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I[IOJIVIIPBCTEHDBHT OT EHJIOMOP®U3MU HA KPAITHA
BEPUT'A

NBan Tpenmadnnos, Iumurpunka BiageBa

Peszrome: Kpatinume HEKOMYMAMUSHY NOAYNPICERU CE  NPUAG2GT 8
KpUunmozpaphuama ¢ omEpum K04 Npu  KOHCMPYUPAHE MG  NOAY2PYNOGU
ymmooicenus [4]. Konepyemmo-npocmume nosynpscmenu ca 0cobeHo BarHcHU
30ULOMO  OCULYPABAM, “E NOCMPOEHUME HA0 MAT MAMPUUHY NOAYNPECMEHU
ca couo kKoHepyemmo-npocmu. Iloaynpscmernume om  endomopdusmu  Ha
NOAYPEWLEMKA U  HAKOU METHU NOONOAYNPSCMEHU €A  OCHOBHUME NPUMEPU
Ha KOH2pYyemHo-npocmu npscmeru. B cmamuama yemanosasame marxou paxmu
30 KpaUHU NOAYNPECMEHU, 34 NOAYNPSCMEHU O0M  EHIOMOPHUIMU HA  KPATIHa
gepu2a U 3G METHUME NOONOAYNPECMEHU.

Karouwosu dymu: noaynpscmen om endomoppudmu na xpaiina eepuea,
NOAYNPBECMEH OM. EHOOMOPHUIMU HA KPATIHG NOAYPEULEMEKA, KOH2PYEHMHO-NPOCT
NOAYNPBCMEH.

THE ENDOMORPHISM SEMIRING OF A FINITE CHAIN
Ivan Trendafilov, Dimitrinka Vladeva

Abstract: Finite noncommutative semirings can be applied in public key cryp-
tography to construct semigroup actions [4]. Congruence-simple semirings are
of great importance as they assure that the induced matriz semiring is also
congruence-simple. The endomorphism semirings of semilattice and some of their
subsemirings are the basic examples of congruence-simple semirings. In the present
paper, we establish some facts for finite semirings, for endomorphism semirings
of finite chain and for their subemirings.

Keywords: endomorphism semiring of a finite chain, endomorphism semiring
of a finite semilattice, congruence-simple semiring.

1 Introduction and preliminaries

Let M be a semilattice (join semilattice) i.e. an algebra with binary operation
V such that

e aV (bVc)=(aVb)Vecforanya,b,ce M;

e aVb=>bVa for any a,b € M;

© 2011 Publishing House of Technical University of Sofia 9
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e a\Va=a for any a € M.

Another term used for M is a commutative idempotent semigroup — see |9].
For any a,b € M we denote a < b <= aV b=>. In this notation, if there is a
neutral element in M it is the least element.

Note that in this paper all semilattices are finite chains. Facts concerning semi-
lattices can be found in [3].

An algebra R = (R, +,.) with two binary operations 4+ and - on R, is called
semiring if

e (R,+) is a commutative semigroup,

e (R,-) is semigroup,

e both distributive laws hold z- (y+2) = z-y+z-zand (z+y) -z =x-2+y-2
for any z,y,2 € R.

Facts concerning semirings can be found in [2].

Let R = (R,+,.) be a semiring.

e If a neutral element 0 of the semigroup (R, +) exists and satisfies 0 - x =
x-0=0 for all x € R, then it is called zero.

e If a neutral element 1 of the semigroup (R, -) exists, it is called one.

For a semilattice M the set €44 of the endomorphisms of M is a semiring with
respect to the addition and multiplication defined with:

e h=f+ gwhen h(z) = f(z) V g(z) for all x € M,

o hh=f-gwhen h(x) = f(g(z)) for all z € M.

This semiring is called the endomorphism semirimg of M.

Let R be a semiring. An equivalence relation ~ on R is called congruence
if it respects the semiring operations: x ~ vy implies a+x ~ a+y,
axr ~ ay and xra ~ ya. The semiring R is called congruence-simple if its only
congruences are ~ = idr and ~ = R x R. The semirings which have only the
trivial ideals are called ideal-simple

An element a of a semiring R is called additively (multiplicatively) idem-
potent if a+a=a (a-a=a). A semiring R is called additively idempotent
if each of its elements is additively idempotent.

An element a of a semiring R is called additively (multiplicatively) absorb-
ing element if and only if a+2z =a (a-x=2z-a=a) foranyx € R. The zero
of R is the unique multiplicative absorbing element; of course it does not need to
exist. Following [7] an element oo of a semiring R is called an infinity if it is both
additively and multiplicatively absorbing.

An element x of semiring R is called multiplicatively subidempotent if and
only if x>+ = x, and a semiring R is multiplicatively subidempotent semiring
if and only if its elements are multiplicatively subidempotent. Additively idempo-
tent and multiplicatively subidempotent semirings are called Viterb: semirings
and they play important roles in modal logic, see [1].

10



2 Finite semirings

Proposition 2.1 In every finite additively idempotent semiring there is an
unique additively absorbing element. Let the semiring has element one and is not
a Viterbi semiring, then the additively absorbing element is different from the
element one and this absorbing element is multiplicatively idempotent.

Proof. Let R be an additively idempotent semiring. For a = Zx we have

TER
at+y = Z rt+yty = Z r+y = a so a is an additively absorbing element.
rERxHY rERx#Y
If @’ is also an additively absorbing element then @' = a+d =d +a = a.

Suppose that 1 is the additively absorbing element. Then x + 1 = 1 for any
r € Rand 22 + 2 = z ie. R is a Viterbi semiring. So 1 is not the additively
absorbing element.

If a is the additively absorbing element, then a + 1 = @ and a® + a = a®. For
any r € R we have

a2+x:a2+a+az:a2+a:a2.

So a? is the additively absorbing element and therefore a? = a, as required.

Remark 2.2 The last result is similar to Theorem 2.1 from |7], where, using
that in congruence-simple semiring, there is an additively absorbing element, the
author proved that every congruence-simple semiring of order more than two which
is not a ring has to have either trivial or idempotent addition.

Example 2.3 Let (R, +,-) be a finite semiring with zero 0, element one 1 and
absorbing element a, The subset S = {0,1,a} is a commutative subsemiring of R
satisfying the following addition and multiplication rules

+10 1 a 01 a
0(0 1 a 0/0 00
1111 a 110 1 a
ala a a al0 a a

The subset {0,a} is an ideal of S, so this semiring is not ideal-simple.

Note that for every element a of a finite (multiplicative) semigroup there is a
positive integer n = n(a) such that a” is multiplicatively idempotent, see [6]. An
easy consequence from this fact is the following

Proposition 2.4 In a finite multiplicative semigroup with neutral element 1
all invertible elements are roots of 1.

Proof. Let S be a finite multiplicative semigroup with neutral element 1, a,b € S
and ab = 1. Then by induction a"b"™ = 1 for any n € N. Let k£ and [ be the smallest
numbers with properties (ak)Q = daF, (bl)2 = bl. Then a?*b% = a*b!. If k > 1

11



k1) 21 p 2l 2(k—1) k

we have a2 = a"'a'b!. Now ab = 1 implies a = ¢"! which is a
contradiction with the minimal choice of k. Analogously, when k& < [, we have a
contradiction with the minimal choice of [. For k = [ it follows

1 =a"b" = a"b = (a"b") b = b".

3 The endomorphism semiring with zero of a finite chain

Let C, = ({0,1,...,n— 1}, V) be a finite chain, where the minimal element
is 0. If f is a endomorphism of C,, it preserves 0 i.e. f(0) = 0. The endomorphism
semiring of this semilattice we denote with & . This semiring is congruence-simple

— 9]

Proposition 3.1 If f € & then f is an isotone map, i.e. k < [ implies
f(k) < f(l) for any k,l € C,.

Proof. See p.30 in [3].

The endomorphism f € &g such that f(k) = 45 for any number
ke {1,...,n—1} we denote as an ordered (n — 1)-tuple iy, ds,..., 4,10 Or
most frequently as 0iq 4o ... 7,_1 ¢ if there is no danger of confusion.

Note that & is an additively idempotent semiring with element zero

100 ...00 element one {12 ...n — 13 and (additively) absorbing element
n—1
2@—1,n—1,...,n—l2.
ntl

Remark 3.2 Why are we interested in endomorphisms f with restriction
f(0) = 07 Since there are not additively invertible elements in the semiring this
restriction may be omitted. But in this case in the semiring of all endomorphisms
there is not a zero element.

Example 3.3 Let C3 = ({0, 1,2}, V) be a chain with 3 elements and a neutral
element 0 and &, is its endomorphism semiring. From Proposition 3.1 the elements
of &, are: identity map 1127, zero endomorphism 002 and maps 2012, :02¢, 1112 and
2220

We have the following addition and multiplication tables:

+ 000 01 W02 1 U2 220 - 1000 01 W02 UL A2 220
2000 1000 W1 020 UL U2 220 007 | 2002 2000 2002 002 000 002
01 01 W01 020 U U2 220 2012|2002 000 000 012 W1y W02
020 020 020 020 20 120 22v, 020000 W01 020 01 020 W02 .
L1011 11y 12y 11 U2 22 W11 2002 000 000 112 U 22
120|120 120 02y 12 U2 22 11202000 01 020 11k U2 22
1220|1220 220 220 1220 220 22 12201000 1y 220 1 220 220

12



Note that these tables are the same as in Example 5.7 of [5], where the authors
announce that they are found by computer searching.

Remark 3.4 The semiring & is a Viterbi semiring. For any n > 3
the semiring & is not a Viterbi semiring because for the endomorphism
f=m—-2n—-1,....n—1N€EE, we have f> = m —1,n—1,...,n — 1} and
then f2+f=m—-1,n—1,....n— N #f.

Theorem 3.5 In the semiring &, only the identity 112 ...n—10 is an invertible
element.

Proof. Using Proposition 2.4, it suffices to show that if an endomorphism is
a root of the identity, it is the identity. Let f € &, and m > 1 be a natural
number. Suppose that f™(k) = k for every k € {1,...,n — 1}. Let f(k) = i.
Then f™ (i) = k.

If i, < k then, from Proposition 3.1, f(i) < f(k) = 4. Thus f?(ix) < it and
by induction f"71(iy) < iy, i.e. k <, a contradiction.

If 4, > k then f(ix) > f(k) = ir. Thus f3(ix) > i and by induction
Yy > iy, i.e. k > g, a contradiction.

Hence i = k for every k € {1,...,n — 1} and this completes the proof.

Note that the theorem is true for the subsemiring without a zero element of the
endomorphism semiring of a finite chain.

The next lemma is a well known combinatorial result, see [8].

Lemma 3.6 For any nonnegative integers n and k follows

(= (")

1=0

Proof. Let us consider unordered selections with repetition of k£ out of the n + 1

~ k
clements. The number of such selections is C* 1= nt . The set of n 41

k
elements can be partitioned into £+ 1 parts. The ¢ - th part, 7 = 0,1, ..., k consist

of all selections contained one preliminary chosen element ¢ times. The number of
(n +k—i—-1

the elements of ¢ - th part is 5’571 = b
—1

) for each 7. Hence the number

of all k£ - tuples is

i<n+l/§_zl> zk:<n+zl> _ <n—]:k>

1=0 i=0

So, the last equality is true for arbitrary k£ and n if substitute n with n + 1 and

13



k with k — 1 and use that (Z) _

k—

> (

1=

—_

< " ) follows that
—k
n+i\ n+k

7 C\n+1)°

2n — 2
Proposition 3.7 The order of the semiring &, is ( "

] ) for any natural

number n.

Proof. For any endomorphism iy4s...7,-10 (here is1 > ig5, where s =
1,...,n—1) we compare the n — 1 - tuple (71,42,...,4,-1). Let kK, 0 <k <n-—1
be arbitrary number. Consider the n — 1 - tuples (iy,49,...,%,-1) such that
maxis =1, 1=k, where s=1,...,n— 1.

Let us consider all selections of n — 1 objects

(21 — 10,22 —11,...,p—1 — Zn_g),

where 7o = 0 and 4, — 7,1 for m = 1,...,n — 1 are nonnegative integers and
n—1

i1 =Y (im = im-1) = k.

m=
If we have k indistinguishable units and we put them in n — 1 places with

repetition of the tuple (i1 — 4,42 — 91,...,%,_1 — ip_2) then the number of ways
n—1

is 5,?‘1. So all the possible n — 1 tuples are Z 5,’3*1. Using Lemma 3.6 where n

is replaced by n — 2 and k is replaced by n, tze number of all selections of these
n — 1 — tuples is equal to

—~(n—14+k—1 _"i n—2+k\ (n—2+n\ (2n-2
- k _k:O n—-2 ) \n-2+1) \n-1)

4 Subsemirings of the endomorphism semiring with zero of
a finite chain

—_

>
I

If f(1) = 0 for endomorphism f € & , it is called initial endomorphism.
The subset of & consisting of all initial endomorphisms is denoted by Z,.

Proposition 4.1 The set Z,, is a subsemiring of &, and the order of Z,, is
1/2n—2
1Z,.| = 5 " | ) Moreover, Z,, is a right ideal of &, .
n J—
Proof. Since (f +¢)(1) = f(1) Vg(1l) =0Vv 0 =0and f(g(1)) = f(0) = 0,
we have that Z,, is a subsemiring of & . Note that :00... 02 is the zero and the

element {02... n — 1¢is a left identity of the semiring Z,.

14



The order |Z,| we find in a similar way as in the proof of Proposition 3.6. Hence

uu=:2(”;2;k):(n_5+2_1>:(nGﬁijﬂm!

o

T m—Dn=-2)012(n—1) 2n-Dln—-1 2

(2n-3)!(2n-2) 1 (2n-2)! 1 <2n — 2>
n—1)

From 0%9...%,1 -0 1. Jn_10 =10ky ... k,_1 follows that Z, is a right ideal
of 5cn.

Example 4.2 The elements of the semiring Z3 are the endomorphisms 00,
2012 and 02:. The addition and multiplication tables are parts of the tables in
Example 3.2. It is easy to see that the relation R such that 000 ~ 01} and
2027 ~ 027 is a non trivial congruence on this semiring.

Let m > 1 be a fixed element of the semilattice C,, and f € &, such that
f(1) = -+ = f(m) = 0. The subset of all these endomorphisms is denoted by
Z,,m- Analogously to Proposition 4.1 we have

Proposition 4.3 For any m € {1,...,n — 1} the set Z,,,, is a subsemiring of
&, with zero. Moreover 1,, ., is a right ideal of &, .

Proposition 4.4 For any k,l € C, the set of endomorphisms f € & such that
f(k) =1 is a subsemiring of &, .
Proof. The proof is similar to that of Proposition 4.1.

Corollary 4.5 The set of endomorphisms of &, which have common fixed
element is a subsemiring of &, .

If f(1) > 1, the endomorphism f € & is called after -1 endomorphism.
The subset of & consisting of all after-1 endomorphisms is denoted by Ay(ll).

Proposition 4.6 The set AV s a subsemiring of &, without zero and the
1/2n -2
2\n—-1)
Proof. Since (f +¢)(1) = f(1) vg(l) >1Vv1=1and f(g(1)) > f(1) > 1
then AS) is a subsemiring of & .
1 /2n -2
T2 ( n—1 ) '

Since &, =7, U A'Y we have ‘A;”

If f(1) > r, where r € C,, r > 1, the endomorphism f € & is called
after—r endomorphism. The subset of & consisting of all after-r endomor-
phisms is denoted by AT

order of this semiring Is ‘Af})

Proposition 4.7 The set A,(f) is a semiring without zero. For any r € C,,
r > 1 the semiring ATt s 4 subsemiring of AT

15



Proof. Since (f+9)(1) = F(1)Vg(1) > rvr = rand £ (g(1)) > f(r) > f(1) >
then .AS{) is a subsemiring of & . Since A%TH) is a semiring and Aﬁf“ - Af{“
have that Aﬁ[’“) is a subsemiring of AS{’).

If f(1) = 1 the endomorphism f € & is called initial-1 endomorphism.

The subset of & of all initial-1 endomorphisms is denoted by Lgl).

Proposition 4.8 The set L(ll) is a subsemiring of &, with zero!11... 1 and
70 2n — 4
" n—2
Proof. The first part follows from Corollary 4.5.
For the second part we construct the one-to-one correspondence ¢ : &, — 17(11)
such that

the order of this semiring is

@ Qitig ... ip2) =010+ 1, d0+1,... i 0+ 1.

(Here 5 + 1 for any i means the sum of two integers.) From Proposition 3.6 we

2n —4 2n —4
have | &, ,| = ( " ) Hence |ZWW] = (:_2).

n—2 "
2n —4 .
= for every integer n > 3.

Corollary 4.9 ‘A,(f)

n—3
Proof. Follows from AV =7y A®
If f(1) = f(2) =--- = f(s) = s, where s € C,, the endomorphism f € & is

called #nitial-s endomorphism. The subset of & of all initial-s endomorphisms
is denoted by L(f).

Proposition 4.10 The set I,(f) is a subsemiring of & with zero 1ss... sl
I(S) o 2n — 23 — 2)

and the order of this semiring is
n—s—1

Proof. The first part follows from Corollary 4.5 applied s times.
For the second part we construct the one-to-one correspondence ¢ : & . — 7
such that

@ (igig .. p_s-10) =18, ..., S, 01+ S, la+ S, .. ip_s1+S L.

(Here i,, + s for any 4,, means the sum of two integers.) From Proposition 3.6 we
2n — 25 — 2 2n — 25 — 2
have |&, || = ( n—2s ) Hence |76)] — ( n—2s )
n—s—1

n—s—1 "

In [4] there are introduced the maps f; for every k € M defined by fi(z) =k
for all x € M, where M is not necessarily finite semilattice. These maps are
called constant endomorphisms. Note that every constant endomorphism f; =
1S s... s¢is the zero of the semiring L(f). Let CO,, be a subset of &, consisting of
all constant endomorphisms.

Proposition 4.11 a. For any k,l € C,, we have f. + fi = fr + fi = feu

16



b. The semigroup (CO,,+) has a neutral element fy = 10...002 and an

n—1

absorbing element f,_1 =tn —1...n — 1) and it is izomorphic to (C,, V).

-~

n—1

itk <
C. FOI'&HY]{,ZEMTL Wehavefk-fl: { fk’ lfk—l

fi, ifk>1"
d. (CO,,+,") is a subsemiring of the semiring & with zero and its order is
Cr,
Proof. It follows directly from definition.

=nNn.

Example 4.12 Constant endomorphisms of the semiring £y, are the maps
20000, 11112, 2222 and 1333 with the following addition and multiplication rules

+ 0000 11y 2227 133N - 10000 11 2227 1333
0002 [ 0000 112 2220 333 20002 | 0000 0000 000 00
U1 11y 111y 2220 3330, 110000 11y 2220 3330 .
12220 112220 12220 12220 333 1222010000 11 2220 333
13330 113330 13330 13330 133R 1333010000 11y 2220 133R

Let CO;, = CO,\{10...0}. Then CO; is a subset of the semiring of the after-1
endomorphisms A,(ll). From Proposition 4.4 for k,l € C,, £k > 0, [ > 0 we prove

that CO; is a subsemiring of AWV For the endomorphisms (k... k¢ € CO, and
291 ..l U1 L € AS) we calculate

Yk RV At iy 0= .. T . .. 1k L, Where 7, > 41 > 0 and

Vit ip. iy Ll kl=0k. . k.
Thus we prove the following:
Proposition 4.13 The set CO;, is an ideal of the semiring AS), SO ASP is not
an ideal-simple semiring.

Let a,b,c € C, and a < b. Let p,p . be a mapping of C, into itself defined by

a, r<c

Pabe(T) = { b rtec

for every x € C,, — see [4].

For any triple a,b,c we have p,;. € &,. Note that every constant endomor-
phism f, is equal to pgpn—1.

If a =0, let I, be the ideal of & generated by endomorphisms pgy ., where
b,c € Cp. (The endomorphisms pg . are denoted in [9] by eqp.) From Theorem 2.1
of [4] it follows that every subsemiring E of &, such that F; € E' is a congruence-
simple. But in & the following equality exists

0123 ...n—10=11...1 v+ 12...2 0+ 113...3 0 +---+l1l...1n— 1,

17



i.e. the identity of the semiring &, is a sum of elements of the type pgp.. Hence
we obtain that F;, = & . Now from the main result of [9] follows

Theorem 4.14 FEvery proper subsemiring of the congruence-simple semiring
Ec, 1s not a congruence-simple semiring.

5 Conclusion

In the paper we prove many propositions for finite semirings and for finite
endomorphism semirings. Some of them are interesting from combinatorial point
of view We prove two facts that are important from algebraic point of view. First,
Theorem 3.5 establishes that in the endomorphism semiring (with or without zero
element) of a finite chain there are not invertible elements except for the identity.
Second, Theorem 4.14 shows that for every endomorphism semiring & there is no
proper congruence-simple subsemiring.
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ITIOAIIOJIVIIP'BCTEHN HA IIOJIVIIPBCTEHA OT
EHIOMOP®U3MU HA KPAITHA BEPUTA

NBan Tpengaduios, Jumurpunaka BiageBa

Pestome: Kracudeckn pesynratn Ha JmHeiinata anarebpa ca CBbp3aHu
C m3CJe/BaHE HA HUIMOTCHTHATE CHAOMODGU3MH Ha KpalHOMEPHO JIMHEHHO
npoctpancTBo. [IpecmsTanero Ha Oposi HA HUJIIIOTEHTHUTE MATDHI HAJ| KpailHO
noje e teopema Ha Fine um Herstein or 1958 1, - Bmx [2]. B [7] Szigeti
IIOKa3Ba KaK HIKOH TeopeMU Ha JinHeiinaTa aarebpa ce HPEBeXx/IaT Ha e3MKa Ha
pererknuTe. Pesynratnre Ha Tasm CTATHs Ca B ChIaTa MOCOKA — DA3IVICKIAME
IOJIyIPbCTEHA OT HUJIIOTEHTHUTE eHJAOMOPMU3ME Ha KpaiiHa Bepura n HIKOH
JPYTH OOy IPBCTEHN HA MOIYIPbCTEHA OT eHI0MOPMU3MI Ha KpaifHa Bepura.

Kaowosu dymu: noaynpscmern om  endomophusmu Ha Kpatina eepued,
HUANOMEHMHU eHIOMOPPHUIMU KA KPATHA 6EPULA, HUA NOAYNPECTNEHU.

SUBSEMIRINGS OF THE ENDOMORPHISM SEMIRING OF A
FINITE CHAIN

Ivan Trendafilov, Dimitrinka Vladeva

Abstract: Classical linear algebra results are related to the investigation of
nilpotent endomorphisms of a finite-dimensional vector space. The calculation of
the number of nilpotent matrices over a finite field is a theorem of Fine and Herstein
2] from 1958. In [7] Szigeti shows how some linear algebra theorems are translated
to the language of lattices. The results of this paper are in the same direction — we
consider the semiring of the nilpotent endomorphisms of a finite chain and some
other subsemirings of the endomorphism semiring of a finite chain.

Keywords: endomorphism semiring of a finite chain, nilpotent endomorphism
of a finite chain, nil semirings.

1 Introduction

Facts concerning semilattices and specially chains can be found in [4].

An algebra R = (R,+,.) with two binary operations + and - on R, is called
semiring if

e (R,+) is a commutative semigroup,

e (R,-) is semigroup,

© 2011 Publishing House of Technical University of Sofia 1 9
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e both distributive laws hold x- (y+2) = x-y+z-zand (z+y)-z=x-24y -2
for any z,y,z € R.

Let R = (R,+,.) be a semiring.

e If a neutral element 0 of the semigroup (R, +) exists and satisfies 0 - x =
x-0=0 for all x € R, then it is called zero.

e If a neutral element 1 of the semigroup (R, -) exists, it is called one.

Facts concerning semirings, congruence relations in semirings and (right, left)
ideals of semirings can be found in [3].

Following [5] we interpret the well known definitions from ring theory.

Let R be a semiring with zero 0. Element x of the semiring R is nilpotent when
2" = 0 for some positive integer n.

Let S be a subset of a semiring R and S™ denotes the set of all products
5189 ...Sm, where s; € S, m > 0. Then S is nil if every s € S is nilpotent and S is
nilpotent if S = 0 for some m. The smallest such integer m with this property
is called the index of nilpotency of S.

The important cases are when S is a subsemiring or a (left, right) ideal. Note
that a subsemiring and a homomorphic image of a nilpotent semiring are also
nilpotent semirings.

Let C, = ({0,1,...,n—1},V) be a finite chain, where the minimal element
is 0. All endomorphisms f of C, preserves 0 i.e. f(0) = 0. Let the endomorphism
semiring of this semilattice is &,. Note some important properties of &, :

e The endomorphism semiring &, is congruence-simple — Theorem 1.7 of [9].

e Only the identity is an invertible element in & — Theorem 3.5 of [§].

e There are not congruence-simple proper subsemirings of the semiring & —
Theorem 4.14 of [§].

2 A class of isomorphic semirings

Lemma 2.1 Let a,b,s € C,, be such that the natural numbers a + s and b+ s
are less or equal tom — 1. Then (a+s)V (b+s) =aV b+ s.

Proof. Since C,, is a chain, then a Vb = max(a, b). If a > b we have a+s > b+s,
ie. (a+s)V(b+s) =a+ s and from b > a follows b+ s > a + s and then
(a+s)V(b+s)=b+s. S0 (a+s)V(b+s)=aVb+s.

In the proof of Proposition 4.10 of [8] we construct the bijection ¢ : & . — 7
such that ¢ (241,49, ..., lp_s 1) =018, ..., 8, i1+ S, G0+ 8, ..., 0h_s 1+ SL

Note that i,, + s for any ,, means the sum of two integers. Now we prove:

Proposition 2.2 The bijection ¢ is a semiring isomorphism.
Proof. From the definition above the endomorphism f is such that

f(k)=dgfork=1,...,.n—s—1
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has an image the endomorphism ¢( f) defined by

p(HA)=...=o(f)s) =5 p(f)s+k)=ir+sfork=1,....n—s—1L

Let the endomorphism ¢ be such that g(k) = ji for kK =1,...,n—s—1. Then its
image is ¢(g)(1) = ... = ¢(g)(s) = s, ¢(g)(s+k) = jp+sfork=1,...,n—s—1
So we have (f + g)(k) = ix V jr for k = 1,...,n — s — 1 which implies the

following equalities

p(f+9)() =...=o(f +9)(s) = s, ¢(f +9)(s + k) =iV +5
fork=1,...,n—s—1.
On the other hand, we observe (f)(1)V p(g)(1) = ... =@(f)(s) Ve(g)(s) =

sVs=s o f)(s+k)Velg)(s+k)=(ir+s)V (r+s) =iV jr + . The last
equality follows from Lemma 1.
Thus we have that o(f + g) = o(f) + ¢(9).

Let 1 <1 <s. Then o(f)(I) = s, p(g9)(1) = s, ¢(f - 9)(I) = s and
[p(f) - p(D](1) = () D)] = p(g)(s) = s.
So o(f - 9)(l) = [e(f) - v(9)](]).

Suppose that for the endomorphism g we know that g(ix) = my for every k =
l,...,n—s—1.Then (f-g)(k) = g(f(k)) = g(ix,) = my, wherek =1,... , n—s—1,
and follows o(f - g)(s+ k) =mp+sfork=1,...,.n—s—1.

On the other hand from ¢(f)(s+ k) = ix+s and ¢(g)(ix +5) = my + s follows

[p(f) - p(9)](s + k) = 0(g)[p(f)(s + k)] = p(g)(ir. + 5) = my + s.

So o(f-g)(s+k)=[p(f) ¢(9)](s+ k). Hence o(f - g) = ¢(f) - p(g) and this
completes the proof.

3 Subsemirings of nilpotent elements of the endomorphism semiring
of a finite chain

For the semiring &, we denote by N, the subset of nilpotent elements and ele-
ment zero, by ZD,, the set of idempotent elements, which are not nilpotent and by
\/I'D,, the roots of elements of ZD,,. Each of these sets are nonempty for n > 3. So
the endomorphism 00 ... 1 € N,, and the endomorphism 100 ... n — 12 € ZD,,.
Consider the endomorphism f=in—-2,n—1,...,n—11€ &,. Then follows
f2=in—1,n—1,....,n—10+# f and hence (f2)2 = f2.

A well known fact is that for every element a of a finite (multiplicative) semi-
group there is a positive integer n = n(a) such that a” is multiplicatively idempo-
tent, see [§]. Hence &, = N,, UZD,, U ID,,.
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Proposition 3.1 The set N,, of nilpotent elements of the semiring E¢, consists
of endomorphisms f such that f(k) < k for every k € C,, k # 0.
Proof. For any k= 1,...,n — 1 we construct a strictly decreasing sequence

k> f(k) >---> f™(k).

Since N, is a finite set the sequence terminates in 0, i.e.. f™ (k) = 0. Suppose
that m = max(my) for all k =1,2,...,n — 1. Then f™(k) = 0 for every k € C,,
hence f € N,,.

Conversely, let us for some k > 0 we have the inequality £ < f(k). Then in the
sequence

k< flk) <. < fM(k) <.,
there is not 0, so f ¢ N,,.

Corollary 3.2 The set N,, is a subsemiring of the semiring &, .
Proof. Let f,g € N, i.e. f(k) <k and g(k) < k for every k € Cp,, k # 0. Then

(f+9)(k) = f(k) +9(k) <k +Ek=Fk(f-9)(k) =g(f(k)) <g(k) <F.

It is easy to show that the element ¢00 ... Oy is the zero, 201 ... n — 2! is the
absorbing element of semiring A, and there is no element one.

Example 3.3 Nonzero nilpotent elements of the semiring &, are the maps
20012, 2002, 0112 and :0122. Then there are the following addition and multiplica-
tion tables:

+ {0000 0012 0020 0112 W12 - 120000 001 0020 0112 0122
0002 [ 0000 001 0020 011 012 0002 [ 0000 0000 0000 0000 000
0012 001 001 0020 011 012 0012 [ 0000 0000 0000 0000 0002
20022 | 20020 20022 20020 0122 01207 2002|0000 0000 0002 0012 20012
0112|0012 011y 0120 0112 W12 0112|000 0002 000 0002 000
0122 0120 012y 0120 0120 012N 0122 20000 20000 0000 001 0012

In N there are ideals: {20000,20012}, {20002,20012,2002:}, {2000¢,20012,20112},
{2000, 20012, 20120}, {20002,20012,2002¢,20112},  {20002,20012,2002¢,20122}  and
{20002,20012,20112,20122}.

1(2n—2
Proposition 3.4 The order of the semiring N,, is |N,| = — " L)
n\n-—

Proof. Let us compare every endomorphism f € M, the path in the carte-
sian plane which is a sequence of lattice points Pj(z;,y;) such that for each
1=0,1,....n—1x; 1 =x;+1, yju1 = y; Or ;11 = T;, Yir1 = ¥; + 1. This path
is good if y; < x; (since f(k) <k, k=1,...,n — 1), otherwise it is bad. So the
good path lies entirely below the line y = z. The number of all paths (without
2n — 2

| ) — see Proposition 3.7 of [§]. To every bad path we
n J—

any restrictions) is (
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compare a new path consisting the reflection part of the first path from initial

0.0t

(1,0) X

Figure 1

point (0,1) to the point of intersection with line y = x and the part of the first
path which is over the line y = x (fig. 1).

Using the proof of Proposition 3.7 of [8] it follows that number of the bad paths

2n — 2 2n — 2
is ( " 2 ) = ( " ) Then the number of good paths is the difference
n— n

o 2n — 2 2n—2\ [(2n—2 1 n—1\ 1(2n—2
" \n—-1 n S \n-1 n T n\n—1)
The numbers C), are famous Catalan numbers (see [1]).
In the semiring N,,, where n > 2, we construct the following two-element set

{zo...ooz,zo...ou}.
n—1 n—1
Since this set is an ideal of the semiring N, we have the following
Proposition 3.5 The semiring N,, is not an ideal-simple for any n > 2.

Let m > 1 be a fixed element of the semilattice C,, and f € &g such that
f(k) < k for every k < m. The subset off all these endomorphisms is denoted by
N™ I m =1 for any f € NV follows that f(1) =0, so NV =T, see 8. If
m =mn — 1 we have f(k) < k for every k € C,,, k # 0, so Né"‘” =N,

Proposition 3.6 Form € {1,...,n—1} the set N™ is a subsemiring of &, .

Proof. Analogous the proof of Corollary 3.3.

Thus we construct the finite ascending chain of semirings

n—1 m 1
Ny =ND G N N =T,

Note that N, is a subsemiring of Z,, but not an ideal of this semiring — see the
following example:
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For endomorphisms 0, ..., 0, n—2 € N, and 0, n—1, ..., n— 12 € T, we
have 10, n—1, ..., n—12020,...,0,n—21=20,n—2, ..., n—22 ¢ N, and
00, ...,0,n—20-20,n—1,....,n—11=20,...,0,n—12¢ N,,.

In [8] we consider the endomorphisms f € & such that f(1) =--- = f(m) =0
for any m € C,,, m > 1.The set of these endomorphisms is denoted by Z,, ,,,. From
Proposition 4.3 of |8] we have that Z,, ,, is a right ideal of & . It is easy to prove

Corrolary 3.7 For any m € {2,...,n — 1} the semiring Z" is an ideal of the
semiring N™ .

If f(k) <k for every k € {1,...n — 1}, the endomorphism f € & is called
over nilpotent endomorphism. The subset of & consisting of all over nilpotent
endomorphisms, is denoted by ON/,,.

Proposition 3.8 The set ON,, is a subsemiring of the semiring &, .

Proof. The proof is similar to that of Corollary 3.2.

The element 20,0,...,00 € ON, is a zero element, 11,2,...,n — 1 is the
element one and also is the additively absorbing element of this semiring. But the
last fact does not contradict Proposition 2.1 of [§8]. since ON, is a Viterbi semiring
because from f(k) <k, k€ {1,...,n— 1} follows f? < f and then f*>+ f = f
for any f € ON,.

Theorem 3.9 The semiring N,, is an ideal of the semiring ON,,.

Proof. Let f € N,, and g € ON,,. Then for arbitrary k € {1,...,n—1} follows

(f-9)(k) = g(f(K)) < f(K) <k, (g- [)(k) = f(g(k)) < f(k) <F.

Thus f-g, g+ f € N,, which means that N, is an ideal of the semiring ON,,.

In section 4 of [8] we consider the semiring Z, of the initial endomorphisms
f € &, such that f(1) = 0. Let us denote Z) (ON,)) = Z,, N ON.,.

Proposition 3.10 The set ") (ON,,) is an ideal of the semiring ON,,.

Proof. Let f,g € ON,, and f(1) = 0. Then (f - g)(1) = g(f(1)) = ¢(0) = 0.
If g(1) = 0 follows (g - f)(1) = f(g(1)) = f(0) = 0 and if g(1) = 1 then we have
(9 F)(1) = flg(1)) = f(1) = 0. For f,g € IO (ON,), f +g € I (ON,) and
this completes the proof.

Using that NV, is an ideal of Z(¥) (ON/,,) and Proposition 3.5 immediately follows

Corollary 3.11 The ideal N, of the semiring ON,, is neither a maximal
ideal, nor minimal ideal for any n > 2.

In section 4 of [8] we consider the semiring TV of the initial - 1 endomorphisms
f € &, such that f(1) = 1. Let us denote ZW (ON,,) = VN ON,.

Proposition 3.12 The set T (ON,) is a semiring of ON,.

Proof. Let f,g € ZW (ON,,). Then (f +¢)(1) = f(1) Vg(1) =1V 1=1 and
(f-9)(1) = g(f(1)) = 9(1) = 1.
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A direct consequence of the definitions is
Proposition 3.13 ON,, = 70 (ON,) UZW (ON,).

For arbitrary endomorphism iy,...,i,-10 € ON,, where i, < k for
ke{l,...,n— 1} we construct the map

@:ONn_)gCn_Ha gp(z’il,...,in_lZ) :ZO, il,...,in_l l .

Let 1 =0,4,...,i,-10 € &,,,- Then F(k) = iy < k—1 < k, where
k=2,...,n.S F € N,41.

Conversely, let F' € N,i1. If F(k) = 441, k = 2,...,n, then ;1 < k or
ir—1 < k — 1. Since F(1) = 0 one may write F' =0, iy,...,4,_1), where i;_; <
k—1,1ie. F = i,...,i,-10). Hence ¢ maps semiring ON,, over semiring N, 1.

From the construction of ¢ follows that the map is bijection. Hence from Propo-

sition 3.4 follows

1 2
Corollary 3.14 The order of the semiring ON, is |ON | = ?< n)
n n

For the one-to-one correspondence ¢ we can calculate
© i1y i1 LT s 1) =@ QU V 1, i1 V 1)) =
20, 410V Iy ooy V Il =20, 41, oty 00, Gy el =
© ity yina1) F Qs n1 )
But ¢ is not a semiring isomorphism: for 20,...,0,n — 12 € ON,, follows
©0,...,0,n—12-20,...,0,n—10) = ¢(0,...,0,n —12) =

20,0,...,0,n—12€Nn+1,
©Q0,...,0,n—10)-pQ0,...,0,n—17) =
20,0,...,0,n—120-20,0,...,0,n—101=20,0,...,0,02 € N, 11.

Proposition 3.15 The semirings ZW (ON,,) and ON,,_; are isomorphic.
Proof. The reasonings are similar to that of the proof of Proposition 2.2.
Here we construct the map ¢ : ZW (ON,) — ON,_1, ©Q1,iy, ... 021 =

1, - - -, Jn2l, Where for integers 75 and js, s =1,...,n — 2, we have js = 15 — 1.
Corollary 3.16 The orders of the semirings T (ON,,) and Z) (ON,)) are
1/2n—2 3 2n — 2
’IU) (C’)Nn)‘ == :_ ) ) and ‘I(O) (ON,)| = ] nn , respectively.

Proof. Tt directly follows from Proposition 3.15 and Proposition 3.13, where the
union is disjoint.

Let us consider the set of endomorphisms of N,, with index of nilpotency 2.
Such endomorphisms are
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f=10,...,0,1,1and g =20,...,0,n—1
— N ~~ o

n—1 n—1
But the sum f + ¢ =0,...,0,1,n — 1 is not of this type since (f + g)? =
00,...,0,0,12 Hence the set of endomorphisms with index of nilpotence 2 is not

a semiring. For this set we show the validity of the following fact.

Proposition 3.17 The set of endomorphisms f of N, such that f*> = 0 is a
multiplicative semigroup.

Proof. Let us consider endomorphism f = (0% ... 7, 1!, where 7 < k for
k=1,...,n—1.1f f2=0it follows that f(i;) = 0 for every i, k =1,...,n— 1.
Conversely, if f(ix) = 0, then f? = 0. So we have

f2=0 <= f(k)=Il<kfork=1,...,n—1and f(I) = 0.

Let f2 = 0 and ¢? = 0. It means that f(k) = I} < k, g(k) = Iy < k and
flh) =0, g(lz) =0.

Suppose that I; < ly. Then (f - g)(k) = g(f(k)) = g(l1) < g(lz) = 0. So
(f-g9)k)y=0fork=1,...,n—1.

Suppose that I; > l. Then (f-g)(k) = g(lh) < ly and (f-¢)*(k) < (f-g)(l1) =
g(f(1)) = 9(0) = 0.

Proposition 3.18 The nil semiring N, is a nilpotent semiring with an index
of nilpotency n — 1.

Proof. Let f = 1042 ...4,10 and g = 10Js ... jo_10 be arbitrary endo-
morphisms of N,,. Using that is < 2 we compute f-g = 200ks ... k,_10
Thus by induction we observe that fi--- f,—1 = 0 for arbitrary endomorphisms
fl)"‘?fn—l eNn-

Remark 3.19 There is a nilpotent subsemiring of V,, with an index of nilpoten-
cy 2. Such semiring is NP = {00 ... 0,k k=0,1,...n—2} which is a semiring
with zero multiplication or null semiring. Using the definition from (8], it is easy
to show that N,E?] = ZLpn-o ﬂ]\/'n and also that NE] is an ideal of the semiring
7, n—2. Analogously we can describe for any s < n — 1 the nilpotent semiring of
N,, with index of nilpotency s.

4 Subsemirings of maxpotent elements

It is known that, if there is a neutral element in the semilattice it is the least
element. The dual notion of this element is the absorbing element (it does not to
exist) which is the biggest or the maximal element.

From Proposition 2.1 of [8] we know that in the finite additively idempotent
semiring (namely in & ) there is an unique additively absorbing element, different
from one.

The element x of the semiring R is called maxpotent if x™ = a for some
positive integer n, where a is an additively absorbing element. For the semiring
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&c, we denote by MP,, the subset of maxpotent elements. This set is nonempty
because the absorbing element !n —1,n —1,...,n — 1 of & is from MP,,.

Proposition 4.1 The set MP,, of maxpotent elements of the semiring &c,
consists of endomorphisms f such that f(k) > k for every k € C,,, k <n — 1.
Proof. From the dual reasonings of these in the proof of Proposition 3.1.

Corollary 4.2 The set M'P,, is a subsemiring of the semiring & .
Proof. The proof is similar to that of Corollary 3.2.

It is easy to see that M'P,, is a semiring without elements zero and one and
'n—1,n—1,...,n— 101is the absorbing element.

Example 4.3 Maxpotent elements of the semiring MPe, are 123441, 12444,
133442, 134440 and 4444 with the following addition and multiplication tables:

+ 123440 12444 133440 134440 4444 : 123440 124440 133440 134440 4444
123440 | 123440 124440 133440 134440 144440 123440 | 134440 44440 3444 4444 4444
124440 | 124440 124440 134440 134440 144440 24440 | 34440 44440 3444 44440 4444
133440 | 133440 134440 133440 134440 44440 7 133440 | 144440 144440 44440 4444 4444
134440 | 134440 34440 13444 134440 44440 34440 | 44440 144440 44440 44440 144440
44440 | 144440 144440 144440 144440 144440 44440 | 44440 44440 44440 4440 444N

Proposition 4.4  The order of the semiring MP, is |[MP,| =
1 2n —4
n—1\n—-2)
Proof. For arbitrary endomorphism 241, ...,%, 2,n— 1 € MP,,, where i), > k
for k € {1,...,n — 2} we construct the map

W:MpnégCn,l; @(Zil,...,in_g,n—lz):Zjl,jg,...,jn_gz,

where js=n—1—14, 14 fors e {l,...,n —2}.
From 7,,_o > n — 2 we have i,,_o = n — 1 and then j; = 0. Analogously from
in_1-s > n—1—s it follows that j; < s. So, ¢ maps semiring MP,, over semiring

N,_1. Obviously, the map ¢ is injection so it is bijection. Now from Proposition

3.4 follows that |[MP,| = L <2n B 4).

n—1\n—2

Remark 4.5 The map ¢ from the proof of the last proposition is not a semiring
isomorphism. Consider the semirings from Examples 3.3 and 4.3. It follows that
©(244440) = 000, p(23444)) = 0012, ©(23344) = 0112, p(2444)) = 002¢ and
©(12344)) =10120. Then p(22444 2 + 133440 = (134440 = 0012, but (224440) +
©(133447) =002+ 0112 =012,

If f(k) > k for every k € {1,...n — 1}, the endomorphism f € &, is called
under maxpotent endomorphism. The subset of & consisting of all under
maxpotent endomorphisms is denoted by U MP,,.

Proposition 4.6 The set UMP,, is a subsemiring of the semiring &, .
Proof. The proof is similar to that of Corollary 3.2.
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Note that the endomorphism (n — 1,n — 1,...,n — 10 is both additively and
multiplicatively absorbing element in the semiring U MP,,; so it is called infinity
— see [8]. Note also that the identity 11,2,...,n — 12 is a neutral element in the

both semigroups (UMP,,, +) and (UMP,,-).

Proposition 4.7 The semiring MP,, is an ideal of the semiring U M'P,,.
Proof. The proof is similar to that of Proposition 3.9.

1/2n—2
Proposition 4.8 The order of the semiringU MP,, is UMP,| = — " L)

n\n—

Proof. The reasonings are similar to that of the proof of Corollary 3.4. For

arbitrary 0iq, ..., 0,10 € UMP,,, where iy > kfor k € {1,...,n—1} we construct
the map ¢ : UMP,, = MPri1, ©Qit, ... in-10) =VJ1, J2,-- - Jn-1, 11, where
Jr =ir + 1 for k € {1,...,n — 1}. This map is a bijection.

5 Conclusion

In this paper we study the subsemirings of the endomorphism semiring of a
finite chain. The nilpotent elements of the endomorphism semiring are considered
as well as some other subsemirings related to the nilpotent subsemiring.
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MOJEJIM B PEAJIHO BPEME 3A AHAJIU3 HA KOHTPOJIEPHHA
CUCTEMMU 3A KIIMMATHU3ALIUA

EBtum Honues, /louyo llankos, Togop Honkos

Pe3rome: B pabomama e npedcmageno npuniodiceHue Ha CUMYIayus 8 peaiHo epeme ¢
xapoyepen mooel Ha obekxma 3a ynpasjienue — npocpamupyem J02uiecku KOHmpoep
3a npedgapumenHa OYyeHKa HA Kawecmeomo u egheKmusHoCmma Ha YNpaeieHue Ha
cucmemu 3a omomnienue, seHmunayus u kiumamusayus. Mooenvm Ha KiuMamuuHa-
ma xamepa e pearusupar ¢ SImulink u npunosicenuemo 3a paboma 6 peanno epeme
RTW, a ynpaerenuemo na omoennume noocucmemu c konmponep TAC Xenta 282.
Pezynmamume ca oadenu 6 epagpuuen u mabauyer U0 U ca CPABHEHU C YUCIU CUMY-
nayuoHHu uscieosanus 6 cpeoama Simulink.

Knrwouoeu oymu: xapoyepua cumynayus 6 peairo epeme, mo4HoCm Ha MoOenume

REAL TIME MODELS FOR ANALYSIS OF AIR CONDITIONING
SYSTEMS WITH CONTROLLERS

Evtim Yonchev, Docho Tsankov, Todor lonkov

Abstract: The work presented application of real time simulation of a hardware mod-
el of the object controls - programmable logic controller to estimate the quality and
effectiveness of management systems for heating, ventilation and air conditioning.
The model of the climatic chamber was carried out in Simulink and use real-time
RTW, and management of different subsystems with controller TAC Xenta 282. The
results are given in graphical and tabular form and compared to pure simulation
studies in the mid Simulink.

Keywords: Hardware in the loop, model accuracy

1. XapayepHa cumyJanusi B CHCTEMH 32 KJIAMMaTH3 AU,
EdexTruBHOCTTAa HA yIpaBIEHUETO HA CUCTEMU 3a KJIIMMaTU3allus, OllcHsABaHAa Ha Oa3a-
Ta HA KOHCTPYKLMSITa XapJyepeH CUMYJAIMOHEH MOJIe]l Ha 00eKTa — IporpaMupyem
KOHTPOJIEP 3a YIPABICHUETO MY, B MOCIEIHUTE FOJNHU € €IUH BCE MO-ITUPOKO HaB-
Ju3all B MpakTUKaTa METOJ 3a aHaliu3, MPOCKTUpPAaHE U eKcliepuMeHTupane. Upes
HEro Ce MOCTUTra ChIIECTBEHO MPUOIMIKABaHE HA TOJIy4YaBaHUTE PE3YJITaTU C peaTHu-
Te nMpu PYHKIIMOHUPAHETO HA KOHTPOJICPHOTO yIPaBICHUE BbPXY (HU3NUECKUS OOCKT.
Cumynanusata B peajlHO BpeMe C XapJyepeH Mojell Ha o0eKTa 3a YIpaBJICHHE
(Hardware in the loop - HIL) e ocobeHo moaxosin MeToj MpH 00EKTH 3a yrpasiie-
HUE, OMMCBAHU Ype3 CJIOKHM MaTeMarudecku monaenu. HIL cumynanusita ce paznu-
yaBa OT KJacHyeckaTa KOMITIOTbPHA CUMYJIAIUS B PEaTHO BPEME MO JOIMBJIHUTEIIHO
BKJIFOUECHOTO B KOHTYpa 3a yIpaBJecHUE BIPAJCHO YIPaBJIsABaIIO yCTpoicTBO (Tiporpa-
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MHpYyeM KOHTpoJiep). B cumyrnanusTa ce BKIFOUBAT pEaTHUTE BXOJIHO/U3XOIHU CHI-
HaJIM, CBBP3aHU ChC CEH30PUTE M M3MBJIHUTEIHUTE MEXAHU3MHU Ha peajHusi OOEKT.
TexHUTe eNeKTPUYECKH EMYJIMPAHU CUTHAJIU UIPasT poJisiTa Ha MHTEep(eiic 3a Brpa-
aeHust Koutposep. [lpunnunuaTa mocTaHOBKa Ha TO3U METO/I € MosicHeHa Ha ¢ur. 1:

_ Mporpamvpyem
KOHTpOnep

XapayepeH cumynatop (HIL)

MaxoneH MaxoneH SEES BxogeH BxopeH
= = hnanyeckns = = 4 ;:,
xapayep copTyep codryep xapdyep

XapayepeH

cumynaTop ]

Due.14 Que. 15
Que.l A - b6roxosa cxema Ha eepadena cucmema, cevpsarna ¢ HIL cumynamop
b - komnonenmu na HIL cumynamop

obekT

OT riieqHa TOYKAa HA Pa3xoJu MPOIBIDKUTEIHOCT, 0€30MacCHOCT, MPUIIOKUMOCT IpU
MIPOCKTUPAHETO U BHEAPsIBAHETO Ha yrpaBieHue HIL MmeToasT nokazano € eexkTuBeH
HAYMH TpH pa3paboTBaHEe HA BrpaJieHu KOMMIOTHPHU cucTeMu. [lopaam kbcute cpo-
KOBE 3a pa3pab0oTKa MHOTO YECTO TECTOBETe TpsiOBa Jla 3alovHaT Mpeau MmosiBaTa Ha
NPOTOTHUIIA, & CPEACTBATa 3a pa3paboTBaHEe Ha XapayepeH Mojed Ha OBACHUAT Mpo-
aykt ca camo okoyio 10% ot menHara 3a MpoW3BOJACTBO Ha mportoTum. llopaau ToBa
oOnyJaifHa paKTHKa € CUMYJIAIUU ¢ XapAyepeH MojeN Ha o0eKTa Ja ce mpuiara ma-
paJieTHO ¢ pa3pabOTBaHETO Ha IUIOCTHATA CUCTEMA.

Xapoyep. BxopHo-uzxogHusT wuHTEpdeiic € peanuszupaH upe3 wmoayina RT-
DAC4/PCI-INTECO [1], [3], npuTeskaBari] aHaa0roBu 1 mu(poBU BXOJ0BE U MU3XO/IH.
Bpb3kata ¢ kommroTspa (oneparponta cuctema Windows) ce ocoiiectssiBa upes PCI
ciot. CrOupaneTo u 06pabOTBaHETO HA IAHHU B PEATHO BpEeMe ce peanusupa 6e3 J1o-
IBJTHUTEITHO 3aKbCHEHUE B cucTemara. [lmatkarta pasmonara ¢ wHctanmpan Xilinx
FPGA uum, HeoOXoauM MpH npenporpamupane GyHKIIMOHATHOCTTA Ha BXOJOBETE U
U3X0JuTe, 0€3 J1a ca HEOOXOIUMU XapIyepHU MOAU(DUKAIIUH.

Cogpmyep. 3a cumynanus Ha €KCIEpUMEHTAIIHATA CUCTEMA C€ M3MOJI3BA Cpelara Ha
MATLAB. Tosa craBa upe3 Bkimouenute B Hes Simulink u Real-Time Workshop
(RTW) [2] npunoxenwus, KOUTO pabOTAT B peajqHO BpeMe W IOIAbPKAT BPb3Ka C
BBHIIHU yCTpoicTBa. ChOpaHNTE TaHHU U KOHTPOJIHUTE MPOMEHIIMBH CE MPEICTABAT
rpadpuuHo B mpuioxenuero Simulink. Real-Time Workshop e otBopena cucrtema,
npeaHa3HaYeHa 1a paboTH ¢ pa3iINdHU ONEPAllMOHHH CHCTeMHU U Xapayep. OyHKIuo-
HaJIHUTE 1 Bb3MOXKHOCTH Ca!

* BB3MOXKHOCT 3a TeHepHrpaHe Ha KoJ1 oT Besika Simulink 6ok-cxema

» (OCHOBa 332 KOMIIWJIUPaHE Ha IPOTpaMHu, pabOTEIH B PEATTHO BpeMe

» Hanuyna 6ubnunortexa ¢ apaiiBepu, MoabprKailia ycTpocTBaTa

* AJAanTHBHO TE€HEpPHpaHe Ha KOJa, BKJIFOYHUTEIIHO BIPAJCHHU MOTPEOMTEICKH
0JI0KOBE.

* BB3MOXHOCT 32 KOH(pUTYpHUpaHE HA Tpolleca Ha KOMITWINPAHE Ha T1aT(hOPMH.
RTW cbabpixa npumepu koo u3nonssat : WatcomC/C++, Microsoft Visual
C/C++ n UNIX.
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3a na renepupa kog RTW ce obpwina kpm Target Language Compiler (TLC). Toii
TeHepupa ONMMCcaHWeTo Ha mocTpoeHus B Simulink mozern, kaTto ro mpespbina B cIie-
mududeH kox - model.rtw. TLC vere ¢aiiima model.rtw u craptupa TLC nporpama,
KOsATO ce cherom OT target gaimose (.tlc). Te ca ASCII daiinose, Hanmcanu 3a Target
Language Compiler. TLC xommunaropsT reHepupa kox oT Qaitma model.rtw. B
KpaifHa cMeTka upe3 usnonspanero Ha TCL ce momydaBa copc Kojia Ha Mojesia B cpe-
nara Simulink. Cb3nafgeHnTe npu KOMIWIMPaHETo (aiioBe ca CeTHUTE:
» model.mdl - ce3manen ot Simulink, copc daiin.
= model.rtw — ce3nanen or RTW, model.mdl.
» model.c — cu3manen or TLC C\C++ (aiin 3a Bpb3ka ¢ model.mdl
* model.h — ce3manen or TLC xeabpen ¢aiii, chabpikaii nHGOPMAIUsS 33 BPb3-
KUTE MEXKy OJIOKOBETE
= model_export.h — ce3ganen ot TLC xeabpen daiin, chabprKai H3XOJHUTE CUT-
HaJIH, TapaMeTpy U PYHKITUU
* model.prm — cw3ganen or TLC daiin, chabpkail HACTPOWKUATE HA BCEKU OT
OJIOKOBETE Ha CUCTEMAaTa
= model.reg — ce3nanen ot TLC ¢aiin, chappkan GyHKINN 32 HHATUAIN3AIU-
sATa Ha Mozelia

2. O0eKT 32 ynpaBJieHHe

B cucremute 3a otoruienue, BeHTwnanusa U kimMmaTtuzanus (COBK) karo mpasuiio
LEHTpaIHaTa BEHTUJIAMOHHA CUCTEMA JIOCTaBs Bb3AYyX C OINpEJeJIeHa TeMIepaTypa 1
MOTOK, KOMTO 3aToIUisd WU OXJaxja nomenieHusara [6]. OrommuTenHara u oxJja-
IUTEIHATA CEKIMU CE€ M3IO0J3BaT ChOTBETHO 34 3arpsBaHE WIM OXJIAKJIAHE HA IOC-
ThIBalMA Bb31yX. Heroeara temreparypa ce KOHTpPOJIMpA, KaTO CE€ peryJimpa mnorTo-
KbT Ha ropelia Wik CTyZieHa BOJa Mpe3 CbOTBETHUTE CEKIMH. BB3aylIHUAT MOTOK ce
perynaupa, KaTo Taka Ce OCUTypsiBa IOCTOSIHHA LIMPKYJIAlUs Ha Bb31yX B [IOMEIIEHU-
ara. Tornara cTpyst Bb31yX, U3/IHM3alla OT OTOIUIMTEIHATA CEKIUs, € QYyHKIUS KAKTO
Ha MOTOLMTE HA BB3AYyX M BOJA Mpe3 Hes, TaKa MU Ha TeMIEeparypaTa UM Ha BXOJa Ha
Ta3u cexkuus. ToBa o3HayaBa, 4ye 3a Ja ce MoAbpXKa 3a/1aJeHaTa TeMIIepaTypa B oMe-
[IEHUETO, Ca HEOOXOAUMU TPHU PErynaropa, KOUTO Ja CIEIAT U KOHTPOIUPAT MOCoYe-
HUTE TPU BEJIMYUHHU.

TemneparypaTta Ha Bb3/lyXa, HaIyCKalll CMECUTEIHATA CEKIIMs, U HaBIU3al] B OTOII-
JUTEIHATA CEKILIMs, CE€ OMpPEAeiss OT OTHOIIEHUETO MEXAY HEroBaTa TemmepaTrypa u
Ta3u Ha BXOASAUIUS Bb31yX, KAKTO U OT ChOTHOIIEHUETO, B KOETO TE€3U BB3IAYLIHU MO-
ToIM ce cMecBaT. OOMKHOBEHO KAIYy3UTE 3a BXOASIIMS U M3XOMISI] BB3AYX CE YII-
paBisABaAT M0 NPEIBAPUTEIHO CHIVIACYBAH HAYMH, KaTO IPOMSHATA HA MO3UIMUATA UM
HE BJIMSE BbPXY IOTOKA BB3yX, HABIW3all B KIMMaTU3WpaHaTa 30Ha. ToBa JaBa OT-
pakeHHE €IMHCTBEHO HA TEMIIEpaTypara My, KaTo ce LM J1a C€ JJOCTUTHE NpeBapu-
TEIHO 3aAazneHara. Karo msino temmneparypara Ha BoJaTa, IpeMHHaBalla Mpe3 OTOoIl-
JUTEJIHATA CEPIEHTHHA, C€ MOJAbpXKa C OCTOSHHA Temneparypa. [leOuTsT Ha Toria
BOJIa MpE3 CEepPIEHTHHATA € TJIaBHUS IMapaMeThp, KOHTPOJIMPAI] HUBOTO HA TOIUIMHHUS
MOTOK M CJIEAOBATENIHO TEMIepaTypara Ha Bb3lyXa, NpeMUHAN Ipe3 Hed. Bu3myumi-
HUAT MOTOK Ipe3 OTOIUIMTETHATa CEKIUsl Ce MPOMEHs Ype3 CKOPOCTTa Ha BEHTHUJIA-
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TOpa, a NO3ULMATA HA JKAIY3UTE C€ yIpPaBisABa, 3a J1a CE MOAIbPXKA ITOCTOSTHHO CTa-
THYHO HaJsAraHe.

B crannaptaute COBK TOIIMHHUAT M3TOYHUK - OOWMJIEp MOXKE Ja AOCTaBs BOJAA 110
HSKOJIKO OTOIUIMTEIHW CEKIMHU. B Te3u cucremum Temiieparypara Ha BojaTa, JOC-
THATala 10 CEPIEHTUHUTE, HE C€ KOHTPOJMpa Ha JIOKAIHO HUBO. TeMmreparypaTta Ha
BOJATa C€ MOJAAbPKA IIOCTOSIHHA, ITOPAJH KOETO BCAKA HEWHA IIPOMsIHA CE pasriexaa
KaTo cMyuleHue. ['oneMruHara Ha BOJHUS NIOTOK U TEMIIEPATYpaTa Ha BXOIAIINS Bb3-
JyX ca OCHOBHUTE BEJIMUYMHHU, KOUTO MOTaT Jia ObJIaT yNpaBisiBaHU Ha JIOKAJIHO HUBO,
C LeJI JOCTHIaHE Ha W3JIM3AllKs OT OTOIUIMTENIHATa CEKLMS BBb3IyX 0 3aJaJcHara
teMiiepaTypa. Ciie1oBaTEIHO KOHTPOJIEPBT Ha YIPABICHUETO €€ CHCTOM OT MHOKECT-
BO KOHTYpH, HO JIMIICBAT KPBCTOCAHU OOpPaTHU BPB3KH.

3. YupagpasiBaui aJiropuTbM

CoeBpemennure COBK wn3non3Bar Hali-4ecTO MPONOPLUUOHATHO-UHTEPAIIHU PETyJa-
TOPH 3a KOHTPOJI HaJ oTAeTHUTe Benuunuu [7], [8]. B pasriexmanus ot Hac ciydai
c€ KOHTPOJIMPAT:

» TemneparypaTa Ha BoJIaTa, JOCTaBsiHA OT Ooiiiepa

* Temneparypara Ha Bb3AyXa, IOCTaBEH J0 KIMMaTHU3MpaHaTa 30Ha

= JleOUTHT HA BOAATa IIPE3 OTOIUIMTEIHATA CEPIICHTHHA
CrpuiecTBeHa 0COOCHOCT Ha Pa3MIeKJAHUTE CUCTEMHU € TEXHUST HEJIMHEEH XapaKTep
[5]. Tora nanmara IIM perynaropbT na ce HacTpoiiBa Ha 0Oa3aTa Ha MaKCHMAaJHATa
CTOMHOCT Ha peryjupyemMara BeJIMYnHa, T.€. PAIKO Ce MOCTUTa HIKAKBA ONMTHUMU3ALIUS
no teoperrueH IbT. [lopaau ToBa € MpakTHKa HACTPOWBAEMHUTE CTOMHOCTH Ha mapa-
METPUTE Ha PEryJaTopuTe Ja Ce ONpeAessT eKkcrnepuMeHTaaHo. OCBeH TOBa BCUYKH
pEryJupaIy Opraid UMaT OrPaHUYCHUSI — MOTOPBT € C OTpaHUYeHa CKOPOCT, BEHTH-
JBT HE MOXKE J1a ObJIe TTOBEYE OT HAIIBJIHO OTBOPEH WJIM HAITBIIHO 3aTBOPEH U T.H. B
yCIIOBUSTA HAa €KCIUIOATAIMs Ha €JHa peaiHa CUCTEMa TBBP/IE YECTO yIPABIISBAIIOTO
BB3/ICICTBHUE JOCTUTa TPAHUIIUTE HA HACUIIAHE HA peryjupalius opras, T.e. oOpart-
HaTa Bpb3Ka Cce€ ,IpPEKbCBA’ M cUCTeMaTa pabOTH KaTto OTBOpeHa. B To3u mMomeHT
peryimpaHero“npurirouBa”’. OTTam wWaBa W Ha3BaHMeTO Ha edekra “integrator
windup”. Ako ce HM3MOJI3Ba peryjaTop ¢ MHTErpajiHa ChCTaBKa, TpelIkara e Mmpo-
IBJDKU a ObJe MHTerpupaHa. ToraBa MHTErpajHaTa ChCTaBKa MOXE Jla HapacHe 3Ha-
YUTEITHO.

4. AHAJIM3 HA CHCTEMATA B PeajiHO BpeMe
3a ymnpasienue Ha pasmiexaaHata COBK ca wsnomsBanu cnemuute Tpu I pe-
rynatopa : Krys, Kra 1 K1g0, BcEKH paboTet 1mo 3aKoHa:

u(n) =u(n-1) +k,[e(n) —e(n-1)]+kTe(n)

Upe3 orpaHnyaBaHe Ha CTOMHOCTTa Ha U(N) B ompemeneH oOXBar ce M30sArBa IO-
JdydaBaneTo Ha Windup edekra. ToBa orpaHudeHue OTroBaps Ha MAKCUMATHUTE M MU-
HUMAaJIHUTE HUMBA Ha CUTHAJIWTE 3a ynpasienue. Ha ¢ur.2 e nokaszan B cpenara Ha
Simulink mozaen na ITH perynaTop ¢ orpann4aBaiil 010K, IPHIIOKEH MTPU HACTOSIIIUTE
U3CJIC/IBAHMSI.
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Ha ¢ur.3 e nokazana 610k cxema Ha COBK, kato ca mocoueHu chbOTBETHUTE BXOJIOBE
U U3XOAU M TexHuTe TrpaduuHu o3HaueHus. CTOMHOCTUTE Ha KOC(PHUIMEHTHUTE Ha
IPONOPIHOHAIHATA M MHTETPaIHATa YacTH Ha perynaropure, cboTBeTHO K, u K mpu

e(n)

-

T

delta(t)

e{n-1})

0.18

Kp

0.015

Ki

Limiter

-

u(n-1) z

2 €D

u(m)

@ue. 2. I[TU pecynamop, exnousaw antiwindup 6.0k

EKCTIICPUMEHTHUTE ca nmocoyeHu B Tabi. 1.

BX0AALY
Bb3ayX

Tabn.1l. Cmoiinocmu na Ky u Ki 3a mpume pezynamopa

IIM peryJaatop Kp K

Krai 0.20 0.010

KTao 0.24 0.025

KTWS 0 . 18 O . O 15
cmecuTernHa bunTep TONNOOOMEHHUK BEHTUNaTop

cekumus

KnuMaTunanpaHa
30Ha

i

=)

AVAV |

]

M3X0asLy
Bb3ayX

TPUMTBTEH
BEHTUN

|

F

n L(?f

BxoaxoBe
Cvp

rTws

rTai

yIpaBJ€HUE TPUITBTEH BEHTUI
yIpaBJIE€HUE CKOPOCT BEHTUIIATOP

YIIPaBJICHUE KAIy3H

B.Y (.

Cvp

Tao

yIpaBJIeHHE HarpeBaTen 0oiliep
TEMIEPATypa U3XOIAI] Bb3AYX
TEMIEpaTypa BXOISII Bb3AyX

33

Tao Fw| Cbs
L VoA
rTao

@ue.3 brok-cxema na COBK ¢ mpu [1U pecynamopa



H3xoan

Fw NeOUT Ha BOJIA TIPE3 CEPIICHTUHA

Fws NeOuT Ha BOJIa Mpe3 1isiaTa CUCTEMA

Fa BB3YIICH MOTOK KbM KJIMMAaTU3UpaHaTa 30Ha

Two TeMIlepaTypa Ha BOJAaTa Ha U3X0Ja Ha CepIIEHTUHATA
Tao TeMIlepaTypa Ha Bb3yXa KbM KJIMMaTU3UpaHaTa 30Ha
Tai TeMIlepaTrypa Ha Bb3/yXa Mpey OTOTUIMTEIHATA CEKIIUS
Twi TeMIlepaTypa Ha BOJIaTa, ojiaBaHa KbM CEpIeHTHHATA
Tws TeMIlepaTypa Ha BoJiaTa Ha U3Xo/a Ha Ooiliiepa

4.1. Mopaeau B cpeaara Simulink u B cperara XapayepHo-cUMYJIMPaHO YII-
paBJIeHHE B peaTHO BpeMe

Monen na COBK B cpenara Simulink
MogenbT Ha 3aTBOpeHaTa cucrema B Simulink e moka3zan Ha ¢ur.4.

I e

Model Inputs Air and Water
Flow Rates
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Queypa 4. Mooen na COBK 6 cpeoama Simulink

Monena Ha COBK B cpenara XapJayepHO-CUMVYJIUPAHO VIIPABJICHUE B PEATHO

Bpeme (HIL)

Cumynanusta B TO3U ciiyyail ce noscHssa rpaguuno Ha @urypa 5.

REAL INTECO TAC
SIMULINK |€ 3 TIME £ ,| RT-DAC4 ; 5
WORKSHOP PCI XENTA

@ue.5 bnok-cxema na cumynayus om mun HIL

3a mpoBeXJaHe Ha €KCIEPUMEHTH B PEAIHO BpeMe € HM3MoJi3BaH KoHTposiepbT TAC
Xenta 282. [N perynatopure ca npexBbpiieHn oT Simulink monena B mamerra Ha
XENTA xonTposepa.

Monenst Ha COBK B cpenata: Simulink + MacTpymMeHT 3a paboTa B peaiHo BpeMe +
[TporpamupyeM KOHTpoJIEp ce mosicHsBa Ha aBe ¢urypu: ¢ur.6 (Simulink + MucTpy-
MEHT 3a pabota B peanHo Bpeme) u ¢ur.7 ([Iporpamupyem KoHTpojep B cpenara
TAC Menta) [4].
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5. AHaTM3 HA KOHTPOJIEPHATA CHCTEMA C U3MO0JI3BaHe HA MO/IeJI B PeaiIHO BpeMe
[IpoBenenn Osxa EKCHEPUMEHTAIHM aHAIU3M OTHOCHO XapakTepa Ha MPEXOIHHUTE
IPOLECH NMPU KOMIICHCHPAHE Ha CMYIIIEHUATA B JIBA PEXKUMA!

* PexuMm A - Bbpxy Monenu 0e3 mpuiarane Ha mporpamuara cpega TAC Menta
(T.e. ynucTo cumynanmonHo MojenHo usciensane B SIMULINK)
* Pexum b - Mozienupane ¢ BKJIIOYBAHE B PEaTHO BpeMe Ha (PU3UUECKH peaTu3u-
paH u paboTell KOHTPOJIEp 3a YIIPaBICHUETO Ha CUCTEMATA.
PexcumA
Ha ¢ur.8 u ¢ur.9 ca nmokazanu: peaknusara Ha cucTeMaTa IPH MOBHINIABaHE HA JKeja-
HaTa TemrepaTypa B KIMMAaTH3UpaHOTO mpocTpanctBo ¢ 5°C. B Hauamnoto Ha cu-
MyJausTa € 3a/1aJeHa xeinana remmeparypa T,,=29°C u e u3dakaHo cucremara ja ce
ycranoBu. Tosa craBa B 375" cekynga ot craprupanero. Ha 1500™ cexynma ke-
JaHaTa Temmeparypara € mpoMeHeHna Ha 34°C, B pe3ynTar Ha KOeTo perynaropbT Krg
€ pearupai KaTo OTBaps OIlle TPUITBTHUS BEHTUJ - 32 yBEJIMUaBaHE MMOTOKA HA TOTUIA
BOJIa Mpe3 OTOIUIMTENHATa cekius. PerynatopsT Krys yBEIMUaBa MOIIHOCTTA HA 0Oii-
Jepa - 3a IOabpXKaHEe TeMIiepaTypaTa Ha BOJaTa B paMKUTE Ha 3aJaJieHaTa upe3 s
croitroct. Okoso 600™ cexyHIa ciesl CMyIIEHHETO CE JOCTHra JKeJlaHaTa TeMIlepa-
typa. B 2500™ cekyHma OT HayaloTO HA CHMYyJAlUATa € 3a[1aJcHa OTHOBO ITbPBO-
HayajgHaTa CTOMHOCT Ha Temnepatypara - 29°C, kato € HabIroaBaHo MOJJ00HO BpemMe
3a HABJIM3aHETO HA CHCTEMaTa B YCTAHOBEH PEKUM IMPHU TO3W HU3XOJAIL XapaKTep Ha
TIPOIIECHTE.

Air and water temperatures

Model inputs

- -+ -
- — 4 -
-1

I I
| |
WO ———+——— o —— — —
| |
L |

80

% of maximum
Temperature (°C)

| |
| |
| |
1 1 1
Time (sec) 0 500 1000 1500 2000 2500 3000 3500 4000
Time (sec)

@ue.8 Bxodose na cucmemama @Due.9 Temnepamypu Ha 6b30yxa u 60-
oama

|
1
0 500 1000 1500 2000 2500 3000 3500 4000 o

Pesrcum b

Ha ¢ur.10 ca moka3zaHu TeMIiepaTypuTe Ha BOJaTa W BB3IyXa, KaKTO W YIpaB-
JSIBAIIMTE TH CHTHAIW. B HayaloTo Ha cuMynanmsTa € 3a/JaJeHa jKeJaHa TeMIiepa-
Typa T,=29°C u e n3uakaHo cucremara Jia nonajgHe B yCTAHOBEH pexxuM. ToBa cTaBa
B 345™ cexynma ot craprupanero u. Ha 430™ cekyH/a skellaHaTa TeMIiepaTypara ce
npoMenst Ha 34°C, B pe3ysTar Ha KOETO peryiaatopbT Kry, OTBaps Olle TPUITbTHHUS
BEHTHUJI - 3a Jla yBEJIMYM MOTOKA Ha TOIJIa BOJA Mpe3 OTOIUIMTENHATa ceKius. Pery-
natopbT Krys yBEIMYaBa MOIIHOCTTA Ha OOisepa - 3a Ja MOJIAbpiKa TeMmIeparypara
Ha BoJara B PaMKHTE Ha 3a1ajeHara upes Tys croiiHoct. Oxomo 200™ cekyHna cien
CMYIIIEHUETO Ce JJOCTHUTa jKeJlaHaTa TeMIieparypa.
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@ue.10 Temnepamypu na 6v30yxa u 6o0ama u ynpasiasawyume eu CUSHAIU

O606H_I€HO, CTOMHOCTHUTE Ha HAKOH IIOKA3aTEeIN Ha MMpeXoaHusd IMpouecC Ha OCHOBHATA
peryipycmMa BCIMYMHA — TCMIICPpATypaTa Ha Bb3AyXd, IIOCTBIIBALLl B KIIMMAaTHU3HPaA-

HOTO MMOMEIICHHKE, 3a JIBaTa peKKUMa ca rmokasanu mo-ao0.y (Ta6:.2):

Tabn.2 Iloxazamenu Ha npexooHuUs npoyec 3a pe2yiupyemama eeauduna T 4

IHoxa3aren Pesxxum | Pesxum | IIpouenTHa
A b pa3jimKa
BpewMme 3a nocturane Ha 3ajianueTo, cekynau | 122 198 63%
Bpewme 3a ycTaHOBsIBaHE, CEKYHAN 375 345 11%
[Ipeperynupane, npoIeHT 4.55 8.62 89%
MakcumaliHO OTKJIOHEHHE 10 Bpeme Ha cmy- | 0.5 2.94 488%
IICHUETO

Ot 1abn.2 nuum HEOOXOJUMOCTTAa M IOJIE3HOCTTAa HAa BKIIFOYBAHETO Ha (DU3WUYECKHU
porpaMupanust ¥ pabOTeN B pealHO BpeMe KOHTPOJIep NPH aHAIM3UpPAHE Ha peall-
HUTE MapaMeTPpu Ha MPEXOTHUS Tpoiiec. ToBa € 0COOEHO 3HAYNMO MPHU OIICHIBAHETO
Ha MaKCUMAJIHUTE OTKJIOHCHHS Ha TEMIIEpaTypuTe (I0OCTHTa C€ JO TpeIlKa MpH JKC-
TOTO Mojieupane ot nopsabka Ha 500%). EnuHCTBEHO MY OLICHSIBAHETO Ha BPEMETO
3a YCTaHOBSIBaHE € JOMYCTUMO TPHUJIaraHeTo Ha MOJ00HO CUMYyJIupaHe 0e3 BKIIFOYBa-
HE B 3aTBOPEHUTE KOHTYPH Ha peaTHUTE (PU3NUECKH KOHTPOJIEPH — TaM pa3jIMKaTa €
ot nopsbka Ha 10%. ['opHuUTE M3BOAM ce Oa3upaT Ha MPEANOIOKESHUETO, Y€ peaiHo-
TO yIpaBJICHUE IIe CE peaau3rpa UMEHHO C MTOCOYCHUTE U M3MOJI3BAHH B 3aTBOPCHUTE
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KOHTYpHU KOHTpPOJIEpHU ycTporctBa. [lopaau TtoBa ce mpexarnonara, ye uMeHHO B Pe-
UM b TOYHOCTTA € mpecaeaBaHaTa npyu NPOEKTUPAHETO HA CUCTEMATA.
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MOJIEJIHO BASUPAHO ITPEJACKA3BAIIO YIIPABJIEHUE HA TEMIIE-
PATYPATA B CUCTEMMU 3A CT'PATHA ABTOMATHU3ALIUA

Aunana Ilonosa, Togop Honkos, llanko I'eoprues, EBTum Honuen

Pestome: Cmamusima npedcmasst NPULONCeHUemo Ha MOOeIHo 6a3upan npeouxmo-
pel Ynpasnasauy aleopumsM, ORUCAH 3a MoOena Ha cepada. Modenvm Ha Kiumamu-
supanomo nomewjerue e peanuzupar ¢ SImulink, a ownaiin cumynayusma ce peanu-
supa ¢ MATLAB. Ocroenomo npedumcmeo Ha NpeouKmopHus aicopumuvM npeo
Kacuieckume ynpasiaeauju aieopummi e, 4e moi e JeCHO NPULONCUM KAKMO 3a Jiu-
Hellnu, maxka u 3a Heauneunu modenu. Ilpeonodcena e peanusayus na paspabome-
HOMO ynpaeieHue, OA3UPAHA HA NPUNONCEHUS 3d paboma 68 peaiHo epeme Hd
MATLAB.

