w =1 (2)
OyHKIMATa HAa CBOOOICH MapaMeThp Ce U3IIBJIHSIBA OT k Ha peryiartopa.

5. MOAYJIHA U ®PA30BA XAPAKTEPUCTHUKA 11O OTHOINEHUE HA
CBOBOJAEH TAPAMETDbP

Bcsika Touka oT xog:[orpaq)a Ha KOPCHUTC NPCACTABJIABa ITOJIIOC HAa KOMINIICKCHATA
npcaaBaTciina q)YHKI_II/IH Ha 3aTBOpCHATA CUCTCMA 3a CbOTBCTHA CTOMHOCT Ha CBO60I[-
Hus napametbp K . ToBa xomrmuiekcHO uncio (3) ce MO3MIIMOHUPA Ype3 M3IO0JI3BaHe
Ha IIPAaBOBI'BJIHU WK IMOJEIPHHU KOOpAMHATH WM OIPCACIIA IMOBCACHUCTO HA 34TBOPC-
HaTa CUCTEMaA — YCTOﬁqHBOCT, Ka4de€CTBO U T. H.

S=o0+ jo=r(cosp+ jsing)=rexp(jp) (3),

kpaeTo o =Re(s), w=Im(s), r=ls|=vo’+ o’ u p=~Ls= arctg? .
(o2

Ot u3cnenoBaresncka riaeHa TOYKa € HHTEPECHO J1a C€ MOKaXe AITEPHATUBHA XapaK-
TEPUCTHKA, U3MO0JI3BAIlA MOJyJa U apryMEHTa Ha KOMIUIEKCHOTO YHCIJIO S MO OTHO-
IIeHHE Ha cBOOOCH mapaMeThp K. ToBa pasnuyHo rpauuHO MPEACTaBSIHE JOIBIIBA
uH(popMaImaTa, UaBalla OT KOMIUIEKCHATa paBHUHA U CE HapHya ChOTBETHO MOJIYJIHA
xapaktepuctuka MX u ¢azopa xapakrepuctuka OX.
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ITokazaTenuTe Ha KOCBEHO KauyeCTBO OT KOMILJIEKCHATa paBHUHA JAUPEKTHO CE UHTEP-
IPEeTUpaT OT Te3U XapakTepucTHku. CoOCTBEHATa 4ecToTa @, ChOTBETCTBA HA MO-
TyJia Ha KOMIIEKCHOTO YHCIIO S, a KoeuireHTa Ha 3aTuxBaHe & € CBBP3aH C apry-
meHTa (4)
o =r, &=sinp (4)

3a ycronunBocTTa ce cbau 1o dX. YcroilumBa € Ta3u CUCTEMA, MPU KOSITO BCUUKH
apryMEHTH Ha TOJIOCUTE S, MOJYYCHHM 32 BCHUYKH H3CJCIABAHM CTOMHOCTH Ha K ca
pa3IoJIoKeHN BbB BTOPU WIIM TPETH KBaJIPaHT OT KOMILIeKcHaTa paBHHHA (D).

90° << 270° (5)
Ha ¢ur.1 ca mokazann MX u ®X Ha n3cieBaHaTa CUCTEMA.

g i
: S,=S;— 1
= '
100 e |
s 5
180 t ? o & «ic- S]_ i ; i |1
N o e
| I . I $
90 [ = 2— 0
| ! . {
o f—— — -
| h ! h |
| ! ! ! I
MRS g |
0T "
L M. R
0.02 0.055 1.43 2.4 40 K
®ur.1

da3zoBaTa XapakTepuCTUKa OTpa3sBa 0a30BUTE MpaBHIia 3a MOCTPOSBAHE HA XOJOT-
pada Ha KOpeHHTe. B pe3ynaTaT moiiy4eHUTEe KPUBU Ca CUMETPUYHH MPU KOMIUICKC-
HUTE KOPEHH S,,S,, a KpuBara t (2i +1)7z 0003Ha4aBa peajieH KOPeH S, .
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Ot Jpyra crpaHa OT MOJYJIHATa XapaKTEPUCTHKaA CE IIpaBiT CICIHUTC HU3BOAH. MO-
AyJla Ha KOPCHUTC ‘S‘, KOoraTto 1€ €a KOMIIICKCHH € CAHWH MW CBHhII. HpI/I YBCINYAaBaHC

CTOMHOCTTA Ha CBOOOAHNS MapaMeThp K, pealHusT KOpeH S, YBelIn4aBa CBOS MO

I/IHTepeCHO CICACTBHC CC sABABA U MACTOTO HA IIPCCHUYAHC HAa MOAYJIHUTC XapaKTCPUC-
THKa Ha TPUTC KOPCHU HA CUCTCMATA Sl, SZ,SS. ToBa ¢ TOYKarTa, B KOATO CTOMHOCTTA

Ha peajHus KOpeH S, ¥ CTOWHOCTTa Ha MMarnHepHaTa 4acT Ha KOMIJICKCHUTE KOPEHU
S,,S, ce n3paBHAT. ToBa craBa mpu K =1.43.

Ot MoyJTHaTa XapaKTePUCTUKA MOXKE Jia C€ BUIM B SIBEH BHUJI U aKO CHIIECTBYBA TOY-
Ka Ha ChOMpaHe U pa3JelisTHe Ha KIIOHOBE OT Xojorpada Ha KOPEHUTE, T.€ KpaTeH Ko-
peH. Ta3u Touka e mpocieanMa u ot (azoBara xapakTepuctuka. [Ipu Hest aprymMeHTa
Ha KOpEHHTE HalycKa cToitHocTTa * (2i +1)7 B KpaTHaTa TOUKA.
OtGens3Ba ce, 4e KOraTo € HaJuIle KOMIUIEKCHO-CIperHarTa JBOWKa KOPEHH, TEXHHST
MOJTYJI € €JHAKHB, HO QpTYMEHTHT MM € C pa3jIMyHa CTOWHOCT.
3a onpejensHe Ha TPaHUYHMS KOSPUIMEHT HA cucTeMara K, KOWTO € HeoOX0auM 3a
orpeelsiHe Ha 3amaca mo moayi GM ce m3non3Ba pa3oBara xapakrepuctuka (6).

GM = L (6)

k

[Tpu npecuyane Ha KpuBaTa ¢bc cTOMHOCT * 77/2() ce oTunTa KoepuIMeHTa. 3a KOH-
kperaus ciaydaii K- =0.055 u k™ = 2.4, T.e cucremara € U3BECTHA KAaTO CUCTEMA C
YCIIOBHA YCTOHYHMBOCT TPU HapacTBaHE Ha CBOOOHUS MapaMeThp. B Te3n nBe TOUKH,
CBIJIACHO TOPEU3JTI0KEHOTO, KoeduiueHta Ha 3atuxBaHe € & =0. Otpunarennure
CTOMHOCTH Ha KOe(UIIMEHTA HA 3aTHXBaHE UMAT M3CJICIOBATEIICKU XapaKTep U HAMAT
MPaKTUIECKO 3HAUCHHUE.

6. I3OMOAYJIHU U U3OAPT'YMEHTHHU KOHTYPHU

BbB QopmupaneTro Ha mzoMoayiaHuTe KOHTYypu Ha KII® yyacTBaT MONOXKUTEITHUTE
CTOMHOCTH HA peajHaTa 4acT O M OTPULATEIHUTE CTOMHOCTH Ha UMarnHEpHAaTa ChC-
TaBKa @ Ha KOMIUIEKCHATa MpoMeHuBa S. ToBa TpsOBa Aa ce uMa npeaBu, pU UH-
TEpIPETUPAHE HA YCTOMYMBOCTTA HA Pa3riekJaHaTa CUCTEMA.

3a ;ma ce moJiyd4ar M30MOAYJHUTE KpPHBU HAa KOMIUIEKCHATa IpeaaBaTesiHa (QyHKLHUS
W (s) B ypaBHeHmeTo Ha MomysuTe (7) ce mosara S =+0 + jo.

kM (a,a)) 1, xbeTo M (o, @) \/Re +1m*(W(s)) (7)

VYpaBuenuero (7) moka3Ba, 4e 3a BCSIKAa CTOMHOCT Ha CBOOOJHHUS TMapamMeThp
(k =const ) choTBeTCTBA OMpeiecHa H30MOIYITHA TPACKTOPHSI.

M30apryMeHTHUTE KOHTYPH C€ MMOJydaBaT KaTo C¢ BKIIFOUAT CTOMHOCTH Ha apryMeHTa
pasmuuny ot +(2i +1)7 B ypaBHenuero Ha aprymenTute (8)

nW(s) o
(8)
Rl (5)
H3cneaBaneTo Ha CEMENCTBOTO OT HN30MOAYJIHHU U U30apTYMCHTHH TPACKTOPHH HaBa

BB3MOXKHOCT J]a OBbJaT ONpeieNieH! 3amnacure Ha ycTtounBoct o moayia GM u ¢aza
PM ot komrmiekcHaTa paBHUHA.

olo, w)# +(2i +1)7, xprero ¢(o,®)= arcty
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3amachT M0 MOAYJ rpaoaHATUTUIHO CE OTPELIs OT MPECHYaHETO HA W30apTyMEH-
THATa KpHBa Chc cToiHOCT +(2i+1)7 CchOTBETHATAa M30MOIY/IHA KPHBA 33 IPAHHY-
HaTa CTOMHOCT Ha K (ako MMa TakaBa) M OT IPECHYAHETO HA KpHUBaTa ir(2i +1r1 ¢

M30MOJIyJIHATa KPHBA, 3a KOATO ¢ HeoOxomumo u3uucienne Ha GM , cwriacHo (6).
[TosrydyeHaTta yecToTa® . CbOTBETCTBA HA YECTOTATA IOJIy4YEHA IIPHU IPECUYAHETO HA

KJIOHOBETE Ha Xojiorpada Ha KOPEHUTE OCTa  |@ .

3a ompenensHeTo Ha 3amachT 1o (paza PM yuacTBa M3oMojayiHATa KpUBa, KOSTO
npecuya MMarmHepHaTa oc B TOYKaTa, B KOATO S Mpecudya U ChOTBETHATa U30apry-
MeHTHaTa KpuBa. CboOpasHo nepunuimsara Ha PM (9) ce u3uuncisBa mokasarens Ha
Ka4yecTBO.
PM =z +argW (jo,) (9)

B 3aBucumocT ot cnenudukara Ha cucTeMmara, Morat Ja Obaar qeuHupaHu moBeye
oT eauH 3anac o Mmoayn GM u 3amac o gazaGM . Ha ¢wur.2 e noka3zan ¢azoBus xo-
norpadp Ha KOpPEHUTE TIPU CTOMHOCTM HAa HW3OMOJYJIHUTE KOHTYpH 3a
k =0.04,0.055, 2.4,40. Corinacuo kpurepus Ha Haiikpuct, peamaure GM u PM e
OBbJAT TE3U C HAli-MaJIKMTE CTOMHOCTH.

jim(s)

L =3
Ny
Ny
2.5
L =214
2
\
1.5 b ?2.4
1 —w=1
;a):O.Q
Ny
0.5 -~ 04
= 0 =0.3= =
0

dur.2

B wu3cnenBanust ciydail, ABYKpAaTHOTO MpPECHUYAHE HA HW30apryMEHTHAaTa KpHBa
+ (2i +1)7r C UMarvHepHara oc IOKa3Ba, 4ye CUcTeMara e MMa JBE I'PaHUYHU CTOM-

HOCTH Ha CBOOOIHUSI TapaMEThP.
Cnyuau 1. k =0.04.

W30oMoyiHHS KOHTYp TpecHYa MMarMHepHaTa OC IPH HW30apr'yMEHTHAa KPUBA ChC
crorHoct —90° u cinemoBaresino PM ~90°.
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Ta3u croitHOCT Ha 3amaca 1o (a3a BB BCUUKHU CIy4yall Ompenessi MpexoeH Mpolec
0e3 konebanms. Cps3Bamiata yectota uMa croiHocT @, =0.2r/S u ciemoBaTeHo

t, £n% ~ 30+40s . 3amackT Mo Moy 1ie uMa aBe croitnoctu GM, =0.055/0.04 =1.38
u GM, =2.4/0.04 =60, nomy4enu npu vectotn @, =1r/s u w, =2.14r/s.

Cnyuau 2. kK =0.055.

Hanuile e TpukpaTHO mpecuuaHe Ha u3oMmoiyinHata kpusa 3a K =0.055 umarunep-
Hata oc, rpagoanamutuuno ce ompenenat PM,; ~90° npu o, =0.3r/s, PM, ~70°
npu @, =0.9r/s, PM,=0° npu o =1r/s.

3a 3amaca mo Moayn ce mnonydaBa croiHocTHTe GM, =0.055/0.055=1 mnpu

o, =lr/su GM,=2.4/0.055=436 3a. w, =2.14r/s

1

Cnyuau 3. k =2.4.

ToBa e apyrara rpaHu4Ha CTOWHOCT Ha KoeduireHnTa Ha EBanc, Ha ¢ur.2 e moctpoeH
CHOTBETCTBAIIIMS W30MOJIYJICH KOHTYP Mpecrudall UMaruHepHaTa oC €JHOKPATHO TIPH

@, =1r/s u onpenensy PM =0°. JIpyrusar mokasaren npuema CTOHHOCTH, ChHOT-

BetHo GM,=0.055/2.4=0.023 32 @, =214r/s u GM,=24/24=1
sam, =1r/s.

BbB BpemMeBarta 001acT T€31U CTOMHOCTH O3HA4YaBaT MPEXOJICH MPOIIEC ¢ He3aTUXBAIIH
KoJIeOaHusI, YHUATO aMIUIMTYJIa M YeCTOTa € Mo-rojsma ot curyarusatak = 0.055, Toit
KaTo TYK YecTOoTaTa ONpeCIIsina IPAaHHYCH PEKHM € IO-TOJIIMa.

Cnyuani 4. k =4.

3amacure Ha yCTOWYMBOCT, KOUTO ca ordereHu rpapuuno GM, =0.055/4=0.0138
pH @, =1r/s, GM,=2.4/4=0.06 npu w, = 2.14r /s, a croliHOCTTa Ha 3amaca 1o

dazae PM =45°3a @, =3r/s, Kouto onpenemnsT KojaedaTeseH MpexoIeH Iporec.

B Tabnuniata e HanpaBeHO 00001IeHNEe HA pe3yJITaTUTE OT aHaJIN3a Ha Ka4eCTBOTO Ha
cUcTemara.

Tabmuma 1
Ke 0.04 0.055 2.4 4
PM,° 90 90 | 70 (0| O 45
@,rls | 0.2 03|09 (1| 1 3
GM,” 1138 60 | 1 [43.6 0.023| 1 |0.01380.06
o, rls| 1 (214 1 |2.14 1 214 1 2.14
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7. TPUM3MEPHU NNPEJACTABAHUSA

Y100HO € 3a M0 HATATBIIHU PA3CHKICHHUS M HArJIeTHOCT Ja ce padOTH C JIoTapuT-
MHUYHUTE n30MoayTHH KpusH (10)

L(c,w)=20logM (o, ),dB  (10)
TpumnsmepHoTO NpeacTaBsiHEe HA Xoaorpada Ha KOPEHUTE AOIMBIHUTEIHO OHATJIEsIBa
M pa3mupsiBa Mojie3Hara HHPopMalus HeoOXoauMa IpHu U3CIEABAHETO HA CHCTEMUTE,
KaTO HalpHMep IMOKa3Ba CTOMHOCTH Ha CBOOOTHHS MapaMeThp, B KOUTO CHCTEMaTa
MMa BUCOKA YyBCTBHUTEIIHOCT.
3a u300pa3sBaHe Ha TPUMEPEH XoJ0rpad HAa KOPEHHUTE U MHTEPIPETHPAHE HA BPBH3-
KaTa MEXJIy YeCTOTHaTa 00JaCT M KOMIUIEKCHATa paBHMHA € HEOOXOAMMO M3II0JI3Ba-
HETO Ha U30MOJYJTHHTE ¥ U30apTYMEHTHHUTE KOHTYPH.
B Tpum3mepHaTa KOMIUIEKCHA PaBHHHA IOJIFOCUTE HA IpelnaBaTelHaTa (YHKIHS Ha
orBopeHara cuctema W (S) peicTaBisBaT BhpXoBe, a HYIUTE — BITLOHATHHN.
Bucounnara Ha BepxoBete ce onpezens ot —20logk,dB, mpu k =0 (ragano kimoHo-
Bete Ha XK) BBpXOBeTe ca ¢ Oe3kpaiiHa BUCOUYMHA, a IpU K — oo (KpasT Ha KIOHO-
Bete Ha XK e B HyJMTE Ha cHCTEMara, ako MMa TaKUBa MM B 00 ) CE€ IMOJydaBaT Oe3K-

paiiHO ABJIOOKH BITHOHATUHHU.
Ha ¢ur.3a e Bu3yanusupan xomorpada Ha KOpeHUTE Ha U3CIeABAHATA CUCTEMA.
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Ot rpadukute Ha ¢ur.3 cieapa, Ye KOPCHUTE Ha XapaKTEPUCTUYHOTO ypaBHEHHE HA
3aTBOpPEHATa CUCTEMa Ce JIBIJKAT B MOCOKA Ha HaW-OBP30TO CIyCKaHE IO M30MOIYJI-
HUTEe KpUBHU OT BbpxoBere 3a K =0 wim kK — —oo,dB, crienaliku m3oaprymeHTHaTa

KpHBa ChC CTOWHOCT KpaTtHa Ha +180°, kbM BaIROHATHHUTE (MIPU HYIJIH) 38 CTOWHOCT
Ha W30MOJyJIHAaTa TpaeKTopus orroBapsima Ha K — o (k — o,dB). Tpute BBpXa
MpEe/ICTaBIsIBAT MOJIOCUTE Ha MpeaaBaTenHaTa pyHKIWs, a BATHOHATHHUTE MOKA3BaT

HYJIUTE.
dw (s)
ds
n3o0paxkeHne ce (popmupa mIaTo, HHANKUPAIIO BUCOKATa YyBCTBUTEITHOCT Ha KOpe-

B Toukute ot xomorpada Ha KOPEHHTE MOJYYECHH 3a =0, npu TpUM3MEpPHO

HHUTC Ha 3aTBOPCHATA CUCTCMA — MAJIKOTO U3MCHCHHC HaA k BOJHX 00 3HAYUTCIHA IIPO-
MsIHA B KQ9YCCTBOTO Ha CUCTCMUTC 3a YIIPABJICHUC.

8. POBACTHOCT

N3nomn3BaneTo Ha mMomayna ‘S‘ U aprymMeHTa /S Ha KOpEHa Ha XapaKTEePUCTHYHOTO

YPaBHCHHUC HaA 3aTBOPCHATA CUCTEMA IIO3BOJIAABA J1da CC CHAH 34 p06aCTHOCT, ThU KAaTO
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B SBEH BHUJ C€ BIDKAA KaK M3MCHCHHETO Ha CBOOOIHHUS mapaMeTbp K ce orpassBa
BBpPXY Ka4€CTBOTO HA CUCTEMATA.

CohI10 Taka OT MPEJIOKEHUTE MOTYJTHA U (pa3oBa XapaKTEPUCTHKA, MOXKE J1a C€ ChAU
Y 32 YyBCTBUTEIIHOCT Ha KOpeHUTE. [[py KOMIUTEKCHH KOPEHU TEXHUIT MOJYJ € €IHA-
KbB, KOETO 03HA4aBa, ye U TSAXHATA YyBCTBUTEIHOCT 1€ € €/1Ha U chia. OOpaTHO pe-
AJHATE KOPEHU MMAT Pa3jMyHA YyBCTBUTEIIHOCT, Thil KATO TEXHUST MOAYJI HapacTBa
C yBenHuyaBaHe Ha cBOOOmHMSA mapaMeThp K. To3m ¢akt ce ABDKH Ha Pa3IudHOTO
Pa3noI0KEHNE Ha peaTHUTE KOPEHU CIPSIMO UMaruHepHara oc.

OkoJ10 KpaTHaTa TOYKa YyYBCTBUTEIHOCTTA HA KOPEHUTE € roJIsiMa, MaJika MpOMsiHA B
Koe(uImenTa, BOJI 10 3HaUMTEIHA TPOMSIHA B MOJTyJIa HA KOPEHHUTE.

Kpusute 3a M (O',a)): const morat na ObJaT U3IMOJI3BaHU OCBEH 3a ONpENEIIIHE Ha
3amacuTe mo MOAyJ U (ha3a u 3a OIleHKa Ha YyBCTBUTEITHOCTTA HA KOPEHUTE HA Xapak-
TEPUCTUYHOTO ypaBHEHUE Ha 3aTBOpeHaTa cucrtema. B ToukuTe Ha chOuMpaHe U pasz-
nensine Ha kioHoBeTe Ha XK 4yBCTBUTEIHOCTTA € O€3KpaiHOCT, KOETO O3HA4YaBa, 4ye
U30MOJTyJIHUTE KOHTYPH NMPHU €IHAKBO M3MCHCHHME Ha K OKOJIO TE€3HM TOYKH CE MO3H-
HUOHUPAT HA TOJIEMU PA3CTOSHUS €JIUH OT JIPYT.

OO6pa3yBaHuTe Iiata B TPUMEPHOTO M300pakeHHWE MHAUMKHUPAT BHUCOKATa YyBCTBU-
TEJTHOCT Ha KOPEHUTE B ChOTBETHUTE y4acThIU OT Xojorpada Ha KopeHute. MHOTO
MaJIKM U3MEHEHHUsA B K JTOBeXJaT 10 KaYyeCTBEHO Pa3IUYHU MPEXOIHH XapaKTEPHC-
THUKW — OT allepHOIUYCH IO HEYCTOWYHMB MIPEXO0JICH mporec mpu npomsiHa Ha K. Cren
KOETO KOPEHUTE Ha 3aTBOpPEHATa CUCTEeMa 0 MeToja Ha Hal-ObpP30TO CIIyCKaHE KJIO-
HAT KbM HYJIMTE HAa CHCTEMaTa W YYBCTBUTEIHOCTTA UM PSI3KO HaMajsiBa U MPEXO/I-
HUTE MPOIECH UMAT MpeodIaaaBaIo anepruogudeH XapaKTep.

9. BAK/IIOYEHUE

[IpennoxkennTe mMomuduKaMu Ha METoJa Ha Xxojaorpada Ha KOPEHUTE ChueTaBat
MpeauMCcTBaTa Ha KOMIUJIEKCHaTa paBHMHA M YECTOTHATa 00J1acT 3a MoJo0psiBaHe Ha
Ka4eCTBOTO Ha CUCTEMUTE 32 YIIPABJICHUE.

OTyuTaHeTO HA 3amacUTEe MO OTHOCHUTENHA yCTOMYMBOCT OT MX 1 @X € 5ICHO U HOCH
JTOMBJIHUTEIHA UH(DOPMAILIHS, KOATO MOXKE Jia C€ U3I0JI3Ba MPU CUHTE3a HA CUCTEMUTE
3a ynpaBJICHUE.

B Obaemia padora ce npeaBuxkaa rnoisydaBane Ha @ X, 3a CTOMHOCT HAa CBOOOIHUS T1a-
paMeThp KaTo KOMIUIEKCHO 4yucio. OT Hesd NUPEKTHO CE€ JlaBa Bb3MOXKHOCT 3a OTYH-
TaHe Ha 3araca 1o (a3a Ha cucTemara.

B pe3yirar Ha M3M0A3BaHETO HA U30MOAYJIHU U U30apPTYMEHTHU KPUBHU CE€ MPABU U3-
BOJI, Y¢ METOJla Ha Xojorpada Ha KOPEHUTE c€ SABSIBA YACTCH CiIy4yai, IMOJydeH IpHU
npecruyaHe Ha W30MOIYJIHHUTE TpaeKTOpHuH 3a K = CONnSt, ¢ m3oapryMeHTHaTa KpHBa
CbC CTOMHOCT * (2i +1)7z. ITo To3u HauMH MHGOPMALIUITA 32 YeCTOTaTa @, KOSATO HE ©
SIBEH MapaMeThp B KOMIUICKCHATA PABHMHA MOXE Jla C€ M3MOJI3BA 32 ONpPEACIsHE Ha
3amacure 1mo Mmoayid GM u ¢aza PM oT koMmIIeKCHAaTa paBHUHA.

Tpun3MepHOTO MpeACTaBIHE HAa CHBKYMHOCTTa OT WM3OMOJIYJHU W H30apTyMEHTHH
KOHTYpH JOMbJIBa HHPOpMAIMATA HEOOX0AMMa 3a M3CIIe/IBAaHE HA CUCTEMUTE 3a YII-
paBJIeHHE, KaTO J1aBa Bb3MOKHOCT 3a U3CJIeIBaHe Ha pOOACTHOCT.
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KOMIIEHCAIIUSA HA BAKBCHEHHUE B CAY IIPU ITPOMSHA
B ITAPAMETPUTE HA OBEKTA 3A YIIPABJIEHUE

Becesaa KapaoBa-Cepruesa

Peztome. Pecynamopvm na Cmum He modce 0a npomugooeucmed Ha 8bmpeuHume
CMYWeHUsl 8 cucmemume, mbvl KAmo He Moxjce 0a npeocKaxdce MiAXHOMO GIUsHUe.
Hoeama 3a komnencamop Ha 3aKbCHEHUEMo e Ha4uH 0a ce OONBbIHU CUHmMe3a Hd pPo-
bacmen pezynamop npu 06eKmu ¢ payuoHaIHa OUHAMUKA U OOMUHUPAULO 8peme3a-
KbcHeHue. Llenma na nonyuenama pobacmuama cucmema e 2apaHmupane Ha Kavec-
meo npu NpoMAHa 8 napamempume Ha obekma 3a ynpaeieHue. Ilpednoscenusm me-
Moo ce UNOCMpUpa 4pe3 YucjieH npumep.

Kniwowuoseu oymu: Konuuecmeena meopus na obpamuama 6pv3Ka, pe2yiamop Ha
Cmum, pobacmuocm.

COMPENSATION OF TIME DELAY CONTROL SYSTEM
WITH UNCERTAINTIES PARAMETERS

Vessela Karlova-Sergieva

Abstract. The Smith predictor cannot deal with disturbances because it cannot predict
their effects. In fact, the usage of Smith predictor is a reliable way to improve the
performance of a (model based) robust controller, designed for process with rational
dynamics for cases, where the delay time is dominant. The goal of this robust system
design is to assure system performance in spite of process changes and uncertainties.
The simulation example illustrates the effectiveness of the proposed method.
Keywords: Qquantitative Feedback Theory, Robustness, Smith Controller.

1. BBBEJAEHUE
[osisiMa yacT OT peaJiHuTe OOCKTH B NMPOMMIIUICHOCTTA Ca OOCKTH ChC 3aKbCHEHHE.
3aKbCHCHHETO MOXKE Jla BB3HMKHE OT (PU3UYECKH MPEHOC Ha BEUICCTBO, BCIICACTBUC
Ha PEIYyKIIMs Ha BUCOKHUS pell Ha 00CKTa, HUCKA YyBCTBUTEIHOCT HA JATYUIIMTE, BPE-
Me 3a U3YHCIICHUE Ha YIPABIISBANIOTO BH3ACHCTBHE U JP.
CucremMuTe ChC 3aKbCHEHHUE Ca XapaKTepU3HpaT C MPOOJIEMH NP TSIXHOTO YIIpaBIie-
HUE TIOpaJH BIIOIIABAHE HA YCTOWYMBOCTTA, BCIICICTBHE HAJIMYME 3aKbCHEHHE B 00-
paTHaTa Bph3Ka.
Kato ce m06aBu u peanqHa cuTyamnus CBbp3aHa ¢ MPOMsSHA B ITApaMETPUTE HA O0CKTa,
IIPH YIIPaBJICHUETO HAa TE3W CHCTEMH CE Hajlara Jia ce B3MMaT pa3HOOOpa3HU peIICHHS,
3a Ja OBJIaT MOCTUTHATH XKeJIaHu pe3yaTaru [1-6].
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2. HEJI
IlenTa Ha HacTosIaTa paboTa € CUHTE3 Ha peryaarop Ha CMUT 4ype3 MeToJ Ha KOJIu-
YecTBeHaTa Teopus Ha oOpaTHara Bph3ka (KTOB). /IBere naeu chueTaBaT MpeIuMCT-
BaTa HA HACTPOMKATA HA PEryyaTop 4pe3 KOMIIEHCATOP HAa 3aKbCHEHHUETO W MOJy4Ya-
BaHE Ha poOAaCTHOCT MpPH 3HAUYMTENIHA MTPOMsIHA B NapaMeTpUTe Ha 0OEKTa 3a ynpas-
JIEHUE.

3. 3AIAYN
3a peayiM3upaHe Ha MMOCTaBeHATAa 11eJ1 Ce pPellaBaT CASTHUTE 3a/1aUHn:
a) HAaCTpoiika Ha peryjaaTop Ha CMHUT KbM OOEKT ¢ ITOCTOSIHHU TapaMEeTpH;
0) HacTpoiika Ha perynarop Ha CMHT KbM OOCKT ¢ HECTAllMOHAPHHU MapaMeTpu
ype3 metoq KTOB;
B) aHaJIM3 Ha pOOACTHOCTTA 110 OTHOIICHHE HA MPEII0KCHUTE PEIICHU.

4. KOMIIEHCAIIUA HA BAKBCHEHHMETO
XapakTepuCTUYHOTO YPAaBHEHHE Ha 3aTBOPEHA CHCTEMa C €IMHUYHA OTPULIATEIIHA
obOparHa Bpb3ka uma Buza (1)

1+W, (s)W,(s)e™ =0 (1)

W3BecTHO €, ye mpu aHAIW3 HA JUHAMHUKATa Ha CUCTEMHUTE B YEeCTOTHATa o0JacT 3a-
KbCHEHHETO B CHUCTEMHTE BOAM 10 AedazvpaHe Ha aMIUIUTYAHO-(a3oBaTa XapakTe-
PUCTUKA U IO TO3M HAYMH 3HAYUTEIHO CE HAMaJIsBA 3araca 1o MOAYJI U MOXKE J1a ce
JIOCTUTHE J10 3ary0a Ha ycroiuuBocT. ToBa € Taka, Thil KaTo OCHOBHaTa MHGOpMAaIIUs
3a U3X0J]a Ha CHUCTEeMara, KOSTO UBa OT 0OpaTHaTa Bph3Ka € u3ryoeHa.

[Tpu Hanmuuure Ha Monen (HOMHUHAJICH) Ha OOCKTa 3a YIpPAaBJICHHE € Bh3MOXKHO JIa Ce
IIPEACKAKE KAaKBO 1€ CE€ CIyYM Ha M3X0Ja Ha CUCTEMaTa 4ype3 peajusalus Ha KOM-
IIEHCAllMsl Ha BpEeMe3aKbCHEHUETO. 110 TO3u HauMH B cucreMara e € HaluyHa UH-
¢opmanus ot oOpaTHaTa Bpb3Ka Ha cucTeMaTa, KOATO 1Ie € 6a3upaHa Ha Mojiena Ha
o0ekTa.

CTpykTypHaTta cXema, KOATO peaju3upa MOJETHOTO YIpaBJICHUE € IOKa3aHa Ha
¢wur.1.

FELOED— w9 () — e [
O——me
He P v
bdur.1
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CurHansT oT pasriacyBaHero E mexnay Bxoga X um u3zxoma Y B cucTeMara ce Jio-
I'bJIBA U OT KOMIIEHCATOpa Ha BpeMe3akbCHEHUETO W (S) , (2)

E=X-Y-EWW,(1-¢*)) (2
3a m3xoma Y Ha cucTemara 3a ymnpaBlieHHue ce 3amnuca (3)
Y =WWe ™ E (3)

OTKBJETO CJIC/BA, Ue TPEIIKaTa B CHCTEMAaTa He 3aBHCH OT 3aKbCHEHUETO, (4).
E=X-EWW, (4)

I1o To3u HauuH 9pe€3 M3NOJA3BAHC HA KOMIICHCATOP HA 3aKbCHCHUCTO WCs (S) MOXC Oa

ce MOCTUTHE ToJisiM Koe(PUIIMEeHT Ha ycuiBaHe, Oe3 ToBa Ja JoBejae 10 3aryba Ha yc-
TOWYUBOCT, B OOIIMS CITy4ai.

[IpnHA KOMITEHCANMsI HA BPEME3aKbCHEHHETO CE pealln3upa €AMHCTBEHO NMPHU TOYCH
Mojea Ha oOekra (MM MPH CTallMOHAPHM MapaMeTpu Ha oOeKTa 3a ympasicHue). B
Jpyra CUTyaIus MoJiy4deHOTO KaueCTBO Ha peryiaupyeMara BeJIMUMHA IIe ¢ pa3iinya-
Ba OT JKEJIAHOTO.

Heka npenaBarennara ¢ynknus W, omnmcBa Mojes, KOHTO NpPEACTaBisiBa Haii-

JIOIIOTO ChUETAaHME B MApaMETPUTE Ha 00EKTa U MOXKE J1a Ce pasIiiexk/ia KaTo HETOUCH
Mol Ha oOekta. ToraBa 3a u3xoja Ha cuctemara Y ce 3amucBa ypaBHeHHETO (5)

Y+ (W, (1-e )W, X = (W W,e™ +W W, (1—e™)) X =W, (W&~ +W, (1-e))X (5)
B ypasuenue (5) nsacnara wact me Obae W W, X €1MHCTBEHO TIPH BITHO CHBIAICHUE

Mex Iy Mojen u ooext, W, :V\70 UT=T.

5. KOJIMYECTBEHA TEOPUSI HA OBPATHATA BPB3KA
MeToabT Ha KOJIMYECTBEHATa TeOpus Ha oOpaTHaTa Bpb3Ka € Pa3BUT B YECTOTHATa
o0J1acT, U3M0JI3Ba KIACUYECKUTE KOHLEMIUH 3a MOKa3aTeIMTe Ha KaueCTBO, KaTO MO-
JeJIMpa HEONpEEeIeHOCTTa B MapaMeTpUTe Ha OOEKTa 3a yNpPaBJICHHE U pealu3upa
CUHTE3 Ha PEryjaTopu, KOUTO rapaHTUpaT poOACTHOCT.

KTOB Bonu no mHamansBaHe Ha edekTa OT IPOMSHATA B MapaMeTPUTE HA Mojieria Ka-
TO €THOBPEMEHHO C TOBA 33/I0BOJIABA JKEITAHOTO KaueCTBO.
Haii-cpmiecTBeHara 4act OT METO/a € KOMIPOMUCHT MEXAY Pell Ha perynaropa, Ha-
MalsiBaHe Koe(HIlMeHTa Ha yCWJIBaHE OT oOpaTHaTa BpPB3Ka, CHIICCTBYBAHETO HA
NPOMEHJIMBH MapaMeTPy U TIOJTyYaBaHETO Ha JKEJaHO KadyeCTBO 3a BCSAKA OT YECTOTa
OT MPEABAPUTEIIHO 3aaJICHUTE.
Merononorusita 3a CHHTE3 IMO3BOJISIBA HA MPOEKTAHTa J1a MPEIBUIAU HEOOXOJAUMHUTE
OTpaHUYCHHMS U J1a HalpaBU KOMIIPOMUCH, 3a Jia TOJIy4H *KeJlaHa 3aTBOPEHAa CUCTEMA.
bazoBuTe CTHIIKM Ha TpolleaypaTa ca pasriefqand noapobHo B [4,5] u morar na ce
00001IAT B:

a) TIoJTy4aBaHe Ha 30HH C HEONPEICIICHOCT;

0) 3amaBaHe Ha JKeJIaHO KaueCTBO;

B) noyrydaBane Ha U-KOHTYyp, poOaCTHH M ONTHMATHH TPAHUIIH;

T) IPOCKTHPAHE Ha PETyJaTop;

1) CUHTE3 Ha MPEPUITHD;
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¢) CUMYJIallii ¥ POBEPKa.
Pasrnexxaa ce kiacuuecka CHCTeMa C JIBE CTEMEHH Ha cBO0OOJNA, KOATO Hail-7100pe
umoctpupa meroga KTOB, ¢ur.2.

O(S)
X(s)

e e

O
O
©

D, (s)
AL Y(s)
(s) U/

=
g/E

Or
=

P
—
w
~

O

H(s)

dur.2

Crpykrypata ot ¢ur.2 ceappxa zHabop ot odextu W, ( jo, ), perymarop W, mpedm-

Tbp F, KouTO TpsAOBa na ce nmpoekTupar, cbio H npenaBarenHa GpyHkuUsS Ha oOpaT-
HaTa Bpb3Ka.

Ot npyra crpana X,E,U,Y,N ca BekTopu, KOUTO NIpeACTaBIsABAT ChOTBETHO 3a/1aHU-
€TO, TpelIKaTa B CUCTEMara, yNpaBisBallMs CUTHAJI Ha PErysiaropa, U3XoJa Ha CHC-
Temara u myMm ot usMepsanero. D, D;, D, ca BBHIIHM CUTHAIHU CMYLICHUS.

YpaBHEHHATA, KOUTO OIMKCBAT cTpykTypara ca (6), (7) u (8).

1 W W W, W W H
Y = D, + ° D +—7" (Dy+FX)——22—N; (6)
WWH 1 WWH+1 ' WW,H +1 W W, H +1
W W H
U=—F (D, +FX)-——"—(N+D,+W,D,); (7)
W W, H +1 W W, H +1
W W H
g-__H D, + W,H D+—">—R+ L FX -1 N
WWH+1 2 WWH+1 ' WWH+L  WWH+1 ~ WW,H +1
(8)

KonudectBenata Teopus CBBbp3Ba TE3W MpenaBaTeHd (DYHKIIMU 3a MOJydaBaHEe Ha
poOacTHa yCTOWYMBOCT U pOOACTHO KAa4eCTBO.

6. Y1CJIEH ITIPUMEP
ITpunaranero Ha meroaa Ha KTOB Boau 10 ynoBieTBOpsiBaHE Ha YCIOBMATA 3a pO-
0acTHa yCTOMYMBOCT U poOACTHO KAYECTBO.
N3non3BaHeTo Ha KOMIIEHCATOP Ha rOJIsIMOTO 3aKbCHEHUE, Upe3 Hall-4ecTo U3I0JI3Ba-
Hus [IU perynatop Ha CMuT, BOAu 10 A00OpU pe3yidTaTy MpU TOJIIMO BPEME3aKbCHE-
HHE, HO cUCTeMaTa He MPUTEKaBa poOaCTHU CBOMCTBA.
Cucremara c perysgatop Ha CMUT € TBBpJAE YyBCTBUTEIHA JOPU IIPHU MajKa IpOMsHA
B HeliHuTe napamerpu. OOpaTHO, peryyiaTopbT CUHTE3UPaH C METO/AA HAa KOJINYECTBE-
HaTa TeopHus Ha oOpaTHaTa Bpb3Ka BOAM /0 PEAYKLHUsS HAa YyBCTBUTEIHOCT U IPABU
CUCTEMATa MPAKTUYECKH HEUYBCTBUTEIHA JOPHU MPU 3HAYUTEIIHA IPOMSHA B HEMHUTE
napameTpHuTe.
Te3n cproOpaxkeHus AaBaT ujaes 3a CUHTE3 Ha perynarop Ha Cmut ype3 KTOB.

120



H3x00HU Oannu.
[TpenMer Ha u3ciieBaHe € 00CKT ¢ npeaaBarenHa GyHkmws (9)

K s
Wo(s) = (Ts+1)(Ts+1)(Tys 1) )

[Tapamerpure Kk, T, m T,ca HecTaumoHapHU W TpPHEMAT CTOMHOCTH B AHMAama3oHa

1<k<15, 10<T, <20 u 5<T,<10. Bpemekoncrantata T, ¢ IOCTOSHHa ¥ HMa
croiHocT T, =10. Bpeme3akbCHEHHETO B CHCTEMATa CHLIO € MOCTOSHHO U MMa CTOM-

HOCT 7 =60. MaTeMaTMYHOTO OMMCAaHUE HAa pa3riIekAaHUs OOEKT ChOTBETTCTBA Ha N-
Opost nMuHelHu Monenu. HoMuHamHUAT 00eKT ce omucBa C mpeaaBaTenHa (yHKIHS,

l —60s
(10s + 1)3

Kputepusar 3a ka4ecTBO B CHCTEMara 3a YIPaBJICHHUE € allepUOIUYCH MIPEXOJICH Mpo-
1EC.

KOATO CbAbpPiKa TPpU €AHAKBHU BPECMCKOHCTAHTH U 3aKbCHCHHC Wo (S) =

Komnencayus na 3axvcnenuemo npu nOCMosHHU napamempu.
[Tpu nurica Ha U3MEHEHHE B MapaMeTpuTe Ha 00eKTa ce peanusupa npeackassa [1M
peryiaTop, ChIVIACHO CTpyKTypHata cxema oT ¢ur.l. IlpenaBarennara QyHkius Ha

ITH perynatopa uma suma W (s)= 0.148(1+%), Kkato mapamerpure K, u T, ocu-
S

rypsiBaT KpaTHH KOPEHHU Ha 3aTBOpPEeHaTa cucTteMa. KpuTHUHO-anepruouIHHAAT PEXKUM
€ mokasad Ha ¢ur.3.

150 200 250 300
dur.3

Cunmes na pezyramop upesz KTOB.

[Ipu nmpomsina B mapameTpuTe Ha 00€KTa, CHUCTEMara MOKa3Ba Ka4eCTBO PA3IUYHO OT
xKemaHoto. Ha cumynanusTa € mokasaHa CUTyalusi Ipu KOMOMHAITUS Ha MTapaMeTpUTe
B 00€KTa, KOUTO OTrOBAPST Ha FPAHUYHUTE CTOMHOCTHU Ha MPEIBAPUTEIIHO U3BECTHATA
HEOTPEIEICHOCT, T.€ MPHU MpeaaBaTeTHa PYHKITUS
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: (S) _ 15 @605
(5s+1)(20s +1)(10s +1)
38. Ada CC rapaHTHpa alICPpUOAUYCH IIPCXOACH IMPOLCC B CUCTCMATA IIPHU HAJIMIHUCTO HA
HCOIIPCACIICHOCT U 3dKbCHCHUC, CTPATCTUATA 3a YIIPABJICHHUC, KOATO CC H3IIOJI3Ba €
HacTpoikaTa Ha CMHT peryJiaTop 4pe3 KOJMYecTBEeHaTa TeopHs Ha oOpaTHaTa Bpbh3Ka.

MeTtoasT M3KMCKBA 3alaBaHe HAa OrPaHUUYCHUS BHPXY Y4YacTBAIMTE B KPUTEPHS 3a Ka-
4yecTBO npenasatennu Gpyukiuy, (10), (11).

M, :mgx‘T(ja)i,qj)‘sz(ja)i). (10)

W, (jo)W,(jo,q;) |
1+ W, (jo)W,(jo.q,)
[TepBoTO Orpannuenue (10) xacae QyHKIUATA HA JOMBJIHUTEIHA YyBCTBHTEIHOCT,
KOATO OTUHTA HCCTAMMOHAPHOCTTA B IIAPpAMCTPHUTC HA O6€KTa N € CBBpP3aHO C KCIIaHUA
amepruoIMYeH XapakTep Ha MPEXOJHHUs mpolec. BTopoTo orpaHuueHue ompesens
J0JHA 1 ropHa rpaHI/IHa Ha GBPSOﬂGﬁCTBHeTO Ha aHepI/IOI[I/I‘—IHI/IH Hpexo,ueH Hpouec.
KOHKpeTHHAT BUJ Ha KOMIUICKCHHUTE MpeaaBaTeIHU (yHKIIUH WT(ja)i), Tu(ja)) "

T, (jo) ce masa ot (12)

Tu(ja))S F(ja)) STL(ja)) (11)

. . 1
T - = uT - - (12
(i) (1Oja)+l)2H (Jo) 100 jo +1 (12)

[IspBOHAYANTHO CE MpEeMUHABAa KbM MOJEIHNpPAaHE HAa HECTAIIMOHAPHOCTTA B MapameT-

pUTe Ha O0EKTa Ype3 30HH Ha HECTAllMOHAPHOCT, PAa3MOJIO0KEHU B paBHMHATa Ha Hu-

KoJic, ¢ur.4.

6 Nichols Chart

Open-Loop Gain (dB)

VA | | 1
-180 -135 -90 -45 0
Open-Loop Phase (deg)

Dur. 4

30HHUTE OTrOBAPST 32 BEKTOP OT ChIeCTBEHU YecToTH (13)
a):[0.005,0.01,0.02,0.04,0.07] (13)
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Ha 6a3a BbpBenenute orpanudenus (10) u (11) ce uzuepraBaT HEOOXOAUMUTE 32 CHH-
Te3a Ha perynatop U koHTyp u poGactHa rpannia B, ( j,), otHOBO 3a m3Gpanute

yecroTd. Ha ¢ur.4 u ¢ur.5 ca npencrasenu rpapuunure nzodpaxkenus Ha (10) u
(11), a Ha ¢ur.6 ca nokasaxu onTuManHuTe rpanuuE B (jo,).

OnTuMaTHUTE TPAHUIIM W HOMHUHATHHUS OOCKT ydacTBaT B CHHTE3a Ha pPEryyaropa.
[Tpu ipu 10OaBSIHETO HA €JIEMEHTH, KOUTO M3TPaXIaT perysiaTtopa TpsOBa /1a ce cras-
Ba YCJIOBHETO, YECTOTHTE HA HOBOIIOJIYY€HATa CUCTEMA JIa Ca PA3IMOJI0KEHU HAJl U U3-
BBH CHOTBETHATa ONTHMAJIHA TPAHMUIIA 32 ChIaTa YeCTOTa, (Gur.o.

Crnen utepaTuBHM MPOLEAYPH CE TOCTUTA JI0 CIIEIHATA IpeiaBaTesiHa (DYHKIIUS

(255 +1)(165 +1)(5.45 +1)(0.67s +1)
Wa(s)=0.01 5(0.275+1)(0.225 +1)(0.012s +1)

(14)

15

B, (j0.005)
10

B, (j0.005)

B, (j0.01) B.(j0.04)

5
° AT
\ B, (j0.01)

. I
-90 -270 -225

Open-Loop Gain (dB)

Open-Loop Gain (dB)
k=)
o
=

)

-270 -225 -180 -135
Open-Loop Phase (deg)

dur.4 dur.5

OpenLoop Phase (deg)
50
40
30
20

10

Open-Loop Gain (dB)

-10

-20

-360 -315 -270 -225 -180 -135 -90 -45 0
Open-Loop Phase (deg)
dur.6
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Hannurero Ha uHTErpatop B npejaBareinara ¢yHKIMs Ha peryiaropa (14), ocury-
psiBa TOUHOCT M HaMaJlsiBa YyBCTBUTEJIHOCTTA HAa cUCTEMara 3a ynpasiieHne. KomOu-
HaIMATa OT UHTETPO-AU(EepEeHIIUpaIy eIEMEHTH OCUTYpsIBa 3arac 1o ¢a3a Ha MOoJy-
uyeHara cuctema Haa 90°, KOeTO MOKa3Ba, Ye PEKMMBT BHB BpeMeBaTa 00JIACT e €
anepuoIUYEH.

[Tocneanara crenka ot meroga KTOB e u36op Ha nmpenaBarenHa (GyHKIUS Ha Mpe-
(GuUATHP, KOATO 1€ OCUTYPH HEOOXOAMMOTO OBpP30JEHCTBUE B CUCTEMATA, ONpEeIie-
Ho ot T, (jo) u T (jw), dur.7. 3a u3bpanus BEKTOp OT YECTOTH 3a MpeIaBaTEIIHa

¢dyHkums Ha npedunTbpa F ce n3dupa aneproandHo 3BeHO OT bpBU pex (15)

: 0.3882
F(jo)=——2C _ (15)
s+ 0.03877
0.9 / T
0.8 /
0.7
éo.s
E‘o,s T
<
0.4
0.3
0.2
0.1
0 éO 100 1‘50 éOO 2‘50 3;00 ?:50 400
Time (sec)
Our.7

Ha ¢wur.8, ¢pur.9, ¢ur.10 u ¢ur.11 ca Buzyanusupanu rpapuuHuTe N3paKEHUS HA yC-
JoBHsATa 32 pobacTHa ycToruuBocT (16), HomunaHo (17) u podactHo KadecTBo (18).

T (o) = (jo) NeTOMe (00 |y

L+ W, (j@)W, (jo)

| (Jw)
S(ie) = (o % 1 (17)
1+ W I(:(Ja\)/\)/ : ‘+WT(JCO) R(Ja.)) O(Ja_)) <1 (18)
2(j0)W, (jo) 1+ W, (jo)W, (jo)
Bode Diagram 5 Bode Diagram
-10
g ™ g ° Do
%-20 \\. 7‘;’ /“ g ~~\\ S|+ Tw, | <1
g-so TN g 5 \
-40 W, |<1 \
N -10 FS|+[TW,|<1
50 \\
\\

102 101 100 101 103 102 10l 100
Frequency (rad/sec) Frequency (rad/sec)
dur.8 ®ur.9
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HampaBenure cumynanuu, Ha ¢ur.8- ¢ur.1ll, otunrar u cutyanusTa, nNpu KOSTO B
cUCTEeMara 3a ymnpasjicHHe ¢ BKIItoueH U npedmitep F, (c HenmpexbcHaTa TUHUS).

Bode Diagram

0 Bode Diagram 5
10 S~ 0 == S|
\~.:\ . _=_ -
g 20 AN J ™
= \>~. o \
S 30 \\ >~ =} -5 \
= ~ 2
£ \ Ss =
g 40 \ \T\ @
= \ 'S = .10
\ et |FS|
50 FT| . \
\ -15 \
60 N\ \\
20 \5 :
102 10-1 100 101 10-2 10-1 100 101
Frequency (rad/sec) Frequency (rad/sec)
®wr.10 Omr.11

CumynanuuTe MOKa3BaT PEeAyKIMs HAa YYBCTBUTEIHOCT U MOJy4YaBaHE Ha poOACTHO
KayeCTBO B CHUCTEMATa, MOJIYUYEHHU BCIEACTBHE HA KOJIMYECTBEHATA TEOPHUsS HA o0pat-
HaTa Bpb3Ka.

Cunmes na pecynamop na Cmum.

Peanmsupanus perynatop ¢ npenaBatenHa (ynkius (14) yyactBa B CTpPyKTypHaTa
cxema oT ¢ur.l. 3BbpinBa ce ynpasieHue, KoeTo € 6a3upaHo Ha HOMUHATHUS O0EKT,
KaTo MY MPOMSIHA Ha MapaMeTPUTe Ha 00EKTa, U3X0/1a Ha CHUCTeMAaTa 3ala3Ba JKeJlaHo
KadecTBo, ¢ur.12.

dur.12

HamnpaBenusar cuHTe3 Ha peryjiaTop B HacToslata padoTa Mokas3Ba aJeKBaTHO MOBE-
JICHUE Ha 3aTBOPEHATA CHCTeMa, KaKTO BBB BpeMeBaTa objact, ¢pur.12, taka u B gec-
ToTHaTa oosact Ha ¢ur.8- pur.11.
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7. BAKJIIOYEHUE

B paborara e moka3ana ycnemHa KOMOWHAIMS HA JBa MOAX0JIa 32 KOMIIEHCUPAaHE Ha
3aKbCHEHHE U 3aMa3BaHE HAa KaueCTBO Ha yNpaBJICHUE MNPHU Bb3HUKBAHE HA HEOIpeie-
JICHOCT B 00eKTa. PerynaTopsT € CHHTE3UpaH Ype3 METO/] Ha KOJIMYECTBEHA TEOPHs Ha
oOpaTHaTa Bpb3Ka, Ype3 KOMTO ce OTYMTA MPEIBAPUTEIHO M3BECTHATA HEOMpe/ere-
HOCT, & CaMOTO yIpaBiIeHHE € 0a3MpaHO HAa HOMUHAJIHUSA OOEKT.

B Obaemu u3cienaBanus ce MpeaBHKaa NMoJydaBaHe Ha YNpaBJIE€HUE, KOETO 1€ OTpa-
34 MPOMsHA Ha 3aKbCHEHUETO B MpejaBarenHaTa QyHKIMS HAa 00eKTa, Ype3 MOJIeIu-
paHe Ha Ta3u HEONPeeICHOCT U OTYUTAHETO U B CheTaBsiuuTe cTbliku Ha KTOB.
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OUJITPHU B IBYPEKUMHU PEIIETUTUBHU CUCTEMHA
Huna HukoaoBa

Pe3rome: Penemumuenomo ynpaenenue e egheKkmugHa cmpamezusi 34 npomusooetic-
meue Ha CUSHATHU NePUOOUYHU CMYWEHUs Ype3 uimpupane Ha MmaxHomo 8b30elicn-
gue 8bpXy cucmemama 3a ynpasienue, ako ce 3Hae mouHama CMouHOCH HA MexXHUs
nepuoo. 3a noooopseane Ha kavecmeomo (Hamsaeane Ha epewKama u NOBUULABAHe HA
moyHocmma) mo2am 00 6vOam U3NON36AHU M.H. O8YPENCUMHU DENeMUMUEHU CUC-
memu (DMRC - Dual-mode Repetitive Control). B nacmosuwyama paboma ce npeona-
eam u ananuzupam moouguyupanu cmpykmypu na DMML-konmypu ¢ namem (Dual-
mode Memory Loop) 6 cucmemume 3a pobacmno 08ypedCUMHO PEnemumueHo Ynpaes-
JleHue.

Knrouosu oymu: Repetitive Robust Control, Robust Stability and Performance, Dual-
mode repetitive control

FILTERS IN DUAL-MODE REPETATIVE SYSTEMS
Nina Nikolova

Abstract: Repetitive Control is an effective strategy for periodic perturbance suppres-
sion, filtering their influences over the whole control system, assuming that the period
of the perturbancies is known. For quality improvement (error cancelation and accu-
racy improvement) dual-mode repetitive control systems can be used (DMRC - Dual-
mode Repetitive Control). In the present work modified structures of DMML (Dual
mode memory loop) memory-loops are proposed and analyzed, with application in
dual-mode repetitive robust control.

Keywords: Repetitive Robust Control, Robust Stability and Performance, Dual-mode
repetitive control

1. BbBEJIEHHUE

PenetutuBHOTO ympaBiieHue, 0a3upaHO Ha MPUHIUIIA HA YMOpPaBJICHUE C BBTPEIICH
Mojien, € epeKTUBHA CTpaTerus NPy MPOTUBOICUCTBUETO HA MEPUOJIUYHUTE BHHIITHU
CUTHAJIHU CMYIIEHUS. B KOHBEHIIMOHAIIHUTE PENETUTUBHU CHUCTEMH CMYIIaBaIllOTO
BE3ICHCTBHE HA CHTHAJ C MEPHOJ Ha MOBTOpPeHME T, MOXe na Obae ,,punrpupano”

ype3 ML-dunrepa (Memory Loop) [1]+[5], BkitoueH B CTpyKTypaTa Ha 3aTBOpeHATa
cuctema. bazoBust ML-koHTYp € peXeKkTOpeH (uIThp B CUCTEMaTa 3a YecToTa
w,= 27r/ T, KbM XapMOHWYHM CHI'HaIM C niepuod T,. Tol chabpika MOJIEN Ha 3aKbC-

HEHHETO € " U ,3amaMersBa’ 4ecToTaTa Ha PEKETHPaHeTo o,. CTpykTypara Ha
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CHUCTEMa C PEIIETUTUBEH peryiaarop R.. (cbcrosin ce or 6a3oBu perynatop R u ML-
KOHTYp M, ) 1 00eKT 3a ynpasjieHue G, € moka3zaHa Ha ¢ur. 1.

’ ¢(p) &*(p) v(p) (p) f(p) (p)
y*(p) e(p p p s pl p y(p
—0 >O—> R(p) —>$—> G(p) —>é——>
— e—pr ao(p) A
ML(p) RRC(p) (1)1/11"1

®dyukiuata Ha ML-koHTypa ce peamusupa dpe3 aJuTUBHATA ChCTaBAMmA &’ BBPXY
pa3chIiacyBaHETO ¢, OJlarojapeHre Ha crenuduyHaTa My CTPYKTypa KaTo JWHa-
MuyHa cucteMa. B cuna ca 3aBucumoctute (1) = (3), karo BXoaHaTa BeIM4YnHa 3a R €
e*.
o
e*(p)=elp) +&" (p) (D),

e PTr

e(p) | T e*(p)

¢wur.3

CpoiicTBaTa Ha peneTutuBHHTE cuctemu (¢pur.l) ce ocHoBaBar Ha ML-dunrbpa ¢
namer M, (3). ToBa e oueBuaHO OT cTpyKTypara (pur.2) U OoT onucaHUEeTo Ha (PHK-
TUBHA CIMHWYHA 3aTBOPEHA PEIETUTHUBHA CHUCTEMa, OT KOSATO, CJie]] CKBHBAJICHTHO
npeobOpasyBane, cieasat 3aBucumoctute (4) - (5)

yp) Ve
yO (p) 1 + 1/(1_e’pr)
l'im q)ML(p) = 1(p)’ (CDML(p) = 1(p)) (5)

{p—>o0}
CaoiicTBaTa Ha equHuuHara cuctema (dur.2) ¢ ML-koutyp (5) ce mobmmxasar 10 Te-
34 Ha eTajoHeH noBroputed. OT TyK Clie/iBa U HAUMCHOBAHMETO HA TO3HM KJIaC CHUC-
TEMH - PEReMUMUGHU WU CUCmeMU ¢ ,,noemopeHnue”. CBONICTBAaTa UM Ce 3ara3BaT
HE3aBUCHMO OT TOYKHUTE Ha MPUIIOKEHUE Ha TIepuoauanHuTe cmytenus (v, f, y°).

(DML(p):

KoHBEHIIMOHAIHUTE PENETUTUBHU CUCTEMH MPOTUBOACHCTBAT U HA YETHUTE U HA HE-
YETHUTE XAPMOHUIIM HA CUTHAJIHUTE CMYILABAILU Bb3JCUCTBUS BbPXY CUCTEMUTE. 3a
HSIKOU CUCTEMHU o0aye € MPEnopbhbYUTEIIHO U3IOI3BAHETO Ha PENETUTUBEH PETYIATOP
Ha HEYETHU XapMOHMIM. ToM ce u3mos3Ba ¢ 1ell 1a HaMaJlu Irpelkara npeau3BUKaHa
CaMO OT HEYETHUTE XaPMOHHUIIM HA CUTHAJIHUTE CMYLICHUS, KOUTO Ca JTOMHHUPALIU.
[Ipu Te3u cUCTEeMH TpPEIIKUTE OT YETHUTE XapMOHHUIIA HA CMYIIIEHUATA ca MpeHeope-
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KUMO MAJIKU U MOraT Ja ObJIaT MPUETH KaTo HeTepuoAndHu. B cpaBHEHHE ¢ KOHBEH-
[MMOHATHATE PETICTUTHUBHU PETYyJIaTOPH, Te3W Ha HEUETHUTE XaPMOHHIIM 3aeMaT IIo-
MaJKo MaMeT ¥ OCUTYpPSBAT Ha CHCTEMAaTa Mmo-ToJsIMO Obp3oelicTBre. Bripeknu ToBa
TPEIIKATE MPEAN3BUKAHN OT YETHUTE XApPMOHUIIM IIE TH MMa U JaXe MOXE Ja ce
yCWJIBAT B TIpolleca Ha paboTa Ha cucTeMara. Y CHJeHaTa Ipellka Mpeau3BUKaHa OT
YETHU XapMOHHUIIM MOXE Ja JOBEJIE 0 HAKOW HEKEJIaHW HETaTUBHH BB3JICHCTBHUS
BBPXY CHCTeMaTa. B To3u ciydail € mpenmophbUMTeNIHO JIa C€ M3MOJ3BaT T.H. JIBype-
xuman peretutuBHU cuctemu DMRC (Dual-mode Repetitive Control) [8]. Xapak-
TEPHOTO 3a TSX €, Ye OCHOBHHUAT ML-KOHTYp ce pa3zelns Ha iBa OTJEIHHU MOJIKOHTYpa
(eaquHUAT (uUATpHpAaIl BIUSHHUETO HA YCTHHUTE, a JPYTHST - HA HCUCTHHUTE XapMO-
HuiM). Ypes mogdopa Ha ChOTHOLICHHETO MEXIY KOe(HUIIMEHTHTE Ha JIBaTa MOJIKOH-
Typa MOXxe 1a Objie mocTurHaTa kopekius Ha rpemkara B DMRC cucremara.

B Hacrosmara pa3paboTka ce mpeajiaraT ¥ aHaIM3UpaT MOAUGPUIHUPAHU CTPYKTYpHU
Ha DMML-xontypu ¢ mamer (Dual-mode Memory Loop) B cuctemute 3a poOacTHO
JBYPEKUMHO PETIICTUTHBHO YITPABJICHUE.

2. DMML-Koutyp C IIamer BDMRC CUCTEMUA

o
& &

—)?—)e‘“p >

¢ur.4

0 -pT
e (p) e P 1
ML(p)_ - - p_e—pr_1(6)
To3u u3pas moxe 1a Obje 3anucan u BbB Buaa (7), kbaero M, ( p ) € Guarsbp Ha He-
yeTHUTE, 2 M, ( p ) Ha YETHUTE XapPMOHUIIM, OTKBJIETO HBA ¥ HAMMEHOBAHUETO Ha

CTpyKTypara ,,IBypeXuMHa CTpykrypa'. IIpexona kbM HOBaTa CTPYKTypa € MOKa3aH
Ha ¢wur. 5.

DM (p)

—)?—)e—“p > ] M, (p)
—>1/2 >
dur.5 —;?:) e P
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=5 Mu (p) My (p ) (1)
2-1 e 2+1

Taka npeayioxeHaTa CTpyKTypa Moe J1a ObJie MpeCTaBeHa U BbB BUJa OT ¢ur.6, Ka-
TO C€ OINpPEIENSIT CAMOCTOSITEIHA KOe(UIIUeHTH 3a JBaTa KoHTypa k, u k,. To3u Ha-
YMH Ha NPEJCTaBSHE IO3BOJSABA [ CE MPUJABA IO-TOJISIMA TEXKECT HA €IUHUAT OT
nBara ¢puiThpa (MM TO3U HA HEYCTHUTE, WM TO3HM HA YETHUTE XapMoHuim). Ciensa
na ce oTOenexu, 4e eKBUBAICHTHHAT KoepuumeHT Ha DMML-koHTypa TpsibBa na
cbBIaja ¢ To3u Ha ML-koHTypa, T.e. k =k, + k,. B TakbB ciyuaii uzpas (7) moxe na

0b1e npeoOpa3ysaH 110 (8), kpaeTo k, >0 u k,>0.

M, (p)=5B) kL (p)ek, My (p) B)

Y
=~

+ e_pr
e _)?:) ¢bur.6

OuyeBHUIHO €, Y€ aKo.

- k, =k, DMML-dpunrepa me padoru no nogodbue Ha 6azos ML-puntsp ¢ koe-
¢dunuent k =2k, = 2k,,

- k, =0 DMMVL-¢puntbpa mie padoru no nogodbue va 6a3oB ML-bpuntep Ha He-
YETHU XapMOHHUIIU ¢ KoepuiueHt k =k,

- k,=0 DMML-¢puntepa me padbotu no nomodbue Ha 6azoB ML-bunthp Ha
YETHU XapMOHUIIU ¢ KoepuiueHt k =k, .
Kopeknuus Ha rpemikata B DMRC (¢wur.7) moxke 1a Objie mpaBeHa upe3 MpoMsHa Ha
koepuuuentute k, u k,. Hampumep, ako rpemkara € npeau3BUKaHa OT JOMUHHUPA-
[IUTE HEUETHU XapMOHUIM B CUTHAJHUTE CMYIIEHHUs, ToraBa ce u3oupa k, >k, u 00-
paTHo.
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- DM (p) £ (p) !

Romre (p)

¢ur.7

3. AHAJIN3 HA CBOMCTBATA HA DMML-CTPYKTYPUTE

Ha ¢ur.8 B cpaBHuTeNneH miaH ca ganeHu xapaktepuctukute Ha ML-bunrepa u
DMML-¢puntbpa (k, =k, =0.5). CsoiictBata Ha DMML-cTpyKkTypuTe, npeaHasHa-

YCHU 3a JBYPEKMMHHTE pPeneTHTUBHH cucTeMHu ((pur.7), ce ompeaesar OT JuHa-
MUYHUTE TapaMeTpU: ® A w, - pa3Mep Ha YECTOTHUS JAMANA30H Ha XOPU3OHTAIHMS

npodun Ha XapaKTepUCTUKaTa, ® D, | - cToitHOCT Ha Moxyna (9) Ha XapaKTepucTu-
KaTa 3a Juara3oHa A @, Ha XOPU3OHTAJIHUS MPOQUI, CTOMHOCTUTE HA KOUTO IPHH-

umHo ca ¢pyukiusa Ha DMML-cTpykTypara u Ha CTOMHOCTTa Ha YecToTara Ha pexe-
THPaHE w,.

d‘DML,z(ja))‘zo Vo e Ao
dw
‘DMva(ja))‘ =const <<<1 Vo € Ao ; (9)
‘DML,Z(ja))‘El Vo € [O,wb'i],Va)e [a)h’i,oo);
Ao=| 0, o Ny < o, < a)h’i)

CTpyKTypuTe ca MOJICIUPAHU 32 TIEPUO/T T,=100s, a 3BeHaTa ChC 3aKbCHEHHUE Ca aIl-

POKCHMHUPAHU ChC CHMETPHUYCH KpaitHo-mepeH pen Ha Padé [6]-[7]. OueBumno e, ue
TOYKaTa o =, OT XapaKkTepucTukaTta Ha ML-cTpykTypara ce TpaHchopmupa B uec-

TOTEH Juana3oH A o, OT xapakrepuctukara Ha DMML-puntrepa. Otcuuaniure
CBOMCTBA Ha CTPYKTYPHUTE, KaTO JIEHTOBU (QHITPU CE ONpEIENsT OT Moyna |Dv, | Ha

XOPU30HTATHUS MPOGUIT 3a YECTOTEH Jauana3oH Ae,. Toil He ce mpomens 3a ML- u
DMML-¢puntpure.

[IpoBenenu ca u cumynanuonnu usciensanus Ha DMML-ctpykTypara 3a paznudau
croiHocTH Ha Kk, U K,. CTpykrypure ca MoJeaupaHu 3a nepuox T,=100s u Bapu-

pamy KoehUIMEHTH, Kakro ciuensa: DM ,- k,=01, k,=09; DM ,- k, =03,
k,.=0.7; DM ,- k, =05, k,=05; DM ,- k, =07, k,=0.3; DM ;- k,=0.9, k,=0.1.

PesynrtaTute ca noka3zanu Ha ¢ur.9. SIcHo ce BMkIa, Y€ YECTOTHUSAT JAMAMNA30H A w;
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ce yBeJIMYaBa C HApaCTBAHETO Ha k, M HamansABaHeTo Ha k,. Monyna | D, | Ha xopu-

30HTaJIHUA HpO(l)I/IJ'I 32 YCCTOTCH Mamna3oH A w, OCTaBa HCIPOMCHCH.

Step Response Memory-Loop
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4 MOAUD®UILIUPAHA DMML - CTPYKTYPA
B nureparypara ca mosHat u Bapuanuu Ha ML-cTpykTypara, e1Ha OT KOUTO € BU3Y-
ammzupana Ha ¢ur.10. Ts (w, , (12)) ce 6a3upa Ha BUIOM3MECHEHHUS BBPXY M, , ChC-

TOSIIIIM C€ B paslIMPEHHE Ha YECTOTHATAa My JICHTA Ha OTCHYAHE 4YpE3 ITOCICIOBa-
TEJIHO-TIApAJIEHO BKJIIOYBaHE HA m-0post (m = 2,3,4,....) 3BeHa CbC 3aKbCHEHHUE

e "". Crpykrypara Hanara usucksaHero (13) Bbpxy cymara ot moayaure |W, | Ha

CTHOTUITHUTE WHEPIIMOHHU 3BeHa B cxemarta (¢ur.10).

(12) 9, ,(p) = g:((pp)) - [2-k§lwk(p)e” ”P] ,

(13) ki_l|wk(jw)| =1, W(jo)=x(joT+1)")

M., (p)
N e By B
oot e
E e e W
+(p) e = Y (p)
Y
W

W e " > >
- ) ¢ur.10

Ha neiina 6a3a e mpenioxkeHa u HoBa Moauduiupana crpykrypa Ha DMML-kon-
Typa, BU3yanu3upana Ha ¢ur.11.

\2
—
+
+
@D
I
2
=

¢ur.11
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B cpaBHUTENEH MIIaH XapaKTePUCTUKUTE HA TpesiokeHaTta moaupunupana DMML,-
CTpyKTypa 3a mepuon T,=100s, m=1, 2, 4,6,8 10 3BeHa CbC 3aKbCHCHHE U K, =0.5,
k, =0.5, kakTo 1 ML,-cTpykTypaTa npu chiiuTe ycaoBus ca moka3anu Ha ¢ur.12. Ha

¢ur.13 ca wIOCTpUpaHU XapaKTEPUCTUKUTE Ha mapanenHo cumyiaupaHa DMML,-
CTPYKTypaTa, HO ¢ m =10 3BeHa CbC 3aKbCHEHHE M Bapupalld KOe(PHUIIMEHTH, KaKTO
cnenBa - DM,,,- k, =01, k =09; DM,,- k =03, k,=07; DM ,,- k =05,

k,=05; DM ,,- k,=0.7, k,=0.3; DM ,;- k,=0.9, k,=0.1.
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Bb3 ocHoBa Ha pesynratute oT m3cieaBanusta (¢ur.12, ¢ur.13) morar ma Obaart
HaIpaBEHU CJICTHUTE U3BOJIN:
epa3MephT HAa YECTOTHUS JAMANAa30H A @ € (yHKIUS Ha W3MOI3BaHMs Opoi 3BeHa

ChC 3aKbCHEHHE, KaTO pa3MepPbT HA A @, pacTe ¢ yBEJIMYaBAHE HA M ;
®MOAYIHT HA XOPU3OHTAIHUS NPODUI ‘ DM ,(j a))‘ (9) 3a "yecToTeH AMANA30H Ao,

¢ (yHKIMs Ha Opost 3BeHA ChC 3aKbCHEHHE (HamalsiBa C yBEIMYABAHETO Ha Opos
3BeHa e ") U ChOTHOLICHHETO Ha KoeduuueHTuTe k, M k, (HapacTBa ¢ yBenuda-

BaHETO Ha k, ¥ HaMaJsIBaHETO Ha k).

®IIpY €IHU U CHIIM JApYTU yciioBus coiictBata Ha DMML-cTpykTypuTte B cpaBHe-
Hue ML-cTpykTypuTe KaTo OTCHYalY JEHTOBU (PUITpHU ca Mo-100pHu.
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5. BAK/IIOYEHUE
B usnbiiHEeHMEe Ha MOCTaBEHATa Liell B HACTOsAIIATa padoTa ca pPEIIeHU 3aJaduTe 3a:
ananu3z Ha DMML-cTpykTypaTta Ha GUATHp 3a ABYPEKUMHO PENETUTUBHO yIpaBiie-
HUE U METOJI 32 YChbBBPILEHCTBAHE CTPYKTypaTa U IruHaMukaTa My. HoBoTo u opuru-
HaJIHO, IOCTUTHATO B paboTaTa MOKeE /1a C€ ONpEAEIU C TOBA, Y€ ca MPEeJI0KEHU:
- MOAXOJ] 32 aHAJIM3 HA CUCTEMUTE 3a JBYPEKUMHO PENETUTUBHO YNPAaBICHUE
4ype3 U3CIeABaHE TMHAMUKATA HA KOHTYPUTE C IIaMET;
- CTPYKTypa Ha ycbBbpuieHcTBaH DMML-KOHTYp, KOWTO KOHTYp € C IOHM)KEHA
4yBCTBUTEJIHOCT KbM (IyKTyallud Ha nepuoja T, Ha NEPHOJMYHUTE CUTHAIHHUTE
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cMyImiaBamy Bb3aeicTBus v (p), f (p), y (p), KaTo e m3cieqBaHa YyBCTBUTEIHOCTTA
Ha KOHTypa 0e3 U Npu NpoMsiHa Ha ChOTHOIIEHUETO Ha KoeduuueHtute k, u k.
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JABYPEKUMHU PEIIETUTUBHU CUCTEMHA
Huna HukoaoBa

Abstract. Penemumusnomo ynpasienue e epexmusna cmpameusi 3a npOMueooelc-
meue Ha CUCHATHU NePUOOUYHU CMYUJeHUsl Ype3 purmpupane Ha MAXHOMO 6b30eChl-
gUe 8bPXY CUCMEMAMA 3a YNpagieHue, ako ce 3Hae moYHAma CMOUHOCH HA MeXHUs
nepuoo. 3a nodoopsisane na kavecmeomo (Hamsieane Ha epewKama u NOBUULABAHE HA
moyHocmma) mo2am 00 6vOam U3NON36AHU M.H. O8YPENCUMHU DENeMUMUGHU CUC-
memu (DMRC - Dual-mode Repetitive Control). B nacmosuyama paboma ce npeona-
2am u auanuzupam pooacmuu 08YPE’CUMHU PENemumueHU CUCTeMU ¢ MOOUu@uyu-
panu cmpykmypu na DMML-koumypu ¢ namem (Dual-mode Memory Loop).
Knrwuosu oymu: Pobacmno penemumueno ynpasienue, Pobacmua ycmotiuusocm,
pobacmuo kawecmeo, [[8ypesicumno penemumueHo ynpasieHue

DUAL-MODE REPETATIVE SYSTEMS
Nina Nikolova

Abstract: Repetitive Control is an effective strategy for periodic perturbations sup-
pression, filtering their influences over the whole control system, assuming that the
period of the perturbations is known. For quality improvement (error cancelation and
accuracy improvement) dual-mode repetitive control systems can be used (DMRC -
Dual-mode Repetitive Control). In the present work dual-mode repetitive robust con-
trol systems with modified structures of DMML (Dual mode memory loop) memory-
loops are proposed and analyzed.

Keywords: Repetitive Robust Control, Robust Stability and Performance, Dual-mode
repetitive control

1. BbBEJIEHUE

PenerutuBHOTO ymnpasiieHHe, 0a3MpaHO HA MPUHLMUIIA HA YIPaBIEHUE C BBTPEIICH
MoJiell, € eeKTUBHA CTpaTerus Mpu NPOTUBOACHCTBUETO HA MEPUOJIUYHUTE BHHIIHU
CUTHAJIHU CMYLIEHHs. B KOHBEHLIMOHAJIHUTE PENETUTUBHU CUCTEMH CMYIIABaIIOTO
BB3/JICHCTBUE HA CHI'HAJI C NIEPHOJ HA IOBTOpPeHME T, MOxe Ja Obae ,,punrpupano”

ype3 ML-dunrepa (Memory Loop) [1]+[5], BkitodeH B CTpyKTypaTa Ha 3aTBOpeHATa
cuctema. bazoBusat ML-koHTyp € pexekTopeH (QuiaTbp B cUCTEMara 3a 4YecToTa
w, = 27z/ T, KbM XapMOHUYHH CHTHAJIH C EpUoa T, . Tol chabpxka MOJET HA 3aKbC-

HEHMETO e " M ,3amaMeTsaBa” 4ecTOTaTa Ha PEKETHPAHETO w,.

© 2012 Publishing House of Technical University of Sofia 137
All rights reserved ISSN 1311-0829



KoHBeHIIMOHATHUTE PENETUTUBHA CUCTEMHU MPOTUBOJICUCTBAT U HA YCTHUTE U HA He-
YETHUTE XapPMOHHIIM Ha CHUTHAJTHUTE CMYIIABAIllA BB3ACHCTBUS BHPXY cucremure. B
MOBEYETO CIIydan o0aye € MPEnophYUTEIHO J1a C€ MU3IOI3BAT T.H. IBYPS)KUMHU pere-
tutuBHU cuctemu DMRC (Dual-mode Repetitive Control) [8]. XapakTepHoTo 3a TsX
¢, ue ocHOBHUAT ML-KOHTYp ce pa3ieins Ha Ba OTACIHH MOIKOHTYpa (eIuHUAT PuII-
TpHpaIl BIUSHACTO HA YCTHHUTE, a JAPYTUAT - HA HEUCTHUTE XapMOHHIM). Upe3 mo-
0opa Ha CHOTHOIIICHHETO MEXKTy KOS(PHUIIMECHTUTE Ha JIBaTa MOJKOHTYpa MOXKE Ja Ob-
7ie mocTurHata kopekmus Ha rpemkara B DMRC cucremara.

2. CTPYKTYPHU HA IBYPEXKXUMHMU PEIIETUTUBHU CUCTEMU
3A YIIPABJIEHUE

Ha ¢ur.1l e nokazana qBypeXMMHA pEeNeTUTUBHA cucTeMa 3a ynpasienue ¢ DML-
KOHTYp. B To3u xoHTYyp ¢ M, € 0003HaueH QUiIThpa Ha YETHH XAPMOHHIH C KO-
epunueHt k,, ac M, e o0o3HaueH (pUATbpa Ha HEYETHU XAPMOHUIIU C KOEPUIIUEHT

K, .

e

Ao RDMRC (p)

ry
Y
=1

S « ¢ur.2

Ha ¢ur.2 e npencraBeHa CTpyKTypaTa Ha JABYPEKHUMHA PEIECTUTHBHA CUCTEMa 3a yII-
pasiienue (DMRC) ¢ moaudunupan DML-koHTYyp. XapakTepHOTO 3a Hes €, ue u3-
T0J13Ba BUIOM3MCHEHUS BBPXY DM ,, ChCTOSIIHU CE B PA3IIMPCHUE HA YECTOTHATA MY

JIEHTa Ha OTCHUYaHE 4Ype3 IMOCIIENOBATEIHO-IAPAJIENHO BKIIOYBAHE HAa M -Opos
(m =1234,... ) 3BeHa CbC 3aKbcHeHHE € " . 3a puinThpa € B cuia 3aBucumoct (1).
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d‘Dmg,z(jw)‘zo Vo cAa
d w
‘DWZL,Z(ja))‘ =const <<<1 Vo € Aw;; (1)
DML,Z(J-w)‘El , Vo € [O,a)b’i],Va)e [a)h’i,oo);
A w;= a)b,i,a)h'i] oy i< 0, < o,

B 1031 KOHTYp ¢ M, € 0003HauYeH MOAUPHUIMPAHUS PUATHD HA YETHH XapMOHHIIH C
xoeduueHnt k,, ¢ M., € 0003Ha4eH MoaudUIMpaHus QUITHEP HA HEYETHH XapMoO-

HULH ¢ KoepuuueHt k,,ac oM, , (p) - mogudumpanus DML- durrsp.

3. EOEKTUBHOCT HA DMML-CTPYKTYPUTE
EdexTuBHOCTTAa Ha CTPYKTYpUTE HA CUCTEMHUTE 3a YIPABIECHUE MOXKE J1a ObJe OIpe-
JICJIEHA C TOBA J0 KOJIKO BCSIKA OT TAX IPU €IHU U ChIUU IPYTU YCIOBUS YJIOBJIETBO-
psiBa B MO-BHCOKA CTENEH M3UMCKBAHMATA 3a. ®I10J00psBaHE HA MOKAa3aTEJIUTE Ha Ka-
YeCTBOTO; ®IIPUBEKJaHEe HA cUCTeMaTa B Kjlaca Ha CUCTEMHUTE ¢ poOACTHU CBOMCTBA;
®IIPEBB3X0/ICTBO HA KOJWYECTBEHUTE MMOKA3ATENIN HA KAYECTBOTO HA JIBYPE)KMMHUTE
peneratuBHu cucreMu ¢ DML-cTtpykTypu nipen ,,Ki1acM4ecKuTe” CUCTEMHU ChC CTaH-
JApTEH peryJaTop.
3a OIlCHKAa Ha KaYyeCTBOTO HA CHUCTEMHUTE (B T.4. U HA TE3W 3a JIBYPSKHUMHO PEIICTH-
THBHO yrpaBieHue ¢ DML-cTpykTypr) BbpXy KOHKPETSH YUCIICH TIPUMEp Ha MHIYC-
TpualieH 00eKT (3amaneH ¢ HoMUHaMHUA G* (2) M ChbC CMyTCHHSI Ha Hail-ropHa rpa-
Hura G* (3) Moaenu) npu KPpUTEPU KPUTUIHO-ANIEPUOANYCH MIPEXOJICH TPOIIeC, Tie-
puoxa T, =400 s Ha CUTHAJTHUTE CMYIUEHHUS Ca IPOCKTUPAHHU!

eae cucrema che crangapren PID-perynatop (4);

ebe nBypexxumuu perietutuBHu (¢pur.2) cucremu (5)+(7) ¢ PID-perymnarop (4) u mo-
mnpunupany DML -ctpykrypu 3a T,=400s, ¢ anpokcHMManus Ha 3aKbCHEHHUETO C

KpaiiHo-MepeH cumerpuueH pen Ha Pade (8) [6], m =10 nocnenosaTenHo-napaneaHu
L1 ko =0, ke =1,
£24 ko = 05; ke =0.5 ; DM
kO :1’ ke = 0 ;

3BEHA ChC 3aKbCHEHHE € "' | KOC(UIIMEHTH KaKTO cieaBa. DM
Dm,,,- k,=0.1, k,=09; Dwm_,,- k, =03, k,=0.7; DM
k,=0.7, k,=03; Dm,,,- k,=09, k,=0.1; Dm

eCe ;Bype)kUMHU penetutuBHU cuctemu (5)+(7) ¢ PID-perynartop (4) u moauduim-
panu DML-ctpykrypu (¢dur.2), 3a T,=400s, C anmpoKCHMalus Ha 3aKbCHEHHUETO C
KpaifHO-MepeH cumeTpuueH pea Ha Pade (8) u m=1, 2, 4, 6,8, 10.

G*(p)= 015 L+4p) e " (2)

G"(p)= 024 (1+3p)'e ™ (3)

R(p)=235(+8p)(2p+1)(8p (04 p+1)) "(4)

a0, (p) = -k wAMe*W@+§wAMv““]<a

=
R

mM<M=niwAMe*W@—§wAMv“H]<®

k=1
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@9"15’2 (p) = (mLe,Z (p )_ M@o,z (p )+1)(M£e,2 (p )_ M@o,z (p )+2)_1 (7)
n (-1)r(2n-k+1) I'(n+1) (pe)
T (2n+1) I'(k+1)T (n-k +1)
r(2n-k+1)r(n+1) K
2 F(2n+1)F(k+1)F(n—k+1)(pT)

CuHTe3npaHuTe cucTeMu o “a, b, ¢” ca moaenupanu. Moenure ca CHMyJIUpaHU Ta-
payiesiHo, a pe3yJITaTUTE ca MOKa3aHU KaKTO clie[[Ba. 3a BCAKA €HAa OT CUCTEMHTE C
oruuTane Ha (2) - (3):

®¢ onpedeneno BpeMeTo Ha perynupane t, (¢ur.3.a u ¢ur.4.a) no npexoaHara GpyHK-

[

e " 2R")(p)="

(8)

S|

uus h (t) B 3arBOpenute “a, b, ¢” cucremu npu HoMuHaIeH Mozen G* (2) Ha oOekTa
3a yIpaBJlICHHE;

e¢ ouenena ycrounsocrra (¢pur.3.b,c,d u dur.4.b,c,d) ¢ momomra Ha 3amacure Ha
ycToM4YMBOCTTa IO Moy GM (9.a) u o ¢aza PM (9.b) mpu G* (2) Ha cucTtemute
“a, b, c”

GM =2010g,|W*(jo, )|, [dB] , (@,:argW*(je,)=7)(9.2),
PM = - (arg W= (je,))+180°) , [deg] , (@2 |W*(ja,)[=1) (9.b),

KBJETO: @_- CTOMHOCT Ha YeCTOTaTa @, 3a KOSITO apr'yMEHTHT Ha OTBOPEHATa CHCTEMa

nMa ctoiHocT 180° (w,  arg W*(jw,)) =7); @, - CTOHHOCT Ha YeCTOTaTa @, 32 KO-

1o |W *( jw)| uma croiinoct equnnua (@, ;|W * (ja, )| =1).
Tabn.1
cucmema cM PM il cucmema cM PM i
dB deg sec dB deg sec
PID 10.8 63.9 15 PID 10.8 63.9 15
oMy 12.6 83.9 600 DMm,,, 17.3 70.6 60
oM, 13.5 70.4 800 Dwm,,, 19 71.7 60
oMy ! 15.1 70 1000 D, ,, 20.4 73.8 60
oM~ 16.5 77 1300 Dwm,,, 18.7 75.8 60
oMy’ 17.7 77.4 1600 D, 17.1 77.6 60
oMy’ 18.7 75.8 1900 DM, 16 78.8 60
D, 15.5 79.1 60
GPOii 36eHA UM ZPYNU 36EHA CHC 3AKBCHEHUE cvomnowenue na koeduyuenmume ¢ DML-cmpykmypa

[To oTHolIeHHWe Ha 3amacuTe Ha ycToWuuBoctTa pesyamamume (pur.3.b,c,d u
¢ur.4.b,c,d), cucrematusupanu B Tabn.l, nomewprcoasam NpeTUMCTBOTO HA JIBY-
pexxumunte penerutuBau (5)-+(7) mpen crangaptHuTe cuctemu (4), HO ToBa € 3a
CMETKa Ha yBEIMYaBaHE HAa BPEMETO 3a perynupane t . Herosusar pasmep 3aBucu or

Oposi Ha M3IMOJI3BAHUTE 3BE€HA ChC 3aKbCHEHUE M M HE3aBHCH OT ChOTHOLICHHMETO HA
koeuumenture k, u k, B cTpykrypara. CUIHO M3pa3eHa € 3aBUCUMOCTTA Ha 3ara-

CUTC II0 MOIYJI U (1)3321, KaKTO OT 6p0$[ Ha H3II0JI3BaHHUTC 3BCHA CHC 3aKBCHCHHEC M,
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Taka U OT ChbOTHOLIEHUETO Ha KoepuuueHtute k, u k, B moguduuupanure DML -

CTPYKTYpH.
3a Bcska e€Ha OT CHUCTeMHUTEe ¢ ordyurTaHe Ha (2)+(3) chlmo Taka ca pealM3upaHu
eNyquist-pobacTeH aHamu3 MO XapaKTCPUCTUKATE Ha OTBOPCHATa CHCTEMa, ©
Nyquist-pobacTeH aHaIn3 1O XapaKTEPUCTUKKUTE Ha 3aTBOPEHATa CUCTEMa; ® OIpe/ie-
JICHU Ca 3alacuTe Ha podacTHA yCTOMUYMBOCT U HA pOOACTHO KAaueCTBO

e Upes nposenenust Nyquist-pobacTten aHamu3 1Mo XapakTEPUCTUKUTE HA OTBOPEHUTE
“a, b, ¢” cucremu (10)+ (11) ca moka3zanu pobOacTHaTa yCTOMYMBOCT U pOOACTHOTO Ka-
YeCTBO Ha JIBYPEKMMHHUTE perneTuTuBHM cuctemu (dur.5.a u ¢ur.6.a). PyHKIMOHA-
HOTO MHOecTBO IT (10) Momenupa HeonmpeaeIeHOCTTa B pealHus 00eKT 3a yrpaBJie-
nue, KpaeTo I(jow)e G(jw). To ce ompenens upe3 Bapuanuure A G Ha XapaKTEPHUCTHU-

KaTa Ha peajHusi OOEKT G OKOJIO HErOBUSl HOMUHANEH moden G*. MakcumanaHa
CTOMHOCT Ha Ta3u pernapameTpHu3aliys u/uin Ha peCTPyKTypupaHero /, (pecreKTHBHO

() onpenens T.H. “cuymen Ha Haii-2opna 2panuua’ Mojen Ha obexkra G". Bapua-

UUTEe Ha G Ca MMPUYMHATA 32 MPOMEHU B XapaKTEPUCTHKATa Ha CUCTEMaTa, MOJe-
naupaHu ¢ GyHKIHOHAITHOTO MHOKeCTBO 7 (11). MetoasT Ha Nyquist-ananusa mpenc-
TaBs rpaduuHo (hopMmara Ha 7 UYPE3 CEMEMCTBOTO OT Kpbrose 7 (jw, ). LleHTpoBe Ha

7(jw) ca uzobpassBamUTE TOYKH o, Ha Xojgorpada Ha HOMUHAIHAMA OMEOpeHa
cucmema W *(jo )=R (jo,) G*(jw,). 3a Bcsika CTOWHOCT , Ha YECTOTATa @ CHOTBET-
CTBAILUAT KPBI' 7 (@) € TEOMETPUYHOTO MACTO HA TOYKH, KOETO MOXKE JIa 3aEME HM30-
OpassBamiaTa TOYKa @ =@, B PE3yNTal HAa BapHAlMMTE Ha peajHaTa CUCTEMA
W(jo)=R (jo)G(jw), ot W*(jw) n0 “cmymenama na naii-copna zpanuya” cuic-
tema W*(jo,)=R (jo,) G"(jw ). PanuycsT r’(@,) Ha ChOTBETCTBAIMSA HA BCSIKA CTOM-
HOCT @, KpbI' 7(jw,) ce onpenens ¢ (12), a mapaMeTPUYHOTO ypaBHEHUE HA OKPHIK-
nocrra 7°(jw, ), onmucsamara kpwra z(jo,), € (13):

j0)|<7, (), @<[0)

k<o), [falo)- el )| 9

jo), (0 e[0;=)) (11)

r' (o, ) =1, (o )R(e,) =1, (0 )R(0)6*(o )| (12)
o Re’ (o )=Re*(w )+ r(w )cosQ,(Qel0, »))

T (Ja)i): .

Im° (@, )= Im*(@, ) +r (@ )sinQ,(Qel0, »))
CucremaTa yCTOHYMBA 3a IC/IMs AMana3oH I1 Ha Bapuanunte A G (M B TO3H CMHUCHII
po0acTHO yCTOHYMBA), aKO MHOMXECTBO 72'(](0), CHOTBETCTBAIIO HAa 1, He oOxBarma
Toukara (-1, j 0) 3a HUTO eJlHA CTOMHOCT Ha YECTOTATa » B AMana3oHa o e [0,:0). To-

M(jo)-

AG(jo):

(13).

Ba € Bb3MOJKHO CaMO B CIIyYauTe, 3a KOMTO PA3CTOSHUETO OT KOSl U JIa € TOUKA o = o,
Ha W *(jo), ompesieneHo ChC CTOHOCTTA Ha Moyna |1+G*(w)R(a )|, Jo Toukarta
(-1,j 0) e mo-ronsamo ot paauyca (14) r’(w, )

ro(a’i ) = |G*(a)i ) R(a)i X zm(a)i ) (14).
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M3HMCKBAaHETO 3a IIOCTHIaHE Ha PoOACTHA yCTOMYMBOCT HA CHCTEMATA KBbM BCUUYKH
touku oT 7z(jw) (11) 3a Te3u ciyuan, ca orpasenu ¢ (15), (16) (¢pur.5) 3a Bapuanuure

(2)-(3)
1+ G*(@)R(@)| > (o) Vo (15),

1+G*(®)R(w)| > |G*(@)R(w)| 7, (@) Vo (16).

Nyquist-Robust Analysis of Systems Nyquist-Robust Analysis of Systems
T T T T T T T T

Imag (w)
Imag (w)

9 2 1 - 1
dir.5% real fa) real (@) Pur:6.a
Sensitivity Robust Anaiysis -=+(m),RS(g)of Systems Sensitivity Robust Analysis -RP(m),RS(g)of Systems
10 T T T 10 T T T
| |
S
DM,
T
| |
g g ,2,4,6,810
H H R
5} 5} | |
14 14 | |
& 15 7 - ERREREEE
2 2 | |
2 20 = - e B
= S, o | |
2 s \ g g . I
_ \ 7 \ ﬁ,
30 - K - -
|7 ()7, (0)] + |ex(o)v (o) - *(w)v(e)] -
|
351 — - = - e
| n* ( 2 )| ln ( 2 ) \ \
40—
0, 2 3 4 5 6 7 8 9 10 8 9 10
(bl/lr-ls-b Frequency (rad/sec) Frequency (rad/sec) CbVlF-G-b

gobust Stab.Margins "Kmsol(.)' and Robust Perf.Margins "Kmpol(-)" of Systems gobust Stab.Margins "Kmsol(.)* and Robust Perf.Margins "Kmpol(-)" of Systems
T T T T T T T T T

20*10g10[System(w)] (dB)
20*10g10[System(w)] (dB)

Frequency (rad/sec) Frequency (rad/sec)
e C momorira Ha IpOBeleHHS POOACTCH aHANM3 110 XapaKTEPUCTHKHUTE HA YyBCTBH-
TEJIHOCTTA Ha 3aTBOpeHHTE “‘a, b, C” cuctemu u 3a Bapuanuute (2)-+(3) ca mokazaHu
pobacTHaTa YCTOMYMBOCT U POOACTHOTO KA4ECTBO HA JBYPE)KUMHHUTE PEIICTHTUBHUTE
cucremu ¢ momudurmpann DML-ctpykrypu (¢ur.5.b u ¢ur.6.b). 3arBopenure cuc-
TEMH ca poOACTHO YCTOHYMBHU U C poOACTHO Ka4eCTBO, aKO Ca M3ITbJIHCHN U3NCKBaHU-
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STa KbM (PYHKIIMUTE HA YyBCTBUTCIIHOCTTA €* M Ha JOMBJIHUTEIHATA UYBCTBUTECIHOCT
n* .
|77*(a))| 7 (o) <1, Vo (17),
‘n*(w)zm (a))‘ + le*(@)v(@)|<1, Vo (18).

Pesyimamume (pur.5, ¢ur.6) doxazeam, ye B 3amanenata ¢ (2)-(3)obmact mo-
auUIIpaHUTe ABYPSIKUMHHM peneTUTUBHU cuctemu (¢ur.2) “b,c” ynosnerBopsiBat
n3nckBanusaTa (15)+(18) u ca pobacTHO ycToiunBH M ¢ pobacTHO KadecTBo. CucTe-
Mata “a” cbe cranmapren PlID-perynatop (4) noka3aHo He yIOBIETBOPSBA U3HUCKBa-
Husita (15)+(18). ToBa e ChIIECTBEHO MPEAUMCTBO Ha JABYPESKUMHHUTE PETICTUTHBHU
CUCTEMH U MOTBBPKJEHUE, Y€ C OMOIITa Ha npemioxenute DML-cTpyktypu ABy-
peKUMHHUTE perieTuTuBHU “D, € (pur.4) ca mpuBeseHN B Kilaca HA CUCTEMHTE C PO-
OacTHH CBOMCTBA.

e OmnpejenieH € 3amachT Ha podacTHaTa YCTOWYMBOCT [/] MO XapaKTEPUCTUKUTE Ha
orBopeHute “D, C” nBypexxumuu penetutuBHH cucteMu (5)+(7), K, oo, (19) (pur.5.c

u ¢ur.6.c) 3a Bapuanunte (2) -+ (3)

) r (jo)
K soL (a))_ |1+R (]a))G*(Jw)|

Onpeoenen e 3anaceT [7] Ha poOACTHOTO KaueCTBO K, oo, (20) (dpur.5.c u dur.6.c) Ha

Sl,Va),a)e[O,oo)(lg).

penerutuBauTe (Pur.4) “b, ¢’ cucremu (5) + (7) 3a Bapuaruure (2) = (3)
(o) TR 0)E" (0] 1 ()
M POt 11+ R (jo) G (jo)|

3anacute Ha pobactHocTTa (19)-(20) ca KomMYecTBEHa OIEHKA Ha CIIOCOOHOCTTA Ha
CHHTE3MpaHaTa CHCTEMa, 3ama3Baiiki poOaCTHUTE CH CBOWCTBA, Ja MPOTHBOCUCTBA
e(EeKTUBHO TMPH MaPAMETPUUHN M CTPYKTYPHHU CMYIICHUS U3BBH 3aJI0KCHHUS B IPO-
1eca Ha MPOCKTHPAHE JAWANa3oH Ha pernapaMeTpusanus U pectpykrypupane (2)-(3).
KoskoTo mo-rojsiMa ¢ CTOMHOCTTAa Ha Ta3W KOJMYECTBCHA OILCHKA 3a ¢HA CHUCTEMA,
TOJIKOBA MO-IIMPOKHU III¢ ¢4 HEHHUTE BH3MOXKHOCTH 332 ¢EKTUBHO MPOTHUBOICHCTBHUEC
Ha CMYIICHUSTA U3BBH NPEANPOCKTHUTE HOPMH.

Sl,‘v’a),a)e[O,oo)(ZO).

3a paznuka ot 3amacute GM u PM (9) Ha ycroifunBocTTa Ha CUCTEMH ¢ (DUKCHPAHU
CTPYKTypa U mapameTpH (KOJMYECTBEHO OMPEASISIN Ce KaTo CKaJapH), 3alacuTe Ha
pobactrocTTa (19)-(20) ce onpenensar kaTto hyHKyuu Ha uecmomama u He ca cKa-
Jnapuu oyenku. Te ca KoIMYecTBEHA OIIEHKA Ha POOACTHUTE CBOWCTBA HA CHCTEMHU 32
yIIpaBIICHUE HA MHIYCTPHAIHM 00EKTH, YnuTo aHaauTrieH Moaen I1(jo)e ¢(jo) (10)

BapHpa MapaMETPUYHO M CTPYKTYPHO KaTO (PYHKLHUS HA BHTPEIIHMTE CMYILICHHS &
(¢ur.4), Ha amproOpHATa HEONPEIEICHOCT.

3anacvm na pooacmna ycmoituueocm k,, o, (o) (19) ce onpezens Kato OTHOLIEHHE
3a BCSAKA CTOMHOCT Ha YECTOTaTa o =, Ha paguyca r’(w,) Ha BU3yalu3HpalluTe all-
propHaTa HeompeseneHocT Kpbrose 7°(jo,) u pascrosuuero |1+G*(w) R(a

)| ot cb-
OTBETHATA TOYKA Ha Xoxorpada Ha HOMHMHAHATA OTBOpeHa cuctema W *(jw,) 10 TOY-
kara (-1,j0).

144



3anacvm na poéacmno kauecmeo X, ., () (20) ce onpenens Karo OTHONIEHHE 3a
BCsIKa CTOMHOCT Ha YECTOTAaTa =@, Ha pasliMKara Ha pa3cTosHueTo oT W *(jw) 10
Toukata (~1,j 0) ¢ paamyca Ha BU3yauM3UpaIlUTe AI[PUOPHATA HEONPEAETEHOCT KPh-
roee r’(w,) u pascrosaueTo oT W*(jw) 10 Toukara (~1,j0), onpeneneHo ¢be CTOM-
HOCTTa Ha Moty |1+G"(e) R(e,)|.

4. 3BAK/IIOYEHUE

[Iperennuure Ha pa3paboTKaTa ce M3pa3sBaT B IMOCTUTHATUTE OPUTHHAIHU U HOBH
pe3yaTaTH, METOAM M JOKa3aTeJICTBA, IPEJOCTAaBSIIN PAllIOHAIHU PELICHHS B Pa3BU-
TUETO U MPUIIOKEHUETO HA CUCTEMUTE 3a PETIETUTUBHO YIIPaBJICHUE!

eJ[okazana e eekTuBHOCTTA Ha mnpeanoxenute moaupunupann DMRC cuc-
TEMU Ype3:

-CpaBHUTENHA OlLIEHKA HA KOJMYECTBEHHTE IMOKA3aTeld Ha KadyecTBOTO (ompese-
JICHU C BPEMETO Ha PETyJIMpaHe U ChC 3aIacuTe Ha yCTOWYHBOCTTA),

- 10Ka3aTeJICTBO Ha poOaCTHUTE CBOMCTBA,

-CpaBHUTEJIHA OlLIEHKAa Ha KOJMYECTBEHUTE IMOKa3aTeNd Ha POOACTHHUTE CBOWCTBA
(ompeneneHu che 3amacuTe Ha podacTHATa YCTOHYMBOCT M Ha POOACTHOTO Kavec-
TBO)

Ha CTaHJApPTHUTE U Ha JIByPEKUMHUTE PENETUTUBHU CUCTEMH IPU €IHU U CHILIU APY-
I'l yCIIOBHUS,

ePerieHn ca MHOXXECTBO YHMCIIEHU MPHUMEPH, MOTBBPKIaBalIl paboTOCIOC00-
HOCTTA Ha NPEIJIOKEHUTE METOIU 3a MPOEKTHUPAHE Ha CUCTEMUTE 32 JBYPEKUMHO pe-
NETUTUBHO yNpaBJlieHNe, U3noi3pamu Moaupuuupanu DML- ¢uitpu ¢ namer.
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MOIEJIMPAHE HA ®PEPMEHTAIIMOHHU ITPOLECH 3A ITOJIYYABAHE
HA AMUHUKUCEJIMHHU YPE3 UHOUHUTE3ZNMAJIHU OITIEPATOPU

IHanko I'eoprues

Pe3tome: B pabomama e nokazan eOuH nooxoo 3a Npuiodicerue Ha UHGUHUMeUMAT-
HUmMe onepamopu 3a Mooenupare Ha OuomexrHosocuuHu npoyecu. buomexonoeuu-
HUmMe npoyecu ca NPeou3sUKAmMenIcmaeo U NOCMAassam CepuosHu npoodaemu nped meo-
puaAma U NPULONCEHUemo Ha MOOeIUPanemo, ONMUMUSAYUAMA U YNPABLEHUEmO.
DepmenmayuoHHume npoyecu ca eOHu Om OCHOBHUME NPOYeCU 8 UHOUYCIMPUATHAMA
muxpoouonozus. Cneyughuunume ckopocmu ca eona om Hail - 8adCHUMe Xapaxme-
pucmuku Ha pepmenmayuonnume npoyecu. Cneyugpuunama cKopocm HaA pacmednic
ce onucea upe3 UHQUHUMEIUMATIeH Onepamop U ce Onucea 4pe3 nooxooauo ouge-
PEHYUATHO YpasHeHue. AHAIUMu4YHOmo peuleHue Ha mosed ypaeHeHue ce Noyyasd
ype3 npedcmagenusim nooxoo. Ilonyuenomo peweHue CUMYIAYUOHHO Ce U3CAE08d.
Kntouoeu oymu:. moolenupamne, 6e3kpaiinu onepamopu, (epmenmayuoHHume npo-
yecu, AMUHOKUCETUHU

MODELLING OF FERMENTATION PROCESSES FOR AMINO ACID
PRODUCTION USING INFINITESIMAL OPERATORS

Tzanko Georgiev

Abstract: This article deals with an approach of application of the infinitesimal oper-
ators for solving a problems connected with modelling of the biotechnological pro-
cesses. Biotechnological processes are a challenge and state serious problems for the
theory and application of the modelling, optimisation and control. Fermentation pro-
cesses are main field of the industrial biotechnology. Important characteristics of the
fermentation processes are the specific growth, utilization and production rates. Spe-
cific growth rate is described by an infinitesimal operator and satisfied an appropri-
ate differential equation. Analytical solution could be derived by the discussed ap-
proach. Simulation investigation proves the derived analytical solution.

Keywords: modelling, infinitesimal operators, fermentation processes, amino acids

1. INTRODUCTION
Biotechnological processes are a challenge and state serious problems for the theory
and application of the modelling, optimisation and control [3][6]. Fermentation pro-
cesses are main field of the industrial biotechnology [2][7]. Amino acids are an im-
portant product of the industrial microbiology and the main fields of their applications
are [1][5]: food (human nutrition) industry, feed (animal nutrition) industry, cosmetic,
medicine, chemical industry.
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Modelling of the biotechnological processes includes the following stages [6][3][7]:

Determination of number of generalized stoichiometric equations.
Estimation of the yield coefficients.

Synthesis of the specific rate models.

Synthesis of the dynamic model of the process.

Linear semigroup operators are an important part of the operator theory from the
functional analysis [8][9]. An introduction of the semigroup and infinitesimal opera-
tors is presented as in the beginning.
Definition 1. [8][9] A family of a linear bounded operators are said to be semigroup if
is fulfilled:

i. T(O)=1.

i T(+t)=T)T(E)=TE)T(E).
i, TOTE) " =1.

Iv. The semigroup is called strong continuous at a point t=0 if it is fulfilled

[T(t)x—x|—>0 , subjectto t — 0.

An infinitesimal operator is defined for any semigroup (or group) of the linear opera-
tors in a Banach space. The infinitesimal operator is denoted by A and is defined on a
some subset D(A) of the Banach space (domain of the operator).

Definition 2. [8][9] The infinitesimal operator is defined as a limit
:Allm T(A)x—x. (1)

—0 A

The operator A is a linear operator.

Definition 3. [8][9] A bounded linear operator R(A,A) mapping Hilbert space (H) on
itself is defined by the formula

R(,A)X= [ T(t)xdt, Re 4 > an, 2

where w, = fim M:inf (@], If g is a finite number and A is a complex
—

number.
The operator (2) is called resolvent operator connected with the linear operator A. The
properties of the resolvent operator are as follows:

I. The resolvent operator is obtained by Laplace transform of the semigroup opera-
tor T(t) as is shown
T lim
R(A,A):_l.e T (t)dt, and l_)wiR(/l,A)x: x, forx e H.
Il. The set of the elements R(1,A)x for x € D(A) is a dense subspace in D(A) and in

H respectively.
iii. For every element x € D(A) the following limit is fulfilled
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M (2R(, A)x= )= Ax.
Rel — o

iv. Resolvent equation. For every two complex numbers A and x the following equa-
tion is fulfilled

R(Z A)=R(z, A)= (1= 2)R(1. AR(%,A).

Infinitesimals operators describe abstract Cauchy’s task. Let A be an infinitesimal
generation operator of strong continuous semigroup. The abstract Cauchy’s task with

right side is stated as
dz_gt): Ax(t)+Bult), (3)
subject to defined initial conditions x(0) = xo, and A is a infinitesimal operator, B is a
linear continuous operator mapping separable Hilbert space Hs on H.
It is supposed that the function u(t) is a continuous bounded weakly measurable func-

tion. The solution of the task (3) is obtained by
x(t):T(t)x(O)+IT(t— 7)Bu(z)dz, (4)

and this is a unique solution based on properties of the function u(t) and the initial
conditions x(0).
The key element in this solution is the semigroup operator T(t). Reconstruction of the
semigroup operator T(t) includes the following steps:
1) Determination of the resolvent operator R(4,A) as follows
R(4,A)=(A-21)", (5)
where A is a complex number and | is an identical operator.

2) Verification and investigation for existence of the contraction semigroup of op-
erators based on infinitesimal operator by the inequality

[R(AY

s%ﬂ, for every 4 >0. (5)

3) Construction of the appropriate exponential semigroup as follows
S, (t) = exp(ti®R(1, A)- t). (6)

4) Investigation a limit of the semigroup operator S,(t) when A approaches infinity
as it is shown
lim
A—> 0
for every x € D(A) - domain of the infinitesimal operator A.

