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HAKOUN ITPNJIOZKEHNA HA TEOPUA HA
ITOJIVIIPBbCTEHUTE

NBan Tpengadnion

Pestrome: Tasu 0630pra cmamus e npodsadtcenue na 3a0eAeHcuUmentama Cmamusi
na Lonan [49] om 2005 2. Leaume wu ca da nokasxrcem, we uma MHO20 HOBU CIATMUL
U KHu2u om ecuwkume obaacmu, ombeaszanu 6 [49] u da peeucmpupame Hosu
00.4GCMU HA NPUAOHCEHUA HA NOAYNPBCMEHUME.

Karowosu 0ymu:nosynpscmenis, npusLoACERUL Ha MEOPUA Ha NOAYNPSCMEHUME.

SOME APPLICATIONS OF SEMIRING THEORY
Ivan Trendafilov

Abstract: This survey paper is continuation of Colan’s remarkable paper [49] in
2005. Our arms are to show that there are many new papers and books in all the
areas pointed in [49] and to register some new areas of semiring applications.
Keywords: semirings, applications of semiring theory.

1 Introduction

An algebra R = (R,+,-) is called semiring if: (R,+) is a commutative
semigroup, (R, -) is semigroup, z-(y+2) =z -y+z-zand (z+y)-z2=x-24+y-2
for any x,y, 2z € R. If (R*,-) is a group, R is called semifield. If a neutral element
0 of (R, +) exists and satisfies 0-2 = z-0 = 0 for all x € R, then it is called zero.
If a neutral element 1 of (R,-) exists, it is called identity.

An element a of a semiring R is called additively (multiplicatively)
idempotent if a + a = a (a-a = a). A semiring R is called additively
tdempotent if each of its elements is additively idempotent. The additively
idempotent semifields have many applications. Note that such semifield by the
Krull-Kaplansky-Jaffard-Ohm theorem is isomorphic to the semifield of finitely
generated fractional ideals of a Bezout domain. Facts concerning semirings can be
found in J. Golan’s book [48].

The first important example of semiring we find in the work of Richard Dedekind
[31] in 1894 studying the algebra of ideals of commutative ring. Semirings were later
introduced by Harry Vandiver [115] in 1934, but they failed to become immediately
popular in the mathematical community. The importance of semirings in automata
theory was first recognized by Marcel Schiitzenberger [99] in 1961 established his
theory of weighted automata and rational power series.

© 2013 Publishing House of Technical University of Sofia 9
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2 Automata theory

The basic ideas for automata theory and formal languages, which goes back to
Stephen Kleene [65], are in Samuel Eilenberg’s book [43] in 1974. But 3 years earlier
in [26] John Conway has independent study followed in 1978 by another landmark
book by Arto Salomaa and Matti Soittola [98|. The basic algebraic structures used
in these books are semirings. New ideas in automata theory, formal languages and
many other applications one can find in the book [95] and in the encyclopedia [18].
Recently, various aspects of applications of semirings in automata theory appears
in [25], [27], [40], [45], [47], [61], [76] and [120].

Weighted finite automata are of great theoretical and practical interest in
computer science. They play a crucial role in the structure theory of recognizable
languages. Weighted finite automata also have practical applications in speech
recognition and image compression, [3] and [4]. The behavior of a weighted
finite automation can be described as a formal power series, i.e., a mapping
from a free monoid into some semiring. There exists a general property, the
twins property, first formulated for finitestate transducers by C. Choffrut, that
provides a characterization of determinizable weighted automata under some
general conditions. The test of the twins property for finite-state transducers and
weighted automata over other semirings is discussed by [2]. Two basic quotient
operations for formal power series, where underlying semiring is complete are
considered in [68].

3 Logic and theoretical computer science

In 1969, Sir Charles Antony Richard Hoare in [55] introduced a formal
system, known as Hoare logic, to investigate specification and verification of
computer programs. In the last 40 years several such formal systems were
introduced connected with various semirings which are used as a context to
study program specification and correctness — Hoare algebras, dynamic algebras,
Kleene algebras [52], [17] and [47]. Note that additively idempotent semirings
are fundamental structures in computer science with widespread applications.
More recently, modal operators for idempotent semirings have been introduced in
order to model properties of programs and transition systems more conveniently
and to link algebraic formalisms with traditional approaches such as dynamic
and temporal logics, see [19], [20] and [34]. Algebraic model counting, [64],
generalizes many well-known tasks in a variety of domains such as probabilistic
inference, soft constraints and network and database analysis. MV-
algebras were introduced as the algebraic counterpart for the infinite valued logic
of Lukasiewicz. Antonio Di Nola and Brulella Gerla in [38] introduces the notion
of MV — semirings and MV — automata, see also [16] and [39].
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4 Max algebra

Max-algebra has been studied in research papers and books from the early
1960’s. First paper was that of British industrial mathematician Raymond
Cuninghame-Green [29] in 1960 followed by numerous other articles summarized
in a lecture notes volume [28] in 1979. Independently, two pioneering articles
were published, by  N.N. Vorobyov [118] and [119]. More recently max-
algebra has established rich connections with automata theory, discrete
event systems, nonexpansive mappings, nonlinear partial differential
equations, optimisation theory and large deviations.

Let us denote Ryax = RU {—o0} and for any a,b € Ry define a ® b =
max{a, b} and a®b = a+b (here + is the usual addition in the field of real numbers
R) and a + (—00) = —o0o. The semiring (Rpyax, B, ®) is an additively idempotent
semiring and it is called max-plus semiring or sometimes shedule algebra.
The neutral element of this semiring with respect to addition is —oo and the
neutral element with respect to multiplication is 0. Since every element a € R,
a # —oo, has an inverse with respect to multiplication, this semiring is a semifield.
Max-algebra is the analogue of linear algebra developed over additively idempotent
semifield Ry, see [5], [6], [7], [8], [22] and [24]. Some max-linear programs and
solution methods are shown in [23]. Theory of max algebraic eigenvectors and
subeigenvectors and some properties of Kleene stars are investigated in [100] —
[104].

The dual of max-plus semiring is the semiring (R, ®, ®) called min-plus
semiring or optimization algebra. Here R,;;, = RU {co} where for any a,b €
Ruin we define a®b = min{a, b}, a®b =a+b and a4 oo = oo for any a € Ryy,.

The semifields Ry, and Ry,;, are called tropical semirings. The term tropical
semirings was introduced in computer science to denote discrete versions of the
max-semirings, for instance (N U oo, min, +). Semirings of this type were called
tropical semirings by french algebraist Dominic Perrin in honour of Imre Simon,
[105] (who is a Brasilian mathematician and computer scientist) because of his
pioneering activity in this area, see the paper of Jean-Eric Pin in [51].

There is a semiring isomorphism ® : (R, , max,.) — Ry, such that ®&(x) =
—logx. This is a base to consider some models with application in statistics
and computational biology, [91] and [92]. Entropy semiring algorothm for Hidden
Markov Models is given in [56]. Maximum-likelihood decoding of a linear code over
a memoryless channel, probabilistic inference in Bayesian networks, a “probabilistic
state machine” problem, are considered in [1|. New type of supermartingale
decomposition using “Max plus martingale” and applications to portfolio insurance
are given in [62|. Max semiring analogue of law of large numbers occur in [85]. Many
other applications of max semirings one can find in [35], [53], [67] and [77].
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5 Idempotent analysis

The school of Russiam mathematicians led by academician Victor Pavlovich
Maslov (V. A. Steklov Institute of Mathematics, Russian Academy of Sciences
and Lomonosov Moscow State University) create in 1985 a new theory called
idempotent analysis, |79] and [81]. In fact, idempotent analysis is based on replacing
the field R by the semifield R .. The most important is that many problems that
are nonlinear in the usual sense become linear with respect to an appropriate
new arithmetic, i.e., linear over a suitable semiring. This is so-called idempotent
superposition principle, which is a natural analog of the well-known superposition
principle in Quantum Mechanics. The idempotent analysis serves as a
powerful heuristic tool to construct new algorithms and apply unexpected analogies
and ideas borrowed, e.g., from mathematical physics and quantum mechanics.
The abstract theory includes, in particular, a new integration theory, linear
algebra and spectral theory, idempotent functional analysis, idempotent Fourier
transforms, etc. Its applications are various optimization problems such as multi-
criteria decision making, optimization on graphs, discrete optimization
with a large parameter, optimal design of computer systems and
computer media, optimal organization of parallel data processing,
dynamic programming, applications to differential equations, numerical
analysis, discrete event systems, see [12] — [15], [32] — [33], [46], [63], |66],
[69] — [75], |[77] and references therein. In 2010 academician Victor Pavlovich
Maslov, see [80|, consider the relationship between the tropical mathematics and
the humanitarian-economic catastrophe of 17th century.

6 Tropical algebraic geometry

Tropical geometry can be viewed as a sort of algebraic geometry over semifield
Ruax (Ruin). Tropical geometry describes some meaningful geometric objects,
namely, the Tropical Varieties. From the topological point of view the tropical
varieties are piecewise-linear polyhedral complexes equipped with a particular
geometric structure coming from max algebra. From the point of view of complex
geometry this geometric structure is the worst possible degeneration of complex
structure on a manifold. From the point of view of symplectic geometry the tropical
variety is the result of the Lagrangian collapse of a symplectic manifold. The
foremost workers in this area are Aleksander Barvinok, see [13| — 15|, Zur Izhakian,
see [58] — [60], Grigory Mikhalkin, see [57], |86] — [89], Eugenii Shustin, see |7§],
[106], [107] and Berndt Sturmfels, see [36], [37], [44], [97], [109] and [110]. Some of
basic conceptions: amoebas of algebraic varieties and their geometric properties
are treated in [57], [86], 93], [96], [106] and [112]. A construction, well known in the
topology of real algebraic varieties is patchworking technique of Oleg Viro, see
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[116], [117], [106] and [57]. GrEbner bases for semirings are considered in [21] and
[54]. Tropicalization is an operation that turns complex projective varieties into
polyhedral fans, see [37] and [94]. Tropical counterparts of Pliicker relations are
considered in [30]. Jenia Tevelev, see [111], study tropical compactifications of
subvarieties of algebraic tori.

7 Cryptography

In 2007 Gérard Maze, Chris Monico and Joachim Rosenthal, see [82], suggested
one of the first cryptosystems based on semigroups and semirings using some
ideas from [10] and their earlier paper [84]. Such problems they study in [83].
Also in 2007 Slavin, see [108|, filed an US patent for this cryptosystem. In
2010 — 2012 Ivan Trendafilov and Mariana Durcheva, see |113], [114] and [41]
proposed a similar cryptosystems based on semigroups and semirings. In 2011
Dima Grigoriev and Viadimir Shpilrain, [50], first employ tropical semirings as
platforms for cryptographic schemes. Many other cryptosystems based on semirings
are investigated in [9], [11], [42] and [90].
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ITOAITIOJIVIIPBCTEHUN HA TPU'BI'BJIHUIIN C EITHA U
C'bIITA KOHOUTI'YPALINS]

NBan Tpengaduiaos, Iumurpnaka BaageBa

Pesrome: B cmamuama [9] uscaedsame nodnosynpscmen wa nosynpscmena om
eHOOMOPPHUIMU HA KPATIHG 8epua, CECMOAUL ce 0m eHdomopdudmume &, 3a Kou-
mo Im(a) < 3. Tesu noaynpscmenu ce napuvwam mpusesinuyu. Tyk dokaseame,
we 8 HAKOU MPUBLBAHUYUL UMG USOMOPPHU NOONOAYNPECIMENU.

Karowosu dymu: nosynpscmen, noAynpscmer om endomophuamu 1a kpatina ee-
pu2a, CUMNAUUULIEH KOMNAEKC.

SUBSEMIRINGS OF THE TRIANGLES WITH THE SAME
CONFIGURATION

Ivan Trendafilov, Dimitrinka Vladeva

Abstract: In [9] we investigate subsemirings of the endomorphism semiring of
a finite chain consisting of the endomorphisms o such that Im(a) < 3. These
semarings are called triangles. Here we prove that in some triangles there are
1somorphic subsemirings.

Keywords: semiring, endomorphism semiring of a finite chain, simplicial
complex.

1 Introduction and preliminaries

The endomorphism semirings of a finite semilattice is nowadays well-established,
see [2] — [4], [6] and [8] — |10]. Basic facts for semirings can be found in the
book [1]. Concerning background of simplicial complexes, algebraic topology and
combinatorics a reader is refered to [5] and [7].

An algebra R = (R, +,.) with two binary operations + and - on R, is called a
semiring if: 1. (R, +) is a commutative semigroup, 2. (R,-) is a semigroup,

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

Let R = (R, +,.) be a semiring. If a neutral element 0 of the semigroup (R, +)
exists and Oz = 0, or 0 = 0, it is called a left or a right zero, respectively, for all
r€R If0-z=2-0=0forall z € R, then it is called zero. An element e of a
semigroup (R, -) is called a left (right) identity provided that ex = z, or xe = z,
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respectively, for all z € R. If a neutral element 1 of the semigroup (R, -) exists, it
is called identity.

For a join-semilattice (M, V) set Exq of the endomorphisms of M is a semiring
with respect to the addition and multiplication defined by:

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

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

This semiring is called the endomorphism semiring of M.

In this article all semilattices are finite chains. Following [8] we fix a finite chain

= ({0,1,...,n—1}, V) and denote the endomorphism semiring of this chain
with &, . We do not assume that a(0) = 0 for arbitrary a € & . So, there is
not a zero in endomorphism semiring gc Subsemirings & Z , where a € C,, of the

semiring c‘,’c , consisting of all endomorphisms a with fixed point a, are considered
in [8]. If @ € & such that f(k) = i), for any k € C, we denote « as an ordered
n—tuple g, 21,79, ..., tp_1 L.

In the present paper we give a new treatment of the subsemirings of
endomorphism semiring é'\cn of a finite chain. We investigate endomorphisms
a € é\cn such that | Im(a)| < 3, where n > 3. The set of these endomorphisms is a
2—simpler with vertices constant endomorphisms @ =1 a, ..., a ! and proper sides

——

n
all the 1-simplices. This set is a semiring and is called a triangle, see [8], denoted

by A™{a, b, c}, where a,b,c € C,, a < b < c, are fixed elements.

So, set of endomorphisms a such that «(0) =---=a(k —1) =
ak)=---=alk+l—-1)=bak+/l)=---=a(n—1) =
or briefly a = apbsc,,__p, where 0 <k <n—-1,0</{<n—land0<n—k—/

<
n + 2
n — 1 is actually the triangle A™{a, b, c}. The order of this semiring is

Let a € C,,. For every endomorphism @ =aa ... al the elements of
Nl = {a|a €& , o' =afor some natural number n,}

are called a—nilpotent endomorphisms.

2 'Triangles with the same configuration

The ordered triple (b — a,c — b,n — ¢) is called a configuration of the triangle

M {a,b,c}. Triangles A™{a, b, c} and A {ay, by, c;} are called triangles with

the same configuration if by —a1 =b—a,c1 —by=c—bandny —ci=n—c. It

is easy to see that, if A {a,b,c} and A™{ay, by, c;} are triangles with the same
configuration, then a; = a, by = b and ¢; = c.

Example 1. Let us consider two triangles with the same configuration:

(5)10,2,3} (Fig. 1) and A©{1,3,4} (Fig. 2).
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We observe that that the the following semirings have the same order:

DA (A(5){0, 2, 3}) | = |[DN? <A<6>{1, 3,4}) =15,

N0 (A(5){0,2,3}) | = |V (A<6>{1,3,4}) | =5,
Lpar (5040,2,3}) | = |Lpar (81941,3,4}) | =4,
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Lo (8740,2,3}) | = [Ls (A9{L3,4}) | = 1,
IRa (A<5){O,2,3}) | = |Rn (A<6>{1,3,4}> |

RT (A(5>{0,2,3}) = |RZ (A(G){1,3,4}) =2

3,

[t is interesting to know are there isomorphic subsemirings of A(5){0, 2,3} and
AOL1,3, 4}, respectively.

The main result of the paper is the following

Theorem 2. Let A™{a,b,c} and A" {ay, by, ¢} be triangles with the same

configuration. Then:
(1) D n—a-l (A("){a, b, C}) = D./\/’;lllialil (A("l){al, bl, Cl});

(2) Nl (A(”){a,b, c}) >~ Nl (A("l){al, bl,cl});
(3) Lpar (A("){a, b, c}) = Lyg, (A(”l){al, bi,c1});
(4) L (A"{a,b,c}) = La (A™{ay, by, c1});
(5) Ra (A(”>{a, b, c}) >~ RA (A(”l){al, b1, cl});

(6) RZ (A {a,b,c}) = RI (A" {ay, by, cr}).

For the proof of the theorem we needs of two lemmas.
Lemma 3. Let o, 3 € A™{a,b,c}, where o = apbycp, B = apybe,Cmg, k + £ +

m = ko+Llo+mo=mn andm < mg. [f mg > m+¢, then a+ = . [fmg < m+¥¢,
then v+ 8 =y, where y = ap b, _ 7 ¢p, and k = min{k, ko}.

Proof. It mg > m + ¢, it follows o < o1 = @p—pyCm,- Then a < ay < . Hence
a+p=p.

Let mg < m + ¢ = n — k. So, we have k < n — mg. On the other hand
ko = n—mg— £y and since £y > 0, it follows ky < n—my. Thus, for & = min{k, ky}
also follows k < n — my. Hence the endomorphism vy = ag bn—mo—E Cm, 15 Well-
defined. N

For any i € C,, such that 0 < i < k we have (i) = (7) = a. Since (i) = a, it
follows (i) = a(i) + 5(4).

For any i € C, such that k < i < n —mjg we have either a(i) = b, or 8(i) = b,
or these two equalities are fulfilled. Since (i) = b, it follows (i) = (i) + B(7).

At last, for any i € C,, where n — my < i < n — 1, we have (i) = c¢. Since
a(i) = b or a(i) = ¢, then from (i) = ¢, it follows v(7) = a(i) + B(1). O
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Lemma 4. Let o, 3 € A™{a,b,c}, where a = apbscy,, f = iy b, Cmy and

k+¢+m=ky+Lly+mog=mn. For 6 = a- (3, it follows:

(a) If c < kg+ 1, then 6 =a;

(b) Ifb<ko+1landko+1<c<ky+/ly+1, then 6 = ajysbpm;

(c) Ifb<ko+1and ky+ {y+ 1 < ¢, then 0 = ajy¢Cp;

(d) Ifa < ky+1,kg+1 <b< kog+¥l+1and kg+ )+ 1 < ¢, then
0 =a=apbycp;

(e) Ifa<ky+1and ky+ o+ 1 < b, then 6 = ayc,, .

Proof. (a) From ¢ < ko + 1, it follows, that the endomorphism 3 is of type
< a,a,a>. Hence § = a.

(b) From b < kg+1, it follows 5(a) = (b) = a and from ky+1 < ¢ < ko+£p+1
we find that S(c) = b. So, the endomorphism f is of type < a,a,b>. Hence
0 = agyoby. Let us note that from these arguments we can not find the type of
the endomorphism 6 — it can be < a,a,a >, or € a,a,b>, or < a,b,b >, or
<L b,b,b>.

(c) From b < ko+1, it follows 5(a) = 5(b) = a and from ky+¢p+1 < ¢ we find
that 5(c) = ¢. So, the endomorphism  is of type < a, a,c >. Hence 6 = aj1y cpp.-

(d) From a < kg + 1, it follows B(a) = @ and from kg +1 < b < kg + {p + 1
we find 5(b) = b and from ko + ¢y + 1 < ¢, it follows 5(c) = ¢. Thus, from |],
follows that /3 is a right identity of the triangle A™{a,b, c}. Thus we find that
0 = a = apbyc,,.

(e) From a < ky + 1, it follows f(a) = a and from ky + lyp + 1 < b we
have 8(b) = B(c) = c¢. So, the endomorphism § is of type < a,c,c>. Hence,
0= ArCn—rI. U]

Proof of the theorem. It is no loss of generality to assume that n < ny. Now,
we define the map
AW {a b ey — A ay by, e,
such that if o = apbe,, € A™{a, b, c}, where k + ¢ 4+ m = n, then
®(ar) = (a1)n,—t—m(b1)e(c1)m-
(1) We shall prove that this map is an isomorphism between the semirings
DN (A (”){a b,c}) and DN~ (A {ay, by, e1}).
Let a, 3 € DN ( ") {a,b, c}), where av = agbecp,, 8 = ag,be,Cmy, k + €+
m = ko+ly+ mo = n and m < my. Since a is a fixed point of the endomorphisms
a and 3, it follows a < k+ 1 and a < ky + 1.
If we have mg > m + ¢, then, from Lemma 3, it follows a + 8 = f.
Now ®(a + ) = ®(8) = (a1)n,—tg—my(01)e,(¢1)my- On the other hand ®(a) =
(al)nl—f—m(bl)é(cl)m < (al)n—mo(cl)mo < Cb(ﬁ) HGHCG, (I)(& + 5) ( ) ( )
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If we have my < m + ¢, then, from Lemma 3, it follows a + § = v =

ag by,_ % Cmys Where k= min{k, ko}. The images of these endomorphisms are

O(@) = (a1)n,—t-m(b1)e(cr)m; () = (@1)n,—to-mo (b1) 6 (1) my

and () = (ar),, i (01) o 50

Sincenl—f—m:n11n+k,nl—fo—mo:nl—n—l—koandE:min{k,kg},
it follows that n; —n + k = min(n; — n + k,np —n + ko). Now we can put
ni—n-+k=p n —n+ky=py, n1 —n+k=p.So, we obtain p = min(p, py)
andn—mo—%:nl—mo—ﬁ. Hence we find

() = (a1)p(br)e(ct)m, P(B) = (a1)p,(b1)e,(€1)m,

and () = (@1)5(01)ny—mg—5(€1)my-

Now from Lemma 3 for the triangle A™){a;, by, ¢}, it follows that ®(y) =
®(a) + ¢(B). Hence, in all cases we prove that

P(a+ 5) = O(a) + D(P).

Now we consider the endomorphism 6 = « - £ in all five cases from Lemma 4.

Case 1. Let ¢ < ko + 1. From Lemma 4 (a), it follows, that 6 = @. Then the
images of the considered endomorphisms are:

() = (a1)n—t-m(b1)e(c1)m, B(B) = (a1)ny—to—mo (01) e (€1)my
and ®(0) = ®(a) = a.
By puttingn; —¢—m=n;—n+k=pand ny —ly—mg=n1 —n—+ky = pp
we can express ®(a) = (a1),(b1)e(c1)m and ®(8) = (a1)p,(b1)g,(€1)m,- Since
c<ky+l=n—ly—my+1=lyg+my—1<n—c=n;—c =

clgnl—éo—m0+1:p0+1,

from Lemma (a) applied to A" {ay, by, c;}, it follows that ®(a) - ®(S) = ar. So,
we prove ¢(a) - ¢(8) = ®(a - B).

Case 2. Let b < kg+ 1 and kg + 1 < ¢ < kg + £y + 1. Then from Lemma 4 (b),
it follows 0 = aj¢b,,. For the images of the considered endomorphisms we have

P(a) = (a1)n,—e—m(b1)e(cr)m, P(B) = (a1)ny—tg—mo (b1)g5(C1)my
and P®(0) = (a1)n,—m(b1)m-

As in the previous case we put ny—f—m =n;—n+k =puny—Lo—mo = ny —
n + ko = pp. Thus we have ®(a) = (a1),(b1)¢ (c1)m and @(B) = (a1)p, (b1)e,(€1)me-
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Now from b < kg+1 we have b < n—fly—mo+1. Then loy+mo+1 < n—b=n;—b,
which implies by < ny — ¥y —mgy+ 1 = pg+ 1. Similarly, from &g+ 1 < ¢, it follows
po + 1 < ¢;. From the inequality ¢ < kg + ¢y +1 = n — mg + 1, it follows
mo—1<n—c=ny—candthency <ny —mog+1=pyg+¥{y+ 1.

So, inequalities by < pg+1 and po+1 < ¢1 < po+Ly—+1 are fulfilled. From Lemma
4 (b), applied to A {ay, by, c;}, it follows that ®(a)-®(8) = (a1)pre (b1)n,—pt =
(@1)n,—m (b1)m = @(0). Hence, ®(a) - ®(8) = P(a - B).

Case 3. Let b < kg + 1 and kg + ¢y + 1 < ¢. From Lemma (c), it follows
0 = agy¢ Cm. Then the images of the endomorphisms «, § and ¢ are

®(a) = (ar)n,—t=m(br)e(cr)m; P(F) = (ar)n,—to-mo(b1) s (C1)m

and ®(0) = (a1)n,—m(c1)m-

By puttingny —¢—m=n1—n+k=puny —l—myg=ny —n+ ko= pp
we can express ®(a) = (a1)p(br)e (c1)m and ©(3) = (a1)p,(b1)4,(C1)m,-

From b < ko + 1, as in the previous case, we find by < pg + 1. From ¢ >
ko + 0y +1 = n—mgy—+ 1, it follows mg — 1 > n — ¢ = ny — ¢; and then
co>np—mo+1=py+4y+1.

Since by < pp+ 1 and py + ¢y + 1 < ¢, we apply Lemma 4 (c) for the
triangle A"){ay,b;,¢;} and obtain that ®(a) - ®(8) = (a1)pre (Cl)n,—pt =
(al)nl—m (Cl)m = (I)(5) Hence, (I)(Od) ) (I)(ﬁ) - (I)(a : 6)

Case 4. Let a < ko+1,ko+1<b<ky+ly+1and ky+{y+1 < c. Now from
Lemma 4 (d) it follows § = a = agby ¢,,. For the images of the endomorphisms «,
£ and 6 = a we have

0(0) = () = (a1)n,—t-m(b1)e(cr)m and B(B) = (a1)n,—to—mo (01)t6 (€1)mo-

As in the previous cases we put ny — £ — m = n
n1 —ly—mo=mn; —n+ky=py. So, we have ®(9) = ®(a) = (a1)p(b1)e(c1)m
and (I)(ﬁ) - (al)po(bl)go(cl)mw

By similar reasonings as in case 2 from a < ky+ 1 we find a; < pg+ 1 and also
from kg +1 < b < ky+¥y+ 1 we obtain pg+ 1 < by < py+ ¥y + 1. In case 3 we
show that kg + €y + 1 < ¢ implies pg+ o+ 1 < ¢1.