Knrouosu oymu: mooenno basupano ynpasienue, npeockazeaujo ynpasieHue, npuio-
JrceHue 3a paboma 6 peaito speme

MODEL BASED PREDICTIVE CONTROL ALGORITHM FOR
TEMPERATURE CONTROL IN BUILDING AUTOMATION SYSTEMS

Diana Popova, Todor lonkov, Tzanko Georgiev, Evtim Yonchev

Abstract: The paper presents the application of the model based predictive control
algorithm, described for the building model. The model of the room is realized in
Simulink and the online simulation is conducted in MATLAB. The main advantage of
the predictive algorithm over classic control algorithms is that it can be easily ap-
plied not only to linear, but also to non-linear models. A realization of the algorithm,
based on MATLAB’s Realtime Workshop is proposed.

Keywords: model based control, predictive control, real time toolbox

1. CunTe3 HA MO/IeJIHO MPeACKA3BAII0 yIIPABJIEHUE

VYpaBieHHUETO Ha TeMIlepaTypara € BaykeH IMpo0JIeM BbB BCSIKa CHCTEMa 3a CrpajHa
aBToMaTu3anus. Thi KaTO OCHOBHATA YacT OT KOHCYMHpaHaTa EHEepIusl B ¢Ha crpaaa
Ce M3IMO0JI3Ba 3a OTOIUICHUETO, € BAYKHO Ja OBJAT U3CICIBAHN PA3INYHU YIIPaBIIsIBAIIN
QITOPUTMH, KOWTO III€ IIO3BOJAT ONTHMHU3UMpaHEe W HaMajlsiBaHE Ha eHep-
rornotpebiaeHueTo. 3a 1a ObjJe HAIpaBEHO TOBA, € HEOOXOAUM MOJENI Ha Crpajara,
KOWTO JIa ce U3I0JI3Ba IIPY CUMYJIMPaHE Ha TOIUIMHHUTE MPOIECH B Hes. TakbB MOJIeN
¢ npeacTaBeH B [2]. ChIo Taka € BaXXHO Jia ¢€ U3I0JI3BAT AJITOPUTMH, KOUTO JIECHO Ce
aJanTapaT KbM IIPOMEHHUTE B ITIOBEICHUETO HA MOTPEOUTENIS U B OKOJIHATA Cpe/Ia.
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1.1. Tepmasnen Moaea HA KIMMATU3UPAHO TTOMellleHue

MonensT [2] e 6Oa3upaH Ha ypaBHCHHETO Ha €HEPTHIHHUS OAlaHC 3a BHTPEIIHUS Bb3-
nyx. Baemar ce mpenBum TOrtooOMeHa MEXIy Bb3yXa U CTCHHUTE, 10/1a, TIOKPUBA H
Ap., KaKTO ¥ TOILIMHHHUTE IOTOIM OT OKOJIHATa cpena (M3IbuBaHE Ha CITBHIIETO, BS-
TBP, OCBETIICHUE H Jp.). YPaBHEHUETO HA CHEPTHIHUS OaJIaHC UMa CIICAHHS BHI:

(n.p.c ) v

P/a
3600 [Tvent _Tind (t)] (1)
Tyk C e 0600lIeHHs TOIUIMHEH KallalMTeT Ha crpajaara, T,,(t)e TeMmeparypara Ha

Ci%§Q:UAhw_Tmﬁﬂ+

BB3/yXa BBTpE B crpajara, T,

out

€ BBHIIHATA TeMmieparypa u T,

vent

€ TeMIlepaTypa,

IbJDKaIla ce Ha BEHTWJIAIUATa. A U V ca CTpYKTypHHU IapaMeTpu Ha crpajuata, n e
KOC(UIIMEHT, XapaKTepu3Hupall BEHTWIAusATa 1 U € KOHCTAaHTa, XapaKTepu3uparia
TOIJIOOOMEHa MEXAy crpajaTa W BBHINHUS BB3AYX. MOIETBT € pealu3upaH B
Simulink [2] u ¢ moka3an Ha ¢ur.l. Toii n3Moa3Ba JOMBIHUTEIHH BHTPEITHH TOTLIHH-
HU W3TOYHUIM [2] Karo OTHaBaHOTO OT TAX KOJWYECTBO TOIUIMHA 3aBUCH OT
acTpoHOMHUYeckoTo Bpeme. [Ipeanonara ce, ue BbB Bpemero Mexy 8:00 u 16:00 To e
npubm3uTeHo 2kW u 1kW tipe3 ocranaiara 9act ot JAeHS.

BenTunanusTa 3aBUcH OT TeMIlepaTypara Ha BbTPEIIHUS Bb3IyX. ToBa 03Ha4aBa, 4ye
korato T ce npomens mexay 20 u 30 °C, mapaMeTspbT nce MPOMEHs B JAMana3zoHa
[03-15]h™ [2]. ToBa ce u3moi3Ba MO-KHCHO MPU MOJCIUPAHETO HA CTPYKTypaTra B

CTPYKTypaTa Ha yIpaBisiBallusl aJITOPUTHM.

Constant

Constant1

h
x

Product

GO .
Tout ——E nV(Tvent-Tin 3600

Subtract

[+ 4+ + +

Product1

Divide

Constant3

P+

2 L
Subtract1

Constant4

Tinct) [T ] dTin(tyidt

‘;l Integrator

Scope =®

Que.l. Tepmanen moden na cepaoa

1.2. YnpasasiBai npejacka3paii aJirOpuTbM
B cratusTa e usnon3BaH anropuTbMbT, npeactaseH B [1], [3], [4], kpaeTo e mpuiio-
KEH 3a KJIaC HeJIMHEeHHHN 00CKTH. 3a pa3rie:KIaHUTe OT HAC [IEJIM U MOJIEN Ha 00eKTa
3a YIpaBJCHUE B HACTOSINOTO M3CJCIBAHE MPOIECHT HA MPEJCKa3BaHE H3IOJI3Ba
CIICZIHUTE YIIPABJISBAIIN CUTHAIIH:

u, = [umin ""'umin] (2)
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u, = [umax Ui ""umin] (3)

Uz = Uy U -+ 4)

Uy = (U U] (5)
AKO TpejcKa3aHUTe M3XOJM 3a BCEKH OT ympapisBamure curHanmu (2)-(5) ca cbor-
BETHO Yi.¥2 s Ys , MOTaT Ja ObJaT HAIPABEHH CJICAHUTE TOJIAraHMS

Ymao = Max(y; ) (6)

Y = Max(y; ) (7)

Ymino = min(yz) (8)

Yoins = Min(y, ) 9)

Torasa ce u3moa3Bar ciaeaHuTe npasuia [1] 3a onpeaensHe Ha ONTHMATHOTO YIIPaB-
JICHUE B CJIeIBALLUS TaKT:

CJI ‘{aﬁ 1: AKO ymax < yr " ymax > yr ,TO U t)= (umax _umin) yr + (umin ymaxl +umaxymax0)
y ’ ' ( ) ( maxl ~ ymaxo) (ymaxl - ymaxo)
CquaI‘/'I 2: AKO ymino < yr " yminl > yr . TO U(t): (umax B umin) yr + (umin yminl +umax ymino)
(yminl - yminO) (yminl - yminO)

Cnyuaii 3: Ako y,., > Y, , To u(t)=
Cuyuaii 4: Ako y,_, <V, , T0 ult
Cuyuaii 5: Ao y,,, >y, , To u(t)=u,,

Cnyuaii 6: Ako y,,, <V, ,To ult)=u,

BbB Beruky (pOPMYJIH C Y, € 03HAUEHO 3aJaHHETO.

1.3. CumyJIaniMOHHO M3CJIeIBAHE HA MPeACKA3BAIUA AJITOPUTHM
3a cuMmynupaHe Ha MPOIECHTE Ha TOIJIOOOMEH B CTpajara ce M3I0JI3Ba MOJETBT OT
¢wur.2. [Ipeanonara ce, 4e BpHITHATA TEMIIEPATypa OCTaBa MOCTOSIHHA 3a TSNS TIEPH-
o1 Ha cumyianusara. biokst ,,Building” ot ¢ur.2 npeacrasnsBa MoaenasT ot ¢wur.l.
OnTUMaTHUAT YIIpaBIIsSBaIl] CUTHAJ MOCTHIIBA Ha BXoja ,,Heat”. biaoksT N, ACH pea-
JU3Upa Cclie/HaTa CpaBHUTENHA Tabauia 3a koeuieHTa n:

T[°C] 20 205 21 24 245 30
n[i/h] 03 03 1 1 15 15

Tabnuiara u3mos3Ba JWHEHHA MHTEPIIONAIMS 32 W3YHUCIEHUE Ha KOS(UIIMEHTA TIPH
MPOM3BOJIHA TemrepaTypa. TolnHaTa, OTAaBaHa OT BHTPEIIHUTE H3TOYHUIIH, CE MO-
nenvpa kato cyma Ha koHcranta (1000 W) u nmepuoaudeH npaBobrbJieH CUTHAT C aM-
mwutyaa 1000 W, nepuop 24 yaca, mupuHa Ha uMmnyJica 8 yaca U (pa3zoBo 3aKbCHEHHUE
8 gaca.

B cumynamnusita ce u3non3Bar 2 TakTa Ha JUCKPETU3AIMS - €IMH 32 CUMYJUpaHe Ha
peannara cuctema (T01) u enun 3a npeackaspane (T02). Te TpsOBa 1a ya0BIeTBOPS-
BaT yciaoBueTo T01=N *T02 , KbAETO N e 1510 TOJIOKUTEIHO YUCIIO. YnpasnsiBamuar
curnan u(t) ce m3umcnsBa cropen 6-Te mpaBuia, ONMMCAHM B IIPEAXOAHATA TOYKA M
nocThiBa B cuctemata ¢ TakT 101. M3xoaHuTe mociaeaoBaTETHOCTH Ce MpecKa3BaT ¢
takT 102. CiienoBarenno B nnteppaina [t, t+T01] Bcska mpencka3aHa u3xo/iHa mocie-
JOBATEITHOCT IpeacTaBisiBa BeKTop oT N cToifHOCTH B AucKpeTHUTE MOoMeHTH {+T02,
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t+2*T02, ... t+N*T02. Te3u U3X0IHM MOCIEIOBATEIIHOCTA CE€ aHAJIU3HMPAT CHIIIACHO
dopmyim (6)-(9) 3a ma ce onpenenu B Ko oT 6-Te ciydast ce HaMmupa cuctemara. [1o
TO3U HAYMH CE M3YUCIABA YIPABISABAIIUAT CUTHAT U(t).

KonkpeTHara crpajga ce cumyiupa 3a rnepuoj ot 48 yaca ¢ TakTOBEe Ha JUCKPETH3A-
s TOl=1hu T02=5min. Ilo TO31 HAa4YUH BCsIKa OT U3XOJHUTE MMOCIICAOBATEIHOCTH CE
ChCTOH OT 12 CTOMHOCTH B JUCKPETHUTE MOMEHTH OT Bpeme. [1o-10i1y ca 1aaeHu oc-
TaHAJINTE TapaMeTPH, HeOOXOUMH 3a MOJICIMPaHe U CUMYJIMpaHe Ha CUCTeMara.
U=03W/(Mm’K) A=312m*> C=2064kJ/K  u,,=OW  u,, =800W

min

I Tout
;ep e D0
C17) o Heat Tin
[n1 _I_h n Outl
j_’ —— Gains
n, ACH Building

NoUp
Gaing f——» =
m E
Internal gains from 8-16 Rate Transition

@ue.2. Simulink mooen na cucmemama

Ha ¢ur.3 u ¢ur.4 ca nafieHu CbOTBETHO U3XOAHUAT U YHPABIIABAIIMIT CUTHAJIA KOTa-
TO y, =22°Cu T,, =15°C.

1000

********* Bt ol (o, M
7777777777777777777777777777777 i 400———3 HI - 1
fffffffffffffffffffffffffffffff S N L Y11 e
77777777777777777777777777777777 | op-- & b TR t—-tE &

200 N R S N R S
2 0 2 4 6 8 10 12 14 16 18
x10°S x10*S
Que.3. Bvmpewna memnepamypa Que. 4. Ynpasnssaw cuenan (y, = 22°C,
(yr =22°C ! Tout :150C) Tout :150C)

Ha ¢ur.3 ce Bmka, e BpTpenIHaTa TeMiepaTypa JI0CTUra 3aJaHueTo, BBIIPEKH de ce
Ha0II0/1aBaT M3BECTHU KojicOaHus. BBHIIHAaTa TemmepaTypa OTroBapsl Ha MPOJICTCH
WA JIeTeH ce30H. [IpoBeneHa € omie eaHa cCUMyJanus 3a CTOMHOCTH Y, =14°Cwu

T . =0°C, KOUTO MoOraT Jia ce OTHecaT IIO-CKOpPO KbM e€ceH WM 3uma. llomydeHute
out
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mpoliecu ca rmokasanu Ha ¢ur.5 u ¢ur.6. Ha ¢ur.5 ce Buxka, 4e BpTpemHara Temie-
patrypa OTHOBO joctura 3amanuero. dur.d u ¢ur.6 ce pasznuuaBar Mo Opos
MPEBKJIIOYBAHUST HA M3TOYHMKA Ha TomuinHa. Ha ¢ur.4 ce nabGmionaBa romnsim Opoit
MPEBKIIOUBAHUS MKy 17-Tus u 33-THs 4ac OT CHUMYJIAIMATA, KOETO BOAM 10 KOJe-
OaHWe Ha W3XOJHHUS CUTHAJI OKOJIO 3aJaHueTo. Ha ¢wur.6 ympapisBammsT curHam B
CHINAS BPEMEBU MHTEPBAI MMa MocTossHHa cToHOCT oT 800 W. PesynrtarsT e, ue usz-
XOJHUAT CHUTHAJI CBIIO0 OCTaBa IOCTOSHEH. BBIpekn ToBa MOXKe Ja ce Kake, 4e
MOJIyYEHHUTE pe3yTaTH M B JBaTa ciiyyas ca JoOpH, Thil KaTo cuUcTeMara ycIisiBa Jia
0TpabOoTH 3a/IaHUETO.

OC 16

14

W 1000

800
12

10

T

|

|

|

|

|
600H-----4----4------- ---

|

|

400H--- |

|

|

|

|

2004+~

x10' S
Que.5. Bvmpewna memnepamypa @ue.6. Ynpasnasaw cuenan (y, =14°C

( yf = 14°C ’TOUt = OOC ) TOUt = OOC )

2. Peaniu3upane Ha MO/IeJTHO Oa3UPaH NpeACKa3Balll AJITOPUTHM € IOMOIITA HA
MATLAB pasmupennst 3a padbora B peajHo BpeMe

2.1. KomnioTbpHa ynpasJjisiBaiia cucreMa

JlokanmHaTa cucTeMa 3a KOHTPOJ Ha TemIepaTypaTa Ha Bb3AyXa € ChCTaBeHa OT TPH
[T perynaTopa W eIEKTPUYECKH 3aIBMKBAIIM €IEMEHTH. 3aJaHMETO 3a IO/aBaHa
MOIITHOCT C€ T€HEepUpa OT MOJCITHO Oa3upaHus MpecKa3Bail alropuTbM OT T. 1.2.
HuTepdelichT MeXIy yNpaBisiBallus MEPCOHATICH KOMIIOTHD U 00€KTa 3a yrpaBiie-
HHE ce ochllecTBsIBa upe3 noaxomasi xapayep (Inteco RT-DAC/PCI) u codryep 3a
pabota B peanno speme (MATLAB/Simulink).

O0600111eHO HaesTa 32 MOACIIHO-0a3UPAHOTO YIPABICHUE B PEATHO BPEME B JIBE TIPOT-
paMHU CpeH - MOJiehpaIiaTa u yrnpasisBaiiara, pu peaiu3upane Ha yIpaBisBallu
¥ THGOPMAIIMOHHU CUTHAJIM OT PEaTHUs 00CKT, € MOsSCHEeHA MO-J0Jy:

43



WauncneHo 3afaHue 3a
noaasaHa TONJIMHHA
MOLLHOCT

MepcoHaneH KOMMOTLP <> RT-DAC4 TAC Xenta koHTponepu

7 4 I

RTW Windows Target y
* 4 [NoneBa aBTOMaTUKA

MATLAB/SIMULINK i
vy A A

Mpeackaspall, anroputsbm
Mopen Ha obekTa 3a OB6exT 3a ynpasneHue
ynpasnexve

A
Y

Que.l. Bnok cxema na cucmema ¢ MoOenHo-6a3upano ynpasieHue 6 peairo speme

3a BxoaHO-u3xo/eH unrepdeiic e nznonssan RT-DAC4/PCI (ruratkata, moka3aHa Ha
CHMMKaTta 1o-10i1y) Ha mojckusaT npousBoauten INTECO (INtelligent TEchnology
for Control). Pasmonara ¢ aHanoroBu u 1upoBH BXOJOBE M M3XOJH. 32 BPb3Ka C
koMmiOTEp ce m3non3Ba PCl ciot. Pabotu mox onepamnuonna cucrema Windows. Cob-
OupaneTo u 0OpabOTBAHETO HA JAHHU CTaBa B peallHO Bpeme, 0e3 ma ce BHacs
3aKbCHEHUE B cucTeMara. Ha mimatkata mma unctanupan Xilinx FPGA uwum, xoiTo
MOJKe J1a ObJIe MpenporpaMupaH 3a mpoMsiHa Ha (DYHKI[HOHAIIHOCTTA HA BXOJOBETE U
U3XOJHTE, 0€3 Ja ce MPaBAT XapayepHH MOAU(UKAIIIH.

@uz.8. RT - DAC4 / PCI

3a ympaBlieHHE U HAacCTpOMKa Ha cuctemara ce u3nossBa cpeaata Ha MATLAB. Toga
cTaBa Oyilarojapenue Ha BkitoueHuTe B Hest Simulink u Real-Time Workshop (RTW)
MPUJIOKEHUS, KOUTO PabOTAT B PEAIHO BpEeME U MOJIBPKAT BPh3Ka C BHHIIHU yCT-
poiictBa. ToBa BHACs M3BECTHO 3aKbCHEHHE B CHCTEMara, HO TOBa HE € MpoodJieM, 3a-
IIOTO KOMIIOHEHTUTE Ha 00EKTa IPOMEHST 0ABHO CBOETO ChCTOSHUE.

2.2. ExciepuMeHTA/IHA KJIMMATHYHA CHCTEMA - KOMIIOHEHTH M BXOJAHO-U3XO0IHH
napamMeTpu

TecroBata cucrema ce CbCTOM OT TypOMHEH BEHTWJIATOp, OOiep, pa3lIMpUTENICH

ChJ, MOMIIA 32 BOJA, TOIUIOOOMEHHHUK, POTALMOHEH PEKYyNeparop, TeMIEpaTypHU

JATYHUIM U CEH30pU 3a JeOUT Ha BOJIa U BB3/yX, TPUII'BTEH BEHTWJ, Kany3u. Excre-

pUMEHTaIHaTa CUCTEMA C€ ChbCTOU OT HAKOJIKO MOJICUCTEMH — HarHETaTeJHA U OTOII-
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JUTEIHA, KOUTO CH B3aUMOJICHCTBAT MPU MPEMUHABAHETO HAa BB3AYIIHUS OTOK MpPE3
TOIMJI000OMEHHUKA, KBAETO BOJIaTa OTJaBa TOILUIMHATA CH Ha Bbh3AyXa.
Haznemamennalcmykamenna cexyus
TypOuHHUTE BEHTHUIIATOPU C€ 3aBUKBAT OT CICKTPUUCCKH IBUTATEIIA C YECTOTHO
yIpaBJieHHUE, KaTo MO TO3U HAYUH CE PEryJiMpa KOJIMYECTBOTO Bb3AYyX, MPEMUHABAIIIO
npe3 cucremata. Ha ¢ur.9 e nokazana Har"erarenHarta cexuus. CTyJeHUs BB3AYX,
KOWTO MOCTHIIBA OTBHH, MOIaJ1a B POTAIMOHEH PEKYIEPATOpP, KbJIETO MPOTHUYA TOTLIO-
0OMEH ¢ Bb3/lyXa OT CMyKaTejgHaTa CeKIIHUs.
Cucmema 3a noozpsaeane Ha 600a
Cucremara 3a moArpsiBaHe Ha BoJia € OT 3aTBOpeH TUl. OCHOBHUTE KOMIIOHEHTH Ha
cuctemara ca nokaszanu Ha gur.9. BogaTta uupkynupa B cucremara 6iaronapeHue Ha
oMIIa, KOSITO C€ HaMHpa MexXy Ooiiniepa u TorsiooOMeHHuKa. TepMoperymnarop cie-
JIY 32 TOJIbprKaHe Ha 3a/1aJieHaTa TeMreparypa Ha Bojaara. Ot Ooitepa T4 MOCThIIBA B
Pa3MIUPUTEIHUS ChJl, KOUTO pabOTH MO MOCTOSIHHO HAaJsiTaHe Mpe3 IeNns TeMIiepa-
TypeH nuana3zoH. Cren ToBa BojaTa MHHABa IMpe3 TPUIBTEH BEHTHWI, MOKAa3aH Ha
¢ur.11. B 3aBUCHUMOCT OT MOJOXKEHUETO MYy, TOTOKBHT Ha BOJAaTa MOXKeE Ja € 3aTBOPEH
camo Tipe3 Ooilsiepa U pa3MMPUTETHUS ChJ WIM Ja MAHAaBa Tpe3 IslaTa CUCTeMa —
BKJIIOUMTENTHO TOMJI000OMEeHHUKA. OTBapsIHETO Ha KjlanaHa € JUHEWHO — BCSAKa CTHIIKA
Ha OTBApsSHETO MY YBEJIMYaBa MOTOKA C paBEH MPOIEHT CHPSIMO MpEaXoJHaTa MY
cToitHOCT. 1o TO3M HAaYMH MOTOKBT HA BOJIaTa C€ yBEINYaBa €KCIIOHEHIIMAIHO
Tonnooomennux
Ha ¢ur.12 e nokazan TomiooOMEHHHK, KOWTO € KJIIOYOBO YCTPOMCTBO B CHUCTEMaTa.
Ponsita My € Aa oTaaBa TOMIMHA HA TPEMUHABAIIUSAT MIPE3 HETO Bb3AYX.
H3zmepeamennu cenzopu
3a u3MepBaHe Ha TEMIlIepaTypaTa Ha BOJAA WJIM Bb3AYX C€ M3I0J3BaT WHIYCTPUATHU
CEH30pU — MPOMEHST CHIPOTUBICHUETO CH CHPSIMO TemmepaTrypara. Te3u, KOUTo u3-
MepBaT TeMIlepaTypaTa Ha Bb3AyXa, ca OT TUIIA “[IBE TOUKHU - JIaBaT CPEJHA apUTMe-
TUYHA CTOMHOCT Ha JIBET€ M3MEPEHU TEMIIEpATypu B HAYAJIOTO U Kpasi Ha CEH30paA.
Bb3aymHusAT NOTOK ce M3MepBa ¢ MOMOIITa Ha Taka HapeueHara mpvoa Ha [lumo n
CEH30p 3a JMu(EpPEHIINATHO HajIsiraHe. BoJHUAT MOTOK mpe3 TOIUIOOOMEHHHKA CE OT-
YuTa ChC CEH30p, padorenl Ha npuHiuna Ha Kopuonucosus edekt. [IoToksT Ha BoJa
mpe3 nmoMrmara ce u3MepBa 4pe3 CEH30pH, BrpajicH! B Hesl.

@ue.9. Hacnemamenna cexyust @ue.10. boiinep, 600Ha nomna u pazuiu-
pumeiet cvo
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_ N
Que.11. Tpunvmen senmun Que.12. Tonnroobmennux

YrpapisiBallM yCTPOiCTBAa B TOJICUCTEMATa 32 KIMMATH3UpaH 00eKT ¢ o0mo (oT-
nanedeHo) oopaboTBaHe Ha Bb3/yXa C€ ChbCTOU OT CICAHUTE OJIOKOBE:

PortaimoHneH pekymnepaTtop — ymnpasisiBa Ce CKOPOCTTa My Ha BbpTeHE (upes
BrpageH npeoodpasysaren — 0-10V ympapisiBai curHaiM) W CHOTBETHO TPOU3-
BOJMTEIIHOCTTA MY.

OTomnTenHa CEKIMsI — YIPaBIIsiBa ce AeOUTa Ha TOIUIOHOCUTEISI, IPEMHUHABAII
npe3 Hero (upe3 TpurmbTeH BeHTHI — 0-10V ynpasisBari CUTHaI) ¥ ChOTBETHO
MIPOU3BOAUTEITHOCTTA MY.

OxJaguTenHa CEeKIUs — yIpaBisaBa ce 1e0uTa Ha CTyAOHOCUTENS, IPEMHUHABAII
npe3 Hero (upe3 TpumbTeH BeHTHa — 0-10V ynpasisBari CUTHaI) ¥ ChOTBETHO
MIPOU3BOAUTEITHOCTTA MY.

BeHTunarop — ymparisiBa ce CKOPOCTTa Ha BbPTCHE Ha BEHTHIIATOPBT (upes
yecToTeH mpeodOpasyBaten — 0-10V ympamisiBail CHrHaid) U ChOTBETHO CKO-
poctTa (e0uTa) Ha Bb3/ayXa M0/IaBaH KbM MTOMEIICHUATA.

M3MmepBa ce BBHIIHATA TeMIleparypa (CMyIIaBaiio Bb3AEHCTBHE), KAKTO M CKOPOCTTA
(mebuta) M TeMmepaTypaTa Ha MMOJaBaHUs KbM MOMEIIECHHUATA Bb3AyX (0OpaTHU BPbH3-

2. 3. ®uzuyecka peajausanusi

Crnenudukanusra Ha mojieBaTa aBTOMAaTHKa, KOHTPOJIEPUTE U BXOJAHO-U3XOJHHUTE MO-
JyJId HA OTIMTHATA YCTAHOBKA € MOKa3aHa B Ta0m.4.

Ta6n.4. Cneyuguxayus na noiresama agmomamurxd,
KOHmMpoJiepume u 6X00OHO-U3XOOHUMe MOOYIU

Kar. Homep Mopaea Onucanue
£ 1912-3160-000 STP 120-120 TemrepatrypeH nOTOIsIEM CEH30D
= |0-047-0006-0 SPD 110-500 Pa | Tpancmurep 3a aud. HaIsAraHe
§ 0-046-0500-0 STR 350 LonMark| Crtaen 30HOB ceH30p
E 514-1100-000 EGU CeH30p 32 BbHIIIHA TEMIIEpaTypa
< |731-1725-000 \V311T/15/4 TpunbTeH KOHTPOJICH BEHTHI
® v
&:3 880-0231-030 M400-S2 EnekTpudecko 3aIBIXKBAIIO yCTPOMCTBO
= 332 BEHTHUJI
= 877-0003-000 LE24-SR Enextpuuecko 3a1BHXKBaIIO yCTPOMCTBO

3a [DKP
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0-047-0104-0 SPD 900-200 JlndepeHnmanen npecocTaT Mo HaJsTaHe
512-3006-000 STD 100-150 Kananen TemmneparypeH ceH30p
512-3212-000 STC 110-400 i(;;{g:meﬂ TEMIIEpaTypeH CEH30p 3a
326-0207-000 ATV 61 3kKW YecroreH nmpeoOpa3yBares
326-1205-000 ATV 61 3kKW Lon monyn 3a ATV 61
ESMD152X2SFA |Lenze SMD UecToTeH npeoOpazyBaTes
SAP116850 Zenner - zelsius M3mepBaTeHO YCTPOHCTBO HA CTYI0Ba
CHEeprHsl
SAP116850 Zenner - zelsius M3mepBaTeIHO YCTPOHCTBO HA TOILTUHHA
CHEeprus
PMS10MG PM 810 N3mepBaTeHO yCTpOMCTBO HA
CJI.CHEepPT sl
0-073-0101-2 TAC Xenta 401 Kontponep
= 0-073-0201-1 TAC Xenta 411 Bxona/usxom Mmomyin
2| 0-073-0245-0 TAC Xenta 421A | Bxoa/usxox Moy
S | 0-073-0301-0 TAC Xenta 491 Bxon/uzxom Moy
E‘ 0-073-0812-0 TAC Xenta511B | Ye6 CopBbp
§ 0-073-0031-0 TAC Xenta 282 Kontponep
PCLTA-card
9-073-0010-1 ETT10 ’ LTA anmanrop 3a PC 3a FTT10 mpexa

Que.13. Koumponepha peanuzayus Ha ynpagieHuemo

3akioueHue
B crarusta MomenHo OasmpaH MPEIUKTOPEH YIPAaBISABAIl AITOPUTHM € TPUIIOKCH
KbM MOJIeJIa Ha peanHa crpajga. CucreMara € CUMyJIUpaHa IpH pa3indHu 3aJaHus |
CMYyIIaBaIlli BH3JACUCTBHS, KaTO M B JIBaTa Cliydas YyCIIsIBa Ja JOCTHTHE 3aJaHUETO.
Morar na 0bJ1aT IPOBEACHH TO-HATATHIITHNA H3CIICABAHMS C 111 HaMaJIIBaHe Ha KOJe-
OaHMATa HA YIPABIABAIIUSA CUTHAT Ype3 NMPESU3YUCIIIBAHE HA TPAHHUIIATE MYy WIH 4pe3
U3II0JI3BaHe Ha IPOMEHIIMBO 3aianue [1].
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AJAIITUBHO KOHTPOJIEPHO YIIPABJIEHUE B UHTET'PUPAHU
CI'PAIHHU CUCTEMU

Toxop Uonkos, Xpucro CrosinoB, EBTum Honues, /louo [lankos

Pe3tome:. Paspabomena e ynpasnaeawja cmpameaus, 6a3upana Ha ynpasieHue ¢ npo-
MEHIUBA CMBNKA, BKAI0Y8AUIA 08€ PA3TUYHU YNPABIABAWU CIMPYKMYPU, NPEGKII0UEA-
Hemo mexcoy KOumo e 8 sagucumocm om pabomuusi pexcum. [lpeonooscena e ana-
pPamHa u npocpamua peanu3ayusi Ha YnpasieHuemo Ha noCmvneaujus 6b30yuleH no-
MOK 8 C2paodHu cucmemu 3a Kiumamuszayus. B cucmemama e exnoueno cynepaati-
30pHO HUBO U cpaguuen unmepgetic. C peaiHo nonyyeHu excnepumeHmainu Kpueu
Ha npexooHume npoyecu ca 00KA3aHU Kaiecmeama Ha cucmemama.

Knrwowuosu oymu: aoanmueno ynpaenenue, uHmenueeHmua cepaoa

ADAPTIVE CONTROL IN SYSTEMS WITH CONTROLLERS FOR
INTEGRATED BUILDING OBJECTS

Todor lonkov, Hristo Stoyanov, Evtim Yonchev, Docho Tsankov

Abstract: A Control strategy, based on a variable pitch control, is designed. The
strategy includes two different control structures and switching between the struc-
tures dependingly on the operating mode. A hardware and software implementation
of the control of the intake air flow in building air conditioning systems is proposed.
The system includes a supervisor level and a graphical interface. The quality of the
system is demonstrated in real experiments.

Keywords: adaptive control, intelligent building

1. KontpoJsiepna 6a3a
3a u3cnenBaHe Ha YNPaBICHHETO € M30paHa raMa OT MPOTrpaMHpPyEeMH JIOTHYECKH
koHTposiepu TAC Xenta - cepun 280 u 400 [1]. KonTposepute ce mporpamupar 3a
KOHKPETHO MPUJIOKECHHUE M 3aJla4d, T€ ChIbpPXKAT JOrHYECKaTa CXeMa 3a YIpaBICHHE
Ha cuctemara, LonWorks [2,4] kOMyHHKAaTHBHU ca U MO3BOJISIBAT CBBP3BAHETO MM B
Mpexa. Kontposiepure o0paboTBaT CUTHAIUTE OT JATUHUIIUTE U U3padOTBAT yIpaBiis-
BAllld CUTHAJIM KbM U3ITBIHUTCIHUTE MEXaHU3MH, KaTO PEIICHHUsTa Ce B3eMaT, Oa3u-
paHO Ha AITOPUTHMA H 33J]aUUTE, IPOrPAMHUPAHH B TSX.
CB0OOIHO MPOrpaMUPYEMHUTE KOHTPOJICPU HIMAT MPEIBAPUTEIIHO 3a/1aJicHa porpa-
Ma U TIapaMeTpH, a C€ MPOorpaMHupaT B 3aBHCUMOCT OT KOHKPETHA 3aj]a4a, mapaMeTpu
U MscTO Ha ymoTrpeba. Te Morar ma urpast poJisita Ha 30HOBU KOHTPOJEpPH, KaTo €
BB3MOXKHO JIa C€ M3MOJ3BAT U 3a MOBEYE OT e1Ha 30Ha. DU3NYECKUTE BXOJIOBE U H3-
X0/ Ha Te3W KOHTpoJsiepu ca ¢ukcupan Opoii (Xenta 200/300) wiu BbOOIIE TakuBa
He chiiectByBat (Xenta 400). KbM KOHTpOJIEpUTE € BB3MOXKHO Jla c€ J00aBIT BXOJ-
HO-U3XOJHM TOYKH C TPHIATAHETO Ha BXOIHO-WU3XOJHH MOAYIH. BxomoBere u
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HU3X0OUTC CC PA3AC/IAT Ha JUCKPCTHU U aHAJIOT'OBH (HHKOI/I OT MOAYJIUTC UMAT U YHHU-
BCpCaJIHHU BXOI[OBC), KaTO XapakKTCpUCTHKUTC MM CC 3aJaBaT B IIporpaMara Ha
KOHTPOJICpA CIIOPCA BHAA HA JAaTYULUTC U U3ITBJIHUTCIHUTC YCTpOﬁCTBa, BKJIIOUYCHH
KBbM TiX.

2. O0eKT 3a ynpaBjieHue
DyHKIIMOHAIHATA CXeMa Ha eKCIIEpUMEHTAIHATA KJIMMaTHYHA KaMepa, 0OCKT Ha U3C-
JIeJIBAHETO, € MoKa3aHa Ha ¢ur.1.
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Due.l CDyHKI/!MOHaJZHCI CXema Ha eKCnepumeHmajlina KiumamuiHa Kamepa

OOEKTHT ChaABPKA TPU B3AMMHOCBBP3aHU TIOJICUCTEMH 32 YIIPaBJICHUE!
1. IMoncucrema ¢ 06110 0OpabOTBaHE HA BB3AyXa 3a KIIMMATU3UPAH OOCKT -
CBCTOU CE€ OT CJICAHUTE OJIOKOBE:
* PoTanuoHEeH pekyrepaTop — yIpasjsiBa ce CKOPOCTTa Ha BBPTEHE Upe3 BrpaJicH
npeodpaszyBared.
»  OTomInTeaHa CEKIHS — YIPaBIIsIBa ce JeOUTa Ha TOTUIOHOCUTEIS, TPEMHUHABAII
npe3 Hesl Ype3 TPUITBTEH BEHTHI.
»  OxJlaguTeNHa CEKIMsS — yIpaBisiBa ce JeOUTa Ha CTYJAOHOCTHTEIS, TPEMHHA-
Balll IIpEe3 Hes Upe3 TPUIIBTEH BEHTHIL.
» BenTunaTop — ymnpaBiisiBa c€ CKOPOCTTa Ha BBPTEHE Upe3 YeCTOTEH Ipeodpasy-
BaTell U ChOTBETHO JIeOMTA HA BB3/yXa, I10JIJaBaH KbM ITOMEIIICHUATA.
B Ttasu mozicucreMa ce m3MepBaT BBHIIHATA TeMmIeparypa (CMyIaBailo Bb3IEHCT-
BHE), CKOpocTTa (meOuTa) W TemIepaTypaTa Ha IOJAaBaHHWS KbM IOMEIICHHSTA
BB3/IyX, B KAYECTBOTO UM Ha OOpaTHU BPB3KHU NP YIIPABICHUETO.
2. [Toxcucrema 3a TeHepUpaHe ¥ TUCTPUOYIIHS HA TEUEH TOTUIOHOCHUTEI - ChC-
TOH C€ OT CJICAHUTE OJIOKOBE:
* EjneKkTpuyecKkH KOTell — yIpaBisBa TeMIlepaTypaTa Ha TOIZIOHOCHUTEIIS.
» TpumbTeH BEHTWJ 3a OTOIUIMTETHATA CEKIWMsS HAa BEHTWJIAIIMOHHATAa KaMmepa —
yIpaBJisgBa JIeOMTa Ha TOIIOHOCHTEJIS.
» [lupkyJlaliMOHHA TIOMITa — MOIbPKa MMOCTOSIHEH JIeOMTa B CHCTEMara 3a JICT-
pUOYIIHS Ha TOTUIOHOCHUTEI.
3. Iloxcucrema 3a reHeprupaHe U JUCTPUOYIUS Ha TEUCH CTYJOHOCUTEIN - ChC-
TOH C€ OT CJICTHUTE OJIOKOBE:!
» BomooxmaxaaeM TEpMOIOMIICH arperar — ympapisiBa TeMmIleparypaTa Ha CTy-
JTOHOCHTEIIS.
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. TpI/IH"bTeH BCHTHJI 3a OXJIAAUTCIIHATA CCKIHA Ha BCHTUJIAIIMOHHA KaMCpa — YII-

paBJsiBa I[e6I/ITa Ha CTYAOHOCHUTCIIA.

* JlupkyJanMOHHA MOMIIA — MOAAbp KA MOCTOSIHEH Je0UTa B CUCTEMAara 3a JHCT-
puOyLIHS HAa CTYIOHOCHUTEIL.

Ha ¢ur.2 e mokazana o61iara 6J10koBa cxema Ha U3CJIeIBaHUS OOCKT

BtHWHa l
Temnepatypa

Debut Ha

BXOAALLMA Bb3AyX

TemnepaTypa
Ha BXoAALmMS

(L CraiHa
TemnepaTypa

GasnpaH Ha
aganTuseH
anropuTbm

Ynpaenasaw 6nok,

TAC Xenta

>

PLC koHTponepu

MopcucTtema ¢ obuio
oBpaboTBane Ha
Bhb3Ayxa 3a
KMUMaTuanpad obekt

j

Bb34YX

KnumatusupaH

4 4

Enextpuuecku katen

MNogcucrtema 3a
rexHepupaHe n
anctpnbyums Ha
Te4eH TonnoHocuTen

Bopooxnaxaaly
arperat

MNogcucrtema 3a
reHepupaHe n
anctpnbyums Ha
Te4eH cTyfoHocuTen

A

obekr

Due.2. Obwa 610K08a cCXema HA U3CAe0B8AHUSL 0DEKm

3. YnpaBJjieHue Ha TeMIepaTypaTa Ha BXOASIINS Bb3AyIIeH MOTOK Ype3 KOMOu-
HHUpaHa CHCTeMA 10 3a/laHHe U CMYIIeHHe.

CTpyKTypHaTa cXeMa Ha 3aTBOpEHATa CHCTEMa 3a YIPaBJICHUC Ha W3ITbIHUTCITHUTE
MEXaHHM3MH 3a PEryIMpaHe Ha TEMIEpaTypara Ha BXOISAIIUSA BB3AYX (TPUIIbTECH BCH-
TWJI HA OTOIUIUTENIHA CEKIHs, POTAIMOHEH PEKyIepaTop, TPUITTCH BEHTUJI Ha OXJia-
JUTEIHA CEKIUs) € oKa3aHa Ha (ur.3.

3apanne
(oTMecTBaHe)

BbHwHa

|

dopmuposaTen Ha
3apaHvue

L.

WHuunanuaupaly,
6ok

Temnepartypa

Moaucpuumpar PID

TNornueckn Gnok

TpMITbTeH BEHTUIT Ha
aTonnuTenHaTa Cexkuus

Perynupyema
TemnepaTypa Ha

BXOASLUNA Bb3AYX
PoTaumnoHeH pekyneparop

TpMITbTeH BEHTUIT Ha
oxnagutenHaTta cexkuus

Que.3: CmpykmypHa cxema 3a ynpaeienue Ha memnepamypama Ha 6xo0auusl 6b30YX

Crparerusita Ha ynpaBlIeHUETO Ce pa3/eis Ha JBa eTana:

1 etan. YnpasieHue 1o BpeMe Ha CTapTUpaHe Ha cucteMata ¢ oomo (oTmane-
4eHO) 00paboTBaHEe Ha BB3/yXa 332 KIMMATU3UPAHUTE TIOMEIICHUS. 3a TO3H eTall, KaK-
TO W 3a BTOpHSA, CIEBAI CIE/] HEro, € XapakTepHo, 4e 3alaHueTo ce ¢popMupa upes
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HeJNMHEeWHa (YHKIMOHAHA 3aBUCHUMOCT, HM3rpajieHa OT IPEeABAPUTENHO (UKCHpPaHU
YeTUPHU TEMIIEPATypHU TOUYKH, 3aBHCEIIM OT BBHIIHATA TeMIepaTypa (CMyliaBaimio
BB37ciicTBUE). [10 BpeMe Ha cTapTupaHe WHUIMATU3UPANIHIT OJIOK CPaBHSBA 3a/1aHU-
€TO C BBhHIIIHATA TeMIepaTypa 1 Ha 6a3aTa Ha Ta3H pazauKaTa u3paboTBa yIpaBisiBalll
curHasl 100% oTBOpeHO MOJNOXKEHUE KbM TPUITBTHUS BEHTUJ HA OTOIUIMTEIHATA CEK-
U 3a TpeIBapUTeNHO 3amazeHo Bpeme (4 cekynau 3a 1C° pasmuka) ¢ nen
peIBapUTETHO MOArPSIBAHE HAa OTOIUIMTENHATA CEKIUS MPU HEpabOoTEelU BEHTHIIATO-
pu.

2 eTam. YmpaBJeHHUE cle]l CTAPTUPAHE Ha cucTeMara ¢ o0Io (oTaanedeHo) oo-
paboTBaHE Ha Bb3AyXa 3a KJIMMaTu3upaHuTe nomemuieHus. Cien KaTo 3aBbpIlN CTap-
TUPAHETO HAa CHCTEMATa YIIPABICHUETO HA M3IBJIHHUTEIHUTE MEXaHU3MH CE pealu-
3upa upe3 moauduiupan [11]] perynaTop, Ha Bxo/la Ha KOWTO Ce MOJaBa rpemkara
MEXIy 3aJlaHMETO W peryjaupaHara BeJuunHa. M3XoabT Ha peryiiatopa yrnpasisiBa
JOTHYECKH OJIOK, KOWTO ompeness KbM KOU U3II'BJIHUTEIHM MEXaHU3MU Ja Obje 1o-
nafeH ympasmsBamuar curHan. CoeiHoctra Ha Monupuuupanus [TU]] ce cheTou B
IPWIAraHETO HAa MHOTOMO3UIIMOHHA CUCTEMAa C MPOMEHJIMBA CTHIIKA, 3aBUCEIIA OT
rpemkara MeXIy 3alaJcHUs W JACUCTBUTCTHUAT neout (B ciydas audepeHInaTHoO
Hausrane) - ¢ur.4.

F 3ap

Is1=(1-5)Hz

””””””””” 3 S2=(0.1-1)Hz

S2=(01-1)yHz & T

APe
Perynatop ¢
Psag — ynarop F sag
S1=(1-5)Hz NPOMEHNMBA CTbMKA | »

PuamepeHo

Que.4. Pecynamop ¢ npomeHIu8a Cmvnka 3a ynpaesieHue Ha 6b30yueH 0eoum

[Tpr oTYMTAaHETO HA 3HAYMTENIHA 1O TOJIEMHHA Pa3liiKa ce U3paboTBa YIpaBIIsBalll
CHTHAJI ¢ rojisiMa cThIKa S1 (C Bb3MOXKHOCT 3a KOPEKIIHs OT OlepaTopcKara CTaHIIHs
or 1 mo 5 Hz) [6, 7], mokaTo mpu moOamkaBaHe Ha HM3MepeHATa CTOMHOCT 10 3a-
JaHHETO, Ce MPEeMUHABA HAa U3pabOTBaHE Ha YIpaBJISIBAI CUTHAJI ¢ MaJIKa CThIKA S2
(c BB3MOXKHOCT 32 KOpeKIus oT omneparopckara cranius ot 0,1 mo 1 Hz). Ilpu nocru-
raHe Ha IpeIBapUTEITHO 3aaJIcHa 30Ha Ha HewyBcTBHUTEIHOCT (dead zone) perymaro-
PBT HE MPOMEHS YIIPABIABAIIMS CUTHAT KbM U3IIBIHUTEIHUS MEXaHU3bM (4eCTOTCH
npeoOpasyBaren).

4. IIporpamMHa peaju3anusi Ha ypaBJeHUETO.
3a BCEKH KOHTPOJIEp OT CHCTEMAaTa ce Ch3/1aBa mporpama ¢ jorundecku Gpyunkiuu [3], B
Hest ce AepUHUPAT BXOJHO/M3XOMHUTE MOJIYJIM M THIIA Ha BXOJOBETE/M3XOIUTE M,
KOWTO MOTaT Jia ca Nu(ppoBU, aHATIOTOBU WJIM YHUBEPCATHH.
TumbT 1 XapakKTePUCTHKUTE Ha BXOAOBETE/M3XOIUTE B IIPOrpaMara OTroBapsT Ha (u-
3MYECKUTE XapPaKTEPUCTUKUA HA CBBP3AHUTE KbM TIX CEH30pW M HM3IMBIHHUTEIHUA Me-
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XaHU3MHU (32 TeMIIepaTypeH CEH30p - TEPMHUCTOpeH/aHamoroB Bxo ). Beekn Bxoa/u3xos
ce HaMEHYBa €JHO3HAYHO B IsijlaTa CUCTEMA U CE Pas3IIek]a KaTo CUTHaJI C JaJIeHa
CTOMHOCT, BB3MOXKHO € JC(QUHHUPAHETO HA CUTHAIHM, HEOOBBpP3aHU C (PUINUYECKH
BXOJ/M3X0/l — KOHCTAaHTH WJIM MPEXKOBU MPOMEHIMBU. BXomHute curHaim ce o0-
paboTBAT OT JIOTMYECKU (DYHKIIMH, U3XOJUTE HA KOUTO Ca CBBbP3aHU KbM HU3XOJHUTE
CUTHaJIM Ha mocieaBany 0jokoBe. Jlornueckure GyHKIMU ChIbpKaT B ce0€ CU KOH-
CTaHTH, BPEMEBU TpaduIlM, JTOTUYECKH ONepaTopu, Mojeau Ha (pu3NYecku (QyHKIHUU
U T.H. 3a Ch3/laBaHE Ha Mporpamara 1 3apekJaHeTO U B KOHTpoJIepa ce IoJia3Ba cod-
tyepHoTo npunoxkenue TAC Menta. To pasnonara ¢ rpaduuen unrepdeiic, B KOUTO
CUTHAJIMTE U JIOTUYECKUTE (DYHKLUU ca MpeIcTaBeHu ¢ rpaduyHu o0ekTH. Bpb3kure
MEX]Ty OOEKTUTE ca MPEJCTABEHU ChC CBBP3BalH JIMHNHU, KaTO CBbP3BAaHETO HA 00EK-
TH C Pa3lIM4YHU XapaKTEPUCTHKH (aHAJIOroB C aurutaieH) ¢ Herb3MoxkHo. C TAC
Menta e Bb3MOXHa ¥ CUMYJIallds Ha HalpaBeHaTa Mporpama 3a OTKpUMBaHE Ha TPEIKU
Ipeau 3apeKIaHeTo U B KOHTpoJepa.

Ha ¢ur.5 e n3o6paszena gact ot Tekymara nporpama, a ¢ur.6 mosicHsiBa alropuTbMa
Ha PIDP perynartop. OnucanueTo Ha BXOJOBETE U U3XOAMTE HA PEryJsiaTopa € Moka-
3aHo B Ta0x.1.

Lale L]
“aluz ORCE
| HFAT - ——p HFE
Federence eterancea B Oafpm

|mm s XPR 5] XFE HFAQ
L= Gain MB!ﬂL?C:lDD ABS (&)
[smean —
— L DeadSiZo::l PRCNT Exchanger
o — ] 8 o]
GairExzhanger _B' Illeo‘gn
|H:FAI ClBoa:c
n
|M;M . PRCNT Heat
[[T1y3
) — [ —y—(mrao]
|m.-u ClEoa:c m
Cead dore
|m?.-u
®uz.5. Pecynamop PIDP
0 _ fo ®LPD)
g O N
Ek) G
|
MV (k) ~
+ GT N
O s
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A tT 1774 @D
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Due.6. Aneopumvm na pecynamop PIDP
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Tabn.l Bxooose u uzxoou na pecyramopa

MV REAL H3mepena cTOMHOCT
SP REAL 3aganue
Mode INTEGER | Pexum
G REAL [IponopimonanHa chCcTaBKa
Ti REAL WHTerpasiHa cChCTaBKa
Td REAL Jndepennunania chCcTaBKa
DZ REAL 30Ha Ha HEUYBCTBUTEIHOCT
TSg REAL Cnensiug curHain (akTyanaHaTa CTOMHOCT OT MPEIUIIHUS

KOHTPOJICH CUTHAJ).
Controlint | REAL YupasinsBai uHTepBai (Sec)
UMin REAL MuHMMaIHa CTOMHOCT Ha YIPaBJISBAIIMS CUTHAI
UMax REAL MaxkcumaliHa CTOMHOCT Ha YIpaBJisiBallUs CUTHAI
StrokeTime | REAL Bpeme 3a peakuus Ha 3aJIBKBAIUSL MEXaHU3bM (SEC)
OUTPUT REAL W3xon

Ha ¢wur.7 e moka3aH pealM3UpaHUsIT MHOTOIIO3UIIMOHECH HEJIMHEEH PEeryJiaTop ¢ Mpo-
MEHJIMBAa CTBIIKA 3a YIpPaBIEHUETO Ha BeHTwiaropure. Ch3gajeHara mporpama e
CBHBKYITHOCT OT HSKOJIKO MOJ00HU (D)YHKIIMOHATHHU OJIOKA M peajn3upa HAIThIHO YII-
paBJICHHETO Ha KIMMAaTUYHATa KaMmepa OT u3cieABaHUs 00eKkT. ChIIIacHO Mporpam-
HaTa JIOTUKA CTApTUPAHETO HA CHCTEMAaTa IIe C€ U3BBPIIH B CIIeHATA MTOCIIEeI0BATEN-
HOCT B PEKUM OTOIJIEHUE, n300pazeHa Ha Qur.8:

N3uucnsaBa ce pa3nukara MeXIy BbHILIHATa TeMIepaTypa U TeMIleparypara B
KIuMaTU3upanuTe noMenieHus. Ha 6a3ata Ha Ta3u pasinuka ce KaJlKyJupa U
BPEMETO 32 MPEABAPUTEITHO 3aTOIUISIHE HAa OTOIUIUTENIHATA CeprieHTHHA (Ham-
pumep 150 cexk.).

[Tpu otueten curnan (ppuHO popcupaH, BpeMeBH rpaduK U Ip.) CE 1Mo/1aBa yii-
paBisiBalll CUTHAJ KbM OTOIUIMTENIHUA BeHTHI 3a orBapsHe Ha 100%. Mo-
MeHTBT 1.

Crnen 60 cex. Bpeme 3a oTBapsiHe Ha oToruMTeTHUAT BeHTUs Ha 100% 3amousa
Jla ce OTOpOsiBa KaJKyJIMPAHOTO BpPEME 3a MPEABApUTENHO 3aTOIUISTHE Ha cep-
neHTuHaTa. MOMEHTBT t2.

Cnen 150 cek. ce mojaBa ympaBisiBalll CUTHAJ Ha OTOIUIMTEIHHUS BEHTUJ 3a
3arBapsHe Ha 0%, KaKTO ¥ ce MmojiaBa yIrpasisBalll CUTHAT KbM KATy3HHHHUTE
pemetku 3a otBapsineto uMm Ha 100%. MoMeHTsT t3.

Crnen 60 cek. oTorUMTENTHUAT BEHTHI € oTBopeH Ha 50% u ce mogaBa ynpasis-
Balll CUTHAJ HAa POTAIMOHHUAT PEKYIepaTop 3a JAOCTUTaHE HAa MaKCHUMAallHU
o6opotu — 100%. MomeHTHT t4.

Crnen 60 cek. xamy3uitHUTE PEIIETKH Ca HAIMBIHO OTBOPEHH, PEKyNEpaTOPbHT
paboTH Ha MaKCHMMalHU OOOPOTH W OTOIUIMTENHATa CEPIICHTHHA € MpeaBapu-
TETHO TOJATPATa 3a HOBOMOCTBHIBAIIMS CTYACH BB3AyIIeH moTok. [lomaBa ce
yIOpaBisiBalll CUTHAJI Ha M3CMYKBAlllUs BEHTWUJIATOp 3a cTapThpaHe Ha 25HzZ.
Bpemenara 3a pa3BbpTaHe Ha YeCTOTHHUTE MTPeoOpa3yBaTeIn Ha BEHTHIATOPUTE
ca HaCTPOEHHU Jia mocTurar kenanarta yectora 3a 30 cek.. MoMeHTBT 6.
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= Cnen 30 cek. ce crapTupa MoIaBalTUsAT BEHTHWIATOP 10 ONKMCAaHATa Be4e TMocIe-
oBaTEeIHOCT. MOMEHTHT t7.
» Cnen 30 cek. ce cunTa 4e CTApTUPAHETO € 3aBBPIINIO M yIPaBISIBaHATA TIOJIC-
Ba aBTOMAaTHKa NMPEMHUHABa KbM YIIPABICHHUE OT MNPUJICIKANUTE UM JIOKATHU
perynatopu. MoMeHTBT t8.
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Que. 1. MHOZOI’ZOS’UUUOH@H HEJNUHEEH pecylamop C NPOMEHIUBA CMvbnKa

100%
50%

Benrun oromieHHe
0% 100%
FKanyswifHew pemeTkH
0% 100%
PoraumoHeH pexynepaTop
v% 25Hz
BeHTHNATOP HACMYKBAHC
v% 25Hz
BenTunarop nojasane | |
0% 1 2 3 4 6 t7 18

19

@ue.8: Ilpumepra nocredogamennocm npu emana Ha CMmapmupaHe

5. I'paduyen unTepdeiic U cynepBaii3opHO HUBO HA YNIPABJIEHUETO.

Oerpert
HFAOQ

['padpuunuaT ocHoBeH codTyepeH MOy ¢ (PYHKIMU 3a IBETHA rpaduka, 00ciIyKBa-
HE Ha aJlapMH, [IPAaBO Ha JOCThII/3aINTa, IIAHUPAHEe, XPOHOJOTHYEH 3aITUC Ha TPEH/I-
TaHHU U ayOnmpane Ha gaHHU. [ paduanust uaTEpdeEiic Ha pa3pabOTEHOTO yIpaBJe-
Hue [5] ce 6a3upa Ha HAKOIKO rpaduanu cTtpanuiy. Ha ¢ur.9 e mokazanu natepdeiic
Ha TTapaMeTpUTe Ha KIIMMaTUYHATa KaMepa 3a CBEK BB3/IyX.
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<€ 90.0 Secon
¢ 150°C

b Dead Zone

< 0.50°C > RIEHEILE]
AL Lk ] Manual Setpoint

TU SOFIA - BUILDING AUTOMATION

bl Accelaration Time

< 15.0 Secon

AR Start Speed
LR UL Manual Setpoint

Accelaration Time

Exhaust Volume
< 500 m3h > EGILT
< 1900 m3th > EEEILLILT

ARLLILER] Alarm Zone

Night Ventilation

< 140°C »

Setpoint
Minimum

LN Treshold On

< 1.0°C >EEENGLE]
< 15.0 Minute > JeEERe

<150.0 Secon > EIEVE RIS

ALIUETTENR] Accelaration Time

st s
L LAY Manual Setpoint

LR AUNT] Heat Pump Limit On
< 500 b Heat Pump Limit Off
Cool Pump Limit On

< 500 by Cool Pump Limit Off

Heaimg Valve
( I] 0%  »QIERIE] Satpmnt

< 30.0 Secon » IJeIayI Supply Fan

< 0.0 Second » @B ETHE ST

< 15.0 Minute > JENETUNTR TN

Cuo\mg Valve
< 0.0 % k] Manual Saipnlm

AIR HANDLING UNIT - PARAMETERS

( [R"E] Tout correction

¢ 0.75°C

LRI Mode Treshold

}d Mode Dead Zone

< O0mdh

Sopoint

L] Dead Zone

< 100 m3'h > EEERUEATTY

bl Low

Que.9. I'paguuen exkpan — napamempu

< 14.0°C

Hign
¢ 2.0°C i} Setpoint Zone

pd Law

Page.Up.Link <--> -System

CynepBaifl30pHOTO HMBO Ha CHCTEMaTta 3a crpajacH MeHUIKMBHT (BMS) e peanusu-
paHO KaTo OIepaTopcKka CTaHIUS 3a JHUCIICYCPCKO HAOIIOACHHWE W YNpaBiICHHE Ha
MPOIIECUTE 3a KOHTPOJ - rpaduieH paboreH uHTEepdeiic, o00paboTka Ha amapMH, Xpo-
HOJIOTWYCH 3allUC Ha TPCH[-IaHHHW, JHCBHHK HA CUCTCMHHTE OICPAIlMH, MPaBO Ha
KOHTPOJIMPaH JAOCTHIT M 3allUTa Ha JaHHUTE. [lomabppKar ce ClieTHUTe OCHOBHU (yH-
KIIHH:

JIMHaMW4YHU TPEH]I — KPUBH.
['padpruno M3BEKTaHE HA CTOMHOCTUTE U XPOHOJOTUYHUTE 3aIUCH.
CHeMaHe Ha JaHHU B PEAJIHO BpeEME.

CJ'IC,Z[CHC Ha CTaTyCa U HAJIMYHUCTO HA aJlapMU.

[Tonpexxnane Ha ajJjapMUTE TIO TPHOPHUTETH.
WNnentudukaims Ha TOTpeOUTENS.
N3roTBsine Ha BpeMeBH rpadully.
BbBexane Ha KPUTUYHH U TPEAYNPEAUTEITHN TPAHUIA HA KOHTPOJIUPAHHUTE

napameTpH.

PpuHO ynpaBneHne Ha KOHCYMaTOPHTE.

6. EkcnepuMeHTAJTHH pe3yJITaTH
EKcriepuMeHTaTHOTO M3C/IeIBAHE HA CUCTEMaTa ¢ MPOBEACHO B PEXKHUM HA HOpMaJiHA
paboTa Ha CUCTeMaTa B IIYCKOB U YCTAHOBEH PAOOTHU PEKUMHU
3ajaHuATa HA PETYJIMPAHUTE BEIMYMHH TP U3CIICABAHETO Ca:
JleOuTt Ha u3cmykBai BeHTHiIaTop — 1900m3/h

Jle6ut Ha moxasamy BerTwiatop — 1900m3/h
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o Temnepatypa Ha nogaBanus Bb3ayx 22.4 C°
o Temneparypa Ha TorioHocurens - 55 C°

®durypu 10, 11, 12 u 13 npexacrasassat “Online Chart” Ha pasnuyHu BeTUYHHU TPU
peasTHu eKCIIEPUMEHTH.

@ue.10 /leoum na usxevprsawusn senmu-  DPue.11. Jlebum na uzxevprsiwus eHmu
JIamop npu cmapmupane Jlamop no epeme Ha paboma

— Misgation, Staik! viaring.ing Sgrain. Sy viem. A g g

M Sn4 sty

= e

Que.12. Temnepamypa na nodasanus cbuelS Temnepamypa Ha nodaé&uﬁ
8b30YX NpU cmapmupane 8b30VX N0 8peme Ha paboma

Ot ¢Qurypute MOXe 1a ce HampaBu M3BOABT, Y€ TEMIIEPATYPHUSIT PETYIATOP C Jaje-
HUTE HACTPOUMKH, YIIPABIIBAUKN POTAMOHEH PEKYIIepaTOp U TPUITHTEH BEHTHII, O~
IbpiKa 33IaHUETO C YJOBJIETBOPSBAIO KadecTBo. [Ipu crapTupaneTro OiarojgapeHwe
Ha BBBEJICHOTO MPEIBAPUTEITHO 3arpsBaHe Ha OTOIUIMTEIIHATA CEPIICHTHHA TeMITepa-
TypaTa Ha TOoJaBaHus Bb3yX ce MOHMXkaBa 10 MuHUMaiHa croiHoct 20.8C° (150 cex
ClIe]] cTapTHpaHeTo Ha BeHTHiIaTopuTe). Ciel NpHUKIIIOUBaHe Ha Mpolleca Ha CTapTH-
paHe MpUJIekKAIUAT pPeryiaTop MOIIbpKa 3aaajgeHara Ttemmepatypa ot 22.4C° ¢
MaKCHMAJIHO OTKJIOHeHHUe 1o BpeMe Ha pabota 0.3C°. Iloacucremara 3a reHepupaHe
1 TUCTpuOyIIMs HAa TEUYEH TOIUIOHOCHUTEI € ChC 3ajazeHa Temieparypa 55C°, koero
MOKa3Ba 4Ye CHCTEMaTa MMa KamaluTeT Ja MOKPHUE MO-TOJIeMU TOIIMHHH TOoBapu. Pe-
TyJIaTOpbT Ha BB3AyIIeH aeOuT 3a Bpeme ot 200 cek. mocTura 3aaHuero, HO 1o Bpe-
Me Ha paboTa ce moJydaBaT MO-TOJIEMU OTKJIOHEHHS Ha JEUCTBUTEIHUTE CTOMHOCTH
ot 3amanaeaute (100m3/h). IIpuurHaTa 3a TOBa € CPAaBHUTEIHO MajikaTa CTOWHOCT Ha
3amaieHus AeOUT, BUCOKATa YyBCTBUTEIIHOCT HA U3MEPBATECIHUAST CEH30P 3a CKOPOCT
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(1eOuT) Ha BB3AYIIHHUAT MOTOK, U3XOAHUAT CUTHAI HA KOMTO HE € pUATpupaH Ha eTa-
ma Ha M3CJCABAHMUSA, KAaKTO M peallM3UpaHus MPHUHIIMI Ha M3MEpPBAaHE HAa CKOPOCT Ha
BB3yIIeH AeOuT (Upe3 m3MepBaHe Ha AU(EpEHIMaIHa pa3jinka B HAIATAHETO BBHB
NPUJISKAIIUAT BB3AyX0Bo ). ToBa Hajmara npernopbKkaTa TOYHOCTTA HA PEryIMpaHe aa
ce MoJ00pH Upe3 BHBEKIAHETO HA JOITBIHUTEIIHA MEPKH KaTo HAarpuMep: GuiITpupa-
HE Ha BXOJAIIMS CUTHAJI OT CEH30pa 3a CcKopocT (1e0uT), mpoMsHa Ha 30HAaTa Ha
HeuyBcTBUTETHOCT (Dead Zone), mpomsiHa Ha CcThIIKAaTa HA peryjaTopa W Jp., KaTo
CTOMHOCTHUTE Ha BCHYKH MapaMeTpH, MOJUIC)KAIIN Ha ONTUMHU3HUPAHE, ObAaT NOIYYCHU
M0 EKCIICPUMEHTAJICH BT BHPXY U3rPajicHaTa ONTUTHA CHCTEMA.
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OIIMTHA CUCTEMA 3A EKCIIEPUMEHTAJIHA OHEHKA HA YIIPAB-
JEHUETO U EHEPTUMHATA E®EKTUBHOCT B CUCTEMMU 3A
CI'PAJHA ABTOMATU3ALIUA

Xpucro Crosinos, /louo llankos, EBTum Uonues, Togop Honkos

Pe3tome: B pabomama ce onucea cv3oadena usuyecka onumua KOHmMpoiepHa Cuc-
mema 3a eHepeUuliHu OYEeHKU HA YNpAGIeHUemo HA UHMe2PUpaHu cepaoHu 0OeKmu.
Cucmemama no3eons6a u oyenka Ha Kayecmeomo Ha ynpasienue. [lonyuenu ca exc-
nepuMeHmantiy OYeHKU 3a eHepeutinama eqhekmueHocm Ha mpu pa3iudHu ynpaeis-
sawu cmpameeuu. kiacudecxko IIH-pezcynupane, moouguyupan IIH]] konmponep u
MOOENIHO-NPeOUKmueeH KOoHmpoJep.

Kntouosu oymu: enepeuiina egpekmusHocm, MoOeIHO NPeoCcKa38aujo YnpasieHue, ex-
CHEePUMEHMATIHO OYeHsAB8AHEe

EXPERIMENTAL SYSTEM FOR EVALUATION OF CONTROL QUALITY
AND ENERGY EFFICIENCY IN BUILDING MANAGEMENT SYSTEMS

Hristo Stoyanov, Docho Tsankov, Evtim Yonchev, Todor lonkov

Abstract: The work describe the development of physical experimental control system,
based in controller family TAC Xenta, for energy evaluation of integrated building
systems. The system also allows evaluation of the quality of control algorithm. Re-
ceive were experimental estimates of the energy efficiency of three different control
strategies: a classical Pl-control modified PID controller and model-predictive con-
troller.

Keywords: energy efficiency, model predictive control, experimental estimation

1. IIpuHOMIHA OCHOBA

Peaym3anusra Ha pa3inyau 3akoHu [3] 3a yrnpaBjieHrue B CUCTEMU 3a KIIMMAaTU3AIUS 1
BEHTHJIAIMS U3UCKBA MPEABAPUTEIHOTO OIICHSBAHE HA TSAXHATA CHEPrHiiHA ¢EKTHB-
HOCT. E(ekTHBEH HauMH 3a U3BBHPIIBAHETO HA Ta3M OLCHKA ¢ (PU3UYCCKOTO CKCIIC-
PUMCHTHpAHE Ha pa3jIMYHU 3aKOHH 32 YIIPAaBJICHHE, ChIIPOBOJICHO C PEATHO W3MEpBa-
HE Ha KOHCYMHUPAHHUTE MOIIHOCTH. 3a IIeJiTa O¢ Ch3/1aJicHa ONMMTHA (U3HYECKA CHUCTE-
Ma, BKJIIOYBAIIAa KOMIUICKC OT J[BE€ B3aWMOCBBP3aHH H3IBIHUTECIIHA CUCTEMH 3a BCH-
TWJIANUA ¥ KauMatu3aius. [1o To3u HauuH cTaBa Bhb3MOKHO IIPHJIaraHeTo Ha eHaTa B
Ka4eCTBOTO W Ha ympasisBaHa (M3cie/BaHa), a Ha Jpyrara - KaTo ,,HaToBapBamia’,
T.C. TEHEpHpaIla CMyIllaBallly Bb3aelcTBrs. bilokoBaTa cxemMa Ha pa3pabOTCHHS KOM-
IUIeKC ¢ Toka3aHa Ha ¢ur.l. CrenudukanusaTa Ha U3MOJI3BAHUTE MTPH H3TPAKIAHETO
Ha CHCTEeMara I10JIeBa aBTOMATHKAa, KOHTPOJICPUTE U BXOHO/M3XOAHUTE MOIYJIH, ChI'-
nacHo ¢yHKIMOHaIHaTa cxema (¢ur.2) e onucana B Taodu. 1.

© 2011 Publishing House of Technical University of Sofia 59
All rights reserved ISSN 1311-0829



Konrponepure TAC Xenta [1] cepun 280 u 400 ce nporpamupar [2] 3a KOHKPETHO
NPUIOKECHUE U 33aJ]a4a, Te ChIbPIKAT JOTHUECKaTa cXeMa 3a yIpaBJIeHUEe Ha CHCTEMa-
ta, LonWorks komynukatusuu [4] ca v O3BOJISABAT CBBP3BAHETO UM B Mpexa. Kon-
TpOJIepUTE 00pabOTBAT CUTHAIUTE OT JNATUYHMIINTES W M3PadOTBAT yIPABISABAIIN CHT-
HAIlM KbM U3IIBIHUTEIHUTE MEXaHH3MH, PEIICHHUATA CE€ B3UMAT BCJIEACTBHE Ha ajro-
pUTBHMa M 3aJa4nTe, IPOrpaMHpaHy B KOHTPOJIEPA.

NamepBaHe Ha OTonnuTenHa Oxnagutensa OBpaTHN BpB3KKM Mo
CcMyLLaBaLLo BEHTUNAUNCHHA BEHTUMAUNCHHE perynvpyema
Bb3JeNCTBUE Kamepa Kamepa Temnepartypa n gebut

Porauvoren + BeHtunatop
pekyneparop Texog VBXxoj
YnpaeneHue Ha npasnsizaH 4ebut Ha npaensizaH 4ebut Ha YnpaeneHue Ha
0 CKOpPOCT TONnoHocUTEN cTyaoHocKTen cKopoCT
YnpasnsiBaHa TemnepaTypa YnpaensiBaHa TemnepaTypa
Ha TOMNoHoCUTENSA Ha CTyaoHoCKTEnNsA
TpUTLTEH BeHTUN TpUMTbTEH BeHTIN Bopooxnaxpaem
EnekTtpuyeckn
—D xoten OTONMMTENHA CEKUVA OXJIaanTenHa cexuma TepMonMnieH  K————
3agageHa BEHTUrNALMOHHA Kamepa BEHTUNaLMOKHa Kamepal arperar 3apapeHa
Temneparypa Ha YrpasneHne YrpasrieHne Temneparypa Ha
TONNCHOCUTENSA ebut Ha Ae6UT Ha cTyAoHocuTens
TONnoHocUTEN cTyaoHocuTen
LnpkynawuonHa Lupkynaumonta
nomna nomna
YnpasneHue YnpasneHne
nedut Ha nebut Ha
TONMNCHOCUTEN: CTyAoHOCUTEN
TPUMbTEH BEHTUN TpWITbTEH BEHTUN
QTONMMTENHA CEKLMA OXTIBIATENHA CEKLMA
BEHTUNALMOKHM BEHTUALMOKHM
@ KOHBEKTODM KOHBEXTODH )
YnpaenseaH 0ebut Ha YnpaensizaH Aebut Ha
P A P A O6paTHW BPB3KK NO
TONnoHocUTEN cTyfoHocuTen o
perynvpyema cranHa
Temneparypa
> Berntnnatop
OTonnuUTENHa cekuus OxnagutenHa cekumnsi Zr YnpasneHne cKOpoCT Ha
BEHTWUNALMOHHA Kamepa BEHTUIALMOHHA Kamepa BEHTUMATOPR

Que.l. bnoxosa cxema Ha eKcnepumermainama nocmaHnoeKda

CB0OOOHO MPOTPaMHUPYEMHUTE KOHTPOJIEPU HAMAT MPEABAPUTEITHO 3aaZicHa Mporpa-
Ma U TapaMeTpH, a ce MporpaMupaT B 3aBUCHMOCT OT KOHKPETHA 3ajada, mapamMmeTpu
U MACTO Ha ynotpeba. Te MoraT Ja urpast poJisita Ha 30HOBH KOHTPOJIEPH, KaTO MO-
e Jla ce M3IO0JI3BaT 3a TOBeUYe OT eaHa 30Ha. DPU3HUYECKHUTE BXOJOBE M M3XOAH Ha
Te3u KOHTposiepHu ca (ukcupan O6poit (Xenta 200/300) uiau BHOOIIE TaKWBa JIMIICBAT
(Xenta 400), kaTo KbM KOHTPOJICPUTE MOXKE Jia C¢ J0OABIT BXOJHO-U3XOJHH TOYKH C
100aBsIHETO HAa BXOJHO-M3XOJHU MOIYJH. BXOmOBETe M U3XOAWTE CE pa3ACiAT Ha
JTUCKPETHH M aHAJIOTOBH (HSKOW OT MOAYJIMTE MMAT YHUBEPCAIHU BXOJIOBE), KaTO Xa-
PaKTePUCTUKHUTE UM CE€ 3a7aBaT B MpOrpaMara Ha KOHTPOJIepa CIIOpeT BUAa Ha TaTdu-
IIUTE U U3IIBIHUTEITHUTE YCTPONCTBA BKIIOYCHH KBM THAX.
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Due.2. @yHKLﬂ/IOHCZJZHa cxema Ha onumurama ycniaHoeKka

Tabn.l Cneyugurxayus na KomMnoHenmume

IloJaeBa aBTOMATHKA

Mopaea Onucanue O3HauyeHue
STP 120-120 TemrepatypeH noTOIsIEM CEH30D 1T2,1T4
SPD 110-500 Pa Tpancmurep 3a mud. HansiTaHe 1P1, 1P2

STR 350 LonMark | CtaeH 30HOB ceH30p 178
EGU CeH3o0p 32 BbHILIHA TEMIIEpaTypa 1T1
V311T/15/4 TpunbTeH KOHTPOJICH BEHTHII 1Y3,1Y4, 1Y5, 1Y6
M400-S2 EnexTpuyecko 3a1BUKBaIio ycr- 1Y3,1Y4, 1Y5, 1Y6
POMCTBO 3a BEHTHUJI
LF24-SR Enextpuuecko 3aBHKBAIIO YCT- 1Y1,1Y2
porictBo 3a [DKP
SPD 900-200 HNudepennuanen npecocrat no Ha- | 1P3, 1P4
JsITaHe
STD 100-150 Kananen TemrneparypeH ceH30p 176, 1T7
STC 110-400 KoHTakTeH TeMnepaTypeH CeH30p 1T3, 1T5
ATV 61 3kW YecroreH nmpeoOpa3yBaresn 1V1
ATV 61 3kW Lon moxyn 3a ATV 61
Lenze SMD YecToTeH npeoOpaszyBaTen 1V3, 1V4
Zenner - zelsius W3mepBatenHo ycrpoiicTBo Ha cty- | 1W3, 1W4
JI0Ba CHEPTHUs
Zenner - zelsius W3mepBarenHo ycTpoiictBo Ha Tor- | IW1, 1W2

JIMHHA €Heprus

PM 810

N3mepBaTerHO yCTPOMCTBO HA
€J1.eHEPTUsl

1PM1,1PM2,1PM3
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TAC Xenta 401 KonTporep Al
= TAC Xenta 411 Bxon/uzxom Moy A2
& | TAC Xenta 421A | Bxoa/usxon moayn A3, A4
s | TAC Xenta 491 Bxon/usxon Mmomyn A5
= | TAC Xenta511B | YeG Crpsnp A7
Q TAC Xenta 282 KoHnTpoep A6
PCLTA-card, LTA amantop 3a PC3a FTT10
FTT10 Mpexa

anaeﬂﬂeaﬁa cucmema

Cmywasawa cucmema

2. Bb3MOKHOCTH HA CHCTEMATA 32 OlleHsIBaHe KaueCTBOTO HA peryJinpaHe.
ExcriepuMeHTaTHUTE U3CIeABaHUS Osxa MPOBEACHH MPH MMOaBaHe Ha TOILUTHHHO CMY-
IIICHUE CJIe]] YCTAaHOBSIBAaHE HA CHCTEMara. 3aJaHMsTa Ha MOIbPKAHUTE BEIUYMHH

IIpHU U3CJICABAHMATA Ca.

» JleOuT Ha u3cMmykBaius BeHTriarop — 1700m3/h;
» JleOuT Ha momaBarus BeHTHIaTop — 2200m3/h;

= Temneparypa Ha mogaBanus Bs3ayx - 20.0 C°;

= Temmneparypa Ha TorioHOcHUTeNs - 55 C°;

» JIOOBIHUTEIIHO CMYIIEHHE ¢ TTOCTOSTHHA MOIITHOCT 3.2KW;
= Bpewme, 3a kKoeTo € mogaBaHo cMylieHueTo - 150 MunyTH.