S,(t)x > ex~T(t)x, (7)

It could be seen, that the application of the above procedure based on infinitesimal
operator A derives to the semigroup operator T(t) and the solution of the abstract Cau-
chy’s task. Important characteristics of the fermentation processes are the specific
growth (w), utilization (v) and production (p) rates. The well-known hypotheses con-
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cerning the specific rates of the amino acids biosynthesis are utilised as follows
[4][10]:

1= u(S.C)v=v().pp = p(u)pp = p.X),  (8)
where: X is a biomass concentration [g/l]; S — substrate concentration [g/l]; C - dis-
solved oxygen saturation [%] and the subscript P is a notation for the product.
One of the first models of the specific growth rate is the model introduced by Monod
(1942) [2]. This article deals with analysis of the hidden properties of the Monod’s
model. These important hidden properties are as follows: hidden linear structure ob-
tained by the appropriate transformation of the variables [7], hidden exponential struc-
ture derived after transformation and Pade’ approximants application [7][11], hidden
operator structure. It means presentation of the model by sequential application of the
operators, the inverse function of the Monod’s model exists.
The base result of the article presents an application of the infinitesimal operators for
expression of the dynamics of the specific growth rate by a differential equation. The
presented procedure is an experiment of generalization of the hidden Mono properties.
The base results are illustrated by simulation investigations [12].

2. APRELIMINARY INVESTIGATION

It is considered, as a preliminary investigation the growth of microorganisms on a
single limiting substrate in a stirred tank in batch mode. This growth reaction is ex-
pressed by the following scheme:.

k,S—%—X, 9)
where: k; — stoichiometric coefficient [.], ¢ — rate of the generalized reaction [g/1/h].
Calculation of the specific rates is a final aim of the primary data processing.
The stages of the primary processing procedure are:transformation the different meas-
urable units of the concentration to unit [g/l], equalization of the fed-batch process to
batch one, calculation of the specific rates: growth rate (z), substrate utilisation rate
(v), amino acid production rate (p).
The specific growth rate, the rate of substrate utilisation, the specific production rates
are calculated by equations:
S L
Y 1Pp = 7 ! (10)

where : the transformed experimental data, relevant to the variable volume fed-batch
fermentation, are used in formula (10).

X
m=

2.1. Hidden Properties of the Monod’s Law

One of the first models of the specific growth rate is the model introduced by Monod
(1942) [2]. The original model is as follows

S

—_— 11
Ks+S (1)

1(S) = ey
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The hidden properties are revealed as follows. The reciprocal transformation of the

model (11) is
1 _Ke+S_K 1,1 =a11+a0. It could be seen that the linear structure is
:u(S) :umaxs :umax S /umax S

presented in the model.

The hidden exponential structure is based on the Table 1 of the Pade’s approximants

of the function EXP(Z).

Table 1. Approximation of the EXP(2).

L
v 0 1 2

0 1 1+Z 2+427+2°%
1 1 2

1 1 2+7Z 6+4Z+72

1-7 2-7 6-227
) 2 6+22Z 124+6Z+Z2
2-27+272° 6-4Z+272° 12-47+272

where M, L are polynomials.

The Monod’s model is transformed as follows u and by the substitu-

1
(S)Zﬂmax%
tion z =% it is obtained ﬂ(s)=ﬂmaxi. The last equality is presented in the table
but for the function EXP(-Z). This involves the  expression
u(S)=u, e zumaXEXP(—Z)zumaXEXP(—%). It could be said that the last equality pre-
sents an approximation of the exponential function.

The hidden operator structure is connected with the formula «(S)= u,,, ﬁ asitis

above shown. The operator structure is explained as u(S)= x,,, diZ(El(In(Z ), where the

shift operator is denoted by E*" .

The formal description of the Monod’s model is a scalar function denoted by u =

U
+u

4(S). The inverse function could be written as S = S(u) = K|

max

2.2. Dynamic Model of the Batch Fermentation Process

The batch fermentation process could be described by the following system of equa-

tion
%@kajﬂ(sm (12)

where the initial conditions are X(0) = Xo, S(0) = Sp and k; is a coefficient.

151



The model (12) describes the general stochiometric equation (9). The Monod’s model
describes the exponential phase and stationary phase. Description of the lag phase in a
growth curve of a bacteria culture extended the model (11) as follows

#(S.)= Ha %Jrs(l—exp(—l_in , (13)

where L is a lag period [h].
Simulations of the model (12) are as follows

0.7,

(G5cc8ecess -©- Specific growth rate - SGR [1/h] r

INd
o
T
o
)

N
T

o

o

X-[g/l, S -9/
=
[ o
SGR [1/h]
° o °
N w S

o

wn
o
[

o

0 1 2 3 4 5 6 7 8
Time [h]

Fig.1. Biomass concentration and Fig.2. Specific growth rate
substrate concentration

o

3. MODELLING OF THE MONOD’S SPECIFIC GROWTH RATE

Specific growth rate described by the Monod’s model could be transform by using the
substitution Z=S/Kg as

S
> 7k, z-1 (14

KS+S::umax l+s _:umax 1+Z
KS

Based on the previous equality (14) the specific growth rate could be present as
du d (.
——=Au, A=—IE'( 15
el ” (E*() (15)
where A is an infinitesimal operator derived from strong continuous semigroup of the
operators.
The presented above procedure for reconstruction of the semigroup is applied as fol-
lows.
I.The resolvent operator R(4,A) is obtained after Laplace transform (s is a complex
variable of the transformation)

R(4L,A)=(2-se*)" =

#(S)= ta

1
j,— Ses ' (16)

I1.Verification of the conditions for contraction semigroup. Let it is fulfilled

Ot 10, AT 1 A SN :
R(L,A)=(1-se°) == 1-=22| == 2. Based on this series it could be written
A A Aig 2
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contraction semigroup exist.
I11.Construction of the exponential semigroup as follows

S, (t) = exp(t1?R(1, A) - it)= exp([ ;_Sze jt] .

IV.Investigation of the obtained exponential group S, (t) when A approaches infinity as
S, (t)=exp(s.exp(st)).
V.Reconstruction of the semigroup by inverse Laplace transform derives as follows

T(t):exp[ Ks J (17)

. It means that the above series is a convergence one and the

S+ Kt
Based on this semigroup a solution of the equation (15) is obtained as

3 ol S

This solution could be presented graphically in Fig.3.
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Fig.3. Specific growth rate and analytical solution (18)
Take into account a lag period of the culture growth curve the specific growth rate is
described by the differential equation
1

A L, 1
L au=au(s), A= (19)

Following the previous approach we derived

I.Resolvent operator is R(A,A):A—la :
I1. The obtained operator is a contract semigroup satisfying (5).

[11.The exponential group with respect to resolvent operator is

/'{2
S,(t)= exp[(m—i}j :
IV. Reconstruction of the semigroup when 4 — o as follows

t

u(t)=exp(~at) u(0)+ [ au(S (x))exp(~a(t—))dr . (20)

0
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After application of the mean-value theorem with respect to x(S) and integration sub-
ject to zero initial conditions is derived the well known model

ﬂ<s,t>=ﬂ(s>[1-exp[—§]j. @

4. CONCLUSION
The following conclusions could be drawn so far:
1. The infinitesimal operators are an appropriate approach fot solving the prob-
lems described by ordinary and partial differential equation.

2. Application of this approach for specific growth rate in Monod model (Fig.3) is
an appropriate solution.

REFERENCES
[1] Aida K., I. Chibada, K. Nakayma, K. Takiymani , H. Yamada (1986), Biotechnology of
Amino Acid Production, Progress in industrial microbiology, Vol. 24, Kodansha Ltd., To-
kyo.
[2] Bastin G., D. Dochain (1990), On-line Estimation and Adaptive Control of Bioreac-
tors, Elsevier Amsterdam.
[3] Georgiev Tz., Al. Ratkov, St. Tzonkov (1995), An Approach for Mathematical Model-
ling of Fed-batch Process for L-lysine Production, Biothecnology & Biotechnological
Equipment, Vol. 4, pp. 84-92.
[4] Modak J. M., H. C. Lim (1987) Feedback Optimization of Fed-Batch Fermentation
,Biotech. and Bioeng., Vol. 30, pp. 528- 540.
[5] Leuchtenberger W. (1996), Amino Acids - Technical Production and Use, in Biotech-
nology, Sc. Comp.Rev. Edition, H.J. Rehm and G.Reed Ed., Vol. 6, pp. 465-503.
[6] Georgiev Tz., (1999), Modelling, Optimisation and Control of the Fed — Batch Fer-
mentation Process for Amino Acid Production, Proceedings of the Technical University,
vol. 50, book 1 — Automatics and Informatics, pp. 41-50.
[7] Georgiev Tz., Al. Ratkov, St. Tzonkov (1997), Mathematical modelling of fed-batch
fermentation processes for amino acid production, Mathematics and Computers in Simula-
tion, Vol. 44, pp. 171-285.
[8] Balakrishnan A. V., (1971), Introduction to Optimisation Theory in A Hilbert Space,
Springer — Verlag, Berlin — Heidelberg — New York (in Russian 1974).
[9] Balakrishnan A. V., (1976), Applied Functional Analysis, Springer — Verlag, Berlin —
Heidelberg — New York (in Russian 1980).
[10]Ratkov Al., Tz. Georgiev, J. Kristeva, V. lvanova, B. Ratkov, (2003) Comparative
Studies of Fed-Batch Fermentation Processes for Production of L-lysine and L-valine
Based on Mathematical Models, Proc. of the 25™ International Conference on Information
Technology Interfaces ITI 2003 (Modelling and Optimisation), Cavtat / Dubrovnik, Croatia,
June 16-19, 2003, p. 513-518.
[11]Baker G.A. Jr., at all, (1981), Pade’ Approximants. Part I. Basic Theory, Part Il Ex-
tensions and Application, Addison Wesley Publishing Co.
[12]MathWorks Inc., (2008), Language Reference Manual.

ABtop: Ilanko I'eoprues, rin. ac. kareapa '"ABToMaru3anuss Ha HEMPEKbCHATUTE
npousBoacTa”’, ®akynrer ABTOMaTHKa, TexHudecku yHuBepcuter - Codums, email:

tzg@tu-sofia.bg
HocTrhrnuna na 28.04.2012 Penensent npod. 1-p C. Hopranosa

154



Q T'oouwnuk na Texuuuecku Yuueepcumem - Cogpus, m. 62, kn.2, 2012
J Proceedings of the Technical University - Sofia, v. 62, book 2, 2012

CUCTEMA 3A OIITUMAJIHO IIUJ YIIPABJIEHUE B PEAJIHO BPEME
HA CUMYJAINHUOHEH MOJEJI HA ITIOJYINEPUOJINUYEH
OEPMETAIIMOHEH INPOLEC

Honbo Caasos, Ouumnus PoeBa

Pe3wome: B cmamuama e npedcmasena paspabomeHama cucmema 3a ONMUMATHO
ITH]] ynpasnenue 8 peanino 8peme HA HeNUHEEH CUMYIAYUOHEH MOOel HA NOJYNepuUo-
ouuen epmenmayuonen npoyec. Illocpedcmeom npomsina Ha debuma HA NOOXPAaH-
same, cucmemama noOObPHCA KOHYEHMPAYUama Ha 1oKo3ama Ha HCelaro Hugo. 3a
OYeHKA Ha Heusmepumume CbCMOAHUSA e pa3padomen U e pearusupan pa3uupeH
Gurmvp na Kaaman. Ilpednodicena e kopexyus Ha oyeHKama Ha KOHYeHMpayusama Ha
2NIOK03ama, KOmo HAMAIA8a GIUAHUEMO HA 3AKbCHEeHUemo 6 uzmepsanemo. /ladenu
ca pesyimamu HOMEwbPAHcOA8awju pabomocnocoOHOCmma Ha cucmemama 3da ynpas-
JIeHUe 8 peanHo 8peme.

SYSTEM FOR REAL TIME OPTIMAL PID CONTROL OF FED-BATCH
CULTIVATION PROCESS

Tsonyo Slavov, Olympia Roeva

Abstract: In this paper the system for real time optimal PID control of simulation
model of fed-batch cultivation process is developed. The system consists of two con-
ventional PC, two data acquisition devices NIDAQ-6008 and original software. The
developed software ensures real time control of cultivation process and user inter-
face. The controller is used to control the feed rate and to maintain the substrate con-
centration at the desired set point. The estimates of immeasurable state variables are
obtained by designed extended Kalman filter. A correction of the measured substrate
concentration is proposed. It reduces influence of substrate concentration measure-
ment delay on the control system performance. The experimental and the simulation
results confirm the good performance of the developed control system.

Keywords: Fed Batch Cultivation, PID Controller, Genetic Algorithm Tuning, Real
time Control, Extended Kalman Filter.

1. BbBEJIEHHUE

[Monynepuoanunure Gpepmentarmonnn mpouecu ([ITIPIT) ca eguu OT MHMPOKO H3-
MOJI3BAHUTE MPOIECH 3a CUHTE3 Ha PA3JIMYHU OMOMPOMYKTH KaTO MPOTEHHH, EH3UMH,
ouononumepu U ap. OT cucTeMHa rieaHa ToOYKa TE3H MPOIEeCH MOraT Jia Ce pas3riexk-
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JaT KaTo HEeJIMHEHHH, HeCTallMOHApHH O0eKTH 3a yrpasieHue. OcHOBHATA 11T HA YII-
PaBICHUETO € Ype3 OCUTYPSBAHE HA ONTHMAIIHU JKU3HEHU YCJIOBHS Ja C€ MOAOOPST
KauecTBaTa Ha KpalHus npoaykt. Hali-o01o 3amauara Moxe aa ce popmynupa KaTo
3a/1aua Ha PEryJIUPAHETO HA HIKOU OT IPOMEHJIMBUTE Ha ChCTOSHUETO OKOJIO KEITaHH
cToiiHOCTH. brarogapenue Ha JTOCTBITHOCTTa Ha CEH30PHUTE 332 M3MEpPBaHE HA TeMIIe-
patypa, pH, kucnopon u zip. B auTepaTypaTa ca IpeyIoKeHH MHOXKECTBO CHCTEMU 3a
yrpasnenue Ha [ITI®DII, nocpencTBoMm peryinupane Ha Temneparypa, pH, kuciopon,
obem Ha Ouopeakropa wiu ap. [1].

Enun ot edexruBHuTe moaxoau 3a ynpasienue Ha [IIIDII e nonabppkane Ha KemaHO
HUBO Ha KOHIIEHTpalus Ha cyOctpara. ToBa ce mocTtura mocpeicTBOM MPOMSHA Ha
nebuTa Ha TIOIXPAaHBAIIHS PAa3TBOP. 3a OCHINECTBIBAHE HA Ta3W CTpATETHs Ha YIpaB-
JICHWE B MPOMHUIUICHOCTTa Hai-uecTo ce m3noi3Ba [IM]] perymnarop [2-6]. [Topamu
¢akTa, 4ye u3MepBaHETO HA HIAKOM OT cherosiHUATa Ha [II1DII B peanno Bpeme e cui-
HO 3aTPYJHCHO /WM Ce€ XapaKTepH3Upa ChC 3HAYMTEIHO 3aKbCHEHHUE, B JINTEpa-
TypaTa uMa CPAaBHHUTEIHO MajKO pPEe3yJTaTH 3a pealM3UpaHe Ha TaKWBa CHUCTEMH 3a
ynpasieane. OOMKHOBEHO ce pa3paboTBa KOMIIOTHPHA CUCTEMA 3a yIpaBIICHHUE, pea-
Tu3upania copTyepeH CeH30p U yIpaBisBall aaropuTbM. TakuBa cuctemu, 6a3upaHu
Ha LabVIEW ca u3non3Banu B HIKOJKO OMOXMMHYHU WH)KCHEPHH MPUIIOKCHHS, KaTO
KJIeThYHU KynTypu ot apoxau [7], E. coli [8] u Ps. putida [9]. U3BecThu ca u Hi-
koJiko npuitokeHust Ha MATLAB 3a cumynupane u/vunu HaOmroaeHue Ha (hepMeHTa-
oHHU nporecu [10-12].

[Topanu penuiia choOpakeHUS MPEIU U3TPAKIAHETO HA CUCTEMATa € IeJIeCho0pa3Ho
Jla CE HANpaBsAT W3MHUTAHUSA HA aIrOPUTHMA 3a YIPABJICHHUE MPU YCIOBUS OJIM3KU 10
peanauTe. TOBa € BB3MOXKHO aKO CE€ pa3pabOTH XWUOpHIHA M3YUCIUTEIIHA Cpeaa 3a
CUMYJIMpaHe W YIPaBJICHUE Ha pa3rIekKaaHus mporec. Ta3u cpeaa BKIOYBa pabOTell
B pEaJHO BpeMe eMyJIMpaH HeMPEeKbCHAT HEJTMHEEH MOJIEI Ha MpoIeca U yIpaBIIsiBalll
anroputhM, peanusupan Ha PC; nporpamMupyem JOrHYecKd KOHTPOJEp; HU(PpPOB CUT-
HaJIEH KOHTpoJiep Wi Ap. To3u MOAXO0[ JlaBa Bb3MOXXKHOCT BbpPXY MOJENa Jia ce pa-
3UTpasiT CUTYallMH, KOUTO Ca OMACHU WJIM HEJOMyCTHUMU 3a MU3CIIEIBAHUS OOCKT U Ja
ce MpeJCKaXKke TIOBEJCHUETO Ha M3CiieIBaHaTa CUCTeMa NP Pa3IMYHU YCIOBHS H pe-
KUMU.

B Ta3u pabota e npencraBeHa pazpaboTeHaTa cUcTeMa 3a YIpaBJICHHUE B PEaHO Bpe-
M€ Ha eMyJinpaH HenpekbcHAT HenmHeeH Mozen Ha [ITIPII. Cucremara ce cbecTon OT
untepdeiicno ycrpoiictBo NI-DAQ 6008 u aBTopcku copTyep mHCTamMpaH Ha JBE
cranaaptau PC-ta. Ha mbpBHUS OT TSIX € MHCTAJIMpaH pa3pabOTEHUAT CUMYJATOp Ha
[IIIDII, a Ha BTOpHUS € MHCTaIUpaH pa3pabOTEHUAT AJITOPUTHM 3a YIpaBJICHUE. Y1I-
paBieHueTo ce popmMupa OT 1Be KOMIOHEHTH. [IbpBaTa OT TAX ce mojydyaBa OT HACT-
poenus 1o Henuuerinus mozaen Ha [ITIDII upe3 renernyen anroputsm nudpos [TU]]
peryJjiatop, a BropaTa KOMIIOHEHTa C€ IOJydaBa OT YCJIOBMSTA 3a MOJIIbp:KaHE Ha
mpolieca B TeKyIa paboTHA TOYKA. 3a OIeHKAa HAa HEM3MEPUMUTE ChCTOSHUA € pa3pa-
0oTeH U ¢ peanmsupan pasmupeH Guitep Ha Kanvan (POK). [pemioxkeHa e kopek-
U Ha OIICHKAaTa Ha KOHIICHTpanusATa Ha cyocTpara (T1roKo3a), KOsSITO HaMalisiBa BITU-
SHUETO HAa 3aKbCHEHHUETO B U3MEpBATEIHATA CUCTEMA.
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2. MATEMATHYECKHA MO/IEJI HA IIII®II HA E. coli MC4110
Junamukara Ha ITIIDII B mpocTpaHCTBO HA CHCTOAHUATA CE ONMCBA C YPABHEHUSTA!

X(t)=f(X.Q)+n(1)

B (D)
7s = HX+£(t)
|:7x 75(0) V() st (O] 0(t)=[n, (&) 7.0 0 n,_ 1],
s(t) Q(t) ]
/Umax(t) & (t) (t)—w}/x(t)
|1 7 (1) Q(t) _
f(X,Q)= Ty, (t)k +75(t) x (1) + m(%n—ys(t)) , H=[0 1 0 0],
Q(t)
L O _

KBJIETO 7, (t) € KOHIeHTpaIlust Ha 6uomacara [g.17']; . (t) - KOHIICHTpaIus Ha CyOCT-
pata [g1™]; V (t) - obem Ha Guopeaktopa [I1; s, (t) - MaKkcHMalHa crienudUYHA CKO-
pPOCT Ha pacTexk Ha MHKpoopranusmute [h]; Q(t) - meOHT Ha MOAXpaHBAIIUS IIPO-
aykT [LLh™]; 7, - KOHLEHTpanus Ha cyOcTpaTa B mOAXpaHBarius pa3teop [g.17']; k; -
KOHCTaHTa Ha Hacumane [g17']; Y, - MKoHOMMUYeH Koeduuuent [-]; 7, (t), n, (1),
1, (t), &(t) - B3aMMHO HEKOpENMpaHu OeJu LIyMOBE C HYJICBH CPEIHU CTOMHOCTH M
JTUCTICPCHH D =0.0025g’l2h™, D =0.001g°1h™, D =005lh73,

My My 77,0 max
D, =0.0025 g* I” h™*. [TapameTpute Ha mozena (1) na E. coli MC4110 ca ouenenu upes

ujeHTUGUKAIIMOHHA TIPOIeypa, Oa3upaHa Ha TeHETUYEH alTropuThM. M3non3Banu ca
peanHu excriepuMeHTanHn naHau [3, 13], usmepenu B IHCTUTYTA 1O HHXKEHEpHA XU-
MHsI HA YHUBEPCHUTETA B I'paJl XaHOBEP, KaTO HAYAJIHUTE YCIOBHs HA €KCIIEPUMEHTA
ca

t, =6.68h, 7, (t,)=0.81gl™, 7, (t,)=1.25g1", V(t,)=1.351. (2)

Canen uaeHTH(GHKAIUATA 32 CTOHMHOCTUTE Ha MapaMeTpuTe ce moiaydana [13]:
k, =0.012gl™, Y,,, =0.5, y, =100 gl

M3mepBaHeTO B peasiHO BpeME Ha KOHIICHTpaIMsATa Ha cyOCTpaTa ce€ OCHIIECTBSBA
MOCPEACTBOM HM3BaXKIaHE HA MPOOM C MUKPOOPTaHU3MH OT OMOpeaKkTopa M IMOCIe]-
BaIa 00paboTKa B CIIelMaTM3UpaHa U3MEPBATEIIHA CUCTeMa. Ts1 BHACS 3aKbCHEHUE OT
okojio 1 min. ITo Bpeme Ha 0OpaboTkara Ha poOaTa MUKPOOPTAaHU3MUTE B OMOpeaK-
TOpa MPOIBIKABAT J]Ja KOHCYMHpPAT TIIFOK03a, TP KOETO CE TOTyYaBa Pa3jiuKa MExIy
U3MepeHaTa KOHIICHTPAIKs Ha TII0KO3aTa W peajiHaTa TakaBa. Tas3w rpeiika B Haya-
JIOTO Ha TIpoIieca IMPU HUCKA KOHIIEHTpAIKs Ha OMoMacara € He3HaYuTellHa, HO C yBe-
JMYaBaHe Ha KOHIIEHTpALMsATa Ha OMoMacaTa HapacTBa 3HauuTenHo. B [3] e npemo-
’KCHa KOPEKIIMs Ha U3MEPEeHATa TIIF0K03a, KOSTO U3I0JI3Ba MMOCTOSIHHA CPETHA CKOPOCT
Ha pacTe)X Ha MUKPOOPTaHU3MUTE.

B paborara ce npejara 1a ce u3noj3Ba KOPEKIUsS Ha M3MEpBaHaTa KOHIICHTpAIHs Ha
cybcTpara ¢ MpOMEHJIMBA MaKCHMMalHa CKOPOCT Ha PacTeX Ha MHUKPOOPTaHU3MUTE.
Taka kopurupanata KOHIUEHTpALUS Ha TII0K03aTa Ce ONpeess OT
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e =70+ 20 O )

KBJETO At=60S € 3aKbCHEHHETO Ha M3MepBaTeIHaTa CUCTeMa, a u(t) € cnenuduyuHa
CKOPOCT Ha PAacTeX Ha MUKPOOPTAHU3MHTE, KOSITO C€ OMKCBA C MoJIe] Ha MoHO

()= (-0 @)

Ks + 75 (t) '

3. AJI'OPUTDHM 3A YIIPABJIEHUE

bnok cxemara Ha cucTemara 3a ynpaiicHHE ¢ rmokazaHa Ha dwur. 1. YnpasieHuero
(nebura Ha MOAXpaHBAIIHS PA3TBOP) CE ONPEIEIISI OT H3pas3a

u(k):ufb(k)+uff (k) ) (5)
KBJETO U, (k) € YacTra OT ympamisBauiusi curuai, gopmupana ot 1udposus 111
peryJsarop, a u, (k) € 4acTtra OT yHnpasJIIBalllUs CUTHAJ, KOATO MOAAbpiKa IIpolieca B

TeKyIara paboTHaA TOYKA.

- Corection of 75 |—
Seor 7X -t

Extended Kalman
- v Filter

Y Yy I .........

. - Controller -
« | Feed forward .

. control . .

. \ Utfrea) ”l lé
r ) PID Uthyegy A *|Qreal Cultivation 7s
—>O_. 74 o process >

Controller

A

®ur.1 briok cxema Ha cucTeMarta 3a ynpaBJieHUe
Curnanst u, (k) ce ompenens ot uzpasure [14]

gy () =y () +; (k) +ug (K), up (k) = K, (br (K) = 7qr (K)),
Ug (K) = ayUy (k=1)+h, (cr (k) —cr (k —1) = ygpr (K) + 750r (K 1)), (6)
U (k) =, (k=1)+by, (1 (K) = Zseor (K))+ b1 (1 (K=1) = eor (k=1)) +T(k =1) —u(k 1)
KBJIETO K ¢ KOe(UIIMEHT Ha MPOMOPLUUOHAIHOCT, b -TErJI0BeH KOSPUIIMEHT Ha 3aja-

nueto B [I-yactra na [1IM/] perynatopa, c-TerioBeH KOePHUIMEHT Ha 3agaHueTo B -
gactta Ha [I1]] perynaropa, U(k-1) - meOUT Ha MOaXpaHBAHETO clies OJ0Ka 3a orpa-

Hudenue u r(k) - 3amaBam curHan. Koedunuenrture b ,b, a, u b,ce onpenensar ot

napamerpure Ha HenpekbeHatus 1IW/] perymarop no uspasure:

T T TN
=Ko g B =0 A =i B =K e ()
d 0 d 0

KBJETO T, € TaKT Ha AUCKpeTu3anus, T, - BpeMEKOHCTaHTa HA UHTErpupane, T, - Bpe-

MEKOHCTaHTa Ha AudepeHipane U N - mapaMerbp Ha HUCKOYECTOTHUS (PUITHP Ha
nudepeHnuannara cberaBka. Mspas (6) omucsa mudpor [TU]] perymnarop ¢ aBe cre-
NICHH Ha CBO0OJIA U C aJITOPUTHM 33 aHTHUHTETPpaTHO Hacuiane[14].

CurHansT u, (k) ce ompenesns ot
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u, (k):Yl V (k) (k) 7 (k) G

SIX Yin = Vscor
Ot u3pasu (6) u (8) ce Bmwka, Ue 3a peann3upaHe Ha YIIPABICHUETO Ca HEOOXOIUMHU
M3MEpBaHUs HAa BCHYKH ITPOMEHJIMBH Ha ChCTOSHHETO. EAMHCTBEHO KOHIIEHTpAIMTA
Ha cyOcTpaTa ce M3MepBa B peajHO BpeMe. 3a MOIbJIBaHEe Ha JIMIICBamaTa nHdopma-
s e cunatesupad POK. Cien nuckperusanus Ha mozena (1) ¢ mppBa mpaBa pasinka
3a ypaBHeHusita Ha POK ce nomyyasa

X(k+1)=f, (k(k))+ Kewe (K+1)(7s (k+1) =7 (k +1)),
7s (k+1)= HX (k +1),

©)

KBJIETO
o (X(K)) =X (k) +ToF (X (K)),
5(() = [;?X ) 750 V(@) [lmax(.)}T € BEKTOP C OIICHKH Ha IMPOMEHJIMBHUTE Ha ChCTOSHU-

e10, Ky (.) - koedunnent na POK. Koebuuuentsr K- () ce onpenens ot
Kee (k+1) = [(F(k)P(k)F(k)T +D,) HT]X[H (F(K)P(K)F(K)" +D,,)HT +D, T, (10)

KBJCTO

0.001 O 0 O
0 0001 0 O
0 0 0 O
0 0 0 0.05

¢ IMBEPCUOHHATA MAaTPHULA HA IIYMOBETE HA JUCKPETHUTE CbCTOAHUA U D, =0.0025 ¢

aUcIiepcusaTa Ha usMepBarensus mym. Marpunara F(k) ce onpenens ot
F(X(K))=1,+T,@(X(k)), (11)

KBJIETO
a, a, A, a,
D)= T T e (1)
0O 0 O 0
o e (0700 O(K) P () i (K) (K, 75 (K)) 7 (K) g (K) 75 (K)
K () V() (K, +7: (k) (K, +7s(0)
W QM) L ARAK) (KA (K)
3 \72(k) T K75+7?S(k)’ 2 YS,X(K75+AS(k))’
QK Ay (K) (K07 (€) 7 () Bs (K)(K, +7 (K))
VK Y (K, +75(K)) Yo (K, +75 (K))
a :_Q(k)(z/in_?S(k)) a = x (K)7s () _
% V2 (k) T Yo (K, + 75 (K)
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KoBapuanmonnara matpuia P(.) ce onpeaens OT ypaBHEHUETO
P(k+1) =(1-Keye (k+ 1) HT)x(F(K)P(K)F(K) +D,q).  (13)
OueHkuTe mosyueHu ¢ ypaBHeHus (9) ce M3MON3BaT 3a ONpECIIIHE Ha yIpaBsiBa-

IIMS] CHTHAJI ¥ Ha OIlEHKATa Ha KOPUTUpaHaTa KOHIIEHTPAIKs Ha TIIfoKo3aTa. Taka u3-
pasu (6) u (8) mpuemar Buga

upreal(k):Kp(br(k)—;?Sw(k)), (14)
u, (K)=u, (k=1)+by(r(k)=7s, (k))+b,(r(k-1)-7,, (k-1)), (15)
us  (k)=auu, (k-1)+b, (cr(k)—cr(k—l)—y?Scor (K)+7s, (k—l)) , (16)

1 V(K)a(k)7x (k) > e B7c (k) oy 7s (k)
ug (k)= - y 7s (K) =7 (K)+——="=2At, u(k)=/i,, (K)——————
AL e — s (K)=75 (k) + =3 (k) = At ( )Kk%(k)
KBJIETO 7 M ji(k)ca OLEHKM Ha KOPUTMpaHaTa KOHLEHTpalus Ha CyOcTpaTa M Ha

cenu(uuHaTa CKOPOCT HA PACTEX HA MUKPOOPTAHU3MHUTE.

4. CUCTEMA 3A IINJ] YITPABJIEHUE B PEAJIHO BPEME HA CUMY/JIA-
IUOHEH MOJEJI HA IIOJYIIEPUOAUYEH ®PEPMEHTAIIMOHEH
IMPOLEC
brnokoBara cxema Ha pa3zpaborenara cucrema 3a [IN]] ynpaBienue Ha cuMyIaluoHeH

mozen Ha [IT1®DIT e mokazana Ha ¢wur.2.
PC 1

\ PC2
P o0e AU K—= AN ] @
NIDAQG-6008 |y [ 1y NIDAQ-6008 K==3 ;

®wur. 2 bnokoBa cxema Ha cuctemara 3a [I1/] ynpasnenne na moaen na ITIDII
OcCHOBHHUTE €JIEMEHTH Ha cHUCTeMara ca aBa cTaHaaptHu PC, nBa crnenwanv3upanu
mojyia 3a choupane Ha gaHau NIDAQ- 6008 na National Instruments u aBropcku
codTyep, ocurypsiBaill moTpeouTesicku nurepdeiic u padbora Ha cucTtemMara B peajgHo
Bpeme. Ha mbpBust PC e uncranupan copryep, peanusupaill airopuTbma 3a yipanie-
HUe oT T. 3, a Ha BTopus PC e mHCTanupaH codTyep, peanusupai] CUMyJaTop Ha
eMyJINpaH HenpeKbCcHAT HesnmHeeH mojell Ha [ITIDII, B KOWTO ce oTunTa 3aKbCHEHU-
€TO Ha CHUCTeMaTa 3a M3MepBaHe Ha KOHIIEHTpauusara Ha cyOcrparta. Ha ¢ur.3 u Ha
¢ur. 4 ca nmokazaHu UHTEPPEHCHUTE TPO3OPIM HA AITOPUTHMA 3a YMPaBICHUE U HA
cumynaropa Ha [ITI®DII. Expanst or ¢ur.3 naBa BH3MOXKHOCT 3a HAOJIIOJACHHUE B pe-
aJIHO BpeMe Ha Jie0uTa Ha MOJXpaHBaHETO, HA U3MEpEeHaTa KOHIIEHTpAIHs Ha CyOCT-
paTa, Ha OIleHKaTa Ha KOpUT'MpaHaTa KOHIIEHTpalus Ha cyOcTpaTa, Ha OIICHKHUTE Ha
KOHIIEHTpalusATa Ha OMoMacaTa, Ha MaKCUMaHaTa CKOPOCT Ha pacTeX U Ha o0ema Ha
OouopeakTopa. B cpenHara 4yacT Ha ekpaHa MoOraT Jla ce HaOJ0JaBaT MOMEHTHHTE
CTOMHOCTH Ha OLIEHKUTE Ha MPOMEHJIMBUTE HA ChCTOSIHUETO M HAa BXOJHO-U3XOJIHUTE
curHanu. ['opHara yact Ha unTepdeiica npeacTapisBa KOHTPOJIEH MaHes, Ype3 KOUTO
ce 3anasar napamerpure Ha [/ perynaropa, 3aganuero, Takta Ha U3MEPBAHE, UME

160



U IIbT Ha (aiiia 3a 3amuc Ha JAaHHU U CE MyCKa WM Ce CIIMpa CUCTeMara 3a yIpasJe-
HUE.

— s charesl il m = =
=2 | “ o P ums ™ oem

|
Outpat channel channel -
|| Ema 4 e e | Y oame f o

e [
o
Feer

Ghutase concentratisn

¥ T om0 ] m _'ul

e BRETEE

Taw o

®wur.4 UnTepdeiicen nposoper; Ha cumynatopa Ha [TTTDII

ExpansbT OT ¢ur.4 naBa Bb3MOXKHOCT 32 HAOJIIOJICHUE B PEAIHO BpeMe Ha Tpaduku u
MOMEHTHHM CTOMHOCTH Ha NMPOMEHIMBUTE HAa checTossHUETO Ha IIIIDII, Ha Henszmepu-
MaTa KOHIIEHTpalMs Ha cyOcTpara U Ha AeOuTa Ha noAaxpaHBaHeTo. ['opHara yact Ha
uHTep(deiica mpeacTaBIsiBa KOHTPOJIEH MaHeN, Ype3 KOWTO ce 3a7aBaT mapaMeTpUTe U
Havanaute ycnosus 3a [IIIDII, Takta Ha u3mepBane, UMe U BT Ha (haiia 3a 3aIUC HA
JaHHU U Ce TMyCKa UM ce crupa cumynaropa. CopTyepbT 1aBa Bb3MOKHOCT 32 PbYHO
WM aBTOMAaTUYHO MOJaBaHEe Ha e0uTa Ha MOAXPaHBAHETO U 3a M300p HA KaHAIu Ha
AIIT u ITAIT na NIDAQ-6008, kbM KOUTO ca CBBP3aHHU BXOJla U M3X0Ja HA aJropu-
ThMa 3a YIPABJICHUE.

5. EKCIEPUMEHTAJIHU PE3YJITATHU
PaboTocnocobHocTTa Ha pazpaborenara cucrema 3a [11]] ynpaBnenue Ha cumysanu-
o"eH mozen Ha [ITIDIT e moTBepaeHa ¢ ekcnepuMeHTaHn n3cnensanus. [IN/] pery-

JIaTOPBT € HACTPOECH 4Ype3 ONTUMHU3ALUOHHA IPOLIEAYypa C TEHETHYEH aJTOPUTHM IIPU
15

= I (r(t) — 74, (1))?dt . CTOMHOCTHTE Ha IapaMeTpPHUTE Ha peryjaropa ca
6.68

Kpurepui |

ise
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K, =0.6502, T, =0.0556, T, =0.5184, b=0.2352, ¢=0.7181, N =0.4832. TakThT Ha TUCKpe-
tu3anus ¢ T, =20 s, HauaigauTte ycnoBus 3a [IT1DI1 ca n3dbpanu cwrriacHo u3pas (2), a
HavyanHute ycnosus 3a POK ca

X(0)=[125 0.8 1.35 0.55], P(0)=diag(0.02,0.02,0,10).
Ha ¢wur.5 ca mokasanu pe3yaTaTH OT EKCIEPUMEHTa M OT CHUMYyJalusITa 3a
Yseor+ Vseor 1 Vs » @ HA QUT.6 ca Moka3zaHu chluTe pesyiratu 3a V u V. Ha ¢ur. 7 u Ha

(1)1/11". 8 ca mokazaHH peE3yJITaTu OT CKCIICPHMMCHTA WM OT CHUMYJIallUsATa 3a pcajiHaTa
Vx (I/I3‘{I/ICJ'IeHa apes 75cor)1 Yx | 7;x .

KopurvipaHa KoHUeHTpauus Ha cyGeTpara O6em Ha 6ropeakTopa
T T T T T

T 1.75 T T T
| | | |
Yscor #3MEPEHO v
—— - OueHka Ha V
....... N —e— V oT cumynauus
OueHka Ha yg,

5 17
— = = | =me=s=Yg o OT CUMYTIALMS | —

Yscor 19 ™

t[h

@ur. 5 Pesynraru 3ay,,, ®ur. 6 Pesynratu3a V u V

PearnHa KoHLeHTpaLms Ha Gromacata
T T T

KoHueHTpaums Ha Guomacara nsuucrneHa ypes S
20 T T

12

sl + 7y peanHo I A i
| | |
------- HO OT CUMynaums ——— HKa Ha
Yx PEaNiH OT cumyriaums | ‘ 1oL - Ouetkana v, | | N
16F ~ 4 e vasnerenounea s Fe———1—— 4 |
|

7| - M34KCRIEHO YpE3 S [ . Yy OT CumynaLms
|

Tx n34yuncneHo 4pes Ts

X g

t[h]

®dur.7 PesynraTtu 3a y, peasHo ®ur.8 Pesynratu 3a y, u y,

Pesynratute nmokasBar padorocrnocooHoctTa Ha PDOK. Toif naBa Hem3MecTeHU OIEH-
KA Ha TIPOMEHJIMBUTE HA CHCTOSHHUETO. Bukaa ce MONIOKUTEIHUIT €(PEeKT OT W3-
MOJI3BAHETO Ha OIlEHKaTa Ha KOPEKIMsATa Ha M3MepeHaTa KOHIEHTpalus Ha cyOcT-
pata. PerynaTtopbT Obp30 yCTAaHOBSBA U YCHEIIHO MOAABPKA y,., HA KEIAHOTO HUBO
ot 0.1g.I". B pe3yiarar Ha ToBa B Kpast Ha (pepMEHTALINATA CE TIOCTUTa KOHIICHTPALIHS
Ha Ouomacata oT npuOam3uTeaHo 20 g.I* (¢pur.7), 1oKaTo KOHIIEHTpAIUATa HA OHO-
MacaTa, U34KclieHa 4pe3 y, € 3HauuTelnHo mo-manka (pur.7 u ¢ur.8). Ha ¢ur.9 ca
MOKA3aHHU PE3YJITATH OT CUMYJAIUATa U €KCIIEPUMEHTA 32 £, , i, ,» @ HA ¢ur.10 ca
MOKAa3aHU aHAJIOTUYHM PE3YJTAaTH 3a YIIPaBJISBAIIUS CUTHA.
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MakcumanHa cneumdmyHa CKOpoCT Ha pacTeHe Ha MUKPOOPraHU3MUTE [Ne6uT Ha noaxpaHBaHeTo
15 0.1
T T T T I I T T T T

| S N e I I S A R

0.09}- - - | ——Q B—_

——em:= OT cUMyrnauvsa 008 - —-=====+ To o T T T T T T

Hmax

0.07} - - - -

| |
| |
e U OueHka Ha H
| | Hmax
| |
| |
| |
| |
| |

0.06]- - - - —

005 ——— - —— -1

B[]
VIh1]

|
|
0.04f — — — e A
|
|

003 — — — —y - T - ——— - ——— -
p | |

0.02 - e T R
| |
| |

oot M-~

| 1 |
| | |
| | | 1
7 8 9 10 11 12 13 14
t[h]

®wur.9 PesynraTtu 3a 4, ®wur.10 Pesynratu 3a Q

Ot Bcuuku (QUTYpH ce BHKAA JOOPOTO CHBIAACHHE MEXKIY PE3YyITaTUTE OT CHMYJa-
muute B SIMULINK u Te3u oT ekcnepuMeHTa ChC cHCTeMaTa 3a yIpaBjeHUE B pe-
aJTHO BpeMe, KOeTO IOTBBPIK/1aBa HEHHOTO Ka4eCTBO M pabOTOCTIOCOOHOCT.

6. SAKJIFOYEHUE

B cratusita e npencraBena pazpaboreHara cuctema 3a ontumando [1IHU]] ynpasnenue
B peaJTHO BpEME Ha HEJIMHECH CHUMYJIAIMOHEH MOJCI Ha TIONyIepHoIuieH hepMeHTa-
muoHeH mporec. Cucremara ce ¢hCTOM OT JBa cTaHAapTHu PC, aBa cnenuain3upanu
moxayna 3a ceOupane Ha ganHu NIDAQ- 6008 u aBTOpckm codryep, ocurypsBail
noTpeduTesicku uHtepdeiic u paboTa Ha cucTemMara B peajiHO BpeMe. 3a HamassiBaHe
Ha BIIMSHUETO HA 3aKbCHCHHETO OT M3MEPBAHETO HAa KOHIICHTpAIUATA Ha cyOcTpara €
MpeToKeHa KOPeKIus, Oa3upaHa Ha TIPOMEHJINBA BEB BPEMETO CIleu(pUIHa CKOPOCT
Ha pacTeX Ha MUKPOOpPraHU3MHUTE. 3a MOM'bJIBAaHE Ha JIMIICBaIiaTta WHMopMmaius 3a
IPOMEHJIMBUTE Ha ChCTOSTHUETO € CUHTE3UPAH U € pealu3upaH pa3iiupeH QuiIThp Ha
Kanvan. OT nony4yeHuTe OLEHKH Ha ChbCTOSIHUETO CE€ M3YMCISBA M OIIEHKA HA KOPEK-
[IMsATa HAa KOHIIGHTpaIusATa Ha cyocTpara. Ta3u oreHka ce n3noi3ea 3a popmupane Ha
yropasisiBanius curtain. [lagenu ca pesynratu ot paboTaTa Ha cHUCTEMara 3a yrpanJie-
HUe U oT cumyaanuu B cpeaara Ha MATLAB/SIMULINK. Biuszoctra Ha pe3yiTa-
TUTE TIOTBBPXKaBa pabOTOCIIOCOOHOCTTA Ha cucTeMara. ExcriepuMeHTamHuTe pesyJi-
TaTH MOKa3BaT MPEIUMCTBOTO OT M3IIOJI3BAHETO HAa OIEHKAaTa Ha MpeioKeHaTa Ko-
peKIUsS B aNTOpPUTHhMa 3a yIpaBlieHHWe. PerymaropbT yCHemHoO yCTaHOBSIBA W TIOJI-
bprKa peaHaTa HeM3MepruMa KOHIICHTpaIus Ha cyOcTpaTa Ha )KeJIaHOTO HUBO. B pe-
3yJATaT Ha TOBa B Kpas Ha (epmenTanusTa ce mnoigydaBa ¢ okoso /0 % mo-ronsima
KOHIICHTpaIMsl Ha OWoMacara, B CpaBHEHHE C Ta3W IMOJydYeHa MO HEKOpUTHpaHaTa
KOHIICHTpAIlUs Ha cyOcTpara.

BJIAT'OJAPHOCT
W3cnensanusiTa B Ta3u CTaTUs ca U3BbpIIeHU 110 npoekt JIMY 02/4 punancupan ot
®onnp ,,Hayunu uzcnenpanus’.
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PAZPABOTBAHE HA TbKAHEH BUOCEH30P 3A UBMEPBAHE
HA ACKOPBUMHOBA KNCEJIMHA

Antonns Ilangenosa

Pe3ztome:. Pazpabomen e buocenzop ¢ mvkan om Kpacmasuya 3a uamepeamne Ha KOH-
yenmpayus Ha ackopourosa xucenuna. Pazpabomenu ca mpu eapuanma ¢ paziuuno
KOAUYeCme80 mbKaH, 3al10AHCEHO 8 akmusHama memopana na dbuocenzopa — 15 mg, 30
mg u 50 mg. Oyeneno e erusHUEeMO HA EH3UMHOMO HAMOBAPBAHE 8bPX) U3XOOHUS
CUCHAN HA MbKauHUs Ouocensop. Excnepumenmanno ca nonyuenu @yukyuume Ha
npeobpasyeare Ha mpume OUOCEH30pPA, ONpeoeieH e U3MEPBAMeNTHUM 00X8am.

Knwuoeu oymu. mvranen 6uocen3op, ackopouHosa KUceiuna, ackopoam-oxcuoasa

DEVELOPMENT OF TISSUE-BASED BIOSENSOR FOR
DETERMINATION OF ASCORBIC ACID

Antonia Pandelova

Abstract: A biosensor with cucumber tissue for determination of ascorbic acid is de-
veloped. Three types biosensors with different amount of tissue, set in the active mem-
brane, are developed - 15 mg tissue, 30 mg and 50 mg tissue. The influence of the
enzyme loading on the output signal of tissue biosensor is assessed. Functions of
transformation of the three biosensor are obtained. The linear measurement range is
determined.

Keywords: tissue biosensor, ascorbic acid, ascorbate oxidase

1. BbBEJIEHHUE

AckopOuHOBaTa KUCEJIMHA, U3BECTHA olle karo ButamuH C wiu L-ackopOar, € BoIo-
pPa3TBOPUM BUTAMHH, KOUTO MPUCHCTBA B MHOTO OMOJIOTMYHU CUCTEMH M XPaHUTEITHU
npoayktu. [llupoko ce u3non3sa BbB dapManepTuyHaTa, XUMUYHATA, KOZMETHYHATA
Y XpaHWUTEJIHATa UHAYCTPUS KaTo aHTHUOKcUAaHT. HeoOxoquMa e 3a HOpMaJIHUAT Me-
Ta0OJIM3bM Ha TUPO3WHA, CBHP3aHa € C BBIJICPOTHUAS OOMEH.

JeduuuTsT Ha aCKOPOMHOBA KHUCEIMHA HApPYIIaBa HOPMATHOTO YCBOSIBAHE HA IIFOKO-
3ata. ACKOpOMHOBaTa KHCEJIMHA WUrpae (pyHaameHTanHa OMOXMMHYHA U (PU3HOJIO-
TMYHA POJIsl, CIOCOOCTBAKMA 332 HOPMAJIHOTO PAa3BUTHE HA ChEAMHUTENIHATAa ThKaH,
MPOLIECUTE Ha PEereHepanus 1 3a3/paBsBaHe, IOBUIIEHUE HA YCTOMYMBOCTTA Ha Opra-
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HU3Ma KbM Pa3IUYHHA BUOBE CTpPEC, MOAAbPKaHE Ha MPOIECUTE HA KPHBOTBOPCHE H
HOpPMAaJTHUSI IMYHEH CTaTyC Ha OpraHu3Ma. 3a ompeiessiHe Ha aCKOPOMHOBA KHCETHA
Ce M3I0JI3BAT Pa3JInYHU aHAJMTUYHH METOaH, kKato xpomatorpadeku [1], HPLC [2,
3], Borramnepomerpuunu [4] u np.

B nacrosimata paspaboTka € cb3gaZeH Ko-CyOCcTpaT YyBCTBUTEIIEH OMOCEH30p C U3-
MOJ3BaHE HAa THKAH OT KPACcTaBHIlA, UMOOWIM3MPAaHA BBPXY MOJIYMPOIMYCKIUBATA
MeMOpaHa Ha KHCJIOPOJCH enekTpoa. KpacraBuiiata chabpka €H3MMa ackopOar-ok-
cula3a, KOWTO KaTaau3upa OKHCICHHETO Ha aCKOPOMHOBATa KHUCEIHWHA TPU HATUYHE
Ha Kuciaopo. [IpuHIMITBT HA JACHCTBUE HA ThKaHHMS OMOCEH30p CE OCHOBaBAa Ha MPO-
THUYaHE Ha CJIeJHaTa OMOXMMHUYHA PEaKIys B 30HATA HA aKTUBHATA My MeMOpaHa:

2 L-ascorbate + O, + 2H" — 2 dehydro-L-ascorbate + 2H,0 (1)

ITon neiicTBue Ha eH3UMMa acKkopOaT—oOKCUAa3a, aCKOPOMHOBATA KHUCEIMHA CE XUAPO-
au3upa Ha aexuapo—L— ackopbar u HemHpOpMalMOHHHU NPOAYKTH. Peakuusita mpo-
TUYa ¢ KOHCyMalus Ha Kucyuopo. 11o KonuuecTBOTO KOHCYMHUpaH KUCIOPOJ Ce olpe-
JieJisl KOHLEHTpalusATa Ha aCKOpOMHOBA KUCEIMHA.

2. MATEPUAJIM U YPEIN

Kpacrasuiara (Cucumis sativus) e 3akyrneHa OT ThpProBckata Mpexa. ACKOpOHHOBa
KHCEJIMHA Ha Tpax € JocTaBeHa oT ¢upma Banepyc. Becnuku HeoOXoaumu pa3TBoOpH
ca MPUTOTBEHH C JECTHIIMpaHa BOJAA. 3a OTYMTAHE HAa KOHIICHTpAIMATa HA Pa3TBOPEH
KHUCJIOPOJl B M3MepBaTeNHaTa KJeTKa ce u3moi3Ba okcuMeTbp Ha pupma HANNA
INSTRUMENTS. IMudposa numnera tun PL100 ciayxku 3a mocraBsiHe Ha cyOcTpaT
(ackopOWHOBa KHCEMHA) C ONpe/IeieH 00eM B M3MepBaTelHaTa KJIEeTKa, KOSTO € C
obem 15 ml. TTocrosiHHO pa30bBpKBaHEe W XOMOTEHU3MPAHE Ha M3CIeABaHaTa cpea ce
ochbinecTBsiBa ¢ marautHa Obpkaska MSH300. 3a koutpon Ha pH Ha cpenara ce us-
noy3Ba pH-mersp Ha pupma HANNA INSTRUMENTS HI 251.

3. KOHCTPYKIMHUSA HA TBKAHEH BUOCEH30P

3a KOHCTpPYHpPAHETO Ha ThKaHHATa OMOCEH30pPHA CHCTEMa CE M3IO0JI3Ba ThKAaH OT Kpac-
taBuiia (CUCUMIS sativus), KosITO ChabpkKa eH3uMa ackopoOar-okcuaasa. Konerpykiu-
ATa Ha pa3paboTeHuss OMCEH30p € Moka3aHa Ha ¢ur.l, KaTo TS BKIIOYBA! €IEKTPOJ]
tun Kitapk 3a pa3TBopeH KHCIOpOJ B TEYHOCT; KHCIOPOJHA MeMOpaHa, IMpoIrycKaria
camo KHCIIOpOJ; aKTHBHA MeMOpaHa ¢ OMOJIOTHYCH MaTepHual, BKIIOUBAIl CH3UMa ac-
KopOaT-oKcHa3a, pa3noiokeHa BBPXY KUCIOpogHATa MeMmOpaHa; Auaau3Ha MeMO-
paHa, KOsTO MpeAna3Ba akTUBHATa MeMOpaHa OT U3ClieJIBaHaTa Cpea.
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@ur.1. KoHCcTpyKIns Ha ThKaHEH OMOCeH30p : 1 — Ts110; 2 — eNeKTPOoIuT; 3 —
U30JIallMOHEH Hocay; 4 — npetuckail O-NpbhCTeH; 5 — TMajin3Ha MeMOpaHa;

6 — akTMBHAa MeMOpaHa,; / — aHOJ; 8 — MPUTHUCKAIIAa TPUBHA,;
9 — monuerunenoBa memoOpana,; 10 — karon

KucnoponHusT e1exTpos, U3MO0A3BaH 3a LEIUTE Ha eKCIepUMEHTa, € MOoJIu(pUKaIHs
Ha enekTpoaa Ha Knapk, ¢ miocka 4emHa MOBBPXHOCT U MOJUETHIIEHOBA MEMOpaHa ¢
nebenmHa 25 M. PaboTtu Ha eNeKTPOXUMUYEH MPUHLHUIT C BHHIITHO MOJISPU3AIHOHHO
Hanpexenue. Katoapt, KbM KOWTO c€ MoAaBa OTPHUIIATEICH MOTEHINA, € C TUAMEThP
1 mm u e uzpaboteH ot 31aro ¢ yuctora 99.95%. 3a 06paboTka U U3BEKIaHE HA UH-
dopmarusiTa, MoTydeHa OT OMOCEH30PHHAT mpeolOpa3yBaTell, € U3IMOI3BaH KUCIOPO-
nomep HI 9145 na ¢pupmata HANNA INSTRUMENTS. Vpenst € ¢ TpupaspsaeH
JUCIUIEN U CIYXKU 332 HEMPEKbCHATO KOHTPOJIHMPAHE CHABPKAHUETO Ha KHUCIOPOJ U
TeMIlepaTypa B aHaJIM3UpaHaTa cpejia.

3a HampaBa Ha aKTHBHAaTa MEeMOpaHa Ha OMOCEH30pa Ce M3IO0JI3Ba ThKAH OT KpacTa-
Buna (Cucumis sativus). OnpeserieHo npeIBapuTeIHO KOJIMYSCTBO OT ITOJAKOPUETO HA
KpacTaBHUIlaTa C€ HAMa4yKBa BHPXY MPEIMETHO CTHKIIO JIO IMOJIyYaBaHEe HA XOMOTCHHA
Maca, KOSITO Ce TIOCTaBsl BbPXY MOJYIPOITYCKIMBaTa KACIOPOIHA MeMOpaHa, clie/ KO-
€TO ce 3aTBaps ¢ Juaiu3Ha MeMOpaHa, KaTo € He0OXO MO Ja ce CJIEIU Ja He ce pa3-
Tedye 4acT OT ThKaHTa. ClieJ] KOHCTPYHpPaHETO Ha OMOCEH30PHHSAT MpeoOpasyBarted,
CBIIUAT C€ TMOCTaBs B M3MEpBaTeIHa KJeTKa, chabpikama 15 ml 6ydepen pasrsop.
M3uakBa ce HEroBOTO CpabOTBaHE, T.. YCTAHOBSBAaHE Ha HadallHATA KOHIICHTPAIIUS
Ha Pa3TBOPEHHUS B HM3MeEpBaTeIHATa KJIETKa MOJEKYJsIpeH Kuciopon. Excriepumen-
TUTE C€ MPOBEKIAT MPU HETIPEKHCHATO pa30bpKBaHEe HA M3CIEABaHATA cpea U KOHT-
pOJ Ha TeMIieparypara. BIusSHHETO Ha CKOpOCTTa Ha pa3ObpKBaHE HA M3CJICBaHATA
cpelia € OT BaKHO 3HAYCHHE BHPXY BPEMETO 3a YCTAHOBSBAHE HA U3XOJHUS CUTHAJ OT
OMoceH30pHaTa CUCTEMa.

OnuTHaTa TOCTAHOBKA, C KOSATO Ca MPOBEJACHU EKCICPUMEHTUTE, € ToKa3aHa Ha
¢ur.2. CrcTom ce OT ThKaHEH OMOCEH30p, OKCUMETHP, MarHuTHa ObpKanka u pH-me-
Thp. ThKaHHUAT OMOCEH30p € MOTONEH BEPTUKAIHO B M3MeEpBaTelIHa KJIEeTKa ¢ 00eM
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15 ml ¢ pH 6.3. M3mepBatenHaTa KjIeTKa € MOCTaBeHa BbPXY MarHUTHAa ObpKaJka,
KOSITO OCHUTYPSIBa HETIPEKHCHATO pa30bPKBAaHE U XOMOTCHU3UPAHE Ha CpeiaTa.

®ur.2. OnuTHA ITOCTAHOBKA

4. EKCOEPUMEHTH U PE3YJITATHU

ExcniepumMenTtute ca mpoBeneHu npu ycranoBeHa temneparypa 23°C. TrkanHUST Ou-
OCEH30p Ce MOTarls B U3MepBaTeHa yaila, B KoITo ca mocraBeHu 15 ml Oydepen paz-
t80p pH 6.3 1 maruuTHa Obpkanka. C moMouITa Ha MarHUTHaTa ObpPKaJKa ChC CKO-
poct 700 rev/min ce ocurypsiBa HacuIaHETO Ha Oydepa ¢ pa3TBOPEH KUCIOPOI.

ExcriepuMeHTHTE Ce MPOBEXKAAT B YCTAHOBEH PEXKHUM. 3a MPOBEXKIAHE HA EKCIEpH-
MEHTAJIHUTE HW3CJEBAHUS CE HM3MOJ3Ba METOABT HA TOCIEJOBATEIHUTE JI00aBKH,
KOWTO C€ ChCTOM B CJIETHOTO:

1. I3yakBa ce yCTaHOBSBAHETO Ha W3XOJHHUS CUTHAJI Ha ThKaHHaTa OMOCCH-
30pHa CHCTEMA.

2. Caen KaTto U3XOJHUAT CUTHAJ JIOCTUTHE yCTaHOBEHA CTOMHOCT B M3MEpBa-
TeJHaTa KJIETKa Ce MOCTaBsl MHKEKIIMS C OTNpe/iesieH 00eM OT U3CleBaHus cyocTpar —
ackopOMHOBA KHCelnHA. BcreacTBue Ha MPOTHYAHETO Ha OMOXMMHYHA PEaKivs B
aKTHBHAaTa MeMOpaHa Ha OMOCEeH30pa ce MPOMEHS roJIeMUHATA HA U3XOAHUS CUTHAI.

3. M3yakBa ce HOBO yCTaHOBSBaHE HA M3XOJHHS CUTHAJ HAa ThKAaHHUA OMOCEH-
30p. 3anucBa ce CTOMHOCTTA Ha U3XOJHHUS CUTHAJ, KOUTO OTrOBaps Ha KOHUEHTpalHU-
ATa Ha U3MEpPBaHUs CyOCcTpaT B U3MepBaTeIHaTa KiIeTKa.

Besika cnenBaiiia MHXEKIUs OT CyOCTpaT ce MOCTaBs Clie]] KaTO U3XOIHUS CUTHAJ Ha
ThKaHHUS OMOCEH30p IOCTUTHE YCTaHOBEHA CTOMHOCT, OTTOBapsiilla Ha KUCIOpOoJHATa
KOHIICHTpAIUsl B peakiMoHHUs o6eM. [Ipomenupaiiku mo TO3M HA4MH CE€ MOCTPOSBA
byHkusaTa Ha peoOpa3yBaHe Ha ThKaHHUA OuoceH3op. I[lo oTueTenara KucCIOpoaHA
KOHIIEHTpALUs ce ONpeiessl CTOMHOCTTa Ha M3MepBaHaTa aCKOpOMHOBA KHCEJINHA.
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P33pa6OTeHI/I Ca TPHU TbKAaHHU 6I/IOCGH30pa B 3aBHCHUMOCT OT KOJIMYCCTBOTO TBbKaH OT
KpacCTaBulia, U3I10JI3BAHO 3a HAllpaBa HAa aKTHBHATA MeM6paHa Ha 6I/IOCGH30pa:

e TBhKaHEH OMOCEH30p ¢ akTUBHA MeMOpaHa 15 mg kpacrasuia
® THKAaHEH OMOCEH30p ¢ akTHBHA MeMOpaHa 30 My kpacTaBuIila
® THhKaHEH OMOCEH30p ¢ akTHBHA MeMOpaHa 50 My kpacTaBuiia

N300pbT HA MaTepuana, OT KOWTO ce MpaBU aKTUBHATa MeMOpaHa, KaKTO U KOJIHYECT-
BOTO 3aJI0KEH OMoMarepual, € OT rojsiMo 3HaueHHUE 3a MPaBUJIHOTO (QYHKIIMOHHpAHE
Ha OmoceH30pHaTa cucTema. B 3aBHCHMOCT OT LienuTe Ha U3MEpBaHe — AaJii € OT 3Ha-
yeHue Obp30JeHCTBUETO HA OMOCEH30pa WM YYBCTBUTEIHOCTTA WM € HEOOXOIUMO
Jla ce TOCTUTHE IMIMPOK M3MEpBATENHUAT 00XBaT, TpsOBa Taka Ja ce mojadepe KOiu-
4eCTBOTO ThKaH, Y€ MAKCHUMAJIHO J1a YJJOBJICTBOPH HAYaJTHUTE N3UCKBAHUS.

3a TpuTe ThKaHHM pa3pabOTeHH OMOceH30pa ca CHETH (YHKIIMHUTE Ha MpeoOpa3yBaHe.
OOeMbT Ha TIOCTaBSHUTE HHXEKIMKH ackopOuHoBa kucenmHa ¢ 100 pl, koero oTro-
Baps Ha 0.5 MM koHueHTpanus.

Ha ¢ur.3 e nanena ¢ynkiusara Ha nmpeoOpa3yBaHe Ha ThKaHEH OMOCEH30p C aKTUBHA
MemOpana 15 mg. JIuneitnuar usmepBareneH o0xsar € B aguanazona 0.5-3 mM, uys-
CTBHUTEIIHOCTTA Ha Onocen3opa ¢ 0.21 mM u 30Ha Ha HacHIIIaHE 3a KOHIICHTPAITUU HaT
3.6 mM. Bpemero 3a eqno uzmepBane € 13 - 15 munyTy.

Ha ¢wur.4 e nmokazana QyHKIusATa Ha TpeoOpa3yBaHe Ha THhKaHEH OMOCEH30p C aK-
tuBHa MemOpana 30 mg. Jluneiinata 30Ha € 10 1.5 mM. Bpemero 3a eqHo u3amepBaHe
e oT nopsiabka Ha 7/ — 9 munyTH. UyBcTBUTENHOCTTA HA Orocen3opa e 0.093 mM.
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@wur.3. OyHKIHS Ha Tpeodpa3yBaHe HAa ThKaHEH OMOCEH30Dp ¢
akTHBHAa MeMOpaHa 15 MJ ThKaH OT KpacTaBHIla
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akTuBHa MemOpana 30 MQ ThKaH OT KpacTaBHIla

A Co2, mO2/I

0.045
0.04 + /o
0.035
0.03 | /
0.025 /
0.02 - /
0.015 /

0.01

0.005 -

Sinj, mM

®ur.5. OyHkuMs Ha mpeobpa3yBaHe Ha ThKaHEH OMOCEH30p ¢ aKTUBHA MEMO-
pana 50 Mg ThKaH OT KpacTaBULa
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Ha ¢ur.5 e mamena xapakrepucTukaTa ‘BXOJ-M3X0JIT Ha ThKaHEH OMOCEH30p C akK-
TrBHA MeMOpana 50 mg. bruoceH30pbT HEe MOKa3Ba HUKAKBa YYBCTBUTEIHOCT, a KOJIe-
0aHMETO HA U3XOJHUS CUTHAJ C€ JBJIKU Ha CTPAHUYHU BIUsCIIU (PaKkToOpH.

Ha ¢ur.6 Ha obma rpaduka ca manenu nmoiydeHuTe PyHKIIMU HaA MpeoOpa3yBaHe Ha
pa3pabOTEeHHUTE TPU ThKAaHHU OMOCEH30pa MPU PABHU JAPYTH YCIOBHS, a HUMEHHO: 00eM
Ha u3MepBarenHata kierka 15 ml, ckopoct Ha pa3owspkBane 700 rev./min, obem Ha
nmwkeknusata 100 pl. Ot ¢urypara ce BukIa, 4ye THKaHHUS OMOCEH30p C aKTHBHA
memOpana 30 Mg ThKaH OT KpacTaBWIAa MPUTEKaBa HAH-TOJIIMAa YyBCTBUTEIHOCT B
CpaBHEHHUE C IPYTUTE JIBa BapHaHTA.

CTpBMHUSAT y4acThK B Ha4aJOTO Ha KpWBaTa IOJCKa3Ba, Y€ TO3W BAPUAHT € IMOJIXO-
TSI 32 U3MEpPBAaHE HAa MaJIKU KOHIICHTPAIlMM acCKOpOMHOBA KucenuHa. [1o-KpaTKoTo
BpEMeE 3a M3BBPIIIBAHE HA U3MEPBAHETO I'0 MPABU IMOAXO/ISI 32 U3BLPIIBaHE HA OBp-
31 aHanu3u. JInHeHHUAT 00XBaT Ha n3MepBane € 10 1.5 MM ackopOrHOBa KHCETHHA.
ToekanauAT OMOCceH30p ¢ 15 My ThKaH OT KpacTaBHIlA MPUTEKABA HAW-IIIMPOK JTHHECH
usMmepBareneH ooxsar: 0.5 — 3 mM, HO BpeMeTo 3a U3MepBaHe ce yBeiaudana a0 15
MuHYTH. bruocen3opsT ¢ 50 MY ThkaH OT KpacTaBWIla HE MOKa3Ba YyBCTBUTEIHOCT,
KOETO C€ I'BJDKUA Ha TOJSMOTO KOJUYECTBO ThKaH, 3aJI0KEHO B aKTUBHAaTa MeMOpaHa
Ha OuoceH3opa. B To3u ciyuaii ce mojiyyaBa Taka Hapeu€HOTO ,,3aMyllBaHe” Ha KUC-
JIOPOAHMS €JICKTPO] ¥ PEAKIIHs HE MOXKeE Ja MpoTeye.

‘—0—30 mg kpactasuua —s— 15 mg kpacTasuua 50 mg kpacTtasuua ‘
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@ur.6. CpaBHeHue Ha GYHKIIMUTE HA TTpeoOpa3yBaHe Ha ThKaHHU
ouocenzopu
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5. BAKVIIOYEHHE

Pa3paboTeHu ca Tpu BUAa ThKaHHH OMOCCH30PH, M3IMOJI3BAIM €H3UMa acKopOaT-oK-
cuasa, HaMupal[ ce B ThkaH OT kpacrtaBuiia ((Cucumis sativus) 3a u3mepBaHe Ha
KOHIICHTPAIMs Ha aCKOPOMHOBA KUCEITHHA.

HpOBeI[eHI/I Ca CKCIICPUMCHTAJIHU H3CJICABAHUA C BApUPAHC HAa KOJIUMYCCTBOTO ThbKaH,
H3II0JI3BAHO 34 HallpaBa Ha aKTHBHATa MCM6paHa Ha 6I/IOCCH30pa, 3a OLICHKAa Ha H3-
XOOHHA CUTHAJ IIPpU pa3JIM9YHO CH3MMHO HATOBApPBaHC.

Ha 6a3aTta Ha mpoBeJIeHUTE EKCIIEPUMEHTH C€ YCTaHOBH, Y€ BUCOKO OBpP30JeiiCTBHE U
YYBCTBUTETHOCT TPHUTEKaBa OWOCEH30PHT ¢ akTuBHa MemOpana 30 MQ ThKaH OT
KpactaBulia. buocen3opst, pazpadbored ¢ 15 Mg ThkaH ce xapakTepu3upa C HIUPOK
JIMHEEH U3MepBaTeJieH 00XBar.

Ha cnexBany eran OoT eKCHEpUMEHTAIHUTE HM3CJIEABAHUS MPEICTOM Ja C€ MPOBEPU
BiIusiHMETO Ha pH Ha M3cnenBaHaTa cpela BbpPXY M3XOJHHUS CUTHAJN, KAaKTO M Jia Ce
NpoOBEIaT €KCIEPUMEHTH C peainHu obOpasuu. Pazpaborenutre OMOCEeH30pH HamMupar
NPUIOKEHHE B XPAaHUTEITHO-BKYCOBATA MPOMHUIILIICHOCT.
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AHAJIN3 HA BJIMAHUETO HA BPEMETPAEHETO HA ®A3ATA HA
OTBOPEH TI'JIOTUC BBPXY CIIEKTPAJIHUTE XAPAKTEPUCTHUKH
HA NPOLECA HA ®OHAIUA

Hamsan lamsanos, Bacua I'bib00B

Pesrome: [Ipoyecvm na gponayus, kamo yacm om peueodopasy8anemo, ce Onucéa om
MHOJHCECMBO MOOenu Ha 2eHepupane Ha ped. [loseuemo memoou 3a onpeoensne HA
napamempume Ha QUIMbPA UUCKEAM NPUEMAHEMO HA XUNOme3ama 3d JuHeeH duc-
mononiocer puimvp. EOun om pasnpocmpanenume 6 meopusama u npaKmuxkama mo-
oenu e mozu Ha DPaum, KOUMO npuema, ye npoyecvm e om muna " UMnyiceH usmou-
HUK - punmop". I[lpuemanemo na wucmononrocen mooen Ha PUIMbPA € UCMOPUYECKU
000CHOBAHO OM JiCelaHUemo 0a ce NOCMUSHe BUCOKO OBbP300elicmeue 8 HAKO2Aaul-
Hume cucmemu 3a 00pabomKa Ha peuesu CUSHAIU 8 pealHo épeme. B cmamusama ce
oemoncmpupa, we mooervm Ha Danm 00sCHABA HAKOU (heHoMeHU Ha peueobpa3ysa-
Hemo, HabaOaA8anU Nnpu NPOMSAHA HA MOMEHMHOMO NCUXODUIUOIOSUYECKO
cvcmosinue Ha yoseka. Takuea ca usmeHeHuemo Ha OMHOWEHUAMA HA AMIIUmMyoume
Ha ¢popmanmuume yecmomu (no-opeszeas unu nO-36bHMAW 21A4C) U Op.

Kntouoeu oymu: cucmemu c peuega xomynuxayus, mooen na @anwm, gaza na omeo-
DPeH 20MUC, Y08EKO-MAWMUHHU CUCTNEMU

ON THE IMPACT OF DURATION OF THE PHASE OF OPEN GLOTTIS ON
THE SPECTRAL CHARACTERISTICS OF THE PHONATION PROCESS

Damyan Damyanov, Vassil Galabov

Abstract: The phonation process, as a part of speech production, is described by
many models for speech generation. Most of the methods for estimation of the coeffi-
cients of the filter, assume an all-pole filter. One of the common models in theory and
praxis is the model of Fant, which utilizes the "pulse driver - filter" model. The as-
sumption for all-pole filter model has historical background, dating back from the
time when speech processing systems had to work in real-time and the processing
power was very limited. As it is stated in this paper, the model of Fant explains some
of the phenomena of speech production, which can be experienced during change of
momentary psychophysical condition of the human being. Such are the ratio of the
amplitudes of the formant frequencies (hoarser or more clinking voice).

Keywords: speech communication systems, model of Fant, phase of open glottis, man-
machine systems
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1. BBBEJAEHUE

doHanuATa € NpoLechT, KOUTO Ce U3BBPIIBA B CPE/IHATA YACT HA JIAPUHKCA U O3BY-
yaBa M3AMIIBAaHATA CTPys BB3AyX. KaTo mocinemuiia oT TO3U MpoOIEC MOTOKBT Ha
3BYKOBa CKOPOCT HETMOCPEJICTBEHO CIe]| rjacHaTa IerKa MpOosBsBa NMEPUOAUYCH Xa-
paktep (¢dur.l), xoiito onpesens ocHOBHUAT TOH Ha pedeBust curHai [10]. TIpome-
HSWKY HAMPEKEHUETO Ha IIacCHUTE I'bHKHU M HAJSTaHETO B IMpoIleca Ha peyTa, YOBEK
noJlyyaBa HeOOXOJuMaTa YeCTOTa Ha OCHOBHHMS TOH OCBHILECTBsIBaHE Ha (hoHanusaTa
Ha IJJaCHUTE U Ha 3By4HUTE chriacHu. [Ipu oOpa3yBaHeTo Ha 06€33BYYHUTE CHITIACHU
IJIACHUTE THHKU HE Ce MpUOIMKaBaT €IHA 10 APYyra W MOJIOKEHUETO UM € KaTo IpH
¢dusnonornyno aumane [1,8]. B To3u ciydaii mocThIBAIIUAT BB3AYIICH IIOTOK OT Oe-
auTe ApoOoBe ce MOIYyJHpa OT 00Opa3yBaHETO Ha TYpOOJICHIIMU U OT 3aTBAPSHETO Ha
BOKaJTHUA TpakT. CIIEKTPHUTE HA PE3yITHPANTUTE 3BYKOBH M3TOYHHUIIA CE€ MOIAU(PUITHU-
paT OT Pe30HAHCHHM SIBJIEHHUS, YECTOTaTa Ha KOUTO 3aBUCH OT MpOMeHsara ce opma
Ha I'bPJIOTO M YCTHATA KyXMHA, OT Pa3MOJIOKEHUETO Ha €3UKa U JIp.

TANN

@ur.1 Ilomok na 38yK08a cCKOPOCM HENOCPEOCMBEHO CJled 21aCHama Yenka npu @o-
Hayusi Ha 21ACHU U 386VYHU cbeaacHU. Tlonoxcenue na enachume 2bHKU: d - hoHayus
Ha 27IaCHU U 368Y4HU CbllacHU, b - huzuoiocuyHo ouwane

[{enra Ha MOAENMPAHETO HA MPOLIECUTE HA TEHEPUPAHE HA PEUYEBUS CUTHAJ € HE CaMO
na ObIaT U3CIEBAaHN HETOBUTE CBOMCTBA M OCOOCHOCTH, a U Jla CE pelIaT 3a[aunuTe 3a
HEroBOTO €()eKTUBHO KOJUPAHE U MPEHOC, 32 ABTOMATUYHOTO CUHTE3UPAHE U Pa3o3-
HaBaHEe Ha ped, 3a MCUXO(PU3HOJOTUYHU U OUOMETPUYHU MPUIIOKEHUS U 32 MHOTO
npyru. BsB Bcekn TakbB Mojie [5], B €Ha WK Jpyra CTEIeH, ca OTPa3eHU TIIaBHUTE
KOMIIOHEHTH Ha apTHUKYJAIMOHHUS TPAKT OT IJIEJHA TOYKA Ha 3aKOHUTE Ha aKyCTH-

kara (¢ur.2)

EIMHIJIOTHC (MBIHEL) HIOCH AT 2V “))))))) !
_ \\\\)
})
g TBPIC YyCTHA KyXIHa ; )} }) )

TIIacHH
EPB3KH —

MYCKYJIHA CHIIA

®ur.2 Ocnosru AKyCmMu4YHU KOMNOHEHMU Ha apMUKYJIAYUOHHUA mMPAaKm
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KbM Te3u KOMIOHEHTH cnajar Bb30yXkK/JIaHETO Ha TJIaCHUTE BPb3KH, IPOMEHSIIATA Ce
BBB BpEeMETO (hopMa Ha BOKAJIHHUS TPAKT, U3TbUBAHETO OT YCTHUTE U T.H. Pe3oHaHc-
HUTE SIBJICHUA NPU 3ByKOO(DOPMSIHETO Ha IPAKTUKA CA IMOBJIUSHU OT 3aryOH B CTEHUTE
Ha TPaKTa B 3aBUCUMOCT OT TOIUIONPOBOJAMMOCTTA, €1aCTUYHOCTTA U TPUEHETO. 3HA-
YUTETHO BIIMSIHUE OKa3Ba M HOCHAaTa KyXHMHA C IOMIBIIAHETO HA OIPENECIECHU
YECTOTHU KOMIIOHEHTH OT CHEKThpa (aHTUPE30HAHCHU siByieHUs). To3M CliokeH xa-
pakTep Ha mpoleca Ha peueoOpa3yBaHE MO3BOJISIBA CHUHTE3WpAHE HAa Pa3IMYHU 110
CTPYKTypa M IO CTEIIEH Ha aJeKBAaTHOCT HETOBU MoAeENN. VIHTEpECHO €, 4e BBIPEKH
OYEBUIHATA CIOXKHOCT Ha MpobieMa, TOH € HaMEpUJI €JHO CPaBHUTEIHO TPUBUATHO
peuienue, npeyioxkeno ot Fant [4], koeto ce e yTBbpAUIIO B MPAKTHKATA HE3aBUCHMO
OT KOHKPETHOTO MPEJHA3HAYECHUE HAa ChOTBETHATA CUCTEMA.

Knacnueckust mozen Ha Fant  otnens Bp30y»)aaHeTO OT 0QOPMSIHETO HA OTAEITHUTE
3BYKOBU KOMIIOHEHTH Ha pedTa, KOETO MO3BOJISBA MPUOIU3UTEIIHO TPETUPAHE HA pe-
YeBUs amapaT KaTro JUHEHHa cucTteMa. B ChBpEeMEHHUTE CHUCTEMU TO3U MOJEN €
HaAMEpHJI CBOSITa TUCKpeTHa peanm3arus (pur.3). 3a moBev4eTo MpaKTHUSCKU MPHIIO-
KEHUS MOKE JIa Ce TpPHUEMe, Y€ PEUYCBUAT CHTHAJ C€ ChCTOW OT YUCTO 3BYYHU WIIH
0€33ByYHH KOMITOHEHTH ChC ChOTBETHA aMILIUTyna. [lopaau mocreneHHaTa mpoMsHa
Ha BB30YXIaHETO M 3BYKOO(MOPMSIHETO MapaMETPUYHUAT aHAJU3 MOXKE J1a C€ U3BBP-
IBa IMOWHTEpPBAIHO, kaTo B pamkuTe Ha 10-40 mS moxaenbT ce mpuema 3a KBa-
3MWHBAapUaHTHA BB BPEMETO JIMHEHHA cuctema [4,7,9].

T;’ I G( Z ) o-son TIapaMeTPH Ha
BOKAIHIA
1 E(z)| women ——
HA — —
TIOTHCE M
son ( )
CEIEKTOD U _(z)|momenea
Ry UHW/ u. BOKAIHIAA I'BTEPEHB iz)s-
GezsByUHH ® TpaKT yerrnrTe peueBH
- on _ CHICHAIT
501
reHeparop V( Z ) L( 4 )
e ()

®dur.3 [uckpemusupan mooen na Fant.

2. HIPEAIIOCTABKA 3A AHAJIMTUYHO U3CJIEABAHE

['onsiMa dact OoT METOAMTE 3a W3CIEJBAaHE Ca 3aMMCTBAHU OT MEIUIIMHATA, KAaKTO
OOMKHOBEHO, 3a J1a C€ MOCTUTHE MO-TOJIsIMa TOYHOCT WJIM Ja C€ OCBIIECTBU MO-JIECHO
M3MEPBAHETO, HE c€ PabOTH AUPEKTHO C ThPCEHATA BEJIMUMHA, a C APYTa, 3aBUCUMA OT
Hes. [lopamy coXHOCTTa Ha TMIPOBEXKIaHE HA JIAPUHTOCKOTICKU U JIAPUHTOCHIOCKOTI-
CKU M3CJICIBAaHUS U Hali-BeUe MOPaJX HEOOXOIUMOCTTa OT MEAUIIMHCKA HHTCPBCHITHS
Y TIOpaJy 3HAYNTEITHOTO BBH3JICHCTBHE HA TE€3W METOMM BHPXY IIJIOCTHHS MPOIEC Ha
pedeoOpasyBaHe ca pa3pabOTeHM W peluila MHIWPEKTHU METOJIM, Ha OCHOBaTa Ha
eNeKTpoMuorpadusiTa - PETUCTPUPAT CE CUTHAINTE HA MYCKYJIHaTa aKTUBHOCT B
TPBKIISIHA 110 BpEME Ha TOBOPEHE, rioTorpadusaTa - perucTpupa ce MMIICIaHCca Ha
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LIMATa B pAaHWHATA HA TJI0THCA, KOMTO B TOJsIMa CTEIIEH 3aBUCH OT CEUYEHHUETO Ha Bb3-
JQYIIHUAS TOTOK, IpeMHUHABAL] MIPe3 II0THCA. BhIpekn MHOroOpONHUTE U3CIIEIBAHMS,
KbM MOMEHTA JIMIICBA €IMHHA TEOPHsl, KOATO Ja OOSICHSABA MPOLIECa HAa TE3U U3MEHE-
HUS B CIIEKTPAJIHUTE XapaKTEPUCTUKHU Ha pedeBusi cUrHai. [loBedeTro aBTOpH THPCAT
NpUYMHATA 33 Te3U (PEHOMEHU B MUCXO-(DU3UOJIOTMYHO 00YCIIOBEHA IPOMSHA Ha MO-
MeHTHaTta (opMa apTUKyJIaUOHHUS TpakT. MoaensT Ha Fant mo3BossBa mo mMeroaa
Ha JIMHEHHOTO MpEJCKa3BaHe Jia Ce M3BBPIIM PEKOHCTPYKIUs (C HAKaKBa CTEIEH Ha
NpUOJIIKeHNE) KaKTO Ha MOMEHTHaTa (hopMa Ha TpakTa, Taka U Ha Bb30YXKIAIIus 110-
TOK Ha 3BYKOBa CKOpOCT ciell rinortuca. OdakBa ce, 4e MOJEIMPAHETO Ha PEUEBUS
TPAKT OCUTypsIBa YCJIOBHUS 3a IOJy4yaBaHE Ha pejieBaHTHA MH(opmanus 3a GpyHKIHO-
HUpaHETO Ha (anuaniHaTa MYCKyJaTypa M ChOTBETHUTE Yy4YacTbIM Ha HEpBHATa
CHUCTEMa, KOUTO Ca KpailHO YYBCTBUTEIHH KbM MOMEHTHOTO ICHXO-(PU3UOIOTUYHO
cbcrostHue Ha mHauBHUAA [2,3]. Ho mpakTukaTa mokassa, 4e (payKTyalnuuTe Ha pede-
BUS TPAKT BCIEICTBUE MCUXO-(PU3HOIOTUYHO MOBIHSIBAHE Ha (PYHKUMOHUPAHETO HA
(parmaiHaTa MYCKyJaTypa B IOBEYETO CIy4dau Ca TBBPAE HE3HAUUTEIIHU U Ca IOJ
TOYHOCTTA, C KOATO JUHEHHUSAT MOJIEN MO3BOJISIBA PEKOHCTPYKIIUS HA TPAKTa, KaTo ro
anpoKCUMUpA C KackaZa OT CbOCHU LMWJIMHIPUYHM YYaCThIHU C €IHAKBA IbJDKUHA U
KOHCTAHTHO ceueHue. ToBa Hajlara YCIOXXKHSBaHE Ha aJITOPUTMUTE, KATO AOIBIHU-
TelMHa MHpOpMaLUs ce M3BIMYAa OT MOJEJia Ha MOTOKAa Ha 3BYKOBa CKOPOCT Clle[
rinotuca. To3u NOTOK HOCH MHQOPMAIMS 328 MOMEHTHOTO MCUXO0-(U3HOJIOTUYHO ChC-
TOSIHME IO JiBa KaHajla - I'bPBO Ype3 I[UIOCTHUS MpoLEC Ha peueoOpa3yBaHe,
aHraxupal BHCIIATa HEPBHA CHCTEMA, U BTOPO upe3 (PYHKUHMOHAIHOTO ChCTOSHUE
Ha BEreTaTHBHATA HEPBHA CHUCTEMa, BKIIOYHUTEIHO M 00U MYCKYJIeH TOHYC [2,6]. 3a
W3BJIMYAHE HA Ta3U MH(OpMAaLYsI Ce Hajlara U3M0JI3BaHE HA CPABHUTEIHO CIOKHU MO-
JIeIM, ONMCBAIM HANpPErHOCTTa Ha IVIACHUTE BpPB3KM, MEXaHU3Ma Ha TIXHOTO
OIbBaHE W JBWKEHUE, U3MEHEHUE Ha HAJATaHETO Ha MOCTHIBALIUS OT OenuTe apo-
00Be BB3AYILIEH MOTOK U JIp.

B Hacrosmoro u3cienBaHe 1€ MOKa)XeM, Y€ MOJeabT Ha Fant BChUIHOCT 1MO3BOJIsIBA
OMKMCBAHETO Ha MCUXO-(PU3HOJOTUYHO OOOCHOBAHUTE MPOMEHU B CIEKTPAIHUTE Xa-
PAKTEpUCTUKH HA PEUYEBUSI CUTHAJ 0€3 Jla ce Hajara U3MoJI3BaHETO Ha JIONBJIHUTEITHU
MoZeNu. 3a LenTa € JOCTaThYHO Ja CE aHAIM3UPAT B3aUMOBPB3KUTE Ha OCHOBHH I1a-
pamMeTpu Ha BB30YXAAIIHs UMITYJIC HA U3TOYHUKA C YECTOTHUTE XapPAKTEPUCTHKU Ha
¢untbpa. B chiecTByBamaTa mpakTuka T€3UW B3aMMOBPB3KU HE C€ MMAT MPEIBUI U
U3TOYHUKBT U QUATHPHT C€ Pa3MIekIaT MOOTAETHO. 3a MO-TojisiMa pa3oupaeMocT B
MO-HATAThYHUTE PaA3TICKIaHMs 1Ie ObJaT HANPABEHU CIICIHUTE OMPOCTSIBAHUS, KO-
WTO HE MPOMEHSAT CHITHOCTTA HA U3BOJUTE!

e BIMSHUETO Ha NpeAaBaTeNHaTa (PYHKIMS HA IJI0THCA M HA M3IBbUBAHETO MpE3
YCTHUTE 1€ ObJaT NpeHeOperHaT, Thil KATO HE BIUAAT HA (POPMAHTHUTE YeC-
TOTH, a CaMO Ha TSIXHOTO 3aTUXBAHE,

L B’bS6y>KI[aHeTO OT H3TOYHHKaA IIC CC PA3lJICKAd KaTO ITOCJICHOBATCIHOCT OT
IpaBOBI'bIIHU UMITYJICH,

® 3aTHUXBAHCTO Ha (I)OpMaHTHI/ITC 4YCCTOTH LIC CC HpGHGGpCFHC, T.C. IIOJIFOCUTC HaA
(1)I/IJ'IT’[>pa Ha BOKAJIHUA TPaKT I JICKAT HA €CAMHUYHATA OKPBKHOCT,
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3. BIUSAHUE HA BPEMETPAEHETO HA ®A3ATA HA OTBOPEH
I'VIOTUC ITPU ITIOBEYE OT EAHA ®OPMAHTHA YECTOTA
[Ipuemame, ye MOIEITBT HA BOKAJIHUSA TPAKT € YUCTOIIOIKOCEH OT YETBBPTHU PEX U I10-

JIIOCHUTE JIEKAT BbPXY €UHNYHATA OKPBKHOCT:

1
H(s) = (s2 + w?)(s% + ?)

(1)

[Tpu BB30OYx)1aHe HA PUITHPA C MOCIEIOBATETHOCT OT MPABOBI'BIHUA UMITYJICH OT TH-
ra.

1, (m_l)Tg St<topen_g|ottis +(m _1)Tg

e(t) =

0, tOpen_glottis +(m—1)Tg St<ng )

M=1Njpp 1

KBJETO T, € MEPUOABLT HA OCHOBHHMS TOH, a t € NPOABIKUTEIHOCTTA Ha (a-

open _ glottis
3aTa Ha OTBOPCH IJIOTHC, U3XOJHHUAT CUTHAJI Ha (bHHT’bpa 3a IIbpBUA IICPHUOA HA OC-
HOBHUS TOH (m :l) e CbAbpiKa JIBa (bOpMaHTa C KPBIroBM 4YC€CTOTH w;, U @,. Axo

npuemem, 4e w, =k,o, u k, >1, To KOMIOHEHTUTE Ha CUTHAJIAa, ChOTBETCTBAIIM Ha OT-
nemaute (popmaHTH, BB (ha3aTa Ha OTBOPEH IJIOTHUC Tie OBIaT:

1F 1F 1F i F
Sopen_ glottis ®= AOopen_ glottis — Aopen_ glottis Sm(aﬁt + gﬂépen_ glottis) (3)

2F 2F 2F i 2F
Sopen_ glottis ®= Aoopen_ glottis — Aopen_ glottis SI n(wzt + (/)open_ glottis) (4)

KBJIETO.

1F 1
Aoopen_gmﬁs =W € MOCTOSSHHOTOKOBUTE ChCTABKM Ha CUTHAaa, onucail gop-
2_

Mara Ha I’bpBaTa (pOpMaHTa IPHU OTBOPEH IJIOTHC,

1
Aogrﬁan_glottis =" 22 g} © TOCTOAHHOTOKOBATE CLCTABKM HA CHIHAJA, OMHMCBALL
—h2\"h2 T 1

dbopmara Ha BTopaTa opMaHTa TP OTBOPEH IIIOTHUC,

1
Aégen_glottis :W € aMIUIMTyJlaTa Ha CUTHaja, omucBail ¢opmaTa Ha mbpBaTa
2_

dbopmaHTa TMPU OTBOPEH TIIOTHC,
, € aMIUIMTyJjaTa Ha CUTHaja, onucaail (opmarta Ha BTOpaTa

2F o
Aopen_glottls k22 k22—114

dbopmaHTa TIpU OTBOPEH IJIOTHC,

1F T
Popen_glottis = © ($ha30BOTO OTMECTBAHE Ha CHUTHAaJA, omucBail (popMara Ha IbpBaTa

dbopmaHTa TPU OTBOPEH TIIOTHC,
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3
¢’§p':en glottis = © ($a30BOTO OTMECTBAHE HA CHTHaja, omucBall ¢opmara Ha BTOpaTa

dbopmaHTa TMPHU OTBOPEH TIIOTHC,

o, =24, 1 ®, =2, ca KppbroBUTE YECTOTH, CbOTBETCTBAILIA HA (POPMAHTUTE YECTOTHU
fu f, .

BbB (hasara Ha 3aTBOpEH TIOTHC BHPXY MapaMEeTPUTE HA CUTHATHUTE KOMIIOHEHTH
BIIMSIHUE 11I€ OKa3BaT Oe3pa3MepHUTEe KOe(ULUHUEHTH, TPOMOPLIMOHATIHU Ha BpEMETpa-
eHeTo Ha (¢azara Ha OTBOPEH TJIOTUC KbM IEepuoAa Ha ChOTBETHAaTa (POpPMaHTHA
4ecToTa:

r — o ul ~ ot —kr
topen _ glottis “Lopen _glottis @olopen _glottis 2 oPen_glottis = 28 aytynen  giottis ()

Tosa moxe ma Obe IpeacTaBeHo Ype3 Ge3pasMepHus KOe(QUIUEHT Ha OTHOIIEHUETO
Ha AMIUTMTYMTE Ha ABeTe (OPMAHTHH YECTOTH B CUTHAJ:
" A2F
p2F plF =T (6)

BbB (pazara Ha OTBOPEH IIIOTHC TO3U KOE(DHUIMEHT CE ONPEAEA CAMO OT APAMETPHUTE
Ha QUITHpA:
gy 1F =L 7
Aopen _ glottis“open_ glottis k22 ()
BbB (aza Ha 3aTBOpPEH MIIOTHC 00aye, TOBA OTHOLIEHHE, OCBEH OT IapaMETPUTE Ha

¢bunTepa, 3aBUCH TO CIOKEH HAYMH M OT MPOIBIDKUTEIHOCTTA Ha B30k namara Qa-
34, T.€. Ha OTBOPEH IVIOTHC:

koI

Zlopen _glottis
5 )

I o L (8)

. AlF . ) r
Aopen_glottlsAopen_gIottls. k5 sing “’ltopen_glottis)

Sin(

Ha npakTuka ToBa O3HauaBa, ye MpOMsIHATA HAa MPOABIDKUTEIHOCTTA Ha (pa3zaTa Ha
OTBOPEH I'NIOTHUC MOXKE CBIIECTBEHO J1a U3MCHS IIPEAOIIPEACIICHAaTa OT FEOMETPUATA Ha
BOKAJIHUS TPAKT KOHCTENAIMA HAa (JOPMAHTHUTE YECTOTH B CUTHaia. ToBa BIIMSHHE
SCHO JIMYM OT CJIEAHUS YUCIIOB IPUMEDP, C TUIIMYHU 34 PEAJICH PEUYEBU CUTHAJ CTOM-
HOCTHU Ha MapaMeTPUTE Ha MOJEIIa:

e bpBa opMaHTHA yecToTa f, =420 Hz;

f
e BTOpa popmanTHA yecToTa f, =966 Hz, KOSATO CHOTBETCTBA HA k, = f—2 =2.3;
1

¢ HOMHHAJIHA MPOABIIKUTCIITHOCT Ha q)a3aTa Ha OTBOPCH I'’'TIOTHUC

topen_ glottis ~ 2.8ms,

JYKTyallusd Ha HOMHUHAJIHATA IIPOABIIZKHUTCIIHOCT H Ta H TB H TI'JI0-
L4 YKTya a HO ajJlHarta 0) CJIHOC a (pa3aTra Ha OTBOPC (0)

THC A =404 ms;

topen_ glottis
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BbB (pazara Ha OTBOpPEH TJIOTUC OTHOIICHUETO HA aMIUTUTYAUTE 3aBUCH CaMO OT Ta-
pamMeTpute Ha PuUATHpA U e OBAE:

AgF lotti

_ _open_glottis _, -2

r oF MF 1= = k2 ~0.189 (9)
Aopen _ glottis“open_ glottis Aopen_ glottis

BbB (azara Ha 3aTBOpEH TJIOTUC Ha HOMHUHAJIHATA MPOABIKUTEIHOCT Ha

topen glottis =2.8ms To3u KoedurmeHt me Obae I A2 AF  ~0.288. [Tpu
- pen _ glottis “open _ glottis
HaMaJISIBaHE Ha IPOIBIKUTEITHOCTTA Ha OTBOpeHara (pa3za Ha riiotruca ¢ 4 ms Koedu-

LUEHTHT 1ie HapacTe nosede oT 20 mptu go I ¢ ~6.33, ¥ CbOTBETHO

1F
pen_glottispbpen_glottis
IIpH YBCIWYaBaHC Ha MPOABJDKUTCIIHOCTTA C 4 ms - 111e HaMaJiee MMOBEYE OT 20 mpTH a0

I oF IF ~0.061. Ha ¢wur.4 3a tpure ciydas ca IOKa3aHW BB30YKIAIIUsA
Aopen_gIottisAopen_gIottis

IMPaBOBI'BJIICH UMITYJIC C IIPOABILDKUTCIHOCT, CbOTBCTCTBAIIlA HA IIPOABJIDKUTCIHOCTTA
Ha OTBOPCH I'NIOTHUC, TCHCPUPAHUA OT CI)I/IJ'IT’bpa CUTHAJI 1 HETOBUA YCCTOTCH CIICKTHD.

B’b‘}ﬁ)‘"il(;lﬂﬂ.[ OpaeobI'BICH HMIYJIC Feﬂepnpn}[ peveBH CHIHAT CHEKTI;l) Ha peueBns CHIHA
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®dur.4 Bauauue Ha ¢haykmyayuama Ha npoovidcCUmeIHoCmma Ha nPoovIdiCUmen-
Hocmma Ha ¢hazama Ha OMEOpeH 2JIOMUC 8bPXY KOHCMeNayuama Ha oopMaHmuume
CNeKmpu Ha CUSHAIA

4. 13BOJAN

Mogenst Ha Fant gaBa oTinMYHM pe3yiTaTH B MOBEYETO ClIydail Ha M3IMOJI3BaHE HA
MOJIeIa - OCHOBHO IIPU CHCTEMHTE 32 aHAJIN3, CUHTE3, KOJAMpaHe U MpeHacsHe Ha pe-
yeBH curHaiu. [Ipu usnon3BaHeTo ob6aye Ha peUEBU CUTHAIHU 32 METUIIMHCKH, TICUXO-
¢buznonornyHu, OUOMETPUYHH U JIp. LIEJIU € IPUETO J1a ce CMsATA, Ye MoAenbT Ha Fant
HE € JOCTaThUHO PEJICBAaHTEH U CE Hajlara M3IM0J3BaHe HAa 3HAUUTEIHO [0-YCI0XKHEHH
MOJIEJM W JOMBIHUTEIHH HH(DOpPMANMOHHU W3TOYHHIM. Hamocnenbk mpoOremMbT
CTaBa OIlle MO-aKTyaJieH C MOCTOSHHO YBEIWYaBalllUTe C€ M3UCKBAHMS KbM KadyecT-
BOTO Ha CUCTEMHTE 3a 00pabOTKa U MPEHOC Ha PEYEBU CUTHAIHU U U3IOJI3BAHETO UM B
MOOWJITHH YCTpPOICTBA.
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HampaBeHoTo u3cienBaHe OKa3Ba, Y€ MOJCITBT MOXKE Ja Ob/ie HAllpaBEeH 3HAYUTEITHO
no-e(eKTUBEH 0€3 Jla ce YCNOXHSBA, a KaTo Ce M3I0J3Ba KyMyJlaTUBHUSA €(DEeKT Ha
€THOBPEMEHHO DPa3MICKJaHE Ha HAKOE IMPOIECH, MPOTHYAIIA B M3TOYHWUKA W (PUII-
Thpa.
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OCOBEHOCTHU HA MOJIEJIA HA ®AHT OT BTOPHU PE] I1PH
PEYEOBPA3YBAHETO

Hamsan lamsanos, Bacua I'vib00B

Pezrwome: Ilpoyecvm na peueobpasysane ce onucea ¢ mooenra na Paunm, Koumo npu-
ema, ue npoyecvm e om muna "umnyicen usmouHux - guimuvp". 3a onpedenaue Ha
napamempume Ha QUIMbPA CHUECNBYBAN MHONCECMBO MEMOOU, HOBEUemo OMm KOU-
MO UBUCKBAT NPUEMAHEMO HA XUNnome3ama 3d JUHeeH YUCMONnoaoced guimuvp. B
cmamusma ce deMoHcmpupa, e mooeivm Ha Danm 007ACHABA HAKOU (heHoMeHU Ha
peueobpaszyeanemo, Kamo GlouleHa pazoupaemocm Hanpumep.

Kniwowuosu oymu: cucmemu c pevesa komynuxayus, mooenr Ha Paum, gpaza na omeo-
DeH 210muc, 408eK0-MAWUHHU CUCTNEMU

CHARECTERISTICS THE MODEL OF FANT OF SECOND ORDER ON
SPEECH PRODUCTION

Damyan Damyanov, Vassil Galabov

Abstract: The speech production process is described by the model of Fant, which
utilizes the "pulse driver - filter" model. When estimating the coefficients of the filter,
one can use many methods, most of which assume an all-pole filter. As it is stated in
this paper, the model of Fant explains some of the phenomena of speech production
as poor intelligibility for example.

Keywords: speech communication systems, model of Fant, phase of open glottis, man-
machine systems

1. BbBEJIEHHUE

Knacuueckust monen na Fant ortaenst Bb30ykaaHeTo OT OPOPMIHETO HA OTIEITHUTE
3BYKOBU KOMIIOHEHTH Ha peuTa, KOETO MO3BOJIsIBA MPUOIU3UTEIIHO TPETUpPaHEe Ha pe-
YyeBUsl armapar KaTo JUHEHHa cuctema. benute apoOoBe, Ch3aBalld BB3TYIIHUS
MIOTOK, C€ MPEJCTaBAT KaTO MOCTOSHHOTOKOB M3TOYHMK, M3XOJHHUS CUTHAJI Ha KOWTO
Ce pazzelid Ha JBE YacTH, ONPENEeNslld CbOTBETHO 3ByYHAaTa U 0€33ByYHATa KOMIIO-
HEHTA Ha CUTHaIA. IMITyJICHUAT TeHepaTop MOJACINpPa MOAYJIUPAHETO HA Bb3AYIIHUS
MOTOK OT MEPUOAUYHOTO Bb30YK/IaHE Ha TJIACHUTE BPH3KH, a TEHEPATOPHT HA IIYM -
oT o0pa3yBaHETO Ha TypOOJIEHIIMM B MECTaTa Ha MPOMSHA HA CEYCHUETO Ha BOKAJIHUS
TpakT. OKOHYATEIHUSAT PEUYEBU CUTHAJ CE MOJIy4yaBa, Cile/]l KaTO0 CyMUPaHUTE KOMIIO-
HEHTHU TpPEMUHAT Tpe3 (QuIThp C JUHEWHa mpenaBaTerdHa (YHKIMS, MOJEIrpal]
apTUKYJAUUOHHHUS TPAKT.
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CbBpEMEHHOTO H3CIEABAHE HAa aKyCTHYHUTE SBJICHHS BBHB (PapUHTEaTHO-OPATHUS
Tpakt 3ano4Ba npe3 1941 r. ¢ paborara Ha Chiba u Kajizama [1]. ®yngamenTa Ha
HaCcTosfIAaTa TEOPUsl U MpaKTHUKa ce u3miaxaa B nepuoaa okojo 1950 r. ot Dunn,
Fant, Stevens, House u np. Cucremute, 00paOOTBaIM, MPEHACSIIN U ChXPaHIBAIIU
pPEYEBU CUTHAJIM, M3IOI3BAT Pa3HOOOpA3HH METOIU M CPEJCTBA, HO BCHYKH TE Ca Ha
OCHOBaTa Ha HSAKAKBHB MOJEN Ha (PYHKIIMOHWPAHE HAa apTUKYJIAIMOHHUS TPAKT U Ha
MIOTOKa Ha 3BYKOBa CKOPOCT clie]] TioTuca. Llenra Ha MoJenupaHeTo Ha IPOIECUTE Ha
TeHEpUpPaHe Ha PEUeBUs CUTHAJ € HEe caMo Ja ObJaT W3CJeBAHN HETOBHTE CBOWCTBA
M 0COOCHOCTH, a U Jia C€ pemiaT 3aJa4uTe 3a HETOBOTO €(DEeKTUBHO KOAMPAHE U TIpe-
HOC, 32 aBTOMATHYHOTO CHUHTE3MpaHE W pPa3Mo3HaBaHE Ha ped, 3a MCUXO0(U3NOIIO-
TUYHA U OMOMETPUYHU TIPUIIOKEHUS U 32 MHOTO JIPYTH.

B cbBpeMenHuTe cucteMu MonenbT Ha Fant e Hamepuin cBosATa TUCKpPETHA peann3a-
mus (pur.1l). 3a moBeueTO MPAKTUYECKH MPWIOKCHHS MOXE Ja ce IpHeMe, 4e
PEUYEBUST CUTHAJ CE€ ChCTOM OT YHUCTO 3BYYHU WIHM 0€33BYYHU KOMIIOHEHTH ChC ChOT-
BeTHa aMIiuTyna. [lopamu mocreneHHara mpoMsiHa Ha BH30YKIAHETO U 3ByKOO(Op-
MSIHETO MapaMETPUUHUSIT aHAIN3 MOXKE Jla C€ U3BBPIIIBA MOUHTEPBAIHO, KaTO B paM-
kute Ha 10-40 MS momensT ce nmpueMa 3a KBa3MMHBApUAHTHA BHB BPEMETO JIMHEITHA
cucrema [2,3,4].

2. IPEJIIOCTABKA 3A AHAJIMTUYHO U3CJIEJBAHE

['eHepupaHeTO Ha 3BYyYEH PEUEBH CETMEHT CJe/ Z-TIpeoOpa3yBaHETO Ha IUCKPETU3H-
paHUs peYeBU CUTHAJI CE€ OMKUCBA C YPAaBHEHUETO:

S(2)=Uy(2)V(7)L(2) 1)

O

T 6(2) @

U, (2)=).(27")"G(2)04, = .
n=0
[Ipuema ce, ye mepuoABT HA AWCKpeTH3amus 1=1, a mepuoabT HA OCHOBHHUS TOH €
KpateH Ha Hero Tp = KT,
[IpenaBarennure GyHKIMK Ha MOJENa Ha IJIOTHCA, HA MOJIENa Ha BOKAIHUS TPAKT U
Ha M3JIbYBAHETO MPe3 YCTHUTE MOTrar Ja ce o0equHAT B o0lla mpenaBaTesiHa (yHK-
st

H(z) =G(z)V(2)L(2) ©)
C KOETO IPOIIECHT Ha peueoOpazyBaHe MOXKE Jia CE 3aIUIIe KaTo:
S(z) =E(2)H(z) (4)

S(z)=2{s(nT)}, s(nT)=s(t)|_. (5)

Kbnero E(z) € z-npeoOpa3yBaHOTO HMITYJICHO Bh30YXKIaHE Ha TJIOTHCA.
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[IpuemaneTo Ha OmMpeNeNeHU XWUIOTE3HW 3a CIEKTPAIHHUTE CBOWCTBA Ha TIJIOTHCA, HA
BOKAJIHMSI TPAKT U Ha M3TbYBAHETO MPE3 YCTHUTE TO3BOJIsIBA [4,5] Mo3BosIsiBa B IIpaK-
TUKaTa Jia O'bJIe U3I0JI3BaH YMUCTOMOMIOCEH (DUITHP:

@)=

1+Zaiz‘i (6)

3a HaMHpaHE Ha KOS(UIIMECHTUTE, 32 KOETO CHIIECTBYBAT JOCTATHUYHO €(h)EKTUBHHU Me-
TOMH.

| Gl O gy
1 E(z) MoJ[eI mmm
» H [ —
son ( )
CenexTop U\ z) | momen na mrsuase | S
3ByHA/ u.nommmﬂ —  Ipe3 pT(:ll’r'{
O'ﬁ' GY'IHH_ ! = YT 1 comremn
son

e RPN D Ll
HA TIyM \’i/

®dur.1 JJuckpemusupan mooen na Fant.