Thus, from the inequalities a1 < py+ 1, po+1 < b1 < py + o + 1 and
po + o+ 1 < ¢, by applying Lemma 4 (d) for the triangle AM™){ay, by, c1}, it
follows ®(a) - ®(8) = ®(«). From ®(§) = ®(a) we find () - P(8) = P(a - B).

Case 5. Let a < kg + 1 and kg + ¢y + 1 < b. Now from Lemma 4 (e), it follows
0 = agcy,_k. For the images of the considered endomorphisms we have

(I)(Od) - (a1)n1_£_m(b1)g(01)m, (I)(B) — (al)nl—go—mo(bl)ﬁo(cl)mo
and ®(0) = (a1)n,—nir(C1)n—t-
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As in all previous cases we put ny — ¢ — m = ny —n + k = p and
n1 — by —mo=mny —n+ky=py. So, we obtain ®(a) = (a1),(b1)e(c1), and

(I)(B) = (al)po(bl)fo(cl)mo-
From a < ky + 1, it follows a; < po + 1 and from kg + ¢y + 1 < b we find
po+Lo+1 < by. Now from Lemma 4 (e) for the triangle A(”l){al, by, c1} it follows

O(a) - () = (a1)p(c1)n—p = (1), —ntr(c1)n—r = (3).
Hence, in all cases

So, we prove

DNt (A<”){a, b, c}) = DNZle_al_l <A(n1){a1, by, Cl}) ;

(2) Now we shall establish that the correspondence @ is an isomorphism between
the semiring of a-nilpotent elements N (A(”){a, b, c}) and the semiring of a;—
nilpotent elements N1 (A(”l){al, b1, cl}).

The endomorphism a = agbsc,, is a—nilpotent if and only if a(a) = a(b) = a
and either a(c) = a, or a(c) = b. This means that b < k+ 1 and ¢ < k+ ¢+ 1.
Since

b<k+4+1 <= bhh<pt+landc<k+/l+1 < 1 <p+/l+1,

where p = n; — n + k, it follows that the endomorphism « is a—nilpotent if and
only if the endomorphism ®(«) = (a1),(b1)e (¢1)m is a;—nilpotent.
So, we prove

Nl <A(”){a, b, c}) ~ lol (A(”l){al,bl,cl}) :

(3) Now we shall obtain that the correspondence ® is an isomorphism between
the semirings L,q, (A(”){a, b, c}) and Ly (A(”l){al, by, cl}).

The endomorphism o = agbscy, is an element of the semiring Ly, (A(”){a, b, c})
if and only if it is of a type < a,b,b >. Hence a(a) = a and «a(b) = a(c) = b.
Explicitly this meansa < k+land k+1<b<c<k+ ¢+ 1. Since

a<k+1l << a<p+1

and k+1<b<c<k+/l+1 <<= p+tl<b<c<p+l+1,

where p = n; — n + k, it follows that a € Ly, (A(”){a,b, c}) if and only if
®() = (a1),(01)e (1) € Lpar (A" a1, b1, e1}).

So, we prove

Lyor <A(”){a, b, c}) ~ Lo (A("l){al, b, 01}) .
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(4) Now we shall prove that the correspondence ® is an isomorphism between
the semirings La (A(”){a, b, c}) and La (A(”l){al, b1, cl}).

The endomorphism « = agbsc,, is an element of the semiring L (A(”){a, b, c})
if and only if it is of a type < a,a,c>. Thus a(a) = a(b) = a and a(c) = ¢, but
this just means that b < k+4+1u k+ ¢+ 1 < c. Since

b<k+4+1 <= hh<pt+landk+/l+1<c < p+l+1<c,

where p = ny —n +k, it follows that o € La (A {a,b,c}) if and only if ®(a) =
(@1)p(br)e (e1)m € L (A(nl){ala b1, 01})-

So, we prove
La (A("){a,b, c}) = La (A(”l){al,bl,cl}) :

(5) Now we shall establish that the correspondence ® is an isomorphism between
the semirings R (A(”){a, b, c}) and Ra (A(”l){al, b, cl}).

The endomorphism o = abyc,, is an element of the semiring Ra (A(”){a, b, c})
if and only if it is of a type < a,c¢,c >. Hence, a(a) = a and «a(b) = a(c) = c.
This means that a < k+1 and kK + ¢+ 1 < b. Since

a<k+1 << ay<p+land k+/+1<b <= p+L+1<b,

where p = ny — n + k, it follows that o« € Ra (A("){a, b, c}) if and only if ®(«a) =
(a1)p(b1)e (c1)m € Ra (A" {a1,b1,1}).

So, we prove
RA (A(”){a, b, c}) =~ R (A(”l){al, b1, 01}) .

(6) At last we shall prove that the map & is an isomorphism between the
semirings RZ (A™{a,b, c}) and RT (A {ay, b1, c1}).

The endomorphism o = abyc,, is an element of the semiring RZ (A(”){a, b, c})
if and only if it is of a type < a, b, ¢ >. This just means that a < k+ 1, k+1 <
b<k+{l+landk+/+1<c Sincea<k+1 << a; <p+1,

E+1<b<k+/+1 << p+1l<b<p+/l+1

and k+/+1<c <<= p+L+1<cy,

where p = ny — n + k, it follows that a« € RZ (A(”){a,b, c}) if and only if
®(a) = (a1)p(b1)e (c1)m € RT (A(”l){al, b1, cl}). So, we prove

RI (A(”){a, b, c}) ~ RT (A(”l){al, b, cl}) . O

Immediately from the last theorem we have
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Corollary 5. a. The subsemiring of A™{a,b,c} consisting of all

endomorphisms with fixed points a u b is isomorphic to the subsemiring of
A(”l){al, b1, c1} consisting of all endomorphisms with fixed points a; and by.

b. The subsemiring of A™{a,b,c} consisting of all endomorphisms with fixed
points a u c is isomorphic to the subsemiring of A("1>{a1, b1, c1} consisting of all
endomorphisms with fixed points a; and c;.

Let us note that the subsemiring of A™{a, b, ¢} consisting of all endomorphisms
with fixed points b u ¢ and the subsemiring of A(”l){al, b1, c1} consisting of all
endomorphisms with fixed points b; and c¢; are of orders (¢ — b)(b + 1) and
(ep — by)(by + 1), respectively, see the last table in [8].
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MOJAEJIN U AHAJIN3 HA ITPOLIECA TIJIABHO
JAPOCEJ/IMPAHE B PEI'YJIMPAIIUTE OPI'AHMU -
CTAIIMOHAPEH PEXKHUM, 3AI'YBU HA MOIIHOCT - | yacr

E. Hukoaos, H. I'. Huko.i0Ba

Pe3tome: Temama na nacmoawama cmamus e nid8HOMO Opocerupane Ha NPUHYOeHO
ogudicewy ce ayuo 6 mpvoonposoou, KAkmo u Cbomeemcmaeawume Mooeiu Ha cma-
muxama Ha npoyeca. Llenma e u3600vm u cucmemamu3upanemo Ha AHATUMUYHUME
CMAYUOHAPHU MOOEIU HA PA3X00d HA NOMOKA, KAKMO U OUHAMUYHU 3a2Y0uU HA MOW-
HOCM U eHepeusi npu NIasHo opoceaupame 8 pe2yiupawume opeauu. Pewena e 3aoa-
yama 3a YHKYUOHANIEH AHAIU3 HA AHATUMUYHU Modeau. V3nonseanu ca uzeecmuu
Kaacuyecku memoou. Onpeodenenu ca cvujecmeenume pasiuku U penapamempusayu-
ama Ha uzcieosanume mooenu. Pezynmamume ca npunodxcumu 6 aHaiu3a u CuHmesd
Ha pobacmHu cucmemu 3a ynpasieHue.

Knwuoeu oymu:. cmayuonapuu mooenu Ha opoceaupane Ha ¢ayud 8 pecyaupawume
opeanu, PYHKYUOHANeH anaius, muhoconapamempuyuna 2D-euzyanuzayus

MODELS AND ANALYSIS OF THE SMOOTH FLOW
CONTROL IN THE CONTROL VALVES -
STATIONARY MODE, POWER LOSSES - part |

E. Nikolov, N. G. Nikolova

Abstract: The subject of this article is the smooth flow control of the constrained mov-
ing fluid in pipelines as well as the corresponding models of the smooth flow control
statics. The aim is the systematization of the analytical non-stationary models of: the
volume flow, and the statiic losses, under the smooth flow control of liquids in the
control valves. The task for the functional analysis of the analytical models has been
solved. A known classical method has been used. The total differentials and repara-
metrisation of the examined models have been determined. The results are applicable
in the analysis and synthesis of robust featured control systems.

Key words: stationary models of the smooth flow control, functional analysis, mul-
tiparametric 2D-visualisation.

BBBE/IEHUE

Per yiaupaimuu OpraHHu (PO) ca OCHOBCH CJIEMCHT B CHUCTCMHUTE 34 aBTOMATHU3allUsg HaA
TCXHOJIOTUYHHU ITPOLCCH. HpG,IIHaSHa‘IeHI/I Ca Ia yIIpaBJIsABAT YPC3 APOCCINPAHC 00eM-
HHUA pa3xoa Ha HCCBUBACMHU, CBUBACMH, XOMOI'CHHU 1 HCXOMOI'CHHU IIPUHYICHO ABU-
Kelu ce Guyuau B 3akputu jerna. CepuiiHO ce mpousBexaaT NpoduiupaHu Po 3a
IJIaBHO OAPOCCIINPAHEC C JIMHEHWHH PO iw WU CKCIIOHCHIUAJIHN (JIOFapI/ITMI/I‘IHI/I, PaBHOIIPO-
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IICHTHH) PO, MPONYyCKHH xapakTepucTtuku s (1) [1,3]. AKyCTUYHUST IIyM B PO TIpH

apocenupane [6] e HexxenaH peHOMEH B CUCTEMUTE 3a yrpasiieHue. Toi € moAnpoIyKT
OT MpeoOpa3yBaHETO HA €HEPTUATA, U3TOYHUK € Ha IapaMeTpUuyHa alipuopHa Heolpe-
JICTICHOCT M € CBBbP3aH C HeOMpaBIaHu 3aryOu Ha MOIIHOCT U eHeprus [3] B cUCTeMHUTe
3a ympasinenue. LllymsT B PO [2,4,6] € ciencTBre OT MEXaHUYHU BHOpanuu (MeXxaHu-
YCH PEe30HAHC) NpU TYpOYJICHTHHS PSKUM Ha JABMKCHUE HA (IIyH]Ia, B ChOTBETCTBHE C
EMUTUPAHUTE OT MOTOKA IyJICAIIMK, OT 3BYKOB yJap Npu MpeoOpa3yBaHETO Ha KUHE-
TUYHATa E, B €HEPrusl Ha HAJSTaHETO E, MPH JI0-3BYKOBA CKOPOCT Ha JBUKEHHUE Ha

bayuna wuaum OoT TypOynau3amusi Ha TOoTokKa GUIyHJ, CBbpP3aHa C KaBUTaIUA, CY-
MepKaBUTANMS WK ynBepu3anus. [llymoBuTe eMucuu B PO ca OT aKyCTUYHO HaJIs-
TaHe C. MexaHuyeH npousxoo (pe3ysiTaT Ha MEXaHUYHUTE BUOPAIUU OT TYpOYJICHTHHSI
PSKHUM Ha JBYOKEHHE Ha (Iywaa B PO); aepoodunamuuen npousxoo (pe3yarar Ha mpe-
oOpa3yBaHeTO Ha E, B E,, P NPEMHHABAHETO HA CBUBaeMus (uIyuj mpe3 PO, CKO-

pPOCTTa My HapacTBa M CTaBa ChbU3MEpPHMa ChC 3BYKOBaTa - CKOPOCTTa Ha pasIl-
pOCTpaHEeHHE Ha 3BYKa B ChOTBETHATA cpena Ha QIIyHaa); XuopoouHamuier npousxoo
(ToBa € IyMBT OT JBMKCHUETO HAa HECBUBaeM (DIyH]I TIpe3 PO M MPUHAJICKAIATA MY
XHJIpaBJIMYHA JIMHUS, PE3YJITaT OT MPOsBaTa Ha TypOy/IHM3aIys, Ha KaBUTAIMs WU Ha
nynBepu3aius). [IlymMoBuTe eMHCHH CHIIESCTBYBAT M B CTAllMOHAPEH U B HECTAIIMOHA-
peH pekuM Ha (YHKIIMOHHPAHE HA PO. AKYCTHYHUTE XapaKTEPUCTHKH HA PO C IUIAB-
HO JIpoceNupaHe ca 00eKT Ha pasriekaaHusaTa B [6], a MexanuauuTte - B [1,4].

[lenta Ha paboTaTa € CUCTEMaTH3AIMATA U aHAIN3a HAa EKCILIOATAIIMOHHUTE XapaKTe-
PUCTHKH Ha PO B YCJOBHsI 0€3 M ¢ HaJW4YWe Ha IIIyMOBAa €MHCHS B CTAI[AOHAPEH pe-
KMM ¥ KOJHMYECTBEHA OIICHKA Ha BIIMSIHUETO, KOETO OKa3Ba aKyCTHYHATa IIyMOBa
EMUCHSI BbPXY OCHOBHHTE BEJIMIMHHM, ONPEICIISIIH ITpolleca Ha TUIABHO JPOCEIINpaHe.
[TocTaBeHH ca 3a pelaBaHe CICIHUTE 3a/1a4i. ® MOJCIUPAHE Ha CKCIUIOATAIIMOHHUTE
XapaKTePUCTHKH Ha PO B HOPMAJTHU YCJIOBHUS W NMPU HATMYUETO HA IIyMOBA €MHCHS B
PO; ® OIICHKA HAa IOCIICJCTBHUATA OT IIIyMOBaTa EMHUCHS BbPXY XapaKTCPUCTHKUTE HA
PO B CKCIUIOQTAIIMOHHU YCIIOBUS M BBPXY XUAPABIUYHHUTE 3aryOH HA MOIIHOCT IPH
TUTABHO JIPOCEIIUPAHE; ® BU3yallu3allis Ha XapaKTCPUCTUKUTE B CTAIMOHAPEH PEKHUM
Ha GYHKIMOHUPAHE HA PO .

MOJAEJIUPAHE U CUCTEMATU3ALIUA HA EKCINIOATAIIMOHHUTE
XAPAKTEPUCTHUKHU HA PEI'YJIUPAIIUTE OPI'TAHA

B [1:12] e pasrienan crallMOHApHUAT PEKMM Ha IMPOLECa HA IUIABHO JIPOCEHpaHE
(pwur.1) Ha mpuHyIEHO ABWXKEII ce QIIyHa B PO. 3a BXOJHHU BEJIUYHMHHU Ca MPUETH I10-
3UNMATa | Ha Jpoceiupainara CHCTeMa Ha PO M XHJIPABIMYHOTO HATOBapBaHE
$=AP,, /AP, , OIPEMEIIECHO C NaJla Ha HAJIATAHE AP ; 3@ U3XOJHH BEJIMUUHU - OOEMHUST
pa3xoa Q (g B OTHOCHTEIHH SJIMHHUIIN), XUIPABINIHUTE 3aryOH Ha MOIITHOCT 4., a 3a
CMyIIaBaIllK MpoIieca BEJIMYUHHU - XHAPABIMYHUTE MapaMeTpu Ha dayupa ¢ (mIbT-
HOCT, BHCKO3HWTET . . ) M IIyMOBaTa €MHCHs ¢ aKyCcTHYHO Hamsrane sL (c) [1-6].
Hacrosmata padota 00001aBa aHATUTHYHO M3BEIACHUTE MOJECIH 3a Q U 4, B [5+9].

Te ca cucremarm3upanu (1)-(10) B Tabs.1 xakto 3a ABaTa BUaa Po, W Po, (HOcemw

lin exp

HHJIEKC ,,lin“ ¥ PECIEKTUBHO ,,exp*“), TaKka M 3a yCIIOBUATA HA CTAL[MOHAPEH PEKUM H
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IIpu OTCBCTBHUC, W IIPU HAJIWMYINC HA dKyCTHYHA HNIYMOBA CMHUCHA C HAJIATIaHC SL. 3a

ciydasl Ha IMOCJIeHATa, MOKa3aHWTe B Taba.l Momenu ca o3HAYeHU ¢ MHJCKCA ,, &
3aeHO ¢ MOJENINUTEe HA Q U 4, B Tabn.1 3a Po,, M PO, ca MOKa3aHU U AHATIUTUYHUTE

lin

3aBHCHUMOCTH 3a CHCTEMaTa ,,IUIaBHO ApOocerpaHe” 3a. e IbJIHUTE MPEAaBATCITHUTE
koeumueHTH 4q (3) +(5) Ha pa3xoja 1Mo | U MO s; @ MaabT Ha HajsraHe 4p (6); o
OBJIHUTE TpeAaBaTeIHd KoepuiueHTn s4, (6) Ha XHAPaBIMYHUTE 3aryOM Ha MOII-
HOCT 110 | | 10 s. ITociaeaHuTe ca ONpeaessAIiy XapakKTepUCTUKA Ha PO KaTo HEOT-

MCHHHU CJICMCHTH Ha CUCTCMUTC 3a YIIPABJICHUC, C KOCTO Tabi1.1 MNpCaAcCTaBs IIbJIHA aHA-
JIUTUYHA KapTHHA Ha CTAUOHAPHUA PCKHUM HaA INIABHOTO APOCCINPAHEC.

XMAPOAMHAMMYHN NAPAMETPM
(MABTHOCT, BUCKO3MUTET . )

QAKYCTUMYHO HAASIraHe
LLIYMOBQO eMMCUs

¢J§ C

| cemywenus r BU

XUAPABANYHO obemeH PA3XoA
HOTOBAPBAHE J'“'l ) - nosuus
S = -‘ f = Q -oedum Q
— | Pils >
6XOOHU GenUHUHY = = Koo UXOOHU eTuuUHU
> pEeryAMpalLL, opraH >
0 Ae
®ur.1 e e
Taon.1
S (1)=1 (1) 5exp(|):en(|—l)
., (1o (1-e ™)) ()  afn-(i-s(1-e)) 0125 (6251-1) (1-1)"
dqg,, dqg,, ; dqg,, das,
A = _pA| _DA " _ exp P Hep
0 orp 30 + s S (3) A9, T Al + Ts As
da” 2n(1-1) Cp)\be™
dqexpi nsezn(lil) - gfxp: i 2n(1-1) 15 +015a(1 0.5I)
dl - (1_5(1_62n(17|)))1'5 (4) (1_3 (1_e ‘ )) (al) ,
+al Po(-be™(1-1}"* + nslog(1-1)be(1-1)"")
dq,,  —05(-1+e20") L daf  —05(-1+e>0) 0s e .
= (s (1)) (5) e (os(e ) +1bn (al)*log (1-1)e"(1-1)
AP, =(1-s(1-e?"0))" (6) APex'pz((1—s(1—e2““7')))’°5+(a|)°'5(1—|)be'“)2
AEexp: S(l_s(l_ezn(l’l)))70’5 (7-) Al{’exp:(l_ein(lil))(( 1-s (1_e2n(l’|)))70‘5+(a|)o's(l_l)bem)
_ dAEexp dAEexp - ' _dAE'exp dAE'exp
$llpyy = —5 = AL+ — =5 As (8) SAL = T Al + . As
-
dA.,, nse?" () (1-g2" (1) ddce L;EI 2 _2ne 2n(1")((1—I )" (al P°+(1-s (1-e2n-D) )°° )+
= +
dl _ _p2n(1=1)) )8 -
(1 S<71 e )) (9') (1 nSGZn(17|) 0,53.(1—')be
2ne2n (1) +(1_e (1-1) 4
+ (1-s (1-e2(-1))* (al)

(1-s(1-e ) +(al)® (—be'"s(l—l )" *+nslog (1-1)be'"(1-1 )be))
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npoovaxcenue na Taon.l

_ e () (14 e (1) daf,, _ e2na) ~05(-1+e?") .
d jEexp _ 0,551 )25(1?' - ) (10—) ds (1 ) (l—S (l_em(l,,)))l,s
S 1-s (1-e )
+1bn (al)log (1-1)e"(1-1)>"* )
9 = (1-s(1-17)) " (2) g% =(1-s(1-12)) =025 (1-02)° (1-1)""
4aq,, ddLIIAI + ddq: As (3) Aq =d;|"." Al + ddqj As
S d q"" = + 0'53(1_|)bem +(a1)® x
ddq'”n 1 (s (1) (4 ar el 5( A L 0
( be'"(1-1)"" 1+ nsIog(l—l)be'”s(l—l)”e‘”)
dg,  -05(-1+17) 408 —08(-11) ||\ e e
o5 Qs e R | R
APy, —(1—5(1_| *2))*1 (6) AP* :((1_S (1_|,2))70,5+ (al)® (1_|)be‘5)2
dew = (1) (15 (1-17)) @) ame= (0o @) ()
d Agy, d Ag,, , d4 . dar,
0 Agyy = a1 Al + s A8 (8_) o4, = i Al + P ASs
dAg, 2 dag, - 2 (1_|b5‘5(a|)0v5+(1_s(1_| 72))70‘5)4-

= + dl I®

1) (9) e s +o,5a(1—|)"e”+
(1-17) (1- )[H(l—s(l—lz))” (al)*®

+(al)*(~be(1-1)"" "+ slog (1-1)be""(1-1)") )
o e dAfn_(y_ = [ ~05 (-1+1°7) X
ds (1—5(1—I2);L5 (10) T (1-s(1-172))*

+1b(al)® log (1-1)e" (1-1 )"e'”)

BU3YAJIN3BALINA HA EKCIVIOATAIIMOHHUTE XAPAKTEPUCTUKHU
HA PET'YJIMPALIUTE OPT'AHU

Monenute, moka3zaHu B Ta0n.1 ca cuMynupaH, a CTallMOHAPHUTE €KCIUIOATAllMOHHH
XapaKTepUCTUKHN HA PO, M PO, Ca WIIOCTPUPAHU MapaJeIHO 32 BUAOBETE PO Ha!

e (ur.2 - TeopeTHYHATA MPOIMYCKHA ClIOCOOHOCT 5 (1) (1);

e pur.3 - excruoaTanoOHHATa XapaKTePUCTUKa q(1,s) (2) Mo MeToaa Ha 2D -BH3yaJIH-

3alMsl ChC ,,3aMPA3EHU MapaMeTpu’ IPHU BapUALMK HA s, PECIIEKTUBHO Ha | ;
e Qur.4 - ekcruioaTallMOHHATA XapaKTEPUCTHKA Ha pa3xonaa q(l,s) (2) mo merona Ha

napamMeTpuyvHa (B OTHOCUTEIHH SAMHUIN) 3D -BU3yaIH3allUs;
o qmr.S - eKCIUIOATallMOHHATA XapaKTEPUCTUKA HA XUAPABIUYHUTE 3aryOM Ha MOIII-
HOCT 4. (1,s) (7) mo MeTo1a Ha MTapaMeTPUUHA 3D -BU3yaJIU3aIlus;

e (ur. 6 - I'BJIHUAT TpeaaBaTeNieH KOCPHUIMCHT Mo pa3xon 4q(l,s) (3)+(5) Ha ro B
CHCTEMHUTE 3a yIPaBIIEHHE [T0 METO/Ia Ha IIapaMETPUYHA 3D -BU3Yalln3allus;
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e (hur.7 - MBJIHUAT MpeaaBaTesieH KOeQUIMSHT 10 3aryOou Ha MOIIHOCT 54, (7)+(9) Ha

PO B CUCTCMUTC 34 YIIPaBJICHHC 10 MCTOJd Ha ITIapaMCTPHUYIHA 3D -BU3yaJiM3aliusl.

Ot nmokazaHuTe BU3YyaJIM3allur € OYCBU/IHA U HGHHHeﬁHOCTTa, N HECOHO3HA4YHOCTTA Ha
CKCINIOATAOMOHHUTC XApPAKTCPHUCTHUKH, KAKTO WM CHUJIHOTO BJIMAHHUC BbBPXY CTALlUO-
HAapHUTC CKCINIOATAIMOHHU XaPAKTCPUCTUKHU OT IMOSABATA HA ITYMOBA CMUCHS.

AHAJIN3 U OIIEHKA HA BB3JIEUCTBUETO HA
AKYCTUYHATA IITYMOBA EMUCHSA B CTAHMUOHAPEH PEXUM
OueHka Ha BB3ACICTBUETO HAa aKyCTMYHATa IIyMOBAa €MHUCHUS BbPXY CTAI[MOHAPHUTE
€KCIUIOATAllMOHHY XapaKTEPUCTUKHU Ha CUCTEeMarTa ,,IJIaBHO JpOCeNIMpaHe’ € moKa3aHa
BU3YaJIHO C IIOMOIITa Ha pas3jiMKaTta B Pa3sXOJHUTE XapaKTEPUCTUKH q“(l1,s)-q(l,s) Ha
¢ur.8, kakTo U Ha ¢ur.9 ype3 pazauKara Ha MMBIHUS MPEAABATENICH KOCPUIUEHT 1O
pasxon 4q”(I,s)-4q(l,s). AHAIM3BT NOKA3Ba, Y€ BB3ICHUCTBUETO HA SL BBPXY Xapak-

TCPUCTUKHUTE. @ IIpHU PO, C€ OTpa3sBa C HAMaJIsIBaHC Ha pasxoza q, a IpH PO, - C HE-

lin
TOBOTO yBEJIMUYaBaHe, HO ¢ MHOTO TO-MaJika abcoirtoTHa ctolHOCT (pur.8); e pu ro,,

ce OTpa3siBa C yBeJIMYaBaHE Ha MPEIABATCIHUS KOSPHUIMEHT 4q (KoeTo OM O3Ha4a-
BaJIO 3ary0a Ha YCTOWYMBOCT HAa CHCTEMarTa 3a YMpaBJCHHUE), a IPU PO,, - C HETOBOTO
oce3aemMo HamassiBaHe (¢ur.9).