HacrpoiikuTte Ha perynaropa 3a ynpaBJICHHETO HA OTOITUTEIHHS BEHTUJ M POTAIlU-
OHHMS PEKyIIepaTop ca AajJeHu B Ta0m.2.

Taon.2 [lapamempu na pecynamopume

Bentun Ortormienue

Poranmonen Pekyneparop

[IponopuirioHalIHa ChbCTaBKa 5 7
WNHTerpanHa cbCTaBKa 240 120
JludepeHmania cbcTaBKa 0 0
30Ha HA HEUYBCTBUTEIHOCT 0.1 0.1
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Excnepumenmannu npexoonu npoyecu npu cMyuieHus, KOMNEHCUPAHU upe3
nokannu ITH pecynamopu
@urypu 3, 4 u 5 npeacrasnsiBar “Trend Log” Ha TemmepaTypara Ha MO/IaBaHUS Bb3-
yX, MO3ULMATA HA OTOIUIMTENIHUS BEHTWJI M CKOPOCTTa HAa POTALMOHHHUS pEKyIepa-
TOP MPH MOJIAJICHO BHHIIIHO CMYILIEHHUE.

e
JMW. %W»

@ue.3. ,,Trend Log” na memnepamypa- Due.4. ,,Trend Log” na nozuyusma na
ma Ha no0asaHusl 8b30yYX NPU NOOAOEHO  OMONJUMETHUSL eHMUI NPU NOOAOEHO
B8LHUIHO CMYUjeHUe 8LHUIHO CMYUjeHue

Ot ¢urypute no-rope Moe Jia ce Harpa-
BU U3BOJABT, Y€ OTKIOHEHHETO Ha TeMIIepa-
TypaTa Ha BXOIAIIWSA BB3AyX MPU MOJaBa-
HE Ha CMYIIIABAIIOTO BB3JEHCTBHUE JOCTUTA
MakcumaiiHo crorHocT 0.5C°. HabGmromaBa
ce 3aTBapsiHE Ha W3IIBIHUTEIHUS MEXaHU-
3bM Ha OTOIUTUTEITHUST BEHTHII, KaTo 3a 18
MUHYTH JOCTHTa HAITBIHO 3aTBOPEHO IIO-
™ noxenne (MOIIbpPIKAHE HA TEMIEpaTypaTa
U Bede Ce OCHUTYpsiBa upe3 ympaBleHHE Ha
CKOPOCTTa Ha POTAIIMOHHUS PEKYIIEpaTop).
CkopocTTa Ha BBPTEHE HA POTALNHOHHUA
peKyrnepaTop HamalsiBa M0-0aBHO CIPSMO
3aTBapsSIHETO HA OTOIUIMTENHUAT BEHTWI, KaTo 3a 80 MUHYTH AOCTUra CKOPOCT Ha
BbpTeHe 10%, mpu KOSATO ce yCTaHOBsIBA yIIpaBisiBaHAaTa TeMmIiepaTypa. Mankure oT-
KJIOHEHUS Ha yripaBisiBanata temneparypa - 0.5C° npu BHe3amHo 10/1a/IeH TOTUTHHEH
TOBap KaTO CMYIIABAIIO BH3/ICUCTBUE TOBOPAT 3a MOCTUTAHE HA OTHOCUTETHO T00pO
Ka4yeCTBO Ha peryJinpane upe3 JokanHu [11 kouTypw.
3. Bb3MO:KHOCTH Ha CHCTeMATa 3a OLlEHSIBaHe HA eHepruiiHaTa e(eKTHB-
HOCT HA Pa3JIMYHM YIPABJISIBAIIU AJITOPUTMHU.
[TocTuranero Ha BBH3MOKHOCTH 32 CHEPIeTHYHH OIICHKH Ype3 EKCIIepUMEHTATHA
ONMTHA YCTAaHOBKA HAJIOKH B Hesl J]a ObJIaT BKIIFOYCHH CEIEM M3MEPBATEIHU YCTPOIiC-
TBa Ha TOIUTMHHA W €JIEKTPUYECKA SHEPTHUs, HHPOPMAIUITA OT KOUTO CE OTYHUTA Ype3
cTaHJapTHU KoMyHuKanuoHHu npotokos (ModBus u Mbus) [5]. ®dyakuunonanHara
cXeMa Ha CHeprUiHO OIICHSABAHWUTE BEIMYMHHU € MTOKa3aHa Ha ¢urypa 6, a ommcaHue-
TO UM - B Ta0iuna 3.

@ue.5. ,,Trend Log” na ckopocmma na
POMAYUOHHUSL PEeKYnepamop npu nooa-
0€HO BbHUIHO CMYUjeHUe
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Enektpuiecko
3axpaHBaHe

PLC CONTROL
TAC Xenta
Modbus Modbus M-bus
protocol protocol Xenta Xenta protocol
;g; 511B 911
PM1
> MNoacucrema 3a
KnumaTtusnpaH obekT ¢ obio
(oTAaneveHo) obpaboTsaHe
@3 @ Ha Bb3ayxa 3a
KNUMaTU3npaHuTe
PM3 NoMeLLEHNS
VN P N
MNonesa aBToMaTKa Ha w1
@ nogcuctemara 3a
_@3 Enextpueckim B reHepupate u —
koten AVCTPUBYLINS Ha TeyeH W2 M-bus
PM2 TOnnoHocuTen protocol
W3
MNMonesa aBTOMaTWKa HA
Bogooxnaxaay @ nogcuctemara 3a
arperat reHepupaxe n [ | EE— 4
AncTpnByLna Ha TeyeH
cTyaoHocuTen

A 4 A 4

MNoacucrema 3a
@ KNUMaTU3npaH obekT ¢
BEHTUNATOPHW KOHBEKTOPU

@ue.6. Cucmema 3a enepeulino oyensasane

Tabn.3. U3mepsamennu ycmpoticmea

W1 | SAP116850

V3MepBaHe TOIUIMHHA SHEPTUs Ha BEHTHJIAIMOHHA Ka-
Mepa

W2 | SAP116850

HSMepBaHC TOIINIMHHA CHCPIrusl Ha BEHTUJIIATOPHU KOH-
BCKTOPH

W3 | SAP116850

I/IBMCpBaHC CTya0Ba CHECPIrusd Ha BEHTWJIIAIIMOHHA KaMcEpa

W4 | SAP116850

N3mepBaHe cTyJ10Ba €HEPrys Ha BEHTUJIATOPHU KOHBEK-
TOPHU

PM1 | PM810 W3mepBaHe eJIeKTpOEHEPIys Ha MoJieBaTa aBTOMaTHKa
Ha YCTaHOBKaTa

PM2 | PM810 N3mepBaHe eIeKTPOCHEPTUsl Ha CJICKTPUUYECKH KOTEI

PM3 | PM810 M3mepBaHe eeKTpoeHEPTHsl Ha BOAOOXJIaXAalll arperat

—

OueH}ZGGHe HA MONnJIUHHA enepeus OL;@H}Z6LZH€ HA eleKmpudecKa enepcusl
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AHanu3bpT Ha JaHHWUTE, HATPYIIAaHU OT EHEPrUMHUTE U3MEPBATEIN NPU Pa3IUdYHU All-
TOPATMH 3a YIIPABICHHE C €IQHAKBA INPOIBIDKUTEIHOCT HA EKCIIEPUMEHTA, aBaT
BB3MOKHOCT 3a JMPEKTHATa OLIEHKAa Ha ONTHMalHaTa OT €HEpPruiiHa IJIeJHa TOYKa
yIIpaBisiBalla CTpaTerus. YCIOBUATA HAa NPOBEXKIAHE HA EKCIIEPUMEHTHUTE ca IOsC-

HeHU Ha Tabnuia 4.

Tabn.4. Ycnosus Ha nposedicOoane Ha eKChepumMeHmume

CKOK Ha CMYIIaBaIlOTO Bb3ACHCTBUE CIPSIMO MOUTHOCTTA, KOHCYMHU-

40%
paHa B YCTaHOBEH PEXKUM
bpoli nuKIM 3a BCEKHU U3CIEABAH PEKNUM 15
[IpoXBIKUTETHOCT HA €IMHUYHUS LUKbJI S yaca
bpoil Ha BBTPELIHUTE LIUKIU B JUHAMUYHUTE PEXUMU 4
PaboTHM 1onyCTHMH IpaHULIM Ha PETYJIUPYEMUTE TEMIIEPATYPU +15%

Excnepumenmannu ouenku Ha enepeonompeodienuemo npu paziudHu pa-

OOmMHuU pexcumu u pa3iuyHU YRPasaaeauiu aizopummu

[IpoBenenn 0sixa eKCIIEPUMEHTAIHH MU3CJICIBAHMS TIPU TPU PA3IUYHU aJITOPUTHMa 3a

yIpaBieHue, pa3paboTeHH OT Hac!

* ype3 jokanHu [IN-perynaropu, KOHTpoJiepHATa peanu3alus Ha KOUTO € MoKa-

3aHa Ha ¢ur. 7

* ype3 Mmoauduuupano [11/] ynpasiieHue, KOHTpoJepHATa peaau3alns Ha KOETO

e MmokaszaHa Ha ¢wur. 8

" Ype3 MOACIHO IMPCAUKTUBHO YIIPABJICHHUEC, KOHTPOJICpHATA pCalu3anusa Ha KOC-

TO € MoKa3aHa Ha ¢ur. 9
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Que.l. I[I1 konmponepno ynpaenenue npu eKcnepumeHmupane Ha
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Ta61.5. Enepeonompebnenue npu pasiudtu ynpasisnsawu aieopummu
YpasisBau aropuTbmM
Jlokanuu 111 | TTM/J] anantuBHO | MoOaemHO npeacka3Bamo
peryjiaTopu yIpaBJICHUE yIpaBJICHUE

Enepronorpetiienue
B MYCKOBH PEriMi 1.240.07 1.28+0. 11 1.16+0.08
0e3 cMmyIaBalm
BB3JCHUCTBHUS
Enepronorpetienne
B YCTAHOBEH PEIKUM
; g;‘zzgfﬁz‘;gf;“ 1+0.15 / 0.97+0.06 / 0.88+ 0.1/

1+0.2 0.95+0.06 0.70£0.09
aupyeMara
TEeMIIEpaTypa U3BbH
pabOTHUTE IPAHUILIU
EnepronorpetiieHue
HPH KOMITCHCHPARE 19 4310 12 1.32+0.14 1.2740.1
Ha CMYIIABaIIH
BB31CHUCTBUS

3alenexKu:

1. 3a 0a30B pexxuM (¢ KOHCYMHpaHa OTHOCUTEIIHA CHEeprus = 1 W OTHOCHTEJICH
Opoil u3nM3aHus Ha peryjJupyemMaTa TemrepaTypa u3BbH paOOTHUTE TPaHUIIH =
1) e npueT ycTaHoBeH pexxuM Ha ctangaptHo [TH-perynupane.

2. Bcuuku octaHanu pe3ynTaru ca NpeAcTaBeH! B OTHOCUTENIHU €IUHULIU CIIPSMO
0a30BUS PEIKUM.

3. CTaTUCTUYECKUSAT aHAIU3 € IpoBeieH pu 95% noBepuTesieH MHTEpPBa.

[Tonyuenute pe3ynraTu AOKa3BaT ChIIECTBEHUTE €HEPTHITHU NMPEAMMCTBA HA MOJEII-
HO-TIPE/ICKA3BaLMTE aJITOPUTMHU B HHTEPTPUPAHUTE CTPaJHU CUCTEMH — MIOCTUTHATA €
MKOHOMHUS Ha eHeprus Haj 12% copsMO KOHBEHIMOHAJIHO MPHJIaraHUTE CPEACTBA C
nokaHu [T1-koHTYypH. To3m moaxon € eHepruiiHO ONTUMAIHUAT U B IIyCKOBUTE pe-
®HUMH. JIOKOJIKOTO pa3nukaTa (OTHOBO B HErOBa I10J133) N0 OTHOIICHUE SHEPTOHMKO-
HOMHUYHOCT B PEXUMHU HAa KOMIIEHCHpPAHE Ha CMYIICHHUS HE € TOJIKOBA OTYETJIMBA —
okoJio 5% cnpsamo agantuBHute [IM/[-anropurmu, Moxe Aa ce 3aKi0o4d HE0OXOau-
MOCTTa OT JOIMBJIHUTEIHH EKCIIEPUMEHTAIHU H3CJIECABAHUS C Pa3INYHU MOJU(pUKa-
LMY Ha Ipe/ICKa3BaHe MpU KOMIIEHCHUPAHE HA CMYIICHUSITA.

baaromapuocTu
KonextusbT n3kazBa cBosita 6inarogapHoct Ha ®HU — MOMH 3a dunancupaneTo Ha
npoekt JITK 02/1 — 2009, BbB Bpb3Ka ¢ KONTO ca HACTOSIIUTE M3CIICABAHUS.
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CTPATEI'USA U TPUJIOKEHUS HA YIIPABJIEHUETO C ®PAKTAJIHA
KOMIIEHCALIMSI HA BAKBbCHEHHMETO - | yact (cunTe3)

Emvnia HukogoB

Pe3rwome - B pabomama ce npednaza cvb8bpuieHo HO8 KIAC Ppakmaninu cucmemu 3a
ynpagienue ¢ KOMneHcayus Ha 3akbcHenuemo. Qopmyaupana e cmpamezus 3a Qpax-
manua Komnencayusi. M3nonzeanemo Ha KOMNEHCAMOPU HA 3AKbCHEHUEemOo 6 CUcHie-
Mume ocueypsea nocmueaHemo Ha GUCOKO KAuecmeo npu YnpasieHuemo Ha uHoycm-
PUaIHU 00eKm CbC 3aKbCHeHUe. YnpasieHuemo ¢ usnoa3eane Ha aleopummu ¢ one-
pamopu 3a uHmezpupauve u ougepeHyupare om HenvieH, OpoOeH ped npueedicod
cucmemume 8 Kiaca Ha pobacmuume cucmemu 3a ynpasienue. B pabomama ce npeo-
Jazam memoou, Kpumepuu u aieopummu 3a CUHme3 Ha QPaKmaiHu cucmemu 3a yn-
pasienue ¢ KOMneHcayusl Ha 3aKbcHenuemo. Ilposeden e ananusz Ha Kawecmsomo.

Kniwouoseu oymu - ¢ppaxmanno ynpaenenue ¢ KOMIEHCAYUs HA 3aKbCHEHUEMO - KOH-
Queypupane, npoekmupane, aHaiu3 U NPUIOHCEHUsT, POOACMHA YCMOUYUBOC U Ka-
yecmeo, 3anacu Ha pobacmHocmma

STRATEGY AND APPLICATIONS OF THE CONTROL WITH
FRACTIONAL COMPENSATION OF DELAY - part | (design)

Emil Nikolov

Abstract - One essentially new class of fractional DTC control systems is proposed in
the work. It is configured through combinations of strategy dead-time compensation
control and fractional control. The use of fractional dead-time compensators in the
systems gives advantages in quality control of industrial plants with a variable delay.
The control with fractional operators of integration and differentiation enter the
control systems in the class of robust control systems. In the work are given methods,
criteria and synthesis algorithms for fractional DTC control systems. It is examined
their application and the analysis of quality.

Keywords - Fractional Dead-Time Compensation Control - Configuration, Design,
Analysis and Applications, Robust Stability and Performance, Robust Margins

1. BbBeaenue

M3BeCTHU ca CHCTEMHTE 3a yIpaBlicHHE OT IpoOeH, HembiieH pex [1] u cucremure ¢
komreHcalus Ha 3akbcHeHneto (DTC- Dead-Time Compensation) [4-16]. I]eama na
HacTosiaTa padoTa e Ja NpeJCTaBU U aHAIM3Upa CTpaTErusITa 32 KOMIICHCAIUS Ha 3a-
KbCHEHHETO U Jia ipeiioxu HoB kitac DTC ¢ppakmannu cucmemu 3a ynpasnenue c
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(GyHKIMOHATHA KOMIICHCAIUSI OT HEIMbJIEH, IPOOCH pel Ha 3aKbCHEHUETO, KAKTO Me-
TOJ U aJTOPUTHM 32 TEXHHS CHHTE3, KOUTO Ja!
® KOMOWHHUpAT €(PEKTUBHO CTpAaTETHUTE 3a YIPaBJICHUE C TMPOTHUBOJICHCTBHE Ha
BBTPCIIHU perapaMeTpU3npanin/pecTpyKTypUpaIyd CMyIICHHS B 00eKTa 3a yII-
paBJIeHHE, B T.4. M 110 OTHOIIIEHUE Ha 3aKbCHECHUETO B O0CKTA,
® I310J3BaT (ppakTaaHU AITOPUTMH 3a yrpaBieHue [1], mpuBeXamy ru B Kiaca
Ha pOOACTHUTE CUCTEMHU 3a yIPaBIICHHUE.
3amaunTe, KOUTO C€ MOCTaBAT B M3MBJIHCHHE HA (DOopMylMpaHaTa IIel, ca. CTPYKTYp-
HOTO KOH(GUTYpUpaHE, CUCTEMATU3AIMS HA METOJUTE, KPUTEPUHUTE U aJTOPUTMUTE 32
npoektupanero Ha DTC ¢ppakmannu cucmemu 3a ynpasnenue, kato 3a KOHKpETCH
YHCJICH TIPUMED TE CE MPUIIOXKAT 3a J1a CE aHATTM3HPa U OlleHN e()eKTUBHOCTTA HA MPE/I-
naranus HoB knac DTC ¢ppakmannu cucmemu.
Paborata e nmpencraBeHa B ABe yacTu. OOEKT Ha pas3riekIaHe B IbpBaTa 4acT ca CTpa-
TETUsATa U CTPYKTYPHOTO KOH(UTYypUpaHE, METOIUTE, KPUTCPUUTE U aITOPUTMHUTE 32
aHAJIMTUYCH CUHTE3 Ha paslIeKTaHUTE CUCTeMH. BbB BTOpaTa 4acT ca MpeICcTaBeH!
pe3yaTaTy OT MPWIOKEHUATA, aHaIu3a, padbactHus aHanu3 Ha DTC ¢paxrannu cucre-
MU 3a YIIpaBJICHHEe, U3BOANTE U JINTEpaTypara KbM pa3padoTKara.

2. CTpaTeFI/Iﬂ ! IPUHIMAII HA KOMIICHCAIUATA HA BJIUSAHUETO HA
3aKbCHCHHUETO B CUCTEMUTE 3a YIIPpaABJICHUE

Hannurero Ha 3aKbCHEHHE r B OOCKTHTE Ch3JaBa TPATUIMOHHH 3aTPYAHEHUS IMPH
yIPaBJICHUETO, a IHH OT ,,Hal-TeXKKUTE" PECTPYKTYypUPAIIH CMYIIEHUS Ha 00eKTa ca
TE3H, CBbP3aHU C BapHALMU B CTOWHOCTTA HA r. 3aKbCHEHHETO r C€ M3pa3siBa C Upa-
[IMOHAJIHA CHhCTaBAIIA e ° B AHATUTHYHHUS MOJCI G=G.e " Ha YIPABISBAHHUS OOCKT,
MOCJIEZI0BATETHO CBhP3aHa C HEroBarTa pallMOHaIHa ChCTaBsIIA G .

ParyonaiHy anmpoKCUMaIMK Ha UpalroHaTHaTa QyHKIUA e (MOIenupaiia 3aKbCHe-
uuero o Euler) cucremuo ca pasrienanu B [2]. Tyk ce u3mon3sa eHa OT TIX - BEPHK-
Ha TIOJIMHOMMAJIHA pallioHaJIHA alPOKCHMAIKs, TpeAcTaBeHa ¢ reHepupamiara GyH-
kuust R (1).

e "2 R™(p)= H k* (k+(pz)) ", (n>1, p=o+jo) @

lim (1 +(pr)n* )" =(1+(pr)n* ) "= n"(n+(pz))" ,(n21, p=c+jo) ()

now

Tst ce ocHOBaBa Ha J0OKa3aHaTa CXOJAMMOCT HA IPAHUIM HA PEIUIM CIHOMEPHU BEK-
topu (2), KplIeTO: p € omepaTopbT Ha Laplace, k - OposubT Ha reHepupamnara GyHK-
1ust (B KOHKPETHHSI CiIydaid - OposSYbT Ha MOJUHOMHUTE BbB BEpPHUIaTa), n - PEAbT HA
palroHaHaTa alPOKCUMAIIUATA.

Karo crtparerusi 3a KOMIIEHCaIlMsATa HA BIMSHUETO Ha 3aKbCHCHHUETO : Ha OOCKTa B
CHCTEMHTE 3a YIIpaBJICHHUE, HACTOAIIATa pa3pad0TKa Mpeasiara RPUHYUN HA NOC1e00-
6amenHama 4eCmomHna KOpeKyusa ¢ Onepamopu om HenvjieH Opoden ped Ha e C
MOMOIITa HA TuHaAMH4YHa cuctema F - '. [locieanara e (yHKIMS HA M3BECTHATA OT-

HaIpe]] CTOMHOCT Ha 3aKbCHEHUETO M Peaju3upaiia ornepaTop 3a GppakraaHo aude-
pennupane [1] o’ oT ApoOeH, HENbJIeH pell ¢ = ¢ (o, ) (4),
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Fiio'(rjo)=F (r.jo ) D°L " (jo), (¢ = s (0. )) 3)

sloc)=(-arg(6(jo. ))/(x/2)) 4)

KBJIETO «, € CpsA3BaIlla YECTOTA HAa MOJIeIa Ha OOCKTa G=G-e

Ipunyunvm na nociedosamennama 4ecmomHna KOPeKyus ¢ ONepamopu om Henb-
JleH Opofen peo € N3pa3eH aHATMTHYHO ChC 3aBrcuMocTTa (5), OCHOBaBalIa ce Ha Yec-
TOTHUTE XapaKTCPUCTHKH Ha MOJICIIUTE Ha 3aKbCHEHUETO e * W HA KOMIICHCHpAIlaTa
(bpakTagHa TMHAMAYHA CUCTEMA F*'”' B HEOTPaHWYECH YECTOTEH JUAIMA30H V o € [0, «).

3aBUCUMOCTTA (5) € CbIIHOCTTA HAa Kpumepus 3a CUHme3 Had KOMREHCAuUuoOHHa OuHa-
MUUHA cucmema r lNE ) IIpHU HAaYaJIHH YCJIIOBUA - U3BCCTHU CTOMHOCTHU Ha 3aKbCHCHHUEC-

TO r W HaA CpA3BallaTa 4€CTOTA », HA MOACJIA HA oOeKTa.

e F s (Go)= e F (£50) DL (j0)=1 o

lexp (—jor)||F o (jo)|21,voe[0 =) (5)
arg(exp (—jor))+arg(F "' (jo))20, Vo e [0,o)

CrpurHOCTTa Ha U3MOJI3BaHUS ONepaTtop D°l"' 3a nudepeHurpane oT ApoOeH, HEMbJICH
6 °1-6 -
pen ¢ (6), kpaero i e rama QyHKIUSA, a j MHOMMAJIEH KOC(PUIIUEHT, € UpalMOHAT

Ha, GU3MYECKH U TEXHUYECKU Hepeanu3yema (PyHKUHUs, KOETO Npeaonpeness ChIlus
XapakTep ¥ Ha JUHAMHU4YHATA CUCTEMa F*\. .

ParnyonaiHu anpokcuMaiiy Ha p°l*' ca cuctemarusupanu B [1]. B cinyuas e uznons-

BaHa PEKypCHUBHA MOJIMHOMHAIHA AlPOKCUMAIMs C PAlMOHAIHU (YHKIMHU, Taka 4e
cuctemarta F ', 1a e palMOHaJlIHa, peain3yeMa QyHKIHs, HO 32 OTPAaHUYEH YECTOTEH

E

JIMAIAa30H Vo < [o, ., », .| CTIOMOIITA HA ppakTaneH qudepenuuaTop o "' (7).

Tasu Be3MoxkHOCT [1] onpenens Tpancdopmarusta (8) Ha F°(»' mo F:'"', B3 OCHOBA

NE app

Ha KOSATO B OKOHYATEJIICH BHUJ peaju3alusaTa Ha HPUHUUNA HA HOCE008aMEAHAMA
¢paxmanna uecmomna xkopexyusn Ha e (5) n1a ObJe OCHINECTBIBAHA C TOMOIIITA HA
F -l choOpa3Ho 3aBUCHUMOCTTA (9) B 02panuuen uecmomen OUAnAa3on voe |o,, o, |

Dt ()= lim ii(—l)‘[i] f(t-in),

hso h° =3

[(gjz r(c+1) .[g]zlJ ©)
i) r(i+y)r(s-i+1)" o
ol 20 = (o 0 ) T (o (6) )t jolo))" (s = ¢ (o) (7)
F ol (rjo)2 Fr i) (rjo)=F (rjo) D) Voclo, o] (8)
e Fl (re)=e " F (r,jo) D5 (jo)=1 &
|exp(—ja)r)||F;£;;)(ja))|% 1,Va)e[a)b‘;,a)h‘g] 9)

arg(exp (- jor))+arg (F *’Né;"p;)( jw))“zO, Y o e[cow , a)“]
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[MpemiaranusaT TPUHIKIT U U3MBJIHEHHETO Ha Kputepus (9) 3a HeroBaTta peaau3arius
ca WIOCTPUPAHH MTPEJICTABUTEIHO KAKTO CIIC/BA.

3a KOHKPETEH YHUCIICH MPUMEP, MOICTHPAIIl 3aKbCHEHHE r=3,s C BEPHIKEH IMOJIMHOM OT
tpetu pex (10) e cunTesupana (o ajaroputhM, pasrieaaH B CICABAI pa3sea Ha Hac-
Tosara paspaboTka) nuHamuuHa cucrema r°) (11), peanusupaina npurnyuna Ha

NE app

nocieoosamennama paKmanina Kopekyus B OTPaHUYCH YeCTOTeH Auana3oH (12)
3a cpsi3Ballla YeCTOTa Ha MPUMEPEH O0EKT o, =0.,rad/s C IMIOMOIITA HA (hPpaKTaleH Iu-

dbepennmarop o) (7) OT pex ¢ =1.85 C aPOKCUMAITUS OT IETH PEI N =5.

JIMHAMUYHHUTE CUCTEMH e ™, F°\»' u e >.F 7' ca MOAECIUpPAHHU, a OT CUMYJIALlUATA HA
MOJICJIUTE UM Ca MOKa3aHU: npexomHute h(t) (pur.l) u uMITyJICHUTE MPEXOMHU i (t)
¢byHkumu (Gur.2); npexoJHUTE XapaKTEPUCTHUKH s, (1) Ha MPOU3BOJICH BXOJICH CHTHAI
e(t) (¢ur.3, ¢pur.4); 4ecTOTHUTE XaPAKTEPUCTUKU W (C MHIIEKCH B O3HAYCHHSATA CHOT-

BETHO - ", "F","7-F" ) - Ha Qur.5- gur.8.

e =g’z R;Z”(P)E(1+(PT/3))73'(n:3) (10)

Fl'(z,jo)=F (r,jo) D) Voe [a) f""hv:]’

@
NE app NEapp !

Fol)oF (D) (p+1) ((1,2523p+1)(0,3206 p+1)(0,0891 p+1)(0,0248 p+1)(0,0069 p+1) (1)
T T (3p+1) | (0,2072p+1) (0,0298 p+1) (0,0083 p+1) (0,0023 p+1) (0,0006 p+1) )’
(1:3,5; w.=01rad /s; o, =110 ", rad/s; o, =110",rad/s )
e [a)“ , a)h_g] (@, =110 rad/s; o, =110" ,rad/s) (12)

ITokazarenHu B pasriaexaaHaTa WIFOCTPALUs ca XapaKTEPUCTUKUTE HA pe3yJITaTUBHA-
Ta JUHAMUYHA CUCTEMa e *-F "', IpPEACTaBslla pe3yiTrara OT MpeajlaraHara crpare-

NEapp !

T'Us 32 KOMIICHCAIMsl Ha 3aKbCHEHUETO M ChOTBETHHUS NMpuHIMN. Ha mocouenute ¢u-
TypU TE€3U XapaKTEePUCTUKU ca U300pa3eHM C MOMOIITA HA JIMHUU ChC CUTEH MYHKTHUP.
O4eBHIHO € OTKJIOHEHUETO Ha h, (t) M Ha i, (t) OT JKeJaHaTa CTOMHOCT (eIUHHIIA, Pec-

NEKTUBHO HYyJIa) B JUalia30Ha OT BpeMe M0 MaJIbK OT 3aKbCHEHHMETO r. Ho 3a s (t)
(dur.3, ¢ur.4), cbBIaAECHUETO s, (t)Ze(t) MOKAa3Ba BHCOKA TOYHOCT HA allPOKCHMAIIU-
ATa, MaKap 1 OIICHEHa B 00J1aCTTa HA BPEMEBHUTE XapaKTCPUCTHUKH.

[Ipenm3Hara oneHka Ha e)eKTa OT MPUJIATAHETO HA HPUHUUNA HA NOC/1€006aMeTIHa-

ma ppakmanna Kopekyus 3a KOMICHCAIUS HA 3aKbCHCHUETO ¢ B KOHTEKCTA Ha Yec-
TOTHHUTE XapaktepucTtuku (¢pur.5+ dur.8). Bode-xapakrepructukara w  (jo) Ha pe3yJ-
TaTMBHATA JMHAMHUYHA cucTema e -F. ) (¢pwur.6, ¢pur.8) ymnosnersopsBa U3MCKBaHU-
aTa | W (jo)|=1,Voco, o ]HargW (jo)=0 vocl|o,, o, |, KOETO 10Ka3Ba H3IbIHECHHU-
eto Ha kpurepus (11) mpu peanm3anmsaTa Ha YECTOTHATAa KOMIICHCAIMS Ha 3aKbC-
HEHUETO.

To3m pesynrar eqHO3HAYHO MOTBBPXKJIaBa pabOTOCIOCOOHOCTTAa U MPHIIOKHUMOCTTA
Ha TpeaJaraHuTe CTpATerws W MPUHINN Ha (DpakTasHa YECTOTHA KOMIICHCAIHS Ha
BIIMSIHUETO HAa 3aKbCHEHUETO B CUCTEMUTE 3a YIPaBJICHUE.
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3. CTPYKTYpHO KOH(pUrypupane

B anroputrsma R Ha cucteMa (ur.9) 3a ynpasiieHue Ha OOCKT G ChC 3aKbCHEHHE ¢
Morar ja ObJaT U3MOJI3BAHH ONEPATOPH 3a HHTETPUpaAHe | U TUPEpEeHIIUpaHe D’ OT
mbiieH R, (13) u oT HembieH, aApobeH R, (14) pen [1]. Ho ¢ Bp3MOXHOCTHTE HaA R, ,

pasriieXxaHara CucTeMa IIpHUTeXKaBa CBOMCTBOTO HHBAPHAHTHOCT Ha 3allacuTe IO MO-
ayn oM U ($aza PM KbM perapaMeTpusrpaHe/pecTpyKTypupaHe Ha Mojielia Ha 00eKTa
G B YCIIOBUS Ha ampuopHA HEOIPEAETCHOCT, T.e. CHCTeMara IMpHTeXaBa poOACTHU
cBolicTBa. PenmapamMeTpusupanure/pecTpyKTypUpaluTe CMYIICHHS B G Ca O3HAYCHU
¢ ¢. EdpexTrBHA ¥ IPHUIIOKKMMA CTPATEr s 3a IPEOJI0JIIBAHE MPOOIEMHTE IPH yIIpaBJie-
HUE Ha 00CKTH ChC 3aKbCHEHHE € Ta3H, ocHoBaBama ce Ha DTC-komnencayus (pur.10)
Ha r ¢ momoimra Ha pobacteH ¢uatep Fol' (1)+(12). IIpoexTupanero Ha F°\") €

NE app NE app

CBBP3aHO C pa3Mepa Ha 3aKbCHEHHUETO * B HOMUHAJIHUS MOJIEN Ha 00eKTa G*, a Mmoc-
JeA0BATEIHOTO y4YacTHEe Ha F:\°)) B CTPyKTypaTra Ha ajJropuThbMma 3a YyIpaBieHUE

(pwur.11) Tpanchopmupa perynaropa rR a0 GppakTalieH peryjaaTop ¢ npeduiITsp, onpe-
aeneH c¢be 3aBucumoctta F°lo).R (dur.1l). Kondurypupana mo mnoxasaHus HaYUH

NE app

npeajiaraHaTa U aHajiu3upaHata HaTaTbK B paborata DTC ¢ghpaxkmanna cucmema 3a
ynpasienue (¢ur.11l) komOuHupa ePeKTUBHO CTpAaTETUUTE 3a YIPABICHHUE C TIPOTUBO-
JeficTBYE HAa BTPEIIHM CMYILEHUS ¢ B 00EKTa 3a yIpaBJIEHUE, KaTo U3I0I3Ba QpaKTa-
JIeH aldrOpUTHM 3a yNpaBleHHE, MPUBEXKIAI S B Kjaca Ha pOOACTHUTE CHUCTEMH 3a
ynpasnenue [1]. Ha ¢ur.12 e npeacraBeHa cTpyKTypaTa Ha peryiatopa ¢ BXOJICH
R, (R =F:l“).R ) OT IBE MOC-

NE app

CHUTHAII ¢, U3XOACH CUTHAJI u M C aJITOPUTBM R ™ =F °

PID NE app PID

JICAOBATCIIHO CBbP3aHN ChbCTABAIIU.

y'(p)

£ u l N £ u l N

dur.11.a ®dur.11.b
BiS DTC
R PID ( p ) R ID ( p )
¢ (o) c(o.)
F NE app RP'D F NE app RNE
1 — T p+l T,p+1 | 4
—| F. | D) bk = > —| F. || D)
T.p T, p+l s

®dur.12.a ®ur.12.b
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4. MeToau, KPUTEPHUH U AJTOPUTMH 32 AHAJIUTHYEH
cunte3 Ha DTC- ¢ppakrannu cucremu

3a Bcsika enHa cheTaBsma Ha anropurbMa Ha DTC-gppakmanna cucmema (pur.12)
ca CUCTEMAaTHU3MPAHU: OCHOBHUTE ONUCAHUS; TUHAMHYHUTE ITapaMeTPH 32 HACTPOIKa,;
METOJIUTE, KPUTEPUHUTE U M3UCKBAHUATA ITPH TEXHUS aHAJTUTHUCH CHHTE3.

[Tpoexktupanero Ha PID -cvcmasawmama r., (13), pecnextusno 1D -cvcmasawama

R, (14) e BBbB (pyHKIIUS OT HOMHHAIHUS MOJIENI HA 00eKTa G* M ce oTinm4aBa [1] cbe
CIICTHUTE!

R, =k, (T.p+1)(T,p) * (T, p+1)(T, p+1) e ’G*,(G*zé*e ) (13)

Ro=(1"D")=(1"0"),, & o*.(c*=Cre ) (14.2)

R v o B vl D 4 SRR

vo(7,7,)elo, 0, ] {0<a<t};{0<p<1};

® JUHAMUYHU nAPAMEmPU 3d HACMPOUKA HA R, PECIEKTUBHO HA R, -k, - Koedu-
UUMEHT Ha MNPONOPLMOHAIHOCT; -T, ,T,- BPEMEKOHCTAHTH HAa MHTETPUPAHE OT IIbJICH
IBPBU el U Ha TudepeHnupane OT MbJIeH MIbPBU PeJl; -«,f - HEMBJICH PEJl Ha U3IOJ-

3BaHUTE OMEPATOPH 3a WHTErpupaHe U audepeHIupane; -o,, o, , o

ht ! b .,D

,@, , - TPAHUYHU

YECTOTH Ha XOPU3OHTAIHUA MPOGUI B allPOKCUMAIIMUTE HA ONIepaTOPUTE 3a HHTETPU-
paHe U nudepeHirpane OT HeMbJIeH pel («,4);

® Memoo 3a cuHme3 - °NOAUHOMUATIHAMA PEKYPCUBGHA ANPOKCUMAUUA®,
® Kpumepuil - °6epmuKaien npogui cvc 3a0a0enu 3anacu Ha ycmouvugocmma’,

® aHAMUMUYHU UBUCKEAHUA TIPDU CHHTEe3a Ha R, (15+24)

N>5; n =2(1-(z)"PM™) (15)

®,>250 o ; a=n-n'=n-2(z)"arcsin(GM ™ )" (16)

0,=010,, 0, =110,; i1=(0, )" 17)

0, =090, 0, =00, y-((0, 07 )" )" (18)

w,=020, 0,=0850,; o' =(17).7"" o, (19)

w,=120,; o, =(27)" 241" 0, (20)

(00, ) >0, ) >(0,) " (o) >(0,)" (21)

(07 )" >(0, ) >0 )" (o))" >(0,) "> (0, )" (22)

0, >0 w,>2500 ; 0, >0 0,>>0; 05(w, -0, )<(o,-0.) (23)
w,>0 w, <o, o,>0,; (in),=398; (o,/0,), =250+600 (24)
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KBJIETO:
1“,D” - (hpaxTamuu oneparopu (OPUTHHAIH, HPAITHOHAIHN (YHKIIAN);

Y - aNmPOKCUMHUPAIIIN OTIEPaTOPH (AMPOKCUMAITUH HA OPUTHHAINTE, PAHOHATHH (QyH-
app ! app
KIIMN);

i - OposIY Ha CHCTABSIINTE HA AIIPOKCHMHPALIHS TIOJHHOM (I[SUIO YUCIIO);

M. N - Opoii Ha y4acTBammTe GOpCcUpaIy 3BeHa B aTPOKCHMHUPAIIHNS TOJTUHOM (I[SL10
YHCII0);
GM * pM ™ - JKCIaHH CTOMHOCTH Ha 3allaci Ha yCTONYMBOCTTA 110 MOAYJI U (pa3a Ha MPOCKTH-

paHaTa HOMHHaJIHA CUCTEMA,

(0) (o) ~ BPEMEKOHCTAHTH Ha y4yacTBaluTe GopcHpally 3BeHa B alpOKCUMHPAIIHUS TTOIH-
o HOM (peaJtHu, MOJIOKUTETHH YHCIIA);

- €IMHUYHA YeCTOTa U OCHOBHA BPEMEKOHCTAHTa Ha ()paKTaIHUS PEryaTop;

- pea Ha MoJiena Ha 00eKTa,

G* e’ - pallMoHaTHA UpallMOHATHA ChCTABSIIM B HOMUHAIHKS MoJiesia G* Ha o0eKTa G |
0, 0, - Hal-HUCKA W Hall-BUCOKA YECTOTH HA allPOKCHUMAIH;

o, 0, - JIOJTHA ¥ TOpPHA YECTOTH Ha JTMaria3oHa alpoKCUMAaIINs;

A.m - pekypcuBHH (akTOpH (ITOKa3aTeaH HA PEKYPCUSTA).

[Tpoektupanero (25.a) Ha DTC -cvcmasamama ") (25.b) e BbB QyHKIHS OT 3a-

NE app

KBCHCHHUETO * B G* M CC XapaKTepu3upa CbC CICITHUTE.

Fls o (Fil2)=F D°zF D) (25.a)
) . (1+p) [ ) } N (l+p(w‘.)71)
Fien ZF D) = : — 25.b
o) Lo ) e (25.)
® QUHAMUYHU hnApaAMempu 3a HACMPOUKa Ha F°° . -: =:*- BPEMEKOHCTAaHTa Ha

npe@uaThpa, HOMUHATHA CTOMHOCT Ha 3aKbCHEHUETO HA 00EKTA,; -¢ - peJl Ha OTepaTo-
pa 3a ¢paktanHo nudepeHIupaHe; -o,. o, - TPAHHYHA YECTOTH HAa XOPHU3OHTATHHS
npoduia B MoAyJa Ha PUITHpa;

® Memoo 3a cunmes - *NONUHOMUATIHA PEKYPCUBHA AnPOKCUMauus Ha pakmanna
YecmomHna KOMneHcayu’,

e Kpumepuil - °a0eKeamHOCm HaA YeCMOmMHUNME XapaKmepucmuKku Ha payuoHaIna-

ma anpoKCuUMupauwia cCucmema U Ha 4ecmomHume XapaKmepucmuku Ha upayuo-

HATHAMa cCbCMAaABAULA 6 HOMUHATIHUA MOOE] HA 00eKma 6 3a0a0eH 4ecmomeH oua-
(o]

na3on

® GHATUMUYHU 3A6UCUMOCHU, OTIPENICIISIIU CUHTe3a Ha F ") (26+27):

NE app

Rln(p)é*(p)eipergN(E(:E)(p) oy oy -1 " o )
¢|Dr;m ( p ): ~ N B pp, ) = RIDG* (1+ RIDG*) ' (efpr F !Né(:;p'( p ):1) 26.3.
TR, (p)6(p)e " F L (p) (26.2)
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@, (pe™ )=R, Ge" (l+ R, G*e )71 (26.b)

>

|exp —-jor* ||FNEW(]a))| 1, Va)e[a)b‘f,a)hv;]

e F L2 (p)=1 ,
(v) arg(exp (- jor* ))+arg( N(EW(ja)))%O,Vcoe[a)b‘;,wn‘;]

NE app

(27)

KbaeTo »° (26.2) e npeaaBarenHara QyHKIMs HAa 3aTBOPEHATA cHCTeMa C (paKTaIHa

KOMITeHCAIHs Ha 3aKkbcHeHHeTo (¢pur.11), kosATo ce oTiIn4aBa OT npeaaBaTeaHara QyH-
KIIMS Ha CHCTeMa 3a yrpaBieHue o, (26.0) Ha cemms obexr ¢ PID-perymarop 6e3

(dbpakTangeH KOMIEHCATOpP IO TOBa, Ye HE € PYHKIMS HA 3aKbCHEHUETO B 00EKTa e " .

Ananutruno npoektupane Ha R (28) B DTC ¢paxkmannama cucmema (¢pur.3,
¢wur.4) ¢ ID- dppaxranes perynaarop ¢ DTC -xommeHcalust Ha 3aKbCHEHHETO U3I0JI3BA:

® Memoo - "HOTUHOMUANHA PEKYPCUBHA ANPOKCUMAWUA HA paAKmaina 4yecmom-
HA KOMReHcauus u ypasHeHnue Ha 1eHmoe puimup°,

o xpumepuii (29) - “6éepmukanen npogun cvc 3a0a0eHu 3anacu Ha YCMOUYUEOCH -
ma’®, °a0eKeamHocm Ha YeCHmoOmHUmMe XapaKkmepucmukuy Ha payuoHaiHama an-
POoKcumupawia cucmema U Ha 4eCMmOmHUme XapaKkmepucmuKkuy Ha UpayuoHaIHa-

ma cocmaeauid 6 HOMUHAJIHUA Mooen Ha obeKkma 6 3a0a0en yecmomen Ouana3on’

RZ=F:='R,= (F.D;)(1"D") (28)

a)—>> . fa(ja))=G'(ja))—G*(ja) |f )|SZ (Ja))
! " {m(jw)—fa(jw)(e*(jw))l ( 0)<7, (o )}

GM =2010g, |W " (&, jo. )‘z const, [dB]
| otz iom)er < oo
b)_>> RNE . (29)
PME—(arg( (e, )j+180°]zconst,[deg]
= w (jor |- = (o)
c)—>> E oo |exp -jor* ||F NEW(]a})|=1 Va)e[a}b‘;,a)h‘:]
T arg(exp (—jo ot ))+arg( N(Epp(Ja)))EO,Va}e[a)bvf,a)h‘;]

KBJIETO:
o - (pyHkMOHaNHATa 00JacT HA BapHallMd B MOJeNia Ha YIpaBIsSBaHHs OOEKT, OMUCBaIla
arpuopHaTa HeONPEeIeIECHOCT;
G* - MOJIeTl Ha CMYTEHHUS Ha ,,Hali-ropHa" TpaHuIla 0OEKT 3a YIIpaBJICHUE,
{0y - MyJITUILUTUKaTUBHU U aIMTUBHU BBTPEUIHU CMYIICHUS B 00€KTa 3a yIpaBlieHHUE.

Ananutnaaust cunre3 Ha R (28) B DTC ¢ppakmannama cucmema (pur.11, ¢pur.12)
ciensa anropurbma (30+39):
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e cunres Ha |D- ¢ppakmanen pecynamop R, (30 35)

n' =2(1-(z) " PM ™) (30)
a =n'-n= n’72(17(PM “ (jor ))/z);a=log 2 (log(in))" (31)
N>5;0,>280 @, ; »,,=01lw, 0, =110,,w,=090, , 0, =100, (32)
0,=02 w0, ,0,=0850, 0, =120,;1 = (wh o ) (01”);17:(( o, 0 )N )(Mia) (33)
o =(An) "o, 0. =(An) 10" e, (34)
RID:(IuD/f)app: l+p(a)h| )71 all[ 1+p(wli)71 + 1+p(whn)il ﬂ]&[ l+p(w,m ):1 ’
l+p(a)hl )’1 -1 1+p(a)’“)’1 1-s-p(a)w)’1 i 1+p(a)m)
vo(7,7,)elo, 0, ] {0<a<t};{o<p<1}; (35)
(@) >(0,) " >(0, ) (e )" >(0, )"
(0% ) >(0, ) >(0)) >(0,) >(,)"
e cunte3 Ha (pakranen DTC-komnencamop wa 3akvcuenne F°°) (36 -+ 39):
s=(-arg (6*(jo; ))/(#/2)); c. =r*;¢=log 4 (log(An))™; 4n=358 (36)
1000 0. < @, < 2000 o, (37)
0,=0100, ; v,=1000w, ;0,,=020,=0020, ; 0,.=120,=12,00 o,
0, =2""w,; 0,=2"" 0, ;0,=n1"" 0 =n""12,00 o, (38)
o) s A (1+jo) o, T o ) B
Fluw (J@)=F D = [1|1+i— || 1+i— (39)
(1+ja)rF) o, i1 ®, o,

[Mpencrasenust anroputsbm (30-+39) ce chcTOM OT 1Ba OCHOBHHM eTama. JJoCTUrHaTUTE
pEIICHHsST Ha KOWTO M Jla € OT TAX, He ca (YHKIMSA Ha PENICHHUATA Ha APYTHS €Tall.
EtanuTe ca He3aBHMCHMMHU, KaKTO W TIOPETHOCTTa UM B Tpolleca Ha MPOEKTHpaHE Ha
cucremara. HavaaHuTe yCIIOBHS 3a aHAJIMTHYHUS CHHTE3 Ha R°° [3] ca ampuopu us3-

BCCTHH MJIM 3aJ1aJICHU B IPOI1ICCA HA IPOCKTHUPAHE. G*, G*, GM ™ ,PM ", 7*, w, .

[To anroputbma (30+39) ce onpenensaT CTOWHOCTHTE HA JMHAMUYHHUTE MTapaMeTpH 3a
HACTPOWKa Ha R «, - HEMBJICH P/l HA U3MOJI3BAHUTE ONEPATOPH 32 UHTETPUPAHE U

D

mudepeHiupate B R, ; o,,.0,, ,0,,,,,- TPAHUYHA YECTOTH HA XOPU3OHTAIHUS MPO-
(¢un B anpoKCUMAaIMUTE Ha ONEPaTOPUTE 3a MHTETPUPAHE U TU(epeHnpaHe OT HEMb-
JIeH pel;, r.- BPEMEKOHCTaHTa Ha F, ; ¢- P/ Ha omeparopa 3a ¢paktaiHo audepeH-
UPaHE; o, o, - TPAHUYHU YECTOTH HA XOPU3OHTATHUA TPOGUII B MOAyJIaHA F ",

NE app

Bropara yacT Ha HacTosIaTa pa3padoTKa € IOCBETEHA Ha IPUWIIOKEHUSTA U aHAJIN3a Ha
pasriexJ1aHus KJIac CUCTEMH, B HEs € CUCTEMAaTU3UpaHa U LIUTHPAHATa JIUTEpaTypa.

ABTop: Emun Hukonos, npod. ATH, 1-p, kaTteapa ,,ABromaru3aius Ha HenpekbcHa-
tute [IpousBonctea”, Pakynrer ABToMatuka, Texnuuecku YHuBepcuteT - Codus,
E-mail address: nicoloff@tu-sofia.bg

Hocrhrnuaa na 28.07.2011 Peuensent wi. kop. npod. atH I1. [Terkos
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CTPATEI'USA U ITPUJIOKEHUSA HA YITIPABJIEHUETO C ®PAKTAJIHA
KOMIIEHCALIUS HA BAKBCHEHHUETO - |l yact (ananan3)

Evua HukoJsioB

Pe3rome - B pabomama ce npednaza cvb8bpuieHo HO8 KI1AC Ppakmaninu cucmemu 3a
ynpasienue ¢ KOMneHcayus Ha 3akbcHenuemo. Popmyaupana e cmpamezus 3a Qpax-
manua Komnencayus. M3nonzeanemo Ha KOMNEHCAMOPU HA 3AKbCHEHUEemo 8 CUcHie-
Mume ocucypsaea noCmueaHemo Ha UCOKO KAYecmeo npu YnpasieHuemo Ha uHOyCcm-
PpUAIHU 00eKm CbC 3aKbCHeHUe. YnpasieHuemo ¢ u3noa3éane Ha aleopummu ¢ one-
pamopu 3a uHmezpupaune u ougepeHyupare om HenvieH, OpoOeH ped npueedicod
cucmemume 8 Kiaca Ha pobacmuume cucmemu 3a ynpasietue. B pabomama ce npeo-
naeam memoou, Kpumepuu U aieopummu 3a CUHme3 Ha PAKmaniHu cucmemu 3a yn-
pasiienue ¢ Komnencayus Ha 3akvchenuemo. Ilposeden e ananuz Ha kavecmeomo.

Kniwouosu oymu - ¢ppaxmanno ynpaenenue ¢ KOMNeHCayus HA 3aKbCHEHUEMO - KOH-
Queypupane, npoekmupane, aHaiu3 U NPUIOHCEHUs, pobACMHA YCMOUYUBOC U Ka-
yecmeo, 3anacu Ha pobacmiocmma

STRATEGY AND APPLICATIONS OF THE CONTROL WITH
FRACTIONAL COMPENSATION OF DELAY - part Il (analysis)

Emil Nikolov

Abstract - One essentially new class of fractional DTC control systems is proposed in
the work. It is configured through combinations of strategy dead-time compensation
control and fractional control. The use of fractional dead-time compensators in the
systems gives advantages in quality control of industrial plants with a variable delay.
The control with fractional operators of integration and differentiation enter the
control systems in the class of robust control systems. In the work are given methods,
criteria and synthesis algorithms for fractional DTC control systems. It is examined
their application and the analysis of quality.

Keywords - Fractional Dead-Time Compensation Control - Configuration, Design,
Analysis and Applications, Robust Stability and Performance, Robust Margins

B mbpBara yact Ha HacrosiiaTa pa3paboTKa ca pasrielaHd CTPATErusita, CTPyKTyp-
HOTO KOH(GUTYpUpaHe, METOJIUTE, KPUTEPUUTE U AITOPUTMUTE 32 AHAJIUTUYEH CUHTE3
Ha DTC ¢hpaxkmannu cucmemu. Tazu BTOpa 4acT € MOCBETEHA HA MPUIIOKECHUSITA,
aHaiM3a U poOACTHUS aHAIM3 HA TO3M KJIac CHCTEMH 3a YMpaBlICHUE, 3aKITIOYCHUE U
OIICHKA Ha pe3yJITaTUTE, KAKTO U CUCTEMATHU3AIIMs Ha IIUTUpPAHATA JTUTEpaTypa.
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5. [lpuioxenusi, aHaJau3 U podacTeH aHAIN3
Ha DTC ¢pakrannm cucreMu 3a ynpapJieHHe

3a KOHKpETeH MpUMEpPEH 0OCKT 3a yIpaBJIeHUE G, MpeJicTaBeH ¢ HoMuHANHUA G* (40)
U CMyTEHUs Ha Hal-ropHa rpanuna ¢* (41) momenu Ha ¢ur.13dwur. (s-xugpaBaIudHO
HATOBapBaHE U /-TIO3UIUS HA JpOCENUpaliara CUcTeMa Ha pPeryjupanius OpraH), ca
CHUHTE3UPAHU YETUPU CHCTEMHU 3a yrpanicHue: ® PID-cucmema (pur.9) ¢ perymnarop
R., (45.2); @ DTC ¢ppakmannaP1D-cucmema (pur.11) c perymnarop r> (45.b); @ hpax-
tanHa |D-cucmema (pur.9) ¢ perynarop r, (42); @ DTC ¢hppaxmanna |\D-cucmema

(¢pur.11) ¢ perynarop r2° (44) no anropursbma (30 - 39).
(p+1) (1-s(1-e"))"

=G - ( o J +p )7 (s=
o (16p+1)  (0o4p+1) ((4p+1)(op'+3p+1) (1+p)" (s=0315)

(e (1(pe/3))°= (10p)".(r=r*=3.5))
(p+1) (1—s(1—e’3))’°‘5( 15

(40)

G.:é.'eir'p:(l,epu) (0,04p+1) L(4p+1)(9p2+3p+1)].(1+1Y66p)3(520’815) (41)

R s T
Feled s E o (p+1) (1,1523p+l)x(0,3206 p+1)(0,0248 p+1)(0,0069 p+1)

T (3p+1) (0,1072p+1) (0,0298 p+1)(0,0023 p+1)(0,0006 p+1)’ (43)

(r*=3,5; @, =1rad /s)

RET=R,F =F 05 - (177D, (44)

R., =2,35 (8p+1)(8p) *(2p+1)(0,4p+1) * (45.a)

Ris =R F 'l =F. D -2,35(8p+1)(8p) " (2p+1)(0.4p+1) (45.b)

W, =R,G*; WS*=R G" (46)

|1+6%(0)R (0)] > 1" (o), Vo (47)

146 (0)R, (0)] > |1+6%(0)R (0)| - *(0), ¥Ge17: Vo (48)

z(jo)ew(jo), (we[0;w)) (49)

* (o ):{ F::n ((a;', ))ZF:;Z((Z', ))Tr((a;, ))CS?ZZ', ((Z[[% . )))) (50)

(o, )= 1. (0, )R, )[=]1,(e,)R(0,)6*(o,) | (51)

RS, = [7*(0)7,(0)] <1, (Vo,0c[0,0); n* =RG*(1+RG*) " ) (52)

R, = |77 (@) 7 (0)] + [ (@)v(0)] < 1. (Yo,0c[0.2); e =(1rRG*) ") (53)

o (@)= (j0)] 1R (j0) 6% (jo)| " <1, (Vo,0c[0)) (54)

K (@)=(]1+R (j@) G* (jo)| - r*(jo) |1+R(jo) 6" (jo)| " <1, (Vo,0c[0,0))  (55)
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(45.3), re= (45.b), r, (42)

PID

Cucremure ¢ AJITOPUTMHU 3a YIIPABJICHHUC OCHOBAHU Ha. R

u R (44), c uagekcu cpoTBeTHO - PID-, PID o DTC-, ID-, ID° DTC-, ca mozaenupa-
Hu. Pe3ynraTure OT TAXHATA MMapajiejHa CUMYJIalis ca MOKa3aH! KaKTo CJICIBA 3d:

® anzopummume 32 yrpaBlieHHE Upe3:
®e npexoaHuTe GyHKIUU h, (t) (pur.14.a), 1 YECTOTHUTE XAPAKTEPUCTUKH R, (jw)
(¢ur.14.b,c,d) va PID-, PID e DTC-, ID-, ID o DTC- perynatopure (45.a), (45.b),
(42) (44);

® Xxapakmepucmukume Ha HOMHHAJTHUTE 3aTBopeHH (o, )/otBopenu (w,) PID-,

PID°DTC-, ID-,IDoDTC- cucremu 3a ¢* (40) npu s=0,3=const 4pe3:
®e npexoHH h, (t) (dur.16.a), ummyscHu npexoany i, (t) GyHkiuu (pur.16.b) wu
NPEXOHH XapaKTEPUCTHUKH y, (t) (¢pur.16.c,d) Ha mpon3BOIICH BXOACH CUTHA y°(t);
@@ YCCTOTHU XapaKTEPUCTUKH W, (jo ) (dur.17);

o xapaxmepucmuxume Ha PID-, PID c DTC-, ID-, ID o DTC-cucremure kato ¢pyHK-
s Ha ykazaHus (29.8) AuanazoH Ha BapHallMU ¢ Ha IMapaMeTpUTe Ha 00EKTa G IpH
se[0,3,0,8] ypes:
® e NpeXOHH h, (t,s) (¢ur.18.a), UMITyJICHU IPEXOHH i, (t,s) hyHKIMHU (Pur.18.b) u
MPEXOIHA XapaKTEPUCTHUKH vy, (t,s) ((ur.18.c,d) Hampou3BoIeH BXOICH CUTHAT y°(t ) ;
® @ YCCTOTHU XaPAKTEPUCTHKH W, (jo,s) (pur.19);

e yecmomnusn 2D-3D Nyquist- (¢pur.20) u Black-Nichols-po6acmen ananusz (pur.22)
M0 XapaKTePUCTUKUTE HAa HOMUHAJTHHUTE W* W Ha CMyTEHUTE HA Hali-TOpHA TPaHHIIA
w* (46) OTBOpPEeHHM CHCTEMH Ha M3MCKBaHUsATA 3a poOacTHaTa ycToiuuBocT (47) u 3a
pobacTHO kadecTBO (48) B ycloBHsATa Ha anmpuUOpHA HEOMPEACICHOCT MOJCIUpaHa C
KPBroBe = (jo) (49) mo okpwmKHOCTH 7°(jo,) (50) ¢ pamuycu r'(o,) (51) u eHTpOBE B
TOYKUTE o, OT XoHorpada w+;

o xomounupanus uecmomen 2D-3D Nyquist- (bur.21) u Black-Nichols-pooacmen
ananus (Gur.23) Mo XapaKTEPUCTUKUTE HA HOMHHAJIHUTE W* W Ha CMyTCHUTE HA Hali-
ropHa rpanuiia w* (46) oTBOpeHUTE CHCTEMH Ha M3HCKBaHHsTA 3a pobOacTHaTa ycC-
TOWYMBOCT (47) U 3a podacTHO KadecTBO (48) M Ha 3aTBOPEHUTE CUCTEMHU Ha M3UCKBA-
HUsTA 3a pobacTHaTa ycToluuBocT Rs (52) u 3a pobacTHO KadecTBO RP (53);

® cpasnumennus pooacmen ananuz Mexny ID- u ID o DTC-cucremure (pur.24) u
mexay PID- u PID o DTC-cucremure (¢pur.25);

® podacmHuua ananu3 1O XapaKTEPUCTUKUTE HA YYBCTBUTEIHOCTTA HA 3aTBOPEHUTE
CHUCTEMH Ha M3MCKBaHUsATA 3a podacTHaTa ycTonuuBocT Rs (52) u 3a pobacTHO Kavec-

B0 RP (53) (pur.26);

® 3anacume na pooacmua ycmoiiuueocm k ., (54) (bur.27, ¢pur.28) u 3anacume na

pobacmmuo kauecmeo « . (55) na (pur.27, pur.29);

M POL

® 0000ueHun yecmomen podacmen anaau3 Ha CUCTEMHTE MO0 XapaKTEPUCTHKHUTE U
Ha OTBOPEHHTE, U Ha 3aTBopeHute cuctemu (¢pur.30, pur.31).
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Impulse Response PID-ID-DTC Systems Param. Variees

Step Response PID-ID-DTC Systems Param. Variees
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Nyquist-Robust Analysis of PID-PIDoDTC-Systems

Nyquist-Robust Analysis of ID-IDoDTC-Systems
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6. AHAJIU3 M 3aKJII0YEeHHE

[ToxazanuTe pe3ynaTaTH, MOCTUTHATH B HACTOAIIATa pa3pabOTKa, HaJlaraT OCHOBHHUS
W3BOJI, Y€ CHINECTBYBAT €(DEKTUBHU METOU U CTPYKTYPH 3a PoOACTHO (paKTaTHO yII-
paBJIeHUE C KOMIICHCAIHUS OT HEIThJICH, IPOOCH pel Ha 3aKhCHEHUETO Ha HHTYCTPHAI-
HU OOCKTH IPH arpruopHa HeomnpeaeaeHocT. CTPYKTYpHO U MapaMeTPUYHO T ca MpH-
J0XuMu upes3 uznonspanHeto Ha DTC ¢pakmannu cucmemu 3a ynpapienue Ha 00€K-
TH C BUCOKO KauyeCTBO C TIPOMEHSIIO CTOWHOCTTA CH 3aKbCHCHHE.

HoBu n opuruHaiHu B HACTOsAIIAaTa paboTaTa B CpaBHEHHUE ¢ pesynratute [4+ 16] ca:

o [Ipmio)eHUeTo U JTI0Ka3aTeJICTBOTO Ha €()EKTUBHOCTTA HA HPUHYUNA HA NOCE00-
eéamennama 4eCmomna KOpeKyus ¢ Onepamopu om Henvien Opoden peod 3a MaKCH-
MajHO peaylupaHe Ha BIUSHUETO HA 3aKbCHEHHMETO M BapUaIlMHUTE B HETOBATa CTOM-
HOCT ¢ TIOMOIITa Ha (ppaKkTaiHa KOMIIEHCAIIUOHHA TMHAMUYHA CUCTEMA, KaKTO U Kpu-
mepuam u anzopummovm 3a HeHUA CUHME3 |

o [Ipeonoxncenume padacmuu cmpykmypu va PID- u |1D-pecynramopu ot nenbnen
pen ¢ DTC- ¢ppakmannu komnencamopu Ha 3aKbCHEHUE, YUETO IIPUIIOKCHHE TT03BO-
7sBa €pEKTUBHOTO yTPABIICHUE Ha OOEKTH C TIPOMEHJIMBO 3aKhCHEHHUE B KJlaca Ha po-
0OaCTHUTE CUCTEMH |

® [Ipeonoscenume pewienusn 3a Konguzypupamne, mMemoo, Kpumepuii u ai2opumovm
3a ananumuyen cunme3 Ha 103U HOB kiac podactau DTC ¢ppakmannu cucmemu,
KOHUTO ca C MOTBBPJICHA U C JI0Ka3aHa paboTOCIOCOOHOCT ;

® Ouenkama, ROMEBPIHCOCHUEMO U OOKA3ZAMEICHEOMO HA NPUTIONCUMOCIMA HA
npeonazanume peuwieHus U padbomocnocooHocmma Ha Mmemooume, 3a KOeTo B pado-
TaTa € nmposesieH 00001eH podacten yectoteH 2D-3D Nyquist- u Black-Nichols-ana-
JIU3 TI0 XapaKTePUCTHKUTE U HA OTBOPCHUTE, M HA 3aTBOPCHUTE CUCTEMH |

o [lokazanume 3a KOHKpemeH 4ucien npumep npeoumcmea Ha NPEJIOKEHNS HOB
knac DTC ¢ppakmannu cucmemu nipen cuctemute ¢ PID- u ¢ ID-perynatopu Bb3 oc-
HOBA HAa CPaBHUTEJIEH aHAJIU3 IPHU €IHU U ChIIU YCIOBUSA. AHAINU3BT HA PE3YyITaTUTE
JI0Ka3Ba TEXHUTE MPEIUMCTBA, KOUTO C€ U3pa3siBaT B :

@@ MHOIOKPATHO MO-MaJiko Bpeme Ha perynupane (¢ur.16, ¢pur.18) ;

@@ 3HAYUTEIHO 0-BUCOKH CTOWHOCTH Ha 3allaCHTE Ha YCTOHYMBOCTTA 1O MOIYJI
oM u o ¢asa pm (¢pur.17.c, pur.19.c) ;

®e poOacTHa YCTOWYUBOCT RS M pobacTHO kauecTBO RP (pur.20: ¢pur.31) na DTC
¢pakmannume cucmemu ;

© @ 3HAYUTEIHO 0-BUCOKH CTOMHOCTH Ha 3allacuTe Ha poOacTHA yCTOWYUBOCT k

M soL

(dur.27, ¢pur.28) u Ha 3anmacure Ha PoOACTHO Ka4yecTBO k. (pur.27, ¢pur.29) Ha

M POL

DTC ¢ppaxmannume cucmemu ;

o [Ipeonoscenama 6v3M0XHCHOCI 3G NPUBEHCOAHE HA CUCTEMUTE C ITOPUTMU OT
IBJICH peJl B KJIaca Ha pOOACTHUTE CHCTEMH, M3MOJI3BAIIM B aJTOPUTMUTE CH 32 YII-
paBJICHUE OTIEPATOPU 3a UHTETPUPAHE U TudEepeHIIpaHe OT HEIIbJICH, TPOOEH Pe/l.
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Cucremaru3zanusta 1 aHajau3a Ha pe3yaTaTUTe B pa3paboTkara, JOKa3Ba €JHO3HAYHO
e(PEKTUBHOCTTA HA CTPATETUATa 32 KOMIIEHCALUsd HA 3aKbCHEHUETO B CHUCTEMHUTE 32
YIOPABJICHUE U MPUIOKUMOCTTA HA MPEJIOKEHUTE HPUHUUR HA NOC1e006ameIHaAma
¢paxkmanna yvecmomna Kopekyua N PEAUTHUTE TEXHUYECKH BB3MOXHOCTH 3a HEro-
Bara peanuzauus ¢ HoBus kiac DTC ¢ppakmannu cucmemu 3a ynpaenenue, c mno-
MOIIITa HA KOUTO J1a C€ MOCTUTHE €(PEKTUBHOCT B MH)KEHEPHATA MPAKTHKA [IPU yIPaB-
JICHUETO Ha 0OEKTHU C MPOMEHIMBO 3aKbCHEHHE.
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MOPO®UYHUTE HHOJIETA B CUCTEMUTE C PEYHEBA KOMYHUKAILIUA

Hamsaun JlamsinoB

Pe3wome - B pabomama ce onuceam mopguunume nonema, KaKmo u GIUAHUEMO UM
8bpXy cucmemume, cevpsanu ¢ max. Pazenescoam ce obwume npunyunu na mopgo-
2eHe3a Ha Mopguunume A0pa, uzepaxcoawju OUOIOSUYHUME U MEXHUYECKUme CUuc-
memu. [lokazeam ce 6X00HUmMe CUCHAIU, KbM KOUMO Me3u CUCTNeMU UMAM ACHO U3pa-
3eHa peakyusl, KAKMO U Mme3u CUSHAIU, KOUMo cucmemama ueHopupa. 4pes usznons-
8ame HA OCHOBHUME NPUHYUNU HA MOPOUUHUSL PE3OHAHC Ce PA32AeHCOd NPULONCEHU-
emo Ha Mopguunume noiema npu OUOMEMpUYHUME CUCTNEMU C peyedd KOMYHUKAYUS
Kamo 4acm om 408eK0-MAUUHHUMe CUCTEMU.

Kniwowuoseu oymu: cucmemu c peuesa KOMyHUKayusi, MOp@OUYHU Nojlemd, 408eK0-Mda-
WUHHU cucmemu

THE MORPHIC FIELDS IN SPEECH COMMUNICATION SYSTEMS
Damyan Damyanov

Abstract - In this paper the morphic fields as well as their impact on the systems, as-
sociated with them, are reviewed. The basic principles of morphogenesis of morphic
germs are stated, that are the base of biological and technical systems. Some input
signals are shown, that produce a well defined reaction in these systems, as well as
signals, that are ignored by these systems. Using the principles of morphic resonance,
a application of the morphic fields on the biometrical systems with speech communi-
cation as a subclass of man-machine systems, is shown.

Keywords: speech communication systems, morphic fields, man-machine systems

1. BbBeaenue

MopdoreHe3nchbT Ha elHa OMOJIOTMYHA WM TEXHUYECKa CHCTeMa MOXe Jia ce aedu-
HUpa KaTo MpOsBSIBaHC HA XapaKTEPUCTUKHUTE M, KAKTO W HA CHEHU(DHUUHUTE 3a Hes
dopmu [1-4]. [IpoGiiemute, Bb3HUKBAIIKM C MOp(oreHe3uca, ca HsIKoiko. Ha mepBo
MSICTO CTOW BBIIPOCHT KakBa TOYHO (popma IIIe ce MOJy4H - HOBUTE CTPYKTYpH, KaTo
YOBEIIKATE OYHM, KOUTO UIPAsAT BaKHA POJISI B YOBEKO-MAIIMHHUTE CUCTEMH, KaKTO M
CIIyXOBHST amapar, 0COOCHO BaKEH MPH CHCTEMHTE 3a peueBa KOMyHHUKAIHs, HE MO-
rat ja ObJaT M3ILSI0 MPEIBUACHU OT OClie3uTe Ha POJUTEIINTE Ha JajacH YoBek [5-6].
BropusT npobiem e, 4e pa3BHUBAIUTE CE CHCTEMH MOTaTr Jia ce camoympasisBar. C
JIPYTH IyMH aKO 4acT OT pa3BHBallla C€ CHCTeMa ce mpemaxHe (HIM ako ce 100aBH
JOIIBIHATEIHA YacT), CHCTeMara MpOoAbKaBa Ja ce pa3BUBa 110 TaKbB HAYMH, Y€ Ja
Ce MOJyYHd HOpPMaJIHa CTPYKTypa. CaMOyIpaBiICHUETO C€ CIydYBa BbB BCUYKU Pa3BH-
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BaIlly c€ OMOJIOTUYHU WIIM TEXHUYECKH cucTeMu. [Ipu pa3BUTHETO HAa OMOJOTHYHUTE
CHCTEMH TOBA CBOMCTBO YECTO MOXKE Ja ce 3aryOM B enHa (paza OT ChIIECTBYBAHETO
Ha CHCTeMara, HO Jia Ce MOSBU OTHOBO B Apyra. Pe3ynraTsT OT caMOymnpaBIEHHETO €
NOCTUTaHeTo Ha MopgosiornyHa 1ien [1,7].

EnuncTBeHUSAT HauMH J1a ce 00sICHAT Te3u (PEeHOMEHU €, ue uma (HakToOpH, KOUTO Jie-
(dbuHHMpaT cucTeMaTa KaTo MOoBeYe OT CyMara OT ChCTaBHUTE M 4acTH U ONPEACIISIT
I[eJIUTe Ha CUCTeMara B mpolieca i Ha pa3BUTHE. Te3u (HaKTOpu ce OonpeaessT KaTo
MOpGUYHHU TIOJIeTa, WK Ha €3UKa Ha MPOrpaMUpaHETo - mporpamMu. Te MoraT aa 0b-
AT M3IBIHUM KOJ| 32 TEXHUYECKUTE CHCTEMH WM TCHETUYHHU MPOrpaMu 3a OHOoII0-
rugaute. [locnenaure obade chabpKaT HEMIO MMOBEYE OT XUMHUUYECKaTa CTPYKTypa Ha
JIHK, Tpii KaTo, ako OTACITHUTE OMOJIOTUYHU CHCTEMH KOIHPAT W IOCTaBAT HICH-
truuHu Konus Ha JJHK BbB BCHUKM KIIETKH, T.€. BCUUKHU KJIETKH Ca MPOrpaMupaHu €Ji-
HAKBO, T¢ HE Morar ja ce pa3suBar pasznuuno [8,9,10]. Te3u renu ce Hapuvat Mop-
(¢buyHU s11pa, KOUTO C€ HAMUPAT MO BBH3JACUCTBUETO Ha MOP(OUUHHUTE TOJIETa - KATO
EJIEKTPUUYECKUTE 3aps/IM, TIOCTABEHU MO BIUSHUETO HA €IEKTPOMArHUTHO TOJIE.

2. Mop¢puyHH 1oJieTa B TEXHUYECKUTE CHCTEMH

B cBetnmHaTa Ha (UGPOBUTE CUCTEMU, KOUTO ca MPOEKTUPAHU TaKa, Y€ IPU €IHAKbB
BXOJICH CUTHAJ J1a 1JaBaT BUHArd €IMH U ChLI U3XOJEH TaKbB, € TPYAHO Ja C€ IpUeMe
Yye uMa KOMITIOTPH, IIPU KOUTO TOBA HE € U3MBJIHEHO. TOUYHO TOBa 00aye € CayyasT C
aHasioropute KommioTpH. IIpe3 50-Te roguHu Ha MHUHaIUS BEK aHAJIOTOBUTE KOM-
HIOTPU ca OMJIM CEPUO3HM KOHKYPEHTH 3a TeXHHYECKUTE CHUCTeMHU Ha Objemiero. Te
MO3BOJIABAT CJIOKHU, CAMOOPTraHU3Upallld C€ MOJIENIM Ha peakluu, KOUTO Ce pa3BUBaT
npe3 MOHSIKOTa XaOTUYHH, OCHMIMPAIIHN BEPUTH B CICKTPOHHUTE YCTPOHUCTBA. Y UIISIM
Poc Amibu, 6purancku nuoHep Ha KHOEpPHETUKATA, MOKa3Ba KaK aHAJIOTOBUTE KHOep-
HETHUYHU BEPHUTW MOTaT Jja MOJEIUpAT MO3bYHATA AaKTUBHOCT, BKJIIOUBAMKH MPEXOIH
OT €JJHO ChCcTOstHUE B Jipyro [3,4]. [loBeneHreTo Ha eNEKTPOHHUTE BEPUTH € OTYACTH
XA0TUYHO U HENPEIBUIUMO U € TOBJIUSHO OT MPEAUIIHN U3XOHU CUTHAJIU Ha CUCTE-
mata. KoraTto ycioBusita ce MOBTapsT MO WACHTUYEH HAYUH, HUPPOBUAT KOMIIOTHD
I11€ OTTOBOPHU IO €IMH U ChUIM HauMH. Ho aHanoroBure ycTpoiicTBa HE MPOU3BEKAAT
€IMH U ChIIM U3XOJI€H CUTHaJ JIBa IBTH. 3a J1a C€ YCTAHOBH Jajll MOPPUYHUTE IO-
JieTa ca OTTOBOPHHM 3a TOBA, CE Hajiara mo-3aJibJI0049eH Morie]l BbPXY TAX [5,6].