C momorira Ha Tporieca Ha peueoOpa3yBaHe OT THITA U3TOYHHUK-(QHITHD, HA OCHOBATA
Ha Mojena Ha Fant, ycmemrHo ce pemaBar roysiMa 4acT OT 33Ja4uTe, CBbpP3aHu ¢ 00-
paboTkaTa Ha pedeBu curHayd. C HACTOSIIOTO MU3CIIEBAHE ITI€ TTOKAKEM, U€ BBIIPEKU
IPOCTOTaTa CH, T€3W MOJIEIH Ca B ChbCTOSIHUE J]a OOSICHAT U HAKOW ()EHOMEHH Ha pe-
yeoOpa3zyBaHeTO, HAOII0IaBaHH MPY TPOMSIHA HA MOMEHTHOTO MCUXO0(U3HUOTIOTUYHO
CHhCTOSIHHE Ha YOBEKA. TaKkWBa ca M3MEHEHHUETO Ha OTHOIICHUATA HA aMIUTUTYIUTE HA
(dopMaHTHTE YeCTOTH (ITO-APE3raB WU MO-3BBHTSII IJ1ac), BJIOIICHA pa30upaeMoCT U
ap. 3a mo-TosMa pa3dupaeMocT B MO-HATATHITHATE PA3MIICKIAHUS ITe ObIaT HAIpa-
BEHHU CJICAHUTE OMPOCTSIBAHUS, KOUTO HE MMPOMEHST CHIIHOCTTA HA U3BOIUTE!

e BIMSHUETO HA MpefaBaTenHaTa (YHKIMS Ha IJI0THCA M HA M3TBbUBAHETO IMpE3
YCTHUTE 11Ie ObJaT MpeHeOperHaT, Thil KATO HE BIUAAT HA (POPMAHTHUTE YeC-
TOTH, a CaMO Ha TSIXHOTO 3aTUXBAHE,

L B’B36y>KI[aHeTO OT HU3TOYHHKaA IIC CC PA3rjICiKad KaTo IIOCICAOBATCIHOCT OT
IIPAaBOBI'bJIHA UMITYJICH,

® 3aTUXBAHETO Ha (POPMAHTHUTE YECTOTHU 1€ C€ MpEeHeOperHe, T.€. MOJIOCUTE Ha
(bunTHhpa HAa BOKAJHUA TPAKT WIE JIEXKAT HAa €IMHUYHATA OKPBKHOCT;
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3. BIMSAHUE HA BPEMETPAEHETO HA ®A3ATA HA OTBOPEH I'J10-
TUC KbM IEPUOJA HA ®POPMAHTHATA YECTOTA
IIpuemame, ye MOIETBT HA BOKAJIHUSA TPAKT € OT BTOPH PEN:

2
K, @,

2.7 ()

H(s)=—
s* +

T.€. CATHAIIBT III€ ChIbPKa caMo euH (OPMAHT C KPbroBa 4ecTora w, . [Ipu Bb30yxk-

naHe Ha puIThpa ¢ MOCIEA0BATETHOCT OT MPABOBI'BIHU UMITYJICH OT THUMA!
L (M-DTy<t<topen giottis +(M-1)T,
0, t0|oen_glottis +(m—1)Tg £t<ng @)

e(t)=

m=1N;, -1

KBJIETO T, € MEepUOIbT Ha OCHOBHUS TOH, a t ¢ TIPOIBKUTEIHOCTTA Ha (ha-

open _ glottis
3aTra Ha OTBOPEH TJIOTHC, M3XOJHHUAT CHTHAI Ha (PUITHpa 3a MBPBUS IEPUOJ HA OC-
HOBHHMS TOH (m=1) IIIe ONKCBa KaKTO CJIe/IBa;

1F 1F 1F i F
Sopen_ glottis ®= AOopen_ glottis — Aopen_ glottis Sm(aﬁt + (”épen_ glottis) (9)

38 t <ty e giows T-C- BB (azara Ha OTBOPEH IIOTHUC, U:
1F 1F i F
Sclosed _ glottis t= Atlosed _ glottis sm(wlt + (”%Iosed _ glottis) (10)
3a tZtopen_glottis T.C. BbB (ba:;aTa Ha 3aTBOPCH I'IOTUC, KBACTO:

1F
AOgpen glottis =Ky © TIOCTOSTHHOTOKOBATa ChCTaBKa Ha CHUIHAJIA IIPU OTBOPEH ITIOTHC,

A%Een glottis = K, @MILINTY/la HA CUTHAJA TIPU OTBOPEH TJIOTHC

a)ltopen _ glottis
2

Adfosed _glottis = 2K SIN( ) aMIIJIMTY/Ia Ha CUTHANa IIPH 3aTBOPEH IIIOTHC,

1F i
Popen_glottis = € (PA30BHTE OTMECTBAHE Ha CHUTHAJIA P OTBOPEH IIIOTHC

t .
1F B ) open _ glottis
YGiosed _glottis =27~ —— > —— © ¢dazoBUTE OTMECTBAHE HA CUTHAJIA 3aTBOPEH TJIOTHC

o, =24, € Kpbropara 4ecToTa, ChOTBETCTBAIIA Ha popMaTHaTa yecToTa f,.
Bwxpaar ce cieqHuTe BaxKHU OCOOCHOCTH!
e U B JiBeTE (ha3u - HA OTBOPEH U HA 3aTBOPEH IVIOTHUC - (POPMaAHTHATA YECTOTA CE
OIIpesess caMo OT NapaMeTpuTe Ha PUITHPA,
® aMIIIMTyJaTa Ha CUTHaJa BbB (pa3aTa Ha OTBOPEH IVIOTHC 3aBUCU CAMO OT KOe-
¢unueHTa Ha IVIOCKO YCUJIBaHE Ha (GUITHPA,
® aMIUTUTyJaTa HA CUTHaJIa BBB (pa3zaTa Ha 3aTBOPEH IJIOTUC 3aBUCH aHAJIOTHYHO
OT KOe(pUIMEHTa Ha IUIOCKO yCWJIBaHE Ha (PUITHPA, HO U MO CJI0KHA 3aBHCH-
MOCT OT MPOIBJDKUTEIIHOCTTa HA MpeAxokaamara ¢a3za Ha OTBOPEH IJIOTHUC
KBbM IIepruoja Ha (opMaHTHATA YECTOTA,
® QHAJIOTMYHO Ha aMIUTUTYAMTE CTOM U BBIPOCHT C (Pa30BUTE OTMECTBAHUS Ha
CHUTHaIa,
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[IpakTruecku ToBa 03Ha4aBa, ye 0e3 Jla ce MPOMEHST MmapaMeTpuTe Ha pUITHpA, T.€.
rEOMETPUSITA HA PEUYEBHUS TPAKT, MPOMEHHU Ha MPOIBIKUTEIHOCTTA Ha (ha3aTa Ha OT-
BOPEH TIJIOTUC MOTaT 3a 3aCUJIBAaT WJIM 3aTUXBAT (DOPMAHTHUTE YECTOTHU HA PEUEBUS
CUTHAJI. 3a J1a ce BUAM MO-700pe TOBA BIMSHHE, BbBEXKIaMe Oe3pa3MepeH Koepuiu-
€HT, MPONOPLUOHATIEH Ha BpEMETPACHETO Ha (pa3aTa Ha OTBOPEH INIOTUC KbM MEpUoaa
Ha (popMaHTHATa YECTOTA:

@topen_ glottis @ropen _ glottis a1

3a OTHOLIEHUETO Ha aMIUIUTYJWUTE Ha CUTHAlA MpEeAu U CIej 3aTBapsHE Ha IJIOTHCA
BBbBEXKJaMe Koe(uireHra:

1F
r _ Aopen_ glottis
1 S S L

F 1F (12)
Aopen_ glottis Atlosed _glottis A%I%sed _ glottis

KBIETO C tg)ngeq _glottis = Tg —t ce 03HauaBa BpeMETPaeHEeTo Ha (pa3ara Ha 3aTBO-

open _ glottis
PEHUA TTIOTHUC B pAMKUTE Ha IICPHNOJa HA OCHOBHHUA TOH.

CDYHKI_II/IOHaJ'IHaTa 3aBUCUMOCT MCIKIY TC3U KOC(I)I/II_II/IGHTI/I c.

r

2sin
a)ltopen _ glottis J (

r, )

Aogen_glottisA:clI%sed_glottis ) f(
O4eBHIHO 3aBHCHUMOCTTA € MEPHOANYHA, KaTO MMbPBUTE HIKOJIKO MEpHOoJa ca MOoKa-
3aHu Ha Qur.2. Bikna ce, ue Bapupailku NpoIbDKUTEIIHOCTTA Ha (a3aTa HAa OTBOPEH
TJI0OTHC U 6€3 Ja ce MPOMEHST MapaMeTpuTe Ha GUITHPa, T.€. TEOMETPHITA Ha BOKAJ-
HUS TPAKT, 32 JajicHa (OopMaHTHA aMIUTUTY/la HAa TeHEpUPaHHs CUTHAI BBB (ha3ara Ha
3aTBOPEH TJIOTHUC MOXE MPAKTHYECKU Ja MpUeMe KOSTO U Ja € CTOHHOCT OT HyJa
(¢bur.3) 1o ABa MBTH aMILUIUTYAATa HA OTBOPEH mioTuc ((ur.4).

To3u edekT cTraBa omie MO-UHTEPECEH B PAMKUTE HA PEUYEBH CETMEHT, ChABPIKAIIl HA-
KOJIKO TepHojia HA OCHOBHHUS TOH.

Torasa, ocBeH koedumenra I
' (1) 1 lopen _ glottis

JIUTYyAUTEC II€ OKa3Ba BIIMAHNUC U CbOTHOHMICHUCTO HA HNPOABJLKUTCIIHOCTTA HA (basaTa

OTHOMEHHE Ha aMIUTHTVIHTE Ha TCHEPHPAHIL CHTHAT PSR H C7ICT 3aTBApAHC Ha [TOTHEA

wltopen_ glottis
— (13)

:aﬁtopen_glottis’ BbpXY OTHOHIICHHWCTO HAa aMII-

OTHOCHTETHN
TR

1 [ H
il OTBOPER FAOTHC KBM TEpI0Ia Hi ¢ll| INAHTHATA TeCTOTA

[} 2 i 1 L]
HN"@II.I.I.II"I[]. TIPOTOPLIACOH 1EH ) CLOTHOMEHIETO B BPMETPACRETO 1 ¢1|il1

®dur.2 Omuowenue Ha amMnaumyoume Ha eHepUPaHUsl CUSHAT NPeou U cied 3amea-

SAHE HA cllomuca kamo HKUUA HQ Koeuuuerma r
p ¢y Y d) Y topen _ glottis
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Feﬂepnpaﬂ CHTHAI Ipeli H ¢/1e] 3aTBapAHe Ha LI0TIHCA
I I I I I I I

dopma
HA
BBIHATA

0 1 2 3 tZ 5 6 7 8

w0?
Bpenme, s '

®ur.3 ['enepupanusam cuenan npeou u ciied 3ameapsme Ha 2J10Muca npu

=2n7, n=0x1t2.. u cbomeemno I =0.

t ; 1F
“L'open_ glottis Aopen _ glottisAtlosed _ glottis

FEHepllp‘dH CHI'HAJ ﬂpe,[[ll ncaen ’i‘JTB‘dpﬂHe Ha [J1oTHCA
z I I I I

Dopma

Ha
BbJIHATA

Bpente, ¢

®Our.4 ['enepupanusam cueHan npeou u ciied 3ameapsme Ha 2J10Muca npu

=nz, n=x1335.. u cbomeemno I . =2.

t ; 1F
“L'open_ glottis Aopen _ glottisAtlosed _ glottis

Ha 3aTBOPEH I'JIOTHUC KBbM II€pHOaa Ha OCHOBHUS TOH.

t .
_ open _ glottis
Kun_imp=—1 (14)
g
B T0o31 cnyqaﬁ CC mojJu4aBaT CPaAaBHUTCIIHO CJIOXKHHU aHAJIMTHUYHU 3aBHCHUMOCTH. HpI/I-
MCPHO OTHOIICHHUATA HAa aMINIMTYAWTC Ha CHUI'HAJIa Ha (basaTa Ha 3aTBOPECH TJIOTHUC
KbM q)a3aTa Ha OTBOPCH I'NIOTHUC 3a BTOpUS IICPHUOJ HAa OCHOBHHA TOH CC 3aJaBa C HU3-

pasa:
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r
lopen_glottis

)COY(

r
)=| 4k sin( aitopenz_glottis )

r =f(r
1F 1F t :
Abpen_glottispt:losed_glottis “Lopen_glottis K full _imp
1
Mot 2 ot ot 2|2
; ; ik lotti ; el lotti P lottis 77
K, Sinye Iott's)+k1 sm(27r—7k°'°e”—_g )+ -2k, sind(_topen_glottis )k sin— PEN-GOHE =) (15)
pen_glotl full _imp 2 full _imp 2

U CHOTBETHO C Tpadukara ot ¢ur.5.

O‘IGBI/I,Z[HO 3a BCCKU CJICABall IICPHUOA U3YHUCIIABAHCTO HAd TOBA OTHOIICHHUC CTaBA BCC
II0-CJIOKHO M CC HaJlara M3I10JI3BaHC HAa CbOTBCTHHU YHMCJIICHH MCTO/IH.

(OTHOIIEHHE Ha AMIITHTYIUMTC Ha TCHEPHPAHUA CUTHAIT PSIH H CJICT 3aTBAPAHC Ha ITOTHCA

0~

OTHOCHTeTHI
JOTAPUTMIHE
eIHNIE  5~|-f

; ey "..w.* i
"4 \.'. ‘ : oy
5 1?"#’*'&7"' “

bid

e
ROE(])IIHHEHT Ha 3aMbJIBAHE Ha HMITYJICA

00 5

Koedimiuent, npomopmioHa e Ha ChOTHOIIEHIIETO HA BPMETDAEHET0
Ha (]l A32T2 HAa OTBOPEH LIOTILC KBM IEPHOTA HA (llO])MilHTHilTﬂ YECTOTA

®Our.5 Omuowenue Ha amnaumyoume Ha eeHEPUPAHUsL CUSHATL NPeOU U C1ed 3amea-
psAne Ha 2N0Omuca 3a 6mopusi NepUuoO Ha OCHOBHUSL MOH.

Bbrpekn ToBa, MOXe J1a C€ HaIpaBy CICAHUS OYEBUICH U3BO/IL:

[IpomeHsiiki CHOTHOIICHUETO HA MPOIBDKUTEIIHOCTTA Ha (ha3uTe Ha 3aTBOPEH TJIO-
THC KbM MPOIBIKUTEIIHOCTTA HA OCHOBHHSI TOH U 0€3 J1a C€ IPOMEHS TeOMETpPHsITa Ha
BOKAJIHHS TPAKT, MOra J1a C€ T€HEPUPAT PEYEBH CETMEHTH, IPU KOUTO AMILIATYATa
Ha Ja7eH (OpMaHT 3a BCEKHU CIIEJBAIll NEPHOJ Ha OCHOBHUS TOH Jla HApacTBa, Ja 3a-
THXBA WJIY J1a HE CE TPOMEHS ChIIECTBEHO.

4. 13BOJIUN
[IpoBeneHOTO M3CIEABaHE MTOKa3Ba, Ye MOJICTBT Ha Fant BCHIIHOCT aJeKBaTHO OIHC-
Ba MHOTO TIOBeue ()eHOMEHH Ha Tpolieca Ha peueoOpa3yBaHe, OTKOJIKOTO € TIPUETO OT
no3HaTaTa TEOpHs W MpakThka. [I[puynHa 3a TOBa BEPOSATHO CE KpPHE B T'CHE3UCa Ha
camusi Mojies. Tol e ch3laaeH KaTo MOJied OT THUIa 'M3TOYHUK-QUITHP', 3a Ja ce
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OIIPOCTAT IIPOUCCUTC HA aHAJIN3, HA ITIapaMCTPHU3alusd, HAa KOHKPCTHA TCXHUYCCKA PCa-
JM3anuAa 1 1p. Tosa ce IHoCTHura, KaTto (1)I/IJ'IT'I)p'bT CC pasrjicxkjaa nmpakKTUICCK1u HE3aBU-
CHMO OT HU3TOYHHKA Ha B'b36y>KI[aHe N TakKa 3a LcjaTa Morar aa 6T>I[aT H3I10JI3BaHU
3HAYUTCIIHO HO-C(I)GKTI/IBHI/I MCTO/JU N CPpECACTBA.

5. BJIATOJAPHOCTH
ABTopute u3kasBat cBosita 6iarogapHoct kbM HUC nipu TY-Codus 3a punancoara
noakpena no npoekT Ne 12211J10014-08, B pamkute Ha KOWTO € MPOBENECHO HACTOS-
IIETO U3CIIEBAHE.

JIUTEPATYPA
[1] Chiba, T., Kajiyama M. (1995), The Vowel, Its Nature and Structure, Tokyo-
Kaiseikan, Tokyo, 1995
[2] Fant G. (1990), Acoustic Theory of Speech Production, Mouton & Co., Hauge,
1990
[3] Hayes M. (1999), Schaums's Outline of Theory and Problems of Digital Signal
Processing, Singapore, McGraw-Hill, 1999
[4] Rabiner L., Schafer R. (1992), Digital Processing of Speech signals, Prentice-
Hall Inc., Engelwood Cliffs, New Jersey, 1992
[5] Stevens, K., Hirano M. (1991), Vocal Fold Physiology, Tokyo U.P., Tokyo, 1991

ABTopu: JlamsH /[amMsiHOB, aCHUCTEHT, KaTeapa ,,ABToMaTu3aius Ha HenpexkbcHaTute
[TpousBoactra”, dakynrer ABToMatnka, Texanueckn YHuBepcuret - Codus, E-mail
address: damyan.damyanov@fdiba.tu-sofia.bg; Bacwr I'enb00B, gom. a-p karemapa
»2ABToMartu3anus Ha HenpexkwscHnature [IpousBonacta”’, akynrer ABTomaTtuka, Tex-
Huveckn YHuBepcutet - Codust, E-mail address: vtg@tu-sofia.bg

IocTpnuaa Ha 28.04.2012 Penensent npod. 1-p C. Mopaanosa

188



Q T'oouwnuk na Texuuuecku Yuueepcumem - Cogpus, m. 62, kn.2, 2012
J Proceedings of the Technical University - Sofia, v. 62, book 2, 2012

CPEJA 3A CbBUPAHE HA EKCIIEPUMEHTAJIHU IAHHU 3A
N3CJIEABAHE TMHAMUKATA HA YOBEKA-OIIEPATOP
IIPU PBYHO YIIPABJIEHUE

AJsiekcanasp Mapunuen

Pesztome. Ilenma na nacmoswama paboma e pazpabomeanemo Ha 1aOOpPAmMopeH
cmeHo0 3a CbOUpanemo Ha eKCnepUMeHmAaIHu OAHHU 3a 408eKbm-onepamop npu pa-
bomama My Kamo ynpasisieauo 36eHo 8 KoHmypa 3a ynpaeienue. Cpeoama 3a cvou-
paHe Ha OaHHU Mpsbea 0a omeo8aps Ha CleOHUme UUCKBAHUS: 8b3MONCHOCM 3d NO-
odasane HA NOOXOOSAUWU USNUMAMEIHU CUSHATIU KbM 408eKd; 8b3MONCHOCT 3d OMHll-
mawue u 3anuUcéane Ha PeaKyusima Ha 408eka u opyeu ne2oeu napamempu (MexcoOunHu
BENUUUHU, KATNO HANP. NYIC); NOOOPBHCKA HA PA3IUYHU 8UO08E OP2AHU 34 YNPAGICHUE
(Oorcoticmux, sonan u Op.); NOOOPBICKA HA PA3IUYHU MUNOBe 0OeKMU 3d YNPAG/IeHUe;
NnOOX005AWO BU3YATURUPAHEe HA pecyupyemume 8eiuduHu;, 00CMAMbYHO MAIbK MAKM
HA OUCKDemu3ayusl.

Knwuoeu oymu: uosexo-mawunen unmepghetic, pbuHo ynpasiexue, u3cieo8ane Ha
yo8eKa-onepamop

ENVIRONMENT FOR COLLECTING EXPERIMENTAL DATA TO STUDY
THE DYNAMICS OF HUMAN OPERATOR IN MANUAL CONTROL

Aleksandar Marinchev

Abstract: The purpose of this work is to develop laboratory bench for the collection
experimental data of human operator in his work as a management unit in the control
loops. The environment for data collection must meet the following requirements:
possibility for the feeding of proper test signals to the man; the possibility of measur-
ing and recording the response of humans and other relevant parameters (intermedi-
ate variables, eg. pulse); support for various types of control units (joystick, wheel,
etc..) support different types of control objects; adequate visualization of the adjusta-
ble parameters; small enough sampling time.

Keywords: human-machine interface, manual control, study of human operator

1. YBOJ
B nHemHo BpeMe 4OBEKBT-OIIEPATOP € HEpPa3JAesIHa YacT OT IIOYTH BCSAKA aBTOMATU3U-
paHa cucrtema. Oneparopure MOJAaBaT YNPABISBAILN Bb3ICUCTBUSA KbM MAIIMHUTE U
IIPOLIECUTE MTOCPEACTBOM PA3JIMYHM OpPraHU 3a YIIPaBJICHUE. BBIPEKu Abirara UCTO-
pHUsl Ha PBYHOTO YIPABJICHHE BCE OIE JIUIICBA OOLIONPUETO MAaTEMATUYECKO OIHUCa-
HU€ Ha JMHAMMKATA Ha CUCTEMAaTa YOBEK-MalllMHA. B MOMEHTa XapaKTepUCTUKUTE Ha
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JOBEKa-OIepaTop C€ OTYMTAT OTJCIIHO 32 PA3TUIHUTE OOCKTH 32 YIIPaBICHHUE TIOCPE/I-
CTBOM €MIIUPHUYHU 3aBUCUMOCTH.
[lenTa HA U3CIIEBAHETO € J1a CE€ TMOJYyYH MATEMAaTHYECKO OMHMCAHWE HA YOBEKA TO3-
BOJISIBAITO XaPMOHHYHOTO MY Pa3TJIekKJaHE ChBMECTHO C TEXHUUICCKUTE CUCTEMHU.
PasrnexmaneTo Ha YOBEKa KaTO PEryJjupalio 3BEHO B CHCTEMara YOBEK-MalluHa |
OMKMCAHUETO HAa XapaKTEPHUCTUKUTE MY Ype3 M3IOJI3BaHE Ha CPEICTBaTa U METOAUTE
Ha TEOpHUATAa Ha aBTOMAaTUYHOTO YIIpaBJIEHUE MPU OTYUTAHE HA HETOBUTE ICHUXOJIO-
TMYHH U (DU3UOJIOTMYHU KavyeCcTBa JIaBa CICIHUTE MPEIMMCTBA:
- MIOCTUTA C¢ CJIMHCH HAYMH 3a MPEJCTAaBIHE HAa BCUYKHM KOMIIOHEHTH OT KOHTypa 3a
YIIPaBJICHHE;
- TIOJTyYCHHUTE M3BOM 3a IMIOBEJICHUETO HAa YOBEKA KATO YIPABJISABAIIO 3BEHO ca B 00U-
JaifHUTE 32 HH)KCHEpHATa MMPaKTUKa BUJ M TePMUHOJIOTH [1].
3a 1a ce MOCTUTHE TOBAa € HEOOXOAUMO J1a C€ MOJYYH JI0CTaThYHO TOUYEH MAaTeMaTHu-
4eH MOJIeN 3a 4yoBeka-omepatop. [lomydaBaHeTo Ha MaTeMaTUYECH MOJEI MOXE Jia Ce
OCBINECTBU 110 JIBAa HAYMHA. TCOPETUYHO M EKCIECPUMCHTAIHO. THhH KaTO YOBEKHT
MPEICTaBIISIBA MHOTO CJIOKHA (PU3MYecKka cCucTeMa, He € Bh3MOXHO TOYHOTO Teope-
THYHO MAaTEMAaTHYECKO ONMHCAHUWE, 32 TOBAa MATEMAaTHYHHSIT My MOJEJ CE€ TOJydaBa
EKCIIEpUMEHTATHO — U3BBPIIBaA ce uacHTUGUKausa. ChOMpaHEeTO HA MOIXO AN €KC-
NEPUMCHTAIHA JaHHU € M3KIIOUYHUTEITHO Ba)XKHO Ca Ch3JaBaHETO HA TOYCH MaTeMaTH-
YeH MOJEIL.

2. BXOJHO-U3XO/IHU JTAHHH
OnuTHaTa MOCTAaHOBKA 3a ChOMpaHE Ha JIaHHW 3a YOBEKAa-OIepaTop IPEACTaBiIsBa
3aTBOPEH KOHTYp 3a ympasieHue. CxeMara Ha TO3M KOHTYp 3a yIpaBJICHUE € TOKa-
3aHa Ha ¢ur.1:

CMyIIaBaIy CMyIIaBaIy
BEJTMYUHHU BEJTMYHUHU
0o0KpEkaBallia cpeaa
/ :
_£_> 5
5 2 o
2= el = 8 E 00eKT Ha perynupyeMu
sagamne | S & \;g 5 ¢:> BEIYMHN
E% > 9 g > s 2 yIpaBlieHHE —>
5 B 52 §&
=) > 5
= |
Q
=%
CHCTEMa YOBEEMALINHA
Onr.1

N3cneaBaHUST 4OBEK-OMEPATOP CE BKJIKOYBA KAaTO PEryJlaTop, Ha KOWTO ce MojaBa
uH(dopMaIus 3a 3aJJaHUETO U peryjiMpyeMara BeMuruHa UK TSXHATa pa3jivKa, a TOu
M0/iaBa YIpaBJIsBaIllO Bb3/IEUCTBHE KbM 00€KTa 3a yIpaBlieHHEe. 3aaHUETO U PETyIu-
pyeMara BeJIMYMHA C€ MPEJICTABAT HAa YOBEKA MOCPEJICTBOM IMOJXOJSINA BU3yaIn3a-
1M, a YOBEKbT-OMEPATOP MOJaBa yIPaBJsBAIIUTE Bb3IECHCTBUS MOCPEICTBOM OpraH
3a ynpasieHue. Busyanuzanusata 1 opraHa 3a ynpaBJi€HUE ca MPUETH 32 TPOHOPLHO-
HaJIHU 3BE€HA C U3BECTEH KOC(PUIIMEHT Ha MPOomopuruoHamHOCT. OOEKTHT 3a ympasie-
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HHUE € C TOYHO OIpejesieHa MpenaBareiata (yHKIUS U HETOBOTO MOBEJCHUE CE CUMY-
JMpa Ha MepcoHaicH KoMIIOTHP B cpena Ha MATLAB [4].

CToMHOCTUTE Ha CUTHAIUTE O3HAUYCHW Ha CXeMaTa C YEPBEHM CTPEJKH CE 3almcBat
npe3 3a7a/IeH MHTEepBaJ OT BpeMe — TaKT Ha JTucKpeTu3amus. CUrHaiuTe KOUTO ce 3a-
MUCBAT Ca CJICIHUTE!

1. 3amanue — TOBa € BXOJIEH CUTHAJ 32 YOBEKa OIepaTop U Mpe/CTaBisiBa O
raycoB IIyM. Tl KaTo YOBEKHT MMa OIpaHUYEHA YECTOTHA JIEHTa € HEOOXOIUMO H3-
NUTATEJIHUTE CUTHANM MOJAaBaHW KbM HEro Jia ce orpaHuyar mo yecrota. [Iporpam-
HOTO OCUTYpsIBaHE KOETO reHeprpa 3aJaHHETO /1aBa Bb3MOXKHOCT 3a OrpaHUYaBaHe Ha
YecTOTHATa JIeHTa Ha Oelus raycoB IIyM IMOCPEICTBOM HHCKOUYECTOTEH (PHUITBD C
BB3MOXKHOCT 32 M300p Ha yecTorara Ha cps3Bane mexay 0.1 Hz — 2 Hz. [Ipu orpanu-
YaBaHETO Ha YECTOTHATa JIeHTa Ha Oenus IIyM obade ce M3MEHsS HeroBaTa aBTOKO-
penanuoHHa (YyHKIIUS, KOETO 3aTPyAHsIBA B MOCIEACTBUE HICHTU(DUKALIUATA, 32 TOBA
KbM OeNus IIyM ce MpuOaBsi KOHCTAHTA, KOATO C€ M3MEHsI CKOKOOOPAa3HO B CIIy4ailHH
MOMEHTH OT BpemeTo. [IpuMepen BapuaHT Ha 3a/1aHUETO € TToKa3aH Ha urypara:

200

150 - B

100 - B

il |

-100 - R

-150 !
0 5000 10000 15000

®dur.2

2. YTIpaBisBaIllo Bb3JICHCTBUC — PEAKIIUATA HA YOBEKBT, KOSATO CE MOJaBa KaTo
BXOJICH CUTHAJI Ha 00CKTa 3a yIpaBJICHHE.

3. Perynmupyema BenuunHa — M3X0IBT Ha 00CKTA 3a yIpaBJICHHUE.

OCBeH IOCOYCHUTE CUTHAJH, IO BPpEeME Ha EKCICPUMCHTa CE OICHSABAT W 3aIliCBaT
JAHHU 32 TICUX0-()HU3UOJOTHYHOTO ChCTOSHHUE HAa YOBEKA, KOMTO MOTaT Jia C¢ OChIIec-
TBSIBAT 110 HAKOM OT CJIEIHHUTE MeTOAH [2]:

- IIcuxonoruuuu MeTou,

- JIMpeKTHO M3MepBaHe Ha (DU3UOJOTHYHH MApAMETPH - €JICKTPO-KapaHOT-
pama (EKT), enekrpomuorpama (EMI), enekrpoennedanorpama (EED), nuxarenen
o0eM, YecToTa Ha JHIIaHe, KOXKHO-TAJIBAHWYHHU PEaKIUU, KOKHA U PEeKTallHa TeMIIe-
paTypa, KpbBHO HaJIATaHe, caTypalysara Ha KHCIOpO B KPbBTA | JIp.;

- BbuomsornunuTe MeTOIH.
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3. OPTAHU 3A YIIPABJIEHUE U BU3YAJIN3ALIUA

OnuTHaTa NOCTaHOBKA MOJAbPrKa BKIIOUBAHETO HA PA3JIMYHM BHJIOBE OPraHU 3a yI-
paBnenue. IlopnppkaHure OpraHv 3a ynpaBJi€HHE ca BCUYKH BHUIOBE aHAJIOIOBH
JDKOMCTUIY Y BOJIAHU pabOTeIu ChC CTaHmapTHuTe Apaiieepu Ha MS Windows. Xa-
PaKTEpUCTHKHUTE HA OpPraHWTE 3a yIpaBlieHUe (Ib/DKMHA HA JIOCTA, AUAMEThp Ha BO-
JTaHa W Jp.) TpsAOBa Ja ce OTYeTaT W 3alMIIaT 3a ONpeelisHe Ha KoeduIMeHTa Ha
yCWJIBaHE NpH nocieasamara naeHtTugukanus. Ha ¢ur.3 ca nokasanu HIKOU opraHu
3a yrpaBJICHUE.

Hsxou oT opranuTte 3a yrnpasjieHHE TO3BOJISIBAT IBHKCHUE B JBE HAITPABICHHS — 110 X
U 10 Y (JuKOMCTHK), a Apyru camo B eaHo (BosiaH). OmMUTHATA MOCTAHOBKA € Harpa-
BEHA TaKa, Y€ MMO3BOJISIBA U3BBPIIBAHE HA EKCIICPUMEHTH KAaKTO TI0 €HO HalpaBJICHUE
(camo Mo X WJIM caMmo IO y) Taka U B JIBETE €IHOBPEMEHHO. Busyanusarusra ce che-
ToM OT (QUTYpH Ha €KpaHa, KOMTO MEHSAT MECTOIOJIOKEHHUETO CH B 3aBUCHMOCT OT
CTOMHOCTHTE Ha CHTHAJIU OT KOHTypa 3a ympasieHue (¢ur.l). CToiiHOCTTA Ha pery-
JMpyeMaTa BEJIMYHHA ChOTBETCTBA Ha MOJOKCHHETO Ha CHHS OKPBKHOCT. 3aJaHHETO
ce IpeICTaBs KaTo IMOJOKCHHETO Ha 3eleH kBaapar (¢ur.4.a) wid ABe YCIOPEIHU
auauH (¢pur.4.0).

Paznukara MexXy 3aIaHUETO M peryyiMpyemMara BeJruunHa (rperikara) ce mpeacTaBs ¢
YEpPBEHU OTCEYKH OTCTPAHU HA CHUHSATA OKPBKHOCT. [IporpaMHOTO OocurypsiBaHe mo3-
BOJISIBA J]a C€ U3KJIKOYBA NTOKAa3BAHETO HA 33JJaHUETO WJIM Ha Ipelikara. Busyanuszanu-
ara oT gur.4.a e MoAXoAsIIa 3a U3CIeABAHE MPU JBIKEHUE B JBE HAIPABJICHUS, OC-
BEH TOBa IIPU HEsA HE CE€ BIIKJAT MPEIUIIHUTE CTOMHOCTH Ha 3a/IaHUETO, a caMo Te-
kymata. Buzyanuzanusra ot ¢ur.4.6 € npuiokuma camo MpHu JIBHKEHHUE B €JHO Harl-
paBJE€HUE, HO MOKa3Ba OCBEH TEKYyIaTa CTOMHOCT Ha 3aJaHUETO U MPEAXOJHH CTOM-
HOCTH 3a OIIPEJIENIEH IIEPUOJ OT BPEME.
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dur.4.a dur.4.0

4. IPYTU ®YHKIINU
1) TIporpamMHOTO OCHTYpsiIBAaHE IO3BOJISIBA M3BBPIIBAHETO HA CKCIIEPUMEHTH C
12 paznuunu obekTa 3a ynpasieHue. [IpegaBarennure QyHKIMM Ha OOEKTHUTE 3a YII-
paBJICHUE ca MOKa3aHU B Ta0iuIlaTa;

Tabmumal
L W(s)=K 7.W(s)=Ke™®
2. W(s)= X 8,W(s)=5.e_’S
S S
K K _x
LW(s) = CW(s) = .
3. W(s) ] 9. W(s) ¢
4. W(s) =" 10. W (s) =£2.e—fs
S S
K K
W(S)=—— W (s) = .
5. W(s) == 11 W(e) =
T,s+1 T,s+1
6. W(s)=-1 12.WE)=2—e®
Ts+1 T,s+1

N300pbT Ha 00EKT 3a ympaBiieHHE CTaBa KaTo Ce CTapTHpa ChOTBETHHS M-daiin B
KONTO MOrar Jia ce KOH(QUTYpUpaT CTOMHOCTUTE Ha MapaMeTpUTe Ha HEroBara mnpeaa-
BaTeNIHA (QYHKIHUS.

2) OrmeHsiBaHe Ha NICUXO-(DU3MOJIOTUYHN XapAaKTEPUCTHKU HAa YOBEKa orepa-
TOp — U3BBPIIBA CE MOCPEICTBOM IUPEKTHO M3MEpPBaHE Ha IMyJica U Ha caTypalusTa
Ha KHUCJIOPOJ B KPBBTA IMOCPEACTBOM MYJICOKCUMETHP ((ur. 5), KOHTO € mopTaTHBEH,
JeceH 3a ynorpeba, chC COHJa MO3BOJISBAIA HEMHBA3UBHU M3MEPBaHMA IO BpeMe Ha
paboTtaTta Ha 4oBeKbT-onepaTop. IlyncokcumeTrspa mo3BoIsIBa CBbP3BaHE KbM IE€PCO-
HaJIeH KOMITIOTBP C KOETO C€ YJIEeCHSBa ChOMPAHETO Ha JaHHU U IMOCIEABALIMAT UM
aHaJM3.
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5. IPUMEP 3A U3BBPIHIBAHE HA EKCIIEPUMEHT

N3cnensanero ce n3BbpuiBa B cpena Ha MATLAB u ce cbcTOoM B ClIEAHOTO: 3a7aBa-
11aTa BeJIMYMHA Ca eKPAaHHUTE KOOPJMHATH Ha IIEHThpa HA M300pakeHUE Ha KBaJpar
(¢ur.4na). M3cnenBaHUAT YOBEK-OMEPATOP MOCPEIACTBOM JHKOHUCTHKA ABIIKU IO €K-
paHa OKPBKHOCT, KaTo IeliTa My € Ja 3aJbPKU OKPBKHOCTTA BBPXY KBaapara. Ex-
pPaHHUTE KOOPJIMHATH HA LIEHTHPA Ha OKPBHKHOCTTA CE SBSIBAT PEryJUpyeMara BeJu-
yrHa. ['penikara — OTKIOHEHHETO Ha IEHThPa Ha OKPBHKHOCTTA OT IEHThPA Ha KBaJ-
para - MOXKe Jla Ce BU3yaIM3upa KaTto 4YepBeHn oTceuku ((ur.41a) B ChOTBETHATA I10-
COKa IO X ¥ 110 Y, C ABJDKUHA, MPONOPIIMOHAIHA HA IPEIIKaTa B ChOTBETHOTO HAIPaB-
nenue. [lonoxxeHnero Ha JHKOWCTHKA CHOTBETCTBA HA YHPAaBISABAIl CHUTHAJN, KOUTO
NOCTBIIBA KbM MOJEJ Ha 00CKTa 3a yNpaBlIeHUE, U3XOIbT Ha KOWTO € peryiupyemara
BemunHa [3].

[To Bpeme Ha eKCIIepHMEHTA IMpe3 ONpPEeesieH HHTEPBAl OT BpeMe, ChOTBETCTBAII HA
TakTa Ha JUCKPETH3allMs, CE 3alMCBaT 3a/aBaliara BeJWYnHA (€KpaHHUTE KOOPIH-
HATH Ha [EHTHpa Ha KBaJpaTa) W yNpaBISIBAIIUS CUTHAI (ITOJOKEHHETO Ha JKOMC-
tuka). [Ipuema ce, 4e mpeaaBaTeIHUTE XapaKTEPUCTUKU HA OPTaHHUTE 32 yIPaBJICHUE
(mKkoicTHK) M Ha MHIUKATOPHHUTE MprOOopH (Ipolieca Ha BU3yalu3alHs BbPXY MOHH-
TOpa) ca MPOMOPIMOHAIHU 3BCHA U Ca MHTEIPUPAHU KbM IpeJaBaTeliHATa XapakKTe-
pPHUCTHKA Ha YOBEKa KaTo peryiupaiio 38eHo. Te ¢popmupar koedpunuenta K B npena-
BaTenHaTta (pyHKIUS Ha yoBeka. Ciiel NMPUKIIOUBAHE HAa EKCIIEPHUMEHTa ChOpaHUTE
JaHHU CE 3allMCBaT BHB (hailsl 3a 1a ce U3MOI3BaT 32 UACHTU(DUKALUSA U C€ ONPENEsT
napaMeTpuTe Ha MOJIelia Ha YOBEKa-OlepaTop KaTo PeryIupaio 3BEHO.
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Ha ¢wur.6 ca mokasanu BXOJHO M3XOJHM JaHHU CHOpPAHH OT €KCIEPUMEHT, KBJETO:
Opra”bT 3a yIpaBJ€HHUE € JUKOWCTHK; M3M0J3Ba c€ BU3yann3anusaTa ot ¢ur.4.a; ooek-
THT 3a yIpaBlieHHe € Homep 3 OoT Tabin.l; aBmkeHusATa ca (PUKCHUpaHU CaMO B €IHO
HanpasiieHue — 1o X. CUrHanurTe nokasaHnu Ha uUrypara ca: Hai-0Trope — TECTOBHST
CUTHAJI; B CpeiaTa — U3XOAbT Ha 00EKTa 3a yIpaBJieHUE, Hali-0Jly — yIPABIISBAIIUTE
BB3/ICUCTBUS MIOJIaBaHU OT YOBEKaA.

Ha ¢ur.7 ca mokazanu BXOJHO HU3XOJHHU JAHHU CHOpPAHU OT €KCHEPUMEHT, KBHIETO:
Opra”bT 3a yIpaBJieHHUE € JUKOWCTUK; U3MOJI3Ba ce BU3yann3anusita oT ¢ur.4.a; o0ek-
THT 3a YIpaBJICHUE € HoMep 5 oT Tabu. 1.
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N3CJIIEABAHE HA OPI'AHU3ALIMOHHU CUCTEMM -
CIHHEHUPUKA U ITPOBJIEMHA

Anekcanasp XoTrmap

Pe3wome: Llenma na nacmoawusa mamepuan e 0a npedcmasy YaioCcmua Kapmura Ha
npobiemume, C8bP3aHU C U3CIE08AHEMO HA opeanuzayuonnu cucmemu. Cvbovporcanu-
emo npedcmass HAu-8aMCHUMe U 4eCmo Cpeujanu npoodiemu, ONUCAHU 8 MHO20 WiU-
POK cnekmubp aumepamypHu usmounuyu. Quepmanume HACOKU 3a pazsumue ce bazu-
pam Ha NpoOBANCUMENHU TUYHU HAOTIOOEHUS 8bPXY OPSAHU3AYUOHHAMA NPAKMUKA
HAa MHOJICECMB0 0bll2apCKu KOMNAHUU.

Kntouoeu oymu: opeanuszayusi, MEHUONCMBHM, OP2AHUSAYUOHHO NOBEOEHUE, OPSAHU-
3ayUOHHA Mmeopusi, ynpasieHue

INVESTIGATION OF ORGANIZATIONAL SYSTEMS—-
CHARACTERISTICS AND PROBLEMS

Alexander Hotmar

Abstract: The goal of this article is to present the overall overview of problems, relat-
ed with investigation of organizational systems. The content explains the main and
most frequent problems, described in numerous studies. Outline directions for pro-
gress are based on prolonged personal observations over organizational practice in
Bulgarian companies.

Keywords: organization, management, organizational behaviour, organizational the-
ory

1. BbBEJIEHHUE

W3uckBaHusaTa 3a (QyHKIMOHHPAHETO HAa OpraHu3anuure (M0 CIHEMHUATHO CTOIMAHC-
KHTE) Ce OMpEJCNAT OT MHOXECTBO Ha Opoil (hakTopu Ha 3a00MKajsIIaTa cpeia —
WKOHOMMYECKH, TEXHUYECKU U Jp. OCHOBHUTE OT TAX ca: (1) ITMHaAMUYIHOCT Ha Ta3ap-
HUTE YCJI0BHS, (2) CI0XKHOCT HA IPOU3BEKIAHUTE CTOKU U yciyry U (3) TMHaMuKa Ha
NpOAYKTOBHUTE MHOBamK. Benuku Te B mocinenqaute 100 ToguHu ca mpeThprieiu ce-
PHO3HO MOoKauBaHe. Pe3yaTatr oT TOBa € MHOTOKPATHO YBEIIMYCHHE KAKTO Ha CTEICHTA
Ha CJIO)KHOCT Ha OpraHM3allisITa Ha MPOU3BOJCTBOTO M OM3HECa Ha KOMIIAHUHUTE, TaKa
U HY’)KJaTa OT MHOTOKPATHO yBEJIMYaBaHE Ha CKOPOCTTA HA IPOMEHH B MPOIYKTUTE U
BBB BBTPEIIHO (PUPMEHUTE MEXaHW3MH Ha paboTa. Bcuuko TOBa mocTaBst BbIIpoca 3a
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aHaJIKM3a U YIPaBJICHUETO Ha OPTraHU3aIMOHHUTE CUCTEMHU Ha MIPEJICH IIaH, KaTo TEeH-
JICHIIMSTA € 33 YBEJIMYaBaHEe Ha BAXKHOCTTA My B 0003pUMO ObJI€IIIE.

2. OCHOBHU XAPAKTEPUCTUKHU HA OPTAHU3ALIMUTE

TpaauumoHHO OpraHW3alMHUTE CEe PA3rNIeKIAT KATO TUIHYHU XUOPUIHH CUCTEMHU
GyHKIMOHMpam B XuOpuaHa cpena. ToBa € MPOAMKTYBAHO OT CHYETABAHETO B
€IMHHO IISUI0 Ha PA3HOTHUITHH 10 CBOSI XapaKTep U MPUpPoa Ha GYHKIIMOHUPAHE 00CK-
ti. Haif-o011o nornenHaro mMorat ja ce OTJIMYAT JIBe OCHOBHU IPYINU TaKMBa — Ma-
IIMHY U TIepcoHai. MammHuTe mpeoliagaBanio ce XapaKTepu3upar ¢ BUCOKA CTEICH
Ha OMNPEAETICHOCT M TPEICKa3yeMOCT, MPOJUKTYBaHH OT OCHOBHH (U3UYHH 3aKO-
HOMEPHOCTH | JACTEPMUHHCTHYHH WH)KEHEPHH METOIW Ha KOHCTpyupane. OT apyra
CTpaHa NOBEJCHHETO Ha MEepCcoHaja € OWIo M OcTaBa Jalied MO-MaJIKO JIETCPMUHH-
pano. ToBa ce np/kH Ha peauna (pakTopu, KaTo MCUXOJIOTUYECKH XapaKTEPUCTHKH,
HECHIIOCOYHOCT HA MHTEPECHUTE, EMOIIUH | JIp. Bceku mpenctaBuTen Ha Te€3H JIBE TPY-
M C€ XapaKTepHU3Hupa Cbc COOCTBEHH OCOOCHOCTH YHUKAIHHU 33 CaMus Hero (BajMIHO
B [TO-TOJISIMA CTETEH 32 XOpaTa U B IMO-MajKa CTEIEH 32 MAIIMHHUTE — BH3MOXKCH € Ba-
PHAHT 3a HaJW4YUe HAa WICHTHYHU MAIIMHU B PAMKHTE HA €IHO MpPEIIpUSATHE, HO
UJICHTUYHU CIIy)KUTENIM He). BhIpeku ToBa MpeACTaBUTEIUTE HA JajieHa Tpyma ce
TPETUPAT ChC CXOJHU IO CBOST XapaKTep MOJXOAU M METOJIU — MHKCHEPHA METOJI0-
JIOTHSI 32 MAIIMHUTE U CTONaHCKa (MKOHOMHYECKA) 3a MepcoHala.

OudepraHara KapTHHA MIPEIIToIara HATMYNETO Ha €CTECTBEHO BH3HUKBAIIH TPYTHOCTH
¥ KOH(DJIMKTH TIPHU ChUETABAHETO B €IHO HA CJIIEMEHTH OT JIBETE IPYIH — UMEHHO Ta-
KaBa KOMOHWHAIIMS € OPTaHM3aIHUATa ChC CTOIMAHCKA Ie)l. ToBa ce IBJIKU Ha CHINECT-
BCHO pa3JInJaBalllys ce XapaKTep Ha 0OCKTHTE, MPUHIIMITHO PAa3HOPOJIHUTE METOJIU 32
aHaJlM3 W yIpaBJIeHUE W TPYyJHATA CHIIOCTaBKa W TpaHCHOpPMHpaAHE HA PE3yJITaTH OT
CJIMHUS METOOJIOTHUYCH arapaT B Apyrus u o0patHo. CHTyanusITa Ce yCIOXKHSIBA Ch-
IIECTBCHO OT HAJIMYUETO HAa HEpapXWYHOCT MPH OPraHU3WPAHETO HA OOCKTUTE OT
Besika rpyna (¢ur.1) [3].
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MawuHHa YacT YoBewwka yact OpraHunsaums
@ur.1 UepapXxu4HOCT ¥ B3aUMOCBBP3aHOCT

3. OCHOBHMU TPYJHOCTHU IIPU AHAJIN3A HA OPTAHU3ALIUUTE

[TpoGieMuTe npu aHanm3a Ha OPraHU3ALMOHHUTE CHUCTEMHU Ca IPSKO CIEACTBHE OT
OCHOBHMTE UM XapaKTEPUCTHUKH, Hall-Beue OT Pa3IU4HUs XapakTep Ha €JIEMEHTUTE U
BPB3KUTE UM U OT BUCOKATa CTEIIEH Ha CBbp3aHOCT. ToBa 10BeXk/1a 10 Bb3MOKHOCTTA
32 OTHOCHUTEIIHO JIECHO ChCTaBsSHE HAa YaCTUYHM MOJEIU Ha MOJCUCTEMH Ha OpraHM-
3allMuTe, KOUTO obade € TpyaHO Ja Obaar uHrerpupanu. Ouie no-TpyaHa 3axada ce
OKa3Ba ONPEJEISHETO Ha BIMSHUETO HA J1aJIcHA MTOJCUCTEMA U HEMHUTE apaMeTPU U
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(GYHKIIMOHMpAHE BbPXY MOCTUTAHETO HA IEJUTE i — OCHOBHO (DMHAHCOBH PE3yJITaTH
B OIEPATHBEH, TAKTUYCCKU M CTPATETHUECKH BpeMeBH IuiaH. C pa3peiiaBaHeTo Ha TO-
31 (pyHIAMEHTAJICH 3a KOMITAHUKMTE MPOOJeM Ce 3aHMMAaBaT CICIHATUCTUTE M0 Op-
raHM3alMOHHO KOHCYJITHpPaHe — 00JIacT MMalla CTaTyC IM0-CKOPO Ha M3KYCTBO OTKOJI-
KOTO Ha Hayka. lHCTpyMeHTapuyma ¢ KoiTo ce 6opaBu [1] BkiIrOUBa pazHOOOpa3HU
METOIM U MHCTPYMEHTH, XapaKTepPH3HMpAIld CE C BHCOKA CTEMEH Ha CYOCKTHBHOCT,
PSIIKO HaIWYKMe HA KOJMYECTBEHO U3MEPUMH BEIMYMHU M CHINECTBEHA HEEIHO3HAY-
HOCT (pe3yJTaTHTe OT MPUIOKECHUETO B SIHH OPTaHU3alUK PSAIKO Ca ChIIOCTABHUMH C
TE3H TOJyYCHHU B JPYTH).

B nonbiiHEHHE aHANM3bT HA OPraHU3ALMUTE € CBBbP3aH ChC CHUIECTBEHU Pa3Xxolu 3a
TpYZ 1 BpeMeeMKocT. [locneqHoTo He psiAKo JOBEX/1a 10 MOJdydaBaHe Ha (pakTH, mo-
Ka3Balld OTMHUHAJIO CHCTOSHUE HAa OPraHU3alMOHHUTE CUCTEMHU — CBHCTOSIHUETO Ha
CHCTEMATa U CpellaTa ca ce IPOMEHUIIN CBIIECTBEHO 3a BPEMETO HEOOXOAMMO 3a IPO-
BEX/IaHETO Ha u3ciensBaHeTo. KaTo ce 100aBu U BPEMETO 3a ONpPEAEIsSHE HA MOAXO-
ISAUIUTE ACUCTBUS U TSIXHOTO NMpHUJIaraHe Ha MpaKTHKa Ce JOCTUTa JI0 YIpPaBIISIBAIIM
BB3/ICUCTBUS MOAXOJSIIN 32 OPraHU3alusiTa, HO B HEMHOTO OJIM3KO MUHAJIO T.€. Ha-
JIMIIE € CBILECTBEHO 110 CBOS pa3Mep YUCTO 3aKbCHEHUE.

Texnuueckute nmpobieMu MpH aHaiaM3a Ha OPraHU3aUOHHUTE CUCTEMHU Ca CBbP3aHU
C TpyJHara HaOJI0JaeMOCT Ha peaula BaKHU MapaMeTpH KAaTo MOTHBHPAHOCT Ha
NepcoHasa, NMPEABIKIAHE HAa IIOCOKAaTa Ha ABW)KEHHE Ha masapa u Ap. Csluespe-
MEHHO B peMIla CIy4dau 3a YCTAHOBSABAHE HA ONPEIEIICHU 3aBHCHUMOCTH Ca HEOOXO-
IUMU U EKCIIEpUMEHTAJIHU Mepornpustusa. Te ce XapakTepu3upar ¢ MOTEHIUAJIeH
PUCK OT HapyllaBaHe Ha paboTaTra Ha OpraHu3auusTa, ,M3KPUBEHH pE3yJTaTH B
CJIEJICTBHE HA MPOMEHEHO (DYHKIIMOHHUPAHE MPEAU3BUKAHO OT CAMOTO IIPOBEKIaHE Ha
EKCIIEPUMEHTA — Hall-ueCTO Ce M3pa3sBa B 3aBUILABAHE HA PE3YJITATUTE OT CIIyXKHUTE-
JUTE MOpaau 100pOCHBECTHOTO UM JKEJIaHUE Ja IIOMOTHAT HAa €KCIEPUMEHTA WU He-
I00POCHBECTHOTO UM JKEJIAHUE J1a IPUKPUAT MIPOOJIEMU CBBP3aHU C TAXHATa padoTa.

Hanuie ca u 1Ba 0oCHOBHH TIpo0sieMa IpH OKOHYATETHOTO 0(hOpPMSIHE HA pe3yaTaTUTE
OT aHajW3a MPEAN3BUKAHU OT (akTa, 4Ye KbM HACTOSIIHS MOMEHT HE paslojiaraMme ¢
ISJIOCTEH MOJIENT Ha OPTaHM3AI[MOHHHUTE CUCTEMHU. T0Ba ca HEBH3MOXKHOCTTA 3a Iie-
JIeBU KOJIMYECTBEH aHaJN3 U HECHIIOCTABUMOCTTA HA PE3YNTATUTE OT OTJCIHUTE Yac-
TUYHHM M3CNIeBaHus (WM YIpaBJsgBally Bb3aercTBUs/ monydeH pesynrar). Ha To3u
eTal HE ChIIECTBYBa METOJOJIOTHS, KOATO Ja HU TO3BOJISABA, JOPU C MPUONIIKECHA
TOYHOCT, J1a OIEHUM BpPB3KaTa MEKIYy U3MEPUMH KOJIMUECTBEHU MapaMeTpu Ha opra-
HU3aIMATA U TTOCTUTAHETO Ha IenuTe W. Bropusar mpobiem 3a ChIOCTaBUMOCTTA Ha
pe3ysITaTuTe MOXKE Ja Ce WIOCTpUpa Hail-IecHO ¢ mpumep. He e m3BecTeH HauuH 1a
OTIpEICITNM JIAJIM U3Pa3X0ABaHETO Ha X MapH 3a MoJ00psSIBaHETO HA MOTUBHUPAHOCTTA
Ha CiyxuTenuTe (MpeacTaBiisiBa KOJMUYECTBCHO HEM3MEPUM IOKa3aTea) M HaMaJls-
BaHE Ha TEKy4ecTBOTO Hanpumep ¢ 3%, nmogo0psiBa MOCTUTAHETO Ha IeTa Ha JajieHa
opraHu3zaius, 1essia MaKkcuMalHa nevyanoa.

4. CJIEACTBUSA OT OCHOBHUTE TPYJHOCTH

IIPU AHAJIM3A HA OPI'AHU3ALIMUTE
ITocneacTBusaTa OT MAPKUPAHUTE TPYAHOCTHU IIPU aHAJIU3a HA OPraHU3ALUMUTE Ca Hs-
KOJKO. JIurcara Ha sICHU U TOYHU KPUTEPUH 3a OLICHKA HA PE3YyJITATUTE OT IIPOMEHU U
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WHBECTHIIMU B OmpejienieHu cepr (OCHOBHO CBbP3aHH C YOBEILIKATA YacT) U MOJCHUC-
TEMH JIOTUYHO MOATUKBA PBKOBOJHMUTE KAJpPH A ClAarar akleHT BbpPXY T€3H, KOUTO
HSMAT TO3U HEIOCTATHK (OCHOBHO MalllMHHATA YacT). J{pyro ciencTBUe € HalnJue Ha
MaJko Ha Opoit 1oOpe ynpaBisiBaHU €IEMEHTH U MOACUCTEMHU M OCTaBalll ChIIECTBEH
10 CBOSI pa3Mep HEU3MOJ3BaH Pecypc B MHOKECTBO APYTH OOIACTH.

WrocTparus Ha Ka3aHOTO J0 TYK € TPAJAUIIMOHHOTO B MOCIICTHUTE TOJAWHH ChCPEI0-
TOYaBaHEe Ha BHUMAHHUETO BbPXY BHeApsBaHeTo Ha ERP cucremu. AKIIEHTBT IIPH TAX
€ MMEHHO BBPXY AaCIEeKTUTE IOJICKAIIM HAa OTHOCHUTEITHO TOYHO OIKMCAHHE, KaTo
IIPOM3BOJICTBO, CYETOBOJICTBO U Jip. CHIIIEBPEMEHHO PHKOBOAUTEINTE HA HE €IHA yC-
TelTHa KOMITaHUS MMOI4epTaBar, 4e KII0YbT KbM yCIieXa UM € aKTUBHOTO HM3II0JI3BaHe
Ha TTOTEHIIMAJIa HAa YOBEMIKUS (HaKTOpP.

Curyanusra B bearapus ce xapakTepus3upa C OIlle €IHa 0COOCHOCT — TOTOBHOCTTA Ha
yIPaBJISBAIMTEe OpPraHU3aIMKTE JIMIA Ja WHBECTHPAT CPEJCTBA B XapaAyep, HO IMOYTH
I'BJIHHSI OTKA3 32 M3Pa3Xx0JIBAHE HA MMAapy 3a MHTEICKTYaJHU NpHao0uBKu. ToBa Tpa-
JUITMOHHO 332 HAC MATePUATUCTUYHO MUCJICHE B TOJIIMa CTCIICH OOSICHSBA MOMEHT-
HOTO CHCTOSIHHETO Ha MOBEYETO MPEANPHUATHS Y HAC — HE JIOMIO 0Oe3leuaBaHe ¢ Ma-
IIUHU ¥ ChOPBKEHUS U KaTacTpo(aTHOTO UM M3IMOJI3BaHe U MOIapkxkKa. Karo apry-
MEHT 3a IIOCJICTHOTO MOJKE Jia C€ IPHUBE/IC JIMYHATA HEIOCPEACTBEHA KOHCTATAIUs Ha
CIeMHUS CIIyYail. TOJMSIMO OBJITApCKO METaTyprUYHO MPEANPHUITHE SKCILIOATHPAIO
MHO>KECTBO ITHPBOKJIACHU TIEIIM padOoTemy Ha Ta3 Oelre JOMyCHAIO0 B MPOIBIHKCHHUE
Ha ToAWHHA (YHKIIMOHUPAHE HA 4YacCT OT TAX Oe3 ympaBlieHWE Ha JUMOXOJHA KJjama.
Pe3ynTaThT OoT TO3H (pakT — memm ¢ paboTemy TMMOXOIHU KAl U KOHTYPH 3a Pery-
JUpaHe Ha HaimsAraHe B memra koHcymupaT 90 mm3/4, a Te3u ¢ Hepaborenm 360
HM3/d. CTOMHOCTUTE HE C€ HYXIasAT OT KoMeHTap. ChIIEBPEMEHHO yIPaBIIsABALIUTE
MIPOU3BOJCTBOTO OsXa CKIIOHHU Jia pasrienar odepra 3a HHCTAIHPAHE HA CKBITOCTPY-
Ballld CHCTEMHM 3a M3MEPBaHE Ha ChIBPKAHUETO HA KUCIOPOJ B M3XOJISAIIUTE ra30Be,
ype3 KOUTO OM MOTJIO Jla C€ TOCTUTHE UKOHOMMUSI B paMKuTe Ha 3-5%.

5. PFBJAEIIE U INEPCIHEKTUBH

OuepraHara KapTHHA Ha OPraHU3AalMOHHOTO YIIPABJIEHUE KbM HACTOSIIHS MOMEHT
¥Ma ThbMHHU KpacKM U HEACHU MEpPCHEKTUBHU 3a pa3BuTHe. ToBa OT eHa cTpaHa o0yc-
JaBsgd KJIACH(PUUUPAHETO HAa OPraHU3alMOHHOTO YMPABICHHE KbM KaTeropusra Ha
»,HEHAYKUTE", a OT JIpyra J1aBa OTJIMYHA Bb3MOKHOCT 3a M351Ba HA U3CIEIOBATEIINTE B
obmact Oorara Ha MPOOJIEMHH TOYKU U C TOJIEMU OYaKBaHU TOJI3H OT pa3periaBaHeTO
uM. JIornueH UHTepec NpeACTaBIsABAT HACOKUTE, B KOUTO MOXE J]a CE OYaKBA ChUIEC-
TBEH HaIpEIbK MO I'bTSA HA €BOJIOLMATA HA OpraHM3alMOHHATa HayKa. B Ta3u Bpb3ka
MOTaT Jja ce 0TOeseKaT TP MOMEHTa — JIBa CBbP3aHU C MPUHIUITHOTO peau3UpaHe
Ha aHAJIN3a U €UH YUCTO TEXHUYECKH.

KbM HacTosmms MOMEHT MMa JBa OCHOBHHU IOJXO0/a MPU aHAJIM3UPAHETO U peliaBa-
HETO HAa OPraHU3AIMOHHU MPOOJIEMU — €IUHUSIT € ChOMpaHe Ha €KUM OT Pa3zHO0O-
pa3HU CIICIUAIMCTH, a BTOPUAT padoTa ¢ eauH (WM HIKOJIKO) eKCIIepPT M0 OpraHm3a-
IMOHHO ympaBieHue. [IbpBUIT MOAX0 € MMPOKO M3IMOJI3BAH B MPAKTUKATa, 0COOEHO
OT TOJEMHTE KOMIIAaHUHU (KaKTO JOCTABUWIIM TaKa M KJIIMECHTH), KOUTO MOTaT Ja CH
MO3BOJIAT CHIIECTBEHUTE Pa3Xo/u 3a aHanu3a. [Ipu Hero ce Habm01aBa MOBTAPSIII CE
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MPUHITUIIEH CUCTEMEH HEJOCTAaThK — aHAJIN3 W MPECTPYKTYpPUpPaHE HAa OpraHu3aIlu-
OHHU €JIEMEHTH, KOUTO caMH Mo ceOe cH 3amovyHaT jaa padoTAT Jo0pe, HO OopraHu3a-
UsATa KaTo CHCTEMa HEe MOCTHTa TOJ00CH TMOJIOKUTEICH pe3ynTar (B HAKOW CIIydau
pe3yaTara JIopu € oTpuiareneH). To3u Ha MPBB HOrea abCcypJeH NapagoKe € BChII-
HOCT MHOTO JIECHO O0SICHUM — MPUPOJIaTa Ha ChBPEMEHHUTE CTOMIAHCKH OpraHU3aIliH
¢ TakaBa, uYe¢ OCHOBHHS aKIICHT (M TeHepHpaHa I10Ji3a) Taja BbPXY HMPAaBHIHOTO aK-
THBHO B3aMMOJICHCTBHE HA MOJCUCTEMHUTE Ha OpraHU3allMOHHATA CUCTEMA, a HE TOJI-
KOBa BBPXY KaueCTBOTO Ha paboTaTa Ha Bcska oTaenHa dacT. OT TyK ce ouepTaBa H
HACcOKaTa 3a MOTEHIIMATHA SBOJIIONNS Ha CKUITHUS MOAXO]] IPU aHaJIM3a Ha OpTaHU3a-
IIUUTE — OTJCITHUTE CTICIIMATUCTH B €KUTIA TPSOBA Ja ca B ChCTOSHUE Ja KOOPAUHUPAT
JICUCTBUSTA CH, CHIIOCTABAT PE3YATATHTE OT OTACIHUTE CICIHUATU3UPAHA 0OJIACTH U
T.H. C LIeT JIa MMPOEKTUPAT ISJIOCTHO CHCTeMara. Bcuuku Te3n HEOOXOIUMOCTH KbM
HACTOSIIIIMS €Tal Ca WM HEBB3MOXHU WIM TPYIHO MOCTIKUMH C MHOTO HETOYHH,
OpPUEHTHUPOBBUHU PE3YNITATH.

Btopusatr nmoaxoa KbM OpraHU3alldUOHHUS aHAJIW3 € MOCPEACTBOM M3IIOI3BAHETO Ha
CIIEUAIIUCT TI0 OPTaHU3AIMK CHIIO C€ M3MOJ3Ba MIUPOKO B OPraHU3aIlMOHHATA MpaK-
TuKa. To3u TUI yciayra OOMKHOBEHO C€ IIPEIOCTaBsd OT MAJIKHU 10 pa3Mep KOHCYJITaH-
TCKM (QUPMH, a KIMEHTUTE Bapupar 1o cBosi pasmep. [lo coOctBeHa cyOekTHBHa
OLICHKA MIMEHHO TO3HU MOJX0JI € B ChCTOSIHUE J]a JJOHECE HAN-TOJIEMH TOJI3U 32 OpraHu-
saruuTe. OCHOBHUAT My HEJOCTAThK € CBBp3aH C roysiMaTa CyOCKTUBHOCT INPHU W3-
O6opa Ha ,,ipaBWIHMS KOHCYNTaHT. [IpoGiem mpeacTaBisiBaT U B U3BECTEH CMUCHI
U3JIUTaHETO MY KaTo Typy, KaKTO M HEPSJKO CPEIIaHOTO HEJIOBEpUE OT CTpaHa Ha Pb-
KOBOJIUTEIIA U CIY’KUTEJId Ha OpraHu3alusTa KJIMEHT, OTHOCHO HAlPABEHUTE 3aKIIIO-
YyeHus U npenopbku. [loTeHInaneH eBOMIOIMOHEH BT Ha TO3M MOJX0] KbM aHalln3a
Ha OpPTaHHM3AIMUTE MOXE JIa Ce 0YaKBa Ja ObJie Pa3BUTUETO (M300pETABAHETO WU 3a-
UMCTBaHETO) Ha (yHJIaMEHTAJICH, METOIOJIOTHYCH arapaT, MpeHa3HAuYCH 3a aHau3
Ha OpraHU3allMOHHUTE CUCTEMU B IsIOCT. ToBa 03HayaBa Jja € Bh3MOXKEH aHAJIU3 Ha
BCEKU OT OpPraHU3aI[MOHHUTE KOMIIOHEHTH U MOJCUCTEMU U CHIIOCTABKaTa Ha pe3yJi-
Tatute UM. Hali-BaXKHOTO CBOMCTBO, KOETO TpsiOBa Jla MpUTEKaBa HHCTPyMEHTapuyMa
¢ BB3MOXHOCT 3a OIleHKa (IOHE MPHUOJIM3HUTEIHA) HA Bpbh3KaTa YIPaBISIBALIO Bb3-
nevictBue/ 1enM HAa OopraHM3anusATa. VICTHHCKOTO MPEeIU3BHKATEICTBO CE KOPCHH B
0e3kpalilHO MHOTOTO KOMOMHAIlMM Ha YIPaBJSBAILM Bb3JEUCTBUS, KOUTO CIIE]] CHUC-
TEMHOTO CH B3aUMOJICHCTBUE BOJAT HA MPAKTUKA JI0 TPYIHO MIPEACKAa3yeM pe3yiTar.

TpeTusiT OCHOBEH MOMEHT MPU OPraHU3AIMOHHUS aHAIIW3 U YNPABJICHUE € TEXHUYEC-
KOTO oOe3rneyaBaHe Ha mpoiecute. KbM HACTOSIIMAT MOMEHT 3a TOBa CIIY>KaT CUCTE-
MUTE 3a yrpasjieHue Ha ousHeca (ERP) u npunexamure cucTeMu OT MO-HHUCKO HUBO
(MES, SCADA u T1.H.). AKO ce CbJH 10 MHEHHUATA W3Ka3BaHU OT KOHCYJITAHTH II0
BHe/ApsaBaHe Ha ERP cucremu uiam TexHuUTe MPOU3BOJIUTENH, CIYIIATENSIT OCTaBa C
YCEeIIIaHETO, Y€ OPraHU3alMOHHOTO YIPABJICHHUE € OTJIWYHO MpOoyyeHa o0iacT, a HaT-
pPYMaHOTO 3HaHUE € (HOPMATU3UPAHO U CBEJICHO JI0 MporpamHa peanuzanus. [Ipu mo-
BHUMATEJIEH aHaJIu3 00ave CTaBa OYEBHUJIHO, Y€ TE3U CUCTEMHU M3BBPIIBAT aBTOMATH-
3alUsl Ha aJMUHHUCTPUPAHETO HA YIPABICHCKUTE JCHHOCTH, KAaTO aKIEHTa € BbpPXY
OHE3U EJIEMEHTH OT OpraHu3aIusaTa, MOoJJaBaly ce Ha (OPMAIHO KOJIMYECTBEHO
onucanue. ToBa GE3CMOPHO BOJU 10 peAuIia MPEAUMCTBA KaTo Obp30jAeiicTBUE, OT-
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YETHOCT, BB3MOXKHOCT 3a ONTHMMM3allMd U T.H., HO U CBIIEBPEMEHHO CE€ IPOITyCKa
OHA31 YacT OT OpraHu3anuuTe (OCHOBHO €IIEMEHTHTE CBBP3aHU C YOBEIIKHUsS (PaKTop)
yMalia pelaBallo 3Hau4eHUe 3a ycrexa B CbBPEMEHHUS JuHaMUYeH cBAT. Hanuue e u
Apyr cblecTBeH npobiem ¢ ERP cucremure — TsxHaTa orpoMHa CIOXHOCT U HETIO-
HSATHOCT Ha TOBEYETO OT CIYXHTEIWTE B KoMmmanuute. B m3tounuk [4] e moka3ana
NoTpecaBallla CTaATUCTUKA 32 YCIIEBAEMOCTTA HAa BHEJIPSABAHMSTA UM, CTEIIEHTa Ha He-
YIOBJIETBOPEHOCT Ha CIY)KMTEIUTE, INPOCPOUYBAHETO HA OYAKBAHUTE CPOKOBE 32
BHEJPSBAHE U Pa3XOJUTE MO BHEAPABAHETO. MHEHMETO HA KOHCYJITAHTU IO OpraHM-
3allMOHHO YIPABJICHUE €, Y€ JaJieHaTa CTATUCTUKA U JIOPH 3aHMKEHA. ToBa ce JbIKU
Ha peauiia 0cCOOEHOCTH, HO KaTo WIIIOCTpalMs MOXKe J1a ce faje (axTa, 4e 3a yCIEIIHO
BHeApsiBaHe Ha ERP ce cmsTar ciyyau, B KOUTO cucreMaTa ycree Jia ce u3Iuiatu. To-
Ba YECTO CE€ [IOCTUra caMO OT aBTOMATHU3alMATa Ha JOKYMEHTO000poTa.

EBOMIOLIMOHHUAT BT MPU CUCTEMUTE 3a yIpaBlieHHE Ha OW3HEca 1€ 3aBUCU B OT-
pOMHA CTETEH OT €BOJIIOIMATA HAa METOJIOJIOTUYHHUS amapaT Ha OpraHu3allMOHHATa
Hayka. OT TeXHUYECKa IJIeJHa TOYKA M0 MO€ MHEHHUE OCHOBHUST UM MPOOJIEM € He-
MOCWJIHATA 32 YOBEKa CJIO0KHOCT. [loTeHImaneH HauMH Ha pa3pelliaBaHe Ha TO3U BbII-
pOC € MHTErPUPAHETO Ha BH3MOXKHOCTH 3a paboTa ChC CKPUNTOBH €3UIIM 3a MpOorpa-
MHpaHE B CAMHUTE CPEIU U IaBAaHETO Ha Bb3MOYKHOCT HAa UHTEIUTCHTHUS, IPOTPAMHO
IpPaMOTEH MOTPEOUTE TIOCPECTBOM MO-TOJISIM Ha Opoi AeicTBUsA (HO OT 3HAYUTEIIHO
110 TECeH HA0OP) J1a MOTyYH XKeJaHHUsI OT HEro pe3yJiTar.

6. SAK/IFOYEHHUE

[IpobiieMuTe Ha OPraHU3alMOHHOTO YNPABJICHUE KbM HACTOSIINSI MOMEHT ChC-
TaBJISIBAT OCHOBHOTO MPEAN3BUKATEIICTBO MPE]l ChBPEMEHHUTE CTOMAHCKU OpPraHu3a-
nuu. HaGmtonaBa ce TpaitHa TeHACHIMS HAa HaMaJlsiBaHE HA pa3juKaTa B TEXHOJIOTHY-
HaTa 00e3MeYeHOCT MEXKIy Hail-moOpus W Hail-ciiabusi y4acTHUK B JajieH Opanil. B
OCHOBATa Ha ycIiexa CTOSAT OpraHM3allMOHHHUTE Bb3MOXXHOCTH Ha KoMmmaHuute [2], a
TSAXHOTO TMOJ00psBaHE HA TO3U €Tal € MO-CKOPO M3KYCTBO OTKOJKOTO Hayka. Jlo-
TUYHO € JIa C€ OYaKBa 3aJIbJIO0YCHO U JTUHAMUYHO pa3paboTBaHEe Ha MPOOJIEeMHUTE Ha
OpPraHU3alMOHHOTO YIIPABJICHUE B 0003pUMO OBCIIIE.
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HPUJIOKEHUE HA OIITUMAJIHHA 11O KPUTEPUU MUHUMYM
PA3XO/1 HA EHEPI'UA YIIPABJIEHUSA BbPXY PEAJIEH OBEKT

Credan lukos

Peztome:. B nacmosawus 0oxnao ce npedcmassam pezyimamume om U3C1e08aHe 3d
pasxoda Ha eHepeusi U Kaiecmeomo HA NpexoOHume npoyecu nNpu ynpaeienue c
aneopmummu OA3UPAHU HA Meopusma 3ad ONMUMAIHO NO eHepeusi YnpaesieHue.
Jaodenu ca naxou npenopvku npu uz360pa Ha Kpumepuil 34 ONMUMU3AYUS, KAKMO U 3d
KOHKDEeMHU HACMPOUKU HA NApamemsvpa NpoOwINCUMENHOCI HA NPexooHUs npoyec,
npu YynpasieHuemo Ha mexHoaI02UdHY 00eKmu.

Paspabomxama e uzevpuiena ¢ uanonzeanemo Ha peajier 0beKm 3a ynpaeierue, ¢ yei
U38e2HCOane Ha MAKCUMATHO OOCMOBEPHU Pe3yImamiu.

Kniwouosu oymu: ynpasnenue, UKOHOMUS HA HA eHepUsl, ONMUMATHU AICOPUMMU.

APPLICATION OF OPTIMAL CONTROL BY CRITERIA MINIMAL
ENERGY CONSUMPTION OVER A REAL OBJECT

Stefan Dikov

Resume: The following report introduces the results of a piece of research on energy
consumption and the quality of step response when control is maintained via algo-
rithms based on the theory of optimal energy control. Some recommendations are
given regarding the choice of criterion for optimisation and specific settings of the
continuance of the step response process parameter when controlling technological
objects. The research was conducted with the use of a real object of control with the
purpose of receiving reliable results.

Key words: control, economy of energy, optimal algorithms.

1. BBBEJIEHUE

Upes peanusupaHe Ha €HEPTOMKOHOMUYHO YMPABICHHE B MPOMUIIJICHUTE MHCTAJIa-
U ce Noao0psiBa eHepruiiHata eeKTUBHOCT Ha MPOU3BOJCTBOTO, KOETO BOJHU [0
MOBHILIABAHE HAa KOHKYPEHTHOCIOCOOHOCTTAa, HaMallsiBaHE Ha MOTPeOJICHHETO Ha
€HEepropecypcy U Ha 3aMbpCSIBAHETO Ha OKOJIHATa Cpeja M KaTo Lo A0 MOoAo0ps-
BaHE Kaue€CTBOTO Ha >KMBOTA.

Hapen ¢ TEXHONOrMYHOTO YCBHBBPIICHCTBAHE HA MIPOU3BOACTBEHUTE MPOLIECH, pa3pa-
00TBaHETO Ha OE30TMATHU TEXHOJIOTUH, CTATUYHATA U TUHAMUYHATA OMIUTUMHU3ALIS HA
MPOLIECUTE Ca €HU OT OCHOBHUTE MOAXOAM 32 HAMAJISIBAHETO HA €HEPronoTpeOdaeHu-
€To.
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JluHaMuyHaTa ONTHUMM3AlMs € a0COJIIOTHO HAJOXKUTENIHA IMpU YIPABICHUETO Ha
€HEPrOEMKH MPOLECH WIH IIPU TAaKMBA C YECTA POMsSHA HA HATOBAapBaHETO. T03H BUL
ONTUMU3ALMs HA YIIPABICHUETO OCHUTYPSIBA MPEXOJHHU IPOLECU C HAU-MaTBbK Pa3Xox
Ha eHeprus. B 3aBUCMMOCT OT €CTECTBOTO HA EHEPrOHOCHUTENA, KPUTEPHAT 3a
ONTUMU3ALMS € MUHUMYM Pa3XoJ, Ha TOPUBO WM MUHUMYM pa3Xxo]l HA €JIEKTPUYECKA
EHEepIusl.

2. OITUMAJIHO ITO PA3XO/J HA TOPUBO
YIIPABJIEHUE HA TEXHOJIOI'MYHU OBEKTH

Kputepusar 3a onTuMamHO O pa3XxoJ HAa TOPHUBO YIPABJICHWE, U3BECTCH CHIIO KaTO
KPUTEPHI 32 MUHUMAJEH Pa3xoJ]l Ha TOIUIMHHA €HEPrus, ce M3pa3sBa 4pe3 CICITHUS
byHKIIMOHAT:

F= fﬂfl;tif)lcfﬁ — LT, (1)
¥

P OTpaHUYCHUE:!
le€e) | = M (2)
kb1eTO: U(t) € perynmpario Bb3eHCTBHE,
M — MakcuMaHO JOMyCTUMa CTOMHOCT Ha PETYJIMPAIIOTO Bb3IEHUCTBUE,
T — IpOABKUTETHOCT Ha MPEXOAHMS MPOLIEC,
kK — numeHcuoHeH koeduiueHT. [Ipu pa3MEpHOCT Ha PEryIHPaIIOTO
BB3/CHiCTBIE ne6uT Ha ropuBo — kg/s, win m*/s, pasmepHocrra Ha K e choTBetHO J/KQ
win J/m®, mpu koeto mozMHTerpanHaTa GyHKIUS UMa TUMEHCHS Ha MouHocT, J/S , a
croitHocTTa Ha (1) — MUMeHcus Ha eHeprus, J.
[TonuuTerpannara (yHKIUS € B aOCONIOTHA CTOWMHOCT, ThH KaTO €HEPTOHOCHUTEIISIT
MOKe J1a OBhJIe TOILIO- WIIH CTYIOHOCHTEI.
OOEKTBT CBhC caMOperyjimpaHe ce TIpHeMa ChC CTPYKTypHa cxema or ¢ur.l u
npenaBaTeTHa GYHKIUS OT BHJA!
k, 1

WelP) = 1o, TopT,
KBJICTO: K, € cTaTHueH KOC(PUITMCHT Ha yCHUJIBaHE Ha 00EKTa,
Ty u T, —BpeMEKOHCTAHTHU Ha 00EKTa,
X — OCHOBHa peryJupyemMa KoopAruHaTa,
X1 — MEXJIMHHA PeryjupyeMa BeJIMYrHa.

(3)

y K, X1 1 X
1+ pT, 1+ pT,

®ur.1
Pa3xoapT Ha TOPUBO € CBBP3aH C MPOIBIDKHTEIHOCTTa Ha MPEXOaHus mporiec. [lpu
3aJ1aJIcHU HAa4YaJIHA U KpalHU yCJIOBHSI, U3Pa3eHU CHOTBETHO:

1, (0l=x(0)=0 (4)
X1 (T = x(T) = X, (5)
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OnTUManHOTO MO pa3xo]] Ha TOPUBO PETYJIHPAILO Bb3EeHCTBUE [, YIOBIETBOPSIBAIIO

kpurepust (1), ce npencrass:
mMnput=0—-T_ (6)
H=0nput=1;—-T,

KbAETO:7,, € MOMEHTBT, B KOWTO PEryJupamoTO BbB3JICHCTBUE OT MaKCHMaJHa

cToMHOCT M ce mpeBKiIOYBa Ha cToMHOCT 0,

T — IpOBIKATETHOCT HA MPEXOIHUS MPOLIEC.
Croitnoctute Ha Tn u T ca pyHkuuM Ha mapameTputre Ha OoOeKTa U 3a OOEKT,
npescTaBeH ¢ (3), ce ompenessT OT CUCTeMa TPAHCIICHICHTHN YPaBHCHUS:

I
%MGﬁ—l)
T=Tn
Xy
i (7)
MMGﬁ—])
F=T,h
X,

Oco0eHOTO MPH ONTHMAIHOTO IO TOPHBO (TOIUIMHHA C€HEPIHs) YIIpaBJICHHE €, Ue
MEXIy pa3xoja Ha CHEePrus W MPOIABJDKUTEIHOCTTa HA MPEXOJHHS TPOIEC HE
CBIIIECTBYBa €IHO3HAYHA 3aBHUCUMOCT. ChIIECTBYBa €lIHA TMPOJBDKATEIHOCT Ha
HpexogHus mpouec Iop, IPU KOATO Pa3sXOAbT HA €HEPrusl € Hai-MalbK U MPU KOSTO
PEryJINpaIoTo Bh3ICHCTBUE € OT BUaa mocodeH B (6) — p={M,0}.

3. OIITUMAJIHO 1O PA3XO/J HA EJIEKTPUYECKA EHEPI'USL
YIIPABJIEHUE HA TEXHOJIOI'MYHHU ITPOLECH

Kpurepust 3a onTuManiHO MO pa3xo[ Ha €JIEKTPUUECKa EHEPrUs YIPABJICHUE CE U3pa-
3s1Ba 4pe3 cIeaHusT (QyHKIIMOHAI:

T
[= kfy: (tidt = min (8)

py OTpaHUYEHUE!
()l < M (9)
kb1eTO: U(t) € perynmpario Bb3IeHCTBHE,

M — MakcuManHO JOIyCTHMa CTOMHOCT Ha PETyJIMPAIIOTO Bb3IEUCTBHUE,

T — IpoABIHKUTETHOCT Ha MMPEXOAHUS MIPOLIEC,

k — numencuonen xoedurnment. I[lpum pa3sMepHOCT Ha YHPaBISIBAIIOTO
BB3/ICHCTBUE — EICKTPUIECKO Hampexkenue, V' , pasmeproctta Ha K e 1/Q, npu koeto
NOJUHTErpaiHaTa (PYHKIUS UMa TuMeHcHus Ha MourHocT, W, a ctoiiHocTTa Ha (8) —
nuMeHcus Ha eneprus, WS.

OOeKTBT ChC CaMOperyJMpaHe ce MpueMa CbC CTPYKTypHa cxema oT ¢ur.l u
npegaBaTeHa GyHKIUA OT Buaa Ha GyHkius (3).

[pu 3aaneHy HAYaIHU U KpalHU yCIIOBHsI, U3pa3eHu cbhoTBeTHO C (4) u (5), onTH-
MaJIHOTO IO pa3xo]l Ha €JIEKTPUUECKa EHEprusl yrnpaBjeHHE, yIOBIECTBOPSBAIIO KpPH-
Tepus (8) ce mpejcrass:
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_ 'k'OEI]. #f‘r kofg 3'5‘?_ _
= 21,_13 £ Z’ET1—T91€ 2, nput=0-—T "
X (10)
‘“=I:: ; npat>T

KbJIETO C¢; U C; Ca M3BECTHU KOHCTAHTH, 3aBUCEIIM OT IapaMeTpuTe Ha OOEKTa,
HAYaJIHUTE U KpalHU YCJIOBHS U MPOABIKUTEIIHOCTTA HA TIPEXOAHUS mporec T.

IIpr onTUMaNHOTO IO Pa3xoJ Ha EJIEKTPUYECKA CHEPIUsl YIIPABJICHUE € YCTAHOBEHA
€HO3HAYHA 3aBUCUMOCT MEXJIY pa3xoJa Ha EHEPrus U MPOABIDKUTEIHOCTTA Ha
npexoanus npoiec. C HaMalIBaHE MPOABIDKATEIIHOCTTA Ha MPEXOJAHUS MPOIIEC pa3-
XOJIbT Ha €HEPTHUs CE YBEJIMYaBa U 00paTHO.

4. OIMCAHUME HA OBEKTA 3A YIIPABJIEHHUE

Ha ¢ur.2 e mokasaHa mnpuHLOMIIHATA CXeMa Ha OOEKTa 3a yIpaBieHue. Toi
NpeCTaBsaiBa ChJ 32 MOATPSBAHE HA BOJA, KOMTO € yacT OT (pu3mueH Mojen Ha
»Xumudecku peakrop”, B nadboparopust 9302 na TY Codus. B cbaa nocrenBa dayun
(Boma) ¢ meour F[kg/s] u temneparypa 6,[°C], xoaTo ce HarpsBa OT elEKTPUYECKH
narpesaten (EH) u u3tuya npes npenuBnuk ¢ 1e6ut F u remneparypa 6,[°C].

7 PC S7-315
LB T
— = proFBUS |
$7-214]

Panel

AE|

oV AOOF
dESd

00TEOVd
a1l

®dur.2. [lpunyunna cxema Ha r1abopamopen Qusuven mooen ,,Xumu-
YyecKku peakmop — Hazpeeameet cvo’’
AKo ce mpeHeOperHaT TOIIMHHUTE 3aryOu, TO B YCTAHOBEH PEXKUM TeMIleparypaTa Ha

u3THYaIara Bojaa 6, Ou ciaeiBago Jga ce Ompeaesis OT 3aBUCHMMOCTTa M3BECTHA KaTo
3akoHa Ha /Jorcayn—Jleny (10.1):

3“=3H+F.R.e’

kbpAeTo: U € 3axpaHBallio HalpeKeHHe M01aBaHo KbM Harpasartens, [V];

(10.1)
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¢ — crnenuuYeH TOIUIMHEH KamaluTeT Ha BOJATa, KOWTO B HETOJISAM
TEMIIEPaTypeH IMANa30H MOXE [a Ce€ NpHeMe C MocTosHHa croinoct, [J/kg.°C],
3a Bogara ¢ = 4.18 [kJ/kg.°C],

R — oMH4KCcKO CHIIPOTUBIICHUE HA HarpeBarens, [C2].
HarpeBarenst ce 3axpaHBa upe3 ympasisieM TupuctopeH Omok (TB) wim mpes
NOJIyIIPOBOJHUKOBO petie TU SSR. B mbpBust ciiyyail moJjaBaHOTO KbM HarpeBaTelis
HanpexeHue ce u3MmeHs 1iaBHo u B rpanunute 0+230 VAC. Ilpu perynupane
nocpeactBoM SSR (MonynpoBOJHMKOBO CHITHOTOKOBO pene) ce peanusupa UM c
yecrota 1Hz w ammuuryma 230 VAC [1]. Anropurmure 3a yhOpaBjicHHE ca
peaM3upaHd MMOCPEJACTBOM JBa HHAYCTPHAIHU KOHTpojepa — Simatic S7 315 wu
Simatic S7 214 u TAXHOTO M3IBIHECHUE MOXKE J1a ObJic HAOIIOAaBaHO U KOHTPOJIHUPAHO
¢ nomorira Ha omnepatopcka cranuus (PC) wnu cenzopen nanen. Temmeparypara B
chaa ce ciaean ot TepMmochbnporuButesieH natuuk (PT100), cHabaeH ¢ TpaHCMUTEp
cbc cranmapteH uszxon 4-20 mA. 3a oTuuTaHe Ha H3Pa3XOJBAHOTO KOJIMYECTBO
SHepTHUs ce M3M0JI3Ba aHaIM3aTop Ha Hamnpexenue (enexkrpomep) ot Buaa PAC 3100,
KONTO MojiaBa UMITYJICK KbM KOHTpOJIEpa OTYUTAIIM U3Pa3X0/IBaHAaTa OT HArpeBaTes
aKTUBHA U PEAaKTHBHA EHEPTUsl.

5. N3CJIEABAHE HA OBEKTA 3A YIIPABJIEHHUE

OnTuMalHUTE IO MUHUMYM Pa3XxoJl Ha €JIEKTpUYECKa €HEPIrusi U TOPUBO AJTOPUTMHU
ca MPaKTUYECKU MHOrO TpyAHO peanuszyeMu. [Ipum Hanmuuue Ha TOIIMHHU OOEKTH,
YHETO TOIUIMHHO CHCTOSIHUE CE€ YIPaBJsiBa C €JEKTpUUECKa €Heprus, npeoodopasya-
HETO Ha KOSITO B TOIUIMHA C€ OCBIIECTBsABA MO 3akoHa Ha [ocayn—/leny (10.1), e
BBb3MOXKHO Ja ce u3nonssa MM na perynupamoro Hanpexenue. [Io To3u HaumH
ONTHUMM3ALMATA [0 €HEPrus C€ OCBHUIECTBSBA [0 KPUTEPUU 32 MHUHUMYM pPa3xoJ] Ha
rOPUBO, KOETO IIO3BOJISIBA CPABHHUTEIHO JIECHO Ja C€ pealu3upa MPUOIMIKEHO
ONITHMAJTHO TIO Pa3X0/1 Ha EHEPTHsl YIIPaBJICHUE Ha TOTTUHHUS OOCKT.

3 : : :

10 I I I I I I I
0 500 1000 1500 2000 2500 3000 3500 4000

®dur.3. IIpexoouna xapakmepucmurxa Ha obekma u mooena npu u=100%
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CrpirecTBeHa 0COOCHOCT Ha ONTUMAJIHUTE MO EJIEKTpUYECKa €HEPrus W MO TOPHUBO
QITOPUTMH € HEOOXOAMMOCTTA OT HAJTMYKE HA TOYCH MOJICT Ha YIIpaBJIsiBaHUS OOCKT.
[Ipu TAXHOTO W3J0J3BaHE C€ peajan3upa yIpaBieHHe 0e3 oOpaTHa Bph3Ka KOETO TH
MpaBy TPAKTUYECKH HETPUIIOKUMH 32 OOCKTH C TMPOMEHJIMBH Mapamerpu. Jpyr
OCHOBEH HEIOCTaThK € JIUIcaTa Ha pelieHUe 3a TOYHUTE KOS(HUIIMCHTH 3a HaCTpOiKa
pU O0EKTH C pejl MO-BUCOK OT 2-pH.

3a menuTe Ha U3CIEABAHETO Ca MPOBEICHU MHOXKECTBO PEATHU CKCIIEPUMEHTH TPH
CTaOWIM3UPaHU OCHOBHU CMyINaBamy Bb3nelcTBus — F u 6, CHernre naHHu ca
obpabotenu. WM3BwbpmieHa e wuaeHTU(UKaMS Ha o0OeKTa, C TIOMOINTa Ha
NpeIBapUTEIIHO MMOATOTBEHA MporpamMa, padboTeina B mporpamua cpeiaa MatLab. B Hes
KaTo BXOJI CE IOJIaBaT JIBa BEKTOpa ChC CTOMHOCTH — BEKTOp Miu (oTromapsiy Ha
CTOMHOCTHTE IOJ[aBaHU BHB BPEMETO KaTO YIIPaBJISIBAIIN BB3JCHCTBHUS KbM 00EKTa —
1[%]) u BexTop tita (oTroBapsI Ha CTOWHOCTUTE HA U3X0/a HA 00EKTa BB BPEMETO —
0.°C)).

Karo pesynrar oT Hm3mBIHEHHETO HA MpOrpaMara ce€ BpPbIla MO Ha 00eKTa OT BUAA
Ha popmyna (3), mpeacrasen B (11) u dur.3.

ko= 0,226 [Z], 7. = 450 [s1.1; = 44 [s]. (11)

6. EKCIIEPUMEHTAJIHU PE3VYJITATH

Ha 6a3a mosyuenust Mojienn Ha 0O€KTa ca MPOBEICHU CEepUs OT EKCIEPUMEHTH, TPHU
KOUTO C€ peajm3upa ONTUMAIIHO yIIPaBJIEHHUE 110 BeUe OMHUCAHUTE AT OPUTMHU.
3a peanu3upaHe Ha ONTHMAJIHO IO Pa3Xoj TOPUBO yIpaBiieHHe cbriacHo (6) ce
U3YKCIIABA Topr, YPE3 3aMECTBAHE HA CTOMHOCTUTE OT (11) B cucTema TpaHCICHICHTHU
ypaBHenus (7). IloaydueHUTE CTOMHOCTH 32 MOMEHTHUTE Ha IIPEBKIIOYBAHE Ca:

Tm=265[s]nT,, =301 [s]. (12)
| - 100
—tita
—SP 80
20 _—
[6) - 60
P
o
>
® - 40
o
)
cC
3
= - 20
10 0
0 100 200 300 400 Bpeme [s]

®ur.4. I[Ipexoona xapakmepucmuka Ha obekma npu ynpaegieHue Ha
obexma no Kpumepui MUHUMYM Pa3xo0 HA 20PUBO
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W34rcneHoTo ynpaBisBamio BB3ACHCTBUE CE MojaBa KbM 0OekTa moj ¢gopmara Ha
INM c vectora 1HZ u ammmuryaa 230 VAC, npu KOE€TO ONTUMH3AIHATA 10 CHEPTHS
CE OCBIIECTBSABA MO0 KPUTEPHI 32 MUHIMYM Pa3Xxo]] Ha TOPUBO.
Ha ¢ur.4 e nmpencraBeHa mpexojHaTa XapaKTePUCTHKA Ha 00CKTa MPH YIPaBICHHUE OT
Buaa (6) ¢ msumciienn croiHocTH oT (12). KoHcymupaHara akTHMBHA M pEaKTHBHA
CHEPTHUs 110 BpeMe Ha MPEXOJIHUS MPOIIEC, OTYETECHH OT EJIEKTpOoMepa ca ChOTBETHO:

P, =0,214 [EWh] v @, = 0,00 [kvarh]. (13)
[Tpu peanu3upaHe Ha ONTUMAIHO 110 €JIEKTPHUYECKa CHeprus chritacHo (8) che cxoaHa
IPOIBDKUTEIHOCT Ha MpexoaHus nporec (0am3ka 10 Top), mpu orpanuuenue (9), ce
moJiydaBar ciiegauTe koedumuentu 3a (10):

€, =4702,C;,=6,57uT = 330[s]. (14)

B T1O3u ciy4ail ynpasisBamoTO BB3AECUCTBHE C€ I0JaBa KbM HarpasaTellsd 4pes
tupuctopaus 0yok (TH), kaTo M3MeHeHHe Ha OMOPHOTO HAMPEUYCHHE B JHara3oHa

0+230 VAC.
| - 100
/_ —tita
—sp
—miu - 80
20 ——
— - 60
Q
9,
(4]
o
- - 40
(4]
o
)
cC
=
A - 20
10 0
0 100 200 300 aooBpeme [s]

®dur.5. Ilpexoona xapakmepucmuka Ha obexma npu ynpaegieHue Ha
obexma no Kpumepui MUHUMYM paA3X00 HA ell. eHepaus
Ha ¢wur.5 e nmpencraBena npexoiHaTa XapaKTEPUCTHKA Ha OOCKTa NIPH YIIPABJICHUE OT
Buaa (10) ¢ usuncienu croitHoct ot (14). KoHcymupaHata akTHBHA W pEakTHBHA
SHEeprus 10 BpeMe Ha IIPEXOIHUS MPOIIEC, OTYCTEHHU OT EJICKTPOMEpa ca ChOTBETHO:
F; = 0,214 [kEWh] u @5 = 0,08 [kvarh]. (15)

Ot ¢ur.4 u ¢ur.5 sicHO ce BWXKJA, Y€ OCHOBHATA PETyJHpyeMa BEINYWHA WMa arle-
PUOJIUYCH XapaKTep HAa W3MCHCHHWE B MPEXOTHUTE Ipoiecd. KOHCyMHUPaHOTO KO-
JMYECTBO CHeprus € exHakBo — chriacHo (13) u (15). [Ipy onTUMaIHOTO MO TOPUBO
yIpaBIEHHUE IPEXOIHHS IIPOLEC € C MPOABIKUTENHOCT Topi, KOETO € ¢ okoso 10% no-
MaJIKO OT MPOABIDKHTEIHOCTTa Ha mpexoxnus npuec (7) Hpu ONTUMAIHOTO IO
CIIEKTpUYECKa CHePIUs yIpaBicHHUE.
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7. BAKJIIOYEHUE

OT moy4eHuTe eKCIEPUMEHTATHA Pe3yJATaTH MOXKE Ja C€ CTUTHE JI0 HAKOJKO 3aK-
JIFOYEHUSL.

[Ipn nBara BuAa ympaBlICHHE CE MOCTHTaT C€IHAKBU pa3yJTaTH IO OTHOIICHHWE Ha
KOHCyMHUpaHaTa €Heprus, 10 BpeMe Ha MpexoaHus nporec. [IpumaraneTo Ha onTH-
MaJHOTO I10 TOPUBO YIIpaBjiCHUE, 00adye, UMa HAKOJKO MPEIUMCTBA TIPS ONTHMAJ-
HOTO IO €JICKTPUYECKAa CHEPIUs — MO-TOJISIMO OBP30JICHCTBHUE, MO-JIECHA peaTu3alius
M TI0-HHCKa ce0eCTONHOCT Ha M3MOJI3BAaHUTE CIICMEHTH 32 HETOBOTO peaM3npaHe.
TeopeTnyHO Ype3 ONTHMATHOTO IO EJICKTPUICCKA CHEPTHUsl YIIpaBiICcHUE OU ClieBajIo
KOHCYMHUPAHOTO KOJUYECTBO CHEPTHs Ja HaMajsiBa MPH YBEIMYaBaHE Ha IMPOJbI-
JKUTEITHOCTTa Ha TPEeXOoJHus mpolec. [Ipu nmpoBeaeHn NOMBIHUTEIHU €KCIIEPUMEH-
TaTHA U3CJICIBAaHUS BBPXY peaaHUus OOCKT 3a yIpaBlIeHHE C€ KOHCTaTHpa, 4Ye
pa3iIiMKaTa B KOHCYMAIMATa MPH MPEXOJHH MPOLECH C MPOIBIKUTETHOCT T U 2x7T ¢
npeHeOpexumMo Manka. ETo 3amo mpu HacTpoika Ha ONTHMAIHO IO EJICKTpUYecKa
EHeprusi Moxe J1a ce n30upa TakoBa [, KOETO € MAaKCUMAIHO OJIM3KO 10 Top, KaTo ce
CJIeNM J1a HE Ce CTUTa JI0 HACWINAHE Ha PETyJHpaIioTO BBH3ICUCTBHUE, OTTAHUYCHO
cbriacHo (9).
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SINE-WAVE TYPE ROBUST PID CONTROLLER DESIGN
FOR SYSTEMS WITH UNSTABLE ZERO

Stefan Bucz, Alena Kozékova, Vojtech Vesely

Abstract: Non-minimum phase processes belong to the category of difficult-to-control
plants. This paper deals with development of a new robust PID controller design meth-
od that guarantees maximum overshoot and settling time specified by the designer es-
pecially for non-minimum phase processes with unstable zero. The PID controller de-
sign provides guaranteed gain margin Gy. The parameter of the tuning rules is a suita-
bly chosen point of the plant frequency response obtained by a sine-wave signal with
excitation frequency @,. The designed controller then moves this point into the phase
crossover with the required gain margin Gy. The couple (an;Gw) is specified with re-
spect to engineering requirements on the closed-loop step response in terms of #mq, and
ts according to parabolic dependences. The new approach has been verified on a vast
batch of benchmark examples. The developed algorithm has been extended to robust
PID controller design for processes with unstable zero and unstructured uncertainties.

Keywords: Gain margin, excitation signal, identification level, B-parabolas

1. INTRODUCTION

The presented new method is applicable for control of linear stable single-input-single-
output (SISO) non-minimum phase systems even with unknown mathematical model
and unstructured uncertainties. The control objective is to provide required nominal
maximum overshoot 7max and settling time t; of the controlled process variable y(t).
The key idea behind guaranteeing specified values 7max and ts consists in extending va-
lidity of the relations 7,x=f(Gy) and t=f(@,) from Reinisch formulas [2] for arbitrary
plant orders; a two-parameter quadratic dependence was obtained for both maximum
overshoot 7,=f(Gwu,@,) and settling time t;=f(Gy,®,). The resulting plots called B-
parabolas enable the designer choosing such a couple (Gy,®,) that guarantees his per-
formance requirements thus allowing consistent and systematic shaping of the closed-
loop step response with regard to the controlled plant [2].

2. PID CONTROLLER DESIGN OBJECTIVES FOR PROCESSES WITH UN-
STABLE ZERO

It is a well known difficulty to control the class of non-minimum phase system

1-as
G(S):(1+Ts)” @)
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with unstable zero z=+1/a, even for small values of «; moreover, control complexity in-
creases with increasing value of . Fig.1a shows Nyquist plots of the non-minimum phase
plant (1) for n=3 and T=1, with an unstable zero («=0.1,0.2,0.5,1,2,5 is considered).

Nyaquist plots of the plant G(s) with unstable zero 6 Time responses of the plant G(s) during the relay test
: : : : : : : : : : L6 ————m—mmm i m—— T
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Fig.1. a) Nyquist plots of G(s)=(1-as)/(Ts +1)" for n=3, T=1 and different values of «;
b) time responses of G(s) for a/T=1 and a/T=0.1 during the well-known relay test

=
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Fig.1la reveals, that with increasing « the degree-of-stability of the plant decreases,
and the phase crossover moves closer to (-1,j0). Due to significant changes of the
plant gain margin caused by the non-minimum phase behavior, it is beneficial to use
gain margin Gy, as performance measure when designing the PID controller.

Consider a multipurpose loop shown in Fig.2a (switch SW in position ,,1“). Let G(s) be
transfer function of an uncertain non-minimum phase plant, and Gg(s) transfer function
of the PID controller. The closed-loop characteristic equation A(jw)=1+L(jw)=
=1+G(jw)Gr(j@w)=0 can easily be broken down into the magnitude and phase conditions

G(jo, )G, (jm,)=1/G, ; argG(w,)+argG (w,)=-180°, (2)

where Gy, is required gain margin, L(jw) is the open-loop transfer function, and cop* IS
the open-loop phase crossover frequency. Denote (pzargG(a)p*), @zargGR(a)p*), and
consider the ideal PID controller in the form

GR(S):K{1+i+Tds] (3)
Ts

where K is the proportional gain, and T;, T4 are integral and derivative time constants, re-
spectively. After comparing the frequency transfer functions of the PID controller

Ga(jo,)=K+ jK{wa; —%} G.(j@,)=|G.(j@,)cos@+ jsin@], (4)
ip
coefficients of the PID controller can be obtained from the complex equation
1 Cos @ . sin@
- } = — — ()
To, | G,[G(je,) "G,[G(je,)

K + jK{Tda)’;—
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at the frequency w=wm, using the substitution Gr(ja, )=1/[Gum/G(jm, )] resulting
from (2a). The complex equation (5) is then solved as a set of two real equations

cos® . 1 sin@®
S Pe— a @, _T ~ | = ENE (6)
G.[G(jo,) @, | G,G(jm,)

where (6a) is a general rule for calculating the controller gain K; substituting (6a) and
the ratio f=T;/T4 into (6b), a quadratic equation in T, is obtained

T;(a);)z—Tda);tg@—%=o. (7)

Expression for calculating T; and Ty is the positive solution of (7)

T—ﬂT —M+£ M.,.l T —tg@+ 1 w_|_£ (8)
T 20 @\ 4 B 20 W\ 4B

Hence, PID controller parameters are calculated using the expressions (6a), (8a) and
(8b), where the angle @ is obtained from the phase condition (2b)

O =-180°-arg G(w, ) =-180°-¢. (9)

3. PLANT IDENTIFICATION BY A SINUSOIDAL EXCITATION INPUT
When the switch SW is in position ,2% a sinusoidal excitation signal
u(t)=U,sin(awnt) with magnitude U,, and frequency a, is injected into the plant G(s). The
plant output y(t)=Y.sin(amnt+¢) is also sinusoidal with magnitude Y,, where ¢ is the
phase lag between y(t) and u(t) (see Fig.2b). After reading the values Y, a ¢ from the
recorded values of u(t) and y(t), a particular point of the plant frequency characteristics

G(jw,)=[G(jm, e’ =]y, /U, k" (10)
corresponding to the excitation frequency , can be plotted in the complex plane.

| Sine-wave gen. '—K_' ______
w(t) e(t) 2¢ u(t) y(® e
»—>| PID controller |—1¢ G(s) > ’
- 37 SW
4>| Relay |—T i

u(o Y0 Im Re
A\
¢
t A
Tn=21'[/(1)n [0) Tn u n G ©n -
L(w)

Fig.2. a) Multipurpose loop for the sine-wave method; b) u(t), y(t) and location of
G(jwr) in the complex plane; c) graphical representation of the PID controller design

It is recommended to choose U,=(3+7)%una. EXcitation frequency a, is taken from
the interval (11), where the plant critical frequency . can be obtained performing the
well-known relay experiment [3], i.e. by switching SW in Fig.1 into ,,3%.

v, €(0.50, 1.250,) (11)
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Using the PID controller with coefficients {K;T;=£T4; T4}, the identified point G(jw,)
of the plant frequency response with coordinates (10) can be moved on the negative
real half-axis into the phase crossover Lp=L(j a)p*), where the required gain margin Gy,
Is guaranteed if the following identity holds between the excitation and phase crosso-
ver frequencies @, and cop*, respectively

w,=0,. (12)
According to the identity of frequencies (12), the following relations results
G(jw, ) =[G(jm,); argG(w,)=argG(a, )=p; O=-180°-argG(w,) (13)
and coordinates of the phase crossover are Lp=[L(jan)/argL(an)]=[/1/Gwm,-180 9. Sub-
stituting (13a) and (13c) into (6a) and (13a), and (12) into (8a) and (8b), respectively,

PID controller coefficients guaranteeing required gain margin Gy, are obtained using
the sine-wave type tuning rules expressed in form

2
__ 08O g _ .7 00,1 0O L. 6 ig0e_gp; poa. (4)
G,|G(jo,) 20, o, \ 4 p
4. CLOSED-LOOP PERFORMANCE UNDER THE SINE-WAVE TYPE PID
CONTROLLER

This subsection answers the following question: how to transform the maximum over-
shoot 7max and settling time ts required by the designer into the couple of frequency-
domain parameters (w,,Gy) needed for identification and tuning of PID controller co-
efficients? Consider typical gain margins Gy, given by the set

{G,, | = {30B 5dB7dB,9dB 11dB,13dB 15dB,17dB}, j=1...8. (15)

Let us split (11) into 5 equal sections of the size Aw,=0,15a; let us generate the set
of excitation frequencies

{0, }={050,0.650, 080, 0.950, 110, 1.250, }, k=1...6. (16)

Its elements divided by the plant critical frequency . determine so-called excitation
levels given by the set

lo. =0, /o,}={c,}=1{050650.80951.11.25}, k=1...6. (17)

Fig.3 shows the closed-loop step response shaping using different Gy and @, in the
PID controller design for the plant (18b) with parameters T,=0.75, a,=1.3, for four
required gain margins Gy=5 dB, 9 dB, 11 dB and 13 dB, on three different excitation
levels o1=wn1/ @.=0.5, o3=wn3/ ©.=0.8, os=wns/ w:=1.1.

Closed-loop time responses y(t), ®)/®:=0,5 15 Closed-loop time responses y(t), ©,/o.=0,8 15 Closed-loop time responses y(t), on/m:=1,1
: I h I

0.5 L L L -0.5
40 0 10 20 30 40 0
TIme (s) Time (s) Time (s)

Fig.3. Closed-loop step responses of the plant G,(s) with parameters T,=0.75, a,=1.3
under various Gy and o,

1
20 30 40

2l
o
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Consider the following benchmark plants
_ — 1
a,s+1 G,(s)= azsz'" 3 . (18)
(T,s+1)™ (s+1)(T,s+1)(T,/s+1)(T,s+1)
The proposed method has been applied for each element of the Cartesian product
<Gy of the sets (16) and (15) for j=1...8 and k=1...6. Significant differences between

dynamics of individual control loops under designed PID controllers can be observed for
the benchmark systems (18). The settling time t; can be expressed by the relation

t, =%, (19)

s L

Gl(s):

n

where y is the curve factor of the step response. To examine settling times of closed-
loops for various plant dynamics, it is advantageous to define the relative settling time
t=t;ax. Substituting for w,=ow, we obtain relation for the relative settling time

E@=£7:a=z7,Q®
O O

where t; is related to the plant critical frequency a. Due to introducing . in (20a) its
left-hand side is constant for the given plant, independent of @,. The dependence (20b)
empirically obtained for various excitation frequencies wy is depicted in Fig.4b and
Fig.5b, respectively; it is evident that at every excitation level o with increasing phase
margin Gy the relative settling time z; first decreases and after achieving its minimum
7 min It Increases again. Consider the benchmark plants Gy(s) and G(s) with following
parameters: Gy1(S): (T1,n1,a1)=(0.75,8,0.2); G12(s): (1,3,0.1); Gy5(s): (0.5,5,1); Go(s):
T,=0.5, a,=1.3. Couples of examined plants [G,(s), G13(S)] and [G1x(S), G11(s)] differ
principally by the ratio /T, which is for the 1¥ couple [a/T,=2.6, a13/T13=2] and for
the 2" couple [ay2/T1,=0.1, a;1/T1,=0.27]. Hence, the ratio of the parameter « and the
(dominant) time constant T of the plant is significant for the closed-loop performance as-
sessment under the PID controller designed for a plant with unstable zero. Based on the
previous analysis of design results of a series of benchmark examples, unknown plants
with unstable zero can be classified according to the ratio «/T in following two groups:

1. plants with the ratio a/T<0,3; 2. plants with the ratio a/T>0,3.