OlrleHKa Ha BB3JCHCTBHETO HA aKyCTHYHATa IIyMOBAa €MHUCHS BBPXY CTAllHOHAPHUTE
CKCIUTOATAIMOHHU XapaKTEPUCTHKH Ha CHUCTEMaTa ,,IUIaBHO JpOoceIupaHe” € MpoBe-
7eHa 1 upe3 (QYHKIMOHAJICH aHAJIM3 Ha CKCIUIoATAIl[MOHHATA XapaKTePUCTHKA Ha Koe-
¢dunmenta 4q(1,s) (3), IpyU KOWTO MapaMeTPUIHOTO MHOXKECTBO {1,s} Ce paszeis Ha
7B MOJMHOYKECTBA 32 4q . TOBa ca MOJMHOXKECTBATa HA MApaMETPUYHUTE 00JACTH
{1*,s} (11) m ma {1°,s°} (12). B mbpBara obmact {I“ s"} MPOMEHUTE HA 4q Ca Chb-
IIECTBEHH, JaXKe U MPHU MAIKHU (DIYKTyallud B CTOMHOCTUTE HA MapaMETPHUTE OKOJIO
HsIKaKBa 0a3a B {1°, s°}. Ts onpesens mapaMeTpUYeCKu CMyTEHUTE MPOIECH B CHUCTE-
MaTa 3a yrpasiieHue (M3I0JI3Bala ChOTBETHUS PO ) OT Apocenupanero. Bropara (om-
pelenieHa ¢ MHOXKECTBOTO {1°s°}c 4, ) € obmactra 4, (13) Ha JUHEHHHS PEKUM
(0s1P) Ha APOCETUPAHE C Aq(1,s)=const, HE3aBHCEIIIA OT HANPABJICHUETO HA BH3/ICHCTBH-
ara {1° s°}. Pemenunero Ha cucremara ypaBHenus (14) onpenens {1°,s'}, T.e. ozp npu

TUIABHO JIPOCEIIUPAHE 4, , @ pa3MepbT Ha 4, (1,s) ce u3paszsisa aHamuTH4IHO ¢ (15). O6-

4q 1

JacTTa A, Ha JMHEWHUS CTAIlMOHAPEH PEXUM Ha (DYHKIMOHUpAHE HA PO € 0000OueH

nokasame 3a pasmMepa Ha B’BBI[GI)'ICTBHeTo Ha aKyCTHM4YHaTa ymMOBa CMHCHA C HAJIA-
raHec sL BbPXY CKCINIOATALIMOHHU XaPaKTCPUCTHUKH HA CUCTCMATA.

lef0,1]; sefo,1]; {I’”,s“}e{l,s} ;UAq“({I”,s”}<—>Aq(l”,s'”);tconst) (11)
lefo,1];sef0,1]; {10 s)efl,s} s Uag®({1%s°}o aq(1°5s°)=const) (12)
vI°vs®3 A, ({1°s° o 4q(1°5s°)=const ) (13)

‘ aAqal(I,s):O ; aaqa(sl,s)zo (14)

A1) = ﬁAq(l,s)dl ds (15)

1°s°
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PesyntaTuTe OT OolleHKaTa Ha BB3JACHCTBHETO HA IIIyMOBaTa €MHUCHS BBPXY CTaIlHO-
HAapHUTE €KCIUIOATAIMOHHN XapaKTEPUCTHKHU C U3IMOJI3BaHE HA METOJUTE HA (PYHKITU-
OHAJIHUA aHAJIM3 U TTapaMeTpUyeH 2D -IJI0T ca Bu3yanusupanu Ha ¢ur.10 ¢ momornra
Ha OI[BETEHUTE B UEPEH IBAT 30HU. Te n300pa3siBaT pa3MepuTe Ha 0000 eHUss NoKa3a-
men (00nacTTa Ha JIMHEHHM CTAIlMOHAPHH PEXKUMH), KaKTO U Ha BB3JACHCTBUETO Ha
IIyMOBaTa EMUCUS BbPXY €KCIUIOATAIIMOHHUTE XapaKTEPUCTUKH.

3AKJIIOYEHHUE

[IpoBeIeHOTO M3CIEABAHE U PE3YJITATUTE OT aHAJIN3Aa HA CTAlMOHAPHUTE EKCIUIOAaTa-
HHOHHU XAPAKTEPUCTUKHU OMPEACISAT PO KATO HEJIMHEEH €JIEMEHT B CUCTEMUTE 32 yII-
paBiieHHe. AKyCTUYHATa IIIyMOBAaTa EMUCHUS B PO BHACS JOMBJIIHUTEIICH pa3Mep Ha Ia-
pameTpudHH (PIIYKTyaIruyd 1 3aryOW Ha MOIIHOCT MPH IUIABHOTO JApocenupane. To3u
(dakT M3MCKBA W Hajara HEOOXOIUMOCTTAa OT M3MOJI3BAHETO HA METOMU 32 PEIYKIIHS
HA aKyCTHUYHHS ITyM U 33 €(heKTUBHU pOOACTHM METOM 3a YIIPaBJICHUE B YCIOBHSITA
Ha IIymMOBa emucus B Po. HOBOTO M opuruHamHo B Hacrosimara paborta ca:
® [IPEJIOKEHUTE U CUCTEMATU3UPAHU AHAIMUTUYHU MOJIENIM HA BEJIMYUHUTE, Xapak-
TEpU3UPAIIH CTAIIMOHAPHUS PEKUM Ha IUIABHO APOCETUpaHe, KaKTO U TeXHUS (PyHK-
LHMOHAJIEH aHAJIU3; ® AHAJIUTUYHHUTE OLICHKHU HA pa3Mepa Ha Bb3JICHCTBUETO HA LIyMO-
BaTa €EMUCHS BbPXY CTALIMOHAPHUTE EKCIIOATALIMOHHU XapPAKTEPUCTUKU; ® TIPEACTABS-
HETO Ha CTAlIMOHAPHUTE XapaKTEPUCTUKHUTE HA MPOLIECa C U3IOJI3BAHE HA METOAUTE HA
2D - 3D -BU3YyaJIU3allUs ChC ,,3aMPa3eHU NapaMeTpu’ U Ha MapaMeTPUYEH 2D -ILJIO0T.
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MOJAEJIN U AHAJIN3 HA ITPOLIECA TIJIABHO
JAPOCEJ/IMPAHE B PEI'YJIMPAIIUTE OPI'AHMU -
HECTAIIMOHAPEH PEXWM, EHEPTUMHU 3AT'YBH - |1 uacr

E. Huxoaos, H. I'. HukoJioBa

Pe3tome: Temama na nacmoawama cmamus e nideHOMO Opocerupane Ha NPUHYOeHO
ogudicewy ce Payuo 8 mpvoonposoou, KaKmo u CbOmeemcmaeaujume mMooeiu Ha ou-
Hamuka Ha npoyeca. Lletma e u3600vm u cucmemamusupanemo Ha AHATUMUYHUME
HeCMayuoHapHu MOOelu Ha CKOPOCMMmd, pasxo0d HA NOMOKA, KAKmo u OUHAMUYHU
3a2you Ha MOWHOCM U eHepeus Nnpu NIAHO Opocelupane 8 pe2yiupawjume opeaHu.
Pewena e 3a0auama 3a ¢pynkyuonanen ananuz Ha aHarumuyHu mooeau. Mznonzeanu
ca uzeecmuu Kiacuwecku memoou. OnpedeieHu ca cvuecmseHume pasiuku u pena-
pamempuzayusma Ha uzciedsanume mooenu. Pesyimamume ca npunosxcumu 6 ana-
JU3A U CUHmMe3a Ha pooacmHU cucmemu 3a ynpasieHue.

Knwuoeu oymu:. mooenu Ha necmayuoHapHomo opoceaupame Ha ayud 8 pecyaupa-
wume opeanu, YYHKYUOHANeH AHAIUu3, MHoconapamempuuna 2D-suzyanuzayus

MODELS AND ANALYSIS OF THE SMOOTH FLOW
CONTROL IN THE CONTROL VALVES -
NON-STATIONARY MODE, ENERGY LOSSES - part 11

E. Nikolov, N. G. Nikolova

Abstract: The subject of this article is the smooth flow control of the constrained mov-
ing fluid in pipelines as well as the corresponding models of the smooth flow control
dynamics. The aim is the systematization of the analytical non-stationary models of:
the speed changes, the volume flow, and the dynamic losses, under the smooth flow
control of liquids in the control valves. The task for the functional analysis of the ana-
lytical models has been solved. A known classical method has been used. The total
differentials and reparametrisation of the examined models have been determined.
The results are applicable in the analysis and synthesis of robust featured control sys-
tems.

Key words: models of the smooth flow control, functional analysis, multiparametric
2D-visualisation.

BBBE/IEHUE

B [1:11] e pasrienan HecTallMOHAPHUS TPOIEC Ha IUIaBHO apocenupane (¢pur.l) Ha
bayun B peryaupaiiure opraiu (o). 3a BXOJHU BEJIUYHHH Ca MPUETH MO3ULIUATA |

Ha JIpoceyidpalniara CUCTeMa Ha PO W HATOBAPBAHETO s; 3@ U3XOJHU BEJIMYMHU - CKO-
pocTTa w, OOEMHHUST pa3Xxoj Q, XMAPABIMYHHUTE 3aryOM Ha MOIIHOCT 4, U 3aryoute
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Ha €Heprus E,, a 32 CMYIIABally MPOIECa BEJIUYHHU - XUIAPOJUHAMUYHUTE IMapa-
MeTpH Ha (UIyuaa U IIyMoBaTa eMHUCHs C aKyCTHYHO Haysrane st [1-6]. Ilenra Ha
HacTosAIIaTa pa3paboTKa € Ja ce M3CjienBaT OCOOCHOCTUTE Ha Mpoleca Ha IUIABHO
Ipocesiupane B PO . 3a1auuTe, KOUTO TS CH MOCTaBd, ca: MOACIUPAHETO HA MPOIIECUTE
Y aHAJIU3bT HA JUHAMUYHUTE MOJICTH HA OCHOBHHUTE (DPM3MUECKH BEIMYHMHH, B T.4. U
Ha XUJPOJMHAMUYHUTE 3aryOu HA EHEPrusl, XapaKTEPU3UPAILU TPOCEIUPAHETO B PO .

xu()po()uuamuwm napawempu AKYyCMU4HO HaA2ane
(n.’l'hmll()(,"ll, GUCKO3uUmem . . ) é wymosa emucun

@
C
e G, l_> W, | We, — > E,(p)

xudpaeiuuno cKkopocm u
namosapease il sienenpasor S () >4, (p)
S, Ml . w,, Q, |
——> i £ —> — W, o W, a(p)

S [—— > 1(p) >w(p)
14 t 4 E,t? EA,t
nosunus na dpocenupamama (I)Hr . 1 .a XuOpoduHamMuuHY U (I)Hr . 1 . b

cucmema enepzuiinu 3azyou

MN3IMOJ3BAHU METOIU, AHAJIMTUYEH
NHCTPYMEHTAPUYM U PELHEHUE
3a ajekBaTHa WIKOCTpPAUUsS U aHAIUTHYEH MOJEN HAa HECTAMOHAPHOTO IMPUHYIECHO
JBYOKEHUE HA (DIIyH]] B 3aKpUTH JIeTJia TP TUIABHO Jpocenupane B po € npuero [8,9].
ypaBHeHHeTO Ha Euler (1) 3a KOJIMUYECTBOTO Ha JBMKCHHE HA WealHa TeYHOCT. [Ipu-
JIO’KEHO 3a 30HaTa Ha CBMBAaHE Ha MOTOKa (PJIyuj MpH 3aTBapsiHE HA PO, YPABHEHHUETO
OINMKCBa U3MEHEHHUETO Ha CKOPOCTTa w Ha (iIyHJia B Ta3H 30HA MPU CKOKOOOpa3Ha mpo-
MsHA Ha MO3UIUATA Ha JpOCeupaliara CucteMa Ha Po ot I* o 1° (1°<I*). YpaBHe-
aHueto (1) e AMHAMWYEH MOJIeNT Ha M3MEHEHHETO Ha CKOPOCTTa w Ha MOTOKa (UIyUa
Ipe3 PO B KJlaca Ha CIEIMaTHUTE YpaBHEHUS Ha Ricatti, KbJIETO f, € MPOMYCKHOTO Ce-

YCHUC Ha JIMHHATA (HGHOCPGHCTBCHO npean u Cicna PO), a S € XUAPABIMYIHOTO HaA-

tToBapBaHe. 3aBucuMocTTa (1) e ypaBHeHue Ha Oananca Ha cwinre (C JTUMEHCHUS
kg.m/s*) BBPXY €JIEMEHTapeH 00eM OT TPaHCIOPTUPAHUS B JIMHHATA HA PO (uyma. [To

YJIEHHO B HEro Ca OTYETEHU JEUCTBAIIUTE. UHEPLIUOHHU CUJIA mdw/dt; CUJIM HA BUC-
KO3HO TPUEHE pf,w’; CHJIM Ha BHHITHOTO BB3ACHCTBUE P, f, B OamaHC HA cujaTa Ha
NPOTHBOCHCTBUETO HA BXOIHHUS MOTOK P, f , KBAECTO m € Macara Ha ¢uiyuaa (Hampu-

Mep oT ¢utaner] 10 QuiaHell Ha PO Ha pa3cTosHue L). YpaBHeHueto (1) Moaenupa us-
MCHEHHUETO Ha CKOPOCTTa w B PO TPU CKOKOOOpPAa3eH HE CIUHHYCH BXOJCH CHTHAI OT
CTpaHa Ha MO3UIHUATA | .

CKOPOCT. B usnbiHeHHE Ha TTOCTaBEHUTE TIPEJ] HACTOsIIaTa padoTa 3a/1auu 3a MO-
JICIUpaHe Ha BEJIMYMHUTE, XapaKTePU3UPAIIH IJIABHOTO JIPOCEIMPAHE B PO, C€ ThPCH
pemieHue Ha (1) 32 CKOPOCTTa w MPU KOHKPETHU HAYAIHU YCJIOBHS. 3a PEIICHUETO Ha
ypaBHeHHeTO Ha Ricatti (1), B pabotarta ce m3moyi3Ba METObT Ha Green-QyHKIMHTE,
nokaszaH cucteMHo B [4,10-12]. VpaBuenueto (1) ce oTHacs B Kiaca ypaBHeHHsTa (2),
KaTO C€ ThPCH HETOBOTO pEIICHWE NMpHU yka3anute B (2) HavdamHu ycioBus. C mo-
MOIITa Ha M3I0JI3BaHUs METOJ ca ONpeNeieHn choTBeTcTBamuTe Ha (1),(2) cranmap-
tusnpama QyHkuus »(t) (3) u Green-pyHkumsra gr(t) (4) 3a ykasaHHTe HaYaaIHH
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ycioBHsl (u(0)=u, ,t>0), KACTO w, € HAYaJIHATA CKOPOCT Ha (Iynusia B PO KaTO PEKH-
MeH ¢akTop Ha mporeca. C moMoIira Ha g#(t) € ONPEIeICHO ¢AHO3HAYHO U PEIICHH-
eto (5) Ha ypaBHeHuero Ha Ricatti (1),(2). To mpencrasisBa npexoaHaTa (QyHKIHS
w(t)Z h,(t) Ha M3MEHEHHETO Ha CKOpPOCTTa w IIPH YyKa3aHUTE HAYaJlHU YCJIOBUA
(u(0)=u,,t>0). M3non3BanusT Meto 1 Ha Green-QpyHKIMKTe 3a pemenue Ha (1),(2) mpe-
J0CTaBsl B JIUPEKTEH BUJ U BH3MOKHOCTTa ¢ HamepeHaTa ¢r(t) (4) ma Obae ompene-
JICHa aHAJMTHYHO TpeaaBarennara Gyukuus w,(p) (6) Ha Moaenupanata ¢ (1) quHa-

MHYHA CHCTEMa 3a KOJUYECTBOTO HA JIBIYKCHUE Ha MeaaHa TeYHOCT B Po . HaTtaTbk B
paboTa BPEeMEBHUTE M YECTOTHHUTE XapaKTCPUCTHKH Ha JuHaMu4Hata cucrema (1),(2)
10 OTHOIICHUE Ha w Ca MOJCIUPAHH, CUMYJUPAHA W aHAIM3MpaHu. Taka TOCTHrHa-
TOTO aHAJTMTUYHO OMHCAHUE CKOPOCTTA € OMPEEIIAIIO0 B H3BOIUTE (OCHOBABAILU CE HA
CTPYKTYpEH MOJIe] Ha MPOIECUTE, MMOKa3aH Ha (ur.l) Ha aHATUTHYHUTES MOJICIH Ha
00eMHUS Pa3xoJl, XHIPABIUMYHUTE 3aryOH HA MOIIHOCT ¥ XHJIPOJUHAMUYHUTE 3aryou
Ha CHEePrus MPH IUIABHOTO JAPOCEIUPAHE B PO .

md—W+pf1w2:APcbf o Y rweon
dt dt

AP =P, —-P,; r ; ; ; s=
o r D?L pLD prD? AP,

PO max

: 1)
_DILy)44P.  _ 4m o 4Py ]

2
-t [u;W;a;EDEl;f“:mz“A_Ppo'j
D

dt ) L pLD (2)
u(0)=u,,t=0, (w(0)=w, ,t=0)
a(t)="f(t)+uo(t-t)=hl(t)+w,5(t-t) (3)
gqs(t,r)zl(t_r)e["a(””]z1(t_f)e[’f'w‘””} ”
g(F(t)Ee[‘[a(y}dy]e[lamdy]z et gl ((t-1,)20)
u(t)zw(t)zjgf(t,r).w(f)dr Eje[M””Jm(r)dﬂwoe[irwm”}; b (1) 5)
TG I SIS Y L I (A L
Ww(p)—l(s)—!e gf(t)dr—!e e e dr—W (6)

AHAIUTUYHO MOJAEJIUMPAHE HA ®PUSNYECKUTE BEJINYUNHUN,
OIIPEJAEJIAIINA ITJMTABHOTO JPOCEJIMPAHE
B PEI'YJIMPAIIIMUTE OPI"AHU

PA3XOU. Ilpu Bede u3BecTHO aHanutHyHO perienue (5),(6) na (1),(2) 3a npomsHaTa
Ha ckopoctTa w (¢ur.l) karo GyHKIUSA HA O3UIHATA | HA PO (w(l,t),w(l,p)), CIIeaABa

Ja CC OTUCTC N 3aBUCHMMOCTTA Ha 00eMHUS pas3xoq q(w,t) OT CKOpPOCTTa C HECTAlU-

oHapHOTO audepeHmanno ypasaenue (7). To e Mojgen Ha MHEPIIMOHHA JTUHAMUYHA
CHUCTEMA, B KOATO BPEMEKOHCTAaHTaTa T(s) W MpeAaBaTETHHUAT KOS(MUIMEHT k(s) ca

¢byHkMM Ha HaToBapBaHeTO s. ChoTBeTcTBamiara Ha (7) mpenaBaTenHa (YHKIHS
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w,, (p) (8) ocHOBarenHO MOXeE J1a ObJie M3MOJI3BAHA B AHAJTMTUYHOTO OINpPEJEIITHE Ha

npenasareinHara Gynkuus w, (p) (9), Momenupaia 3aBUCMMOCTTa Ha MPOMSHATA Ha

q
pasxoja q KaTo PyHKIMS OT U3MEHEHUsiTa Ha | Ha Po. C OTUUTAHETO HA U3BECTHATA
[5+8] crarnuna xapakrepuctuka Ha Po (10), KbaETO o (1) € TeOpETUYHATA MIPOIYCKHA
CIIOCOOHOCT Ha PO, aHAJMTUYCH HM3pa3 3a W, (p) ce Tpanchopmupa B (11). B padorara
JTUHAMUYHUTE BPEMEBH M YECTOTHH XapPAKTEPUCTUKU HA U3MEHEHUETO Ha OOEeMHUS
pasxona Ha QUIyn[ q mMpe3 PO KaTro (YHKIHS Ha | ¥ HA s ca MOJCIUPaHU, CUMYJIUPaHU

M aHAJTU3UPAHH.
XUJIPABJINYHU 3AT'YBU HA MOIIHOCT. UsBectHa e [4,5] 3aBucumoctTa
(12) 3a xuapaBIUYHUTE 3aryOH Ha MOIIHOCT 4, OT Pa3xoja q MPH IUIABHO JPOCEITH-

paHe Ha Quiyuga B PO. AHAJIOTMYHO Ha MO-TOPE HANPaBEHUTE aHAIUTUYHU U3BOJIH,
CBBP3aHU C MOCJICIOBATEIHO ChEIMHCHU JUHAMUYHU cuctemu (¢dur.l), npenaBare-
HaTa QyHKOUSA w, (p), AepUHMpaIIa 3aBUCUMOCTTa Ha 4, KaTo (PyHKLIHA OT U3Me-

HEHUSTA HAa | ¥ HAa s HA PO, ¢ onpeneicHa ¢ (13). JluHaMuYHUTE BpEMEBU U YSCTOTHH
XapaKTepUCTUKU HAa U3MEHEHUETO Ha 3aryOuTe Ha MOIIHOCT 4, B PO OT IMPOMEHUTE

Ha | ¥ Ha s ca MOJCJIMPAHU, CUMYJIMPAHU U aHAIIM3UPAHU HATAThK B padorara.
XUJIPOAUHAMMUYHUA 3AT'YBU HA EHEPI'US. [Ipu n3BecTeH MO HA XU-
paBMYHUTE 3aryOu Ha MOIIHOCT 4, (13) B mporieca Ha qpoceiupaHe B PO, XUIPOJIU-

HaAMHYHHUTE 3aryOu Ha eHeprus e, ce onpenenar ¢ (14), (15). JlunamuunuTe BpeMeBH
M YeCTOTHH XapaKTEPUCTHKU HA M3MCHEHHETO Ha 3aryOuTe Ha €HEprus £, B PO KaTO
GYHKIHS Ha | ¥ s ca MOJEIMPaHH, CHMYJIMPaHU U aHAIM3MPaHH B paboTaTa.

()95 q )=k (s) w(t), (a=0/Qu. 05 as1) @)
W (p)= LB KL (1 ()00) (8)

q(p) ~ (alw)p+1) k(s)
Vo P gy = W) P) = G 1) T () pe ) ®)
s q(1s)=(1-s(2-07(1))) "= k(s) (10)

Cale) (alw)per)  (1os( 1o (1))
W)= ) T Totw ()pel) (T (s)pe) (11)
A.=c-s-q(l,s) ,(c:APmaXQmaX:const) (12)

A.(p) (a(w, )p+1) (1-s(1-0(1)))"

W (p )=y e s W R e e s = et T (s)net) (13)
£, (1) =4, (1)- 1= 4P (1)-Q(1) ¢ (14)
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.(1)-] 4. (1) (15)

Ce.(p) es (alw)prt)  (1s(1-0))”
We. (p)= 1(p) p (b(w, (t))p+1) p(T(s)p+1) (16)
e ) (17)
Vw(t,W0)= a(W((;t)/WO)At+a(W(§:N1/WO) Aw, (18)
(1 Wo)d(“((jz/”“) (19)
o () Sl g 2alenl (20)

XAPAKTEPUCTUKU HA IIVTABHOTO JAPOCEJIMPAHE

OHp@HeHGHI/ITC Imo-ropc B pa60TaTa AHAJIMTUYHHU MOJACIIM Ha OCHOBHHTC BCIIMYHNHHN
w, g, 4;,E,, XapaKTCPU3UpPAIIH IIJTABHOTO APOCCIIMPAHC, Ca CUMYJIMPAHU. PCBYHTaTI/ITG

OT CUMYJIMPAHETO BU3yallM3UpaT XapaKTePUCTUKHUTE Ha mpoieca. Te ca moka3aHu 10
METO/JIa Ha 2D -BU3YaJIH3aIlHsl ChC ,,3aMPA3CHH ITapaMeTpu’ KaKTo Clie/Ba Ha:

e (ur.2 - ckopoctra w (5),(6) Ha MpHUHYAEHO ABMKEUTHS ce (IIYHI IPe3 PO C MPEXOJI-
Hata GyHKows h, (t,(a, /b, )) ¥ ¢ 4eCTOTHHTE XapaKTepHCTUKH W, (jo.(a, /b, ) ;

e ur.3 - nedbura (obemuus pasxon) q (7),(11) Ha duyuaa mpe3 po ¢ mpexojHaTa
(bYyHKUHUSA h, (t,7,5) ¥ YECTOTHUTE XaPAKTEPUCTUKU W, (jw,7,s) , KBACTO r=a(w, )/b(w, ) ;
e pur.4 - xunpaBiuuHUTE 3aryou Ha momHoct 4, (12),(13) B po ¢ nmpexoaHara GyHK-
U h, (t,7z,s) U C YECTOTHUTE XapaKTEPUCTUKU W, (jo,z,s) , KbAECTO z=a(w, )/b(w, ) ;

e Gur.5 - xuapoauHamuyHKuTe 3aryou Ha eHeprus £, (14)+(16) B po ¢ mpexoaHaTa
GYHKLIHUA h, (t,7,s) U YECTOTHUTE XapAKTEPUCTUKU W, (jw,7,s) ,KBAETO r=a(w, )/b(w, ) .

OT BU3yQIM3AlIMUTE HA XapPaKTEPUCTUKUTE MO YKa3aHUSI METOJl € OYEBUIHA ChILIECT-
BEHA 3aBHCHMOCT B HECTAI[MOHAPCH PEKUM Ha OCHOBHUTE BeIWYMHU (w,q, 4,.E,) Ha

mpoiieca OT pexuMHHUs (HAKTOp w, ¥ HATOBAPBAHETO s, M3pa3sBalla ce B permapaMer-

pH3anus ¥ pecTpyKTypHpaHe Ha mojenute. PasMepbhT Ha MOCIEAHUTE ce OLCHSIBA U
BU3yaJIM3Upa ChOTBETHO C IMMOMOIIITA HA:
e npeaBaTesHus KoeuIuenT no ckopoct k, (17) - ¢pur.6;

e YyBCTBUTCIIHOCTTA Ha MpeAaBaTeIHUA KOSPHUIIUCHT 110 ckopocT v, (18) - ¢ur.7;
e npenaBaTesHus Koeduuent no aeout k, (19) - gur.8;
e YYBCTBHUTEIIHOCTTA Vv, Ha mpeaaBaTenHus koeduimeHnt no nedut (20) Ha mporueca-

¢ur.9.
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Busyanuzamuure Ha xapakrepuctukure (pur.2-¢ur.9) He oTynTaT penapaMerpusa-
USATa/pECTPYKTYPUPAHETO OT CTpaHa Ha aKyCTHYHATa IIyMoBaTa eMucus (c=0) B pe-
3yJITaT Ha KaBuTalus (B ClydauTe Ha HeCBHBaeM (DIyni, TEYHOCT) MM Ha JBHKEHHUC
Ha (Iyuaa ¢ 103ByKOBa CKOpOCT (B cIy4anuTe Ha CBUBaeM QuUIyH/I, ras).