Mop¢uynnute nmonera 3amoYBaT CBOETO BH3/ICHCTBUE BbPXY BEUE OpraHU3UpPaHa CHUC-
TEeMa, KOSATO CIIykH 3a MophuuHo siapo. [lo Bpeme Ha mporeca Ha MOpP(OTreHE3UC ce
NOSIBSIBA HOBAa MOp(pHUHA CHCTEMA OT TIO-BUCOKO HUBO, KOSITO c€ 00pa3yBa OKOJIO SII-
pPOTO 1OJ BB3ACHCTBUETO Ha crieinpuyaHo Mopduuno moje [1,6]. 3a ga ce pazdepar
HAYMHUTE, 110 KOWTO JAJCHO MOP(GUYHO IOJIE C€ CBBP3Ba C IaaeHO MOPGUIHO SAPO,
MOJKE J]a C€ MOTHPCU aHAJIOTHS C TPABUTAIMOHHHUTE U CJICKTPUYECKUTE mosiera. Ma-
caTa Ha JlaJicHa MaTepualiHa CHUCTEMa OIpPEJEsl MOJO0KEHUETO B TPABUTAIIMOHHOTO
M0JIe, KAKTO €JIEKTPOMArHUTHHUTE TIOJIETa BIUSAT BbPXY eleKTpudeckute 3apsiau [1,3].
[To To31 HAYMH CBHP3BAHETO HA MOP(HUIHO MOJIE C NaJeHO MOP(UYHO PO 3aBUCH OT
dbopmara Ha nociaeaHoTo. Taka MOPOUUHOTO SAIPO ce oOrpaxaa oT MOP(HUIHO Moje
3apaju XapakTtepuctuyHata cu Gopma. MophudHOTO Aap0o € YacT OoT ObJema CHc-
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teMa. [1o To3u HaYMH YacT OT MOP(GUYHOTO TOJIE HA CHUCTEMAaTa ChOTBETCTBA HA Si/I-
poto. Ho ocTananara yact Ha MOJIETO OILlEe HE € MPOSBEHA - TS ChIbpPKa BUPTyaaHaTa
(opMa Ha cucTemara, KOsTO C€ IPOsABSIBA, KOraTO BCUUYKU MAaTepUaIHU YacTH 3aeMat
CBOETO MACTO. MOp(hUYHOTO ToJie TOraBa ChBMana C UCTHHCKaTa (opMa Ha CHUCTE-
mara [7,8]. Te3u mpoliecu ca MpeacTaBeHr cxeMaTHyHO Ha ¢ur.lA. 3ampuxoBaHUTE
00J1acTH MoKa3BaT BUpTyajgHaTa ¢popma, a JurcaTa Ha IPUXOBKa MTOKa3Ba UCTUHCKATA
cuctema. ®ur.1b nokassa ye puHanHaTa PopMa MOXke /1a Obe TOCTUTHATA U IO APYT
mopduuen mpT. Our.l. B noka3Ba camoynpaBiieHHE - CIy4asT, B KOWUTO pa3BUBaIlaTa
Ce CUCTeMa € HapaHEHa WJIM ce OTCTpaHu vacT oT Hest. dur.1.I" moka3Ba pereneparusi.
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3. MopduueH pe3oHAHC B OMOJIOTUYHUTE U TEXHUYECKH CHCTEMH

3a 1a ce W3SCHAT MPUIIOKCHUSITA HA MOPGUIHUTE TTOJIETa BHPXY CUCTEMHUTE C peueBa
KOMYHUKAIIFsI, C€ Hajara Jia c€ MPOCJIeAHN BIUSHUETO Ha HACTOSAIINTE U MUHAIUTE
CUCTEMH, aCOIMHPAHU C JaJIEHO MOP(PHUIHO TOJIe, BBPXY OBICIINTE CHCTEMH, CBB]-
3aHU CbC ChII0TO ToJe[1,4]. ToBa BIUsIHEE UMa CICTHUTE OCOOCHOCTH:

e [IvpBaTa cucrema ¢ najaeHa ¢opMa BIIMse HAa BTOpaTa TakaBa CHCTEMa, CJIe]l TOBa
JBETE BIMSAAT HA TpeTaTa, T.€ BIMSHHETO € KyMyJaTHBHO. B TO3u mporiec mpsi-
KOTO BIIMSIHUC HA JaJICHa CUCTEMa BBPXY CICIBAIUTE € HAMAJISIBAIIO C TCUCHHE
Ha BpeMeTo. BrIipekn ue aOCOMOTHUAT €(heKT HE € TO-MaIbK, OTHOCUTCITHUST
eeKT ce cMalIsiBa ¢ YBEIMYCHHETO Ha o0mus Opoii cuctemu [8];

e DopMUTE M HA HAW-TIPOCTUTE CHUCTEMH ca MpoMeHuBH. DopMHTe HA BCUYKH
MIPEMIIHA CUCTEMHU CTaBaT BUAMMH B OBACIIUTE CUCTEMHU C MojoOHa dopma.
BrIpekn 4e mma mpomsiHa BBB ToJieMUHATa Ha OTACIHUTE CUCTEMH, MHOTO OT
TSAX C€ pas3iinvaBar B jJeraiiii. Taka Te He ChBIAJAT TOYHO €IHA C JIpyra, a Io-
CKOpPO ACHCTBAT HA MPUHITUIIA HA aBTOMATHYHOTO OCPEIHSBAHE, TIPH KOUTO 00-
IIUTE XapaKTEPUCTUKHU HAa TPEIUNTHUTE CUCTEMHU Ie OBJAT SCHO M3Pa3cHU B
obaemute [9];

® ABTOMAaTHYHOTO OCPEIHSBAHE HA MHUHAIUTE (OPMHU IIE CE OTPa3H KaTo MPOCT-
PAHCTBEHO BEPOSITHOCTHO pasmpejiesieHne B MOpPUUIHOTO Tosie. To ompesens
BEPOSITHOCTHUTE CHCTOSTHUS B JIaJieHa CUCTEMA IO Bh3EHCTBUETO Ha TMOJIETO, B
CHOTBETCTBUE C UCTHHCKUTE CHCTOSHHS Ha MOJOOHUTE CUCTEMH B MUHAIOTO [/].
Haii-BeposiTHaTa popMa € Ta3u, KOATO HA-4eCTO Ce € MOsABsIBajia B MUHAJIOTO;

e B panHHTE CTaguu Ha UCTOpUATA HA GopmaTa, MOPUIHOTO TIOJIE 1Ie ObJe MHO-
0 JIoIo Ae(UHUPAHO U CHITHO TIOBIUSHO OT MHAUBUAYyaTHH ¢popmu. C TeueHUe
Ha BPEMETO BIMSIHHETO Ha MHOXXECTBOTO CUCTEMH OT MHUHAJIOTO IIIE IOBEAAT JI0
ycroiunBo MopduuHo mojie [1]. Konkoro mo-BeposiTHa € JajeHa ycpeaHeHa
¢dbopma, TOJIKOBa MO-BEPOSATHO € Ta3w opMa Ja ce MOsSBHU B OBCIICTO;

e Komn4yecTBEHOTO BIMSHHETO Ha JaJICHa CHCTEMa BBPXY IMOCIEASIBAIINTE 3aBUCH
OT BPEMETO, Ipe3 KOEeTO JajeHa cucteMa e orensuia. CHCTEeMH, KOUTO ChIIECT-
ByBaT MHOTO TOJIMHH, III¢ UMAT MO-CUJTHO BIMSHHUE OT TE3H, KOUTO CE pasmajar
3a CeKyH/IH.

Unesta 3a BiustHue Ha MuHamuTe GOpMH BBPXYy MopdoreHesnca Ha ObICHIUTE €
TPYIHO J1a c€ OOSICHU C TEPMHUHOJIOTHATA Ha BeUe CHINECTBYBAIIHM KOHICTIHA. Equn-
CTBCHMST HA4MH ¢ ¢ aHayorus [3,4]. dusnveckara aHAIOTHs C pe30HAHCA € HAW-TIOJI-
XOJIs11a. EHepruitHUAT pe30HaHC ce CIIydBa, KOTAaTO MPOMEHJIMBA CHIIA, JCHCTBaIla
BBPXY JaJicHa CHCTEeMa, CHBIAJHE C HEWHATa €CTECTBEHATa YECTOTAa Ha TPENTCHE.
HactpoiiBaneTo Ha najieH paAHONPHEMHHK Ha ONpeeNieHa YeCTOTa, MOTIBINAHeTO Ha
CBETJIMHHU BBJIHH OT aTOMH W MOJICKYJIM, ChOTBETCTBAIM HA TEXHHUS CICKTBD Ha
MOTJTBIIIAHE, PE30HAHCHT HA CIIMHA Ha €JICKTPOHA ca MpUMEpH 3a pe3oHanc. O0moTo
MEX]y Te3W MPUMEPU € MPHUHIUITHT HA CEJICKTUBHOCTTA - OT JaJicHa CMeC OT BHOpa-
IIUH, KOJIKOTO U CJIOXHA J1a € TSI, CHCTeMara OTroBaps Ha onpezeneHu 4ecToT. Edek-
THT OT pe30HaHca Ha opMmara mpe3 BPEeMETO M MPOCTPAHCTBOTO HAMO005Ba €HEp-
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TUHUS, U ce Hapuda mMopduueH pe3oHaHC. Toil Hamomo0siBa €HEPTHUHUAT B OIIIE
SJIMH acCIeKT - Cy4YBa ce MKy ocuuiupanty cucremu [1,7,8,9].

4, Hpnnomem/le Ha MOp(l)l/I‘IHI/ITe moJiera B CUCTEMUTE C peu€Ba KOMYHHUKAIIUA

PeakiusitTa Ha OMOJIOTMYHUTE M TEXHUUYECKUTE CUCTEMHU KbM BB30YXKIAIllM CUTHAIH,
HOCEILM OIpejiesieHa XapaKTePUCTHKA, € IMO-CHIJIHA, aKO T€ MOraT Jia C€ U3BJIEKbT Jiec-
HO oT okosHaTa cpena [1,10]. EdbexktuBer Bp30yauTEl MOXKE J1a c€ HaMEpH, KaTo ce
TECTBA CHCTEMaTa C MHOXKECTBO BB30YKJallli CUTHAIM U C€ HAOJI0aBa KOM ca Hai-
epexkTkuBHU. 110 mpaBuioO, Ha-CUJIHUTE peaklUu ce HAOJI0aBaT IpH MajdbK Opoii
BB30Y)KIaIlld CUTHAIH, JOKATO MHOXECTBOTO CHUTHAJIM OT OKOJHATa Clela Ce MTHO-
pupat. Ciopen Teopusata Ha MOPUIHHUTE MOJIETa PA3IO3HABAHETO HA TE3H XapakKTe-
PUCTHKH 3aBUCU OT MOp(HUHUS pe30HAHC HA MUHAIH OMOJOTHYHU WM TEXHUYECKH
CHCTEMH, KOUTO ca OWJIM W3JI0KEHW Ha BIUSHUETO HAa TE3W XapaKTEepPHCTUKH. Upe3
mporeca Ha aBTOMAaTUYHOTO OCPETHSBAHE TO3M PE30HAHC IIE CE€ MPOSBH B OOIIUTE
XapaKTEepPUCTUKU HAa BPEMEBO-TIPOCTPAHCTBEHUTE MOJEIIM Ha peakiMs Ha cUcTemara.
Pe3ynTtaThT 11e 0b4€ TakbB, Y€ CaMO OMpeAesieH! Bb30YyKIalu Bb3ACHCTBUS CE U3B-
JUYaT OT OKOJIHATa Cpeja, JOKATO APYrH Ce€ UTHOpUpaAT. bHOMETpUYHHUTE CHCTEMHU
IPEIOCTaBAT BH3MOXKHOCT Jla C€ pa3lo3Hae JIMIETO WM peuTa Ha JaJeH WHIAUBUI.
AKO ce HampaBu KOJICKIUS OT CHUMKHU Ha YOBEKa B MIPOM3BOJIHUA CUTYallUH, TO HA Te-
3W, HalPAaBeHHW TIPe3 HOIITA, HSIMa Ja ce BUIW Humo. Ha Te3u, HarpaBeHu mnpe3 JeHs,
1€ UMa JIMIa ¢ pa3IudeH pa3Mep, KakTo U pazinnydHa popma 3a npodui u audac, KaTo
II€ Ce pa3InyaBaT U T€3H, CHUMaHU OTrope W OTCTpaHu. Jlunata Moxe 1a ca CHUMaHU
70 pa3nudHu 00EKTH, WU JIaXKe CKPUTH 3a] TSIX. AKO BCUUKH T€3M CHUMKHU CE€ HaJo-
KaT eHa BBPXY ApPYyTra, HAMA Ja UMa XapaKTePUCTHKHU, KOUTO Ja ca SCHO W3Pa3CHU -
pesyntateT me ¢ mym [1,11,12]. Axo obade ce HaOXKaT cepusi OT 3alKMCH Ha Ilaca Ha
JaJIeH Y0BEK, IIPOU3HACSII ONpeJesieHa MOCIe0BaTeIHOCT OT (POHEMH, TO pe3yJiTa-
THT 1lI€ € SICHO MU3PA3eHHM XapaKTePUCTUKHU Ha peuTa Ha naneHus unausuia. C apyru
aymMu OMOMETpUYHATa CHUCTEMa HsMa Jia MPOMU3BeNie ACHO M3pa3eHa MpexoaHa (PyHK-
IUsl OT CHUMKAaTa Ha JaJIeH YOBEK, Thil KaTO HAMa MOP(HUYEH PE30HAHC, CBBP3aH C
U300paKEHUETO, JOKATO MPH BXOAHA (YHKIIMS 3aMKC Ha ri1ac CUCTeMara Iie uma sc-
HO M3pa3eHa peakius - uaeHTudukamnus u Bepudpukanus Ha nepconara [1,12,13]. Tosa
e u o0mra yepra Ha MOP(PUYHUSA PE3OHAHC: BU3YATHUTE BBH30YKIAIM CUTHAIH YECTO
He ca e()eKTUBHH KOJKOTO CUTHAJIUTE MOJA opMaTa Ha XapakTepucTuku. BeposTHara
npuyuHa €, ue (opMHTe ce MPOMEHAT MHOTO B 3aBUCHMOCT OT TJIeIHAaTa TOYKa, JOKa-
TO MPH 3BYIMTE TOBA HE € U3MbJIHEHO [14,15].

Korato nanena OuomeTpuydHa cucTema 3amnrcBa BbiIHOBaTa (popma Ha curHaia, mpoo-
JEMBT C pa3HOOOpa3ueTo Ha (popMUTE OTHOBO M3NK3a Ha mpefeH miaH. Heooxoaumo
€ cUcTeMaTa Jia U3BJiede XapaKTepUCTUKH Ha CUTHAJA, KOUTO HE ca 3aBUCUMH OT (Hop-
mata My [16]. MHOTO aBTOpHM ce OMHTBAT Ja yeIHAKBAT (JOPMUTE HA OTICITHUTE pe-
YEeBH CUTHAJIM C T.HAp. IMHAMHYHO Opa3MepsiBaHe Ha BpemeTo [17]. lokaTo To3u moj-
X0/l € CJIO’KEH M OTHEMAIIl 3HAYUTEJIHO MPOLIECOPHO BpemMe, MOP(PUUHOTO T0JIe Ha YO-
BELIKOTO TSUIO JlaBa MPOCTO pelieHue Ha mpobiema. KakTo € u3BeCTHO, YOBEUIKOTO
yXO0 aHaJIM3Mpa YECTOTHUTE ChCTABKU Ha 3BYKOBUS cUTHAIL. [Ipu ToBa 4OBEWIKOTO yXO
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€ M3KJIIOYMTEIHO TOYEH, Ha HEKaIHMOpHpaH UYECTOTEH AaHaJU3aTop - TO OCPEIHSBA
EHeprusiTa Ha 3BYKOBHUS CUTHAJ B OMPEENIEHN YECTOTHH JeHTU. ToBa € U Hal-pobac-
HUSIT HA4MH 32 Pa3lI03HaBaHE Ha Ped - KOraTo 3alliCaHusIT 3BYKOB CUTHAJI C€ OCPEIHH
M0 OIpENETICHN YeCTOTHH ChCTaBKH, 10 TO3M HAYMH H305TrBa BapHalUUTE BHB (op-
MaTa Ha curHana. Exuna 1oObp BapuaHT 3a MpUiiaraHe Ha MPUHIMIA Ha aBTOMAaTH4-
HOTO OCpelHsiBaHE Ha MOppuuHHUs pe3oHaHC € MEJI-kencTbpbT Ha pedyeBUsi CUTHAI
[10,13].

Toii He ce momydaBa nupekTHO oT Dypue-crekTbpa, a € Ha OCHOBaTa Ha HEPaBHO-
MepHa 6aHka oT GUITPH, OTAEINSIIIA YECTOTHUTE JICHTH, MOKa3aHu Ha (ur.2

A
Al

A 1
0 1000 2000 3000 4000 f, Hz

@ur.2 Kputuunu JIeHTH Ha clyxa, 3a n3uncisiBane Ha MEJI-kencrspa

M3mon3BaHeTo HA TE3W KPUTHYHH JICHTH CE HajaraT 3apajad CICAHWTE MOCTYJIATH OT
NICUX0aKyCTHKATa:

e CyOeKkTHBHOTO BB3IpHEMaHaTa BUCOUMHA HA TOHA, TaKa HAPCUCHHUS COH, HE € B
JIMHEWHA 3aBUCUMOCT OT 4yecTorata. [10-cCKOpo BUCOYMHATA HA TOHA CE BB3MPH-
eMa JIOTApUTMHUYHO OT 4YoBeka [16]. 3a cOHBT ¢ BBbBeACHA HOBa CKaja, T. Hap.
Mer-ckana, py KOSATO Ca HAHECEHUW CyOCKTHBHO BB3IpHEMaHUTE TOHOBe. Ha
Ta3W CKajla Pa3CTOSHUETO MEXIy JBa TOHA, KOUTO MOTaT Jia UMaT U ¢/IHa OK-
TaBa pasiiMKa, ¢ BUHATW C¢JIHAKBO, HE3aBUCHUMO OT decTorara. Karo erajoHHa
TouKa € Bp3npueT ToHa ¢ yectota 1000 Hz, xoiito nma croitroct 1000 Ha men-
cKaJara.

e UYoBCHIKUAT CIYXOB amapar aHaJW3upa MOCTHIIBAIIKUTE HA BXOJa My CHUTHAJIH,
KaTO TY pa3Jiesisi Ha YeCTOTHU JICHTH, KOMTO HE ca eJHaKkBH. ETo 3aI1o crekTs-
pPBT He ce HaOJr0/1aBa HAa YEeCTOTHATA CKaya, a Ha Men-ckanata. CIeKTbPBT ce
Haprya MeJ-CleKThp U C€ U3I0JI3Ba ciieHaTa Tpancopmartusi|13]:

1000 f
f =———+—
"™ log2 ( 1ooo) (1)

Tyk f [Hz] e yecTorara, a ¢ f,, ce 03HauaBa CyOEKTUBHO Bb3IpUETATa BUCOUMHA HA
TOHA, T.€. COHbT. DOpMaTHOTO OnKucaHue Ha Men-Kencrbppa ce 3aJaBa KaTo cyma OT
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N -Te u3xona Ha j-TuaT QuiThp H ;» KOWTO C¢ yMHO)aBa ChC ChOTBETHHAT Dypue-
cuektep X(Kk):

S, =Y X(KH,;(k), 1<j<] 2)

IIpu ToBa Men-6ankara ot ¢uiarpu H,(k), k=0, N -1 Tps6Ba fa UMa ChIIaTa pas/iein-
TENHA CHOCOOHOCT MO YecToTa, Kakto Dypue-npeoOpa3yBaHeTO Ha cUrHaima. Tbil
kaTo Men-6aHkata OT QUITPH HE 3aBHCH caMO OT j U N, HO KaKTO Ce BHXKIA M OT
(1), u ot yecrorara Ha guckperusarus [18]. Onucanmsr ¢ (2) Men-kercrsp S, j=1,J
CIy’XH 3a HaMupaHe Ha Mem-koedurmeHTuTe:

é(m)z%Z;l(log§j)cos(m(j—1/2)%), 0<m<D (3)

kpaeTo D e xemanuar Opoi kemctpanHu koeduuueHTH. Thi KaTo aMIUIMTYAHUST
CHEKTBp € peajieH U CUMETPUYEH, BMECTO JUCKPETHOTO mpeoOpaszyBaHe Ha Dypue
MOJKE J1a C€ U3II0JI3Ba IUCKPETHOTO KOCUHYC NpeoOpa3yBaHe.

5. 3akaouenue

B pabotarta ce pasriaexnat MophUUHUTE MOJIEeTa, KAKTO U BIUSHUETO UM BbPXY CHUC-
TEMUTE, CBbp3aHU C TiaX. [loka3zBaT ce BXOJHUTE CUTHAIHM, HA KOUTO TE3H CUCTEMHU
MMaT SICHO U3pa3eHa peakiiMsi, KAKTO U T€3U CUTHAJIU, KOUTO CHCTEMaTa UTHOpHUpA.
Upes usnon3BaHe Ha OCHOBHUTE MPHUHIIMIN HAa MOPGUYHUS PE30HAHC CE pas3riexia
MPOSIBJICHUETO HA MOP(PUYHHUTE MOJIeTa MpU OMOMETPUUYHUTE CUCTEMH C pedeBa Ko-
MYHHUKAIIUs, KaTO YacT OT YOBEKO-MAIIMHHUTE CUCTEMH.
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KOJIMYECTBEHA TEOPUSA HA OBPATHATA BPbB3KA -
METOA0JIOT'UsA 3A CUHTE3 HA CUCTEMUA
3A YIHPABJIEHHUE - yacr 1

Becesaa KapaoBa-Cepruesa

Pe3tome. Konuuecmseenama meopus na obpamuama 6pb3ka € Memoooio2us 3a CUH-
me3 Ha pobacmuu cucmemu 8 yecmomuama ooaracm. Tozu memoo no3eonA6a cuHmes
Ha pe2yiamop upe3 UHCMPYMEHMapuyma 6 pagHuUHama Ha 102apummudHama amniu-
myono-ghazoeo wecmomna xapakmepucmuxa (Huxonc) u eapanmupa xawecmeomo Ha
ynpasieHue npu Koaudecmeenu uzmeHenus. Llenma na memooa e cunmes Ha pecyna-
mop u npepuimvp, Koumo y0081emeopasam npeoseeHume Kpumepuume 3a Kavecm-
80 3a yenus uzgecmeH OUANA3OH HA USMEHEHUe Ha napamempume Ha obekma 3a yn-
pasienue.

Kniwouosu oymu: Heonpedenenocm, npegpunmup, U-konmyp, pobacmuu epanuyu.

QUANTITATIVE FEEDBACK THEORY -
CONTROL SYSTEM DESIGN METHODOLOGY- part 1

Vessela Karlova-Sergieva

Abstract. QFT is a methodology to design robust controllers based on frequency do-
main. This technique allows designing robust controllers which fulfil some quantita-
tive specifications. The Nichols plane is the key tool for this technique and is used to
achieve a robust design over the specified region of plant uncertainty. The aim is to
design a compensator and a prefilter, so that performance and stability specifications
are achieved for the family of plants describing a plant.

Key words: Prefilter, Robust Bounds, U-contour, Uncertainty.

|. BbBenenue.
OxkasBa ce, 4e Ha BUJ] TOJIEMU Pa3IvuKU B IMHAMHUKATA HA MOJIEJIa Ha CUCTeMaTa 3a Y-
paBlieHUE B YECTOTHATA 0OJACT HE BUHATU BOJAT /IO CHIECTBEHO PA3JIMYHU MPOLECH
BBB BpeMeBaTa 001acT, KakTo ¥ 0OpaTHOTO.
Heobxoaumo e ocurypsiBaHeTo Ha poOACTHOCT U B JIBETE HAMPABIICHHUS J1a € HETIPOTH-
BOPEUMBO, KaTO TOBA C€ MOTBHPAM C MAaTEeMAaTHUECH, TpaduueH 1 TabJInyeH anapar.
[IpoOnemMbT 3a ocurypsiBaHe Ha YCTOMYMBOCT M KA4ECTBO HA CHCTEMUTE CE€ THPCHU B
paMKHTE Ha JOMyCTUMa MPOMSHA HA MapaMeTPUTE Ha OOEKTa M CE WHTEPIPETHpa B
MOHATHUATA HA pOoOACTHA YCTOMYMBOCT U POOACTHO KAYECTBO.
W3meHeHusATa B IapaMeTpuTe Ha 0OCKTUTE Ce IBDKAT Ha HECTAIIMOHAPHOCTTA UM, Ha
HEJTMHEHHOCTTa UM NPU MPOMSHA Ha pabOTHATAa TOYKA, HA BHHIINHU WM BHTPEIIHH
CMYIIICHHSI.
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KonnuecrBenara Teopus Ha obparHaTta Bpb3ka (KTOB) ce siBsIBa eCTeCTBEHO JOMbJI-
HEHUE Ha KJIAaCUYECKUTE METOJM 3a CUHTE3 B YECTOTHATa 00JacT, KaTo mpeajiara Ju-
PEKTHA EeKCIUIoaTalys Ha UHAUPEKTHUTE BPB3KU C KOMIUIEKCHA paBHUHA U BpEeMeBa
obnact [2,4,5].

[IpencraBenata paboTta € pa3jieseHa Ha JB€ YacTH, KaTO HacTosaTa yacT € IbpBaTa
C IMOCOYEHOTO Ha3BaHue. BbB BTOpaTa yacT Ha padoTaTa ca NpeJCTaBeHU Pa3aesiud OT
IV.4 no V., KakTo U U3MOJ3BAaHUTE JINTEPATYPHU U3TOYHUIIH.

I1. Iles1 u 3apaum Ha padorara.
OcHoBHaTa 11€J1 Ha pa3paboTkaTa € MOCTUraHe Ha poOACTHOCT U €IHO3HAYHOCT Ha Ka-
YeCTBOTO Ha CHCTEMa 3a YIpaBJCHUE BbB BPEMEBAa M YECTOTHA 00JIaCT upe3 npuJa-
raHe Ha METOJla Ha KOJIMYECTBEHATa TeOpHsi Ha 0OpaTHATa BPBH3Ka.
[TocTaBenu ca cnegHuTe 3a7a49: 0030p HA METOA, MPOIEAypa MO CHHTE3 HAa CHCTEMa
3a yIpaBJICHUE, aHAIU3 U U3BOAU OT MOJYYEHUTE PE3YITATH.

1. O61acTn Ha MpUIOKEHUE HA KOJIMYECTBEHATAa TeOpHUs HA 00paTHATA BPb3-
Ka.

Enna oT ocHOBHMTE IIPEANOCTaBKY 3a MpUjIaraHe Ha METOJ1a € HAJTUYUETO Ha HEeoIpe-
nesneHocT B napamerpure Ha ooexkrta. KTOB paGoTu AMpeKTHO ¢ BCsika Heompeese-
HOCT U HE Ce Hajara npeJaBapuTeIHO YaCTHO MPE/CTaBsIHE.
MHoOro cucreMu UMar CJI0KHa JUHAMHUKA U Ca MHOTO TPYJIHU 32 MOJIyYaBAHE HA aHa-
JUTUYEH MOJeI. B TakbB ciydail ce mpOBEXKAAT EKCIEPUMEHTH, IIPU KOUTO CE€ CHEMA
peaiHa 4eCTOTHA XapakTepUCcTHKa. MeToabT paboTH ¢ 1esust Habop YeCTOTHU Xapak-
TEPUCTHUKHU MPU HEOTIPEEICHOCT, 0€3 1a U3UCKBA UICHTU(PUKALIUS Ha 00EKTa.
3a paznuka OT JUHeapu3alusITa IPU MajKa MpoMsiHa B paOOTHATa TOYKA, UJIeATa TIPH
KTOB e na ce 3aMeHn HeMMHEWHUS O00EKT ¢ N-Oposi TMHEHHN O00EKTH, U3MOJI3BANKH
JOIYCTUMHU BXOJTHO-M3XOJIHU XapaKTepUCTUKU. HenmHeHus: 00eKT ce mpeacTaBs Ka-
TO HA0Op OT JIMHEHHU 00EKTH, KOUTO MOKPUBAT JAMANa30HA HA CTPYKTypUpaHaTa ma-
paMeTpUYHa HEONPEAEIEHOCT.
[Ipu cUHTE3BT HA CUCTEMH 3a YIpaBIECHUE CHIIECTBYBA MPOOJIEM MPHU YAOBICTBOPSI-
BaHE Ha JKEJIaHO KAa4eCTBO Ype3 HAKOJIKO IMOKa3aTess v/ Wiu MOJIbPKAHETO UM IPH
HEOIpPEILICHOCT, TOECT B acnekT podacTtHo kauecTBO. KTOB cb3naBa rpanuiy, Ko-
UTO TapaHTHPAT U3II'BIHEHUETO Ha BCSIKO orpaHuueHue. Oliie mopeye, ye B peajqHaTa
CUTYyallMsi, OTpPaHMYCHHUATA Ca B JIaJieH JAuana3oH, 3aBHUCEIl OT creludukara Ha mpo-
1[eca, a METOAbT HE U3MCKBA M3IBJIHEHUETO HA MPUBEJEH B YECTOTHATA 00JacT KpH-
TEpPHUH 3a BCAKA YECTOTA OT HyJa 10 Oe3KpaitHOCT.
Heobxoaumo e na nma anpuopna uHdopmarus 3a meins Habop OT BCUYKU U3BECTHH
CMYUIEHUS BHHILIHU WU BbTPEIIHHU U TAXHOTO BIUSHHE BbPXY Bpb3KaTa MEXKIY BXO-
na u u3xona. Ha 6a3a ta3u uHbopmarius onpesens skellaH TOJIEpaHC Ha U3XO07a, 3a Ja
ce MO/IbpKa pa3yMeH HUCHK KoehUIMeHT Ha ycunBane. [lo To3u HauuH ce n3bernar
npoOJieMH CBBP3aHH C YCUJIBAHE HA BHUCOKOUECTOTHHUS IIIYyM, HACHUILIAHUS U BU-
COKOYeCTOTHA HeomnpeneneHocT. Mmenno nopaau ropuure npuunnn KTOB usnonssa
3a MoJiy4aBaHe Ha poOACTHOCT HOMUHAIHUS OOCKT, a He (YHKIIMUTE HA YyBCTBHUTEII-
HOCT.
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[TomsaTa oT MeTona, € ue B pe3yJiTaT Ha poOACTHUSI CUHTE3 C€ IMOJydaBa HEUYBCTBH-
TEJHOCT KbM CTPYKTYpHUpPaHa MapaMeTPUYHA HEONPEAEIEHOCT, KAaTO 3a LIEJITa CE MPHU-
Jara camo €JMH IOJXOJ 3a ITbJIHUS JIMala30H Ha paboTa Ha peajHaTa CUCTEMa 3a yII-
paBJICHUE.

V. Ilpoueaypa 3a cuHTe3 Ha cucTeMa 3a ynpasJjenue ype3 KTOB.

[Ipoueaypata mo mpeuIoKeHUsT METOJ MOXKE J1a Ce MPEJACTaBU upe3 OJIOKOBa uar-
pama Ha ¢wur.l, KosITO € HampaBeHa Upe3 CHUCTeMaTH3allis Ha HACOKHTE NTaJCHHU B
[1,3,6]. Ha 6a3a Ha mpejacTraBeHara guarpama Io0 HaTaThK B paboTaTa ce M3BBPIIBA
CHHTE3 Ha poOacTHa CHCTEMa 3a YIIpaBJICHHUE.

1V.1. MatemMaTH4eH MOe.I.

[IpeameT Ha U3cienBaHE € MOJIEN Ha OOCKT C MpeaBaTrenHa (yHKIIHs

W, (s)=k(s(Ts+1)(T,s+1)) . @)

0

[Tapamerpure K m T, ca HecTamMoOHapHM W HpHUEMAT CTOMHOCTH B AMAma3OHA
150<k <300 n 0.012<T <0.02. BpemexoHcraHTara 1, ¢ IIOCTOSIHHa U MMa CTOMH-
HocT T,=0.001. MaTemMaTn4HOTO ONHMCAaHUE CHOTBETTCTBAa Ha N-Opos JTUHEHHU MO-

nen. 3a HOMHMHAJIEH 00EKT ce pHeMa CHTyalus, B KOATO IapaMeTpuTe ce KOMOUHH-
paT, Taka 4e OCHTypsIBaT 3aIlacH MO OTHOCHUTENIHA yCTOMYMBOCT 110 MOAYT U (a3a, Cb-
orBetHo GM =17.2dB, @  =289r/s, PM =35.1°, @ =100r/s. Cpiuo Taka MaKkcu-

MaJIHU CTOMHOCTH Ha q)YHKHI/ISITa Ha 9YBCTBUTCIIHOCT U HOIIBJIHUTCIIHA YYBCTBUTCII-
noct M, =5.96dB u M, =4.42dB.

[Ipu chueTaHWe Ha TMapaMETPUTE Ha Ha-rOpHA rpaHUIA IMOKa3aTeINTe Ha KaueCTBO
ce BiomraBaT u cporBeTHo ca GM =11dB, w _=225r/s, PM =16.7°, o, =117r/s,

M, =11.2dB u M, =10.8dB.

1V.2 30HM ¢ HECTALIMOHAPHOCT.

HecraunopHapHocTTa B mapaMeTpuTe Ha OOEKTa IMO3BOJSABA Ja ObIE MOJAEIMpaHa,
ThI KaTo ChILECTBYBA anpuopHa HHPpopMalus 3a Hesl. B paBHuHata Ha Hukoic Morar
na ce o0pa3yBar 30HM Ha HECTALIMOHAPHOCT OKOJIO ChILIECTBEHH 32 HOMUHAJIHATA CUC-
TeMa 4ecToTh. OOMKHOBEHO TE€3W YE€CTOTH OOXBallaT moje3Hara uHpopmalus oKoJo
cpsi3BalliaTa 4ectora, B ciydas @, =100r/s.

w:w €[20,50,100,200,500]. (2)

Ha ¢ur.2 ca moka3anu 30HUTE T( ja)l) , KOUTO ca mbpBaTa OTIPaBHA TOYKA 33 CHHTE3
Ha peryJjaTtop no npeajgaraHus METO/I.
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IV.3 Kputepuu 3a kauecTBo. CHHTE3 HA KOMILJIEKCHU
npeaaBaTeJTHU (PYHKIMH.

Crnen ananu3 Ha MoJiena Ha 00€KTa ¢ IPOMEHJIMBH ITapaMeTpH, CIIEJBa Ja CE MPEAABAT
KPUTEpPUHU 32 KauyecTBO KbM 3aTBopeHaTa cuctema. Ha ¢ur.3 e mokazaHo auHamMuy-
HOTO MOBEJICHUE Ha cUCTeMaTa BbB BpEMEBaTa 00JIacT Upe3 peryupyemara BeIuuuHa
u rpeuikara. [IpuBeaeHo, B yectoTHaTa 00JacT, TOBa MOBEACHUE CE M3pa3siBa 4pe3
(YHKIIMUTE HAa YYBCTBUTEIHOCT U JAOM'BJIHUTEIHA YyBCTBUTEIHOCT S ( jo) n T(jo).

C mrpTHA TUHUS ¥ Ha JBeTe Gurypu e ordens3aHa peakiusTa Ha HOMHUHAITHUS OOEKT.
Bb3HukBaHEeTO Ha MpOMsHA B TapaMeTPUTE Ha 0OEKTa BIIOIIABA MMOKA3aTEIMTE Ha Ka-
94EeCTBO, 3aTOBA € HEOOXOoAMMa PEAyKIMs Ha MAaKCUMaJIHATa CTOMHOCT Ha (DYHKIHITA
Ha JOI'bJIHUTEJIHA YyBCTBUTENHOCT M. =4.42 nBa mbTH, T.€, Hajlara ce OrpaHuYeHNe

4ype3 u300p Ha KOMIUIEKCHA TpeaaBarenna GyHkius (3). PeciekTMBHO BBB BpeMeBaTa
00J1aCT TOBa OrpaHUYEHUE CHOTBETCTBA HA HAMAJISIBAHE HA MPEPEryIupaHeTo.

S(jw.q,)

1.5

CumyTenac-ma T (t,q,) 10

T(Y)

HomuHanHa c-ma

0.5( -10

Amplitude
Open-Loop Gain (dB)

T(jo)

-20

-0.5[

.

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0. -225 -180 -135 -90 -45 0 45 0 135
Time (sec) Open-Loop Phase (deg)

®ur. 3 dur.4

Bb3HUKBaHETO HA MPOMSIHA B ITapaMETPUTE HA 0OEKTa BJIOIIaBa NTOKA3aTEIUTE Ha Ka-
YECTBO, 3aTOBa € HE0OX0UMa PEAYKIIHs Ha MaKCUMaJiHATa CTOMHOCT Ha (PyHKIUSTA
Ha JIONBJIHUTENIHA YyBCTBUTENHOCT M. =4.42 nBa nbTH, T.€, Hajara ce OrpaHu4eHue

ype3 u300p Ha KOMITJICKCHA mpeaaBaTenta GyHkius (3). PecriekTuBHO BB BpeMeBara
00J1acT TOBa OrpaHUYEHNE CHOTBETCTBA HA HAMAJISIBAHE HA MpeperyaupaneTo, ¢ur.7.

T(Jo.q,)= WR(iW)Wo(J'a”qj)(“WR(Ja))Wo(iw,q,-))_l‘=1.11 | 3)

KBJIETO C (], ca O3HAYEHH IIPOMEHIIMBUTE NapaMeTpH Ha obekTa (1).

@OyHKIMATa HA YYBCTBHTEIHOCT CE peaylHMpa 4Ype3 HajaraHe Ha orpanuycHue (4),
dbopMHpaHO Ype3 aHaM3 Ha YECTOTHUTE XapaKTEPUCTUKH Ha S(ja)), ¢ur.5. To3u

CIydaid MOKe Jla ce pa3IJiek/ia KaTo OTpaHUYCHHE 32 BBHIINHO CMYIICHHUE, IMPUIIO-
’KEHO Ha M3X0/a 00eKTa.

S, (10,0, =[(1+W, (o)W, (ja,)) < 0.1ja @,
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Step Response

1.5

0.5

45 90 0 0.02 0.04 0.06 0.08 0.1 0.12
®dwur.5 ®wur.6 Odwur.7
Yecra curyarus npu paboTa Ha CHCTEMara B PeajHH YCJIOBUS € HAIMIHETO Ha CMY-
IICHHE Ha BXOja Ha obekrta. [Topany Ta3w mpuynHa ce Hajara orpaHMYEHUE Ha YyBC-
TBUTETHOCTTA 110 To3H KaHai (5), ¢ur.6.

Sp, ( ja’qu')‘ - Wo(ja),qj)(1+WR ( jw)wf’(jw’qj))_l

[Tocneanoto orpannyenue (6) 3amaBa ropHa T, ¥ JOJHA TpaHMIA T , B KOATO TpsOBa

S‘O.lja)(1+0.1ja))l‘ (5)

Jla ca PA3MOJIOKEHU XapaKTEPUCTHUKUTE HA 3aTBOPEHATa CUCTEMA, Ype3 CHUHTE3 Ha
npenaBaTesHa (PyHKIUSA Ha OpeQUITHP.

T, (i) <|F(i@)W, (io)W, (jo)(1+W,(jo)W, (jo)"|<T, (je). (6)
N360pbT Ha KOMIUIEKCHU IpeaBaTeaHyu GpyHKuuu 1, u T , ce U3BBPIIBA YPE3 aHAIN3

Ha IIOBCACHUCTO HA 3aTBOpPCHATA CUCTCMA B UCCTOTHATA U BPCMCBA obnact u mpcasa-
BJABAHCTO HAa pa3yMHH U3UCKBAHUA 3a KAUYCCTBO, (1)1/11“7

14400 . ‘ 32051.2821
T (jo

T - 2 - ! L ): - - 2 .
(jo) +120 j+14400| (jo+16.45)((joo)' +33.55 ] +1948)

L (o) =

Ha ¢ur.8 ca moka3aHu 4eCTOTHHUTEC XapaKTEPUCTHKH Ha MPEASIBCHUTE OrpaHHYCHHS
(6), a HO ¢ur.9 e moka3zaHO W CHOTBETCTBHETO BHB BpemeBaTa obyact. dwur.10 mo-
Ka3Ba MOJyJUTe Ha yyBcTBHTEIHOCTUTE OT (D) 1 (4).

14 Bode Diagram s Bode Disgram o
g Step Response 20,

: /\TU v X \\ s,

0.8

g :S -40 N\ g
£ g "
] 06 g _ \\ H ,/‘
T.(t) © 5,(j500) \ / 6, (i)
0.4 Wk \\ /4
\ /
0.2 ) /
. . . L -10 \ g /
0 0.05 01 015 02 025 10 10! 10° 10’ 10* 10° 10t 107 10°
Time (sec) Frequency (radisec) Frequency (radisec)
®wur.8 ®dur.9 @wur.10

Heo0xoauMo 3a Mo HATATBIMTHUTE CTHIIKU € JIa C€ OTYETAT CIACAHUTE MapaMeTpyd OT
tadi.l o, 5D1 51 5.32 , 32 BCSAKA YECTOTa OT U30paHUS BEKTOP.
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IV.4 TlocTposiBane Ha U-KOHTYpP, pOOACTHU M ONTHUMAJHU IPAHUIIH.

["apanTHpaHeTO Ha YCTOMYMBOCT M KayeCTBO Ha BCE OILIE HEU3BECTHATa CHCTEMA €
CBBP3aHO C MOJIy4aBaHETO Ha poOAaCTHU TpaHULU. 30OHUTE C HECTALMOHAPHOCT, Orpa-
HUYEHUSATA 1 HOMUHAIHHS OOEKT y4acTBaT BbB TAXHOTO GopMupane. Te3u rpaHuny B
KOHKPETHHUA cllydail ca metT Ha Opoil M ce M3UUCIABAT 3a BCSAKA €IHA YecToTa, 3aja-
JIeHa B Ha4yaJIoTO Ha cuHTe3a. [loBeue 3a nertainu 3a GOpMHpPAHETO HA POOACTHUTE
rpaHuIM ca pasriiefaanu B [5]. CbBKYMHOCTTA OT BCUUKHA pOOACTHH IPAHUIA BOJIHU 10
MOJIy4aBaHETO HA ONTHUMAJIHU T'PAHMIIM, KOUTO MPEJCTABIsABAT Hal-joliaTa KOMOH-
HaIUs B IapaMeTpUTe Ha 00EKTa 3a yIpaBIICHHUE.

IV.4.1. lloryyaBane Ha U-KOHTYP.
U-KOHTYpBT MpEJCTaB/IsABa 30HA B paBHHHATa Ha Hukoic, kosTo He TpsOBa 1a Oble
HapymaBaHa. HeWHUAT oBa OOMKHOBEHO ce (GopmHpa OT aHAJIMTHYHA BPbH3Ka Ha
MaKCHMAaJHUS MOJYJ Ha (PyHKIMATA HA JOMBJIHUTENIHA YyBCTBUTETHOCT M ¢ mpepe-
rynupaneTo o . JKemanara cToiHOCT Ha M., KOSITO OTroBapsi Ha KpHTEpHs 3a Ka-
YECTBO 32 MAKCUMAJHOTO JKEJIAHO MPeperyrpaHe ce MPeTeriis ¢ TerJIOBHA (YHKIHSI
W (jo)=1.11.
M, :mj\x‘T(ja)i,qi )‘sz(ja)i)., @)

Ocrananara gyact Ha U-KoHTYpa ce onpeneis oT yciioBueTo (8)

Iim(20|og‘Wo (jo.q;)| - 20log|w, (ja),q;)\) — 24dB, (8)

W—>0

KbJIETO (] M (] Ca KOHKPETHM CTOMHOCTH Ha MapaMeTpUTe Ha 0OEKTa, ChOTBETHO 3a

HaW-JIOIINS U Hail-noOpusl ciTydail Ha KOMOUHUpPaHE.
®ur.11 Busyanusupa noaydeHus U-KOHTYp 3a BEKTOp OT 4ecTOTH (2), KOUTO 00X-
BaIla moJie3HaTa MHGOpPMaIs B paMKHUTE HA JIBE, TPH JCKAN OKOJIO Cpsi3BaIiaTa 4ec-

TOTA.
Tabmuma 1 :

W= 20 | 50 | 100 | 200 | 500
0q,dB | 2.85| 10 |30.2|40.2 | 47

6B | 1|01 0| 0 | O
6,,0B| 6 | 14 | 20 | 26 | 34

24dB

103



1V.4.2 TlonyyaBane Ha po0acTHa rpaHuna B, ( o ) .
3onmTe ¢ Heompenenenoct T( jw,), 3aexHo ¢ mapamerspa S, ( jw, ), mo3BosBaT 10-
JTly4aBaHETO Ha POOACTHU IPAHUIM, CBHEP3aHM C NPEAABEHUS B HAYAIOTO KPUTEPUH 3a

Ka4yecTBO, (6). 3a n30paHust BEKTOP OT YECTOTH CE IMOCTPOSBAT NIET pOOACTHU TPaAHUIIH
B ( jo ) Ha ¢ur.12 e nokazano rpaguaHOTO MOCTPOSIBAHE HA JIBE TOUKU OT T'paHHUIIA

B: (j50). 3onara ¢ neonpenenenoct T( j50) ce TpaHcimpa OT IPOEKTaHTa, BEpTH-

KaJlJHO U XOPHU3OHTAJIHO, JOKATO pas3jiIMKaTra B Hali-BUCOKaTa M IMPOTHUBOIIOJIOXKHATA
TOYKa OT 30HAT4, CIPAMO HOMHUHAJIIHATA, JOCTHUIHC pPaA3JIMKaTa §R(J5O) ToBa Ha-

MECTBAaHE HAa 30HHUTE C HEOMPEJEICHOCT CE€ M3BBPIIBA 33 OCHOBHU MH(POPMATHBHU
CTOMHOCTM Ha apryMeHTa Ha OTBOpPEHATa CUCTEMa. 3a pa3rJIeKIaHHUs CIydall OT
Ta01.1 ce Bmxka, ye pasaukara ¢ 10 dB. CienoBatenHo 3a JBe CTOMHOCTH Ha apry-
MEHTa C€ U3YUCIIsIBA TpauiHO

5,(j50) ., =1-(-9)=10dB u &,(j50) . =11—(~1)=100B.

[To-HaTaThK ce MapKupa ¢ TOYKa 4acTTa OT 30HaTa, KOSATO OTroBaps Ha HOMHHAITHUTE
CTOWHOCTH Ha MapaMeTpuTe Ha Mojelia Ha 00eKTa. 3aBbpIICHNUTE POOACTHHU IPaHUIN
ca nmoka3anu Ha ¢ur.13.

20+

B, (i 200) AN
B, (j100)

104,

|
|
|
|
|
;
. o
-360 -315 -270

'

1.

i

'

'

'

'

'

|
225

dur.12 ®ur.13

IV.4.3.ITory4aBaHe Ha podacTHa rpaHuna By ( jo, )

KpI/ITepI/ISIT 3a Ka4CCTBO II0 OTHOMCHHWC HAa CMYIICHUCTO D1 € CBBbp3aH CbC 3aldBaHC

Ha OrpaHUYCHHE BHPXY MaKCHMAaJIHHUS MOAYJ Ha KOMILJICKCHATA MpeaaBaTeaHa (yHK-
st (5). Tlpuema ce, e D,(s)=0.

PobGactHuTe rpannnu BDl(ja)i) ce MmocTposiBaT Ha 0a3a 30HUTE C HECTALMOHAPHOCT

T( ja)i) U JKellaHoTo orpanndyeHue. Heo6xoaumu ca cieqnuTte Bpb3KU U Ipeodpasy-
BaHUA 3a U3YepTaBaHe HA TPAHUIIUTE

S (ja))= Wo(Ja)) _ Wo(Ja)) :WO(ja))
U bW (o)W, (jo) - Wo(ie) |y () K@) (9)
W, (jo,q)
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kbeTo 3a MoMenta W, ( jw)=1, Thil KaTO BCE OlLIE OTBOPEHATA CHCTEMA © HEU3BEC-
tHa. C W, (jo) e o3HaueHa npesgaBarenHata QyHKIMS Ha HOMHMHAIHHS OOCKT, a C

W, (je,q,)- cmyTenus oGekr. 3a enementa K( jo) ce sammcsa (10)
W, (jo)
W, (je.q,)

npu 20log S, (jo)= Oy, (jo,) ce sarmcsa 20log K ( jw)=20logW, ( jw) - Op, (jo).
CobimecTByBa U (ha3oBa Bpb3ka MexIy oTaenauTe enementd Ha (10) 3a Besika yectoTa.
Ipuema ce W, ( jo) = By, (jo) 1 Torasa no6usa suza (11)

K(jo)= +W, (Jjo), (10)

. W, (joo) .
K(jo)=—e\2 8 (ja), 11
(o) =4 (g " B ) (11)
otkbaeTo —B, (jo,)= M —K(jow). Ha ¢ur.14 e mokasana Bpb3kara ot (11).
1 W, (je.q,)
34epTaBa ce B MPaBOBIbIHA KOOPAMHATHA CUCTEMA OTHOILIEHHETO Mw
W, (je.q,)
BesKa dectoTa. OKOJIO MOJTydeHaTa 30Ha Ce IoTy4aBa pobactHata rpanuia By (jo,).
W, (jo)

Toii kato ‘K (i )‘ >> , poOacTHaTa IPaHMIIA IPEACTABIABA OKPBKHOCT C

W, (jo.q,)
nentsp -180° u ¢ paauyc ‘K (jo )‘ = ‘BDl (jo )‘ :

Ha ¢ur.16 ca n300pa3eHu neTTe rpaHUIy.

\ - = -
N > Wo ( 150r qj ) } Nyquist Diagram

B T S R TR

/By, ~180° ol - W, (i50)
By, ‘ o W, (j50.q;)
W 0.4
_W‘J(Jso) B 05 ‘ e e T
) W, ( 150.q; ) B o ’ Real Axis ' v ad
dur.14 dur.15 dur.16
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[IpencraBenaTta paboTta € paszieiieHa Ha JBE YacTH, KaTO HACTOsAIIaTa 4acT € IIbpBaTa
C MMOCOYCHOTO Ha3BaHWe. BBB BTOpaTa yacT Ha paboTaTa ca MpeCTaBeHH Pa3CiId OT
IV.4 noV.:

IV.4.4 Tloryuasane Ha pobacTHa rpannua By, (je,);
IV.4.5.ITonyuaBane Ha ontumanuu rpannmm By ( ja, ) ;

V.5 Cunres Ha perynartop. [TonmyyaBaHne Ha HOMHHaJIHA OTBOPEHA CUCTEMA,;
V.6 CunTtes Ha npeduntsp. [lonmydaBane Ha pobacTHa cucTeMa;
IV.7 IlpoBepka 1 MOTBBPKACHUE HA PE3yATATUTE BHB BPEMEBA M UECTOTHA 00JIACT;
V. 3akioueHue,
KaKTO U U3MOJI3BAHUTE JIUTEPATYPHU U3TOUHUIIH.

Astop: Becena Anrenosa Kapnosa-Cepruesa, ri. ac. a-p, kareapa ,,ABTOMaTHU3alUs
Ha Henpexncuature IlpousBoacrea”, @akynrer ApromaTuka, TexHHUYECKU YHUBEP-
curet - Codus, E-mail address: vkarlova@gmail.com.

Hocrpnuiaa na 09.11.2011 Peunensent npod. aAtH E. Hukonon
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Q T'oouwnuk na Texuuuecku Yuueepcumem - Cogpusa, m. 61, kn.1, 2011
J Proceedings of the Technical University - Sofia, v. 61, book 1, 2011

KOJIMYECTBEHA TEOPUSA HA OBPATHATA BPbB3KA -
METOA0JIOT'UsA 3A CUHTE3 HA CUCTEMUA
3A YIIPABJIEHME - yacrt 2

Becesaa KapaoBa-Cepruesa

Pe3tome. Konuuecmseenama meopus na obpamuama 6pb3ka € mMemoooio2us 3a CUH-
me3 Ha pobacmuu cucmemu 8 yecmomuama ooaracm. Tozu memoo no3eonA6a cuHmes
Ha pe2yiamop upe3 UHCMPYMEHMapuyma 6 pagHUHama Ha 102apummudHama amniu-
myono-¢ghazoeo wecmomna xapaxmepucmuxa (Huxonc) u eapanmupa xawecmeomo Ha
ynpasieHue npu Koaudecmeenu uzmeHenus. Llenma na memooa e cunmes Ha pezyna-
mop u npepuimvp, Koumo y0081emeopasam npeosseHume Kpumepuume 3a Kavec-
Me0 3a yenus u3eecmeHr OUAna3oH Ha U3MeHeHue Ha napamempume Ha obekma 3a yn-
pasenue.

Kniwouosu oymu: Heonpeoenenocm, npegpunmup, U-konmyp, pobacmuu eparHuyu.

QUANTITATIVE FEEDBACK THEORY -
CONTROL SYSTEM DESIGN METHODOLOGY- part 2

Vessela Karlova-Sergieva

Abstract. QFT is a methodology to design robust controllers based on frequency do-
main. This technique allows designing robust controllers which fulfil some quantita-
tive specifications. The Nichols plane is the key tool for this technique and is used to
achieve a robust design over the specified region of plant uncertainty. The aim is to
design a compensator and a prefilter, so that performance and stability specifications
are achieved for the family of plants describing a plant.

Key words: Prefilter, Robust Bounds, U-contour, Uncertainty.

Hacrosimata e BTopara 4acT OT HpelCcTaBeHaTa CTaTus ¢ MOCOYEHOTO Ha3BaHue. B
I'bpBaTa yacT ca nokasanu pazaenute ot | go 1V.4.3, a umenHo:
|. BeBenenue.
I1. Ilexn u 3amaum Ha paboTara.
[11.06macT Ha IpUIIOKEHNE HA KOJIMYECTBEHATA TeOPHs Ha 0OpaTHAaTa BpB3Ka.
IV. ITpouenypa 3a cunTe3 Ha cucteMa 3a ynpasienue upe3 KTOB.
IV.1. MaremaTtnueH MoJenl.
IV.2. 30Hu ¢ HECTAITMOHAPHOCT.
IV.3. Kputepuu 3a kauectBo. CHHTE3 Ha KOMIUIEKCHU TIPEIaBaTeIIHA
byHKIUN.
IV.4. IloctposiBane Ha U-KOHTYp, poOaCTHU U ONTUMAIHU TPAHULIH.
IV.4.1 IlonyuaBane Ha U-KoHTYD.
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IV.4.2 IlonyyaBane Ha pobacTHa rpaHuna B, ( ja)i) :

IV.4.3lony4aBane Ha pobacTHa rpanuia By ( jo ) :

IV.4.4 TlonyuaBane na podactua rpannna B, (jo).

To3u cimyyaii ChOTBETCTBA Ha JKEJIAHO KAYeCTBO IMPH MPUIIOKEHO HA M3X0J]Ia Ha CHC-
temara BpHIIHO cmyuenue D,, (7). [Ipuema ce, ue D, =0. Uznmon3sat ce ciaemnure

BPB3KH 32 popmupane Ha B (jo ) :

. 1 (o)
SDZ(J“))_1+WR(ja))WO(jw)_1+I(ja))’ 12
KBIETO
. 1
()= oW, (jo)
1+W, (jo)W, (jo)

CwoOpaszno cyocrutyius (12) craBa Bb3MOXHO HM3MOJI3BAHETO HA MHBEpPCHATA JIUAar-
pama Ha Huxkoric.

HeoOxomumo € 1 1a ce u3BBPIIN CieHaTa MOATOTOBKA MO 30HUTE C HECTaI[MOHAp-
Hoct T( jo,).

[Mopamyu MHBEpCHATA qUArpama 30HaTa ¢ HECTAIIMOPHAPHOCT ce JoKanu3upa Ha -180°
U Cce 3aBbpTBa 00paTHO HA YaCOBHHUKOBATa CcTpenka, ¢ur.17, ¢pur.18.

0dB 0dB
30 30
) o
a S 20
T 20 =
= 1dB -% -1 dB -
8 o o
3 ' g
o
<] ; o 10
2 10 . c 3dB.
2 | 3dB_ g 3 dB.
(e} - @) .
B P 0 e -6 g
1
T
1
10 -12 dB- 10 [——, \ _-12dB-
LY
1
1
] B
o) . \ ‘ L. -20dB... 20 g, 7180 . . -20dB.
-360 -31 -270 -225 -180 -135 -90 -45 0 -360 -315 -270 -225 -135 -90 -45 0
Open-Loop Phase (deg) Open-Loop Phase (deg)
®dur.17 ®dur.18

Cnenpa XOpM3OHTAIHA U BEPTUKAIHA TPAHCIALUS 33 OCHOBHU CTOMHOCTH Ha apry-
MEHTa JIOKaTo ca IOCTHTHE &, (jm).
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Ha ¢ur.19 3a yecrora @ =50r/s e noka3ana Touka oT poOacTHaTa rpaHUIIA

B,, (j50) mpu &, (j50)=14dB,

a Ha ¢ur.20 ca nmokasaHu HEOOXOUMHTE IIET rpaHuiy By (jo).

Nichols Chart -135 -90 -45
wnn 225 ynn 270 wm 315 .
0 -45 90  -135 -180 -225 270 -315 . L .
2008 s 8,,(120)
- — e i
12 dB -10 10 E
o
o o _10dB - .. S By, (i50).
______________ 3B ;
10 -10 5
0dB ;
e[ T R R U A A L T Y TN T
B,, (j500) ! ;
30 -30 B  Bo, (1200)
~180°
®ur.19 ®ur.20

IV.4.5.Io;ryqaBane Ha onTuMaaHu rpanunm B, (jo,).

CuBrynHoctTa 0T U-KOHTYD, (hur.11, nomydenu 3a nerre 4ecToTu OT U30paHuUsl BEK-
TOp, KakKTO M podacTHUTE TpaHuiy oT ¢ur.13, ¢ur.16 u ¢ur.20 ca Heobxoaumu 3a
MOJTy4aBaHETO Ha OMTUMAIHHU poOacTHU rpanuH, ¢ur.21.

3a Besika XapaKTepHa YECTOTA CE U3I0N3BA CTPATETUS, KOSATO CE OCHOBABA HA CPABHS-
BaHe Ha BCAKa eHa pobacTHa rpanuna B (j@,), By (j@,), By (je) n U-konTyp 3a

€/lHa U ChIIa YeCTOTa @ , KaTo ce U30Mpa Ta3u 4acT, KOSTO € pa3loJioKeHa Hail-0T-
rope.

[Toy4yeHuTe TpaHuiM ca ONTUMATHU W MPEJCTABISABAT CHbBKYMHOCT OT Hai-JiomaTa
KOMOUWHAIIMA B TapaMeTPUTE Ha 00EKTa.

Ha ¢ur.22 e winroctpupaHo TSIXHOTO MOTy4YaBaHe.
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B, (j200) | ..,

dur.21 dur.22

IV.5 Cunre3 Ha peryaarop. IlonyyaBane Ha HOMHUHAJIHA OTBOPEHA CHCTEMA.

[Ipu xonuyecTBeHaTa Teopust Ha oOpaTHaTa Bpbhb3Ka OCHOBEH MOMEHT € CHHTE3 Ha pe-
ryJaTop ¢ MUHUMajHa YECTOTHA JICHTA, KOETO CE peaju3upa ¢ BTOpa CTENEeH Ha CBO-
oona. ToBa e (u3muecko M3UCKBaHE B MpaKTUKAaTa, 3a Ja MOrar Ja ce u30erHar
npoOJieMH KaTo IIyM, pe30HAHCH, HEMOJIeIMpPaHa BUCOKOYECTOTHA TUHAMUKA.
N300pbT Ha mpenaBaTenHa (GyHKIMS Ha peryjJaTop ce M3BbpIIBA Ha 0a3a HOMUHAJCH
00€eKT M onTUMaIHH TpaHuIy. ChrIIaCHO TOPOU3IOKEHOTO TPsIOBa Ja ce cra3Ba yclo-
BHETO BCSKa YECTOTAa HA HOBOMOJYy4YEHATa CUCTEMa Jla € Pa3oJIoKEHa HaJ[ ChOTBET-
HaTa ONTHMAaJIHA TPAaHHUIIA 3a ChIATa YECTOTA.

Cren HSIKOJIKO UTEPAIlMU ce JOCTHra JI0 NpenaBaTenta GyHkius ot suaa (13)

W, (s) :130.7054(5 +560.8)(s +381.2)(s+286.8)(s+112.6)(s +59.47)

(5+1767)(s +1611)(5 + 497) (s +1385)(s +119.3) =)
|

HomuHanHa c-ma

200

10¢

0dB

-300° ~180° ~100° 0°
I
dur.23
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Enna ot ocHOBHUTE 11€7TM Ha peryjaTopa € /la yBeJIU4H 4eCTOTHATa JIeHTa Ha IPOoITyc-
KaHe Ha cucTteMara. ToBa M3UCKBaHE J1aBa HEOOXOAMMATa MPEANOCTaBKa 3a Ja MOXeE
na QyHKIHOHUPA MPePUITHPA.

B xoHKpeTHUS Citydail ca H3MOJI3BaHU CIICTHUTE ChOOPAKEHUSI.

KomOuHanusaTa OT mocieaoBaTeHo CheIMHEHNE Ha MHTErpO-audepeHIpaIii 3BeHa
B TIpefaBaTeHaTa QYHKIUS Ha PETyIaTopa B JUHAMHYHO OTHOIICHHE OCUTYpsBa Ha
3aTBOpEHATa CHCTEMa MOCTOSHHO MpeperyinpaHe, a MaJKUTE BPEMEKOHCTAHTH 3Ha-
YUTEJIHO ObpP30/IeHCTBHE.

Bceuuko ToBa ce mosyyaBa He 3a CMETKa Ha YCTOMYMBOCTTA Ha 3aTBOPEHATa CHUCTEMA.
[IpenaBatennara ¢GyHKUMS Ha peryjaTropa uMma mpeoOianaBamio audepeHirpau
CBOICTBA, KOUTO MOAOOPSBAT 3aMacUTe HA YCTOMUYUBOCT HA CUCTEMATA.

Ha ¢wur.24 e Buzyanms3upaHo 3HAYUTEIHOTO MOJAOOpPEHUE HA OBP30JICHCTBHETO Ha
MPEXOAHUTE TpoliecH, a Ha (Gur.25 e mokazaHo Kak JUHAMHKAaTa Ha CUHTE3UpPAHUS
peryiaTop BHUAOU3MEHS 30HUTE C HECTAIMOHAPHOCT U THW OTHajedyaBa OT TOYKATa C

xoopaunaru (-180°, 0dB).

Step Response

1.8
1.6

14

=
N

Amplitude
=

T(t,9)

CwmyTeHa c-ma

o
s

0.6

04 Cwmyreria c-ma T (t,0,)

0.2 cperyratop W,

0 0.02 0.04 006 0.08 01 012 0.14
Time (sec)

dur.24

30 woox T j20)

25

‘% %
£ ;
A5,% T(j200)

X
X

Open-Loop Gain (dB)

%

x x|Ix

X.
i X
T(j200) ::x: . \ \

-157 *xx Wo(jquj) WR(jw)Wo(jqu,)

-107

-20
-225 -180 -135 -90

Open-Loop Phase (deg)

dur.25
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1V.6 Cunre3 Ha npeduatsp. [losyyaBane Ha podacTHa cucTema.

CunTe3pT Ha mpeduaAThp € mocienHata (asza 3a ga ObAe peaqu3upaH MeToja Ha
KTOB. OcHoBHata 1en Ha mpeduiaThpa € Ja OCUTYPH JKellaHa YeCTOTHA JICHTa Ha
IponyckaHe Ha CHCTeMara, a OTTaM B TEPMUHHUTE HAa BpemeBaTa 00JACT >KEIaHOTO
Obp30ICHCTBHE.

JluHamukaTa My rapaHThpa CIa3BaHE Ha JKeJaH TOJEPaHC Ha KaueCTBOTO, HAJOXKEH
OT ¢u3nuecku orpaHuueHuss U umani GopmaineH uzpas (14). M30opsT My e urepa-
TUBHA MPOLIEYpa, KaTO OpOsl CTHIIKU € TOJIKOBA MO-MaJIbK, KOJKOTO ONUTA Ha MPOEK-
TaHTa € MO-TOJISIM.

(s+328.9)(s” +5167s + 9413000)
(s+120.2)(s +40.65)(s* +3511s +4407000)

CroOpakeHusATa MPU TO3U KOHKpETEeH n300p Ha MpeQuiIThp ce CBEXAaT 10 n300p HA
3BEHO C JIBE€ KOMIUIEKCHUA HYJHU M JIBa KOMIUIEKCHU TIOJIOCA, 110 TaKbB HAYMH, Y€ HY-
JUTE Ja HeyTpalu3upaT BIUSHUETO HAa OBP3UTE IMOJIIOCH Ha HOBOIOIyYEeHATa 3aTBO-
peHa cucTeMa, a TOJIOCUTE Jla OCHUTYPSAT KelaHOTO Obp3oxaericTBue. OcTaHamuTe
KOMIIOHEHTH — €THOTO aleprOUYHO 3B€HO U MHTETPO-TU(EPEHIIUPAIIOTO CIyKaT 3a
(¢buHHA HacTpoiiKa Ha npoduiia Ha nMpePuIThpa B UeCTOTHATA 00JIACT.

F(s)=6.995 (14)

Ha ¢ur.26 e nokazaHo BIUAHUETO Ha NpedUATHPA BEPXY 30HUTE C HECTALIMOHAPHOCT
T( ja)i) Ha cucreMara ¢ cunTezupanus B |11.5 perynatop. Moxe na ce HanpaBu mbp-

BOHAYaJleH M3BOJ] 3a POOACTHOCT, Thil KATO 30HUTE Ca CBUTH 3a0€IeKMMO. 30HUTE
T( j200) 51 T( j500) ca ce CBWIM 10 BHCOYMHA, a TAXHATa JBJDKHHA € JIOIMyCTHMa

crpsimo S, ( j200) u S, ( j500).

30 WR(ja))Wo(ja)’qj) T(j20) sores
WRRR
\ oo
20 2.08 T(j50) ;f:i:
st
T( leO)K"x"x
= 10 o
g T(j200) £
= ~ ® T(j20
A S e £ 2T
3 T(1500) £ 7(js0)
© -10 oo T(j100)

-20

-30 e ® T(500) C npemnTbp
F(jo)

1 1 1
-225 -180 -135 -90 -45
Open-Loop Phase (deg)

dur.26
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IV.7 IlpoBepka U NOTBBLP:K/AeHNE HA Pe3yJTATHTE BHB BpeMeBa
M 4eCTOTHA 00.J1aCT.

Ta3u mpoBepka e chllleCTBEHAa W HEO0OXOAMMa, Thil KaTo MpHU J00pU pe3yaTaTH Cle-
Ba Jla C€ M3BBPIIM peajeH €KCIEPUMEHT BhPXY CHCTEMaTa M ToraBa Ja ce MpeMHUHE
KbM MHAYCTPUAIHO NpuiioxkeHue. IMEeHHO mopajau Ta3u NPUYMHU CJIE/IBA J1a CE Hall-
PaBIT BCUYKU BB3MOXHU CHUMYJAIUHU, KOUTO Pa3KpUBAT CBOWCTBA B Pa3IMUHU 00-

JJAaCTHU XU PaBHUHU U HOCAT ITOJIC3HA PIH(l)OpMaL[I/ISI.

Ha ¢ur.27 ca mokazaHu BpeMEBHUTE XapaKTEPUCTHKH Ha CUCTeMara C MpeduiaThpa
Buxna ce ynosnerBopsiBane Ha (6), olle moBedye 4e MHOKECTBOTO JTMHEHHU MOJCIH
UMaT TUHAMHUYHO TIOBEJICHUE HA €JHa CHCTEMA.

Ha ¢wur.28 ca moka3aHu 4eCTOTHUTE XapaKTEPUCTUKH HA 3aTBOPEHATA CHCTEMa, OTKb-
JIETO MOYE Jla C€ MPOBEPU YJOBJIECTBOPSBAHETO HA KPUTEPHUA 3a M30paHUs YECTOTECH
nauana3oH. Bmwkaa ce nmpu Bucokute yectotd @ > 200r/s edekra nokasan Ha ¢ur.26.
Ta3u gurypa nokassa u peAyKIius Ha MaKCUMallHATa CTOMHOCT Ha (DYHKIHATA HA J0-

ITBJIHUTENHA 9yBCTBUTEIHOCT M. 1 e cBbp3ana c (3)
1.2f

Amplitude

o o

o o)
T T

CmyTeHa c-ma = (t)T (Lqi)

1
!
'
1
0.4f |
h . C npedunTbLP
'
1
1

0.2f //’

0.08 0.1 0.12 014 0.16
Time (sec)

dur.27

L - -~

-

-10F
\

-15F
1

T, (jo)<F(jo)T(jo,q,)<T, (jo)

Magnitude (dB)

-30
0 1 2
10 Frequency (rad/sec) 10

10
dur.28
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Crnenpamiata ¢urypa moka3pa peayKIMaTa Ha MaKCUMaJlHaTa CTOWHOCT Ha (DyHKIIH-
ATa Ha 4yBCTBUTENHOCT M BCiencTBHE BAMSHUETO Ha npeduirbpa, ur.29. dur.30
Ce MHTEPIpPETHpa KaTo MPEXOJICH MPOIIeC Ha JMHAMUYHATA TPEIlKa M Ce BUXKA KaK T
HaMaJIsiBa, KaTo ce cpaBHU C ¢ur.3.

Step Response

[ e R s RN 0.9
%o, Y S( jo, ql) 0.8
-5 -
CmyTeHa c-ma 0.7}
vy 6e3 npedunTsLp

.

-10k IR 0.6

S(t.q)=e(t.q)

C npedmntbp

0.5F

Open-Loop Gain (dB)

-15¢ C npemnTbp

0.4

-20F Wi 03f
W

0.2

_o5+
0.1F

. 0 1 1 1 1 1 t L
45 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 (

Open-Loop Phase (deg) Time (sec)

®dwur.29 ®ur.30
YecToTHUTE XapaKTepUCTHKH OT (pur.31 moka3BaT yJ0BICTBOPsSIBAHE Ha Kputepuu (4)
u (5), kaTo ca OTOENA3aHH U CHIIECTBEHUTE YECTOTH.

10

-30

o_______.______..______.______..______.___
M

-10f

-20

Magnitude (dB)

1
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[Tocneanara rpaduka Ha Qur.32 mokaszBa yAOBIETBOPSBAaHE HA yCIOBHETO 32 HOMHU-
HAJIHO Ka4eCcTBO, poOacTHa yCTOMYMBOCT U pOOACTHO KAY€CTBO B TEPMUHUTE HA (PyH-
KUMATA HAa YyBCTBUTEJIHOCT U JOMBIHUTENHA YYBCTBUTEJIHOCT, HO C OTYMTAHE HA
KoHurypupanus npeduntsp (15).
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V. 3akiao4yeHue.

[IpennoxeHusT METOT 3a CHHTE3 pa3BUBa BbB BUCOKA CTENIEH MHTYUTHUBHATA KOHIEII-
IIUs 32 CHHTE3 yIPABJICHUE B YECTOTHATA 00JIACT MPU BH3HUKBAHE HAa MPOMSHA B Ta-
paMeTpuTe Ha 00eKTa.

B pabotara e cucremaru3upana € mporeaypa mo CHHTE3 Ha CUCTEMU Upe3 MpujaraHe
Ha KOJIMYECTBEHa Teopus Ha oOpaTHATa BPb3Ka.

[TokazaHo € palMOHATHOTO U3MOJ3BaHE HA Bpb3KaTa MEXK]y YeCTOTHA U BpeMeBa 00-
JIACT U CHOTBETCTBUE HA MOJTYUYCHOTO KaueCTBO U B JIBETE HAMPABJICHUSI.

HampaBen e noapo6eH aHaian3 Ha pe3yaTaTUTE OT U3CJIEABAHETO, KATO pElICHUsATa 3a
CUHTE3 Ha NpedUATHP U peryjaaTop ca 000CHOBAHU U MPOBEPEHU C PEIUIAa HETIPOTH-
BOPEUYMBU CUMYJIAIUH.

ITokazano e kak npunarasero Ha KTOB Boau 10 y/10BIeTBOpsIBAaHE Ha YCIOBUSTA 32
pobacTHa YCTOMYMBOCT M pOOACTHO KA4ueCTBO, M3IOJI3BaHU B peauila poOacTHU Hall-
paBJICHUS.
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N3nonsanero nHa KTOB e umxeHepeH Mmoaxoj, KONUTO MO3BoJisiBa ObpP3 TECT HA MO-
JYYEHUTE PEUICHUS B PEAJHU YCJIOBUS, ThU KaTO MpeIiara siCHOTa MEXAY YCTONYH-
BOCT, KaueCTBO, MPOMsHA B MapaMeTpUTe Ha 0OEKTa, HUBO HA CMYIIEHHUE, CIOKHOCT
Ha peryiaTop 1 4eCTOTHA JICHTA.
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MOJAEJIUPAHE HA CHENU®UYHUTE CKOPOCTHU HA HEPUOJIUYEH
C IOAXPAHBAHE ®EPMEHTAIIMOHEH ITPOLEC 3A ITOJIYYABAHE
HA L-BAJIMH YPE3 HEBPOHHMUM MPEXM - | yact

Bacuiaka CrouniioBa, Llanko I'eoprues, Asiekcanasp PbTroB

Pe3ztome: B pabomama ca moodenupanu cneyuguynume cKOpocmu Ha Nepuooudet ¢
nooxpauseane ¢hepmeHmayuoner npoyec 3a noaydasauve Ha L-eanun upes HeepoHHU
mpedicu. Pabomama e pazeuma 6 cneOHume OCHOBHU emanu:. aHaiu3 Ha epmenma-
YUOHeH npoyec 3a npoussoocmeo Ha L-eanun; uzuucnasane na cneyugpuynume cxo-
pocmu;, cuHmes Ha OUCKPEMHU NUHEeUHU MOoOelu HA cneyuguuHume cKOpocmu u oc-
HOBHUME KUHEeMUYHU NPOMEHIUBU HA Npoyeca; CUHmMe3 Ha He8POHHU MpPedcU Ha cne-
yuguunume cxopocmu. M3nonzeanu ca peannu eKcnepumeHmainy OaHHu om ouope-
akmop.

Kniouosu oymu: nepuoouuen c nooxpausame pepmenmayuonern npoyec, L-eanum,
HEeBPOHHA Mpedica

MODELLING OF THE SPECIFIC RATES OF FED-BATCH
FERMENTATION PROCESS FOR L-VALINE PRODUCTION
WITH NEURAL NETWORKS - part |

Vassilka Stoilova, Tzanko Georgiev, Alexander Ratkov

Abstract: This article deals with modelling of the specific rates of fed-batch fermenta-
tion process for L-valine production with neural networks. The article includes the
following stages: analysis of the fermentation process for L-valine production; calcu-
lating the specific rats; time series analysis of the main kinetics variables; synthesis a
neural networks for the specific rates. All investigations are explained based on real -
life experimental data.

Keywords: fed-batch fermentation process, L-valine, neural network

1. BnBeaenue
AMWHOKHCEIMHATE Ca OCHOBHUTE TPAJMBHU €JIEMEHTH Ha OCITHYMHHUTE B YOBEIIKOTO
Ts710. Te urpast BakHa poJjisi M 3a Pa3BUTHETO HAa MycKyiauTe. OCHOBHUTE aMUHOKH-
CEeJIMHM ca JiBajieceT. Beska eHa oT X chabpxka crennpuuna amuHorpyna (NH,) u
kapookcuiHa rpyna (COOH), BeriieposieH W BoaopojeH aToM. ChIISCTBYBAT OIIE
HaJ CTO W TMETASCET aMUHOKHCEIIMHU, HO B ChCTaBa Ha OCITHYMHUTE CHIICCTBYBAT
camMoO OCHOBHHUTE JBajeceT Buzaa [14].
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Bcesika enHa amuHOKMCeIMHACE pa3iuyaBa OT JIpyraTa Mo ChCTaB, OMOJIOTUYHA TpyTa,
BBIJICBOIOPOJICH ckelieT U Bepura (R), kouto chabpka. B 3aBUCHMOCT OT BHJa Ha
Bepurara, OMBaT JBa BUAA. He3aMeHumMu W 3amenumu. Heszamenumume aMUHOKUCE-
JIMHU Cca OCEeM Ha OpOWi: METUOHUH, TPEOHUH, TpUnTodaH, JEBIUH, U30JEBINH, JIM3HUH,
(dbeHwIanBUHUH U BallvH. Te ca Hezamerumu, 3al10TO HE CE MIPOU3BEKAAT B TAJIOTO, a
C€ MOEMAT OT XPAHUTEIHUTE MPOAYKTHU. J[pyrure qBaHageceT aMMHOKUCEIMHU ca 3a-
MeHuMuy M TSAJIOTO MOXE Jla T MPOU3BEJAE, aKko MMa HyXJa OT TAx. Haii-Ooratute
XpaHU Ha aMUHOKHCEJIMHU Ca T€3H, KOUTO UMAT BUCOKO ChIbpKaHHWE HA OCNTHUYUHH -
Meco, puba, MJICYHH NPOAYKTH, 0000BU XpaHu U Jp. JKUBOTUHCKUTE MU3TOUHUIIM HA
AMUHOKHUCEIUHU ChIbPKAT NMOBEUYE He3dMEeHUMU aMUHOKHCEIMHH OT PAaCTUTEIIHUTE
IPOJYKTH M 3aTOBA Ca MO-MPENOpbhUYBaHU 3a YIOTpeOa, HO T€ ChIAbPKAT MOBEUE Ma3-
HUHH.