With respect to this classification, empirical dependences #max=f(Gwm),7s=f(Gn) for
non-minimum phase systems with an unstable zero constructed for different open-
loop gain margins Gy, and excitation levels o are depicted in Fig.4a (for the ratio
alT>0.3), and in Fig.5a (for the ratio a/T<0.3). The network of dependences shows
that increasing gain margin Gy, brings about decreasing of 7.

As the empirical dependences in Fig.4 and Fig.5 have been approximated by quadratic
regression curves they are called B-parabolas [2]. B-parabolas are a useful design tool
carrying out the transformation $:(7max,ts) —=(@n,Gw) that enables to choose appropriate
values of gain margin and excitation frequency Gy and a, respectively, to guarantee the
performance specified by the designer in terms of maximum overshoot 77, and settling
time ts [2]. Note that pairs of B-parabolas at the same level (Fig.4a, Fig.4b) or (Fig.5a,
Fig.5b) are to be used. When a real plant with an unstable zero is to be controlled, the
ratio o/T cannot be specified exactly due to unavailability of the model of the plant. To
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decide to which category a given plant belongs («/T>0.3 or o/T<0.3) it is sufficient to
analyze the starting part of the output variable rising during the relay test [3] for finding
the critical frequency a. If y(t) has an S-form with a tiny undershoot, the plant is in-
cluded in the category a/T<0.3 and B-parabolas from Fig.5 are to be used. If a consider-
able undershoot of y(t) occurs (having a “square root sign” form) (see Fig.1b in the red
dashed ellipse), the plant belongs in the category o/T>0.3 and its performance will be
assessed using B-parabolas in Fig.4.

Dependences nma=f(Gu,0,) for different identification levels Dependences 1:=f(Gy,,) for different identification levels
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Fig.4. B-parabolas: @) #max=f(Gwm); b) s=ats=f(Gw) for identification levels an/ ax,
k=1,2,3,4,5,6 valid for non-minimum phase systems with the ratio a/7>0.3

Dependences nma=f(Gu,o,) for different identification levels Dependences 1.=f(Gy,®,) for different identification levels
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Fig.5. B-parabolas: a) #max=f(Gn); b) zs=ats=f(Gy) for identification levels wn/ a,
k=1,2,3,4,5,6 valid for non-minimum phase systems with the ratio o/T<0.3

5. ROBUST SINE-WAVE TYPE PID CONTROLLER DESIGN
The main idea of the uncertain plant identification consists in repeating the sine-wave
type excitation for individual uncertainty changes using the excitation signal frequency
ax, yielding a set of identified points G; of the uncertain plant frequency responses

G :G(jo,)=[G(jw,)e' ™" =a +jb,i=1,2..N. (21)

Plant parameter changes are reflected in magnitude and phase changes /Gi(jo,)/and ar-
0Gi(a,), where i=1,2..N; N=2° is the number of identification experiments and
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p is the number of varying technological quantities of the plant. The nominal plant
model Gy(jan) at a, is obtained as mean values of real and imaginary parts of Gi(j )

. : 1 1w :
G,(jw, )=a,+ jb :Néai + jﬁébi, 1I=1,2..N, (22)

where Go(jan)=(@5+b3)"°, go(wn)=argGo(an)=arctg(be/ag). The points G; represent-
ing unstructured uncertainties of the plant can be enclosed in the circle Mg centered in
Go(j @,) with the radius Rg=Rg(w,) obtained as a maximum distance between the i-th
identified point Gi(jw,) and the nominal point Go(j @)

R, = miax{\/(ai ~a,) +(b, —b,) } i=1,2..N. (23)

The dispersion circle Mg centered in the nominal point Gy with the radius Rg encir-
cles all identified points G; of the uncertain plant, see Fig.6.

L+l E[Gu1)G | oo =L/Gu

Fig.6. Dispersion circles Mg and M

The proposed control law generated by the robust controller Ggeo(S) designed for the
nominal point Go(jw,) actually carries out the transformation @:{Rg—R.:R.=
=/Grron/Rc} Of the set of identified points G;(jax) encircled by Mg with the radius Rg into
the set of points Li(jay,) delimited by M, and also calculates the radius R =R (ax) of the
dispersion circle M, corresponding to the points L;(jax) of the Nyquist plot so as to guar-
antee fulfillment of the robust stability condition. The robust PID controller is designed
using the sine-wave method described in sections 2 and 3; the input data for the nominal
model Go(jay) are its coordinates: {/Go(jan)/; m=argGo(an)}. Substituting them into (14),
the following expressions for calculating robust PID controller parameters are obtained

2
Krob = oo @-O ’ Ti rob = ﬂTi rob; Td rob = tg @0 +i M-i_l ! (24)
G, ‘GO( jo,) 20, o,\ 4 Jo;

©,=-180°—¢,; f=4. (25)

It can be seen that the gain margin Gy, is at the same time a robust PID controller tuning
parameter appearing in (24a) required for guaranteeing robust stability.

Theorem 1 (Sufficient condition of robust stability under a PID controller)
Consider an uncertain continuous-time stable dynamic system described by unstructured
uncertainty. The closed-loop system T(s) under the controller Gg(s) is robustly stable if
the nominal closed-loop system (Gy(s) under a PID controller Gg(s)) is stable and
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G, >1+ZRe(@) g

G,(je,)

where Gy, is the required open-loop gain margin, a, is the excitation frequency, z. is

the safety factor, Rg(a) Is the radius of the dispersion circle of Nyquist plots of the
plant at @, and Go(jwy) is a point of the Nyquist plot of the nominal plant at w,.

Proof
The proof can easily be performed according to Fig.6. If the nominal open-loop
Lo(s)=Go(S)Gr(S) is stable, then according to the Nyquist stability criterion the closed-
loop with the uncertain plant will be stable if the distance between L, and the point

(-1,j0), i.e. A+Lo(jan)/is greater than the radius R_(w,) of the circle M centered in L,
R (jo,)<|1+L(jo,), (27)

where @, is the sine-wave generator frequency. The distance A+Ly(jw,)/ is an addi-
tional distance 0,Lo/=L,/to the unit value. Thus
From the principles of the proposed sine-wave PID controller tuning method results,
that the robust controller shifts the nominal point of the plant frequency response Go
at frequency w, to the point Lo lying on the negative real half-axis of the complex
plane. Thus, the magnitude Ao(jan)~=/LGo(jon)/Gr(jan)/~1/Gy Yyielding the ratio
Gr(jan) FLU[Gu/Go(jar)/] between the radii Rg and R.=/GgrRs of the circles Mg
and M, respectively. The radius R, of the dispersion circle M, can be calculated as
1
R =R : . (29)
) ° GM ‘Go( Ja)n )
Substituting (28b) and (29) into the general robust stability condition (27) and consid-
ering the safety factor y;, the following inequality holds
Cuzl, 2R, (30)
G, G,[G(im,)
which after manipulations is identical to the proven condition (26). Let 4 =1.2. Ac-
cording to the robust stability condition the chosen value Gy is substituted into (24a)
and afterwards parameters of the robust PID controller are obtained from (24) and (25).
6. VERIFICATION OF THE PROPOSED SINE-WAVE TYPE DESIGN
METHOD
Consider a plant with unstable zero given by the model Gs(s)
— K, (- 1 —T.
G.(s)= K, ( ags+31) o 05303+3 ) _08( 753+}) (31)
(T,s+1) (T,s+1) (27.5s+1)
with parameters Ks, T3 and az varying within £15% from the nominal model Gz(s).
For above plants, a robust PID controller is to be designed to guarantee maximum

overshoot 77ma0=5% and maximum relative settling time z;,=12 for the nominal model
(31b), and robust stability for the family of plants G5(s) (31a).

1 G3o(5):
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1. The measured critical frequency of the nominal model was «,=0.0488 rad.s™.
From requirements on nominal closed-loop performance results ts=zs/w.=12/0.0488=
=245.9s.

2. To achieve the expected nominal performance (7maxo,%s0)=(5%,12), the gain
margin and excitation frequency are chosen (Gw, ®,)=(18dB,0.65«) using the ,,pink*
B-parabolas in Fig.5, as according to (31b) a30/T30=7.5/27.5=0.27<0.3. Uncertainties
of the plant are included in three parameters: Kz, Ts and a3, the number of identifica-
tion experiments is therefore N=2°=8.

3. Using the sine-wave method, eight points of Nyquist plots of the uncertain
plant were identified at @,=0,65®.=0,65.0,04880=0,03172 rad.s™: Gs1(jan)...Gsg(jon)
(depicted by blue ,,x* in Fig.8). The nominal point Gso(jwy), wWhich position was cal-
culated from the coordinates of identified points Gsi(jw,), i=1...8, is located on the
Nyquist plot of the nominal plant model Gso(jan) (blue curve) thus proving correct-
ness of the identification. Radius of the dispersion circle Mg drawn from the nominal
point Gzo(jan) is Rc=0.164.

4. As Gy=18 dB and the right-hand-side of (26) Gq rs=3.52 dB, the robust sta-
bility condition (26) Gu>G gs is satisfied. The designed robust PID controller moves
the nominal point Gsy(ja,) of the plant on the negative half-axis into the point
Lso(j @h)=Gao(j @n)Gr ron(jn)=0.12e7*%°", through which goes the Nyquist plot of the
nominal open-loop Lso(jan) (green colour in Fig.8), where a gain margin Gy,=18 dB
for the loop with the nominal plant is guaranteed. The closed-loop step response with
the nominal model of the plant (green curve) in Fig.7a proves achieving the required
nominal performance 7maxo obtained=4.95%, Tso_obtained= @etrego_obtainea=0,0488.243=11,86.

5. The dispersion circle M, (green colour) has a radius R, =0.0573, and encom-
passes all points Lsi(jon)=Gsi(jan)Gr ron(jeon) for i=1...8. The PID controller has
moved the worst point Gay(jan) of the plant (blue symbol ,,+* in Fig.8) into the point
Lan(jn)=0.16e7°"" according to it the estimated worst gain margin is Gyn=14.9 dB.

6. The smallest gain margin with the worst point Gay(jw,) of the plant (blue
symbol ,,+* in Fig.8) is specified by the intersection of the red Nyquist plot with the
negative real axis. There, the open-loop gain margin is Gyy=13.1 dB; here
Mman=25% and a relative settling time z;y=16 are expected (according to ,,pink* B-
parabolas in Fig.5 at @,=0.65@,). Achieved performance measures 7Jmaxn obtained=
=13.5%, tsn_obtaines=301 s (red step response in Fig.7b) prove this fact. )

Closed-loop time responses for the nominal model G3y(s) Lo Closed-loop time responses for the worst plant model Gzy(s)
T T T T T " T T T T T

15

nrpaxN_obt.z‘ls-S%: FsN_obt.z:?Ol S

|
|
|

1

|

|

|

ol Gin=13.1dB, ®,=0.650, - -

Controlled variable y(t)

Controlled variable y(t)

Gw=180B, ©,=0.650, -
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Time (s) Time (s)

Fig.7. Closed-loop step responses with the uncertain plant Gs(s) and required values
77max0=5% and T50=12
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Fig.8. Nyquist plots Gzo(jw), Gan(®), Lso(jw), Lan(jw): @) in the standard scale;
b) zoomed, for required 77max=5% and z5=12

7. CONCLUSIONS
The proposed robust PID controller design method is applicable for closed-loop out-
put variable response shaping, using various combinations of excitation signal values
an and required gain margins Gy. Important contribution of the paper is construction
of empirical plots converting time-domain requirements specified by a process tech-
nologist (hnominal maximum overshoot and settling time) into frequency-domain per-
formance specification (in terms of nominal gain margin and phase crossover fre-
quency.
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AUTOMATIC CONTROL METODS - HISTORY END TRENDS

Stefan Kozak, Alena Kozakova

Abstract: Present trends in the complex process control design demand an increasing
degree of integration of numerical algorithms, control engineering methods, new con-
trol structures based of distribution, embedded network control structure and new in-
formation and communication technologies. The paper deals with new directions in
research, development and applications of advanced control methods and modern
control structure in different field of industry. Main ideas covered in this paper are
motivated namely by the development of new control engineering methods (optimal,
predictive, robust, hybrid, soft computing control methods - fuzzy logic, neural net-
work and fuzzy-neural) and possibilities of their realization as embedded, distributed
and network control structures.

Keywords: PID control, optimal control, robust controller predictive control, soft
computing control

1. INTRODUCTION

Automatic control is crucial for practically in all engineering activities. Motivated by
the practical success of conventional control engineering methods in consumer prod-
ucts and industrial process control, there has been an increasing amount of work on
development of new methods which are based on new optimization techniques, soft
computing strategies, and effective hardware realization of control algorithms (Fig.1).
The research, development and implementation of new control principles of this field
have been very dynamic. Methods of automatic control were recognized as a very
powerful technique applicable to many problems in diverse fields [1]. Conventional
control strategies that have been widely used in industry for several decades. Tuning
of this controller can be realized manually or automatically. The vast majority of au-
tomatic control loops in the process industries (90%) still rely on various forms of the
ubiquitous PID controller (Category A in Tab. 1) which has been commercially
available for over 70 years. Proportional-integral-derivative (PID) controllers are the
most adopted controllers in industrial settings because of the advantageous
cost/benefit ratio they are able to provide.
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Fig.1 Development of automatic control methods

Implementation of PID controllers has gone through several stages of evolution, from
the early mechanical and pneumatic designs to the embedded microprocessor-based
systems and today FPGA realization of discrete-time PID algorithms.

Table 1 Time Development of Control Engineering Methods

Categories

A.
PID Control

B.
Advanced Control |

C.
Advanced Control I

D.
Advanced Control Il

Manual Control

Adaptive and Selftining Con-

Optimal Control Methods

Hybrid Predictive Control

trol (LQ and LQG)
Feedback Control , : Robust Control Methods | Fuzzy Control (PID, MPC
(FB) Gain Scheduling Method (Ha, Hinf . IMC) FPGA)

Cascade Control
(CC)

Multivariable Control Meth-
ods (State Space and Trans-
fer Functions Models)

Model Predictive Control
(MPC-DMC, MPC-GPC)

Neural Network Control
(Optimal, MPC, FPGA)

Feedforward Con-
trol (FFW)

Multivariable Control Meth-
ods (Decoupling and Decen-
tralized Control)

Decentralized Control
(Time domain, Frequency
domain)

Discrete Events Control
(Hybrid with Petri nets)

Ratio Control (RC)

Pole Placement Methods (SI-

S0, MIMO)

Algebraic Control Meth-
ods (Polynomial Synthe-

Nonlinear Hybrid Soft
Computing Control

Sis)
Comb. Control .
Structures NonInga[iﬁggt{;;tli\gigh()ds RobuT\;ng]g d(;ontrol Expert Control Methods
(FB+FFW+CC)
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Field Programmable Gate Arrays (FPGA) have become an alternative solution for
the realization of modern digital control methods (PID, MPC), previously dominated
by the general- purpose embedded microprocessor systems. The FPGA based con-
trollers offer advantages such as high speed, complex functionality, and low power.
The advanced control strategies in Category B (Table 1) are referred to as classical
because they have been used in industry for over 40 years, Although these control
techniques are not used in every plant or even in most plants, they do provide cost ef-
fective solutions for important classes of problems [2]. Furthermore, the basic con-
cepts of time delay compensation and gain scheduling are common features of many
modern model-based control strategies.

Category D (Table 1) contains both old and new advanced control strategies that have
apparently not been widely used in industry. Linear Quadratic Gaussian optimal con-
trol (LQG) is a powerful control strategy that has been successfully applied to process
control problems for many years. However LQG has not enjoyed widespread applica-
tion in the process industries for a variety of reasons that include the lack of accurate
linear state-space models. MPC is an advanced optimal control technology that has
proven to be very successful due to its capability of returning an optimal strategy
without violating the physical limitations of the system. The need to solve a computa-
tionally intensive QP problem at every sampling instant has restricted its applicability
to slow plants, such as those encountered in the chemical process industries where
sampling times can be on the order of seconds or minutes.

Control methods Economical benefits

and structures —_—

h

F 3

Advanced control structure

Biotechnalogy, ol refinieris,
destilation columns, reactors, MPC algorithms
furnaces, ....

F 3
L

Local control loops {level,
posttion, pressure, flow, ...

Fs
*

PID algarithms

Fig.2 Comparison of control engineering methods according
to the economical efficiency
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As the computational power of new devices continues to rise, MPC is now being pro-
posed for higher bandwidth applications, such as food industry, aerospace, robotics,
electrical power and automotive mechatronics. There is a growing demand for ways
of accelerating the solution of QP problems so that the success of MPC can be ex-
tended to areas where the computational burden has so far been considered to o great.
One approach is through hardware acceleration. Recent advances in reconfigurable
hardware technology have made the FPGA a suitable platform for accelerating scien-
tific computations. FPGAs are a good alternative to application specific integrated cir-

cuits (ASICs) for high speed embedded MPC applications since they offer much re-
duced low-volume cost, greater flexibility, and a shorter design cycle, reducing the
risk while still maintaining deterministic execution time and a high power efficiency.

During the past decade there has been an intense interest in developing the Artificial
Intelligence (Al) techniques (Fig.3) for a wide variety of scientific and engineering
applications (Category D ) The process control research in this area has been largely
concerned with three Al methods: knowledge-based systems, neural networks, fuzzy
logic, and various combinations of these techniques In recent years, namely fuzzy
control and hybrid fuzzy-neural has been widely used in consumer products such as
washing machines, vacuum cleaners, and camcorders where a high level of control
system performance is not required. Industrial applications of fuzzy control to process
control problems have begun to appear, perhaps more frequently in Japan than in the
United States or Europe. For example, industrial survey in Japan indicated that fuzzy
control has been used in 45 % of the plants that were surveyed while MPC applica-
tions in 42% of the plants. Much of the fuzzy control literature and some commercial
software, employ fuzzy rules in combination with PID control. For example, various
combinations of fuzzy logic and auto-tuning have been commercialized. Fuzzy logic
has also been effectively used for high-level control and monitoring functions in su-
pervisory control.

Soft Computing
in Control
Fuzzy Logic Evolutionary Computing Neural Computing
Control in Control in Control
Genetic Algorithms Evolutionary Programming Genetic Programming

Fig.3 Areas of soft computing methods in control

New intelligent control methods based on fuzzy neural network-based approaches
used in model-based predictive control are an efficient tool for handling plants with
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complex dynamics as well as unstable inverse systems, time-varying time delays, oc-
casional open-loop instability, plant model miss-matches, different uncertainties, es-
pecially of complex non-linear systems. Due to application of parallel computing al-
gorithms and FPGA structures for realization, the strategy of using fuzzy knowledge
based systems (FKBS) co-operated with learning abilities of neural networks (NN) al-
lows to obtain a higher accuracy of the required output in a much shorter time com-
pared to classical systems. As mentioned in the previous section, neural network,
fuzzy logic and evolutionary computing approaches have proved their capability to
solve many control problems. In the future it will be usefull to fuse neural networks,
fuzzy systems and volutionary computing techniques for offsetting the demerits of
one technique by the merits of another.

2. INFORMATION AND COMMUNICATION TECHNOLOGIES
IN PROCESS CONTROL

During the past 15 year, a variety of control networks have become commercially
available and widely used in the process industries at several different levels: device,
sensor, and field levels (Fig.4). Field level networks are of special interest in process
control because they offer a number of important advantages: reduced wiring and in-
stallation costs, flexibility, and peer-to-peer communication among intelligent devices
(e.g., between sensors and actuators).

Automation Industry Trends
o 1995 000 Industrial'™
Relationship E-Commerce Solutions
Management Customer Relationship Mgment Integrated
Level Supply Chain Management E-Business
E-Procurement Solutions Solutions Completely
Enterprise Resource Planning integrated
] i Gateways of Integration i
Enterprise Corporate / Factory Finances Solutions f_or
Mana Human Resource Management the Automation
gement . .
Enterprise Asset Management I e and _
Manufacturing
Eg\(;te(?l’y Mgmt Manufacturing Exec. Systems Gateways of Integration Processes
) Advanced Control / Optimization
Automation Open Control Systems Integrated
and Control Process Control Applications Automation
Level Human Machine Interface Solutions
Software Trends | Islands of Software Loose Integration Full Integration

Fig.4 Development of the automated control systems and control structures

They also facilitate the further distribution of control functions from the computer
level to the sensor and actuator level. The digital network capability and smart in-
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struments open many new opportunities for improved plant monitoring including bet-
ter diagnostic information and faster response times. While many of these commu-
nication networks are proprietary, two prominent networks, Fieldbus and Profibus, re-
ly on an open architecture based on published, international standards. These net-
works have been developed by two industrial consortia (with over 100 companies
each) that include virtually all of the leading suppliers of instrumentation and process
control equipment. In principle, field instruments and control systems manufactured
by different suppliers which are Fieldbus (or Profibus) compliant will work together
seamlessly in a network of Fieldbus (or Profibus) devices.

In recent years smart instruments, that is, instruments that incorporate a embedded
microcomputer, have become available and offer a number of important advantages.
Smart transmitters and actuators have the ability to condition data, perform self-diag-
nostic tests, and respond to network signals. Thus the use of smart instruments and
digital networks such as Profibus and Fieldbus enable a wider range of process mon-
itoring strategies. Smart instruments allow much of the computations required for rou-
tine data acquisition and control. A many large-scale industrial plant (oil refineries,
food industries, power plant) may have thousands of measurements and control loops.
By the term plantwide control it is not meant the tuning and behaviour of each of the-
se loops, but rather the control philosophy of the overall plant with emphasis on the
structural decisions.
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JIMHAMUWYHUA CBOMCTBA HA MOBWJIEH 3ABAPBLYEH POBOT

Caetiana CaBoBa, Hukoga HukoJj10B

Pe3rome: Buzyannusam KOHMPOI, MAWUHHOMO 3peHUe ce HANONCUXA KAmo HO8AMOop-
CKU Hanpaegienus 6 uHoycmpuansama asmomamusayusma. Ilpu 3aeapvunume npo-
yecu HeonpedeleHOCmma Ha pamepume HA oemauiume, 2eOMempusama Ha 3a8apvi-
HUSL We8 U3UCK8Am CHeyualHu damyuyu 3a obesneuaganemo Ha kavecmeomo. I eo-
Mempusama Ha 3a8apvbyHaAma 6aHa Modice 0a ce uamMepea ¢ nomowma Ha pooom, 06o-
PYOBAH CbC CUCMeEMA 3a MEeXHUYeCKO 3peHue.

Knwuoeu oymu: mawunno 3penue, ceomempus Ha 3a8apvbyHa 8aHA, Mawadbupaw Ko-
ehuyuenm.

DYNAMIC PROPERTIES OF MOBILE WELDING ROBOTS
Svetlana Savova, Nikola Nikolov

Abstract: Video surveillance, machine vision asserted as an innovative trend in in-
dustrial automation. The large variety of detail sizes and the geometry of arc weld re-
quire special sensors for quality assurance. The geometry of the weld pool can be
measured via a robot equipped with a video surveillance system.

Keywords: machine vision, geometry of the weld pool, scaling ratio.

1. BbBEJIEHHUE

HeobxoaumocTTa OT aBTOMAaTHU3aIusl Ha 3aBapbYHUTE MPOIIECH CE OMpEees, Mpeau
BCHUYKO OT OBP30/ICUCTBUETO, TOJEMUTE TOKOBE, 3aBAPSBAHE B TPYAHOIOCTHITHH 30HH,
BPEIHUTE BB3IACHUCTBUS BbPXY YOBELIKOTO 31paBe. LlenTa € 1a ce nmomydar 3aBapku C
JKEJTAHUTE CBOICTBA, C Hal-IOOpPUTE TEXHUKO-MKOHOMUYECKHU NapaMeTpH, 0e3 mpsika
HamMmeca Ha yoBeka. EqHO OT Hali-BaXKHUTE MPUIIOKEHUS HA TPOMUIILICHUTE POOOTH €
MMEHHO B €JIKTPOABIOBOTO 3aBapsiBaHe. [loBuillaBaHeTo HA €PEKTUBHOCTTA OT U3MOJI-
3BAHETO Ha PA3JIMYHUTE METOJU 3a 3aBapsiBaHE € HEBHb3MOXKHO 0e3 Ch3JaBaHETO Ha
HOBU M YCHBBPIICHCTBAHETO HA CHIIECTBYBAIIUTE TUIIOBE 3aBapbyHO 0OOpY/BaHE.
3aTpyIHEHHETO HABAa U OT MHOTOMEpPHOCTTa Ha 00ekTuTe. ChIIECTBYBAT CIEASIIN
CUCTEMH IPETHA3HAYEHU J]a OCUTYPSIBAT TOYHOTO BOJICHE HA 3aBapbyHATa TOpEJKa B
Ipolleca Ha 3aBapsiBaHE CIPSMO JIEUCTBUTEIHOTO IMOJIOKEHHE HA 3aBAPBUYHUSA IIIEB
[6]. B 3aTBOpeHUTE CHCTEMH 32 aBTOMATHYHO PEryJUpaHe, OOpaTHUTE BPB3KHU ca IO
3aBapbUCH TOK, HAIPEKEHUE, NMPEMECTBAHETO HA EJIEKTPOJUTE U APYTH MapaMeTpu
[8], u ocHOBHO ca 3a crabuaM3alIKsl HAa CHEPreTHYHUTE MapaMeTpPH Ha 3aBapbUYHUTE
IIPOLIECH.
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2. U3CJIEABAHE HA TUHAMMUKATA

Nnesita 32 MallMHHO 3peHUE HE € OT ckopo. ONMUTH 3a KOHCTPYHpPAHE ca MPaBeHU OT-
JlaBHA, HO €/]Ba C Pa3BUTHUETO HAa KOMIIOTHPHUTE TEXHOJOTUHU MACOBOTO UM HAaBJIH-
3aHe B 00JIaCTTa Ha MPOU3BOJCTBOTO CE€ MPEBbpPHA B peaiHOCT. KOMIIOTHPHOTO 3pe-
HUE € TJIABHO OPUEHTUPAHO KbM 00paboTKaTa Ha U300pakKeHUs!, @ MAIIMHHOTO 3PEHUE
Ce M3I0JI3Ba B MHOTO MO-IIUPOK actekT. OcBeH ¢ 00paboTkaTta Ha N300pax)eHUs, Ch-
OTBETHOTO 000OPY/IBaHE, B TI0-00II] CMUCHJI CHCTEMHUTE 32 MAIITMHHO 3PCHHE BKIFOUBAT
U YCTPOHCTBA ¢ IU(GPOBU BXOJIOBE M M3XO0IH, MMPEAHA3HAYEHH 32 YIPaBICHNUE HA TIPO-
W3BOJICTBEHOTO 00OopyaBaHe [7]. BusyasHUAT KOHTPOJ € BaykHA 00J1aCT OT aBTOMATH-
sammsTa. [Ipe3 mocnemHuTe TOAMHN MAITUHHOTO 3PEHHE CE HAJOKU KaTO €IHO OT HO-
BAaTOPCKUTE HAIMpaBIICHUS B 00JIaCTTa Ha WHAyCTpUajJHATa aBTOMaru3alus. B mose-
YeTO CUTYyallMH HEONpeAeIEHOCTTa Ha pa3MepuTe Ha JeTalInTe, TeOMETpHsITa Ha 3a-
BapbUHUS IIEB U CaMUS 3aBapbUCH MPOIEC U3UCKBAT CHEIUATHU JAaTYUIIM 32 00e3re-
YaBaHETO Ha KauyeCTBOTO Ha 3aBapsBaHETO. AKO 3a JbJIOOUYMHATA HA 3aBAPBHUHMUS 1IIEB,
KaTo MOKa3aTesl Ha KayeCTBOTO Ha 3aBapKaTa € Bb3MOXKEH CI0c00 OCHOBaH Ha TeMIle-
paTypHUTE M3MEPBaHUA, TO 3a JUaAMEThpa ca HYXHHU JIpYyru noaxoau. I'eomerpusita
Ha 3aBapbyHATa BaHA MOXE J]a C€ U3MepBa C MOMOIITa Ha poOOT, 000pyABaH ChC CHUC-
TeMa 3a TeXxHu4ecko 3penue. [logoOHa cxema e nokaszana B [2] ¢ur. 1.

3ananeH
AHaverep TOoKOM3TOYHHK 3aBapb4yeH mpouec AluavieTsp
dz € | Peryaatop —1 I 1 d
—_ W — k — _ — W — >
> [Tk W= TR PR
Usmepen
JIaMEThP
di
CucTeMa 3a TEXHHYEC KO 3pe HHe
1
w = N
«(P) 0.005p +1
Dur. 1.

Ta3u cxema ocurypsiBa OCTOSIHHa CKOPOCT Ha JIBIDKEHHME MO IIEBa, OCUTYpsBa BH-
COKa CKOpOCT Ha HaOIIo/IeHHe, 3Hae ce KaKBO HJIBa 10 OTHOIIEHUE Ha mpodua, po-
O00THT MOXE Ja YCKOpH Win 3a0aBH, Ja HAMaIM WM YBEJIMYM HA CKOPOCTTA Ha JIBU-
xenrero 1o mesa [9]. Ot 610ka TOKOM3TOYHHK, OT JUHAMHYECKOTO MY ITOBEIACHHE
3aBUCH €(PEKTUBHOCTTA M KA4€CTBOTO HA 3aBAapPBUHHUS MPOIIEC U TO3H OJIOK € ompeje-
nsy akTop 3a BCsKa (paza Ha 3aBapbUHUA MPOIEC, KATO OCOOCHHO 3HAYCHUE MMa
3axpaHBaus TpaHCHOPMATOP W MPOTHYANIUTE TaM EJICKTPOMATHUTHU IPOIIECH.
[IpenaBarennara GyHKIMS Ha 3aTBOpEHATA CUCTEMA €.

W (p) =
(P) 0.0025p* +0.5125p° +2.52p* + 4.01p + 2 + k,
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05125 401 0 0
00025 252 2+k, 0

0 05125 401 0

0 00025 252 2+k,

(2)

Ot nerepmuHaHTaTa

ce MOoJIy4yaBa 3a TPaHUYHUS KOSPUIIMEHT Ha Mpe/iaBaHe k,, =17.5611 U 32 KOPEHUTE

p, =-200
P, =3
P, =%j2.8

AKo ce HarpaBu M3CJIC/IBaHE 32 k—2"z8.8 ([1].) ce monmyuaBa

p, =—200
p, =—4.33
Py, =—3.4+ j2.21
U IIpepeTyIupane
_1.256-0.815

T 0.54 , KOETO € CHJTHO M3pa3eH KojebareneH mpoiec — Gur.2.

1.4 Step Response
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3a A =5% BpeMeTO Ha MPEXOaHuUs mpouec € 7.9S, cTaTuyHaTa rpemka ¢ =18.5%, napa-
METPH HEAOIYCTUMHU 3a T€3U MPOLIECH HA 3aBapsBaHE, T.K. TOKA HA 3aBapbYHATA JIbIa,
KOWUTO € OT HSKOJIKO JIECETKH IO HSIKOJIKO CTOTHUILIM amIlepa c€ MOjydaBa C OKOJIO
250% mnpeperynupase.

HamnpaBenu ca uscneapanus [3] [4] mo MeTona Ha U3MECTEHUS] XapaKTEPUCTHUYCH T10-
JUHOM C 77=0.2, KbJETO CE MOJy4aBa HOBA CTOMHOCT Ha IPAHUYHUS KOCPULIIMEHT Ha
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ycuiBaHe k,,. =24, U3X0Jla € CbC CHJIHO M3pa3eH KoJieOaTeJIeH XapakTep W rojisimMa

CTaTU4YHa I'pCIIKa.

XKenaHoto kauecTBO MOXKE Jla C€ JOCTUTHE OCBEH C HACTpPOIlKa Ha MapameTpuTe -
yBeJIMYaBaHE Ha KOe(pUIIMEHTa HAa OTBOpPEHATa CUCTEMA; U3IMOJI3BaHE HAa KOMOWHHU-
paHO yTpaBIICHHUE; PETyJHMpaHe MO MPOU3BOJIHA; TOBHINABAHE pela HA acTaTU3bM;
npoMsiHa Ha KoeduireHTa Ha oOpaTHaTa Bph3Ka, KOETO HE BUHATU € BH3MOXKHO, HO H
C M3MEHEHHE Ha CTpPyKTypHaTa cxeMma [1]. 3amauara 3a moBHIIaBaHE TOYHOCTTA Ha
CAP 0OMKHOBEHHO Ipe/oJara IpeoCMUCIISIHE Ha HEHATa CTPYKTypa. Bb3mMoxkHHU ca
3aMsiHa WK 100aBSHE HA OTICJIHM 3BE€HA B KOHTypa. 3a MPEXOJHU MPOLECH MO 3aja-
HUE, CTATUYHATA IPEIIKa MOKE J1a Ob/ie HyJIMpaHa Ype3 BbBEKIaHE HA JOIbJIHUTEIECH
0JIOK ¢ mpeAaBaresiHa PyHKIMS - Mamadupan KoeQuImeHT, ¢ KOUTO Ja c€ YMHOXH
3aJlaHueTo - Gur.3. YCIoBUETO 3a MoJlydaBaHE Ha acTaTU3bM OT I'bPBU pell B OOIIHS
cimydait € k k, =1+k, , KbJIETO k, € MamaOupamus KoehUuIneHt, k, € KoehUuimneHTa
Ha 3aTBopeHara cucreMa [1]. IlpenaBarennara QyHKIMS Ha 3aTBOPEHATa CHUCTEMa C
IONBIIHUTEIIHNS OJIOK €:

k W (p)=W._(p)= _
W (P)=Wo, (P) P +25p° +108p® +164p +120 0.0083p‘ +0.2083p> +0.9p? +0.3667 p +1

ToKOM3TOUHUK 3aBapbueH npouec
dz _@8 05 In 1 d
— [k — 5 |— w,(p)= =
W, (p) =25 |1 w,(p)-
- £ -(P) 0.5p+1 ’ (0.5p+1)(p+1)
di
CucTeMa 32 TeXHHYEC KO 3pe Hue

1 4

W =— «

() 0.005p +1
Dur.3.

3a JIUKBUAWUPAHCTO HA CTaTHUYHATa IpCliKa CIIPsAMO 3aJaHHUCTO 110 IMMPAaBUJIOTO HA Ma-

1+k
madupamms KoehumueHT K. :T B CTaTU4YHA CUCTEMAa CE€ MpPECMATa JOIIbJIHUTEI-

Hus 050K [1] ¢ koedunment 3 (k,, =3), KOWUTO ce cllara Ha BXOJa WM Ha M3XOJa Ha

cucremara, kpaero k =0.5. Ha u3xozna ce monydaBa anepuoguueH NpPexojieH MpoLec
0e3 cratnyHa rpemka - ur.3. 3a A =5% BpeMeTO Ha MpexoaHus mpoiec e 2.46 S.
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14 Step R?sponse

12+ 5

<)
(o]
T
I

Amplitude

o
(2]
T
I

041 4

0 | | | | |
0 1 2 3 4 5 6

Time (sec)

Dur.3.

Toka Ha nprara uma npeperynupane 26% u 0bp30 3aTUXBaIll IPEXOJEH MPOILEC, KO-
€TO € MHOT'O Ba)KHO 3a TaKWBa 3aBapbuHH TpoiiecH [5]. B yctaHOBeH pexum mpu cTa-

THUYHA CUCTEMA PETYJIMpyeMaTa BEJIMYMHA 1€ € CBbP3aHa ChC 3aJ1aBaIllOTO Bb3/ICHCT-
k k+1

BHE CHC CHOTHOIIIEHUETO d = deZ. [Ipn npoMsiHa Ha aMIUIMTyJaTa Ha BXO4a —
+

¢dwur.4, cucremaTa OTHOBO MMa TpEIlIKa B CTaTHKA &, =0 M BpeMe Ha MPEXOIHHS MPO-
nec 2.46 s.

Step Response

Ampitude

0 1 1 1 1
0 1 2 3 4 5 6

Time (sec)

dur.4.

I[I/IHaMI/IKaTa nu HpGXOILHI/ITe HpOHGCI/I Ha CUcreMartra CbC BaBap’bllHI/I}I p060T ca Ha6-
Jronasanu ¢ nomoirra Matlab. HampaBenure MonenHu U3cienBaHus ca B cpelara Ha
Matlab Simulink.
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3. BAK/IIOYEHUE

ITo To3u MeTox, ¢ 100aBsiHE HA AOMBIHUTENIHUS OJIOK HE ce MOBUIIaBa peaa Ha aude-
PEHITMATHOTO YpaBHEHUE W HE c€ BHACAT (Pa3oBM HM3MECTBAaHMsI, KaTo Ce aHyJIupa
rpelkara B cratuka. TakoBa MamabupaHe ce MpaBy MPAKTHUYECKH B MHOTO CTaTUYHH
CHUCTEMH, KOCTO TI03BOJISIBA JIa C€ Pa3TJIekKaaT KaTO acCTaTUYHM 10 OTHOIICHHME Ha 3a-
JaBaIOTO Bh3AccTBUE. ToBa MOXKe 1a ObJe JOCTUTHATO TPH YCIOBHUE K = const. AKo
o0mus KOeUIIMCHT Ha YCUJIBaHE € HEeCTaOWJIeH, B CHCTEMAaTa IIIe CE MOSBU CTaTHYHA
rpemika. IMEHHO TyK € BIMSHHUETO Ha po0OTa, HAa CHCTEMaTa 3a TEXHUYCCKO 3PCHHUE.
BrhIpekn ye HAKOM aJrOpUTMH 3a MAIMHHO 3PCHUE ca pa3padOTCHH Jla UMUTHPAT
CBOMCTBOTO Ha YOBCKA Jia BB3NpHEMa 3a00MKAJISAIIMSA T'O CBAT, 3HAYMTEIHUS JSUT OT
CBHINECTBYBAIIUTE METOIU 32 Pa3M03HABAHE Ca Pa3BUTU HA 0a3aTa HA KOHIICTIIIHITA 32
o0paboTBaHe Ha M300paKEHUATA, KATO MO-BUCIIETO HUBO BKIIIOYBA €JIEMEHTH Ha OC-
MUCIISIHE Ha BB3MPHITHETO, CIIOCOOHOCTTA 3a IOJydYaBaHEe HAa HOBU ITO3HAHUS BBHB
BPB3Ka C MOJYUYCHH MO3HAHUS U OITHT.
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DOPAKTAJIHA CUCTEMA C BbTPEILIEH MOJEJI
Hane:xna PaneBa

Pesztome: llenma na doknada e oa npedcmasu ppakmaiiama cucmema 3a ynpasie-
HUe ¢ 6bmpeuier MoOel U YCI08HA 0Opamua epv3ka. Pezynmamume om cumynayuama
Ha npoexmupamama Qpaxmanina cucmema nNOKA38am 6UCOKO Kauecmseo, pobacmua
YCNMU4UBOCM U NPULOIHCEHUE 8 CUCTEMUme 3a YNPasieHuUe.

Kntouoeu oymu:. Ynpasnienue ¢ gompeuien Mooel, yCio8Ha 00pamua epv3Ka, hpax-
ManHo ynpasienue, Memoo Had NOJUHOMUAIHA OPOOHO PAYUOHATIHA PeKypcusl, pobac-
MHU CUCTHEMU.

FRACTIONAL INTERNAL MODEL CONTROL SYSTEM WITH TWO
DEGREES-OF-FREEDOM

Nadezhda Radeva

Abstract: This paper has to propose Fractional Internal Model System with two de-
grees-of-freedom and relative feedbacks using fractional algorithm controller. The
design system is shown effective result from simulation, which is proved robust prop-
erties and application in control system.
Keywords: Internal Model Control, relative feedback, fractional-order control, poly-
nomial recursive method, robust system

1. BBBEJIEHUE

M3BecTHHM ca METOAM 3a CHMHTE3 Ha poOACTHH CHCTEMH C JBE CHCTABSIIU B yIpaBje-
HHETO, CTPYKTypHATa OPraHu3aIis, Ha KOUTO ChIbpiKa HOMHHAJICH MOJEN Ha yIpaB-
JsIBaHHS 00EKT M yCIIOBHA 0OpaTHA Bpb3Ka. @Ppaxkmannama CUCTEMA 3a yIIPABJIECHUE C
BBTPEIIEH MOZEI M YCIIOBHa OOpaTHa Bpb3Ka M3IIOJI3BAa METOAWUTE HA: OAlTaHCHOTO
ypaBHEHHE 3a poOaCTHA YCTOWYMBOCT HA CHCTEMATa, MHHUMAJIHO OTKJIOHEHHE OT HO-
MHUHAJIHATa TPACKTOPUS M CTAOMIM3MPAHO HOMHUHAIIHO OTKJIOHEHHE OT HOMHUHAIHATa
TPAEKTOPHS, KAKTO U METOJ Ha MOJUHOMHMAIHA IPOOHO pallMOHAIHA PEKYPCHS C HH-
Terpupane ot HemwieH pex [ 1,2,3,5,6]

HeaTa Ha HacTosMIaTa pa3paboTKa € Ja ce MpeicTaBu (ppakTaaHa CUCTEMA 3a YIpaB-
JIEHUE C BBTPELIEH MOJIEN U YCIOBHA 0OpaTHa Bpb3Ka C BUCOKO Ka4eCTBO U pOOACTHU
CBOICTBA, MOBUIIABAIIM €(PEKTUBHOCTTA HAa MPOEKTHUpPAHATA CUCTEMA IIPU alpUOpPHA
HEONPEJEIEHOCT ¢ U3BMEHEHUE Ha TEXHUTE apaMeTPH ChOOPa3HO PEXKUMHHU (PAKTOPH.
3a U3'BJIHEHKE HA Ta3| 1IeJ1 pa3paboTKaTa CHU MOCTaBs CIEIHUTE 3aaun:
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e Jla ce mpemIoKKu CTPYKTypa Ha (pakTaqHa CUCTEMa 3a YIpaBJIEHUE C BBTpE-
IIEH MOJIET M YCJIIOBHA OOpaTHa BPb3Ka

e (CuHre3 Ha (pakTaleH AJITOPUTHM peaTU3UpaH MO MeToJa Ha OaJTaHCHOTO
ypaBHEHHE Ha YCTOWYMBOCTTA U IOJMHOMHAIHA IAPOOHO-pallMOHATIHA PEKyp-
CHIsl C UHTETPUPAHE OT HEITBJICH pPeJl

e [lpunoxxumocTTa Ha Taka IpoeKTHpaHaTa (ppaKkTaiHa CUCTEMA 3a YIPABIEHUE C
BBTPELIEH MOJIEN ¥ YCIOBHA 00OpaTHa Bpbh3Ka Ha CIOXKHHU €HEPIUIHU CUCTEMHU

2. PEHIEHUE
Hacrosmara paboTa npejyiara;

2.1. Cmpykmypa Ha QpaxTaiHaTa CUCTEMa C BbTPEIIEH MOJEN U yCIOBHA 00-
paTHa Bpb3Ka € najaeHa Ha gur.l. [IpeanokeHnara cTpykTypa ce CbCTOM OT (ppakTajeH
peryJsiatop ¢ BbTPELIEH MOJIEN peaIu3UpaH 0 METOAA Ha JPOOHO pallMOHAIHA PEKYP-
CHsl C UHTErpUpaHe OT HEIIbJIEH pell U podacTeH GUIThp

\
i R (F)I V(p) kf(p)
y “(p) £(p) Ul(;) u(p) y(p

—>] R*(p) —r
L, G*(p) e*(p)  Uy(p) \

F
\ - §(p) /
dur.1
p V(p) Ké(p)
y %p) £(p) R (F)I u(p) y(p
—>| A(p) () G(p.&)
> F:(p) \
.
dur.2

2.2. Memoovm Ha 6alaHCHOTO YpaBHEHHE Ha YCTOMYMBOCTTA W NMOJUHOMHUAJ-
HaTa JpoOHOo-panmoHaiHara pexypeus [4,8,9,10,11,12] pemasa 3amavara 3a aHaJIUTH-
YCeH CHHTE3 Ha pOOACTHH CHCTEMH C HHTETPATOP OT HEMbJICH PeJl, BHTPEIICH MOJICT
yclioBHa oOpartHa Bpb3ka R(F )| (¢wur.l) 3a ynpaBieHue Ha 0OEKTH B YCJIOBHATA Ha
arnpuopHa HEOTPEIeICHOCT, ipu Kpumepuit (1):
1)  pobacmua ycmouuusocm u podacmuo Kauecmeao Ha cucmemama 3a npeod8apu-
mesnno 3a0a0eno MHodxcecmeo 11, yoosremeopssaujo usucksanusma (1.a);
2)  munumanua nopma (1.b) na omkronenuemo p na cucmemama om HomuHa-
Hama mpaexmopusi Ha CbOmMeemcmeawama i napamempuyecKu HecmymeHa Cuc-
mema,
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3) napamempuuna uneapuanmuocm na 3anaca Ha ycmouuueocmma no ¢pasa (1.c)
6 Knaca °eepmuxaier npoPun’;
4) noxanen kpumepuii o (1.d) 3a kauecmeo JIKK,

G(jw)-G*(j — -
s G| 8lie)-6*(jo) <7.(0):]6 (jo)-6*(jo)| <7,(o)
G*(jo)
a)->> Il= anmuw:sup‘nzm‘<1; o)< |n| Vo
| es| =sup|es|<1; |n il |+les| <1, Vo (1)
b)->> |p (p)|— min
c)->> argﬂ(ja)u):—n’% ,Va)u(ﬁa,ﬁm)e[a}A,a}B]
d)->> o =const
. .1 v (p)
GP G A G R*GU R'G
[o (p)] ¢ (p)

“|B+R'G'A 1+R'G" B+RGIA C+RG! 1+RG" yo(pp) )

A=(1-G'F. ), B=(1-GUF.), c=(1-GIF. ) (1-G"F.) " =BA™

R(jo)G(jw) —1-e (3)

7 o) R Ge)ejo)

_R%p)-R*(p)
1+R"(p) G™(p)

Fg(p): (5)

U HaA4aHu ycioeusn 3a CHHTE3a. alipuopu U3BCCTHU G* Jl,0 ,0 «» KbICTO:

— OTKJIIOHEHUETO p Ha CHUHTE3MpaHaTa NapaMeTpUYEeCKHM CMyTEeHa podacTHa CHcC-
TeMa OT HOMHHAJIHATa TPAaeKTOpus (TpaeKTOpHs Ha ChbOTBETCTBAIIATa i “HOMHHAIHA"
napaMeTpHYECKH HEeCMyTEeHa CUCTeMa) ce orpeaeis ¢ (2);

— HomuHaieH mozxen G~ m momenbT GU ma “cMyreHus Ha Haii-ropHa rpanmia’
000011eH 00eKT 3a aBToMatu3anus (OOA);

— cpoTBercTBamara Ha R(F)| “HomMuHaNHA” cucTeMa € XUIIOTETUYHA MapaMeTpu-
YeCKM HeCMYTEHA JIMHEHHA CHCTeMa, CHUHTE3UpaHa KbM HOMHUHAIHUSA Mojen G~ 1o
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METO/Ia Ha MOJIMHOMHUATHATA JPOOHO-pAIMOHAIHA PEKYPCHUs C MHTETpUpaHe OT HEl'b-
JieH pef 3a poOacTeH CHUHTE3, ONpeJeNieHa ¢ “HOMUHAIHUS W WUHTETPaTop OT HEMbJEH
pen | - B Ka4yecTBOTO Ha R’

— choTBeTcTBamara Ha R(F)| “cMyTeHa Ha Hali-ropHa rpaHuId” CUCTEMa € XHUII0-

TeTUYHA MapaMEeTPUUYCCKH HECMyTeHa JWHEHHA CHUCTEMa, CHHTE3WpaHa KbM MOJena
G o Merosa Ha MOIMHOMHUATHATA IPOOHO-PALMOHAIIHA PEKYPCHUS C HHTETPUPAHE OT
HEIbJICH peJl 3a poOacTeH CUHTE3, ONpeesieHa ChC “CMYTEHHSI HWHTErpaTop OT He-
mbien pex | I B kagectBoro Ha RU; [7]

— e un (3),(4) ca pyHKIMUTE HA YYBCTBUTEIHOCTTA U HA JOMBJIHATEIIHATA YyBC-
TBUTEJIHOCT Ha CHHTE3UpaHaTa podacTHa CUCTeMa R(F)I ;
— F, pobacten ¢puntep (5) B cTpyKTypaTa Ha npoekTupanara cucrema (dur.2), on-

*

penesnen ¢ momomra Ha | ;, u | U B kauectBoro HAa R™ u R U;

— B =Gl - XapakTepUCTHKAa Ha OTBOpEHATa CUCTEMa C UHTEIPATOP OT HEIIBJICH
pen ¢ YeCTOTHO OIpaHWYEHa IperaBaTeiaHa (PyHKIMA 3a AUana3oHa o, + @ , , ONpe-
J€JIEH OT MHOXECTBOTO I1 (Za : ?m) Ha ImapaMeTpuyHu cMmyiueHus Bppxy OOA4, B Ka-

YEeCTBOTO HA PETyJaTop;
— @, CAMHWYHA Y€CTOTAa Ha OTBOPEHATa HOMUHAIHATA NTApaMETPHUCCKA HECMYTCHA

CHUCTEMA C UHTErPaToOp OT HEIIBJIEH pel ‘ p" (ja)u)H G’ (ja)u)l e (ja)u)‘ =1,

— arg g (jo,) - 3anac Ha ycToitunBocTTa 110 ()aza Ha CUCTEMATa OT HEIIbJIEH Pe;

0

— y°, v ca CUTHaJHU BBHIIHU CMYIIEHHs, OOOOIICHM MO KaHaja Ha 3aJaHue
y° u/viu Ha HaTOBapBaHe v, a ¢ ca 00OOIICHH BHTPEUIHN aAWTHBHH HIIA MYJITHII-
JUKATUBHU HapaMeTPUUHU U/WIK CTPYKTYypHHU cMmytieHust B OOA.

2.3. Peanuzupawjuam anzopumdvm Ha METOJ]a Ha OATAHCHOTO ypaBHEHUE Ha
YCTOMYMBOCTTA U HAa MOJMHOMHUAIHATA IPOOHO-pallMOHATHATA PEKYPCUS C HHTETPH-
paHe OT HEI'bJIEH PEJl CE CbCTOU B AHATUTUYHUS CUHTE3 Ha!

*

app !
meH OUandasoH Xapakmepucmukume HA uHmezpamop om Henwvien ped | . 8

ne

1) napamempume na pearnus unmezpamop | anpoxcumupawy 8 3a0adeH yecmo-

CMPYKmMypama Ha cucmema om HenvjieH ped kom G

2) napamempume na peannus unmezpamop 1 1 anpoxcumupawy 6 3a0aden wecmo-

men OUandazoH Xapakmepucmuxkume Ha unmezpamop om nenvien ped |11 g

CmpyKmypama Ha cucmema om Henwviier peo kom Gl
3) pobacmuus ¢uimvp F. cvobpasuo saeucumocmma (5) npu uzeecmuu (unu 3a-

oaoenu 6 npoyeca Ha npoekmupane) modeau G~ ,GU 12 10 1T u JIKK & .

app? " app?
Cunresupanara R(F )| cuctema ce omnmcsa ¢ (6).

u(p)=A(p)e (p)+F(p)y(p). (A=1;,+GF.) (6)
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KBJETO Ca BB3NPHUETU O3HAUYEHUATA. K, - KOEDULUEHT Ha peannus uarerparop | ..

y -TH

OT m'™" HembJIEH peJl ¢ YECTOTHO OTpaHHUYEHA IIperaBaTeiaHa (yHKIUS 3a JUana3oHa
( W+ Oy ), ONpeaCJICH OT MHOXKECTBOTO (ﬁ ¢, ) mapaMeTpUYHU CMYIICHUS BbPXY

a )
OOA ¢ HoMuHalIeH Moziell G ;A w , = (a) g —@ A) - IUPOYMHA HA YECTOTHATA JICHTA Ha
OrpaHMYUTENHUS JAWANa3oH;, ®,, o ,- JOJHA, TOpHAa MParoBM YeCTOTH Ha
Aw,;m', (0<m' <1) - pea Ha HENBJIHOTO MHTErpupane (He IS0, APOOHO YHCIO )

arpoKCUMHUpaHo ¢ | m',m >1 (m’e +m', = m’) - ped Ha HEN'BJIHOTO UHTErPUPaAHE C

app ?
'
e

m’, - L0 4YMCIIo, m', - HE L0, ):[p06H0 4H1CJIO, aIPOKCUMHUPAHO C | N (HHHO

app !
YKCJI0) - pel Ha MOJMHOMHUAIIHATA alPOKCHUMAIIHMsI B PEaNHUs APOOHO-pAIMOHATICH

UHTErpaTop OT IbjJeH pex | .., o, U o', - CpA3BalIM YECTOTH Ha ITOJUHOMHAIHATA

pEKypCcHUBHA anpokcumals ¢ N HYJIH @', U N TMOJNIOCU @ ;; R, - 4WICHOBE Ha MOJU-

HOMHAJIHATA PCKYPCHBHA AIIpOKCHUMAlUA Ha I @ . - CpsA3Balla 4€CTOTa HAa HOMMU-

app ! c

HaJHUS MOJieN Ha o0ekTa G'; w ,eIMHUYHA YeCTOTa Ha OTBOpEHaTa HOMUHAJHA Ta-
pPaMETPUYECKH HECMYTEHA CUCTEMa C MHTETPATOpP OT HEMBJIEH PEX, ONpPEAcseHa OT
‘ p (j a)u) =1; n - peJ Ha HOMHHAJIHUS MOJIe] Ha o0ekTa G *; n' - peJ Ha MoJieia Ha
OTBOpEHaTa cucTeMa f,a, 1] - KOePUIUEHTH Ha APOOHO-pallMOHAIHATA PEKYpPCHS,
® ™" - 3amac Ha yCTOMYMBOCTTA 1O (aza; M - mokaszaTes Ha Kojie0aTeTHOCTTa B Ka-

yecTtBOTO HA JIKK o .

2.4. Yucnen npumep. C npusarane Ha OpejIOKEHUTE METOIU € POEKTUPaHA
dpakTaiHa cUCTEMa C BBTPEIICH MOJEN U YCIOBHA OOpaTHA Bpb3Ka C peasieH 00eKT
oT eHepreTukara. I[IpoBeieH € akTUBEH €KCIEPUMEHT U € HallpaBeHa alpOKCHUMAIIHs
HA XapaKTEPUCTUKUTE Ha peaqHusi O00EKT C 3BEHO OT M'bPBU pel ChC 3aKbCHEHHE
7 =147 SecC.

Step Response "IMC Fractal system"

1.2

Amplitude (-)

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (sec)

dur.3
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Imag (jw)

Impulse Response " Fractal system"
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Nichols plot Open IMC Fractal system
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Robust Analysis FO ID-Control System- Robust Stability and Perturbations Robust Analysis FO ID-Control System- Robust Performance and Robust Stability
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3. PESYJITATU OT CUMYJALUSATA
[IpoekTupanara cuctemMa € MOJICTTUPaHa KaTo 3a Hesl ca U3CIICABAHH !
1) IMpexosaen mpoiiec MpHU eIUHUYCH CTHIIATOBUICH BX0AeH curHai (¢ur.3) u uMm-
nyJceH BxojeH curnan (dur. 4)
2) Yectotnu xapakrepuctuku (ur.5, ¢pur.6, ¢pur.7)
3) PobacTHa ycToiuuBOoCT U pobacTHO KauecTBO (pur.8) u (dur.9)

4. BAKJIIOYEHUE

B paborara e mpencraBeHa ¢pakTagHa cCHUCTeMa C BBTPIIPH MOJIET M YCJIOBHa 00-
paTHa Bpb3Ka C JBC CHCTABAIIM B yrpaBieHneTo. CHcTeMaTU3UpaH, aHaJIM3UPaH U €
peanu3upaH ajJropuTbM C M3IMOJIBAHETO HA METOJWTE Ha OATaHCHOTO ypaBHCHHE 3a
pobacTHa YCTOWYMBOCT Ha CHCTEMaTa, MHUHHMAJIHO OTKJIOHEHHE OT HOMMHAJHATa
TPAEKTOPHS U CTAOMIIN3UPAHO HOMHUHAIIHO OTKJIOHCHHE OT HOMHHAJIHATA TPACKTOPHS,
KaKTO W METOJ Ha MOJMHOMHATIHA JPOOHO palMoHAHA PEKYPCUS ¢ HHTETPUPAHE OT
HembiieH pea. C Taka MpOeKTUpaHaTa CUCTEMa € HalpaBeHa alpOKCHMAIIUs Ha Xapak-
TEPUCTUKHUTE Ha PEATTHHS OOCKT C 3B€HO OT ITbPBH PEJl ChC 3aKbCHEHUE.

HoBoto B Hacrosimara paboraTta ca ¥ aHaJU3bT Ha poOacTHATa YCTOMYMBOCT, U aHa-
JTU3BT Ha POOACTHOTO KA4YeCTBO HA MPOCKTHpaHATa CHCTEMa, PE3yJITATUTE OT KOWUTO
JI0Ka3BaT €HO3HAYHO YJIOBJICTBOPSIBAHETO HA KPHUTEPHS, IIOCTABEH MPHU MPOCKTHpPa-
HETO Ha CHCTeMaTa, KakTo M e()eKTHBHOCTTA HA W3IOJ3BaHMS METO]I 32 HCWHUS CUH-
TE3.
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ABTOMATU3UPAHE HA YIIPABJIEHUETO HA CKIAJOBUTE HAJINY-
HOCTHU C IIOMOIITA HA UHTEI'PUPAHU CUCTEMMU 3A YIIPABJIE-
HUE HA PECYPCUTE (ERP)

Buosuna I'eoprueBa, Anekcanabp XaJKuIUMUTPOB

Pesztome: [lo00vpoicanemo Ha onmMUManHu CKIA008U HATUYHOCMU € KIH0U08 Bakmop
3a ehexmusHocmma 8 cvepeMmeHnume npeonpusmusi. Ypez nooovpoiicane na onmu-
MAHA HATUYHOCI Ce CKbCABAM CpoKogeme 3a 00CMAasKa KvM KIUEHMA, 3a NPOU3B00-
CMB0, HAMAIABAM Cce pa3xooume 3a cKiaoupane. B cvepemennume npeonpusamus me-
3U yeau ce nocmueam C NOMOWMA HA UHMESPUPAHU copmyepHu cucmemu 3d yn-
pasnenue na pecypcume (ERP — Enterprise Resource Planning). B nacmosuwus 0ok-
J1a0 ce UNoCmpupa pearu3upanemo Ha maxKaea ademomamuzayus 8 npeonpusmue 3a
npou3800CcmMeo Ha eiekmpoHuu uzoeus ¢ nomowma Ha ERP cucmema.

Knwuoeu oymu:. /locmasku, Ilnanupane, Ckradoeu nanuunocmu, Cucmema 3a yn-
pasnenue, Pecypcu, ERP, Cxnadose, onmumuszayus

USING ERP SYSTEMS FOR INVENTORY MANAGEMENT AUTOMATION
Violina Georgieva, Alexander Hadjidimitrov

Abstract: Maintaining optimum inventory stock is a key factor for effectiveness in the
modern enterprises. By maintaining optimum stock the terms for client delivery and
production are shortened, storage expenses are decreased. In modern enterprises the-
se tasks are performed with the use of integrated software systems for resource man-
agement (ERP — Enterprise Resource Plan-ning). This paper illustrates the implemen-
tation of such automation in electronic device production enterprise with the use of an
ERP system.

Keywords: Purchases, Planning, Inventory, Management systems, ERP, Enterprise
Resource Planning, Warehouse, Optimization

1. BBBEJAEHUE
B®B Besko npeanpusTre, padoTeIIo ¢ apTUKY/IM (MaTepUaIHK 3aracu), MHOTO CEepH-
O3HO 3HAYEHHE MMa MOJABPKAHETO Ha ONTHUMAIHMU CKJIAJOBH HAJIUYHOCTU. TOBa ce
MOCTHUTa Ype3 MOAXOIAIIO0 MJIaHUPAHE Ha ONEepaluuTe ¢ ApTUKYIUTE — MOKYIKa, Mpo-
M3BOJICTBO, IPEMECTBAHE MEXIY CKIIAJIOBE U T.H. B CbBpeMEeHHUTE NMpEANpUITHS TOBA
ce moctura upe3 codhTyepHH CHCTEMHU. B HacTosIIMS JOKIA] Ce WIOCTpUpa YIoTpe-
Oara Ha MHTErpHpaHa CHCTEMa 3a ympaBjicHHe Ha OusHeca or kiac ERP (Enterprise
Resource Planning). IlpeauMcTBOTO Ha TO3M BHJI CHCTEMH €, Ye OOXBallaT IsiaTa
JNEHHOCT Ha TPEANPHUITHETO — yIMpaBlieHne Ha (UHAHCHUTE, CKIIAna, TOKYMKH, TPO-
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naxOu, MPOU3BOJACTBO M T.H. Taka OT €JHa CTpaHa BCSKA JIEWHOCT C€ MU3BBPIIBA €/I-
HOKpaTHO (HampuMmep BBHBEKIAHETO HA JOKYMEHTA 3a IMOKYIKa Ha MaTepHalid aBTO-
MAaTUYHO 3alPUX0KIAaBa APTUKYJIUTE B CKJIaJa U €JHOBPEMEHHO C TOBA IPABU CHOT-
BETHUTE CUCTOBOJHM 3alMCBaHwmsl, 3amucute 3a qHeBHuKa 1o JJJIC u 1.1.). OT npyra
CTpaHa Isiata HeoOxoauma MHGOpMaIMs ce HaMHpa B €Ha cucTteMa. ToBa Mo3BO-
JIsiBa TIPU TUIAHUPAHETO Jia ce B3eMaT MPeABUJl BCUUKU JTaHHU, KOUTO ca HEOOXOIUMHU,
U ChOTBETHO Ja c€ MOCTUTrHEe J00pa TOYHOCT HA IUIaHMpaHe, 0a3upaHa Ha ChOTBET-
HUTE TOKa3aTeiau (Hamp. TEeKylla CKJIaJoBa HAJIMYHOCT, OYaKBaHU JOCTABKH, OYaK-
BaHM MPOJAKOH, TUNIAHUPAHO MPOU3BOJCTBO U T.H.). IHTErpupaHoCTTa Ha cHCcTEMaTa
¥Ma U IPEAUMCTBOTO, Y€ KaTO Pe3yJITaT OT IUIAaHUPAHETO MOraT aBTOMAaTU3UPAHO Ja
C€ reHepUpar CbOTBETHUTE JOKYMEHTH — MOPBUYKH 32 MOKYNKA KbM JIOCTABUMIIUTE,
MOPBHYKU 32 MPOU3BOJCTBO, MOPBHYKHU 32 TpaHCPEP MEXKIY CKIATOBETE U T.H., KOETO
CIIECTSIBA MHOI'O PBUYEH TPYI.

IToBeueTo mpuMepH TyK ca JaJCHU 3a NPEANPUSATHE, MPOU3BEKAAN0 U ThPTryBallo C
CIICKTPOHHM M3JICNUs (BaMaTa aBTOPH MMAT OIUT B TaKOBa MPEANPHUATUE — IIBPBHST
— KaTo CIY>KUTEJI, U3MO0JI3BAll] CUCTEMATa U y4acTBajl BbB BHEIPSABAHETO U OT CTpaHa
Ha KJIMEHTA, a BTOPUAT — KaTO KOHCYJITAHT, U3BHPIIWI BHEIPSIBAHETO M), HO TE Ca
HNPUIOKUMHU (C €BEHTYAJIHH MaJKH U3MEHCHHMS) 3a TOJIIM HAOOp OT MPEIIpUATHS —
KAaKTO IPOU3BOJCTBEHH, TaKa U YUCTO ThPTrOBCKH.

2. HEJIN HA OIITUMU3UPAHETO

[TonabpkaHeTO Ha ONTHUMAIHM CKJIQJ0BH 3alacd BOAM 10 HSKOJKO IOJOXKUTEITHU
edekTa, Hali-BaKHUTE OT KOUTO Ca!

* HamansgBane Ha pa3xoauTe 3a CKIaAUPAHE — CKIAJOBUTE HATMYHOCTU U3UCKBAT
CHOTBETHHU Pa3X0Jy — HallpUMep HaeM Ha MOMEIIEHUETO, Pa3Xxoau 3a 000py/I-
BaHe (CTenaku, MaJleTH W T.H.), 332 MOAMbpKaHEe Ha TMOJIXOAAIIN KIMMATUIHH
ycnoBus (Temreparypa, BIQKHOCT Ha MOMEIICHUATa U T.H.). ChOTBETHO KOJI-
KOTO MO-MaJIKM €a MOJAbPKAHUTE CKIIAJIOBU HAIMYHOCTH, TOJKOBA MO-MAJIKH
ca M Pa3xOAMTE 3a CKIAJAUPAHE;

* HamansBaHe Ha ,,3aMpa3eHUTE CPEICTBA — MPH 3aKylyBaHETO HA MaTepUaIHU
3amacu ce BjaraT mapuyHU CPeCTBa, KOUTO OCTaBaT ,,3aMpa3eHH’, JOKATO Ch-
OTBETHHTE 3amacu He ObaaT mpoaaaeHu (MM BIOKECHU B POJYKTH, KOUTO Ch-
OTBETHO Jia ObAaT mpojaaeHu). Taka moIbpKaHEeTO Ha TOJIEMHU CKJIAJOBU Ha-
JUYHOCTHU BOJM /10 OJIOKMpaHE HA TAPUYHUTE CPEACTBA HA MPEITPUSITHETO.

* [IlpenorBpatsiBaHe Ha 3a0aBsiHe / MPOMYCKaHE HA CACIKU WU MPUHYIAUTEICH
OPECTON B MPOU3BOJCTBOTO, MOPAAX HEIOCTUT HA MaTE€pPUAJHU 3aIlacu - MOA-
IBPKAHETO HA TBBPJAE HUCKM HUBA HA MAaTEpHAIHHUTE 3amac (WM TOTajHaTa
JIMTICA Ha HSIKOW apTHUKYJM) CHIIO MPEJCTaBiIsIBa MPOOJIEM — HApUMep UIBa
KJIMEHT 3a J1aJIeH apTUKYJI, HO HEe MOe J1a Obe 00CIyX eH, Thi-KaTo ChOTBET-
HUSI apTUKYJ IO HAMA Ha CKiaja (M He MOXe Ja ObJe JOCTaBEeH B JIOCTATHYHO
Kparbk Cpok). CHOTBETHO B MPOM3BOJCTBEHO MNpEANpHsITHE — 3a0aBsHE Ha
mpolieca Ha MPOU3BOJICTBO, Thil-KaTO HAKOW OT HEOOXOAMMHUTE MaTEPHAIIA HE €
Ha CKJIaJl ¥ ChOTBETHO € HEOOXOAMMO Ja ObJie M3uakaHa JocTaBkata My (mpes
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KOETO BpeMe H3IUIallaMe 3aIulaTd Ha pabOTHULIKMTE, O€3 J1a MOXKEM J1a UM OCH-
rypuM paboTa, MaliuHU He paboTAT U T.H.).

Tes3u edekTr ce MOCTHraT Ype3 MOAXOAINO IJIAHMPAHE HA CKJIaJOBHTE HATUYHOCTH
(upe3 manupane Ha (OPMHUPAIINTE TH JEHHOCTH — MOKYIIKA Ha apTHKYJIH, IPOU3BO/I-
CTBO Ha MPOAYKIHUS, PEMECTBAHE MEKAY CKJIagoBe U T.H.). ONTUMAIHOCT C€ ThPCH
10 OTHOLIEHUE HA:

* MuHHMaJICH CPOK Ha M3YaKBaHE HAa MaTepHalld U CTOKK (M30srBaHe Ha 3a0a-
BSIHE B IPOM3BOACTBOTO M / MIIM JOCTaBKaTa KbM KIUCHTA MOPaand HEJOCTUT Ha
HAJIMYHOCTH);

e MuHHMAJICH IPECTOM Ha CTOKHTE U MaTEPHAIUTE B CKiaja (M30srsaHe Ha IMOJ-
IbpiKaHe Ha FOJEMH HAJTMYHOCTH 3a IBJIBI IEPHUOJ OT BPEMeE C IIe]T HaMalIsiBaHe
Ha pa3xOMTe 3a CKIaUpPaHE);

e OnTuMH3UpaHe HA MpoIleca Ha MOKYyMKa 4pe3 IpylupaHe Ha CXOJHHU 3asABKU
KbM JOCTABUYMIIMTE C ICJI HAMaIsBaHE Ha PA3XOJHUTE 3a TPAHCIIOPT M 0OCTyX-
BaHE;

e OnTuMH3HMpaHe Ha Mpolleca Ha MPOM3BOJACTBO Ype3 IPYIHpPAHE HA CXOTHH 3a-
SIBKH 33 IIPOM3BOJICTBO;

[Tocturame ro, kaTo MojajzeM HaBpEME 3asiBKUTE 3a MOKYNKa KbM JOCTABUUIIUTE CH,
B3EMaliKu MpeJBU]I HEOOXOIUMUTE BpEMEHA 3a peakius OT TAXHA CTpaHa, 3a TpaHC-
nopT u Ap. BaxkHo e u nopbukara ja € 3a NoAXOASAIIUTE KOJIUYECTBA — JOCTAThUHH, 32
71a 3aJ0BOJISIT TEKYIIUTE HYJU, HO HE TBBPJE rOJIEMH, 3a Jia 3ajJekaBaT B CKJAJa.
CpI110TO BaXH U 32 MPOJYKTUTE, KOUTO CE€ MPOU3BEKIAT B MPEANPUITHETO.

3. CKIIAAOBE U IBU/KEHUE HA HAJIMYHOCTUTE

EnHa oT mbpBUTE CTHIIKK MPU BHEAPSBAHETO HA CHUCTEMA 3a YIIPABJIICHUE HA CKJIAJ0-
BUTe HanmuHocTH (B wactHOCT M ERP cucrema) e 060co0siBaHeTO Ha CKIIAJ0BETE H
MoJIpa3/iesiCHUATa UM, KaKTO M Ha JIONyCTUMHUTE OIepaluu ¢ TsaX. B cucremara ckiia-
noBere ce AeUHHUpAT KaTo ,,MecTomosoxkeHus . BCIko MeCTONMOJ0XKEHUE CU hMa
CBOI YHUKAJIEH KOJ, IO KOWTO TO ce WAeHTU(HULHpa B cucTeMaTa. MecTONoI0KEeHH-
ATa MOTaT Jia OTTOBAPAT KaKTO Ha peajHU CKJIAJ0BU MOMEIIEHHUs, Taka U Ja ca ,,BUp-
TyamHu” (1a HAMa KOHKPETHO MOMeIeHne 3aa TsaX). Hapumep exno ¢u3udecko mo-
MEIlIEHHE MOXKe Jia ObJie pa3/IesieHO Ha HAKOJIKO BUPTyajJHU — MPUMEPHO CKJIaja 3a
MaTepuaid MOXE Jla C€ pa3lielid Ha MecTomnosoxenus ,,bou”, ,Ilnactmacu”, Enexr-
POHHU KOMIOHEHTH”, ,,AMOanaxx” U T.H., HE3aBUCUMO Y€ (PU3MUYECKH BCUYKU TE3U
MaTepuaId C€ HaMUPAT B €IHO U ChHIIO MoMelieHrue. To3u Buj paslpeiesieHue mo-
Mara 3a Io-go0para jJoruuecka opraHu3alys Ha CKJIQJIOBUTE HAJIMYHOCTH B CHUCTE-
MaTa (HampuMep ako ce MHTepeCyBaMe KaKBH €JICKTPOHHH KOMIIOHEHTH MMaMe B Ha-
JIMYHOCT, 11I€ U3BEJEM CIpaBKa 3a ChOTBETHUS CKJIaJ. AKO UMaxMe €JIUH €IUHCTBEH
CKJIaJl ,,MaTepuaan’, TpsgOBaIe 1a myCHEeM CIIpaBKa 3a HEro, orpaHUYaBaiiku KOM ap-
TUKYJIH Ja ObaaT oOxBaHaTH). JIpyr nmpuMep 3a BUpTyalleH CKJaja € CKian ,.bpak”, B
KOWTO Ja ce 3anpuxoxaaBar nedextupanu uzaenus. Guzndecku 0OMKHOBEHO TOBA €
HSKAaKBa 9acT OT ckiana ,lIpomsBoacrBo” (wmm ,,['oToBa mpomaykius”), HO € IIo-
ya00HO /1a ce 000co0M KaTo OT/IETTHA JIOTHYECKA SAMHUIIA.
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BTopaTa Ba’XHa CTBIIKA € Ia CC OIIPCACIIAT OIICPAIUUTC, KOUTO IIC CC U3BBPIIBAT C
BCCKH CKJIaA. OCHOBHMSAT COUCHK HA OoIi¢panuu, KOMTO CC pa3riICKaar ca.

[Tokynka — 3anpuxokKJaBaHe Ha apTHKYJIM, 3aKyIIEHU OT BbHUIEH JI0CTAaBYUK;
[Iponaxx6a — n3nucBaHe Ha apTUKYJIM, TPOJAJEHU Ha BHHILIEH KIMEHT;
[Tpou3BOACTBO — 3aNpUXO0KJaBaHE HA apTUKYJIHM, MPOU3BEJIEHU B PAMKHUTE Ha
NPEANPUATUETO;

Koncymanus — u3nucBaHe Ha apTHKYJIM C L€ BJAraHeTo UM B MPOU3BOJICTBO
Ha MPOAYKIHs (B paMKUTE HA PEANPHUITHETO);

[IpemecTBaHE — M3NKMCBAHE HA apTUKYJU OT €AUH CKJIAJA M IMOCIEABAILOTO UM
3alpUX0XIaBaHe B IpyrT (U BaTa CKJIaja ca B PAMKHUTE Ha MPEANPHUITUETO);

Y CIIOBHO IIe pa3eM MaTepHaTHUTE 3anacy (apTHKYJIIUTE) Ha CIICTHUTE TPYITH:

Marepuanu — Ta3u rpymna apTUKYJIU CIyXaT Karo ChbCTaBHU YacTH Ha MPOU3-
BEXKJIAHUTE TPOAYKTH. Te ce 3aKkymyBaT OT BBHIIHM JOCTABUUIM U CE H3-
TI0JI3BaT B paMKUTE Ha NpeAnpusTrero. JJomycTUMo € MmoHsKora Jia ce mpoja-
BaT ¥ Ha KJIIMCHTH (HapUMep KaTo Pe3CPBHU YaCTH);

CToku — Ta3u rpymna apTHUKYJU ce KyIyBaT ¢ IieJl npenpoaaxoa. He ce u3mons-
BaT 3a MPOU3BOACTBO HA MPOAYKIHUA. AKO JaJIcH apTUKYJI CE U3I0JI3Ba KaKTO 32
JMPEKTHA Tpo/ax0a, Taka M KaTo ChCTaBHA YACT Ha HAKOM MPOIYKT, TOW ce
neduHUpa KaTo MaTepua,

[TpoaykTH — TOBa ca apTHKYJIH, TIPOU3BEKTAHU B pAMKUTE Ha TIPEIIPUITHAETO C
nen nponaxoOa. He ce 3akymysar;

[Tomryabpukatu — TOBa ca apTUKYJIH, TPOU3BEKIAHN B PAMKUTE Ha TIPEIITPHSI-
THETO C IIeJ BJIAaraHeTo UM B JPYTH MPOAYKTH (HampuMep IevaTHa IUIaTKa C
MOHTHUPAHU Ha Hesl KOMIIOHEHTH, KOSITO B MOCJIC/ICTBUE IIe OBbJC BIOKEHA B T'0-
ToBO m3zenue). He ce 3akymyBar;

B 3aBucuMoCT OT pasmepa U AEHHOCTTa HA MPEANPUATUETO € AePUHUPAT PA3TUUHU
MEeCTONOJI0KeHHsI. EMuH mprMepeH CUCHK € JIaJIeH B Clie/IHaTa TabJInIa:

MecTomno
Ynorpeda 3axpanBa ce upe3 H3npassa ce upes
JIOJKeHHUe
Coabpika
MEXaHUYHUTE Ma-
MexaHn4Hu
TEpUAJIH, U3II0I3- IToxynka
Marepuain
BAaHU B IPOU3BO/IC-
TBOTO
Coabpika
Enexrt- EIIEKTPOHHUTE
POHHH KOMIIO- KOMIIOHEHTH, W3- [Tokymnka
HEHTHU MIOJI3BAHU B IIPOU3-
BOJCTBOTO
IIpemectBane
Cpabpxka
Croku [Tokynka KbM «T'BProBCKH OT-
CTOKHUTE
JIeT»
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B nero ce Marepuanu — ype3 Marepuanu —
W3BBPIIBA MPOU3- IIpeMecTBaHe OT ckiaj «Me- KOHCyMalusl Ipu
[TpousBoa- | BOACTBOTO Ha ITO- XaHUYHU MaTepHAIIN» WIH IIPOU3BOJCTBO
ctBO moiy(abpu- | aydabpukarn. Or- | «EIEKTpOHHH KOMIIOHEHTHY [pomyxTn —
KaTu roBapsi Ha CbOT- [TponykT — upe3 3am- | uype3 IpeMecTBaHe B
BETHHMSI IIPOU3BOJIC- pUXOXK/1aBaHE HA TOTOBUTE cKiaj «moiyhadpu-
TBCH LEX nosypabpukaTH KaTH»
B nero ce [IpemecTBane
[IpemecTBaHe OT CKIaf
[Tomydab- | cpxpaHsBaT Ipou3- KbM ckiaj «IIpous-
«[IpouzBoacTBo monydadpu-
pUKaTH BEJICHUTE MOy~ KATI BOJICTBO T'OTOBA IPO-
dbabpukatu TYKITHAS»
Marepunanu — upe3
MpEeMECTBaHE OT ckiaj «Me-
XaHUYHU MaTepUaIn» WIH
B to3m
«ENeKTpOHHU KOMITIOHEHTH»
[IpousBoa- | ckiaj ce U3BbpIIBA [IpemecTBane
[Tonydabpukaru — upe3
CTBO IOTOBA MPO- IIPOU3BOJICTBOTO KbM cKJaja «I'oToBa
e —— A FOTOBATA IDO- npeMmecTtBane ot ckiaja «Ilo- HPOIY KL
Y p nypabpuxkaTu» poiy
Ty KLU
[Iponyxtn — upe3 3am-
pUXOXKJaBaHE HAa TOTOBUTE
MPOAYKTH
B to3m
IIpemecTBane OT CKIaz IIpemectBane
l'otoBa CKJIaJl ChbXpaHsBa
«ITpon3BoICTBO HA TOTOBA KbM cKJI1a]l « TBpros-
IPOIYKIIHS IIpOU3BeEIeHaTa ro-
IPOIYKIHS» CKH OTIIEI»
TOBA NPOIYKLHUS
[IpemecTBane oT ckia-
Ot 1031
noBe «MexaHnYyHu MaTepu-
THProBCcku | CKIIAJ C€ U3BbPLI-
anu», «EJIEKTPOHHU KOMIIO- [Iponaxoba
OTHEN BaT MPOJAKOUTE
HeHTn», «CToKm», «I'0oTOBa
KbM KJIMEHTHUTE
POy KIIHSI»

JlaneHusT cnuchK € npuMmepeH. Hampumep B HIKOW NPEANPHUATHS € BB3MOKHO MEC-
TOMOJIOKEHHUSTA ,, [ bproBcku otaen”, ,,Ctoku” u ,,l'oToBa nmpoaykuusa na 0baat ode-
auHeHH. Mnm bk ga ObJaT pas/ielicHH Ha IOBeYe MeCTOmoJiokeHus (Hamp. ,,BbT-
PELIHO-THPrOBCKU OTNEN" U ,,BBHIIHO-THPTOBCKUA OTAEN WU MBK ,,IIponu3BoacTso
Codus”, ,IIponsBoactso Bapna”...). KakBo perrenue 1ie Obe B3€TO 3aBUCH OT KOH-
KPETHOTO MpPEANpUsITHE U OT CUCTEeMaTa, KOsITO ce BHeApsiBa. BaxxHoTo e, 1a ce moc-
TUTHE 100pa JOTHuYecKa CTPYKTypa U SCHO JeUHUPAH MOTOK Ha JIBUKEHUE HA apTU-
KyJIuTE.

4. MEPHU EIUHUIIN U KPATHOCTH

Crnen xaTo cMe ONpeAeTHId MECTOMOIOKEHUATA U JOITyCTUMUTE JBMXKEHUS, TPsiOBa
na neduHupame CnHChbKa HA MEPHUTE €IWHULU U ChOTBETHUTE KPATHOCTH 33 BCEKU
apTukya. ChOTBETHO KOM OT TSX i€ ObJaT M3MOJ3BaHM 3a Beska onepauus. Hanpu-
mep SMD pesucropute mMorar aa mpucturat Ha KHKHU posiku o 5 000 6post Ha
ponka, o 10 ponku, omakoBanu B KamoH. ChOTBETHO OT JOCTaBYMKA MOXKE /a KYITy-
BaMe caMmo Iienu KamoHu. ChlieBpeMeHHO, o0ade ImpHu MPOU3BOJCTBOTO HA IUIATKH
(momydabpukar) Te ce BiaraT Ha Opoiika. B cucremara 3a ChOTBETHHSI apTHKYJI CE 3a-

245



J1aBaT BPB3KUTE MEKIY OTACTHUTE MepHHU eaunuii (B ciydas 1 poska = 5 000 6pos,
1 xamon = 10 ponku = 50 000 Gpost). Enqna moOpa monutuka Ou Omina OT CKiaf
,EJIEKTPOHHU KOMIIOHEHTH KbM CKJaj ,llpousBonctBo mnonydabpukaru” npa ce
TpaHcepupar camo LEIH POJKU. Bede 3amovyHaTtuTe pOJIKM Ja CE€ ChXpaHSIBaT B
cknan ,,IIpousBoactBo mosydadpukaTu” A0 MBIHOTO UM H3ueprnBaHe. Taka ce mo-
100psiBa 3HAYMTEITHO OTYETHOCTTA (B CKJIA[ ,,ENIEKTPOHHN KOMIIOHEHTH MMaMe CaMo
[ENH POJIKH, KOUTO C€ OTYUTAT 3HAUMUTENHO MO-JIECHO, OTKOJIKOTO ako TpsiOBa aa
OpouM 110 oTnenHa Opoiika), o0JeKYaBa ce Mpolieca HAa WHBEHTAPHU3AIMs U IUIAHH-
pane. ChOTBETHO B CKJaJ ,,ENEKTpOHHN KOMIIOHEHTH apTHKYJIBT IIE CE 3aMPUX0XK-
naBa Ha 1enu KamoHu. CucreMaTta WMa rprKaTa Jla TpaBu ChOTBETHUTE Tpeobdpasy-
BaHUS MLy MEPHUTE STUHUIIH.

Jpyr momo6eH mpuMep € MpOu3BOACTBOTO HA TIEUYATHU TUIATKH. ['oaTa tuiaTtka ce oT-
revyaTBa Ha TEKCTOJMTEHA Moaokka. OOMKHOBEHO HA €IUH JIUCT CE OTIeYaTBaT Hs-
KOJIKO muiaTku. Heka Hanmpumep Ha eAWH JUCT uMaMe 4 IJIaTKH 10 BUCOYHMHA U 3 HA
IUpUHA, T.€. 0010 12 ronu mnatku. Te ce pa3aensaT Jyak ciiej] KaTo € U3BBPIIECH MOH-
TaxbpT Ha SMD enementure. ToBa o3Ha4yaBa, 4e MPOU3BOACTBOTO HA TAaKWBA IUIATKH
MOJKE J1a cTaBa camo Ha cepuu 1o 12 opos (12, 24, 36 u T.H.). ToBa, o0ade Moxke aa
HE € CAMHCTBEHUST Ba)XCH MapaMeThp IMPHU OIpe/eisHe Ha MPOU3BEXKIAHOTO KOJIH-
yecTBO. OTHEYaTBaHETO HA €IMH JIMCT U3MCKBA HACTPOMKA Ha MalllMHATA, KOSITO HE €
MKOHOMHYECKH M3TOJIHO Jia ce TpaBu 3a mo-manko oT 2 000 6pos. Taka momyuaBame,
ye TpssOBa ma mpousBexaame Hakyn none 2 000 6pos ronu miaTku Ha cepuu mo 12
Opost uiu B ciydas — Hail-mankoto 2004 Oposi. Ako uckame ja yCIOKHHUM 3ajadara —
MoxkeM J1a mpuemeM, ue Ha Bceku 10 000 6post € HeoOxoauMo MammHaTa 1a Ob/1e Ka-
JUOpUpaHa, KOETO CHIIO BOJM JIO HAKAKBU OTpaHUYCHUS (HE MOXEM Ja MPOU3BEK-
name noseue oT 10 000 mmatku HaKym, CHIIEBPEMEHHO aKO MPE3 MalbK MEPUOJ OT
Bpeme Hu TpsioBat 2 cepun cboTBeTHO OT 2 000 1 3 000 mnaTku 1ie e mo-u3rogHo aa
ru 00eIMHUM, 3a J]a UMaMe CaMO BEIHBXK Pa3xo/H 3a HACTpoMKa. AKO 0b6ade cepuute
ca ot 3 000 u 8 000 ToBa Beue HE € Bb3MOXKHO, Thid- KaTO 1€ € HYKHO MEXKJIUHHO Ka-
JUOpUpaHe Ha MAIllMHATA).

5. I3XOJHU JAHHHU B ITPOLHECA HA IIVIAHUPAHE

Crnen xaTo cMe ONpeeIuId MECTOONIOXKEHHTA, JOMYCTUMUTE ONEPalMU C TIX, ap-
TUKYJIUTE, MEPHUTE €IUHULIN U KPATHOCTUTE MOKEM J1a IPUCTHIIUM KbM CaMUs IIPO-
1iec Ha riaHupane (MOJMTUKUATE Ha IUIaHWPaHE W MapaMeTPUTE, KOUTO IO yIpaBjsBaT
e pasrieaaMe mo-uanaoiy). Camoro raHupaHe ce 0a3upa Ha HEOOXOAMMOCTTA OT
apTukyiuTe (peajaHa v MOTCHIMATHA), KOSTO Ce ONPeess OT CIeTHUTE (paKkTopH:
* Ilopbuku 3a npojaxda — ToBa ca JIOKYMEHTH, KOUTO CE€ Ch3[aBaT OT ThProB-
[MTE, KOTAaTO MOJIy4aT 3asiBKa OT HSIKOM KIMEHT. Besika mopbuka chIbpika CIu-
ChK Ha apTUKYJIUTE, KOUTO Ca 3asBEHHU, KOJUYECTBOTO UM M JaTaTa, Ha KOSITO
TpsiOBa Jla ce AOCTaBAT Ha KineHTa. Ha TsaxHa 6a3a ce onpenensar HyXIuTe OT
apTUKYJIM 32 Mpoaaxoa,
* [lpousBojacTBEeHU MOPHYKU — TOBA Ca JOKYMEHTH, B KOUTO C€ OIMHUCBA KaKBO
cieBa ga Oble nmpousBeneHo (roToBa mpoaykius U nonydadpukatu). Te mo-
ratr Ja ce Chb3AaJarT phbYHO WM aBTOMATU3UPAHO OT Ipolieca Ha IUIAHUPAHE B
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cuctemata. Ha TsxHa 6a3a ce ompenens Hy»KaaTa OT MaTepraiu 1 noiydadpu-
KaTH.

Tekyria ckia0Ba HATHIHOCT — TS C€ B3eMa MPEABUI, KOTATO CE OMPEACIIAT KO-
JMYeCTBaTa, KOUTO Ja 3asBUM 3a MOKYIMKa KbM JOCTABUMK WIIH 32 MPOU3BO/IC-
TBO. Hanpumep axo mmame Hyxnaa ot 5 000 Gpost oT najaeH apTUKyll, onpeze-
JieHa OT MOPBYKUTE 3a Mpoaax0a, Ho Ha ckiaa umame 3 500 Gposi, KbM J0cC-
TaBuMKa I11e mycHeM 3asiBka camo 3a 1 500 Oposi. ToBa, pa3zbupa ce, Baxku camo
B cllydasi, KOraTo HsIMaMe 3aJaJICHU JONBJIHUTEIHA YCIOBHS. AKO HampuMmep
uMaMe U YCJIOBHETO, Ye MCKaMe BUHATH Ja Moaabpxkame Ha ckian nmone 2 500
Opost OT apTHKYJIa, TO 3asBKaTa KbM gocTtaBuuka imie ¢ 3a 4 000 Opos.

[TporHo3u 3a mpojaxOu — Te HU TO3BOJISABAT J1a 337aIeM OYaKBaHOTO ThPCEHE
no nepuoau. Taka mpu TUTaHWpaHE HAa JOCTABKUTE M MPOU3BOJICTBOTO, OCBEH
pPEATHUTE HYXIH, OMpPEACNICHH OT MOPBUKUTE 3a Mpojaxkda, Ie ce B3emaT
MpeaBU U MPOTHO3HUTE. Taka ce moJcurypsBame ¢ KOJIMYECTBO, KOETO OYaK-
BaMe, 4e I1¢ HU € He0OXO0aMMO, HO BCE-OIIe HIMaMe peaiHa HyXaa oT Hero. 1o
Ta3W MPUYWHA € MHOTO Ba)XHO MPABUIHOTO MPOTHO3UPAHE, 3al[0TO aKO BhBE-
JIeM TBBPJIE TOJIsIMa TIPOTHO3a, TOBA 1€ TOBEE J0 Mpe3anacsiBaHe U ChOTBETHO
BJIaraHE HA M3JIMIIHUA PECYPCH, KOUTO OCTABAT JBJITOCPOYHO OJIOKHPAHH.

6. HOJIMTUKU HA IVIAHUPAHE HA HAJIMMHOCTUTE

B 3aBHCHMMOCT OT BuJa Ha apTUKYJa, NPEANPUITHETO, KIUEHTUTE U JApP. CE MPUJIaraT
Pa3JINYHHU NTOJUTUKHU Ha IiaHupane. Hali-uecto npunaranure ca:

»lloyTbp)kaHe Ha MaKCHMallHa CKJIa0Ba HATUYHOCT  — MPH Ta3H MOJMUTHKA I1e-
JUM BUHATHM J1a MOAIBbp)KaMe Ha CKJIaJa OMpeleieHa HaTUYHOCT, 3a7ajieHa C
rOpHa U JI0JIHA rpaHula. Ts € MHOro y/100Ha, KOraTo ce Kacae 3a mpofaxou Ha
JpeOHO Ha YHUBEPCAIHU CTOKH (TaKWBa, KOUTO CE MPOaBat 0e3 Moau(UKaIus
Ha BCEKU KJIMEHT), KOMTO CE MPEJOCTaBAT HA KJIMEHTA Ha MOMEHTa. ToBa ca
MOBEYETO MpOoAaKOu B MarasuHu. B To3u ciyyail onpenensime nepuoja, mnpes
KOMTO MCKaMme Ja 3apejaMe ChOTBETHHs apTUKYJ (HampuMmep BEAHBXK CEl-
MHYHO) U Ha 0a3a Ha CTaTUCTHKA HA MPOJAXOUTE OIMpeaesiiMe KOJIKO CPEIHO
pojJilaBaMe OT HEro 3a nepuojia. MokeM /1a nmpeBUIuM U HIKAaKbB MUHUMAJICH
pe3epB. ChOTBETHO HACTpOWBaMe Mpoleca Ha MIIAHUPAHE Taka, Ye 3a ChOTBET-
HUS apTHKYJI BUHATW JIa C€ MOIbPKa HATMYHOCT B Te3u rpanuiy. (Hanpumep
aKo 3a JaJieH apTHKyJ HCKaMe Ja Ce€ 3apeXkia BEeIHBX CEIMHUYHO M 3a eaHa
ceamuna npojaame cpeaHo mo 300 6posi, KaTo uckame Jla Cu rapaHTUpaMe pe-
3epB OT 50 Opost — 11e HACTPOUM CHCTEMAaTa J1a HU MOAIbPKa HATUYHOCT MEXK-
ay 50 u 350 6pos).

»110 IOpbuKa” — B TO3M Clly4ail IpaBUM IMOPHYKA 32 MOKYITKa/TIPOU3BOJICTBO,
caMO KOrato MMaMme MOopbhYkKa OT KIMEHT. TS e Moaxojsiia, KOrato MnpaBUM
npojiaxoa Mo KaTaJor Ha CTOKM U TPOJYKTH, 32 KOUTO HIMaMe PEryJIipHO Thp-
CEHE U HE € MOJXOJIAIIO0 Ja TU IbPKUM Ha ckiag. OcoOeHo MOoAXoIsI € B CIy-
JanTe, KOraro ChOTBETHHUSAT MPOAYKT € MOAU(UITPA 32 BCEKU KIMEHT (WK ce
n3paboTBa MO KIHEeHTCKa criennpukaius). B To3u ciaydaii [Topbuka 3a mokymnka
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/ Ipou3BOJCTBO ce MpaBH caMo Ha 0a3a MOpbYKaA 3a MPoJakda, KaTo ChOTBET-
HUTE KOJIMYECTBA ChBIA/IAT;

»110 cepun’” — 103U MeToJ € moAoOeH Ha ,,I1o mopbuka”. Paznukara e, ue Tyk ce
000011aBaT MOPHUKUTE 3a MpoAak0a 3a MajeH Mepuoj U ce MpaBu eaHa o0IIa
HopbhuKa 3a MOKyINKa / mpou3BoaAcTBO. TOH € MOIXOAI, KOrato IpojaBame
CTOKH ChC 3a0aBeHa JOCTAaBKa, KOUTO HAMAT CIIeM(UKA 32 BCEKU KIINCHT;
,»DOHUKCHPAHO KOJIMYECTBO” — MPHU Ta3W IMOJMTHKA KylyBame / MPOU3BEKIAME
(UKCHpPAHO KOJUYECTBO TPHU ONpEACICHH YCIoBUs (OOMKHOBEHO MajaHe Ha
CKJIaJIOBaTa HAJIMYHOCT IMOJ AajcH mpar). Toi e MOaXOAAI, KOrato MmpouechT
Ha TMOKYyTKa / MPOU3BOICTBO MPEAONPEICIIs MO AaCHH MPUUNHU apTUKYIBT J1a
Ce 3aXpaHBa Ha (PUKCUPAHU ceprH (HampUMep MallliHATa MOXKE J1a TPOU3BEXK/Ia
no 2 000 O6post HaBeIHBXK — HE MOXE Jla Ce MPOU3BEAAT MO-MajKo, a 3a CJe/-
BAIlIUTE CE M3UCKBA HOBO 3apekaaHe/HACTPOKa U MOXKeE J1a Ce POM3BEIAT MaK
2 000... M oK e menech00pa3Ho apTUKYJIBT J1a Ce KyIyBa Ha 1IeTTd KOHTEH-
HEpH, 3a JIa C€ MECTH OT TPAHCIIOPT, a €AMH KOHTEHHEP HU € JOCTaThUeH, 3a J1a
MOKPHE ThPCEHETO 32 EINH MeCell...).

7. MAPAMETPHU, ONPEAEJIALIU ITPOIECA HA IIVIAHUPAHE

B 3aBucumocT oT nu30paHara MojaUTHKA, 38 BCEKH apTUKYJI U BCIKO MECTOIOJIOKEHHE,
B KOETO TOM C€ M3MO0JI3BAa, CE HACTPOMBAT HSAKOU OT CIEAHUTE apaMeTpu:

MeTo1 Ha 3aXpaHBaHE — Ype3 MPOM3BOACTBO, UPE3 MOKYIIKA HIIH YPE3 MPEMECT-
BaHE OT JIPYT CKJIA/;

[TonuTHka — HIKOS OT MOJIMTHKUTE, H30POCHHU O-TOPE;

[{ukba Ha TOpBUYKA — MIEPHOJ, 3a KOMTO Ja ce Tpymnupar 3asBKUTE (HAIp. aKo
MEPUOABT € CJIHA CeIMUIAa U B PAMKHUTE Ha CEJAMMIIATA MMAaMEe B Pa3IMUHU JTHU
3 mopbukH 3a npoaaxkoba ceotBeTHO 3a 10, 20 u 50 6pos, cuctemara mie reHe-
pupa enHa nopbuka 3a nokymka 3a 80 Opos. Ako obaue nepuoasT € 1 nen — me
ce TeHepHpaT 3 OT/ACITHH MOPHUKH);

["apaHIIMOHHO BpeMe — OIpeaeis BPEMETO, 3a KOETO ChOTBETHHAT apTHKYII
MOKe aa Obje JoctaBeH (HanpuMep ako nepuoasT ¢ 10 1Hu U cMme obernanu Ha
KJIUEHTHT Jla IO JOCTaBMM Ha 23-TH, TO TIOpBhYKATa KbM JOCTaBYHMKA TPsAOBa J1a
ObJIe mojaeHa Hail-KbCHO Ha 13-TH).

["apaHIMOHEH 3amac — HAJIMYHOCT, KOSATO MCKaMe BHHArM Ja MOJIbpiKaMe Ha
CKJIAL,

Touka Ha MOpBYKA — HAIMYHOCT, MPU KOSATO CE IMOJaBa Cjc/ABallaTa 3asBKa 3a
MOKYyTIKa / POU3BOICTBO;

KonuuecTBo 3a mopbuka — KOJIMYECTBOTO, KOETO J1a ObJie TOphUaHo (MpH MOJIH-
TUKa ¢ PUKCHPAHO KOJIMYECTBO HA TIOPHUKA);

MakcuMaiHa HaJIMYHOCT — MaKCHMaIHa HAJMYHOCT, KOSITO Ja ObJe MOIIbp-
»KaHa Ha CKJIaj;

MUHMMAITHO KOJIMYECTBO B MOPHhYKA — MHUHMMAJIHO KOJIMYECTBO, KOETO MOXKE
na 0bJ1e MOPBHYAHO;

MakcHMaJTHO KOJIMYECTBO B IMOPHhUKA — MAKCUMAJTHO KOJIMYECTBO, KOETO MOXKE
na ObJIe TOPBHYAHO;
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* KparHocT — KOJNIMYECTBO, HA KOETO Ja ObJe KpaTHa mopbukata (Hampumep B
npumMepa 3a KoHaenzatopa — toBa koaundectBo € 50 000 — 10 ponku mo 5 000

oposi);

Jla pasriename npumepa ¢ KOHAEH3aTOpa OT MPEAXOJAHUTE TOYKU. Tol € Marepual,
KOKMTO ce M3M0J3Ba B MPOU3BOJICTBOTO HA MEYATHUTE TUIATKU (KOUTO ca morypadpu-
KaT). JIOKOJKOTO TOW € yHHBEpCalleH €JIEMEHT, KOHTO ce Bjiara B MHOTO pa3jIMYHU
IUTATKH, BEPOSITHO 3a HEro HaW-moJxojdila Iie € nonutukara ,llo cepun”. e my
HaIpaBUM HACTpOMKa 3a CKIIaoBe ,EnekTpoHHUM KOMIOHEHTH U ,IIpous3BoacTBo

nosrypabpuxatu’:
. Eaexrpounu | ,,IIpousBoacrso
IMapameTsp P ” P A » KomenTap
KOMIIOHEHTH | moJryadpuKaTu
IIpemectBane ot
Meron Ha 3axpas-
[Tokynka cknan ,,Enext-
BaHe ”
POHHH €JIEMEHTH
[TonuTtrka ITo cepun ITo cepun
[Tokynkata st mpaBUM BEIHBK Me-
CEYHO, 3a J1a IeCTUM OT TPAHCIIOPT,
[{ukba HAa TOpBHYKA 1 mecerg 1 nen MPEMECTBAHETO OT CKJIaJ] B CKIad —
€XKEJTHEBHO, 3a JIa HE MPETpyIBamMe
cknan ,,[IpousBoacTso”
[TepuoabT 3a moyyaBaHe OT JOCTaB-
YHKa € 2 CeIMULIU, TIPU MECTEHE OT
l"apannrionHo Bpeme 2 CeIMUILA 0
CKJIaJ B CKJIaJ — HSIMa CBIIECTBEHO
3a0aBsHe
1 000 000 ¢ cpemnaTa KOHCyMaIus 3a
2 CeIMUIIN — TIOJICUTYpsSIBAME CH, 4e
0KaTo MABa JOCTaBKaTa HsIMa J1a OC-
lapantmoneH 3amac 1 000 000 0 g ABa A A
TaHeM 0€3 HAJIMYHOCT. 3a CKJIAJ
MIPOM3BOJICTBO MOKEM BUHATH J1a C&
CHaOIMM TIpU HYKJa
3a ckian ,,EnekTpoHHU KOMIO-
HEHTH ce oIpeacis OT JOroBOpe-
MuHuMaaHo Koiu- pel A P
5000 000 0 HOCTTa HU C JOCTAaBYMKA, 34 CKJIaL
YECTBO B MOPBHUKA ”
,», | ]pOM3BOACTBO” — HIMAME OTPaHHU-
JyeHne
3a ckiaf ,,EnexTpoHHu Kommo-
HEHTH ce OIpeAeis OT JOrOBOpe-
MakcumanHo koiu- pea A P
10 000 000 HOCTTA HU C JOCTAaBYMKA, 3a CKJIAJ
YECTBO B MOPBHYKA -
,, | []pOM3BOICTBO” — HIMaMe OTpaHHU-
YeHHne
3a ckian ,,EnekTpoHHU KOMIO-
Kparnoct 50 000 5000 HEHTH” — Ha KallloH, 3a ckian ,,I1po-

W3BOJICTBO” — HA POJIKU

8. MPOTUYAHE HA IMPOLIECA HA IIVIAHUPAHE
IIponechT Ha IIaHUpaHe IPOTHYA 110 CICIHUS HAYMH!
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* Omnpexeisir ce HyXKIUTE 3a MepHoJia Mo apTUKYJIU U MecTornojoxenus (Ha 6a3a
Ha MOPBYKHUTE 32 MPo1ak0a, CKIQTOBUTE HATMYHOCTH U T.H.);

* Ompenenar ce HeOOXOIUMHUTE OIEPALIMU 32 IOKPUBAHE HA HYXKIHUTE (ITOKYIIKa,
MPOM3BOJICTBO, IPEMECTBAHE OT APYTH MECTOIOJIOKEHHS);

* T'eHepupaT ce ChOTBETHUTE JOKYMEHTH (MOPBYKH 32 IPEMECTBAHE, MMOKYIKA U
npou3BOoJCTBO). [Ipu pusudeckoTo um peanusupane (MoTy4aBaHe Ha TOCTABKA,
MPOM3BOJICTBO HA MPOJYKT, IPEMECTBAHE OT CKJIAJl B CKIIAJ), TC CE OTPa3sBar B
cucTemara.

9. BAKVIIOYEHHUE

[InanupaHeTo ¥ ONTUMHU3UPAHETO HA CKJIAJ0BUTE HAJTMYHOCTU NMPUA0OMBA BCE MO-TO-
JIMO 3HA4Y€HHE B CbBpeMeHHMTE npennpusatud. ERP cucremure mosponsBar T03mM
npolec Aa 0b/ie 3HAYUTETHO aBTOMATU3UpaH U yCKOpeH. OCHOBHUAT (akTop 3a Ipa-
BUJIHOTO NMPOTHYAHE HA IpOLEca € MPAaBUIHOTO ONpPEJEIISIHE HAa apaMeTPUTE Ha ap-
TUKYJUTE U Ha CUCTEMAaTa KaTo LSO,
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METO/ 3A OIIPEJAEJISIHE HA POTOPHATA BPEMEKOHCTAHTA HA
ACHUHXPOHEH ABUTI'ATEJ B CUCTEMUA C UHAUPEKTHO
BEKTOPHO YIIPABJIEHHUE

HNBan Yausepos, EBTum Uonues, Togop Uonkos

Peztome. B pabomama ce npeonaza memoo 3a MOYHO onpeoeisine Ha pomopHama
BPEMEKOHCAHMA HA ACUHXPOHEH 0gueamell, Heobxoouma npu 3a0aeane Ha Xib32a-
Hemo HA pomopHOMO NOMOKOCYENIeHUe 8 cucmemume ¢ UHOUPEKMHO 8EKIMOPHO YH-
pasnenue. Moenmugpurayuama ce u38bpuiéa 8 HeNOOBUNCHO CbCMOSIHUE HA MOMOPA.
Memoovm npednaca uznonzearne Ha eMaiIOHeH CUSHAI C onpedenena hopma,3adasauy
cmamopuusi mok. OyeHkama Ha pPOMOPHAMA BPEMEKOHCMAHMA ce U3BbPuIBa Mo
Gopmama Ha nonyueHuss omeo8op no HanpedjiceHue. AoanmusHa Kopekyus Ha Npo-
OBINCUMETHOCMMA HA 8b30CUCMBUENO HA MECMO8UsT CUSHAL Ce U38bPUBA NPU ) C-
MAHOBABAHE HA HECHOMBENCIEUS MeNHCOY PeaHO NOLYYEeHUs USX00eH CUSHAL U emd-
JIOHHUSL, NPE08APUMENHO OeDUHUPAH Om Memood.

Kntouoeu oymu: pomopna epemekoncmanma, UHOUPEKmMHO 8eKMOPHO YRPasieHue

DETERMINING THE ROTOR TIME CONSTANT OF INDUCTION MOTOR
IN INDIRECT VECTOR CONTROL SYSTEMS METHOD

Ivan Uliverov, Evtim Yonchev, Todor lonkov

Abstract: In this paper is proposed method for accurate determination of rotor time
constant of induction motor needed for setting down the slip of the rotor flux in the
systems with indirect vector control. Unlike the traditional methods, here is pro-
posed identification of parameters in standstill position of the motor. The method pre-
sents use of reference signal with certain form toward to the input of the system which
gives the rotor flux in zero-torque in d-q reference frame. The estimation of the rotor
time constant is done from the received stator voltage response. Adaptive adjustments
of the duration of the impact of the test signal is made by establishing the discrepancy
between real output signal and the referenced signal pre-defined in the method.