3a cpaBHEHHME, C M3IMOJI3BAHE HA METO/A HA MHOTOMMApaMETPUYHATA 2D -BU3yaTH3aL[HsI
[5,6] u choTBeTHHMTE aHATUTHUYHU Mojenu [1+5], B HacTosmaTa paboTa ca moka3aHu 1
XapaKTEPUCTUKHUTE HA MPOIIeca IJIABHO IPOCEIMPaHe B CKCIIOHCHITHATHU (exp) U B JIU-
Heiau (lin) PO € OTYMTAHE HA HAIMYMETO HAa aKyCTUYHA IIyMOBa eMHCHs (c=1) Ha :

e ur.10 mo aedur (21) w, (jo.z.s.c);

e bur.11 mo 3ary6u Ha MomrHOCT (22) W, (jo,z,s,c).

om 31 iy Lt b I S e e (21.2)
T i (21.0)
o )t e R b R (e2:2)
o) o e b e (22.0)

PemapameTpusupaneTo/pecTpykTypHpaHeTO Ha MOJEIHTE C W3IMOJI3BAHETO Ha TO3M
BTOPU METOJ HA 2D -BU3yaJIM3allMs € MPEICTaBEHO C NapaMETPUYHOTO MHOYKECTBO Ha
M300pa3sBallld TOYKM Ha YECTOTHUTE XapaKTEPUCTUKU Ha IMpolieca MpU XapMOHUYHA
IpOMsIHA Ha | OT I'BJIHO OTBAapsiHE /10 I'BJIHO 3aTBApPSHE HAa PO BBB (DYHKIMS HA s U
SL, T€ OIPEAEJIEHO IMOKa3BaT €/1Ha MO-IbJIHA U peajHa KapTHHA Ha HECTALMOHAPHUS
IIPOLIEC HA IVIABHO JPOCEIUPAHE B PO .

AHAJIN3 HA PE3YJITATUTE

Pesynratute OT aHanu3a Ha MPOLIECUTE HA U3MEHEHUE HA (PU3NUECKUTE BEIUYMHHU,
XapaKTepPU3UPAIIHU IJIABHOTO JPOCEIMpPaHe B HECTAIMOHAPEH PekuM (w, q, 4,,E,) TIO

JBaTa W3MOJI3BAHU METOJa IOKa3BaT, Y€ pErapaMeTpPU3UPAHETO U PECTPYKTypHpa-
HETO Ha MOJIETIUTE, B pE3yJITaT Ha ChbBMECTHOTO JICHCTBUE U HA aKyCTUYHUSA IIyM SL,
Y Ha HaTOBAPBAHETO s IPHU JPOCEIIUpPaAHE:

- ca 3HAYUTEIHU B CPAaBHEHUE C HECTAIIMOHAPHUS PEKUM 0€3 aKyCTUUECH IIyM;

- KaTO aHAJIMTUYHO OTpaK€HUE HA MPOsIBaTa Ha PEKUMHUTE (PaKTOPU BbPXY IpoIleca,
MpeasBsIBaT HEOOXOUMOCTTA OT M3IMOJI3BAaHETO HAa POOACTHU U CUCTEMHU 3a yIIpaBlie-
HUE B MOCTUTAHE Ha >KEJaHO KAayeCTBO B €KCIUIOATAIIMOHHU MPOU3BOJCTBEHU YCJIO-
BUSI.
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HoBoTo 1 opurnHasHo B HacTosmaTa padoTa ca:
® MIPE/IJIOKEHUTE AaHATUTHUYHU MOJENIM Ha BEJIMYMHHUTE CKOPOCT, AeOUT , 3aryOu Ha
MOITHOCT W €HEprus, XapakTepu3upanld HECTALMOHAPHUS PEXUM Ha IUIABHO APOCE-
JUpaHe, KaKTO U TeXHUs (QYHKIIMOHAJICH aHAJIN3,
® PEILICHUETO HAa YpPaBHEHUETO 3a KOJWYECTBOTO Ha JIBM)KEHHE Ha Euler B kiaca Ha

CIIeIMAJIHUTE YpaBHEHUS Ha Ricatti ¢ U3mo3BaHe Ha MeTo1a Ha Green-(DyHKITUUTE;

e BU3yallM3alMATa HA XapaKTEPUCTUKUTE Ha IMpolieca ¢ U3IMOJA3BAaHE HA METOJAUTE Ha
2D -BU3yaJIu3alus ChC ,,3aMpa3eHU MapaMeTpu' M Ha MHOTrOIapamMeTpuyHaTa 2D -BU-
3yaJIn3aiusi.

JlocTurHaTHuTe pe3ynTaTH B paboTara ce u3noi3sart [12] 3a: ¢popmupaHe Ha HaYATHUTE
yCJIOBHSI TpU POOACTEH CHHTE3 Ha CHUCTEMH 3a YINpaBlieHWE NpHU anpuopHa He-
OTPEJIEICHOCT; poOacTeH aHAIN3 Ha YCTOMYMBOCTTA M KAU€CTBOTO HA CUCTEMH 3a YII-
paBlICHHE; OCHOBAa Ha CTpaTerusTa 3a ChYETAHO MPOTUBOJEHCTBHUE HA BBHHIIHUTE
CMYIICHUATA ¥ Ha IMOCTOSHHO JICUCTBAIM B CUCTEMHTE (HaKTOpH, perapameTpu3u-
painy U/ pecTpyKTYypUpaIi 00CKTa 3a YIIpaBJICHHUE.
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PEKYPEHTHU HEBPOHHHU MPEKHU
B TABAPHUSA N ®PUHAHCOBUS CEKTOP HA UKOHOMMUKATA

Auexcanasp E¢ppemosn

Pe3ome: B cmamuama ce OUCKymupa npuiodcenuemo Ha Oupekmuume u pekypeHm-
Hume HedpouHu mpedxcu (HM) ¢ memooonocuu 3a modenupamne Ha KpeOUMHUsL PUCK,
HA YY8CMEUMETHOCMMA HA UHOUsUoume KoM oghepmu 3a npeoiazanu npooykmu (Ha
emana Ha ONMUMU3AYUAMa Ha nazapuu cmpameeuu) u 0p. Bxoonu eéenuuunu na HM
ca Xapaxkmepucmuky Ha UHOUSUOUmMe, Kamo 6vb3pachi, 00X00, CeMeliHO NON0HCEeHUE,
MAKpOUKoHOMuyecku ¢paxmopu u Op. M3xoou ca geposmuocmma Kpeoumouckamei
KOPEKMHO 0a 00CYIHcea Kpeoum; 8eposimHoCmma UHOUSUO 0a OMKIUKHe HA PeK1ama
Ha NpOOYKmM u m.H. 8 Cmamusama e usnoazeano onucarue Ha HM 6veé 6uo, nozeons-
sawy JjieceH npexo0 om oupekmua kvm pekypenmua HM. 3a mosa npedcmassne e
Onucan memoovm Ha 0OPAMHOMO PA3NPOCMPAHEHUe HA epeKama. 3aKiodeHusma
ca cevp3zanu ¢ npunodcumocmma na HM 6 3acecnamume npunodicuu obracmu Kamo
ce 0bcvicoa usnonzeanemo Ha oupekmuu u pekypeumuu HM 3a onucanue na cma-
MUYHU U OUHAMUYHU 3A8UCUMOCTIU.

Kniouoeu oymu:. nesponuna mpedxica, ounamuyern mooei, Kpeoumen puck, Onmumu3a-
yus Ha cmpame2uu, MOOeJl Hd MbpceHe

RECURRENT ARTIFICIAL NEURAL NETWORKS
IN MARKET AND FINANCE SECTORS

Alexander Efremov

Abstract: In this paper is discussed the application of direct and recurrent artificial
neural networks (ANN) in some methodologies for credit risk models; for dynamic
propensity scoring (used in strategy optimization), etc. Inputs of ANN could be the
available individuals® characteristics, like age, income, marital status, bureau data,
etc. the outputs are the probability the applicants to have a good performance, the in-
dividuals’ response to some actions, etc. The formulation of ANN structure, used in
the paper, simplifies the transition from direct to recurrent network. The main conclu-
sions are regarding the ANN applicability in the selected application areas. From this
perspective are discussed both direct and recurrent ANN for a representation of static
and dynamic relations.

Keywords: neural networks, dynamic model, credit risk, strategy optimization, de-
mand model
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1. Introduction
ANN-s have many applications. Now-a-days a plenty of networks’ types and training
algorithms are available. A new area for ANN is the credit risk and market strategies
optimization. The main reason for not paying enough attention to these mathematical
representations in the mentioned fields is that ANN-s cannot be verified with the
available a-priori information about the investigated system. Such verification is
needed, as the uncertainty level in the real-life data is very high (in marketing and fi-
nance), which may cause illogical relations between the factors and the outputs.
An example of model verification with a-priori information is the following. It is pre-
liminary known that the factor ‘annual income’ is positively correlated with the output
‘probability of good’, and ‘county court judgment’ is negatively correlated with that
output. When work with linear or logistic models (traditionally used for credit scor-
ing) it is easy to check, if the model preserves these expected trends. What is only
needed is to check the sign of parameters’ estimates (it should be positive for ‘annual
income’ and negative for ‘county court judgment’). But when work with ANN, such a
conclusion, based on the network parameters cannot be made. The reason is that gen-
erally, ANN parameters (weights) have no physical meaning.
In some countries (like USA), the rejected credit applicants may require from the fi-
nancial institution the 5 major reasons they to be rejected. This information comes
straightforward from the linear/logistic model estimates but again, if ANN is used,
such information cannot be extracted.
Nevertheless ANN is a powerful tool, which can be used at different stages, during
the model development. One of the main advantages of the networks is that they can
be used for a representation of strongly non-linear systems. This is the case in the
credit risk and in the market strategies optimization, where the investigated system is
the individual. ANN can be used for data cleaning, building of propensity models,
demand models, “fast and dirty” models, assisting the final model development, etc.

Applications for credit risk assessment

A frequently used technique in the system identification is to generate “fast and dirty”
models at the stage of data preprocessing and more precisely for data cleaning. The
idea is to use a model, which estimates the possible values of missing data or to fill
statistically correct values after shaving outliers. At this stage of the overall system
identification cycle, the analyst does not want to spend much time in building such
models (this is the reason the models to be named “fast and dirty””). Usually, there are
no strict requirements these system representations to be logical and to fit with the
available a-priori information. Also, it is well known that individuals’ behavior is
strongly non-linear w.r.t. some factors. For these reasons, ANN-s are very suitable for
data cleaning. If a linear or logistic model is used and the variables are continuous,
some non-linear input-output transformations have to be applied and after that, an
analysis should be performed in order to select the most appropriate transformations,
which improve the model accuracy. But ANN-s don’t require such actions, which
saves time. On the other hand, keeping in mind that the networks are capable to man-
age with unknown non-linearities, it is expected that the resulting fast and dirty ANN-
s will provide more accurate predictions.
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Other application of ANN is when segment the total population. There are subpopu-
lation analyses based on fast and dirty models. Here the goal is to answer the ques-
tion: “How different are some segments?” before to start building models on the cor-
responding subpopulations.

The main two types of scorecards in the credit risk assessment are related to the appli-
cation for a credit (application scorecards) and how people service their loans (be-
havioral scorecards). First models explain only the static part of the individuals’ be-
havior, as the data doesn’t contain information about the dynamics. They are used to
predict the risk level, associated with credit applicants. On the other hand, the behav-
ioral models represent the dynamic performance of the accepted applicants. Hence for
application scorecards, feedforward (fast and dirty) ANN-s can be used, but for be-
havioral scorecards, recurrent ANN-s would be preferable.

Applications for market strategy optimization
There are different tasks associated with market strategy optimization. One task is to
optimize the retailers’ actions, applied on the market, like price, discount, advertise-
ment, product display, etc. Here ANN can be used as a demand model, which predicts
the potential demand, if a set of retailers actions are applied.
Other task is to isolate the optimal subset of offers, which mostly fits to the needs and
interests of a specific customer. Usually, to solve such an optimization problem, a set
of propensity scores has to be generated. In this case ANN-s can be used as propensity
models. In marketing, there is no requirement from a regulatory perspective, which
insists the model to be well interpreted.
In the next sections is presented a realization of an algorithm for training of recurrent
neural networks. It can be also applied to direct (feedforward) networks [1].

2. Neuron and notation
ANN is a system of interconnected neu-
rons. The neuron structure is presented on
Figure 1. Generally it has many inputs and
one output. In this document, the k-th
value of the i-th input (or factor) is de-
noted with ¢;  and the output is y . The

input data is processing by the neuron in
two steps. The first step is to calculate the ) —
propagation function s(¢y ). Usually it is a Figure 1. Artificial neuron

weighted sum of the inputs. Each weight
(neuron parameter) represents the sensitivity of the neuron output w.r.t. the corre-
sponding input. The i-th parameter is denoted with & . In addition to all weighted

factors, a bias (intercept) term is added in the sum. The bias is denoted with &, and a
fictive (constant) factor ¢q =1 is introduced. With this notation, the propagation
function for the k -th observation can be written as

S(p) =Sk =0 + 11 +...+ O k-

= 1=

)
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With n is denoted the number of neuron inputs. Let all parameters and factors are
collected in the vectors
T T

0=[0y 6 .. 6] and ¢ =[pox @1k - onkl -

Then the above linear combination can be written in the compact form
T
Sk =0 o

Note that because the bias term is introduced, then 6, ¢ € R"**.

The second step of data processing is a transformation of the weighted sum by a func-
tion, named activation or transfer function. It is denoted with a(s), so the neuron out-
put is
Yk =a(sy).
Examples of typical activation functions, which are frequently used in practice are:
— linear function

a(s)=s
—logistic function
a(s)=——
l+e
— log-sigmoid function within -1 and 1
2
a(s) = -1.
1+e728

3. Neural networks, architectures and notation
The neurons in the ANN-s are arranged in layers. The first layer is named input layer
and the last one is the output layer. All layers except the last are hidden layers as their
outputs are not observed.
There are many types of ANN-s.
According to one classification,
they can be split into direct and re-
current. On Figure 2 is presented a
direct network, where the neurons
are connected with direct links from
first to the last (output) layer. Here
the signals are propagated only in
one direction — from the outputs of
a hidden layer to the inputs of the
next layer. There are no feedbacks Figure 2. Direct neural network
(loops) i.e. the inputs/factors for a
given layer don‘t depend on the outputs of the same and the next layers. With such a
mathematical representation can be explained only the static part of the investigated
system behavior. On the other hand, the recurrent ANN-s have feedback connections
in their structure. This means that the time factor plays role in the networks perfor-
mance. As a result, the recurrent ANN-s can represent dynamic systems behavior. Ex-
amples of recurrent ANN-s are given on Figure 3.
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Figure 3. Recurrent neural networks

In the considerations below is assumed that the recurrent ANN has only feedbacks
from the output to the inputs of the corresponding neurons, as shown on figure 3 — the
first ANN topology. There is one time sample delay associated with the feedbacks,
I.e. each neuron output depends on its previous value. This simplifies the explanation
of the backpropagation method. It is also assumed, that if the argument of a(sy) is

the vector

s =[su(ek) S2(0) - sml@)]'
e.g. of all propagation functions of a given layer, then a(sy ) is the vector
a(se)=[a(sk) alszk) - alsmi)l'
of all neurons’ outputs from that layer. With other words the transformation a(.) is
applied on s, elementwise.
The notation, when introduce ANN layers into consideration is presented below. Let a

network has m inputs u, and ¢ outputs ¥, (u, €R™ and ¥, RE), the number of
layers is |, the number of inputs for the r -th layer (for r =11) is m, and the number
of outputs (equal to the number of neurons in that layer) is /.. The linear functions
and outputs of the r-th layer are denoted with SE] =S((0l[(r]) and yE] :a(sE]) re-

spectively. Note that sl[(r], yl[(r] e Rr and the last (I-th) layer output is the ANN out-
put i.e.

Vil =k

which consists of ¢/, =/ components.

The inputs/factors for the r-th layer are the ¢,_; outputs yE‘l] of r—1-th layer (for
r=2,1) and the ¢, factors got[)rl]( = yl[(r_]l, which are the back propagated outputs of the

neurons from the layer. These variables are gathered in the vector gol[(r] with m, +1
components (here m, =¢,_y+/¢,). The first element of this vector is the additional
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fictive factor (ogl]( =1 and as it was mentioned above, it is introduced to account for
the constant term (bias, intercept), i.e.

¢i[(r] _ [1 yi[(r—l]T ¢EI]<T ]T _ [l yi[(r—l]T yl[(r_]I ]T .
If ANN is a feedforward (direct), then the inputs of the first layer are gathered in the

vector gol[(l]z[l uI]T, which are also inputs of the network and also

(ol[(r] =[1 yl[('r_l]T ]T . For consistency with the notation the number of inputs (without

the bias) m of the first layer is denoted also with 7. In this case m; =/ + /4.
The vector function SE], which depends on (P|[<r] can be written in the following ma-
trix form
5|[<r] — @[r](pl[(r]_
The parameter matrix @!'] =[eg] ®[fr] GH]] e R ™M of the r -th layer is

oy o, o, a1 o 0
:
ol _| 653 6% o7, 0 4] 0
(1 ] Mmoo [r]
O, Pt 0ive, 0 0 Oo.i,

Each row of ®L" contains the parameters of the corresponding neuron from the layer.
Actually the j-th neuron from the r-th layer represents how the j-th output from

that layer depends on the outputs from the previous, r —1-th layer (or the ANN in-
puts, for r =1) and the feedback signal. By using the above notation, this relation can
be written as

Vik =aGsik (@),
where the propagation function s[H( IS

stfy =0llgl = o5l + ol ol +.. + 6 [fr,]jzr_l(”?r]_l,k +6y] g"yr]_m,k :

4. Backpropagation method
Probably the most wide-spread method for training of multi-layer neural networks is
the backpropagation method (the name comes from “backward propagation of er-
rors”). This method is able to manage with large scale learning problems (with many
parameters and complicated topologies) [3]. It can be split into three parts. They are
signals propagation, errors propagation and parameter update.

Signals propagation
If the network is a feedforward, in order to produce the output y,, the signals are
propagated from the inputs, through the layers (from the first to the last one) to the
ANN’s outputs. If there are feedback links, the inner directions are followed in order
to determine the set of factors that contribute to each layer outputs.

54



The propagation function for the first layer is
31[<1] — S(¢|[<1]) — e (P|[<1]’

T

where gﬁl[(l] =[1 uy [1]T] . The next transformation can be written as

Vil =a(s(e).
In the same way are formed the shifted back propagated outputs, which are also fac-
tors for the layer. They are gathered in the vector (p[z] Hence the whole regressors’

vector becomes
2] _ 1 y[l]T [2]T]

Following this sequence of transformations and gathering all chain functions in one,
for the ANN output, as a function of the input vector, we get

9 = as(el ) = ... =a(s(a(s(-(sug, YH D). ).

Errors propagation
The second part of the method — the errors propagation is associated with the training
process. The discrepancy between the real data and the network performance is de-
fined in terms of the residual

ek = Yk — Y-
This process takes part in the parameters update in the following way. Let

FO)=Y > efy
i k

Is the objective function, which is the sum of squares of all residuals and & is a vec-

tor, containing all ANN parameters. Starting from the output layer, the gradients

V ¥ of the objective function w.r.t. the parameters of the i-th neuron from the r -
i

th layer, are determined. Let the non-zero elements of @E_r] are arranged in a vector

eP] such that first 7,_; elements are the intercept and the parameters, connected

with the outputs from the previous layer (forward links) and the remaining element is
related to the feedback connection, i.e.

T T
o'l =[o5 o a1
Let also the factors are split in the same way as
Rl Rl 2
For the last layer the parameters OP] of the i-th neuron affects only the i-th output.

Hence, by using the chain rule for differentiation of a composition of functions, ap-

plied to <= 9“] we have

oe; Y osl 0o
=D e ol = 2D kRO ®

890[|:I| " ae,k ay“] 65“] ag[']
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(sl

The derivative ai['& is the same for all neuron parameters and the derivative

ost!]
[
[ _ ik _
70ik = 80([)[}_1’ (2)
as the propagation function is linear w.r.t. the parameters.

The elements of V&, associated with the vector 6[1!]i are

Veu] F = Zae.k ay'[.] as['] Vi Si, 11 ——22‘51 [117[f]| k* (3)
ik fli

The gradient y[f]i K= Ve[']. si[ « (column vector) can be written as

A= el ®
The elements of VF, w.r.t. the parameters related to the feedbacks, are
i ]
oF ik Wik O 11011
69&'} ZZael 3 ay['] as[|] 89[I] _Zzel K% k7bik - ()
q osh
The derivative 7t[)}’k =— [] can be written as
b i
| | | |
Al =i + el (6)

The relations (2), (4) and (6) can be gathered in one expression, which is
| | | |
A=+ ugafl ol

where the gradient 7/['] iIs the vector with the following structure:

| | nT |
Ae=Vonstk =00l 7 7onid”

Then, combining (1), (3) and (5), for the gradient of the objectlve function

V [|]T [ VO[I]-T
i

[l] agm]

w.r.t. the parameters of the i-th neuron from the last layer, we have
1, [T
VGP]T:—Z%GL I[|17/I[|1 .

The three components of the gradient of (&) w.r.t. the i-th neuron from the layer,
before the last one, are

1] [1-1
oSt

agg| 1]

0
| | 1-1] . [1-1
—2§[Zej,k“5,]k9b,1 [J]k 1‘911] |[k ]17([)| k] 1
j=1
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: 16 o0, -
ve[f'—.llq::_zz Zej,kaj kG o5 T ik
i k \j=1

/
! ! 1] [1-1JT
—sz:[ZeJ kb, o ﬂj} L LY

j=1
OF < | =) | 1
s o3| et i
J:

7~ N\

/
| -1, [1-1
_sz: 2.8j k& []ebjaﬁ]k 19|J]“|[k ] t[)lk] 1

j=1
Then the gradient of F(€) w.r.t. the parameters of the i-th neuron from the next to
the last layer becomes

| |
[| 1]T_22[Zej ka['] ] |[|<1]7/|[ =1L

-1 1T
—ZZ{ZGJ k“ ij E]k 1‘911] |[k ]17|[k !

Applying the same logic, the gradient Ve[._z]T can be determined, etc.
i

Parameter update
The third part of the backpropagation method is the parameter update. There are dif-
ferent formulas for the update of &, which depend on the optimization method. But in
general

o+D) = g L A9

For instance, once the overall gradient is calculated, the parameter update, when use
first order optimization method, is

A0 = v ,F(6).

Here VF(6) e RP is the overall gradient of #(8) w.r.t. all ANN parameters and p is
the number of parameters of the whole ANN. The step size parameter x is a scalar or
a matrix, which is used to adjust the speed and precision of the optimization process.
If the optimization method is from a second order, then « depends on the Hessian
V2F(0)eRP*P. In [1] is presented an application of the first order optimization
method Gauss-Newton, where g depends on an approximation of the Hessian.

5. Summary and further discussions
ANN-s have important advantages, compared with the linear and logistic models,
used in marketing and finance industries. The major advantage of the networks is their
ability to represent non-linear behavior and as it is well known, the individuals’ be-
havior is strongly non-linear.
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ANN-s can be used for modelling of many, completely different aspects of the inves-
tigated system, but the training process remains the same. For instance it is not neces-
sary at the preprocessing stage to apply non-linear transformations on the input-output
processes. This is very important, when the system identification cycle is applied
without (or with limited) human intervention.

Now-a-days, a huge amount of data, regarding the individuals’ performance is availa-
ble. From this perspective, the above mentioned potential of ANN-s, combining with
the possibility of an automated model development is a premise for their successful
usage in solving of big data problems. Another premise in this direction is that they
are appropriate for cases, where the a-priori information is absent or is limited.
Currently, in many application areas static models are used. In these cases the direct
ANN-s can be used in different stages of the modeling process. As mentioned earlier,
they can be used for data cleaning in finance; for segmentation analysis; as final de-
mand or propensity models, etc.

There is a trend, observed within the last decade, to move the focus on dynamic mod-
els in fields, where static models are traditionally used. A good example is the finance
industry. Usually, the datasets used for application scorecards represent only the static
part of individuals’ behavior — here the data is a snapshot of the individual’s status at
the moment of application for a credit. But even in this case there is a possibility dy-
namic data to be extracted from credit bureaus. Another example is marketing, where
an appropriate application of the dynamic theory at the modeling stage may signifi-
cantly increase the demand models accuracy [2]. Other examples can be given from
the medicine, politics, sociology, etc. In these areas the recurrent ANN-s could be the
key for extracting of dynamic information from data.
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YUCJEHO YCTOMYUB AJIT'OPUTHM 3A OBYYEHUE
HA HEBPOHHU MPEKU 3A TAHHMU C I'OJISIMA PASMEPHOCT

Auexcanasp E¢ppemosn

Pe3rwome: Ilpedocmasen e ancopumvm 3a oOyueHue Ha OUPEKMHU HEBPOHHU MPedriCU
(HM). Toiui ce bazupa na uucneno ycmouuus eapuanm na memooa I ayc-Hiomon, u3-
NOA36aH NPU Peanu3ayuama Ha Memooa Ha 0OPaAmHOmMo pa3npoCmMpaneHue Ha epeul-
kama, 3a obyyenue na HM. Ancopummovm e sucoxo egexmuseH, 0cobeHo 3a 201Mm
opoi oannu. Totl e pazpabomen 3a copmyepom MDS (Model Development Studio) »a
komnanusima Experian Ltd. Excnepumenmume ca ceévpsanu ¢ oeiinocmu no uzbopa
Ha cmpykmypama Ha HM. 3axnouenusma ca c8vbp3anu ¢ NPUIONCUMOCIMA HA All20-
pumvma 8 ooracmu, Kamo GUHAHCU U NA3APHU CUCTHEMU.