IIpe3 nocimenHUTE TOAUHU CE OTAENSA 3HAYUTEIIHO BHUMAHHUE U CE€ MPOBEXKIAT TOJSM
o0eM u3cieBaHusl, KOUTO U3SCHABAT U YTBBPIKAABAT U3KIIOUUTEIHATA €()EKTUBHOCT
OT M3MOJI3BAHETO HA PA3JIMYHUTE AMUHOKHUCEIWHH. M3BECTHO €, ye pacTeHUsITa U
MUKPOOPraHU3MUTE MPUTEKABAT CIIOCOOHOCTTA J]a CUHTE3UPAT BCUYKKW aMUHOKHCE-
JUHU, HEOOXOMMHY 32 M3TPAXKIAHETO HA TEXHUTE COOCTBEHU OCITHUHU CTPYKTypH. B
XpaHaTa Ha BUCIIMTE XUBOTHH (C M3KJIIOYCHHE B M3BECTECH CMHUCHJ Ha MPCSKUBHHUTE
JKUBOTHH) € 3abJKUTEIIHO Ja MPUCHCTBAT OMPEICICHH aMHUHOKHCEIUHU, KOUTO TE
HE MpUTEXaBaT CIIOCOOHOCTTA Jla CUHTE3UpaT camu. M3Mmos3BaHETO HAa XPaHUTEITHU
N00aBKH, ChAbPXKAIIM HE3AMEHUMHU aMHUHOKHUCEIMHU KbM (QypakHUTE CMECKH, € He-
00X0/IMMO yCIIOBUE 32 UHTEH3U(UKAIUS HA )KUBOTHOBBJICTBOTO.

AMMHOKHCEIIMHUTE C€ M3II0JI3BAT ChIIO U B APYTH OTPAC/IM HA IIPOMUIIJICHOCTTA. ME-
JUIHUHCKA, XUMHUYCCKA, XPAHUTCIHO BKYCOBA. H_[I/IpOKOTO UM H3II0JI3BAHC B CBCTOBCH
Mama6 HaJjlara u Hy’xaa OT IIpOrU3BOACTBO.

2. 3HavyeHNe U AKTYAJHOCT Ha NpodJemMa
AMWHOKHUCEIMHHUTE ca Cpejl TpyrnaTa Ha Hal-BaXHUTE M ChC 3HAYHMTENICH TOJUIICH
00eM Ha MPOU3BOJICTBO OMOTEXHOJIOTUYHU MPOAYKTH. 3a MO-MaJIKO OT €HO JIECETH-
netue B nepuoga mexay 1980-1990 rogummuuar o6eM Ha MPOU3BOACTBOTO UM € Ha-
pacHan naBorHO. OOmuaT odeMm Ha mpousBeaeHuTe npe3 1982r. amuHokucenuHu e
owt 425 000 T., mokato 06eMbT Ha poaykius um npe3 1991r. naaxsspis 800 000 T.
(dbur.1). IIpe3 1980-1982r. u roguHUTE TIpea TO3U mepro 2/3 oT 00IOTO KoJIndec-
TBO MPOMU3BEICHU AMUHOKUCEINHU B pAMKUTE Ha €/IHa rOJMHA Ce IaJla Ha HATPUEBUS
rilyTamaT, KOMTO ce M3I0JI3Ba TJIABHO KAaTO XpaHUTEIHO-BKycoBa qo0aBka. Ha BTOpO
MSICTO TI0O 00eM OT OOIIOTO KOJIMYECTBO HA TOJAMIIHOTO MPOU3BOJICTBO HA aMUHOKHCE-
muar ¢ DL-MeTHOHHMH W HeroBHTE XUAPOKCH aHano3M, npeaxuMmctBo (Hax 90%) ws-
MOJI3BAHU B )KUBOTHHCKOTO XpaHeHe. L-mu3uH, moa GpopmaTa Ha MOHOXUIPOXJIOPHU] €
Ha Tpeto Mscto. [TpousBexaanute okoso 34 000T. oT Ta3u amMuHOKHCETHHA (TIPeH3-
yuciaenn karo 98% L-panun.HCI) npe3 To3u mepuona cheTaBisiBa okojio 8% ot 00-
st 00eM Ha TPOU3BEXKIAHUTE TOIUIITHO aMHUHOKUCETHHN. KOMIecTBOTO Ha BCHUKH
OCTaHAJIM TIPOU3BEKIAHN AMHUHOKHUCEIMHY 3a TO3U TEPHUOJ] ChCTABIISIBAT CAMO OKOJIO
2%. B Ta3u mocienHa rpyma BiIn3aT OCHOBHO aMUHOKHCEIMHUTE U3IMOI3BaHH 3a (ap-
ManeTruunu 1enn. HIKOIKO aMUHOKUCEMHHN OT Ta3H I'pyIia YCIEIIHO CE€ U3I0JI3BaT
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KaTo ChCTAaBHU KOMIIOHEHTH WJIM MPEKYPCOPU HAa HOBH M YECTO JOCTa €PEKTUBHH
dapmarnieTHIHN U KO3METUYHU CpeacTBa. /[pyra 9act oT Ta3u rpyna aMUHOKHCE-
JUHU C€ WM3IOJI3BAT YCIENTHO 3a CHHTE3aTa Ha HEKAJOPUYHU IMOJACIATUTENH, KaTo
“Acnapram”, nony4yaBaH oT L-enwnananun u L-acnaparmHoBa KucenuHa. Y IBOe-
HOTO YBEJIMYCHHE Ha OOIIMSA 00eM Ha MPOW3BEICHUTE aMUHOKHCEIWHU 3a Tepuoja
1982-1991r. e chIPOBOJCHO U C YYBCTBUTEIHO M3MEHEHHWE HAa CHOTHOIIEHHUETO Ha
OTJICTHUTE aMHUHOKHCEIMHU B oOmaTa MpoayKius. B ToBa OTHOIIGHWE 3aciyKaBa
BHUMaHME OJIM30 JIBa U MOJOBUHA II'BTH YBEJIMYEHHUETO HA OTHOCUTETHUS 151 Ha L-
JU3UH OT OO0IIHMS 00eM Ha TOJUIIHOTO mpou3BoacTBO (0T 8% mpe3 1982 r. Ha 19%
npe3 1991 r.). B kpas Ha TO3u MEepHOA TPHU IIBTH HAPACTBA U OTHOCUTCIHUS NI HA
OCTaHAJITE aMUHOKHUCEJIMHU U3BBH IIyTaMUHOBATa KUCEJIMHA, METHOHUH U JIU3UH. B
kpasgs Ha 2000 1. OOmmMAT 00€M Ha MPOM3BEICHUTE AMUHOKHCEIMHH JOCTHUTa [0
1 350 000 T. 3acmyxaBa jga ce OTOCNEKH KOJUYSCTBOTO HA MPOU3BEICHHS L-TH3HH,
koeto oT 152 000 T. IIpe3 1991 r. ce yBenmuuaBa Ha 297 000 1. Tpu nbTH HapacTBa u
OTHOCHUTEJTHUS JIsUT Ha JPYTHUTE.

AmuHoknceauHn — CBeTOBHO NPOU3BOIACTBO

Others 2%

L-Liz
D,L - met 24%

Y L Gly 66%

1982r. — 425 000T. 1991r. — 800 000T.

2000r. — 1 350 000T.
®ur.1 AMUHOKHCEINHUTE B CBETOBHOTO CTOMAHCTBO.

aMHUHOKHMCEIMHHU, B KOUTO Tonaaa u L-BanmHa, yniiTo ToHaX 3a TO3u nepuoa ¢ 2500

T.[14]
3. M360p Ha MeTOAMKA W HAYHMH HA PellleHHe Ha 3a]a4aTa

CunHTE3BT HA HEBPOHHHUTC MPEKH € M3BBPIICH B CJI€AHATA IIOCJIICJOBATCIIHOCT.

1. IIspBuuHa 00pabOTKa HA €KCIIEPUMEHTATHUTE JaHHU U M3YUCIISIBAHE HA CIe-
U(DUIHUATE CKOPOCTH.

2. M3uncnaBaHeTo Ha CIEMU(PUIHUTE CKOPOCTH HE € €HO3HAYHO U 3a TOBAa B pa-
OoTaTa ce pa3riexaaT JiBa BapUaHTA.

3. IlpenBaputenen aHanu3 Ha CIEUPUIHUTE CKOPOCTH KaTO BPEMEHHH PEIOBE.
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4. W3cinenpaHe Ha OCHOBHHTE OOOOIICHU CTEXHOMETPHUYHU yPaBHEHHS KaTO Bpe-
MEHHU PEJIOBE.

5. CuHTe3 Ha pa3lIUPEeHH aBTOPETPECUOHHU MO/ICTU Ha CIIEIIM(UUHUTE CKOPOCTH.

6. CuHTe3 Ha HEBPOHHU MPEXH Ha CHENU(DUIHUTE CKOPOCTH BH3 OCHOBA HA IIO-
JYYEHUTE PE3yJITaATH.

4. N3j10:keHNne HA pellieHueTo
W3non3BaHu ca eKCEpUMEHTAIHUA JaHHU 3a OWOIpoIiec 3a mojaydaBaHe Ha L-BaiauH.
W3mo3BaHusT MaM-MPoIyIeHT € BUCOKO MpoaykTtuBeH - Corynebacterium. M3esp-
IIeHa € MbPBUYHA 00pabOTKa HA EKCIIEPUMEHTATHUTE JaHHU W Ca U3YHCICHU CIEIHU-
¢buynuTe ckopoctH. CrienupUIHUTE CKOPOCTH: CTIeM(PUIHA CKOPOCT HA PACTEXK (),

cnenuduyHa CKOPOCT Ha yTUIM3anus Ha cyoctpar (v), cnerududHa CKOpOCT Ha 00-
pasyBaHe Ha LEJIEBUS IIPOAYKT (p) , C€ U3UUCIABAT KaKTO CJIEABA.

X . s, L. ¢ 1)
T R e A

KBIETO: X - KOHLIEHTpanus Ha Ouomacaralg/1], S - KoHIeHTpalus Ha cyObcTpara, S,
- KOHLIEHTPAlUs Ha OCTaThuHus cyOcTpat(g/l], S,- KOHIEHTpauus Ha JEHCTBUTEIHO
KoHCymupaHus cyocrpar [g/1], L,- KoHuenrpauusra Ha L-Banun [g/1], C - KOHIEHT-
panusATa Ha pa3TBOPEHUs Kucaopoz [%)].

IIpeBAPUTEIHUAT aHAIIM3 HA CIENU(PUYHUATE CKOPOCTH BKIKOYBA: M34YMCISABAHE Ha
YacTMYHATA aBTOKOpEIalMOHHA (YHKIMS 3a 1a CE OIpENeNd pela Ha aBTOPETrPEcH-
OHHATA Y4CT; aBTOKOpEIalMOHHATA (YHKIMS Ha CIEHU(pHYHMTE CKOPOCTH 3a JIa CE
OIIpEIENH Pela 9acTTa IIBI3AMIOTO CPEAHO Ha MOJIENA.

CrienuuuHUTE CKOPOCTH Ca U3YMCICHU BB BTOPHM BAPHUAHT C MOMOIITA HA CILIAH
(YHKIMU U HAYaJIHM ¥ TPAaHHYHM YCIOBMs. 110 TO3M HAYMH CE€ OTYHMTAT MO-TOYHO
crenuGUUHATE 0COOEHOCTH HA Pa3TIIEKIAHUAT Ipouec. CHUHTE3UPAHU ca JUCKPETHH
JIMHEHHM MOJIEJIM HAa OCHOBHMTE KMHETHMYHHM NpoMeHuBH. Cucremara 000OLIEHH
CTEXMOMETPUYHHU yPaBHEHHUS, OIIMCBAILY U3XOAHUAT Ipoliec uMar suza [3,4]:

s X (2)
C+S,5X (3)

S, i S, 4)
C+Sc+X—25lL, (5)
v, 55V, (6)

KBIETO. @, Py, @5 @,,P; - OOOOIIEHN CKOPOCTH.

Pa3rne>1<z[aHH Ca ypaBHCHHATA Ha IIPOHOCCAa KAaTO Ca TBPCCHH JIMHECHHU MOJCIN Ha
BPCMCHHHUTC PCAOBC IIPCACTABCHU YPC3 CKCIICPUMCHTAIIHUTC JTdHHHU. 3a aciaTa € 1pa-
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BCHA IPE/IBAPUTEIIHA OIICHKA Ha Pella Ha aBTOKOpEIallMOHHATA YacT U ca TCHEpUPAHH
BB3MOXKHH CTPYKTypHu Ha mozenute. OueHsBaH € peaa U KoeUIMeHTUTE Ha MOJIea,
KaTo e mpuiarad kpurepust Ha Akaiike [2]. C momomrra Ha Statgraphics e nanpaseno
CHUMYJIAIIHOHHO HM3CJIE/IBaHE HA MOJENA U ca MPEJICTaBEeHU IpaUKHUTE 32 OTIACIHUTE
3aBHCUMOCTH Ha Ouornporeca. [9,10,11]. 3a cunTe3a Ha HEBPOHHU MPEKHU CE M3ITOJI3-
BaT JMHEWHHUTE MOJENHU 3a MOJE/MpaHe Ha CHenu(pUIHUTE CKOPOCTH Ha TpoIlieca.
HeBpoHHHTE MpeXH ca paBeHH ¢ JABa U ¢ TpH cios [5]. TernoBHUTE KOSUITMEHTH ca
M3YHCIIIBaHU Ype3 oOyueHue Ha mpexarta. llpunaran e merton 3a oOydeHue Ha 00-
paTHO pasmnpocTpaHeHue Ha rpeimkara [6,7]. Moaenure ca cumynupanun ¢ MATLAB
U ca ONpeeNIsTHA TpadUIHO allpOKCUMHPAIINTE HEMMHEHHN (QYHKITUH.

Multiple X-Y Plot
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—— Xs

Multiple X-Y Plot
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®ur.3 CrnenuduaHu CKOPOCTH HA Pasr-
JeKIaHUS TIPOIIEC.

ExcniepuMeHTanHuTe JaHHU CE KOPUTUpaT, 3a Ja Ce MPeMaxHe pa3pekJAaHeTo MOoIy-
YeHO B CJICJICTBHE Ha mpolieca Ha mojxpanBaHe [1]. Kopeknusara e u3BbpIICHA ChbI-
JIACHO MaTepuaIHus OallaHC U HAKOU MPEATION0KEHHS KaKTO CJIe/IBa;

F(k
X (k )KOPHL’“PHHO = X (k )eKCVlEpM.HeumaJHO eXp {%k;hj ’
F(k
L(K)copueupane = LK wenepmnemmano EXP (% h] , @

SN =W 60 - 10 |- 4SO

kbaeto: V (k) =V (k —1) + F(k)h —u3menenue Ha odema[l]; V(k) =V (t,) —obem B cTporo
onpeneneH MOMeHT OT BpeMetTo[l]; F(k)=F(t,)- ckopocTt Ha moaxpansaHe [l/h];

h=t, —t,, , [n] Kopurupanure qaHHu ca Moka3zaHu Ha CleIBAIIUTE (PUTYPH.

-

L, Leor [g/l]

0 10 20 30 40 50 60 o 10 20 30 40 50 60
Time [h] Time [h]

®ur.5 Kopurupanu qaHHM 3a KOHIICHT-
panusiTa Ha BaJuH

®ur.4 Kopurupanu JaHHH 3a KOHIICHT-
panusTa Ha 6uomaca
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Koninenrpamusra Ha JeHCTBUTEIHO KOHCYMHUpPaHUs CyOCTpaT HE ce€ KOpUrupar 3a
npemMaxBaHe Ha pa3pexxaaneTo. CHHTE3UpaHu ca MOJIENU Ha CreHU(DUUHUTE CKOPOCTH
IIpU 3a/1aJICHNU XUIIOTE3U 32 Bpbh3KaTa MKy (PU3MKO—XMMUYHHUTE U KHHETUYHU IPO-
MeHIMBU. ChIIIacHO MpUpoJiaTa Ha OMOJIOTMYHUTE MPOIIECH 3a MOJTy4YyaBaHE HA aMH-
HOKHCEIIMHU CE MpWIaraT ClIeAHATE HEJIMHCWHN 3aBUCUMOCTH [4]:

pu=u(s,C) rh] ; v=v(p) fn] ;0 p=pluX) /] (8)

KBJIETO: 4 -CTIENIM(PUIHA CKOPOCT HA PACTEX; v -CHeU(PUIHA CKOPOCT HA YTUIN3ALIUS
Ha cyOcTpar ; p-crnenuduuHa CKOPOCT Ha oOpa3yBaHe HAa MPOJYKT; S -KOHLICHTPALIUS
Ha JCHCTBUTEITHO KOHCYMUpaHus cyocTparT ; C -pa3TBOPEH KUCIOPOI.

Henuneiinute Moaean umat BUAA.

u=exp (a,+a,*S, +a,*S,+a,*C+a,*C, +a, *C,) (9)
v =exp (bo"‘bl*ﬂ +b2*ﬂ2+b3*ﬂ3+b4*ﬂ4+b5*/15) (10)
P=6XP (Co+C % +Cy* 1y +C* 1, +C, ¥ X +C* X,) (11)

3a cpaBHUTEJCH aHANM3 HA TIOJYYCHUTE Pe3ysITaTu B paboTaTa MOXE Jla ce pasrieaa
cieaHust Moaen. MoJienbT Ha Ipolleca MOXKe Jia Ce 3alKcBa KakTo ceBa:

dX F
— =K uX ——X
a YTV
9 _ K, VX _Fs +£s(o)
dt Vv Vv
dP F (12)
— = K,pX ——P
a7y
v
dt
KBJETO V - U3MEHEeHHUE Ha 0Oema Ha Onomacarta; F - CKOpOCT Ha MoAXpaHBaHE HA Ono-
Macara.
C nomomra Ha MATLAB [8,9,10,11,12] ¢ HanpaBeHa napaMeTpuyHa ONTHMH3ALINS
3a moOMmKaBaHe Ha WM3YMCICHUTE rpaduKu 10 eKcrepuMeHTanHute. llapamerpuy-
HaTa ONTUMU3AIMS € HalpaBeHA MO KPUTEPUN - MKW KBAJIpaTU C MPUJIOKEHHUE Ha
Metona Ha Mapkyapn - JleBenOepr. [lonydeHuTe cTOMHOCTH ca MOKa3aHU B TaOu-

nara.

K= 0.98323 ; 2,=-2.258; 2,=-0.01517; 2,=3.365€-005; a;=-3.35624;
2,=25.2379; a5=-22.6228; 5(0)=513.0; % [g/1] K,= 1.0285; bo=-4.4045;
0,=21.2273; b,=-129.082; bs=358.718; by=-455.0408; bs=209.882;

Ka=1.278; Co=-6.0603; ¢,=8.8438; C,=-50.747; C3=71.5526;
€,=0.0475252; cs=-0.000292786

AHpOKCI/IMaHI/IﬂTa Ha CKCIICPHUMCHTAJIHUTC AAHHH 4YPC3 IPCACTABAHC HAa HCCTPYKTY-
PCH MOACI Ha PA3TJICKAAHMA IIPOLCC.
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_...M

O Experiment Seenns
70 — Model
250
60

O Experiment
— Model

0 10 20 30 40 50 60 10 20 30 40 50 60
Time [h] Time [h]

®ur.6 Konnenrpanus Ha onomaca X(t) ®wur.7 KoHnentpaiys Ha T1eHCTBUTEITHO
KoHCymHupaH cyoctpat S(t)

o

xperiment
odel

z=m

®ur.8 Konnentpanus Ha BanuH P(t)
CHHTE3bT HA JIUHEWHU TUCKPETHU MOJIEIH HA CIIEHU(PUUHUTE CKOPOCTH CE U3BBPILBA
B CJIEJHUTE [1OCJIEJJOBATEIHOCT:
® OIICHSABAHE Ha peJa Ha aBTOPErPECHOHHATA YaCT Ype3 YaCTUYHATA aBTOKOpea-
MMOHHA QYHKIIHS;
e OICHSBAaHE Ha pela Ha YacTTa MBJI3SII0 CPEJHO Ype3 aBTOKOpeIalMOHHaTa
dbyHKIUA;
e oreHsBaHe Ha nmapametpute Ha ARIMA (aBTOperpecusi HHTErPaIHO MHI3SII0
CpEeIHO) MoIea.
Mopenure ce onucBat KakTo Clie/Ba:

X;=Z+e,
Zi—dhtAiZixnTAZjo T Ax Zj—n+bj_blej—l_bzejfz_"'_beeij (13)
2,=V'X,

KBJETO: Z - CpeHa CTOWHOCT, & - KOS(UIMEHTH Ha aBTOPErPeCHOHHATA 4acT, bj -
KOe-(pUIIMEHTH Ha YaCTTa MBJ3AII0 CPEHO HAa MOJIeNa, V - IbpBa pa3JjiMKa Ha eKcIie-
PUMEHTAIHUTE TaHHHU.

5. OnpeneJisiHe HA NPeIBAPUTEIHA CTPYKTYPA HA IUCKPETHUTE MO/IEJIHU:
CneunduyHa CKOPOCT HA PACTEXK - 4 .

Estimated Autocorrelators for mu Estimated Partial Autocorrelations ‘or mu

Auocorre atons

Partial Autocorrelations
]
1

@wur.9 Ouenka Ha peqa Ha MBIBSIIO0 ®ur.10 YacTruHa aBTOKOpEIallMOHHATA
CpPEIHO 4acT
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Time Sequence Flot for mu

ARIMA(Z,0,0) with constant

082
= aaual

0,72 [ 1 — forecast
— 95.0% limis|

oEz [

mu

032 |-

012 |

0,08 |,

®ur.11 Mogen Ha cnienuduyuHaTa CKOPOCT Ha PACTEX.
CnennuyHa CKOpPOCT Ha pacTex - u (Mpen3uucieHa CKOpocT, Hajlara ce 3apaau
HAYaJTHUTE ¥ TPAHUYHU YCIIOBHS).

Time Sequence Plot for mu1
ARIMA(1,0,0) with constant

= actual
— forecast
— 9E,0% limits

mut

®dur.12 Moaen Ha crieruduyHaTa CKOPOCT HA PACTEXK

OKoOHYATEIHA CTPYKTYPa HA JHCKPETHHSI MOJE] 32 clenu(puIHATA CKOPOCT Ha
pacrex:
-Cnenuguyna cKopocT Ha pacrex - u = u(S,C) .

B,
% 13
i
E ar
{I"! 1‘." 408 1‘.-‘:: -'.I' are 1‘.‘2 -1.3 n a u <3 L] "
Csm Teama T,
®wur.13 BepoaTHOCTHO pa3npe/eneHue @ur.14 Moaen U eKClIEpUMEHTAITHH
Ha OCTaThIUTE JaHHU

OxoHYaTeJIHA CTPYKTYPa HA IUCKPETHUS MOJEJI:
A(q)=1-0.7619q" ; B, (q)=-7.275*10°q" ; B, (q)=0.2549q"

IIpenBapuTesiHa CTPYKTYpPa Ha cnenuduYHATA CKOPOCT HA o0pa3yBaHe Ha Iie-
JIeBH MPOAYKT (p) :

Time Sequence Plot for ro
X 0,00lg ARIMA(1,0,0) with constant
8

= actual
-] — forecast
— 95,0% limits

66

46

ro

26

6

4 kb ]
0 10 20 30 40 50 60

®ur.15 Mogen Ha crienuuyHaTa CKOpOCT Ha 00pa3yBaHe Ha LIEJIEBUS POAYKT.
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OxoHYaTeJIHA CTPYKTYPA HA JUCKPETHHUS MOJIeJI HA 00pa3yBaHe HA 1eJIeBH MPO-
IyKT p=p(u,X) :
A(q)=1-0.709q™" +1.169q > —0.2729q° +0.05551q* ; B, (q)=0.05029q" ; B, (q)=4.248

Ho—a Srmas by=at

Y
-
-

z b Z 2 = - e £ «
P T=una.

®ur.16 BepoaTHoCTHO pasnpeencHue @ur.17 Mopen U eKClIepUMEHTAITHH
Ha OCTaThLUTE JTaHHU
IIpeaBapuTesiHa CTPYKTYpPa HA cienu(UYHATA CKOPOCT HA YTHJIM3allUA Ha cy0c-
Tpart (v) :

Time Sequence Plet for ni

ARIMA{Z,0,0) with onsant

: adua
02E 1 — formcest
0,186 F .};-"’1\ 3 — 95.0% limits

0,04 [ Wh""""‘w

ni
W
T

®wur.18 Mogen Ha crieniduyHaTa CKOPOCT HA yTHIIM3AIMs Ha cyOcTpaT
OKoHYATEIHA CTPYKTYPa HA AUCKPETHUsT Moaes v =v(u):

A(q)=1-0.9333q" ; B(q)=0.1341-0.08762q"*

g7l 0 0

o DA

£ a .

E ) n D%n ‘\k__‘_\

§'.:; 0"‘; °

= & “ W L L]

dur.19 BCpOSITHOCTHO pasnpeaciICHuc ®ur.20 MOI[CJ'I U JaHHU 3a MOJICJIa HAa
Ha OCTAaThbIIUTC CHeI_[I/Iq)I/I‘lHaTa CKOPOCT 3a YTHIHU3alui

Ha cyOcTparta

B 3akiroueHue Ha Taszu IIbpBa 4acT OT pa60TaTa MOXE aa CC KaxK€, 4€ aHaJIU3bT Ha
CHGIII/I(bI/ILIHI/ITC CKOpPOCTH Ha PA3IMJICKIOAHUS IMPOLECC ITOKAa3Ba, Y€ TC CC OIIMCBAT YPC3
CTalMOHAPHU BPCMCHHU PCIOBC. ToBa e IMpCAIIoCTaBKaTa Ha I10 CJICABAIl €Tall OT U3-
CJICABAHCTO Aa CC ThbpPCAT MOACIIU B APYT KJIacC.
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MOJAEJIUPAHE HA CHENU®UYHUTE CKOPOCTHU HA HEPUOJIUYEH
C IOAXPAHBAHE ®EPMEHTAIIMOHEH ITPOLEC 3A ITOJIYYABAHE
HA L-BAJIMH YPE3 HEBPOHHU MPEXM! - |l yacr

Bacuiaka CrouniioBa, Llanko I'eoprues, Asiekcanasp PbTroB

Pe3ztome: B pabomama ca moodenupanu cneyuguynume cKOpocmu Ha Nepuooudet ¢
nooxpauseane ¢hepmeHmayuoner npoyec 3a noaydasauve Ha L-eanun upes HeepoHHU
mpedicu. Pabomama e pazeuma 6 cneOHume OCHOBHU emanu:. aHaiu3 Ha epmenma-
YUOHeH npoyec 3a npoussoocmeo Ha L-eanun; uzuucnasane na cneyugpuynume cxo-
pocmu;, cuHmes Ha OUCKPEMHU NUHEeUHU MOoOelu HA cneyuguuHume cKOpocmu u oc-
HOBHUME KUHEeMUYHU NPOMEHIUBU HA Npoyeca; CUHmMe3 Ha He8POHHU MpPedcU Ha cne-
yuguunume cxopocmu. M3nonzeanu ca peannu eKcnepumeHmainy OaHHu om ouope-
akmop.

Kniouosu oymu: nepuoouuen c nooxpausame pepmenmayuonern npoyec, L-eanum,
HEeBPOHHA Mpedica

MODELLING OF THE SPECIFIC RATES OF FED-BATCH
FERMENTATION PROCESS FOR L-VALINE PRODUCTION
WITH NEURAL NETWORKS- part 11

Vassilka Stoilova, Tzanko Georgiev, Alexander Ratkov

Abstract: This article deals with modelling of the specific rates of fed-batch fermenta-
tion process for L-valine production with neural networks. The article includes the
following stages: analysis of the fermentation process for L-valine production; calcu-
lating the specific rats; time series analysis of the main kinetics variables; synthesis a
neural networks for the specific rates. All investigations are explained based on real -
life experimental data.

Keywords: fed-batch fermentation process, L-valine, neural network

6. CuHTe3 HA TUCKPETHHU JIUHEHHHN MO/1eJIM HA OCHOBHHTE
KHHETHYHH MPOMEHJIMBH.

Jlonycka ce, 4e pasriie)IaHUsT MPOIEC CE OMKCBA Ype3 CIIEAHATA CHCTeMa 0000IeHH
auHaMU4HU ypaBHeHus (1)
S,—2—>X
C+S,—2—>X
Ps
S, —%-8, (1)
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C+S,.+X—21L,
V, —2—V,
KBJETO: X - KOHLEHTpauus Ha Ouomacara[g/l], S - KOHIEHTpaus Ha cybcrpara, S,
- KOHLIEHTPAIUs Ha OCTaThuHus cyocTpat(g/1], S,- KOHLEHTpalus Ha JEHCTBUTETHO
KOHCymupaHus cyoerpar [g/1], L,- KoHuenTpanusra Ha L-amun [g/1], C- KOHLEHT-
pauusATa Ha pa3TBopeHus kucnopon [%], ¢,,¢,,¢,,¢, ¢, - 00001IEHN CKOPOCTH.

AKO BCSIKO OT T€3U YpaBHEHUS € MPaBWIHO (HOPMYIUPAHO 32 KHHETUYHHUTE MPOMEH-
JIMBH, Ce JIOMyCKa, Ye ChIIECTBYBa pa3lupeH aBroperpecuBer (ARX) Monmen paskpu-
Balll aBTOKOpEJIAIIMOHHATA U B3aWMHa KOopenanus MeXAy MpOMEHIMBUTE. MHOXeCT-
BEH pa3lIMPEH aBTOKOPEIAMOHEH MOJIET MOXKE J1a CE 3allulIe:

A@)y(t)=B(q )u(t-n,)+e(t).
Marpurure A 1 B ca 06pa3yBaHH OT I€MEHTH IOIMHOMHM Ha omepaTopa (
A@)=1+Aq +AQ +..+AQ ™

B(")=B,+Bg"'+B,q°+..+Bq™
HOJII/IHOMI/ITG numartr lema:

nay

-1 1 4-1 2.2
akj(q ):1+aqu +a4,q  +..+a,;°(

—nay

b, (4" )=b'ug " +biq* +..+bl" q ™.

IIpeaBapurtesna oueHKa HAa peJa HA MOJeJINTE:

[IspBOHAYAHATA OIIEHKA HA pela Ha MOJCINTE C€ M3BBPIIBA YpPE3 U3UHCISIBAHE W
aHaJIM3 Ha aBTOKOPEJIAIMOHHATA U YacTUYHA aBTOKopenanuonHa pynkmuu. Cien Ta-
31 TIPOLIEAypa € CHHTE3UPAT MOJICTH OT TUIA Ha aBTOPErPecHsi HHTETPATHO ITBI3AII0
cpenHo (mporeaypata € IpuiIoKeHa B ITbpBaTa 4acT Ha paboTrara).

X Sr Sc Lv C
AR 2 2 3w 4 pen | 3unu 4 pen 3
MA Omwmlpen |Owmlpen| Owmnulpen | Ounml pen 0

KbJIeTO: AR - aBTOpErpeCHOHHA YacT Ha Mojena, MA- MbJIBSII0 CPEIHO YacT HA MO-
Zena.

CuHTe3 HA TMCKPETHH JIMHEITHH MO/1eJIH HA OCHOBHUTE KHHETHYHHU
MPOMEHJIMBH HA MpoIeca.
Cucremara 0000IIEHN CTEXMOMETPUYHH YPAaBHEHHUS OIpeselis Opost Ha BXOJOBETE U
M3XOJNTE Ha PA3IMIMPEHUTE aBTOPETPECUOHHN MOJIENH KaKTo clieaBa. JlsicHaTa cTpaHa
Ha YpaBHEHUATA OMpeaesis OposIT Ha U3MEPUMHTE U3XO/IH, a JiIBaTa CTpaHa ONMpeAeIis
OposIT Ha BXOJOBETE HAa Mojiela. B ciencTBue Ha AOMyCKaHETO 3a poJiATa Ha pa3Iiv-
PEHHTE aBTOPETPECHOHHH MOJIEIU € MPEACTaBeH CHHTE3 KaKTO ClIeBA!
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CbcraBsine Ha Mogea -1 KonuenTpanust Ha Omomaca: S, —2— X
Mopesn ¢ earH BXOJ M €IMH U3XO0J.

Pen Ot cumynanusTa
2 A(Q)=1-1.026 (+-0.2129) g™ + 0.556 (+-0.185) ¢
2 B,(q) =0.8514 (+-0.1725)- 0.7337 (+-0.1519) g
a0 T
_— Olbserved
aoH © Fitted >
70+ S 29
% B0 -
f:— 50t
EE 40 +
E
'g;_ a0k
- 20+ o
10tg

1 1 1 1 1
0 10 20 30 40 a0 50
Tirne [hour]

@wur.1 Konnentparus Ha buomaca

MopeJ -2: YpaBHeHHe 32 KOHIEHTPanusaTa Ha 6momaca: C+S —% 5 X
Onenka Ha koeumuenture - A(q~),B.(q™)
Moyien ¢ Ba BXO[a M €IUH H3XO0]

Pen Ot cumynanusra

A(q)=1-0.5898(+ - 0.1017)q*

B, (q) =0.8583(+-0.1328)- 0.7851(+- 0.109)q™

2 B, (q) =0.025 (+-0.03125) + 0.06101 (+ - 0.02427)q*

— Dbzerved
O Fitled

8

B

-]

Experimental data Model [g1]
]

=)

=
=

Tirrsst |h|:|lur|

®ur.2 Konnenrparnus Ha Onomacara
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Mopnen -3: Konnentpamus Ha L-Valine: C+S_+ X —2 L,
OnensiBane Ha koeunuentute A(q ), B, (q™)
Mopen ¢ Tpu BX0OJa U €UH U3X0]1

Pen Ot cumynanusTa
1 A(Q)=1-0.4575(+-0.18) g™
1 B, (q) = -0.01665
1 B,(q)=0.1128
1 B, (q)=0.01443

60

= Observed
o Fitted

50F

40+

30+

20k

Experimental data Model [g/]

0 1ID 2ID SID 4ID SID B0
Time [hour]
®wr.3 Konnentpanus Ha L-Valine
Mogen -4: YpaBHeHue HA KOHCymupaHus cyocrpar: D S, +S, —%—>S,
PasmupsiBane Ha ypaBHEHHETO C Mpolleca Ha MojxpaHBaHe. Mojen ¢ aBa BXoja U
€JIUH U3XO0]I

Pen Ot cumynanusrta
2 A(q)=1-2.118(+-0.3484) g™ +1.128 (+-0.3013) ¢
2 B, (q) =-0.01573 (+-0.3288) q™* +0.1066 (+ - 0.316)
2 B,(q) =-0.1748 (+-0.3145) g™ + 0.1347 (+-0.1809) q?

400

— Observed
0 Fitted

350 H

300+

250+

200+

180 +

Experimental data,Model [g/]

100+

50+

1 1 1
0 10 20 30 40 50 =in]
Time [haur]

®wur.4 Konnenrpaiius Ha cyOcTpaTuTe
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/. CHHTe3 HA HEBPOHHM MPEKHU 32 Mo/leJIMpaHe HA cie(pUuIHUTE CKOPOCTH

Bb3 0cHOBa Ha OJTYYEHHUTE AUCKPETHHA MOJIENIN Ha CIIEU(PUIHUTE CKOPOCTH CE
n30Mpa clie/IHaTa apXUTEKTypa Ha HEBPOHHUTE Mpexu [5,12,14]:

purelin

purelin

yit)

@ur.5 Mpexa tun ARX mozen ¢ npezc- ®ur.6 Mpexa tun ARX moaen
Ka3BaHe

CHHTE3UpaHUTE B YaCT ITbpBA MOJCIIHM Ha CHEIMU(DUIHUTE CKOPOCTU CE€ MPEICTABST
Yype3 HaBpPOHHA MpeXka OT THIIa TpelcTaBeH Ha Gur.5 u ¢ur. 6. Pasmupenusar aBro-
perpecroHeH MOJeNl € MpeacTaBeH Ha (ur.6, a BapwaHTa MPU HW3MOJI3BAHETO MY 3a
€THOCTBIIKOBO TIpeIcKa3BaHe Ha (ur. 5. BposaT Ha BXOJOBETE U U3XOIUTE HA MpeKaTa
ce ompejensi OT HeIWHEHHUTE 3aBUCHMOCTH Ha CIEMU(UIHUTE CKOPOCTH TPEICTa-
BEHHU B 4acT IIbpBa Ha paboTara.

-Cnenuduyna ckopoct Ha pacrex = u(S,C).

-1 Fadem o b € 28869-308 Goallz 33331 Fitter
13 T T T T T T T T T 0.7
157} 4
i .
E 3
3 .
a I3 i E
] £
£
L. =
i3 .\ -
I:-l 1 L L L L L L L 1
E - < L L ] =] 13 e [ [ ]
15 Epncha
®ur.7 [Iporec Ha 0OyueHue ®ur.8 ExcriepuMeHTalIHA TaHHU U MO-

nena

[Tporieca Ha oOy4eHHe ce 4pe3 METoja Ha OOpaTHO pa3lpOCTPAHCHHE Ha IpeliKaTa
NP KPUTEPHIA CPETHO KBaJpaTudHa rpemrka (¢pur.7).
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-Cnenu(puYHa CKOPOCT HA YTHIIM3ALHUSA HA cy6eTpaT v =v(u).

z Fadomano b 330008 1212 Ool b 3,331 . Fiker
13 T T - T T T

Obsenad -
— Fitted

i

[

TrainingElwe CoslElad:
o
T
Exparimental data,Model

/

- e ; o
W22 37 ar 38 1 iz 4 it 1B 0.04; T ET] 39 o W £

i Epoote. Time [hour]

®ur.9 [Iponec Ha 0OyueHue ®ur.10 ExcnepyuMeHTaaIHu JaHHU U MO-

nena
[Tporeca Ha oOydeHHE ce Ype3 METOoJla Ha O0paTHO Pa3MpOCTPaHCHHE Ha TpelrkaTa
P KPUTEPHIA CpeIHO KBaapaTuyHa rpemika (¢pur.9).

-Cnenudguyna cKopocT Ha 006pa3yBaHe Ha HeJeBHs MPOAYKT p = p(u, X).

Fadcrmanca b 8853782008 Gueal k2 3.3531 Filter

E e ]
. E 08t -
i 4: O Otsened
3 — Fitted 4
in ] s |
3 3 Z J
s 1 - 3
- 3 £ 4
& ] a
- 1 £
"! 13 ] g_ 0.03 <
] "o .
13 = 3
E 0.0} g
|3-I , 1 0 i i i L Fal
¥ E L4 1 LT F F14 H e < g L4 0 10 i £l <0 50 a0
T Epocie Time [hour]
®ur.11 I[pornec Ha oOyueHue ®dur.12 ExciepuMeHTaIHu JaHHU U MO-
nena

[Iporneca Ha 0Oy4eHuUe ce Ype3 METoAa Ha 0OpaTHO Pa3NpPOCTpaHEHUE Ha TPEIIKaTa
NpU KPUTEPHA CpeHO KBajpaThudHa rpemka (¢ur.11).

8. 3akaouenue

Enna ot Hali-BaXXHUTE XapaKTEPUCTUKU HA €IMH OMOTEXHOJOTUYEH MPOLIEC ca CIelH-
(¢uyHUTE CKOpPOCTU. T€ HOCAT BCUUYKU CIEM(PUIHN 0COOEHOCTH Ha nporeca. OcTaHa-
JIUTE 3aBUCUMOCTH XapaKTePU3UpaIlly €IUH OMOTEXHOJIOTHYEH MPOIIEC CE€ OCHOBaBaT
Ha MaTepuayHus OanaHc. B ciyuas Ha mosiyyaBaHe Ha aMHUHUKHCEIMHU Ca Ba)KHU
KUCJIOPOJIHOTO HACHUIIIAHE U MTPOIECA HAa TOAXPAHBAHE.

Paborara e mocBeTeHa Ha MOJICIMPaHE Ha CIICHM(PUIHUTE CKOPOCTH Ha MIEPUOIUYCH C
noaxpaHBaHe (pepMEHTAIIMOHEH TpoIlec 3a IMojydyaBaHe Ha L-BanuH. B 3akmodeHue
MOTaT Jia C€ HalpaBsT CICTHUTE U3BOIU:
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1. IIspBuuHaTa 00pabOTKa HA EKCTIEPUMEHTATHUTE JJAHHHU € BaXKEH eTall OT Ipo-
neca Ha moaenupane. Kpaiinata nen Ha Ta3u 00padoTKa € M3YHCISIBAHETO Ha
crenupuIHUTE CKOPOCTH Ha Tpoiieca. B oOpaboTkara e yJjlauHo J1a ce U3Moi3-
BaT CIUIallH (PYHKIIMU, KOWTO TMO3BOJISBAT CHEIU(UIHUTE CKOPOCTH Ja Ce W3-
YUCJIAT aKO C€ HAJIOXKaT HAYaJlHW M TPAHWYHU yCJIOBHs. TO3W MOAXOM IMO3BO-
JsBa J]a C€ OTYETE aJICKBAaTHO HAYAJHUAT CTAUH Ha pa3BUTHE Ha Tpolieca.

2. HeoOxoaumo € 1a ce gokaxe, ye cruenu(puIHuTe CKOPOCTH C€ OMKUCBAT OT CTa-
[IMOHAPHHM BPEMEHHU peoBe. ToBa ce MOCTUTa Ype3 CHHTE3 Ha aBTOPErpecH-
OHHHM HMHTETPAIHO ITBI3SAII0 CPEIHO Mojeid. Ha BTOpW eram ce CHHTE3Upar
pa3lIMpPeHU aBTOPETPECHOHHM MOJICTH KAaTo C€ B3eMaT MPEIBUJl XUIIOTE3UTE
OTHOCHO 3aBHCHMOCTHUTE OMUCBAIIN CHCIUDUIHUTE CKOPOCTH:

p=pu(S,C) [h] 5 v=v(u) R/n] ;5 p=p(uX) /],

3. O000IeHNTe CTEXNOMETPUYHN YPABHEHUS MPEACTABISBAT €HA XUIIOTE3a OT-
HOCHO MPOTHUYAHETO Ha Pa3TJICKIAHUAT MPOIeC. AKO BCIKO OT T€3W YPaBHCHHSI
¢ TPaBWIHO (POPMYJIMPAHO 33 KHHETUYHUTE NMPOMEHJIUBH, C€ JIOMYCKa, Y€ Ch-
1ecTByBa pasmupeHn aBroperpecuBen (ARX) mojen paskpuBail aBTOKOpeEIa-
[IMOHHATa W B3aWMHa Kopeniamus MEXIy MPOMEHJIMBHUTE. PesynraTute mokas-
BaT, Y€ EKCICPUMEHTAIHUTE JaHHU MOTaT Jla Ce OMUIIAT Ype3 CTAI[MOHAPHU
BPEMCHHH PE/IOBE.

4. BcuYKM TpeaBapuTeNIHU Pa3riIeKAaHus MO3BOJISBAT Ja CE CUHTE3UPAT HEBPOH-
HU MPEXHU MOJENUpaliy crenupuIHUTe CKOPOCTH Ha mporieca. Pesynrarure
MOKa3BaT a/IeKBaTHOCTTA Ha MOJYYEHUTE MOJEIM 4pe3 Ipolec Ha oOydeHue.
[Ipunaran e Meron 3a o0yueHHe Ha OOpaTHO PA3NPOCTPAaHEHHUE Ha IpellKara u
KpUTEpUN CPEHO KBaJpaTUYHA rpeiika. V3cienBanusara ca U3BbPIICHU B Cpe-
nata Ha nporpamuuTte naketu MATLAB u STATGRAPHICS.
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POBACTHHU ML CUCTEMMU 3A YIIPABJIEHME - yacr 1

Huna HukogoBa

Pe3rome - Penemumuenomo ynpasieHue e epeKmusHa cmpamezusi npu HAIuduemo Ha
NepuoOUYHU 8bHUIHU CUSHATIHU CMYWeHUs 8 UHOYCMPUAIHU ycioeus. 3a ciydaume,
K02amo YNpaesisaeanume mexHoai02uuHu 00eKmu ce Xapakxmepusupam ¢ maxKuea cue-
HAIHU CMYWeHUs, a cucmemume pabomsam 8 yClo8uUAma HA AnpuopHa Heonpeoeie-
HOCM ce npeodiazam HAKOJKO HO8U KIACO8e pOOACMHU penemumuHy cCucmemu 3a yn-
pasienue.

Kniwouoseu oymu - penemumusHo ynpaenenue, pooacmuo ynpasienue, YNpasieHue ¢
no2nvyane Ha CMYyWeHUs ¢ 8bIHO8A CMPYKmMypda, pooacmua ycmouuueocm u Kavec-
meo, 3anacu Ha pooacmHocm

ROBUST £ CONTROL SYSTEMS - part 1
Nina Nikolova

Abstract - Repetitive control is an effective strategy in the presence of periodic signal
disturbances in industrial plants. For the cases where the controlled technological
plants are characterized by such signal disturbances and systems operate under a
priori uncertainty those paper proposes several new classes of robust repetitive con-
trol systems.

Keywords - repetitive control, robust control, disturbance absorbing control, robust
stability and performance, robust margins

1. BnBeaenue
Peanuzamnusata Ha ympaBjiIeHHE C JKEITaHO Ka4eCTBO B YCIIOBHUSTA HA alpHOpHA HEOII-
peIeIeHOCT Hajara ThPCEHETO Ha HOBM METOIH 3a CHMHTE3 Ha W3BECTHH CHCTEMHM 3a
yhpaBJIeHHE, KaKTO M PealHd BB3MOYKHOCTH ca pa3pabOTBAHETO HAa HOBH KJIACOBE
cuctemu. Korato ympaBisiBaHUTE TEXHOJIOTMYHH OOEKTH Ce XapaKTepH3HpaT C IepH-
OJMYHU CUTHAJIHHA CMYIIEHHUS, a CHCTEMUTE Ca MOUI0KEHH Ha 00OIIEHH CMYIaBalln
BB3EHCBHS, YaCT OT KOMTO MMAT BBJIHOBA CTPYKTYpa yIPABICHUETO CpPeIlla CEPUO3HH
3atpyaHeHus. To TpsOBa 1a mpuTexkaBa cBoicTBaTa e(hEKTUBHO Ja pabOTH B yCIOBHU-
sTa Ha alPUOPHA HEONPEIEICHOCT U B pallMOHAJIHATA M B HPAIMOHAIHATA ChCTaBSIIH
Ha Mojieia Ha o0eKTa 3a yrpaBieHHe. B TeopusiTa Ha yIpaBIecHHETO ca U3BeCTHH IM(C
(Internal Model Control) cucremute 3a ympasieHue (poOaCTHUTE CUCTEMH C BHTpE-
meH Monen (RM) [6+8] u pobacTHuMTe cucTemMu ¢ ycioBHa oOpartHa Bpb3ka (RF)
[6,7]), cucremuTe yacTruno moribmamy cmymeHusTa (DAS) [6,7], kakTo u cuctema
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3a ympaBJIeHUE ¢ peneTuTuBeH perynarop (ML) [1+5]. Ha tasu ocHoBa Hacrosiara
paboTa cu mocTaBs 3a HeJl Ja MPEJCTaBUu U aHAJIM3UpPA CTPATETUATa 3a KOMIICHCAIUS
Ha MIEPUOJUYHUTE CMYIIECHUS B CHUCTeMaTa 3a yIpaBJIeHHE U J1a MPEJI0KU HOBU KJia-
COBE poOacTHU ML CUCTEMH 3a YIPABICHHE, KAKTO U METOJUTE U AJITOPUTMUTE 3a
TEXHUS CUHTE3, KOUTO J1a KOMOUHUPAT €()eKTUBHO CTPATETUUTE 3a yIpaBieHue ¢ ML-
naMeT ¥ pa3IudyHu poOaCTHU YIPABJICHUS U YIIPaBICHUS C poOAaCTHU CBOMCTBA.
3agaumMTe, KOUTO CE€ MOCTABAT B U3MbIHEHUE HA (hopMyliMpaHaTa Lef, ca: CTPYKTyp-
HOTO KOHGUTYpUpaHE, CUCTEMATU3AIMS HA METOJUTE, KPUTEPUUTE U aJTOPUTMUTE 32
MPOEKTUPAHETO HAa poOACTHU ML CUCTEMH 3a YIIpaBJCHUE, KaTO 32 KOHKPETEH YHC-
JICH pUMeEp T€ Ce MPHUIIOXKAT, 3a J]a C€ aHaJU3Upa M OIeHU e(EeKTUBHOCTTA HA TPE/I-
JaraHUTE HOBU KJIaCOBE CUCTEMH.

Paborata e npenctaBena B e yacTi. OOEKT Ha pa3riekIaHe B IbpBAaTa 4acT ca CTpa-
TETUsITa U CTPYKTYPHOTO KOH(UTYypUPaAHE, METOIUTE, KPUTCPUUTE U AITOPUTMHUTE 32
aHAJMTUYEH CUHTE3 Ha pa3riiekJIaHuTe cucTeMu. BbB BTOpara 4acT ca mpeicTaBeHU
pe3yaTaTy OT NMPUJIOKEHUSATA, aHallu3a, pabacTHUs aHanu3 HA RF-ML, RM-ML u DAS-
ML poOACTHU CUCTEMU 3a YIPABJICHUE, U3BOJUTE U JINTEpaTypaTa KbM pa3paboTKaTa.

2. CTPpyKTYpHO KOHUTrypHpaHe
B anropurbMa R, (p) Ha cucrema (dur.l) 3a ympasinenue Ha 00eKT G MoraT aa
Obaar usnons3Banu REF (pobacTeH ¢ BBTPEIICH MOJEHI U C YCJIOBHA oOpaTHA BPb3Ka)
[6+7], RM (pobacteH ¢ BbTperieH Mojen) [6+8], min OAS (¢ YacTUYHO MOTIIBIAHe Ha
cmymenusTa) [6+7] anropurmu. C Bb3MOKHOCTHTE Ha R, pa3riIekKIaHaTa CUCTEMA
MPUTEXKaBa CBOMCTBOTO MHBAPUAHTHOCT Ha 3amacure 1no Mmoayia GM u ¢aza PM KbM
penapamerpu3rpaHe/pecTpyKTyprpaHe Ha Mojiela Ha 00ekta G B yCJIOBHS Ha anpu-
OpHa HEOIPEENEeHOCT, T.€. CUCTeMaTa MpuTexaBa poOdacTHU cBoicTBa. Penerutus-
HOTO ympaBicHue [1+5] e edekTHBHA CTpaTerus NpU HATUYHUETO HA TMEPHOAMYHH
BBHIIHU CUTHAJIHU CMYUIEHHS B UHyCTPUAIHU ycJI0BUS. CUCTEMUTE 32 PEIETUTUBHO
ynpasienue (¢ur.2) ce ommyaBat oT ocraHaiuTe KiacoBe cucremu (¢ur.l) ¢ 00-
paTHa BpB3Ka 110 TOBA, 4€ ChAbPKAT ML-puntsp ¢ mamer M, (p) (Memory Loop)
[5]. [Tpuema ce, 4ye 3amanneTo y° u/Win IPyro OT CUTHAJIHUTE CMYLIABALIUA Bb3IEHCT-
BHs 3a cucreMara (v, f ) UMar HepHOAMYEH XapakTep ¢ MPEABAPUTEIHO M3BECTHA
(Ipu IPOEKTUPAHETO) ¥ MOCTOSIHHA CTOMHOCT Ha nepuoza T, . JlonbIHUTETHUAT ML-
KOHTYp C MaMeT B cucTreMara € QuIThp CbhC cnenupUuyHU ,,0TCUYAIlM~ CBOWCTBA Ha
XapMOHHUYHM CHTHAIIM C 9e€CTOTa @, =27 /T, . B TOBa Cce n3passBa u BH3MOXKHOCTTa
My 3a KOMIIEHCAIUsl Ha MposiBaTa BbPXY MOBEIECHUETO HA CHCTEMaTa Ha TE3U Bb3-
nevictusa. ToBa ce nbmku Ha (akTa, ye ML-KOHTYPHT, ©IMa CBOWCTBOTO Ja ,,3amame-
TABa” YecToTaTa Ha ,,0TCUYaHETO U €(EeKTUBHO Jla MPOTUBOJIEHCTBA, OJlarogapeHue
Ha crennduyHaTa CU CTPYKTypa KaTo quHamMu4Ha cuctema. CTpyKTypuTe Ha podac-
THU ML CUCTEMH 3a YIIPaBJICHHE C€ CHCTOAT OT 0a3oB (B citydas pobacTeH R,

(pur.3), R,, (pur.4) wmu R, (pur.5)) perynarop, ML-puntep M, (p) u 00ekT 3a

ynpasienue G . Pemapamerpusupainnte/pecTpyKTypHpaIIUTe CMyIIeHus B G ca 03-
HaueHu ¢ ¢&. [lpemiokeHuTe W aHaNM3UpPAHUTE HATATBHK B paboTara CTPYKTYpH I
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ObaaT o0o3HaYaBaHU KaTo RF-ML (poOacTHa PEHETHTHBHA C BBTPEIICH MOJICI U C
yclaoBHa oOpaTHa Bpb3ka) (pur.3), RM-ML (podacTHa pEeNETUTHBHA C BHTPEIICH MO-
aen) (bur.4), unn DAS-ML (perneTUTHBHA ¢ YACTHYHO IOMIBIIAHE Ha CMYIICHHUSTA)
(dbur.5) cucmemu 3a ynpapinenue. CTpyKTYpHO KOH(MUTYPHPAHH IO TOKa3aHUS Ha-
YHMH, CUCTEMUTE KOMOMHHpAT ¢(PEKTHBHO CTPATETMUTE 3a yMpaBJIEHHE C MPOTHBO-
JICMCTBUE HA: BHTPEIIHH pernapaMeTpU3upaniin/pecTpyKTypHpaIld CMYyIIEHHS B 00€K-
Ta 3a yIpaBjeHHE, BHHIIHK (IIPEIBAPUTEIHO W3BECTHH) PETYISIPHH CMYIIEHUS KbM
crcTeMara 3a yIpaBlcHHE, WU CMYIIEHHS C BBIHOBA CTPYKTypa, IPHUBEXIAIIM TH B
Kjaca Ha poOACTHHUTE CUCTEMH 3a yIpaBJICHHUE.

y'(p) &(p) vip) <(p)f(p), y(p)

Reos (P) G(p)
I ) ¢ur.1

3. MeToamn, KpuTepuM M aJIrOPUTMU 32 AHAJTUTHYEH CHHTE3 HA PO0ACTHU ML
CHCTEMH 32 yIpaBJieHue
3a BcsKa e/lHa ChCTaBsIa Ha AITOPUTMHUTE HA poOaCTHUTE ML CUCTEMHU 3a yIpaBie-
HUE Ca CUCTEMATU3UPAHU: OCHOBHUTE OMUCAHUS; METOJIUTE, KPUTEPUUTE U aHAJIUTUY-
HUTE U3UCKBAHUS MPU TEXHUS CUHTE3.
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U tpute npemiokeHu pobacTHU ML CUCTEMHU 32 YIIPABJICHUE U3IION3BAT ML-PUITHD
cmamer M (p).

M S | @p ’(a’p:2”/Tp) (1)

ML: Z_ZWk(ja))e—jwkTp _ Z_ZKK(ja)-l—k_i_l)—le—jzokTp ,
k=1 k=1

| (2)

1, (W, (jo)=x, (joT, +1)*).(2 <1< 20)

[
=
O
0

[Ipoektupanero (1) Ha ML-cvemasamama M (p) (2) e GyHkuus Ha yecrorara Ha
XapMOHHWYHHTE BBHIIHU CMYILIEHHS  , B CUCTEMATA H ce Onpesiens [5] che caenHuTe:;

® Junamuunu napamempu 3a nacmpoika na M (p):
- ®,,; ,®,,- TPAHUYHH YECTOTH Ha XOPH3OHTaIHHs Npodmi B Momyia Ha M (p)-

bunTbpa, onpeaendiy eQeKTUBHOCTTA HA HETOBHS YECTOTEH JMAMA30H MPpH DIyKTY-
aluM B CTOMHOCTTAa Ha @, =27 /T, - 4€CTOTAa Ha pEXeTUpPaHE (OTCHYAHE), Ompee-

JieHa OT MPEeJBAPUTEIIHO U3BECTHATA YECTOTA Ha XapMOHUYHOTO CMYIIIEHHUE KbM CHC-
TeMara,
- 1, (a)p , £, )- 6poii rpynu oT Mocien0BaTeNHO-apaIeHO BKIOYEHH N - Opoii 3Be-
Ha ChC 3aKbCcHeHHUe (Opoii 3BeHA ¢ TTaMeT);
® Memoo 3a cunmes - °ypagHeHue Ha 1eHmosus uimvp°;
® Kpumepuil 3a cunmes - °pexceKmupauy Mooy’
® aHaIUMUYHU U3UCKEAHUA TIPU CHHTe3a Ha puiTbpa M| (p) ¢ mamer (3+4):
Vi) # 6 (Y 000 (s ) T (i) ) ®3)
Ii(a)p' Qi): log ,, (aop—aobyi)zlog10 (a)p—a)p[)i_l) |
log 4 (a)h,i_a)p) log ,, (a)in_a)p) (4)
o, < 0, <@, ; 0, -0, =40;>0; 2 <1, <20;
[ 2 =(0, /o, )=(0,,/o,); 15 < 2 <30 )
0, Voe [a)b,i 1 Oy ]’(a)b,i < 0, < O )
1, Yo e [O,a)b'i ],Va)e [a)h’i ,oo) (5)

m. (o) -}

C nomorra Ha 3aBUCUMOCTHTE MKy JUHAMUYHUTE TapaMeTpH 3a HacTpoiika (4) ce
CHHTE3Mpa aHAJIWTHYHO M B M3ITBIIHEHHWE Ha KpUTEpHs, Ae(GUHHpPAH C W3UCKBAHMS
kbM Mojyia (5), kpaeTo:

- T, - BPEMEKOHCTAaHTa Ha MEPHOJUYHNUTE CMYIICHHUS, BpeMEKOHCTaHTa Ha M | (p);
-02,=(w,/w,,)=(o,, /o, )- penatnaa codcTBena yectota Ha M | (p);

- »,,, w, ;- HAli-HUCKa ¥ Hail-BHCOKAa YECTOTU Ha alPOKCHMAIUATA Ha JICHTOB (HII-
TBP.

3.1. RF-ML cuctema 3a ynpasJienue (¢ur.3)

[Ipoektupanero (6) Ha cvemasawama R, [6+7] € GYHKUUS OT HOMHHAIHUS MOJE
Ha o0ekTa G* M Ce OTJIMYaBa ChC CIICHUTE:
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Re < G* (6)

{ o =const }
® Memoo 3a cunmes - Memoo Ha 6ATAHCHOMO YPAGHEHUEe HA ycmoliuugocmma’,
® Kpumepuu-
- pobacTHa yCTOMYHMBOCT M poOACTHO KaueCTBO HA CHCTEMaTa 3a MPEeABApUTEITHO 3a-
JaJICHO MHOXECTBO /7 , YJIOBJICTBOPSABAIIO N3HCKBaHUsTA (7.2);
- MUHUMaJTHA HopMa (7.D) Ha OTKJIOHEHWETO p Ha cHcTeMaTa OT HOMHHAJIHATA Tpa-
CKTOPHsI Ha ChOTBETCTBAIIIATA i TApaMETPUICCKH HECMYTCHA CUCTEMA,;
- JIOKaJICH KpHuTepHuil 3a kadectBo (7.C) JIKK (B Kiaca Ha amepHOJHYEH MPEXOJIeH
npouec o =0, KpUTUYHO allepuoOJUYEH IIPEXOAEH IIpoLec o < 1%, porec ¢cbe 3a1ajie-
HO TIpeperyjaupaHe o =const, IPoIec ¢ MUHUMAIHA HHTETPATHO KBaJpaTUIHA Tpell-
Ka, 3aJ1aJICHU 3alac Ha YCTOWYMBOCTTA U JIp.)

G (jo)-G*(j _
G- (jo)-G*(jw) <7 (o)
G*(jo)
a)->> II= lne, | =sup|nt, |<1; lo(w)<|n| Vo (7)
lev |, =sup|ev|<l; |nt, |+|ev|<1lVao
b)->> |p(p)|—> mn ; c¢)->> o =const
G” G* AG rec® rece | V(P)
[p(p)]= - - —— s(p)
B+R*G*A 1+R*G* B+R*G"A C+R*G" 1+R*G* v (p) (8)

A=(1-G*F),B=(1-G"F),c=(1-G"F)(1-G*F)* =B A™
KBJIETO OTKIIOHEHHETO p ( p ) HA CMHTE3MpaHaTa NapaMeTPUUYECKUA CMyTeHa po0acTHa
ciucremMa RF OT HOMUHAIIHATA TPaeKTOpHs (TpacKTOpHUS Ha CHOTBETCTBAILATAa M “HO-
MUHAJIHA” TTapaMeTPUIeCKH HECMyTEeHA CUCTeMa) ce orpeaeds ¢ (8);
® ananumuunu U3UCKeanUA IpU cuHTe3a Ha R, . CHHTE3BT Clle/Ba E€TAIUTE:
R* < G* (9)

{ o=const }
R'{ainst}G. (10)
R* (p)-R*(p)
) (0o () D
RF(p)zR(p)(F(p)G(p)H) 12)

F(p)G*(p)+1
kbaeTo R” (p) e perynarop B e[Ha MapaMETPUYECKH HECMYTEHA XUIIOTETHYHA CHC-

TeMa 3a aBTOMATUYHO yIPaBJICHUE Ha MUHUMANHO-(a3oB 06exT G* (p ), a R*(p) e

peryjiaTop B NapaMETPUUYECKH HECMyTEHa XUIOTETUYHA CUCTEMA 3a aBTOMAaTUYHO
yIpaBlIcHUE Ha MUHHMMAIHO-(a30B 00eKT G*( p ), CHHTE3MpaHH CHOOPA3HO INPEms-

BEHA I11€J1 U KPUTEPHUU 332 KAYECTBO 10 €JHa U ChIlla MpoLeaypa.
Ananumuunuam cunmes Ha R . B RF-ML pobacmnama cucmema ($ur.3) cnensa

aJITOpUTHMA!
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® cuHTe3 pobdacten perynatop R, (9)+(12)
® CHHTE3 Ha peleTUTUBEH ML-punthp ¢ mamer M | (13)+(16):

Wy i< O, <Oy ; Oy — 0,;=40; >0 (13)
2, =(o,/o, )=(0,,/0,);15 < 2 <30 (14)
|i (a)p’ i): |Oglo (a)p—a)byi)_logm (O)p—a)p-Qi_ ); 5 < |iS 20 (15)

log,, (a)h,i_a)p)_ log,, (a)p-Qi_a)p)

| (16)
Z\wk(,—w)\ =1,W, (jo)=x, (joT, +1)*).(2 <1<20)

[MpencraBenust anroputbm (9)+(16) ce cbeTom OT JBa OCHOBHU eTamna. JJoCTUTHATUTE
peleHus Ha KOWTO U Jia € OT TAX, He ca (DYHKIIMS Ha PEIICHUSITa Ha OCTAHAJIMTE eTa-
nu. Bceku euH OT eTamWTe € HEe3aBMCHM, KaKTO M MOPEAHOCTTa MM B IpoIleca Ha
NPOCKTHPAHE Ha CHCTEMATA.

Hauannume ycnoeus 3a aHaTUTHYHOTO MPOEKTUPAHE HA R, . Ca M3BECTHH WU 3a-

nagenu: G*, G”, o, w,.
3.2. RM-ML cuctema 3a ynpaieHue (¢pur.4)
[Tpoektupanero (17) Ha cvcmasawmama R,, ¢ QyHKIUS OT HOMHHAIHUS MOJCI Ha

obekta G* u ce oTinyaBa [6+8] cbe crequuTe:
*

. I f I }G (17)
® Memoo 3a cuHme3 - °Memoo Ha C60000HUA napamemsp’;
® Kpumepuu-
- pobacTHa yCTOMYMBOCT U pOOACTHO KA4eCTBO HAa CHUCTEMATa 3a MPEIBAPUTEITHO 3a-
JaJIeHO MPH CHHTE3a MapaMETPUYHO MHOXKECTBO /7, yJIOBJICTBOPSBAIIO M3UCKBAHU-
sara (18.a);
- jokasieH kputepuit (18.b) 3a kauecTBO - MpoIeC ¢ MUHMMATHA HHTEIPATTHO-KBaIpa-
TUYHA TPEIIKa & .

Gljo)-G*(] _
AG: iv) : i) </ (0)=G1U
G*(jo)
a)=>> =117 | =sw|ni,|<1; 7,(0)<|n]| Vo
lev |, =swlev|<i; |7, |+|ev|<i,Vo (18)
2 ( 2 . 2 . 1 ( . 2
b)->> gzzj'g (t)dt;mlngzzmlnjg(Jw) do
R 2z
0 -0
® ananumuuHnu u3uckeanusn npu cuaresa Ha R,, (19)=+ (20)
*
RM { a:?o)nst }G (19)
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1 1

7, (1) p)(re(2) p+1)
KBJIETO A € IPUCIIOCOOMM MapaMeThp Ha PETYNaropa, K .. - KOe(UIMEHT Ha perya-

R(M)(p)sz*(l) 1475 (2)p+ (20)

TOpa, 7, , 7, U T - BPEMEKOHCTAHTH Ha peryiaropa.
OnpenensiHeTo Ha mapamMeTpUTE 3a HACTpOMKa Ha peryjarop R,, cTaBa ¢ M3IMOJ3Ba-

HETO Ha TabauIIa.
Ananumuunusam cunmes uva R, . B RM-ML pooacmuama cucmema (pur.4) ciensa

aNITOPUTHMA!
® cuHTe3 pobdacten perynatop R,, (19)+(20)
® CUHTE3 Ha peneTuTuBeH ML-¢puntep ¢ mamer M | (13)+(16).

[IpencraBeHUsIT aNropuThbM C€ CHCTOM OT JBa OCHOBHM eTama. J[ocTurHatute perie-
HUSI HAa KOUTO W J1a € OT TsX, He ca (yHKIMS Ha PEIICHUsATa HAa OCTAHAJIUTE ETallU.
Bceku enuH OT eTanuTe € He3aBUCHUM, KaKTO U MOPEAHOCTTA UM B Ipolieca Ha MPOeK-
THUpaHe Ha cUcTeMarTa.

Hauannume ycnoeusa 3a aHAIUTUYHOTO MPOEKTUPAHE HA Ry, . Ca U3BECTHU WJIU 3a-

nageHu: G*, G", w,.
3.3. DAS-ML cuctema 3a ynpasyenue (¢ur.5)
[Tpoektupanero (21) Ha cvcmasawama R, ¢ GyHKIUSA OT HOMHUHAJIHUSA MOJIE] Ha

o0exTa G* U ce OTaMYaBa [6+7] chC CleaHUTE:
Roxs & G* (2 1)

{ o=const }
® Memoo 3a cunmes - °Memood Ha OAIAHCHOMO ypAeHeHUe HA YACHUYHO HO2Tb-
wane Ha cMyweHuama®;
® Kpumepuu-

- MUHMMaJIHA €BKJIMJI0Ba HopMa (22.d) OT 4WiICHOBETe Ha 0AlaHCHOTO ypaBHEHHE Ha
MOTJTBII[AHE HAa CMYIIEHUETO BbPXY pEeryarpyeMara BeJIMUnHa;

- PaBEHCTBO Ha 3amacure Ha ycroiunBocTTa (22.0) (vim onrumanen Momyn);

- JIKK o (22.c) (B xjaca Ha amepHoOAMYCH MPEXOJeH mpoiec o =0, KPUTHUIHO are-
pHOIMYEH IIPEXOJICH Ipolec o < 1%, mporec CbC 3a4aICHO Npeperyjmpane o =const,
MpOIIeC ¢ MUHUMAJTHA MHTETPATHO KBaJApaTHYHA TPEIKa, 3a/1aJeHH 3a1acu Ha YCTOM-
YHBOCTTA M JIP.)

a)->> {HEud+F§H:min,(u:ur+ud)}

k2 G'(ja),/:') *

T\*(J'CU,/:. ) opt :‘ R*(ja) cusss )G*(ja) cLass ) ‘

b)—>> o (io®" ) (22)
1
1+® " (k*, jo ) 6" (jo)

€) o =const

sk

[20|oglo <0,Vo 20.10)'}

® qHanumMuUYHU U3UCKEAHUA TIPU CUHTE3a HA R, (23)+(27)
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R{ & }G* (23)
{f(t)) (24)

Q(D)¢ (25)
Alp)=k*Q; (p) (26)
Ross (P)=R*(p)A(p) (27)

KBIETO R*( p) € peryjarop CHHTE3MpaH B KJIACHYECKa CHCTEMa KbM HOMHHAJIHUS
mozien Ha o6ekta G*( p ) mpu Kputepuii o =const; { f, (t) | - pyHKuMOHANEH Gasuc Ha
MOJENMPAIOTO &(t) IOJIyAeTEpPMUHUPAHO BHIHOBO ypPaBHEHHUE, M30paH 110 TUIIMY-
HUTE BBJIHOBM (OPMH Ha alpUOPH WU3BECTEH TPEHJ OT Pa3BUTUETO HA IpelIKaTa Ha
KJIACUYECKATA CUCTEMA, B PEAIHM WIIH aJ€KBATHO KOMITIOTHPHO CUMYJIMPAHU €KCILIO-
aTalMoHHK ycioBus; Q (D )& - MojieNia Ha ChCTOSTHUETO Ha 0000IIEHOTO CMYIIEHHE C
BBJHOBA CTPYKTypa; A - abcopOep; Q,'( p) - GyHKUUSA CHOTBETCTBAIA HA MOJEIA
Ha CHCTOAHUETO; K * - KoeUIUENT Ha ycunBaHe Ha abcopOepa.

AHAJIMTHYHOTO MPOEKTUPAHE HA PETYIIATOPBT Ry, ChAbpKALL abcopOep A H3IO0J3BA

Tabnuia chabprKalia TUIIMYHA BBIHOBU (POopMHU HA 0000IIEHOTO CMYIIIEHHE & C BbII-
HOBA CTPYKTYypa, a ONTHMAJIHATa CTOMHOCT Ha Koe(uIMeHTa Ha ycuiBade Kk * Ha a0-

copOepa A ce ompejens Bb3 OCHOBA Ha M30paH KPUTEPUH ,,lTOTIIBIIAHE C PABEHCTBO
Ha 3aracuTe Ha yCTOMYMBOCTTA WJIM Bb3 OCHOBA Ha M30paH KpUTEPHUH ,,ITOTIBIIAHE C
OTNITUMAJICH MOJTYJT .

Ananumuunuam cunmes Ha R, . B DAS-ML cucmemama (¢pur.5) cnexpa anropu-

ThMa:
® cuHTe3 podacTeH peryiaTop R, (23)+(27)
® CHUHTE3 Ha perneTuThuBeH ML-punthp ¢ mametr M | (13)+(16):

HpeI[CTaBeHI/IHT AJIrOpUTbM CC CbCTOM OT ABA OCHOBHM CTalla. I[OCTI/IFHaTHTe peuic-
HHUSI HA KOWTO U Ja € OT TiAX, HC Ca (1)yHKHI/I$I Ha pCHICHHATA Ha OCTAHAJIUTC CTAIlH.
Bcekn CAUH OT CTAIIUTC € HC3aBHCHUM, KAKTO H IIOPCAHOCTTA UM B IIpOLCCAa HA ITPOCK-
TUPAHC Ha CUCTCMATA.

Hauannume ycaosusa 3a aHAJIMTUYIHOTO IIPOCKTHPAHC Ha RRM ¢ €a U3BCCTHU WJIHU 3a-

nageHn: G*, G, mpeICTaBUTENCH TPEH/I Ha TPEIIKaTa Ha CHCTEMaTa B eKCILIOAaTalll-
OHHHM (CHMYJIallMOHHH) YCIOBHS, @, .

Bropara yacT Ha HacTosLIaTa pa3padoTKa € IOCBETEHA Ha IPUWIIOKEHUSTA U aHAJIN3a Ha
pasriexJ1aHus KJIac CUCTEMH, B HEs € CUCTEMAaTU3UpaHa U LIUTHPAHATa JIUTEpaTypa.

ABtop: Huna Hukomnos, non., n-p, kareapa ,,ABromatu3anus Ha HenpexkbcHaTute
[Mpoussoacta”, ®akynrer ABromaruka, Texuuuecku YHuuepcutet - Codus, E-mail
address: ninan@tu-sofia.bg
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POBACTHMU ML CUCTEMMU 3A YIIPABJIEHMUE - yacr 2
Huna HukosoBa

Pe3rome - Penemumuenomo ynpasieHue e epeKmusHa cmpamezusi npu HAIuduemo Ha
nepuoOUdHU BbHWHU CUSHATIHU CMYWEHUs 8 UHOYCMPUATIHY YCI08Us. 3a ciydaume,
K02amo YNpasisaeanume mexHoai02udyHu 00eKmu ce Xapakxmepusupam ¢ maxkuea cue-
HAIHU CMYWeHUs, a cucmemume pabomsam 6 YClo8uama HA anpuopHa Heonpeoeie-
HOCM ce npeonazam HAKOJIKO HOBU KIACO8e pOOACMHU penemumueHU cucmemu 3a yn-
pasienue.

Kniwouoseu oymu - penemumusHo ynpaenenue, pooacmuo ynpasienue, YNpasieHue ¢
no2nvyane Ha CMYyWeHUs ¢ 8bIHO8A CMPYKmMypda, pooacmua ycmouuueocm u Kavec-
meo, 3anacu Ha pooacmHocm

ROBUST a2 CONTROL SYSTEMS - part 2
Nina Nikolova

Abstract - Repetitive control is an effective strategy in the presence of periodic signal
disturbances in industrial plants. For the cases where the controlled technological
plants are characterized by such signal disturbances and systems operate under a
priori uncertainty those paper proposes several new classes of robust repetitive con-
trol systems.

Keywords - repetitive control, robust control, disturbance absorbing control, robust
stability and performance, robust margins

B mbpBara yact Ha HacrosiaTa pa3paboTKa ca pasrieaHd CTPaTerusiTa, CTPyKTyp-
HOTO KOH(UTYpUpaHE, METOJAUTE, KPUTCPUUTE U AITOPUTMUTE 32 AHAIUTUYECH CUHTE3
Ha RF-ML, RM-ML u DAS-ML poOaCcTHU CUCTEMHU 3a yrnpasieHUe. Ta3u BTOpa 4acT €
NOCBETEHA HA NMPWJIOKEHUATA, aHaIu3a U poOaCTHUS aHAIN3 Ha TE€3U KJIACOBE CUCTEMHU
3a yIpaBJICHUE, 3aKIIOYCHNUE U OLICHKA HA pe3yJITaTUTE, KAKTO U CUCTEMAaTHU3alus Ha
LUATHpPAHATA JIUTEPATYPA.

4. IlpunokeHusi, aHAJIU3 U PoOaCTeH aHAIH3

B paGorara e pelieH 4iCIeH MPUMED 3a MPOEKTHPaHe Ha Kjacuvyecka CHCTeMa 3a YIi-
paBiicHHe ¢ ®PID alropuTbM Karo 0Oa3a 3a cpaBHeHHe, pobactHa ML (dpur.2) [5],
pobactHa RF-ML (pur.3), podbactHa RM-ML (pur.4) u DAS-ML (pur.5) cucremu 3a
PETEeTUTHBHO yrpaBieHue. [IpeamarannTe METOIM 3a CHHTE3 IMpernosaraT KaTo Ha-
YaJIHM yCJIOBHS alpHOPU M3BECTHH. NMEPUOA T, HA NEPHOAMYHUTE CUTHATHUTE CMY-
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masamm Bu3aeicTBus v(p), f(p), y(p); JOKaJCH KpUTEpHil 3a KAuyecTBO Ha CHC-
TeMara, HOMHMHAJIEH MOJIe] Ha 0000IeHns: 00eKT 3a ynpasienue G* (p). Meroaure
3a CHHTE3 C€ CBhCTOST B AaHAIMTHYHOTO MPOEKTHUpaHe Ha R.. (¢wur.2) upe3z koMOu-
HUPAHETO Ha TMO3HATH OT JIUTEpaTypara METOAM W aITOPUTMHU 3a CHHTE3 Ha
perynaropu (inHeeH ctaHaapTeH PID, RF, RM u DAS) ¢ METO/1a 3a CHHTE3 Ha PEIKEK-
TOpHUS PUATHD C YCHBBPUICHCTBAH ML-KOHTYP.