Keywords: rotor time constant, indirect vector control

1. BBBEJAEHUE

BeKTOpHOTO yIlpaBiieHWE € €IMH OT HAal-NOIYJSIPHUTE METOAW 3a YNPaBICHHE Ha
acuaxponnu asuratenu /AJl/. [Ipu Hero TouyHata opueHTAUATA 110 TIOJETO OMPEALIIs
KadecTBaTa Ha Is1aTa CUCTEMATa, KOETO OT CBOSI CTPaHa U3MCKBA TOYHO ONPEACIISIHE
Ha napamerpute Ha AJI[2]. Ot apyra crana AJl U 4eCTOTHUAT IpeoOpazyBare, Koii-
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TO yIPAaBJISIBA JBUTATENs], YECTO MIBTH Ca OT Pa3jIu4yHM IIPOU3BOAMTENHN, KOETO Hajlara
MUKPOKOHTPOJIEPA, yNpaBisaBall npeoOpasyBareiss aBTOMAaTHYHO 1a H3MEPH U CIEJ
TOBA JIa IPECMETHE BCUUKHU napameTpu Ha AJl, HeoOX0AMMHM 3a ChOTBETHHUS METO[ 3a
yrpasieHne. OCBEH TOBa CTOMHOCTUTE Ha napaMeTrpure Ha AJl ce MpOMEHST NpU U3-
MEHEHHE Ha TemIeparypara. Tosa Hajlara U3BoJa, 4e Mpeau CTapTUpaHe Ha CUCTEMa-
Ta 3a ynpasieHue Ha A/ e HeoOxonuMa IbpBOHAYaIHA CAMOAMArHOCTUKA U UJECHTH-
dukamus Ha mapamerpure My[3]. Hali-uecTo naeHTH(UKAITMOHHUAT METO ce Oa3zupa
Ha €KBMBAJICHTHATa cxeMa Ha AJl.

KitacnueckusT noaxon 3a onpenensHe Ha napameTpure Ha A/l BKirouBa: TECT 3a OIl-
penensiHe Ha ChIIPOTUBIICHUETO HA CTATOPA Ype3 3aXPaHBAHETO MY C IOCTOSHEH TOK
Y U3MEpBAHE I1aJla Ha HAIPEKEHHE BBPXY CHOTBETHATA HAMOTKA, ONUT B PEKHUM Ha
IIpa3eH XoJ, Npu KOUTo A/l € pasBbpTAH 10 CUHXPOHHA CKOPOCT, 4pe3 KOMTO CE OIl-
penens HaMarHUTBalUsl TOK M PEKUM Ha KbCO ChEIMHEHUE, IIPU KOUTO POTOPBHT HA
A/l Tpa0Ba na ObJe HEMOABUXKEH, a 3aXPAHBAILIOTO HAMPEKEHHUE J1a € MOHUKEHO, HO
Jla OCUT'ypsiBa HOMMHAJICH TOK IIp€3 HAMOTKATA, Ype3 KOUTO CE€ ONPEIENISAT OCTaHAIUTE
napameTpu Ha neurateisi[4,5]. Korato A/l e KymiupaH ¢ 1ajieH MEXaHU3bM, KOETO He
[I03BOJISIBA PAa3BbPTAaHETO MY, TOPEIIOCOUEHUTE OIUTHU HE ca MpWIoKUMU. B padorara
ce mpeJyiara MeTo]] 3a ompeeisHe Ha napamerpu Ha A/l (poTOpHA BpeMEKOHCTAHTa)
¢ momomra Ha 1udpos curraieH npouecop (DSP) upe3 npunarane Ha eTajoHEH TO-
KOB MMIIYJIC KbM CTAaTOpa U OLICHKA HA HAIPEKEHUETO BbPXY ChOTBETHATA HAMOTKA.
B ocHoBara Ha mMeToza € OIpEeAeNsIHETO HA NMPOABIDKUTEIHOCTTA HA €TAJIOHHUSA UM-
ITyJIC, KaTO OLICHKA 3a POTOPHATa BPEMEKOHCTAHTA.

2. MOJAEJI HA ACUHXPOHMUS IBUT'ATEJI

R, oL,
_—
| s 2
US f
O
®ur.1

Ha ¢ur.1 e npencraBeHa ekBUBaJIeHTHATa 3aMecTBaila cxema Ha AJl ¢ mpuBeneHa
MHAYKTUBHOCT Ha pa3ceiiBaHe KbM CTaTOpa, MOJXOJIIA 32 CUCTEMH, YIPABIISIBaHU C
OpPHEHTAIMS TI0 POTOPHOTO MoToKocueieHue[1l]. YpaBHeHusTa 32 HAPEIKECHUATA HA
CTaTOpa U pOTOPA Ca KAKTO CIIEBA:

) di Ld, .
U =I.R +oL. —=+-—"—(1. +1 1
S S S Sdt L dt(s r) ()

r
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Ld, .. Lz .. . 2
O=—"——(_+1)+R ™| —Jnw ™ 2

Lr dt(s I’) r Lf r J p r Lr Wr ()
Lfn - Lri
L.L, LT

m

KBJETO L, =(1-0)L, o=1-

B ypaBuenmsara (1) u (2) U m i, ca BEKTOpH Ha CTaTOPHOTO HAIPEKEHHE U CTATOP-

HUS TOK B KOOPJMHATHA CHCTEMA, OPUEHTUPAHA IO POTOPHOTO MOTOKOCLEIICHUE.
TokbT i e L, /L bt OT TO3H, HA NEHCTBUTEIHNUS POTOPEH TOK, @, € BrIOBaTa CKO-

pOCT Ha POTOpa, CTATOPHOTO ChIPOTUBIEHHE € R, poTopHOTO - R, a N e OposT Ha
YU(PTOBETE MOJIOCH.
[Tpu HenoaBmxeH potop @, =0 W HyJeBO XJIb3raHe Ha MOTOKA CIPSIMO POTOpa €IH-

CTBCHO HAIPEXKEHHETO W TOKBT MO ocTa O ce M3IMOoN3BaT 3a OICHKa Ha POTOpHATA
BpeMeKkoHcTaHTa. Toraea ypaBaenus (1) u (2) ce mpeoOpasysar:

: di, L.2d, ..
u, =1,R +olL, —+—"—(, +1I 3
ds ds” s S dt Lr dt(ds dr ( )
2d . . L2 .
= L_ra(lds + Idr) + Rr Fldr (4)

r

4+ & POTOpHaTa BPEMEKOHCTAaHTa

HamarautBamust Tok ce ompeaens oT I, =i, +1
7, =L, /R, . CnenoBaTenHo MoXe Aa ce 3aIuiie:

: di L% di
U =i.R +0oL =% 4 ™M~ m 5
ds ds’ s S dt Lr dt ()
im = 1 ids (6)
T.p+1

3. AHAJIM3 HA CTATOPHOTO HATIPE)KEHUE ITPYA IPEXOTHUTE
MPOLIECH

Heka ¢opmaTa Ha cTaTOpHHS TOK |, ¥ CTAaTOPHOTO HANpEeXEHHE U, M3TIISKIAT KaTo
Te3u Ha (urypa 2. Ako npueMeM, uye HayaJlHuTe cTolHOCTH pu t =1t ca:

uds (to_) = uO Ids (to_) = IsO Im (to_) = Imo (7)
B MomeHTa t; cTaTOpHUST TOK ce U3MeHs OT 1., /10 |, , KOETO € €KBHUBAJICHTHO Ha CTh-
MajeH CUTHAJ:

i(js t)= isO + (imO - iso)u(t _to) (8)
KbACTO
1 t=t,
e-u={o ©

Ha ¢ur.3 ca mokasanu ¢opmara Ha CTaTOpHUS TOK I, M CTAaTOPHOTO HAaNpeKeHHE

UdS IIpHu pasjindHu IIPOABIDKUTCIIHOCTH Ha CTBhIIAJIHUA CHUI'HAJI. BI/II[HO C, UC HAIIPCKC-
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HHUCTO BHHAI'M AOCTUI'a YCTAaHOBCHA CTOMHOCT

R.i

s 'm0 ?

HO CaMO aKO OILICHEHaTa CTOM-

HOCT Ha POTOpHATA BPEMEKOHCTAHTA 7, ¢ paBHA Ha neiicTButenHara 7, (I e paBeH Ha

| ,B MOMEHT 1l ), Halpe)XEHNUETO Cce YCTaHOBsSBAa Ha CTOWHOCT R = 3a MUHHUMAIHO
BpeMe, OUTH OE3UHEPLUOHHO.
i A
. i =i
|ds m m
ol /N —
IsO ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
>
u t, t
uds
R,/ N
Ug S —
: >
t, t
®ur.2 7,=71,
¢ I}
) i i\ =g .
S e\ i) o>
I 0 4 \\ iml T ”/’f” S ”’\\’\‘
[ 1 110 ) RS ;75——— - 7—7— mor—-/f- ;, ——————————
Iml ””” 7{ ”””””” ISl [ 71 ”””””””” N
I ,’I : /I N
ISO L_ ,’ ,,,,,,,,,,,,,,, N\ ISO L /,,,,,,,,,,,,,,,,,,, M
7 ! |
4 | |
t? t | >
0 t
S1f--mmmmmmrr 1 u: tl 1:O t
S S
U, U,
I u 77777 \_
R
RSImO ”””””””””” [ ”””” Rslmo ””””””””””” u
————————— Rr
1 >
t, t t, t
T,>7T, ®ur.3 T,<T,
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4. U3b0P HA TECTOB CUT'HAJI

M360pbT Ha TECTOBUS CUTHAJ CE ONpEAENs OT CIOXKHOCTTA MPU TeHEepUpaHe My U He-
roBOTO IpuJIaraHe KbM MoTopa. B paboTara € n30paH cTbIaJIeH CUTHAII C OIpE/EIeHa
aMIUINTY/la U MPOABIKATEIHOCT. AMIUIUTYJaTa ONpenensl TOYHOCTTa Ha UACHTU(DU-
KallMOHHMS METOJ, T.€. HE0OXOUMO € Ja ObJie U3BECTEH HOMMHAIHUAT TOK Ha ChOT-
BeTtHUs AJl |, , KOWTO ce 3a/1aBa KaTO MAKCUMaJIHA CTOMHOCT Ha TeCTOBHA - | cur-

Haj. TouHocTTa Ha WACHTU(OUKAIIMOHHKUS METOJI MOXKE JIa C€ M3pa3u upe3 OllCHeHaTa
YyBCTBUTEIIHOCT:

— m:m m 10
"TA 7o, (10)

[Ipu cTpnanen curHai che ciaegHarta popma:

I A

IS
dNA

- dN )Y

max

®dur.4
Cnen 3amectBane B (6) 32 HaMarHUTBANIUS TOK CE TOTydYaBa.

by

i =—1_+(1_+1)ut)e (12)

m max

OHGHGHI/UI HaMarHuTBalll TOK:

1

=l (L + 1y U ™ (13)

m

3a YYBCTBHUTCIHOCTTA CC I10JIy4YaBa.

e U (14)

@yHKIUATa UMa MAKCUMYM IIpu t =1,

A~

T
In—
t, =7, =~ (15)
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[Ipu poGnmkaBaHe HAa MPOTHO3HATA CTOMHOCT HAa POTOpPHATA BPEMEKOHCTAHTa KbM
NEUCTBUTEIHATA YYBCTBUTEIHOCTTAa HamalsBa. Upe3 rpaHudeH mpexoj| Ce YCTaHO-
BSIBA, Y€ J € JIOCTATHYHO TOJISIMO KOTaTo 7, JM00JIKaBa 7,

Ini
: .. T
limt,=lim7, ——=7¢ (16)

Tp 7T, Ty 7T, Tr 1 r

T

r

Cnen 3amectBane Ha (16) B (13) ce mony4aBa u3pa3bT 3a rOJIiEMUHATA HA HAMAarHUT-
BaIlUs TOK:

+1,)et=-1_ +037(1_ +1,)=-0.63__ +0.37l, (19)

5. CXEMA 3A OLNEHABAHE

Ako 7.>7,, popMara Ha CTATOPHOTO HAIIPEKEHHUE IIIe € TIoKa3aHara Ha ¢ur. 5(a), Kb-
nero AS =S, — S, mpejcraBisBa ,,[pellkaTa’ Ha IJIomuTe. B To3u ciaydail rpemkara
e AS <0.Tlpu 7,.<r,, dur. 5(6), rperikara e AS >0.

DyHKIMOHATIHATA CXEeMa, C KOSATO € pealli3upaH alropuTbMbT 3a oneHka (20),
€ mokaszaHa Ha ¢ur. 6

7 (N)=7% (n—1) +kAS (20)

T Tt

(a)7,>7, AS <0 ®wur.5 (6) 7.<7, AS>0
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- — @14

* *
A Va Ve e
1 0 KAS () te-e—» . o
["eHepaTop Ha TecToB 14; ! SVPWML_,, —
curHan —] — E——
*
Vq

L
—

dur.6

6. CUMYJIAIIMOHHU U3CJIEABAHUSA

3a OIICHKA Ha MPHJIOKUMOCTTA M TOYHOCTTA Ha TPEJIOKEHHUS METOJ ca MPOBEIACHU
CUMYyJaIlMOHHHU u3cienBanus B cpeaa Matlab/Simulink ¢ uaBepTop Ha HanpekeHue ¢
POCTPaHCTBEHA BEKTOPHA MOJyJalus ¢ KoMmyTanuoHHa dectora 5[kHz], 6e3 kowm-
MeHcalus Ha ,,MbpTBOTO’ BpEME.

Perynaropure Ha i, ¥ i, ca IpONOPLUHMOHATHO-MHTErPATHH, HACTPOEHH MO MOJIYJIEH

onTUMyM. M3MON3BaH € MOJEN Ha aCHHXPOHEH MOTOp C HOMHHAJHA MOITHOCT
0.93[kW] u poropna Bpemekonctanta 0.123[S] ¢ oTunTaHe Ha HAaCHII[AHE Ha HaMar-
HUTBAIIUS KOHTYP.

Ha ¢wurypa 8 e mokaszan TOKbT I,, 3aajJeH 4pe3 TECTOBHs CHUTHaI OT ¢ur.7, a Ha
¢ur.9 — u3xonbT Ha perynaropa Ha | .

BB (dyHKIHS OT Tpenikata Mex Iy TpOrHO3HATa U JIEHCTBUTETHATA CTOMHOCT Ha Po-

TOpHATa BPEMEKOHCTaHTa ce ompeseis opmaTa Ha U3XOAHOTO HAIMIPEKEHUE HA Pery-
JaTOpa, KOETO CE€ OKa3Ba UACHTUYHO C TEOPETUUHHUS aHAIU3.
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10. BAKVIFOYEHUE

B pabGorara e npejokeH METOM 3a ONpenelisiHe Ha pOTOpHATa BPEMEKOHCTAHTa TIPH
II'bPBOHAYAIHO IMyCKaHE B €KCIUIoaTalus Ha CHUCTEMH 33 UHAUPEKTHO BEKTOPHO YII-
paBIeHUE Ha aCHHXPOHHU MOTOpH. [IpeammcTBaTa Ha TIPEITOKESHUS UISHTU(DUKAITN-
OHEH NOAXO0J Ca!

1. HamarmuTBamusr TOK € OIr'paHHUYCH 10 HOMHUHAJIHHUA 3a MallnWHaTa, KOCTO
rapaHTupa 4¢ I/II[GHTI/I(bI/IKaHI/IHTa CC U3BBbpIIBA B 30HATA HaA JIMHEMHO M3MECHEHHE Ha
MAarouTHHS ITIOTOK.

2. MeToasT U3M0JI3Ba ChIIECTBYBAIlaTa CHCTEMa 3a yrpaBieHue (TOKOBH pe-
TrynaTopy, Habmojaresn Ha i, u i, ¥ reHepaTop Ha IPOCTPAHCTBEHA BEKTOPHA MOJLY-
nanus) 0e3 7a € He0OXO0IUM JIOBIHUTEICH MOJICIT.

3. MetoapT € MPWIOKHUM TPH 3aJBIKBaHHUA, KyIUIMPaHH C pabOTHU Mexa-
HU3MU U arperatv U He U3MCKBa MEXaHUYHOTO UM Pa3BbpP3BaHE.
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ITPEBKJ/IIOYBAEMMU YIIPABJIABAIIIA CTPYKTYPH 3A

EHEPITOE®EKTUBHO YIIPABJIEHUE HA K/IMMATA B CTPAJJHHA
CUCTEMMH

Ho4o Lankos, Tomop Honxos, EBrium Monues

Pe3rome: Pabomama e noceemena Ha eHepeo-eeKmMUSHOMO YnpaesieHue Kamo ak-
YeHmvm e 8bpXy cucmemume ¢ npeskiodeaemu cmpykmypu. llpeocmagena e eoua
peanuzayusi Ha Cb8MeCmHa paboma mexcoy pa3iudHu munose MoniuHHU 0OeKxmu 6
cucmemu pe2yiupawu memnepamypama Ha nooaearus ,,ceedxc'’ ev3oyx. Ha 6aszama
HA NPOBeOeHO CUMYIAYUOHHO U3CIe08aHe e HANpABeHa peanu3ayusi 8 KOHMpOiepHa
npoepamua cpeoa TAC Menta. Cvzdadenama npocpama e eHedpeHa 8 eKCnepumeH-
manta 1abopamopua eenmunayuonna cucmema 9211.

Kniouosu oymu. npeskiiougaemu cCmpyKmypu, Cb8MeCmHO YnpasieHue, 6eHmuiayu-
ounu cucmemu, TAC Menta.

SWITCHABLE CONTROL STRUCTURES FOR ENERGY EFFICIENT
CONTROL IN BUILDING SYSTEMS CLIMATE

Docho Tsankov, Todor lonkov, Evtim Yonchev

Abstract: The work is devoted to energy efficient management with a focus on systems
with switchable structures. Presented is a realization of collaboration between differ-
ent types of thermal objects in the systems temperature control of supply "fresh™ air.
Based on the conducted simulation study has been made realization in programming
environment TAC Menta. Established program is implemented in an experimental la-
boratory HVAC system in 9211.

Keywords: switchable structures, combined control, HVAC, TAC Menta.

1. BBBEJAEHUE

B cuctemure 3a kIumaTH3aUs MHOTO YECTO Ce Hajlara Ha 06as3aTa Ha €IMH U3MEpUM
WJIM OLICHSIBAH MapaMeThp /1a C€ OCHUIECTBSABA YIPABIEHHUE M0 HAKOJKO KaHala BCEKH
€MH ChC CHOTBETHHUS M3MBJIHUTEIEH MeXaHu3bM. ChbBMECTSIBAaHETO Ha paboTaTa Ha
T€3W MEXaHU3MU U3HMCKBa MTPEBKIIIOUYBAHE KAKTO HA HUBO 3aKOH 3a PEryJiupaHe, Taka u
Ha HUBO CTPYKTYypa Ha 00€KT 3a peryiaupane. EnHu oT Hail-uecTo U3MOI3BAHUTE arpe-
raTy B Te3u cuctemu [1] ca: pekyneparopbT, OXJIQAUTEITHUAAT U OTOILTUTCITHHUST TOT-
JOOOMEHHUK U OBJIAXKHUTENAT. BCEKH OT Te€3M KaHaiu uMa Crielu(PUIHO Bb3/IEUCTBUE
BBpXY paboTHUS QIIyn[, KoeTo TpsaOBa aa ObJe 0Tpa3eHo BbPXY CTPYKTypHaATa cxema
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Ha cuctemara. [Ipu npunaraneTo Ha eHepro-e(heKTUBHU aJTOPUTMHU U HAIMYWE HA Ye-
TUPUTPBOHA CXE€Ma OT M3KIIIOYMTENIHA BAaXXHOCT € J1a HE C€ JIOMYCKa €IHOBPEMEHHO
3aIEMCTBAHE HA OXJAXJaHE W OTOIUIEHHUE, a 110 C€ OTHACS 0 peKylepHupaHara eHep-
r'Usl, HAIETO JKEeJIAHUE € TS Ja € MAaKCUMaJHO Bh3MOKHATA.

2. IPEBK/IIOYBAEMMUA YIIPABJIABAIIIU CTPYKTYPU B CUCTEMUTE
3A KNIMMATU3ALUA

[Ipu n3non3BaHe Ha MPEBKIIOYBACMHU CTPYKTYypHu moaxoaute ca asa [2],[3]. [IbpBust
M3HCKBAa HAJIMYHOCT Ha €/IMH MapaMeThp, KOWTO UCKaMe J1a peryaupamMme 1 MHOXKECTBO
yHpaBisBalll Bb3ACUCTBUA ChC CHOTBETHHM M3IIBIHUTEIHU MexaHu3Mu. [Ipumep 3a
TOBA € PETyJIMPAHETO Ha TeMIlepaTypara Ha BXOJSIIMS B IIOMEIICHUATA Bb3AyX Upes:
CKOpPOCTTa Ha BBPTEHE HA POTALMOHHUS PEKyNepaTop M BEHTUIUTE Ha BXOJa Ha OX-
JaguTeNHa U OTOIUIUTENHA CeKLIUS.

Bropusar nmoaxon nmame mpu oOpaTHaTa CUTyallus: HA JIMIE € €AWH U3IIbIHUTEICH
MEXaHU3bM WM €THO YIPABISBAIIO BH3/ICHCTBHE M MHOXKECTBO CUTHAJIM 3a 0OpaTHA
Bpb3Ka WK MapaMeTpy, Ha KOUTO BIMAEM. THIHYEH MPUMEp OT CUCTEMHTE 3a CTpaj-
Ha aBTOMAaTHU3als € TeMIlepaTypara Ha MPEeMUHAINS Mpe3 TOIIOOOMEHHUK BB3IyX U
TEeMIEepaTypara Ha MOMEILEHUATA, BIUICIIN BbpPXY M3IBIHUTEIHUS MEXaHU3bM, pe-
ryjaupani 1e0uTa Ha 3arpsiBalll Wik OXJIaXaall ToIIoHocuTel. [IbpBusAT moaxo/ Ha-
MUpa MO-TOJISIMO MPHJIOKEHNUE U BHJIa Ha CTPYKTYpHATa cXeMa OT TO3U BHJI € MOKa3a-
Ha Ha ur.1.

Wvl , » Wo ,
SP My
> Wr
Wvl, —* Wo
Wp
@ur. 1.

XapaKTepUCTUYHUTE YpaBHEHUS 32 ABa AvanazoHa Ha uzxoaa MV Ha perynatopa Wr
ca.
MV =0-100% 1+ WrWyl\Wo, Wfb (1)
MV =100-200% L+WrWvlwWo,Wih  (2)
Paznensinero Ha BB3AEUCTBUATA B OTJEIHUTE JUAINA30HU € BH3MOXKHO aKO Ca U3IbJI-
HEHHU CIJICTHUTE YCIIOBUS:
1) HEOOXOAMMO € J1a UMaMe Ha €IUH PErysaTop MoBeYe OT ¢IUH U3IbIIHUTEIICH
mexanu3bpm (MM);

2) ¥MaMe TIPUYMHHO-CJICICTBCHA BPb3Ka Mex 1y Bceku MIM 1 KOHTpoJIMpaHaTa
IPOMEHJIUBA,;

3) ChCTaBEH € sSICEH MPUOPUTET 3a TOCIICIOBATEITHOCT Ha padoTa.

3. CXEMA HA OIIUTHATA NIOCTAHOBKA
Hexka noctaBUM KOHKPETHU U3MCKBAHUA KbM HallaTa CUCTEMA 3a KIIMMAaTU3ALUA.
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OcHoBHHUTE (HaKTOPH, XapaKTepu3upai MUKpokiaumara [1], ca Temmeparypara u
BJIQYKHOCTTA Ha BbB3/1yXa, a ChIIO TaKa U CKOPOCTTa My. 3a Jla C€ OCUT'YpH BUCOKO Ka-
4YeCTBO Ha Bb3[yXa B Crpajaara, Tod TpsOBa 1a € MOCTOSHHO B ABWXeHUE. BeHTuna-
LIMOHHATa CHUCTEMa BKAapBa CBEX BB3AYX B CrpajaTa M M3BEKJa 3aCTOSUIMS HaBBH OT
Hesl. Bb3AylHusAT NoToK He TpsiOBa Ja € CUIIEH, 3all0TO IIPU CKOPOCT Ha Bb3/AyXa Haj
0,25m/cex xopata u3nutear auckoMdopt. [Ipu MHOTO HHUCKH CKOPOCTH Ha BB3AYIII-
Hus notok — noj 0,15 mM/cek He Moke J1a ce OCUTYpH JT00pa IUPKYJIalys Ha Bb3ayXa.
JpyrusT mokaszatesl HA MUKpPOKJIMMAaTa € TeMIlepaTypaTa Ha Bb3AyXa B IMOMELICHU-
eto: 3a 3umata 20-22 rpagyca, 3a 191010 22-24 rpagyca u BiaxxHocT okosio 40- 60%.
Nudopmanus 3a TemriepaTypara U BIQKHOCTTA Ha Bb3JyXa ce ChbOMpa OT JaTUHIIH,
KOUTO s TIpe/laBaT Ha KOHTpOJIepa, KOWTO YINpaBisiBa cUCTeMaTra U BHACS HEOOXOAH-
MUTE KOPEKIUHU B YIPABJICHUETO IPHU OTKIOHEHHE OT 3a/1aJICHUTE YCJIOBHS 32 KOM-
¢opt. [1o TO31 HaUMH ce moCTHra ONTUMAaTHA padoTa Ha CHCTEMara 3a KIIMMaTH3allus,
OTOIUUICHUE W BEHTWUJIAIMSA C HJied 3a MOJIbPKAHETO Ha KOM(POPTEH MHUKPOKIMMAT
pY MUHUMAJICH Pa3xo]l Ha €HEePTHUs .

3a mocTUraHe Ha Taka MOCTaBCHUTE 3a7lauu CC CIIMpaM<C Ha 6aJ'IaHCI/IpaHa CHUCTEMaA 3a
BCHTHJIAIMA C Bb3MOKHOCT 3d PCKYIICpalus ITIOKa3aHa Ha (1)](11“. 2
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HC-1: HouTponep 32 BAXMHOCT 43  NOJAIRIHNE IIOyH DC-1: Ynpaaneuie Ha gesndapa
HC-2: KonTponep Ha 33JaHHMETO 33 BAAMHOCT HA NOAABIHWA BHIAYX V-1: Bentun oxnamgane

TC-1: HoHTponep Ha TEMNEPaTYpaTa Ha NOAABIHWA Bb3yx W-2: BenTun oTONreHKMe

TC-2: HoHTPONER Ha 384aHWETO 33 TEMNEPATYRI HE NOAIEIHAA B3 AYX W-3: BeHTHN oBRaKHABaHE

Dur.2.

3. YIIPABJIEHUE, BASUPAHO HA INIPEBKIFOYBAEMHU CTPYKTYPHU HA
AI'PEI'ATA 3A OBPABOTKA HA BB31YX

Kananure 3a Bb3A€iCTBUE ca: peryiMpaHe 4pe3 peKylepaTopa, peryjivpaHe 4pes
TOTUIOOOMEHHUITUTE 3a 3arpsiBaHe U OXJIaXKIaHE, YIpaBJIeHUE HA BEHTUJIATOPU U Ta-
poreHepaTopu.

3a ;1a ce MOCTUTHE WKOHOMHMYECKH €(DEeKTHBHO yMpaBlIE€HHE M MAKCUMAIIHO H3IMOJI3-
BaHE Ha OXJIAXJAAHETO OT BBHHIIEH BB3AYX, MOXE J1a OB/ MPUIIOKEH METOI, Oba3upaH
Ha MPEBKIIIOYBAEMU CTPYKTYpH, KOWTO 1€ HapeyeM IOCJIEeI0BATETHOTO Pa3/IeieHO
ynpasieHue. V3mnoi3Baiiki n3MepeHata Temieparypa Ha Bxoasmus Bb3nyx (T4) u
3aJlaHUETO 3a TeMIeparypa, KOHTPOJIEPBhT HA TeMIlepaTypara Ha BXOISALIUS BB3IYX
(TC-1) uzpaboTBa ynpapJisBally CUTHAIN 3a OTOIUIUTENIHATA /OXJIax1amiara Kianu u
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3a nemriepa 3a CBeX Bb3AyX. OUr.3. WIOCTpUpa CTpATETUATA 32 TIOCIIEIOBATEITHOTO
pasneneHo ympaBiieHne u ¢Gur.4. mpeaocTaBs JOTUYECKO OIMMCAHWE Ha BPB3KUTE
MEXy U3X0J1a Ha IMOCIIEA0BATEIIHOTO pas/ielieHo ynpasienue (U) Ha oOpaTHATa BPb3-
Ka Ha KOHTpOJepa Ha TeMIIepaTypara Ha IMOCTBIIBAIIUS BBH3IyX W YIPABISBALIUTE
curHaiu Uc, uh m ud (oTroBapsim Ha yrnpaBiacHHETO Ha JeMidepa 3a CBEXK Bb3IyX) B
CTpaTerusara 3a ynpasicHue. KoMOMHUpaHUAT M3X0J] Ha KOHTPOJIEpa Bapupa B rpa-
Huim oT -100 no 200 mporeHTa B cTparerusTa 3a yrupaBieHHE KaKTO € WIOCTPUPAHO
Ha urypure.

A
MuHUManHa EcTecTBEHO M MuHUManHa
EctectBeHO
nosuuma Ha NPUHYAUTENHO nos3numaA Ha
oxnamagaHe
nemndepa oxnaxkaaHe nemndepa
. oty
—h -
N tn™ " T/
3 N B s
Z N /7
< N //
« 7/
= Ba}jmn Lemndep 3a 1 BeHTun
3 oTonaexHune 4
@ & CBEX Bb3AyX L oxnaxagaHe
3 /
@« 7’
o N s
S \\\ A o hrtn < hfr
N A <
N v
\\\ ///
0% N
MoBulWeHWe Ha BbHLLIHaTa Temnepatypa (eHTannua)
>

-100% 0% 100% 200%

WU3xog ot NUL perynaTtopa

(hrtn : enTannus Ha BpbIIaHUsa Bb3AYX, Nfr | eHTaIINMsI HAa CBEX BB3IYX)
®ur. 3.

CTpaTCFI/IH 34 yIpaBJICHHUC, 6a3HpaHa Ha IOCJICAOBATCIIHOTO PA3ACIICHO YIIPABJICHUC,
BKJIFOYBallla OIITUMHU3allUs 110 BBHIICH Bb3AYX

100 ~ 200%
TemnepaTypa Ha 3ananme » [peusuncissaHe
BXOZALLMA Bb34YX
0~ 100%
u
KoHTponep Ha Temnepatypara
Hanwvano omeopen ,koeamo U, =100 %
BenTun oxnaxpare 3ameopen ,koeamo U, < 0%
-100~ 0%
> [pensuncissaHe
0~ 100%
0~ 100%
EHTannuA Ha ceex Bb3Ayx Hanvano omeopen ,xozamo U, =100%
Wnn TemnepaTtypa B
patyp EHTUNT OTONNIEHNE 3ameopen ,kozamo U, < 0%
‘} 0~ 100%
KoHTponep Ha 0%unm o | W3bopHa p Aemndep 3a

no-Mankuma

{Hanb,mo omeopen ,kozamo Uy =100%

nemndepa 100% CBEX Bb3AYX | 3ameopen ,koeamo Uy < 0%

EHTannua Ha BpbLLAHWUA Bb3ayX
WM Temneparypa

dur.4.

Koraro xoMOuHupanusT uzxoa Ha oopaTHaTa Bpbika € Mexay 100 u 200 mporenra,
Toi 1me Obae npeusuucieH oT 0 mo 100 mporenTa, 3a 1a aKTUBUpPA BEHTUIIA HA OX-
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naxnamara kinerka. Tyk 100 mporieHTa OTroBapsi Ha 3aTBOPEH BEHTHJI HA OXJIAXK[a-
mata kietka 1 200 mporieHTa 0TroBapsi Ha HAITBITHO OTBOPEHA TO3UITUS, 03HAYABAIIO
MaKCHUMAJTHO OXJIaXJIaHe. B To3u pexuM BEHTHUIIBT HAa OTOILTUTETHATA KJIETKa € 3aT-
BopeH. Korato eHranmusaTa Ha BPBIMAHUS BH3AYX € MO-TOJSIMAa WM paBHA HA €HTaJ-
MUSTa Ha CBEXKHUS Bb31yX, HKOHOMHUYHOTO yrpaBjicHUe (IeMIpepbT 32 CBEK Bb3IyX €
HAITBJIHO OTBOPEH) C€ M3IOJI3Ba €AHOBPEMEHHO, 3a JIa C€ HaMalHu MPUHYIUTCITHOTO
OXJIaKJaHe, TTOCOYCHO KaTO YacTUYHO €CTECTBEHO oxyaxaaHe. Koraro eHranmmsTa
Ha BPBINAHUS BB3AYX € MO-Mallka OT Ta3u Ha CBEXHUS BB3AYX, AEMIIPEphT 3a CBEXK
BB3/IyX IIIe OCTaHE OTBOPEH Ha MUHUMYM, 32 Ja ABPKH MPUTOKA HA CBEXK BB3IYX HA
J0JTHATa TPaHUIIa.

Korato xomOuHMpaHuaT u3xoj Ha oOpaTHaTa Bpb3ka € Mexay 0% u 100%, toii mie
ObJIe MOTyJIUpaH, 3a Ja C€ KOHTPOJIHMPA ChOTHOIICHUETO Ha CBEXHS BB3AYyX U PEIIUK-
JUpaH BB3AYX, 33 Ja Ce rapaHTupa, 4e TeMIlepaTypaTa Ha 3axpaHBallus BBH3IYX CE
HOJITbpyKa paBHA Ha 3ajajcHara (T.e. HAITbJIHO €CTECTBCHO OXJIAKIAHE CE M3I0JI3Ba)
camMoO OT OXJIaXKJaHE C BHHIICH BB3IyX. B TO3W pekWM M HarpsBainara, U oxXJaxmia-
maTa KJICTKU ca HAIbJIHO 3aTBOPCHH.

Korato u3xoasT ot oOpatHaTa Bpb3ka € Mexy -100% u 0%, me ce mamabupa ot 0%
no 100%, 3a ma ce MoaynHpa KianaHbT Ha HarpsBailara KJIeTKa, a B ChIIOTO BpeMe
nemndepbT 3a CBEXK BB3IYyX OCTaBa OTBOpeH Ha MUHMMYM. Tyk 0% otromapsT Ha
3aTBOPEHO TMOJIOKEHHWE Ha KjlanaHa Ha HarpsiBamiaTta KJIeTKa O3HadaBalllo, 4e He Ce
n3non3Ba 3arpsiBane u -100% oTroBapsT Ha HATBIIHO OTBOPEHO TMOJIOKEHUE, O3HAYa-
BaIl[0 MAKCUMAJTHO 3arpsiBaHe.

4. MatLab PEAJIM3ALSI HA U3CJIEABAHATA CUCTEMA
OCHOBHHMTE KOMIIOHEHTH, YYaCTBAIllk B €JHA BEHTHJIALIMOHHA CUCTEMA, €A’
Peuupkynatop, TOI00OMEHHHUK, BEHTHIIATOP U AEMIIEPH.

MaTteMaTH4ecKuTe UM MOJICTTH HalpaBeHU Ha 0a3a Ha WACHTH(UKAINS B JajcHaTa B
Tao0muna 1. okoiHOCT:

Tab6aunia 1
Tai Temmneparypa Ha BXOASIIMNSA Bb3AYX 19.8°C
Fa Bb3aymieH moTok 0.29m?/s
Tai Temneparypa Ha BXojsIaTa BO1a 50°C
Two Temmneparypa Ha uznu3aniata BOJa 36.1°C
Tao Temmneparypa Ha Bb3AyXa W3JIM3all OT CEPIIEHTUHATA 40.8°C

HenuneliHocTHTe ca IMHEApU3UPAHU B CTETICHH PEIOBE C rpelika mo-mainka ot 1%.
JleoutsT Fa Ha BeHTHIIaTOpHTE BBB (DYHKIIHMS OT CKOpocTTa Ha BhpTeHe Chs Ha Typ-
Ounara e:

F, =1.23x10°C/ —3.93x107°C2 +3.77x10C2 - 2.32x10°C,, —1.67x10?% (3)

[lopanu TUPEKTHOTO CMECBaHE Ha BXOJSALIUS M U3XOMSAIIMS Bb3AYILIEH NOTOK Ha H3-
X0Jla Ha CMECUTEJIHATa KaMepa, MOXKEM Jia JOIyCHEM, Y€ TeMIlepaTypaTa Ha Bb3/1yXa
Ha M3X0Ja N ce MPOMeHs O€3MHEPILMOHHO, KaTO 3aBUCHU OT CJIEIHUTE MapaMeETPH:

C,, -TIO3UIIUS HA JIeMIIepa 3a BXOJSI BB3YX,

C, -TIO3MLIMS HA AEMIIEpa 3a PELUPKYJIaus,
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T, -TeMIIEpaTypa Ha BXOAALIUS Bb3AYX,
T, -TeMreparypa Ha U3XOJIAIIHUs Bb3AyX.

Torasa 3a TEMIICpATypaTa Ha Bb3yXa Ha N3X0/Ja OT CMCCHUTCIIA c.

Tai = (Cdr +1)Tae - CdrTar (4)
MOI[CJTI)T HAa TOIUIOOOMEHHUKA € HarpaBC€H € OTYMTAHC HAa UIBMCHCHHUC Ha I[e6I/ITI/ITC Ha
Bb31yXa 1 BOJaTa, KaAKTO U CbOTBCTHHUTC BXOAHHU TCMIICPATYPH.

[IpenaBarennute GyHKIMYU MO pa3TMYHUTE KaHAIN Ha BH3/ICUCTBUE ca:

- 25.8
s S
101x10°
:=Tw(R)="50p O
0.4279
3 wo (Tal) St 1 ( )
0.49
4 wo (TW| ) 255 + 1 ( )
-30
1 =Teo(F) 655 +1 9)
50x10°
TF, =T. (F Y= ——— 10
=T (P =g (10)
0.21
3 ao ( ai ) 48 + l ( )
0.79
4 ao (TW| ) 503 N 1 ( )
OOuMAT BUI Ha CTPYKTYpHATa cXxeMa J00KBa BU/ia MoKa3zaH Ha ¢ur.5.
vyzmg} potok E;ul E
Mo ;E
Tas =E
oo AP ?KE
Clock Zadanie Zzadanie grafik @7 ~
vunshno —

®ur.5.

IIpn MonenupaHeTO Ha POTAUMOHHMUS PEKYNEPATOp LIE M3IO0JI3BAME EKCIIEPUMEH-
TAJIHO CHETUTE MY XapaKTEPHUCTUKHU HA 3aBUCUMOCTTA Ha TEMIlIEpaTypaTa Ha I0JaBa-
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HHA Bb34YX OT e(beKTI/IBHOCTTa, KOATO II'bK 3aBHCHU OT CKOPOCTTAa HAa BbPTCHC HA PCKY-
rneparopa. ToBa ce ommmcsa oT CJICOHUA I/I3pa3:
c= (Tas _Tout) (13)
(Tret _Tout)
Tas = g'(Tret _Tout) +Tout (14)

Tabmura 2
w] [0]05]15]| 3 5| 76| 12| 17|27| 40| 60| 84| 100
e%] |0| 4| 12|24|379|51,7|643|71,6|79|82,7 853|869 |877

Kbaero T,, - Temneparypa Ha Bb3AyXa BiM3all B pekyneparopa; T, - Temoeparypa
Ha BB3/IyXa, U3XBBPJSH OT MOMEIIEHUETO; T, - TeMIepaTrypa Ha Bb3yXa MOoJaBaH OT
peKyIeparopa, BCHYKH TeMIiepatypu ca B [°C]

Pesynrarure ot cumynamnusaTa ¢ BbBeXKIaHE Ha BpEMEBH rpad UK U aanTtaius Ha 3a-
JAHUETO TI0 BXOJIHATA TEMIIepaTypa ca aajeHu Ha ¢ur.6. u ¢wur.7.

T T T T T T T T
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EEEEE fsec) 10
®dur.6
110 T T T
| | | | | | | |
100 T T T T T T T T
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e T e e e I A o e e R R A
o1 : R S e o5 1 : L ; s . 7 s
Bpewe , [sec] x 10 Bpeme . [sec) 10°
®dur.8 ®dur.9

Peakuusita Ha pOTalMOHHUS PEKYIIEPATOP U HA PETYIMPALLUAT BEHTHII Ca [TI0Ka3aHU

Ha ¢ur.8. u ¢ur.9.

3. PEAJIM3ALIUSA B KOHTPOJIEPHA IPOTPAMHA CPEJIA TAC Menta

Ha 6a3ara Ha o rope HampaBeHHU u3cienBaHusa € HanpaBeHa FBD nporpama, kosito
paboTtu ¢ kouTposiepa Xenta 401.

[TokazanuTe Ha ¢ur.10. u ¢pur.11l nporpamu ca chCcTaBeHH ChIVIACHO [4] U cIyKaT Ch-
OTBETHO 3a YIpaBJICHHWE B PEXKUM Ha OXJIAXKIAHE U PSKUM Ha OTOIUICHHWE Ha POTAIH-
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OHEH PEKyIepaTop U ChOTBETEH peryjupall BEHTWI. Te3u mporpaMmu ca 4act OT Ls-
JIOCTHA CUCTEMA 34 yIPABJICHNE Ha BEHTUJIALW.

Value Value

ue = OFF ue OFFI
HFAI ) HFAI

HFB HFB
gherence. ghference
Reference ‘ " R R Output Reference ‘ " R R Output
) o] (e
HFAO HFAO

in Output in Output
Mode B1=47C:-100 ABS(A) Mode B1=47C:100 ABS(A)
HFAI © HFAI ) e

adZone adZone
Gain ) , PRCNT Exchanger Gan n PRCNT Exchanger
HFAI T e [ HFAO HFAI 1 e T F——( Hrr0
GainExchanger [ | [V?‘“fé%‘)%] GainExchanger [ \/a\uleulgmj
HFAI B?A:C HFAI B?A:C
Time. e
HEAL > rvP:z;NT Cool HFAI V:RCNT Heat

XPR o XPR
8 ‘

TimeExchanger 1] - dﬂgm HFAO Teschanger 9 [%ﬂ—‘ HFAO
HFAI G B2A:C -200 HFAI B?A:C [—m—‘m
DeadZone DeadZone
HFAI HFAI
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MEILEHUETO OCHUTYypsiBa HaMaJieH pa3XoJl Ha €HEprus Mpu MakcumanieH KoMdpopT B
MOMEIIIEHUETO M0 BpeMe Ha paOOTHUS JEH, KaTo Mpe3 OCTAHAJIOTO BpeMe MOIbpiKa
TeMIlepaTypaTa Ha CAaHUTAPHUS MUHUMYM, HO HE O] HETO, KaTo TaKa Ce OCUTypsIBaT
ONTHMAJIHA HAaYaJIHU YCIIOBUS 32 3arpsBaHe Ha MOMEIIEHUETO Mpeau paboTHOTO Bpe-
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BB3MOKHOCTHU 3A TIOAOBPABAHE HA ITIOKA3SATEJIUTE HA
HO3UIINOHHO EJIEKTPO3A/IBUKBAHE 3A ®PE3OBU MALLIMHHU

Muxo MuxoB, Mapun KusneBcku

Pe3wome: B pabomama ca ananuzupanu u3UCK8AHUAMA KbM eNeKmMpOo3a08UNCEAHEMO
Ha evpmawjama ce maca Ha ¢pesosa mawuna. OOCLOEHU €A 6b3MOICHOCIIUME 3d
nooobpseare HA noKazamelume upe3 3AMAHA HA NOCMOAHHOMOKOBO eleKmpo3ao-
BUIICBAHE C €NIeKMPO3A0BUNCBAHE CbC CUHXPOHEH 08ueamell, 8b30yHcOaH om nocmo-
AHHU MazHUmMU. Ynpaenenuemo e 8 cbomeemcmeaue ¢ NO3UYUama Ha pomopa 8 pe-
JHCUM Ha De3uemKos dgueamen 3a nocmosinen mok. Ha 6asama na npogedenume u3sc-
JIe08aHUsL NOCPEOCMBOM MOOeIUpane U KOMRIOMBPHO CUMYIUPAHE € NOKA3AHO, e
MaxKoea eeKmpo3a08uUdNCeane moxce 0a no00OPU CbomeemHume NOKA3Ameu.

Kniwouosu oymu: nosuyuonno ynpaeneuue, erekmposaosudiceare c bezuemros JIIT,
@pe3osa mawuna

OPTIONS FOR PERFORMANCE IMPROVEMENT OF
POSITION ELECTRIC DRIVE FOR MILLING MACHINES

Mikho Mikhov, Marin Zhilevski

Abstract: Requirements to the electric drive of milling machine rotary table are ana-
lyzed in this paper. Some options for performance improvement through replacement
of DC motor electric drive with permanent magnet synchronous motor drive are dis-
cussed. The control is realized by rotor angular position in brushless DC motor mode.
Based on research by means of modeling and computer simulation it is shown that
such type of electric drive could improve the respective performance.

Keywords: position control, brushless DC motor drive, milling machine

1. BbBEJIEHHUE

[Ipu mMonepHu3anusITa Ha €IMH BUJl (DPE30BH MAIIMHU € BbBEJICHA BHPTAIIA Ce Maca
KaToO JOMBJIHUTEIIHA yIpaBisieMa KOOpAUHATHA OC. 3a Ta3| LeJl ca aHAJIM3UPaHU pa3-
JIMYHH BUJIOBE CHCTEMH 3a €JIEKTPO3aJIBUKBAHE, KOUTO J1a OTTOBAPSAT HA ITOCTABEHUTE
M3UCKBAHUSL.

Enextpo3ansmwkBanusaTa ¢ asuratesn 3a nocrosHeH Tok (JI1T) mputexaBaT MHOTO
100pu peryJIupOBbYHM KaueCTBa, HO CHIIEBPEMEHHO MMAT U HAKOW CHIIICCTBEHU He-
JNOCTaThIM, CBbP3aHU C HAJTUYUETO HA KOJIEKTOPHO-UYETKOB anapar.

Cucremute 3a €1EKTPO3aJABUKBAHE CbC CUHXPOHHU JABUTATEIH, Bb30yKAaHU OT IOC-
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tostian MaruuTH (C/IIIM) npuTtexaBat peauiia mpeaaMcTBa, 00yCIOBEHN OT TEXHUTE
0COOEHOCTH: JINICA Ha 3aryOu B pOTOpa; BUCOKO ChOTHOILIEHHE HA BBPTSAIINASI MOMEHT
KbM WHEPIIMOHHUS MOMEHT; ToJisiMa MOITHOCT B MalTbK 00eM; KoMnakTHa gopma [1].
[TokazaTenute Ha €NEKTPO3aABMKBAHUATA C T€3H JIBUTATENU CHILECTBEHO CE MOA00-
psIBaT, ako YNPaBJIECHUETO UM C€ OCBHUIECTBSBA IO MOJOKEHUETO Ha POTOPA B PEXKUM
Ha Oe3ueTkoB jaBuraren 3a nocrossueH Tok (BIIT). I[Ipu TakoBa ympasieHnue ce 00e3-
neyasa Mo-rojisiMa CUTYpHOCT U c€ M30s5irBa OMacHOCTTa OT W3JIM3aHE OT CUHXPOHU-
3bM IIpU NPETOBApBaHE WIH IMIPU YJIapHU HATOBAPBAaHMS, KOETO € XapaKTEPHO 3a CUH-
xpounwute asurarenu [2], [3], [4], [5], [10].
CnoXHOCTTa Ha €JIEKTPOMEXAaHUYHUTE CHCTEMHU 3a €JIEKTPO3aJBH)KBAHE B pEIUIA
Clly4yau 3aTpy[HsBa TSIXHOTO ONMCaHWE W u3ciensaHe. [1o Ta3u mpuuunHa, 3a LEenuTe
Ha aHaJu3a U CUHTE3a LIMPOKO MPUIIOKEHNE HAMUPAT MaTEMaTHYECKOTO MOJIETIUPAaHE
¥ KOMITIOThpHOTO cumynupane [6], [7], [8], [9].
[TocpencTBOM KOMIIOTBPHO CHUMYJIMPAHE Ha CHCTEMa 3a €JIEKTPO3aJBH)KBAHE CbhC
CIIIM, ynpasisiBan B pexxum Ha BJIIIT e mokasaHo, ye TakaBa cucremMa OCUTypsiBa
HEOOXOAMMUTE JUHAMUYHU U CTATUYHU NOKa3zatenu. ChIIEBPEMEHHO, B CPAaBHEHHUE C
BHeApeHoTo 3aaBmkBane ¢ JIIT, Mmoxke 1a ce mogoOpsAT HAACKIHOCTTA U EHEPTreTHY-
HUTE TIOKAa3aTeu, KaKTo U J1a ce 00JeKYM eKCIUI0ATallMOHHATa MOAPBKKA, MOpaau
JUIcaTa Ha KOJIEKTOPHO-YETKOB anapar.

2. POPMYJIMPAHE HA UBUCKBAHUSATA KbM

EJEKTPO3AJABU/KBAHETO HA MACATA

Pasrnexnanara ¢ppe3oBa MallMHa ce OTHACSA KbM KJlaca Ha MAIIMHUTE ¢ MHOTOKOP/TU-
HAaTHU CHUCTEMH 3a €JIEKTPO3aJBHKBAHE, KaTO BHPTALIATA CE Maca € €Ha OT 3a/JBUXK-
BAHUTE KOOPJIUHATHU OCH.
[IpoBenenu ca moapoOHM €KCIEPUMEHTAIIHU M3CJIEBAHUS Ha BHEApPEHATa MOCTOSH-
HOTOKOBA CHUCTEMa 3a €JIEKTPO3a/IBKBaHe, Ha 0a3aTa Ha KOUTO ca aHAJIU3UPAHU Bb3-
MO>KHOCTUTE 32 JOMBJIHUTEIHO MOJ00psIBaHE HAa HSAKOM OT Moka3aTenure. YacT oT ek-
CHEPUMEHTAIIHO CHETUTE TPAEKTOPUU Ha JIBM)KEHHE ca MMOKa3aHu Ha ¢ur.1.
Ha ¢wur.l.a e npeacraBeHa ociuiorpaMa Ha ckopoctra @, (t), moiaydeHu mpu ot-

paboTBaHe Ha MPEMECTBaHe, 32 KOSTO TPACKTOPHATA Ha CKOPOCTTa € TPUY4YacThKOBA,
ChC 33JIaJIcHa ycTaHOBeHa cToiiHOCT. Ha ¢ur.1.0 e mokaszaHa ocuuiorpama Ha CKO-
pocTTa, MoJyYeHa MpU MPEeMHUHABAaHE OT BHCOKA KbM MO-HUCKA cToiiHOCcT. Ha ¢ur.1s
¢ JaJicHa JIByy4acTbKOBA TPACKTOPHsSI HA JBIDKEHHE, MMOJYyUYCHA TPH 33JaJICHO MaJKO
npemectBane. Ha ¢ur.l.r e npeacraBena ocuuiorpama Ha ckopoctra @,,(t), momy-

YEHU TIPHU BpPbIaHE B U3XOJIHATA MO3UIMS HA 3a]IB)KBaHATA Maca.
Ha 6a3zara Ha W3BBPIICHUTE EKCIIEPUMEHTAIHU H3CIEIBAHUS W3UCKBAHUATA KbM
€JICKTPO3aJIBUIKBAHETO HA Ta3W KOOpAMHATHA OC MOXeE Ja ce (GopMynupar 1o cles-
HUS HAYUH:

- ¢popMupaHe HA HEOOXOTUMUTE TPACKTOPHUH Ha JABUKEHUE MPHU 3a7aICHU TTO3U-
IIUOHHHU 1TUKJIH,

- MaKCHUMaJIeH IyCKOB MOMEHT 3a OCHTypsiBaHE Ha BHUCOKO OBP30JCUCTBUE H
100pU TMHAMHUYHHU MTOKA3aTEIH;

- PEBEPCHUBHO YNPABJIEHUE IO CKOPOCT U IO MOMEHT;

- KOMIICHCHpPAHE Ha CMYIIABalUTE BBH3ACHCTBUS, MPUIOKEHU KbM Baja Ha
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ABUTATCIIA.

312345675,56)

w,,, rad/s @, rad/s

0.8 f 0.4

U.4J 0.2

0 0 =

-0.4 0.2

01 2 3 4 5 6 7is a) 01 2 3 4 5 6 7is B)

@, rad/s @, rad/s

0.8 0.8

0.4 0.4

or af y

0.4 -0.4 ! {"

0.8

®ur.1l. EkcnepuMeHTanHO oJTyYeH! -1.2
OCLMJIOTPaMHU Ha CKOPOCTTA HAa Macara.

0123456?3,Sr)

B cpenara na MATLAB/SIMULINK ca pa3paboTenn Mojie/id Ha CUCTEMH 3a MO3H-
IIMOHHO €JIEKTPO3aJBMUKBAaHE C YETKOBU M O€3YETKOBH JBUTATENIH 32 IMOCTOSHEH TOK.
Te naBaT MHOTO JO0Opa BH3MOXKHOCT 32 MOAPOOHU M3CIICIBAHUS HA ChOTBETHUTE CTa-
TUYHU ¥ TUHAMWYHU PEXUMH ¥ aHAIIA3 Ha MIOKA3aTEINTEe

3. MATEMATHUYECKO OIITUCAHHUE HA
EJEKTPO3AJABUXKXBAHETO C BAIIT
Cxemara Ha W3Clie/IBaHaTa CHUCTEMa € MpeJcTaBeHa Ha (DUT.2, KbJETO M3MOJI3BAHUTE
Oo3HauyeHwus ca caenHure: I[1Y — nynr 3a ynpasnenue; Y'Y — yIpasisBallo YCTPONCTBO;
PII — perynatop na mwT; PC — perynarop Ha ckopoct; 3T — 610k 3a 3agaBane Ha (as-
Hute TokoBe; PT — perynarop Ha Tok B Tpudazno usnbiHenue; YU — 610k 3a ynpas-
nenue Ha uHBepropa; CC — cunoBa cxema Ha uaBepropa; MH — unBeprop Ha Hampe-
xenue, HU — neynpasnsem usnpasuren; C — konnenszatop; bT — 6ok 3a o6partHa
Bpb3ka 1o Tok; bC — 610k 3a obpatHa Bpb3Ka 1mo ckopocT; BII — 6ok 3a oOparHa
Bpb3ka 1o mbT; JIl — matunk Ha mbT; MS — TpudaseH CHHXpOHEH JBUTraTeN, yIpas-

7 7 ¢

HH
Iy | ]
1
Lo, o e e T
VY PII PC R 3T PT=|:-‘L‘>’5;’IfI={>CC i
o Voc Voms it Ej,: L i) Uy U,
BII BC BT |
I i Al @ MII [=H 3M
H L= HJ&

®ur.2. Cxema Ha U3cieIBaHaTa CUCTEMa 3a €JIEKTPO3a/IBH>KBAHE.
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nsBaH B pexxuM Ha B/IIIT; MII — mexanuuna npenaska; 3M — 3aaBuxBaHa maca; U,
— 3aJlaBalll CUTHAJ 3a brIoBMA IbT, U, — 3a1aBall CUrHaJl 3a CKOPOCTTa Ha BbPTEHE
Ha macara; U, — 3amaBamy curxaau 3a ¢asuure tokose; Ugy, — curxamm 3a 00-

paTHa Bpb3Ka 10 ToK; U . — curxai 3a oopatHa Bpb3Ka 1o ckopoct; U, —curnan 3a
oOpartHa Bpb3Ka 1o bT; U — HampekeHne Ha BXoJia Ha HHBEPTOPa; Iy, Iy, I, — pazHu
TOKOBE; Ug, Uy, U, — (a3HM HampexeHus; ¢ — bI'bJl HA 3aBbPTAHE HA Baja Ha J(BUra-
TeNs; ¢, — BI'bJl HA 3aBbPTAHE HA MacaTa.

IIpu aHanu3a Ha NpPOLECUTE B CHJIOBATA YacT HA CHCTEMATa ca IIPUETU CIEIHUTE JI0-
IyCKaHMs: JBUraTesAT € HEHACUTEH; BUXPOBUTE TOKOBE U XHCTEPE3UCA B MATHUTHUTE
MaTepUalld Ha MalllMHAaTa UMAaT HE3HAYUTENIHO BIUSHHUE BBPXY (Pa3HUTE TOKOBE; Bb3-
AyIIHATa MEXJIUHA € IIOCTOSIHHA, CTATOPHUTE HAMOTKHU Ca CUMETPUYHY, a aKTUBHUTE
CBIPOTHUBJICHUS U MHAYKTHBHOCTUTE Ha HAMOTKHUTE Ca MOCTOSHHH; CHJIOBUTE KO-
4OBE HA MHBEPTOpa ca ujcanHyu. HampaBeHUTe ONpOCTsABaHUs ca HA'BIHO JOIyCTUMHU
3a LEJIUTE Ha YNPABICHUETO U HE OKA3BaT CHUIECTBEHO BIMUSHUE BbPXY TOUHOCTTA HA
U3CIICABAHUATA.

ExBHBaJIeHTHAaTa 3aMECTBAllla CXEMa Ha M3IIOJI3BAHUS TUI JBUraTelIM € MpeJCcTaBeHa
Ha (ur.3, KbAETO O3HAUYEHUATA Ca CIEIHUTE: €,, €, €, — (Pa3sHU MPOTUBO ENIEKTPOIBU-

ke Hanpexenus (e.1.H); R,, R,, R, — aKTHBHU CBHIPOTHBICHHUS HA CHOTBETHUTE
¢dasan  Hamotku; L,, Ly, L, — coOCTBEHM WHIYKTHMBHOCTH Ha HAMOTKUTE;
Lyas Leas Lep — B3aMMHU MHIyKTHMBHOCTH.

®ur.3. ExkBuBaieHTHATA 3aMeCcTBaIla
cxeMa Ha U3IOJI3BaHUs IBUTraTell.

BCKTOpHO-ManHLIHI/ISI MOZACI Ha M3IIOJI3BAHHA ABUIATCII CC IIPCACTABA IIO CIICOHUA
HA4YWH.

Uy Rs 00 ia La Lba Lca ia €a
Ub = O RS 0 ib + Lba Lb LCb a ib + eb y (1)
Ue 00 Rs ic Lca ch Lc ic ec

kbeTo Ry =R, =R, =R, € akTUBHOTO chIpoTUBIIEHHE Ha (a3a.
@a3HHTE NPOTUBO €.1.H CE ONPEICIAT OT YPABHEHUETO!
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€ =0 —— Dy |, (2)
eC @C

KBIETO. @ = dt9/ dt e enexTpryeckaTa pIia0Ba CKOPOCT Ha potopa; @,, @, , D, — Mmar-

HUTHHTE MTOTOIM, ChOTBETHO 3a ¢azute «, b u C.
Kato ce uma nipenBu, ye TpUTe HAMOTKHU Ca €JHAKBU U CUMETPUYHO Pa3MOJIOKEHH,
MOJKE Jia CE€ BbBEJAT O3HAYCHHUATA.

La=L=L=LLa=La=Lp=M. 3

C oruutane Ha (3), ypaBHeHue (1) Moxke Ja ce peICTaBy B CICIHUS 10-yI00CH BU/I;

ua ia ia ea

. d|.
Ub - RS Ib + LS a Ib + eb y (4)
uC iC iC eC

kpaeTo ¢ L =L —M e o3nauena unaykTuBHOCTTA Ha (hasza.
MOMEHTBT Ha ABUTATEIN TP MOJEIUPAHETO CE U3UMCIIABA ITOCPEACTBOM YPABHEHU-
€To:

M = (e,iy + iy + €. )/ @, (5)

BimsiHuero Ha 3aaBrKBaHATa Maca MPU M3CIEIBAHETO CE OTYMUTA MOCPENCTBOM CTa-
TUYHHS CBIIPOTUBUTEICH MOMEHT M . U CyMapHMs UHEPLUOHEH MOMEHT J 5, IpUBE-

JCH KbM Bajia HA ABUTATECIIA.

do

Cucremara 3a €l1€KTpO3aIBUKBAHE € C MOJYMHEHO PETyJIHpPaHe HAa KOOPAMHATUTE -
(da3HuTe TOKOBE, CKOPOCTTA M BIJIOBHS MIBT. ONTUMH3AIMATA HA PETYIUPALIUTE KOH-
TypU U HACTpOMKaTa Ha ChbOTBETHUTE PErYJIATOPU HA CHCTEMATa CE€ U3BBPIIBA, KAaTO
Ce 3aloYyHe OT Hai-BHTPEIIHUTE KOHTYPH (II0 TOKOBETE B CTATOPHUTE HAMOTKH).
Cren ToBa ce MpeMHHABa KbM CJIeIBaIMsI KOHTYP (II0 CKOPOCTTA) U HaKpas Ce ONTH-
MU3Hpa Hali-BBHITHKS KOHTYP, KOHTO € TI0 OCHOBHATa KOOPAWHATA (BIVIOBHUS ITBT).
MaxkcuMamHHUAT TEMIT HA U3MEHEHHE HAa CKOPOCTTA HAa JBUTATEISI B MIPEXOAHUTE pe-
KAMH MOYXE J1a CE€ OLICHU OT YPAaBHEHUETO:

Emax :Mmax/‘JZ’ (7)

KBICTO Mmax € MaKCHMMAJIHUAT MOMCHT, KOWTO MOXKE Jda Ppa3BUC U3IOJI3BAHUAT ABH-
rareill, J y — CyMapHUAT HHECPIUHUOHCH MOMCHT, IIPUBCJICH KbM BaJia MY.
ITonexe B pasriacxkKaaHaTa CUCTCMaA 3a CIICKTPO3aJBHIKBAHC € ITPHUIIOKCHO ITOAYHMHCHO
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peryJjiupaHe Ha KOOPJIMHATUTE, U3XOITHOTO HAMPEKEHUE HA PEryjaTopa Ha IbT Mpe.l-
CTaBJIsIBA 33/1aBallldsl CUTHAJ 332 CKOPOCTTa Ha JABUTATeNs, T.€:

U3c:Kpn(U3n_Uon):Kanon(63_e)zKocwsi (8)

kpzero: K, e mpenaBaTeHUAT KOeHUUMEHT Ha perynaropa Ha meT; K, — koedu-
LIUEHTBHT Ha oOpaTHaTa Bpb3Ka 1o IbT;, K,. — KoeUIMEHTHT Ha oOpaTHaTa BPb3Ka
[0 CKOPOCT; 6, — 3aJalcHOTO pa3CTOSHUE HAa NIPEMECTBaHE, @, — 3aJaJieHara ycTa-

HOBEHA CKOPOCT.
Koedunuenture Ha 0oOpaTHUTE BPB3KU MO CKOPOCT U MBT CE€ ONMPEIESIAT MO CICIHUS
HAYWH;

KOc :U3c max/a)max : Kon :Uan max/‘gmax ! (9)

KbJETO: U ¢ nax © MAKCUMAIHHAT 3aJaBalll CUTHAJ 33 CKOPOCTTA Ha JIBUTATEIIS; (Mppax
— MaKCHUMaAJIHATA BbIJIOBA CKOpOCT; U3n max — MAaKCHMAJIHUAT 3aJdaBalll CUTHAJ 3a bI-
JIOBHUA IIBT, ﬁmax — MAKCUMAJIHUAT BIJIOB II'BT. 33 MaKCHMaJIHa CKOPOCT HAa BBPTCHC €
IIpUCTa HOMHHAJIHATa CKOPOCT Ha JIBUTATECIIA.

®max = Pnom - (10)

HpI/I PaBHO3aKbCHHUTCIHOTO ABMKCHHUC B CIIMPpAYHHA PCKHUM € BaJIWJIHA CJICAHATA 3a-
BUCUMOCT.

A6,y max = @ ﬁom/zgcn max ° (11)

Ot ypaBuenue (8) 3a MakcUMaiHUs ciipadeH ObT A6, . 1 MaKCHMalHaTa 3aja-
Ji€Ha CKOPOCT @, = Wy,oy, C€ MOJIyYaBa.

Kpn KonAecn max = Koc@nom - (12)

Cnen 3amectBane Ha (11) B ypaBHenue (12) u pemiaBane o OTHOIICHHE HA KOS(HIIH-
€HTa Ha peryJjiaTopa Ha ITbT, ce MOoJTyJaBa:

Koca)nom _ 2 Kocgcn max

2 Koo
Kon(wnom/zgcnmax) on=nom

Kon =

(13)

HpI/I 1/136paHaTa MCXaHHW4YHA IIPCJaBKa CKOPOCTTA U bI'bJIBT HAa 3aBbPTAHC HA 3aABWIK-
BaHaTa Maca C¢ OIpECACIAT 10 CICAHUS HAaYHH.

w,=0lK,; 0,=0/K,, (14)

KbaeTOo K, € Koe(UIMEeHTHT Ha MIpelaBKaTa.
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4. U3CJIEABAHUSA U AHAJIN3 HA IIOKA3ATEJIUTE

[TocpencTBOM KOMITIOTBPHO CHMYJIMPAaHE ca MPOBEIEHU MOJIPOOHU H3CIEABa-
HUS Ha CbOTBETHHUTE PEKMMHU M AJITOPUTMHU HA YIIpaBJeHUE, HA 0azara Ha KOUTO ca
OLICHEHM MOKa3aTEIUTE Ha CUCTEMATA.

4.1. POPMHUPAHE HA TOKOBUTE UMIIYJICH BbB ®A3HUTE
HAMOTKHA

TokoBHTE UMITYJICH B CHOTBETHUTE CTATOPHU HAMOTKH ce (hOpMHpaT MOCPEICT-
BOM pEJICHHO peryjupaHe ChbC 3a/1aJicHa XUCTepe3nCcHa 30Ha. TpudasHaTa cUcTemMa T-
OKOBE I, Iy, I, MOJlydeHa 1Mo TO3M METOJ IPU HOMHUHAJICH TOBAap B KBAa3UYCTAHOBEH

peXUM, € IpeicTaBeHa Ha ¢ur.4.

a)
i.A
10 |-aassaq=it----- 7
0 ___________
: : : 10 :
0.2 0.25 0.3 0.35 t.s8 06 065 Ii,s 6)
®ur.4. TpudasHa cucrema TOKOBE. ®ur.5. PaznuyHu XucTepe3nucHU 30HH.

BiusiHueTo Ha XHCTepe3ncHaTa 30Ha € WIIOCTPUPAHO C BpeMeauarpaMuTe, JaAcHH Ha
¢ur.5, KpIETO ca MOKa3aHW KPUBUTE Ha TOKa BbB (a3a «, MOJyYEeHHU IMPH JABE pa3-
JUYHNA CTOMHOCTH Ha 3ajajeHara 30Ha (2Ai 5y > 241 5 ).

KakTo ce BmkIa, CTECHSIBAHETO Ha XHCTEpe3UCHaTa 30Ha BOJAU JI0 MOJ0OpsBaHE HA
¢dbopMaTa Ha TOKOBUTE MMITYJICH, HO TIOBHILIABAa YECTOTaTa Ha MPEBKIIIOYBAHE. 3a OII-
peneneHa MUPOYMHA HAa XMCTEpPE3UCHATa 30HAa MOJAYJIALMOHHATA 4YECTOTa IIPU TO3MU
HAa4MH Ha yOpaBJ€HUE € IIPOMEHJIMBA BEJIMYMHA. TeKylara ¥ CTOMHOCT 3aBHCH OT
CJIEIHUTE OCHOBHU (DaKTOpU: 3a/1aJIeHaTa CKOPOCT Ha JIBUTaTessl; eIeKTPOMarHuTHaTa
BPEMEKOHCTAaHTa HA CWJIOBAaTa BEPUTd; Ha4aJHATa CTOMHOCT HA TOKA B PA3IJICKIaHUS
vHTEpBal. PeneliHuTe peryinaropu Ha TOK CE HACTPOMBAT TakKa, Y€ J1a C€ OCUTYPHU
MAaKCHUMAJIHATA JOIyCTHMa MOJYJIAIIMOHHA YECTOTA 3a CUIJIOBUTE €JIIEMEHTH HA UHBEP-
TOpA Ha HaIIPEXXECHHUE.
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PeBepcupaneTo o CKOpOCT ce OCBIIECTBIBA IOCPEACTBOM IIPOMSHA B PELYBAHETO HA
CTaTOPHUTE HAMOTKHM Ha apuraresids. CMsHaTa Ha IOCOKAaTa Ha JBHKECHHUE U CIIHpay-
HUSAT PEXHUM ca WIIOCTPUPAHU C BpeMeauarpaMmmre, rnokasanu Ha ¢ur.6. [IyckoBusT u

4.2. OCUTI'YPSIBAHE HA PEBEPCUBHO YIIPABJIEHUE
IO CKOPOCT 1 1O MOMEHT

CIMPAaYHUAT MOMEHTH Ca O3HAa4eHH CbOTBeTHO ¢ M, 1 M ..

a,, rad/s

w, . rad/s
Of-------- boonoeees et SR
-1 : :
I, Nm . ! .
L] P booone--- oo
0 i ' i
MM T
L] S S
,;A‘l ‘. : H
of Tt s NI LI
-10 ' ' '
@, rad/s
0.5
Y
0.5 t
0 01 02z 03 is

®ur.6. Perepcupane 1mo cKopoct
Y CIIUPAYEH PEKUM Ha JBUTATEIIS.

o, .. rad/s

' '
' ' '
' ' '

1 ........ Leceeeaaa Lmceeamaa R,
' ' '
' ' '
' ' '

14, Nm
Mnm&x
0 -
w,, rad/s ;
0.5
0 : : :
0 01 02 03 i

@ur./. OrpaHnyaBaHe Ha TOKa.

4.3. OBE3IIEYABAHE HA MAKCUMAJIEH ITYCKOB
MOMEHT HA JIBUT'ATEJIA

M ooom +AM,
............... fT:F.I...---...-.J:....-.-.-..-
LA,
_________ j--—p-11
g e
| | @,
0 0.1 0.2 03 8

®ur.8. Ctabuiuzamus Ha CKOPOCTTa Ha
Macara TMpU HAIWYHE Ha CMYIIEHUS,
PWIOKEHU KbM Bajia Ha JIBUTATEJIS.

®ur.9. [IpeMuHaBaHe OT BUCOKa
KbM HHCKA CKOPOCT Ha BbPTEHE.
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3a ocurypsiBaHe Ha MaKCHUMAJICH ITyCKOB MOMEHT M |, .. YCKOPSIBAHETO Ha JBUTATEIS

Ce OCBILECTBSIBA C MAKCUMAJHAaTa JOIyCTUMAa CTOMHOCT Ha (pazHuTe ToKoBe. OrpaHu-
YaBaHETO MM C€ IMOCTHUIa IOCPEACTBOM OrPAHMYABAHE HA CHOTBETHUTE 3aJaBalld
curtamu U ;. (¢ur.2). TlyckoBusT nporec npi HOMUHAJICH CHIPOTHBUTEIICH MOMEHT

€ IIpCACTAaBCH Ha (1)1/11“. 7. Ilokazanu ca BpeMCOAUArpaMiTC Ha 3aaaacHaTa CKOpPOCT Ha

Macara @,,,, HpUJIOKCHUAT CTATUICH MOMCHT KbM BaJla HA ABHUI'aTCIIA M ¢ TOKbT BbB

daza a iy, MoMeHTHT Ha aBurarens M u ckopocrta @,,. IlyckoBHAT TOK B CTaTOp-
HHUTE HAMOTKHU B TO3H CIy4ail € OrpaHU4eH 10 CTOMHOCT |,y = 210 -

4.4, KOMIIEHCUPAHE HA CMYIIABAIIUMTE Bb3ENCTBUA

Komnencanusta Ha cMyliaBauTe Bb3ACHCTBHUS C€ OCBHIUIECTBSIBA MOCPEICTBOM IMOJ-
XOJISIIIa HACTPOMKa Ha peryiaropa Ha CKOPOCT, KOMTO € MpOMOPIMOHATHO-UHTETpa-
aen. ur.8 umoctpupa crabuian3anuaTra Ha CKOPOCTTa HA BHPTEHE HAa Macara MpH
MpOMsiHA Ha HATOBAapBAaHETO, NMPUJIOKEHO Ha Bayia Ha ABUTaTeNs. [Ipu mpoBeIeHOTO
W3CJIeIBaHE TOCIEOBATENIHO ca MPUJIaraHu MPOMEHU Ha CHIPOTHBUTEIHUS MOMEHT
AM, =20.5M ;o -

4.5. DOPMUPAHE HA 3AJJAJZEHHU NIO3NLHNOHHU UKJIN

OtpaboTBaHe Ha 3a[aJCH MO3UIMOHCH IMKBJ C MPEMHUHABaHE OT BHCOKAa CKOPOCT
w,, =1.2radls xbm HucKa (mba3swa) ckopoct @, =0.25rad/s e nmoctpupano Ha

¢wur.9.
Tpaekropusara Ha CKOpPOCTTa, IpeacTaBeHa Ha ¢ur. 10 e TpuydacThbKOBa C yCTaHO-
BEHa CKOPOCT Ha BBPTEHE Ha Macara ,, =1rad/s, mpu 3amameH BIJIOB IIBT

6,,=3rad.

B,,-1ad
2 ________ Loceaanaan- R — A

0

@, rad/s
1 ________
0.5 ________ T, Lomm e oo [ S

0 0.1 02 03 {5

®wur.10. Bpemenuarpamu npu 3aia- @ur.11. Bpemenunarpamu npu 3aia-
JIEHO TOJISIMO 'BIJIOBO IPEMECTBAHE. JIEHO MAJIKO BIJIOBO IMPEMECTBAHE.

Ha ¢ur.11 e mokaszana JIByy4acThKOBA TPACKTOPHUS Ha JBIKEHHUE, MONyYEHA MPHU 3a-
naneHo Majiko npemectBane 6, =0.067 rad.
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5. BAKVIOYEHHUE
OcpnblecTBeHa € MOJEpHU3AIUsS HA KJIac METaaoo0paboTBaly MAIluHU, KaToO € BbBe-
JIeHa JOMBJIHUTEIHA YIpaBisieMa KOOPJAUHATHA OC — BBPTSIIA CE Maca.
Ha 6a3ara Ha nmoapoOHU eKcliepUMEHTATHU U3CIEBAHUS Ha BHEAPEHATA MOCTOSHHO-
TOKOBa cucTeMa ca (popMyJIMpaHU M3UCKBAHUATA KbM 3aJBJKBAHETO Ha Ta3u KOOP-
JTMHATHA OC. AHaJu3UpaHU ca BB3MOXKHOCTHUTE 3a MOAOOpsSBaHE Ha IOKa3aTEIUTe
ype3 MpoMsHa Ha THUIMA Ha eJIEeKTPO3aJBMIKBAHETO, MPEAX BCUYKO MO OTHOIICHHE Ha
ObP30JICHCTBUETO, HAICKTHOCTTA U €KCILIOATAllMOHHATA MOJAPHKKA.
[TocpencTBOM KOMOIOTHPHO CUMYJIMpPAHE HA OCHOBHHUTE PEXUMHU Ha paboTa U ChOT-
BETHUTE aJITOPUTMHU HA yMpaBlieHHWE € MokaszaHo, ue 3anBuxkBane ¢ BJIIIT moxe na
OCUTYpH TMHAMUYHU, CTATUYHH U €HEPreTUYHM MOKA3aTeNH, OTrOBapAIY Ha MOCTa-
BEHUTE U3HCKBAHUSI.
[IpoBeneHnTe u3cneBaHUS U MOTYUYECHUTE PE3YNTATH OT TSIX MOXKE J1a C€ M3IMOJI3BaT
pH pa3pabOTBAHETO W HACTPOMKATA HA TAKWBA MO3UIIMOHHH €IIEKTPO3aIBUKBAHMS.
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EHEPI'OMKOHOMMYHO YIIPABJIEHUE HA IPOLHECUTE
IIPU KAMEHOOBPABOTKATA

Bbopuc bopucos, Credan Anrenos

Pe3zwome: Tounocmma Ha mamemamuyeckomo oOnucaxue Ha npoyeca HA OUAMAH-
MeHo-abpa3uBHOMo ps3ame e ece owje Hezaodogoaumenua. Mzcneosanuama Ha usu-
yeckama My CbWHOCH €A HA HUBO HEOOCMAMBYHO 34 Yelume HA He208Usl AHAIU3.
Emo 3aw0 meopemuuno nonyuenume pe3yimamu UUCKEAM 3A0bIHCUMENHA eKche-
PpUMeHmanua nposepka. B doxnada ca ananuzupanu pesyrmamume om eKcnepumeH-
MAIHOMO UMePB8aHe Ha OUCKOBO OUAMAHMEHO ps3aHe, NPOBeOeHU 8 HACOKA ONMUMU-
3ayus Ha pabomuume pedxcumu. [lerma e upe3 uzb0p Ha ONMUMATHU eleKmpomexa-
HuuHu napamempu (ckopocmu, cuiu u 0p.) 0a ce ocueypu MAKCUMATHA NPOU3BOOU-
METHOCM NPU MUHUMYM eHepeutinu pasxoou. Maxap u HenviHu no xapakmep, u3sc-
JIe08aHUAMA 0A8am KOJIUYECEEHA OYEeHKA HA GIUSHUEMO HA Heu3Ccied8aHu 00 ceed
Gaxkmopu 8vpxy pejicuma Ha psa3aHe U pasKpusam HOBU Bb3IMONICHOCMU 34 3HAYU-
menno Hamansigane (He no-maixko om 30%) Ha KoHcymupanama enexmpoenepeusi npu
KameHoobpabomkama.

Knrouoeu oymu: enmepeutina egpexmugnocm, OuamanmeHo-abpa3usHo pssame, onmu-
Muzayusi Ha npoyecu, KameHooobpabomxa

ENERGY EFFICIENT CONTROL OF STONE CUTTING PROCESSES

Boris Birisov, StefanAngelov

Abstract: The mathematical description accuracy of the process of diamond abrasive
cutting is still unsatisfactory. Studies of its physical nature for the purposes of cutting
analysis are also unsatisfactory. Therefore, theoretically obtained results require
proper experimental verification. The results from experimental measurements of dia-
mond cutting are analyzed in this paper. The experiments are conducted in the direc-
tion of optimizing operating regimes. The goal is to ensure maximum performance
with minimum  energy costs by choosing the optimal electromechanical parameters
(speed, strength, etc.). Although incomplete the investigation provides a quantitative
assessment of the impact of unexplored until now factors over the regime of cutting
and open new opportunities to significant reduction (not less than 30%) of electrical
consumption in stone cutting process.

Keywords: energy efficiency; diamond abrasive sawing, process optimization, stone
cutting
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1. BBBEJAEHUE

MO,ZIepHOTO CbBPEMCHHO CTPOUTCIICTBO C HCOTMCHHOTO CH M3WCKBAHC 3a CKOJIOTHUY-
HOCT, ThbPCH IIPOCKTHU PCHICHUA C BCC II0-MACOBO IIPUCBHCTBHUC B TAX HA CCTCCTBCHUA
KaMBK.

Ha ¢ur.1l.a e nanena quarpama 3a pa3BUTHETO HA CBETOBHMS JOOMB HA CKaJIHHU OOJIM-
IIOBRYHH MaTepPHaU B XWISAU TOHOBE. [IpOrHO3HOTO HapacTBaHe Ha J100MBa (OKOJIO
100%) B cieaBamioTo JECETHIETHE IIe TOCTaBU MPOM3BOAMTEIUTE B YCIOBUATA Ha
ocTpa KOHKypeHLMs. BogeHn OT HKOHOMMUYECKUTE CH MHTEPECH TE 1€ HacodaT yCH-
JMSITa CU KbM CHID)KaBaHE Ha ce0ECTOMHOCTTAa Ha MPOAYKIMTA.

Pasxop 32 Pagxop3a Pasxop, 32

P:
WHCTDymeHT; T% nonupaxe; 3% MHCTPYMEHT; 6% 230A 33

BOAa; 5%

Apyrn Paxop 3a
pasxomu ; ONaKoBaHe;

2% 2%
N\

Paaxop 3a Tpys;
12%

B0A8; 5% pazomu; Pazxop3a
2% onakoBaxe;

AN 19%

2005¢
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20101

20151

2020r

20251

7 ¥ = T u 7
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Caetosen 406 Ha koMeH00B/MI0ELYHI MaTepHank [xun, ToHoBe] HenonupaH KaMbK I'Ionupal-l KaMbK
a) 6)
@ur.1.a IIporHo3Hu 1aHHM 3a CBETOBEH JOOMB Ha KAMEHOOOIMIIOBBYHU MaTEpHaIIN

[4];

®ur.1.6 [IporieHTHO pasnpesenieHre Ha ChCTaBKUTE, POpMUpAIIH 1I€HATa Ha MOJIMPaH

U HeTompaH marepua [4].

Ot ¢ur.1.0 e BugHO, Y€ nmpouecuTe B KaMeHO0OpaboTKaTa ca U3KIIOUYUTETHO €HEPro-

eMku — 50% oT 1eHaTa € 3a pa3xoj Ha enekTpoeHeprus. CieaoBaTenHo, Hal-edek-

TUBHU 32 CHIDKAaBaHE Ha CEOECTOMHOCTTA ca MEPOIPHUITHITA HACOUYEHH KbM HaMaJIs-

BaHE Ha CHEPTUIHUTE Pa3XO0/1 3a eUHHIIA TPOTYKIUS. 3a BEPHOCTTA U aKTyaTHOCTTA

Ha [MOCOYEHUTE MPOOJIEeMH B CBETOBEH Malad MOKe /1a Ce ChJAM M0 YBEJIMYABAIIUS CE

Opoilt myOJMMKaly B MOCJIEAHUTE TOAUHU. B cTpanu Bojemu B kameHOOOpaboTkarta

(Uranus, Kutait, ['epmanus, bpasunus u ap.) ce mosBUXa U MbPBUTE YaCTHYHHU pPe-

3yJlTaTu OT M3CIEeAOBaTelICKa JEHHOCT M0 HaMajlsiBaHE HAa €HEPrUWHUTE Pa3Xxoiu 3a

pekMMa Ha araMaHTeHoTo pssane [10,6,7,8].

2. IMATPAMA HA CUJIMTE - OCHOBHHU 3ABUCUMOCTH

3a MacoBOM3IOJI3BAHUTE TEXHOJOTUU B KaMEHOOOpaboTKaTa, pPEeXUMbBT HA psA3aHE C
JUaMaHTEHU JIUCKOBE € 3aabJiKuTeneH. CaMHsT Mpolec € TBbPJE CI0KEH U CHUITHO
3aBUCEI OT TOJIsIM Opoi pa3HOPOAHU (PAKTOPH KaTo:

- TEXHOJIOTMYHH TapamMeTpu — nepudepHa CKOPOCT Ha psi3aHe V, ; CKOPOCT Ha
OJaBaTCJIHO ABHMKCHHUE V| IBJI00YMHA Ha pe3a H, u ap.

280



- IapaMeTpy Ha JIMCKa — uaMeTsp D, ; nebenuHa Ha aucka d; 6poii Ha cermeH-

I

TUTE Z, A = ﬁ ,|, € IbI>KMHA HAa CETMEHTA, a |, € pa3CTOSHUETO MEXKAY J1Ba ChCEIHU
z n

CErMEHTa; BUJ| U KOHIIEHTPALUs HA JUaMaHTUTE K, U JIp;

- BUJ Ha 00paOOTBaHMs MaTepHall C HEroBUTE (U3MKO-MEXaHUYHU U MUHEPAJIO-
TUYHU CBOMcTBA. ONTUMHU3AUUATA B TO3UM CMUCHJ CE MPABU 32 KOHKPETEH Marepuall.
3a MO-IIHUPOKO MPUIIOKEHUE HA MOJTYUYECHHUTE PE3yJITaTH U3MEpPBaHUATA B JOKJIaJa ca
MPOBEJICHN C MacoBO JOOWBaHMS y HAC BapOBHK OT paiioHa Ha rp. Bpama u rp. Mes-
zpa.

IToBeyeTo aBTOpU ONMHUCBAT PA3AHETO C JUAMAHTHU JIMCKOBE KATO MPOLEC, MPOTUYAIL
B JIB€ B3aMMOCBBP3aHU U €IHOBPEMEHHO MPOTHUYAIIU JACHCTBUS — 3a0MBaHETO HA JU-
aMaHTa B Pe3yJITaT Ha HOPMAJIHATA CUJla F, W pa3pyllaBaHe Ha MaTepuasa 4ype3 TaH-

re’iuannara cwia F,. ToBa psizaHe ¢ ,,FEOMETPUYHO HEOMPEAEICHO OCTpUe" He MoJ-

JIC)KH HAa JOCTATBhYHO TOYHO MATCMATHYCCKO OITMCAaHMHC. I/Iz[eanmnpaHHﬂ XapaKTCpHa
pasriic)KaganuAaTa HajJararT 3aJAbJDKUTCIIHA IIPOBEPKa YpPCe3 CKCICPHUMCHTAJIHWU W3-
CJICABaHMI. Ha (1)1/11“2 € JaJiCHa auarpamMara Ha CHUJINTC U HAKOHW OT OCHOBHHTC CHOT-
HOIICHUA MCKAY TAX, UMAIX ITPAKO OTHOIICHUC KbM e(l)CKTI/IBHOCTTa Ha peKuma.

Fo=\F.+F’ F =Fc.costkp-3)

7]
e
— --u/”/////y/////////////////%.ﬁ

F
F =F.sin(kp-s) ~ d=arctg -

H

k¢:5+ﬂ=arctg:::—T+arctg%

H B

F,=F .[cos(k¢)%+ sin(kgo):Z—X

C C

®ur.2. BeKTOpHO peACTaBsHE Ha CUIIMTE BbPXY AHAMAHT M HIKOU
OCHOBHU CHOTHOIIIECHMUS.
Ha ¢ur.2 e mokaszaHo M3MOI3BAaHOTO HAECATU3UPAHO IPEACTaBIHE HAa 00eMa OTHET Ma-
TEpHUa MPH PA3aHETO OT €IHO JAMaMaHTEHO 3bpHO. I1o aHamorus ¢ MeTanooopaboT-
KaTra € IPHETO, Y€ OTHETHs MaTephall € HEMpeKhCHATa CTPYXKKa ¢ MaKCHMallHA IbJI-
*uHa | u nebenmnua h . [4,5,6,8]:

e e = |2 [He S0 ()
Vo AtandK , D, Vo.A.tan6.K ;1.

KbIAECTO Q =V, .H,, IUIOLI HA CCUCHUETO OTPA3aHO 3a CAUHHIA BPpEME.

Cwraacuo (1), upe3 ocurypsiBaHe Ha ONPEIEICHN TEXHOJIOTHYHU CKOPOCTH V,, , V, IIPH

281



3Q/IaJICHU TIapaMeTPH Ha JINCKA, € BB3MOXKHO Jia OBbJC OCUTYPEHO ps3aHe C MaKCH-
MaJIHo h T.. Ja ObJie ONTUMH3UpAH Mpoleca. B myOaukanuu B MOCIEIHUTE TO-

max !
IMHA C€ JaBaT PE3yATaTH OT MOAOOHM HM3CIECABAHMS, BKIIOYBAIIA W EKCIICPUMEH-
tanau u3cineasanusa. B [1,10,11,12] ce BpBexkaa pexuma “free cutting”. Tosa e edek-
THBCH PEKUM Ha psi3aHe ¢ 100pe moadpaHu ChOTHOIIEHUS Ha CHIIUTE F, 1 F, .

2. IMAMAHTEHO PA3AHE —- TEXHOJIOI'HYHA OBPABOTKA

B [1,2] e noka3aHa Bh3MOXKHOCTTA 32 ONTHMH3AIIHS, CBbpP3aHa C ToJisiM Opoil eKcrie-
PUMEHTAIHU U3CIICIBAHUS U € TIOCOYCHU METOAO0JOTHATA 32 MPOBEKIAHETO UM.

B penunia TeopeTHYHU pas3riiekAaHUS JUAMAHTHOTO PSA3aHE CE aHAIM3HMpa 4pe3 ChC-
TaBKHMTE Ha TaHreHIMaHata cuia [11,12]:

F=F+ FTP,ZZ + Frpar + Fusy (2)

KbAETO F, € CuiiaTa, CBbp3aHa C pa3pylliaBaHe Ha CKaJHUS MaTepua (ChIIMHCKOTO Psi-
3aHe), F,,€ culla Ha TPUEHE HA JUAMAHTUTE C MaTepuana,F,, € CHia Ha TpUEHE
MEXKIy pabOTHATa MOBBPXHOCT M OTHETHs (pa3pyllieHHs) Marepuan u F,, ¢ cuiara,
CBbp3aHa C U3XBbPJISHE HA OTIAIBYHMS MaTepual U3BbH Cpe3a.

B paborara aBTopuTe pasmiekaaT IMAMAHTHOTO PsA3aHE, KaTo TEXHOJOTWYHA obOpa-
00TKa T.€. CHBKYIMHOCT OT JBM)XKCHHUS HAa MEXaHW3MHUTE Ha MaIllMHATa ChC 3a7aJCHU
WM PETYJIUPYyeMU CKOpocTd V, U V,, IbiI00YMHATA H, W mapaMeTpUTe Ha JIMCKa.

HHHOCTH&T& ONITUMU3AlNUA Ha ITUAMAHTHOTO PA3aHC BKIIFOUBA U I/1360p Ha OIITUMAJIHU
mapamMCTpu 3a BCUIKH IBUKCHHA.

IIpu F, =0 ymmncBa psi3aHe U ChCTABALIMTE HA F, CBIIO ca paBHU HA HYJA, HO JIBUTa-
TEJIAT MPEOJ0IIsABA CHIIH F., CBBP3aHU C OCBIICCTBABAHE HA CHIIBTCTBALUMTE PEKUMA

TEXHOJOTHYHHU IBHKCHUSI (npeMeCTBaHe KBM CJICABAII pe€3, BPBIIaHE HA IUCKA U z[p.)
€TO 3all0 CyMapHaTa CHJIa [OpH JUCKOBOTO ps3aHe, KaTO TEXHOJOTHUYEH pe-
KUM, FZaP =k +F,T.e.

FZ ap FP + FTPP + FTPM + FH}X + FC,LZ (3)

3a ynoOCTBO Ha aHalM3a B JOKJIa/Ja JTMCKOBOTO Psi3aHE CE MU3CIe/IBa KaTO IUKINYEH
TEXHOJIOTMYEH PEXUM C BpeMe T, , B KOMTO 3a BpDEMETO Ha psA3aHe T, JUCKBT PEXKE U €

HY’KHA OXJI)K/JIAIlla TEYHOCT U T, KOraTo ABUTATEINISAT HE PEXKE, T. €. TS HE € 3aAbJIKU-
TeJTHA:

Ty=Tp+Ty=T,+T+Tp, (4)

K’I),Z[CTOTﬂOC BpEMCTO, 3a KOCTO IOHUCKAa € HU3BBH 06pa6OTBaHI/I$I Marcepuai, TyK CC

BKJIFOYBa U BPECMCTO 3a IIPCMCCTBAHC KbM CIICABAIIUAT PC3, KAKTO U BCUYKH Bb3HUK-
HaJIn TCXHOJIOTNYHHU IIPCKBCBAHUSA, HC3aBUCUMO OT XapaKTCpa UM 3a KOUTO pCKEIIaTa
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MalIMHa HE Ce U3KJII0YBA M OXJIaK1alaTa TEYHOCT HE ce cupa; T,,€ BPEMETO, 3a KO-
€TO IUCKa MPHU BPBIIIAHETO CH HA3aJl CE€ HAMHUPa B HAIPaBEHUS BEUE pe3.

ITos. 1
H03I. 2 VXP
! <
W T
; Vxo © I '.'l '
) % v \ !
A H é hN I
P ~ - 1
v ? : :
Hp | !
ITo3. 3 Tlos. 1

®ur.3. [To3unuu Ha aucKa Ipu Ipolieca Ha psizaHe Ha 00padoTBaHUs MaTepHUall.

Ha ¢wur.3 e nokazan auck B no3unus 1 npu 3apsa3BaHe Ha OJOK ¢ IbJDKUHA L, U 103, 2

IIpY M3JIM3aHE OT psi3a. AKO ce€ MpueMe, 4e cpeaHaTa CTOMHOCT Ha ITOAABATEIHOTO
JBYDKEHUE TIpU psizane V, = 1M/MUH, a cpeHaTa CKOPOCT Ha BPBIIIAHE HA TUCKA V,, =

7 M/M¥H, TO Bpb3KaTa MKy T, U T,, € :

D
L+ 2 L, +

2 2
T =— 2 T -_ 2 5
Pt T (5)

Wmn T, =7T,,. IlocO4EHOTO CHOTHOLIEHUE I1I€ UMA JApyra CTOMHOCT IPH MO-TOJIEMHU
CKOpPOCTH Ha BpbIIaHe V,,, KAKTO U MPU CKOpOCcTH V, #1 mM/MuH. B ciydas 3a Te3n
CriOMaraTesiHu JBUKEHHsI ca MIPUETH CTOMHOCTU Ha cKopocTute V, U V,,, KOUTO Haii-
MacoBO C€ M3MO0JI3BAT P 00paboTKaTa Ha BapOBHUKA.

Hanpapenure uscienBaHus BbPXY NPOABIDKUTENHOCTTA Ha T,,IIOKa3BaT, Y€ TO €
okos0 20% no 30% ot T, npu koeTo ce noayyasaT, ~ 70%T,,, a T,, =10%T, . Bw3npue-
TOTO IPOLIEHTHO CHOTHOIICHUE Ha BpeMeHaTa mokassa, 4e 3a 30 % ot T, He e 3anbi-
KUTEITHA OXJIAX/Ialla TeYHOCT. B TO3M CMHCHII ca HAITBJIHO OCHOBATEITHU BBHIIPOCHTE:

1. Konko e 3arybara Ha MOIIHOCT OT MPUCHCTBUETO HA OXJaXKIaIlara TEYHOCT, KO-
raTo TS HE € 3aAbJDKUTETTHA?

2. KakBo e BIUSHHETO HA MOJaBaHOTO KOJIMUYECTBO OXJIAXKIAlla TEYHOCT BbPXY €Hep-
TeTUYHUTE XapaKTEPUCTUKHU B peKUMa Ha psizaHe 32 BPEMETO T,, KOraTo Ts € Hy>KHa?

3. KakBa e mpakTukara B TOBa OTHOIICHHE Ha PadOTEHUTe B KaMEHOOOpaOoTKara
dbupmu B bearapus?

Heo0xoaumMoTo KOMMYECTBO OXJIaXaala TeUHOCT e JaBa KaTo MPErnopbKHu OT (up-
MaTa MPOU3BOIUTEN Ha JUCKA. 3a HEe Mallka 4acT OT pabOTeNINTe B OTpachia OUTyBa
MHEHHETO — KOJIKOTO TIOBeUe BOJIa, TOJIKOBA MO-A00pe, KOETO € KpaitHO HeTPaBUITHO
B nyOnukanuuTe cTaHa M JOCTHITHM 32 aBTOPUTE HA JIOKJIaJa HUKBJIE HE C€ OTKpUBA
aHAIM3 Ha BIMUSHUETO HA KOJMYECTBOTO TEYHOCT MOJABAHO 3a OXJIAXIAHE BBPXY
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SHEPreTUYHUTE TMOKa3aTeIn Ha JUCKOBOTO Ps3aHe, pas3riefaHO KaTo TEXHOJOTHS 3a
00paboTKa Ha KaMbKa.

OT regHa TOYKa Ha MEXaHWKa Ha QUIYHANTE OXJIXKIAIaTa TEYHOCT € HeeTHOPOICH
¢byun (Boza U 1uiam), KOWTO € ¢ 33eMBaHe Ha Maca ¥ JIBHIKEII Ce MEXKy JIBe OJn3-
KW YCIIOPETHU CTECHU. 3a MOJ00HU NBY(ha3HH CUCTEMH CE€ J1aBaT OOIIM YpaBHEHHS 32
'bJIHATA CHEPTHs HAa TeUeHHEeTo. B Tsax obaye ydyacTBar mapameTpu U KOe(UIIMEHTH,
KOUTO TPYAHO OMXa MOTJIM Ja C€ OMPEeNeisaT IOCTAThUHO TOYHO 3a CHEeHU(PUIHUTE
YCJIOBHSI Ha IMCKOBOTO psI3aHe.

B ciydast mpu Hanudre Ha cienain3upana 3a IeJITa u3MepBaTeTHa TEXHUKA € MHOTO
10 - y/Ia4yHO pa3riieXkaaHara OIeHKa 3a BIUSHUETO Ha OXJIaXKJallaTa TEYHOCT 1a Oble
EKCIIEPUMEHTATHO OTIpeieIieHa.

4. EKCHEPUMEHTAJIHUA U3CJIE/IBAHUA

B [3] ca onucanu BB3MOXKHOCTUTE Ha MPOCKTHPAHO 3a IEJIUTE HAa CKCIICPUMEHTHUTE
U3MEPBATEIIHO YCTPOUCTBO, pealr3upaHo ¢ momoinra Ha ¢pupmara Schneider Electric.
To m3MmepBa U perucTpupa 3a BCIKA CEKYyHJIAa TEKYIIUTE CTOMHOCTH HAa JIMHEHHUTE
dba3HN TOKOBE M HAMPEKEHHW, IMbJIHA aKTUBHA U PEaKTUBHA MOIIHOCT W EHEPIHs,
KOHCYMHUpaHa OT JBUTATENs 3a/IBIKBAI TUAMAHTHUS JTUCK.

Haii-moaxonsia 3a nmpoBeKJaHe Ha €KCIIEPUMEHTAIHU U3CJIe/IBAaHUSI C€ OKa3a Kame-
HooOpaboTBamata gupma Cenument-IlpuBar rp. SA6manuma. JluckoBaTa pexernia
MalIuHa, KOSTO M3MOoJ3BaT B mIpou3BoacTBOTO € mojen 2005r. ma Mranmanckata
¢dbupma bepcanTu. 3a npegocTaBeHUTE BH3MOKHOCTH U OKa3aHOTO O€3BH3ME3/IHO Ch-
JEeNCTBUE, aBTOPUTE U3Ka3BaT CBOUTE OJIar0JIApHOCTH.

ExcniepuMeHTanHuTe M3CieBaHus Cca MPOBEIAEHU B IOCIEIOBATEIHOCTTA HA MOCTAa-
BEHUTE 3aJ1a4u:

1. Pesynrarute mojiydeHU OT M3CIEIBAHUATA 3a BIUSHUETO HA KOJIMYECTBOTO OX-
JaX1a1a TeYHOCT BbPXY KOHCYMHUpPAaHATa MOIIHOCT OT JIBUTaTeNs 3a/IBHKBAIIl IUCKa,
KOraTo Toi He pexe F, =0 (3a BpeMeTo T, OT IMKBJIA) ca JajJcHu Ha Gur.4.

be3 TeunocT koHcymarmsra e 6kW. IIpu nedut Si/cex KOHCyManusITa Ha MOIIHOCT €
12 n/cex. Ilpu ekcriepuMeHTHTE Ce yCTAaHOBH, Y€ MpH 3aaajaeHata (GpadpudHa opueH-
Talysl Ha CTPYHHUILIUTE, Lis1aTa OXaxJaala TEeUHOCT He 1ocTura Jo aucka. Camo yact
OT Hesl Ce pa3NpbCKBa, a Apyrara ce OTONBbCKBA OT Bb3AYILIHUTE BUXPU 00pa3yBaHU OT
BBPTSALIMAT CE JIUCK.

Konebanusita Ha KOHCyMHpaHaTa MOIIHOCT, KOUTO CE€ yCTAaHOBSIBAT MIPU

14

12 _—

10 /
_//
_—/

P [kw]

(=T C R ]

0 nfcen 1n/cer 2 nfcen 3 nfcen 4 nfcer S anfcen 6 .afcen 7 njcek

Boaa [nfcex]

@ur.4. Koncymupana MOITHOCT P pa3INYHO KOJIUYECTBO MTO1aBaHa BoAa
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HU3MCPpBaHHATA B PCKHUMA, CC AbJDKAT HA IIPOMAHATA HAa HAJKMTIAHCTO B MHCTAJIalUsATa
Ha oxJiaxaamara TCYHOCT, CHUJIHO 3aBHCCHIO OT TCKYHIUSA Pa3XOJ. B Tto3m PEKHUM
CBBpP3aH H3LAJIO C IMPCOOOIABAHC HA CUIIN FCLZ KOHCYMHpAaHaTa MOIIHOCT CC YBCJIN-

yaBa 100% oT nprCHhCTBHETO HA HEHY)KHATA OXJIAXKJIaIlla TEYHOCT.

2. OueHkaTa Ha BIMSHUETO HAa KOJUYECTBOTO TEYHOCT BHPXY E€HEpPreTMKara Ha pe-
’KMMa ce U3BBPIIBA HAa 0a3aTa HA AMArpaMuUTE 3a KOHCYMHpPaHa MOLIHOCT, BU3yaJIH3U-
paHu Ype3 U3MEPBATEITHOTO YCTPOMCTBO - (ur.D.

P [kw] P [kw]
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3a amarpamara € XapakTepHa pa3liiexJaHaTa HUKJIWYHOCT Ha mpoueca. Ha ¢urb e
MOKa3aH ChIIO Taka B JpYr Mamad Ha BPEMETO €AWH OT LUKJIUTE, aHAJTU3UPAH C MO-
MOIITa Ha CHCTABSIIUTE TO YYACTHIIU:

- (A-B) — pexxuM nipu KoiTO TMcKa He pexe (BpemeToT, ). KoHcymanusTa kosTo ce oT-
yuTa P, =10xW €ChbOTBETCTBA Ha Ta3H KOSITO €KCIIEPUMEHTANHO Oe cHeTa Ha ¢wur. 5.
BpemeTpaenero Ha ydacThKa € t,; = 20%T,,;

- (B-C) - ToBa e Taka HapeUCHHUAT PEKHUM Ha 3aps3BaHe, pH KouTo (¢pur. 3) ot mo3u-
st 1 (F, =0) OUCKBT ce IBUXKH ChC CKOPOCT V,,kbM mo3unus 3 (¢pur.3). Cumute

F.; C€ HamMalnsABaT HE3HAYMTEIIHO, HO CHiara F,HapacTBa HENMPEKHCHATO U KOHCYMU-

paHaTa MOIIHOCT ChIVIacHO ¢GUr.5 goctura P,. =55«W . BpemeTrpaeHeTo Ha TO3H

D
y4acTbK e tyo =—2—. IIpu D, =1.6m ¥ V,, =L1u/muun,TO t,. =16%T,;
XP

3a pexxrMa Ha 3apsA3BaHe Hy)KHATa OXJIaXKJalla TEYHOCT MOXe J1a ObJe MmoaaBaHa Jio-
KaJIHO ChC CTPYHHUK KBbM JHMCKa B oOnactra Ha cpe3a. Habmonenusara mokassar, 4e
JIBUTATEIISAT U3JIUIIHO Pa3NpbCKBA FOJISIMO KOJIUYECTBO TEYHOCT.

- (C-D) — npoabmKUTETHOCTTa HA TO3H YYaCTBK € to, =t,. =16%T, . JIbnOo4ynHaTa Ha
pe3a € H, =const, KoeTo onpenens u F, =const . CbcraBkure F,;, U F., HE ce IpoMe-

HAT 3HAYUTEIIHO, 3aII0TO YCIOBHSTA 32 U3XBHPISHE HA OTHAIbKa IPH PSA3AHETO HE Ce
npoMeHsT. J[pDKHHATa HA pe3a He € roisMa. JJUCKBT B MO-ToNsiMara CH 4acT He €
HaBJISA3BJI B Marepuaina. ToBa onpenenss KOHCyMHUpaHaTa MOIIHOCT Aa ObJie mpuou-
3UTEIIHO KOHCTAHTHA. P, =55kW (ur.5).
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ToBa € y4yacThKBT, KbJETO Hail-moOpe Morar na ObAaT KOJIMYECTBEHO OIICHEHHU ChC-
TaBKUTE Ha F,, Tl KaTO TYK F,,, MMa CPAaBHUTEIHO HA-MaJIKHU CTOWHOCTH.

- (D-E) — ToBa ¢ y4acTbK, IpH KOWTO JUCKa TBJIOOKO HaBju3a B pe3a. JUCKBT pexe
BHUCOYMHA H, IIPU KOETO pa3pyLICHUST MaTepuall HEMPEKbCHATO CE yBEIUYaBa, yBe-

JIM4YaBa C€ M IUTbTHOCTTA HA OXJIAXKAAIaTa TeHHOCT. ChIIPOTUBUTEIHUTE CUIIA MEXKTY
IMCKa U OTIAAbUYHUS MaTepuail HapacTBAT, HAPACTBAT U CUJIUTE C KOUTO TOU CE€ CMHU-
Ja 10 CTPyKTypaTa Ha MO3HATUS HU 1uiaM. loimsamara AbKMHA Ha |, 3aTpydHsBa

IIPOIIECa HA U3XBBPJISHE HA OTNAAbYHATA TEYHOCT. F,, HENPEKBCHATO CE YBEINYaBa,

o 1
a F., 3ama3Ba KOHCTaHTHA CTOMHOCT F,; ~ 5 F s

Ha ¢ur.5 yBennuenuero Ha koucymupanara momHoct (¢ 5 kW) otrosapst Ha yBesu-
yeHuTe cwm F,,, . ['oleMrHaTa Ha HapacHajgaTa KOHCyMaIlusl 3aBUCH OT Jb/DKHHATA

Ha |, T.e. OT OJIOKa, KOMTO ce pexe.
- (E-F) — 1031 y4acThK € ¢ IPOIBIKUTENHOCT te =tc, =t =16%T,, , JUCKBT U3JIU3a OT

KaMbKa CbC CKOpOCT V,,, H, HamansiBa, F, CbIIO HaMaJllsiBa, KOCTO ITO3BOJIsSIBA B Kpas
Ha y4acTbka CKopocTTa V,, Ja ce yBenuuu (npu mamuHata bepcaHTu ToBa € OCHry-
PEHO aBTOMATHUYHO, Ype3 CHTHaJ OT IbTeH amapar). CbcTaBkata F,, HaMalisiBa, HO
BCE IIaK TEYHOCTTa B pe3a HaroBapa asurarensd. C W3IM3aHE HAa JAMCKA OT pe3a 3a-
[I0YBa JIa C€ yBEJINYaBa BIUAHMETO Ha CHIMTE F. ;. B TO3u yyacThk BaKar Ipenops-
KWUTE HalpaBeHu 3a ydacTbk B-C.

- (F-G-H) - ToBa e yuacTwk OTroBapsu Ha T, OT BPEMETO T, T.€. IUCKA CE€ BPHIIA B
HalpaseHus pe3. JBMIKEHUETO € ¢ BUCOKa CKOPOCTV,, =5-10m/mun, IPA KOETO CE
U3XBBPJI UHTEH3MBHO TEYHOCT OT pe3a. B to3u yuyactek F, =0. HaroBapBanero Ha
JBUTATENS € U3IUI0 CBBP3aHO OT CHIIMTE MOPOJICHU OT MPUCHCTBUETO HA TCYHOCTTA.
OTtunTa ce MUK Ha KOHCYMHpPAHaTa MOIIHOCT P, =32«xW , ¢ur.S.