Kniwouoseu oymu: nesponna mpedxca, Iayc-Hiomon, dexomnozuyus no coobcmeeHu
CMOUHOCIMU, 3a0aya C 20AAMa pa3MepHOCm, PUHAHCU, NA3APHU CUCEeMU

A LARGE SCALE NUMERICALLY STABLE ALGORITHM
FOR TRAINING OF NEURAL NETWORKS

Alexander Efremov

Abstract: The paper presents an algorithm for training of direct artificial neural net-
works (ANN). A numerically stable implementation of the Gauss-Newton method is
developed for the realization of the backpropagation method. The algorithm is highly
effective for big datasets. It is designed for the software MDS (Model Development
Studio), developed by Experian Ltd. The experiments are focused on ANN’s structure
determination. The conclusions are regarding the applicability of the proposed algo-
rithm in application areas, like finance and marketing.

Keywords: neural networks, Gauss-Newton, eigenvalue decomposition, large scale
problem, finance, marketing

1. Introduction
In many application areas there is a need to extract information from rough data.
When the data samples are from a big dimension, frequently this extraction process is
named data mining. In most of the cases this process is reduced to a modeling and the
resulting mathematical representation is the extracted information. There are many
examples, where the deterministic ingredient in the data is associated only with the
static part of the system behavior. This is the case in sociology, finance (e.g. applica-
tion scoring), medicine etc. The investigated systems in these areas are nonlinear. Al-
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so there are many factors affecting the outcome processes. In addition to that, the a-
priori information is not enough even to deduct an initial analytical model.

The artificial neural networks have the potential to account for these systems’ specif-
ics. They are powerful tools, which can represent arbitrary non-linear behavior [2].
Their structure is naturally multivariable — with many inputs and outputs. Now-a-days
there are well developed methods for black-box modeling, but when deal with large
scale problems, the model development time may increase drastically. Hence, for such
problems, highly efficient training algorithms are needed.

2. Gauss-Newton Method
The presented algorithm of the backpropagation method utilizes Gauss-Newton (GN)
optimization method [1]. It is used when the objective function is a residual sum of
squares. A numerically stable realization, based on eigenvalue decomposition (EVD)
is used. The factorization methods provide numerically stable results and lead to a fast
convergence of the estimates.
Idea of the method
GN is a first order optimization method, as it uses the gradient of the objective func-
tion. Unlike Newton-Raphson (NR), GN doesn’t require the calculation of the full
Hessian. At each iteration of GN, an approximation of the Hessian is constructed. The
gradient and the approximated Hessian are used for determination of the step size and
the descent direction. A step-size parameter adjusts further the step length, based on
the accumulated information about the shape of the objective function.
The advantage of GN is that avoiding the calculation of the full Hessian the method
complexity may decrease drastically (this is the case when train ANN). On the other
hand, if the current ANN is away from the optimal and the objective function cannot
be approximated as a quadratic function of the parameters, the accuracy of both GN
and NR decreases. But when the trajectory approaches the optimum, usually the ap-
proximation approaches the full Hessian. Also, the quadratic model of the objective
function, which is used in the deduction of NR, becomes a more accurate representa-
tion of the surface of the objective function. In this case both GR and NR also have
similar behavior. This effect is explained in the next subsection
From the last considerations follows that these methods perform in a similar way and
in many real-life cases, GN is more preferable, as it is less complex then NR. For this
reason, GN is selected for training of ANN-s in MDS.
GN derivation
GN is presented in terms of NR. A general updating formula of the estimates is

oD — oM L Ap()
where the parameters correction in NR is AOM = _H ‘(h)g(i). Here H™™ js the in-
versed Hessian at the h-th iteration. The objective function is
F(0) = e'e.
where e is the vector e:[elT eg e{, 1", containing the residuals, associated
with all dependent variables for the observation interval (the number of observations

is N). It is a function of @, as e, =y, — ¥, (8). The gradient of (0) w.rt. #RP is
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g=V'F(@)=2)]eeRP, (1)
where g is a column vector and J, is the Jacobian of e with the structure

8elyl 6e1‘1 ae]_’l ]

o6, 06, " 06,

6e2‘1 6921 892‘1

i Vgel i 6.91 6?2 . a(?p

Vg€, 59‘5 1 ae‘z 1 ey
= = = L= = A INxp
le=Vee=| 07\ G w o a |<RM

5@1l 2 691, 2 ae]_’ 2

[VeeN] | F6, @6, " e,

6e,2|N ae(ij ' ae/T’N

o6, 06, 06,

The full Hessian H of F(6) is

H=V2F(0) =20 Jo +2H, 05e e RP*P. )
Because e and @ are vectors, H, =V§e e RP*P*N s a 3-rd order tensor. With ‘037 1S
denoted the multiplication between e and H, across the third dimension of H,.

The specific view of (1) and (2) is due to the fact that #(¢#) is a residual sum of

squares. The second term in (2) significantly increases the complexity of A& in NR.
On the other hand, in GN this term is omitted and instead of H is used

H=23]J,. 3)
As it was mentioned, if oM s away from the optimum, frequently the quadratic
model of F(#) is not very accurate. Hence it is meaningless to predict a precise cor-
rection AO™ , based on H . On the other hand, if (" approaches the optimum, the
second term in (2) 2H, o3e — 0, as the residual decreases and also the correlation
between e and H, decreases. Hence neglecting the tensor term would not decrease

sensibly the convergence rate but, as the computation burden is reduced, the CPU
work would not be a bottle-neck of the algorithm performance.
Step-size parameter

The step-size parameter s js a scalar, which adjusts further the length of AOM™ 1t
improves the convergence, when the quadratic approximation is not fitting well with

F(0). One way to select appropriate value of s is to account for the previous val-

ues of the objective function. Other way is to track the angle « =<A9(h‘1),A6?(h)>.

E.g. s grows if « is small.
Numerically stable realization of GN

The matrix H should be inverted, in order to calculate AOM . A numerically stable
realization of GN can be obtained by the Tikhonov regularization. In this case the op-
timization method is named Levenberg-Marquardt (LM). Here (9.2) becomes
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o+ _ () _(Je(h)TJéh) +&)—1Jéh)Te(h)_ 4)
If 6 — 0, (4) becomes the standard GN updateand if & — oo, (4) approaches the basic
gradient (first order) optimization method, where the step size has a negligible length
and the descent direction coincides with the antigradient one.
The main disadvantage of LM is that o is preliminary unknown. This parameter is
numerically adjusted, by an incorporated optimization algorithm in LM. This is con-
nected with additional data passes. But in marketing and credit risk, where the obser-

vations are 10° — 107 and the potential factors are 10° - 10°, an iterative determina-
tion of & may lead to significant slowing down of the modeling process.

A conceptually different approach for a numerically stable solution can be constructed
by using of factorization methods. One way is to decompose the matrix, to be in-
verted. In the considered case, the Hessian approximation is a real, square and sym-
metric matrix (see (3)). In this case EVD is appropriate to use. It is

~ Dl 0 VT
H=vDV' =[V, V 1
\% 2]{ 0 DJ{VZT}

where D is diagonal matrix, containing the eigenvalues of H, arranged in a de-
creased order and V is orthogonal. Let D; contains the significant eigenvalues (in

terms of a preliminary set threshold) of H and D, — the remaining eigenvalues. Then
H leDlvlT and for the numerically stable inverse, we get
H~v,DiV .
The updating formula of the estimates becomes
oD — oM _y pv T g MTeM
In this way the eigenvalues in D, , which would lead to numerical errors, don’t take

part in the training. Hence, the update of & is performed in a subspace of the parame-
ter space, where numerical problems are not occurring. Moreover, the approach with
EVD, doesn’t require additional data passes and for this reason it is used in the GN
realization.

3. Notation
The notation, used in the following considerations, is introduced below. With uy is

denoted the input of the network (k is the index of the current observation). The sys-
tem output is y, and the ANN output is . .

The inputs of a given neuron are gathered in the vector ¢, . The neuron is processed
in two steps. The first step is to calculate the propagation function s, =s(¢,), as-

sumed below as s = eTgok, (here @ is the neuron parameter vector). First element of
6 is the intercept and is denoted with &,. The corresponding element of the regres-
sors vector is ¢y =1. The second step is a transformation of s, by the activation

function a(s) (usually non-linear). The neuron output becomes
yk =alsy (k).
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All neurons in ANN are arranged in layers. First one is named input layer and the last
Is the output layer. All layers except the last one are hidden. It is assumed below that,
if the argument of a(sy ) is a vector, then it is a vector as well. For instance, the data

processing through a given layer with m neurons is
S =[81(0) S2(0) - Sm(@)]'

a(s) =[alsyk) asz) - aGmil'
With other words the transformation a(.) is applied on s, elementwise.
Let an ANN has m inputs u, and ¢ outputs ¥, , the number of layers is |, the num-
ber of inputs of the r-th layer is m, (m; =m) and the number of layer outputs is 7,

(£, =¢). The propagation functions and outputs of the r-th layer are s|[<r] and
y|[<r] - a(s|[<r]). Note that sl[(r], y|[<r] eR'r and yl! =9, .
The inputs of the r-th layer are yl[(r_l]. They are gathered in the vector

ol =1 yI" T eR% where z, =m; +1=¢,_; +1. Note that g =[1 uf]".

For consistency with the notation the number of inputs (without the bias) for the first
layer can be denoted with /5 =m; =m.

The vector function er] represents the propagation part of the transformation process,
performed by the r -layer. It can be written in the following matrix form

o ol .. e

- @Il where @[] = 49%51 95.2] = el[r;]r CRUrxZr
M o1 ]
o oy el |

The j-th neuron output is y[H( = a(s[jfl]( (o)), where

STk =070 =05 + Ol -+ O ol

4. Jacobian matrix of the residual
The major part in development of the training algorithm is the deduction of the Jaco-
bian matrix J, for the general case. The way of J, determination is explained below

in two steps. The first step in the deduction is to represent the residual e, as a func-

tion of the unknown matrices ®™1, ®[?1 and ®!'1. The reason is that the first deriva-
tives of e, are different for each layer. The second step is to determine these deriva-

tives.
Residual as a function of layers parameters
Because the residual is e, =y, — Vi (6), it is convenient to represent ¥, , instead of

e, as a function of o, o2 and . The output of the last layer is a result of the
activation functions applied to the elements of SE] le.
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I = i (st).
On the other hand, si[('] depends on e and (DE], SO

SlEI] — SIEI] (@[I] , (P|[<|]) ] (5)
In this way Y, , represented as a function of ol s
g (@) = i s @, g1y (6)

In the considerations, the propagation function is linear w.r.t. ® and ¥, =a(s) is
generally non-linear function of ®. The vector ¢E] contains the element (pc[,"]k =1 cor-
responding to the bias and the outputs of the | —1-st layer, i.e.
Al =1t v (7)

By analogy with (5), le"l] depends on the parameter matrix o1 and the input vec-
tor gz)l[(l_l] of the next to the last layer, that is

5|[<| -1 _ 51[<| -1 @01, 5"1? —1]). )
Thus, for y,, represented as a function of ®l'1 | is obtained the relation

9 (@) = 9 (sp (s M@l H, 0l ).

Following this sequence of transformations and gathering all functions in one, the rep-
resentation of y, as a function of the parameters from the r -th layer is

@) = 9 (s (5 s @l g ).
For the residual we get
ex = Yk — Ik = (sk(sh (. skl ol

Derivatives of the residual w.r.t. ANN parameters
Before to continue with the deduction, the following notation is introduced. Let the

vector ol :vec((®[r])T) for r=11, contains the parameters of the corresponding
layer. The first z, elements of 6l are the parameters of the first neuron, the next z,

elements are the parameters of the second one, etc. Let also the vector 8 RP con-
tains all parameters of ANN and has the following structure

0= [vec(¢9[1])T vec(e[z])T vec(¢9['])T ]T : (9)
Its dimension is p = er:ﬂrzr :
The following Jacobians are also introduced:

Jox €R™P — the Jacobian of e, w.rt. 8 (Jg = V)

Jy €R™P — the Jacobian of §) w.rt. 8 (Jgx =Vy¥)
Jw( e R™P — the Jacobian of §, w.r.t. 6" (J% =V i1 9k)
‘]gs],k e R — the Jacobian of § w.rt. s. (‘]gs],k =Vsl[(.]§/k)
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Jgg-}l-(l] c Rfr+1><mr+1 — the Jacobian of SE’+1] W.Irt S[kr] (Jgg-ll-(l] _ Vs[r] S|Er+1])
, ’ k

I e RIr=r?r —the Jacobian of sl w.r.t. ot (30 =V nsi)).
As the objective function is
N
F(O) = ele= Ze{ek : (10)
k=1
the gradient g € RP of (&) w.r.t. the ANN parameters can be written as
N
g=V'F(H)= 2szg:kek ,
=1
where
Jek =V =—VgYr =—Jy k-
For the gradient of the objective function we get

N T
g=-2> J§ 8-
k=1

ou(v(x)) _duov
OX oV OX

u(v(x)) is used below. In the multivariable case, the rule can be written as
V,u(v(x)) =V,uv,v.
From (6), (7) and (8) are obtained the following expressions for the Jacobians

The chain rule for computing the derivative of a composite function

| 11 .0
Jg,,]k - J[yg,ng}(, (11)
-1 I | -1
Jg‘/,k = JE?s],ngs:!k‘]g,k ]’

I | m;—l 1
b =t Al ol ottt

¥s,k ¥ss, k' ss,k
These matrices are parts of the full Jacobian J  of the k -th observation, which is

1 2 |
g =00%L 3L . bl
Its structure corresponds directly to (9).
To simplify the deduction, the index k is omitted below. The matrix Jg*l] IS

_aS]IEr‘Fl] as:ll:-r‘i’l] ]
as{r] aszr] .
grll g G+l | ;T
ss = VIr1S - - o1
GSEH ] SEH ]
‘r+l “r+l
[r] [r]
| asl asmHl

ANN representation with a set of matrices is easier for Jg*l] determination. Then, in

the next considerations, the propagation function sI™ will be written as
S[r+1] _ ®[r+1](p[r+1]. (12)

The vector L™ depends on s, so after differentiating of (12) w.r.t. this argument
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and using (11) is obtained the Jacobian
J££+1] — ‘]Q(‘[)-I‘l]\]g)l;-i-l] — @[r+1]\][¢2+1] .

J([pr;l] =Vs[r](p[”1] eRZ*r for r=11-1 is the Jacobian of o™ w.rt. s,
The first element of go[”l] (the bias) is not a function of sl"1. Hence the first row of
J ([02”] consists of zeros. Each of the remaining elements of (p[”l] depends on the
corresponding element of s, (because the j-th neuron output from the r-th layer
ygr], depends only on sgr]), i.e.goEHl] = ygr] = a(sgr]). Hence, the Jacobian J([[,g”] has
the structure

0 0
aa(s{r])
osl"]
it = . (13)

[r]

0 aa(sfrr )

8S[r]

Ly

Shortly (13) can be written as J (E;*l] =[Oy, va(sth]" and 3L+ finally becomes
JE el lo,  va(s!T =[el"H],,  va(stl).
For the gradient of the objective function we get

N T
g Z—ZZ Jyykek ) (14)
k=1

where
1 2 |
Jylk:[\]%’]k J[y]k J%’]k],

Ik =I5 dish s IEi ek
In order to accelerate the algorithm, all calculations across the observations (from
k=1to N) should be avoided. Instead, the aggregation in (10) and (14) has to be per-
formed across the signals. This, combined with a parallel implementation of the algo-

rithm leads to a significant reduction of the training time.

5. Experiments
Two experiments are presented below. First one is connected with the structure of
ANN with two layers. This experiment is based on the following simulation scenario.
A set of input-output data with N =10000 observations is generated, by using of

ANN with m=30 inputs and ¢ =5 outputs. The input (vector) signal is uniformly
distributed and u, ~U (-1, 1). An additive output noise is also generated, which has a

standard deviation o, = %ay 4 » Where yy is the deterministic output of the network.
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The accuracy of ANN-s with different structures (number of neurons per layer is
changed) are compared, where the goodness of fit is in terms of VAF (Variance Ac-
counted For) statistic. A cross-validation is performed in order to avoid ANN overfit-
ting, where 60% of the data is used for training, 20% for the termination rule of the
algorithm and 20% for validation (VAF calculation).

layer 2
neur.
2 4 5 & 7 2
numb
P WAF P WAF B VAF P WAF P WAF P WAF P WAF P WAF B VAF
1 37 449 41 450 45 450 49 450( 53 450( 57 450( 61 450 65 450| 68 450
2 69 453 | 74 B35| 79 83584 B35 89 83594 B35 99 B35 (104 B35 |109 B35
3 101 463|107 793|113 8248|119 848|125 859|131 859|137 844|143 B43 1459 548
— 4 133 469|140 246|147 B60 | 154 854|161 3850|168 861|175 862|182 861|183 573
tL:l_:_..l 5 165 476|173 867|181 B84 |189 863|197 857|205 B86|213 886|221 BBG |229 BB7
= = 197 475|206 878|215 891|224 B3B8 |233 B899 |242 892|251 900|260 S00|269 900
7 229 4834|239 900|249 901|259 900|269 903|279 900|289 903|299 S00|3089 S04
3 261 435|272 900|283 903|294 501|305 903|316 908|327 908|338 909|349 909
g 293 482|305 900|317 909|329 907|341 B98|353 909|365 900|377 907 389 914

Table 1. Average VAF of the 5 outputs of ANN-s with different structure.

The results are presented in table 1. A general conclusion can be made that with an
increase of the number of model parameters (within the limits of the experiment), the
model accuracy also increases. Also, the precision of ANN depends on the number of
neurons per layer. A sensible increase of VAF is observed, when add neurons to the
first layer. An explanation is that this layer has more inputs and therefore more de-
grees of freedom are introduced by adding a neuron to that layer. But ANN-s with the
same degrees of freedom have significantly different behavior. For instance when the
network has 5 neurons per layer or 6 in the first layer and 2 in the second, the param-
eters are p=197. In these cases VAF is 85.7% and 47.5% respectively. This differ-

ence can be explained with the following considerations. If all inputs are processed
only through one neuron, than their variations are reduced only to a variation of the
neuron’s output. And then, regardless of the number of neurons in the next layers, a
sensible ANN improvement could not be observed (if the first layer has 1 neuron,
then VAF is around 45%). On the other hand, if the neurons in the input layer are
more, then the neurons in the second layer can participate more effectively in the
training process.

The next experiment is a comparison between ANN and the most frequently used
models for credit risk assessment — the linear and logistic models. The real data in the
experiment is provided by Experian Ltd. It represents a static aspect of the behavior of
credit applicants. The observations are 50283 and the independent characteristics
(continuous) are 25. The dependent is binary. Three models are built —linear, logistic
and ANN with one hidden layer with 4 neurons. The activation functions are logistic.
80% of the overall data set is used for modeling/training and the remaining 20% are
used for validation. The models accuracy is measured by VAF. The result is:
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VAF, |y =19.68%, VAF og = 20.02% and VAFyy = 26.8%.

Theoretically, the logistic model is more appropriate for binary dependent variables.
In the finance sector, the obtained values for VAF |y and VAF o are acceptable, as

the uncertainty level in this sector is very high and the models are used for discrimi-
nation, but not for approximation of the individuals behavior. In terms of ANN, both
linear and logistic models can be presented with a single neuron (with linear and lo-
gistic activation function). From this point of view, ANN with one hidden layer has a
greater potential to represent the non-linear individuals behavior. This leads to the
significant improvement in explaining the dependent variations, which is more than
6%.

6. Conclusions
GN method provides a good balance between computational complexity and precision
of parameters update (which is related to the number of iterations and hence to the da-
ta passes and the training time). Usually, as the influence of the data uncertainty is
significant in areas like finance and marketing, the number of observations is around

10*-10". GN can be parallelized (even into hundreds treads, when utilizes GPU-s
(Graphical Processing Unit)) and formulated in terms of factors but not of observa-
tions, as mentioned in section 4. This accelerates further ANN’s training. The network
structure determination is not explained in details, but the conclusion from the first
experiment provides a useful direction in solving this task.

The second experiment, with the real data, shows that the usage of ANN-s can sensi-
bly improve the model accuracy. In finance, ANN-s are not accepted from the busi-
ness as final models, as the representation of the individuals’ behavior has to be trans-
parent in order to verify it with the available a-priori information. Also, in some coun-
tries the rejected applicants may require information, regarding the reasons to be re-
jected, which is generally impossible, when use a network (from this perspective,
ANN is a black box). Nevertheless, the networks can be used at different stages of the
system identification cycle.
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HEJUHEWHO YIIPABJIEHUE HA TPUDA3ZHU ACUHXPOHHU
ABUI'ATEJIN C KOMIIEHCHUPAHE HA KPBCTOCAHHUTE
BPB3KU MEXAY EJJEKTPOMAI'HUTHUA MOMEHT
N CTATOPHOTO HOTOKOCHEIIVIEHHUE

Cranuciaas Enes

Pe3tome: B pabomama e npeonodicena OUCKpemHa HeluHeuna cucmema 3a ynpasie-
HUue Ha acuHxpouHu osucamenu. OCHOBHUAM 3AKOH 34 YNpasieHue e CUHMe3UPaH Ha
06aza Ha MOYHO OUCKPEMHO ONUCAHUE HA OUHAMUKAMA HA 08Ucamesi 8 Pedcum Ha
YHpasienue no mokK u ype3 NPUIONCEHUEemo My ce NOCmu2a 6X00H0-U3X0OHA TuHeapu-
3ayust U KOMREHCaAyusi HA KPbCMOCAHUMe BPB3KU MeNHCOY eNeKMPOMACHUMHUSL MO-
MeHm U CMamopHOmo NOMOKOCYenieHue, KOemo Om C8051 CMpana y1ecHsA8a Ysaiocm-
HUs cunmes. B cumynayuonna cpeoa e cv3oaden oemaiiien Mooel HA cucmemama u
ca noyyeHu pes3yimamu, NOKA36awU peaiu3yemocmma Ha npedlodCeHama cxema 3a
ynpaeienue u NOCMUSHAmMomo Kauecmao.

Kniouosu oymu. ouckpemuu HeiuHelHu cucmemu, ynpasieHue Ha acuHXpoHHU O8U-
2amenu, BXOOHO-U3XOOHA TUHEAPU3AYUS

NONLINEAR SPEED CONTROL OF THREE-PHASE INDUCTION
MOTORS WITH TORQUE AND STATOR FLUX DECOUPLING

Stanislav Enev

Abstract: In this paper, a discrete-time nonlinear control scheme for induction motor
control is proposed. The main control law is designed using an exact discrete-time
model of the induction motor in current-fed mode of operation and achieves lineari-
zation and decoupling between motor torque and stator flux magnitude, which facili-
tates the overall design problem. A detailed model of the control system is developed
and some simulation results illustrating the proposed control law feasibility and the
achieved performance are presented.

Keywords: discrete-time nonlinear control, induction motor control, input-output lin-
earization

1. Introduction

The induction motor is probably the most widely used electric machine in the indus-
try. The related control problem, known for its difficulty, has received a lot of atten-
tion in the scientific literature. Different solutions were found, the most renowned be-
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ing the so-called “field-oriented control” [1, 2, 3]. Nowadays, in one of its many vari-
ants and modifications, it is the industrial practice when high dynamic performance is
required. Another approach, subject to scientific research, allowing potentially for su-
perior performance and absolute decoupling between flux and torque, rather than only
asymptotic (that is, in constant flux conditions) as in the field-oriented control case, is
the input-output linearization based control [3, 4, 5, 6, 7, 8, 9]. Only few input-output
linearization designs are based on a model of the motor containing stator flux compo-
nents and define the squared stator flux as output [8, 9], while the most part define the
rotor flux (squared) as electromagnetic output of the motor and use the respective de-
scription of the machine. It is true however, that the main operational aspects of the
motor are far more clearly expressed in terms of rotor flux magnitude, thus more easi-
ly related to control goals. For field-oriented designs though, despite these properties
and even the additional advantages of the rotor flux oriented control over the stator
flux orientation scheme from control performance perspective, the latter scheme is
probably more used in industrial drives, because it possess some implementation re-
lated advantages, e.g. lower sensitivity of flux estimation models. The input-output
linearization approach can potentially eliminate some of the stator-flux orientation
scheme disadvantages, such as the residual input coupling, while retaining its ad-
vantages.

In all cases design is typically performed using continuous-time descriptions of the
motor, while control law is implemented using digital devices, being inherently a dis-
crete-time process. This renders the task of proving and guaranteeing stability of the
overall system (interconnection of two nonlinear systems) a very difficult, practically
impossible task. In this sense, a control law, designed from a discrete-time model will
potentially eliminate this problem. While for the full-order voltage command mode
exact-discrete-time representation cannot be obtained, for the current-fed modes of
operation it is possible, when the equations of the motor are written in a frame aligned
with the rotor electrical position. For the rotor flux control case, a discrete-time field-
oriented controller is proposed in [10, 11] and stability conditions are derived based
on an exact discrete-time model of the motor dynamics. In [12, 13], an input-output
linearization design based on the same discrete-time description is proposed and vali-
dated. In this paper, first an exact discrete-time model of the induction motor in cur-
rent-fed mode with stator flux components in the description is presented. Then, an
input-output linearizing and decoupling control law is derived using this exact de-
scription. Finally, a practical scheme implementing the proposed control law is mod-
eled in Simulink environment and some simulation results are presented.

3. The stator flux model

Under the common assumptions for symmetrical construction, sinusoidal distribution
of the field in the air-gap and linearity of magnetic circuits, the equivalent full-order
two-phase model of the machine, expressed in the two-phase stator-fixed a-p frame
with stator flux linkages and stator currents as states, is given by:
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(bSa = _rSiSa +Ug,

¢s,/3 :_rSiS[f +Usy (1)
- - - - — !

ISa = _7|Sa - npa)IS/j + gq’Sa + np(GIS) la)¢5/j + (O-IS) 1uSa

is; = —7is, + N0, + o5, —n (olg) 0, + (o) M us,
T, =N, (@saiSﬂ _¢Sﬂi3a) ) (2)

where: ug, (1), u,(t) - stator voltages, i, (t), i, (t) - stator currents, ¢, (t), ¢,,(t) - stator

flux linkages, o(t) - rotor speed, z,(t) - electromagnetic torque. The parameters in the
model are defined as follows: o =1-m?(L.I)™, ¢ =ry(olal)™, 7 =(r +1r)(olls) ™, Where:
|, - stator phase winding inductance, r, - stator phase winding resistance, I, - rotor
phase winding inductance, r, - rotor phase winding resistance, m - mutual induct-
ance, n, - number of pole-pairs.