B paboraTa npu Havyamau yciaoBus (28) u (29) e periena 3aj1ayaTa 3a IpOeKTHPAHE HA
Rgpc IO IIpEJJIaraHUTE METOJHU 3a CTOMHOCT N = 3.

125 . 21
(28) G*(|o)=me " 29) e (p)- opi1t
Tabim.1
11p+1 0.1p+1
R(p) ° 11p 0.02p+1
i 8p+1 01p+1
R"(p) 8p 002p+1
R* (p)-R*(p)
" e
R p)G*
R (p) F(p)G™(p)+1
1 1
R(M)(p)sz<M)(l)(1+TD(ﬁ)p+T (i)p}(f (2)p+1)
Ry (p) oo 1 1 0,909 p 1
P £(o,9677p+1)+(0,9677|0+1)+(418387|02+5|°)J
0.029666
A(p) pii5p+l
RDAS(p) R(p)A(p)
0.3333
N=3 Wl,z,s(p):—
01p+1

CHHTE3MpaHUTE CUCTEMH Ca MOJCIUpPaHU. Pe3ysTaTUTe OT CHHTE3a ca IMOKa3aHU B
Tab:.1, a B cpaBHUTEIICH IUIAH 32 CHHTE3UPAHUTE CUCTEMH Ca WIIFOCTPUPAHU:

- npexoonume ynkyuu (hur.6.a)

- yecmomnume xapaxmepucmuxu (pur.6.b-d).

-yecmomen Nyquist- (¢pur.9.a,b,e,f) u Black-Nichols- (¢pur.9.c,d) podacmen ananus
BapHaHTH) 110 XapaKTEPUCTHUKUTE Ha HOMUHAIHUTE W* W Ha CMyTEHHTC Ha Haii-
ropua rpanuiia W * (30) oTBOpeHH CHCTEMH Ha M3MCKBAaHUSTA 3a POOACTHATA YCTOM-
yuBocT (31) u 3a podacTHO KauecTBO (32) B yCIIOBHATA HA allPHOPHA HEOMPEACICHOCT
mozenupana ¢ kperoee 7 ( jo) (33) mo okpwxHOCTH 7° ( jo, ) (34) ¢ pamunycu

r° (@, ) (35) u eHTpOBe B TOUKHTE @, OT X0mOrpacda W*
W,"=R,G*; W* =R, G" (30)
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‘1—1—G*(a))Ri (a))‘ > 1’ (o), Vo
(a))‘ > ‘1+G*(a))Ri (w)‘ - r’(w), vGell; Vo
7(jo)eW (jo
Re’ (o, )=Re*(w, )+r(w, )Jcos 2, (
Im® (&, )=1m*(w, )+r(w, )sine,(

ro(wi ):‘ Ia(a)i )R(a’i )‘ :‘ |m(‘0i)R(a’i)G*(wi)‘

| 1+G ()R,

7r0(ja)i )=

).(@e[050))

(31)
(32)
(33)
Qe
Qe

[(;,00)) (34)

[0,0))
(35)

- pobacmuus aHaIU3 RO XAPAKMEPUCIUKUME HA YYE6CMEUMETHOCIMMA HA 3AME0-
penume cucmemu ($ur.7) Ha U3MCKBaHHUATA 3a poOacTHAaTa yCTOWYMBOCT RS (36) u
3a pobacTHO KayecTBO RP (37).

RS, :‘n*(m)?

m

(0))‘< 1, (‘v’a),a)e[O,oo); U*ZRG*(1+RG*)"1)

(36)

RP, = [n* ()7, (o) +|e*(0)v(0)] <1, (Vo,we[0,); ex=(14RG*)" ) (37)
- 3anacume Ha pobacmna ycmoituueocm K ,, o, (38) u 3anacume na poéacmno xa-
yecmeo K ,, .o, (39) Ha (pur.8 u pur.9.e-f)

i i i i i
dhe(t) . e—— | | r RE_ ML\ DAS ML RM_ ML _ f) |
| | | | | I PM | | | |
I I o ——F——1-— i = — — 1= — —| —gf86-| — —
osb - — L __ 1o [ g I
| ' I |
~ | ML RFE_ML DAS_ M RM_ML |
= I \ I B .
éo.s———— e s & -
g I I I g.
L] | | | =
04— o i B T~ [ttt
I I I
I I
02F[Hf---—-----~ - ———— =
I I I
I I I I
0 I I I I
0 50 100 150 200 220 200 -180 -160 -140 -120  -100
Time (sec)

20.10g10[G(jw)] (db)

20.l0g10[G(jw)] (db)

20%l0g10[System(jw)] (dB)

k

M SOL (

Step Response Procede

o )=r"(je)[1+R (jo)G*(jo)]|

Ko (@)=(]1+R(jo)6*(jo)| -1 (jo) | 1+R(jo)G" (jo)|

-1

Nyquist plot Procede

<1, (Va),a)e[o,oo))

(38)
(39)

o <1,(Vo,0e[0,0))

Nichols plot Procede

10

Bode plot Procede

Phase(deg) (bl/lr ] 6 . C

Sensitivity Robust Analysis -RP ,RS  of Systems

SO T T T T T T T T T
LI ML RE_ME DAS_ ML RM_ML |7 7n]s|ev]<t.vo
0 ] 1
[ R R R AN e e
0 [N ) LU | |
-50 . TaTITIm T i | |
‘W*(Jw)‘ [N T A R RTTI T T T T T T T T T T
e T VT A W ¥ 1T R B IR NN 111 R R AT | |
10° 10" 10° 10t 10 A R
[ |
0 Bode plot Procede W (jo) |
R N R A AT T AR - L
O O A [ B G i " N O ) R T ,
200 T T T N I
R R RN 1 (1‘”)7——%————
400 —1—19 HIT— T T H RS o (J@)
argW*(ja))HHHH [N NI 3 * RS oy w (jo)
600 TN NI N R HT TR R RN 5 ! 4 : ‘2 n (‘;
2 = o f 2
10 10 10 10 10 Frequency (rad/sec)

8
Frequency (rad/sec)
¢ur./7.a

gobust Performance Margins "Kmpol (w)" of Systems

ur.7b

gobust Stab.Margins "Kmsol(.)" and Robust Perf.Margins "Kmpol(-)" of Systems
0

0 T T 0 T T T T
f I I I k w
| | | kMSOL({U) MPOL ( )
I I I
I I I I a &
I I I I g g
B R i e 2 s - A = sp
ML RE_ML DAS. M RM_ML g | DA RM B
. . | . § Fio | | | §
| | | | 2 s A | | | | 2
| | | | % V,r’ | | | | %
107————:————:—————}————1 ————— 5—10—'\.'———:————:—————1————1 ————— 810
! ! re < ! ! 1+RG* |- r° <
| | < | | ‘ "
I I * I I
‘ ‘ | 1+RG* | ‘ ‘ [1+R G |
15 | I I I 15 | I I I 15
0 2 4 6 8 10 0 2 4 6 0

Frequency (rad/sec)

¢ur.8.b
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Nyquist-Robust Analysis of Systems Nichols-Robust Analysis of Systems Nyg-Sensit. Rob. Analysis and Rob.Stab.Marg. and Rob.Perf.Marg. of Systems

~ |
DR Al i Bl St BB B [
(-180,1) | |

Imag (jw)

L |
L
imag  (jw)
T
|
|
i

[GGw)] (-)

°

T

|
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|

|

l

|

|

|

|

|

= )
- |
|
=
e
— !

w (o) Wy (o) W
1 n n —

| | |
Pidhdbar Pk R I I I
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(1) 9 real (jw) Phase (deg) (1) 9 real (jw) q) 9
Nyquist-Robust Analysis of Systems) Nichols-Sensitivity-Robust Analysis of Systems; RP(m),RS(g)  Nyg-Sensit. Rob. Analysis and Rob.Stab.Marg. and Rob.Perf.Marg. of Syster

Imag (jw)
[GGw) ()

Frequency (rad/sec) 0 -15 real (jw) -250 -200 VlsF?hase (deél)m 50 0 Frequency (rad/sec) 0 -2 real (jw)

¢ur.9.b ¢ur.9.d ¢ur.9.f
5. 3akiaI0ueHne
HoBoto n OPUI'MHAJIHO, JOCTUTHATO B pa60TaTa MOXXE 1a C€ OIIpCAC/IH C TOBA, 4€: - ca
npeonoxcenu cmpykmypu Ha padactau RF-ML (pur.3), RM-ML (dur.4) u DAS-ML
(¢bur.5) cuctemu ¢ podacTHU peryaaTopu U ML-OTCHYAIIU JICHTOBH (DUITPH C TIAMET,
YUCTO NPUITOKCHUC ITO3BOJIsIBA e(l)eKTI/IBHOTO YIIPABJICHUC HaA 00€EeKTH B XapMOHHUYHO
3allyMEHa MHAYCTpHAJHA Cpeaa, - ca npedno;)fceuu peutenun 3a KOH¢uzypupane,
Mem00u, Kpumepuu u ajicopummu 3a aHajiumuderH cunme3 Ha TC3u HOBH KJIACOBEC
p06aCTHI/I CUCTCMH, KOUTO Ca C IIOTBHPACHA U JOKa3aHa pa6OTOCHOCO6HOCT; - € npo-
seoen 000owen pooacmen uecmomen Nyquist- u Black-Nichols-ananus onenkara,
IOTBBPKACHUCTO U JOKA3ATCIICTBOTO HA IPUIOKHUMOCTTA HA IIPCAJIAraHUTC PCIHICHUA
u pa6OTOCHOCO6HOCTTa Ha METOIUTE, - 6 CPAGHUMmMEICH NJIAH Ca npoeeOeHu UHICe-
HépeH u poﬁacmen ananu3 Ha CHHTC3UPAHUTE CUCTCMU.
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MOJIEJIMPAHE U OITUMAJIHO YIIPABJIEHUE
HA JTJABOPATOPEH TOIIVNIMHEH OBEKT

CranucaaB EneB

Pe3tome: B pabomama e uz8vbpuieHo Mamemamuiecko Mooeaupane Ha 1abopamopen
MONIUHEH 00eKm, Kamo e U3N0oa36aH AHATUMUYHO-eKCnepumenmaner nooxoo. Om ex-
CnepuMeHnmanio CHemu OaHHU Ca OYeHeHU napamempume Ha MOOel CbC CMPYKmypd,
onpeoenena Ha 6a3a aHATUMUYHU 3ABUCUMOCTIU, ONUCBAUU MACO8U U eHepeUliHU Oa-
JaHcu 8 obekma npu onpedenenu oonyckauus. OnucaHuemo e npusedeHo 8 Npoc-
MPAHCMBO HA CLCMOSHUEMO 8 NOOX00sW 68U, NPeO8UO CUHME3Ad HA ONMUMATHO YN-
pasienue ¢ 00pamHa 6pv3Ka No CbCmosanue. AHAIUUPAHA e 8b3MONCHOCMMA 3a pea-
JU3Upane Ha YNpasieHuemo no cvbcmosnue c usnonzeane Ha IIMJ/[-pecynamopu 6 xac-
KaoHa cxema 3a ynpasjieHue U ca nojy4yeHu Cbomeemuume HACmMpoUKy Ha pecyiamo-
pume. [Ipedcmagenu ca HAKOU CUMYTAYUOHHU Pe3yIMamu.

Kniwouosu oymu: ananumuuno-eKcnepumMeHmaiio Mooeiupane, ONMuMaiio ynpaeie-
nue, I[TU]]-pecynramopu, kackaonu cucmemu 3a ynpagjieHue

MODELING AND OPTIMAL CONTROL OF A LABORATORY HEAT-
EXCHANGE PROCESS EXPERIMENT

Stanislav Enev

Abstract: In the paper, a mathematical modeling of a laboratory heat-exchange pro-
cess experiment is done by using a combined analytical-experimental (white-box —
black-box) approach. From an input-output data set obtained experimentally, model
parameters are estimated. The structure of the model is determined by writing energy
and mass balance equations for the heat-exchange process, based on certain assump-
tions. A state-space realization of the model, suitable for optimal design problem for-
mulation, is obtained. The implementation of the state-feedback control law in a cas-
cade control scheme using PID controllers in both loops is designed, and the corre-
sponding controller settings are obtained. Some simulation results are presented.
Keywords: combined analytical-experimental modeling, optimal control, PID control-
lers, cascade control systems

1. BbBeaenue

TomnooOMeHHUTE MPOLIECH U anapaTy ca €IHU OT HAl-IIUPOKO 3aCTBIEHUTE B IMPO-
MHIJIEHATE WHCTAJIAINH, a TEMIIEPATYPaTa, KaTO TEXHOJIOTMYEH MapaMeThp, € MOXKE
Ou perynupyemMara BeJIMYMHA B OTHOCHTENIHO Hal-TojieMus Opoil peryiaupaiiy KOH-
Typu. BceneacTBue, KauecTBOTO Ha PEryjiMpaHe B TE€3UM KOHTYpH € (akTop, KOWTO
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OKa3Ba 3HAYUTEIIHO BIUSHUE BHPXY €(DEKTUBHOCTTA U IIPOU3BOJUTEITHOCTTA HA CHOT-
BeTHHUTe WHCTamanuu. OT Apyra CTpaHa, pa3IMYHU MPOYYBAHUS IMOKA3BaT, Y€ M3HE-
HAJ[BAI0 MaJ’BK MPOICHT OT PErYJIUPAIIATEe KOHTYPH B MPOMUIILICHUTE WHCTATAINH
ca HacTpoeHH ontuMaiHo [1]. Oka3Ba ce mopH, Y€ MpH MO-roJiIMara 4acT OT PETyIIH-
pammTe KOHTYypH, paboTaTta Ha PEryJaTOpPUTE B aBTOMATHYEH PEKUM OOyCJIaBs IO-
HUCKO Ka4eCTBO HA pEryJIMpaHe OT TOBa, MpH phUcH pekuM. ChIIEBPEMEHHO, B OT-
pPOMHATa 4acT OT PeryJUpaIInTe KOHTYPH, JSHCTBAIINTE PETYIaTOPH peaTu3upaT TH-
noBH, T.¢., [IN]I-3akoHu 3a ynpapieHue. Te3n choOpaXKeHUs OmMpe/IeiaT 3a1a4ara 3a
HACTpOWKa Ha THUITOBU PETYJIATOPH KaTO aKTyajHa M C TOJIIMO 3HAaYeHHUE 3a MOBHIIIa-
BaHE Ype3 yIpaBJICHHE, HA ¢PEKTHUBHOCTTA, B OOII CMHUCHJ, Ha PA3JIMYHHUTE IPOU3-
BOJICTBa. B HacTosmara pabora, Ta3m 3a7a4a € pasriie/iana 3a cirydas Ha JJabopaTopeH
TOIUTMHEH OOEKT, KaTo B II'bpBaTa CH 4acT padoTara € MoCBeTeHAa Ha €JIHa OT He00XO-
JTUMHUTE TIPEANOCTABKH 32 YCICITHOTO M pPEeIIeHUE, a KMEHHO, ITOTyYaBaHETO Ha aJICK-
BaTCH MOJIC]I Ha 00CKTa 3a yIpaBJIcHHUE.

2. Onucanue Ha JIaOOPATOPHUS TOILIUHEH 00€EKT

JlaGoparopuusar gusznuecku Mojen € usrpaaeH ot tpu cpaa - C1, C2 u C3, karo no
CBIIIECTBO MPEACTaBIsIBA Kackaaa OT ABa ToruoooMeHnHnuka - Gur. 1. B cpaa C1, pa-
ootHuAT Quryna (Boaa) ce 3arpsiBa ot einektpuueckus Harpesaten (EH). [TocpeactBom
nomnara (I1) ce ch3aaBa MpUHYIUTETHA [UPKYJIAMS HA TO3H (QIYHI MEXIY ChJIIO-
Bete C1 u C2, xaTo mo To3u Ha4yMH npe3 nperpagara mexay C2 u C3 (C2 e obhopmen
KaTo KoKyx Ha C3) ce OChIIECTBIBA TOILIOOOMEH MKy (QIIyHIuTe B IBaTa chia. B
ropHata yact Ha C3 moctenBa ¢uiyun (Boja), KaTo 4pe3 U3MEHCHHE Ha MOIIHOCTTA Ha
CJICKTPUUECKHSI HArpeBaTell ce peryjimpa Temieparypara Ha OTBEXKIAHHUS OT JBHOTO
Ha C3 nmorok. bepkankara (b) B C3 ch3maBa ycioBus 3a U3paBHSABAHE Ha TEMIIEpary-
pute Ha Quiynaa B ornenHuTe yactu Ha C3.
o3
|

dur.1
Ha ¢ur.1 ca mokazanu olie U ChIIECTBYBAIIUTEe KOMIIOHEHTH OT CHCTEMAaTa 3a yIpaB-
JIEHME Ha 00€KTa, KOUTO MO CHIIECTBO JIaBaT BB3MOKHOCT 34 BBHBEKIAHETO HA Kac-
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KaJHa CXeMa Ha yInpasieHue. /[Bata peryiaropa MO3BOJIABAT PEATUM3UPAHETO HA
[IN/I-3aK0HHM 3a yIIpaBIEHUE, a IMOCPEACTBOM ABETE TEPMOPE3UCTOPHU COHIU CE W3-
MepBa Temneparypara Ha Quyuante B cbaoBe C1 u C3. MomHoCTTa Ha elneKTpudec-
KMS HarpeBarell ce YNpaBiIsiBa 4pe3 MMPOYNHHO-UMITYJICHA MOAYJAls, pealn3upaHa
MOCPEJICTBOM YIIpaBJsieMHsl TTOTyIpoBOIHIKOB TipeoOpasysaren (YIIII), karo ymnpas-
JSBALIUAT CUTHAJ, TEHEPUPAH OT PEryJlaTopuTe, € Koe(UIUEeHTa Ha 3aITbJIBaHe.

3. AHAJINTHYHO-eKCIIEPUMEHTAJTHO MOJAeJIMpaHe

[Ipu chcTaBIHETO HA MATEMATHYCCKOTO ONMKMCAHKE HAa 00EKTa ca HAallpaBEHU CIICTHUTE
JOIyCKAHUSI:
- TEMIIEPATYPHOTO I10JIC BbB BCEKU CAMH ChJ CE IIPHEMA 3a €IHOPOIHO, T.C., TEM-
neparypara ce mpuemMa KaTo ChbCpeJOTOUYEH apaMeThp;
- TOIIOOOMEHBT MEXAY ChAOBETE U OKOJIHATA Cpe/ia, KAKTO U HHEPIIMOHHOCTUTE
(TOMITMHHKTE KaMaluTeTH) HAa TEPMOPE3UCTOPHUTE COHIM M Ha CIEKTPHUUCCKUAT HAr-
peBarel ce npeHedpernar.
Taka, n3MeHEHHUSITa Ha TEMIIEpATyPHUTE B TPUTE ChJIA Ca JACHH OT CICAHUTE ypaBHE-
HUSL.

pcvlél =pcf, (6, —6)+Q,u

pcV,0, = pcf,, (8, - 0,) —kS(6, - 6,) (1)

pCV393 =pcf, (6, — &) +kS(6, - 6,)
KBJIETO:
6@ ('C) - remneparypa Ha Bojata B i-tus c¢bj - Ci;
- V) (m*/s) - oOeM Ha BojaTa B I-THS CbI;
- f,(t)(m*/s) - nebur Ha motoka mexxay Cl u C2;
- Q, (kw) - MakcHMasHa MOIIIHOCT Ha €JICKTPHUECKUS HAarpeBaTen;
- 0, (°C) - Temneparypa Ha nocthiBaiiara B C3 Boja;
;@) (m®/s) - nebut Ha BXoasaums (M3xoasaums) notok B (ot) C3;

fax (usx

- u@)( -) - koedUMEHT HA 3allbJBaHE HA UMITYJCUTE, MTOJaBaHU KbM CIIEKTpUYEC-
kust Harpesarten (croiiHocTH 0-1);
c (kJ /kg°C ) - cneuH(queH TOIIJIMHEH KallallMTET Ha BOJIATA,

p(kg/m®) - ILTBTHOCT HA BOJATA,;

k (J/m?/°C) - KoeHUIIUCHT Ha TOILIONpPeaaBaHe Mexay Koxkyxa (cbx C2) u C3;

S(t) (m?) - TormoooMenHa moBbpxHOCT Mekay C2 u C3.

CrenuuyHaTa SHTAIIUS Ha BOJaTa B ChIOBETE YCJIOBHO € IMpHETa 3a HyJa MpH
0=0 °C . Koepunuenture c, p, k ce mpueMar 3a MOCTOSSHHU. PexxuMbT Ha paboTa Ha

TOIUIMHHUSA OOEKT ce Xapakrepusupa c:. f,, V,, - const. IIpuema ce ome u: Q, —const

(MOITHOCTTA Ha EJIEKTPUYECKUs HarpeBaren € (pyHKIUs Ha MPEKOBOTO HAIPEKCHHE,
KOETO MOXE JIa BapHpa B OIpE/CIICHU TpaHulu); f, =f_ — const, OTKBICTO CIICBA U:

V,, S — const. Taka, Te3u BEIMUYMHM MOraT Aa ObJAT MPUETHU KATO MapaMeTpu B MO-
Jies1a, KOeTO BOAU J0 JIMHEWHO OIMCAaHUE OT TPETU peJ C:
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- u(t), 6,.(t) - BXOOHHA NPOMEHIIUBHU; w(t)- YIPABIABAILIO Bb3JICUCTBUE, 6, () - CMY-
IIEHUE,

- 4,(t),0,(t),6,(t) - 3aBUCUMHU TPOMEHJIMBH (IIPOMEHIIUBU HA CHCTOSTHUETO); 6,(t) - OC-
HOBHA peryjiupyeMa BeluurHa (M3X0/1 Ha 00CKTa); 6,(t) - MEKIMHHA peryjaupyema Be-

aryrHa (B KOHTEKCTA Ha KacKaJHa CXeMa 3a YIpaBlICHHE).
MoenbT ce 3anucBa B CICIHHUS BU/;

91 _flzvl_l flzvl_l 0 61 Q m (avl)_l 0
0, |=| f,V,'  —(af, +B)(aV,)™ B(aV,)™ 0, |+ 0 u+| 0 16, (2)
0, 0 BlaV,)™ —(of , +B)(aV,) ™ || 6, 0 A
A ‘ ‘ ’ B
B, 2

KBIETO: a=pc, P=kS.

3.1. Onpenesisine Ha CTPYKTYpPUTE HA NpeaaBaTeJHuTe GyHKIHA
M0 KaHAJNMTE Ha YIPABJIABAIIOTO Bb3/1eiicTBUE

[penaBaTentu QyHKIMHA HA KAHATUTE MEXIY ChOTBETHUTE BXOJHHU U U3XOJHHU BEIHU-
YUHHU Ce IMOJyYaBaT Cliej MpujaraHe Ha npeoOpasyBaHue Ha Jlamiaac BepXy Mojerna
(2). 3a 0Opa3a Ha OCHOBHATa peryiaupyemara BeauunHa (6,) mojaydaBame:

6,(p)=C,(pl - A) "B, u(p)+C,(pl —A) "B, 8, (p)+C,(pl —A) ' [4(0) 6,0 &©] (3)

KBJETO: C, =[0 0 1]. 3a 0Opa3a Ha MEeXIUHHATA PETyINpyeMa BeIndnHa (6,) momyda-
BaMe CIICTHUS U3pa3:

0,(p)=C,(pl - A) "B, u(p)+C,(pl —A) " B,8,(p)+C,(pl -A) '[6,0) 6,0) 60)] (4)

_
GZl GZZ GZn

KBAETO: C,=[1 0 0]. 3a MaTpuuara (pl —A)" UMaMme:

p+ flzvl_l _f12vl_1 0 i
2 Adj(pl -A
pl-A= _flzvz_l p+ (af, + B)((xVZ)_l _B(avz)_l ! ( Pl - A) = de:(( p| - A))
0 BVt pe(af, BV, P

D(p) =det(pl = A)=(p+f,V,")(p+(af, +B)(aV,)*)(p+(of, +B)aV;) )+
VIV (p+ V) + FEVEVSE (p+ (of, +B)(@Vs) )

(5)

3a MMpcaaBaTCIIHUTC (byHKI_[I/II/I 10 KaHAJIWUTE Ha YIIpaBJIsABaAIlOTO B’[>3I[€I>'ICTBI/I€ moJjy4da-
BaMe.

6:(P) G (py=Nu(®) _CAdI(PI-A)B, _f,B'V/V,)"Q, (6)

G =23
) D(p) D(p) D(p)
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Hl(p) NZl(p) CzAdj(pI _A) Bl
G = y G21 = = =
a(P)=" iy CaP =" D(p) -
Q@) (P o+ (of, +B)@V,) ) (p+ (o, +B)(@VE) ) =B (07V;V,) )
- D(p)

Coraacuo (5),(6) u (7), aBete npenaBaTeaHu QYHKIMHA ca OT TPETH PEJ C PEATHHU I10-
marocu (001 XapaKTepUCTHYCH TMOJIMHOM), KaTO Ta3W, ChOTBETCTBAIA HA KaHAJIA, I10
KOWTO YyNpaBisBalllOTO BB3ACUCTBUE BIHMSEC BbPXY HM3X0Ja HA OOEKTAa HAMa HYJIU.
[IpenaBaTennara GyHKIMS HA KaHala, IO KOWTO YIPABISIBAIIIOTO BH3CHCTBUE BIIHSIC
BbpPXY MEXKJIMHHATA PETyJIUpyeMa BEJIWYMHA UMa JBE peaIHU HyJIu. Moxke aa ce oT-
OeJiexu, 4Ye OTYUTAHETO Ha TOIMIOOOMEHA C OKOJIHATa cpefia B MOJiena, Hsma Ja J0Be-
JIe 10 CTPYKTYPHU MIPOMEHH, IO CE Kacae JI0 ABETE ThPCEHU MpeaaBaTeIHU (QyHKIIUH.

3.2. OueHnsiBaHe Ha MapaMeTPUTE HA NMpeJaBaTeTHUTe PYHKIMHU 10 KAHAJIUTE
HA yIPaBJISBALIOTO Bb3/AeiCTBHE 10 eKCIIEPUMEHTAJIHH JaHHH

3a 1enTa, B pe3yJiTaT Ha €KCIIEPUMEHT Ca CHETH pPEeaKIMUTEe Ha 00EKTa, 1o U3X0/1a 6, U
[0 MEXJIHMHHATA MPOMEHJIMBA 6,, HA NOPEIULA OT CTHIAIHU BB3ACUCTBUS, IPHUIIO-
’KEHU Ha BXoja My. [Ipenu mojaBaHeTo Ha CThIATHUTE Bb3ACUCTBUS, OOEKTHT € Mpu-
BE/ICH B YCTAHOBEH peXuM (mpuema ce 6, - CONSt, u ce ocTaBsi TOCTATHYHO BpEME,
[Ipe3 KOETO MPEXOIAHUTE IPOLIECH, Bb3HUKHAIM BCJIEACTBUE HA CMYILABALIOTO Bb3-
JCeUCTBHE U HAYaJTHUTE YCJIOBHS Ja 3aTuxHaT). CTOWHOCTHTE Ha CHOTBETHHUTE BEIH-
YUHU ca oTuuTanu ¢ nepuo or 1 S. Tepcenure npenaparenuu GyHKuuu ca W,(p) H

W, (p), ChTIIACHO CTPYKTypHATa cxema Ha Dwur.2.

u [7) e
—| F ("

W

®dwur.2
OmnpenensiHeTO Ha JIBETE NpeaaBaTeIHA (PYHKIIMU € U3BBPIICHO C IMOMOIITAa Ha MPO-
neaypure, Hanmuaau B System Identification Toolbox [2] Ha mporpamums TpoayKT
Matlab, kaTo ca nmpuetn CTpyKTYypUTE CHITIACHO AaHATUTUYHOTO ONMMCAHUE HA OOCKTA,
T.C..

(T7p+1)(T,/ p+1)
(T,p+1)(T,p+1)(T,p+1) (8)

- 3a W,(p)W,(p) € BB3IIpUETa CTPYKTyparTa Ha G, (p) - A E°+ RIS 9)
1 2 3

- 3a W,(p) € BB3IpHUETA CTPYKTypaTa Ha G, (p) - k,

C uen nojyyaBaHe Ha npeaBaTeHu QYHKIUK ¢ €JHAKBB 3HaMeHaTes (OrpaHHuYCHHE,
00yCIIOBEHO OT BB3MPHETHS MOJIEN), OICHABAHUTE MpeaaBaTeTHUTe (QYHKIUU ca
W, (p)W,(p) 1 W,(p), KaTO BIOCJIECACTBUEC W,(p) € OIIpeAciIcHa KaTO OTHOLICHUCTO MEXK-
ny Tax. ChriIacHO CTPYKTYypHUTE Ha G, (p) U G,,(p), IPHU OLEHIBAHETO HA W,(p) € BB3I-

. K, K,
pueTa cienHarta CTpyKTypa. ! Ky, =—-.

)
(T,p+1)(T,p+1) Ky,
[MpenBapurennaTa 00pabOTKa HAa JAaHHHUTE CE CBEXKIA 10 M3BAKIAHE HA CTOMHOCTHUTE,
ChOTBETCTBAIM HA YCTAHOBEHUS PEXUM OT U3MEPEHUTE TEMIIEpPATypH, KOETO H30-
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JMpa ChCTaBKAaTa B CHUTHAJIHUTE, 0OYCIOBEHA OT YIPaBIABAIIOTO Bh3aeicTBue (ycra-
HOBCHHSAT PEKUM € ChCTaBKa B M3X0Ja, 00YCIIOBEHA OT CMYIIICHUETO 6, , IPU OTCHCT-
BHC Ha YNpaBjsBaiio Bb3jekcTBue). [Ipu mpoBeJcHHsS SKCIEPHUMEHT, YCTAaHOBCHHMS
PEXHUM € JaJeH OT: #)" =15,41 6" =17,8. MacuUBBT OT JaHHU € pa3/eicH Ha JBE Jac-
TH - mbpBaTa, BKItouBama mppBuTe 5000 TOukM, € M3MoJI3BaHA B HMACHTU(UKAIIU-
OHHATa MPOIeAYypa; OCTAHAJIUTE JJAHHH Cca M3IOJI3BaHU 32 BaJUIUpaHe Ha MTOJTYyUYCHHUTE
OLIEHKHU.

0 100 2000 3000 4000 5000 6000 7000 8000
®dur.3
Ha ¢wur.3 ca nmpencraBeHn eKCIIEPUMEHTATHO CHETUTE JaHHM (rope), KaKTo U Te3H, Ie-
HEPUPAHU C W3IIOJI3BAaHE Ha OMNPEACIICHUTE NPH HIASHTHU(UKAIMOHHATA IPOoIeaypa
npeaaBaTeTHA (PYHKITUHU. 3a TapaMEeTPUTE ca MOTYICHH CIICTHUTE OIICHKH:
T,=2860, T,=162,4, T,=1618, T? =632, T2 =436, k ,=0,643, k ,=0,498
KaTO yIpaBIIsSBAIOTO Bb3ACHCTBHE 1 € oTyeTeHo B mporeHTH (0-100%).

4. CuHTe3 HA ONITHUMAJIHO YIIPaBJieHHe NP KBAIPATHYeH KPUTEepHUid

3ajayara 3a CHHTE3 Ha ONTHUMAJIHO YIPABJICHUE MPU SIHOMEPHH CUCTEMH U KBaJjpa-
THYCH KpUTEpHii 3a KauecTBo [3], [4], uma ciaeaHus o0 BU:

minJ, CBC J :T(XTQx+pu2)dt (10.1)

pH: % = Ax + Bu (10.2)
N3BecTHO €, ue pe3yATaThT OT Taka (popMyaupaHa 3ajaya, T.e. ONTUMATHUAT 3aKOH 3a
yIpaBJIeHUE, MOXKE Ja ObJI€ 3alKiCaH B CIEIHUS BUJ - U=Kx, WIH C IpyTU AyMH, OI-
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TUMAJTHUAT 3aKOH 32 YIIPaBJICHHE MOXKeE Jla ObJie peaiu3upad KaTo oOpaTHa BPb3Ka 10
CchCTOsIHUE. THil KaTO CUHTE3bT B MPOCTPAHCTBO HA CHCTOSHHUETO, MPHU Ta3u MOCTa-
HOBKQ, BOJM J0 ONPEJEISTHETO HA PEryjaTop Ha HYJIEBOTO ChCTOSHUE, TO € HEOOXO-
JUMO ONHUCAaHUE Ha 00EKTa B KOOPJUHATH, MPECTABIISIBAIMA OTKJIOHEHUS OKOJIO XKe-
JTAHOTO PaBHOBECHO ChCTOsIHUE. 3a 1enTa, rpemkara B CAP ce nepunupa xakro cien-
Ba:
E=r—0, (1 1)

KBJETO: r - 3amanue. [IpeanonaraT ce pexxuMu Ha paboTa Ha 00EKTa MPHU MOCTOSIHHU
3a/iaHus, T.€. r - const. I3X0%kaa ce OT ClIeIHOTO ONMUCaHue Ha O0EKTa:

a0,  d%, _ do,

+a +a,—>+ab,=b 12

de3 3 dt? 274t 0, =bu ( )

KBAETO chrymacho (8) u (9): a, =zt llatTela ) TtTorTs 1 o Kaks
T,T,T, T,T,T, T,T,T, TT,T,

Cwriacuo (11) u (12) nmame:
dis d?e de
?+a3w+a2¥+a1€——b,u+a1r (13)

Jedbunupa ce cnomaraTesiHaTa IPOMEHINBA u KAKTO CJIE/BA:

U=/, WIN y:judt (14)

Taka, caen qudepenuupane mo spemero, (13) nobuBa Bua:
d4£+ d3‘9+a d2‘€+ d—g:—bu
IO S TR
[TonydeHoTo audepeHnnaIHO ypaBHEHHE CE peaau3rpa B IPOCTPAHCTBO Ha ChCTOS-
HUSATA BBB (PA30KOOPAMHATHA KAaHOHMYHA (popMa, KaTO MPOMEHIMBHUTE HA ChCTOSHU-
€TO ce M30MpaT KaKTO CJIe/IBa:

wee x o _de o _dx_de o _dx _d%
7 dt dt ] T dt dt? T Tt dt dt®
Omucannero 100MBa CIEeIHUSA BUIL.
X, 01 0 0 0
%= Ax + BU , KBIETO! x=| 2 | A= 00 10 , B= 0 (15)
X, 00 0 1 0
X, 0 -a -a, —a —b

Taka nonydenoto onucanue (15) ce m3mon3Ba Mpu CHHTE3a Ha ONTHUMAJICH JIMHECH
perynatop mo cbcrosiHue. [IbaHOTO Xapaktepusupane Ha 3amadara (10) m3ucksa u
OMpENENIHETO HA MaTpUIlaTa Q M cKanapbT p. Te3u Ba €JIeMEHTa 0 ChIIECTBO MO-

rat ga ObJaT UHTEPIPETUPAHU KATO TETJIOBHU KOEPUIIMEHTH MpH (POpMUpAHETO HA
¢GyHKIMOHAIa J, U ONPENEITHETO UM OOMKHOBEHO € CBBP3aHO C UTEPALMOHHA MPO-
neaypa Ha npodu u rpemiku [4]. Haii-uecto, Q mpencraBisiBa IuaroHajiHa MaTpUIa,

T.e. Q=diag(q,, 0, 0, q,), KOETO TIpaBH JiABaTa 4acT B MOJUWHTErpagHaTa (PyHKIHS Ha

(10.1), mpererneHa cyma OT KBaJIpaTUTe Ha MPOMEHIMBUTE Ha ChCTOSHHUETO. B muTe-
parypara ca npelJIoKEeHHU U HIKOM MpaBHUiia 3a MbpBOHAYaJIeH U300p Ha Q U p, Hall-

puMep T. Hap. ,,fipaBuiIo Ha bpaticsH” [5].
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[Tpu 3aKko0H 3a ynpaBlieHUE OT BUA:
de d’e d’e dé.
u=Kx=kye+k— " —+k,— ey +k F:kog— ld—:—kz e -k, Tt
ypaBHeHHETO Ha 3aTBopeHarta CAP noOuBa Buaa - x =(A+ BK)x, U IPOLIECHT HA TPeIl-

KaTra Ce OIUCBA OT CJIGI[HOTO I epeHInaTHO ypaBHeHHe:

d’e, | d,

cbe K =[Kk, k k, k]

‘:'jf+(a +kb) +(a +kb) d’ +(a1+kb) +kb 0, x,=x(0) (16)

Cwraacuo (14), 3a praBJ'ISIBaH_[OTO BB3CHUCTBHE HpI/IJIO)KeHO BBPXY 00€KTa UMaMme:

t t

=Iudt=kofgdt—k1¢93—k2%+k3£62’3 (17)

. o t dt
Buwxa ce, ye MojaydeHusAT 3aKOH 3a YIpaBJICHUE ChIbpPKa UHTErpaj OT IPElIKaTa, v
10 CBIUECTBO IIPEICTaBIABA HHI[I[Z-BaKOH 3a yIpaBJIEHUE, KaTO OCBEH HUHTErpall-
HaTa, BCUYKHU OCTaHAJU ChCTaBKH Ca U3YUCISIBAHU MO U3X0Ja Ha oOekTa. HTerpansT
OT IpelIKaTa, KaTo ChCTaBKa B YIPABIISIBALLIOTO BB3JACHCTBUE, IPOU3THYA ECTECTBEHO
OT HaYMHA HA BHBEKIAHE HA CllOMaraTellHaTa yIpasiisiBamia npomeninusa (14), mo-
KaTo caMUAT TOM, OT JIpyra cTpaHa, € 00yClIOBeH OT HE0OXOJAMMOCTTa Jja Oblie enu-
MUHHUpaHa KOHCTaHTaTa (3a7aHKeTo) B asicHaTa vact Ha (13). Taka, Mo ecTeCTBEH ITbT,
B 3aKOHA 3a YINpaBJICHUE CE MOSBSIBA MHTETpaJIHATA ChCTaBKa, HEOOX0AUMa 3a CTabu-
JTU3UpaHeTo 0e3 HaJuyKhe Ha TPellika B YCTAHOBEH PEXUM, Ha HEHYJIEBU PABHOBECHU
MOJIOXKECHHS.

5. Peaju3anusi Ha yNpaBJeHHETO B KACKA/HA CXeMa C H3MO0JI3BaHe HA THIIOBH
peryjaaropu

CerimacHo ¢ur.l. 1 moy4eHoTo B T. 3 OMUCAaHUE HA 00EKTa, 3a pealu3upPaHeTO Ha 3a-
KOoHa 3a ynpasienue (17), perynaropbT BbB BBHIIHUS KOHTYp CJ€IBa Ja W3IOJI3BA
I'bJIHATA CH (DYHKIIMOHAJIHOCT, T.€. Aa peanusupa [IM/[-3akoH 3a ynpanenue. Jlo-
IIBJIHATEITHATA CTereH Ha ¢cBoOoa B (17) Moxke na ObJie moJTydeHa upe3 peaiu3upaHe
Ha [-3ak0oH 3a ympaBieHHe BbB BBTPEUIHHS KOHTYp. Taka, CTpyKTypHaTa cxema Ha
kackagHata CAP nobuBa Buaa, noka3an Ha ¢ur.4.

'rc1 TC2
r g |1 p+1 | H 1] g,
—a() ’ ;1 — kp, Kp, >| W (p) —> Ww,(p) >
- 1 n? : —
Thp
Our.4

Brorpeku, ue u qudepeHnnanHaTa ChCTaBKa C€ M3YHMCIABA MO TPEIIKaTa B HATWYHHS
perynaTop, OrpaHHYCHHETO BBbPXY YIPaABISIBAIIOTO Bb3AekcTBUE (0< 4 <1) Ha mpak-

THUKa BOJM JI0 TIOKa3aHaTa CTpyKTypa. Taka, mpu r(p)=6,“p™, 3a 00pa3a Ha cCUTHAJIa
Ha TpelIkaTa uMame:

s(p) = g p3 + (a3 + kpzcz) p2 + (az + kPZCl + kPlkPZbTDl) P+ (a1 + kpzco) (18)
’ p4 + (a3 + kpzcz) p3 + (az + kPZCl + kPlkPZbTDl) p2 + (a1 + kpzco + kPlkPZb) p+ kPlszlezl
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KBJICTO, ChItacHo (8): c, =L12T22, c = K (T +T) , G = K
T1T2T3 T1T2T3 T1T2T3

Cnen npupaBHsiBaHe Ha koedurpeHTure B (16) ¢ Te3n oT XapaKTEPUCTUUHHS TTOJIH-
HoM Ha (18), 3a mapameTpuTe Ha JBaTa peryjaropa ce MojydJaBaT CICTHUTE U3Pa3H:

kPl — klcz — kaco , T, = klcz — ksco y Tog = kzcz — k3C1 , Ko, :@

k;b K,C, k.Cc, —K,C, c,

3a BpeMEKOHCTAHTHUTE Ha PEryjaTopa BbB BbTPEIIHUS KOHTYp UMaMme: T,, >, Ty, =0
Ot cTpykTypHata cxema Ha ¢ur.4 ce BUXKAa, 4 NMPU HAUTUYHUTE PETyJIaTOPH, U MPO-
MOpIIMOHATTHATa ChCTaBKA B 3aKOHA 3a YIpaBJIECHUE € M3YHCIIABaHA IO TPEIIKara, 3a
pasnuka ot ciydas B (17). BeBexxnanero Ha (17) O 10Beno 10 XapakTEpUCTUIHHS
nosuHoM B (18), T.e. 10 ChIMs XapaKTEPUCTUYCH TOJUHOM, HO JIO YMCIUTEI, pa3iiu-
yeH oT To3u B (18). [Ipu cThIasHu U3MEHEHUs Ha 3a/JIaHUETO, PEaTM3UPAHHU MPU BeUe
YCTAaHOBEH PEKUM, Ta3W pa3jivKa B 3aKOHHUTE 3a YIIpaBJICHUE MOXE Aa ObJe MHTEpII-
peTHpaHa KaTto pasiiika B HadalHUTE yciioBus cbriiacHo (16). Taka, mpu 3akoHa 3a
ynpasieHue (17), mpexoaHusT npoiiec e 0bae onpeaeneH ot (16) npu HavamHu yc-
JIOBUSA ‘X, I0KaTO, MPU Taka BbBEJEHUSI, ChIIacHO (Qur.4, 3aKOH 3a ympaBJieHUe, Ha-

YaJIHUTE YCJIOBUS LIE ca JaJIeHU OT X,, ChC!
1Xo :[g?fad, 0, 0, O]T! 2Xo :[gsgao’ 0, 0, _gsmdbkplkpz]T

3aKOHMUTE 3a YNPABJICHHE HA J(BATA PEryJjlaTopa B ChIIECTBYBalllaTa CUCTEMA CE pea-
JAU3UpPAT B JUCKPETEH BUJ C MEPUOJ Ha AucKperusauus - 1S. OCHOBHMAT Nepuoj Ha
LIMPOYMHHO-UMITYJICHATA MOAYJIALMsl UMa ChIllaTa CTOMHOCT. IIpeaBu oTHOIIEHUETO
Ha MepuoJia Ha JUCKPETU3aIUs U BPEMEKOHCTAHTHUTE Ha oOeKkTa (Hail Mankara ~43s),
MOXe€ J1a c€ TBBbPJH, Y€ CBOMCTBATA HA JUCKPETHUSA 3aKOH 3a YIIPABICHUE Ca MPAKTHU-
YeCKH HMJIEHTUYHM C Te3UM Ha HENpPEeKbCHATUS B YECTOTHATa JIEHTa Ha OOeKTa W Ha
CAP, koero He Hayara JOMBJIHUTEICH aHAJIN3 U €BEHTYAIHU MOAU(PHUKAIIMN HA TIOITY-
YEHNUTE HACTPOUKH.

5. CuMyJIalMOHHHU Pe3yJITATH

Ha ¢wur.5 ca npeacraBeHd MpexXOaHH MPOIECH, MOIYUYCHH 0 CHMYJIAI[HOHEH BT C
U3I0JI3BaHE Ha MOTy4YeHUs Moiell Ha 0o0ekTa. ChOTBETHHTE 3aKOHH 3a yIpaBJIeHUE Ca
curre3upanu cbriacHo (10) ¢ usnon3Bane Ha pynkuusra ,,Iqr”, nammuna B Control
System Toolbox na nporpamuust nmpoaykr Matlab. Moaenst Ha CAP, chriiacio ®uwr.
4 e usrpajaeH B cpeaata Simulink.

6. 3akaouenue

B paborara e pasrienana 3ajadaTta 3a HaCTPOMKa Ha TUIIOBU PEryJIaTOpH B KacKagHa
CX€Ma, IIpU YIPABIECHUETO HA JIA0OpAaTOpEH TOIUIMHEH 00ekT. ITokazaHa € BB3MOXK-
HOCTTa 3a peainu3alys Ha ONTHMAIHO YIPaBJICHHUE 3a KOHKPETHUS CIydai, NPU Ta3u
TUnryHa KoH(purypauusa Ha unaycrpuaiHa CAP. [lonyyen e mogen Ha oOekTa ¢ u3-
MOJI3BaHE HAa KOMOMHUpaH aHAJIUTUYHO-EKCIEPUMEHTAIeH noaxoi. Pesynrarure ot
uaeHTU(UKAIIMOHHATA MPOLEeAypa MOKa3BaT aJleKBaTHOCTTA Ha MPEJJI0KEHATa CTPYK-
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Typa Ha MOJeJIa U Ha ChOTBETHHUTE JOMYCKaHMs MpH (HOpMUpAHETO Ha OaJaHCHUTE
YPaBHEHUS.

IIpenBunenn ca IOIIBIHUTEIHN E€KCIEPUMEHTH, CBBbP3aHU C BaJuJaluATa Ha NpEI-
JIO’)KE€HATa CTPYKTypa Ha MaTeMaTHYEeCKUsl MOJEI MpHU Pa3IudHU PEeKUMU Ha paboTa
Ha 00EKTa, KaKTO M E€KCIIEpMMEHTajIHaTa peaju3alus U IpOoBepKa Ha pa3juvyHH 3a-
KOHH 32 YIPABJIEHUE, BBBEACHU N0 MPEIIOKEHATA CXEMA.

5 I I I I I I I
A &(t) 5 Q= diag(1,6.107°; 1,6.107; 1,6.107"; 16); p:0,005_|
' P mmmmm Q = diag(4.107°; I, 4.107%; 4); p=0,0018
B TR T s Q= diag(4.107; 2, 4.107; 4), p=0,003 7
Y ________________ L S — S ;
" S ‘.\k‘:..._: ........................................................ Mp)=— _|
[ [ [ [

k, =1428 T, =329,1; T, =—398,8; k,, = 13,04
-4

k, =1420; T, =414,6;, T, =—397,7; k,, =13,76
ko =1,326; T, =470,7; T, =—429,8; k,, =12,96 |

_______________________________________________________________________________________________________________________ -
______________________________________________________________________________________________________________ _|
: : : : : : A
0 ] [ [ [ [ [ [
0 1000 2000 3000 4000 5000 6000 7000 8000
®dur.5
Jlureparypa
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YIIPABJEHHUE HA PESEPBOAPHO CTOITAHCTBO 3A ITETPOJIHA
HNPOAYKTH

Acen Toxopos, Annep Mexmen, AuToH Togopos

Pe3ztome . B pabomama e pazeuma udesama 3a CUHmMe3 HA CUCMeMd 3a YNpaeieHue Ha
nomoyume 8 e0OHO pe3epP8oapHO CMONAHCMBO U KOHMPOJ HA MEXHOJLOSUYHUME NpPO-
yecu.

Kniouoseu oymu: pezepsoapno cmonancmeo, KOMyHUKayusl, OUCKPEMHO CbOUMUIHU
cucmemu

TANK FARM MANAGEMENT FOR PETROLEUM DERIVATIVES
Assen Todorov, Alper Mehmed, Anton Todorov

Abstract: Architectural design of tank farm, which includes flow management (data
and fluid). This will be achieved by automation of measurement, processes and com-
munication between intelligent actuators, local control units and SCADA system (both
logical and batch management). The overall system architecture is based on Stardom
system, product of Yokogawa, which is one of the leading companies in this area

Key words: tank farm, communication structure, fluid regime, batch management.

1. YBoxa

C yBenuuaBaHe Ha LIEHATa HA CYpPOBHsI METPOJI B MOCJIEIHUTE FOJIMHU U TIOBUILIABAHE
Ha M3HMCKBAHMATA OTHOCHO 3aMbpCSBAHMATA OT METPOJIHU 0a3u, papuHEpUu U CKia-
JIOBU CTOIIAHCTBA 3a IMETPOJI U METPOJHHU MPOAYKTH C€ MOSIBABA HYXJAaTa OT ONTH-
MajgHO YOpPABJIEHHE HA PE3EPBOAPHUTE CKIIAJIOBU CTOMAHCTBA. ToOBa ympaBieHHUE
BKJIIOYBA ONTHMU3AIMs Ha motouuTe. nHPopmarmonHu u guyunau. OT crobpaxke-
HUS 33 CUTYPHOCT U MPOTHUBOIOXKAapHA 0E30MacHOCT ce Hajlara Jja c€ pelM U mpoo-
JeMa ¢ pe3epBHpaHe Ha HH(pOpMaMITa U TbTUIATA HAa TPOAYKTOBUTE TIOTOIIH.

B Martepuana ce npeanara TEXHHUECKO pEUICHHE Ha CUCTEMa 332 M3MEpPBaHE HA TEXHO-
JIOTUYHUTE BEIIMYWHU, YIIPABICHUE HA MATEPHAIHUTE TMOTOIM HA PE3EPBOAPHO CTO-
MAaHCTBO ¥ KOMYHHKAITMOHHA HepapXuyHa MpEka, 3a IPEHACSHE Ha JaHHUTE JI0 B OT
nentpannata SCADA cuctema 3a 00paboTKa, yripaBiieHHE Ha ChOUTHUS U pa3paboTKa
Ha MPUMEPEH YOBEKO-MAIIMHEH WHTepdeiic. ApXUTEKTypaTa U MO-TOJIIMaTa 9acT OT
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MOJICBUTE YCTPOWCTBA 3a M3MEpBaHe W/WJIM yIpaBisiBaHe Ha ChbOUTHs ce Oa3upaT Ha
€JIEMEHTH OT IIPOM3BOJICTBEHATA JIUCTA HA BOJCIIN Ta3u 00JacT GUupmu.

2. UndopmanuoHHa apxuTeKTypa

TexXHONOTUYHUAT IPOLEC B €IMH PE3EPBOAP MOKE Ja CE€ ONPEAEIU Ype3 U3MEpBaHe
Ha OCHOBHH BEJIMUMHH, KaTO: HUBO Ha (Iyuaa, HaJlsrane, Temrneparypa, HUBO Ha BO-
JaTa Ha JBHOTO HA pe3epBoapa, IUTBbTHOCT, MPOBEpPKA 3a T€4Y M Kopo3us. Te3u oc-
HOBHHU 3a IIPOLIECA BEJIMYMHU Ca ChI'BTCTBAHU C JONBJIHUTEIIHU U3MEPBAHUs HA ras3o-
BUTE CpPeIU HaJl TEUYHOCTTa (HajsraHe M ChCTaB), aHAJIM3 HAa CHUTYaIlMH 3a pa3lo3Ha-
BaHC Ha MpPEI-aBapUIHNA M aBapUHHKM CUTyaluu (OMAacHOCT OT IMOXKap, B3PUB, MPETpsi-
BaHe, MPEBUINIaBaHEe Ha JAOMYCTUMH HAJATAHUS WM BaKyyMHHU HUBa U 1p.). OOUKHO-
BEHO M300pBT HAa METO/I 32 U3MEPBAHE U 3aILMTA 3aBUCU CEPUO3HO OT KOHCTPYKLMATA
Ha pe3epBoapa: BHJa Ha MOKpWBa (CTallMOHAPEH WJIM ITUIABAIN), HAJIMYKAE HA TIOHTOH
(equHMYCH WIIH IBOCH), IWUIMHIApHWYEH WK cheprdeH u ap. EXHO OT npeau3BUKaTel-
CTBaTa IpH U3MEPBaHE HA HUBOTO € W M300p Ha METOJ Ha U3MEPBAHE.

Hzmepsanu eenuuunu. B aHEIHO BpeMme 3a aBTOMAaTHYHO M3MEpPBaHE HA HUBOTO Ha
dynaa ce W3MOI3BaT JABa OCHOBHHM METOJIa. H3MEpPBaHe upe3 cepBo-cucrema (¢ur.l)
U pajapHo usMepBaHe (¢pur.2). Beska eqHa OT CHCTEMHTE CH MMa CBOMTE TUTFOCOBE U
MUHYCH, HO CTIOpE] MOCICTHUTE M3CIEIBAHUS N3MEPBAHETO Upe3 CEPBO CHUCTEMA Ce
OTIpe/ieNisl KaTo Mo-HaaexkaH0. OCHOBHHTE My MPEAMMCTBA Mpe] pajapHaTa TeXHOIO-
THsl € OTMPOCTEHATa MPOIleaypa 3a KalTuOpupaHe, HE ce BIUsAE OT OKOJHATa TeMIlepa-
Typa WIH TeMmreparyparta Ha (Giaynaa. AKo MOKpHBA € CTAIl[MOHAPEH, C TIOCTaBsHE Ha
pa3iuyHU MO BUJ TOIUIABBIIM MOTAT Jia C€ W3MEpBaT HWBAa Ha HAKOJKO pPa3INYHU
tacta. [Ipu miaBai mokpuB To3u ePeKT HE MOXKe 1a ce u3non3Ba. OCBEH OCHOBHHS
JaTYUK U3MEpBaHE Ha HUBOTO C€ W3IMOJ3BAT M JATYMIM 32 HUCKO MUHHMAIHO U BH-
COKO MakcuMaiiHO HUBO (¢ur.3). Criopea HapeaOUTe 3a CUTYPHOCT Ce Hajlara u3IoJi3-
BAHETO W Ha JAyOJmpaIni MEXaHW4eH JAaTduK. /[BaTa maTdymka 3a MUHHUMAIHO U MaKCH-
MaJTHO HHBO Pa0OTSIT Ha MPUHIIMIIA HA TPOMSHA Ha YECTOTaTa Ha TPENTEHE BB BbH3-
nyiiHa u GIyuiHa cpeja.

i ‘ & q;i k"“‘a

NON |

®urypa 1 : Cepso ®durypa 2 : Pagap

Koraro garumka € moToreH BbB QuIyuaa IkKHUKaTta TpenTu ¢ dectora fi, mokaro e
U3BBH Qurynaa ¢ yecrora f,. MexaHUYHUS TaTYMK MOXKE Jla C€ M3IOJI3BA C JBE LEIH,
Ja TpEayIpEeXKIaBa 3a CbOTBETHOTO HUBO, U AKO MOIUIABBKA CE JIBUXKHU IO MpEIBapu-
TeHO pasrpadena auHUS (MOJOXKeHa OT BBHITHATA CTpaHa Ha CTEHATa Ha Pe3epBO-
apa) HUBOTO J1a ce Ha0JII01aBa M B PEalTHO BpeMe.
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®urypa 3 : JlaTuuk 32 HUBO ' @urypa 4 : Jlatuuk

34 HAJIATaHC

[Ipn cranpoHapeH NOKPHUB OT TOJISAMO 3HAYEHUE € W3MEPBAHETO HA HAJISATAHETO
(¢bur.4) Ha razoBere Hax TeuyHocTTa. [IpH MpeKaneHO TOJIEMU Pa3IMKH B HAISATAHETO
¥Ma OmacHocT oT Jedopmupane Ha nokpuBa. Kato gaTunim ce u3mosis3Bar JBa BUAA :
CTAaHJAPTHU JAaTYMLH 32 U3MEPBAHE HA HAJIATAaHE U YUCTO MEXaHW4YHU. M3mon3BaHeTo
Ha YUCTO MEXAHWYHU JATYULU € MOPAJH OMACHOCT OT IMPEKHCBAHE HA 3aXPAHBAHETO
Ha CTaHJApTHHS JATYUK M OT TaM Ha HecpaOOTBaHE Ha MPEANa3HUTE YCTPOWCTBA.
IIpyn MeXaHMUYHUTE OTBAPSHETO U 3aTBApSHETO HA KJlallaTa 3aBUCH CaMO OT HerosaTa
HacTpolika. OCBEH U3MEPBAaHE HA HAJSITAHETO Ha ra30BETE € HY)KHO U U3MEPBAHE HA
HasAraseTo Ha (ayunna. HeroBata CTOMHOCT CITy’KH 3a KOCBEHO OIPEIEISIHE HA HU-
BOTO W/WIK ITBTHOCTTA Ha QIIyH[IA.

Baxkna BenuuuHa € U Temreparyparta Ha uyuaa. Ts ce u3MepBa 4pe3 MHOTOTOYKOB
TEPMOMETBD . BposT Ha TOUKUTE 32 M3MEpBaHe, Pa3oOKEHH 110 BEpTUKaAIaTa Ha pe-
3epBOapa 3aBUCH OT MPEANUCAHUITA HA TPOSKTAHTa, HO HE € o-MallbK oT 4. KbM TO-
3M JaTYMK C€ MPHUKPEIs M JaT4yuKa 3a HUBOTO Ha yTacHaTa Ha JHHOTO Bojara. [lo-
JlaraHeTo Ha TE3W JIBa JIaTYMKa CTaBa 10 JIBa METOJA. TUPEKTHO BBB (hIyHja, Karo
KBbM JaTYMKa 33 HUBO CE€ NIPUKPEIIS TeXKECT WIH B TphOa. M300pbT 3aBUCH OT BUIA HA
MOKpHBa M THIA Ha Quryuaa u ap. OUeBHUIHO €, Ye NPH IUIaBaIl ITOKPUB € HEMHUCIUMO
Jla Ce M3IMOJI3Ba BTOPHUAT METOJ, Makap 4Ye B IocieqHo Bpeme ¢upmara Endress-
Hauser npeyiara MHTEpECHN KOHCTPYKTHBHH PEIICHHS, KaTo B CiIydas CTaBa JyMa 3a
MIPOMEHJIMBA JTB/DKHHA HA JTaTYMKA 332 TEMIIepaTypa, KOSATO 3aBHCH OT HUBOTO Ha Ijia-
Balus MOKpuB (TIOHTOHA).

3a HeoIMyCKaHe Ha pa3yivB Ha (JIyua WIM T4 B OKOJIHATA cpeAa AbHOTO Ha PE3EepPBO-
apa ¢ aBouHO. [IpoBepkara 3a Te4 ce OChUIECTBSBA YPE3 M3MEPBAHE HA HAJISATAHETO
(Bakyyma) MeXly ABETE JbHA. 3a Ta3M IeJI € MOHTUPAH TOIXOISI TATYHK 32 H3MEP-
BaHE Ha BaKyyMa.

OcHoBHara pa3iuka (OCBEH BHJa Ha MIOKPUBA) € H3MEPBaHe Ha HUBO 4pe3 paaap. [lpu
pe3epBoapa ChC CTAIMOHAPEH TOKPHUB OTpa3siBaIllaTa 4acT € CaMusT (IywI, TOKaTo
IIpU pe3epBOapa ¢ IJIaBalll MOKPHUB U3JIBYBATEIIAT CE M0Jlara BbPXY IMOHTOHA.

Cucmema 3a cvbupane u obpabomka Ha OaHHU Oom pe3zepeoapa. 3a 1eiTa ce U3r-
pakaa okamHa Mpexa (¢ur.5), KosTo chOHMpa JaHHUTE OT €AMH pe3epBoap. 3a Hama-
JsiBaHE Ha OKaOesIBaHETO, MoydeHata nHpopmalus ce cboupa B Oydepa Ha mpena-
Batenst (DAU), KoWTO € CBBhp3aH KbM JIOKAIHOTO YIPABJISBAIIO yCTPOMCTBO, KOETO
Haif-yecto e nporpamupyem sorudecku koutposiep (PLC - FCU ). Toit ot cBos ctpa-
Ha € CBbp3aH KbM HH(POPMAIIMOHHA [IIMHA OT MO-TOPHO HUBO.
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@urypa 5 : ApXUTEKTypa 3a U3MEPBAHE Ha BEJIMUYUHU B PE3EPBOAP

B npumepa ca u3nos3BaHu JBa MOJIyJia 3a ChOMpaHe Ha JaHHUTE. B mbpBuUs ce chou-
paT CHUTHAJIUTE OT JATYUITUTE OT HAJIATAHETO B ABOWHOTO ABHO (VACUUM), MUHHUMAITHO
nucko (LL) u makcumanuo ropao (HH) auBo Ha dayunaa. Bropusat momynn o0ennuHsABa
CUTHAJIMTE OT JaT4yuiuTe. 3a HamsraHe (Pressure), MHOroO-TOYKOBHSI TEPMOMETBP
(MST), auBoro Ha yraecHaTta Bojaa (WLS) u tekymoro HuBo Ha ¢uayuma (Radar), karo
BMECTO pajiapHa CUCTEMAa MOKE H € TIPENOPBUYUTEITHO Ja C€ M3I0I3Ba CEPBO CUCTEMA.

CnOpanara B Te3u nBa moxayina (JB - junction box) nadopmanus ce usnparia egHOB-
PEMEHHO KBbM JIOKAJTHOTO YCTPOMCTBO 3a chOupane Ha nanuu (DAU) u jtokanHoTO yC-
TporcTBO 3a ynpasienue (FCU).

WEB g Crpepp
3awuTHA Crperp
YnpasneHyecko
CTCHA
("‘. Ey HHBO

Erepuer
( ]

Onepartopeka

CTAHLHA
@ /\ @ Hugo SCADA

gy Vnet/IP

ProSafe

Iloneso HUBO

[ToneBy MHCTPYMEHTH
AN /

®urypa 6 : UndpopmanmonHa apXuTeKTypa Ha CTONAHCTBOTO

[TpoekTrpaHara 3a citydas HHGOpPMAIIMOHHA apXUTCKTypa CE ChbCTOM OT TPH OCHOBHH
Hepapxuunu HuBa (ur.6):
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® YNpaBJICHUYECKO: HA TOBAa HUBO CE€ B3UMAT BCUYKU PELICHUS OTHOCHO YIIpaBiie-
HUE Ha MMOTOLUTE, IpepasipeaeiacHue Ha GIyuauTe U ce pelIaBaT Bb3HUKHAIN
npoOJIeMHU CUTYALINH;

e CyIepBai30pHO ympasjcHue, choupane u oopadoTka Ha ganau (SCADA): cuc-
TeMaTa pean3upa CyrnepBai30pHOTO YIPaBICHUE HA PE3EPBOAPUTE, TIOMITUTE U
MO’KapO-U3BECTUTEIHATA CUCTEMA, KbM Ta3W 4acT OT MH(OpMAaIMOHHATA CHC-
TeMa ca CBbP3aHU M JBaTa ChPBBPA: CHPBBP 3a JAaHHU U CHPBBP 3a BPh3Ka C
WHTEPHET MPOCTPAHCTBOTO;

® JIOKQJHO YTMpaBlieHWE. KbM TOBAa HUBO CE€ CBBP3BAT MATUUIM, M3IIBIHUTCIHH,
3aMMCBAaIIM U ITOKa3BaIly YCTPOWCTBA U T.H..

IIpomoxonu 3a komynuxayus. Cien onpeiessiHe Ha apXUTEKTypara 3a 0OMEH Ha JIaH-
HU C€ ONPECIIAT IPOTOKOJIUTE 3a TO3U 00OMeH. ['oyisiMa yacT oT nepudepuute (Kpaii-
HH) YCTPOMCTBA B ChBPEMEHHHUTE TEXHUYCCKH PELICHUS CIaaT KbM Thii HAPCUCHUTE
unmenuecenmHu yCTPOUCTBA U Ce CBBP3BaT KbM Mpeka ot tuna Profibus wim Modbus.

OPC His

APCS FCL
®urypa 7 : Ctpykrypa Ha ipoTtokoiia V-net

[Ipy HEOOXOAMMOCT Ja C€ M3MOJ3BAT CTAPUTE TEXHUYECKH YCTPOWCTBA, NOMBIHCHH
HOBH B CIly4ail HA MOJICPHU3AIMS, KOMYHHUKAIIUATA C JIOKAJTHOTO YIPABJISIBAIIO YCT-
POWCTBO Hai-4ecTo ce ochiecTBsiBa o TOKOB Kpbr (0-20mA). 3a menra ce u3noispa
HART nporokon unu HeroBu Mmoaudukanuu karo Hanpumep 1udpos HART.

KbM mo-ropHara B epapxusita Mpeka, KbM KOATO C€ CBBP3BAT JIOKAJTHHUTE YIIPaBIIs-
Baly ycrporctsa ot no-101H0 HuBo (FCU u APCS) u enementute Ha SCADA cuc-
temara ot no-ropao (OPC , HIS u np.), gecto ce m3momssa V-net nmporokona (dur.7,
¢ur.8) na pupmara Yokogawa.

Tas3u mpexa ce chbCTOM OT J]Ba KaHala 3a NpeaaBaHe Ha HHpopMausTa;
® 33 KOMYHHKAIUs C JIOKAJIIHUTE YIPABIISBAIIN YCTPOUCTBA,;
® 33 KOMYHHKAIUUTE OT ITO-TOPHO HUBO.

V-net mpoTokoa € Taka OpraHu3upaH, ue Mpy MPEeKbCBaHe HA €MH OT JBaTa KaHajla
APYTHAT aBTOMATHYHO MOEMa U HErOBUTE (PYHKIMH. Y CTPOWCTBATa, KOUTO C€ HAMHU-
par B JloMeiiHa ce CBbP3BaT B TOMOJIOTHS 3Be3/a ((hur.9) karto ce u3mnoa3Ba KOMyTaTop
ot HuBo 2 (L2SW - 100 Mbps uau 1 Gbps) 3a rieHTpanHo ycTpoicTBo.
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Laver 5-7 Non-Realtime C(}){ne\;itiﬁzal Industrial Comm.s
i Comm.s (IEC 61784-2)
Comm.s

|

o
= H

TCP Real-time & Reliable Datagram
Protocol (IEC 61784-2
Layer 4 (RFC 793) rotocol ( )
UDP (RFC 768)
Layer 3 IP (RFC 768)
Layer 2 MAC (ISO/IEC 8802-3,-3,-10) MAC
Layer 1 PHY (ISO/IEC 8802-3) PHY

®urypa 8 : OSI moznen na Vnet/IP mporokona

[Topanu ¢akra, ye myrmiekcHara Vnet/IP Mpexa e pasneneHa Ha JBe HE3aBUCHMH
MOJIMPEXKHU € HEOOXOMMO Ha BCSKa €THA MarucTpalia Jia ce HHCTaupa KOMyTaTop OT
HUBO 2.

Kanan 2

®urypa 9 : Tomonorus tun 3Be31a npu V-net mpexara

3. YnpaBJjeHnue Ha QJiyHIHUTE OTOLHN

KbM crucremara 3a ynpasieHue Ha WHGOOPMAIMOHHMS TTOTOK CE J00aBsi U CUCTeMara
3a ympaBisiBaHe Ha (QIyHIHHS MOTOK. 3amadara € Jla ce Ch3JaJaT Thi HapeUCHHTE
»pelenTH 3a ympaBjieHHe Ha (pIyHIHWUTE MOTOLH, ChOOpPa3eHHW C OCOOCHOCTUTE Ha
TpBOHUTE PA3BOJKH, XUAPOCTATUYHUTE HAJATAHUSA U CHIPOTUBIICHUS, TEXHOJIOTHITA
u T.H. Creq u34yncisiBaHe Ha OpOSIT U MapaMETPUTE Ha PE3EPBOAPUTE U OTCTOSHHUATA
UM, TIOCJIEIHUTE C€ TPYNHpAT, a TphOHATa MpEXKa U apMarypaTa i ce ONTUMHUZUPAT C
e JIa C€ HaMaJIsIT pa3XoJuTe 3a TPHOU, MOMIU U KOHCYMaTUBU U MPEMaxBaHETO Ha
HEXeNaHu (U3UYECKU SBIICHHUS KAaTO KaBUTAIWs, XUAPABIWYHU yaapu u ap. [lpu-
MEpHa CXeMa Ha YacT OT TphbOHATa WHCTAJAIMs, KOSITO BKIIOUBA CaMO €IUH pe3ep-
Boap, ¢ nmokazana Ha ¢ur.10. Ot gurypara ce ycTaHOBSIBA, Y€ OCBEH BXOHO-H3XO/I-
HUTE TPHOOMPOBOU 32 OCHOBHUS (PIIyH] C€ M3MOJI3Ba U TPHOOIPOBO 32 U3BIUYAHE
Ha yTacHaTa BOJa.
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Ta3u yTacHa BOJa MOZKE Oa CC M3IIPAaTH AUPCKTHO KbM IIPCUHHUCTBATCIIHATA CTAHIIMA
WK Aa CC MPCXBBPJIU B YTAUTCI-PA3ACINTCII, KbJACTO BOJaTd 1 OCHOBHUIA (1)J'IYI/II[ ce
pasacisiT U CJICA TOBa BOJAaTa CC M3Ipalla 3a IMPCUYMCTBAHC. HpI/I Ta3u TCXHOJIOI'MA
MOXE Oa C€ HaMaJIkl KallanuTeTa W ITOBHIIHN eCI)CKTI/IBHOCTTa Ha IIpCUMUCTBATCIIHATA
CTaHL .

Pezepsupanocm. OT ChIIECTBEHO 3HAUCHUE 32 HAACKIHOTO, HEMPEKbCHATO U PEMOH-
TONPUTOAHO (DYHKIIMOHUPAHE Ha CUCTEMATa KaTo ISJI0 € HEOOXOIUMO BHBEKIAHETO
Ha pe3epBUPAHOCT Ha TphOOMpoBogHKUTE HHCTaNanuu (pur.1l. u ur.12).

EREEY

Kam pesepsoapa 1
O pezepsoapa
Peuupryiupane

®urypa 10 : Tpp6HU pa3BoaAKU

B Hsxon IMPUIOKCHUA C IS MKOHOMMA MOXKC JJa CC H3IIOJA3BA CaMO CIHA PC3CPBHA
ITOMIIa 3a BCUYKHN CAHOTHIITHH (1)J'IYI/II[I/I.

DP-o03

«— < | PV-004
S A Car=—

% < % >§ PV-006 PV-o005

DP-o4

®urypa 11 : BxonHo — u3xogna rpyna  ®urypa 12 : PezepBupaHocT Ha IOMITATE

VYrpaBieHHEeTO Ha MOTOIUTE MOXKE J1a ce 0000IIM B ceaHaTa HepapXudHa CTPYKTypa
c 4 HuBa:

e General : Onpenens npeaHa3HAYCHUETO, ICTUTE U 3a-

General
! JlaundTe Ha CKJIAJJOBOTO CTOMAHCTBO Karo wso. Jle-
)| (¢uHMpa OCHOBHUTE MPOIECH M CTpaTerusita Ha YyII-
1te
l paBJICHUE;
Master =~ - RedPe e Site : BrurrouBa B ceOe cu mHpoOpManusaTa 3a mpoMs-
management ) p I—I p
I HaTa Ha MpPEeJHA3HAYCHHETO Ha TEXHOJOTUYHOTO 000-
Process
Control - sement pyIBaHEe B JABITOCPOYCH IUTaH (MpOMsiHA HA 000pY.

BAHETO, BUJIa HA MPOJYKTa, eJIeMEHTHaTa 0a3a, HACT-
poiikute u np.). [IpomsiHata ce onpenens oT pusudeckure, reorpadCKure, Jo-
TUYECKUTE U MIa3apHU YCIIOBUS;

e Master : BkiarouBa B ceOe CH BCUYKH TEXHOJOTHYHH MPEANKHCcanus (peLenTu) 3a
YIIPaBJICHUETO HA BCEKU OT MOTOILIUTE,;
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e Control : Onpexnens KOst YacT OT TEXHOJIIOTUYHATA 0a3a ciie/Ba Ja ce aKTUBUPA
U B KaKbB MOPSABK 32 (QU3MUECKO pealn3upaHe Ha KeJNaHUs MPEHOC Ha JaJieH
Gbayun T.e. ynpasisiBa IpeHOca B peagHoO BpeME.

[[anocmua npenocna cxema. llpeHocHaTa cxema Ha IpsijiaTa CUCTEMa MOXE Jia ce pas-
JIeJTU Ha HAKOJIKO TEXHOJIOTMYHM ITUKbIa pur.13:

Bnakosa
KOMITO3ULIMSA

Tosapo /
PasroBapna 1acr

HUCTEpHU IpousBoacTBeHa

Peuumpkynauus

PesepBoapu

®urypa 13 : [{s10cTHA TPEHOCHA CTPYKTYpa Ha CTOMAHCTBOTO

e IlpeHoc Ha Guyuante OT BXOJ (pa3TOBapHH IIYHKTOBE HA JK.II.- W aBTOIMC-
TEPHH, OApPXKH) 10 PE3CPBOAPUTE |

e Perupkynupane, MpeHOC Ha MPOIYKT OT €IHH pe3epBoap KbM IpyrT (3a yras-
BaHe, OJICHIAMHT WK [P aBapHus);

e IlpeHoc Ha GuyuanTe OT pe3epBoapu KbM H3XOIUTE Ha CTOMAHCTBOTO (TOBap-
HU IyHKTOBE HA XK.II.- W aBTOLUCTEPHH, OapiKH).

AKO pe3epBOapHOTO CTOMAHCTBO € YacT OT paduHEpHs ce N00aBAT OlIe 1Ba OCHOBHH
TEXHOJIOTHYHH ITUKBJIA:

e [lpeHoc Ha (QayuauTe OT PE3EpPBOAPHOTO CTOMAHCTBO KHM IPOM3BOJCTBCHATA
yact (padunepusTa);

L HpCHOC Ha (I)JIYI/I,Z[I/ITe OT IIPOU3BOACTBCHATA YaCT KbM PC3CPBOAPHOTO CTOIIAH-
CTBO.

VYnpasnenneTo Ha QIyHIUTE € MPEJOCTaBEHO Ha aBTOMAT-AHCIIeYep, YMATO BXOIHATA
a30yka p = (p1, p2,..-, Px) C€ KOHBEPTUPA BB BEKTOP X C MOIIHOCT N, ChCTAaBEH OT OY-
JICBU MPOMEHJIMBH X1, Xp,..., Xn. KOMIIOHEHTUTE HA X KOJHUPAT JBOUYHO M3MEPCHUTE
CTOMHOCTH Ha CHUTHAJIIUTE B MH(POPMAIMOHHUTE TOYKH Ha mporeca - Ity, Ity ..., Ity u
Ae(UHUPAT eTHO3HAYHO cheTostHUATA S (I=1 110 S) Ha TeXHOJOoruYHUs nporec. [Tpe-
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XOJUTE OT €JHO ChCTOSIHUE S B APYTO Sj ce ONPEIEsT OT MPOMEHSIIUTE Ce JOTUKO-
BpeMeHHH ycnoBus Lji. DyHKIMOHMpaHETO HAa CHCTEMAaTa 3a YIpaBJIeHHE HA IOTO-
uUTe MOKe Jia ce npezcrasu ¢ Hacouen rpad — G* = (V, {S;i}; U, { L;i}) ¢ BopxoBe V
u aeru U. Ilpu npexon oT cbCTOSHUE S B CCTOSIHUE Sj yNPaBISABAIINS aBTOMAT U3-
JbUBA U3XOJHU CUTHAJM, EKBUBAJICHTHU Ha ayma A; (I=1 1o z) oT u3xoaHara a30yka
A. B ciiydast U3X0HUTE TyMH ca KOJUPAHU Ype3 ABOMYHHUTE pomeruBH Y (i=1 10
M), KOMIIOHEHTH Ha BeKTOpa Y — (U3HUYECKUTE U3XO0U Ha aBTOMATA.