Heobxoaumo e na ce orOenexkd, 4ye B TO3M Y4YacThK C€ KOHIIGHTpUpA 3HAYUTEIHA
MOIITHOCT CBBP3aHa C MPUCHCTBUETO HA TEYHOCT, KOATO HE € TEXHOJOTUYIHO 3abIIKHU-
TEJTHA 32 PeXKUMa, T.e. Bb3MOXKHO € B yuacTbka E-F ma 3amoune HamansiBane Ha Teu-
HOCTTA, IMOJJaBaHa KbM JIMCKA, a B 1M03. 2 OT Gur.2, T Aa Ob/1e U3KITIOYEHA WU 3HAYH-
TEJTHO HaMmaJleHa.

Ha ¢wur.5 ¢ nagena u nuarpama (cextopu 1 m 2 ) Ha KOHCyMHpaHaTa MOIIHOCT IPH
paBHU JIpYTH yCJIOBHs Ha paboTa, HO C YBEJIMYEHO KOJIMYECTBO HA MOJaBaHaTa TeY-
HOCT (cexTop 2). Bumumo e 3HaYMTETHOTO HapaCTBaHE HA ChbOTBETHUTE KOHCYMHUPAHH
MOIIIHOCTHY B pasriexaanute ydacTwiid. Cien oOpaboTkaTta Ha roysiM Opoil eKcrepu-
MEHTAJHO CHETH JMarpamu MpU ps3aHe Ha BPauaHCKH BAapPOBHK, CE€ YCTAHOBSIBA yBe-
Tu4eHne Ha eHepruiinute pasxoau 10 20 % , ¢ yBeIMYEHUETO Ha KOJIWYECTBOTO OX-
JaXaama Te4Hoct ot 2.5 no 5 a/cek.

3. HampaBenute excneprMeHTH MO OTHOIIEHHE Ha M300pa Ha ONTUMAIHH CKOPOCTHU
V, 4 V, IpHU 3a7aJCHU IIapaMeTpu Ha JMCKA II03BOJIABAT IIOCTPOSIBAHETO HA 3aBUCU-

MOCTTAa Ha KOHCYMHpPAHATa CHCPIUA 3a KBAAPATCH JCHUMCTDHP OTpA3aHa IJIOIL B 3aBU-
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cumocT oT V,,. O0OpaboTeHUTe pe3yiTaT ca Mpu psizaHe Ha BapoOBUK C H, =30 cm. OT
¢ur. 6 ce ycTaHOBSIBA ChILIECTBEHO HAMAJIEHUE HA EHEPTUUHUTE Pa3xoiu
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®ur. 6. ['padrka Ha KOHCYMHpaHATa MOIIHOCT MPU Ps3aHe C Pa3IuYHU CKOPOCTH Ha
[I0JaBaTEIHOTO ABUKeHUE VX.

npu ckopoct 1.1-1.2 m/mun. Te3u pe3ynratu morar ja ObJar pas3rielaHd KaTto 4yac-
TUYHM, ThH KaTO JIMIICBAT JAAHHM 3a MO-BUCOKU cKopocTu. HesaBucumo ot TOBa TE
yOeIuTeNHO TOKa3BaT, Y€ MpU MOJAXOJAI] M300p Ha CKOPOCTTAa Ha I0JaBATEIHOTO
JBUKEHHE HKOHOMMSITA Ha eJleKTpoeHeprus € noseue ot 10%.

OuakBa ce, 4e ¢ MKOHOMHUSI Ha €JIEKTPOEHEPrus 1ie Ob/ie CBbp3aHa U ONTUMHU3ALUATA
10 JIPYTH MapamMeTpH, KaTo CKOpPOCT V, , MapaMeTpH Ha AUCKa U JIp.

5. U3BOJIU

1. OneHeHO € BIMSHHUETO Ha KOJIMYECTBOTO OXJIKAIla TEYHOCT, MOaBaHO KbM JTHC-
Ka BBPXY KOHCyMHpaHaTa €HEprus MMpH JTHAMaHTHOTO ps3aHe, pas3TieaH0 KaTo TeX-
HOJIOTUYHA 00paboTka. 3a pexuMa aHaTU3UpaH KaTo IUKINYEH € IMOKa3aHa Bb3-
MO>KHOCTTA B OIPEICTICHHU TIEPUOIN OT HEeTo Aa ObJe M3KITI0YBaHA OXJIaK/IaIaTa Teu-
HOCT, a B JIpyTW 3HAYUTEIIHO HaMmalieHa. EKCriepuMeHTaIHO € J0Ka3aHo, Y€ NpH Ta-
KOBa YIIpaBJIeHUE ce U30srBa yBeIMUEHNE Ha eHepreTHHU pa3xoau okoso 20%. Ilpu
TOBa MEPOTPUATHITA TIO peau3alusiTa Ha yIpPaBICHUETO HE MPECTaBIsABAT TEXHU-
yecku pobiieM (yrpaBiieHHe Ha KJIalaHu, peryjiipane Ha CKOpOCT U JIp).

2. Jloka3aHa ¢ eHepruifHaTa HEChCTOSITEITHOCT HAa YTBBpJICHATa Y HAC NMPAKTHKA, Ye 32
Iporieca Ha JUaMaHTHO ps3aHe € He0OX0IUMO H300HIIHE OT BOJIA.

3. Ilokaszanu ca CKCIICPUMCHTAJIHU 3aBUCMMOCTH CBBP3daHH C OINITUMHU3AIUATA HaA PC-
JKMMa Ha psA3aHC IIPU U3MCHCHHUC CKOPOCTTA Ha IMOAABATCIHUTC ABHIKCHUA. Honyqe-
HUTC PE3YJITATHU, JOPH pa3rjiIcaJaHd KaTO YaCTHUYHH CHIIO JOKAa3BAT 3HAYUTCIHO HaMa-
JICHUC Ha KOHCYMHpaHaTa CHCPIrusi, U AaBaT JOCTATbUYHU rapaHIUMK 3a yCIICXa Ha Ob-
ACHINUTC CKCIICPUMCHTHU B Ta3H I1OCOKaA.
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BE3CEH30OPHO YIIPABJIEHUE HA CKOPOCTTA HA
CEPBO3A/IBUKBAHE

Baagumup Xpucros

Pe3wome: Pazpabomeanemo Ha cucmemu ¢ UHMENULEHMHO YAPAGIeHUe e MeHOeHYuUs
8 pa3suUmMuemo Ha cucmemu 3a agmomamuyno ynpaeienue. Eono makosa ynpasnenue
npeocmasiasa ynpasieHuemo Ha ckopocmma 6e3 0ONbIHUMeIHU oamyuyu 3a o0o-
pamua épv3ka no ckopocm. B nacmosiwyama paboma ce npeonaza nooxoo 3a 6e3cex-
30PHO YNpaeieHue Ha CKOPOCMMma Ha cepeozadsudiceare (NOCMOSHHOMOKO8 O8ucamer
U 3a08UINCBAHA MEXAHUYHA CUCTIEMA) C OMYUMAHe HA eLACUYHOCT U XJIAOUHU 8 KUHe-
mamuunama cumema. llpednosicen e ancopumvm 3a Oe3CeH30pHA OYEHKA HA belo-
8ama CKoOpoCcm Ha 08UdICeHUe.

Kniwowuoseu oymu: cxopocm, 6Ge3ceHcopHo ynpasieHue, Habmooamen Ha napamem-
pume, purmvp nHa Karman, sekmop na 6bmpeuwinomo cbcmosnue

SENSORLESS SPEED CONTROL OF THE SERVO MOTOR
VIadimir Hristov

Abstract: In project of intelligent control system is a trend in the development of au-
tomatic control. One such control is control of speed without additional sensors about
feedback. This work proposes an approach to sensorless speed control of servo drives
(and DC motor drive and mechanical system) realized with friction damping and
spring in the kinematic system. In this paper is suggested algorithm for sensorless es-
timates of speed in servo drives.

Keywords: velocity, sensorless control, observer of parameters, filter Kalman, vector
on states

1. BbBEJIEHUE

Cucremara 3a ynpaBieHUE HA MEXaHUYHA CUCTEMA C €JIEKTPUYECKU ABUTATEN TPsOBa
7la OCUTYpsiBa B peaiHO BpeMe cieieHe u 00paboTka Ha nHpopMaIusaTa 3a THHAMUY-
HUTE cheTosTHUS [1] KaTo momoXxkeHue, CKOPOCT a B HIKOW CITy4ai U yCKOpEHHE.

[Ipu enexkTpo3agBUKBaHUSITa ABTOMAaTUYHATA CUCTEMA 3a yIIpaBieHUe TpsiOBa Ja OCu-
rypsiBa B peasiHo BpeMe [2] cienene u 00paboTka Ha HH(pOpPMANHSITA 32 TUHAMAIHHUTE
CHhCTOSIHHSI KaTO TIOJIOKEHHE, CKOPOCT, YCKopeHue u Apyru. OOMKHOBEHO B MTOBEYETO
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cliydail ce OKa3Ba HEBB3MOXKHO CKOPOCTTA Ja Obje M3MepeHa aupekTHo. M3mon3Ba-
HETO Ha yCTPOWCTBA 3a TUPEKTHO M3MEpPBaHE HA CKOPOCTTA Ha Baja Ha JBUTATENS B
MHOI'O OT CJIy4auTe C€ OKa3Ba HEYJAO0OHO C Orjiea Ha HaASKIHOCTTA U HEBH3MOXK-
HOCTTa OT KYIUIMPAHETO UM KbM camusl Baj. llopaau Ta3u NpUYMHA CTPEMEKA € I10
KOCBEH ITbT (MHAUPEKTHO) J1a ce MOIy4YH WH(POPMAIIHS 32 CKOPOCTTA.

OOHKHOBCHHO BEIHYMHHUTE - TOK, HANPEXKCHHE M TO3UIUA Ca yIO0OHH 3a JUPEKTHO
u3MepBane. MHpopMaiusTa 3a Mo3uIUsaTa Ha poTOpa MOKE JIa Ce MOJIyYH OT MHKpE-
MEHTAJIHUTE ONTHYCKH eHKozaepu (u.0.e.), [6] kouTo ce M3MmoI3BaT 3a M3MEPBaHE HA
BIJIOBOTO MPEMECTBAHE Ha MEXaHMYHATa OC Ha JBUTATENs OCOOCHO IPU CEPBO3aI-
BHOKBAHHS, pOOOTH, MUKPO3aABIKBAaHUS U Ipyrd. ChIO Taka CTPeMekKa € KbM HaMma-
JsiBaHE Ha OpOsl HA CEH30PUTE OT OOPATHUTE BPB3KH HEOOXOJUMH 3a YIIPABICHHETO.
Omnpenensuero (oueHsBaHeTo) [7] Ha HEM3BECTHHTE CHCTOSHHS HAa CHCTEMAaTa MOKE
Jla ce OCBINECTBsABA Ype3 HaOMoIeHue Ha cucTeMaTta. Ha 0a3a m3aMepBaHe Ha MO3H-
IIUSITa Ha POTOpa M 3aXPaHBAIOTO HAMPESIKEHUE Ha JBUTATENS IE CE CHHTE3Mpa Olle-
HUTE] 3a OCTAHAJUTE HEU3BECTHH BBHTPEIIHM CHCTOSHHS Ha E€JIEKTPO3aIBHKBAHETO
[4].

B HacTosiiata pabora ce mpe/uiara HaOIr01aTelT 3a OICHIBAHE Ha HEU3BECTHUTE ChC-
TostHMS Ha cucTemara [3] peanusupan Ha 6a3ata Ha GuiaThp Ha KanMaH 3a MexaHHYHA
cHcTeMa C IMMOCTOSTHHOTOKOBO €JIEKTPO3aIBIKBaHE.

BbB BTOpa TOYKA € HaMpaBEeHO MaTEMATHYECKO OMHCAHHME Ha MPOTHYAIINTE MPOIECH
B CEpBO3aJBMKBAHCTO M Ha 0a3a TOBa OMHCaHME ¢ peanu3upan mojaen B Simulink. B
TpeTa TOYKa € MPEACTaBeH U OMMCaH METO/a 3a ONTHMAJIHO OICHSIBAHE Ype3 JUHCCH
¢buntep Ha Kanman [5] ¢ dukcupan nepuon Ha HaOmrogeHue. B ueTBbpTa TOUKa ca
MOKa3aHU CKCIICPUMEHTAIHUTE PEe3yJITaTH U B II€Ta ¢a HAIIPaBCHH U3BOJIUTE.

2. MATEMATHUYECKO OIIMCAHUE HA CEPBO3A/IBUKBAHE
Ha ¢ur.1 e nmpencraBeH Mojienn Ha IByMacoBa CUCTEMA ChCTOSII] CE€ OT €IEKTPUUECKH
MOCTOSTHHOTOKOB JBUTATe] (INT) C TOCTOSSHHM MAarHWTH U MEXaHWYHA CHUCTeMa (To-

Bap).

w, I

W J,
—) ) )

potop  Hk  ToBap

@ur.1 /I[BymMacoB Moiell Ha JNT U MEXaHUYHA CUCTEMA
Ot ¢ur.1l. moxe fa ce 3anuIIaT u NpuBeaaT B ya00eH BU 3a paboTa ClIeTHUTE MaTe-

MAaTH4YCCKN YPAaBHCHHUA OIIHMCBAIIM IMPOLCCHUTC B ABYMACOBa CHUCTCMaA Ha CJICKTPO3al-
BHUIKBAHECTO.
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do
M-M_,-M_ =1 m
12 cl r dt
Mlz_Mczz‘JlM
at d. R. k 1
M, =k (6, -6) (1), —ia:—aia——ba)r+—ua (2),
dt L, L, L,
M =[ (b, +b)a, —be, |
M., =[(b+b )@ —bo, |
b +b
ia)r = Ia_( nt ) r_ﬁer +£ I_£0| (3)1 Eer =, (4)1
d J. N J. N m dt
d bk, (b+h) Kk d
Bl I 1y - B +59 5), —0 = 6).
dta)l J| wr \J| r J| 0)| \]| | ( ) dt | a)l ( )

Ot TFOPHUTC MATCMATHUYCCKHN YPABHCHUA MOKCM Jld 3aIlIMIICM CUCTCMATA B IIPOCTPAH-
CTBO Ha CBbCTOSHHUETO.

Rk 0 0 0 -
L, L, 1
i, ] | Ko (by+b) Kk bk |[L]|L
T e A
%a =| o 1 0 o o |6 |+o |u] ()
@ 0 b k (b+h) Kk |@| |0
_0|_ ‘]I ‘]I ‘]I | _el_ O
0 0 0 1 0 L
Cucremara (7) e oT BHIa %X=AX+ Bu,
KBJIETO:
Rk 0 0 0 o
L, L, 1
Ko (D) k. bk L
o, A A 0
x=|0, A=| 0 1 0 0 o B=|0
o 0 b ko (b+h) Kk 0
_9|_ Jl JI JI JI O
0 0 0 1 0 L
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R, - KOTBEHO CHIPOTUBIIEHHE [Q];

L, - MHIYKTUBHOCT Ha pa3ceiiBaHe Ha KOTBEHaTa HaMOTKa [H];

V.s
k, - Koe(UIIMEHT 3a BPb3Ka MEKIY €.71.C. © CKOPOCTTa [_d} :
ra

Nms
b, - Koeq)HuHeHT Ha BUCKO3HO TPUEHE Ha pOTOpa {—d ;
ra

Vs
K. KOe(UILIMEHT 3a Bpb3Ka MEKy MOMEHTAa U TOKa {rad } :

J. -MHEPIIMOHEH MOMEHT Ha BaJjia [kgmzj X

m
J, - THEpPLIMOHEH MOMEHT Ha TOBapa [kgmzj ;
Nms | .
b, - Koe(bHuHeHT Ha BUCKO3HO TPUEHE HA TOBapa | —— |,
rad
k. - Koeq)HuHeHT Ha TBBPJOCT Ha MEXaHUYHATa BPB3Ka MEXIYy pOoTOpA U TO-

P rad |’

Nms
b - koeduIMeHT Ha TeMIIpupaHe MEXIy poTOopa U TOBapa g |
ra

enekmpu4vecka yacm Ha MNT4

MexaHuyHa yacm Ha T4 4 7.&
4 T — Spring
amping
Visc damy
)4 T
]

®ur.2 Mogen Ha ejaexTpo3aasmkBaneTo B Simulink

B maTemarnueckoTO ONMMCaHWE Ha JIByMacoBa CHUCTEMa Ca OTYCTEHU BCHUKH HEHHU
napamerpu. Ha 6a3ata Ha ropHuTe ypaBHEHHS ¢ m3rpajacH mozaen B Simulink cpenara.
BekTopa X oT4MTa MPOMEHJIMBH Ha BHTPEITHOTO CHCTOSHUETO: KOTBEHHUS TOK; BIJIO-
BOTO ITO3UITUS ¥ BIIIOBAaTa CKOPOCT Ha BaJia HA JBUTATENIS; BIIIOBOTO IMO3HUIIUS U BIJIO-

BaTa CKOPOCT Ha MEXaHWYHaTa cucTema (ToBapa).

3. AJITOPUTHM 3A BE3CEH30PHO YIIPABJIEHUE HA CKOPOCTTA

HA CEPBO3A/ZIBUKBAHE

Bb3cTaHoBsiBaHEe HAa BBTPEIIHOTO CHCTOSIHHE HA CHCTEMaTa MOXE Jla CE€ pelu yc-
MENIHO ¢ ONTUMAIHA JIMHEeWHA QuiITpanus ype3 u3noia3Banetro Ha Guintsbp Ha Kanman.
OcBeH TOBa C OIEHSIBAHETO Ha JIMHEHHATa CKOPOCT [7] Ie ce OICHUM U OCTaHAIHUTE
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IIPOMCHJIMBH Ha CBCTOSAHHUECTO. TOKA, bIJIOBATA IIO3HUIHUA U CKOPOCTTAa Ha poOTOpa, bI-
JIOBATa IMO3nIMA U bIJIOBA CKOPOCT HA TOBApa.
Cucremara MOXxe Ja A OIMUIICM B IIPOCTPAHCTBO HA ChCTOSSHHUECTO BHB BHUIA.

X(t) = AX(t) + Bu(t) + w(t), t>t,

y(t) = Cx(t) +v(t), t=t, (8)
KBJIETO:
X(t) - BEKTOp Ha BETPEIIHOTO CHCTOSHUE

y(t) - BEKTOp Ha U3X0Ja HA U3MCEPBAHUTE ITapaMETpH
w(t) - OsJ1 TayCcOB LIYM OT 33JIBU’KBAHETO C KOBapuallMOHHA MaTpuia Q(t)
v(t) - 051 TayCOB IIyM OT U3MEPBAHETO C KOBAPHAIIMOHHA MaTpulia R(t)

®duntbpa Ha Kanman ce npeacrass cbe ciieHaTa CUCTEMA !

>A<:A>A<+Bu+K‘y—C>A(, X(t,) =0

K(t)= PC"R™ (9)
P=AP+PA" +Q-PCTRCR

KBJETO:.

X - Ha0JII0/1aTeN Ha BEKTOpa Ha BHTPELIHOTO ChCTOSIHUE X(t)
P(t) - kOBaprHallMOHHATa MaTPHUIa Ha IPEIIKaTa OT OLCHSIBAHE,
K(t) - koedurmeHT Ha ycuiaBane Ha Kanmas.
[Topanu AuckpeTHHS XapakTep Ha Mpolleca Ha W3MepBaHe, cucreMata (8) TpsiOBa aa
Obae muckperusupana [8]:
X(k +1) = Ax(k) + Bu(k) + w(k)

y(k) = Cx(K) +v(K) (10)

N3non3BaneTo Ha nuckpetHusa puiarbp Ha KanmaH ce npeactaBs B 1BE CTHIIKU:

1. Ha mppBaTa cThIKa ce ompenaens Tekymara orneHka x(k|k) Ha BekTopa Ha
BBTPEIIHOTO CHCTOSIHUE B MOMEHTaA K BB3 OCHOBA Ha TEKYyIIOTO M3MepBaHe y(k) U a

priori“ orneHkara Ha BEKTOpa >A<(k |k —1) B npenxomanus MmomeHT k —1. IIpecmsita ce ko-
BApHUALIMOHHATA MAaTPULIA HA TPELIKATA HA OLICHSIBAHE.
Ta3u cTbIKa OTroBaps Ha pellaBaHE HA YpaBHEHUETO Ha Pukaru !
K(k)=P(k|k-1)C".[C" P(k|k-1)CT + R(k)]’1 (11)
2. Ha BTrOpara cThika ce mpecMsTa olleHKaTa ,,a POosteriori Ha BekTopa Ha BbT-

pemHOTO ChCTOsAHME X(K+1|Kk) M ce ImporHo3upa KOBapualMOHHATa MaTpuliara Ha
rpemkara Ha oueHsBane P(k+1|k) .

Ha ¢ur.3 e mokasan peanusupanus HaOmogaTeln ¢ Gpuntbpa Ha KaiMan B cpefaTa Ha
Martna0.
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4. EKCHEPUMEHTAJIHU PE3YJITATH

®ur.6 Ckopoct Ha poTopa
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®ur.12 briosa mo3unug Ha MeX. ®ur.13 Onenenara bIr10Ba HO3ULNAS
Ha MeXaHu3Ma

B Ta3u TOouka ca mpeAcTaBeHM pe3yJITATUTE OT HAIPaBeHOTO u3cieasaHe. M3cnensa-
HETO MMa 32 IIeJ JIa OICHH ChOTBETHHUTE CHCTOSHUS () Ha cHUcTeMaTa MpH MyCKaHEe U
crupaHe Ha ABurartelnsd. B nsBara kojioHa rpaduKuTe O0Tpa3sBaT peaJHUTE CUMYJIALH-
OHHMUTE M3CIIC/IBAHMS HAa ChCTOSHUATA HA CUCTEMATa, a B JACHATa 4acT rpauKuUTe
MOKa3BaT OLIEHEHUTE ChCTOSHUSA Ha chlUTe upe3 puntbpa Ha Kanamu. Ot rpadukure
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ce BMXKJIa, Ue OIEHKUTE Ce MOOIMKABAT C JIOCTaThuHA TOYOCT J0 PEATHUTE BHTPEII-
HUTE CHCTOSHHSI.
5. I3BOA1

Mopenupana € IByMacoBa CHCTEMa CBCTOSIIA CE€ OT MOCTOSHHOTOKOB JIBUTATEN M
3aJBU)KBaHA MEXaHWUYHA YacT C OTYMTaHe Ha jydroBere M xiabunure B Simulink
cpenata. M3BbpieHa e oreka Ha brioBaTa CKOPOCT Ype3 M3MOI3BaHe Ha QuiThpa Ha
Kanman ¢ ¢pukcupan nepuon Ha Habmoaenue. [Ipeanoxenns moaxos 3a 6€3CEH30PHO
YIIpaBJICHUE HA CKOPOCTTA Ha CEPBO3a/IBUKBAHE C MOCTOSTHHOTOKOB JIBUraTel MO3BO-
JsIBa Ype3 U3NOJI3BAaHETO Ha MH(OpMAIKs 3a TO3UIHITa HA POTOPA M BXOJHOTO Harl-
peXeHue, J1a Ce OCHIISCTBH PEaTHO OIEHKA KAaKTO Ha CKOPOCTTa Taka M HA OCTaHa-
JIMTE BHTPEIIHU ChCTOSHUS HAa CHCTEMATa.
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BLUETOOTH/WI-FI YIIPABJIEHUE HA POBOT
C HOBUIIEHA MOBUJIHOCT

Banentun HukouioB, Bragumup 3amanos

Pe3ztome: B 0oknada ce npedcmaes pearusupan KOHmpoaep 3a OUCMAHYUOHHO YNpPAaG-
JleHue Ha gepudicer moouien pooom. KomyHuKayuoHHOmMo 36eH0 Ha KOWMpPO/iepa e uz-
2paoeno Ha MOOYIeH NpuHyun u noseossa uznonzsanemo na Bluetooth wiu Wi-Fi,
Kamo cpeocmea 3a 0Oe3dicuden npeHoc Ha OAHHU. Ynpasnienuemo Ha 6epudicHama
niamgopma ce ocvwecmessa om nompebumencku uHmepgelc pearuzupamn 6 cpe-
oama na Labview. Vnpaerenuemo e docmvnno xakmo om nepcomanen KOMniomwp,
maka u om mMoounen menegou.

Knrouoeu oymu:. mobunnu pobomu, ynpaenrenue na osueamenu, Bluetooth, Wi-Fi,
Hnmepnem, oucmanyuonno ynpasnenue, Labview.

BLUETOOTH/WI-FI CONTROL OF
HIGH MOBILITY ROBOT

Valentin Nikolov, Vladimir Zamanov

Abstract: The report presents an implemented controller for remote control of tracked
mobile robot. Communication module of the controller is built modular and allows
using Bluetooth or Wi-Fi as unit for wireless data transmission. The remote control of
the mobile platform is performed by a user interface implemented in the Labview
area. The robot can be controlled from either PC or mobile phone.

Key words: mobile robots, DC motor control, Bluetooth, Wi-Fi, Internet, remote
control, Labview

1. BbBEJIEHUE

B noknama ce mpeacTaBsi peaqu3upaH KOHTPOJIEP 3a TUCTAHIIMOHHO YINpaBJICHHUE HA
BeprkeH MoOmieH pooot. B [1] e npeacraBeHa mbpBa Bepcusi HA KOHTPOJIED 3a YII-
paBJICHHE Ha €JICKTPOABUTATEIIN, KATO KOMYHHUKAIMATA CE OChIeCcTBsIBA upe3 RS-485.
TO3u BbpBU MPOTOTUIT UMA MHOTO(YHKIIMOHATHO MPUIOKEHNWE U BB3MOKHOCTH 3a
YIpaBJICHHE KAaKTO HAa MOCTOSIHHOTOKOBM EJIEKTPOJBUTATENIM, TaKa U TOIMYJISIPHUTE
xo0u cepBo 3anBmxkBanus. CtpurroBo 6azupanus (ASCII) mporokos mo3BossBa yii-
pPaBICHUETO Ja CTaBa Mpe3 MPOW3BOJHA TEPMHUHATHA TporpamMa WU CpPelad Karo
Matlab u Labview. KonTposepa ycreniso ce npujiara B 4eTHPH BEPCHH Ha €KCIICpH-
MEHTaJIHH OMHUKOJICCHU MOOWIHH TuiaTtdopmu [2].
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Ha ¢ur.l. e noka3aHo KOHCTPYKTUBHOTO pEIICHUE Ha peaiu3upaH MOOMIIEH pOOOT C
TPH YNPABJISBAHM JIBUraTENs B OIJIEA OTIOPE U OTIOIY.

L

@ur.1l. OmHukonecen mobunen pobom c mpu ynpasisa8anu Koieid.

KomyHukamusara Mexy KOHTpOJiepa M YIPaBISIBAIIUS KOMITIOTHD CE€ OCBHILICCTBSBA
no 6ezxuuna Wi-Fi mpexa. Jlokamna Wi-Fi mpexa e peannsupana ¢ 6e3xu4eH pyTep
kbM LAN mopt Ha KOHTO ce cBBp3Ba mpeoOpasyBaren Ethernet-RS485 ma ¢upma
MOXA. IIpeoOpa3yBatens npenaBa no RS-485 untepdeiic naHHUTE KbM KOHTpOJIEpa
3a ynpaBJICHHE Ha JBUTATeNHnTe. BHpXy 1uiatdopmara e GUKCUpaH MakeT ¢ aKyMyJia-
topau Oatepuu. [IporpamHara cpena u3nona3BaHa 3a oOpaboTka Ha MH(oOpManuUsATa €
Matlab. JIBmwxkeHue Ha poOoTa ¢ TpU CTEIEHU Ha cBOOO/IA ce 3ajjaBa C KOHBCHIIMOHA-
nen USB mxoiicTuk oT oneparop.

1. KOHTPOJIEP 3A YIIPABJEHUE HA BEPUXKXEH MOBUJIEH POBOT
Ha 6a3a mocturnatute pesyartatu Oe peanusupaHa BTOpa BepcHs Ha KOHTPOJIEpa,
KOHKPETHO pa3paboTeH 3a ympaBlieHWE Ha HU3CIEAOBATEIICKH BEPHIKEH MOOWIIEH po-
6ot. Ha ¢wur.2 ce nemoncTpupa BepuxkHaTa miatdhopma U pa3noIoKeHHUETO Ha KOHT-
poJiepa B OCHOBAaTa H.

®ur.2. CHUMKA HA BEPUNCHAMA NAAMMOPMA U PAZNOLONHCCHUCMO HA KOHMPOLEPd 8
ocHoeama .

o -

KontponepbT € npoekTupan 3a ynpaBlIeHHME Ha MOCTOSHHOTOKOBHU JBUTarenu. Be-
prxHaTa TaTdopMa pasmosiara ¢ JBa ABUTATENS, KATO MAKCHMATHUST TOK TMPE3 BCe-
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KM OT TsX goctura 1.5 A B ycTaHOBEH peXuM, KaTo 3aXpaHBAIIOTO HampexeHue e 12
V. Te3u U3X0AHU JaHHU ca ONpeNeNslly Mpu u300pa HA KOHKPETHA JipaliBepHa cXe-
ma. Tl Kato 3a MOAOOHW NPUIIOKEHUS PEBEPCHUPAHETO HA ABUTATEIHNTE € 3a/bJI-
YKUTEITHO TOBA HaJlara M3MO0JI3BaHETO Ha MOCTOB JIpaiiBep 3a yIpaBJIEHUETO HA JBHUTa-
tenute. bsaxa u3dpann H-mocroBu cxemu BTS7810K mpemnaranu ot Infineon [2].
Cxemara e B unTerpaito (SMD) u3nbiaHeHue u ocurypsiBa mukoB Tok 10 7 A. KoraTto
Ce W3MOJ3Ba KaTo mhJieH H-MoCT mpaiiBep, YWIBT MO3BOJISIBA YIPABICHUE HA €IUH
esniekTpoaBuraTen. Brpajgenara aBTomMmaTU4HA 3alIMTA 110 TOK U IPETrpsiBaHE rapaHTUpa
0e3npobieMHaTa 1 Oe3omacHa paboTa JOpH MPU EKCTPEMHH CHTYyaluu (OJIOKHpaHe Ha
JIBUTaTell, BUCOKA OKOJIHA TeMIIeparypa u JIip.).

Ha ¢ur.3 e mpeacraBeHO CXEMHOTO pEUICHU 3a yIpaBieHHEe Ha JpaiiBepa. Bceku
TPAH3UCTOP OT YETUPUTE paMeHa Ha MOCTa C€ YIpaBisiBa OT OT/AENEH BXOA. Thil KaTo
eJITa € J]a C€ OCUTYPH YIpaBlieHWEe Ha MOCOKAaTa U CKOPOCTTa, HE0OX0aUMO € 100a-
BSHETO Ha JOMBIHUTEIHO BBHITHU KOMIOHEHTH. KBM cxemara ca CBbp3aHH JiBa
nByBxonoBu M-mormdecku enementa (74HCTO08). /[Ba oT BXOj0BeTe ce CBHP3BAT B
o0Ia Toyka, KaTo 1Mo TO3M HAa4MH ce peanu3upa Bxoj 3a paspemienue (PWM). [Tpu
nojiaBane Ha oe. ‘0’ U3X0qUTe U Ha JBaTa €JIeMEHTa ce HyJIUpaT, KaTo M0 TO3U HAaUHH
BCHYKHU TPAH3UCTOPH OT MOCTa ca 3amylieHd. [Ipy Ta3u mocTaHOBKa JBUTATENS HE C€
BepTH. [Ipu 102, ‘1’ Ha BXxoJa 3a pa3penieHue, U3XoauTe Ha ABata M-enemeHTa npue-
MaT CBIUIUTE JIOTUYECKUTE HWBA, KAaTO TE3M MOJAJCHUTE Ha CBOOOJHHUTE BXOJOBE
(DIR1_1 u DIR1_2). Te ce u3moi3BaT 3a ypaBlecHHE Ha IIOCOKaTa Ha BbpTeHe. B To-
31 ciydail komOuHaus ‘10° 3amaBa yciioBHO MOcoOKa MO YaCOBHMKOBATa CTpeJKa, a
‘01’ pecnextuBHO oOpaTHaTa. KomOunamuu ‘11’ u ‘00’ ce uHTepnpeTnpar oT JIOTH-
KaTa Ha JpaiiBepa KaTto CTOIl Mpoleaypa, MPU KOETO KbM JBUTATENs HANpEKEHUE Ha
ce Mmo/1aBa.

- 1
NC =

DHvS
DHVE

NC p——

DIR1_1 1

BTSRI0K 12

&H2 |
DLz

EH1

DLl -ui"—r

®ur.3. BTS7810K - /[patisepna cxema 3a ynpaesnenue Ha eOur ejex-
mpoogueamei.

OcseH kato Bxoj 3a paspemieHue, PWM ce u3nosnsBa 3a ynpaBlIeHHE CKOPOCTTa Ha
BbPTEHE. 3a LeNTa € He0OXOANMMO TO3M BXOJ J1a C€ CBBPKE KbM M3TOYHHK HA HIMPO-
YHHHO-UMIYJICHO Moayiaupanu curHanu (IIIMM). Ilpu mocrosiHHa 4yecToTa ce mpo-
MEHS €IMHCTBEHO MPOIBJDKUTETHOCTTA HA UMITYJICa, KATO OTHOILIEHUETO HA TE3U JIBE

299



BeIMYMHK Je(DUHUpA MapaMeThp HM3BECTEH KaTro KoeduiMeHT Ha 3ambiBane (K3).
CroitHoctTa My ce u3meHs B nuama3ona ot 0 — 100 %. Karo uzrounuk va [IIM cur-
Haiu e u30paH mukpokontposep PIC18F2525 na ¢pupma Microchip. MukpokoHTpo-
JEPBT MoAbpKa ABa He3aBucuMHu xapayepHu LIMM m3xona. Beeku oT TsX € cBbp3aH
KbM JBaTa BXOJa 3a paspelicHue. 3a KOHKPETHOTO MPHJIOKEHU, KOCPUIIUEHTHT Ha
3ambJIBaHE Ce 3a7iaBa ¢ oceM OuToBa kKoMOuHarus, pu koeto 0 chorBeTcTBa Ha 0 %
K3, a 255 na 100 %. [IpeasuaeHa e onmus 3a IPOMsSHA Ha YECTOTATa, KaTO MOTPeOu-
TEJIA 11e U30Mpa MEKIY HIKOJIKO (pUKcHpaHu 4ecTOTH (BHXK T. 4 1O J0TY).
Komynukarusita ¢ MukpokonTpostepa ¢ o cepuitia UART (TTL) muna. [IpeasuacHu
ca HSIKOJIKO Bb3MOXHOCTH 3a JOCTHI 10 KoHTpoJiepa. [1o moapazoupane UART cur-
HajuTe, upe3 cxema /5176 ce mpeobpasyBar g0 RS-485 unrepdeiic. M3non3BaneTo
My Ha TO3H €Tall € OPraHNuYHO, Thi KaTO YIpaBJICHUETO HA MOOMIHATA aTdhopma B
TO3U BapuaHT OU CTaBajo MOCPEACTBOM JIOCTAThUHO ABIBI Kaben. ToBa 6u HamManuio
MOOMIHOCTTa Ha cucTemara. lIpenBmxkna ce B Objaecmie A00aBSHETO HA JIOMBIHU-
TEJTHO €JICKTPOHHU MOAYJIH (CEH30pH, KOHTPOJIEP 3a YIpPaBJICHUE OT MO0 BUCOKO HUBO
U JIp.), IPU KOETO KOMYHHUKAIUATA U KOOPAMHAIUATA MEXIY TAX IIE ce ObJIe OpraHH-
supada o RS-485 untepdeiic. [Ipu HeoOX0UMOCT TO3H HHTEPEHC MOXKE 1A CE U3K-
JI0YBa C JDKBMIIEp. 3a Ja ObJie Bb3MOKHA KOMYHHUKAIMATAa M C JIPYTH CPEICTBA
UART curnamute (TX, RX u Maca) ce u3Bex1ar Ha OT/CIICH, BHHIIIEH KOHEKTOP.

Ha ¢ur.4. B n11B0 ce BMXKJa KOHTPOJEPHT B 3aBBPIICH BUA. B ISICHO € IpencTaBeH
KOHTPOJIEPHT C MOHTHUPAH MOJYJ 32 O€3KMYHA KOMYHUKaIMs, pa3riieJlaH B Cie/iBa-
1aTa TO4Ka.

®ur.4. Boruwen 6ud na konmpoaepa (J15160) U KOHMPOAEPLI C MOHMUPAH MOOYI
3a 6e324CUYHa KOMYHUKAYUSL.

2. BE3J KNYHA KOMYHUKAIIUA C KOHTPOJIEPA
OT chBpeMeHHa IIeIHa TOYKa Oe3KMYHA KOMYHHKAIIWS [IPH yIpaBJIeHue Ha MOOMITHA
poboTu ¢ 3amabmkutenna. Olle MmoBeue, Pa3BUTUETO HA TEXHOJOTMUTE OCUTYPH €B-
THHH W JOCTBHIIHH CPEACTBA, C KOMTO MOTPEOUTEIIS MOXKE Ja Ipeaaae IUCTAHIIHOHHO
JaHHU Ha rojeMu pasctosuue (¢ IHTepHeT 1 10 BCsKa TOYKA Ha CBeTa). 3a IEIUTe Ha
npoekrta ca u3dpanu Bluetooth u Wi-Fi epwvsku. Ilpemmaranure alTepHaTUBH ca MHO-
ro, HO IIeJITa € Jla ce MoadepaT MOILYJIH, KOMTO Jia ObaaT B3auMHO 3aMeHsieMu. Pupma
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Connectbule [3] npemiara mogoOHU pelIeHUs, MHOTO TOAXOIAIINA 332 PA3IUYHU Pa3-
BOWHU TpwiokeHus. [Ipenimarannte MOAyIu ca ChC CXOIHU TabapuTHU pa3MepH H
pa3NoNOKEeHHEe Ha W3BOJUTE, KOETO TO3BONsiBa 3amsHata Ha Bluetooth xomy-
aukamusta ¢ Wi-Fi 6azupana takaBa ;a ctaBa camo ¢ pa3MsiHa Ha MECTaTa UM BBPXY
I[OKBJI.

Peanu3upana e KOMyHHUKAITMOHHA TUTaTKa BHPXY KOSATO € 3allOCH IOKBJI 32 MOHTaX Ha
Bluetooth i Wi-Fi Moay:1, KakTo U Ch-
IHTCTBAIA €JIEKTPOHUKA HE0OXoIuMa 3a
oXuBsBaHEeTO WM. [lnmarkara ce cBBp3a
KBM KOHTpOJIEpa C MOAXOISAI] KOHEKTOP.
H3nomnsBanu ca moagen CB-OBS4111-04-0
3a Bluetooth xomynmkarmmsita u CB-
OWS4511-04-0 3a Wi-Fi. Caumka Ha
JIBaTa B3aMMO3aMEHSIEMU MOJIYJIH MOXKE
Jla ce BUAM Ha ¢ue.S.

[Tpu pabora ¢ Bluetooth, momymrsT GuBa
pasMo3HAT OT YNPABJISABAIIUS KOMITIOTHD
KaTo BUpTyaJIeH cepueH mopt. Ot riaeaHa
TOYKA Ha MOTPEOUTENs MO-HATAaThITHATA
paboTa ¢ HHIO HE ce pa3audaBa OT pa-
0otata c¢bc crangaprer RS-232 moprt. Wi-Fi MoayabT cTanmapTHO pabOTH KaTo Mac-
TBpP YCTPOKHCTBO, cbe 3aaaaeHo |IP u TCP nopT 3a kKoMmyHUKAIMS.

®ur.5. Bluetooth (zs60) u Wi-Fi (0scno)
MOOYIIU 3a OE3MHCUYHA KOMYHUKAYUSL.

3. IPOTOKOJI 3A KOMYHUKALUSA

Komynukarusita u ¢ aBara moayia ¢ crpunroo (ASCII) 6asupana u craBa Ha 0a3a
IPOTOKOJI Ch3/1aJIeH 3a KOHKPETHOTO MpuiiokeHrne. opMaThT Ha MPOTOKOJIA € Clel-
st — 11 01 1 255 1 255 \r\n. /Tepsu 6um “:’ yka3Ba Hauayio Ha ChOOIIEHUETO. Bmo-
pu oum ‘1’ 3agaBa aapec Ha KoHTpoJiepa. [lpwinoxuus codTyep Mo3BoysiBA €-
HOBPEMEHHOTO YTpPaBJIEHUE Ha HIKOJIKO KOHTpOJEepa CTUTa T€ Jia ca C pa3IuyHu aji-
pecu. [lopaau Ta3u npuyrMHa BCEKU KOHTPOJIEP MPUTEKaBa COOCTBEH YHUKAJICH aJIpec
3amaneH ¢ yucia ot 0+9. Tpemu u uemevpmu 6um popmupar nBynudpeHo aece-
TUYHO YHUCIIO, KOETO MOKa3Ba MOpeJeH HoMep Ha peructsp. OTaenHure QpyHKIUU B
KOHTpoJiepa ca 06ocoOeHu B perucTpu. Ha To3u etam ca peanusupaHu 1Ba pecucmuvpa
01 — 3ajmaBarir CKOpOCT U MOCOKA Ha JIBMXKEHUE U pecucmuvp 02 — ompeaesnsii 4ecTo-
tata Ha [IHMM monynauusta. [lotpeburtens Mmoxe a uzdupa Mexay net puxkcupaHu
yecrot: 1kHz, 5 kHz, 10 kHz, 15 kHz u 20 kHz. humose om 5 0o 12 ca undopma-
[IUOHHU U ChABPKAHUETO UM 3aBUCH OT PETUCTHpa KONTO 11e ce noissa. [Ipu pee. 01
— 1meTu OWT 3aj7aBa MOCOKAa HAa BbPTEHE HA €IUHUSAT CJICKTPOJBHUIaTell, a outoe 6+8,
KoeduiueHt Ha 3ambiaBane 3a [IIMM Monynanusta 3a ChIIMAT ABUTATEN U3pa3eHa C
oceM OutoBo umncio (0+255). burose 9+12 ca aHanOrM4YHH, HO YNPABISIBAT BTOPHUS
neuraten. [Ipu pee. 02 — ce u3nons3sa camo nocneaHusAT 12-tu O6UT, ¢ KOUTO ce OKa3Ba
nopezieH Homep 3a pukcupana yecrora (ot 1+5). [Tocneauure nBa 6ura “\r\n” 3ana-
BaT Kpasi Ha ChOOIIEHUETO.

301



5. MPUJIOKEH CODPTYEP

B cpenara na Labview e peanmsupano npunoxxenune (¢ur.6), ¢ koero Ja ce yJiecHsBa
pabotata Ha MOTPEOHTENST TPHU JUCTAHIIMOHHOTO
yopasieHre Ha Iatgopmara. OnepaTopbT HMa
BB3MOXKHOCT 3a n300p Mexay Bluetooth wau Wi-Fi "

KOMyHUKalus. B mppBusa ciiyyail ce 3ajgaBa ce- -
PUIHKS TIOPT 3a BPB3Ka, a BbB BTOpHs |P-anpeca u v aw @ e
TCP nmoptsT 3a komyHuKanus. Ciex yka3BaHe Ha e
MOIXOJIAIIMS aJpec Ha KOHTPOJIEpa, ¢ POTAIMOHHH /7 \ /_\
KOHTPOJIM MOXeE Ja ce AepuHupa ckopoct (upes W / (Se)

Lol N

Server bl 192.168.1.118 ] Port: 5003 ]

a0- |

P

KOC(UIIMECHTHT HA 3aIbJIBAHE) 332 BCEKHM OT JIBaTa N
nasurareis. Upe3 OyTOHU ce ympaBiisgBa jKellaHaTa e
HIOCOKa Ha JBrkeHue. Korato ckopoctute 3a J1Ba- & o« | ®
Ta JBUTATENsl Ca PAaBHU 3aBUBAHETO CTaBa Ha MsiC- o |

to. Korato e HeoOXxommmMo peaan3upaHeTo Ha
TTAJKA TPACKTOPUHM, TO TOBAa MOXE Ja CTaHE C
MPOMSIHA CKOPOCTHUTE B IBETE KOJIEa. [
Peanusupano € cbu10 Taka MpUIIOKEHUE 3a YIIPAB- e
JIeHHWeTO Ha 1iaTdopmara upe3 MoOuseH TeinedoH ®ur.6. [punoscenue 3a yn-
wn tabner (Windows nim Windows Mobile 6a3u-  pasrenue upes komniomvp unu
paHmu). Mobuen meneghon.
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PA3ZBUTHUE HA CEH30PHATA CUCTEMA HA
N3CJIIEJOBATEJICKHN MOBUJIEH POBOT

Baagumup 3amanos, Aranac lumurpos, Crtanuciiap CuMeoHOB

Pe3ome: B pabomama e nanpagen anaiu3 Ha paseumuemo Ha pa3iuyHume CeH30pHU
cucmemu 8 Cb8PeMeHHUmMe BUCOKOMOOUTHU POOOMU CbC CpedeH U MANbK pasmep.
Hegunupanu ca cneyuguunume u3UCK8AHUS KbM pPA3TUYHUME BUOOBE CEH30PU OM
2/leOHa MOYKA HA KOMNAKMHOCM, eHepeonompebienue u o6vpsooelicmaue npu oopa-
bomxka Ha uzmepsanume seaununu. [lpedcmasena e KOHYenyus Ha CeH30pHA CUCmema
HA  MATbK OUCMAHYUOHHO YNPAGIsem U3CAe008aMeNcKU BUCOKOMOOUIeH pobom.
Ananuzupam ce napamempume Ha camusm pooom u pabomuHama CYyeHda OYeHs8aHU
CbC ceHzopume U pazuupasayy QYHKYUOHAIHOCMMA HA poboma, oCusypa8atKu my
eleMeHmu Ha a8MOHOMHOCH.

Kniwouoseu oymu: sucokomoodunern pobom, uzciedogamencka niamepopma, yimpazey-
KOBU CEH30pU, 1a3epeH CKeHep, UHPpauepeerl ceH3opu

DEVELOPMENT OF THE SENSORY SYSTEM OF
AN INVESTIGATON MOBILE ROBOT

Vladimir Zamanov, Atanas Dimitrov, Stanislav Simeonov

Abstract: The work analyzes the development of the different classes of the sensory
systems in modern mobile robots with medium and small size. There are defined the
specific requirements for the different types of sensors in terms of compactness, power
consumption and performance in processing the measured values. Concept for
building a sensor system suitable for implantation in a small remote controlled high-
mobility robot for investigation is present. The parameters of the robot and working
stage, evaluated by sensors and expanding functionality of the robot, providing
elements of autonomy are analyzed.

Keywords: high-mobility robot, investigations platform, ultrasonic sensors (US),
LIDAR, infrared (IR) sensors.

1. BBBEJAEHUE

Bucoxomobunnume nazemuu pobomu [1] Hamupar Bce MO-NIMPOKO NPUIOKCHHUE U
MMaT ToJIIMO KOHCTPYKTHBHO pa3zHooOpasue. Te3um poOOoTH ca CTaTMUHO YCTOMYMBH
BbPXY PAa3HOPOAHHU TEPEHH, pa3Npeessiki paBHOMEPHO HaTOBAPBAHETO HA KOHTAaK-
THaTa IJION] BhPXY TEPEHA M MOrar Jia MpeoJ0JisiBaT BePTUKAIHU (HAKIIOHU, HEpaB-
HOCTH, CThIIAJIa U HUCKH TaBaHW) M XOPH30HTAJIHHU MPETSATCTBUsL (DOBOBE U TECHUHU)
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[2, 3]. M3non3Bat ce B 00J1aCTH CBBP3aHK C aHAINU3 U padoTa B OMACHU CPE/IH, POyY-
BaHe mpu OEICTBUS M aBapH, BOCHHU U OXPAHUTEIHHU NEHHOCTH, KaKTH | 3a 1a6opa-
MopHU U HayyHu uzcieoganus. OCOOCHO MOAXOASIIN MPU UHCIIEKINS Ha TPYIHOIO0C-
TBIIHU OTKPUTH U 3aTBOPEHU IPOCTPAHCTBA Ca U3CA€008ameaCKUme MOOUIHU pooomu
(MP) ¢ xommnaktHu pasMepu ot Jiek tum (10 50kg). Upes umIuieMeHTHpaHe Ha pas-
BUTA MYIMUCEH30PHA CUCmeMa Ce TIOCTUTAa BUCOKa (YHKIIMOHATHOCT, MOBHINABA CE
HAJCKIHOCTTA MpH paboTa U ce pasmupsiBaT Bb3MOKHOCTUTE 3a aHalIW3 Ha paboT-
HaTa creHa U cpefa. [loaxoapT mpu MPOEKTUPAHETO U M3TPAKIaHETO HA CEH30pHATa
CHCTEeMa € B TSACHA Bph3Ka C IEJIEBOTO MpeIHa3HaueHne Ha poOoTa u criennudukara Ha
3amaunte. [lpu gobaBsiHe Ha HOBU CEH30PH MOAOOpSBAIIN HHPOPMAIIMOHHUTE BbH3-
MOKHOCTH € HEOOXOJMMO Jia c€ B3eMarT I0J BHUMAaHHUE CJICIHUTE HETaTUBHU 0CO0OE-
HOCTH:

e YyBeIWYaBaT C€ M3WCKBAHUATA KbM (PU3MUECKUTE MapaMeTpu Ha podoTa -
rabapuTH U Tero;

® VYCIOXHSIBAT C€ alfOPUTMHUTE 32 00paboTka Ha mH(MOpPMAIUs OT CEH30-
pure;

® TIOBHILABAT C€ M3MCKBAHUATA KbM M3UHCIUTEITHUAT pecypc Ha poboTa oT
CTpaHa Ha OBbP30JICHCTBUE U BXOJHO M3XOAHH JTUHUH;

® TIOBHIIABAT CE M3MCKBAaHUATA KbM KOMYHHKAI[MOHHATa CHCTEMa Ha po-
00Ta u3passBaiia ce B yBeJIMYaBaHE HA YECTOTHATA MY JICHTA U OCUTYPSI-
BaHE Ha CPEJICTBA 32 KOMITPECHsI Ha JaHHUTE,

® TIOBMIIABa C€ KOHCYMallUATa Ha EJIEKTPOCHEPIHsl BOJEIIO IO IMOBUIIA-
BaHE Ha KaralWuTeTa HA aKyMyJIaTOPHHTE OaTepUu M BCUYKH HETaTUBHU
MOCJIENICTBHS OT TOBa (TEryo 1 00eM Ha OaTepuuTe).

HeJ'lTa Ha HACTOAIOMAT JOKJaad € da C€ aHaIUu3upaT CbBPCMCHHUTC TCHACHIUWU IIPU
HU3rpaXKaaHeTO Ha CCH3O0PHUTC CHUCTCMH BbHB BHUCOKOMOOMIIHUTE Ha3eMHH pO6OTI/I C
OCJI IIPOCKTUPAHC HAa AUCTAHIIHMOHHO YIIPABIISICM H3CJIICOAOBATCIICKH MP n KOHKPCTHU-
SUPAHC HA CTAIIUTC IIPU U3IPAKIAHETO MY.

2. CEH30PHU B MOBUJIHUTE POBOTH

MoOunHuTE poOOTH BB3NpPHUEMAT 3a00MKAJSAIIAAT TH CBAT MOCPEACTBOM HaJMJYHATA
UM ceH3opHa cucteMa. CeH30pHUTE OCHTYPSBAT BH3MOXKHOCT 32 B3aUMOJICHCTBUE ChC
3a00MKaJIIIaTa TH OKOJIHA CpeJia C onpeIeicHr (pu3nvecku aercTBus. M3monmsBanuTe
CeH30pu B chBpeMeHHUTe MP ce cTpykrypupaT Ha gvmpewnu M evHwnu [4, 5].
[TpenmHa3HaYeHUETO HA BHTPCIIHUTE CCH30PU € 3a M3MEPBAHE Ha KUHeMAMU4HUme
(mostokeHHMe, CKOPOCT U YCKOpEeHUE), ounamuunume (IBUTaTEICH MOMEHT) U eHep-
eutinume (TeMIepaTypa, KamaluTeT Ha OaTepuuTe) mapaMmeTpu Ha poboturte. 3aja-
YHTE Ha BHHIIHUTE CCH30pU OOMKHOBEHO CE CBBHP3BAT C Kapmozpagupare Ha pabOT-
HaTa CICHA, JIOKAIU3AYUs U Hadueayusi TIo BpeMe Ha PEIBMKBAHETO Ha poOoTa.

[To mpuHIIMIIAa HA CBOETO JIECHCTBHE CEH30pUTE OMBAT nacuenu (KOUTO MpeodOpasyBar
MOJYYCHUTE CTATUYHU CHUTHAIN B CJICKTPUUCCKU) W AKMUSBHU — TAKWBA, KOUTO H3II-
paiat MOAYJIUpaHN CHTHAIM M M3MEPBAT MPOMSIHATA Ha MapaMEeTPUTE UM IMPH MpHe-
MaHeTo uM [6].
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AHanu3upaHu ca CeH30PHUTE CUCTEMH Ha / BUCOKOMOOMITHU Ha3eMHU POOOTH OT JIeK
Y CPEJICH THUIl U3I0JI3BaHU 3a U3CJIEA0BATEIICKA U PUCKOBU orepanuu. Te ocurypssar
OJIOMETPUSITA, JIOKAJIM3AlUSI U HABUTALMA MPU JBUKEHHUE, KaKTO U 1ieJieBUTe UH Op-
ManroHHM 3aiaun. B Tabnuna 1 ca npeacraBeHy TaHHU 32 KOMIIOHEHTUTE HA CUCTE-

MUTE.
Taomuma 1
Ne | PoGor (ABTopu) | CoHap IR Jupap Komnac Kupockon | GPS Kamepn :’Zf:;g:l; Enxoaepu
IR CCD ¥ IR TiiD;I)OMe- A6X)CJ:13}%TCH
Arian 111 P ic);
. (A”:i:na) SRFOS | GP2D02 |URG-04LX| CMPSO03 | 3DM-G |iQGPS| ¢ 323611(::;) (Omega); | (Acuro Ind.);
evantec arp okuyo evantec icrostrain)|(Lassen - [MHKpeMeHTasHH
D h Sh Hok D h) (Mi in)|(L pamma CO
7] Gony) | 2015511 | HEDSSS8
y (Valtronic) | (Faulhaber)
CCD !4” - 206p.
UTM-30 . TEeMIepaTypa;
Delt MT ;
.e a SRFO08- LX; I . (Sony); [TPABL- 2 6p.junkpemenTauy
(AriAnA 126 CMPS03 (Xsense); STOC-6cm | HEDL 5540
2 p- - URG- - Videre): (Devantech);
& AVA) . | (Devantech) | 3DM-GX1 (Videre);
(Devantech), 04LX; . : CO,-GMM| (Faulhaber)
[8] (Hokuyo) (Microstrain) IR AXT100 (Vaisala)
(Ann Arbor)
USB
O6xBaT (1280x960)
Rughbot (10m; 60°) | Axrnerm IR 36p. (Philips);
2 (1UB) (Polaroid); | o6xsar (0.7m; [URG-04LX IMU MTi ] A20 Tepmo Co; “BaﬂpalepH“
9 OGxBar 10°) (Hokuyo) (Xsense) (FLIR Sys.); | (Vaisala) F(,';';g f(tjt)
] (7m; 10°) (Sharp) (TOF) SR-3000
(Baumer) (Mesa
Imaging)
ADXL202 TCMIIEpaTypa
NAJI-V (Analog TPA8L [rHKpeMeHTanHHY
4 |(Azad University [SRFO8-126p ) URG-X003 CMPS03 |  Dev); ) (Devantech);  epsssa0
of Qazvin)  |(Devantech) (Hokuyo) | (Devantech) MTi CO, Cilascard Al4 126p.
[10] 3DM-GX1 Edinburgh (Faulhaber)
(Xsense)
Inst.
. “Zerolux”
Good Samaritan PCZOQUI);{
SRFO05 - |GP2Y0AO2YK- URG- Vector 2x | IMU — 5DOE HEDS5500 -
5 (Cﬂ'r‘:irv ae‘i‘;ift;“e 66p. 56p. X003S : y - |supercircuits); 66p.
[11] y (Devantech)l  (Sharp) (Hokuyo) (PNI Tech) | (Sparkfun) IR A10 (Faulhaber)
(FLIR Sys)
Zerg IMU . R238-WW01-
R . k 4000| Ilupo-em.
(Universitat SRFO8- | 5pop12 26p. [URG-04LX| CMPS03 | InertiaCube; Quickcam Hpo-eil KIT
1 Freiburg) 36p. (Sharp) | (Hokuyo) | (Devantech) | ADxLz02 | = | (Logitech) (RSPYROOL\ oy
2] (Devantech), P uy Thermal Eye |(Acroname)
360°manopamHa
RPU-C2512
i ADXRS
Red .nght MicroMag 3-|  300Gyro (Sony); KBa/IpaTypeH
, (lazr;g::’etsg URG-04LX| axis ADXL203 IRI 1011 Tepmo Coészm E5S
School) (Hokuyo) [Magnetometer (Analog Dev) (Irisys); (Vernier) (US Digital)
[13] (Sparkfun) FCB-EX780B/
EX780BP
(Sony)

C yoebenen wpugpm 6 ckodu, noo 8cexu U0 CeH30p e NOCOUeH NPOU3BOOUMENAM.

AHanu3a Ha JAaHHWUTE 33 COHApHUme cucmemu MOKa3Ba, ye 3a U3MEpPBaHE HA CPEIHU
pasctosiaus (1 +7m) ce M3MOJ3BaT, KAKTO CJICKTPOCTATUYHHU YJTPa3BYKOBU CEH30PH
(3) ot Polaroid, raka n nmue3oenektpuunu conapu (1, 2, 4-7), ¢ mmpuHA HA WU3THYBA-

HUS CUTrHaJ B guamazona or 10°

no 60° u pazgenuTenHa CIIOCOOHOCT OT 2.5Cm.

[Tpennouyntanu ca COHapH pabOTEIH B YITPa3ByKOBHs YeCTOTEH auana3oH ot 40kHz,

305



U3M0JI3BAIIM 3aXpaHBaiio Hanpexenue ot (3.3+12V), maika KOHCyMaIlisi Ha TOK 10
15MA 1 KOMyHHKHpAIH ¢ 6asoBuaT kouTpouep no 1°C wiu cepuen unrepdeiic. Ms-
MOJI3BaT CE€ COHApH, KaKTO C YIpaBisieM KOCPUIIMEHT Ha yCUJIBaHE Ha CHUTHala
(SRF08 - Devantech), tTaka u ¢ ¢ppoHTAITHO MOHTHPAHU CBETIWHHHU CEH30PH 32 M3-
MepBaHe MHTEH3UTETa Ha CBETIWHATA. TUIMUYHOTO BpEeME 3a U3MEpPBaHE Ha Pa3CTos-
HUETO 32 aHAIM3UPAHHUTE YITPa3ByKOBH ceH3opH ¢ rpanunute or (50 + 100ms), a
OposT Ha U3MOJI3BAHUTE CEH30pH Bapupa oT (3+126p.).

BropusaT Haii-uecTo m3moyi3BaH BUA JIOKaTopu ca un@pauepsenume (IR) cenzopu.
AHanM3MpaHUTe NAaTYHIH Ca C BB3MOXHOCT JIa U3MEPBAT Pa3CTSIHHUS B JUAa30Ha OT
(10+80cm) umar cuiiHO M3pa3eHa HEJIUMHEWHA 3aBUCHMOCT MEXKIY CTOMHOCTTA Ha W3-
MEPEHOTO Pa3CTOSIHHE W HANPEIKECHUETO B aHAJOTOBHS M3XOJl, THIIMYHOTO UM BpEeMe
3a peakius ¢ 39ms, 3axpaHBaT ce HampexeHue (4.5+5.5V) m koHCcymmpaT TOK
(30+50mA). Bpb3kara Mexay CEH30pa M YIIPABJICHUETO Ha poOOTa CE OCHIIECCTBSIBA
10 €/{HAa CTMHCTBEHA JINHUS.

BbB BCcHUKHM aHanmu3uWpaHW poOOTH, 3a Ch3JaBaHE HAa KapTa Ha paboTHATa CIIEHAa Ce
usnosBaT enud 2D nasepen ckenep mpoussoactBo Ha Hokuyo Automatics. M3kitro-
yeHue mpaBu podora Delta, kolito M3moa3Ba JaBa CKeHepa - eauH ¢ ooxBaT g0 30m
(UTM-30 LX), pres Ha ckarupane 1o 270° u BpeMe 3a n3MepBane 25ms u equH Ou3-
kooOxBareH 10 6m (URG-04LX) u prun Ha ckanupane 240°.

3a ompezensHe Ha aOCOTIOTHATA PaBHUHHA OPUEHTAIMS Ha pOOOTUTE ca M3MOJI3BAHH
npeIuMHO enekTpoHHu yugposu komnacu (CMPS03) ¢ pa3aenuTenna crmocoOHOCT OT
0.1° u Tounoct 3 + 4° npu HAKJIOH Ha OCHOBaTa Ha poOoTta /10 60°, KaKTO U HA TPH-
MEpHaTa MPOCTPAHCTBEHA - Upe3 KUPOCKONM KOMOWHUPAHU C aKCEIEPOMETpPH, MPO-
u3BozcTBO Ha MicroStrain (1, 2), Xsence (2+4) u Analog Devices (4, 6, 7).

Camo po6ota Arian Il m3mon3sa GPS cucrtema 3a ompenensHe Ha T7I00aTHOTO CH
MECTOTIONIOKECHHE.

Benuku poboTH ca ChOPBHKCHH C €HA WIH MOBEYE KaMepH, KaTo TYK TeXHHYECKOTO
pa3HooOpasue € MHOTO ToJIIMO, KaKTO TI0 OTHOIIIEHHE Ha TTapaMeTpUTE Ha U3I0JI3Ba-
HUTE KaMepH, Taka U 10 OTHOIICHHWE Ha TEXHOJOTHUS W mpousBoauTen. Podorn 1 u 7
u3non3Bar 360° maHopaMHU KaMepH OCUTYpSBAIlM ISUIOCTHA KapTHHA Ha paboTHaTa
CIICHA W Cpe/ia M I0 eHa KaMepa MOHTHpaHa (PpOHTAITHO 3a MpeaBaHe Ha BU3yaJIHA
uH(popMaIms o BpeMe Ha ABvxkeHue. [leT oT pasrienanute poOOTH M3MOI3BAT TEP-
Mokamepu (2, 3, 5-7), a B amapatute Delta m RugBot ca ekunmpanu u cbe crepeoka-
MEpH.

[leneBuTe CEeH30pW BKJIIOYBAT MPEIMMHO CEH30pH 3a M3MEpPBAHE Ha TEMIEparypa H
BBIJICPOJICH IHUOKCH, KaTo Haif-uecTo ce m3noisBaT IR ceH3opu 3a GE3KOHTaKTHO
U3MEpBaHe Ha TeMIIepaTypara.

H3non3Banute AaTIUIU 3a OAOMETPH:A Ca IMTPCAMMHO ONITUYCCKN MHKPCMCHTAJIHU.

3. KOHIENIUA 3A CEH30PHA CUCTEMA HA U3CJIEJOBATEJICKHA
MOBWJIEH POBOT
[TpoexkTrupaHUAT M3CIEAOBATEICKH POOOT ce M3Tpaxkaa Ha Oa3aTa Ha JieKa JBYBe-
prwkHa MoOmiHa matdopma [1] ¢ radaputu 445 X 226 x 92 mm u Terio ¢ paboTeH
toBap - 10kg. PaboTHaTa ciieHa € pa3HOpO/IHA U TPEABIKAA paboTa, KaKTO B ypOaHuU-
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3UpPaHu PANOHHU (crpa,uH, JIBOPOBE, KaHAJIM, TYHEJIH, ITBTUIA, IUIOMIAAKA U XK.I. JU-
HUM), TaKa U B €CTECTBEHA M HECTPYKTypUpPaHa Cpejia PH pa3indeH peied U moBbp-
XHOCT.
I'onssmoTo pa3H006pa3He, CJIOXXHOCT U JMHAMHKA HA pa60THaTa cpema u CHCHI/I(l)I/I-
KaTa Ha HU3CJICJOBATCICKUTE 3aJa4d HaJlara BOJACHETO HaA pO6OTa a craBa OT clienua-
JIU3HUPAH OIICpaTop, 3aJa4YUTC Ha KOHTO ca HaOJIroJeHue, aHajJn3 U B3eMaHe Ha peuie-
HHA CBbP3aHU C HABUT'allUATA U U3IITBJIHCHHUCTO HA LCJICBUTC 3aa4H. B 3aBucumoct ot
KOHKpETHATa CUTyalus, OnepaTopbprT MOXE aa IIPCBKIIOYN pO6OTa B IIOJTy-aBTOHOMCH
PEXHUM TPHU KOUTO POOOTHT U3MBJIHIBA ABTOMATUYHO MPEABAPUTEIIHO O0YICHU ITUKITU
U OoIicpanui.
biokoBa cxema Ha IMpOCKTHUpaHaTa MYJITHCCH30pHA CHCTEMa € IIOKasaHa Ha (1)1/11“.1.
[Ipueto e u3rpaxaaHeTo Ha MOAYJuUTE Ja € noeranHo. Karo mbpBu eTan € u3dpan
H3rpaXJaHe HaAa MHOIOCOHapHa CUCTEMa, sBsgBallla CC CBTHUHA aJITCpHAaTHBA HA CKBIIOC-
TPYBAIIUTE JTIA3CPHU CKCHCPH. BTOpI/I eTaIll € 060pyI[BaHeTO cbe 2D JJIa3€pCH CKCHEP U
MECTMECPCH JKUPOCKOII-aKCCICPOMETHP.

CoHapHa cucrema)

EHkopepu Ha
mobunHara naatpopma
EHkopepu Ha Akcenepomersp -
MaHunynarop UPOCKON
IR Aatunum Ha
( A 4 )— —GD NasapeH cneuep)
XBaw,ava
( KOHTpon Ha o : ---------- )
akymynaropure ) K¢ \
v Llenesm ceHsopu

...................

basos
KOHTponep

boppoeu
KOMMIOTHP

@ur.1l. Konnentyanna 6J10koBa cxemMa Ha BUCOKOMOOWIIEH TUCTAHIIMOHHO YNPaBIsieM
U3CIIEIOBATEIICKU pOOOT

OT rienHa TOYKa Ha XapAyEpHOTO HM3IIBJIHEHUE HA CEH30pHATa CHCTEMa UMa JIBE
IPyIU CEH30pU — C MO-MaJKU W3UCKBAHUS KbM HM3UYHMCIUTEIHUTE PECYPCH U TaKuUBa
M3HCKBaIM 00paboTka Ha MH(pOpPMALMATA C BUCOKOIIPOU3BOAUTEIHA AITOPUTMH 3a
pasno3HaBaHe Ha 00pa3u U o0ekTu. [IbpBaTa rpyna ceH30pu: €eHKOJIEpUTE Ha JIBUTa-
TeauTe Ha MOOWIHATa TuiargopMa U eHkogepure u O6e3koHTakTHUTE IR cenzopu Ha
MaHUITyJ1aTOpa, CEH30PUTE 32 KOHTPOJ Ha aKyMyJIaTOPHUTE OaTepuu, HHTETPUPAHUSIT
aKCeJIepOMETHP — JKUPOCKOI U COHApHAaTa CUCTEMa MOraT Jia c€ CBbP)KaT JUPEKTHO
KbM 0a30BUAT KOHTposiep Ha MP. CeH3opute UMaly JTUpEeKTHA Bpb3Ka ¢ OOPIOBUST
KOMIIOTBP ca 2D na3epHUST CKeHep, BUIEO KaMepa U LIEIEBUTE CEH30PpH, YHETO KOH-
KpPETU3HUPAHE € LETIEBO.

Eneprusara Ha pobota mie ce JocTaBsl OT JIMTUEBH aKymyJaTopHu Oarepuu. Cbrcros-
HUETO UM ILE C€ CIEAM HENPEKbCHATO, KaTO €JHOBPEMEHHO C MH(pOpMaLus 3a pas-
XOJIBAHUST U OCTAaThUEH KamalUTeT, 1€ Ce CJIeIU U aHaJu3upa U Temieparypara Ha
OTJIETHUTE KJIETKH, a UHPOpMALKATA 32 TEKYIIOTO UM ChCTOSTHUE C€ MU3Mpalla nepruo-
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AUYHO KbM IyJITa Ha orepaTopa Ha pobora. B Tazu cucrema ce mpeaBmxja ChLIO
Taka Y 3alllUTa OT HEJOIYCTUM pa3psii Ha OaTEPUUTE MO TOIMYCTUMHUAT MUHUMYM.

4. COHAPHA CUCTEMA

Conapnara cuctemMa ce cbCcTou OT 8 ynTpa3BykoBu cenzopa LV-MaxSonar-EZ2 na
dupmata Maxbotix [15]. KoHkpeTHHSIT U300p Ha CEH30pPHUTE € MPOJUKTYBAH MPEIn
BCUYKH OT TECHUSAT CKaHUPAI bI'bJI, KOUTO MpeJyiarat, MajkaTta eHepruitHa KOHCyMa-
TSI ¥ COOCTBEHO TETJIO M OMPOCTeHaTa KOMYHHUKAIMS ChC ceH3opa. [IwaHaTa My cre-
UK Ha TEXHHYECKUTE UM XapaKTePUCTUKH € fAajeHa B Tabmuia 2.

Tabmnuma 2

o PaGorHa uectora — 42kHz;
« OO0xBar — (150 + 6450mm);
o Paszgenurenna cmocoobHoct — 25.4mm;
i « bpoii usmepBanus 3a cexynna — 20;
e « Pa6orno nanpexenue — (2.5 +5.5V);
LV-MaxSonar-EZ?2 » Tox Ha KOHCYyManus — SMA;
o KomyHnukanus cbc ceHzopa:
- MM usxox cve ckanmpyemocT Ha [II1M cur-
naia 147us/inch;
- @HaJIOTOB U3XOJ ChC CTHIIKA HA HAMIPE)KCHHUETO -
Vce/512/inch;
- Cepuen unrepdeiic ¢ 60m08a ckopoct ot 9600
Baud nipu 8 6uta qanHu, eauH crom OuT U 03
npoBepka 1o yetaoct (9600Baud, 81N).
o Maca: 4.3¢;
o Pazmepu: 19.9 x 22.1 x 15.5mm.

Conapume ca pa3noyIOKEHU PaBHUHHO MO0 oOmmBKaTta Ha MP B Touku S;+Sg B CHOT-
BeTcTBUE ¢ (pur.2. B ckobu ca maneHu abCOIIOTHUTE KOOPAMHATH HA U3IbUYBATENS HA
BCEKH OT TAX, COPSIMO IPHETATa JASICHO OPUEHTUPaHa KOOpJIMHATHA CHCTeMa Ha IjiaT-
¢dopmara. bpost Ha ceH3zopute € chboOpa3eH Taka, ye Mpu ABMKEHUE HA poOOTa B MO-
COKa Harpej] WX Ha3al, /1a He OCTaHE HEMOKpUTa CKaHUpaHa 00JacT Mo MOCOoKa Ha
JBU)KEHHUETO, KaTO CBIIEBPEMEHHO U J1a HE C€ MOJYyYH roJIIMO MPENOKPUBAHE HA W3-
JTbYBAHUTE CUTHAIIM C 1Ie7 M30sArBaHE Ha Mapa3uTHU W/WIM JTHXKIUBU €XO CUTHAIIH.
[TpenHa3HauUEHUETO HA CEH30pUTE Pa3IOJIOKEHU MEPIEHANKYJISIPHO Ha HOpMajiHaTa
MIOCOKa Ha JIBMKEHHE € 3a CllydauTe Ha MOJy-aBTOHOMEH PEeXUM Ha JeHCTBHUE, KOTaTo
TpsiOBa J1a ce cra3Ba KOHKPETHA TUCTAHLMS OT OOEKTH, YCHOpPEIHH Ha MOcoKaTa Ha
JBUKCHHUE.
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®ur. 2. Pa3nosnoxkeHne Ha YATPa3ByKOBUTE CEH30PHU

Ha ¢wur. 3 ca mokazaHu quarpaMuTe Ha HACOUCHOCT Ha TpHU OT ceH3opuTte (Sy, S, u Sg)
B CHOTBETCTBHE C JIAHHWUTE OT Mpou3BoauTens. [lokazaHUTe XapaKTEpUCTHUKH ca 3a
cilyyasi py OTKpUBaHe Ha OOEKT ¢ HWJIMHApUYHA popma ¢ nuaMmerbp 25mm. Ot du-
rypaTta ce BHXJa, Y€ TP TaKOBa Pa3IOJIOKCHUEC Ha CCH30PHUTE, B Clydal ye oOeKTa
HE € (QPOHTAIHO HA U3TBUBAHUAT CUTHAJ (IOKAa3aHM Ca OCHTE Ha Pa3pOCTPAaHCHUE HA
yITPa3ByKOBUTEC CHTHAJIM), MHHHUMAJIHOTO Pa3CTOSHHE Ha KOETO OM OHMII 3aceueH ¢
okosio 500mm ot xopmyca Ha po6oTa. MakCHMaJTHOTO Pa3CTOSHUE Ha OTKPUBAaHE Ha
obektu ¢ auameTsp Hag 300mm e 6800 mm ot neHTHpa Ha anaparta, a Ha 150 mm ot
TSJIOTO CHCTEMAaTa € HeUyBCTBUTETHA.

,,,,,,,,,,,,,, \\
,,,,,,, AN
~
,,,,,,,,,,,, d_‘j/ /%4150mm
/

300mm

s ]

| 6450 mm y 300mm

@ur. 3. Jluarpama Ha HACOYEHOCT Ha U3'LYBAHUTE YJITPA3BYKOBU CUTHAIIU.
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[IpunuunHaTa cxeMa 3a 4eTeHe Ha HH(oOpMauusTa OT CEH30pHUTE € MOKa3aHa Ha
¢ur.4. Cxemara e 6azupana Ha mukpokontposnep PIC18F452 na Microchip. Janaure
32 U3MEPEHOTO PA3CTOSHHUE OT CEH30pPUTE CE€ MOIydaBaT Mpe3 aHaJOTOBUSAT UM HH-
Tepdeiic U KOHTpoJepa OTYNTa U3MEPEHUTE CTOWHOCTH Ha Bcekn 50 mS. B cxemara
ceHzopure (He ca Mmoka3zaHW Ha (Urypara) ca CBbP3aHH 4pe3 KYIUTYHI' KbM aHAJIOTO-
BHUTE BXOJIOBE HA MUKPOKOHTpOJIepa 0003HAYCHH B CiTydast ¢ S;+Sg.
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@ur.4. [IpuHIKMIHA cCXeMa HAa MUKPOKOHTpPOJIEpHA KapTa
3a yeTeHe Ha MHGOpMAIIHATA OT CEH30PUTE

Ha ¢ur.5 e nmokazana mpakTuyeckara peanus3alys Ha Taka MPOEKTHpaHaTa CEH30pHa
CUCTEMa MOHTHpPaHa BbPXY BepHKHATa Tuiatdopma.

@ur.5. [IpakTuyecka peanuzanus Ha yITpa3ByKoBaTa CEH30pHA CHUCTEMA

[Tpu HacTpoiiBaHe Ha cUCTeMara OT TOJISIMO 3Ha4eHUe Oe Ja ce OIpeNeNd PeaaTHOTO
MUHHMAJTHO BpeMe HEOOXOANMO 32 MHUIIMAIHU3AINS HA CEH30PHUTE, KOETO B CITydasi ce
pasauuaBa ¢ okosio 200ms ot mocoueHoTO B Karajokuute ganHu (300ms). Tosa ce
IBJDKU Ha (akTa, 4e IpU ITbPBOHAYATHATA UM WHHIIMATH3AINS, CCH30PUTE M3HCKBAT
OKOJIO TSX Ja HAMa 00eKTH Ha paszcTosHue mo-01m3o ot 180mm. Ilpu Hanmuumero Ha
TaKWBa, CCH30PUTE T'M OTYUTAT KaTO OOCKTH HAMHUPAIIU CE HA PA3CTOSHHE IO MUHU-
MaJTHUAT 00XBaT Ha ceH3opa. KopekTHO oT4MTaHe Ha Pa3CTOSHHUETO CE MOJIyYd MpU
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JUIca Ha OOEKTU IO BpEME Ha HayaHaTa KAIMOPOBKA HA PAa3CTOSIHUS MO-OJHM3KH OT
400mm. Benuwx kanmuOpupaHa cuCTEMaTa M3MEpPBA Pa3CTOSHUATA 10 OOCKTHUTE CIIO-
pen cnenupuKauuTe Ha MPOU3BOIUTEIIS.

3AKJIIOYEHUE
B noxnana ca ananu3upaHu CEH30PHUTE CUCTEMH Ha rpyna MaJKi Ha3€MHU
BUCOKOMOOMIHU poOoTH. PazpaboTeHa e KOHIeNIs 3a CTpyKTypaTa Ha TakaBa Mpo-
TOTHUITHA cucTeMa. Kato mbpBU eTan € NpoeKTUpaHa 0CEM-COHApHA CUCTEMa C Mociie-
JoBaTeNHO ckaHupaHe. [IpoBeseHn ca TecToBe ¢ peanHa BepuxkHa riatdopma u coo-
CTBEH KOHTPOJIEP.

BJIATOJAPHOCTH
Hayunute u3cnensanusi, pe3yiaTaTuTe OT KOUTO ca MPEACTaBeHH B HACTOSIATa IMyO-
nvkanms, ca punancupanu ot goroop Ne J[JIBY02/56 ot 20.12.2010 Ha npoekT c
TeMa: «MoOuIIHa u3clieioBaTeicka miargopma ¢ JUCTaHIIMOHHO O€3)KUYHO yIpaBJie-
HUE»
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ABTOHOMEH MOBWJIEH POBOT 3A U3CJIEABAHE U PASBUTHUE HA
CUCTEMA 3A IIEPHEIITYAJIHO 3AKOTBAHE

Panocaas Bacuies, lumursp JJumMmurpos

Pe3rwome: [lpobremvm nepuenmyanno 3aKomeane e cpasHumenHo Hog ¢ Pobomu-
kama u H3kycmeenus unmenekm. Tot npedcmasniasa npoyec Ha Cv30a8aume U nNoo-
ObpIICaHe 8b8 BPeMenoO HA 8PB3KA MeHCOY CEeH30pHUmMe OAHHU 3a 00eKmU Om 8bHUL-
Hama cpeda Ha onpeoenen poOOm U JUHSBUCTNIUYHUME 3HAYU, USNON36AHU HA HUBO
3HAHUSA 34 CbWUmMe Me3u Peaini CobWHOCMU, 3d Yeaume HA J102ULECKU PA3CLHCOCHUS
u 83emane Ha pewenusi. B cmamuama ca npedcmasenu mexywu pe3yimamu om pasz-
pabomka Ha Mobuen pobom, 8 apxXumeKmypama Ha KOUMmMo ca UHMepupaHu cbom-
8emHU XapOyepHUu cpedcmea u opmaneH anapam, HAcoO4eHu KbM OCbUeCmessaHe,
no00BpIIcane, U3CIe08AHe U PA3BUMUE HA NPOYeca NePYEenmyaino 3aKomesHe.
Knrwouoseu oymu:. nepyenmyanno saxomesiHe, HUB0 3HAHUSA, U3KYCMBEH UHMENeKM,
ABMOHOMHU MOOUIHU pobOmMIUL.

AUTONOMOUS MOBILE ROBOT FOR RESEARCH AND DEVELOPMENT
OF A PERCEPTUAL ANCHORING SYSTEM

Radoslav Vasilev, Dimitar Dimitrov

Abstract: The problem perceptual anchoring is relatively new in Robotics and Artifi-
cial Intelligence. It is a process of creating and maintaining in time of a correspond-
ence between perceptual data for real objects from the external environment of a ro-
bot and linguistic symbols for those objects used at the knowledge level for the pur-
poses of reasoning and decision making. The article presents the current results from
the development of mobile robot architecture which integrates hardware and appro-
priate formal apparatus to support the implementation, maintenance, research and
development process of perceptual anchoring.

Keywords: perceptual anchoring, knowledge level, Artificial Intelligence, autonomous
mobile robots.

1. BBBEAEHHE

ABtoHomHHTe MOOMITHU poboTu (AMP) ca arentu [3], pusuuecku BrpajaeHu B onpe-
JieJieHa BBHIIHA CpeJa MOCPEICTBOM TEXHUTE CEHCEH30pHW 3a HabJoJaBaHE Ha cpe-
JaTa U U3MBJIHUTEIIHU MEXaHU3MHU 3a OCBIIECTBsIBaHE Ha JelcTBUsA B Hes. [loBeneHu-
ero Ha e;uH AMP He Moxe Aa Obze pasmiekIaHo U OLIEHSABAHO HE3aBHCUMO OT CpEaTa, B
KOSATO TOW OTIEpHpa U OT 3ajauara, KOATO Toi n3nmbiHsBa. PoOOTHT, cpenara u 3amadara 3a-
BUCAT €JUH OT JPYT U B3aUMHO CH BIHSAT. IHTEpechT KbM H3CIEBaHE U Pa3BUTHE HA
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AMP e npoauKTyBaH OT Hy)KJaTa M JKEJIaHHETO 3a poOOTH, KOUTO /1a ONEepUpar BbB
BCEKMJIHEBHUTE CPEU Ha XopaTa - oucH, OOJHUIM, My3€H U TaJepUH, CEICKOCTO-
IIAHCKU II0JIEBU CPEIH, U IIp., a Beue U B 1omoBere. Te3u cpeau, odade, ca KOPEHHO
Pa3IUYHU OT CPEAUTE, B KOUTO pabOTAT UHAYCTPUATHUTE poOOTH. Te ChIIO ca CTPYyK-
TypHUpaHHU, HO CIIEUATHO C MUCBHJITA XOpaTa J1a MOraT J1a KUBEsT, Aa paboTiT U Ja ce
3a0aBngBaT B TIX. Te HE ca MPOEKTUPAHU 33 UHAYCTPUAIHU pOOOTH, a U HE OUXMe
uckanu na 0wpae taka. Ot kazaHoTO ciensa, ye AMP TpsOBa na ca B CbCTOSIHHE /1A
OIlepUpaT B CPEJIU C €CTECTBEHA BapUAaTUBHOCT U HECUTYPHOCT. ToBa M3UCKBa OT TsX
TaKWBA UHTEJIEKTHU Ka4eCTBA, KAKBUTO MHIYCTPUAIIHUTE POOOTH HE MPUTEXKABAT U OT
KaKBHUTO T€ HE C€ HYXAAsT.

B npekure cu nerictBust AMP TpsiOBa n1a B3emMaT peleHrs B KOHKPETHH CUTYallUH Bb3
OCHOBA Ha CBOsITa yOEIEHOCT B MCTUHHOCTTA HA TEKYIIUTE CU 3HAHWS 33 BHHIIIHATA
cpena. B crorBercTBHE ¢ maesTa Ha AnpH Hioen [1] 3a BbBekaHE HA HOBO KOMITIO-
ThPHO HHMBO (HMBO Ha 3HAHMATA) U B3 OCHOBA Ha XMITOTE3aTa 3a (PU3NUYCCKA 3HAKOBA
cucrema Ha Hroen u CaiiMoH [2], AMP TpsiOBa 1a MHKOpIIOpHUpAT IMPOIECH 3a pas-
ChXJ/IaBaHE OTHOCHO 0000IIeHU (3HAKOBH, JIOTMYECKH) ONMUCAHHS Ha OOEKTUTE OT
cpenara, KakTo W TpollecH 3a (U3NYECKO HAOII0/IaBaHEe M MaHUIYJIUpPaHE C TE3U
ceirHocTU. Koraro onpenenen AMP u3nosn3Ba aBa KOPEHHO Pa3IMYHHA BHJIA OTHCA-
HUS 32 00CKTH, HEOOXOIMMO € CHIIO TaKa TOW Ja MPHUTEKaBa M MEXaHU3bM 3a JHHA-
MUYHO OOBBP3BAHE MEKY TE3H JIBE KaTETOPHUHU.

Ilpooremvm nepyenmyanno zaxomesane (I1I13) e cpaBHUTETHO HOB B PoOoTHKAaTa M
WzkyctBenus untenekT [4,5]. Toit mpencraBiisiBa mpoiiec Ha Ch3AaBaHE M MOIIBP-
’KaHe BBHB BPEMETO Ha HEMPOTHBOPEYMBA BPB3Ka MEXKIY: OT €IHa CTpaHa - CEH30p-
HUTE JaHHH 32 00EKTH OT BBHIIHATA Cpela Ha ONpEeeNeH poOoT, a OT Apyra - JIUHT-
BUCTUYHHUTE 3HAIIM, W3MOJ3BaHU HAa HUBO ,3HAHUS 32 CBHIIUTE TE3W PEATHU CHII-
HOCTH, C LIeJl OCBIIECTBSBAHE HA JIOTMUECKH Pa3ChXKIACHUS W B3€MaHE HA PEIICHHS.
Koraro pa3znosara ¢ TakbB MexaHu3bM, onpeneineH AMP moxe na Obae curypes, ue
BBB BPEMETO TOM 0Opabomea u obmens uHpopmayus 3a eOuH u Coyu 0b6exm, He3aBu-
CHUMO OT HACTBIIWJIM MPOMEHU B JAaHHUTE OT CEH30pHATa My CUTEMa

B Ta3u craTtus ca npeacraBeHU TEKYIIM PE3yJTaTH OT pa3paboTka Ha MOOUJIEH poooT,
B apXUTEKTypaTa Ha KONTO ca MHTErPUPaHU CHOTBETHU XapAyepHH CpelCcTBa U (op-
MaJIeH amapaT, HaCOYeHH KbM OCBHIIECTBSABaHE, MOAIbPKAHE, U3CIICIBAHE U Pa3BUTHE
Ha TpoIieca MepIenTyaTHo 3aKOTBsIHE.

2. KOHHEINTYAJIHA CTPYKTYPHO-®YHKIIMOHAJIHA
CXEMA HA AMP
IIpu onpenensine Ha opraHu3anusATa Ha BhTpENIHaTa cTpykrypa Ha AMP or 3HaueHue
ca [6]: rpaguBHHTE KOMIIOHEHTH Ha po0OOTa, OpraHM3alUATA HA B3aUMOICHCTBUETO
MEXJly TSIX M BBbHILIHATa Cpelia, Bpb3KaTa MEXIy CTpyKTypaTa Ha poboTa u oluiara
My ¢yHkumonanHoct. [Ipensuxna ce pazpaborBanusT AMP na noaabprka 0asza 3Ha-
HUS KaKTO 3a BBHIIIHATA CPE/IA, TaKa U 32 COOCTBEHUTE CH ChCTOSHUS, C L€ OCBhIIEC-
TBSIBAHE HA JIOTUYECKU PA3CHKICHUSA BOJCIIM 110 LiejeHacoyeHu aencrsus. [lonabp-
’KaHeTo Ha 0a3aTa 3HAHMS € B TSICHA BPb3Ka C OCBIIECTBSIBAHETO HA MEPLENLHUS B cpe-
JaTa U € OT ChIIECTBEHA BaXKHOCT 3a poboTa. OTIeNHUTE acleKTH Ha IMOBEJICHUE Ce
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peanu3upaTr B 000co0eHU BbB (YHKIIMOHATHO OTHOIICHHE Momynu. Llenure u 3ana-
yuTE Ha poOOTa Ce IEKOMIO3UPAT BbB (PYHKIIMU HA OTAEITHUTE MOIYJH, Pue. 1

f e ™
Poéom — [ T

tell [ I1 }\
[@akmu: spt, sat, sst]\

Bvnwuna

baza 3nanun

mks

0
:flljwf;cmeuﬂ [anpocu gat, gst ]/ peca
-Apyeu ‘[ [ ]/.--—b
K \ J

®ur.l. Konyenmyanna cmpykmypho-@ynkyuonaina cxema na AMP

[IpenBuaeHu ca cnegaute GyHKIIMOHATHO-TIPOTPAMHU KOMITOHEHTH:

see(w) - oTpa3siBa CEH30PHHTE BB3MOXHOCTH Ha poOora. Ha BCAKO BBHIIHO
ChCTOSIHHE Ha cpenara W €W, mocTaBst B ChOTBETCTBUE TiepIienT P P BBB Bpeme t.

mks(0,t) - oTpassiBa B3MOXXHOCTUTE HAa poOOTa 3a (POPMUPAHE HA U3PEUCHUS B
e3uKa 3a MpejacTaBsHe Ha 3HaHus. [lo 3amaneHu nepyenm, oeticmeue Uiy 6bMpPeUHoO
cvemosiHue hopMupa CbOTBETHU U3peueHus: gaktu Spt, sat, sst uinum Bwmpocu gat, qst,
KbM 0a3ara 3HaHUSI.

tell(A,St) - orpa3siBa BB3MOXKHOCTUTE Ha poOOTa 3a HATPYIBAHE U KOPUTHUPAHE
Ha 3HaHus. [1o 3amaneno ceerossane A eK Ha 6azara 3HaHUS ¥ MHOKECTBO OT M3peue-
Hus St hopmupa HOBO cheTOsiHUE Ha Oa3aTa A K.

reas(A,Qt) - orpa3siBa Bb3MOKHOCTUTE Ha poOOTa 3a paschikaaBane. [lo 3ama-
JICHO ChCTOSIHME Ha 0asara 3HaHUSA A 1 BbIpoc Qt n3Bexma u3peueHne, KoeTo € JOTu-
yecko crenctaue oT A. Koraro BeOpOCHT c€ OTHACS 10 Bb3MOXHO JACHCTBUE WU HO-
BO BBTPEIIIHO ChCTOSIHHE, MTPOIIEIypaTa T OMPees.

do(a) - oTpassBa M3MBIHUTEIHUTE BB3MOXKHOCTH Ha pobota. [Ipu 3amaneHo
neiicTBre acA mpolieaypaTta IpeIu3BIUKBa HETOBOTO M3ITBIHEHUE, KOSTO JIOBEXK/Ia JI0
MIPEMUHABAHE HA CpPe/IaTa B HIKAKBO HOBO ChCcTOsTHHEE W eW.

Ilcesdo-x00 na pynxkyuonupanemo na AMP:

1. A—Ag, WeWp, S«<Sg, 1«0 (Anuyuanusayus)

2. p— see(w) (ITonyuasane na mexyw nepyenm)

3. spte—mks(p,t) (Dopmupane na uspeuenue 3a nepyenm)

4. A—tel(A,spt) (Mooupuyupane na 6azama 3nanus)

5. gat<—mks(A,t) (DPopmupane na sonpoc 3a 663MONCHU OeUCMBEUS)
6. a<reas(A,qat) (Onpeoensine na oeticmsue)

7. sat—mks(a,t) (Popmupane na uspeuenue 3a uzbpanomo deiicmeue)
8. A—tel(A,sat) (Mooupuyupane na 6azama 3nanus)

9. gst«—mks(S,t) (Popmupane na svnpoc 3a 6bmpewino cbcmosinue)
10. s<reas(A,qst) (Onpeoensine na noo evmpeuino cocmosue)

11. sste—mks(s,t) (Dopmupane na uspeuenue 3a 6vmp. cocmosnnue)
12. A—tel(A,sst) (Mooupuyupane na 6azama 3nanus)

13. w«do(a), if(w=wg), then Stop (A36vpweane na oeiicmeue, CTOII npu yen)

14, t—t+1 (Hapacmeane cmoiinocmma na 6posiua)

15. goto 2 (IIpexoo kom HO8 YuKbIL)
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Kakto Gemre otdenszano no-rope, I1113 e mporec Ha ch3aaBaHe W MOIBPKAHE BHB
BPEMETO Ha CHOTBETCTBHUEC MEXKIYy CEH30PHHTE NaHHU (NEPIENTUTE) 32 OOCKTH OT
BBHIIIHATA CpeJla Ha ONPEICIICH POOOT W HM3IOJ3BAHWTEC HA HUBO 3HAHHS JIMHTBHC-
TUYHH 3HAIM 32 CHIIUTE Te3U OOEKTH, C IIeJ OCHINCCTBIBAHE HA JIOTHYSCKU PAa3ChiK-
JICHHS M B3eMaHe Ha pelieHus. ToBa ChbOTBETCTBHE C€ MPEACTABs Ype3 CTPYKTypa OT
nannH, o(t) HapedeHa koTBa. B mokaszanaTa Ha ¢hue. 1. mporeaypa, koTBata ce ¢op-
Mupa B cThika 3. Thi KaTo elHa M ChIlla 3HAKOBA KOHCTPYKIIHS MOXKE Ja Obje aTa-
IIMpaHa KbM FeHEPUPAH OT CCH30pHATa CHCTEMa BbB Bpeme t HOB IepLenT, KOTBaTa
Ce MHJCKCHPa BbB BPEMETO ChOTBETHO.

B cpoTBeTcTBHE C [4], OCHOBHUTE KOMITOHCHTH Ha KOTBATa ca:

e 3HAKOBa CHCTEMa ChAbPIKAIIa: MHOKECTBO S = {S1,Sy, ...} OT UMEHA 3a MPOMCH-
JUBH W KOHCTaHTH, MHOXecTBO R = {ry,r,, ...} or mMmeHa 3a mpeaukard,
reas(A,Qt) mporeaypa 3a JJOrHUECKH U3BOI, KOSTO B CITydasi € HEOTHOCHMA.

e [lepuenTyaiHa cucTeMa ChIbpiKallla: MHOKECTBO OT BB3MOXKHU mepienT P =
{p1, p2, .. }, MHOXecTBO OT aTpuOyTH Ha oOekTn A= {a1,ay, ....} ¥ MHOXKECTBO
nporpamu 3a o0paboTKa Ha ceH30pHa uHpopManus. Beceku nepuent npeacras-
JsIBA CTPYKTYpHpaHa ChbBKYITHOCT OT CCH30PHH JIaHHHU, OTHACSIIU CE€ KbM CIIUH
U ChIIM 00eKT. Bceku arpulyT € u3MepuM MpHU3HaK Ha OOCKT C Ie(hUHUIIMOHHA
obmact D(a;). Ilpuema ce, ue D(A) = U,ca D(a).

e baswuparia npeaukaTtHa penanus § < R X A X D(A), kosiTo 00Bbp3Ba BCEKHU Ipe-
JIMKAT ChC ChOTBETCTBAIU CTOMHOCTH Ha aTpUOyTHTE.

3. MPOTOTHUII HA ABTOHOMEH MOBUWJIEH POBOT
3a menuTe Ha U3CIEABAHE U PA3BUTHE Ha CHUCTEMAaTa 3a MEpLENTyaaTHO 3aKOTBSIHE IO
JUCepTallMOHHa paboTa Ha Tema. ,[lepyenmyanno 3aKomesne 6 UHMELEKMHU MO-
ounnu pobomu” € pa3pabOTeH aBTOHOMEH MOOMIJIEH po0oT, ue.2.

®ur.2. [[pomomun Ha aemonomeHn Moouier pobom.
ApxuTtekTypara Ha poboTa € KoHKpeTusanus Ha KoHnenryamHata cTpykTypHO-(QyHK-

[MOHAIHA cxeMa OT ¢ue.l. brok-cxemaTa Ha yCTPOMCTBOTO Ha poOOTa € Mpe/ICTaBeHA
Ha ¢hue.3.
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Anapamna yacm Ilpozpamno ocuzypsasane
Censopn| | Kamepu — — — - [Ipuemunk [Tepuentusen
MOZYJ
Pagmomoniem 4= — = =p| Pamnmomonem
v A\ 4
cucreMa HCH MOZlyJI Ayl
y y
JlpaiiBep 3a 3a.1- 3HaKOBO HUBO (3HAHM):
BI)KBaHE mks(o,t), tell(A,St), reas(A,Qt), A
y
JlBuraTenu Hpyru moayin

®ur.3. hrnox-cxema Ha Moburnusi pobom om Que. 2

OCHOBHM acCNeKTH Ha MPEAJIOKEHATA APXUTEKTYypa ca:
* ['paguBHUTE KOMIOHEHTH Ha poOoTa. Te ca mpencTaBeHU OT IJieJAHA TOUYKa
HA! BXOJI-MU3XO0JI, aKTUBUPaHE-IeaKTUBUPAHE, KakBa (PYHKITUS peain3upar.
» Opra"uzanusiTa Ha B3aUMOJIEHCTBUETO MEXKIYy KOMIIOHEHTHUTE B POOOTa,
KAaKTO ¥ MEXJY TSIX U BbHIITHATA Cpeja.
* Bpb3Kkata MeXIy CTpyKTypara Ha poOoTa W obmjata My (PYHKIIMOHATHOCT
(KOMIETEHTHOCTH, Bh3MOXKHH 3a/1a4H, Bb3MOKHHU LICJIH).
AmnapaTHaTa yacT Ha po0OO0Ta, ChAbpPKA MOJYJ 332 OTAAJICYEH KOHTPOJI U yIIpaBJieHUE,
KOETO OCUTypsiBa HeoOxouMaTa MoOuHOCT. M3momn3Ba ce paguo-MoJeM CbC CEpUEH
unTepdeiic u ckopocT Ha npeaaBade Ha ganau 19200 bps B aBete mocoku. Mudop-
Malyst 3a CKOPOCT M MU3MHUHAT IBT CE TMOJIy4aBaT OT CEH30p 3a 00paTHa Bpb3Ka (€HKO-
aep), KosTo ce nogaBa kpM 1udpos [TH1/] perymnatop. Toii e peanu3upan B MUKpOII-
poliecopHaTa CUCTEMa, KOSITO YIpaBisiBa JBIKCHUSITA Hampe Ha poOoTa. 3a obpart-
HaTa Bpb3Ka HA KOPMWJIOTO CE€ M3II0JI3BA CEH30p C aHAJOTOB M3XOJIEH CUTHAJ, KOWTO
ce mojaBa Ha aHajoro-uu¢poB mnpeodOpasyBaren. To3u CUTHANI ce HU3MOJI3Ba 3a 00-
paTHa BpbB3ka KbM mudpoB [1 perymarop, pealm3upan B MHUKPOMPOIECOPHATA CHUC-
TeMa 3a JBM)KEHHETO Ha KOpMMJIHATA ypenda. 3agaHusiTa KbM PEryiatopuTe 3a u30-
paHaTa CKOpOCT, IbT U bI'bJI HA KOPMUJIHATA ypea0da ce nmpeaaBaT o paguoMojieMa OT
0a3ara kaTo makeTu ¢ JaHHH. KomyHukanusTa € asynocoya. opmupaHeTro Ha BCs-
KO HOBO 3a/IaHH€ € pe3yaTar oT padoTaTa Ha cUcTeMara OT HUBOTO Ha 3HAHMS.
MukpormnporecopHaTa CUCTEMa OCUTYpsiBa yIPaBJICHHUE Ha JIPAWBEPUTE 3a 3aJBUXK-
BaHE Ha JBUTATeNIUTe, KaKTO W KOMyHHUKauusTa ¢ 0a3ara. JlpaiiBepure ymnpaBiisgBaT
€IUH CTBHIKOB M JIBa MOCTOSHHOTOKOBM IBUTATENM. J[BUTaTeauTe ca M3CIIC/IBaHHU,
Yype3 XapaKTepUCTHKA, KOSITO 1aBa Bpb3KaTa MEXAY bIII0BaTa CKOPOCT U TOKA B CHIIO-
BaTa BEpUra HA JIBUTATEIINTE U OT YPABHEHUETO HA JBUKEHUETO HA €JIEKTPO3aBUK-
BaHeTo. Ha Ta3u ocHoBa ¢ u3BejcHa npenaBarenHata GyHKIus o(p) (1) kbM u3xomaa

Ha ABUIaTCIIsd.
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K (T,p+1)
TT p°+T, p+1

w(p) = u, (p) - M. (p) 1)

TT p°+T p+1

Kakro ce Bmwkma om ¢ue.4, npenaBarennata QyHKIMS o(p) Ha JBUTATENS 3aBUCH OT
Ua(p) 1 Mc(p).

u,(p) K o(p) [
1 TT p?+T p+l

he]

M(p)|  k(T,p+1)
1 TT pt+T p+l

®ur.4. CmpykmypHa cxema Ha obekma 3a ynpaegieHue

Ha ¢hue.5a,6. ca nokazanu xapakTe€pUCTUKU 3a BIVIOBOTO OTKJIOHEHUE MPU JBHKECHUE
Ha poOoTa Hampen. XapaKTEPUCTHKUTE IMOKa3BaT CTOMHOCTTA OT €HKoJzepa 3a Bpe-
MeTo oT 1 cexkyHna. Equn o06opoT Ha 3agHuTE KoJjena Ha poOoTa € eKBUBAJICHTEH Ha
1662 equHAIIN.

18000 T T T T 12000

16000 -

14000 - 10000

12000 -
8000

10000 [

8000 6000 -

6000 [

4000 |- 4000 -

2000

2000
0

-2000 I I I I 0
0 0.2 0.4 0.6 0.8 1 0

a)
®ur.5. Xapakmepucmuxu na poboma.
a) Ilpu eéxnrouenu 0sa osucamens (hanpedsicenue na akymyaamopa 11,4V).
0) Ilpu exnrouen eoun osucamen (nanpedsicenue na akymynamopa 11,55V).
Omaaso Haosacho: 1-6e3 cyennenue na cymume ¢ nooa, 2-cvC cyenieHue Ha cymume u
npunivseane (21a0wvk nod); 3-cwve cyenienue na 2ymume de3 npunivzeane ( 2panas noo).

3a ynpaBJIeHHETO Ha JIBXKEHUSITA HaAIpes U Hazax ce uznonsBa auckpered [T1]] pe-
ryJaTop ¢ mapajieiaHa CTPyKTypa, KOUTO peanu3upa GyHKIHS OT BUJA:

ORI L+Kppo=vvp<p)+vvi(p)+wd<p>=K{T‘T"pzﬂ‘pﬂ @

e(p) ° "Tp T.p

KBJETO. T, € BpEMEKOHCTaHTa Ha AudepeHuupane, K, - KOeQUIUEHT Ha IPONOPLHUO-

HAJIHOCT, T, - BPEMEKOHCTaHTa Ha UHTETPUPAHE.

Ha ¢pue.6 e npencraBeHa eaHa CpaBHUTENIHA XapaKTEPUCTHKA Ha PEaTHMs MOJEN Ha
po0oTa 1 Ha MaTEeMAaTHUYHUS, U3TPAACH 1O gue.4.
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3500

3000 - 1

2500 - 1

2000 - b

1500 (- b

1000 - B

500 q

®ur.6. CpasHenue Ha mamemamuyer u peaieH Mooel C 8KoYeH eOuH ogueamel, be3
NpUnIbL36ane ¢ nooa

Jlo MoMeHTa B poOoTa ca BrpajieHu JABe kamepu. [IpueTustT or kamepuTe cUrHaji He ce
00paboTBa B JIOKaJTHATa MUKPOIIPOIIECOPHA CUCTEMA, a C€ M3Mpallla KbM 0azara, KaTo
pelaBaHeTo € caMO €JHONOCOYHO. B 0a3zara curHaibsT ce nmpuemMa OT MPUEMHHIIH.
Nudopmarnusra oT TAx ce npejaBa KbM MEPIENTUBHUAS MOJYJI. 3ajavyara Ha TO3U MO-
TyJl € J1a U3BBPIIN NpeodpazyBaHe U MpeaBapUTesIHa 00paboTKa, Ha N300pPAKECHHSTA,
MOJIy4eHH OT kamepuTte. M300pakeHusTa, 3aCHETH OT KaMepuTe, MOCTHIIBAT 32 00pa-
00TKa B HIKOJKO MOCJI€IOBATENIHU eTamna. [I5pBUsT npeacTapiisiBa MaHUITYJIAIKs, Ha-
MaJjsiBalla IIyMOBETE WUJIM MpeoOpa3yBailla yacT OT HIOAHCUTE HAa CUBOTO B OOMKHO-
BEHA KOMOWHAIMS Ha 4epHO M Osuto (T.H. OmHapm3arus). Cieq ToBa HHOOPMAIHOH-
HaTa CHUCTEMa 3aloyBa Jia Opow, u3MepBa u/win UACHTUDUIMPA OOCKTH, pa3MepH,
nedeKTH WIh APYTH XapaKTePUCTUKHU 3a 00EKTUTE OT M300paxkeHuero. Ch3gaBar ce
CTPYKTYpPH, KOUTO ChIbpKAT HH(POpMAIIHS 32 OOEKTUTE OT CIIeHATa.

CrneaBa HOBO MO-BUCOKO HMBO Ha 00paOOTKa, KOETO OCBHIIECTBSABA aHAJIU3 Ha
BXOJIHUTE M300paxkeHusd. llenra Ha aHanM3a € Ja ce M3BJIEKAT XapaKTepHUTE MpHU3-
Haly Ha oOekTuTe. Pe3ynTaThT OT TO3U aHAJIM3 Cca OMHMCAHMS, OTJIMYABAIHU CE C KOM-
MaKTHOCT M 00OOIIEHOCT Ha TeoOMETpUYHATa MHGOPMAIHs, KOSTO OCUTYypsiBa e(hek-
TUBHOTO NPWJIOKCHHE HAa aJITOPUTMUTE 32 pa3Mo3HABAHE HA OOCKTH WJIM 32 UHTEPII-
peTanus Ha CIeHH. AJITOPUTMHTE 3a pa3lo3HaBaHe, Ch3/1aBaT CTPYKTYpPH C HEOOXO-
JUMUTE TEPUENTUBHU JTaHHHU, KOUTO 3aKOTBSIIUIT MOJYJ U3IOI3BA 32 J1a Ch3Jaje U
Jla TOAAbprKa Bpb3Ka MEXKIY MEPIENTUTE U 3HALMTE, U3MOJI3BaHU B HUBOTO Ha 3HA-
HUSL.

B 1ab1n.1 ca npeacTaBeHr TEXHUUYECKUTE XapaKTEePUCTUKU HAa poOoTa.

Tabauya 1. Texnuuecku xapaxmepucmuku Ha poboma

Teano 4xe
Bucouuna 165mm
Jlvnorcuna 330Mmm
Hlupuna 210mm
Meawcoyocue 240mm
Hlupuna na cymume, npednu 25mm
Hlupuna na cymume, 3a0HU 28mm
Juamemvp Ha npedHume 2ymu 67mm
Juamemwvp Ha 3a0Hume 2ymu 75mm
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Maxcumanna ckopocm. Hanpeo u Hazao

BUIC NPexooume XapaKxmepucmuKky no-00uy

Maxcumanen vewi Ha 3a6usame

45°

Ocuzypena KoHCyMayusi Ha MOK 54/h
Koeguyuenm na npedasane,
Jleuzamen/pedyxkmop 17/1

Hzmounuk Ha eHepecus

Axymynamoprna 6amepus 12V

bpoii na dsueamenume

3(2-DC, 1- Steper)

Maxkcumanna xoncymayus na mox npu paboma ~44

Jlucmanyuonen KOHMPOR U KOMYHUKAYUsl 300m

Tun na KomyHuKayusma Paouomooem 19200bps
bpoii kamepu 2

Hucmanyuonno npeoasane Ha cucHana om Kame-
pume

50 mempa na omxpumo

Tlooopvoicka na 2D, 3D 3penue oa

Maxcumanen 6pou kadpu 6 cexkynoa 30 (xapdyepen npenoc)
Ynpaenenue npes Unmepnem Ja

bpoii nnamku 3a ynpaenenue 4

Ilpenpozpamupane na opatigepume 3a ynpaenenue u | Ha

KOHMPOT

Hamuux 3a obpamua 8pv3ka, eHKooep,
cmonkulobopom 1662/06.