In current-fed mode, the stators currents are effectively used as control inputs to the
machine. In order to achieve such mode of operation, the introduction of current con-
trol scheme is required. Several types exist, the main ones using high-gain, typically
PI1, current control loops [3, 14], feedforward schemes [3] and, most often, hysteresis
relay loops [14]. In [14], a thorough overview of current controllers for three-phase
inverters can be found.

In order to introduce current-fed mode of operation based on this description of the
motor, the stator voltages are eliminated in the flux equations by expressing them
from the current dynamics. Thus, we have:

Psy =—NPs, —N,OP5; + nlsis,, + ol npa)iSﬁ +olslg, (3)

Psp =—NPsp + N0, +77|s|s,/5 _GISnpa)ISa +Ulsls,/j

If rotor speed is considered as parameter in the description, it is seen that (3) represent
a linear time-varying system, with stator currents as inputs and fluxes as states, and an
additional output — the motor torque, being nonlinear function of inputs and states. As
seen, the current derivatives also appear in the flux derivative expression, i.e., a direct
feed-through between input and output exists.

2. Discrete-time representation of the stator flux model

The exact discrete-time representation of the motor dynamics is obtained in the frame
aligned with the electrical rotor position (and rotating with the electrical rotor speed).
Define the current and flux vectors in the considered frame (denoted with lower indi-

CES *a(g)):
Isag = [isa iSB]T y Pspe = [Psns ¢SB]T )

and the transformation matrix between the stator-fixed and the rotating frame:
ToT cos(n,@) sin(n 0)

ap>hB = —sin(n,0) cos(n,) |’ (4)
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with: ¢ - rotor angular position
The description in the new frame is obtained as:

Psps = ~NPsps + Mlslgpg + Ol - (5)

It is seen, that in this frame, the time-varying feature of the dynamics is eliminated
and the system is linear time-invariant. For the torque we have:

7, (t) = n, (Psalse — Pspls) - (6)

Exact discrete-time model. The exact discrete-time representation of the motor dy-
namics is obtained from (5) assuming that stator currents are held constant during
sampling periods, i.e. assuming zero-order holds at the inputs, that is:

i (1) =igu (t ) =const for t <t<t,, t =kT,, T, - the sampling period.

For the flux equations we obtain [15]:

Dsps (t,1) = Psps (t, )eiqu + ls (1_ o—e"s ) iSAB (t)+ ISo-iSAB (1) - (7)

Though the motor torque is a nonlinear function of states, the particular function
structure, along with the considered input excitation (zero-order holds on the stator

currents in the rotating frame), enables it being exactly reconstructed from its samples

_ a—(s+m)Tg
by a form of exponential hold. The transfer function of the hold is given by ! :+
n

This in turn gives the possibility to obtain exact discrete-time representation of the
speed dynamics, assuming it being linear, of the form:

Jo=1,-Cco—-1_,

with: J - moment of inertia, referred to the rotor; ¢ - viscous friction coefficient.
The overall discretization scheme is illustrated in Fig.1.
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Fig.1. Discretization scheme.

The speed, at the sampling instants, is obtained as:

)7y -nTs tia

— 7, (L) _% .f eicyl(lHiU)TL (v)do, (8)
t

L e
ot )= ot )+
(k+1) (k) \]T]—C
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In cases, when the load torque satisfies: z, (t) =7 (t,), for t, <t<t, ., thatis, it is constant

1— ech s

during the sampling periods, the last term in (8) reduces to: 7, (t) (for c=o,

we have J'T,7 (t.)). Thus, in these cases, a difference equation can also be written for
the motor speed.

4. Control law design
The theoretical foundations of feedback linearization and the basic control design
techniques extended for discrete-time systems can be found in [16]. Here it will be
noted only that the basic structure of a control system using such control laws consists
of two loops — an inner, in which the linearization is achieved, and an outer, linear
loop, where a linear controller attributes the desired dynamics of the overall system.
The model used here as basis for the control law design is given by:

X (t1) =€ 7 () +ls (L- o —e )X (t,) + lsou (t,)

X, (tk+1) = e_’]TS X, (tk) + Is (1_ o= e_”TS )X4 (tk) + |SO'U2 (tk) , (9)
X (t.) =uy(t)

X, (te.1) = U, (t)

With: [x(t), % (), %), X )] =06 ), @s (k) ia(t), T (6], (6, u,(t) - the control in-
puts.

In order to put the model in required form for the design technique to be applied (a
state-space form), the model (7) is augmented with two additional state variables -
x,(t.) and x, (t.), and their respective equations, as in (9). This also renders the control
law realizable from a practical point of view, since the added delay of one sampling
period at each input of the system allows the time needed for the required calculations
(the control law to be derived represents a static feedback). For control design, the
induction motor is normally considered as TITO-system, with torque, rotor speed or
position as the main output of mechanical nature and the flux magnitude (squared) as
a second output of electromagnetic nature. Here, the controlled quantities are defined
as follows:

V() =7,@t)= n, (Xl(tk)x4(tk) - Xz(tk)x3(tk))
(s o e (10)

Yo () =% (6% (6 1) + % (6%, (6 1) — €™ (%] (t, 1)+ (6))
The first output — v,(t,) is defined as the motor torque. Thus, the speed dynamics (be-

ing linear) are not accounted for in the decoupling control, which renders it simpler
and more robust because it doesn’t include the mechanical parameters.

The rationale behind the definition of the second output can be found in [12] and [15].
Here, it is only noted that in steady state, the following holds:

Y,(t) ~los ) (1-e™).  (11)
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By writing the expressions for t=t,,, the input-output description is put in the vector-

matrix form as:
|:y1(tk+1)j|:|: O i|+|:bll(tk) b12(tk)j||:u1(tk):| (12)
Vo(te) | [att) ] | by(t) by,(t) |lut)]’

bll (tk ) b12 (tk )

with B(tk){b ©) bot)

} - the decoupling matrix, and

a(t,)=Is (:]-_G_e_’ﬂS )(Xl(tk)xs(tk) + Xz(tk)le(tk))
by (t) =, (67 %, (6) + 11— o —e ™ )%, (t,))
by, (t) =, (e X, ) +ls1-0 —e ™)X, (t,))

by, (t) =lsox(t,)
by, (t,) =lso%, (t,)

By introducing the control inputs as:

{Ul (tk)j| —B(t ){ vy (t, ) } (13)

uj () v, (t) —a(t)

with: v,(t,), v,(t,) being the new input signals, the input-output relations for the obtained
system are given by
|:y1(tk+1):| _ |:V1(tk):| (14)
Voltea) ] [Va(t)]

As seen from equations, no coupling exists between the two outputs which lags their
respective input signals by one sampling period. It also noticed, that the obtained in-
put-output dynaimcs are of second order, while the initial description is of fourth, so
second order internal dynamics, unobservable from the outputs, exist. These must be
such that the system states remain bounded while controlling the outputs, otherwise,
the control law would be unuseful. No internal instabilities were observed during
simulations, though, no formal stability analysis was carried out, due to the non-trivial
definition of the second output. It is noted, that in the continuous-time case, with sta-
tor flux square as system output, the internal dynamics can be expressed in terms of
the rotor flux components, which guarantees internal stability when input-output sta-
bility is achieved.

In order to introduce the control law, the matrix inversion in (13) must be possible,
I.e. the decoupling matrix must be non-singular. A thorough discussion on this is giv-
en in [15]. In the continuous-time equivalent design case [8], this condition reduces to
preventing the stator and rotor flux vectors from becoming orthogonal, which is
equivalent to the requirement of having motor torque smaller than the pull-out torque
for the current regime. Thus, an approach to ensure the realizability of the proposed
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control law may consist of dynamically saturating the signal v,(t,) (it can be viewed as
torque reference).

5. Simulation setup and results
A Simulink model of the system, shown in Fig.2 was implemented. In the following
are described the main blocks in the structure.
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Fig.2. Control system diagram.

The values of the motor parameter used here are taken from [7] as follows: r, =0,052 Q,
l;=0,03175H, 1, =0,07Q, 1,=0,0323H, m=0,031H, n, =2, J=0,41kgm’. The nominal power
and the rated torque are P, =37kw and z,, =240 Nm. The value of the viscous friction

coefficient is set to c¢=10" Nms.

The DC-link voltage is set to U, =540V . Optical encoder with 3600 ppr for position
feedback is supposed and the position signal is quantized accordingly (the block Q).
Current control. The current controller (the block NCC) implements a discrete-time
nonlinear current control scheme described in the following. Motor currents are sam-
pled at frequency, multiple of the base sampling frequency used for main control law

realization, and a vector error signal is formed as: e =ig.; —is,,. The o-p plane is di-

vided in six sectors symmetrically around each base vector, and depending on the
zone in which the error vector e, is situated, the appropriate gate signals are generated
so that the respective SVM base voltage vector is applied to the motor (its three-phase
equivalent).This current control scheme guarantees constant switching frequency of
the inverter commutating elements.
Decoupling control law. The decoupling control law block implements (13) using es-
timates of the rotor flux linkage components supplied by the flux estimator rather than
the exact values. The references for the current controller in the a-p plane are obtained
by:
i ()| [cos(n,@@t)) —sin(n,0t)) | u,(t,,)
LR;F(t)}Lin(npe(t)) cos(npe(t))}{uz(tk_l)} ’
for (t)<t<(t.,).

As defined, the control inputs generated by (9) are delayed by one sampling period. It
should be noted that while the control law is realized in the A-B frame, where the ex-
act discrete-time model holds for constant stator currents during each sampling pe-
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riod, the transformation matrix is time-varying when the rotor speed is non-zero. This
in turns results in time-varying reference stator currents for non-zero rotor speed.
Thus, in order to approximate better the assumed conditions, the transformation in the
overall control law should be performed with a higher than the base sampling fre-
guency, preferably with the sampling frequency of the current controller.

With black solid lines in the control system diagram (Fig. 2) are represented signals
that are generated each base sampling period, while with the dotted lines are presented
ones generated with the sampling frequency used for current control. For the simula-
tion, a base sampling period of 1 ms is chosen, while a 10 kHz value is chosen for the
current control sampling frequency (corresponding to a sampling period of 0,1 ms).
Before feeding the current signals to the decoupling law and the flux estimator, they
are filtered digitally (the block F) with the faster sampling frequency. The chosen fil-
ter is the z.o0.h. equivalent of a first-order filter with time constant of 10s.

As noted, a proper initialization is required to avoid singularity issues at start-up.
Here, this is done by assigning non-zero initial conditions at the outputs of the current
signal filters.

Flux estimation and control loop. The stator flux linkage components are estimated
simply through simulation of their equations in the model (7). The controller is de-
signed, based on the following supposition:

Ps (tkf1)|2 .

Yo(t) = X (0)+ X (6) =& ™ (X (t ) + X (t 1)) = o () —e ™

Thus, a discrete-time transfer function can be defined and the outer loop is configured
as in Fig.3.

_ 1 & |2t o e OARRES, 7 e
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| f
Fig.3. Flux control loop.

Speed control outer loop. The rotor speed is obtained by a first-order numerical inte-
gration of the quantized position feedback. The signal is then filtered through a first-
order filter. The chosen transfer function of the filter and the overall control speed
loop are shown in Fig.4.

_I . 1 Tgr ™ (t, )‘ 100 z-095| % (%) R ») 6(2) a(t,)
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(0,055 +1)* - z—1 z | T,)
(t,) -0 | |z-1] 8@ . eq.(8)
ST [ - !
Z—e 5 J’]—C Z—e_ﬂa

Fig.4. Speed control loop.

Some simulated transients are shown in Fig.5. At t=1s, a load torque of 150 Nm IS ap-
plied to the motor.
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Fig.5. Simulated transients.

6. Conclusion

A discrete-time nonlinear input-output decoupling control law for induction motors is
presented in the paper. The design is based on an exact discrete-time representation of
the motor dynamics in current-fed operating mode. A practical implementation
scheme is proposed and a detailed model including the full-order motor model and the
current controls is developed in Simulink environment. The simulation results confirm
the practical feasibility of the proposed algorithm and the expected performance. In-
deed, motor torque (and ultimately speed) and stator flux are practically decoupled,
with only small variations, seen in the stator flux magnitude during speed reference
changes. No coupling is observed in the other direction. It can be argued with cer-
tainty, that the computational load, required for implementing the control scheme is
well within the capabilities of modern digital signal controllers and the required
switching patterns can be easily handled by existing power electronic devices.
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From control law perspective, here, a different flux model arises, used also for flux
estimation in the proposed control scheme. As seen from (7), the model is free from
pure integration, which is an advantage over the so-called voltage model. On the other
hand, rotor resistance is present in the equations, which brings back variability issues.
Thus, some kind of a rotor resistance estimation scheme should be included in the
overall control algorithm so that flux regulation is improved when rotor time constant
mismatches are present. Simulations, carried out with mismatches in the rotor re-
sistance value, showed no stability issues, of course, these resulted in poor flux regu-
lation. Finally, the speed control subsystem can be implemented as a cascade control
structure with the motor torque as inner variable. This will enable saturating, if need-
ed, the torque reference for guaranteeing the realizability of the linearizing control
law.

References

[1] Leonhard W. (1996), Control of Electrical Drives, 2nd Edition, Berlin, Springer, 1996.

[2] Bose B.K. (2006), Power Electronics and Motor Drives Advances and Trends, Elsevier 2006.

[3] Chiasson J. (2005), Modeling and High-Performance Control of Electric Machines, Hoboken, New Jersey,
John Wiley & Sons, Inc., 2005.

[4] Marino R., Peresada, S., Valigi, P. (1993), Adaptive input-output linearizing control of induction motor, IEEE
Transactions on Automatic Control, Vol 38, Issue 2, February 1993, pp. 208-221.

[5] Benchaib A., Rachid, A., Audrezet, E. (1999), Sliding Mode Input-Output Linearization and Field Orienta-
tion for Real-Time Control of Induction Motors, IEEE Transactions on Power Electronics, Vol. 14, January
1999, Issue 1, pp. 3-13.

[6] Bodson M., Chiasson, J., Novotnak, R. (1994), High-Performance Induction Motor Control Via Input-Output
Linearization, IEEE Control Systems, August 1994, pp. 25-33.

[7] Raumer T., Dion, J.M., Dugard, L., Thomas, J.L. (1994), Applied Nonlinear Control of an Induction Motor
Using Digital Signal Processing, IEEE Trans. on Control Systems Technology, Vol.2, Ne 4, December 1994,
pp. 327-335.

[8] Luckjiff G., Wallace, 1., Divan. D., (2001), Feedback linearization of current regulated induction motors,
Power Electronics Specialists Conference — PESC, IEEE 32nd Annual, Volume 2, 2001, pp. 1173-1178.

[9] El Moucary C., Mendes, E., Razek, A. (2002), Decoupled Direct Control for PWM Inverter-Fed Induction
Motor Drives, IEEE Transactions on Industry Applications, Vol. 38, Ne 5, September/October, 2002, pp. 1307-
1315.

[10] Ortega R., Taoutaou, D. On Discrete-Time Control of Current-fed Induction Motors,
http://www.supelec.fr/invi/lss/ perso/ortega/papers.

[11]  Taoutaou D., Puerto, R., Ortega, R., Loron. L. A new field oriented discrete-time controller for current-fed in-
duction motors, http://www.supelec.fr/invi /Iss/perso/ortega/papers.

[12]  Enev St. (2012), Discrete-time input-output linearization of current-fed induction motors, Proceedings of
Technical University of Sofia, Vol 62, Issue 2, June 2012, pp. 45-52.

[13] Enev St. (2012), Discrete-time nonlinear control of three-phase induction motors, International Conference,
“Automatics and Informatics”, 3-7 Oct, 2012, Sofia, Bulgaria, pp. 75-78.

[14] Kazmierkowski M.P., Malesani, L. (1998), Current Control Techniques for Three-Phase Voltage-Source
PWM Converters: A Survey, IEEE Transanctions on Industrial Electronics, Vol. 45, Ne 5, October1998, pp.
691-703.

[15] Enev St. (2013), Discrete-time modeling and input-output linearization of current-fed induction motors for
torque and stator flux decoupled control. Cybernetics and Information Technologies. (o meuar)

[16]  Soroush M., Kravaris, C. (1992), Discrete-time nonlinear controller synthesis by input/output linearization,
AIChE Journal, Vol. 38, Ne12, December 1992, pp. 1923-1945.

Author: Stanislav Enchev Enev, Ph.D., assistant Professor at Department of Indus-
trial Automation, Technical University of Sofia, E-mail address: enev@tu-sofia.bg

Received 07 November 2013 Reviewer: Prof. D.Sc. E. Nikolov

78



Q T'oouwnuk na Texnuuecku Yuueepcumem - Cogusn, m. 63, ku. 3, 2013
J Proceedings of the Technical University - Sofia, v. 63, book 3, 2013

JAACKPETEH HEJIMHEEH 3AKOH 3A YIIPABJIEHUE HA
ACHUHXPOHHHU ABUT'ATEJIN

CranucaaB EneB

Pe3tome: B pabomama e npeonosxcen Ouckpemen HeluHeeH 3aKOH 3a YNpaeleHue Ha
ACUHXPOHHU O8ucamenu. 3aKOHbM e CUHmMe3UupaHn Ha 6a3a Ha MOYHO OUCKPEMHO ONuU-
canue Ha OUHAMUKAMA HA 08USAMENIsl 8 PeXCUM HA YApaeieHue no mox u ype3 npu-
JIOJHCEHUEemOo My ce NOCmu2a 6XO0OHO-U3XOOHA JUHeapu3ayus U KOMHeHCayusi Ha
KPbCMOCAHUmMe 8Pb3KU MeHCOY eeKMPOMASHUMHUSL MOMEHM U POMOPHOMO NOMO-
Kocyennenue. Ilonyyasanemo na ynpaensieauama npoMeHIu8a e C8bp3amo ¢ peuasa-
Hemo Ha CbOMBEeMHO K8AOPAMHO YPAHeHUe, Kamo ce uzoupa peuieHuemo, Koemo
2apanmupa, npUemMaIudu om Quauyecka 2ie0Ha Mmoyka, peicumu Ha paboma Ha O8u-
eamensi. Komenmupanu ca u ycnosuama 3a peanusyemocm Ha NpeoioHCeHus 3aKoH.

Kniouoeu oymu: ouckpemnO HenuneunO ynpasieHue, ACUHXPOHHU 08U2AMeEnU, 6X00-
HO-U3X0OHA TUHEapU3ayus

A DISCRETE-TIME NONLINEAR CONTROL LAW FOR
CURRENT-FED INDUCTION MOTORS

Stanislav Enev

Abstract: In this paper, a discrete-time nonlinear control law for the induction motor
Is proposed. It is designed using an exact discrete-time model of the induction motor
in current-fed mode of operation and achieves linearization and decoupling between
motor torque and rotor flux magnitude. The feedback law is obtained by solving a
quadratic equation and guarantees physically acceptable time patterns for the motor
variables. A discussion on the realizability conditions is presented.

Keywords: discrete-time nonlinear control, induction motor, input-output lineariza-
tion

1. Introduction
The induction control problem, known for its difficulty, has received a lot of attention
in the scientific literature. Different solutions were found, the most renowned being
the so-called “field-oriented control” [1, 2]. Nowadays, in one of its many variants
and modifications, it is the industrial practice when high dynamic performance is re-
quired. Another approach, subject of scientific research, allowing potentially for supe-
rior performance and absolute decoupling between flux and torque, rather than only
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asymptotic (that is, in constant flux conditions) as in the field-oriented control case, is
the input-output linearization based control [2, 3, 4].

In all cases design is typically performed using continuous-time descriptions of the
motor, while control law is implemented using digital devices, being inherently a dis-
crete-time process. This renders the task of proving and guaranteeing stability of the
overall system (interconnection of two nonlinear systems) a very difficult, practically
impossible task. In this sense, a control law designed from a discrete-time model will
potentially eliminate this problem. While for the full-order voltage command mode
exact-discrete-time representation cannot be obtained, for the current-fed modes of
operation it is possible, when the equations of the motor are written in a frame aligned
with the rotor electrical position. A discrete-time field-oriented controller is proposed
in [5, 6] and stability conditions are derived based on an exact discrete-time model of
the motor dynamics. In [7] an input-output linearization design based on the same
discrete-time description is proposed and validated. There, a rotor flux square -like
output function is defined so that the traditional continuous-time design procedure can
be applied (the resulting control law from an input affine description is an affine func-
tion of the new input variable). Also, physically acceptable time patterns for the motor
quantities are guaranteed with this output definition.

In this paper, an input-output linearizing design is performed, with the rotor flux
square as electromagnetic output of the motor. It is seen, that in this case, quadratic
input terms appear in the expressions of the output and a quadratic equation is solved
in order to obtain the control inputs. A way to achieve physically acceptable regimes
Is incorporated in the control law. Realizability conditions are discussed.

3. Motor model in current-fed mode

For the modeling, the common assumptions for symmetrical construction, sinusoidal
distribution of the field in the air-gap and linearity of magnetic circuits are adopted.
With current control loops in place [8], the currents can be effectively used as control
inputs to the motor and their dynamics can be neglected from the descriptions. Thus
the following equivalent reduced-order two-phase model of the machine, expressed in
the two-phase stator-fixed a-f is obtained:

Pra = ~NPra — Np@Pgs + M7,
¢7Rﬂ =—NPrp tNyOPg, + mnisp ) (1)
Tn = ﬂ(¢RaiSﬂ - ¢Rﬂi8a)

where: i, (t), i;,(t) - stator currents, o, (1), ¢, () - rotor flux linkages, o(t) - rotor
speed, 7, (t) - electromagnetic torque. The parameters in the model are defined as fol-
lows: n=rl!, x=nml?', I, - rotor phase winding inductance, r, - rotor phase winding
resistance, m - mutual inductance, n, - number of pole-pairs.

The speed dynamics generally are described by:

Jo=1,-Co—-1, (2)
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with: J - the moment of inertia of the rotor, ¢ - viscous friction coefficient, z (t) - the

load torque.

If rotor speed is considered as parameter in the description, it is seen that (1) repre-
sents a linear time-varying system, with stator currents as inputs and fluxes as states,
and an additional output — the motor torque, being nonlinear function of inputs and
states.

2. Discrete-time representation

Model (1) does not allow for exact discretization in the general case. On the other
hand, as shown in [6,7], the respective description in a frame aligned with the rotor
electrical position allows for exact discrete-time representation, assuming that the
control inputs (the stator currents in that frame) are held constant during each sam-
pling period. The details can be found in [7], it is only noted that the time-varying of
the dynamics is eliminated in this frame at the cost of higher performance require-
ments from the current controllers. We have:

Paa(tiin) = e Pea(t) + ML~ e )isa (t)
Pre (1) = e Prg (t) + M- e )igs (t,) (3)
7(t) = p(@ra (t )igs () — Pre (t)isa (t))

_ : : iga () is,, () 6 (1) D5, (1)
with t, =kT,, T, - the sampling period, LSB (t)}Taﬂ%AB(t)Lﬂ(t)}, {ZSB (t)}Taﬂ%AB(t){ (ps,g(t)}’

- (1) = cos(n,&(t)) sin(n o(t))
Ap—>AB —sin(n,4(t)) cos(n,O(t))
and rotating frames and 4(t) - rotor angular position.

Though the motor torque is a nonlinear function of states, the particular function
form, along with the considered input excitation (zero-order holds on the stator cur-
rents in the rotating frame) renders it being exactly reconstructed from its samples by
a form of exponential hold. This in turn gives the possibility to obtain exact discrete-
time representation of the speed dynamics of the form:

}- the transformation matrix between the stator-fixed

olt) = " alt,)+ % -3 j e )dv. (4)
A B

) I | - 2= > Gy(a) F- -

- Z |

- L. (2, = o)
<Y | G.(2)

; —i h

i (%) 1 =@ Pea(t) f@)

Fig.1. Model structure
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The structure of the model is represented in Fig.1, with: G, - being discrete-time lin-
ear first-order systems, N- the nonlinear static dependence, generating the motor

t
torque, and fL(tk):J‘lje-““-“)q(u)du . In cases, when the load torque satis-
0

fies: 7, )=z, (t,), for t <t<t,, that is, it is constant during the sampling periods, the

1- e—c.] 5

last term in (5) reduces to: 7, (t) (for c=o, we have 37T,z (t,)) and a transfer

function can be defined - G:.

4. Control law design

Since the design technique to be applied in the following will result in a static feed-
back control law, a delay of one sampling period is added at each input of model (3)
in order to allow time for calculation in a practical implementation, and the model is
augmented with the additional two state variables - x,(t,)andx,(t,), and their respec-
tive equations.

Xl(tk+l) = axl(tk) + bX3 (tk)

X, () = ax%, (t,) +bx, (t,) (5)

X3 (tk+1) :ul(tk)

Xy (tk+l) =U, (tk)

with: a=e™, b=ml-e "), [u(t), u,(t)]" =[is(t.,). i (t.,)]" - the control inputs, and

[x (t), X, (t), X5 (&), X4(tk)]T =[@ra(te)) @re (b)) Tsa (L), isg (tk)]T .