C e UKOHOMUS Ha TTaMET B KOMITIOTHPa M KOMITAKTHO MPEJCTaBsIHe Ha MHGOpMAIIH-
AaTa C€ ChCTaBs MIpoleaypeH mojaen M Ha AUCKpEeTHHS Mpouec, KOMTO C€ ChbCTOU OT
KOMIUIEKT Tabmauiu C - Ha ChbCTOSHUETO, X -Ha BXOJHUTE CUTHAIH, Y - HA U3XOJHUTE
curHaiu, A - Ha aBapuuTe U L - Ha aBTOMaTHaTa JOTrUKa, CbOTBETHO C MOIIHOCTH Cs ,

Xn;ym:aqalg-
M=<C X Y, AL>.

Bceku oT peioBeTe B Te3H TAOIUIU CE 3aMEHs ¢ MICHTH(HUKATOP J CHOTBETEH Ha ChC-
TostHUeTO J°, Ha BXoaHuTe curHanu J*, Ha u3xoquute curdanu J, na aapuure J° u na
aBroMaTHata joruka J. Jlorukara Ha (yHKIHOHHPAHE CE ONPEeIeNs OT HACHTH(HKA-
TOPBT J

I_ N A
J'= < Ty T Py il een) >
Unentndukaropsbt Ha aBapunte J* nMa cieiHaTa CTpYKTypa:
=< Jx(t); Jy(t) >,

[Mopennuar nomep Ha J* onpenens ¥ IPUOPUTETA HAa aBapuaTa. B Hawanoro Ha Ta6-
JIMIATa PECTIEKTUBHO J° ¢ MHIEKCH, KOMTO CHOTBETCTBAT HA MO-MAJIKUTE LIEIHM YHCIIa
OT €CTeCTBEHUs pell, AePuHHUpaT mo-cepro3Ha aBapus. Koprexure Ha X u Y BeKTo-
pHUTE HE € 3aIBJDKUTEIHO Ja ca ITBJIHH (MOXKE J]a ce OKaXKe, 4e caMO eIHa WU Hs-
KOJIKO JIBOMYHU NPOMEHJIMBHU X; N€(PUHUPAT aBapuiiHATa CUTYalMsl, KaTO B CBIIOTO
BpEME peaKLMATa Ha aBTOMAaTa € HACOYEHAa KbM 4YacT OT U3XOJHUTE BB3ACHUCTBHS Vi 3a
Npe0TBPATSBaHE HA KOH(IMKTHATA CUTYAITH).

4. JakaoueHue

B paborara e npeIiokeHO TEXHHUECKO PCIICHHE Ha CHCTEMa 3a YIIPaBJICHHUE Ha II0-
TOIIMTE B €JHO PE3EPBOAPHO CTOIAHCTBO M KOHTPOJ HA TEXHOJOTHYHUTE PEIKUMHU.
CuHpTe3upaHa e CTPYKTypaTa Ha CHCTeMaTa 3a ChOMpaHe Ha JaHHW M YIIPaBJICHUE HA
TEXHOJIOTHYHUTE Tporec U ¢uiyuaaute motonu. CIIOMEHATH ca ChI'BTCTBAIIUTE
CHUCTEeMH 3a Oe3omacHa paboTa Ha CTOIIAHCTBOTO: 3aIl[UTa OT IT0XKap, MBJIHUH, ITOTCH-
[UATHA Pa3IuKd U Kopo3us. [IpeIoKeHOTO pellieHrue Ha CUCTeMaTa 3aylpaBicHHE
Ha PE3eBPOAPHO CTOIMAHCTBO € 0a30BO M HE 3acsra Crelu(pUUHN pe3yITaTH, MPOIUK-
TYBaHHM OT KOHKPETHH yCJIOBUsA. BeIipeku (rieuaTiienneTo, 4e 3aj1ayara ¢ TpUBHAIHA,
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PCAIHUTC YCIIOBHA MOraT ga A0BCAAT A0 ChbIICCTBCHU IIPOMCHH KAKTO B CTPYKTYpaATa
TakKa U B TCXHOJOI'uATa 1 HﬂCTpOﬁKHTe Ha TCXHOJIOTUYHUTC KOHTYPHU U ITOTOIIH.

AOpeBuarypu
APCS - CHCTEMa 3a YIIpaBJEHUE Ha MPOLECH OT TOPHO HUBO
DAU - YCTPOMCTBO 3a ChOMpaHe Ha TaHHU
FCS - JIOKaJIHa CUCTEeMa 3a yIpaBlieHHE
FCU - JIOKQJIHO YCTPOMCTBO 3a yIpaBJIeHUE
JB - KyTHs 3a Bpb3Ka
HIS - YOBEKO-MaIlIMHEH UHTepderic
MST - MHOTO-TOYKOB TEPMOMETHP
OPC - 00EKTHO CBBP3aHO YIIPABJICHHUE
PLC - IPOTPaMUPYEM JIOTHUYECKH KOHTPOJIEP
SCADA - cucrema 3a CynepBaii30pHO OTJAJICUCHO YIPaBICHUE
WLS - TaTYMK 3a U3MEPBAaHE HA HUBOTO HA BOAATa
JIUTEPATYPA
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MOJAEPHU3AIIUA HA TEKCTUJIHU MALLIUHU
Acen Toxopos, Aimep Mexmen

Pe3rome . B pabomama e npednodiceHo mexHuuecko peuienue Ha cucmema 3da ynpag-
JleHUue Ha MeKCMUIHA MAWUHAa, KOSIMO NOo380jA6a 0d ce Y8equdu Npouzsooumel-
HOCMMA U HA0eHCOHOCmma Ha paboma.

Kniouosu oymu:. mexcmuiHu Mauwutu, cepeo cucmema,KOMyHuKayusi, OUCKpemHo Cob-
OUMUUHU cucmemu

TEXTILE MACHINE MODERNIZATION
Assen Todorov, Alper Mehmed

Abstract: Design of textile machine control system including software modernization
and replacing the old hardware with servo system.

Key words: textile machine, servo system, communication, batch management.

1. YBoxa

HapaCTBaHGTO Ha HM3UCKBAHMATA OTHOCHO Ka4YCCTBOTO Ha IPOHU3BCKIAHHUTE TCKC-
THIIHA IIPOAYKTH M HYXKJIaTa OT HaMaJIIBAHC Ha IIPOU3BOACTBCHHUTC PA3XOJIH HCHU3-
0eKHO BOIAT 4O OIITHUMMH3AIMA HA LCIHUA IIPOU3BOICTBCH IIPOLICC. B TexcTtunHaTta unm
Apyra MHIYCTpHs OIITUMHU3aMATA MOXKE J1a CC HallpaBHU B JIBC HAIIpaBJICHUA .

e MogaepHusupane Ha MAIIMHUTE. TOBA MOKE J1a IOBEJE 10 YBEJINYaBaHE HA CKO-
pocTTa Ha MPOMU3BOJCTBO, MOAOOpPSBAHE HA TOYHOCTTA PECHEKTUBHO KayecT-
BOTO /WM HaMaJIIBaHE Ha JePEKTHUTE TPOTYKTH;

e HamansBane Ha oOciy>KBalllMsl MAIIMHUTE U YIPaBJISBALUs TPOU3BOACTBEHUS
IIPOLIEC IEPCOHAII C BbBEKJAHE HA aBTOMATUYEH KOHTPOJ U CAaMOJANArHOCTHKA.

B craTtusita ce akueHTHpa BbpXY I'bpBaTa Bb3MOXHOCT. B nbpxkaBu kato bearapus,
Typuus, PymbHUSA U Ap. c€ U3MOA3BAT NPEIUMHO CTapU ThKa4HU MallMHU. Te3n ma-
IIUHA ca TpousBeieHu npe3 707 rogvHu Ha MUHAIKMS BEK M C BCSIKAa W3MHMHAIA IO-
JMHA pa3XxOoJUTe UM MO NOAJIPBKKA c€ yBenIr4aBaT. HeTOCTUTBT HA PE3EpPBHU YacTH U
KBATM(PUITUPAH TEPCOHAN MO MOAIPHKKATA ca CEpUO3eH mpodieM. B moBeuero ciy-
Yau ThKAQYHUTE MAIIMHU Ca COOCTBEHOCT Ha XOpa, KOMUTO MPEJU TOBa ca paboTHIH B
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ctpanu kato ABctpusi, ['epmanus u llIBelinapus u ca ycBOWIM ThHKOCTUTE Ha paboTa
Y MO IPBKKATA.

2. Hy:xna or MmoaepHu3anus

CbBpEMEHHHTE YCIIOBHS Ha TPOW3BOJICTBO M KOHKYPCHIIMATA Ha Ta3apa OINPEACIIT
HYy’KJIaTa OT ONTHUMAaJIHA OIICHKA Ha HEOOXOJUMOCTTAa OT PEMOHT, PEKOHCTPYKIIHS WITH
MOJIMsIHA Ha CTApUTE MAIIMHUA C HOBH. TEKYIIOTO ChCTOSHHE Ha UKOHOMHUKHTE U Ie-
HUTE Ha HOBUTE MamuHH, kouto BapupaT oT 30 000 € no 40 000 €, Bce mo-vecTo Ha-
JaraT ThPCEHETO Ha pPeIICHHE 3a MOAXOosIa ¢heKTUBHA PEKOHCTPYKIUS U MOJEp-
HU3AIMS Ha ChIIECTBYBAIUTE ThKAYHU MAIIFHH.

B crarusara nog MoaepHu3anus e ce pa3oupa:

e 3amsiHa Ha MOPAJIHO OCTapeNIUTe U U3HOCEHU MEXaHUYHU OJIOKOBE U CUCTEMHU C
MOJXO/SIIINA OT HOBO MTOKOJICHHE;

e 3amsHa Ha YNPaBISABAIIUTE CUCTEMHU B XapJlyepHO U COPTYEepHO OTHOIICHUE C
HOBHU TAaKHUBA.

3aMsHATa HA CTApUTE MEXAaHWYHH YaCTH C€ TIPABU MOPAIH yBEIMUABAHE HA PA3XOJAUTE
0 peMOHTa U mojaapbkkaTa. OCBEH TOBa HOBUTE MEXaHUYHHU OJIOKOBE ca IMO-KOM-
MaKTHH ¥ 3HAYUTEITHO MMO-0e31TyMHH. AKO B JIaJICHO TIOMEIICHNE ca OUTM MOHTHUPAHH
10 MamuHu OT CTapwsi TUI U C€ 3aMEHAT C HOBH, HUBOTO Ha IIIyMa Ps3KO CIaja U TO-
Ba yBenW4YaBa KomdopTa Ha paboTHaTa cpeaa, KOeTO KOCBEHO IOBHINABA MPOHM3BO-
JTUTETHOCTTa. Bee omie B rojsiMma 4acT OT ThKauHWUTE/OpOJe MAIMHU 33JJaHHETO CE
BBBEXK/a ¢ epdokapTu. B Manka yact oT TsX ce usnonsBa copryepeH npoaykt. Cpe-
JaTa 1o KosiTo padboTH To3u codTyepeH mpoaykT MHoro yecto ¢ Windows 98 u noj-
JpBXKKATa HA T€3U KOMIIOTPH CIie]] OIPEeIeNIEHO BpeMe CTaBa TPYAHO M3MbIHUMA 3a-
nada. Kato ce n1o6aBu u pakThT, 4e KOMYHUKAITUUTE MEXKAY KOMIIOTHD U niepudepus
10 MallMHaTa OT HMBO MapajeieH mopt MuHaBaT Ha HMBO USB wmmu Ethernet, a ap-
HUTE TJIATKA HA CTApUTE KOMITFOTPH YE€CTO HSAMAT TE3W M3XOIU U KapTH, CE Hajara
CMsIHAa Ha OlepalMoHHaTa CHCTEMa, a TOBA BOJAU M JI0 HECHBMECTHMOCT Ha CTapHUs
codTyep ¢ HOBaTa cpefa.

Ha mbppBO BpeMe eheKTHBHOCT IMPHU pElIaBaHETO Ha OMUCAHUTE TO-rope MpoOIeMH
MOJKE Jla c€ TIOCTUTHE Ype3 MOJICpHU3HpPAHE Ha Xapayepa u copTyepa Ha yrnpaBlisBa-
1jaTa 4yacT Ha MallllHaTA.

3a nenra ce npejyiara HoB coTyep, KOMTO M3M0JI3Ba CTApUTE 3a1aBaiiy (aiiaose, HO
¢ ceBMEcCTHM ¢ oneparonuu cuctemu (OC) ot tunma Windows XP, Windows Vista u
Windows 7. HoBust codtyep Moxe 1a padotu u ¢ 64 d6urosure um Bepcun Ha OC,
JIOKATO CTapUTe MpOorpaMu padboTAT caMo ¢ 16 OUTOBUTE BEpCHUHU.

VYrpasieHneTo Ha MampHaTa ¢ npenocraBeHo Ha PLC (¢wur.3), kbM KOETO ca CBBp-
3aHM JIBaTa CEPBO YIPABIISIBAIIM MOJYyJa 32 MO3UIMOHUPAHE HA CEPBO JIBUTATEIUTE.
OcBeH cucTemara 3a ynpaBJIeHHE 10 KOOPJIUHATHUTE OCHU C€ BBBEXJAT U JPYTH MPO-
MEHHU.
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Ha ¢wur.l e mokazaHo Ha4aJHOTO CHCTOSHHWE HAa MalmuHa 3a Opoxupane. Kakrto ce
BIDKJA OT UTypaTa, 3aJJaHUeTO Ha MalluHaTa Ce OCBHINECTBsIBA 4upe3 mepdokapTa, a
CaMOTO KapTOYETSIIO YCTPOMCTBO € J0CTa OOEMHCTO U IITyMHO.

ﬂ‘ o ‘ IIpu MonepHuU3ausATa ce NpeMaxBa KapTOYETSAIIUSAT aBTOMAT.
£ Hosara ynpapnsBaia cucteMa u3nojiaspa codryep, KOWTo pado-
THU TIOJ] YIPaBJICHUETO Ha onepanuonHa cuctema Windows XP
U CJICIBAIIUTE OMEPAIMOHHUTE CUCTEMH OT ITO-HOBO IMOKOJICHUE.
Crnen oTuMTaHE HA ONMUTA HA OOCTY>XKBall[Us MEPCOHA HAa Malllu-
HUTEC W TCXHUYCCKHUTE XapPaKTCPHUCTHUKHTE HA TEXHOJIOTHYHOTO
o0opy/iBaHe, C€ CHUHTE3Mpa HOBa CHCTEMa, KOSTO TpsOBa na €
MaKCHUMAaJIHO OTiepaTHBHA, OBP30jciCTRAIA U 1a TTOEME STHOB-
PEMEHHO YMPaBICHUETO Ha IMPOIECUTE MO OpoaupaHe W Malllu-
HaTa KaTo 15710 ¢ HEOOXOAMMUTE 3alllUTH, 3a J1a He Ce JIOMyCKaT
HEpeTJIaMEHTHPaHU aBapUTHU CUTYAIIHH.

Duz.l

[Tox ynpasneHue Ha MalIMHATaA KAaTO LSJIO ce pa3dupa :

e (ClieneHe Ha MapaMeTpUTE Ha KOMIIPECOPA 33 CI'bCTEH Bb3AYX;
e C(Crnenene Ha paboTara Ha MalIMHATa 3a JOCTUraHE HA MHUHUMAJIHO HHUCKO U
MaKCHUMAaJIHO BUCOKO HMBO Ha CTaHa; CJIeJICHE Ha ChCTOSIHUETO Ha KOHENA U MPU
€BEHTYaJIHO CKbCBaHE Jla cpabOTH ajapMa U MpoLEChT Ja CIpe aBTOMATUYHO;
CJ’ICI[GHG Ha M1apaMeTPUTE Ha OCHOBHHS MOTOD 1 nobaBeHuTe 2 CEpPBO MOTODA.
' Te3u gombIHUTENTHU W3WMCKBaHMs Hanarat no6assiHe Ha PLC
(mporpamMupyeMo JIOTHYECKO YCTPOWMCTBO) KbM cHcTeMmara. B
CiIyyas HE € He0OXOAMMO Jia ce CIEAAT U M300pa3sBaT BCUUKHU
JOMBJIHUTEHU MapaMeTPH U BEJIMUMHU OT pa3paboTeHus cod-
TyepeH nponykt. Ha ¢ur.2 e nokasaH BBHIIHMSIT BUJ Ha pe-
KOHCTpyHpaHaTa MalllyuHa.

Ha msicToTo Ha KapTOUETSIIOTO YCTPOMCTBO CE€ MOSIBSIBA CEPBO-
CUCTEMa, CBbP3aHa C UHAYCTPUAJICH KOMIIOTHP.

Duz.?2

3. Onucanue HA cUCcTEMarTa

Cucremara KaTo 1510 MOJKE J1a Ce pa3J/ieiu Ha JBe OCHOBHU YacTH (dur.3):
cucrtema koMmoThp-PLC, cheTosiia ce oT :
(1) Kowmmrorsp;

(2) RS 232C Bpb3Ka;
(3) PLC;

u cuctema PLC - [lepudepnu ycTpoiicTra :
(4) RS 485 Bpb3Ka;

(5) Cepro ympaBiisBaIy yCTPOUCTBA,;
(6) AC Driver;
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@uz.3: ApxutekTypa Ha CUCTEMAaTa

(7) KomyHHKaIMOHHA BpB3Ka MEXKIY CEPBO YIPABISIBAIIO Y-BO U CEPBO MOTOP;
(8) Cepso morop;
(9) AcuHXpOHEH aBUTATEN,

(10) KomyHukanmuoHHa Bpb3Ka MEXJY JIOTHUECKOTO YCTPOMCTBO 3a YIIPaBJICHHUE;

(11) Jloruuecko yCTPOMCTBO 3a yIpaBJICHUE HA aJlApPMHUTE;

(12) Bwbpramng ce enkoaep

[TpocTpaHCTBOTO HAa OCHOBHUS MTPO30PEI] HA OMEePaTOpCKaTa CTAHIIMS € Pa3/Ie/ICHO Ha
4 30uu (¢pur.4):

3ona (1): Menio 3a pabora ¢ mporpamara, KOeTO ChAbpiKa KOMaHIN 33 H3IIbJI-
HSBAaHE Ha TPOIEAYPU KaTO . 3apeXkJaHe Ha Imapka oT (ailyl; ctapTupaHe Ha
nporieca OpoarpaHe; MaTPHYHA MaHUITYJIAIIMA BHPXY IIapKaTa - OTMECTBAHE B
4 TOCOKHM, 3aBbpPTaHe B YaCOBHUKOBA IMOCOKA MJIM 00paTHO, QYyHKIUS MaIaou-
pane. OCBEH Te3W OCHOBHM (DYHKIIMM MEHIOTO ChIbpiKa M HAKOJIKO CITOMara-
TEJTHA KaTO CTAaTUCTHUKA M HACTPOMKHU Ha IMporpamara,

30Ha (2): chabpka MOJYI 3a H300pa3siBaHe M 00padOTKa Ha 33JJAHUCTO;

3oHa (3): Moy 3a H300pa3sBaHe Ha CTHIIKUTE MIPH M3TPakJaHe Ha IIapKaTa;
3oHa (4): KOATO ChABPKA HH(POPMAIUA 32 TEKYLIUsA IMOTPEOUTEN, CKOPOCT Ha
OCHOBHHS BaJI, OCTaBalllo BpeMe 3a 3aBbpIIBaHE Ha IIapkaTta W OOIus Opoi
CTBIIKM 3a JCHS.

Komynukayusa: KomyHnukanusra ce ocbiiectssiBa upe3 RS-232C. [TakersT, KoiTO ce
u3Ipailia u IprueMa uma MnpeaBapuTeIHo oNpesesieHa CTPYKTypa!

Hauano (ENQ);

VHuKaleH HACHTH()UKATOP Ha CTAHIIHS,

Komanna : yerene (R) /3amuc (W);

Tun Ha koManaara: exHokpatHo (SS) wmm npoasmkuTeaHo (SB);

JlanHu;
Kpaii (EOT).
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@ue.4: OCHOBEH MPO30peEI] Ha OIlepaTopcKaTa CTaHIIHU

[Tpumep 3a npounTane Ha HHGOPMAIIHS OT OTPEEICH aJIPEC € '
ENQ-HO01-R-SS-H01-H06-%MWO020-EOT,

kbsero Y%0MWO020 e agpechT OT KONTO ce mpouyuTa choTBeTHATa HHGopMalus. OcBeH
YeTeHE MporpamMaTa M3Mpaiia ¥ KOMaH/I1 3a 3alMcBaHe Ha WH(OpMaIus B MpeaBapu-
TEJHO OIpeeNieH! aapecH, Hamupaiu ce B mameTrTta Ha PLC. IIpumep Ha koMaH/a 3a
3ammc e :

ENQ-HO01-W-SS-H01-H06-%MWO020-EOT.

[Ipu nonaBane Ha 3asiBKa KbM PEJIETO 32 ONpPENENEH TUIl KOMaHJa MMa U ChbOTBETEH
orroBop. IIpu koMaHaa 4eTeHe OTrOBOPBHT € CTOMHOCTTA Ha ajapeca a B ciaydyall Ha
IpelIKka OTTOBOPBT € ChOTBETHUSAT KO/ 33 TPELIKA.

Vcenemna komagna : ACK-HO01-W-SS-Data-EXT
I'pemika B komangaTa: NAK-HO1-W-SS-Error-EXT

3aodanue : Crienpailiata 4acT OT ajirOpUThbMa € 3apeXkJaHe Ha 3agaHueto. [lox 3ana-
HUE Ce UMa B IIPEABU/I CIeAHATA CTPYKTYypa :

[To3unus mo abcmucara;

[To3unms mo opauHarara,

CKopoCT Ha OCHOBHHSI MOTOP: OBP30 WU OABHO;
[TonoxeHue Ha UraUTE: 3a MPOoOUBaHE WK 32 OpOJIMpaHe;
Tun Ha OpoaupaHe: TSCHO WA IIUPOKO.

Cneodene: To3u Moy Ha IporpaMara ciaeAu ChbCTOSHUETO Ha MPOrpaMUpPyeMOTO pe-
Jie ¥ CIICTHUTE TPOMEHJIMBH '

e (CKOpOCT Ha BbPTEHE Ha OCHOBHHUSI Ball;

e OrtunTaHe HA OPOM CTHIIKH 3a JICHS,

e Ortuutane Ha OpOil CTHIIKH 3a OTpe/IeTIeH MePUO]] OT BpeMe.
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OtuuTaHeTo Ha OpOM CTHIIKK € CBBP3aHO C OTYMTaHE HA TIPOU3BOIUTEIHOCTTA HA Ma-
muHata. ToBa Mo3BoJIsIBa 100ABSIHETO HA MOJYJI 3a OMpPEE/siHE U HA UHTEH3UTETHT
Ha paboTa Ha 00CTyKBaIIUs IIEPCOHAN, a OT TaM M OIpe/IesSHE Ha HaTHHUIIATA.

Komynukauus mesxcoy komniompu. Monyna 3a komynukanust PC-PC, koiito u3mon-
3Ba €TEPHET BPbH3KA, € Pa3pabOTEeH ¢ LIe] OTJAIeUeHO Clie[ieHe Ha paboTaTa Ha OTJIe-
HUTE MAIIMHHU, KaTo ompeeneHara nudopmanus - Opoil CThIIKM, aBapuu U IPYTH Ma-
pamMeTpH ce U3NpaIlaT KbM OCHOBHUSI KOMITIOTHP, KOMTO MOXE Ja CE€ ONPEIEIU U KaTo
cbpBBp. Taka coOCTBEHMKA Ha 11€Xa WM TIaBHUAT WHXKEHEP MOXKE Ja CIeTU MOBEIe-
HUETO Ha BCUYKM MAIIMHU OT €IHO MSCTO U B CBHIIOTO BpeMe MMa BH3MOXHOCT Ja
CpaBHsBa paboTaTa Ha MAIIMHUTE U 0OCITYKBalUs TH IIEPCOHAIL.

OcBeH mporpamara, paboTela B cpeata Ha oleparmoHHaTa CUCTEMa, UMa W TIPOT-
pama, BbBeJIeHA B IPOTPaAaMUPYEMOTO pelie, 3a Clie/ieHe Ha!

e Mopayia 3a ynpaBiieHUE HA aTapMUTE;
e JlaTunka, KOWTO CIEIA BHPTEHETO HA OCHOBHHUSAT BaJl.

N3xoauTe Ha mporpaMupyeMoOTO peie ynpasisaBar :

e JlpaiiBepuUTe Ha CEPBO YCTPOUCTBA,

e (CKopocTTa Ha OCHOBHUS MOTOD;

o JlonokeHUETO HA UTJIUTE 3a TACHA WIH HIMPOKa Opoaepus;

e Monayna 3a ynpaBjeHUE Ha aJTADMUTE.

CepBo cucTemara ce CbCTOH OT JBA CEPBO-YIIPABIISABAIIM MOAYJIA U IBATa CEPBO- JIBU-
raTelisd, KaTo €JUHUAT OTrOBaps 3a OTMECTBAaHE MO abciucara a IpyrusT - 32 OTMECT-
BaHE 10 OpJAMHATATA.

Hacmpoiika na cepso-ynpasnagaujama cucmema : 3a CUHTE3 U HACTPOMKA Ha CHC-

TeMaTa 3a YIpaBJICHHE Ha CEPBO JBHUTaTeNl € M3I0JI3BaHa IporpamMHaTa cpema Mar-
71200.

CepBO'I[BI/IFaTeHHT Ce IIPEACTaBA ChC CIICAHUS JIMHECH MOACI .

Rf Ky
LT RRAEE, TR+ KK,

KbJIeTO T € BpeMeKkoHcTaHTaTa a Kqy € KoepuIueHTsT Ha Mojiena.

[IpenaBarenna gynkuus o ckopoct | IlpenaBarenna GyHKIMS MO BIbI

K.
“W)=
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@ue.5 . JluarpaMa Ha ABUTATEIN 3a MOCTOSIHHO HAMPEKEHUE

3a OIIPCACIIAAHC CTOMHOCTHUTE Ha ImapaMeTpHUTEC Ha MOJiejia CE€ M3II0JI3BaT JiBa IoAXo4a .
qpe3 3aMCCTBAHC Ha CTOMHOCTHUTE ITOKAa3aHU Ha (bI/IF.5, KOHUTO MOraT aa €€ HaMCpAT OT
Cl'IeIII/I(bI/IKaHI/IHTa Ha CCPBO MOTOpaA, HWIHU YPC3 I/I,Z[CHTI/I(l)I/IKaHI/I}I Ha I1apaMCTpHUTE.

3a uacHTUUKAIMS HA MapaMETPUTE € U3-
NoJ3BaH Tpado-aHATUTHYHUAT METOA Ha
Bpoiina. 3a Ta3u uen e noiayyeHa npexoHa-
Ta xapakTepuctuka (¢ur.6) Ha obekra (cep-
BO- JIBUTATEIS ).

Cnen ompenensiHe CTOMHOCTUTE Ha Iapa-
Metpute, n3noi3BanusT [I1]] perymarop ce
HACTpOMBa 110 METOJA ,,pa3nojazane Ha no-
arocume”,

Duz.6

XapakTepUCTUYHOTO YPABHEHHUE HA CUCTEMATA UMa BUA !
1+EK.k; Kk
e + g1 =0
L I,

g 4 g

Cren Hy>)KHUTE TpeoOpa3yBaHus, KaTo KpacH u3pa3 3a mapamerpure K; u kK, ce Hamu-
paT ClieJHUTE 3aBUCUMOCTH

518315 ke __‘:31+32}T;+]
K, ' ‘ K,

Fﬂ-l —

[loBeneHneTo Ha cucTeMaTa MpU Taka HACTPOSHH MapaMeTpu Ha peryjaTopa € moka-
3aHa Ha (ur.7.

100 T ) T T T 30

T T
) TR : L angle || ‘ speed
reference E |r\t_

reference ||

¢ 1o 20 30 40 30 60 T 10 20 30 40 50 60

@ue.7 . CiaeneHe Ha 3aJaHUETO

Ynpaenenue na anapmenume cvcmosanua . Crapata CTpyKTypa 3a yIpaBJICHHE Ha
aJIapMEHUTE CUTYaIlUH C€ ChCToeme OT 6 Moayna. M3xona Ha BCeKM €uH OT TsX Oe-
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e cBbp3ad KbM Bxoj Ha PLC u renepupaiie onpejaeneHa aiapMa, peclieKTUBHO pe-
aKIMs Ha CHUCTEeMaTa 3a 3alluTa.

HoBara ctpykTypa Ha cuctemara (¢pur.8) 3a ynpapicHHe Ha aJapMEHUTE ChCTOSHHS
oOeauHsIBa cTapuTe 6 MOyJa B eH. MOAYIIBT ce yIpaBiisiBa OT MUKPOKOHTPOJIED U
Ce ChCTOM OT raJIBAHUYHO pasjiesicHH BxoaoBe (2) u uzxoau (1); MOAy 32 KOMyHHKa-
st (3) 1 Moy 3a Bpb3Ka KbM MOHUTOP WU quctuieid (4). JlormaeckuTe BXOIOBETE
Y U3XOJIUTE Ha MOAyJa ca crannaptuszupanu: 24V DC.

N3xoauTe Ha moxayJia ce M3MOJI3BAT 32 ABAPUMHO
CIMpaHe Ha MalllMHATa W 3BYKOBa W/WUJIM CBETJIMH-
Ha curHanm3anus. Bxogosere ca 14 Ha 6poii, KaTo
10 ot TaX ca 3a anapMeHUTE CUTYyalllH, a OCTaHa-
mute 4 ca cBpp3anu ¢ OyroHu. C te3u OyTOHU ce
3a/1aBaT KOMaHJIUTE, 3aJI0KEHU B MUKPOKOHTpOJIE-

Du2.8 pa.

VYrpaBieHUETO Ha alapMEHUTE CUTYallMU CE€ OChILECTBIBA Upe3 00padoTKa Ha BXO/I-
HUTE CUTHAIM U (OPMHUPAHETO HA BEKTOP HA aJlapMUTE MO cieaHara joruka: mpu N
Ha Opoi ajJapMEeHHM CHCTOSHHUS 32 BCAKO CHhCTOSHHUE c€ Baura (iar, mocieiaBaH OT
croiinoct kparha Ha 2, T.e 2°, 2 mo 2V, pasnmuna 3a Bcexku (iar. OGLMAT BEKTOP
Ha aBapusTa Ce TMoJiydaBa dUpe3 OOeAMHSIBAHE HA AJTAPMEHHUTE CHhCTOSHHS IO CXeMa
norunuecko MJIN.

[Mpumep: mpu curnan Ha 1™ m 3™ BXOa Ha MOIyJa 3a yNpaBICHHE HA AlapMHUTE
cnenBa. Bexmop na anapmama = 000001+000100 = 000101,

KOETO B JIECETUYEH (popmaTt € 4uciaoTo 5. B pe3ynTarbT KOMIIOTHPBT 00paboTBa aBa-
pust Ne 5.

4. EaxemeHnTHA 0a3a
CBoeoOpa3eH OanaHC Ha IIeHA M KaYeCTBO € MIOCTUTHAT Ype3 n300p Ha:

e lHaycrpuajieH KoMIiOThp Ha ¢pupmarta AdvanTech;

e PLC or Homenkiatypara Ha ¢upma LS Industries, cepus XGB. Ta3u dupma
npejyiara U Oe3riaTHa MPorpaMHa cpejia 3a HaCTPOiKa Ha MPOTyKTUTE H;

e CepBo-aBurarenu ¢ MorHocT 1.5KW.
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5. AJroputrbM Ha padoTa Ha cMCTeMaTa 3a ynpaBJieHue

CucremaTa BKIIIOYBA JIBE TIPOTPaMH, KOUTO YIPABIABAT padoTaTa CHOTBETHO Ha OC-
HOBHMS KOMIMIOTHP ¥ PLC. AIropuTMbT BKIIOYBA clieqHUTe onepatuu (¢ur.9):

(1) IIpounTane Ha TEKyIIHs pell, KONTO ChAbpKa HH(POPMAIKS 3a ClIeJBaIlaTa Imo-
3UIMS HA UTJIUTE U CKOPOCTTAa Ha OCHOBHUS JBUIaTEN;

(2)3amucBane Ha Ta3u MH(POpPMAIMS B MPEABAPUTEIHO ONPEACICHH KICTKH Ha
PLC u Baurase Ha ¢Jar 3a TOTOBHOCT;,

(3)IIpounTtane HA JAHHWTE M MpalllaHe Ha ChOTBETHHUTE UMITYJICH O CEPBO YyIIpaB-
JISBAIUTE YCTPOMCTBA U M3YaKBaHE 3a JOCTUTaHE HAa ChOTBETHATA MTO3UIINS;

(4) Bauraune Ha ¢uar 3a u3bIHEHAa KOMaHIa M IpaliaHe Ha Ta3k WHGOpMAIUsI 10
KOMITIOTBPA,;

(5)IIpounrtane Ha ciaeaBamus pel HHPOPMAIUS U BPBIIAHE KbM CThIIKA 1;

(6) Ako o Bpeme Ha paboTa HACTHIM ATAPMEHA CUTYallWs, MAllIMHATA CE CIHpa U
C€ M34YaKBa JI0 OTCTPAHSIBAHETO M.

J

MocneneH peq

Anapma
YcnetiHo [pounTane Ha TEKYUHS i Ja
pea
HeycnewHo T O6paboTka Ha
ik J ajlapMara

LprLu,aHe KbM
3MbIIHEHWEe Ha
3agaHueTo

I/I3npa1uaHe Ha KOMaHJaTa
3a MO3UITUOHUPAHC

@u2.9 : PabOTEH NPUHLMII HA CUCTEMATA

6. 3akjaouyeHue

B paborara e npeioxkeHo TEXHUYECKO PEIIeHUE Ha CUCTeMa 32 yIPaBIICHUE Ha TeKC-
TUJIHA MAaIIHA, KOSTO yBEJIMYaBa MPOU3BOJUTEITHOCTTA M MOJ0OpsBa yCIOBUATA HA
pabora. OCBEeH TOBa ce HaMalIIBaT Pa3XOJUTE MO MOJAPHKKA Ha cHCTeMaTa Mopaau
BbBEJICHATA CAMOIMArHOCTUKA U MpeJCKa3BaHe Ha KPUTHUHUTE cuTyaluu. OCBeH HO-
BaTa CTPYKTypa Ha CUCTEMaTa 3a yInpaBJjeHHUE Ha TEKCTUJIHA MallMHa € MpeJJIoKeHa U
HOBA JIOTHKA Ha CHUCTEMara 3a yIrpaBieHue Ha 0a3zata qaHHu. C MOMOIITA HA TE€3H JIBE
porpaMu COOCTBEHHKA MMa Bb3MOXHOCT Jla B3UMa M0-aJIcKBaTHU PEIICHUSI OTHOCHO
Ou3Heca CH U J1a yBEJINYH CBOATAa KOHKYPEHTOCIIOCOOHOCT.
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2 Tounoct Imm /10 Imm /50
3 Komynukarust | 38400 kbps 115200 kbps

Ipouec Crapa Hosa croiinoct ‘ D _
CcToiiHOCT
1 CxopocT 120 200 \ — L
1 2 3

Crapa croitnoct [ HoBga cToiiHOCT

Tabauya 1 : CpaBHEeHUE Ha MOKa3aTeJIM HA @uczypa 10 : I'paduuHO cpaBHEHUE
cTapara U HOBaTa CUCTeMa Ha TIOKAa3aTeNuTe Ha cTapara u
HOBaTa CUCTEMa

AOpeBuartypu
PC - KowmmtoTsp;
PLC - IIporpamupyemo JIOTHYECKO peJie;
ENQ - HM3uckBane 3a KoMaHa,;
EOT - Kpaii Ha ch001IEHUETO;
SCADA - Cucrema 3a cynepBai30pHO OTJAJICUYCHO YIIPaBIICHHE.
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METO/IN 3A UHTEJIMI'EHTHO EHEPT'OCIIECTABAIIIO YIIPABJIEHUE
HA TAPAMETPUTE HA MUKPOKJIMMATA HA PABOTHATA CPEJIA

anuen Mepa3uueB, AHesus ['eopruesa

Pe3tome. B cvepemennume ycnosus na mpyo ocobeHo 3HaueHue npuooouea MuKpok-
aumMamvm Ha pabomuomo macmo. Knacuueckume memoou 3a ynpaenenue Ha uncma-
Jayuume 3a OMonjeHue, eHMULAYUs U KIUMamu3ayusi 600simM 00 20JeMuU eHepUliHU
3a2you. B nacmoswama cmamus we 6vo0am pazenedanu HAKOU no0Xo0u 3a pasuupsi-
8amne CMPYKMypama Ha pasmum pezyiamop - NPUcosasane Ha meaid HA ONMUMU3A-
YUOHHUmMeE Kpumepuu U celekyuss Ha JuHeeucmuunume npaeuia. Tezu memoou 3a
UHMeNU2eHmMHO YNpaesiienue 800am 00 NOHUNCABAHEe HA eHepauliHume 3a2you, Kamo 8
CHUWOMO 8pemMe obe3neuasam HeobXooumMume GUCOKU NOKA3AMENU HA napamempume
Ha MUKPOKIUMAama.

Knrouosu oymu: pazmumo ynpagnenue, 2eHemudHu aicoOpummu, eHepeocnecmsasauio
ynpaenenue, mukpoxaumam, OBK, pobacmnocm.

METHODS FOR INTELLIGENT CONTROL OF PARAMETERS OF THE
MICROCLIMATE OF THE WORKING ENVIRONMENT

Daniel Merazchiev, Anelia Georgieva

Abstract. The microclimate at the working place attains special importance in the
contemporary working conditions. The classical methods for control of heating, venti-
lation and air conditioning lead to enormous energy losses. In this article we will ex-
amine some approaches to expand the structure of fuzzy controller - assigning
weights of optimization criteria and selection of linguistic rules. These methods of in-
telligent control reduce the energy losses, while at the same time provide the neces-
sary high performance parameters of the microclimate.

Keywords: fuzzy control, genetic algorithms, energy saving control, HVAC, robust-
ness.

1. BnLBeaenue

Cucremure 3a oToruieHue, BeHTwnanus U knumarusaius (OBK) ce cberosar ot kom-
MOHEHTH, PeJHA3HAYCHH [1a KOHAULIMOHUPAT Bb3yXa B CIPAIUTE, KATO MPEIOCTABST
Ha obuTarenute koMmpopTHa paboTHa cpena. J[Bere ocHoBHHU 3anaun Ha OBK ca:

- IpeMaxBaHe Ha BPEIHUTE €MHCUH, MPUYUHEHU OT CTPYINBAaHE Ha XOpa, Ma-
IIMHU WIH ChOPBHKEHUS, Ype3 CHAOASIBAHE C YHCT BB3IYX;

- TOJIbpKaHe Ha JOOPH TOTUTMHHU YCJIOBHS MPe3 BCUYKHU T'OJUIITHU CE30HU.
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Tunmuana OBK cuctema B eqna crpaga e nokazana Ha ¢wur.l. Cucremara ce CbCTOU OT
pa3IMuHA KOMIIOHEHTH, IIPeAHA3HAUCHH J1a PEryJiupaT TeMIieparypaTa U OTHOCHUTEII-
HaTa BJIAXKHOCT HA Bb3/yXa.

Jlobpe npoextupanute u nogabp:xkanun OBK cuctemu ca oT chliecTBeHa BaXKHOCT 3a
obuTaTenuTe, Thil KaTO MOJIBPKAT HEOOXOJAMMOTO KAdyeCTBO Ha MapaMeTpUTe Ha
MUKPOKJIMMATA.

[Tox Mukpokiumar ce pazOupa KauecTBOTO Ha Bb3Jyxa B paboTHaTa cpeja, onpese-
JIEHO OCHOBHO OT TEMIIEpATypa, BIAXKHOCT U KOJIUYECTBO BBIVIEPOAECH AUOKCHI. MUK-
POKJIMMATHT MPSKO BIUSC BHPXY KOHIIEHTPALUATA U pabOTOCIOCOOHOCTTA HA TpY/Ie-
LIUTE CE WJIM yYallu c€, KAKTO U Ha TSAXHOTO 3ApaBe. ToBa Hajara rocTposiBAaHETO Ha
CUCTEMa 3a aBTOMAaTHU3alus, KOATO Ja MOoJIbpKa KauecTBOTO Ha paboTHaTa cpeaa. Ot
JIpyra cTpaHa € M3BECTHO, Y€ IMOBEYE OT IOJOBUHATA €HEpPrus, KOSITO KOHCYMHUpAT
crpaaute Ha Teputopusara Ha EC, ce uzpasxoaBa 3a ororieHue uin oxjaaxaane. OBK
MHCTAJIalMATAa € C Hall-TOJsIM MOTEHIMal 3a eHeprocrectsBaHe. HempexkbcHaTaTa
BEHTHWJIAIUS BOJU JIO BUCOKHM €HEPruitHu 3aryou. OTHOCUTEITHATA BJIAXKHOCT HA Bb3-
JyXa pSAKo ce peryiaupa. 3a Ja ce pelld KOMIUIEKCHUAT IPo0JIeM ¢ €JHOBPEMEHHOTO
noBuIaBane komdoprta Ha paboTHATA cpefia U HaMallIBaHE Ha Pa3XOJWTE 3a TOBA, ca
HEOOXOJIUMH HOBM TMOIXOJIU, Thl KaTO KJIACUMYECKUTE METOJU 3a PEryjupaHe He ca
JTOCTaThb4YHO €(heKTUBHU. MeTOuTEe 32 UHTEIUTCHTHO yIIpaBjieHWE HA OCHOBA Ha TE€O-
pUATa HAa Pa3MUTUTE MHOXKECTBA, HEBPOHHUTE MPEKU U TCHETUUHUTE aJITOPUTMU YC-
MENIHO Ce Mpujarar 3a peliaBaHe Ha MIUPOK Kpbr MpoOJeMU B pa3iuyHU 00JACTH,
KBJIETO PETYJIUPYyeMUTE 00CKTH ca HEIMHEWHU U MHOrOMepHU. B MoaepHute crpaau,
U3MOJI3BAHETO Ha MHTEJIUTCHTHU METOJM 3a YINpaBlieHHWE BOJAM A0 MOJI0OpsBaHe Ka-
YECTBOTO Ha YIPaBJIECHHUE U MO-MaJIKa KOHCyMallusl Ha €HEPrus, B CPAaBHEHUE C KOH-
BEHIIMOHAIHUTE cuctemu [1,2].

OcobeH uHTEpec Mpean3BUKBAT TEHETHUHUTE aJTOPUTMHU, KOUTO MPEACTaBIsIBAT OM-
TUMH3ALMOHHYU MPOLEAYPH, BAbXHOBEHHU OT JlapBMHOBATa TEOpHUs 3a €BOJIIOLHUATA U
ca 9acT OT €BOJIOIMOHHOTO Nporpamupane [3,4]. ToBa ca Oe3rpagueHTHH METOIH 32
HaMUpaHe HA MUHAMYM Ha (DYHKITUS WA Ha MOAXOMASIIO PEIIeHNEe TPU ChOTBETHUTE
OTpaHUYCHUSI.

[lenTa Ha HACTOSIIIOTO U3CJIEABAHE € MPOYYBAHE HA BH3MOXKHOCTUTE 3a MOA00psBaHE
Ha [MOKa3aTeIuTe Ha MUKPOKJIMMATa MpyU HaMaJeHU CHEPTUMHU Pa3Xoau Ype3 chuera-
BaHE HA Pa3MUTO YIIPABJICHHE C MU3MOJI3BAaHE HA T€HETUYHU AJITOPUTMHU 32 ONTHUMM3A-
Ys Ha TerjaTa Ha KOMIIOHEHTUTE B KPUTEPUS 32 ONTHUMU3ALMUSA U CEJEKIUs Ha JIMHT-
BUCTUYHUTE IIPaBUJIA.

2. Pa3muTu perynaropu 3a ynpaJjeHue Ha OBK

PasmuTOTO yrpaBiieHUE € eKCIepTHA CHCTeMa, padoTela B peaTHO BpeMe, OTYHTANKH
OIMTa Ha OTlepaTopa B pa3lO3HaBaHE HA CUTYAIlMU U TpaBHJIa 3a PEakIuu oT Tumna IF-
THEN, xouTo chabpKaT TMHIBUCTUYHUA TPOMEHJIMBU U TEXHUTE CTOMHOCTH, OIpee-
JCHW 4Ype3 pa3MuTH MHOXecTtBa [5,6,7]. Pasmmrure perynmatopu (Fuzzy Logic
Controller - FLC) ocbiecTBsiBaT HEMUHEWHO yIIpaBlieHHE, 0a3UPaHO BBPXY TAOIUIIH,
MPOCTO 3a M3YMCIICHHE U OBP30 3a MpHUIIaraHe B peaHoO BPeMe.
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IMomemenne 1 IMomemenne N

A — CMmecHTenTHa CeKIHs - M3BBPIIBA CMECBAHE MEXK/y BHHIITHHS U M3CMYyKaHUs Bb3ayX (Ipa-
BH C€ C IIeJT eHepruiiHa e(peKTUBHOCT, 3a J1a C€ M3IO0JI3Ba YACTUYHO Bede 0OpabOTEeHUs BbH3-
IyX), a ChIO TakKa 3aTBaps KJIAMKUTE 3a MPECEH BB3YX U OTBaps PEIMPKYJIallMOHHATA KIlara
IpY CIIpaHe Ha BeHTHIaTopa; B — Ouirhp 3a npeceH Bb3ayx (pedncTBa CBEXUS BB3AYyX OT
TBbpan dactuim); C — PexynepaTopHa cekuusi — U3BbpIIBa 00pabOTKa HAa MPECHUS BB3IYX,
M3MOI3BAKK €HEPrHs OT M3CMyKBaHUs. D — OBIaXHUTEN — CIyXKH 3a yBeINYaBaHE HAa OTHO-
CHTEJHATa BJIAXHOCT Ipe3 3UMara, E — oxmaauTenHa ceKuus — CIyXH 3a HaMallsiBaHE Ha
BBHIIIHATA TEMITEpaTypa W/UiIH BIAXHOCT; F — CeKIMs TONBIHUTENICH MOJArPeB — yBeIH4YaBa
TeMmIepaTypara Ha I0/IaBaHus Bb3/1yX CJIe] OBJIKHUTEIS WU CIIe/] OBJIAXKHIBAHE 3a U3CYIla-
BaHe; G — BeHTWIIATOP 3a TOAaBaH BB3AyX; H — perynmpamy Kianu — peryaupar KOJIH4ecTBO-
TO BB3/yX KbM NOMeIIeHuATa; | — pekyneparop; J — cMykaresieH BeHTHIATOP.

®ur.1 CtpykrypHa cxema Ha OBK cucrema

3a mpoMeHJIMBH (pETyIHpyeMH WIH PeryJupainii) Ha pa3MuTtus perymnarop 3a OBK
oOnYaiHO ce U30upaT HAKOU OT CJICTHUTE:

- ouakBaHa cpejiHa crerneH Ha komdopT (Predicted Mean Vote - PMV) - Bmecto
Jla ce M3IO0JI3Ba CaMO BB3IAYyIIHATA TEMIIepaTypa 3a OmpeeisiHe Ha TOTTUHHHUS KOM-
dopTt, ce mpemnara no-riodanHusi uHaekc PMV, oOenunsiBai Bb3AEHCTBHETO Ha
TEeMITepaTypaTa U OTHOCUTETHATA BIAKHOCT BPXY YOBEIIKHS OPTAHU3BM !

PMV = (0.303e°*" +0.028)L (1)

KbAETO M e CKOpOCT Ha MeTaboNu3Ma, a L — TOTUIMHHO HATOBapBaHe;

- pasnuKa MeXAy 3axpaHBalllaTa W 3aJajieHaTa TeMIleparypa — B pe3yjiTar Ha
CMYILEHHS MOXE J1a Ce MOIY4H pasziiuKka MeX/1y TeMIiepaTypaTa Ha 0JIaBaHus Bb3lyX
U OCpeJHEeHaTa TemIepaTypa B INOMELIEHUETO - MapaMeTbp OT M3KIIOUUTEIHA Bax-
HOCT, KOraTo BEHTUJIALIMOHHATA CUCTEMA C€ M3MO0JI3Ba 33 KOHJUIIMOHUPAHE;

- KOHIIEHTpanus Ha BbriaepoaeH quokcua CO, — mpu3HaK 3a 3aMbpPCABAHETO HA
BB3/lyXa, IPUYMHEHO OT JUIIAHETO Ha OOMTATEIUTEe, KOMTO MOXE J1a ce yNpaBJisiBa C
MOMOIITa HAa BEHTWJIALIMOHHATA CUCTEMA,;

- MapaMeTpu Ha BHHIIHUS KIUMAT — MapaMeTpUTe Ha BBTPEIIHUS KIIMMAT, 3a-
BUCAT OT BHHIIIHUTE KIIMMAaTUYHH YCJIOBHsI, KOUTO TpsiOBa a OBbAAT OTYMTAHU 3a pas-
JWYHUTE TOAMIIHH CE30HH;

179



- KOHCyMaIlisl Ha €HEprusl — HapaMeThbp OT 0COOEHO 3HaUYEHHUE MPH KIMMaTHu3a-

LUATA Ha TOJIEMU CTPaaM, Thid KATO ONTUMAJIHUTE CTOMHOCTHU 3a KaYECTBO Ha Bb3/yXa
Y TOIUTMHEH KOM(OPT ca CBbp3aHU C royisiMa KOHCYMallusl Ha €Heprusl.
OO0ma cxema Ha €AMH Pa3MUT PETyJIaTop € Mmoka3aHa Ha ¢ur.2. DyHKIuATa Ha OJIOKBT
»,Pa3MuBaHe” € MpeBpPbIIaAHE HAa BXOJHHUTE M3MEPEHU CTOMHOCTH BBB (PYHKIMHU Ha
MPUHAAJIEKHOCT KbM ChOTBETHUTE JIMHTBUCTUYHU CTOMHOCTH. bazara 3HaHus ce che-
Tou OT 0a3a mpaBuja u 6a3za gaHHU. CUcTemaTa 3a U3BEXKIaHE Ha Pa3MUTO 3aKIIOue-
nue (CHP3) B3uma perieHre Bb3 OCHOBA Ha 3ajajieHara 0as3a npasuia. basara manHu
ChIbpKa MH(pOpMALUs 32 JIMHIBUCTUYHUTE NPOMEHJIMBU U TEXHUTE (QYHKIMU Ha
IPUHAUIEKHOCT. Pa3MUTOTO pellieHue ce MpeBpbhlla B YIPaBIsABALLO Bb3ICHCTBHE
ype3 Osioka ,,JlepazmuBane”. biokoBeTe 3a mpeaBapuUTENHA U JONBIHUTENIHA o0Opa-
00TKa peanu3upar JTMHAMUYHUTE KOMIIOHEHTH Ha pa3MUTHUS PETYJIaTop.

|— —————————————————————————————————————— -
I a3mMuT perynarto !
; 6333 p pery p |
I 3HaHUA !
(I © I
I |E @ ol
;|8 = g |

= = A 4 =
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| oS ” ” -1
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00eKT 3a
yrnpaBneHue

@ur.2. CTpyKTypa Ha pa3MUT PETyJIaTop

[Ipu noBeueto pazpaboTku 3a pazmuto ynpasienue Ha OBK cucremu, pazmurure pe-
TyJaTOpH Ce HW3IMOJI3BAT 3a pellaBaHe Ha MPOCTU MPOOJIEeMH, KaTO peryjJupaHe Ha
TeMIeparypa, 0e3 Jia ce pasriekaa MUHIMH3UPaHe KOHCyMalusaTa Ha eHeprus [1]. B
[8] ce onTtumusupa unaexca PMV, HO OTHOBO He ce B3eMa I10]] BHUMAaHKE SHEPruii-
HaTa eekTHBHOCT M KoHIeHTpanusaTa Ha CO,. B [9] pasmuTt perymnarop, u3mosi3saii
celeM NMpoMeHIMBHU (MET BXOJHU W JBE W3XOJHH), CE€ ONTHMH3HpPA C MOMOIITAa Ha
CBOJIIOLIMOHHY aJTOPUTMHU C 111 HaMasiBaHE Ha CHEPrUifHaTa KOHCYMAallvs M TOJ-
IbpKaHE Ha 3aJaJIcHa TeEMIIepaTypa.

Bb3MokeH HauuH ga ce moaodpu paboTOCIMOCOOHOCTTa Ha Pa3sMHTHS PETYIaTop €
NpHUJIaraHeTO Ha ONTHUMH3AI[MOHHA MPOIeypa 3a MPHUCBOSBAHE Ha TErjia Ha pasiind-
HUTE KOMIIOHCHTH Ha KPUTEPHS 3a ONTUMHU3ANNS ¥ Ha JMHTBUCTUIHHTE mpaBuia. 1o
TO3W HAYWH Pa3MUTHUSAT peryjaTtop ynpabisiBa cucremara 3a OBK kakto mo orHore-
HUE TIapaMeTpUTe Ha MUKPOKJIMMAaTa, Taka M C OTJIe]] MOKa3aTelnuTe 3a eHeproedek-
TUBHOCT, KOUTO C€ BKJIFOYBAT KaTO KOMIIOHEHTH Ha KPUTEPHUSI.
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2.1. TersioBHM KOe(pUIIHEHTH HA TUHTBUCTUYHHUTE NPABUIIA

B [10] ca mpemioxkeHn ClieHUTE KOMIIOHEHTH Ha KPUTEPHS 33 ONTHMH3AIHUs, Ype3
KOWTO C€ MOCTUTAT ONTHUMAJHU MapaMeTpu Ha MUKPOKIMMAaTa Py MUHUMAaTHA KOH-
CyMarus Ha CHepTHs:
- O; — ropHa rpaHuiia Ha TOTUIMHEH KOMQOPT:
ako PMV>0.5, 0,=0,+(PMV - 0.5);
- O, — 1o71HA rpaHuUIla Ha TOIIMHEH KOMpOPT:
ako PMV<-0.5, 0,=0,+(—- PMV - 0.5);
- O3 — xonuentpanus Ha CO,:
ako C0O,>0.8%o0, 03=03+(CO, — 800);
- O4 — KOHCYMaIMs HA EHEPIus;
- Os — ympaBisiBanio Bb3JICHCTBHE.

Te3n meT KOMIOHEHTH CHhC CHOTBETEH TETJIOBEH KoepHIMEHT (popmupaT IeneBara
byHKINS:

F = Zslwi O, > min (2)

i=L
kbJeTo Oj € ONTUMU3AIMOHEH KPUTEPUH, @ Wi — TETJIOBEH KOS(PUITUESHT.
Besika eqna ot npomennuBute O; (PMV, CO,, 3amanena temmnepaTypa, KOHCYMAIHsI

Ha CHEPrus) W TEXHHUTE NMPOM3BOJHU Ca NPEJCTaBEHU B 0a3aTa JJaHHU HA Pa3MHUTHS
perynaTop upe3 PyHKIIUU Ha MPUHAJISKHOCT L OT BHA, TOKa3aH Ha ¢ur.3.

-1 1 0;

®ur.3 OyHKIUMY HA IPUHAJIEKHOCT 332 MPOMEHIIUBUTE HA PA3MUT PETyaaTop

TernoBHUTE KOSPUIIMEHTH C€ BBBEXKIAT, 3a Jla Ce MOJA00pHU HAUYMHA, IO KOUTO OTIE-
HUTE JIMHTBUCTUYHHU MPABUJIa CU B3aMMOJICHCTBAT U TaKa Jia Ce MOBUIIM TOYHOCTTA Ha
mojena [11, 12]. Te ca eeKTHBHO paslIMpeHre Ha KOHBEHIIMOHATHATA Pa3MHTA JIO-
TUKa, KOETO MO3BOJIIBA HACTPOMKA HA peryiaTopa Ha HUBO IpaBwia. Terioro Ha na-
JIEHO MIPaBUJIO MIPEACTABIISABA CTEIIEHTA, C KOSITO MPaBUIIOTO Y4acTBa B MPOILEca Ha Jie-
pasmuBane. TernoBHHAT KoeduIMeHT ce u3MeHs B mHTepBaia [0,1] u moka3Ba Bax-
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HOCTTA Ha JIMHIBUCTUYHOTO IpaBuio. ba3ara npaBuia Ha pa3MuTHs peryinaTrop uma
BHUJIA!

IF X, IS A, AND ... AND X, IS A,
THEN Y; ISB; AND ... AND Y, IS B, ¢ Teryio [W] (3)

kpaeTo X1 + X, , ca Bxoguute npomeriuBu (PMV, CO,, dCO,/dt, 3ananena remmepa-
Typa, KOHCyMaI[isl Ha EHEPrus);
Y; + Y, ca U3XOAHHUTE MPOMEHJIUBU (CKOPOCT HAa BEHTUJIATOPA, MO3MIIHS Ha
BEHTHIIA);
Ay + Ay ( By + Bp)— CbOTBETCTBAIIUTE UM JIMHIBUCTHYHU CTOMHOCTH;
W — TeTJI0BEH KOC(PHUIIUCHT 3a ChOTBETHOTO MPABHUJIO;

3a nepa3MuBaHe ce U3M0J13Ba pa3mupeH MeTor CpeHa CTOMHOCT Ha MAaKCUMYMUTE:

S hw R
0 _ i
2 hw
i=1

Ksaeto: - hj ¢ crenenTa Ha U3MBIHCHKUE HA I-TOTO MPABUIIO
- W; € TEIJIOBHUST KOE(PUIUEHT aCOLIMMPAH KbM HETO
- P — croiiHocTTa, nonyyena no meroga CpeaHa CTOMHOCT HA MAKCUMYMUTE
3a I-TOTO MPaBUIIO.

y (4)

2.2. CeJieKIIUAl HA IPaBUJIaTA

[Ipu ympaBieHHETO Ha MPOILECH ChC CHIHO HEIMHCHHHM BXOTHO-HU3XOIHH XapakKTe-
PHCTHKH YeCTO B 0a3ara mpaBuiia MPUCHCTBAT MAJIOBAKHU IPaBUIa, 0COOCHO KOraTo
TE Ce OMPEAEAT caMO OT eKcrepTHo 3Hanue. OT Apyra cTpaHa, IpU MHOTOMEPHHUTE
npoOsiemMu, OpOST Ha MpaBHIaTa HApPACTBAa €KCIOHCHIIMAIHO C HApacTBaHE HA BXOJI-
HHUTE MPOMCHJIMBH. [ 0jsiMaTa 06a3a mpaBuiia ChIO MOXE J1a ChAbPIKA PSIIKO HU3IO0JI3-
BaHM TpaBWiia. B TakuBa cilydad Te3W MpaBHa MOXKE JIa Ce IMpeMaxHar, KaTo UM ce
HPUCBOM TerjioBeH KoeduiueHT 0, T.¢. U3BBPIIBA CE CEJIEKIINS Ha MPaBHUIIaTA.
MetoauTe 3a HamaJIsIBaHe HAa OpOs Ha MpaBHJIaTa C€ OCHOBABaT HA M3IOJI3BAHETO Ha
HeBpoHHU Mpexu [13], kirbcTepen aHanu3 [14] wiau reHetuunu anroputmu [15,16,
17]. B [10] ce npeyiara reHeTHYEH MOIXO 33 CEJCKIUS Ha MpaBHIaTa U HACTPOMKa
Ha TETJIOBHUTE KOC(UIIMEHTH HAa OCTaHAIMTE MpaBwia. [IpaBuinara u KOCHHUIIMEHTUTE
ce KOAMpAaT B €JJHa XpOMO30Ma. 3a crenuduKara Ha pasrieK/aHaTa 3a/1a4a - peryJiu-
paHe Ha MmapaMeTPUTE Ha MHKPOKJIMMAaTa, OOpBINAaiKd OCOOCHO BHUMAaHHE Ha €HEp-
TOCIIECTABAHETO, TEHCTHYHHST aJrOPUTHM € C IBOMYHO KOJAMpaHE U IieyieBa (yHKIHS,
OasupaHa Ha TETVIOBHUTE KOCPHUIIMEHTH HA HEHHUTE KOMIIOHEHTH.
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2.3. 'eHeTHYEH aJITOPUTHM 32 HACTPOIKA HA Terjara
U ceJIeKIHs HA MPaBUJIaTa

['CHeTUYHHST AITOPUTHM C€ CTapTHUPa ¢ MHOXECTBO OT peleHus (MpeJaCTaBeHH OT
XpOMO30MH), HapeueHu mnomyiamnus. Hai-moOpute pemieHuss OT eIHa MOMyJalus ce
B3eMaT M W3MOJ3BaT OT HOBaTa MomMyJaius. ToBa € 000OCHOBaHO OT HaJexkaara, de
HOBaTa TMoMyJamus e Obae mo-m1o0pa oT crapara. Pemenusta, gopMupania HoBaTa
nomnyJaius (MOTOMCTBO), ca U30paHHM ChIVIACHO TSAXHATA JKU3HECTIOCOOHOCT - TE3H C
1o-100pa AKU3HECTIOCOOHOCT ca ¢ MO-TOJIEMH IIIAaHCOBE 3a penpoaAyKIus. ToBa ce moB-
Tapsi JOKaTO HSIKOE ycjaoBue (MPUMEPHO MaKCHMaJeH Opoi MOmyJjaluyd WA HaMu-
paHe Ha Hal-1o0pOTO pelieHre) He Ob/Ie YAOBICTBOPEHO.

3a KOHKPETHHSI CIy4yal BCSKa XpOMO30Ma OT IMOMYyJIalusTa Ha TEHETUYHUS alropu-
TpM ce c¢bcToH OT aABe yacTu (C=C;+C,), kbaero C; ciayXku 3a CeNeKIus Ha MpaBu-
nata, a C, 3a HacTpolka Ha TerJoBHUTE Koeduimentu. C; € KoaupaHa upe3 TBOUYEH
KOJ C TBJDKMHA M ompezesieHa OT Oposl Ha pa3MUTHUTE MPaBUIa B Pa3TJICKIaHUS pe-
ryiaaTop. B 3aBUCHMOCT OT TOBa [y HAKOE MPaBUJIO € aKTUBHO WJIA HE, ChOTBETCT-
BaIlIUSAT MY T'€H npuemMa cToiHOCT choTBeTHO 1 mim 0. C, € Hu3 ¢ AbmKuHA M, ChCeTa-
BCH OT PCAJIHA YHCJIA, BCAKO OT KOUTO TMOKa3Ba TETJIOTO Ha CHOTBETHOTO IPABHIIO.
Taka BcAka XpoMO30Ma UMa BUJIA:

CF =(Ch.C1)ICL <0
G =G |G [0 (5)
CP=CPC’

AJTOPUTHMBT CTApTUPa C XPOMO30OMH, B KOUTO BCUUKHU I'€HH Ca ChC CTOMHOCT 1 1 3a
nBeTe yacth. lleneBara ¢yHKIMsA ce Oasupa Ha (2), KaTo ce BBBEXKIA HaKa3aTeHA
¢bynkuus 6j(X). Llenta Ha Haka3aTenHATa (QYHKIHUS € J1a CAHKIIMOHHUPA HAKOS OT KOM-
MOHEHTHUTE, aKO TS MOJIy4YH MO-MaJka CTOMHOCT, B CPaBHEHUE C MPEAMIIHA CTOMHOCT.
3a 1a € Bb3MOXKHO TOBa, B i(X) € BKIIOUCH HaKa3aTeNICH PEHTHHT, JaBalll Bbh3MOXK-
HOCT Ha MOTpeOuTeNs Ja MOApPEear KOMIIOHEHTHTE IO JajeH npuoputer. Llenesara
GyHKIUSA UMa BUA:

F' = Zn:Wi 5.(0,).0, = min (6)

i=1

MetoauTe 3a KphCTOCBAHE ca pa3IMYHM 3a JBETE YacTH Ha XpoMmoszomata — 3a C; ce
0JI3Ba KPBCTOCKA B JIBE TOUYKH, H0KaTo 3a C, ce moa3Ba metoma BLX-a [13]. Mero-
BT 3a MyTarusaTa npu C; e mpoMsHa Ha CTOMHOCTTAa Ha IMPOM3BOJICH I'eH, a Ha ChOT-
BercTBamAT red B C, ce 3aaBa mMpou3BOIHA CTOMHOCT B mHTEpBaia [0,1]
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3. AHAJIM3 HA pe3yJITaTUTe

3a 000cHOBKA Ha €()eKTUBHOCTTA OT MPEIIOKESHUTE MOAX011 B [6] ca HanpaBeHH ce-
pHs OT SKCIICPUMEHTH 3a PeryJiipaHe Ha MapaMeTpUTe Ha MUKPOKJIMMATa B TECTOBO
TIOMEIIICHHUE TPU CIICTHUTE YCIOBHSI:

(A) - c¢u3noi3BaHe Ha IBYIO3UIIMOHEH PEryJaTop;

(B) - ¢ u3non3BaHEe HA Pa3MHUT PEryJIaTOp C M'EHETHYHA HACTPOMKA HA TErJIOB-
HuTe Koeduuuenture (camo yact C; 0T XpoMo3oMaTa);

(B) — pasmut perynarop ¢ reHeTUYHA HACTPOWKa Ha KOC(HUIIMCHTUTE U Ha ce-
JICKIUAATA Ha TTpaBUIIaTA.
[lenta e HamMasiBaHE HA KOHCyMaIlHsITa Ha EHEPrusi U 000 MoI00psBaHe HA KayecT-
BOTO Ha peryJupaHe Ha MmapaMeTpHUTe, KOraTo Ce M3MO0J3Ba pa3MUT perysarop (ekcre-
pumenTtu b u B ce cpaBusBat ¢ A).
AHanu3bpT Ha pe3ysiTaTUTE MOKa3Ba, 4e B ciydaid (b) mocturanero Ha eHeproedek-
TUBHOCT 1 MHHHMAJTHO WU3MCHCHHUE HA YNPABICHUETO € TPYAHO Ja ObJaT U3ITbIHCHH
CJIHOBPEMECHHO. BCceku onmuT Ha anropuThMa Jia ONTHMH3UPA €IUH OT TIX, BOIH JO
HEMHHYEMO BIIOIIaBaHe Ha Apyrus. OCBEH TOBA, B TO3H CITydYail, IPOCTPAHCTBOTO HA
ThPCEHUSITA € MHOTO TOJISIMO, ITOPAJH KOETO CKOPOCTTA HAa CXOAMMOCT Ha aJIFOPUTHMA
¢ EKCIIOHCHIIMAJIHA ¥ CHIIECTBYBA OMACHOCT OT MOMaIaHe B JIOKAJIEH EKCTPEMYM.
HezaBucumo OT TOBa IMOKa3aTeNUTEe HA CHCTEMATa ca MOJA0OpEHH MPUOIUZUTEIHO C
10% B cpaBHEHHE ¢ M3MOJI3BAHETO HA JBYMO3HIIMOHEH PEryiaTop. TOMTHHHUAT KOM-
GOpT U Ka4eCTBOTO Ha BB3AyXa MOCTHUTAT KEJIAHWTE HUBA, KOETO € TpyJIHA 3ajada,
KaTo ce MMa IMPEABHU IPOTUBOPEUNBOTO UM JCHCTBHE BHPXY €HEPrOCIECTIBAHETO U
YCTOMYHMBOCTTA HA yIPABICHUETO.
[Tpu excnepument (B) ce HaOmo1aBa HaMaIsIBAHE Ha pa3xoja Ha EJICKTPOCHEPTHs C
14% w nmoBuIaBaHe Ha paboTara MpH MOCTOSTHHO ynpasienue ¢ 16%. [lokazarenure
3a TOTUIMHEH KOM(OPT M Ka4eCTBO Ha BBH3JyXa Ca Ha KCIIAHWUTE HUBA CIIOpE] CTaH-
napta BJIC ISO 7730. OcBen TOBa mpeACTaBeHUAT aJTOPUTHM MOKa3Ba qo0pa CKo-
POCT Ha CXOAUMOCT ¥ pOOACTHOCT MO OTHOIIIEHHE HA CMYIICHUSITA.
Upe3 mpuiiaraHe Ha CENEKIMs HAa MpaBUiiaTa, MHOTO IMpaBHJIa OTIAAAT OT IIbPBOHA-
yajgHata 0a3a, KOeTO BOJHM JI0 ONMPOCTSABaHE HA pasMuThs perynatop. [Ipu cpaBHsBaHe
Ha pesyatarure oT ekcriepuMenTty (B) u (B) ce Bika, 4e ONpOCTCHUST Ype3 HamMalls-
BaHe Ha Opos Ha mpaBuiaTa pa3MuT perynarop (B) mokassa mo-no0pu pesynraTa OT
TO3H, U3IOJI3BAIl] €IMHCTBEHO ICHETHYHA HACTpolika Ha TernaTa (b).

4. 3akJa04YeHue

B HactosAmoTo u3cnenBane ca mMpoydyeHH BB3MOXXKHOCTUTE 3a MOJ00psBaHe Ha TOKa-
3aTEIUTE HA MUKPOKJIMMATA PU HAMAJICHU €HEPIrUUHU PAa3XOdu 4Ype3 ChUETaBaHE HA
Pa3sMHUTO YNPABJICHHUE C U3IOJI3BAHE HA TEHETUYHH AJITOPUTMU 34 CEJIEKIIUS Ha ITPaBU-
JaTa ¥ ONTUMM3ALUS HA TErJIOBHUTE KOE(MUIIMEHTH, KOETO CHIIEBPEMEHHO BOJHU 10
ONPOCTSIBAHE HA PA3MUTHUS PETYJIATOP.

Te3n nBe TEXHUKHU ca OCOOCHO MOIXOJSIIN 3a CIIOKHH, MHOTOCBBpP3aHU OOCKTH 3a
yrnpaBjeHue, KakButo ca uactanamnuute 3a OBK. 3a Te3u 00exkTu JUncBaT HeCI0KHU
1 paboTOCIIOCOOHM KJIACMYECKHW MAaTEMaTUYECKU MOJIETU U MOJIEIU 32 LeJIUTE Ha YII-
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paBienuero. Hanuie e MozienHa HEONpPEaeNIeHOCT U B JBaTa BUAa Mojaeau. OOeKThT
C€ XapaKTepU3Hnpa ¢ JUHAMMYHA HEJIMHEMHOCT, 3aKbCHEHNE, HHEPLIMOHHOCT, pasIpe-
JEJICHOCT U MPOMEHIMBOCT Ha NapaMeTrpute. ToBa npaBu NoJ0OpEHOTO pa3MUTO yII-
paBJeHUE 0COOEHO MEPCIEKTUBHO.

[TocoueHuTe TEXHUKH MOCTUTAT MO-A00pH pe3yiaTaTH MPU €HEProClecTsBallo ynpas-
JIEHWE Ha MapamMeTpuTe Ha CUCTEMUTE 34 OTOIUICHUE, BEHTUJIALWS U KIMMAaTU3aLMs B
CPaBHEHHME C KJIACUYECKH PETYIATOP IO CIAEAHUTE TPUUNHU:

- BbBEXK/IAHE HA TETJIOBHU KOE(PUIIMEHTH, KOUTO MOJI00pABAT B3aMMOIEHCTBU-
€TO MEXIYy JUHTBUCTUYHHUTE IpaBUja M Taka MOBUILIABAT 00mIaTa eheKTUBHOCT Ha
pa3MuUTHUs pEryJiaTop;

- CEJIeKIMsl Ha MpaBUjaTa, KOETO OrpaHM4aBa MPOCTPAHCTBOTO HA THPCEHE U
CbBMECTHO C BBBEXJIaHE Ha TETJIOBHU KOE(UIMEHTH MOAO00psiBa YIPaBICHUETO HA
napaMeTpyuTe Ha MUKPOKJIMMATa U YCTOMYMBOCTTA HA YIPABICHHUETO, KaTO ChIIEBpE-
MEHHO HamaJsiBa eHepruiinute pasxoau Ha OBK uHcTananusra.
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METO/l 3A CUHTE3 HA IU®POBMU FIR ®PNJITPU C KOMIIPECUPAHU
KOCHHYCH B YEBUIHIEBCKA METPUKA

IHeTsp AnocrosioB

Peztome:. B cmamusma e pazeneoan nog memoo 3a cunmes Ha yugposu FIR punmpu.
Memoodvm ce ocnosasa Ha anpokcumayus 6 YeOUuuleecka MempuKa Ha uoeaina npe-
oasamenua QyHKyus Ha Huckowecmomen @uamup. lIpednodscena € Hosa 6OazucHa
GyHkyus, koamo komnpecupa @yukyuama xocunyc. llonyuen e onmumanen noJuHOM
om uemevpma cmenew, KOUmo anpoKCuMupa ¢ 8UCOKAa MOYHOCM Udearnama npeoda-
samenna hyukyus. C npednodiceruss memoo modice oa ce cunmezupam yugposu FIR
Gurmpu ¢ npouz8oiHa cneyupurkayus ¢ Xapakmepucmuku MHo20 OIU3Ku 00 uoea-
Hama.

Kniwouosu oymu: l{ugpos FIR punmvp, nonunom, anpoxkcumayus, yebuwescka mem-
puxa

METHOD FOR FIR FILTERS DESIGN WITH COMPRESSED COSINE
USING CHEBYSHEV’S NORM

Peter Apostolov

Abstract: This paper considers a new method for FIR filters design. The method uses
the Chebyshev’s optimality norm. 4 new modulating function which compresses the
oscillations of the cosine is proposed. An optimal polynomial by four degree, that ap-
proximates an ideal filter’s response with high precision is proposed. With the
proposed method an FIR filter with arbitrary specifications close to the ideal re-
sponse can be designed.

Keywords: Digital FIR filter, polynomial, approximation, Chebyshev norm

1. BbBeaenue

CuHHTe3bT Ha QUITPH € MaTeMaTHUYECKa 3ajava 3a MpHOImKeHne (ampoKcuMaIys) Ha
uacaHa QyHKIHS C MPaBOBI'bICH KOHTYp. MacanHara QyHKIIMS HAa HUCKOYECTOTCH
bunThp, mokaszaHa Ha ¢ur.l, nma aBe oOnacTh: JieHTa Ha npomnyckane (JIIT) — ¢pyHk-
IUSITa € paBHA HA CIUHMIIA U JICHTa Ha 3aabpxane (JI3) - ¢yHkuusaTa € paBHa Ha
HyJa.

Tst ce nedunupa ot nszpasa (1)

D(a)):{

KBJIETO (), € MPEXO/HATa YEeCTOTa.

1,a)e[0,a)c]

O,a)e(a)c,ﬂ]’

1)
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0 0.5 1
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®ur.1 Uneanna pynkuus Ha HY puntsp
[Ipu cunre3a na uudposu FIR duntpu anpokcumupamara GyHKIUS € TOTUHOM,
KOMTO € CyMa OT KOCUHYCH.