4. DYHKIIMOHAJIHOCT HA 3AKOTBALIUAT MOAYJI
3a J1a ce pelaBaT yCIEUIHO BBIIPOCUTE 32 3aKOTBSIHETO HA OINPEAEIIEH 3HaK € HE00XO-
MO
e (Cp31aBaHe Ha KOTBAaTa B I'bPBOHAYAICH MOMEHT, KOrato oOCeKT (03HaueH
ChC 3HAK S) € BB3IPUET OT CCH30PHATA CUCTEMA.
e HenpekbcHato 0OHOBABaHE Ha KOTBATa, I0KATO OOEKTHT € HAOII0AaBaH.
e Bp3craHoBsIBaHE HAa KOTBaTa, KOTaTo 3a HAKAKbB IEPUOJ OT BpeMe OOEKTHT
He ¢ Owt HaOmoaBaH (HanpuMep 3aKpuUT € OT APYT 00EKT).
Cnenpaiiku [4], KakTO U IPEICTaBEHOTO B T.2, MO-J0JY C€ IpeajiaraT Tpu IpoLeaypH,
KOUTO peaIM3upar Ipolieca Ha 3aKOTBSHE, KaTo t € BpeMeTo, B KOETO IpOoLEeaypara €
n3BukaHa. KotBara o(t) e HapeneHa Tpoiika OT 3HaK, MEpIENT U CTOWHOCTH Ha aTpH-
OyTH.

CreateAnchor(s)
1. Pr¢—see(wy)

%Cv30aii komea, 3aKomeu 3Haka S Kvm nepyenm p.

% Cw30atl MHOICECMBOMO NEPYEnmu 6b3 0CHO8A HA ceH3opHume Y%ono-
KA3anus 3a meKyujomo cbCmosnue Ha cpeoama Wy

2. p « choice(p;, Py) and match(p;, s) %Z36epu nepyenm p;j Pt u nposepu

%3a cvemecmumocm Pj cve 3HaKa S

%Axo uzbopa Ha nepyenm He e YcneuleH CbOMEemcmeue
YomeorcOy 3HaK u nepyenm He e HamMepeH

%Axo usbopvm na nepyenm e ycnewen cv3oai komea oft)
Y%xwvoemo D1cD(A)

%BvpHu komseama

3. If p=null Return False
4. Else a(t) «<s, p, D1>

5. Return o

[Ipouenypara npruemMa 3Hak S ¥ BpbIlla KOTBA ¢, Ae(pUHUpPAHA B MOMEHT OT BpeMmeTo t
U Hene(uHUpaHa HUKBIE Apyrajae. B ciyyail Ha HAKOJIKO ChBIAJEHUS, C€ U3MOJI3Ba
(byHKIus 32 300p Taka, 4ye u300pbHT 1a ObJIe BUHATH €/IHH.
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TraceAnchor(q) %O006n0656a Komeama

1. s« a(S)t1 YoH36nuna umemo na 06ekma S coObPIHCALY Ce 8 KOMBAMA a,
Y%cwv30a0ena 6 npedxooen MOMeHm Om 8peme
2. V¢« predict(s, Dit1) %I Ipedckazea mHodxicecmso N om CmouHOCmu Ha ampubymu

%63 ocnosa na dannu D1 omnocumu kom S (D1, S ca depunupanu
% npeoxoonama npoyedypa)
3. Pre—see(wy) % Cwv30ati MHOICECMBOMO Nepyenmu 8b3 0CHO8A Ha cenzoprume Yono-
KA3anus 3a meKyujomo cbCmostue Ha cpeoama Wy
4. p «choice(p;, Py) and verify(p;, s, v) %H30epu nepyenm Pj Py u nposepu
%3a cvemecmumocm Pj cvbC 3HAKA S

5. If p #null then v «— Update(v,D1t, ) %Ako e omkpum nepyenm 0OHO8U HOBAMA CMOUHOC
%3a ampubymume 6v3 ocnosa Ha Vl, D1, S

6. at) ¢« <s, p, v> %O006H06U CLOBPIHCAHUENO HA KOMEAMA

7. Return %BvpHu komseama

B MomMmeHT t mpouenypara nojiyyaBa KOTBa ¢, nepuHUpaHa B MOMeHTa oT Bpeme t-1.
Predict mpeicka3Ba HOBH CTOMHOCTH 3a aTpuOyTUTE Ha O6a3aTa Ha €HA CThIIKA Ha3aJ U
aKo mpoBepkaTta Verify 3a chBMECTHMOCT € UCTHHA, 3alTUCBa B V OKOHYATEITHO YCTAHO-
BEHM, TEKYILIU CTOMHOCTU 3a aTpuOyTH. OOHOBSABA CHIBPKAHUETO U BpPbBIIA KOTBATa
a.

RestoreAnchor(S) %Bw3cmanosssa komeama o

1. a « getAnchor(s) %I lonyuasa komeama cbomeemcmsauja Ha S

2. v« predict(s, Dit1t) %l Ipedckazea mHodxcecmeo N om cmounocmu wa ampudoymu 6 Yomo-
menm t 6v3 ocnosa na dannu D1 omnocumu kvm S (D1, S ca Yooegpunu-
PaHu npoyedypa nvpea)

3. Pre—see(wy) % Cv30ail MHOJICECMBOMO Nepyenmu 8b3 0CHO8A HA ceH3opHume Yono-

KA3aHUsL 3a MEKYWomo CbCmosinue na cpedama Wy
4. p «choice(p;, Py) and verify(p;, s, v) %H36epu nepyenm P;j Py u nposepu
%3a cvemecmumocm Pj cvbe 3HaKa S
5. If p=null then v «~ Update(v, D1, S)  %Axo e omkpum nepyenm o06HO8U HOBAmMA CMOUHOCH
%s3a ampubymume na 6azama na Vv u f4(pj)t, S
6. a(t)¢«<s,p,v> %O006H06U CLOBPICAHUEMO HA KOMEAMA
7. Return o %Bwvpru komseama

Ta3u mpouenypa ce u3moi3Ba 3a HaMHpaHe Ha OOEKTH, KaTO H3I0JI3BA IMPEIXOJCH
nepuentyaieH onut. IIpeacka3zaneTo, Bepudukanuara 3a CbhBMECTUMOCT U OOHOBSI-
BAHETO 3aBUCST OT KOHKPETHATA MpPeIMETHA 00JIACT, B KOSITO € MOCTaBEH POOOTHT.

5. BAKVIIOYEHHE

TexHHUeCKOTO OmMHMCaHue U U3TPAXKIAHETO Ha HAl-OIM3bK MaTeMaTH4eH MOJIEN € Ch-
IIECTBEHA YacT 3a MPEICTaBeHUsT POOOT. 3a M3ClieBaHEe HA MOJeNa Ha podoTa € M3-
nox3san Matlab/Simulink u eemenTr oT TeopusTa Ha yIpaBICHHETO.

Heo6xomumo € 1a ce oTOenekH, 4e cCucTeMara 3a TSXHHYECKO 3peHHe Ha po0oTa 103-
BOJISIBA MPUJIOKEHHE HAa MHOXECTBO OMOIMOTEKHM 3a 00paboTKa Ha M300pakeHws,
BKJIFOYHTEIHO M TaKWBa C BB3MOXHOCTH 3a peallHu cuMyJsanuu. DopMmupaHeTo Ha
NEePUENTH OT CEH30pHATa CUCTEMa CTaBa MOCPEICTBOM METOAM, KOUTO W3BJIHYAT Te-
OHHU OT OoNTWYHMA BXOJ. lIpeanoxxkeHure mporenypu 3a NEpUENTYATHOTO 3aKOTBSHE,
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MTO3BOJISIBAT 3HAILIMTE, U3MOJI3BAaHU 32 0003HAYaBaHE Ha OOCKTHUTE Aa ObJAAT OPTraHU3HU-
paHu BBB (popMmaHa jJormdecka cuctema. [Ipeasuxaa ce mo-HaTaThK, 3HAKOBOTO HU-
BO J1a OBb/Ie MPOTPAMHO pean3upano B e3uka I[Iposor.
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TEJEYIIPABJIEHUE HA MOBHUJIHU POBOTHU C U3ITOJI3BAHE HA
MATLAB® U ARIA

IHaBaun HenenueB

Pezrome: ARIA e obexkmno-opuenmupan myrimuniameopmen npoepamen unmepetic,
paspabomen na C++, 3a nramgopmume na MobileRobots/ActiveMedia. MATLAB® e
e3UK OMm BUCOKO HUBO U UHMEPAKMUBHA Cpeod, NO380IA6AWA U38bPUIBAHEMO HA
CILOJNCHU USYUCTIUMETHU 3a0ayU U U3NON36AHA WUPOKO 3A HAYYHU U3CIe08AHUS U 00)-
yenue. B mo3u 0oxknao ce pazenexicoa cv30adeH om asmopa spaguyen unmepgheiic 8
MATLAB® 3a yerume na ynpasnenue na moounnu pobomu 6 yuebHnus npoyec. Mznoi-
38a ce npedxoono paspabomen unmepgetic[l], koumo nozeonsea uznonzsane Gynk-
yuonannocmma na ARIA 6 cpeoama na MATLAB® 3a ynpasnenue 6 peanno epeme Ha
MOOUNHU pobom.,

Kniwouosu oymu: ARIA, MATLAB®, meneynpasnenue, moourrnu pobomu

REMOTE CONTROL OF MOBILE ROBOTS USING MATLAB® AND ARIA
Pavlin Nedelchev

Resume: ARIA is an object-oriented multi-platform interface, written in C++, for
MobileRobots/ActiveMedia platforms. MATLAB® is a high-level language and inter-
active environment that is used to perform computationally intensive tasks and widely
adopted in scientific research and education. This paper describes a MATLAB®
graphical user interface developed by the author for the purpose of mobile robot con-
trol in education process. Previously developed interface [1] is used, allowing im-
plementation of ARIA functionality in MATLAB® environment for real-time control of
mobile robots.

Keywords: ARIA, MATLAB®, remote control, mobile robots

1. BbBEJIEHUE

ARIA (Advanced Robotics Interface for Applications) e momen o6ekTHO-OpHEeHTHPaH
uHTepdeiic, KOUTo ce m3moa3Ba Ha Bcuuku rardpopmu Ha MobileRobots Inc. To3u
uHTep(deiic mo3BoJIsABA AUHAMUYHO YIpPAaBJIEHUE HAa CKOPOCTTA, OPUEHTALMATA, J1OC-
ThI 10 Bceku ceH3op u T.H. ARIA e paspaborena Ha C++ kato MyAaTH-IIIATHOPMEH
unrepdeiic. 3a 1a MoxkeM J1a U3No3BaMe (PYHKIMOHATHOCTTA Ha TO3U UHTEp(deiic 3a
nenute Ha oOyueHue Oemie pa3paboOTeH JONBIHUTENECH WHTepdeiic 3a Bpbh3Kka Ha
ARIA ¢ MATLAB® [1]. Ot npyra crpana MATLAB® e e3uk OT BUCOKO HUBO U HH-
TEpaKTHBHA CpeJia, TT03BOJISBAIA U3BBPIIBAHETO HA CJIOKHU M3UMCIUTEITHH 33a4H U
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U3I0JI3BaHa MIMPOKO 3a HAYYHU U3cieBaHus U o0yuyeHue. B oOyueHueTro no aBroma-
tuka MATLAB® ce n3non3Ba B peAuiia TMCIUIUIMHY U € TIO3HAT Ha cTyAeHTuTe. To-
Ba JIaBa BB3MOXKHOCT OBP30 M JIECHO Te Ja ObJaT 3amo3HaTH ¢ OCOOEHOCTUTE Ha
ARIA u 1a nmpunoxat Ha MpaKTUKa Pa3IUYHU aJITOPUTMU 32 yIpaBICHHE Ha MOOWITHH
pob6otu B cpenata Ha MATLAB®. 3a na moxxe pe3yJTaTure OT YNpaBJICHUETO J1a Ce
Habm01aBaT 1o yA00eH HauuH € pazpaboteH u rpaduuen uatepdeiic B MATLAB® ¢
nomomnra Ha GUIDE (cpena 3a pa3paboTka Ha MOTPEOUTEIICKH OpUEHTHPaH rpaduicH
naTepdeiic). Llenara Ha To3u rpaduueH uHTEpdEiic e na Aane Bb3MOXKHOCT KAaKTO 3a
TeJeypaBiieHie Ha MOOMIHK pobotu Ha MobileRobots Inc B ppuen pexum, Taka u
IyCKaHe Ha U30paH alropuThbM U HaOJII0/1aBaHEe MPOLeca HAa U3ITbJIHEHHE.

2. AHTEP®EMC 3A BPB3KA HA ARIA C MATLAB®

Paspaboten e untepdeiic 3a Bpbh3ka Ha ARIA ¢ MATLAB® [1], koiiTo mo3BosisiBa
pa3pabOTBaHETO HAa CIIOKHHU aNTOpUTMHU. To3u mHTEepdelc ce ChCTOM OT JIBE YacTH
(dbur.1): mBpBO € YACTTA, KOSTO OCHIIECTBSIBA caMaTa BPb3Ka M € M3IBIHECHA KaTo
MEX ¢yHkmus u mpaBu mpoBepka Ha BXOJHHUTE apryMEHTH B ChOTBETCTBHE C OTpa-
HUYEHUSATA HA poOOTa; BTOpATa 4acT C€ CbCTOM OT OMONMOTEKa OT CTaHJAPTHH IMOT-
peoutenckn nedpuHupanu GykHKIuu (4pe3 M-daitioBe), KbIETO Ce U3BBPIIBA pas-
IIMPEeHa IPOBEpKa Ha MapaMmeTpUTe, KaKTO M C€ ChAbpKa IMoje3Ha MHPOopMalHs 3a
Ha4yMHA Ha u3noi3Bane Ha Te3u GyHkuun. MEX dyHKuuATa ce U3BUKBA upe3 Te3u M-
daiinose.

MATLAB

m-files

(robot commands)

MEX file

L (ARITA wrapper) )

[ = ]

®dur.1 CtpykTypa Ha uHTEpdetica

2.1. MEX ®YHKIIUSA
MATLAB® moxe na usnon3Ba ¢pyHkiuu Hanucanu Ha ynucto C wim C++, HO Te3u

GbyHKIIMU TpsAOBa Ja ca KOMIMJIMPAHHU. 3a Ta3d MeJ € He0OXO0aUMO Jla ¢ M3IT0I3BaT

MEX ¢yukuun. Te ce xapakrepuzupaT ¢ U3BUKBAHETO Ha TOYHO OmpeseseHa (pyHK-
st or MATLAB®:

void mexFunction(int nlhs,mxArray *plhs[],int nrhs,const mxArray*prhs[]);
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Tasu dyHKIMs OChIecTBsIBa Bpb3KaTa Ha BXOJHUTE M M3XOJHH apTyMEHTH OT/KbM
MATLAB®. B camuss MEX ¢aiin morat ga 6p1aT aepuaupanu pa3nuyiu GyHKIUH,
HO Te3u (yHKIWHU TpsOBa Aa ObAAT W3BMKAHM OT TriaBHaTa mexFunction. Ot mpyra
CTpaHa equH (haiii € OTTOBOPEH 3a M3MbIHEHHETO Ha enHa pynkuus. [logoGHo orpa-
HUYEHHE OU HampaBWJIO OE3IMOJIE3HM HAIIUTE yCWIMsS. 3a MPeoIoJsiBaHe Ha TOBA Or-
paHWYEeHHE C€ W3MOJ3Ba HHJAEKC Ha (YHKIMATA KAaTO BXOAEH apryMEHT KbM
mexFunction, koiito yka3Ba kosi (GyHKIMS Ja ObJe HU3IMBJIHEHA C TE3H BXOJ-
Hu/u3xoqHu aprymeHTH. [1o To3u Haunu eaud MEX daiin Moke 1a M3IbJIHABA MHO-
KeCTBO (PYHKIIMU U TOPHU KIIACOBE.

Tbit kaTo Beska GyHKIMS € pa3inyHa, IbPBOTO HEIIO, KOETO Ce MPaBU € MPOBEpKa Ha
BXOJIHUTE U U3XOJIHU apTyMEHTH — OpO¥ 1 TUII Ha aHHUTE. ToBa ce MpaBu BHB BCSAKA
byHKIUS criopel HeHHUTE 0CO0eHOCTH. AKO Bh3HUKHE HEOOWYaiiHa rpelika mpu 13-
IIBJIHEHUETO, ChIlaTa Ce NMPUXBAIlla U Bpblllame chobienue 3a rpemka B MATLAB®.
3a Taswm 1en ce u3noi3par OyiokoBe try-catch. He tpsOBa na ce momycka mpeKbCcBaHe
W3ITBITHEHUETO HA aJTOPUTHM 3apajyd Bb3HUKBAHETO HA HEOUYAKBaHA TPEIIKA TIPH H3-
IBTHCHUETO Ha OTHAeTHa (PyHKIMS. AKO TapaMeTpUTe HE OTTOBapsAT HAa M3BHUKaHATa
GyHKIHS, TO TS MPOCTO HE CE UBIMBIHABA. TsUT0TO Ha (QYHKIMS M3MIICKIA 1O CIICTHHUS
HAYMWH:

int functionl(...)
{
If <check input and/or output arguments> is not successful
return -2,

try
{
<functionl actions>

}

catch(...)

{ return-1; }

return O;

}

CMHUCBHIBT Ha Ta3u AePUHUIMUS €, Y€ €AHOBPEMEHHO MoraT Ja ObJaT WHUIHATIU3H-
panu u ympasisBanu oT eauH 10 MAX _ROBOTS. B KOHKpETHOTO H3IBIHEHHUE €
HarpaBeHo orpaHudenue 3a 10 po6ora. [1o To3u HAUMH MHUIMATU3UPAHUTE POOOTH
Ce Ma3sT B MAMETTa U MOXKEM Ja U3MbIHsABaMe crieluuuHu QYHKIIUU U IEUCTBHS OT
BCEKU OTJEJIEH poOOT. AKO 1Moj00Ha AeKiIapanus OTChbCTBA HsMa Jla 3HaeM Kak J1a ce
CBBPIKEM C KOHKPETHHUS pOOOT U J1a U3MBJIHUM J1aJieHa koMaHaa. J[o6aBsHeTo Ha Bb3-
MO>KHOCTTA J]a C€ yMPaBIABAT HIKOJIKO poOOTa U3UCKBA JO0ABSIHETO HA OIIE €IUH ap-
IrYMEHT KbM BXxojaHata pyHkuus — ID Ha poOoTa, KoiiTo 11e ynpasisgBame. AKO TO3H
napaMeThbp € M3IMyCHAT, Mo mofapazbupane ce mpuema croitHoct 0. Koraro ympasis-
BaMe HAKOJIKO po0oTa € 3aAb/DKUTETTHO J1a YKa3BaMe KOM OT TSIX MCKaMme Ja yIpaBiis-
BaMe.
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ArRobot

ArRobot Packet Receiver ArRobot Packet Sender

ArRobot Device Connect

Robot (§im or Real)

®ur.2 Crpykrypa Ha ARIA (cobctBenoct Ha MobileRobots Inc)

ARIA e usrpazeH kato WepapxudHa CTPYKTypa OT KiiacoBe okojo kiaca ArRobot
(dur.2). KnachT TpsibBa na Ob/ic MHUIMATU3UPAH U J1a OCTAHE B MMaMETTa 3a MOCe/I-
BalllM 3asBKU. TOBa ce U3II'BJIHSBA C MOMOIITA HA rI100aHo AeUHUpaHa CTPYKTYypa:

struct

{ ArRobot *robot;

} cnxTable[MAX_ROBOTS];

B 3aBucuMocT kakBa q)yHKI_[I/ISI CC M3BHUKBA CC pasrpaHuM4aBaT HJIKOJKO IIPOTOTHUIIA.

— OyHKIUHY, KOUTO UMaT CaMO BXOJHU apryMEHTU U HE BPbILIAT pe3yiTar B
MATLAB®:

int function1(int robot_id, int nrhs, const MxArray *prhs[]);

— @yHKIUHU, KOUTO camo Bphiiat pesyiaratr B MATLAB®:
int function2(int robot_id, int nlhs, MxArray *plhs[]);

— OyHKIMH ¢ BXOJHU apTYMEHTH U BpbIane Ha pe3yiarat B MATLAB®:

int function3(int robot _id,int nlhs,MxArray *plhs[],int nrhs,const
MxArray *prhsl[]);

Tyk nrhs e 6post Ha BXOJHHUTE apryMeHTH, a Prhs e MacuB OT yka3aTeau KbM BCEKH
BxojeH apryment, Nlhs e 6pos Ha u3xoguute apryments, a plhs e MacuB oT ykasa-
TEJIM BbM BCCKH M3XOJCH apryMeHT. [IbpBHUST aprymeHT ce gocTbeiBa upe3 prhs[0],
BTOpHAT — upe3 Prhs[1], ..
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Twit KaTO HAKOM CEH30PU KaTO KUPOCKOIIA U3MOI3BAT pa3INueH HAYUH HAa WHUIIHAJIH-
3aIusl ¥ MHUIHAIH3UPAHUAT Kiac He ce 100aBst kbM ArRobot, a o6parHoro (Hampu-
mep kiaca ArAnalogGyro) e HeoOXoauMoO J1a ce ToIbpKa yKa3aTel KbM TO3U KJlac.
3a ta3u uen e aeguaupan knac B MEX ¢ynkiusaTa, KOWTo 1a chAbpKa BCHUKH HEOO-
XOJMMH YKa3aTelld, KaKTO U MOJIE3HU (DYHKIIUH 32 MHUIMATU3AIMS Ha OTICIHU (QyH-
KIIMOHAIHOCTH Ha po0oTa M JAPYTHM HACTPOWKH 3a M3MBIHCHHE Ha LIETH MOBEICHHS
HarpaBo upe3 MEX @aitna. 3a cl10KHU alropuT™MH ¢ MHOTO LIMKJIM MOKE J]a CE OKaXe
MO-TIOIXOASAIIO TSXHOTO U3MbJIHeHHUE B cpeaTta Ha MATLAB®.

2.2. MOTPEBUTEJICKU JE®PUHUPAHU ®YHKIIMU B MATLAB® YPE3
m-®AUJIOBE

Heobxoaumo e untepdeiichT 3a Bpbh3ka Ha ARIA ¢ MATLAB® na 0bae KOJIKOTO €
BB3MOXKHO TI0-0bp3. ToBa 03Ha4aBa, 4e KOJKOTO MOBEYE IMapaMeTpu Ce MpOBepsBarT,
TOJIKOBA TOBEUYE BpPEME IE € HEOOXOIUMO MPEH J1a CE U3BHPIIHA HIKAKBO JCHCTBUE.
Heo6xoaum e kommpomuc. OT apyra cTpaHa W3BMKBAHETO Ha pa3pabOTEHUs WHTEP-
¢etic He e napopmaruBHo ( aria_wrapper(12, ...) ) KakBo JIeHCTBHUE ClIe/BA JIa CE W3-
Bepin. MMero Ha ¢pynkumsTa e ckputo 3ax ID, koero npeacrasisiBa mpocTo HOMED.
ToBa He € 0CO0CHO MOAXOAIIO Thil KATO BCEKU IIBT III€ CE Hajara Jia ce mpoBepsiBa
kakBo ¢ |ID Ha ¢yHkuMsATa, KOSITO MCKaMe Ja C€ M3MbJIHU. EIUHUAT HauuMH 1a ce
CIIpaBUM C TOBA € Jla C€ U3I0JI3Ba TabauIa Ha GyHKIUUTE [2], KbAETO € yKa3aHO uMe-
TO Ha (PyHKIHMATa ¥ MOXKEM Ja H3BHKame uHTepdeiica upe3 aria_wrapper(‘“move
forward”,...). Jpyrusr e na neknapupame rnpoctu pyuknuu B MATLAB®, kouto na
MMeHyBaMe noaxonasamo. Hanmpumep: armove, arrotate, arstop u m.n. Moxewm na mpa-
BUM TIO-JI€TalijTHA MPOBEpPKa HA BXOJHUTE M M3XOJHUTE MapaMeTpH, ako € HeoOxo-
MO U J]a He U3BBHpIIBamMe Te3u mpoBepku B camusi MEX ¢aiin. B morpeburenckus
M-aiin MoKeM CITOKOWHO Jia TOMECTUM U ONMCaHUE Ha ChOTBETHATA (DYHKIIUS — KaK
CE M3BUKBA, KAKBU Ca MAPAMETPUTE M TEXHUTE JOIMYCTUMHU CTOMHOCTH U T.H. [1o TO3H
HAYMH C€ M3BUKBAT (YHKIIMA C HAUMEHOBAHUS OJM3KH 10 OYAKBaHUS PE3yJITaT U CE
n304rBa OCTOSHHOTO TMpoBepsiBaHe Ha |ID Ha (yHKIMATA, KOATO WICKaMe jJa ce W3-
II'BJTHH.

N3non3aneTo Ha uHTEep(deiica npaBoauHerHo. [IbpBO ce n3BMKBa (YHKIHMS 332 OCh-
IHIecTBSIBaHe Ha BPb3Ka ¢ podoTa — arrobot(<IP>,<robot ID>). Ako ARIA He ¢ uHu-
uajan3vMpaHa J0 TO3d MOMEHT, TOBa € IMMbPBOTO, KOeTo ce mpasu. Cien ToBa OCHOB-
HUST aJTOPUTBM C€ 3aTBapsd B €AUH O€3KpaeH LHUKBJ, JOKATO HE HACTBIH CIEIU-
¢uuHO chOMTHE (OJIOKMpaHe Ha JBHUraTelN, JOCTUTAHE JIO 1eNTa). 3a Ja He Ce MPEeTo-
BapBa MpoIecopa, a 1 3a Ja ce U30sIrHaT BH3MOKHHU OJIOKMpPAHUS B IpoIleca Ha U3-
I'BJIHEHHUE Ha TIOCIIEOBATEIIHOCT OT KOMAHIU € HEOOXOAMMO B Kpasi Ha BCEKHU IUKBJI
na uMa mnaysa. M3neaHenueTo obuyaiiHoO ce mpaBu upe3 M-daiiin u He € Heobxoanuma
KOMITHJIAITMS HA TeHepUpaHaTa MmocienoBaTeTHoCT OT komanau. Koraro 3amavara 3a-
BBPIIN CE U3BHKBa arexit, KosATo (yHKIUS OCHINECTBABA MPEKPATIBAHETO HA BPH3-
Karta ¢ pobota u ciupanero Ha ARIA.

JIo To3u MOMEHT € pa3paboTeH HaOop OT mpocTH (GYHKIMH — arrobot, armove,
arrotate, arstop, arEstop, arexit, arsonar, argyro, armotorstall, arsound u op. C6o-
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PBT OT BCUYKU (DYHKLHUHU JaBa Bb3MOXKHOCT Ja C€ KOHTPOJIUPAT CKOPOCTUTE U YCKO-
peHusiTa Ha poOOTa, Ja ce YeTaT JOCThIIHUTE CEH30PHU JaHHH, Ja Ce MoJly4yaBa Apyra
cnenupruyHa HHGOpPMAIIMS KaTo JaHHH 3a MO3UIUS U OPUEHTAlUS U T.H.

3. O'TPAHUYEHMS HA MATLAB®

Korato MEX ¢aiina Obae n3BuKaH 3a MbpBU BT OCHOBHATa MeXFunction ce u3mbi-
HSIBA U YIIPABJICHUETO CE BPbIIa B MATLAB®. Ho 3aj7ejieHaTra nmamMeT U MHUIHAIN3H-
paHuTEe KJacoBe HE ce yHHIIOXkaBaT. B u3mbiaHeHnwero Ha Bpb3kaTta Ha ARIA c
MATLAB® TouHO TOBa ce u3noia3Ba. [Io To3u HaUMH ce CBBp3BaMe JIECHO C poboTa,
a MmapaMeTpuTe Ha Bpb3KaTa OCTaBaT B MaMeTTa. ToBa € MPEeANoCcTaBKa 32 Bb3MOXKHA
3ary0a Ha MaMmeT, ako Ciejl MpeKpaTsBaHe Ha U3MBJIIHCHUETO 3ajieJIeHaTa IaMeT He ce
ocBoOoaM. 3a J1a HE ce JOMyCcKa ToBa OT/enHa GYyHKIIUS Ce TPUKHU 33 MPEKPaATIBAHETO
Ha Bpb3Kara ¢ poboTa. 3aaenenara namet 3a camust MEX ¢aiin moxe na 0b1e ocBo-
ooxena ot cpenata Ha MATLAB® upe3 komana clear functions. Ho ToBa cneiBa ia
CE HaIlpaBH CJIe]] KaTo BPB3KaTa Cc poOOT € MpeKpaTeHa u 3ajejeHara JUHAMUIHO Ta-
MeT B nHTepdeiica e ocBoOoAcHA.

MATLAB® ¢ cpena, B K0ATO BCsIKa ciieiBaiia (yHKIMS ce M3IMBIHSBA CIE/ 3aBbpIIl-
BaHE M3MBJIHEHUTO Ha npeaxonHarta. Ot apyra ctpana ARIA e MHorosamayeH uH-
tepdeiic. Trit kKaTo mameTTa HE ce 0OCBOOOXKIaBa Cle]l CTapTUPaHETO Ha UHTepdeiica,
TO HHE BCBHIIHOCT MOJIydaBaMe€ BB3MOXKHOCT Ja M3I0JI3BAME€ MHOI033/1auHOCTTa Ha
ARIA, HO TOBa cTaBa 6€3 J1a MOXKeM J1a yIpaBisiBaMe BbTPEIIHUTE mportiecu. Hampu-
mep ARIA ce rpuwxu aa usnpaiia 10 podoTa MakeTH 3a CMHXPOHM3AIUS Ha BCEKH
100ms. be3 mHOrO3a/1auHOCTTa TOBA HAMA Ja Moxe Ja ce u3BwppmBa 1 MATLAB®
Ou Oun 6e3MmoJie3eH KaTO MHCTPYMEHT 3a yNPAaBIICHUE W HABUTAIlMA Ha MOOWIIHU PO-
6otu, uznonzpamu ARIA.

4. TPA®UYEH UHTEP®ENC 3A ITMCTAHIIMOHHO YIIPABJIEHUE
HA MOBUWJIHU POBOTHU
KakTo 6e mocodeHo mo-rope, u3mon3BaHeTo Ha mHTEp(deiica 3a Bpw3ka Ha ARIA ¢
MATLAB® camo upe3 m-daiinioBe € CBbp3aHO C M3MOJ3BaHE HAa OE3KpaeH LUKBIL.
ToBa e HEMOAXOAAIIO, 0COOCHO 32 AITOPUTMH, MTPH KOUTO HE CE MpecieaBa JOCTUTa-
HETO JI0 ompejeNieHa KOHGUTypalys Ha poOoTa KaTo HaBUTAIUs WM MPOCTO TUCTaH-
[IMOHHO yIpaBiieHHe Ha poOoTa. B mocnennus ciyyait € HE0OX0IUMO MOTPEOUTEINSAT
Jla YKa)ke Kora clie/iBa Ja 3aBbpIU U3IbJIHEHUEeTo. ToBa MOXKe Ja ce MOCTUTHE 4pe3
U3I0JI3BaHEe HA CHOUTUWHO OPUEHTUPAHO MpOrpaMHpaHe. 3a Ta3u el € M3IMO0I3BaH
GUIDE 3a cb3naBane Ha rpaduucH notpeduresicku uarepdeiic (¢pur.3). Msmonspa ce
obpsinenueTo upe3 T.Hap Callback dyrkius 3a 06paboTka Ha AEHCTBUETO HA MOTPE-
ourtens — B cily4asl Ype3 HaTUCKaHE Ha ChOTBETeH OYTOH. B kpas Ha Bcsika o6paboTka
Ce M3BHMKBA CIICIMATIHO Ch3/ajieHa (QYHKIMs, KOSITO paboTH B HEMPEKBbCHAT IUKBI,
J0KaTo uMa Bpb3Ka ¢ pobota. Llenta Ha Ta3u QyHKIHS € MOCTOSHHO JAa CIeAu JaH-
HUTE OT CEH30pUTE, CKOPOCTUTE U TeKyIIaTa MO3ULMs U OPUEHTALMS Ha poOOTa, 1a TH
BU3yalu3upa B rpaduvHaTa cpena u aa oOHOBsIBa rpadukara Ha ABHKCHHUETO Ha PO-
6ota B cpenata. [Ipu Bcsika HaMmeca Ha orepaTopa U3MBJIHEHUETO Ha Ta3u (PyHKIHUA ce
NpeKbCcBa M Ce Hajara Ja ObJe pecTapTupaHa. 3a Ja He ce 3ary0aT JaHHUTE OT W3-
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I'BJIHEHUETO 10 MOMEHTa T€ C€ 3aIucBaT B IIPOMEHJIMBA OT CpejaTa C IMOMOIITa Ha
dyskusaTa Setappdata u npu pecrapTupane Ha QYHKIHATA 32 HAOIIOJACHUE Ha JaH-
HUTE ITBPBO CE U3YUTAT OTTaM 4pe3 getappdata.

['padmunusT unrepdeiic 1aBa BB3MOKHOCT J]a CE HAIpaBy Bpb3Ka ¢ poOoTa, Ja ce 3a-

JlaBa II0COKA Ha ABWKCHUE, J]a CE CIMpa U IIPEKpaTsIBa Bpb3KaTa, KakToO U J1a ce 3ajJa-
BaT HaYaJIHU KOOPAMHATU Ha poOOTa, aKO 3HAEM KbJI€ CE HAMHUpPA B CpejaTa Ipu Ha-
YaJIHOTO My CTapTupaHe. B mponeca Ha M3NBbJIHEHHE MOTPEOUTENAT MOJydaBa Bb3-
MOJKHOCT J1a CJIEAU JaHHUTE OT CEH30PUTE U OIllepalMOHHATa CUCTEMa Ha poboTa 3a
CKOpPOCTH Ha KOJIeJIaTa, KaKTO U 3a TeKyllaTa IMO3ULKs U OpUEHTAlus Ha poOoTa, Kak-

TO U UBMHUHATHUA OT p060Ta ITbT OT MOMCHTA HA CTAPTHUPAHCTO HAa U3IIBJIHCHUCTO.
o AmigoGUI Q‘i‘gl

— Robat IP — Robat cat:

— Current Configuration — — Utrasonics
182 165 4532
130 (Sor)

x a +# (Sonl)

— Initial Robot Configuration

s A Th ¥ 0 +15 (Son2)

0 o 0 Th 0 15 (S0n3)

— Manual Control ————————————————— -41 (Sond)

— Weloctties [mis]

-80 (Sons)
Left wheel 1] -145 (Son)

olle|le|l=]e|le]|=]l=

Right wheel 0 +1453 (Son7)

vin

0 I I I ! ! I I I ! )
] 01 0.2 0.3 0.4 0s 0e 0.7 [k} 0g 1

®ur.3 I'paduyen untepdeiic 3a Teneymnpasieaue B MATLAB®

['paduaamsT nHTepdEiic ce U3ION3Ba 3a ypasieHne Ha pobor AmigoBot  (dur.4).
To3u po6ot e TpukonecHa miarGopma ¢ €IHO MACUBHO KOJIETO OT3a] U JIBE HE3aBH-
cuMO 3aABWXkBaHU Koziema. OOopylBaH € C MPBCTEH OT 8 YyITPa3ByKOBU CEH3OPH.
KoraTto usnon3Bame ceHzopute TpsOBa /1a BHUMaBaMe, Thil KaTO pOOOTHT € MPAKTHU-
YeCKH ,,ciisin’ B 30HaTa 10 15cm ornpen. (pur.5). Conapurte BpbIaT pa3cTOSHUE HA
15cMm u 10 5M. Oco0EHOTO €, Ye MPEMmSATCTBHS B 30HaTa Ha HEYYBCTBUTEIHOCT (J10
15¢M) BOAST 10 TOKa3aHUS HAa CEH30PUTE 32 MAKCHUMAaJHO pa3crosiHue — S5M. ToBa
MO3K€ J1a 00bpKa M3MBJIHIBAHUS ANTOPUTHM, Y€ Mpej podoTa HsIMa HUIIO U Ja Moc-
JenBa cOMbCHK C MPEMITCTBUETO (CTeHa, KpaK Ha CTOJ | Jp.).

unknown area

SEHS0L

15cm

Sm

®wur.4 AmigoBot™ @®ur.5 OrpaHuyeHus Ha yJITPa3ByKO-
BUTE CEH30PHU
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®ur.6 ['padbuunus untepdeiic B mpoiec ®ur.7 AmigoBot ™ B neiicTBue
Ha paboTa

5. 3AKVIOYEHHUE

MATLAB® ¢ no0pe U3BECTHA cpeja 3a M3CJEABaHMs, KaKTO U 3a IeJIUTEe Ha 00yue-
aue. C nmpemioxkeHus: nHTepQeic ce naBa Bh3MOXKHOCT 3a M3IIOJI3BaHE HA cujlaTa Ha
MATLAB® 3a cbCTaBsHETO Ha CIIOKHH aITOPUTMH M TSXHOTO TECTBAHE Ha ILIaTdop-
mute Ha MobileRobots Inc. Hacrosmoro m3mbiaHenwe Ha Bpb3kaTa Ha ARIA ¢
MATLAB® naBa Bb3MOXKHOCT 3a €THOBpEMEHHO ympasieHue Ha 10 pobora, HO Tpa-
buyHUAT UHTEPPEIC TO3BOIISIBA BPH3KA CaAMO C €HH POOOT.

[lenTa Ha pa3paboTeHus rpadudeH uatepdeic e ga 0b1e U3M0I3BaH B YUeOHUS MPO-
1IeC 3a U3MBJIHCHUE U BU3YyaIHM3allis Ha M3IBbIHCHUETO Ha alroputMu ¢ AmigoBot™
WM Ipyru mwiatdopmu, uznonspamu ARIA.
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CUMYJIAIUA HA ABUXKEHUSATA HA KPAYUYEII POBOT

HNBan Yasaapos, Tanbo Tanes, Becesinn I1aBiios

Pe3tome: B pabomama ce pasenexcoa kpauews pooom c 08e He3a8UCUMO YNpasisiemu
3a0sudiceanus. Koncmpykyuama na poooma ocu2ypsaea cmamuyHa yCmouyueocm npu
KpayeHe U 8b3MOICHOCM 3a 3a00uKansine Ha npenamcmeus. CumyiupaHu ca ocHo8-
HUme O08UMCeHUsi Ha poOOma U ca NpPeocmaseHyu CUNOBU U KUHEeMAMUYHU 3A8UCU-
mocmu. Ilonyuenume pesynmamu ca epaguuno unocmpupauu. J{uckymupauu ca
8b3MONCHOCIU 34 ONMUMUZAYUSL HA KOHCMPYKMUBHU NAPAMEMPU.

Kniwouosu oymu: kpauew pobom, cumynayus, Kpaiene

SIMULATION OF A WALKING ROBOT

Ivan Chavdarov, Tanio Tanev, Veselin Paviov

Abstract: A walking robot with two controlled motions is presented in the paper. The
design of the robot ensures walking static stability and obstacle avoidance. The main
robot movements are simulated, and force and kinematic relationships are presented.
The obtained results are graphically illustrated. The possibilities of the optimization
of the presented systems are discussed.

Keywords: walking robot, simulation, legged locomotion

1. BBBEAEHHE

Kpauemure poboTH ce MpOEKTHpAT 3a ABMKEHHE B PA3NUYHU CPEId U 3a PazHO00-
pa3Hu 1enu. Bp3MOKHUTE UM NpeaHa3HAYeHUs ca 3a paboTa BBB BPEAHU U OMACHU
cpead, 3a MHCIEKIMS, pa3dy3HaBaHe (BOCHHO IMpeIHA3HAUCHHE), CIIACUTEIHH Olepa-
UM, 33 JABM)KCHHE TI0 Pa3InYHK TepeHU (TpajiCKk U M3BBH I'pajcKu cpeau) u ap. Ilo
MIPUHITUIT T€ CE JABMXAT B HECTPYKTypHUpaHa Cpella C M3MEHSIIN Ce MPENITCTBH. 3a-
TOBa KOHCTPYKIIUATA U YIPABICHUETO UM TPsAOBa Ja MO3BOJISIBAT 3a00UKaISIHE W/HITH
NpEeMHUHABaHEe Tpe3 MpensaTcTBUsA. Pa3paboTBar ce Kpadeniy CHCTEMH, KOUTO Ja ca
JIOCTaThYHO T'bBKaBU U HAJSXKIIHO JIa c€ MPUIABMKBAT 0 pazHOoOpa3Hu TepeHu. Kpa-
gemure poObOTH, KaTo €A1H OT BUIOBETE MOOWIHH pOOOTH, IPUTEKABAT MHOTO J00pa
MaHEBPEHOCT W MOPaJM Ta3u MPUYMHA Ca MOIXOJAIIN 3a MPUABMKBAHE IO TEPEHU C
npernsTcTBUsA. MoXke a ce oTOeNeXH, Y€ B CpaBHEHUE C KOJIECHUTE POOOTH, Kpade-
IIUTE UMaT T0-CJI0KHA KOHCTPYKIIUSA, 10 TPHUHIIUI ca C MOBEYe JBUTATEIM U Ca TI0-
O6aBuu. Kpauemmure poboTH, nMpeHa3HAYEHU 32 CIIACUTEIHHU OTEpaIliy WU WHCIICK-
1Sl B TPaJiCKa cpefa ce cObCKAT OCBEH C Pa3HOOOpa3HH MPEMATCTBUSA, HO U ChC 3a-
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Javarta Jia M3KauBaT U CJIU3aT 10 CTHJIOH, KOATO CE OKa3Ba CEPHO3HO MPEIU3BUKATEII-
cTBO. MI3BeCTHM ca MHOTO KOHCTPYKITUHM Ha Kpadeln poOOTH ¢ pa3jinueH Opoil U KOH-
CTPYKIIMS Ha Kpakata. HIKOM OT M3BECTHHUTE MOOMJIHH POOOTH ca ¢ KOHCTPYKIIHS,
CHCIMAITHO pa3paboTeHa 3a npemuHaBaHe npe3 cruiaou [1], [2], [3], [4] u [5]. Pa3pa-
0OTBAT ce W CTpaTeruu 3a YIpaBJICHHE Ha Kpadelld poOOTH 3a MpPEeMHUHABaHE Ipe3
CTBJIOMN.

B nacrosimara cratus € npeacTaBeH OpUrMHANIEH Kpadelll poOOT ¢ OIPOCTEHAa KOHCT-
PYKLMs, HO JOCTaThYHO MAHEBPEH 3a Ja C€ NPHUJBIXBA 110 HEpaBHU TepeHu. [Ipenc-
TaBEHM Ca Pe3yJITaTH OT KOMIIIOTbPHA CHUMYJIALs, UEITa Ha KOATO € Ja CE yCTAHOBST
BB3MOXKHOCTUTE Ha poOOTa Ja MPeoaosisiBa NPENnIaTCTBUS U 0COOEHO Te3u, KOUTO ca
CEpPHO3HO MPENU3BUKATEIICTBO MPE] MHOIO OT MOOWJIHUTE POOOTH, KaTO HampHUMeEp
M3Ka4yBaHE M ciau3aHe no cThiabu. HacTtosimara paboTta € npoabiKeHHE Ha U3Cie/Ba-
HUSTa Ha aBTOPUTE Ha Kpadenus poOOT mpelcTaBeH B [8], M B MO-MIMPOK CMHCHIT
IpOabJIKEHHE Ha paboTaTa B 00JacTTa Ha KpadeuuTe poOOTH, HAIPUMEpP CTaTHUHUTE

[6] m [7].

2. KOHCTPYKIUA HA KPAYELIUS POBOT
Tyk ce mpejyiara KpaTko onMcaHKe Ha KOHCTPYKIUATA Ha poboTa. I1o-1moapoOoHO KOH-
CTPYKTUBHHTE XapaKTEpUCTUKU ca mpeacraBedu B [8]. Kpauemusat poboT e ¢ aBe
CTeleHH Ha o ABMKHOCT (dur.1).

®ur.1. KoHcTpykTHBHA cXeMa Ha Kpayeniusi pooorT.
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Toii ce chcTOM OT OCHOBA 1, BEPXY KOSITO € jJarepyBaHo Tsa0To 2. JIBeTe 3BeHa ca
CBBP3aHU C BBPTSAIIA JBOHKA, KOSTO IMO3BOJIIBA OTHOCUTEITHO 3aBbPTaHE CIPSIMO Bep-
TUKaliHa oc. ToBa JABMKEHHUE IMO3BOJISIBA PeaIM3UpPaHE HA 3aBOM C ONpPEACNIeH BI'b.
OcnbiiecTBsiBa ce MOCPEACTBOM ABUTATEN 3, HEMOABUKHO 3aKpEreH KbM TSIIOTO 2 U
npenasareieH MexanusbMm 4 (¢ur.l). BropoTo ABrkeHe € MpeAHAa3HAYCHO J1a OCh-
IIECTBU KpaueHe. MeXaHW3MbT, KOUTO TO peau3upa € U3rpajieH OT CICIHUTE eJie-
MEHTH: JBUTATEN 3 3aKPENeH HEMOJBIKHO KbM TSJIOTO 2 TOCPEIACTBOM IUIaHKA 6]
MpeIaBaTelieH MEXaHU3bM — PeMbK 8 U peMbUYHU I1aii0U — MpeaaBa BbPTEIUBO JABU-
xeHue Ha Bana 10, koifto e marepyBad B TsuioTO 2. BanbT 3aaBmkBa pamenara 11,
KOUTO OT CBOSI CTpaHa MpeMecTBar crhianarta /. [locTossHHAa OpHeHTanus Ha CThIIa-
nata cripsmo TsutoTo 2 (dur.l) ce ochIIecTBABA MMOCPEICTBOM BEPIDKHA HIIH PeMbUYHA
npenaBka V (¢ur.2a) ¢ npegaBaTeIHO OTHOIICHUE ¢IMHHUIIA.

3. PE3VJITATHU OT CUMYJIALIUA HA KPAYELIIUA POBOT

Hampasen ¢ 3D CAD monen Ha kpadeniuss poOOT M € KOMITIOTBPHO CHUMYJIMPAHO
IBW)KCHHETO Ha po0oTa MO pa3MyHU TepeHH. M3mom3BaH € copTyepHUsS IMaker
“MSC.visualNastran 4D” 3a koMITIOTbpHATa CUMYJIALIKsA, KaTO C€ OTUYUTAT MaTepHalIa,
MacOBHTE TMapaMeTpH Ha poOOTa U TPUEHETO MeXay poOoTa u TepeHa. B crarusra ca
MPEICTaBeHN HAKOW OT Pe3yJATaTUTE OT Ta3W CUMYJAIUs, U TTO-KOHKPETHO TMPH JIBU-
JKEHUE Ha poOOTa MPHU XapaKTePHU TUIIOBE TEPEHHU, 2 UMEHHO JBUKEHUE 1O XOPU30H-
TaJeH y4acTbK, MPEMUHABAHE MPe3 MPEMATCTBUE U U3KaYBaHE U CIIM3aHE MO CTHIOH.
B nporeca Ha u3cnenBane U CUMyJalus ca TPOMEHSIHU HAKOU OT T€OMETPUYHUTE Tia-
pamMeTpH C IeJl ONTUMU3UPAHE HA KOHCTPYKIUATA, KOETO Ja MO3BOJIM YCIEIIHO W3-
IBTHCHHUE Ha MIOCTABEHUTE MIpej] poOoTa 3a1a4H.

3.1. Cumyaanusi Npu ABUKEHUE MO XOPU30HTAJIEH YYACTbK

[IpencraBeHusT kpayeil poOOT UMa JBE YIPaABIIEMHU CTEIICHU Ha MOABMKHOCT — R1 u
R2 (¢ur.2).

a. YrpasisieMu poTaluuu b. /IBmxeHne Ha poOOTa 110 XOPU3OHTAICH ydac-
TBK
@ur. 2. Cxema Ha ynpaBiIsieMUTE pOTallMU U ABMKEHUE HA poOOTa MO XOPU3OHTAJIEH
Y4acThK
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Po6oThT MOXE 1@ ce mpeaBMKBaA MO MpaBa JIMHUS U Jia 3aBHBA, KATO KOMOMHAIHATA
OT TE3W IBWKEHUS TO3BOJISIBA MPOCIEAIBAHETO HA MPOM3BOJHA TpaeKTopus. J[Bete
YIpaBIIsieMU CTEIICHH Ha TOJBMXHOCT (pOTaIlMK) ca IMoKa3aHW Ha ¢wur.2a., a Kpade-
HETO ChC CTHIIKA S U 3aBOM C OnpeiesicH bI'bJ [ CXeMaTHYHO € Ja/icHo Ha (ur.2D.

CrbkaTta Ha MPUABMKBaHEe Oe3 OTuMTaHEe Ha NpuiuTb3BaHe (pur.2b u ¢ur.3) Ha T4-
noto e S =2X, Karo X ce U3UUCIABA OT U3pa3a

X =Lsin(a) , (1)

H
KBbJIETO ¢ = arc COS(T) , @ Hu L ca reomerpuunu pasmepu cbriacHo Owur.3

S ATV

X
La/2 La/2

@Owur. 3. FGOMeTpI/I‘{HI/I 3aBUCHUMOCTH Ha CTBIIKaTa Ha p060Ta

[Ipu peBepcuBHO ympaBieHHWe Ha aBHUTaTeNs R2 poOOTHT MpoMeHs MocoKaTta CH Ha
newxkenne ¢ 180°. Toi Karo HAMa HAJO0XKEHU CTABHU OTPAHUYEHUS NPEACTABEHUAT
poOoT MoKe /1a 3aBuBa Ha MsacTo B uHTepBana 0-360°. ToBa ce OCHIIECTBSABA C JIBUIa-
tens R1 npu ycnoBue, ye kpakara He ca B onup ¢ tepeHa. Ciieql npoBeieHaTa CUMY-
JaIys ¢ yCTaHOBSBA JIBM)KEHHE O3 MPHUILTH3BaHE MO XOPU30HTAICH YYacThK, KOETO
MOXe Ja c€ 00SICHU ChC CPAaBHHUTEITHO TOJICMHUTE TUIOIIN HA CThITAJIaTa U TSUIOTO.

3.2. Cumynanus NpM NpeMHHAaBaHe Npe3 Npensircreue

[IpemrHaBaHeTO Mpe3 MPEMSITCTBUS € MPEIU3BHKATENICTBO 3a MOOMIHUTE POOOTH.
[lopanu ToBa € HampaBeHa U Ta3u CUMYJIALlUs, KOSTO MPEACTaBsl MPEMUHABAHE MPE3
OpernsITCTBUE Ha Hamus Kpaden] poOoT. Toil Moxe Aa aTakyBa MPEnsTCTBUE MO JBA
HayMHa — Yype3 TSAII0TO U upe3 KpakaTa. B ciayuail Ha aTaka ¢ TAI0TO poOOTHT MOXKE Aa
MpEMUHE Mpe3 NPENsITCTBUE C BUCOUYMHA HE MO-TOJsIMa OT BUCOUYMHATA HA MOBJIUTAaHE
Ha TSUTOTO, KOSITO 3aBUCH OT JIbJDKMHATA Ha Kpaka (L), pa3cTosHHEeTO OT OCTa Ha BBp-
teHe (R2) mo ocHoBara Ha TSUIOTO, M OT JeOerHaTa Ha cThianoTo. [1pu araka ¢ kpa-
KaTa poOOTHT MOKE J1a MPEO0JIsIBA TO-BUCOKH MPEMATCTBUSI, KOETO C€ MOTBhPK/IaBa
OT cuMmyJanusaTa. B To3u ciyuyail MakcuMaiHaTa BUCOYMHA € JE€TEpPMUHHpPAHA OT yC-
TOWMYMBOCTTAa Ha pobora. EcTecTBeHO, B 3aBUCHMOCT OT pa3MepuTe Ha MPENSTCTBU-
€T0, pOOOTBT MOXKE Jia TO ,,M3Kauu~ Ha €JHa WIH MoBeye (B IMOBEUYCTO CIy4aw JBE)
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cThllki. To3u (akT chuio Oerie Bb3MOXKEH Jla Ce YCTaHOBHM Upe3 HalpaBeHaTa KOM-
HI0ThpHA cuMynanus. OnpeneistHeTo Ha BUCOYMHATA HA MPETATCTBUETO M ChOTBETHO
Ha CTaTUYHAaTa YCTOMYMBOCT Ha poOOTa € MpeaMEeT Ha OTHeIHA ObJenia CTaThs U Te
HE ca MpeACTaBeHH B HacTosmara pabora. Ha ¢ur. 4 ca ganenu pesynratu OT CUMY-
JanusATa MpH MPEMUHABAaHE Mpe3 MpersTcTBUe (aTaka 4pe3 Kpakara) u rpaduka Ha
W3MEHEHHE Ha MOMEHTa B ocTa Ha BepTeHe (R2) B mporieca Ha kpaueHe. [lokazanu ca
4 xapakTepHHu (ha3u OT KpaueHETO W MPEMHHABAHETO Ha MPEMSATCTBUETO, KaTO ChOT-
BETCTBAIUAT BBPTAI] MOMEHT € O3HAY€H 4Ype3 MPEKbCHATUTE JIMHUM U CTPEJIKa KbM
choTBeTHaTa (ha3a Ha aBmkeHHe. CUMyJanusaTa YCTaHOBU YCIICIIHO MPEMUHABAHE
pe3 MOKa3aHOTO MPENATCTBUE M JI00pa yCTOMYMBOCT Ha pobora. OmpenencHa € U
rpaHUYHATa BUCOYMHA Ha MPEMATCTBUETO, IO KOSITO poOOTa OCTaBa B yCTOWYUBO ChC-
TOSIHHE.

— '-

K A
—:— T2 (Nmm) vs bme (s) T I_ _______ T
.-'.'r-s':'- E : :
: 1
T o ' ’
4000+ ;
g | i :
2 = ‘
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40001 :
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t[s]
®ur.4. I'paduka Ha U3MEHEHUE HA MOMEHTA B OCTa Ha 3aJIBUKBaHE MPU PANTUYHU
¢a3u Ha nBIWKEHUE Ha poOOTa NMPU MPEMUHABAHE HA MPETSITCTBUE

3.3. Cumyaanus Npu U3KaYBaHe U CJIU3aHE M0 CThJI0H
[IpencraBeHUAT B cTaTUsTa Kpaden poOOT MOKa3Ba MHOTO J00pa MaHEBPEHOCT TPH
W3KauyBaHE U ciu3aHe Mo cThiaou. CThaduTe ca apyra ,,TpyJiHa” 3a1adya 3a MOOWITHUTE
poOOTH | ca IeJIEHACOUeHO U30paHU KaTo MPEAN3BUKATEIICTBO MPEJ] TO3H POOOT, Thil
Karo B MHOTO CIIy4aW TOBa C€ OKa3Ba MHOTO TPYJHA MPEMSATCTBUE 32 MHOTO OT Ch-
MIECTBYBAIIUTE Kpadyerny poOOTH, KaTo LENTa € J]a C€ YCTAHOBAT MOTCHIMATHUTE MY
BB3MOKHOCTH. BBIIpEKr CpaBHUTETHO MpOCTaTa KOHCTPYKIHS Ha TO3M pOOOT CUMY-
JanusaTa MokKa3Ba yCTOMYMBOCT MPHU MPEMUHABAHE HAa CTHIOUTE. Pesynartatu ot us-
BBpPIIICHATA CUMYJAIUs ca moka3zaHu Ha ¢ur.5. J[aneHu ca mopeaunia oT pa3IuvHH
¢da3u mpu u3KaYBaHe U ciu3aHe 1o cruiaoute (pur.5.a+dur.5.f). Lenra Ha Tazu cumy-
Janus € Ja onpesiesid CnocoOHOCTTa Ha poOOTa J1a MPEMUHABA Mpe3 CThJIOU, KaTo ca
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NPOBE/ICHN BUPTYATHH €KCIEPUMEHTHU C PA3IMYHH pa3MepH cTwiou. [logpobuu Teo-
PETUYHH W3CIICABAHUS 32 CTATUYHATA YCTOHYMBOCT Ha poOOTA MPU Pa3INIHHA BUIOBE
CTBHJIOU € MpeaMeT Ha ObACIIH U3CIIeIBaHuS.

MHoOro oT MOOMIIHUTE POOOTH, KOMUTO MOTAT Ja MPEOA0JISIBAT CTHJION OCBEH CIelral-
HaTa CU KOHCTPYKLUS C€ HYXAAAT U OT ONpPEeieH alTOPUTHM 32 YIPaBICHUE C e
YCIIEITHOTO M3KauBaHE M CIHM3aHe Mo cThJIOH. CHMyJanusaTa Ha HaIus poOOT mokasza
YCIICUTHO NMPEMHUHABaHe Mpe3 CTHJIONTE 0e3 JOMBIHUTENCH CIEeIHaIeH alrOPUTHM 3a
yIpaBJeHue 3a Ta3u 1ell. POOOTHT MMa M3BECTHA CTETIEH Ha CaMOHArakJaHe MpH ara-
KyBaHE Ha CTHJIOATA, T.€. aKO Ype3 TSUIOTO HE € Bh3MOKHO M3KauBaHE, TO Upe3 M3BEC-
THO TIPUILTB3BAHE M aTaka ChC CThIIaJaTa poOOTHT ycIsiBa Aa ce u3kayn. Kakro u B
Cllydail Ha €IMHUYHO TMPEMSATCTBUE OT CUMYJANUATA C€ YCTAaHOBHU, Y€ U TYK POOOTHT
MOXe€ Ja ,,A3Kayl~ €IHO CTHIIAJ0 Ha €JHa WM NoBede (B TMOBEYETO CIIydaw [IBE)
cTeiku. TpsbBa na ce orOenexu, ye ce 3a0ems3Ba pa3uka B HAUMHA HA U3KaYBaHE U
CITU3aHe.

@wr.5. [TocmenoBaTeTHH MOJIOKECHHS HA POOOTa IPH pa3indHu a3y Ha U3KaYBaHE U
CJIM3aHE T10 CTHJIONU
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®ur.5.a-Qur.5.C WIOCTpUupaT MOMEHTH OT M3KauBaHETO Ha CTBHJIOUTE OT poOoTa, a
®wr. 5.0-5.f — cuzaneTo o cTeadute. [Ipyu HIKOM CTHIOM ¢ onpeeieHn pa3MepH (¢
MO-BUCOKH, WJIM TO-TECHU CThIajia) POOOTHT TYOM YCTOMYMBOCT M HE MOXKE Ja T'H
npeojgonee. KoMmoTepHaTa cuMyianys HA TMO3BOJM Ja YCTAaHOBHM (a3uTe Ha Tpe-
MUHABaHETO TIPe3 CTHIOWTE, HAYMHA HAa M3KAYBAaHE W CIIM3aHE, HEXKEIAHU SBJIICHHUS,
BapHUpaHe Ha Pa3IMyYHU MMapaMeTpH, KaKTO Ha KOHCTPYKLUATA, TaKa M HA CHMYJIAIU-
OHHUTE MMapaMeTpH, KOETO € BaKHO YCJIOBHE 3a ONTUMH3AIM Ha po0OTa, Taka U 3a
OIpeJleNITHEe HAa BUAA W TPAaHUYHHUTE pa3Mepy Ha CTHIOHWTE, KOUTO Morar jaa Obaar
NPEOIOJIEHH OT Kpaveuusi pooorT.

4. 3BAKJIIOYEHHUE

[IpencraBeHusiT OopUrHHaNeH Kpayen] poOOT € C OMpOCTeHAa KOHCTPYKIHUSA, C Bb3-
MOHO Hali-MabK OpOM JIBUraTeiu, ¢ ABE CTEIEHU HA MOJBUKHOCT U C €BEHTYAJIHO
HHCKa II€Ha, HO B CBHILOTO BPEME C JOCTATHYHO T0OPHU BH3MOKHOCTH 32 MPUIBUKBAHE
M0 pa3auyHu TepeHu. Upe3 cuMyranuara ce YCTaHOBU BB3MOKHOCTTa Ha poOoTa jJa
Ce JIBMKU MO XOPU30HTAJIEH YYacCThK, Jla MPEeMHUHABA MPE3 MPEMSITCTBUS, YCIEITHO Aa
M3KayBa M CJIM3a MO CTHJIOH, ChIIO TaKa ce onpeaenuxa (pazure Ha MpeMUHABaHe Mpe3
NPENSTCTBUSA M CTHJIOU M BHUJIA HA CTHIKUTE MPU MPEOAOJSIBAHETO HA CIIOMEHATHUTE
npeau3BukaTencTpa. CuMynamnusaTa Ha JBMKEHUETO Ha poOOTa moka3a yCHenrHo u3-
KauBaHE U CJIM3aHE TO CTHJIOU 0e3 AOMBIHUTENCH CIICIUAlIeH alTOPUTHM 33 yIpaB-
JIEHUE, ChCTABEH 3a Ta3W IeJ, KAKBATO € MPaKTHKaTa 32 MHOTO OT ChILIECTBYBAIIUTE
Kpayemu poooTu. CuMymnamusiTa mokasa KakTo cliydad Ha YCIENTHO IpeMUHaBaHe Ha
MPENATCTBUSA, TaKa U Ha 3ary0a Ha yCTOMYMBOCT, KOSITO 3aBUCU OT pa3MepUTE Ha ara-
KyBaHOTO MOpensTcTBHE. Ta3u cumynaiusi € mojie3Ha B Ipoliieca Ha KOHCTPYUpPaHE U
¢uzmyeckoTo M3paboTBaHe HA MOAeN Ha pobota. Upe3 BapupaHe Ha KOHCTPYKTUBHU
napaMeTpu € BB3MOXKHO Upe3 CHUMYJIalMATa Ja C€ ONTUMHU3Mpa KOHCTPYKIUATA Ha
camusi poOOT, a CBIIIO Taka Jia ce ONMPEACISIT FPAaHUYHUTE pa3Mepu Ha MPENSITCTBUITA
(croTBEeTHO pa3zmepu U GpopMa Ha CTHIOHTE), TIPE3 KOMTO MOXKE Jla TPEMHHE pOOOTBHT,
T.€., 0€3 J1a ce ryOu yCTOMYMBOCT. B 1onmbiiHeHHE Ha TOBA € Bb3MOXKHO J1a C€ YCTaHO-
BAT NMPEAUMCTBATA U HEJOCTATHIUTE HA POOOTA, BU/Ia HA TEPEHA, BH3MOXKHUTE 3a]]a4H
3a U3MBJIHEHHUE U 00JIACTUTE HA TIPUIIOKECHHUS.
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MUOEJIEKTPUYHA ITPOTE3A C IIET IIPBCTA U HIECT AKTUBHHA
CTEIIEHM HA CBOBOJA

I'eopru Yunos, Bajentun Huxkosos, MoBko Xanaxues, Becesun IlaBioB

Pe3tome: B pabomama ce npeonaza muoereKmpuuna npomesd, 3a08UNC6AHA NO CHe-
MUy CUsHaIu om MycKyaume Ha amnymupanama pvka.llonyuenume cuenanu ce npeoo-
pasysam 6 KOMaHou KoM USNbIHUMETHUMe 08u2amenu, KOUmo om c80s CmpaHa OCb-
wecmesneam npemecmeane Ha npvcmume u xumkama. Ilpomeszama ocueypssa xea-
wawe c. naney u nokasaiey, yemupume NpbCmMa u naieya, u 08e 08UNHCEHU HA KUm-
Kama. Aoanmuenocmma KoM NPpOMEHIU8AmMa hopma Ha xeauwjanume 0OeKmu ce ocu-
2ypsiea om aKmueHo ynpasiaseanume u 3asucumume (nacuenu) cmenenu Ha c60600d.
Paspabomenu ca moodenu, upez xoumo npedcmou uzciedsame u peaiuzayus Ha CUc-
mema.

Kniwouosu oymu:. muoenekmpuuna npomesa, MycKyIHU OUO-NOMEHYUANU, AKIMUBHU U
NAcusHU cmeneHu Ha c80600a, naiey, noxasaniey, NPbcm, CUMYIAYUOHEH MOOEI.

MYOELECTRIC PROSTHESIS WITH FIVE FINGERS AND SIX ACTIVE
DEGREES OF FREEDOM

Georgi Chipov, Valentin Nikolov, Jovko Handjiew, Veselin Pavlov

Abstract: Publication presents myoelectric prosthesis driven by signals taken from
the muscles of the forearm. Generated bio-potential signals are converted into com-
mands for motor drives, which driven the movements of fingers and wrist. Prosthesis
provides a grip with: thumb and index finger, four fingers and thumb and two move-
ments in the wrist. Adaptability to the variable form of capture is provided by active
and dependent (passive) degrees of freedom. A few models have been developed for
experiments and simulations.

Key words: myoelectric prosthesis, muscular bio-potential, active and passive degree
of freedom, thump, forefinger, fingers, simulation model.

1. BBBEJAEHHUE

3aMeCTBAaHETO HAa aMIIyTUPAHU YOBEIIKH KPAaWHHUIM OT MpoTe3u (M3KYCTBEHU YacCTH)
BOJM HAYaJIoOTO CH OT JpeBHOCTTa (ApeBeH Erumer, npeBHOrpbhIKaTa MHUTOJIOTHS).
OcHoBHaTa (QyHKIHS Ha MPOTE3aTa € MPear BCHIKO KO3METHYHA, a 332 KOHCTPYKTHUBEH
MaTepuaj Ce U3M0JI3Ba IbpBO. B JHEMIHO BpeMe MPOTE3UTE CE pa3JeIAT HA TPU IPy-
nu:

e Ko3MeTH4HM MOJIENIN NPY KOUTO JIUIICBA IBUKEHUE;

e MexaHn4HU MOJEIU C OTPAaHUYCHO JIBUKECHUE,;
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e byoMexaTpOHHM MOJEIH, KOUTO M3IO0JI3BAT MUOCIIEKTPUYHU CHUTHAJIM 3a yI-
paBJEHUE HAa MPOTE3a C XapaKTEPUCTUKHU OJIM3KU HA aMITyTUPAHUS KPAHUK.
Ot npeBHOCTTa 10 HAIIM JTHU MPOTEZUTE THPIAT HEMPEKHBCHATO YCHBBPLICHCTBAHE.
[TocTeneHHo ce MosABSIBAT U MEXaHUYHU MOJEIIM KOUTO IOJI3BAT IMTACUBHU JBHKCHUS,
a B IOCJIEICTBUE U aKTUBHM TakuBa. [locneqHoTO cTaBa mpenu BCUUYKO CIIe] BTOpaTa
CBETOBHA BOITHA U € MPEAU3BUKAHO OT HAJTUYKME HA TOJISIM OpOoil MHBAJIMIU U OpraHu-
3aI[My B TAXHA 3aIIUTA.
Tperata rpyna crapTupa Ha4aJIOTO CH MpPe3 AEBTAECETTE TOJAWHU HAa MUHAJIUS BEK.
OcHoBa 3a CTapTUPAHETO HA TO3M KJac MPOTE3U €A NOCTHIKEHUITA B CHHTE3UPAHETO
Ha YHUBEpCAJIHU MEXaTPOHHU XBallaud 3a pOOOTH, KOUTO UMAT CTPYKTypa U TEXHH-
YEeCKU IapaMeTpU Ha NMPBCTUTE Ha 4YoBelIKaTa pbka. CHEMaHe Ha MHUOEIEKTPUYHH
CUTHAJIM U TPaHC(HOPMHUPAHETO UM B YIIpaBIIIBAIld KOMaHAU KbM €JIEKTOHHUTE CHC-
TEMH 3a yIpaBjieHue Oe ciaeaBamniaTa Kpadka.
IIpoTe3npaneTo Ha YOBELIKATa PbKa € 3aTPYIHEHO ITOpaau:

e ['omsam Opoii crenenn Ha cBoOoa (24), KoHIeHTpUpaHu B Mabk ooem (500
KyOMYHHU CAaHTHMETPH) U U3HMCKBaHe 3a Majka Maca (okosio 500 rpama).

e Jluncea ajgexBaTHa ejleMeHTHA 0a3a, MPeay BCHUKO OT Marepuain (TBbPAH U
I'bBKaBH), IBUTATEIIHA YCTPOMCTBA, CPEJICTBA 3a MpEAaBaHe HA JBWKCHHE HAa Pa3CcTo-
SHUE€ M KOMIUIEKCHU CEH30pU 3a BB3NPUATHE HA Pa3IMYHUTE (DYHKIIMOHATHU JEH-
HOCTH Ha pbKaTa.

e EHEpruiiHU UCTOYHUIIM C MAJIKU Pa3MEpHU, IbITOTPANHOCT U JECHO BH3CTa-
HOBSIBaHE.

OcCBeH TOBa ChIIECTBYBA IOJsIMO pa3HOOOpa3ue Ha JACUCTBUATA, KOMTO YOBEK HU3BBP-
IIBa 4Ype3 pbKara — rOJISIMO MHOTOOOpa3re B HAUMHUTE HAa XBalllaHE HAa MaTepUATHU
00CKTH; OTBapsiHE Ha OYTWJIKH; MHCAHE; XPAHCHE; MOHTaX HA MAJIKH KOMIIOHCHTH;
NpOBEPsIBaHE Ype3 OMUIIBAHE; CBUPEHE HA My3UKAIHU HHCTPYMEHTH U JIp.
[TpoTe3upaneTo MUHABA MPe3 3aIBIOOYCHO M3ydaBaHe Ha YOBeIIkara pbka [3] 3a 1e-
JIMTE Ha HEBPO-TUIACTHYHATA XUPYPIHs, Ch3/laBaHe Ha (U3NYHU MOJCTH 33 00yUeHHUe
U M3CJICIBAaHE KaToO TEJIEMaHHUIIyJaTop B OTPAaHMYCHO MPOCTPAHCTBO. ThpCEeHETO Ha
WH)KEHEPHO ONTHMAIIHU PEIICHUS MUHABa mpe3 Oposi Ha MPBCTHTE (TPH, TPH ILIIOC
nayieny [4] u derupu moc naien). 3aabJKUTCIHA YCIOBHS MPU NMPOSKTUPAHETO €
MOCTUTaHEe Ha KOMITAKTHH pa3MepH, Majika Maca, JO0CTaThYHa CHjla Ha XBalllaHe, HUC-
Ka IIcHa W JIp. CBbP3aHu ¢ orpaHuucHaTa (pyHkuuoHanHa 3agada [5][7]. Ha nacro-
ANIMAT €Tall MMa CEPUO3HM IOCTHKEHUS, HSAKOM OT Mo-momyispHute ca: Shadow
Dextrous Hand [2], Smart Hand, i-Limb, DEKA, Ossur [10] u np.

B HacTosimara pabota ce nmpejyiara MHOCJICKTPUYHA MPOTE3a HA PbKA C YSTHPH TPHC-
TH (TOKa3asell ¢ eJHa yIpaBjsieMa U JIBE 3aBUCUMH CTCIICHH Ha CBO0O/Ia, OCTAaHAJIUTE
NPBCTH - €JHA YIpaBiisgieMa U 0010 6 3aBHCHMU) U Majel- (IBe yIpaBiIsieMd U €HA
3aBHCHMa), U KMTKA C JIBE YIIPABIsABAaHU CTEIEHU Ha CBO0OA. YTIPABJICHUETO Ce pea-
JM3Upa OT CHTHAJIM CHETH OT MYCKYJIMTE Ha MPEIMHUINHHUIATA, KAaTO MpeaHa3Haue-
HHETO Ha IIPOTe3arTa ¢ 3a MAIMeHTH C aMITyTHPaHa PbKa J0 KUTKaTa.
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2. CHEMAHE HA CUT'HAJIA 3A IBUKEHUE OT MYCKYJIUTE
HA AMIIYTUPAHATA PBKA.

[lo3HaTy ca HIKOJKO MOJXO0Ja 3a CHEMaHe Ha OWOCHTr-
HaJM, KaTO OCHOBHO C€ PA3lesiAT Ha JBa BHUJA — WHBA-
3UBHU U HEWMHBA3UBHU. B HACTOSIIUS MPOEKT € M3MOJI3-
BaH HEMHBA3UBEH METO/]I, Ype3 MOBHPXHOCTHO PETUCTPHU-
paHe Ha Ouo-noreHMana. Kato 0OCHOBHO IpeaIuMCTBO
Ha TO3U MOAXOJ MOXKE J1a C€ MOCOYM JIUIcaTa Ha XUPYp-
rudyecka uHTepBeHus. Hemocrarbk Ha meTona € Tpyad-
HOTO JaudepeHIMpaHe Ha CUTHAJIUTE OT OTJCITHUTE MYC-
KyJIHA TPyIIM Ha €IMH M cbliu KpahHuk. [Ipu excnepu-
menTuTe Osixa moa3Banu Jersa EMI/EKID enextpoan
(¢pue.l). Ammurynara Ha EMIT curnansT € ot 50uV no  @wur.l. Ilosvpxnocmuu
10 mV , B 3aBUCHUMOCT OT M3CIlIe[iBaHaTa MycKyJHa Tpy- EMITEKI enexmpoou.
na. ToBa Hanmara U3MOJI3BAaHETO HA YCUJIBATEN.
Ha ¢ur.2 e npeacrasen ycunaten Ha muo-niorernuany. Komnoneatn UL:A, UL:B u
U1l:B ¢ npuiexanmre UM eaeMeHTH oOpa3yBaT MHCTpyMEHTaseH ycuiBarena. Ha He-
TOBUST BXO/Jl CE€ MOJIaBa CUTHaja OT ChKPATEHUAT MYCKYJ. Y CHUJIBAHETO CE€ ONpeess
ot pesuctopute R1, R2, R3. ludepenuunannusat ycunpaten ce uzdupa 6e3 koeduiu-
€HT Ha yCUJIBaHE C 1eJ MOATUCKAaHE Ha CUH(A3HUTE CUTHAIIH.

JCH 1:=] i C A M) Time 58.608ms [HEEEE SEEmL C SEEmL Time 5H.0AM=s
@wur.3. JI160 - 6uo-cuenarvm cied 8UCOKOUeCMOmMHO uimpupane npu 4ecmoma
0,5 Hz. /[acno — punmpayus npu nonocna wecmoma 5 Hz.

®dur. 2. Uucmpymenmanen ycuisamein.

I'pynata C1 u R8 o6pasyBa BucokodectoTeH ¢unaThbp. Heropara nen e na mpemaxse
MIOCTOSTHHO TOKOBaTa ChCTaBKa U Jia GUITpUpPA HUCKUTE YECTOTH OT Apelda Ha HyIe-
Bara quHusA. be3 To3n Gunthp crensamoTo crenano ce Hacuma. Ha ¢ur.3-za60 ce
BIDKJA CUTHAIBT CJIE BUCOKOUECTOTHUAT (GUATHDP mpu moirocHa yectora 0,5Hz. 3a-
Oensi3Ba ce oTMeCTBaHE OT HyJieBaTa nuHusA. Ha ¢ur.4-0scno nomocHara yectoTa €
SHz. Buxna ce, e apei T € puaTpupaH 1 He CMyIIaBa CUTHAJIA.
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Kommnonent Ul:D u npunexamure My eIeMeHTH 00pa3yBaT BTOPO YCHIJIBATEIIHO CTh-
najxo ¥ HUCKOUECTOTEeH QuiThp. YcunBaneto ce onpezens oT R12 u R13. ®untepsbt
e 3a yectota 35Hz. Llenrta e JOMBJIHUTETHO HAMAJIIBAHE HA BIUSHUETO HA MPEXKOBATa
YEeCTOTa U U3IIbJIHEHUE Ha TeopemaTa Ha [lleHoH.

[TokazanaTta cxema CIy’Kd 3a €IHO OTBEXJaHe. 32 MOMEHTa ce MpaBsAT caMo JIBE OT-
BeXIaHUs OT (pJieKCOpHA M eKCTeH30pHa rpyna. Cnej ycuiBaHe CUTHAIBT ce o0pa-
00TBa OT MUKPOKOHTPOJIEP, B KOWTO ce MpaBu LuppoBa puinrpanus, onpeaens ce Kos
rpyna € akTUBHA U M0/IaBa KOMaHIU KbM JpaiiBepa 3a yrpaBjieHUE Ha IBUTATEIUTE.

3. MPEOBPA3YBAHE HA CUT'HAJIUTE B YIIPABJISIBAIIIU KOMAH/IAX
KBM JIBUT'ATEJIMTE

VYrpaBiaeHUETO Ha €JIEKTPOABUTATEIUTE € 000CO0EHO B OTJENCH (PYHKIIMOHAIEH MO-
nyn. ThH KaTo MPOEKTHT € Ha HUBO MPOTOTHUII, TOBA OM YJICCHUIIO €KCIIEPUMCHTAII-
HaTa paboTa, Thi KaTO KOPEKIIMUTE U MOJ00pEHUATA OUXa C€ U3BBPIIBAIA B OTIACITHU
3B€HA, KBJETO TOBA € HEOOXOJMMO, a HE BbB BCHUYKH CJIICKTPOHHU KOMIIOHEHTH Ha
MHUOEJIEKTPUYHATA TIpOTe3a. MOAYIBT 3a YIpaBJICHUE HA JABUTATEIIUTE OC MPOCKTH-
paH, KaKTo 32 ChBMECTHA pab0oTa ChC CUCTEMATA 3a perucTpaius u oopadoTka Ha OHo-
MOTCHITMAIINTE, Taka W KAaTO HAIIBJIHO HE3aBUCUMO (YHKIIMOHHUPAIIO 3BEHO. ToBa
MO3BOJISIBA TO-JICCHOTO OTCTPAHSIBAHE HA TPEIIKH M HETOYHOCTH MPEAN CBBHP3BAHETO
MY KBM IIJIOCTHATa CHCTEMA.

Ha ¢wur.4 e npeacraBeHa CHUMKA Ha CIJIOOCHUAT W 3aBbpIeH Moayi. KirodoB kom-
MIOHECHT OT 3BEHOTO € MHKPOKOHTPOJICPHT, KOUTO OpraHu3upa padoTara Ha OTJACITHUTE
KOMITOHEHTH, OTIOBaps 3a KOMYHHUKAIIUATA ¢ OCTAaHAIMTE CJICKTPOHHM 3BEHA Ha IpO-
Te3aTa W ympaBiisgBa ejleKkTpojaurarenute. Ilopaam HucKaTa IieHa Osxa Mpearoye-

TCHH MHKPOKOHTposiepu oT pamuiusita Microchip. Konkperen mMozen koiito 6¢ n30-
pan e PIC18F2525.

@ur.5. Momop-pedykmop
GM22 [12].

®ur.4. Konmponep 3a ynpasieHue
Ha elekmpoosuzamenume.

MoayabT MO3BOJIABA YIPABACHHETO HA IIECT MOCTOSHHOTOKOBM €IIEKTPOIABHIATENIH.
3akyneHu Osixa CJIEKTPOJBUraTeNId C KYIUIMPAH IUIAHETCH peayKTop. MoaenbT Ha
nasurareiautre ¢ GM22 (¢ue.5.)[12]. IlpenaBarennoro otHomieHue ¢ 298:1. Ilpu 3ax-
panBane ot 6 V ce moctura momeHT 3444 rp./cm., pu 80 o6opoTa 3a MUHYTA.

Maskute TOKOBE B yCTaHOBEH pexuM (0kojo 64 MA) momyckar W3IMOJ3BaHETO Ha
ApaiiBEpHU CXEMHU 3a YIpPaBJCHHE HA JBUTATEIIUTE, B MHTETPATHO M3MbIHEHUE. W3-
noi3BaHa ¢ MoctoBa cxema LB1838M (¢wur.6.). [paiiBepbT M03B0JIsABA ¢THOBPEMCH-
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HOTO YIIPAaBJICHUE Ha JIBA €JIEKTPOJABUTATENS], KATO MAKCUMAJIHO JTOIIYCTHUMMST ITUKOB
Tok € 1A. Unrerpanuaust (SMD) uun e opraHusupan kKaTo Be HE3aBUCUMHU MOCTOBH
CXEMH, BCSAKA ChC CAMOCTOSITENIHO YIIPABICHUE
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@ur.6. /[patisep 3a ynpasneHue Ha elekmpoogueamenume -
LB1838M.

Bce-
K1 MOCT uMa BxoJ1 3a ocoka (INX) 3amaBana ounapuo (0 win 1) u BXoj 3a pasperiie-
e (ENAX). Ilpu sior. O Ha pa3periaBaimiisi BX0Jl, MH3XOJUTE MPEMHHABAT BBB BUCO-
KOMMIIEJTAHCHO ChCTOSIHUE M BBPTEHETO Ha JABUTATENs CE€ MpeycTaHoBsiBa. To3u BXoA
MOKe J1a ObJie MOA3BaH 3a YIpaBJICHUE Ha CKOPOCTTA HAa BbPTEHE UPe3 UUPOUUHHO -
umnyiacua mooyrayusi (LLIMM). Yectotata Ha momynanusara ¢ 5 KHz. Teit kaTo KOHT-
poJIepBT pasmosiara camo ¢ 1Ba HesaBucuMu (xapayepuu) ILIMM moxyna, HsIMa Bb3-
MO>KHOCT OTAEITHUTE JIBUTATENH J1a CE YIIPABIABAT C OTACJICH [IUPOYMHHO-UMITYJICEH
Moxayi. Hamepen 6€ KOMIPOMHCEH BapuaHT, MPU KOWTO JBETE aKTUBHH CTETICHH Ha
cBoOo/a B masena (crozensT) ce ynpasissar ot eaud IHMM moayn Ha MUKPOKOHT-
poJiepa, a OCTAHAJIUTE YETUPHU CTENIEHU c€ KOHTpoaupar ot BTopoto [IINM 3BeHo.

3a BCeKH IBUTATEN MMa OINpEAC/ICHa WHIWBHIyaTHA IIMHA 32 3aJaBaHe Ha MOcoKaTa
(DIRX). ITocpenctBom H-nocuuecka cxema (TAHCT08), IIIIM BXOOBT M BXOIBT 3a
pasperieHue ce OTASIAT eAuH OT ApyT. [1o TO3M HA4YMH ce MoCTUTa HE3aBUCUMOTO YII-
paBJICHUE Ha BCEKH OT JIBaTa JIBUTATEIUTE, CBhP3aHU KbM 00l ApaliBepHa cXema.
ChITIIeCTBEH MOMEHT OT MPOEKTUPAHETO O¢ M300PHT HA MOAXOJSI HHTEPPEHC 3a KO-
MyHHKarus ¢ Moayia. be m3opan cepuen unrepdeiic. UART BxoabT (RX) 1 usxon
(TX) ca AMpPEeKTHO U3BEJICHU Ha KOHEKTOP. KbM He2o ce c8bp36a 36eHOMO 3a peaucm-
payus u oopabomka Ha O6uo-nomenyuaiume, KOTO 3ajiaBa YIpaBJISIBAId KOMaHIH
(B TPOTOKOJIA IMO-J0JIYy) 32 aKTHMBHPAHETO Ha OTACIHHUTE JIBUTATCIIHU Tpynu. B
KOHTPOJIEPHT ¢ HMHTerpupan u crenmanusupan uun (FT232R) mpemaBamr UART
(TTL) nuBara mo USB unTtepdeiic.

Cren BKJIIOYBAHETO KbM KOMITIOTHD, YHITBT peanusupa BuptyaneH cepueH (RS232)
HOPT, MPU KOETO KOMYHUKAYUAMA C KOHMPOIEPBM MOdce 0 CMmaHe ¢ Npou3BoIHd
mepmunanna npoecpama (Hyper Terminal sanpumep). CkopocTTa Ha IPEHOC HA JaH-
aute ¢ 9600 OuTa 3a cexyHpa.
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Ha Ta3u xapayepHa ocHoBa Oe peanusupaH rnpoct, ctpuaroso 6asupan (ASCII) npo-
tokoi. [IpoTokonsT uma cieqaust popmar — :1101255 \r\n. TekcroBoTo choOIIIE-
HUE 3all0YBa C MHUIMAIU3UpAll CTPUHT “:’. Bmopusam 6um OKa3Ba JOTMYECKUS aJIpec
Ha KoHTpoJepa. Ha To3u eran To3u mapamersp € KoHcTanTa ‘1’. B Opaemie, mpu He-
00X0IMMOCT OT ChbBMECTHA paboTa Ha MoBeYe OT eIMH KOHTPOJIepH, BCEKHU OT TAX Il
Obne uneHTuduIMpan ¢ yHukaieH aapec. CtoitHocTute morat na Bapupar ot 1+9,
T.€. JIOIMyCKa C€ MAaKCUMAIHUAT OpOoil CbBMECTHO pabOTeIIy KOHTPOJIEpH Ja Oble ne-
BeT. Tpemus 6um okazaH ¢ ‘1’ Ha TO3U eTan chUIO € KOHCTaHTa. B mocnencTsue c He-
ro IIe Cce 3a/aBa OIpeeieH PEeruCThP, CbOTBETCTBAII Ha KOHKPETHA 3ajja4a Ul KOM-
IUIEKCHA Mporpama, KosATo Iie TpsaOBa na ce u3nbiaHu. Yemevpmu oum — ‘0’ 3amaBa
HOMEpa Ha KOHKPETEH JBUTaTel, KOMTO Iie ce ympasisBa. Kakro O6e momyepraHo B
NPEIXOJHUTE TOUKH, 1€ C€ M3MOJ3BaT IIECT JABUTraTess 3a 3aABIKBAHE Ha MIPOTE3aTa.
Bceku aBuraten nma KOHKpeTeH HoMep 3anaaeH ¢ yucna ot 0 no 5. [lemu 6um omnpe-
JeTIs KellaHaTa Mocoka Ha BbPTEHE Ha ChbOTBETHHUS enekTponasuraren. Ctpunr ‘1’ yc-
JIOBHO 3aJ]aBa IOCOKa IO YaCOBHHUKOBaTa cTpeiika, a ‘0’ oOpaTHO Ha YacOBHUKOBaTa
crpenka. bumose wecm, cedem u ocem

dopmupaT TpULU(PEHO YUCIO 3aja-
B K HIUCHTBHT H ITBJIBAH —

O KOSQUUNEHTLY K2 SAMBIBANE 30| o 5] o (o |
IIMPOYMHHO UMIIYJICHATa MOZYJIalus.

o Controller Address | [=]
Toii KaTO KOEPUIIMEHTHT Ha 3aI'BJIBAHE Bl

B ClTydasl Ce 3aJiaBa ¢ 0ceM OUTOBO YHC- p— p—

70, TO cToitHOCTUTE MY BapupaT oT 000
mpu 0% mo 255, ceoTBercTBaml Ha
100%. ITocreonume dsa 6uma “\r\n” ca [j m " : .
TEPMUHHUpAIIA CTPUHTOBE W OKa3Bar

Kpail Ha ChOOIICHHUETO.

Ha 06asa mpencraBeHusl MPOTOKOJ, B
cpenara Ha Labview 6e peanusupana
TecToBa mporpama. Ha ¢ur.7 e mokazan
uHTeppeichT Ha npuioxenuero. [Ipor-
pamaTa To3BOJIsIBa M300p Ha KOHKPETEH
JIBUTATEN, 3a/laBaHe KOE(UIIMEHT Ha 3a-
IBJIBaHE, KAKTO W YIPaBJICHUE Ha IOCO-
KaTa Ha BbpTEHE. be HampaBeH MbpPBOHA-
YaJICH TeCT Ha KOHTPOJIEpPa, 3aJBMKBAII
camMo €IIMH TPBCT OT mpoTe3ara. mmpo-
BU3HMpaHaTa ONMUTHA MMOCTAHOBKA HA EKC-
NepUMEHTa € TpelcTaBeHa Ha ¢wur.8. 3a
n3paboTka Ha mphcTa O m3noi3Ban 3D
(rapid prototyping) nmpunTep.

@ur./. Tecmosa npoepama 3a ynpasieHue

@ur./. Excnepumenm cbC 3a08UHCEA-
Hemo Ha eOUH NPbCM.
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4. ©YHKIIMOHAJIHU JEMCTBUA U CTPYKTYPA HA IIPUETUTE
ABUXEHUSA
Kakrto Oe or0Oensa3ano PyHKIMOHATHUTE ACHCTBUSI, KOUTO YOBEK M3ITBIHSBA C pbKaTa
ca MHOTO U TBBPJIC pa3HOOOpa3HU MO OTHOIICHUE MapaMETPUTE HA MEXaHUYHUTE Xa-
paKkTepUCTUKU. Peanusupar ce 4pe3 pazIuuyHU KOMOWHAIMM OT BH3MOXKHHUTE aBTO-
HOMHHU JBWKCHHS Ha MPBCTUTE, B TOBA YUCJIO Majela, JJIaHTa U kutkara. [lpu cb-
IIeCTBYBAIllaTa eieMeHTHa 0a3a (MaTepuasy, ABUTaTeIHH YCTPOUCTBA, BKIFOUUTEITHO
U3KYCTBEHU MYCKYJIM, CPEJICTBA 3a MPEJABAHE HA JABUIKEHHE, CEH30pU M €JIEMaHTHa
0asa 3a xapayep Ha YIpPaBJICHHETO) U TEXHOJIOTHH, MIOCTUI'AHE Ha IbJIHA 3aMsHA Ha
aMmITyTHpaHaTa pbka ¢ PaBHOCTOMHA MpoTe3a (BCEKH MPBCT C MO 4 HE3aBUCHMO YII-
paBJIIBaHU CTENICHHM Ha cBO0OOJA, Majena ¢ 5, JjaHTa ¢ 3 ¥ MMoBeYe, U KUTKaTa ¢ 3) €
MPAKTUYECKU HEOCHIIETBUMO. 3a TOBA CE€ THPCIT KOMIPOMHUCHHU PEIICHHS 3a Yac-
TUYHO M3MBJIHEHUE Ha (YHKIIMOHATHUTE JCUCTBUS C HAMAJIEH OpOoil Ha aKTHBHO YII-
pPaBIIIBAHUTE CTAaBH, 3aBUCHUMM JBUKEHHUS 3a IPYru
u/vM chUeTaHW C IMACHBHH CTENICHH HAa cBOOOja (Ta-

Tpu necra | Iloxasamen

KMBa, KOUTO C€ aKTUBHUPAT IPU BHHIIHO JEHCTBUE HA 1423 142
CHWJIM 1 1IpHU IPEMAXBAHE CC Bb3CTAHOBABA HAYAJIHOTO Enmoepens He-na
HOJIO)KeHI/Ie). HHC JB-HE

OYHKIMOHAIIHUTE JEUCTBUS € pa3paboTeHara Mpo-

T€3a ce CBEXAT J0: XBalllaHE Ha MIPEJAMETH C MaJiel] U Tnax anen
HoKasalell, ¢ majel u TpuTe npbera(0e3 mokasasiena) 0 941
U C MaJiell ¥ YeTUPUTE NMPbHCTa; JECTBUE C TTOKa3arnela Ne-ua Te-na
OT THIIA MucaHe (CBUPEHE) MO KJIaBHATypa, HATUCKAHE

Ha KOMY€ Ha 3BBHEIl U Jp.; aHAJIOTHYHO ACHCTBHUE C

najena; AeMcTBUE C TPUTE MPBCTa MPU CBUTH MaJEll U K itia

HoKa3aJell. 5 np-ua
3a U3MbJIHEHHE Ha Te3U (PYHKIMOHAJIHU JEHCTBUS ca
NpEIBUICHU. HE3aBUCUMU YMPABJISIEMH JBIKEHUS Ha
naser -2, mokasajuer -1, Ha TpuTe OCTaHaJ M MPbHCTa —
1 u Ha kUTKaTa — 2; 3aBUCHMMH ABI)KCHUA HA maner -1, Ha mokasaner -2, Ha BCEKH
NPBCT OT OCTaHaJIUTE — 1o 2. Taka 001110 3a MpoTe3ara ce MoayyaBar 6 ynpapisieMH U
9- 3aBucuMu aABMKeHU (¢pur.8).

®ur.8. Cmpyxkmypa na
0BUICEHUAMA.

5. MAEEH MNPOEKT HA ITPOTE3ATA.

Ha ¢ur.9 e nokaszan ¢yHkuMOHAIEeH MOJAEN Ha MPOTE3aTa, BbPXY KOMTO ce mpen-
BIKJA J]a c€ MPOBEAT U3CIIeABaHMs, Ype3 KOUTO J1a ce 0POPMSIT OKOHUYATEITHUTE T1a-
paMeTpu MO OTHOIIEHUE Ha MEXAHUYHHU XapAKTEPUCTUKHU, CEH30pUKA U yIIPaBIICHUE.
dopmara Ha 3BE€HATa € HallpaBeHa ¢ Bb3MOKHOCT 3a HaOM0AeHUe U AocThII. [Ipomop-
YATa B IbJDKAHATA € Cla3eHa B CPEAHU IMPOIOPIHUH.

KakTo 6e oTbens3aHo chIIecTBeH MpoOIeM MpU MPOSKTUPAHETO € KOHIICHTpAIHsITa
Ha TOJISM Opo¥ JABMKCHHS B MaIBK 00eM. M3mbIHEHNETO UM 4Ype3 KOHBEHIIMOHATHH
MOCTOSIHHOTOKOBH JIBUTATENIM C PEAYKTOPH Hajlara ThPCEHE Ha MOJXOJAII0 Pa3oyio-
*eHue. B ciyyast nBurarenure 3a NpbCTUTE, B TOBA YUCJIO U Majela ca pa3noiaoKeH!
B JI/IaHTA, a T€3W 3a KUTKATa B MEXKIMHHOTO 3BEHO. 3a Mpe/laBaHe Ha JBUKEHUE KbM
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3BEHATa CE¢ M3MOJI3BAT HUIIKUA C KPaWHW JBJDKHHU W CBOOOJIHO JBIIKEIIH CE€ POJIKH,
Pa3MoI0KEHN B OCUTE HA IAPHUPUTE.

@ur.9. Oow uzened na npomeszama 6 OMEOPeH U MEeHCOUHEH BUO

Ha ¢ur.9 He ca mokazaHu elIeKTpPUYECKUTE BEPUTH, Xaplyepa Ha YINpPaBICHHUETO U
Bpb3KaTa C OCTaHAJIaTa 4acT Ha aMIIyTHUPaHATa PbKa, KAKTO M Pa3MOJ0KEHHETO Ha
CEH30pUTE 3a Bh3NpHUEMaHe Ha MHPOpMAIMSI OT MUCKyIHUTe. ToBa ce MmpeaBmkaa aa
Ce MOKa)Xe B OKOHYATEIHUS BAPUAHT.

6. CUMYJIAIIUA B PEAJIHO BPEME.

Peanm3upan 6e cuMynallMOHEH MOJEN, KaTo HesTa € Ja ce IOoJ3Ba cpeaa MOIbp-
Kalla 3aJBMKBaHe Ha Mojiena B peaigHo Bpeme. ChIno Taka, mpu n3dopa Ha cCUMyJia-
IMOHHA Cpefia ONpeaesnio 0 Bb3MOKHOCTTA 32 ChBMECTHO YIIPABJIICHHE OT BHHIIICH
codryep. RoboWorks e 3D CAD cpeaa kbAeTO MOTPEOUTETUTE MOTaT a peaTu3upar
CBOWTE MEXaHWYHHU MOJECIH, CIe] KOSTO IMOCIEIHUTE MOTaT Ja ObaaT 3aJBMKBAHU
(aHMMUpaH#) 10 OPUCHTHPAHETO HA OTICITHWTE JCTAWIN B XKEJIaHA KOH(PUTYpPAIHS.
ToBa ctaBa mo aBa HauwHa. [Ipu MBPBUAT BapHaHT, KbM BCAKO TMOJBUYKHO 3BEHO CE
acoIupa orpe/IesieH KIaBHIll OT KJIaBuaTypara, npemectpai (poTaiusi, TpaHCarus)
3BEHOTO OKOJIO/TIO TpeABapuTenHo neduHupana oc. [Ipu BTOpus BapuaHT ympasie-
HUETO HAOTJEIHHUTE CTaBU CTaBa OT MPOM3BOJHA BBHIIHA CO(TyepHa cpena KOSTO
noxbprka padorata ¢ DLL ¢aitnose. [IpousBoauTens mpenocTaBsi HHCTPYMEHT Hape-
yen RoboTalk, ¢ mocpeaHHYeCTBOTO Ha KOMTO Ce ympaBjsBaT OTACIHUTEC CTaBU Ha
CUMYJIALIMOHHUA MoJel. 3a 1enrta nporpamucra orBaps DLL npunoxxenuero u noc-
pencTBoM AepuHMpaHN MMEHA Ha BCSKa aKTHBHA CTaBa OCHINECTBSBA 3a/IBIKBAHETO
.

3a menwte Ha MpoeKkTa Oe¢ HM3MOJ3BaH MOJEN Ha MEXaHWYHAa phKa C TET MPhCTa
(pur.10-2560). 3aaBUKBAHETO HA MPBHCTUTE CTaBa OT MHTEPQEICHA Iporpama peaju-
supaHa B cpenata Ha Labview (¢ue.10-0scno). C mrp3raiiy KOHTPOJIH, TOTPeOUTEs
MMa BB3MOXHOCT JIa JIBMJKUA OTIIETTHUTE MPBCTH 10 (opMUpaHETO HA KeJaHa KOH(U-
rypamus. YIpaBJIeHHUETO Ha pbKaTa € B peaJiHO Bpeme, 0e3 BUIMMHU 3a0aBSHUS TIPH
MaHUITyJIAlMUsITa C KOHTPOIHUTE TuTh3raun. Ha Tasu ocHOBa, ujesta € B ObJenie 1a ce
peanu3upa TUpeKTHA Bpb3Ka (TI0 CepHUeH MOPT) MEXKAY CUCTeMaTa 3a PETUCTpaIus Ha
OMO-TIOTEHIIMANINTE U CUMYJIAIMOHHUS MOJied. B To3u ciyuail cuMyianMoHHAT cpeaa
II€ Ce U3I0JI3Ba KaTO TPEHAXKOP 3a MAlMEHTUTE, KOUTO 1€ MOTaT B PeajHO BpeMeE /a
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HaOJII0O1aBaT CBMBAHETO HA BUPTYaJIHUS KPaWHUK, KaTO PE3yJiTaT OT T'€HEPUPAHUTE
MYCKYJIHU CUTHAJIA B MPOlIeca Ha pexaOuauTausl.

+"+ RobaWorks - [Hand.scn]
o Be ER Yew Aomaton Wnde Help

DiEE| | 2] 2w

B Hand Control.vi

®ur.10. Cumynayuona cpeda u ynpangneu Ha Mooeid 8 peaiHo epeme.

2. BAKJIIOYEHUE

Pa3zpaboTenata MuoeneKTpuyHa MPOTE3a € Ha HUBO MPOTOTHII, BbPXY KOWTO Mpesc-
TOSIT MPOBEXKJIAHE HA €KCINEPUMEHTAIHHU M3CJICIBAHUS 332 WHKEHEPHA ONTUMU3AIIMS
Ha TapaMeTpPUTEe M ChUETAaHO JCHCTBHE HAa MOAYJIUTE 32 CHEMaHe M o0paboTka Ha
CUTHAJIM OT MYCKYJIUTE Ha pbhKaTa, 3a yrpaBieHUEe 1 MEXaHUYHATa YacT.

Pa3zpaboTeH e Moy 32 HOBBPXHOCTHO PErHCTpUpaHe Ha OMO-MOTEHIUAIN OT MYCKY-
JUTE Ha pbKaTa, oOpaboTKkaTa UM 4pe3 (puiTparus u u3npamniaie KbM JIpaiiBepuTe 3a
yIpaBleHUE.

MoymbT 3a yrpaBieHHE € U3ITBJIHEH KaKTO 3a paboTa chC CUCTEMAaTa 3a PErUCTpaIys
1 00paboTka Ha OMO-MOTEHIIMAIH, TaKa U KaTO HE3aBUCUMO 3BEHO.

Pa3zpaborenusT cumynanuoneH Mmones, OasupaH Ha MH(POPMAIMOHHUTE MPOIYKTH
RoboWorks, RoboTalk u Labview ciryxu 3a u3cnenBane u npenu3upane Ha MEXaHU4-
HUTE MMapamMeTpu Ha Mojena U B ObJelle MpeCTON CBbp3BaHE ChC CHUCTEMaTa 3a pe-
rucTpauus u 00paboTka Ha OMO-TIOTEHLIMANIA, KOUTO ChbBMECTHO 11I€ YNpaBJsABAT JABU-
KEHHETO Ha MpoTe3ara B PealHO BpeMe.
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MAJIKX 1 KOMITAKTHMN MOBUJIHU POBOTH
N3CJIIEABAHE U CPABHEHHUE HA IIVIAT®OPMU

AHape Apaymol, MaBua HopTyra.]Il, Muxkaea C. Koycaﬁpol’z,
Kapaoc M. ®urepeno’ u Pyn I1. Pomr’

1
Hnemumym no cuctemu u pobotrka (ISR), Yuusepcurerst B Koumbpa (FCTUC), Koumbpa, Tloptyranus
2RoboCorp, Kamedpa no Enexmpomexnuuecxo Huocenepcmso (DEE), Huocenepen uncmumym ¢ Koum6pa (ISEC),
Koumbpa, Illopmyeanus

Pe3ztome: Tazu cmamus npedcmass uzcieosamne Ha MAiKy U CpeoH020lemMu KOMNAKM-
Hu pobomusupanu niamgopmu. I[Ipedsapumennomo peuienue Kakea niamgopma e
nooOXo0saua 3a 3a0a4u Kamo u3oupeamne u cnacasane, OmuumaHne Ha NPOMeHuU 8 OKOJl-
Hama cpeda, HabaroOenue Ui pooOMUUPAHA cUcCmema ¢ eOur Uy nogede CbeMecm-
HO QYHKYUuoOHUpawu poooma, e mpyoHo NpPeou3BUKAmMeIcmeo 8 KOHMeKCma Ha U3C-
Jledgane Ha MoOUIHama pooomuKa.

C yen noonomazame npoyeca Ha 83emane HA peuleHus 3a npuoodUsane Ha UKOHOMU-
yecKu peHmaouiHa, pobomusupana niamegopma ce npasu CpagHeHue U OnUcaHue Ha
HAKOJIKO CbUleCmsysawu MOOUIHU poooma no omuouieHue Ha mexHume QusuyecKu
napamempu, xapoyep, CeH30pU, KOMYHUKAYUOHHU Bb3MONCHOCTIU, 3A0BUNCBALYU Y CTI-
PolCm8a, CAMOCMOAMENHOCH, KAKMO U HA CReYUAIHUmMe UM XapaKmepucmuKu.
Kaw4voBu aymm: Moounna pobomuka; pobomusupanu niameopmu;, xapoyep u ceu-
30pu.

SMALL AND COMPACT MOBILE ROBOTS
SURVEYING AND COMPARING PLATFORMS

André Aratjo', David Portugal', Micael S. Couceiro™?,
Carlos M. Figueiredo® and Rui P. Rocha’

! Institute of Systems and Robotics (ISR),University of Coimbra (FCTUC),Coimbra, Portugal
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Abstract: This article presents a survey on small and middle-sized compact mobile
robotic platforms. Deciding beforehand which platform is adequate for tasks like
search and rescue, change detection, surveillance or swarm robotics with one or
more cooperative robots is a difficult challenge in the context of mobile robotics re-
search. Several available mobile robots are compared and discussed in terms of phys-
ical dimensions, hardware, sensors, communication abilities, motion, autonomy and
special features; providing assistance to the reader on the decision-making process of
acquisition of a cost-effective robotic platform.

Keywords: Mobile robotics; robotic platforms; hardware and sensors.
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1. INTRODUCTION

Mobile robotics is a technological field of investigation, which has witnessed incredi-
ble advances in the last decades. Issues like autonomous navigation with perception
and reactivity, map learning, obstacle avoidance and self-localization, became practi-
cally solved in recent years.

Several different robotic systems have emerged with the ability to execute a vast diver-
sity of tasks like search and rescue, security applications, human interaction or robotics
soccer and nowadays, almost every major engineering institute has one or more labor-
atories focusing on mobile robot research.

Earlier, the focus of research was especially on large and medium systems. However,
with recent advances in sensor miniaturization and the increasing speed and capability
of microcontrollers in the past years, the emphasis has been put on the development of
smaller and lower cost robots, which makes affordable the experimentation with rela-
tively large groups of cooperative robots.

Mobile robots are found in industry, transportation, military and security environments
[1]. Also, some mobile robots have emerged as consumer products for entertainment
or to perform tasks, like vacuum [2].

In this work, we focus on low-cost, open-source robots to enable the ordinary con-
sumer to enter the robotics and artificial intelligence world, giving an innovative over-
view of compact mobile robots used by academic researchers and by robot enthusiasts,
and depicting their features, prices, communications abilities, autonomy and dimen-
sions, among others.

Mobile robots are an ideal tool for education and value creation since it is a multidisci-
plinary field which requires knowledge from various areas like electronics (digital 1/0O,
motor drivers, analog sensors, power supplies and efficiency); mechanics (chassis, sta-
bility, strength, movement and weight) or computer science (programming near real-
time techniques, process control, low level I/O devices and concepts of math and log-
ic) both at the hardware and the software level.

In the next two sections, we review some of the most used robotic platforms. Firstly,
we focus on robust, highly-equipped and small or middle-size robots and then low-cost
compact platforms. Afterwards, a comparative table is presented to discuss and evalu-
ate the low-cost mobile robot platforms paving the way for the proposal of two origi-
nal platforms: TraxBot (Section V) and eSwarBot (Section VI). In these sections, we
provide considerations on the robots’ properties, use and design. Finally, the work
ends with conclusions and future directions of research.

2. RoBOTS WITH COMPLEX SENSORS

Several small and middle-sized mobile robots have enhanced capabilities, providing
flexibility in terms of application since they are endowed with different sensors and
processing power. However, they are also quite expensive.