For control design, the induction motor is normally considered as TITO-system, with
torque, rotor speed or position as the main output of mechanical nature and the flux
magnitude (squared) as a second output of electromagnetic nature. Here, the con-
trolled quantities are defined as:

y,(t) =7, () ::u(xl(tk)le(tk) - Xz(tk)xs(tk)) (6)
y2(tk) = X:I.Z(tk)+ Xs(tk)

The outputs are written for successive sampling instants until an input variable ap-
pears in the expressions. We have:

Yi(tes) = ;u(xi(tkﬂ)x4 (te.1) = X (b)) % (tk+l)) = /J(ax1(tk) +bx, (tk))uz (t)- /U(axz (t,) +bx, (tk))ul(tk)
Y (tn) = X () + X2 (ta) = (a%, (6) +b%, (8)) + (8%, (t) +bx, (&)’ (7)
Va2 = (a(ax ) +bx, (6)) +bu, t,)) +(a(ax, t,) +bx,(t))+bu,(t,))’

Then, a linearizing and decoupling control law is defined implicitly as:

/Uzl(tk)uz (tk) - HZ, (tk)ul(tk) = Vl(tk)
(az, (t,) +buy (t,))" +(az, (t,) +bu, ()" =V, (t,)

(8)
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with: z,(t,) = ax (t,) +bx,(t,), z,(t) =ax, () +bx,(t.), v,(t.), v,(t ) being the new input signals.
In order to solve for u,(t,)and u,(t), u,(t) IS expressed from the first equation in (8)
as:
v, (t )+ uz, (t )u (L)
) tk — 1\*k 2 \*k 7M1k , 9
ey /uzl(tk) ( )

and substituted in the second. The following quadratic equation is obtained:

At U7 () + Bt )u,(t) +C(t) =0,  (10)
with:
Alt,) = 4’0 (2 (t) + 22 (t,))
B(t,) = 2u°abz, (t, )(z7 (t,) + 25 (8, ) + 2ub°2, (t, )V, (8, ) (11)
C(t,) = w2} (t,)(27 (t) + 23 (t,)) + 2148bz, (t, ) 2, (t, )V, (b ) + b7V7 (8, ) — 1727 (8, )V, (&)

For u,(t,), we have:

“B(L) 2B 4AGICH) (10

“uy(t) = 2A,)

Thus, with (12) and (9) in place, the input-output relations of the system (5) and (6)
are represented by two decoupled linear systems, first and second-order respectively:

{yl(tkﬂ)Hvl(tk)}_ (13)

y2 (tk+2) V2 (tk )
Realizability issues analysis
Three conditions for the realization of the proposed control law appear:

At)=0, (14)
B*(t,) - 4A(t)C(t)>0, (15)
7,(t)=0. (16)

These are effectively conditions for the existence of real, finite solutions for u,(t,) and
u,(t,) from (9) and (12). Condition (14), basically reduces to the requirement of hav-

ing non-zero rotor flux, which is inherent to motor operation and is straightforward to
maintain.
By substituting the respective expressions in (15), it reduces to:

HE(Z (4 + 25 GV, () — bV (6) =0
or.

vl(tk)sf VLtV G),  (17)

which represents a constraint on the achievable torque in terms of the rotor flux mag-
nitude. In steady-state, this constraint actually imposes no limitation, since the maxi-
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mal available torque for the current regime can be “required” from the motor. In the
general case, the restrictiveness of (15) is hard to analyze, but since (17) represents an
explicit constraint on the torque reference (v,(t,) can be seen as such), it can be used to
saturate dynamically v,(t,), so that (15) is satisfied.

At first it seems that condition (16) renders the proposed control law useless, but for
Vl(tk)
4z, (L,
tained from (9) is not well defined, but not infinite. Thus, there’s no singularity in the
control law. Any value can be chosen for u,(t,) in these cases. Probably the most
straightforward choice is to hold u,(t,) at its previous value.

To complete the analysis, it is noticed, that the obtained input-output dynamics (13)
are of third order, while the initial description is of fourth, so first-order internal dy-
namics, unobservable from the outputs, exist. These must be such that the system
states remain bounded while controlling the outputs, otherwise, the control law would
be unuseful. No internal instabilities were observed during simulations of the system
behavior, though a formal analysis was not carried out.

Finally, physically unacceptable time patterns for the currents and fluxes can occur,
while achieving the designed input-output relations. Indeed, given the quadratic form
of the second output, the sign of one or both flux components can vary randomly
without changing the value of the output. Such behavior was observed during simula-
tions in cases when only one of the two possible solutions of (12) was fed as control
input to the motor. Since such patterns require large control swings (physically unac-
ceptable by their own), in order to eliminate these, the solution of (12), which mini-
mizes the control change magnitude, is chosen as control input to the motor. The re-
quired effects with this approach were confirmed in simulations.

z,(t)=0 from (12) we have: u,(t,)=- , and actually the solution for u,(,), ob-

Proposed control law
The final form of the proposed control law is as follows:

U (t): |u1(tk) - ul(tk—1)| — min
vy () + w4z, (t)uy (t, )
u,(t,) = 1z, (t) ’
UZ(tk—l)' Zl(tk) =0

z,(t)=0, (18)

With (18) in place in (5), the resulting input-output dynamics is represented by the
following block diagram Fig.2.

() VT
S
ACOIN ey BV NN A et w6 [] e
) d — ALY,
1)

Fig.2. Equivalent system
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Finally, the references to the current control loops are computed as:

o) () )
|:|§;F (t):| - TAB%aﬂ (t)|:U2 (tk_l):| 1 for tk St< tk+1 ' (19)

=TT

ap—AB *

=T3¢

WIth: T s =T e
6. Discussion and conclusion
A discrete-time nonlinear control law for induction motors is proposed in the paper.
The design is based on an exact discrete-time representation of the motor dynamics in
current-fed operating mode and represents an input-output feedback linearization de-
sign. The outputs definition leads to quadratic input terms and the feedback law is ob-
tained by solving the respective quadratic equation. The control law is feasible for
non-zero rotor flux. An additional condition must also be satisfied, representing a
torque constraint, but it actually imposes no significant limitations performance-wise.
While the control law is realized in the A-B frame, where the exact discrete-time
model holds for constant stator currents during each sampling period, the transfor-
mation matrix is time-varying when the rotor speed is non-zero, which in turns results
in time-varying references for the current control loops. Thus, as mentioned, higher
performance current controls, as well as faster sampling rates in the currents and po-
sition signal acquisition channels, will be required. As presented in the paper, full-
state (currents and fluxes) availability for feedback is assumed, which is not realistic
for the fluxes, which are not usually measured. A practical implementation of the con-
trol law will require some kind of a flux estimation scheme.
Finally, the computational load, required for implementing the control law is certainly
well within the capabilities of modern digital signal controllers.
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BJIUSAHUE HA JEBEJINHATA HA OPEPEBPABAHETO IIPH I1JIOYM C
OTBOPU BbPXY COBCTBEHUTE UM YHECTOTHU

HNBan Kpanos

Pe3rome:. B pabomama e uzcne08ano eiusHuemo Ha oebeiuHama Ha opeopsasaHemo
Ha omeopume 8bpXy COOCMBeHUmMe 4eCcmomu HA MbHKOCMEHHU MemAaiHu Nioyu
omeopu. Upesz npomanama na opuenmayusima u oebearunama Ha peopama mooxce 0d
ce eausie 6vpxy OUAna3oHume U 2O0NeMUHUmMe HA U3MEHeHue Ha CcoOCmeeHume
yecmomu. Ilo mo3u nHavun Ha credsawy eman we ce Movpcu ONMUMATHOMO UM PA3-
npeoenenue 3a 0a ce uzbecne OaU3OCMMA 00 HeCMOmMume HA UMOYHUYUME HA
subpayuu u 38yx.

Knwuoeu 0ymu: PE3OHAHCHU YeCcmoniu, Op€6p€H1/l MBHKOCMEHRHU Nnjo4u C omeopu,
YUCIEH ARAUS.

INFLUENCE OF THE RIMMING WIDTH OF HOLES UPON
RECTANGULAR PLATES NATURAL FREQUENCIES

Ilvan Kralov

Abstract: The influence of the hole rimming width for thin rectangular metal plates
upon their natural frequencies is treated in this study. Changing the orientation and
width of the rims influences upon values and range of the natural frequencies. Thus,
on the next step, their optimal position will be find to take them out of the range of the
vibration and noise excitators. This will improve vibration and noise level of the
constructions.

Keywords: resonant frequencies, rectangular plates with rimmed holes, numerical
analysis.

1. YBoa

3BYKBT TpEACTABIIsIBA BBJIHOBO JABW)KCHHE B enacTudHa cpena [2]. BeB Bcska
MAalllMHa, anapaTr Wid ypel UMa pelulia U3TOYHUIH Ha TPENTEHUs, KaTO B MOBEYETO
CIIy4ad T€ Ca B 4UyBacMUs YECTOTEH AUANa30H U CIEAOBATEIHO Ca U3TOYHMIIM HA 3BYK
[7, 8]. PasmpocTpanenuero My mpe3 CTpyKTYpUTE€ Ha MallMHATa € W3BECTHO KaTo
CTPYKTYpPEH IIyM, a TOM C€ IpeAaBa OT KOPIyCHUTE €JIEMEHTH Ha Bb3IyXa U OT Tam
NOCTUIa A0 YIIATE Ha Xopara. BaXHM XapakTEpUCTUKM HA KOHCTPYKTHBHUTE
eIIEMEHTH CJICIOBATEIHO Ca CTEIICHUTE Ha MPOITyCKaHe W CHW)KaBaHe /ycuiaBaHe/ Ha
npeMuHaBamus 3ByK. Koraro 4ecToTUTe Ha M3TOYHUIUTE Ha BHOpanuu /3Byk/
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CbBIIagaT C HAKOM OT YCCTOTHUTC Ha CIICMCHTUTC OT KOHCTPYKOHUATA, ITIOCICIHHUTC
n3nagar B pC30HAHC M CBOTBETHO CC YBCIMYAaBAT MHOI'OKPATHO aMINUIMTYAWUTC Ha
TPCHUTCHUATA HM. AKO 4YecTOoTHTE ca B YyBacMUd AUAlla30H, TC CTaBaT CBIICCTBCH
HN3TOYHHK Ha 3BYKOBH TPCIITCHHA.

EcrecTBeHUAT HAuWH 3a MPOTUBOACHCTBME HA TAaKaBa CUTyalUsl € ONTUMAIHOTO
oTIajcyaBaHe Ha 4YecToTara Ha M3TOYHMKA OT COOCTBEHMTE YECTOTH Ha
KOHCTpYyKIUsATa. OOMKHOBEHO YECTOTaTa HAa U3TOUYHHMKA TPYAHO CE€ MPOMEHS, Thil KaTo
3aBUCHU OT CBITHOCTTA HA KOHCTPYKIIMATA MY, KOSTO € (DYHKITMOHAITHO OIpe/iesicHa.

JIpyrusT HaYMH Ha BIMSHUC € MPOMSHATa Ha COOCTBEHUTE YECTOTH Ha CJIEMCHTHUTE,
Npy 3ara3BaHe Ha TEXHUTC KOHCTPYKTHBHHU, SKOCTHH U (DYHKIIMOHAIHHU MapaMeTpH
[4, 6]. TTocieaHOoTO MOKE J1a C€ U3BBPIIM U YPEe3 MOIXOASI] H300p HAa HAUMHA U BHJIA
Ha 3aKpErBaHETO WM, 4pe3 NMPOMsSHA HAa MAcCOBHUTE M CJIACTHYHHUTE UM TapaMeTpH,
Yype3 MpoMsiHa Ha BBTpEIIHaTta uM (Gopma u Jp. YCTaHOBEHO €, Y€ NP HAJIUYHE Ha
OTBOPH B KOPITyCHHTE €JICMHTH, 4Ype3 pa3IMIHO TAXHO OpeOpsBaHE MOXKE Ja ce
U3MCHSAT HAKOU OT COOCTBEHUTE MM 4yecToTH [1, 3, 4].

Ilenta Ha HacTosmiata paboTa € Aa ce HW3cleABa BIMSHUETO HA MPOMSHATA Ha
nebenmrHaTta Ha PeOpPOTO MPHU PA3TUYHH BHUAOBE OpeOpsSBaHE HA IUIOYH C OTBOPH
BHPXY CTOMHOCTUTE U JMara3oHa Ha K3MEHEHHUE Ha COOCTBEHUTE M YECTOTH.

2. MOI{CJ’I, METOAUKA U PE3YJITATH HA U3CJIICIBAHECTO

[ToBeueTo MamMHM, anapaTd WM YpPeAW UMaT BBHIICH KOPITYC, KOMTO YeCTO € C
NpaBWIHU TeoMeTpudHu (opmu. B Tazm pabora ca w3cienBaHM W3MEHEHHUSATA HA
COOCTBEHHUTE YECTOTH Ha MpaBObI'bIHA Ioua ¢ pasmepu 450x300x8 mm, ¢ nBa
otBopa. IIbpBuAT OoTBOp € ¢ amameTsp S50 MM, a BTopusaT ¢ aumamersp 60 mm.
MexyocoBoTo pascrosinue Ha otBopute € 200 mm. Okono ABaTa OTBOpa Ha BCSKA
mwioya wma Oopjn, 4yuiTo auamMersp € ¢ 30 MM mo-roisiM OT JMaMeTbpa Ha
ChOTBETHHSI OTBOp. Bucoumnara nHa OGopmoetre € 10 mm. PeGpara, ¢ kouto ca
opeOpenu miounte, ca ¢ Bucourna ot 0 7o 10 mm (¢wur.1l). PeGpara ca moa HaKIIOH,
KaTo 3amoyBaT OT pbOa Ha IIoyaTa M cTHrat o Ooppaa, ceriacHo ¢ur.l. Ipu
¢/IHAKBU TPAaHWYHH YCJIOBHs (3aIrbBaHE 110 YETHPHTE CTCHU) € M3MCHSHA IMHPHHATA
Ha peOpara, kakTo cieasa: 8 mm, 10 mm, 12 mm. MacaTa Ha IJIOYUTE ce MPOMEHS, B
3aBUCUMOCT OT OpeOpsIBAHETO.

OmnpenensstHeTO Ha COOCTBEHUTE YECTOTH € HM3BBHPIICHO YHCIEHO C IMOMOINTA Ha
nporpamata ANSYS Workbench 10.0. 3a mocturanero Ha MO-TOYHH PE3YJITaTH
M3I0JI3BaHAaTa MPEKa € MPEThPIisIa MpeBAPUTEITHA ONTUMHU3AIHS.

Ha 0a3a Ha cpaBHEHHMETO Ha TIOJYYEHHUTE PE3yJITaTH OT YUCICHO M €KCTIEPUMEHTAITHO
OTIpe/IeTICHUTe COOCTBEHN YE€CTOTH Ha TUIOYH, B Ipeauirau padotu [3] ce Bmwkna, ue
“Ma MHOTO JOOpO CHOTBETCTBUE MEXKIY PE3YJNTATUTE, MOJYUYEHU MO YHUCIEH IbT, U
T3 OT HATypeH eKIMEepPUMEHT MpH €JHAKBU OOEKTH Ha wu3cienBaHe. ToBa e
OCHOBAHHETO JIa CE MpUEMe, Y€ MOTydaBaHUTE 10 YUCIICH BT C ONMHMCAHATA MpOoTrpaMa
cOOCTBEHH YECTOTH Ha MEMOpaHUTE ca TOCTOBEPHH.
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3. PesyaraTu u anaau3

CroliHOocTUTE Ha MOHPBUTE NET COOCTBEHM uecToTd B Hz 3a Bcexku Buja miioua,
MOJIyYEHH YUCIIEHO, Ca ITPEACTaBEHU B Ta0JI. 1.

XapakTepuCTUKUTE Ha U3CJICIBAHUTE TJIOYH Ca TPUETH KaTO 3a TJIOYU OT CHUB UyTYH
u ca caeanure. p=7200 kg/ms, E=1,1.10"Pa, u=0,28.

I'paduuno pesynrature ca nmokazaHu u Ha ¢ur.2. [To abcrucHara oc Ha Ta3u purypa
¢ BUIBT Ha Iiovara (KakTo ¢ JajeH cxeMaTudyHo Ha ¢wur.l), neduHupaln HaYMHA Ha
opeOpsiBaHe, a IO OpAMHATATa ca COOCTBEHHUTE YeCTOTH B HZ.

_A,| A-A A-A

\'/\V/ A
/A\/A\ ¥

|

@ur.1l. Bunose uscieqBadu Iiouu

JlebenuHara Ha 1io4yaTa € mpueTa 3a OCTOSIHHA PU BCSIKO opedpsiBane. HezaBucumo
OT MPOMEHUTE, AKOCTHUTE M Je(OpMalMOHHHM IMapamMeTpyd Ha IUloyaTa OCTaBaT B
IPaHULIMTE HA JOIYCTUMHUTE.

Tab6n.1
Jledeniuna | Maca
Bux ope- CoocrTBenu yecrorn, Hz Ha Ha
OpsiBane peOpoTo | muo4ara
1-Ba 2-pa 3-Ta 4-ta 5-Tta mm kg
Bunl | 518,64 | 888,61 | 1294,82 | 1432,48 | 1580,52 - 8,052

Bun2 | 517,34 | 890,55 | 1285,80 | 1424,06 | 1565,97 8 mm 8,712

Bua 2 | 514,12 | 891,11 | 1277,92 | 1421,30 | 1553,44 | 10 mm 8,966

Bun 2 | 511,58 | 892,27 | 1269,14 | 1417,44 | 1546,74 | 12 mm 9,234

Bun 3 | 927,36 | 897,65 | 1316,57 | 1446,78 | 1589,35 8 mm 8,674

Bua 3 | 526,16 | 898,79 | 1309,33 | 1414,47 | 1578,61 | 10 mm 8,925

Bun 3 | 924,77 | 899,01 | 1302,51 | 1392,94 | 1564,30 | 12 mm 9,075

Makc.

pasiKa 2,99% | 1,16% | 3,60% | 3,72% | 2,68% - 13%
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COBCTBEHUW YECTOTU
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1400 - o ————eo @ %/'\.\.
1200 -
N —e—bpBa
i_ 1000 - —=—BTOpa
5 =2 - = - = = u —aA—TpeTa
5 800 -
3 —@—4eTBbpTa
7 500 —x—neTa
400 -
200 -
0

Bug 1 BUA 2, BMa 2, BMa 2, Bua 3, BMg 3, BMag 3,
0=8 6=10 6=12 06=8 6=10 6=12

BUA Ha nnoYvyaTa

®ur.2. lI3MeHeHue Ha TBPBUTE MTET COOCTBEHU YECTOTH Ha M3CJICIBAHUTE TUIOYH

CpaBHSIBaHETO Ha pe3yJITaTHTE MIOKa3Ba, Ye:

- MakCcMMaJlHaTa pa3jiuka 3a BCSKa OT MBPBHUTE NET COOCTBEHH YECTOTH IPH
pazinyHa aebelinHa Ha opeOpsiBaHE 3a Pa3IIICKIAAHUTE BUOBE TUIOUM HE HAJAXBBPJIS
4%;

- JICKUTEC U3MCHCHHS B IIBPBHUTE NIET COOCTBEHU YE€CTOTH Ha OPEOPEHUTE IIJIOYH C
OTBOPH 3aBUCH TOBEYE OT BHJA HA OpeOPSIBAHETO, OTKOJIKOTO OT M3MCHECHHETO Ha
nebennHaTa Ha pedpoTo;

4. U3Boan

OpeOpsiBaHeTo Ha OOP/IOBETE HA OTBOPUTE B THHKOCTCHHU METAITHH TUIOYH C €IHAKBH
0 BHUCOYMHA, HO C pa3iuyHa JeOenuHa pebpa, Npu 3ama3BaHe SKOCTHUTE U
nehOpMallOHHA TapaMeTpy M C OTYMTaHEe Ha NpOMsHATa Ha oOmara maca Ha
I04YaTa, BIIMSEC HE3HAYUTEITHO BBPXY HEWHHTE COOCTBEHHM YECTOTH, KOUTO Ca B
HUCKHUSI U CpelieH 3BYKOB nuamna3oH. CiieqoBaTenHO MpoMsiHAaTa Ha JeOenuHaTa Ha
pebpaTa HE MOXeE Jla C€ M3IMOJI3BA 3a CEPUO3HO M3MEHEHHE Ha IbPBHUTE COOCTBEHH
YECTOTH MPHU KOPITYCHH IJIOYH, OTTOBAPSIIN HA HUICKUTE W CPETHUA 3BYKOBH YECTOTH.
CrnenoBatennHO opeOpsiBAaHETO Ha OOPAOBETE HA OTBOPHUTE NP KOPIIYCHUTE CIIEMEHTH
HE MOXKE JIa C€ M3I0JI3Ba 32 CEPUO3HO BIUSHUE BHPXY U3MEHEHUETO Ha aKyCTHYHATa
MOIIIHOCT Ha MAIlIMHYU U arperaTty B CPEAHUTE U HUCKUTE 3BYKOBH YECTOTH.
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Ot HampaBeHUTE W3CIEBAHUS HE CTaBa SICHO Kak OM ce MpOMEHWIa KapTUHATa MpH
NpoOMsiHA U Ha pa3MepuTe Ha peOpaTa Mpu 3ama3BaHe HAa OCTAHAJIUTE MMapaMeTpu H
rpaHu4Hu ycioBus. ToBa Ou OMII0 0OEKT Ha CIEBAIIN U3CIECABAHMUS.
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MOJEJMPAHE C 3D KPAVMHU EJJEMEHTU HA BCEHACOYEHHU
BOBUHMU 3A BE3’KUYHO ITPEIABAHE HA EHEPI'US

Kocragun bpanaucku

Pe3ztome: B pabomama e uzcnedsana cucmema om 08e UHOYKMUBHO C8bP3AHU OOOUHU
¢ usnonssane na Memooa na kpatinume enemenmu (MKE) ¢ 3D obnacm. Besxa 606u-
Ha ce CbCmou om mpu 63aUMHO NEPREeHOUKYIAPHU Kpb2osu KoHmypa. Ilo mosu ua-
YUH ce Nocmuea 8CeHACOYeHOCM HA eHepauliHUus mpaucgep 8 npocmpancmeomo u
83aUMHAMA UHOYKMUBHOCI MedHc0)y boOUuHume we ce usmeHs no-mMaiko npu NpoMsaHa
nozuyusma Ha emopama 6oo6una. Komniomvepuume cumynayuu ca Hanpageuu 3a no-
peouya om noodcenus Ha emopama 606una cnpamo nvpsama. Hamepenu ca 3asu-
cumocmume Ha G3AUMHAMA UHOYKMUBHOCH MedcOy O0Ounume om a3umymaniHus
b/ U BEbIA HA 8b36ULULEHUE HA emopama boouna. I paguxume na me3u yukyuu ca
npedcmasenu u 0ocvoenu. Hanpaseno e cpasnenue ¢ 06e npocmu Kpveogu 600unu u
npeouMcmeama Ha HOB8AMA KOHCMPYKYUs N0 OMHOWEHUE HA 8CEHACOYEHOCMMA Ca
NnOMBbPOCHU.

Kntouoeu oymu: Oezocuueno npedaséane Ha eHepeus, 0OOOUHU, BCEHACOUEHOCM,
Memoo na kpatinume enemenmu.

3D FEM MODELLING OF OMNIDIRECTIONAL COILS FOR WIRELESS
POWER TRANSFER

Kostadin Brandisky

Abstract: In this paper an inductively coupled system of two coils is modeled by 3D
Finite Element Method (FEM). Each coil consists of three mutually orthogonal cir-
cular loops. In this way, omnidirectivity of the energy transfer is obtained and the mu-
tual inductance between the coils is made less variable with the position of the re-
ceiving coil. The computer simulations are performed for a number of different posi-
tions of the secondary coil against the primary. The functions of the mutual induct-
ance in respect to the azimuth and elevation angles of the reception coil are found.
The graphs of these functions are obtained and discussed. Comparison is made with
simple circular loop coils and the advantages of the proposed coil design are shown.

Keywords: wireless power transfer, coils, omnidirectivity, Finite Element Method.

1. Introduction

Wireless power transfer between remote devices is a modern direction in the present
day electronic research. It is achieved usually by resonant converters. Such devices
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will be very useful for wireless charging the batteries of electric cars, for wireless
power supply of mobile devices — laptops, tablets, medical implants, etc.

They use in most of the cases inductive coupling power transfer applied between
magnetic coils with a relatively low mutual inductance. The low mutual inductance is
caused by the large distance between the primary and the secondary, usually between
0.5 and 5m (room distance). The presence of the resonance is necessary, because it is
used to diminish the impedance of the coils and to compensate the low coupling coef-
ficient. Unfortunately, there are cases with the simple planar coils, when the mutual
inductance is nearly zero — when the primary and the secondary coils are orthogonal
and the magnetic flux from the primary enters at 0° at the area of the secondary. This
IS negative effect, because in such positions there will be no transfer of energy and the
device will not function properly. One way to cope with this situation is to include
continuous active tracking of the signal of and to rotate the secondary coil when the
signal is diminishing, thus trying to make the secondary in parallel to the primary and
to increase the mutual magnetic flux and the mutual inductance. This requires com-
plex electronics and is too expensive to apply for simple devices as the home elec-
tronics devices. The second way is to make the secondary consisting of three orthog-
onal coils, to ensure that at least in one coil there will be sufficient flux to ensure the
necessary coupling factor (usually 0.5% to 0.05%). Such approach is shown in [1],
where three rectangular planar coils are used in the secondary.

In this paper an improved approach is proposed, which includes three orthogonal cir-
cular coils both in the primary and in the secondary. This increases the mutual induct-
ance with simple means and can make the inductive coupling more reliable. In this
way, omnidirectivity of the energy transfer is obtained and the mutual inductance be-
tween the coils is made less variable to the position of the receiving coil. A number of
computer simulations are performed for several different positions of the secondary
coil against the primary. The functions of the mutual inductance in respect to the azi-
muth and elevation angles of the reception coil are found. The graphs of these func-
tions are obtained and discussed. Comparison is made with simple circular loop coils
and the advantages of the proposed coil design are clearly shown.

The construction of the coils, consisting of three orthogonal circular loops, is shown
in Fig.1.

Fig.1: The geometry of the triple coils
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When only single coils are used, the flux passing through the secondary coil is de-
pending on the position of this coil. When the two coils have parallel planes (Fig.2),
the mutual flux is maximum and the mutual inductance is also maximum. When the
secondary coil is orthogonal to the primary coil (Fig.3), the mutual flux that passes
through the secondary is minimum (or zero) and the mutual inductance is minimum.
In these two cases the ratio of the mutual inductances can reach 5-20 times, which is
not favorable for the energy transfer, because the transferred energy will differ sub-
stantially, and the efficiency will also be affected.

v O

Fig.2: Parallel coils Fig.3: Orthogonal coils

Output Voltage versus rotation angle around OY Output Voltage versus rotation angle around OZ
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Fig.4: Output voltage of the secondary coil versus:
(@) rotation around OY ; (b) rotation around OZ.