A(a)):%ao +nzn;;an cos(new)Ll nm;an cos(nw) (2)

Koedunuenture Ha UMITyJICHaTa XapaKTepUCTHKA Ha QUITHPA C€ OMPEIEINAT OT KOe-
bunueHTuTe Ha MOAMHOMA. Pa3nukaTta Mexay uaeanHaTa QyHKUIUA U alpOKCUMUPA-
HIMST TTOJIMHOM Ofpeniesst PyHKIMITa Ha TperKaTa
E(w)=D(w)-A(w), 606[0,72’]. (3)

[Ipu onTuMmaliHa anpokcuManus rpadukaTa Ha alpoOKCUMHPAIIHS TOJTMHOM OCLMIIUPA
C €IHaKBa aMIUIMTY/Aa OKOJIO Ta3M Ha WJieanHata pyHKIMA. AMIUIUTYJaTa Ha OCLUIa-
[IUUTE ONpEeIIsi CTOMHOCTTa Ha IpelIKaTa Ha allpOKCUMAaIIUATA.
[Tpu cunte3 Ha FIR ¢unTpu chiecTBYBAT TpH HAW-U3MOI3BaHU KPUTEPUS (METPHUKH)
3a OlICHKA Ha (PYHKIMSITA HA TPEIIKaTa.

1. L, xputepuii - pyHKIMATA HA TPENIKATA CE ONPEIEIA OT

[E (@)= [W (@)E(@)de @
2. L, xpuTepuii - THTErpaJiHa IPEIIKa Ha Hali-MaJIKUTE KBaJpaTH
[E (@), = [W(@)E(@) do. ©)

3. L, xpurepuii - Hapu4ya ce MUHUMAKCEH, Tpelikata ce AeuHupa oT 4edu-
IIIEBCKOTO Pa3CTOSTHUE

|E(@)], = max [w (a))\E(a))H. (6)

o€ 0,7]
B tpure nocouenn ciydas W (@) e momoxurenHa TernosHa ¢dyHkmus. Korato
W (@) =1, MakcumasHara rpeiika B JISHTaTa Ha OPOITyCKaHe M JIEHTATa Ha 3aJbpiKaHe

€ C eJHaKBa CTOMHOCT. B To3u ciyyail anpokcumanusita ¢ kpurepuit L, ce Hapuua

PaBHOBBITHOBA.
Ha ¢wur.2 e HanpaBeHO cpaBHEHHE MEXKIY alpOKCUMAaIUN C U30POCHHUTE KPUTEPUU C
nosimHoMU oT 32 cteneH. Bikna ce, 4e npu cuHTe3a Ha GuiaTpu TpsOBa na Oble Ha-
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MEpPEH KOMIIPOMHUC MEXKIYy JBE MPOTUBOPEUMBU W3UCKBAHUS. aMIUIUTyJaTa HA OCLHU-
JAIMKATE U CTPBMHOCTTA Ha (YHKITUATA B TIPEeX0o/HaTa (TpaH3UTHA) JICHTA - JICHTATa, B
KOATO (DYHKIMSITA MPEMHUHABA OT €IWHUIIA B HyJa. [Ipu Bcuuku kpurepun QyHKIHSITA
¥Ma OCUMJIALUM B JICHTaTa Ha MPOIyCKaHE U 3aabpxaHe. Te3u oCHIANU ca Hexe-
natenHu. llenta npu cuHTe3a Ha GUATPU € J1a c€ MOJIYYU MPABOBI'BIHUIT KOHTYP Ha
ujeanHaTa QyHKIMS, T.€. MAaKCUMAIHO TJIOCKH XapaKTEPUCTUKHU B JICHTUTE Ha MpPO-
IIyCKaHE M 3aIbpKaHe M BB3MOXKHO Hai-TsAcHa npexonna yenra. Ilpm L u L,

OCIIWJIAIIMUTE HApacTBaT B OJU30CT J0 MpexojaHaTa JeHTa Ha (yHKiusTa. ToBa ce
abokd Ha edexra Ha ['nbe [1].

12+

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1
|
|
J
[
|
|
|
1

®ur.2. Anpoxcumanuu ¢ noauHomu ot 32 crenen B Ly, L, u L, merpuka
Meronstr L, € nogpo6HO n3cnensan B MHOro nmyonukanuu. Ilpeanoxenu ca paznuy-

HU criocoOu 3a HamaisiBaHe Ha epexta Ha ['mOC: ¢ Ter’oBHU (PyHKIMH, BHBEXK/IaHE Ha
HyJIeBa TETJIOBHA (DYHKITUS B TPAH3WTHATA JICHTA, METOJ ‘‘HE M€ € IpuXka 3a TPaH3UT-
Hata jeHta” (“don’t care transition band”); onTumaiiHa poMsHA HA NMIMPOYMHATA HA
nmpexojHaTa JICHTa U T.H.

Cw3nanenu ca Mmetonu 3a cures Ha L, FIR gunrpu, npu xouro ce orpanuyasa ,,0Tc-

KOKbT~ Ha (yHKIHUSATa B Omu30ocT a0 mpexogHarta jenta [2]-[4]. Toea ca T.Hap.
“Constrained Least Square” ¢untpu. CHHTE3BT Ce U3BBPIIBA C UTCPATUBHU AJITOPHUT-
MH, KaTO C€ 3aJjaBa MaKCHMMalHa CTOMHOCT Ha OTCKoka. B pe3ynrar Ha TOBa ce
MoJiy4aBa M3paBHABAHE HA aMIUIUTyAaTa HAa OCIMIAIMUTE B OJU30CT J0 MpexoaHaTa
neHTta. ToBa BOM 10 HEMHOTO pa3miupsiBaHe. B onucaHuTe MeToau MpexoaHaTa JIeH-
Ta HE CE 3aJaBa KaTo BXOJICH MapaMeThp MPU CHUHTE3a, WM CE 3a7aBa caMO €IHa OT
4eCTOTUTE, KOUTO 5 onpeaensr. [llupounnaTta Ha nmeHTaTa ce MmojaydaBa B pe3yiTar Ha
ampoKCcHUMAITUATa U Ce Hapu4a ,MHIyIHpaHa” npexojHa jeHta. B [5] e mpemmoxen
BUCOKOCKOPOCTEH aJrOPUTHM 3a U34HcieHue Ha L, gunrpu.

Cpb311a/1eHH ca METOIU 3a CUHTE3 B L, MeTpuKa, Ipy KOUTO ce e(UHUpa IIPEeXoaHaTa

nenra. B [6] anropuTbMbT HE € CXOaUM 3a MPOM3BOIHA crenu(uKanus Ha GUITHPA.
B [7] moxe na Obae cuHTe3upaH QUITHP ¢ MPOU3BOJIHA CHCIU(PHUKAINSA, HO C MPUO-
JU3UTEITHO JIMHeHHa (a3oBa xapaktepuctuka (nearly linear phase).

C anpokcumanust B L, merpuka [8] ce momydaBar ¢unrpu ¢ mo-manka HepaBHOMEp-

HOCT Ha XAPAKTCPHUCTHUKUTC, HO IIO-IIHMPOKA IIPEXOJHA JICHTA, KaKTO € IIOKAa3aHO Ha

¢ur.2.
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Cunre3bT Ha mMdppoBu Guntpu B L, MeTpuka ce U3BBpIIBA C U3BECTHHUS METOJ Ha

[Tapkc 1 Maxmwnsn [9] [10]. Toli € MUHMMaKCHA, paBHOBBJIHOBA alPOKCHUMAIIUS OT-
HOCHO 4eOMIIeBCKOTO pa3cTosinue. C TO3M METOJ MpEeXoJIHaTa JICHTa MOXKe Ja Obie
TOYHO JepuHUpaHa U MPOU3BOIHO TscHA. [locineaHoTo obGavye BoAM A0 yBelIUYaBaHE
Ha TpeIllKaTa Ha alpOKCUMAIIUATA, ChOTBETHO aMILIMTYIaTa HAa ocuujanuuTe. BaxxHo
MPEIUMCTBO Ha METOJIa €, Y€ CHUHTE3bT CE M3BBPIIBA C UTEPATUBEH AJITOPUTHM Ha
Pemes, koiiTo nMa Obp3a CXOAUMOCT M HETOJIIMa M3YMCIUTEIHA CI0KHOCT. Y CTaHO-
BEHO ¢, Ye mpu eaHakBa cnenudukanus (HepasHomepHoct B JIIT u JI3 u enHakBa miu-
pouYrHa Ha MPEXOJHATA JIEHTA), M0 MeToaa Ha Ilapkc u MakIuIbH anmpoKCHMAIUsITa
Ce M3BBPIIBA C MOJUHOM OT Haii-HuCKa cterneH. OT ToBa ciensa, ue L, ¢unarpure mie

ce peanu3upar ¢ Hal-ManbK Opoi koeduimenTu. B HacTosiaTa craTus e Obae mo-
Ka3aHa anpokcumanus B L, merpuka, mpu koato ce noiy4asaT FIR ¢untpu ¢ xapak-

TEPUCTUKU OJIM3KH JIO T€3U Ha UICATHUS.

2. TeopeTHYHA MOCTAHOBKA
KakTo 6emre oTbens3ano, mpyu BCHYKN KPUTEPUH alTPOKCUMUPAIIUAT MOJTUHOM € CyMa
oT kKocuHycu. TeopeTmuHara ocHoBa Ha L, ampokcumanusita € Teopemara 3a de-

oumeBcku anrepHanc [11]. Be3 ocHOBa Ha Hest MoraT Ja ObJaT HANIPABEHU CIICTHUTE
TPH TBBPICHUS:
- axo exHa pynkuus f (@) e meduHmMpana u HempeKbCHATA B 3aTBOPEH HHTEP-

BaJ, TS MOXe Jla Ob/ie anpOKCUMHUpaHa ¢ TPUTOHOMETPHYEH MOJIMHOM A, (a)) OT CTe-

1eH M ¢ 6a3ucHa QYHKIHS cos(.);

- MIOJIMHOMBT MPEJCTABISBA €IMHCTBEHO U HAM-T00po mpubImxeHue, ako GyH-
KIHATA Ha Tpermkata E (), nma He mo-Majiko or M+2 ekcTpeMyMa B Ie(HHHIHOH-

HaTta 00J1acT;

- EKCTPEMYMHUTE Ca aITCPHATHBHHU U PaBHH MO a0COIOTHA CTOHHOCT Ha IOJIO-
YKUTEJTHO YUCIIO & .
TakaBa anpokcuMaIist MOXe J1a ObJic HallpaBeHa, aKo MOJMHOMBT € JIMHEHHA KOMOU-
HalMs OT moJuHoMU Ha YeoOumer (Pwur.3)

A(w)= Z:an cos(n arccos%j we|0,7]. (7)

Alo)

®dur.3. Annpokcumanus ¢ JWHeHa KOMOWHAIUS OT MOJIMHOMH Ha YeOuren
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ATipokcuManusaTa € onTUMaliHa, HO Hee(EeKTUBHA OT TJIeJ[Ha TOYKa Ha TOBA, Y€ OCIHU-
JanuuTe Ha (QYHKIUATA Ce CTBCTIABAT B ABAaTa Kpas Ha AS(PUHHUIIMOHHUS UHTEPBAJ, a B
o0acTTa Ha MPEeXoJIHaTa YeCToTa Te ca Hal-paspeneHu. [lo To3u HauMH HE MOXe /1A
ce MOJy4Yd BHUCOKAa CTPBMHOCT Ha (DyHKUHMATA B 00JacTTa Ha mpexomHara jeHTa. Ot
paBeHCTBO (7) ce BHXK[IA, Y€ CThCTABAHETO HAa OCIMJIAIMHWTE Ha MoJiMHOMa Ha YeOu-
IIEB CE ONpPEEIs OT IPaJUeHTa Ha (PyHKLHITA arCCOS(.) , KOSITO MOJTyJIUpA apTyMEHTa

Ha QyHKIUATA COS(.) , KaKTO € ToKa3aHo Ha ¢ur.4.

Modulating function

®dur.4. Moaynupaiia QyHKIus arCCOS(.) Y TIoJIMHOM Ha YeOuien

Jlorn4dHo € J1a ce MPeIoaoXKH, 4e aKo Ce U3MOJI3Ba JIpyra ,,Moayiaupaiia” GyHKIus, ¢
oOpaTeH HaKJIOH Ha arCCOS(.) U MO-BUCOK T'PAJIMCHT Ha rpadukata, e ce Mmojaydu mo-

JMHOM, KOWTO MMa TO-TOJISIMO CT'BCTSIBAHE HA OCHWJIALMUTE B O0JIACTTA HA MPEXOI-
Hata decrota. B [12] e medunupana HOBa (yHKIMs, KOsATO € HapeueHa “Tpera
0asucHa QyHKUUS

y(x)=cos m% tanh(ﬁx—gjﬂ , xe[0,1]. (8)

Monymnupamara dynknus ¢ tanh(.), koaro chabpxka mapamersp f. IIpomsnata Ha

napamMeTbpa OINpejiesisi MpoMsiHaTa Ha TpajueHTa Ha MoJyiHpamara QyHKIus, a oT
TaM U CI'bCTSBAHETO HA OCIIWJIAIIMUTE, KAKTO € MOKa3aHo Ha (ur.S.

Modulatig function

- -r -t

|
| |
- it
0 0.2 0.4 0.6 0.8 1

®ur.5. Monynupaina ¢pyHkimsa tanh () u Tpera 6a3ucHa ¢pynkaus, m=10
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[Togo6Ho Ha MeTona Ha [lapkc U MakIuITbH, aPOKCUMHUPAITUAT TOTUHOM CE HU3UYHC-
nsBa ¢ anroputbM Ha Pemes [13]. BeB Bpb3ka che crienupUIHUTE M3UCKBAHUSA Ha
QITOPUTHMA, TIOJIMHOMBT TpsiOBa a OBbAE OT YETHA CTEMEH. 3a HYXKIUTE HAa CHHTE3a
Ha (UIATPH MOTMHOMBT UMa BHJIA

m+1 z Zﬁ(a)_a)c)

An(@)=>_a, cos (k~1) 7| tanh 1 0e|0,05,/2],  (9)
k=1

KBJETO @, - € 4YEeCTOTaTa Ha JUCKPETU3ALIMA.

amp

[Tone3HusaT epext B NpeasioKeHUus METOJ €, 4ye rojleMruHaTa Ha ~OTCKOKa Ha
byHKIMATa HaMalsIBa MPU HapacTBaHE Ha mapaMmerwspa [, 6e3 oa ce npomeHs wupo-
YyuHama Ha NpexooHama JNeHma, UlU yeeauuasa cmeneHma Ha noauroma. llpum
APyTUTE METOIU TOBa He € Taka. Ha ¢ur.6 e mokazana ontuMaiaHa anpoKCUMAIUs C
MOJIMHOM OT BB3MOXHO Hal-HHUCKaTa (4ETBBPTA) CTEHCH MU JBE CTOWHOCTH Ha Ia-
pametspa [.

1+ &
I+g

g
1,

@ur.6. I'pemika Ha anpokcUMaIHATa £ B 3aBUCUMOCT OT NapameTspa [ npu puxcu-
paHa Mpexo/Ha JCHTa

HepaBHOMepHOCTTa B JieHTaTa Ha npomyckaHe DP u 3aTtmxBanero B JieHTaTa Ha 3a-

abpxkane DS ce ompenensar ot rpemnikaTta Ha apoKCHUMAIUATA £ KaKTO CIeIBa

DP = 20|g(1—\g\)dB; (10)
DS =10lg|¢|dB. (11)

3. Ilpumepu Ha cuHTe3 HA PUATPH

3.1. HuckouectoreH GpUATHP
[1e Obae pasrienaH CUHTE3 Ha HUCKOYECTOTEH (PUATHP ChC CeIHATa CeUPUKALUS:
Cpenna vecrora Ha TpaH3WTHaTa JieHTa @, =0.27 rad/s; mmpouynHa Ha TpaH3UTHATA

aenta Aw, =0.0057 rad/s; yectora Ha AUCKpETH3AIMS =2 rad/s; 3aTuxBane B

a)sampl
JeHTaTa Ha 3aabpkaHe DS >60dB, cremeH Ha anmpoKcHMHpAIusi MOJIHMHOM M=4,
OuAThpHT 1IE ObAE pealiu3upaH ¢ paBHOBBIHOBA anpokcumanus W =1.
[TapameTspbT £ ce omnpenesns NpuOIU3UTETHO M0 eMIIUPUYHATA 3aBUCUMOCT

1) DS

_ __sampl ~ '
P 32.9Aw, 730 (12)
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C amroputeMa Ha Pemes ce ompenensar koepuuueHTHTe Ha nonuHoMa: a =0.5;
a,=0.5628; a,=0; a, =-0.0628 ; a; = 0 urpenmkara Ha anpokcuManusaTa & = 7.82e-7 .
Tounute croitHocTH Ha HepaBHOMepHOcTTa B JIIT 1 3atnxBanero B JI3 ce n3uncnsaBar
ot (10) u (11); DP =-6.8e-6dB; DS =-61.07 dB. PaBenctBo (9) mpeacraBnsBa amii-
JUTYAHO-4ecTOTHaTa Xapaktepuctuka (AUYX) Ha dQunrepa. CreaBa nma Obae o-
TOENsA3aHO, Y€ KOS(UIIMEHTUTE Ha UMITyJICHATa XapaKTepHCTHKAa HE Ce IMOJydaBat
AUPEKTHO OT TE€3W Ha MOJIMHOMA, KaKTO MPH JIPYTUTe METOMAU, Thid KaTO apryMEHTHT
Ha (QyHKIMATA COS(.) CHABpXKA Npyra, HenuHeiHa QyHKus. VIMiTyncHaTa Xapak-

TEPUCTHKA MOXE Ja ObJe MOJIyd4eHa, aKo Ce U3BBPIIM OOpaTHO AMCKPETHO MPeoO-
pasyBane Ha ®ypue na AUX ¢ 2V croiinocTn.

OUATHPHT C€ peann3upa Mo METOJ M3BECTEH B JUTepaTypaTa Karo ,,CHHTE3 MO JIUCK-
pPETHO 3aJajzicHa dyecToTHa xapakrtepuctuka”’ [14], [15]. B ocHoBara My e u3mos3Ba-
HeTOo Ha Obp30 npeobpasysane Ha Oypue (BIID) B 2V Toukm (muckpern), kbaero N e
LIAJI0 TIOJI0KUTENHO urcio. M3uncissa ce TernosHa Gpynkuus ot 2V croitHocTn Ha
AUX (9). Uzebpmsa ce 2V BII® Ha BXomHMs cuTHANI. M3BHpIIBA ce KOHBOIOLMS
MexIy NmbpBUTe 2N KOMIUIEKCHHM YeCTOTM M TErJoBHAaTa (YHKIUS, Clefl KOETO
CHEKTBPBT ce gonbasa ¢ 2V mymu. Cnensa obparso BIIdD. Ha ¢ur.7 e mokasana
(GyHKIMOHATHATA CXeMa Ha QUITHPA.

IN ADG Buffer FFT o5 Buffer IFFT ouT
— lN A W o [T 24

Window Function
A1

@ur.7. OyHkIMoHamHA cXema Ha GuiTspa
TpsiOBa ma 6bme 0TOENSA3aHO, Ye 3a Ja CE€ peanu3upa TSICHA MPEXOJIHA JEHTa € He0O-
XOJIMMO T Aa OBJe OompeserneHa ¢ Mmo-rojsM Opoil auckperu. ToBa o3HadaBa, de
TpsiOBa /a ce m3moy3Ba Bucoka ctoiHocT Ha N. B pasriexxmanus ciaydaid € moaxoss-
mo N =13. CrnemoBatenHo TterinoBHaTa (yHKOusA mmie chabpka 4096 croiiHoCTH,
KOETO ompeess pesia Ha puirbpa.
Ha ¢ur.8 e mokazaHa aMIUIUTYJHO-4ECTOTHATA XapPAKTEPUCTHKA.

Magnitude Response

I

|
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®Our.8. AMIUIUTYAHO YECTOTHA XapaKTepUCTHKa Ha HUCKodecToTeH FIR ¢puntsp
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Buwxna ce, ue xapakTepucTukara € MHOTO OJM3Ka J0 MPaBOBI'BIHUS KOHTYp Ha Ue-
anHarta npenasarenHa Gynkmus. AUX e MakcuMaTHO MI0cKa. B ronemu ydactwiy T4
e koHctanTa. B JIII e paBHa Ha 1—¢, a B JI3 Ha ¢. Tpii KaTO & € MHOIO MaJIKO YHCIIO
(mpubmm3utenHo le-6) Moxke Aa ce mpueme, 4e rojsiMa 4acT oT cToiHocTTa Ha AUX B
JIEHTaTa Ha MPOIMYCKaHe € €IMHULIA, a B JIEHTaTa Ha 3aJbpXkaHe € Hyna. ToBa o0cTos-
TEJICTBO BOJAM O MHOTOKPATHO HAMAJEHWE HA WM3YMCICHUATA. 3a Ja CE pealn3upa
(¢unTpanuaTa Ha CUrHaJIa € HeoOXOJAMMO J]a C€ U3BBPILIM KOHBOJIOLHMS CAMO Ha Yec-
TOTUTE B JIEHTA MaJIKO MO-IIMpPOKa OT mpexojHaTa. Pa3dupa ce, B Hes TpsAOBa na ce
BKJIIOYAT M TE3U Ha camara npexoaHa jeHta. Ocranamure dyectotd ot JII ce mpex-
BBPJIAT JUPEKTHO B M3X0aHHA Oydep (Bce eHO ca yMHOKEHU C CIUHHUIA), & TE3U OT
JIEHTaTa Ha 3aJbpyKaHe ce IpueMar 3a paBHM Ha HyJja. Ha ¢ur.9 e nokazana AUX Ha
ChLIUs QUITHD, peasiu3upaH MO NOCOYECHUS HAUMH.

Magnitude Response (dB)

Magnitude (dB)
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®ur.9. AUX ciexq MUHMUMHA3AIUA HA U3YUCIIEHUATA

[To To3u HauMH QUATHPBT OT PA3TIACKIAHUS PUMEP CE PeaIU3Hrpa camo ¢ 32 YMHO-
KEHHS U MOXKE J[a U3ITBJIHSABA IPETHAZHAUYCHUETO CH.

3.2. JlenTOB PUATHP

[Ile Obae peanu3upan JEHTOB PUITHP ChC ClaeaHATA CrIeUpUKAIS:

CpenHa yecToTa Ha J0JIHAaTa TpaH3UTHATa JeHTa @, = 0.157 rad/s; cpenna yecrtora Ha
rOpHaTa TPaH3UTHATA JIEHTa @), =0.257 rad/s mmpounHa Ha 1BETE TPAH3UTHU JIEHTH
A, =0.0057 rad/s; yecrora Ha qUCKpeTU3AIMS = 2 rad/s; 3aTuxBaue B JeHTA-

Ta Ha 3aabpkane - DS >60dB; W =1.

a)sampl

C npenyiokeHus METO/I HE MOXKE Jla C€ peaju3upa JIEHTOB (PWITHP MPU TUPEKTHA arl-
pOKCHMMAaIUs Ha ujeaaHa GyHKIUS Ha JTEHTOB (GUITHP 3a MPOU3BOJIHA CHIEIU(UKAITHS.
ToBa ce npmxu Ha xapaktepa Ha Tpera 6a3ucHa (QyHKIIHS, KOSTO CT'BCTSIBAa OCIUIIA-
[MATE CH IO HEeNWHEWHa 3aBucUMOCT. [loimyuaBar ce ¢uaTpu ChC 3aTUXBaHE B
JICHTaTa Ha 3aabpkane oT mopsyrbka Ha 10-15dB. 3a mo BUCOKHM cTOHHOCTH anropu-
THMBT Ha Pemes rybu cxoammocT.
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®ur.10. JIentor FIR ¢unrsp

[Toaxoasuio e ga ce U3Mnoi3Ba KaCKOAHO CBbpP3BAaHE HA CEJIEKTUBHM 3BEHA, MOAOOHO
Ha aHajoroBute puntpu. JICHTOBUAT GUATHP ce peanu3upa ¢ TeriaoBHA (QyHKIMS, KO-
aro ¢ komOunamust or BU u HY ¢uarep oT 4eTBBpTU pel ¢ TPAH3UTHH YECTOTHU
paBHU Ha 3a7a7eHuTe. ToBa MO3BOJISIBA J]a C€ CUHTE3UPAT (PUITPU C MPOU3BOJIHA CIIe-

UUKAIUS U XapaKTePUCTUKU OJNM3KHU J0 MPAaBOBI'BICH KOHTYpP, KAKTO € MOKa3aHO
Ha @ur.10.

4, U3Boan

C mpeanoKeHuss METOJ] 38 CHHTE3 MOJKE JIa C€ peaau3upaT GHITPU C XapaKTEPUCTH-
Ku, Onu3ku 1o uneanuus. [Ipennoxena e 6azucHa PyHKIUSI, KOSTO KOMIPECHpPA OC-
[MJIAIUKUTE HA QYHKIMATA COS(.) B 00J1aCTTa Ha MPEXOAHATA YECTOTA, OTKBAETO UIBA

uMeTo Ha Meroaa. CTeneHTa Ha KOMIIPECHs C€ OIpeAelis OT mapamersp f. ANpok-
cUMalMsATa ce U3BbpIIBA B L, MeTpuka, KOSATO alnpoKCUMUpa HaW-TOYHO Mpexoia

eAVHUIA-HyJIa. AIPOKCUMALMOHHUAT NIOJIMHOM C€ IoJIy4aBa C alrOpuThM Ha Pewmes,
KOHTO MMa Obp3a CXOAMMOCT U MMa HerojsiMa M34HCIUTENHA CI0XKHOCT. B ciydas,
HHCKATa CTETCH Ha MOJMHOMA (YETHPH) MpEAIoiara UTEPaTUBHO pEllaBaHEe HA CHC-
TeMa OT 6 nuHelHu ypaBHeHUs. [Ipu apyrure mMeToam Te ca MHOTOKPATHO MOBEYE,
KOETO € Ba)KHO MPEAUMCTBO Ha mpemjaraHuss mMetol. C MOJMHOM OT MUHUMAaiIHaTa
(4eTBBpTA) CTETIEH MOXKeE J1a Ce peann3upa GUITHP C MPOU3BOIHA CIICHUPUKAIMS TIPU
Quxcupana npexooua newma. I'pelikaTta Ha allpOKCHUMALAATA & 3aBHCH OT Napame-
Thpa £ u ompenens HepaBHoMepHocTTa B JIII u 3atuxBanero B JI3. [lo MmoMeHTa He €

U3BECTEH METOJ C MOJMHOM OT YETBBHPTA, WIM MO-HUCKA CTETEH, KOWTO Ja almpOKCH-
MHUpa MO-TOYHO HJeaiHa npenaBatenHa (yHkuus. [Ipu mmpodynHa Ha TpaH3UTHATA
JIEHTa paBHA Ha HyJa W HapaMeThp [ =oo rpadukara Ha IOJIMHOMA IIE ChBIAIHE C
NpaBOBI'BIHUS KOHTYp Ha uieanHata ¢pyHkuus. ToBa, pa3Oupa ce, Ha MpaKTHUKa € He-
BB3MOXKHO. [IpakTHueckuTe Bb3MOXKHOCTH 332 CUHTE3 Ha (DUIATPU C€ OrpaHHYaBaT OT
W3YUCIIUTEIHATa TOYHOCT HAa KOMIIOTHpa. [IpunaraneTo Ha npeanokeHus METO1 NMa
CMUCHI TIPU CHHTE3 Ha QWITPU C EKCTPEMATHHU XapaKTEPUCTHKHU, OMU3KH 10 HJea-
Hata. MHOTOKpaTHOTO HamalsiBaHe Ha m3uuciutenHute omepanuu (dur.9) e edek-
TUBHO TIPU allPOKCHUMAIIMH ChC CTOMHOCTH HA & OJM3KH J0 HyJIa © MHOTO TSCHA IIpe-
XOJHA JICHTA.
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BB3MOXKXHOCTHU HA TEPMOI'PA®USATA 3A KOHTPOJI HA ITPEJIMETH
YKPUBAHMU 11O APEXHU

AHHA AHI0OHOBA

Pe3zwome: B cmamusma ca uzcie08aHu paziudnume npobiemu npu u3noizeane Ha
mepmocpaghcku nooxo0 3a KOHMPOJ HA YKPUBAHU NpeoMemu U ca npeocmaeHu
npaxmuyecku pewenus. Onpeoeien e memnepamypruam ooxeam 3a KOUmo, pabo-
mewuam ¢ ungpaiepserume 0oOpasu 00CMOBEPHO 04 OMKPUBA HANUYUE HA HeCBOlC-
8eHU 0OeKmu npu KOHMpOLAd HA YKpUsanu nod opexume npeomemu.M36vpuieHo e
mecmeane 3a U3y4aeane Ha NPOMEeHAUGUME, KOUMO NOMA2am UIU npedam Ha U3noi3-
8aHEmMoO HA MepMUyHUme Mooeau 8 NPOSHOUPAHENO HA MeMNEepamypHomo pasnpe-
OejleHue 8 uHppavepgeHume oopasu.

Kniwowuoseu oymu: ungpauvepgenu obpaszu, mepmocpaghus, omxpusane Ha CKpUmMu
npeomemiu

POTENTIALITIES OF THE THERMOGRAPHY FOR INSPECTION OF
CONCEALMENT OBJECTS THROUGH CLOTHING

Anna Andonova

Abstract: In the paper different problems of using thermographic approach for con-
cealment objects detection are studied and relevant solutions are given. A tempera-
ture range is determined for which an operator viewing infrared images for con-
cealed under clothing specimen detection may be relatively certain of the presence of
a foreign object. Testing was also completed to study those variables that affect an in-
frared image in ways that help or hinder the use of the thermal models in predicting
the temperatures that appear in the infrared images.

Keywords: infrared images, thermography, hidden objects detection

1. Introduction

Many different materials are used in making weapons so it is need detectors that are
capable of detecting all types of materials. A desirable concealed weapon detection
system should detect threats in real time, at long distances, and through clothing or
other masking devices.

Two of the most successful methods used to detect threats use millimeter waves or
microwaves. These areas of the electromagnetic spectrum have been found to easily

© 2011 Publishing House of Technical University of Sofia
All rights reserved ISSN 1311-0829
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penetrate clothing layers to detect hidden objects. The disadvantage of these sensors is
that they work only over short distances and take a relatively long time to detect a
threat [1, 2]. Millimeter Waves (MMW) also have much poor resolution than other
available sensors. Many times MMW sensors are paired with higher resolution sen-
sors in fusion systems [3]. Terahertz Spectroscopy has been used to detect plastic ex-
plosives such as C-4. Like many other sensor technologies this method is an active
system. It uses gamma rays from neutron beams to detect the presence of the sub-
stance in question. Infrared detectors are passive sensors that create infrared, or ther-
mal, images without having to expose the subject to any amount of radiation. These
images show the heat signature that is given off by objects of interest. One advantage
of infrared detectors is they work at long ranges. These systems can also work in near
real time. These two requirements of the ideal detector are fulfilled, but IR detectors
tend to lack the ability to penetrate clothing and other masking systems such as brief-
cases or thick bags [4]. Independently of the many shortcomings for infrared detec-
tors, it must take a serious look at the technology for use in concealed weapon detec-
tion systems due to the advantages of infrared detectors being passive systems, work-
ing at long distances, and being non-invasive to the subject under scrutiny [5].

In the paper potentiality of infrared imaging approach for conceal bomb detection are
studied and relevant solutions are given.

2. Outline of the infrared sensing difficulties

Infrared detectors will detect radiation that is omitted by the object of interest as well
as scattered radiation from the atmosphere. The radiation that originates from the ob-
ject of interest has two components. One is the radiation that is omitted by the object
itself, and the other is the infrared radiation that is omitted by other objects and is per-
turb the object of interest towards the detector [6]. Figure 1 depicts the radiation
sources detected by the infrared camera.

A general form for calculating the object temperature can be formulated from the cal-
ibrated camera output as in (1).

U, =CeW, (1)

where U; — an output signal from the camera; ¢W; — a radiation power from a gray-

body source with emissivity ¢; C - a constant.

The general measurement formula that all infrared cameras use is given by (2)
Up=—U, - (-c)y, _(=e)y, (2)

»
ET & ET

where 7 is the transmittance of the atmosphere, U, is the calculated camera output
voltage for a blackbody which temperature is equal to the object temperature, U, is the
measured camera output voltage for the actual case, U, is the theoretical camera out-
put voltage for a blackbody of temperature according to the calibration and U, is the
theoretical camera output voltage for a blackbody of atmosphere.
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skin

»

atmospheric radiation

»

object radiation
> infrared camera

clothing reflected radiation
layers

Fig. 1. Infrared radiation measurement off

It was determined that the objects with higher emissivity cannot be seen from as far
away. In these tests the human body was the hottest object in the image, so the cou-
pons show up as cold spots. Figure 2 shows how the emissivity affects the distance at
which the object can be seen.

Distance (m)

50+ * 3x3
B GxG
. 15x15
30 : s1Ta
. = constant
0 * 1
0 Emissiety 0.7

Fig. 2. Effects of emissivity on visible distance

The effects of shielding were tested by imaging the human with varying layers of
clothing. The study was repeated at four distances and with striped, one- and many-
color and screen printing t-shirts. Figure 3 shows that the effects of distance and t-
shirt’s color (with both blue and yellow cotton t-shirts) were both negligible.
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Fig. 3. External clothing temperature with application of clothing layers

When a weapon is hidden under clothing against the human body the temperature of
the weapon will come into equilibrium with the body after a certain time period under
stable environmental conditions. It was desired to know the upper and lower bounds
of how long this process may take. In order to simulate these cases a test was devel-
oped to both speed up and slow down the normal equilibrium process. By adding heat
to the simulated bomb package using a medical heating pad it was possible to speed
up the equilibrium process. In order to slow the process down a medical cold pack
was attached to the package during the imaging process. This allowed measurements
to be made for upper and lower bounds on the time required for the temperature equi-
librium process.

As shown in Figure 4a the bomb area temperature was generally between 3 and 5 de-
grees lower than the average temperature of the entire torso. The bomb area average
temperature is compared to the overall torso temperature to give a quantitative meas-
ure of how distinct the bomb appears in the image to the human eye. The larger the
difference in this temperature, the easier it is for the person to distinguish the bomb
from the torso. The surface of the thermal observational manikin was held at 32°C
while testing the simulated bomb package with a hot pack attached. Just like in the
cold pack experiment, the overall average of the torso was found as well as the tem-
perature of the layers directly between the bomb and the camera. For approximately
the first hour, the bomb package area was slightly cooler than the average torso tem-
perature calculated by the camera. This is shown in Figure 4b.
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Fig. 4. a) Bomb temperatures on manikin with cold pack; b) Bomb temperatures on
manikin with hot pack

When tested on the human the simulated package with the hot pack reached a visible
equilibrium within 20 minutes. At initial reading there was a 2.61 °C difference be-
tween the bomb area temperature and the torso temperature. After ten minutes there
was only a 1.22 °C difference between the bomb area and the torso. At twenty-seven
minutes there was 0.41°C difference between the bomb area and the torso area. These
results are presented in Figure 5. In order to slow the bomb package equilibrium this
procedure was repeated with a cold pack attached to the package instead of the hot
pack. The results are plotted in Figure 6.
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19 B MatLshbowh temperature n B MatLsh bowh temperature
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13 - 13
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Time (min) 0 50 100 150
Time (min)
Fig. 5.Bomb Temperatures on Fig. 6. Bomb Temperatures on
Human with Hot Pack Human with Cold Pack

When imaging the metal bomb package while walking outside the temperature in-
crease of the bomb and torso. The thermocouple measurements of the inside and out-
side of the bomb package measured the same throughout this test. The results are
shown on Figure 7. The plastic bomb package temperatures acquired by the IR cam-
era increased at the same rate. This 1s shown in Figure 8.
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Fig. 8. Comparison of image temperature using automatic temperature range with
thermocouple measurements of plastic bombs

3. Experimental set-up

The infrared camera model used was a FLIR ThermaCAM SC 640. This is a long
wave infrared camera that operates between 7,5 and 13um. A manikin as well as peo-
ple were used in this testing.

Testing was divided into three situations. Situation one focused on the abilities of the
camera in an indoor environment. Situation two studied the use of the camera on hu-
mans in indoor environment, and Situation three studied the use of the camera on hu-
mans in outdoor environment.

Testing of the autofocus features were also accomplished. Outside it is nearly impos-
sible to precisely focus on a subject. Focusing on the subject's face produces the best
results since the face has small features the camera can detect. For best results the
camera was linked to a computer using the supplied IEEE 1394 cable and used
MATLAB®'s video acquisition techniques to display the live image on the computer
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screen. This displays the image at full size and allows for the most precise focusing.
The camera can also be manually focused.

For the purpose of this research the program FIoOEFD was used in order to help solve
these energy balances. Experiments were done to find the effective operating range of
the camera [7]. Specimens of various sizes were placed in front of a warm back-
ground in order to simulate a package between the camera and the human body.

A test board was built that held Scm x 5cm square specimen of different materials so
that material with different emissivity could be compared in a single picture. Speci-
men of copper, aluminum foil, clay, wax, plasticine and three samples of cotton mate-
rials were used. The board was allowed to come into thermal equilibrium with the
room temperature before it was imaged. The board was placed in front of a blank
background that had also come to thermal equilibrium.

Temperatures of the manikin were taken with no shielding, one t-shirt, two t-shirts,
and three t-shirts. These measurements were taken at four different distances.

It is assumed that not all bomb packages are in thermal equilibrium when worn by a
suicide bomber. It was desired to know the amount of time that it takes these bomb
packages to come into equilibrium with the human body. In order to find the differ-
ence between the longest and shortest amount of time for these packages to reach an
equilibrium external heat sources were used to speed up and slow down the equilib-
rium times. A medical hot pack (shown in Figure 9) was attached to the simulated
bomb package to make it increase from room temperature to its equilibrium tempera-
ture faster than normal. A cold pack was used to slow the process down.

ol

\!

o - : —— ~ !

Fig. 9. A manikin in different experiments preparation

During next experiments an actual human in the indoor setting was used. These tests
were a continuation of the tests with manikin, but they had the added human element.
The tests in this phase were conducted with real human subjects instead of the Mani-
kin. It is controlled variables such as radiant heating, temperature variation, air flow
over a subject, and other extreme thermal environments. This led to smaller tempera-
ture gradients between the test subject and it surroundings. These tests allowed for
easier viewing of the simulated bomb package (see some images of implemented tests
in Figure 10).

Bl

Fig. 10. Some infrared images of a human with conceal bombs’ pieces

|
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3. Results

In order to investigate the effects on the bomb package image due to walking in an
outdoor setting the camera was set up in an outdoor location where the subject could
be imaged at particular distances. The camera was set up in the shade while the sub-
ject was walking in an area exposed to sun. The subject walked a certain distance and
returned to the camera at specified intervals in order to be imaged. The interval used
for these experiments was 150 meters.

In all tests the suicide objects bomb package was easiest to detect with tighter shield-
ing clothing. As the amount of clothing covering the package increased the bomb
packages became much more difficult to see in the image. This addition of clothing
layers makes human visual detection very unlikely using this infrared technology.

When studying the effects of the sun on the infrared images it was found that the di-
rection the subject is facing and whether or not they were shaded had a major impact
on the temperature measured and the ability to detect concealed weapons. The highest
temperatures were observed when the sun was behind the camera and the subject was
unshaded.

In all of the images where the subject is shaded the clothing temperature is signifi-
cantly lower than in the images where the subject is exposed to direct sunlight. Hav-
ing the camera in the shade and the subject in the sun has average external torso tem-
peratures almost 5(C) higher than having both camera and subject in the shade. The
temperature results have been compiled in Table 1. The data shows larger temperature
differences when the subject is in the sun. Larger temperature differences were also
measured when the sun was positioned behind the camera. The wide range in temper-
atures measured due to the differing solar irradiation exposures shows that modeling
of the sun’s irradiation on the subject is very important when trying to predict cloth-
ing temperature.

Table 1. Average temperatures with exposure to sun

Average Torso Temperatures with Exposure to Sun
Average Torso Temperatures with Exposure to Sun
Sun behind subject Sun behind cam-

era
both in sun 31,8 34,7
camera-sun subject-shade 30,2 30,7
camera-shade subject-sun 32,2 35,3
both in shade 30,7 30,0
Average Bomb Package Temperatures with Exposure to Sun

Sun behind subject Sun behind camera
both in sun 31,6 34,2
camera-sun subject-shade 30,3 30,8
camera-shade subject-sun 32,0 35
both in shade 30,7 30,1
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Torso and Bomb Package Temperature Difference with Exposure to Sun

Sun behind subject Sun behind camera
both in sun -17,5 -17.3
camera-sun subject-shade  -17,8 -17,8
camera-shade subject-sun  -17,6 -17.4
both in shade -17,8 -17,8
4. Results

When the background of an image is comprised of warm temperatures, materials of
lower emissivity are visible at longer distances than materials of high emissivity.

Materials with higher thermal conductivities will transfer heat to and from the human
body at a quicker rate resulting in changing temperature of the outer layers of cloth-
ing. A difficulty arises in trying to model this due to the uncertainty of the bomb ma-
terial. Demonstrated that background and foreground objects may enlarge the temper-
ature scale, making visibility of the object difficult for humans.

As the number of clothing layers increases, the temperature measured by the camera
of the clothing approaches the ambient environmental temperature.

Convective cooling from human movement must be accounted for in thermal models.
Temperature difference must be >7% of temperature scale for human to be relatively
certain a hidden object exists.

Temperature measurements in outdoor situations are very dependent on irradiation
from the sun. Temperatures can vary under consistent irradiation levels due to orien-
tation of the subject and the camera.

Characteristics such as screen printing may cause changes in the thermal signature
that can mask other
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HHPOBJIEMHU B UHO®PAYEPBEHATA TEXHUKA IIPHU
CJIO’KHHU ITOBBPXHOCTH

AHHA AHI0OHOBA

Pe3wome: B cmamusama ca npeonodcenu pasiuyHu Memoou 3a KOpusupame Ha usKpu-
86aAHUAMA HA UHppauepsenume oopasu npu KOHMPOJ HA 0OEKMU CbC CAOHCHA Pop-
ma. Tozu npobnem e 0cobeHO 6adiCeH NPU PA3TUYHU NPULONCEHUS HA MEePMUYHUS
KOHMPOI, 3a u30A26aHe HA SPeUKU Npu OMyUmaHne Ha Mo4HOmMo MeMnepamypHo pas-
npeoenenue om usmepgarnemo. Mzciedsanu ca wemupu memooa Kamo ca npeocmasge-
HU pe3yimamu U ca pasenedanu npeoumMcmeama u HedoCmamvyume npu uUsnoa3ed-
Hemo um.

Knwuoeu oymu: usmenenuss Ha oegpexmu u gpopma, akmusna mepmozpagusi, KOHm-
PO/l HA CLOJICHU NOBBPXHOCHIU

PROBLEMS IN INFRARED THERMOGRAPHY IN VIEW
OF COMPLEX SURFASES

Anna Andonova

Abstract: In the paper various methods are proposed to correct distortions of the in-
frared images during inspection specimen with complex surface. This problem is par-
ticularly important in different thermal inspection applications, in order to avoid er-
rors of the real surface temperature distribution during measurement. Four different
methods are studied, experimental results are shown and advantages and disad-
vantages are discussed.

Keywords: defect and shape variation, active thermography, complex surfaces in-
spection

1. Introduction
Thermovision in the infrared range is a promising research tool for numerous branch-
es of science and technology, e.g. electrical and mechanical engineering, medicine,
civil and military engineering, power engineering etc. [1]. Making use of complicated
measurement models allows one to determine precisely the accuracy of temperature
determination with thermographic methods.

Within the framework of thermography in infrared range, passive and active proce-
dures can be distinguished. Variations of active thermographic techniques where the
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objects are continuously or cyclically heated are possible. A specific case of active
thermography is active dynamic thermography, when recording is applied to transient
temperature field.

In thermography time sequence of images, is recorded to visualize the temperature
changes of the inspected surface. The available subsurface defects produce a change
in the thermal contrast due to its different thermophysical properties [2].

Since the infrared system measures surface temperatures only, the temperatures meas-
ured are influenced by three factors: subsurface configuration, surface condition, and
environment. On the other hand, IR thermography (IRT) has some operating lim-
itations that can be roughly classified in three categories: noneven emissivity, no uni-
form heating, and complex surfaces problems.

2. The complex surfaces problem

IRT techniques are usually used under the assumption that the part being inspected
has a planar surface. However, when complex surface objects are examined, the sur-
face geometry produces a signal distortion that may lead to faulty defect detection.
Heat emission (as well as heat absorption) is at its maximum when the normal to the
surface is parallel to the direction of the flow of energy (see Fig. 1). Therefore, the
emitted (or absorbed) signal is weaker when there is an angle between the normal on
the surface and the direction of flow. This intensity reduction is caused exclusively by
the surface geometrical variations but it can lead to incorrect subsurface defect detec-
tion if corrective measures are not adopted. Moreover, the points furthest away from
the source (or sensor) will absorb (or will emit) less energy compared to the closer
ones. In reference to Fig.1, in addition to the angle between the normal at the point B
and the direction of flow, point B is located further from the source (and from the sen-
sor) in comparison to point A. Without shape information on the object, defects lo-
cated under the surface just below point B will be difficult to detect by IRT.

mechanical Rg
i
shutter E B
h“".._ : .r,
I f]. i ,f
IR camera [ o EII'
£Imission 6
| <—
f
1
IR lamp : _ :
absorption Al
. :
[} 1
1 1
i 1
Ra

Fig.1. Complex shape inspection problem: the distance R between the camera
and specimen, as well as the angle 6, between the normal and direction flow, contrib-
ute to the distortion of the thermographic data
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Several techniques have been proposed to manage the complex surface problem [2]:
point source heating, video thermal stereovision, direct calibration, and shape-from-
heating.

3. Thermal stimulation setting

The more conventional heating devices such as lamps (wide variety) are used in ac-
tive thermography.
The heating distribution for the common household bulb can be expressed by the well
known 1/R? relationship

P cos OAt

AT ~¢ 47szCdz[ C] (1)

where ¢ — spectral emissivity; P — heating power of the point source [W]; & — angle
between normal to sample surface and incident stimulating rays [rad]; At — thermal
pulse duration [s]; R — distance between point heating source and sample surface [m];

— specimen density [kg/m°]; C, — specific heat capamty [J/kg°C]; dz,[m] - depth of
penetratlon of heating front durmg At a=k/pC, [m?/s] — thermal diffusivity; k — ther-
mal conductivity [W/m°C].

dz ~ M (2)

Only two parameters (R and cos#) are particularly involved in the inspection of
curved objects and contribute to distort thermograms. The correction mechanism in
this case implies to find a way to derive these parameters to have the actual correction
taking place. Other heating sources behave differently. For instance, if a parabolic re-
flector is placed behind a point source, the heating rays are concentrated, so the de-
pendence on distance R may either become linear (on restricted distances) or disap-
pear. Thus the correction process will be simplified.

The presented in the paper results are for a plastic specimen as low diffusivity mate-
rial. A quartz infrared lamp HELIOSA 11 - 1500 W was used as a stimulation source.
In order to obtain “square heating” pulse a shutter door is operated. The duration of
heating pulse was about 100ms. For high diffusivity materials as metals it should be
used high power flashes for shorter heating pulse with duration about 10ms.

The goal of the correction is to suppress inhomogenities due to shape curvature from
the thermograms. On this way can be improved reliability of the subsequent interpre-
tation of the resulted images. If R and & are found independently of the thermogra-
phyc testing procedure itself, all thermograms can be corrected. In such case depth of
penetration dz (eq.2) becomes important factor to consider. So the first image must be
recorded as early as possible, even before the appearance of the shallowest suspected
defects to prevent the correction process to reduce visibility of these defects as it does
for material with complex surface.

3. Complex surface from heating

The idea is to rely solely on the standard IRT apparatus to perform complex surface
shape correction, using only an early recorded IR image before apparition of subsur-
face defects. In order to use this correction technique the heat flux must be orthogonal
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to the specimen, if considered flat. This is justtified since the thermal profile obtained
on a titled plane is a straight line and also since the experimental curve temperature
rise versus distance R is linear on IRT working distances. The early thermogram of a
specimen is analyzed row by row. Each row is divided in segments which are classi-
fied as whether or not they are linear. Two cases may occur.

Linear segments
If a segment is linear, this implies that variation of the distance R is greater than ori-
entation angle 6. This is the case for objects with flat surfaces (Fig.2.). From this
Fig.2 and with eq.(1), assuming that initial before heating specimen surface tempera-
ture is Tj, it can be written:

To-Ti = (T1-T))cos® and Ts-T; = (T4-Tj)cosd (3)

From which can be obtained

cos @ = T -,
T —

1 4

(4)

Thermal heating flux

NN

AR
specimen
T i
' ' A
Temperature '
profile
T
2 T3

Fig.2. Heating analysis of a flat surface specimen: a) — experimental configuration; b)
— corresponding thermal profile

Notice T, and T, values are not always available, think to a titled plate for instance. In
such case, a variant procedure is to be used as seen on next page.

Providing the experimental curve temperature rise versus distance R is known, slope S
becomes a known parameter with the following definition

S=AT/IAR (5)
With respect to egs. (4, 5)

_ (Tl _T4)
AR = S (6)

and finally with egs. (3, 6)

AR:(Tz_Ts): AT (7)
Scosd Scoséd
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Using eq.4, it is possible to compute surface orientation &, while eq.7 relates both ori-
entations to height variation together in an orthogonal projection.

Fig. 3 depicts the case of a single plane segment. From Fig.3, the following relation-
ship is obtained

AR=dtgd (8)

where d is the length of the projection and is measured by the number of pixel N asso-
ciated with the segment d = N Step being the horizontal distance per pixel in the field
of view, at focus. This relationship is only valid for orthogonal projections. Combin-
ing egs. (7) and (8)

sind = AT/dS  (9)

which allows determining orientation & for cases where T, and T, are not available.

heating specimen Temperature

direction A
normal to
specimen
surface

N pixels
a) b) i ..
Pixel position

Fig.3. Heating analysis for a tilted plane: a) - experimental configuration; b) -
corresponding thermal profile

Non-linear segments

In these cases, variations of distance R are much less than variations due to orientation
6. It is then assumed that, for small segments, temperature variations are only propor-
tional to orientation 0:

T-Ti = (Thmax — Ti)cosd  (10)

where Tpax IS the local maximum temperature close to pixel of interest which is at
temperature T. Knowing T; before heating initial temperature, it becomes possible to
compute local surface orientation (Fig. 4).

Following this scheme, non-linear segments are divided into elementary segments for
which local orientation are found with eq. (10). Next segment size is derived using eq.
(8) with d = Step for one-pixel-segment size. Complete shape reconstruction proceeds
by merging all segments one after one. Image correction can proceed as exposed ones
the orientation image is generated.
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Fig.4. Heating analysis of a curved specimen: experimental configuration and
corresponding thermal profile

In shape from shading, the question to determine whether or not a surface is convex
or concave is a problem. The same problem arises here although the known direction
of heating helps, moreover, it is possible to have a priori information on object shape
to solve this ambiguity.

Advantage of this reconstruction process is that it only requires a single early rec-
orded thermogram while it is more robust than absolute temperature method to ther-
mal drifts since it is based on temperature differences within the thermograms. This is
not the case of point source correction method and based on absolute values. On the
other hand only relative heights are computed as in shape from shading technique,
hence AR becomes available, but not R. Finally, calibration is not mandatory.

4. Advantages and disadvantages of different complex shape
problem resolved techniques

When the background of an image is comprised of warm temperatures, materials of
lower emissivity are visible at longer distances than materials of high emissivity.

The point source heating correction method is directly derived from eg.1 and on de-
pendence of rising temperature on parameters R and é. In this case at high power lamp
(1000W) is used as a thermal stimulation device, it is mounted on top of the IR cam-
era (as in Fig.1, but the used lamp is omnidirectional). In the first step a calibration
phase is necessary. This calibration procedure consists to record an early temperature
image in the tridimensional inspection volume located in front of the IR camera. After
the thermal stimulation is completed (IR image recorded before shallow defects start
to perturb surface temperature distribution). Typically, in the calibration phase, the
early temperature images are recorded on a plane covered with high emissivity paint
(same paint as for the specimens) at various distances in front of the IR camera ena-
bling to constitute a complete data bank of the expected temperature distribution with-
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in the inspection volume. The method exposed in [3] is based on a similar calibration
technique.

Once the data base is completed, the actual inspection proceeds and the shape correc-
tion consist in matching specimen early temperature image with early temperature
image of the database on a pixel per pixel basis. This matching produces a range im-
age of the inspected scene which can be further used to correct subsequent thermo-
grams from the specimen. Fig.5 shows result such image conversion

v o P -
Lo5%: 5 ;

Fig. 5. Results of the point soureheating correction method. a) — raw
thermogram recorded on a tilted plastic plane, notice the heating trend with top left
corner hotter than bottom right corner; b)- processed distance image where corrected

trend appears (closer on the left and further on right)

Disadvantages of this technique are two. A high power source is required and only a
fraction of the available power is used due to the inherent spreading of the radiation in
the whole space, consequently the inspection volume is restricted. Moreover, the cali-
bration procedure is slow if the calibration plane is to be tested at many distances in
front of the camera. Finally, since the method neglects parameter cosé, it is limited to
objects of restricted curvature (cos & ~ 1 for 6 = 90 + 20°C).

On the other hand the technique is interesting since it allows from the thermograms to
extract information which would not be available otherwise and besides the calibrated
database, it does not require extra hardware with respect to the standard IRT proce-
dure. If the geometry of the inspected object is known, parameter & becomes available
for more accurate corrections.

One of the main problems of the previous corrected technique is related to the point
source like heating device which provides non uniform heating patterns and for which
lot of the heating power is lost, thus reducing amplitude of the available thermal con-
trasts. The dependence on distance of the temperature rise may be unclear, if more
than one source is used with each one having a particular orientation. In such case, a
better choice for thermograms correction is to relay on some additional hardware (for
example a 3D sensor).

Another alternative is based on a video thermal stereovision method first offered in
[6].

The principle of working is ilistreted on the Fig.6. The reflectance information of the
scene present in a visible image makes possible to determine 6 and assumes that
observed surfaces are Lambertian and object opaque [5]. In these conditions

L=Kcosd+C (11)
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Where L is the digitized intensity value of the visible image, K and C are the overall
calibration constants of the visible imaging system. K and C are specific to a given
experimental apparatus and can be foinf experimentally

Heating
device

Ik ] a
camera

Iluminaten
device

Wisible ]

CAMmEra

Heating

|7 device

Control accousition and

processing

Fig. 6. Schematic diagram of the experimental set-up needed for the video
thermal stereo correction method

Once K and C have been calibrated for a given apparatus, the orientation image cosé
can be computed with eq. 2 from the visible image of the inspected scene. Before to
proceeded to curvature correction of the thermograms, it is necessary to align visible
and IR image formats. This is essential to have a direct pixel correspondence between
the two images. This registration step is based on the following transformation be-
tween the coordinates (x,y) and (u,v) for infrared and visible images repectively. For
the u coordinate

N-i

u= iZaijx‘yj (12)

i=0 j

—

with N — degree of the polynomial (usually 2), a;; — polynomial coefficients. The v co-
ordinate is computed in a similar fashion.

A calibration step is required to compute the polynomial coefficients. A set of com-
mon points between two images of the same scene, visible and infrared, are selected
and eq. (12) is solved. Finally curvature correction of thermograms is done by divid-
Ing successive thermograms by cosé following eq.(1).
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The main disadvantages of the method are as follow. First, it is necessary to cover
specimen surface with a paint having both good pseudo-Lambertian properties in the
visible spectrum and acceptance emissivity value in the sensibility band of the IR
camera. Second, the illumination device must have limited dependance with parame-
ter R for eq. (2) to be valid.

The idea of the direct thermogram correction method is to decrease the extra hardware
as illumination device and video camera respectively required in streo vision correc-
tion method while keeping a similar correction scheme.

The idea is as followed. For opaque bodies at close to room temperature, one of the
main difference between visible and IR images lies in their formation process, visible
Images are formed due to a reflection phenomenon while IR images are formed by
emission mechanism. Nevertheless, if the heating device provides little dependance
on distance R, eq.2 can be adapted to IRT applications with L being the digitized
value of the thermogram, K and C being the overall calibration constants of the IR
Imaging system and 6 being the angle between normal to surface patch (for a given
pixel set X, y) and direction of observation with the IR camera eq.2 thus provides a
reasonable estimation of local surface orientation 6 once parameters K and C have
been calibrated using a similar technique as the one exposed upper(using planes of
various orientation).

The orientation correction process is next completed using an early recorded IR image
after thermal pulse. With calibration parameters K and C and eq.2, the orientation
image is formed and all the subsequent thermograms are divided by this orientation
image. An important points is that of course thermal pulse specifications (duration,
power) must be the same for both calibration and correction steps. Drawback of this
method is that heating distance (parameter R) is assumed sufficient large so that local
depth variations on the specimen do not affect the IR emission process. But this is not
always valid. Nevertheless , there is an obvious interest for such a simple correction
process, at least for defect detection purposes

5. Conclusions

From analysis, it can concluded that complex surface from heating is probably the
most attractive method although it requires more complex processing than the other
methods, especially for the segmentation task. Attractive fields of application of the-
ses methods are in electrical and mechanical engineering, medicine, civil and military
engineering, power engineering. Further work is needed to link these restoratin pro-
cesses to the inverse procedures for extraction of subsurface defect parameters such as
depths, size, thermal resistance.
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EKCIHHEPUMEHTAJIHO U3CJIEABAHE HA MOJEJIA HA
E®PEKTUBHATA CIIEKTPAJIHA IIUPUHA HA ITYMOBATA
MOIIHOCT 3A OIIMCAHHUE HA OIITUYEH YCUJIBATEJL
C JIETUPAHO C EPBUM BJIAKHO

Tonop Apadanxxues, UBan Y3ynos, liBeran Muues, Kaaun lumutpos

Pe3wome: B nacmoawama paboma e u3cied8ama NpuiodCUMOCmMma Ha mooena Ha
epekmusHama CneKmpaiHa WUpuHa HA wymoeama MOWHOCM 3d ONUCAHUE HA Xa-
PAaKmepucmukume OnmuyeH ycuieamein ¢ je2upano c¢ epbuil enakuo. Excnepumen-
MAnHo ca U3yYeHU 3a8UCUMOCIMMA HA YCUIBAHEMO HA C1ab CUSHAL Om MOWHOCMMA
Ha HANOMNBAWOmMo lvbyeHue, KaKmo u eQpekma Ha Hacuwjane Ha yCUI8aHemo npu 2o-
JleMu MOWHOCMU HA CUSHATHOMO u3ivueane. Hanpasenomo cpasnenue medxicoy uuc-
JIleHuUme pe3yimamu U nojiyyeHume eKCnepumenmaniiy OaHHU NnoKazea 0oopo cbom-
gemcmeue u 6 0gama pexcuma Ha paboma Ha ycunsamens. Toea Hu noseonsisa oa
3aKIIOYUM, Ye MOOelbm U3NO0I36AU eeKMUBHama CNeKmpaiHa WUpPUHa Ha wymo-
gama MOWHOCH, MOdiCe YCnewHo 0a OvOe Npuiazan npu aHaIu3 Ha XapaxKmepucmu-
Kume Ha ONMuU4eH YCuieamein ¢ 1e2upano ¢ epoull 81aKHo.

Kniouoeu oymu: mooden na eghpekmusnama cneKmpaiia WUpuUHa Ha uwymosama Mouj-
HOCM, ONMUYeH YCUI8amei ¢ 1e2Upano ¢ epoutl 81aKHO

EXPERIMENTAL RESEARCH OF THE MODEL OF THE EFFECTIVE
BANDWIDTH OF THE AMPLIFIED SPONTANEOUS EMISSION FOR THE
DESCRIPTION OF AN OPTICAL AMPLIFIER
WITH ERBIUM-DOPED FIBER

Todor Arabadzhiev, Ivan Uzunov, Tsvetan Mitsev, Kalin Dimitrov

Abstract: In this paper we have researched the applicability of the model of the effec-
tive bandwidth of the amplified spontaneous emission for the description of the char-
acteristics of an optical amplifier with erbium-doped fiber (EDFA). Experimentally,
we have studied the dependence of the gain of a small signal on the power of the
pumping light, as well as the effect of gain saturation when the signal power grow up.
The comparison we have made between the numerical results and the experimental
data derived, shows a good correspondence in both operation modes of the amplifier.
This allows us the conclusion that the researched numerical model can be used suc-
cessfully in the analysis of the characteristics of an optical amplifier with erbium-
doped fiber.

Key words: model of the effective bandwidth of the amplified spontaneous emission,
EDFA
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1. Introduction

The amplifiers with erbium-doped fiber (EDFA) have gained ground in the wave divi-
sion multiplexed multi-channel optical communication systems as well as in the
broadband cable communication systems (CATV) [1-6]. The reason for this are their
parameters in the C band(1525-+1565nm): high gain (30+50dB), broad spectral band
(~90nm), low noise coefficient (3+5dB), high level of the output signal (10 -20dBm).
The EDFA operation principle is based on the absorption of pumping laser light from
the erbium ions doped in the fiber and its reemission in the form of stimulated emis-
sion in the amplified optical signal. The stimulated emission defines the optical gain
of the amplified optical signal. An amplified spontaneous emission (ASE) appears
which defines the noise properties of the amplified signal [1-3].

There are three schemes for optical (laser) pumping of EDFA: same direction, oppo-
site direction and both direction. In the first case, the direction of the pumping light
corresponds to the direction of the amplified optical signal, while in the second case
these directions are opposite. For the both direction pumping two pumping lights are
used. One is given at the beginning of the fiber parallel to the direction of distribution
of the amplified signal (forward pump), and the other — at the end of the fiber in a di-
rection opposite the direction of distribution of the amplified signal (backward pump).
For the modeling of optical amplifiers on the basis of erbium-doped fiber is used a
system of equations describing the distribution of the signals, the pumping and noise
powers along the fiber and equations defining the modification speed of erbium ion
energy levels populations [1-2]. For the description of the population of the two lev-
els, a model with two levels of the erbium ions in its stationary approximation [1-2] is
used. The existing numerical methods for the analysis of the EDFA characteristics
have been considered in detail in [1,2,4]. In the most detailed model the spontaneous
emission has been described by using many signals (each with spectral width, for ex-
ample 1nm), which are being distributed in the two directions along the fiber (forward
ASE and backward ASE) [3]. This model allows for the detailed research of the com-
plex interrelation between amplified signal, pumping light, generated spontaneous
emission (forward ASE and backward ASE), and relative concentration of the active
erbium ions [2].

A simple way of measuring the spontaneous emission is the model of the effective
spectral width of the noise power [4]. In this model, the spontaneous emission is pre-
sented by two signals distributed in opposite directions, each with an equal effective
spectral width [4]. We will mark the signal distributed in the direction of signal distri-
bution (forward ASE) with P;., and the one distributed in the opposite direction

(backward ASE) with P,.. Using typical values of the parameters of the task, we

have researched numerically in [7] the applicability of the effective spectral width of
the noise power [4] for the correct description of the features of the gain. It has been
shown that the dependencies derived in [7] are well-coordinated with those presented
in [2] and derived by the full approach.

The aim of this paper is to check the applicability of the model of the effective band-
width of the amplified spontaneous emission when its results are compared to those
derived by the experimental research of an optical amplifier with the erbium-doped
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fiber. In this sense, the paper includes two sub-aims. The first one is the experimental
research of the amplifier characteristics. The second one is the comparison between
the experimental results with the numerical results derived using the noise power ef-
fective spectral width model [4].

2. Description and characteristics of the experimental setting
and the numerical model

In this paragraph we have set two goals. First, we have presented a description of the
existing in Department of Physics of TU-Sofia optical amplifier on the basis of er-
bium-doped fiber (EDFA) and the implemented empirical scheme for the experi-
mental research of its characteristics. Second, we have introduced the basic equations
for the modeling of the amplifier. Special attention has been given to the connecting
of the model parameters to the data known for the particular erbium-doped fiber.
Description of the experimental setting
From the company ,,Amonics”- Hong Kong was delivered in TU-Sofia a fiber ampli-
fier containing the following basic components: a) signal semiconductor laser with
distributed feedback (DFB) with basic frequency of 1560 nm with adjustable power
up to 1.5 mW. There is an option for temperature readjustment of the generated fre-
guency within the range of 1550-1562 nm.; b) semiconductor pumping laser at the
frequency of 980 nm with adjusting power up to 155 mW, additionally provided with
an optical power meter; c) erbium-doped fiber (EDF) of the type R37103 with length
2.5 m; and d) photoreceiver. The additional components are: WDM 980/1550 multi-
plexer, optical isolators at 1550 nm, optical filter at 1560 nm and FC/UPC connectors.
There is an option for the connection of a spectral analyzer by an additional connec-
tor.
The scheme for connection of all the above components, implementing EDFA is
shown in fig. 1.

Input Output Port2 Port 3 Input Output I

IN — : |
Isolator 1 980/1550 nm Erbium- Isolator 2

I WDM Doped Fiber ; i

980 nm
Pump Laser

Fig.1. Mount scheme of the erbium-doped optical amplifier. The signal laser and the
detector are connected respectively to the connections marked with IN and OUT.

The scheme presented in fig. 1 works as follows. At the entrance marked as IN is giv-
en the signal emission from the semiconductor DFB laser at wavelength 1558-
1562nm. The function of isolator-1 is to stop the going back of a reflected light to the
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signal laser at its operation frequency. The function of the WDM-multiplexor is to
gather the signal wavelength A=1560nm and the pumping wavelength A=980nm gen-
erated by the pumping semiconductor laser in EDF. Isolator-2 stops the going back of
a reflected light to EDF. The filter is used to filter ASE around the signal frequency
and make easier the defining of the signal output power. The signal from the output
marked as OUT enters the optical detector measuring the power of the optical emis-
sion.

The fiber R37103 [8] used in the EDFA is additionally alloyed with aluminum and
lanthanum. With the additional alloying are reduced the effects from the higher er-
bium ion concentration and the OH-induced losses. The saturation’s parameter of the
fiber according to the manufacturer’s data is & =1.03x10"(ms)™, which means that the
concentration of erbium ions isN, ~1.364x10”m~. The spectral dependences of the

absorption «(1) and gain g(2) coefficients of the fiber, given by the manufacturer, are
shown in fig. 2.
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Fig. 2. The spectral dependence of the absorption «(4) and gain g(4) coefficients the
fiber R37103 in the signal spectral area C and L-band (on the left) and in the area of
pumping (on the right) [8].

Other parameters of the fiber are given in table 1 [8].

Diameter of the core (typical) 3.1 um
Diameter of the cladding 125+ 0.7 um
Diameter of the coating 245 = 10 um
Peak value of the absorbtin @ 1530 16 - 24 dB/m
nm 840 - 960 nm
Cutoff frequency 0.25+0.02
Numerical aperture 54+0.5um
Diameter of the mode <10 dB/km
Losses at 1200 nm

Table 1. Mechanical and physical parameters of the fiber R37103
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3. Numerical modeling of the equation system describing the distribution
of the pumping, signal and noise power.

For the modeling of the EDFA is used a set of equations describing the distribution of
the signals, the pumping and noise power along the fiber, and equations defining the
modification speed of the erbium ion energy level populations [1,2]. For a description
of the population of the two levels is used a model with two levels of the erbium ions
In it stationary approximation [1,2].

In this paper we have studied the gain of one signal with wavelength i, =1560nm,
whose power will be marked by P,. We use pumping laser with wavelength
A, =980nm , whose power is marked by P; .

For the description of the spontaneous emission we have used the model of the effec-
tive bandwidth of the amplified spontaneous emission. The powers of the two signals
with equal effective spectral width are marked by P, (forward ASE) and P, (back-
ward ASE). The equations describing the distribution of the signal, pumping and
noise power along the fiber are the following:

dP,
d_ZS:rs (GSENZ_USA(NO_NZ))PS

dp; .
i =T, (0fN, = (N, —N,)) Py @
dZ§SE = +(Cs0o5 NP, + T (O"sENz —U?(No_Nz))PAiSE)

where T;and T, are the factors of overlapping of the respective optical distributions
with the part of the fiber which is erbium-doped. o5,05 and o,/ are the cross-sec-
tions of the transitions when there is emission and absorption for the two wavelengths
considered. N,|ions/m®] is the Er* ion concentration of the fiber core. N,[ions/m’] is
the concentration of exited Er®* ions . P, =2hv,Av is the power of the spontaneous

emission, whose direction is the same as the direction of the amplified signal, h is the
Planck's constant, v is the frequency of the amplified signal. In correspondence with

[4] we have assumed thatAv =1250GHz (A4 =10nm). The same is the width of the fre-

quency band of transmission of the optical filter in the output of the amplifier. Be-
cause we have considered a short erbium-doped fiber, the attenuation of the signals
has not been given.

The rate equation in the steady-state approximation of the model with two lev-
els [1-2] relates the ion population density in the upper level N,with the field powers

and the total ion density N,. The N, is given by the expression:

A A A
102 o2 . _ 1o} . _
A is TP+ is T (P +Pree )+ i ;P To (P +Py)

5 s E A E A
Wrs Ps +T(O-;\h-:/so-S)FS (PA+SE + P/(SE)"‘ WFP (F’P+ + PP*)+1

wherer ~10ms is the lifetime of the metastable energy level‘l,,,of Er*, and A is the
effective cross- sectional area of the distribution of erbium ions.

N, = N, (2)
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The combined consideration of the equations (1) and (2), means the solution of a
boundary problem in two points. The spontaneous emission which is propagated in
the distribution direction of the signal P, equals zero at the beginning of the fi-

ber(PA*SE(O) ) and the spontaneous emission which is distributed in a direction oppo-
site to the signal distribution P, equals zero at the end of the flber( Pee(L)=0 ) The

numerical solution of the system of ordinary differential equations (1) and (2) has
been done by the Runge-Kutta method, by program products created by using Math-
ematica software.

The signals considered are distributed in both directions of the fiber, taking into ac-
count the limit conditions, while self coordinated solution is found. In this case of
forward direction pumping there are 4 signals: amplified signal Py, pumping signal

P., and two noise signals distributed in both directions P;. and P,.. For the reaching

of self coordinated solution it is applied an appropriate iterative procedure. The sim-
plification related to the application of the noise power effective spectral bandwidth
model is the result of the smaller number of noise signals — two, but distributed in dif-
ferent directions.

For the calculation of the cross-sections with absorption o/,cf and emissionog, for

the wavelengths we are interested in we use the spectral dependencies of the coeffi-
cients of absorption and amplification represented in fig. 2 [4]. If the Er®* ions are uni-
formly distributed in a disk concentric with the fiber core:

A S = Os . A ap 3
o. = (0. = Oh =
* TN, ° TN, © T.N, ®)

The values of the parameters of absorption and amplification for the signal and pump-
ing emission are: «, =1.365m™, a, =2.236m™ g, =2.335m. For the calculation of the
factors of overlapping T';and T, we use [2,4]:

T, :1—e’2a2’W52;1“P —1— g2 (4)
where a=1.55um is the fiber core radius (equal of the radius of the erbium-doped ar-
ea), and W,,w, are the radii of the Gaussian approximation of the distributions of the
modes for the two emissions. In their turn, w,,W_ have been calculated by the approxi-
mated formula of Desurvire:

W = (0 759 + 1\/289 +—1V041J, W, (O 759 + 1\/289 +—1 041] (5)

6 6
S S P P

where V, , =27aNA/ 4, are the normalized frequencies for the two wavelengths, and
NA is the value of the fiber numerical aperture in table 1 (NA~0.25). For the factors
of overlapping I, and 1, we derive the following values: T, =0.59,T", =0.81. Finally,

for the cross-sections for absorption and emission, for the wavelengths we are inter-
ested in, we derive:

ol =1.69x10m?, 68 =2.89x10°m*; o) =2.02x10°m?; 05 =0 (6)
Because it is impossible to measure them accurately, in the numerical model we have
not taken into account the losses when the signal and pumping emission is introduced
in the fiber, nor the losses when the signal emission is taken out of the fiber and intro-
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duced into the detector. This is the possible reason which has led to a difference be-
tween the experimentally measured and numerically calculated values of the amplifi-
cation coefficient of the order of 4 dB. To compensate for these losses, we have intro-
duced respectively two correction parameters k, andk,. Their values k, =0.29,k, =0.84

have been derived by comparing the numerical and the experimental data. In the nu-
merical model they have been introduced by correcting the values of the absorption
and emission cross-sections as follow: k xa/;k,xas . Once defined, those parameters do

not change when there is variation of the pumping power or the signal emission in the
two amplifier operation modes considered: amplification of a weak signal and satura-
tion of the amplification. Using them leads to a good correspondence (difference up to
10%) between the experimental and numerical results.

4. Comparison between the experimental and the numerical results

In this paragraph we have compared the numerical results derived with the model of
the effective bandwidth of the amplified spontaneous emission given by (1) u (2) to
the experimental results derived using the experimental setting presented above in the
two basic modes of the amplifier: a) when there is small signal gain and b) in a mode
of gain saturation.

In the small signal amplification mode, the speed of the transition of the electrons of
the metastable “1,,, level in the erbium is much higher than the speed of the spontane-

ous emission. In this mode, the amplification remains constant with the increasing of
the signal strength. We have studied the following dependencies when there is ampli-
fication of a small signal: a) variation of the signal emission power when there are
two fixed pumping powers (fig. 3); b) variation of the pumping emission power when
there is fixed signal power (fig. 4).
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Fig.3. Numerical and experimental data for small signal amplification: variation of the
signal emission power when there are two fixed pumping powers 150 and 40 mW.

The maximum difference between the experimental and numerical result exists for
signal powers of the order of -39.4dBm and comprises 5.3%. Below we have pre-
sented the curves of amplification depending on the pumping power for four fixed
signal powers: Ps=-39.4, -30.1, -20.7 and -15.3dBm.
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Fig. 4. Numerical and experimental data for the amplification of a weak signal with
signal powers (see legend) -15.3, -20.7, -30.1, -39.4dBm and variation of the pumping
power.

The comparison between the experimental and numerical results presented in Fig. 4
shows a very good correspondence. On the other hand, the experimental and numeri-

cal results derived are well-combined with the published ones known in [2].

In the gain saturation regime the pumping power is high enough to exhaust the basic
energy level. In this case, when the signal power is increased, the amplification de-
creases. Below we have presented dependencies of the amplification on the power of
the signal emission when there is fixed pumping power.
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Fig. 5. Numerical and experimental data when there is saturation of the amplification:
for fixed pumping powers of 40 and 150 mW: a) (left) dependence of the coefficient
of amplification on the power of the input signal; b) (right) power of amplification
saturation.
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The power of amplification saturation is the power of the output signal when there is
fixed pumping power where the amplification decreases by 3 dB. This parameter is an
indicator of the amplification saturation in EDFA where further increasing of the sig-
nal power leads to sharp decreasing of the amplification. The results from the numeri-
cal modeling show that when the pumping emission is 150 mW, the amplification
saturation power is ~10.8 dBm, while the experimental data shows as value for this
power ~11.7 dBm. When the pumping power has a power of 40 mW, the amplifica-
tion saturation power is respectively 4.89 dB in the experiment and 5.35 dB in the
numerical modeling. The deviation of the numerical data from the experimental data
in both the cases presented does not exceed 10%, which means that even in an ampli-
fication saturation mode, there is a relatively good quality correspondence between
the numerical model and the experimental results.

5. Conclusion

In this paper we have studied the applicability of the model of the effective bandwidth
of the amplified spontaneous emission for the description of the characteristics of an
optical amplifier with erbium-doped fiber. The comparison made between the basic
results derived using this model and the experimental data shows a good quality cor-
respondence in both operation modes of the amplifier: a) amplification of a small sig-
nal; and b) in the area of amplification saturation when there are higher powers of the
signal emission. On the other hand, both the experimental and numerical results de-
rived here are well-coordinated with the published ones known in [2].

We should not forget that, due to lack of information in our experimental setting on
the losses at the time of the insertion of the light into the fiber, and the losses at the
time of extraction of the signal out of the fiber and its introduction into the detector in
the numerical model, we have introduced two fitting parameters. Irrespective of this
circumstance, however, we consider the results presented a reason to claim that the
model using the noise power effective spectral width can be applied successfully in
the analysis of an optical erbium-alloyed fiber amplifier.

This research is funded by the project 102 ni 122-20 with TU-Sofia.
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