E-puck is an educational platform for beginners since it is a very small-sized robot of
80mm diameter with which, one can perform mobility tests on a desk [10]. Also, it is
equipped with a vast set of sensors like microphones, infrared sensors, 3D accelerom-
eter and a VGA camera, and still offers extension capabilities. Nevertheless, all this
technology has a price of around 570€.
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The MarXbot was developed in the polytechnic school of Lausanne (EPFL), it is a ro-
bot fully equipped with sensors like infrared range sensors, 3D accelerometer, gyro-
scope and an omnidirectional camera [11]. It has a good processing power with an
ARM 11 processor, at 533MHz. The platform is round with 170 mm of diameter and
its price is surely beyond 600€.
The Linux PC Robot (LPCR) resulted from a project designed to create a low-cost ro-
bot with consumer off the shelf components and able to address real problems like
navigation, object avoidance and goal seeking [12]. This is an unsightly aluminium
platform with dual opposed wheels that uses a standard motherboard with an Intel At-
om Dual processor and a Linux development environment supporting Player/Stage ro-
botic framework, providing wireless networking, USB support, boot disk and storage
using a flash memory or a SSD hard disk and joystick interface. It uses a PS/2 mouse
motor encoder and an H-bridge circuit as a custom motor driver device. It also can be
extended to provide speech, vision and sensing abilities. The robot is estimated to cost
around 450€.
Another platform built from popular off-the-shelf robot components is TurtleBot [13],
as illustrated in Fig. 1. This is a modular platform that is built on top of an iRobot Cre-
ate, incorporating a Xbox Kinect and an ASUS eeePC 1215N netbook into an inte-
grated development platform in the ROS [14] architecture, a very popular robotic
framework used in research laboratories and industry worldwide. TurtleBot provides
3D functionalities and ROS out of the box, being fully open source and exploring all
combined capabilities of its components. The complete robot kit costs around 1000€.
Additionally, there are larger, more equipped and more
powerful mobile robots, which usually have their own em-
bedded computers, up to 2GHz dual-core processors, but
they are also heavier, slower, without the agility of compact
ones and much more expensive. One of the most popular re-
search robots is the Pioneer 3 DX from ActivMedia. On the
other hand, ActivMedia also provides a cheaper, smaller
_ _ (33cm of length), simpler and more cost-effective solution:
Figure 1. Willow Garage’s  yne AmigoBot [15]. This is a 2-wheel differential platform,
TurtleBot. . . . L .

ideal for education having a high-impact plastic shell and
aluminum frame that provides robustness to collisions. In terms of sensors, it has 8 so-
nar sensors, a loudspeaker, a fixed camera and supports onboard 802.11a/b/g Wi-Fi
communication. It also provides 3 analog inputs to incorporate more extensions. The
AmigoBot kit includes software that provides autonomous navigation and localization,
displaying a map through sonar readings. Its cost is around 1550€.
Nevertheless, the most recent and promising robotic applications requires multiple
agents, thus encompassing the concept of minimizing the cost (minimal cost), mini-
mizing the number of components (minimal intricacy) and the required development
time to complete the entire process (minimal development). Since the cost is directly
related with the robot design, a reduced intricacy in sensing, control and motion is re-
quired. In addition, since most robotic systems deals with many robots, the develop-
ment time of each unit must be reduced, thus allowing a fast implementation of robotic
team.

351



3. CoMPACT Low-CosT MoBILE RoBOTS

In this section a review of small low-cost robots is conducted, taking into account ro-
bot’s mobility in different ground environments, capabilities, size, sensing/perception,
processing power, autonomous navigation and other aspects.

All low-cost robots mentioned in this work are available in the market or can be
smoothly assembled for a price of up to 450€, which enables researchers as well as
consumers to acquire off-the-shelf or quickly built solutions with simple sensors and
diverse capabilities.

For starters, Roomba Create from iRobot, is a light version of the original vacuum
cleaning Roomba [3], it includes a cargo bay that houses a 25 pin port used for digital
and analogic input and output, instead of the original vacuum system. It was designed
for educators, students and most skilled developers and researchers, being very popular
in the robotic research community due to its small size and low cost. It consists in a
circular platform with approximately 340 mm of diameter. This configuration can be
advantageous if one intends to use larger sensors (e.g., 3D laser sensor or Kinect). It
also possesses a serial port for reading sensor data and issuing motor commands, being
programmed with a microcontroller with an USB connector and four DE-9 expansion
ports. This platform can support equipment until 2,26kg
and it is relatively cheap,

costing around 180€. Many choose to utilize an external
computer that supports serial communication to control
the Create robot, due to the limitations in storage space
and processing power.

Another low cost robot is the SAR’s Bot'n Roll ONE C,
which is priced at 175€. It has a differential configuration,
supported in a black acrylic base, with 22cm of length and
a weight of 1300g [4]. It provides two infrared obstacle
detection sensors with possibility to add extra modules as a line follower component, a
LCD for interface with the user (e.g., print program variables) and a RGB color sensor.
A USB-Serial (RS232) converter allows the programming of the robot using an exter-
nal computer. In general, it is an excellent starting kit for beginners.

The IdMind’s Circular GT robot kit, with a circular shape of 150mm of diameter, sup-
ported in a plastic board and with differential wheels, costs 260€ [5]. It is smaller than
the Bot'n Roll ONE C, having more I/O ports to connect self-made extensions. It com-
prises five pairs of infrared transmitters/receivers to navigate consistently; two micro-
switches which detect collision with obstacles and 7 additional links to connect other
sensors. It is programmable through a PC using various languages, which include a
graphical programming application that is provided in the basic kit, which greatly sim-
plifies the task of the programmer. The Hemisson from K-Team is a 275€ aluminium
platform with 120mm of diameter. It is more robust than the IdMind’s Circular GT [6].
The basic kit only provides limited computational power and a few sensors like 8 in-
frared light sensors, 6 of them for obstacle detection and 2 facing the ground.

Figure 2. SRV-1 Blackfin
Robot, Surveyor Corporation.
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Table 1. Comparative Table of Compact Low-Cost Mobile Robots

Roomba K-Team Idmind Bot’n Roll Palm Pilot Lego Surveyor
iCreate Hemisson Circular GT ONEC Robot Kit Mindstorm NXT SRV-1 Blackfin
/ ‘ : ,.' \ :
il
Aprox. Base Price 180,0€* 275,00 € 260,00€ 175,00€ 190,0€  *390,00¢ 380,00€ 275,00€
Physical Specifications:
- Dimension (LxWxH) mm (-/-/90) (-/-/70) (-/-/60) 220x205x90 200x200x58 145x97x61 120x100x80
- Dimension diameter mm @ 340 @ 120 @ 150 = = - -
- Weight (g) 3400 200 200 1300 350 200
- Chassis material Plastic Aluminum Plastic Acrylic Aluminum Plastic Aluminum
Hardware: (with command module)
- Processor 20MIPS 20MHz | SMIPS 20MHz | S5MIPS 20MHz | 16MIPS 32MHz * 416MHz 30MIPS 40MHz | 1000MIPS 500MHz
- pController ATmega 168 PIC16F877 PIC16F877 Picaxe 40x2 Intel XScale PXA270 ARM 7 -
Sensors:
- Temperature - 2xiR 1light - 7x iR obstacle - 2x iR obstacle - 3x iR obstacle - Accelerometer - Camera 1.3 MP
- iR obstacle sensor detection detection detection - Touch sensor -2 x Range Lasers
detection - 6x iR obstacle | - 2x micro- - Light sensor
- micro-switches to detection switches -Sound sensor
cliff detection - Ultrasonic sensor
Communication:
- R$-232 serial - DB9 Serial - USB serial - RS-232 - Bluetooth - Wireless remote
SVSh el - Bluetooth -USB control 802.11b/g
Speed:
Max (cm/s) = 10 - - = 10 40
Battery:
- Type Ni-MH Ni-MH Alkaline AA Ni - MH Alkaline AAA Li-lon AA Li - poly
- Power 14.8V 3000mAH | 8.4V 150mAh 6V=4x1.5V 12V 6V=4x 1.5V 9V = 6x1.5V 7.4V 2000mAH
- Autonomy aprox.(hours) 3-4 2 2 2 1-2 3-4 3
Features:
* usually needs - Support - Xbee (socket) - Holonemic - LCD display - Linux 2.6 support
external sensor and - LCD (socket) - Ability to control - Construct any - Laser Pointer
microcontroller / communication - Support sensor | 8 servos configuration with - Java-based
processor expensions expensions *Palm Tungsten T5 | Lego bricks console
-Buzzer - Buzzer

It also provides four SMD LEDs and a Buzzer that emits sounds at a unique frequency
and switches that assign the robot different internal behaviors. This platform is exten-
sible providing a front connector for 12C bus communication, a left-side connector that
allows flash-memory programming and a right side connector that provides serial port
communication; it also supports cameras and ultrasonic sensors beyond others. These
extensions may increase both computational power and sensing capabilities.
The Mindstorms NXT from Lego is an educational, academic robot kit for beginners,
priced around 290€ [7]. The platform has very short dimensions and can be modified
using Lego bricks. It weights around 280g and is made of plastic. With this kit, one
can construct creative Lego models. The robot is equipped with drive motors with en-
coders and a good variety of sensors like an accelerometer, light, sound, ultrasound
and touch sensors enabling applications in a wide range of scenarios. It also supports
Bluetooth and USB communication.
The SRV-1 Blackfin from Surveyor, presented in Fig. 2, is a robot equipped with tank-
style quad-motor tracks with differential drive having 120mm length and 100mm
width and an aluminum chassis [8]. This robot has a good processing power with a
1000MIPS at 500MHz CPU, capable of running Linux Kernel 2.6. It is equipped with
two range lasers or optional ultrasonic ranging (support up to 4 ultrasonic ranging
modules) and a 1.3MP camera. It also supports Wireless 802.11b/g communication
and various 12C sensors. The robot can run programs stored in the onboard flash
memory and can be operated as a remotely-controlled webcam (managed by multi-OS)
or a self-navigating autonomous robot. Its final cost is around 380€.

A nother commonly used low-cost research robot is the Palm Pilot Robot Kit
(PPRK) from Carneggie Mellon University [9]. It is an easy-to-build, fully autono-
mous compact platform with three distance sensors of one-meter range, controlled by a

353



PDA, which provides computational power and a user interface, through a serial con-
nection with a PIC processor. It allows driving in any direction with independent con-
trol of rotation, meaning it moves holonomically in the plane. The robot kit provides
mature development tools and is relatively cheap, costing around 250€.

4, DISCUSSION

Table 1 present a comparative table of all compact low-cost mobile robots described in
Section I11. The objective of this table is to assist the reader in the decision-making
process of acquiring a low-cost mobile robot for a given research task, providing unbi-
ased comparison between different platforms in terms of dimensions, sensing equip-
ment, hardware, motion speed, autonomy and special features.

It can be seen that the Roomba Create robot is the cheapest of all. However in its basic
configuration it is very poor in sensing ability and processing power, usually needing
an external computer deployed on top, which increases the price of the platform, not to
mention the low encoders resolution. On the other hand, the SRV-1 Blackfin, is the
most expensive, but it has the best onboard processing power, provides Linux 2.6 sup-
port and is the only one that comes with a camera, otherwise the ability to add sensor
extensions is limited.

The 1dMind’s Circular GT is also very cost-effective; however it does not have hard-
ware to enable communication between robots, being less appropriate for experimen-
tation with teams of robots. As for the K-Team Hemmisson, its downside is autonomy;
and the PPRK only works with a PDA to provide the platform’s processing ability.
The Lego Mindstorm NXT, Idmind Circular GT and Bot’n Roll One C are ideal plat-
forms for beginners or very simple robotic applications. Note however that, in their
present form, most of these robots are limited to reactive navigation with unreliable
odometry. Robots equipped with ranging sensors are more suitable for tasks that re-
quire precise localization. Hence, the majority of these low-cost platforms would re-
quire extensions to their sensing capabilities for tasks with more demanding re-
strictions.

The following requirements, sorted by relevance, can be expected from robots to be
used in multi-robot systems:

e Cost — Robots should be as cheap as possible since most multi-robot teams
may have dozens or hundreds of robots (e.g., swarm robotics);

e Autonomy — Robots should have a long battery life since they may have to op-
erate long enough to finish a cooperative mission;

e Communication — Robots need to support wireless communication such as in
the form of ad-hoc networks;

e Sensory System — Robots should be equipped with some form of sensing capa-
bility to allow interaction between them and with their environment;

e Processing — Robots need to be able to process information about other robots
and the environment (e.g., sensing data).

Considering the weaknesses of the compact mobile robots previously described, espe-
cially in terms of communication, sensing capabilities and processing, our research
group developed two off-the-shelf mobile robots (Section V and VI) ideal for multi-
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robot applications that meet all requirements previously pointed out. In addition, these
platforms have the flexibility to be extended and incorporate even more capabilities.

5. TRAXBoOT

In this section we briefly present the assembly of a portable ground robot, called
TraxBot [16]. This robotic platform is a differential drive system equipped with 2 DC
gearhead motors with high encoders’ resolution and tank-style rubber tracks.

The processing unit consists of an Arduino Uno board [17], which includes a micro-
controller ATmega 328p that controls the platform’s motion through the use of the
Bot’n Roll OMNI-3MD motor driver [18].

For range sensing, Maxbotix Sonars

. MB1300 with a range of approximately

" — 6 meters are used [19]. The TraxBot can
e have a configurable disposition of up to

- T 4 sonars in each platform. In order to

o — enable point-to-point communication,

D Mo Wit ot the Xbee Shield [20], consisting on a
ZigBee communication antenna at-
tached on top of the Arduino Uno board,
; Is also incorporated. As for power
source, two packs of 12V 2300mAh Ni-
| Battery pack MH batteries are deployed under the
chassis of each robot ensuring good au-
Figure 3. Mechanical structure of the TraxBot. tonomy of around 2-3 hours. Optionally,
the platform has the ability to include a
10” netbook on top of an acrylic support, which extends the processing power and
provides more flexibility. In our case, an ASUS eeePC 1001PXD BLACK N455 is
used due to its reduced price and size. The netbook provides communication via Wire-
less Wi-Fi 802.11 b/g/n to the robot. Fig. 3 presents a mechanical overview of our ro-
bot.
The TraxBot is extremely robust; all its hardware is either aluminium or stainless steel.
It also has the ability to manoeuvre in different terrain and surface topographies and its
dimensions are adequate both for indoor and outdoor experiments. In addition, it can
incorporate many extensions and components (e.g., LEDs, cameras, LIDARS, grippers,
etc.). Its overall cost is around 450€ not considering the netbook.
In its current development phase, the robot has the ability to perform safe reactive nav-
igation using the sonars and self-localization based on its odometry. It also can com-
municate with other teammates, enabling multi-robot systems and swarm experi-
mentation. The robot has also been extended with the addition of RGB LEDSs on top of
the acrylic support to report internal states and/or identify the robot through a vision
system.

Motor driver I . ‘ 1

i -
_______
s

6. ESWARBOT
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Besides the TraxBot, our research
group has also been involved, to-
gether with RoboCorp at the Engi-
neering Institute of Coimbra, in the
development of simplistic mobile ro-
bots for biological swarm systems.
More particularly, the eSwarBot (Ed-
ucational Swarm Robot) is a minia-
ture low-cost robot, designed as an
Arduino-based open platform, which
specifically targets engineering edu-
cation and swarm robotics [21]. 572 bl el ikl i

The platform has a much reduced size Figure 4. Mechanical Structures of the eSwarBot.
than TraxBot, yet big enough not to compromise the expandability of the robot or in-
crease the cost of the swarm robots due to components miniaturization.

RGB module
65 RGB LED

Wireless module
» 2.4 GHz XBee

Control module
+ Arduino Uno

Sensory System
* MaxSonar EZ1

Base module
» Battery 9V 2300mAh

* Motor Driver TB6612FNG

* 2 Micro Metal Gearmotor

» Voltage Regulator LM 7805

» Xor Logic IC — 7486

« LED Dnver—1293D

= 2 encoders — 48 counts per revolution

The main body encloses the mechanical and electrical components such as the battery,
processing unit, additional electronics, motors and sensors. The two motors are
screwed onto the bottom structure, with the wheels directly attached to the motor axis.
On the top of the platform, an acrylic plate with red-green-blue light emitting diodes
(RGB-LEDs) was mounted. The RGB-LEDs can be used to distinguish between dif-
ferent robots since they allow representing a wide range of different colors.

Table 2. Comparative Table of TraxBot

and eSwarBot.

TraxBOT

S 1

Aprox. Base Price

450,00 €

200,00 €

Physical Specifications:

- Dimension (LxWxH) mm
- Dimension diameter mm
- Weight (g)

- Chassis material
Hardware:

- Processor

- pController

Sensors:

Communication:

Speed:

Max (ecm/s)

Battery:

- Type

- Power

- Autonomy aprox.(hours)
Features:

225x204x76

2045 *3160
Aluminum

24MIPS 16MHz
Atmega 328

- 3x Ultrasonic
Range sonar

- USB serial
- Zighee
- Wi-Fi*

30

Ni - MH
12V 4600mAH

Intel Atom N450
1,66 GHz
- RGB LEDs

(-/-/100)
@ 126
600
Plastic

24MIPS 16MHz
Atmega 328

- Ultrasonic

Range sonar
- LDR Light sensor

- USB serial
- Zigbee
15
Ni- MH
9.6V 2300mAH

4-5

-RGE LEDs

Similarly to the TraxBot, the chosen processing
unit is an Atmel Atmega328 microcontroller
embedded in the Arduino Uno board [17]. This
microcontroller has 14 1/0 digital pins (6 of
them can be used as PWM analog outputs), 6
analog inputs, a 16 MHz clock and a program
memory up to 32 kB. Quadrature encoders with
a micro metal gear motor were used to measure
rotation speed and wheel direction. With a
twelve teethed wheel, the system provides a res-
olution of 48 counts per revolution, corre-
sponding to a linear resolution of just under 3
mm [22].

One LV-MaxSonar Ultrasonic Range Finder
is employed in each platform to detect objects in
front of the sensor face and up to 6.45 m (21.2
ft) distance. As for communication, low power
consumption ZigBee models [20] were also em-
ployed in each robot. A Fullwat battery com-
posed by a pack of Ni-MH cells (8xAA) of 9.6V
and 2300mAh with TAMIYA connector pro-
vides autonomy of up to 4.5 hours of continuous

swarm operation to the platform. The development price of a fully-equipped eSwarBot
platform is around 200€.

356



Table 2 presents a comparative analysis of both TraxBot and eSwarBot. The election
of one of these robots depends strongly on the research task in study. Clearly, the
eSwarBot is a platform useful for studying emergent behavior and self-organization in
biologically inspired societies (e.g., swarm robotics), proving to be a very balanced so-
lution given its capabilities, autonomy, cost and sensoring system. Due to its loco-
motion tracks and robustness, the TraxBot is ideal for both indoor and outdoor tasks in
rugged terrains (e.g., military exploration and teleoperation), as opposed to most of the
platforms described in this paper.

7. CONCLUSION AND FUTURE WORK

In this paper several compact low-cost mobile robots were presented and compared in
terms of physical dimensions, hardware, sensors, communication abilities, motion, au-
tonomy and special features. It was shown that are numerous options available in the
market for the end user, which may either be a beginner, a robot enthusiastic or a re-
searcher. Beyond the cost, the choice of a mobile robot platform should depend essen-
tially on its ability to reliably perform a proposed task.

The robotic platforms developed by our group are continuously in development and
addition of behaviors is expected in the near future. We are working towards releasing
a ROS TraxBot driver in order to easily use, program and integrate the robot in the
ROS framework. Additionally, in order to strengthen the TraxBot’s navigation in mul-
ti-robot surveillance and monitoring missions, we intend to use in the future the Xbox
Kinect sensor together with ROS to enhance the robot’s localization.

As for the eSwarBot, the development and implementation of collective swarm algo-
rithms, which can benefit from explicit communication between robots through the
ZigBee protocol, will allow to evaluate large teams of robots beyond individual mem-
bers. Also, a triangulation technique for localization through the analysis of the
strength of the received signal (RSSI), taking advantage of this XBee module’s capa-
bility, is in prospect to assist agents’ localization.
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CUMYJIAIMUOHHMU CPEIN HA JIETAILIUA IIVIATOOPMU

Muxkaea C. Koycaiipo, . Murea A. JIyx, Hyno M. ®. ®depeiipa
RoboCorp, Kameopa no Erekmpomexnuueckotncenepcmeo (DEE),
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Pe3ztome:. Tazu cmamus npedcmass yemupu CUMYIAYUOHHU CpeoU, KOUMo Npuiazam
MAmMemMamuieckomo Mooelupane u YnpasieHue HA HAKOJIKO PA3TUYHU Jemsauu
nIam@opmu ¢ NOMOWMA HA UHUCTUMEeNeH UHCmpymenm om eucoko Huso MatlLab u
UHCMPYMEHM 34 MOOeIUpane, CUMYLayus u anaius Ha ounamuynu cucmemu Simulink.
Ipunazanemo Ha KOMNIOMBPHAMA CUMYAAYUSL OABA 8B3MONICHOCT Od Ce AHANUIUPAN
PpasiuyHume cucmemu, 0a 6vOAm YNpasIA6aHu U ONMUMUBUPAHU, KAMO ce U3N0A36AM
mMamemamudecky Mooeu, KOUmo onpeoeisim KaxK Henpeosuoumo cvoumue ou mozuo
oa ce ompaszu na cucmemama. Cumyrayuonnume cpeou GKIIOYUBAM U3NOA36AHE HA
PYMUHHU Onepayuu 3a NIaHupane Ha mpaekmopuu, npoyusane, pazoupare, yceos6a-
He Ha OUHAMUYHUME KPUmepuu 3a CMAOUIHOCM U MAXHAMA NOMeHyuaina ynompeoa
6 HasU2AYUAMA HA NOJEeMa HA ONPOCMEeHU MO0,

Kniwouosu oymu: UAV; cumynupane; mooerupane; 61o-60vbXH08eHA pOOOMUKA.

SIMULATION ENVIRONMENTS OF FLYING PLATFORMS

Micael S. Couceiro, J. Miguel A. Luz and Nuno M. F. Ferreira
RoboCorp, Department of Electrical Engineering (DEE)
Engineering Institute of Coimbra (ISEC),Coimbra, Portugal
GECAD - Knowledge Engineering and Decision Support Research Center Institute of Engineering —
Polytechnic of Porto (ISEP/IPP) Porto, Portugal

Abstract: This paper presents four simulation environments implementing the mathe-
matical modeling and control of several flying platforms using the high-level calcula-
tion tool MatLab and the modelling, simulation and analysis of dynamic systems tool
Simulink. The implementation of computational simulation provides the possibility to
analyze the various systems to be controlled and optimized, using mathematical mod-
els that estimate how an unforeseeable event could affect the system. Simulation envi-
ronments involves implementing routines for path planning, the study and under-
standing of dynamic stability criteria to be adopted and their potential use in the con-
trol of simplified models of flight locomotion.

Keywords: UAV; simulation; modelling; bio-inspired robotics.

1. INTRODUCTION

This paper considers the development of virtual environments simulating the mathe-
matical modeling and enabling the control of a variety of systems with different char-
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acteristics (e.g., degrees of freedom, flying methods, others). We will mainly focus in
two classes of flying robots: 1) robots similar to helicopters such as the TRMS - Twin
Rotor MIMO System [1], the Quad-Rotor [2] and real helicopter [3]; ii) robots biologi-
cally inspired in birds [4] and dragonflies [5].

There is a long held belief among engineers and biologists that flying robots similar to
airplanes and helicopters consume much more energy than flying robots inspired in in-
sects and birds. Engineers have long been stymied in their attempts to build flying ro-
bots that can match the amazing flight capabilities of nature’s most advanced flying in-
sects and birds. Such robots could be used for a variety of tasks, from spying, to mine
detection to search and rescue missions in collapsed buildings. The study of dynamic
models based on birds and insects has been extended and shows some results that can
be considered very close to the real model [6],[7]. The dragonfly has been one of the
models under study [5],[8] because it is considered a major challenge in the field of
aerodynamics. Recent studies show that the dragonflies’ aerodynamics is unstable, that
they use it to fly in a completely different way from the steady flight of aircrafts and
large birds [9]. In the last few years, there were significant advances in robotics, artifi-
cial intelligence and other fields allowing the implementation of biologically inspired
robots [7],[10]. Our goal then is to apply the knowledge already acquired, with the
study of the state of the art, in order to develop simulation platforms that would allow
the construction of real robots resembling helicopters, birds and insects.

The paper is organized as follows. Section two, presents the state of the art of flying
robotics focusing on helicopter-like and bio-inspired platforms. Section three shows a
general overview of a variety of simulators developed in the Engineering Institute of
Coimbra and the research group RoboCorp, thus describing their main features and
commands. Finally, section four outlines the main conclusions.

2. STATE OF THE ART

This chapter aims to enhance the studies and previous work done in the field of flying
robotics focusing in simulation platforms of robots similar to the different categories
of helicopters and biologically inspired by flying animals.

Leonardo Da Vinci is credited with the design of the first helicopter, basically a hel-
ical air screw, which was conceived to lift off the ground vertically. Leonardo Da Vin-
ci also began to work on a machine, powered by muscular activity, which would allow
a man to hover in the air by moving its wings the way birds do. There are drawings
which show the various kinds of the flying machines designed by Leonardo also called
as ““ornitotteri””. However, sometimes the technologies proposed are unable to perform
the physical principles used in the biological system. Before the flight of the Wright
brothers with fixed wings, flying with articulated wings was a failure. At the time,
fixed-wing flight proved to be more feasible. So nearly four centuries later, when tech-
nology advancements allowed sustained, powered manned flight, the practical solution
demonstrated by the Wright brothers used a fixed-surface to provide the lift. This re-
quired the aircraft to accelerate along the ground until a sufficient speed was reached,
so that the necessary force could be generated for the vehicle to become airborne. His-
torical flight documents have hundreds of failed helicopter projects [11]. Most of them
were made based on hope in flying at any cost. However, some of these designs pro-
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vided a significant contribution to a new understanding that ultimately led to the suc-
cessful improvement of the modern helicopter. Yet, it was not until the more technical
contributions of engineers such as Juan de la Cierva, Henrich Focke, Raoul Hafner,
Harold Pitcairn, Igor Sikorsky, Arthur Young and others, that the design of a truly safe
and practical helicopter became a reality [12].

With the use of simulation environments it was possible to find the several fundamen-
tal technical problems that limited early experiments with helicopters (Figure 1c). The
theoretical power required to produce a fixed amount of lift was an unknown quantity
to the earliest experimenters, who were guided more by intuition than by science. Fur-
thermore, the relatively high weight of the structure and low power engines were
mainly responsible for the painfully slow initial development of the helicopter. By
1920, gasoline-powered reciprocating engines, with higher power-to-weight ratios
were more widely available and the anti-torque and control problems of achieving suc-
cessful vertical flight were at the forefront. In 1921, a different helicopter model had
appeared. De Bothezat built the first Quad-Rotor — a helicopter with 4 rotors. This
model is controlled by varying the speed of each rotor, thus altering the various lift
forces. One of the advantages of using a multi-rotor helicopter is its large capacity
(Figure 1Db). It has more lift capacity so larger loads can be transported. They are high-
ly maneuverable, which allows vertical takeoff and landing, as well as the flight in ar-
eas difficult to reach. The disadvantage is the increased energy consumption due to the
number of rotors.

The study concerning the ability to control helicopters was improved with the Twin
Rotor MIMO System — TRMS (Figure 1a). This platform consists on a laboratory set-
up designed for control experiments. In certain aspects its behavior resembles that of a
helicopter. From the control point of view, it exemplifies a high order nonlinear system
with significant cross-couplings. A mathematical model design of TRMS needs
knowledge of aero dynamical physic laws. In recent years a quick progress in the ena-
bling technologies for Unmanned Aerial Vehicles (UAV) has been witnessed. Those
include airframes, propulsion systems, payloads, safety or protection systems, launch
and recovery, data processor, ground control station, navigation and guidance, and au-
tonomous flight controllers. From all those factors, system technology occupies the
most critical contribution to the success of UAV development and operation. With the
technological advance, biological inspired robots start to appear. A physical and dy-
namic model of a bird that use a set of equations to simulate the behavior of a bird, us-
ing a real time animated model taking aerodynamics into consideration is presented in
[13]. In this model, a bird flies by the wing beat motion, using its tail feathers. Besides,
the trajectory is established by determined points in the space adjusting the bird’s ori-
entation and flapping such that the bird passes through these points in sequence. The
birds’ tails also play an important aerodynamic role in mechanical flight power and
flight performance [14]. Theory provides a conventional explanation for how bird’s
tail works. In [13] the influence of the tail and feathers is taken in consideration.

A method of producing realistic animations from numerical solutions is given for ge-
neric bird models with various levels of complexity [15]. The study describes the de-
velopment of models, implemented in the analysis of flapping flight, balancing the sci-
entific analysis and model-based animation. The presented results show numerical data
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and visual simulations able to produce realistic flapping flight with physical strong
foundations. In 2008 a robotic platform inspired by the flight of birds was developed at
the Coimbra Institute of Engineering (ISEC). SIRB (Simulation and Implementation of
a Robotic Bird) was built based on the preliminary results obtained using a simulator
developed in Matlab [4]. Two servos were used in order to control the wing beat of
each wing independently (Figure 1d). Nevertheless, this mechanism increased the
complexity of the system and such could be avoided since it is possible to achieve
identical movements by simply changing the angle of attack of each wing and the tail
rotations.

The flight of insects was an interesting subject of, at least, half academic century, but
the serious attempts of recreating it are way more recent [161,[17]. However, the con-
trol of flying robots represents a high level of complexity. Puntunan and Parnichkun
compared the classical PID controllers (Proportional, Integral and Derivative) with the
PID controllers with self-tuning for the control of a helicopter model [18]. The results
obtained with the PID controller with self-tuning proved that this kind of control offers
a better performance than the PID without self-tuning. However, there was still a rela-
tively high overshoot.

a)

Figure 1. a) Twin Rotor MIMO System — TRMS; b) Quad-Rotor AR. Drone;
¢) Real Helicopter (small) Model Raptor 30; d) Bio-Inspired Robot Bird SIRB.

This paper presents four virtual environments that simulate the real kinematics and
dynamics of flying platforms benefiting from different control algorithms such as the
classical PID, fuzzy logic and fractional-order PID in order to make the system stead-
ler and thereby obtaining a better performance.

3. SIMULATION PLATFORMS

In the last two decades robotics became a common subject in courses of electrical,
computer, control and mechanical engineering. Progress in scientific research and de-
velopments on industrial applications lead to the appearance of educational programs
on robotics, covering a wide range of aspects such as kinematics, dynamics, control,
programming, sensors, artificial intelligence, simulation and mechanical design. Nev-
ertheless, courses on robotics require laboratories with sophisticated equipment, which
pose problems of funding and maintenance.
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Figure 2. Simulation environments developed in MatLab.
a) TRSM Sim; b) Quad-Rotor Sim; c) Helicopter Sim; d) SIRB & LIB Sim.

The development of simulation platforms became an important ally of science, and to-
day it is spread in the most varied sectors. In this work, simulation environments (Fig-
ure 2) will be used in order to establish a methodology and appropriated strategy to the
development of real platforms studying the aerodynamic principles knowing that those
will be crucial to the physics behind the flight of flying platforms.

Several studies in this area have been made and are focusing on the mathematical
modeling of both linear and nonlinear dynamics [7],[17]. The analysis of dynamical
linear models is well established in the current literature [19],[20]. However, the study
of nonlinear flying models, has gained increasing prominence. For most researchers,
this study should be placed in the estimation of aerodynamic models and nonlinear
analysis of the effects of nonlinearities in the specific aircraft systems. It is known that
a mathematical model that defines the dynamics of an aircraft is extremely important
in both the study of dynamics and control. The dynamics of flight is concerned with
the overall dynamic behavior of an aircraft: stability, controllability, the dynamic re-
sponse, the quality control, etc. Nevertheless the analysis of flight dynamics requires a
simple and effective model that should be valid for all combinations of angle-of-attack,
gravitational acceleration, speed and altitude reached in which the model operates.

The simulation platforms were developed in MatLab and Simulink for high numerical
computation and performance visualizations. It allows to efficiently implement and
solve mathematical problems faster than other languages such as C, BASIC, PASCAL
or FORTRAN, thus emphasizing capabilities such 3D graphical simulation, modeling
and control [21]. The educational packages were designed to take full advantage of the
Windows environment. All the commands and the required parameters are entered
through pull-down menus and dialog boxes. The software is intended to be self-ex-
planatory to the extent possible to encourage students exploring the program. For the
same purpose, help menus are available throughout the different windows. Several di-
alog boxes include figures to clarify context-dependent definitions.
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A. TRMS Sim

The TRMS (Figure 3) has two dof, namely, the rotation of the helicopter body with re-
spect to the horizontal axis and the rotation around the vertical axis. The physical
model is developed under some simplifying assumptions [22]. It is assumed that fric-
tion is of viscous type and that the propeller air subsystem can be described in accord-
ance with the postulates of flow theory. Progection
The TRMS Sim (Figure 2a) is the simulator
of the laboratory real platform using the math- orotection™
ematical formulation and modeling presented
in [1]. The animation was developed in a script Beam of two de
using the direct kinematics. The Simulink jm- 9rees of freedom
plementation generates 6 files (alfav, alfah, wv,
wh, Uv, Uh) with the simulation results, which
can then be inserted in the animation.

Tail Rotor

Optical Main Rotor

Encoders

Counter Balance

Figure 3. TRMS model.

B. Quad-Rotor Sim

Unlike conventional helicopters, the quad-rotor has fixed angles. The basic movements
of this can be described using the Figure 4. The vertical motion can be obtained by
equally varying the speeds of the 4 rotors at the same time assuming that the reference
of the quad-rotor is placed in the center of gravity.

| Figure 4. Quad-Rotor model.

The Quad-Rotor Sim (Figure 2b) has a VRML (Virtual Reality Modeling Language)
animation in order to visualize the animation synchronized with the data generation
rate of Simulink. As iteration algorithm it was used the ode4 with fixed step and a
sampling rate of 0.001 seconds.

It is possible to control the rotorcraft through an interface that inserts destination points
defining a path and visualize the constant adjustments of the drivers in order to main-
tain the stability of the Quad-Rotor in 3D.

C. Helicopter Sim

The dynamical model of a real helicopter is depicted in Figure 5. The stabilizer bar is a
rotating component mounted on the same axis of the main rotor, whose function is to
help the altitude control of the helicopter. This component is needed in helicopter
small models due to the scale effects that makes them more agile compared to their
equivalent real models.
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The main rotor, besides being responsible for the lift of the helicopter, is also the main
element in the control of the vehicle. The flight simulator Helicopter Sim (Figure 2c)
allows the control with a joystick with a 3D animation in VRML. It was used the
0de45, a variable step interaction algorithm with a sampling time of 0.01 seconds in
order to obtain an acceptable animation performance.

D. SIRB & LIB Sim

This last simulator implements both the bird and the
dragonfly mathematical model and control. The
name SIRB & LIB Sim comes from the first simu-
lator implemented SIRB (Simulation of a Robotic
Bird) and LIB which comes form libélula (that
means dragonfly in Portuguese).

In order to visualize the behavior of the models, Figure 5. Forces in a Real Helicopter.
while in simulation, we developed a 3D model in

AutoCAD inspired in a seagull as can be seen in Figure 6. Each adjacent part with dif-
ferent colors corresponds to individual elements connected through joints. With this
model we analyzed the bird and dragonfly flight movement and their behavior in dif-
ferent states such as taking off, flying with twists and turns, etc.

) E B
. b)

Figure 6. Kinematic structure of the a) bird and the b) dragonfly.

The dragonfly model is being studied by some researchers due to the unique juggling
maneuvers of this creature. Jane Wang [6] developed a set of equations based on a real
model of a dragonfly by watching its flight in laboratory. Based on some works al-
ready developed in this field, and performing a geometric analysis of the dragonfly, it
was possible to reach a relatively simple model with a high-quality response when
comparing to what it is observed in nature. As we can see, the major difference be-
tween the geometry of two-winged animals (e.g., birds) and the geometry of the drag-
onfly are reflected in two pairs of wings (Figure 6). Based on the geometry, and fol-
lowing an analysis of the multi-link model, we estimated the location of every joint in
the robot and obtained the kinematic model represented in Figure 6. The tail and each
pair of wings have the same degrees of freedom (rotational) found in other flying
models such as birds. The wings will be treated as a flexible link, similarly to what is
seen in nature, for minimizing the wing area when on the downward movement. This
structure will provide good mobility, making it a total of ten controllable links. Both
the bird and dragonfly mathematical models were previously studied [23]. While the
simulation is running the user will have the opportunity to see the charts of the veloci-
ties in x,y and z axis being constructed as well as the 3D animation of the model (Fig-
ure 2d). Another interesting approach is to be able to control the actions made by the
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model with a joystick (Figure 7). Choosing the model that they wish to control or
simply changing parameters, the user can control the speed of the wing-beat, change
direction (with the use of the tail and different angles of attack) or even gain or lose al-
titude.

Figure 7. Controlling the flying model with a joystick.

4. CONCLUSION

In this paper we have reviewed several flight platform simulation software developed
in the Engineering Institute of Coimbra and the research group RoboCorp, including
all major components involved: aerodynamics, kinematics and external environment.
The design methodology and implementation can be deemed successful in these pro-
jects. By obtaining a balance between physical modeling and the objective of anima-
tion, a strong advance in the system sophistication has been achieved. However, de-
spite the efforts made, a lot of work remains to be done as multiple aspects can be im-
proved. Nevertheless, the developed simulators can be useful to find several parame-
ters that optimize a desired condition such as energy consumption in the flight move-
ment and further applied to real flying robots. As future work, the validation of the
SIRB & LIB Sim with real biologically inspired flying robots is inevitable and will al-
low confirming the proposed kinematic and dynamic models.

ACKNOWLEDGMENTS

This work was supported by a PhD scholarship (SFRH/BD/73382/2010), by National
Funds under the project: FCOMP-01-0124-FEDER-PEst-OE/EEI/UI0760/2011 both
of the Portuguese Foundation for Science and Technology (FCT) and by FEDER
Funds through the “Programa Operacional Factores de Competitividade - COM-
PETE” program. The authors would also like to thank Carlos Figueiredo and Monica
Ivanova for their cooperation and advice.

REFERENCES

[1] J. Coelho, R. Neto, D. Afonso, C. Lebres, N. M. Fonseca Ferreira and J. A. Tenreiro
Machado. “Application of Fractional Algorithms in the Control of a Twin Rotor
Multiple Input-Multiple Output System”. 6" EUROMECH, Conference ENOC
2008, June 30 - July 4, Saint Petersburg, Russia, 2008.

[2] J. Coelho, R. Neto, V. Santos, C. Lebres, N. M. Fonseca Ferreira and J. A. Tenreiro
Machado. “Application of Fractional Algorithms in Control of a Quad Rotor

366



Flight”. Symposium on Computational Techniques for Engineering Sciences, Engi-
neering Institute of Porto, Portugal, July 21-26, 2008.

[3] J. Coelho, R. Neto, D. Afonso, C. Lebres, N. M. Fonseca Ferreira, E. J. Solteiro
Pires and J. A. Tenreiro Machado. “Helicopter System Modelling and Control With
Matlab”, 2" International Conference on Electrical Engineering - CEE’07, Coim-
bra - Portugal, November 26-28, 2007.

[4] Micael S. Couceiro, Carlos M. Figueiredo, N M Fonseca Ferreira and J.A. Tenreiro
Machado. ““Simulation of a robotic bird™. Fractional Differentiation and its Appli-
cations, Ankara, Turkey, November 05 -07, 2008.

[5] Micael S. Couceiro, Carlos M. Figueiredo, N. M. Fonseca Ferreira and J. A. Ten-
reiro Machado. ““Analysis and Control of a Dragonfly-Inspired Robot™, Interna-
tional Symposium on Computational Intelligence for Engineering Systems, Porto,
Portugal, November 18 — 19, 2009.

[6] Z. Jane Wang. “Dissecting Insect Flight”, Annual Review on Fluid Mechanics,
pp.183-210, 2005.

[7] Micael S. Couceiro, Carlos M. Figueiredo, N. M. Fonseca Ferreira and J. A. Ten-
reiro Machado. “Biological inspired flying robot™, Proceedings of IDETC/CIE
2009 ASME 2009 International Design Engineering Technical Conferences &
Computers and Information in Engineering Conference, August 30 - September 2,
San Diego, United States of America, 20009.

[8] Masatoshi Tamai, Zhijian Wang, Ganesh Rajagopalan and Hui Hu. ““Aerodynamic
Performance of a Corrugated Dragonfly Airfoil Compared with Smooth Airfoils at
Low Reynolds Numbers”, 45™ AIAA Aerospace Sciences Meeting and Exhibit, Re-
no, Nevada, January 8-11, 2007.

[9] Antonia B. Kesel. “Aerodynamic Characteristics of Dragonfly Wing Sections Com-
pared with Technical Aerofoils”, Journal of Experimental Biology, Vol. 203, Issue
20, pp. 3125-3135, 2000.

[10] Bar-Cohen Y. and C. Breazeal. “Biologically-Inspired Intelligent Robots™. SPIE
Press, Vol. PM122, May 2003.

[11] J. Gordon Leishman. “Principles of Helicopter Aerodynamics™, 2" Edition, Cam-
bridge University Press, 2000.

[12] Martin D. Maisel, Demo J. Giulianetti and Daniel C. Dugan. “The History of the
XV-15 Tilt Rotor Research Aircraft From Concept to Flight™, National Aeronautics
and Space Administration Office of Policy and Plans NASA History Division
Washington, D.C., 2000.

[13] Chaojiang Zhu, Kazunobu Muraoka, Takeyuki Kawabata, Can Cao, Tadahiro Fu-
jimoto and Norishige Chiba. “Real-time Animation of Bird Flight Based on Aero-
dynamics”, Institute of Technology, Iwate University, 2006.

[14] Matthew R. Evans, Mikael Rosén, Kirsty J. Park and Anders Hedenstrém. “How do
Birds’ Tails Work? Delta-Wing Theory Fails to Predict Tail Shape During Flight”,
Proc Biol Sci, 269(1495):1053-1057, May 22, 2002.

367



[15] Ben Parslew. “Low Order Modelling of Flapping Wing Aerodynamics for Real-
Time Model Based Animation of Flapping Flight”, Thesis in School of Mathemat-
ics, 2005.

[16] R. Zbikowski. “Fly Like a Fly”, IEEE Spectrum, 42(11), pp. 46-51, 2005.

[17] Micael S. Couceiro, N. M. Fonseca Ferreira and J. A. Tenreiro Machado. “Model-
ing and Control of a Dragonfly-Like Robot™, Journal of Control Science and Engi-
neering, Volume 10, 2010.

[18] Sukon Pununan and Manukid Parnichkun. “Online Self-Tuning Precompensation
for a PID Heading Control of a Flying Robot™, International Journal of Advanced
Robotic Systems, 2006.

[19] Etkin B and Reid LD. “Dynamics of Flight: Stability and Control - 3" Edition”.
ISBN: 978-0-471-03418-6, 400 pages, November 1995.

[20] Stevens BL, Lewis FL. “Aircraft Control and Simulation — 2" Edition™, ISBN:
978-0-471-37145-8, 680 pages, October 2003.

[21] N. M. Fonseca Ferreira and J. Machado. ““RobLib: An educational program for
analysis of robots™, Proceedings of Controlo 2000, 4™ Portuguese Conference on
Automatic Control, pp. 406-411, Guimaraes, Portugal, October 4-6, 2000.

[22] M. L6pez Martinez and F.R. Rubio. “Approximate Feedback Linearization of a La-
boratory Helicopter”, 6™ Portuguese Conference on Automatic Control, pp. 43-45,
Faro, Portugal, 2004.

[23] Micael S. Couceiro. “Desenvolvimento e Controlo de Robés Voadores Biologi-
camente Inspirados”, Master Thesis at the Institute of Engineering of Coimbra,
2000.

Autors: Micael S. Couceiro, J. Miguel A. Luz and Nuno M. F. Ferreira - RoboCorp,
Department of Electrical Engineering (DEE), Engineering Institute of Coimbra
(ISEC),Coimbra, Portugal, GECAD - Knowledge Engineering and Decision Support
Research Center Institute of Engineering - Polytechnic of Porto (ISEP/IPP) Porto,
Portugal; E-mail address: {micael, miguel.luz, nunomig}@isec.pt

IMocTrnmnaa na 28.04.2012 Peunensenr jo11. 1-p 1. ABpamos

368



Q T'oouwnuk na Texuuuecku Yuueepcumem - Cogpus, m. 62, kn.2, 2012
J Proceedings of the Technical University - Sofia, v. 62, book 2, 2012

MEXIAYJTABOPATOPHU CPABHEHUS B OBXBATA HA
KOHTPOJIA HA KAYECTBOTO HA EJIEKTPUYECKATA EHEPT' UM
Yacr 1

Ilnamen LBeTkoB, I'eopru Munyumes, Becesia KoHcTaHTHHOBA,
HNBan Komxxkadamesn, Hukoaaii I'ypos, Biaagucaas CiiaBos

Pe3ztome: B pabomama ce paszenexcoam oCHOBHUME OEUHOCMU NPU NPOBEHCOAHE HA
UBNUMBAHUSL 3 NPUCOOHOCM HA VUACMHUYU 8 MeHCOYIaO0pamopHu CPAGHeHUsi HA
eHep2OanaIu3amopu, UNOI36anU 3a yeiume Ha KOHMPOIA HA KA4eCmeomo HA eJleK-
mpuiecKkama eHepeusl.

Kniouoeu oymu: enepeoananuszamop, Kauecmeo Ha e1eKmpuyecKkama eHepeusi, Mexic-
0y1ab0pammopHO CpagHeHue, U3NUMEAHe Ha NPUSOOHOCH!

INTERLABORATORY COMPARISONS IN THE RANGE OF
ELECTRICAL ENERGY QUALITY CONTROL
Part 1

Plamen Tzvetkov, George Milushev, Vessela Konstantinova,
Ivan Kodjabashev, Nikolay Gourov, Vladislav Slavov

Abstract: The subject of the present work are the main activities related with the La-
boratory Proficiency Testing of participants in Interlaboratory comparisons of energy
analisers, applied on the aims of Power Quality Inspections and Control.

Keywords: energyanalyser, electrical power quality, interlaboratory comparison,
proficiency testing

1. KOHIENIUA 3A MEXIYJABOPATOPHU CPABHEHUSA
HA EHEPT'OAHAJIM3ATOPU

W3nuTBaHusATa HA MOKA3aTEIUTE 32 KaYECTBOTO Ha €JeKTpUYecKaTa eHeprus ce mpo-
BeX/a OT jJabopaTopuu, HapHUYaHU OIIE€ OPTraHU 3a KOHTPOJ ChC CIIEHHAIU3UpaHa
amaparypa — eHeproa"anuzaTopu mno meroaure, ykazanu B bJIC EN 50160 "XapakTe-
PUCTHKHM Ha HAIIPEKEHUETO Ha eJIEKTpUYecKaTa €Heprus, JOCTaBsHa OT OOIIecTBe-
HUTE Pa3pEeIUTEIIHN eIeKTpUIecku cucteMu’ [1], KOWTO € OCHOBa W cTaHa 3a1bJ-
KUTENIEH y Hac ¢ mpuetara '"MeTronuka 3a OTYUTaHE M3MBIHEHUETO Ha IIEJIEBUTE TO-
Ka3aTelu 3a Ka4eCTBO Ha EJEKTPHUeCcKaTa €Heprusl U KaueCTBO Ha OOCIYBAaHETO OT

pasnpenenuTesIHUTe npeanpusTus u oomectBenute gocrapuniy’ Ha JIKEBP ot 2010
r. [6].
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3a ycTaHOBSIBaHE Ha JJOBEPHE B PE3YITATUTE OT U3MUTBAHUATA HA OTJCITHUTE J1abopa-
TOPUH U OPTraHW, KOUTO HU3BBPIIBAT M3MUTBAHUSA, U3MEPBAHUS U KOHTPOJI C MOCOYE-
HUTE €HEPrOAHAIM3AaTOPHU OT CHILIECTBEHO 3HAYCHHE MMa MPOBEKIAHETO HA U3IIUTBA-
HETO 3a IMPUTOJHOCT.

H3nuTBaHeTo 3a MPpUTOAHOCT MPCACTABJIAABA OLICHABAHC HA PC3YJIITATUTC OT U3MCPBA-
HUATa (OHCHKI/ITG Ha IapaMCTPUTC HAa KAUYCCTBOTO Ha CJIICKTPHYCCKATA eHeerﬂ) Ha
BCEKH YYaCTHHUK CIIPSIMO MPEABAPUTEIHO YCTAHOBEHU KPUTEPUU YPE3 CpPeACTBATa Ha
MEXIyJ1a00paTOPHUTE CpaBHEHUS. Ta3u JAEHWHOCT Ce MPOBEXKIA ChIIACHO MEXIyHa-
ponaus crapgapr EN ISO/IEC 17043 “Conformity assessment — General
requirements for proficiency testing” [2]. B cranaapTa ca nmpeacTaBeHu YUCICHH KPHU-
TCPUM 3a OLICHABAHC HA PCIYITATUTC OT U3NIUTBAHUSA 3a IPUT'OAHOCT.

B ciry4aii, korato U3NUTBAHUATA 32 IPUTOJHOCT CIYXKAT M 3a IEIUTE Ha aKpeIuTaIi-
sSTa HAa OPTaHu 3a OlEHsABaHE Ha ChOTBETCTBUETO, HAIPUMEDP aKPEAUTHUPAHU OPTaHU 3a
KOHTpPOJI, € HeOoOXOIUMO Jia ce B3eMme MoJi BHMMaHue nponeaypata Ha MA BCA -
BAS QR 18 “Ilpouenypa 3a mpoBexaHe Ha MEXTy1a00paTOPHU CPAaBHEHUS U H3-
MMUTBAHUS 32 IPUTOTHOCT' .

2. OCHOBHMU JIEMHOCTH IIPU UBIMMUTBAHUATA 3A IPUT'OJHOCT HA
YYACTHHUILUTE YPE3 IPOBEKIAHE HA MEXAYJABOPATOPHHU
CPABHEHUSA HA EHEPI'OAHAJIN3ATOPU

Tpif KaTO TeMaTHKaTa € CIeNHAIN3UPaHa € YMECTHO MPEIBAPUTEITHO Ja ce neduHu-
paT HIKOW TEPMUHU U ONPEACIICHUS:

H3numeane 3a npuzoonocm — OlUEHSABaHE HA M3II'BIHECHUETO HAa yYaCTHHUKA
COpSIMO TMPEABAPUTEIIHO YCTAHOBEHHM KPUTEPUU Ype3 CpEeICTBaTa Ha Mexayrnadopa-
TOPHUTE CPABHEHUSI.

Jocmasuuk Ha uznumeane 3a NPU2OOHOCH — OPraHu3aLus, KOsTO HOCU OTIO-
BOPHOCTTA 3a BCUYKM 33Ja4M NpU pa3pabOTBaHETO U JEHCTBHETO Ha €IHA CXeMa 3a
U3MHUTBaHE HA MPUTOTHOCT.

Cxema 3a uznumeane Ha NPU200HOCH — N3NHUTBAHE 34 MPUTOAHOCT, KOETO €
MpeJHA3HAYEeHO W JICMCTBA MPHU €IMH WIM MOBEYE IMKbJIA B ONpenesieHa 00jacT Ha
W3MHUTBaHE, U3MEPBaHe, KaTMOpUpaHe Uil KOHTPOI.

Ilpunucana cmouinocm — TpUNYMcaHaTa CTOMHOCT HA KOHKPETHO CBOMCTBO Ha
00€KT Ha M3MUTBAHE HA MPUTOHOCT.

B cwotBercTBHE che cranmapra EN ISO/IEC 17043 u ycraHoBeHaTa MpaKTHKA MPH
MPOBEXK/IaHE HAa M3MUTBAHUATA 32 IPUTOJHOCT HA YUYACTHUIIUTE B CXemaTa 4pe3 Cpas-
HEHUS Ha PE3YNTATHTE OT M3MEPBAHMATA HA CHEPrOaHAIM3aTOPH, C KOUTO T€ PasIo-
jaraT TpsiOBa Ja BKJIFOYBA CJICJHUTE OCHOBHU €TaIH 10 Ta3| JeiHocT [3,4]:

2.1. Onpenesisine HA TOCTABYMK HA CXeMAaTAa 3a MPOBeK/AaHe HA U3NMTBAHE HA
MPUTOIHOCT Ype3 MeKAYIa00paTOPHU CPABHEHHS HA eHEProaHaTU3aTOPH
JlocTaBUMKBT HA cXeMaTa 3a MPOBEKTAHETO HA UMUTBAHE 32 MIPUTOAHOCT YPE3 MEXK-
nyJabopaTOpHU CpaBHEHHMS TPsOBa a ObJie OpraHu3aius, KosiTo MOXe Ja HOCU OTIo-
BOPHOCTTA 32 BCHYKH 33/1a4d TP pa3paObOTBAHETO U JCUCTBUETO HA €IHA cxema. T
TpsiOBa Ja pasmosara ¢ mepcoHal ¢ 10Ka3aHa KOMIETEHTHOCT OTHOCHO IIPOBEXIAHETO
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Ha CXemara 3a M3MUTBaHe Ha MPUTOJAHOCT 4Ype3 MEeXAylIadopaTOpHU HU3MEpBaHUS, a
ChILIO U OTHOCHO M3MEPBAaHUATA HAa NAapaMETPUTE HAa Ka4eCTBOTO Ha EJIEKTPUYECKATA
eHeprus. OpraHu3alnuara-J0CTaBUMK TPsOBa Ja MMa Bb3MOKHOCT 3a M3II0JI3BaHE Ha
eKCIEPTHU MHEHUS, CTAHOBUINA, CHbBETH 3a KOHKPETHUS THI OOCKT Ha M3MUTBaHE 3a
IPUTOAHOCT — €HEeproaHanu3atopu. JlocTaBuMKbT TpsAOBaA 3a pasnoiara ¢ TeXHUYECKH
cpencTBa, HEOOXOAMMHM 3a MPOBEXKIAHE HAa M3MUTBAHETO, & CHIIO U C METOJOJIOTHS
(MeToMKA) 32 MPOBEXKAAHE HA M3MMTBAHETO 33 MIPUTOHOCT U 32 KOHTPOJI HA yCIIOBHU-
ATa, BKIIOYUTEIHO Ha MEcTaTa 3a MPOBEXIaHEe Ha eKCIepuMeHTalHata yacT. Omnpe-
JEJISTHETO Ha JIOCTABYMK Ha cXemaTa 3a MPOBEXIAHETO HA M3MUTBAHE 3a MPUTOIHOCT
ype3 MEeXAyIabopaTOpHU CpaBHEHHUS HAa €HEProaHalM3aToOpH € 3aabJbKUTenHo. Jloc-
TaBYMKBT ONpENEss BUIA, ChIBPKAHUETO U U3MCKBAHUATA 32 CXEMaTa 3a U3NHUTBaHE
Ha MPUTOHOCT.

B npakTukaTta ce u3nos3BaT paziMuyHU BUAOBE CXEMH 3a M3MUTBAHE HA MPUTOJHOCT,
ormucanu B crangapta EN ISO/IEC 17043, nanpumep KpbroBH, JIb4YEBH, CXEMH C Yac-
TUYHO M3IBJIHEHHE Ha Mpoliec, Mpodu ¢ pazzeneHa npoda u ap.. Eqnu ot Hal-pasmn-
pOCTpaHEHHETE U MOAXOMASAIIMN 3a CpaBHSABAaHE HA PE3YyJITaTU OT U3MUTBAHUS U U3MEP-
BaHM, KaKTO U Ha Pe3yJTaTHh OT KaJuOpupaHe Ha CPEJICTBa 3a M3MEpPBaHE ca Cle-
HUTE JIBE CXEMH 3a MEX1y1a00paTOpHU CPaBHCHHUS:

® JbUEBA CXEMa — JTHUEBU MEXKIyJIa0OpaTOPHU CPABHEHUS, P KOUTO OOCKTUTE
Ce pasNpoCTpaHsIBaT 3a U3NMUTBaHE/M3MEPBaHe €HOBPEMEHHO /10 BCHUKHU ydac-
THUIIM, KaTO OOEKTHT MPEABAPUTEIHO € OW u3nuTaH OT pedepeHTHaTa j1abo-
paTopusl. IPU KOSATO Pe3yATaTUTE OT U3MUTBAHUATA HA €IUH U ChII OOEKT B OT-
JICITHUTE OpraHW3aIliH, U3BBPIIBAIIY U3MEPBAHUATA, CE CPABHSABAT U OIICHSBAT
C pe3yATaTHTE OT U3MHUTBAHMUSITA HA CHIIUS OOCKT OT OpraHM3aIys, n30paHa 1a
O0be pedepeHTHa.
® KpBIroOBa cXxeMma — MEXIyJ1a00paTOPHHU CpPaBHEHUS, IIPH KOUTO 0OEKTa 3a U3IMUT-
BaHe/M3MepBaHe MOCIIE0BATEIIHO CE€ U3MUTBA/M3MEPBA OT YYaCTBAIIUTE JIa0o-
paTopuu, KaTo OOMKHOBEHO C€ 3aI04YBa U Ce MPUKIII0YBA C pedpeHTHATA T1a00-
patopus.
3a menuTe Ha MeXAyI1ab0paTOpHUTE CPAaBHEHHUS Ha €HEProaHalW3aToOpU Ce Mpeasiara
Ja T€ ce U3BBHPINBAT Ype3 CPAaBHUTEIHU W3MEPBaHUS Ha MapaMeTPUTE Ha KA4eCTBOTO
Ha eJIEKTpHUYecKaTa eHeprus, MOJIyIeHN OT EHEProaHaaInu3aToOpy 10 €AHA U ChIa Me-
TOJIMKA, TIPU ONPENIETICHU YCIOBHS U TIPU U30paHU KPUTEPHUU 32 OICHSBAHE CHIIIACHO
EN ISO/IEC 17043. IIpensua crnenudukata Ha oOcKTa Ha U3MepBaHe (Pa3IUUYHUTE
napaMeTpu Ha eJIeKTpUYecKaTa Mpexa) ¢ HeoOXOAUMO €IHOBPEeMEHHOTO (mapasel-
HOTO) M3MEpBaHe Ha ChOTBETHUS MapaMeThp C eHeproananu3aropure. To3u dakrt on-
penens u300opa Ha cxemarta ¢ JibueBU cpaBHeHus [3]. PedepenTHusIT eHeproananmsa-
TOp ce u30upa MpeaBapuUTesIHO Ha 0a3a Ha JIOKa3aHU METPOJIOTMYHHU CBOMCTBA, B3e-
MaliKky 0] BHUMAaHHE M HEroBara CTaOMIIHOCT BbB BpemeTo. [Ipu Tasu cxema pesyi-
TaTUTE OT EAHOBPEMEHHUTE U3MEPBAHMS Ha pehepeHTHHS CHEProaHAIM3aToOp U eHep-
roaHaIM3aTOPUTE HA YUYACTHUIINTE B CPABHEHHETO CE CPaBHSIBAT U OIICHSBAT.

B npenBu Bb3MOXKHOCTHTE Ha HAIIMOHAIHO HHUBO Ca BH3MOXKHU MOPEHIHAIHO JIBa
J0CTaBUMKa Ha cxemara 3a nmpuroaHoct [3]:

o [JI“HIIM" — BUM, naboparopus "EleKkTpoeHEpTUHN U3MEPBAHUS
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® AKpEIUTHPAH OpraH 3a OleHsIBaHe HAa cboTBeTCTBUETO OT A "BCA".
2.2. llnanupane HA MeKAy1a00PATOPHUTE CPABHEHNSI HA €HEProAHAIN3ATOPH
[Tnanupanero oOxBaia MEPKH MO OINPEACIITHE Ha HAYATHUTE U3UCKBAHUS 3a.

UICHTU(QHUIIMPAHETO HA TOCTABYMKA M MOIU3IIBIHUTEIUTE (AaKO NMa TaKUBa);

KPUTEPUUTE 3a y4acTHe,;

OposAT M BUJa HA YYACTHUIUTE B CXEMaTa 3a MEX1y1a00paTOPHUTE CPABHEHUS;

n300pbT HA UBMEPBAHUTE BEJIMUMHU WU XapaKTEPUCTUKH;

uH(popMaIuATa, KOATO YYACTHUIUTE TpsiOBa Ja 1MOcodYar, U3MEPST, U3MUTBAT

IPU U3II'BIHEHUE HA MEXKyJ1a00paTOPHUTE CPABHEHHS,

® ONHCAHHETO Ha 00XBaTa HA CTOMHOCTHUTE WM XapaKTEPUCTHUKUTE, MU U JIBETE,
KOUTO CE€ 0YaKBaT MPU MEXAYJTa00paTOPHUTE CPABHEHUS;

® TJAaBHUTE MOTEHUMAJHU W3TOYHULM HA TPEIIKH, NPH MEXAylaadbopaTOpHUTE
CpaBHEHMUS,

® U3MCKBaHUATA KbM OOEKTHTE HA M3MUTBAHETO 3a MPUTOJIHOCT — €HEProaHasu-
3aTOPUTE;

® ONHCaHHETO Ha MH(OpMAIMATA, KOATO TpsAOBa Ja ce MPeIOoCTaBH HA Y4aCTHU-
muTe, rpa@uKbT 3a PA3NUYHUTE €TallMd Ha CXeMara 3a MEXIyJl1abopaTOpHHTE
CpaBHEHMS,

® BpEMEBUAT rpaduk, HHGOpMALUATA 32 METOJUTE WIIH MPOLEAYPHUTE 33 U3BBPIL-

BAHE HA U3MEPBAHUSITA,

M3HMCKBaHUATA U (popmaTa Ha TOKJIaJBaHE HA PE3YJITATUTE OT U3MEPBAHUATA;

ONMCAHUETO HA CTATUCTUYECKHUSI AHAJIU3;

METPOJIOTUYHATA MTPOCIEANUMOCT U HEOIPEIEICHOCTTA;

KPUTEPUHUTE 3a OLICHABAHE HA U3IIBJIHEHUETO HA YYACTHULIUTE,;

uH(dopMaIuATa 32 KpalfHUs TOKJIaJ], BpeMe, M3UCKBAHUS, 3aKITFOYCHUS, Ty OI14-

HOCT , [TPaBUJIa,;

® MEpKUTE U JEUCTBUATA, KOUTO Ce MpeArnpuemMaT B cliydail Ha AedeKxThupaHe Ha

O00EKTHUTE HAa U3MUTBAHETO 32 IPUTOAHOCT.

2.3. IToaroToBKka Ha 00eKTUTE 32 U3NUTBAHE HA TPUTOIHOCT

EneproananuzaTopute, y4acTBallyd B cxemaTra Ha MEXIyJabopaToOpHUTE CpaBHEHHUS,
TpsiOBa J]a c€ MOATOTBAT ChIVIACHO TEXHUYECKATa UM JTIOKyMeHTauus. B ciayyaute, Ko-
raTo NMpeBapUTEIHO € U3BECTHO, Ye NP CHeProaHaIN3aTOpUTE W/WIIH TPU U3MEepBa-
HUSTAa MMa HECTaOWJIHOCT, TS TpsOBa J1a ce ompejenu KoiaudecTBeHo. Hecrabuii-
HOCTTa MOYE Jia C€ pasriex/ia KaTo JOIbJIHUTEIEH KOMIOHEHT Ha HEONPEAeIEHOCTTa
Ha M3MEepBaHe, MpUHAJJIeKallla KbM IpUIKCcaHaTa CTOMHOCT Ha 00EKTa 3a U3MUTBAaHE
Ha TPUTOJHOCT W/WIM J1a ce B3eMe I10Ji BHUMAHHEC B KPUTCPUUTE 3a OICHS-
BaHe.Bcuuku eHeproananuzaTopu TpsiOBa Ja ObJaT KAIMOPUPAHU U J1a UMAT OCHUTY-
pEHa METPOJIOTUYHA MPOCIEAUMOCT.

Kanubpupanero Ha pedepeHTHHS eHeproaHaan3aTop TpsOBa Aa ce OChIIECTBU OT Ja-
Ooparopusi, OTToBapsAIa HaA MEXIYHAPOAHUTE U HAIIMOHAIHU M3UCKBaHUS 32 METPO-
JOTW4YHA Ipocienumoct, HanmpuMmep bUM 3a mapamerpu, 3a KOMTO MMa NpU3HATH
BB3MOKHOCTH 3a KanuOpupaHe W u3MepBaHe B 0a3aTa JaHHM Ha MeXIyHApOAHOTO
Oropo 3a MepKH U Terauiku [3-5].
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2.4. I3roTBsiHe HA CTATHCTHYECKH MPOEKT

[Ipu U3roTBSIHETO HA CTATUCTUYECKUS MPOEKT TPsiOBA MPEIBAPUTEIIHO Ja CE OIpeie-
JISIT:

® XApaKTEPUCTUKUTE KaTO IMOBTOPSAEMOCT M HEOIPEIEICHOCT Ha H3MEpBaHe,
M3UCKBaHa WJIM OYaKBaHa 3a BCAKA U3MEpPBaHa BEJIWYMHA WM XapaKTEePUCTHKA,;

® MUHHMMAJTHUAT OpOW HA €HEProaHAIM3ATOPUTE B cCXeMaTa 3a MexaysiadopaTop-
HUTE CPABHEHMSI, KOUTO ca HEOOXOIMMH, 3a Ja C€ U3IBJIHAT I[EJIUTE HA CTATUC-
TUYECKUS MPOEKT;

® IPAaKTHYECKOTO 3HAUYCHHWE Ha 3HAUYCIIUTE HU(PH 3a JOKIAJIBAHUS PE3YJITaT,
BKJIIOUMTEITHO M OpOAT HA JICCETUYHUTE 3HAIH,

e OposT Ha EHEProaHAIM3aTOPUTE, C KOUTO IIe C€ U3MEpBa U OpOST HA U3MEpBa-
HUATA 33 BCEKU OT NapaMeTPUTE Ha Ka4eCTBOTO Ha €JIEKTpUUYECKaTa CHEPTHs,

® TIpOICAYpPUTE 3a OLICHSABAHE Ha pe3ysiTaTa OT U3MEPBAHUATA U HEroBaTa HEOII-
peneIeHoCT,

® TIpoIeAypUTEe, KOUTO IIe Ce M3MOJI3BAT 3a OINpe/eissHe U 00paboTBaHe HA M3K-
JIOUCHHATA — TPYOHUTE TPEIIKH M CUCTEMAaTHUCCKUTE OTMECTBAHUS.

2.5. Onpenesisine HA NPUIIMCAHU CTOIHOCTH HA U3MEPBAHUTE MapaMeTpH

Cxemara 3a U3NUTBAHE 3a MPUTOJHOCT HA yYACTBALIUTE OPTAHU3ALMHU YPE3 MEXKTyIa-
OopaTopHUTE CpaBHEHUS TPsiOBa Ja UMa ONPEICICHU MPUIIUCAHU CTOMHOCTH 3a H3C-
JenBaHUsA OOEKT ¢ OCUTypeHa METPOJIOTMYHA MPOCIEAUMOCT U HEOINpPEAeIeHOCT Ha
M3MEpBaHe 3a BCEKH €UH OT M3MepBaHuTe napamerpu. [Ipunucanure pedepeHTHH
CTOMHOCTH C€ OCUTYpsIBAaT OT U30paHus peepeHTEH eHeproaHann3aTop. Bp3aMoxHO €
Jla ce JajaT U KaTo CPeJHOAPUTMETUYHHU CTOMHOCTH 3a BCEKH MapaMeThp Ha OCHOBA
Ha pe3yJITaTUTE OT U3MEPBAHUATA HA BCUUKH YUACTHHIIU.

OO0siBsSIBaHETO HA MPUITMCAHUTE CTOMHOCTH TPsOBa Ja ObJie MO TaKbB HAYMH, Y€ J1a HE
TIOBIIMSIBA TIPEABAPUTEITHO HA JAaHHUTE OT M3MEPBaHUATA HA CBOICTBaTa Ha 0OCKTA OT
OCTaHAJIUTE YYACTHUIIM B CXeMara.
B KOHKpeTHHS ciydail mpu Mexyaab0paTOPHUTE CPABHEHUS HA €HEProaHATU3aTOPH
HPENOPBYUTEITHO € TpUNHcaHnuTe (peepeHTHUTE) CTOMHOCTHU Ja C€ MPEAOCTABST OT
TEXHUYECKU CPEJICTBA, amaparypa, kosato e kanuOpupana ot ['Jl “HLIM", 3a Benu-
YHHHM, 32 KOUTO UMAT MMPU3HATA CIIOCOOHOCT 3a Kanmbpupane u nusmepsane (CMC) Ha
MexayHapoaHO HUBO [3]. TeXHHUEeCKOTO CpeACTBO, C KOETO Ce OCUrypsBat pedepeH-
THUTE CTOMHOCTH, TPsIOBA J1a € C yCTAHOBEHA CTAOMIIHOCT M C METPOJIOTHYHHU Xapak-
TEPUCTUKH, TIOIXOISIIN 32 aJIEKBATHO M TOYHO OIpEIeITHE Ha CBOMCTBATa Ha 00EKTa.
2.6. O0siBsIBaHE HA METOUTE 32 M3MepPBaHe/U3NMUTBaHE
JIoCTaBUMKBT 00SBSIBA METOJUTE 33 M3MEpPBaHE/M3NMUTBaHE, KOUTO I CEe MpujaraT B
cxeMara 3a M3MUTBaHe Ha MPUTOIHOCT 4Ype3 MEXIyIadopaTOPHUTE CPaBHEHHE Upe3
KOHKPETHO TI030BaBaHE Ha CTaHAAPTH WJIU TPOIECAYPH, KOHKPETHH WHCTPYKIUU 32
paboTa, TpaHCTIOPT U Ap. BCcHukM HeCTaHIapTU3UPAHU METOAU/TIPOLIeaypHU U codTyep
TpsOBa MPEABAPUTEITHO /1A C€ BAIMANUPAT, TIPEAH U3IOJI3BAHETO UM.
B KOHKpeTHHS ciydail mpu MexXTyaab0paTOPHUTE CPABHEHUS HA CHEPrOaHATN3aTOPH
TpsiOBa J1a ce MU3IMOJI3BAT METOUTE 32 KOHTPOJI U OIICHKA Ha MapaMeTPUTE Ha KavecT-
BOTO Ha enekTpuyeckara eneprus, ykazanu B b/IC EN 50160.
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2.7. IlpoBe:kaaHe HA M3MEPBAHUSI ¢ 00EKTHTE 32 H3NUTBAHE HA MPUTOTHOCT —
€HEeproaHaJIn3aTopuTe
M3mepBaHETO Ha TTapaMETPHUTE HAa Ka4eCTBOTO Ha €JIEKTpUYECKaTa EHEPTHs ¢ M3IUT-
BaHUTE CHEProaHaJIN3aTOPU TPsOBa Ja ce M3BBHPINBA IO MOCOYCHATA CXEMa 3a MEXK-
aynabopaToOpHUTE CPaBHEHHS W B CHOTBETCTBHE C YTBBPACHHS TpaduK 3a BCEKH
y4acTHUK. BCeKM yuacTHUK MPOBEXIa U3MEPBaHUATA CH €THOBPEMEHHO C pedepeHT-
HUS €HeProaHan3aTop 3a ChOTBETHUS MapaMeThp, HEOOXOAUM 32 OIICHKA Ha Ka4yecT-
BOTO Ha eJeKTpuueckaTa eHeprus. [lociaegoBarenHocTTa Ha oniepaluuTe, OposIT, MpPo-
IBIDKUTETHOCTTA U ycloBuUsATa Ha u3MepBanusara ca nocoyenu B bJIC EN 50160 u B
ChOTBETHATA METOJIUKA.
Bcuuku 3amvcy — MbpBUYHU U APYTH TPSAOBA Ja CE ChXpaHsBaT.
2.8. AHATM3 HA pe3yJITATHTE OT MeK/IAyJ1a00paTOPHUTE CPABHEHHS
[TomyyeHnTE pe3yATaTUTE OT BCEKU CHEPrOAHAIN3ATOP 32 BCEKM M3MEPBaH TMa-
paMmeThp ce 3amucBaT U 00paboTBaT B CHOTBETCTBHE C yKa3aHaTa Mpoleaypa B crTa-
TUCTUYECKUS TIPOEKT. 3a PE3yNITaTH, OTKIOHSIBAIIU C€ OT HOMHUHAITHATE CTOWHOCTH CE
JaBaT KPUTEPHH 3a TAXHOTO WIACHTH(PHUITUPAHE U YKa3aHUS 3a MPOICIUPaAHE C THX.
JlocTaBuuKbBT TPsIOBa Ja MPEIOCTaBU KOMEHTap 3a:

e 00mIOTO MpEeACTaBsSHE MO OTHOIIEHWE HA TMPEABAPHUTEIHUTE OYaKBaHUS, B3e-
MaiKy 0] BHUMaHHUE HEOPEICJICHOCTUTE Ha U3MEPBaHe,

® JIUCIIEPCHATA HA PE3YJITATUTE OT M3MEPBAHMSITA HA BCEKUM YYACTHUK M MEXKIY
YYaCTHUITUTE, a ChIIO U 3a JHUCIEPCHITA MEXIY METOIUTE U IMPOIEIypH, aKO
uMa pasiIuyius;

e BB3MOKHUTC W3TOYHHIIM 3a OTKJIOHSABAIIM CE PE3yJTaTH U MPEIJIOKCHUSA 3a
TAXHOTO OTCTPaHsSBaHE WM HaMaJIsBaHE,

® CBHBET U NPENOPHKHA KbM YUACTHUIIUTE 32 BH3MOKHO MOI00psBaHE HA TIPOIEAY-
pHUTE HA YYACTHHIINTE;

e (pakTOpHUTE, KOUTO MOTAT Ja ONIOPOYAT OICHSIBAHETO HA PE3YJITATHTE;

e JIPYTH NMPEIIOKEHUS, IPEIOPHKH WM OOIIl KOMEHTAp U 3aKITIOUCHHUS.

2.9. U3roTBsiHe HA IOKJIA/ OT MEKIAYJ1a00PATOPHUTE CPABHEHHS

B noknana ot mexayiabopaTopHUTE CpaBHEHUS TPsiOBa /1a ce Jaaar:

® uaeHTU(UKAIUATA, UHHOPMAIMOHHNUTE TAHHU 3a JIOCTaBUYMKA U JOTOBOPA, CTe-
NIEHTa Ha KOH(QUICHIIHATHOCT;

® SCHOTO OMKCAHWE HA W3MOJ3BAaHUTE OOEKTH B MEXKIyJIa0OpaTOPHHUTE CpaBHE-
HUs (CHEepProaHAJM3aTOPHUTE), BKIIOYBANKKA HEOOXOJAMMHTE IMOJPOOHOCTH 32
TSAXHATA MOJITOTOBKA U OIICHSIBAHETO HA CTAOMITHOCTTA;

® pe3yJATaTUTE HAa YYACTHUITUTE,

® CTAaTUCTHYECKHUTE JaHHU U 000OIICHUATA, BKIIOYBANKN MPUITMCAHATA CTOMHOCT
¥ 00XBaTa Ha MPUEMJIMBUTE PE3YJITATH U IPaQUUHOTO IIPEICTABSIHE;

e [IpolleypaTa 3a YCTAaHOBSIBAHE HA MPHUIMCAHATA CTOWHOCT;

e MOAPOOHOCTHTE 3a METPOJOTHYHATA MPOCIEAUMOCT W HEONPEISICHOCTTa Ha
W3MEpBaHE HA MPUITHCAHATA CTOWHOCT;

® I3MOJ3BaHUTE TPOIEAYPH U KPUTEPUUTE 3a OICHSABAHE Ha PE3yJTaTUTE OT
MEXTyJ1a00paTOPHUTE CPaBHEHMUS,
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® IIPUIHCAHWTE CTOHHOCTH M OOOOIICHHWTE CTATUCTUKU 3a METOIUTE/TIPOIeIy-
puTE 3a M3MepBaHe/U3MMUTBAHE, U3IIOJI3BAHU OT BCUYKH YIACTHHIIH,

® KOMEHTApHTE 3a U3ITbIHCHUETO Ha YIACTHHUIINTE;

® TIpOIeAYpHUTE, U3IOJI3BAHM 3a CTATUCTHYECCKHA aHAIN3 Ha JAHHUTE;

® KOMEHTAPWTE WM MPEMOPHKUTE, OCHOBAHU HA W3XOJHUTE TAHHU OT MEXKTyJia-
OOpaTOpHUTE CPABHEHHUS.

JloknaabT ca U3roTBS ChIVIACHO Tpaduka. JIoKIaabT KakTo M JOTOBOPHT TpsOBa Ja
MOCOYBAT JI0 KOr'0 1IE CE€ pa3mpOCTpaHsABa JOKJIaa.

3. BAK/IIOYEHUE

O6unacty, KaTo pas3riieaHus KOHTPOJ Ha KadyeCTBOTO Ha eJIeKTpUuYecKaTra eHeprus
M3HUCKBAT CJIIOYKHU allapaTHU U OPraHU3alMOHHHU KOMIUIEKCH 3a OCUTYpPSIBAHE Ha IOB-
TapsieMOCT U JOCTOBEPHOCT Ha pPe3yiTaTUTE OT M3MEpBaHusATa. ToBa Hajara Ta3u
JIeHOCT Aa Ob/ie NEPUOJUYHO U MPEACTABUTENHO JI0Ka3BaHa Ha 0a3aTa Ha MeXayJia-
OOpaTOpHU CPaBHEHUS U U3NHUTBAHUS HA PUTOJTHOCT.

PasrneganuTe eranu OT AEHHOCTTA MO MPOBEXIAAHE HA MEXKIyJIa0OpaTOPHUTE CPaB-
HEHUs Ha €HEProaHaJIM3aTOpU TMpPH MPOBEXkKIaHE HA M3MUTBAHUS 3a MPUTOJHOCT HA
1abopaTOpUUTE YYACTHUIM Ca TapaHIUs 3a YCTAaHOBSIBAHE Ha JIOBEPHUE B PE3yJITATUTE
OT M3MUTBAHUATA HA OTJEIHUTE OPraHH, U3BbPILIBAILIM HU3MUTBAHUS, U3MEPBAHUS U
KOHTPOJI C IOCOYEHATA CIel[MaIn3hpana anaparypa.
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MEX/1YJABOPATOPHU CPABHEHUS B OBXBATA HA
KOHTPOJIA HA KAYECTBOTO HA EJIEKTPUYECKATA EHEPT' UM
Yacr 2

Ilnamen LBeTkoB, I'eopru Munyumes, Becesia KoHcTaHTHHOBA,
HNBan Komxxkadamesn, Hukoaaii I'ypos, Biaagucaas CiiaBos

Pe3tome: B pabomama ca npeocmagenu memoo u cmpyKkmypa Ha aieopumuvm, UsnoJi-
36aHu npu u360pa Ha Kpumepuil 3a OYeHABaHe HA pe3yimamume OmM UIMEPBAHUSL,
Kakmo u obpabomkama u OYeHABAHemo UM 3a yeiume HA MedHcOoy1adopamopHu
cpasHsaeanus Ha enepeoananuzamopu. Illpeocmasenu ca 0anHu om nposedeHy unum-
8aHUsl HA peaieH 0OeKm.

Knwuoeu oymu: enepzoananuzamop, Kauecmeo Ha eleKmpuidecKkama enepust, mMedic-
0y1ab0pammopHoO CpagHenue, U3NUMEAaHe Ha NPUSOOHOCH

INTERLABORATORY COMPARISONS IN THE RANGE OF
ELECTRICAL ENERGY QUALITY CONTROL
Part 2

Plamen Tzvetkov, George Milushev, Vessela Konstantinova,
Ivan Kodjabashev, Nikolay Gourov, Vladislav Slavov

Abstract: The present work present a method and a structure of algorithm, applied on
the choice of a criteria for measurement results assessment, as well as the treatment
and the assessment of the results on the aim of interlaboratory comparisons of energy
analisers. Data from implemented test are presented.

Keywords: energyanalyser, electrical power quality, interlaboratory comparison,
proficiency testing

1. U3BOP HA KPUTEPU 3A OLIEHABAHE HA PE3YJITATUTE OT
N3MEPBAHUSATA B MEXKIYJIABOPATOPHU CPABHABAHUA

3a nenuTe Ha MEXy1ad0paTOpHUTE CPABHEHHS Ha €HEProaHaIUu3aTOPH CE M3MOI3Ba
mexayHapoanus ctangapt EN ISO/IEC 17043 “Conformity assessment — General

requirements for proficiency testing", B xoiito e npennoxen kpurepuii E , mokassam
CTEICHTA HA CKBUBAJICHTHOCT (CHIIOCTABMMOCT) HA PE3yITATUTE OT M3MEPBAHUATA HA

CHEProaHaan3aToOp Ha ChOTBETHHSI Y4acTHUK (JlaOOpaTopusi, OpraH 3a KOHTPOJ H T.H.)
B MEX/yJIa00paTOPHUTE CPaBHEHUS C T3 HA M30paHUs pePEpPEeHTEH eHeproaHain3a-

top [5].
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Kputepusr E, ce n3uncissa nmo popmyara:

Xiab ~ Xref 1)
JUG+U%)

KBJIETO X € PE3yATaT OT M3MEPBAHMATA HA U30PAHOTO TEXHUYECKO CPEJICTBO, Ipe-

E, =

JOCTaBAIO peEepeHTHATa CTOMHOCT, X, — PE3YJTaT OT U3MEPBAHUATA HA YYaCTHUK
B cpaBHeHusTa, U, — HeompeneneHocT Ha pesynTarture Ha ydactHuka, U , — He-

OIpe/ieNIeHOCT Ha npunucaHara (pedepeHTHaTa) CTOHHOCT.
IIpu E <1 ce 06sBsBa, ue pesyararurTe OT U3MEPBAHMATA Ca yIOBIECTBOPUTEIHH, A
N

Ipu EN >1 ce o0sBsBa HC3aA0BOJUTCIIHA CKBUBAJICHTHOCT Ha PC3YJITATUTC OT HU3-

MEpBaHUATA U ca HEOOXOIUMHU JIEHCTBUS OT yUaCTHHUKA.

3a ormeHsBaHEe Ha MEXIyJ1a0OpaTOPHHUTE CPaBHEHHUS HA €HEProaHaIu3aTOpPUTE € He-
00X0/IMMO J1a ce TOJTy4aT 3a BCEKH Y4acTHHK oLeHKuTe E Ha ocHOBa Ha JaHHMTE OT
CPaBHEHMSITa ¥ U3MEPBAHHUATA, KATO 32 ChOTBETHUTE NapaMETPU/BEIMYMHHA CE JaBa

pasmirMpeHaTa HCOIMPCACICHOCT, NM3YMUCICHA CHhIJIACHO MCKAYHAPOJHUTC HJOKYMCHTH
3d U3pa3sAaBaHC U U3YHCIXIBAHC Ha HCOIIPCACICHOCTTA ITPH U3MCPBAHC.

3a M3YHUCIIIBAHETO Ha KOC(I)I/IHI/ICHTa EN c HCO6XOI[I/IMO Jda CC II0JIy4daT 3a BCAKaA Jia-

OopaTopus OIEHKHTE Ha PE3yJTAaTUTE U TEXHUTE PA3MIMPEHU HEOIPEACIICHOCTH 3a
ChOTBETHATA M3MEpPBaHa BEIIMYMHA OT M3MUTBAHUS U PEPEPEHTHHS €HEepProaHaan3a-
TOP.

2. CTATUTUYECKU NPOEKT - NPEJJIOKEHUE 3A OBPABOTKA
HA PE3YJITATHUTE OT MEXKIYJABOPATOPHUTE CPABHEHHUSA HA
EHEPI'OAHAJIU3ATOPH
[Ipn oOpaboTkaTa Ha pe3yiaTaTH OT M3MNUTBAHHUS HA €HEPrOAHAIM3ATOPH C€ U3UCKBA

M3IBJIHEHUETO HA CJIIECAHUTE €Tallu:

1. TlomyyaBaHe Ha CTATUCTUYECKU JAHHHU 4YpPE3 U3BBPIIBAHE HAa U3MEPBAHUS Ha
BCEKH MapaMeThp Ha KAYECTBOTO Ha €JIEKTPUUECKATa EHEPTHUS.

2. IlpoBepka mpu CbMHEHHME 3a HaJIM4YKE HA TPYOM TpElIKd B pe3yJITaTUTE OT W3-
MEpBaHUATA.

3. IlpoBepka mpu cbMHEHHUE 32 HAIMYUE HA CHCTEMAaTHYHO OTMECTBAHE B pe3yJiTa-
TUTE OT U3MEPBAHUATA.

4. OueHsiBaHE Ha pe3yJITaTUTE OT U3MEPBAHUATA U TSAXHATA HEOMPEJEICHOCT MPH
U3MHUTBaHE HA €HEPrOAHAN3ATOPUTE.

5. IlpencraBsHe Ha pe3yATaTUTE OT MEXAYI1a00PaTOPHUTE CPABHEHUS HA €HEPro-
aHaJIM3aTOPUTE.

6. AHanu3 Ha pe3yJNTaTuTe OT MEXAYJIa00paTOPHUTE CPABHEHUS HA €HEProaHaIn-
3aTOpUTE.
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3. METOI 1 AJITOPUTHBM 3A OLIEHSIBAHE HA PE3YJITATA OT
N3MEPBAHUSATA U HETOBATA HEONPEAEJEHOCT 3A
OITPEAEJAHE HAPAMETPUTE HA KAYECTBOTO
HA EJIEKTPUUYECKATA EHEPI'USA

W34nciIsIBaHETO HA PE3YATATUTE OT M3MEPBAHUATA U TAXHATA HEOMPEICICHOCT IIPH
M3IHUTBAHKUATA HA CHEPTrOAHIN3aTOPUTE, YUACTBAIIN B MEX1y1a00paTOPHUTE CpaBHE-
HUS Ce U3BBPIIBA B ChOTBETCTBHE C [1-4].

3.1. O0001IeH arOPUTHM 32 OLIEHSIBaHe HA Pe3yJITaTa 0T U3MePBaHETO
U HEroBaTa HeompeaeJeHOCT
AJNTOPUTBMBT Ce M3MBJIHSBA B CIIeIHATA MIOCIICI0BATEIHOCT [5];
1. OnpenensiHe u u3passiBaHe Ha QYHKIUSATA HA MO/JIeTIa HA U3MEPBAHE;
2. OmnpenensiHe Ha OLIEHKUTE Ha BXOJHUTE BEJIUYHUHH;

3. OmnpenensiHe Ha CpeJHOKBaapaTUYHATa (CTaHIAPTHA) HEOMPEACICHOCT Ha
BCUYKHU BXOJHU BEJIMYMHU OT MOJIEIA;

4. OmnpenensiHe Ha KOMOMHUpPAHATA CPETHOKBAIPATHYHA HEONIPEIETIEHOCT;
5. OmpenensHe Ha pasiupenara neonpeneiesoct U ;
6. IIbmHO MpeacTaBsSHE HA pe3yiTaTa OT U3MEPBAHETO.
3.2. OnpeneJisine 1 u3pa3siBaHe Ha PYHKIHUATA HA Mo/IeJIa HA U3MepPBaHe

B oOur Bua ¢pyHKUIMATA HA U3MEPBAHE 3a BCUUKH MapaMeTpHU Ha KaueCTBOTO Ha eJieK-
TpUUYEcKaTa €eHeprus ce mpeacTaBs upe3 Gpopmyiara

3
X = F(X,X,,X;) mm X=X, =X, +X,+X,, @)

i1
kpaero X € W3XOJHATa BENMYMHA; X, Ca BXOAHUTE BEIMYMHH, X, € H3MepBaHATa
BenMurHa, X, — [ONpaBKaTa Ha CHEProaHaIN3aTopa 3a U3MepBaHaTa BelnudnHa, X,

— IIOoIIpaBKaTa OT pa3zACInuTCIIHATAa CITOCOOHOCT Ha CHCProaHajmn3aropa.

3a paznUYHUTE MapaMeTpy Ha KauyecTBOTO TPsOBa Ja ce pa3padoTSIT OTACIIHU, KOHK-
peTHU GYHKIIMM HAa U3MEPBAHE, KAaTO 3a BCSIKA €HA OT TAX C€ yKaXaT U3TOYHHITUTE
Ha HEONPEJEIEHOCT, OCBEH Pa3AeIUTEIHATA CIIOCOOHOCT.

3.3. O]_leHﬂBaHe Ha BXOAHUTEC BCJINYNHU
OHGHKaTa Xl Ha M3MCpBaHAaTa BCIMYHNHA Xl CC H3BbpIIBAa Ha 0azaTa Ha CTAaTHCTH-

YeCKH aHaJu3 Ha N Opoil M3MEpBaHUS U C€ MPEJCTaBs Upe3 TAXHATA CpeHOApPUTME-
TUYHA CTOUHOCT

n
DR
xlzx:%, (3)

KBJIETO X,; € TEKyIIOTO N3MEPBAHE 3a ]=123,...,n.

OuenkaTta X, Ha IONpaBKaTa HA EHEProaHaJIM3aTOpa 3a M3MepBaHara BeanunHa X,

ce B3eMa OT CBHUJCTEJICTBOTO 3a KaJuOpupaHe Ha €HEpProaHaan3aTopa 3a U3MepeHara
CTOUHOCT.
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Onenkara X; Ha IOIpPaBKaTa OT pa3JIeJUTEIHATa CIOCOOHOCT Ha €HEProaHaan3aTopa

X, ce mpuema 3a Hyla, Thil KaTO pa3[eIUTe/HATA CIIOCOOHOCT € PABHOMEPHO pasil-
peneneHa BeIMYMHA B TPAHULIMTE HA Hal-MJTa NS pa3psij] Ha eHEproaHaaIn3aTropa.

3.4. OnensiBane HA U3X0AHATA BeJIHYHHA X

Ornenkara X Ha u3xoaHara (MONpaBeHATa U M3MEPEHA) BeJaMurMHA X Ce ONpeseNs
ype3 popmynara 3a Mojiesla Ha U3MEPBAHE U OLIEHKUTE HA BXOJHUTE BETUYUHU

3

X=X =X + X, + X (4)
i=1
3.5. OnpezleJmHe Ha CPEAHOKBaJIpaTHYHATA HEOIIPEACJTICHOCT

Ha BxoxHuTe Beanunnu U (Xl)

CpeiHOKBa/IpaTHYHATA HEONPEIEIEHOCT Ha m3MepBanara Benmunna U(X,) ce ompe-
neins o ¢popmyrara

i_l(xlj _i)2
u(x,) = T (5)

KBACTO X;; € TeKYIIOTO H3MCPBAHE 3a j =12,3,...,Nn, a X — cpeaHOapuTMETUYHATA

CTOMHOCT Ha Pe3yJITATUTE OT U3MEPBAHUSATA.
CpenHoKBapaTHYHATa HEOMPEAENECHOCT Ha TOIMpaBKaTa Ha €HeproaHaau3aTopa 3a
usmepBanara Benmunna U(X,) ce onpenens no Gpopmyara

U(Xz) =?’ (6)

kbaeto U e pasimmpenara HeommpeaeneHoOCT 3a MONPaBKaTa Ha €HEProaHaInu3aTopa 3a
M3MEpBaHaTa BEJIMYMHA, B3€Ta OT CBHAETEICTBOTO 3a KalMOpHpaHE 3a CHOTBETHATA
M3MepeHa cToHHOCT, K e Koe(hHIMeHThT Ha MOKpHBaHe.

CpelHOKBaApaTUYHATA HEONPEIEIEeHOCT Ha MONPaBKaTa OT pas3JeluTeIHaTa crnocoo-
HOCT Ha eHeproananusaropa U(X,) ce onpenens o opmysara

a
u(x,)=—=, (7)
243
KBJIETO d € CTOMHOCTTA Ha Hal-MJIa[IIIUs pa3psij Ha €HeproaHaaIn3aTopa.
3.6. Onpenesisine HA KOMOMHUPAHATA CPETHOKBAPATHYHA
neonpenenenoct Ue (X)

KomOunupanara cpeaHoksaapartnuna HeonpeznesieHoct U.(Y) mpu nexopenupanu
BXOJHUTE BEJIMUMHHU CE€ ONpPEJeis OT U3pasa

Ue (X) - (8)
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kbaeto U, (X) ca npunocure 3a 1 =1,2,3,..., N, cBbp3anu ¢ Bxoanure onenku X .

00 =Cux) wm 0= > Cu’(x), ©)

kpaero C, ca KoeuuueHTH HA YyBCTBUTEIHOCT, ONPEACIICHH 110 HOpMYyIIHTE

C :df(xl’XZ’x3) C :df(xl’XZ’x3) C :df(xl’XZ’x?,).

1 ’ 2 1 3
3a TMHEEeH MO Ha U3MepBaHe OT BH/a (2) KoeHIIMeHTH Ha 4yBCTBUTEIIHOCT Ca
C,=C,=C,=1 (10)

3.7. Onpeaesisine Ha Pa3IIMPEHATA CPeTHOKBAAPATHYHA HeoNpe/1eJeHOCT U
Pasmimpenara cpeHokBapaTuuHa Heonpeneaenoct U ce ompemens upes nspasa:

U =ku. (), (11)

kbaeTo K e koeduIMeHnT Ha TIOKPUBaHE, CBBP3aH C ONpPEENEHO HUBO HA JOCTOBED-
Hoct (BepostHocT Ha mokpuBane) P[%] na wurepsana 3a pesynrara or m3MepBaHe.

Ipu p~95% k=2,

3.8. IIbJHo mpeacTaBsiHE HA Pe3yJITAaTA OT U3MEPBAHETO
[IbnHUAT pe3yATaT OT U3MEPBAHETO CIEJBA Ja ChIbpKa OCBEH OlLEHKaTa X Ha W3-
MepBaHara (IolpaBeHaTa) BeJIMYMHA U pasimupenara neonpeaeiaesoct U . 3a pasmm-
peHaTa HEONPEAEIEHOCT 3aIbJDKUTENIHO TPSAOBA /1a Ce MOCOYM CTOMHOCTTA Ha Koe(u-
IMeHTa Ha TokpuBane K.

4, AJITOPUTBM U COPTYEP 3A U3UUCJISIBAHE HA KOE®@UIIUEHTA
HA EOEKTUBHOCT U PE3YJITATHU OT UBMEPBAHE HA ITAPAMET-
PUTE ®A30BO HAIIPEKEHUE
N YECTOTA HA EJEKTPUYECKATA MPEXA
Ha ¢wur.1 e noka3ana 610k Auarpamara OmHcCBalla ajJropuThbma Ha paboTa Ha TPOT-
pamara 3a 00paboTKa Ha pe3yJTaTUTE U U3YUCISIBAaHE HA Koe(pUIMEeHTa Ha e(heKTUB-

noct Ey mo (1) [5].

[Tporpamara ¢ cp3manceHa B cpeaara Ha LabVIEW. Bxoanu mapameTpu ca u3mepBa-
TenHata nHopManus U HA0Op OT CTOWHOCTH OTHACSINU C€ KbM TOYHOCTTa Ha ype-
JIUTEe B3€TH OT PHKOBOJCTBATAa 3a M3IOJ3BaHE. YCIOBHO paboTara Ha mporpamara
MOXe Ja ObJie pas3/iesieHa Ha 3 eTara:

e MpeoOpa3yBaHe Ha W3MEpBaTENHATA MHPOPMALMS OT ypEeauTe B MOIXOJSAL 3a

obpaboTtka B cpenarta Ha LabVIEW;

® U3YHUCISIBAHE HA OLICHKUTE Ha HEOIPEJICICHOCTTA,

® U3YUCIsSIBAaHE HA KOe(UIMEeHTa Ha e(DEKTUBHOCT ¥ TEHEPUPAHE HA JTOKJIAI.
Ha wm3xoma cm mporpamarta TeHEpHpa aHAIW3 Ha pe3yiTaTa OT HEpPaBEHCTBOTO
E, <1. To3u pesyxarar, ocBeH 4e ce BU3yaan3upa Ha IPeJHHS MaHENT Ha IporpamaTa
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(¢ur.2), moxe mga Obae mosaydeH B reHepupan (aiin BbB Gopmar .XIs. Ha ¢wur.3 e
npecTaBeHa XOPU30HTAIHATA-HepapXHUYHa CTPYKTypa Ha IporpaMara.

()

»ld
Lt Bl
A 4

Crbupane u 00paboTKa Ha
M3MepBaTeHaTa HHPOPMAITHS OT
CHeProaHaIU3aTOPUTE

BbBenenu i ca BCHUKH
HEOOXOMMH MapaMeTpH OT
omeparopa ?

HE

TA

H3uucnsBane Ha pasmupeHaTa
HEONPEACIICHOCT

|

NzuucnsBane Ha kputepua Ey

OO6paboTeHH JH ca HE

BCUYKH JAHHUA?

dur.]. BJ'IOK-I[I/IanaMa Ha aJIrTOpUTbMaA 3a U3UYNCIISIBAHC HA EN

4.1. Onucanue HA AJITOPUTHMA HA padoTa HA MporpamMara
W3mepBarennute eHeproaHanuzaropute (pedepeHTHHsI U W3CICIBaHUs) TEHEpHUpAT
Ha0oOp OT JaHHU B ompezesieH popMaT, KOWTO TpsOBa Aa Oblie npeodpa3yBaH B MACHB
OT CTOMHOCTH, KOWTO OT CBOSI CTpaHa IOJUIeKAT Ha oOpaboTka OT mporpamara [5].
[IppBarta cTHIIKA € HAMUPAHE Ha CPETHUTE CTOMHOCTH Ha TPUTE (Ha30BU HAMPEIKCHHSI
(3a Tpute asu) U MpEKOBATA YSCTOTA HA 3aXPAHBAIIOTO HANPEKEHUE HA 00CKTa, T0-
Jy4YEeHU OT BCCKH €IMH OT eHeproaHamusaTopure chriaacHo (3). Cien u3BbpiIBaHe Ha
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Ta3| OIepaIus MporpamaTa U3UCKBa OT TOTPEOUTEIIS B TUAIOTOB PEXKHUM Ja CE BhBe-
JaT HAKOW TapaMeTpHu HEOOXOIMMH 3a M3YMCIICHUATA U HAJMYHUA B JIOKYMEHTAIIMSITA
Ha ypeauTe — IMONpaBKara, pas3lInpeHaTa HEONPEIeICHOCT U Hal-MIIAJIIUsS paspsi,
KOUTO JIaHHU ce u3noisBat cbriaacHo (5), (6) u (7). CToliHOCTHTE HA T€3W apaMeTpH
Ce BBBEXK/AT 3a HANPEIKCHUATA HA TPUTE (a3d M MpPEKOBaTa 4eCTOTa. Pe3ynThT OT
TO3M €Tall Ha MporpaMara ¢ U34YHCIsSBaHEe Ha pa3liMpeHara KBaJIpaTUYHA HEOIpe/ie-

JIeHoCT, KosiTo ce onpexesst o (11). 3a n3uucinsBane Ha cToiHOCTTa Ha KpuTtepus E

nporpamara u3noi3sa (1). CToifHOCTHTE HA TE3U MET XapaKTepUCTUKH (KoepHuIueHT
Ha e(peKTHBHOCT, MOJIEJI HA M3MEpPBaHATa BEJIUYMHA 3a CTAJOHHUS W M3IHUTBAHUS HA
HPOTOJJHOCT €HEeProaHalM3aToOpH, OIeHKAa Ha KOMOWHHpaHAaTa HEONPENEeNeHOCT 3a
IBaTa EHEpProaHalu3aTopa) ce BU3yalM3HpaT Ha NpPEAHUS MaHel Ha Iporpamara
(dbur.2). 3a yiecHeHue ca HaNpaBeHW W WHAWKATOPH, KOUTO IMOKA3BaT JajlH CTOM-

HOCTTa Ha E mo mamen mapameTsp e mo-Maiika, MM paBHA MM [O-TOJSIMA OT Cu-
HHIIAa, KOETO € KPHUTEpUi 3a MpeMHHABaHE Ha MapaMeTbpa Ha MEXAyJIadopaTOpHO
cpaBHeHHe. B nmombiHeHue nporpamara renepupa u daiin (.XIS) cbe croitHocTHTE Ha
Te3H BEJIMYMHH U CHIIOCTAaBUMOCTTA Ha CTONHOCTTA Ha E ¢ enuHuna.

File Edit WYiew Project Operate Tools Window Help

|:{>!{§}l lg':i:@ | 13pt Application Font - ”=mvl|f[|:v||ﬁv||f§'lvl =
Vi V2 V3 f
F
_fFﬁﬂ 0,569153 0346521  |0,492538 0627018
)
AEEEPTED ACCEPTED ACCEPTED ACCEPTED
)1'3 |235 351 1235,297 1234,956 149,986
_TED 234,986 1235,09 1234,659 |50,0045 "'“'Ef
10,600003 10,570893 10,573433 10,0290619 U(x)
0,227073 10,174828 |0,182846 10,00511997 U(uref)

®ur.2. [Ipeaen manen Ha mporpamarta 3a U3YUCIsIBaHe Ha E,

=4

TIpeobpaiyeame
ua ITH

1

Onpegessane Ha

L CpeJHOKE ampa-
! : 2l THYHAaTA

= HeOolIpeOde JeHoCT
g

1
]-.[lll':"-,‘J;(‘ TAaBAHe Ha pe3VITATHTe

®ur.3. Xopu3oHTaIHA liepapXuyHa CTPYKTypa Ha mporpaMmara
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I'enepupan XIS ¢paiin om npozpamama

En ACCEPT? Ylab Yref U(Ylab) | U(Yref)
0,569153 ACCEPTABLE 235,3509 | 234,9857 | 0,600093 | 0,227073
0,346521 ACCEPTABLE 235,2973 | 235,0904 | 0,570893 | 0,174828
0,492538 ACCEPTABLE 234,9557 | 234,6592 | 0,573433 | 0,182846
0,627018 ACCEPTABLE 49,98596 | 50,00447 | 0,029062 | 0,00512

5. JAKVIIOYEHHUE

Mexty1abopaTOpHUTE CPaBHEHHUSI Ca OCHOBEH €JIEMEHT NP HU3MHUTBAHETO Ha IpH-
TOZHOCT, KOETO OT CBOS CTpaHa € ONpeAessi (pakTop 3a J0Ka3BaHETO HA KOMIIETEHT-
HOCT Ha OPTaHUTE 32 OLIEHKAa Ha ChOTBETCTBUETO, KAKBUTO Ca OPTaHHUTE 32 KOHTPOJ Ha
eJIeKTpUIecKaTa eHeprusi. PeCIeKTUBHO, TPETUPAHETO HA PE3yNTAaTUTE OT MEXTyia-
OopaTopHHTE CpaBHEHHS OMpeels MPEACTaBUTETHOCTTAa Ha cpaBHeHHsATa. [lopamu
MHOT000pa3ueTo U o0eMa Ha TaHHUTE CbOUPAHU U aHAJTM3UPAHU MPU TO3H TUI KOHT-
poJ1, ce Hajara aBToMaTH3alys Ha mpolieca Ha chbOupaHe u oOpaboTKa Ha JaHHUTE.
TakaBa peanuzanus € TeCTBaHa U NMPHUJIOKEHA 32 U3CIIEIOBATEIICKUTE 1IETH Ha MPOEKT
3a Ch3/1aBaHE HA METOJIMYHA MpOIeaypa 32 KOHTPOJ HAa KaYyeCTBOTO Ha eJIEKTpHYec-
KaTa eHeprusl.
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HEBPOHHA MPEXKA 3A IPEICKA3BAHE HA PASBBUTHUETO HA
IIYKHATHUHMU, U311OJI3BAILIIA BA3U JAHHU OT U3SMEPEBAHUSA
C TEH3OPE3UCTOPHU

Beceaxka UBanueBa, Pagoctuna Ilerposa,
Cunsusa Kauyakosa, boxkuaap xynxes

Pe3rome: B cmamuama ca pazeneoanu meH30pe3ucmopu u NPUIOHCeHUemo um 3a u3-
Mepeane Ha MAIKU pa3CmosHus om nopsaovka Ha yacmu om MM. Ilpednooicen e npu-
JIOJHCeH MOOeNl 3a U3NON36AHe HA HEeBPOHHU MPeXdCU NpU U3Mepeane Ha MAIKU pa3cmo-
SAHUSL U NpedCKa38aHne Ha pe3yimamume.

Kniwouoeu oymu: menzopesucmop, He8POHHU MPENCU, MAIKU NPEeMeCmEaHus.

NEURAL NETWORKS FOR FORECASTING CRACKS SPREAD
USING STRAIN GAUGES’ DATA

Veselka Ivancheva, Radostina Petrova,
Bozhidar Dzhudzhev, Silvia Kachulkova

Abstract: The article describes different types of strain gauges and their application
for measuring displacements not larger than a part of millimeters. Neural network for
forecast of cracks spread, relying on some strain gauges’ data, is proposed.

Keywords: strain gauge, neural networks, small displacements

1. TEH30PE3UCTOPHU NPEOBPA3YBATEJIU (TEH30OPE3UCTOPH)
TenszocbnporuBuTenuusaT npuHnmn [1,4] Ha mpeoOpa3yBaHe ce OCHOBaBa Ha M3MEHE-
HUETO HAa aKTUBHOTO €JICKTPUYECKO CHIPOTHBIICHUE HA ellacTH4YeH (METalieH) mpo-
BOJIHUK WJIH TOJIYTIPOBOJHHUK TPU U3MEHEHHE HA MEXaHUYHOTO HANPEKEHUE, PECIICK-
TUBHO Ha JIe()OpMAIMHUTE B HETO, MPESIU3BUKAHN OT JACHCTBUETO HA HAKAKBa (DU3UKO-
MEXaHWYHa BEJIMYMHA OT CHJIOB THIT — CHJIa, MOMEHT, Haysrane u np. [Ipu ToBa nsme-
HEHHETO Ha EJICKTPUYECKOTO CHIPOTHUBICHHE HAa MPOBOJAHHUIIUTE OT METAd U Me-
TaJTHU CIUIaBH C€ IBJDKU Hail-Beue Ha M3MEHEHHETO Ha TEOMETPUIHHUTE UM pa3MepH, a
Ha TIOJYIPOBOJHUIIMTE — HA WU3MEHEHHE Ha CHENU(PUIHOTO UM CHIPOTHUBIICHHE IPH
nedopmanus. ToBa siBIeHHE € U3BECTHO KaTo TeH3oedekT. OCHOBEH MpeoOpa3yBalll
€JIEMEHT B TEH30PE3UCTOPHUTE MpeoOpa3yBaTesiu € TEH30PE3UCTOPHT.

AKO MeTalieH TeH30PE3UCTOP — MPOBOJHUK ChC CHEHU(DUIHO CHIPOTUBIICHHE P, TBJI-
KMHA | ¥ KPBIJIO HAIIPEUYHO CeYeHHe S, Ob/e MOAJI0KEH HAa HATOBApBaHE MO OCTa ChC
cwia F (¢ur.l) B HEro Bb3HUKBA €JHOMEPHO HAIIPETHATO ChCTOSIHUE (YUCT OIBH WITH
HATHCK), U C€ TIPOMEHSAT HETOBHUTE JIB/DKMHA |, HAPEUYHOTO MY CCUCHHUE S M CIICIH-
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(UYHOTO CHIPOTUBIIEHUE p . B rpaHunure Ha enacTUUHaTa 00JIACT TE€3U U3MEHEHUS
ca IpOIMOPLUOHANIHY HA MPUJI0KeHaTa cuna F .

®ur.1

B HCHATOBAPCHO CHCTOAHUC CIICKTPHUYCCKOTO CBIIPOTUBJICHUC R Ha IIPOBOJHHUKA €.

R=p- ®

Cnen nudepeHnmrpane u 3aMeCcTBaHE C KpailHM HapacTBaHUS