On Fig.4 the variation of the output voltage of the secondary coil is shown, when it is
rotated from 0° to 90° around Y axis and around Z axis. The distance between the
coils is preserved constant. It can be clearly seen that this voltage varies 6-50 times,
depending on the angle between the coil planes. This means that the mutual induct-
ance and the coupling factor will also vary in this proportion.
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2. Methods

The process of inductive power transfer is described by the time-harmonic Poisson
equation given below:

9 VX% +£ 1% oA +£ vza—A :—js+jwa,& (1)
ox| “ox | oy| 'oy| oz| ®oz

The Finite Element Method is used in this work to solve the equation (1) numerically.
The equation (1) is solved using the 3D time-harmonic solver of the FEM package [2]
using flux tangential boundary conditions on the outer boundaries (on the surrounding
air box). The Flux Tangential boundary condition constrains to zero the normal com-
ponent of the magnetic flux density.

The solution gives the distribution of the magnetic flux density over the region. Using
the distribution of the magnetic flux density, the magnetic flux through the secondary
coil is found, and also the voltage induced in this coil, when its circuit is open. The
mutual inductance between the coils can be found by the well known formula, taken
from the equation of the secondary for non-loaded linear transformer:

M = @)
wl,

where U, is the rms value of the secondary voltage, I, is the rms value of the primary
current, w is the angular frequency, =2zt .
When the secondary coil consists of one loop only, U, can be found easily from the

Finite Element software. For the improved design with three orthogonal circular
loops, it is an open question how to sum the output voltages of the three loops. The
simple arithmetic summation of the phasors is possible by connecting the three loops
in series. However, it turns out, that if such series connection is used, there are posi-
tions for which the output voltages of two loops will be opposite in phase, leading to
full or partial cancelation of these voltages. It turned out better to get the rms values
of the voltages of the three orthogonal loops and to sum them. This means that in the
real design, there must be a rectifier after each of the three orthogonal loops of the
secondary, charging a capacitor, and these capacitors have to be connected in series to
sum the output DC voltages.

3. Results
The analyzed design with primary and secondary coils having three orthogonal loops
(Fig.1) has been supplied by a current generator of 1 A rms at frequency 1 MHz. The
two coils have diameters of 10 cm and are placed at a distance of 40 cm. Every loop
has 10 turns and is made of copper. The distance between the coils is kept constant,
equal to 40 cm. The position of the secondary coils is varied to test the omnidirectiv-
ity of the system. Instead rotating the secondary coil around the primary (which re-
quires changing the air box around the coils in the FE mesh that is not practical), the
rotation of the secondary coil around its own X, Y and Z axes is performed, which
keeps the air box constant. The rotation has been performed from 0° to 90° with a step
of 10° and 10 positions. The summing of the rms values of the voltages has been per-
formed by the software. A control script has been created, that generates the model
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and controls the rotation and the solution. The script is written in Visual Basic Script
language. The created FE meshes have approximately 800000 tetrahedral elements
and 150000 nodes. The computing time for one model is 4 minutes, and for the total
of 30 rotations it is 120 minutes.

On Fig.5, the FE mesh for the orthogonal design secondary is shown.

Fig.5: The Finite element mesh of the secondary coil

The variation of the output voltage with the rotation of the secondary coil consecu-
tively around its three axes is shown below on Figs.6, 7 and 8.

Output Voltage versus rotation angle around OX
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Fig.6: U, at rotation around OX Fig.7: U, atrotation around OY

Output Voltage versus rotation angle around OZ
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Fig.8: U, at rotation around OZ
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From Figs.6, 7 and 8 it can be seen that the total output voltage varies in a smaller ex-
tent than in the case with the single loop coils. The variation of the output voltage
with the rotations around the three axes is shown also in Table 1. It is seen that the
variation around the mean value of U, is considerably smaller: from -14% to +25%.
This can be seen from the results in Table 1:

Table 1: U, variation for the new design:

U 2 min U 2 Usarer
Rotation on OX 0.148 (-14%) 0.218 (+25%) 0.173
Rotation on OY 0.17 (-10%) 0.215 (+13%) 0.19
Rotation on OZ 0.164 (-11%) 0.22 (+18%) 0.185

4. Conclusions

In this paper the results of the 3D FEM analysis of coils for inductive power transfer
are shown. The results show that the design with three orthogonal loops is better than
the design with one planar loop because of the smaller variation of the output voltage
with the rotation of the secondary. The variation of the output voltage in the proposed
configuration does not exceed 25% with respect to its average value. In contrast to
that, in the conventional design the output voltage varies with more than six times ra-
tio between the minimum and maximum value. The triple secondary coil requires
summing the DC voltage of every orthogonal loop. For this purpose three rectifiers
are needed. Such set-up however can be easily achieved.
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IMPOI'PAMHA PEAJIM3ALUA HA METO/JIA LD CELP
3A KOJIUPAHE HA TOBOPHU CUI'HAJIA

Cue:xana [lnemkoBa-beksipcka

Peztome. B cmamusama e npedcmasena npozpamua peanuzayusi Ha memooa LD-
CELP 3a xooupane na cosopnu cuenanu. Peanusupan e nompeboumencku unmepgetic
Ha aneopumwvma 3a kooupare u oexoouparne LD-CELP. Hanpasen e ananuz na nony-
YyeHUsi 0eKOOUPAH 2080PeH CUSHAN NO Pealu3upaHus Memoo, Kamo e uU3Nnou3eau Xuc-
mozpamer aHaIu3 3a 0OeKMuUBHA OYeHKA HA USKPUBABAHUAMA, NOJYUEeHU 8 Npoyeca
Ha Kooupaue u 0eKooupaHe Ha 2080pHUME CUSHATIU.

Kntouoeu oymu: xooupane Ha 2080pHU CUSHANU, XUCTOSPAMEH AHAIU3, NOmMpeoumer-
cKu unmepetic

SOFTWARE IMPLEMENTATION OF LD CELP METHOD
FOR SPEECH CODING

Snejana Pleshkova - Bekiarska

Abstract: In this article is presented a software implementation of the LD CELP
speech coding method. It is developed also a friendly user interface of the algorithm
for LD CELP speech coding method. An analysis is made of the decoded with this
method coded speech signal, using histogram analysis to objective distortion estima-
tion of the decoded speech signal.

Keywords: speech signals coding, histogram analysis, user interface

1. BbBeaenue

KonupaHneTo Ha TOBOPHHM CHTHAIU € W3KIIFOYUTEITHO aKTyaJlHO B MOOWJIHUTE KOMYHHU-
kaiuu, (VOIP), BuaeokoHpepeHTHN CUCTEMU, MYJITUMEIMHHI IPHIOKEHUs U T.H. [1].
AXTyaqHOCTTa Ha METOJAMTE 32 KOJWPAaHE HAa TOBOPHH CUTHAIHM C€ ONPENEeNs U OT
MHO>KECTBOTO CTaHIApPTH, MPEBbPHANIN CE€ B €TAJIOH 32 CpaBHEHHUE TpU pa3paboTkarta
Ha HOBHM METOJY M CTaHJIAPTH 3a KOJUpaHe Ha TOBOPHH curHaim [2]. Benuku metoau
3a KOJMpaHe Ha TOBOPHH CHTHAIH ce 0a3upaT Ha CBOMCTBAaTa M OCOOCHOCTHTE Ha TO-
BOpHHUS arapar Ha 4YoBeKa. [ OBOPHUST amapar Ha YOBEKa CJIEJBa J1a C€ Pas3riiexkaa Ka-
TO crienu(UYeH W3TOYHUK Ha 3BYKOBU BBJIHH M CIIE/IBA J1a C€ M3CJe/Ba U MO3HABA,
KakTO OT (pU3MONIOTHYHA TJIeHA TOYKA, TaKa U OT IJIeJHA TOYKAa Ha HETOBOTO MOJIe-
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JIUPAaHC C LCJI Cb3AdBaHC HA TCXHUYCCKHU CPCACTBA 3a U3KYCTBCHO CHMHTC3HUPAHC HA I'0O-
BOpHH CUT'HAJIK, KOAUPAHEC, PA3IIO3HABAHC U T.H.

Metonst [3], [5] 3a kogupane Ha roBopau curHaym LD-CELP (Low Delay-Code Ex-
cited Linear Prediction), T.e. Bp30y>KaaHe 4pe3 KO U JIMHEHHO MpeIcKa3BaHe ¢ MAJIKO
3aKbCHEHHE ChHIIO CE OCHOBABAa HAa CBOIMCTBATa HA TOBOPHHMS anapar Ha dyoBeka. [lenra
Ha HACTOsIIATa CTaTHs € Ja Obae pa3paboTeHa MpOrpaMHa pean3anus Ha METo/a
LD-CELP u norpeburencku unTep@eiic 3a KoAupaHe Ha TOBOPHU CUTHAIH B KOMY-
HUKAIIMOHHHU CUCTEMHU U MPEXH 32 TJIACOBU KOMYHHKAIIHUH.

2. O0mu npuaunnu Ha metoaa LD CELP 3a koqupane na ropopuu
CUTrHAJIU M 00ma pynkuuonasHa cxema Ha LD CELP koaupamo
U IeKOAUPALIO0 YCTPOMCTBO

MetoasT LD CELP (Low Delay Code Excited Linear Prediction) e pasHoBuaHOCT Ha
enuH oT ocHoBHUTE MeToau CELP 3a xonupane Ha roBOpHU CUTHANH, HO CE XapaKTe-
pu3upa He caMo ¢ HUCKa cKopocT Ha npeaaBane (16 kb/s) Ha roBopHaTta uH(pOpM™MaIus,
HO CBIIO TaKa U C Majika CTOMHOCT Ha 3akbcHeHue (low delay 2 ms) na npuerus ne-
KOJMPAaH TOBOPEH CHTHAJ CHpPSIMO MpeaajcHus OpurMHajieH curaaig. Ha Gasara Ha
metona LD CELP npe3 1994 ronuna e ch3manen cranaaptst I TU/CCITT G.728 [4]
3a KOJUpaHe Ha TOBOPHHU CHUTHAIHM, KOWTO MMa YHUBEPCATHO NpEIHA3HAYCHHE U CC
npusiara B CUCTEMH 3a TJIaCOBM KOMYHHKAIIMU ChC CKOPOCT Ha mpemaBaHe 16 Kbi/s.
OcHoBaute npeaumctBa Ha LD-CELP meTtona ca cnepHuTe. HamansiBa ce BEpOST-
HOCTTA 32 MMOsIBa Ha TPEIKU MOpay IIyMOBE M CMYIIEHUS B KOMYHUKAITMOHHUTE Ka-
HaJIH, TIpe/iaBa ce 3HAUYMUTEITHO TT0-MaJIKO KOJWYECTBO JOMBIHUTEIHA HHPOPMAITHUS TI0
KaHaJia 3a Bpb3Ka (CaMO MHJIEKC Ha BEKTOP OT KOJ0BAaTa KHHWra) M 3HAYUTEIIHO CC Ha-
MajsiBa 3akbcHeHHeTo. Ha ¢ur.l e mokazana OGiokoBaTa cxema 3a KOJuUpaHe Ha ro-
BopHH curHanu o merona LD CELP, a na ¢ur.2 e mokazana 610koBaTa cxema 3a Je-
KOJMpaHe Ha ToBOpHU curHamwm 1mo metona LD CELP.

Bxonaen
CHUTHAJ

Koznosa . N > m > +

CUJIBAHE > ' N
KHHTa
7'y
STP

MpecKasaresl  |¢—y
ot 50-Tu pen

+

A

IIpenckazaren
Ha YCUJIBAHETO

LPC ananus
B oOpaTHa
MOCOKa

Ountwp 3a
[ Munnmusaims (o _ | meuxodusmonornaso ——
Ha rpelikaTa BB3IPUATHE

}

®ur.1. biiokoBa cxema 3a KoaupaHe Ha TOBOpHU curHanu 1o meroga LD CELP
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WHJCKC Ha BEKTOP OT KOJOBaTa KHUTA
U3xoneHn curnan

Konosa TTocnensamio

WIIBaH m >
KHHUT'a ve 2 ¢duntpupane
LPC
npecKasaTes
IIpenckazaren pen [

ot 50-Tu pen

Ha YCHJIBAaHETO
LPC ananu3
le—

B oOpaTHa Mmocoka

®ur.2. biiokoBa cxema 3a ieKoaupaHe Ha TOBOpHU curHainu 1o meroga LD CELP

3. AJITOpUTMH 32 KOJAMPAaHe U IeKOHPaHe HA TOBOPHH CHTHAJIN
mo metoaa LD CELP

[IpencraBenute, choTBEeTHO HA (pur.1l u dur.2, 6;10KOBH cXeMU 3a KOJUPAHE U JCKO-
nupane Ha roBopHu curHayim 1o metona LD CELP morar ma ce m3mon3Bar kaTo oc-
HOBA 3a pa3pabOTBaHE HA AITOPUTMUTE M MPOrPaMHA peaju3alys Ha MPOLIECUTE Ha
KOJMpaHe U Ko upaHe Ha roBOpHU curHanu no meroaa LD CELP.

Ha ¢ur.3 e nokazan pa3paOOTEHUSAT aJrOpUTHM, OMMCBAI MOCIEIOBATETHOCTTA OT
JEHCTBUS MPU KOAMPAHE U JEKOAUPAaHE HAa TOBOpHU curHainu nno metona LD CELP.

4. TlporpaMHa peaju3aius HA AJTOPUTMHTE 32 KOAUPAHE U IeKOAUPaHe
Ha roBOpHU curHaiau no meroaa LD CELP

[Toxazanute Ha (HUr.3 ANTOPUTMH, OMKICBAIIM MTOCIEI0BATETHOCTTA OT JACHCTBUS TIPH
KOJIMpaHe W JICKOJAMpaHe Ha ToBopHHM curHamu mo meroaa LD CELP ca u3nomsBanu
npu pa3zpaboTBaHe Ha mporpamHa peanusanus Ha meroga LD CELP. Ts mo3BossiBa
KOJMpaHe U JeKkoaupane (KOMIpecHs W JACKOMIIPECHs) Ha MPEABAPUTEIIHO 3alHCaHH
Ha (paiis BB (hopmat *.raw roBopHH curHaiau. ToBa e ayauo gopmar, mpu KOHMTO ro-
BOPHUS CUTHAJ 4pe3 NpeACTaBs KaTo UMITyJICHO KomoBa Moaynamnus (PCM), 6e3 xe-
abpu (Kato mpu *.wav) W JOombIHEHHS, B 4uCT BHJI. DaiiioBere, ¢ KOUTO MPAKTH-
YEeCKU MOKe Jla paboTH Ch3JaZieHaTa MporpaMHa peainu3alus, MoraT UMaT HeorpaHu-
4eH pa3Mep (T.e. orpaHHUYEH CaMo OT IApaMETPUTE Ha TTAaMETTa Ha KOMITIOThPa, KOUTO
peanu3upa JeUCTBUETO Ha TPOrpaMHaTa CHCTEMA).

[lapameTpuTe Ha BXOJHHUTE TOBOPHU CUTHAJIM CHOTBETCTBAT HA CTaHIapTa 3a LU-
pOBO mpejacTaBsHe Ha ropopuu curnaau “PCM Signet Mono”, a UMEHHO: 4eCTOTHa
nenta — 8 KHz u Opoii Ha pa3psiiuTe Ha BCsKa TUCKPETHA CTOMHOCT Ha TOBOPHUS CHT-
Hau - 16 bits.

Pa3paboTkara Ha mporpaMHaTa peaau3aiys Ha alrTOPUTMHUTE 32 KOJUPaHE U JEKOIH-
paHe Ha ToBOpHHU curHanu nmo metona LD CELP e usBbpiieHa B aBe HEpa3pUBHO
CBBP3aHM YaCTU: NOTPEOMUTENICKAa 4YacT, peald3upaHa 4Ype3 IporpamHaTa CUCTEMa
Borland Delphi, a Bropara gact BxitouBa alropuTMHYHOTO PEIICHUE HA CaMUsI allro-
putbM 3a LD CELP xomupane u nekoampane, peaau3upaHo dpe3 MporpamMHaTa CHC-
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tema Visual C++. Paznuuuero B n300pa Ha MpOrpaMHHUTE CPEIU HA JBETE YacTH HA
nporpamHaTa peanuszanus Ha meroga LD CELP moxe na ce o6ocHOBE ¢ mpeaumcT-
BOTO Ha nporpamuara cuctema Borland Delphi npu cb3gaBaHeTo Ha MOTPEOUTEICKUS
uHTEepdeiic U ObP30ACHCTBUETO MPH pealHn3alus Ha CIOXKHU anropuTMu (B ciaydas
LD CELP) upes nporpamuara cucrema Visual C++.

Bxozsu roBopeH curHan VIHASKC Ha BEKTOPE OT
‘ KOoOBaTa KHMIa
CermeHTHpaHe Ha ‘
curuana
‘ Kopnosa kHura
> Konosa knura ¢
N36op Ha BB30YxIaIL
* BEKTOP
M360p Ha B30y R AaLL ¢
BEKTOP
¢ VYcunsane
- Ycunpane ¢
‘ Hopwmupane
Puntbp 3a pMup
Hopmupane »>  [CUXO(pU3HOIOTHYHO
BB3NPUATHE ‘
LPC ananus B o6paTHa Hoctdunrpauus
KpanTypane
ocoka
O6HOoBsABaHE Kanas 3a Bpb3ka M3x0€eH roBOpeH curuain

Y

®wur.3. Pa3paboTeHHST alTOPUTHM, ONKMCBAII ITOCJIEIOBATETHOCTTA OT JICUCTBUS
IpU KOJUpaHe U JeKOoMpaHe Ha roBOpHU curHanu no metona LD CELP

Pa3paboTeHaTa mporpamMHa cucTeMa € peaim3upaHa OCHOBHO 3a CHMYJIAlls Ha KO-
pane u nexoaupane no meroaa LD CELP Ha roBopHu curnamu, mpeaBapuTeaHO 3a-
MMcaHu Ha ¢aiiioBe, HO OM MOTIJa Jia ce M3I0JI3BA 3a KOJWpaHe Ha HEMPEKbCHAT II0-
TOK OT JIJAaHHU 32 TOBOPHHM CHTHAJIM B Pa3JIMYHU MPUJIOKCHUS Ha peajHo JeHCTBaIIN
CHUCTEMH M MPEXKH 3a TJIACOBH KOMYHHUKAIIUH.

4.1. lloTpeduTesicku HHTeP(eiic B MpOorpaMHaTa peajin3anus HA AJTOPUTMHTE
3a KOJUPaHe U JIeKOIMpaHe HA TOBOPHU cUurHaju no meroga LD CELP

[IspBaTa yacT Ha pa3paboTeHaTa MPOrpaMHA peau3alisa Ha aJTOPUTMUTE 3a KOJH-
paHe U JexoaupaHe Ha roBopHU curHaiau 1o merojga LD CELP ce cwecrom ot mpor-
paMHU MOJYJIH, pa3paOOTeHH Upe3 U3MOJI3BaHEe HAa TpaUIHUTE CPEJCTBA B MPOTpaM-
Hata cucrema Borland Delphi, upe3 kosT0 MHOTO yI00HO, JIECHO U OBP30 € Ch3IaACH
noTpeburesickus uaTepdeiic, HeoOX0IUM 3a Ch3/laBaHe Ha YA00CTBO 3a MOTPEOUTENS
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IIPM MHOTOKPAaTHH H3IIBJIHCHUS M CHMYJIAIMS Ha aJICOPUThMA, peaju3upall KoJu-
pamo/aexonuparmo yctpoictBo no metoga LD-CELP u npu BB3MOXHOCT 3a MHTe-
PaKTUBHO JAcPUHUpPAHE HA PA3IMUYHU BapUAHTH Ha NIapaMETPHUTE HA aJlTOPUTHMA, pas-
JIMYHYU TIPEIBAPUTEITHO 3aliCcaHy (paijioBe Ha TECTOBH TOBOPHU CUTHAIM M T.H. MoXe
Ja ce TBBP/H, Y€ €IHO OT OCHOBHHUTE MPEIAUMCTBA Ha pa3padOTEHUS MOTPEOUTEIICKH
uHTepdelic € mMpoCToTa, MpaBUIHA JOTHYECKa MOCISAOBATEIIHOCT HA MPCABUICHHUTE
JCHCTBHSI 1 MAKCHUMAJTHO yI00CTBO 3a OTPEOUTEIS.

Ha ¢wur.4 e nokazaH Buja Ha €KpaHa Ha KOMIIIOThPa HAa JUAJIOTOBHUS IIPO30pEI Ha
pa3paboTeHHs] OTpeOuTEeNCKH HHTepdelic. Upe3 Hero moTpeOUTENAT MOXKE J1a W3-
BBPIIBA CIICIHUTE HHTEPAKTUBHHU JIEHCTBUA (dpe3 ChOTBETHH OYTOHH ¢ HAWMEHOBA-
HUS, IIMPOKO TpHUJaraHd B MporpaMHAaTa cpela Ha oOlepalldoOHHaTa CHCTeMa
Windows) B xo/1a Ha M3IBJIHCHHE HA KOHKPETHA CUMYJIAIMsA Ha KOAUPAHE U JICKO -
pane o meroaa LD-CELP:

- Browse, 6yToH upe3 KoiTO ce 100aBst HOB (paiiil OT mpeABAPUTETHO 3aMUCaHU
(aiijioBe Ha TECTOBU TOBOPHU CHUTHAJIM B CTaHAAPTEH ayauo GopMar OT TUma *.raw
ayauo ¢popmar wiv no-To4Ho ,,8 kHz 16-bit PCM Signet Mono";

- Encode, O6yToH ¢ momoiiita Ha KOWTO ce craptupa koaupaneto no LD-CELP
MeToJia Ha 30paHus Gaiil ChIbpIKall TOBOPHU CUTHAIIH,

- Decode, OyToH ¢ moMoIiTa Ha KOMTO Ce cTapTHpa JCKOIUPAHETO IO METoja
LD-CELP na xogupanus Beue BXOJCH CUTHAJ ChABPIKAII CE B M30paHus ayauo (haui
*.raw aiin. 3a nenrta B nmosero Browse ce 3amucBa UMETO, ¢ KOETO € 3alKCaH KaTo
(aiin *.raw KoaupaHusi TOBOPEH CUTHAI.

T =l

B

Source file Browse

File zize:; ---

Encode ‘ Decode ‘

®ur.4. Jlnanoros npo3opel Ha pazpaboTeHus: NOTPEeOUTEICKU HHTEpdeic

B pazpaborenus norpeduTencku uHTepdEiic e mpeaBuIeHa MHANKAIIAS 32 TIPHKITI0Y-
BaHC HAa KOJUPAHETO M JICKOAHMPAHETO upe3 mHpOopManuoHHH mpo3opiu (¢ur.5), B
KOUTO C€ MHIMIIMPA BPEMETO 3a M3ITbIHCHUE HA aJITOPUTHMA 3a KOJAMPAHE U JICKO -
paHe Ha roBopHuTe curHanu no meroma LD-CELP, a cpmio taka rojremMuHara Ha
BXOJHUS, KOJUPAHUs B IeKOAUpaH ¢aiyioBe B 0alTOBE, CHOTBETHO.

Information EJ Information g]

\]:}) Dione in 0.235 seconds. J:}) Done in 0,156 seconds.

Source file size: 49152 Source file size: 6140
Destination file size: 6140 Destination file size: 49120

@ur.5. adopmanrioHHN TPO30pIK B MOTpeduTencku nuurepeiic 3a
UHIUITUPAHE pe3yiTaTa OT KOAUPAHETO U JICKOIUPAHETO
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Komupanust *.raw ¢aiin ce 3anvcBa B TUPEKTOpHUATA HA U30paHus (Hailyl 1 KbM HMe-
TO My ce 100aBsl TOMMBIHEHUETO ,,encoded-", HanpuMep ako BXoasmus (aiii e ¢ ume
test.raw, mmero Ha kogupanus (aiin e encoded-test.raw.

JexogupanusT Qailn ce 3amuMcBa B JUPEKTOPUSTA Ha KOJUPAHMS CUTHAJ KaTO KbM
UMETO MY ce 100aBst JOMbIHCHHUETO ,,decoded-", HanpuMep aKo KOIUpaHuAT (haii e ¢
ume enoded-test.raw, nexomaupanust ¢aiin e ¢ ume decoded-encoded-test.raw.

4.2. Peanu3anusi Ha aJropuTMHTE 32 KOJAUPaHe U JeKOAHUPaHe
Ha ropopHH curHajiu no meroaa LD CELP BwB Visual C++

PeanmmzanusTa Ha aNrOpUTMHUTE 3a KOJUPaHE U JICKOJMPAHE HAa TOBOPHU CHTHAJIHU IIO
metona LD CELP e ochimectBena B mporpamuata cpena Visual C++, B KoITO OCHOB-
HUTE NPOrpaMHU MOJYJIM 00XBallaT peann3alusaTa Ha alropuThM 3a Ha 16kb/s koau-
paio/aexoaupanio ycrporctBo nmo merona LD-CELP. Anropurmbst padoTu ¢ ¢par-
MEHTH OT TOBOPHHMSI CHTHAJ C TojieMuHa 10ms, kKoeTo choTBeTcTBa Ha 80 MUCKpETHH
ctoitHocTu OoT 00110 8000 AUCKpEeTHU CTOMHOCTH B CEKYH1a WK 3aKkbcHeHue oT 0.625
ms, KaTo IUIOTO 3aKbCHEHHE OT JelcTBUeTO Ha anroputhbMma € 10.625ms. [Iporpa-
MaTa IMO03BOJIsIBA aJiTOPUTHMA 3a KOJHUPAHE M JICKOJAUPAHE Ja CE M3ITBJIHIBA KaKTO 3a
€HOKaHAJIHO, TaKa U 3a MHOTOKaHAJIHO Mpe/aBaHe Ha KoJupaHaTa ayauo uHbopma-
1M B CUCTEMH 3a TJIACOBU KOMYHHUKAITUH.

OcHoBHUTE (QYHKIIMOHATHU BH3MOXKHOCTH Ha ChBMECTHATa paboTa Ha pa3pabOTeHUTE
IPOrpaMHU MOJYJIM C€ CBEXJa /0 CIEAHOTO. MPOYUTAHE HAa OPUTMHAIHUS BXOJICH,
ChABpIKAlll TOBOPHU CHUTHANM, aynuo ¢aitn BbB gopmar *.raw caiin, 8kHz 16-bit
PCM Signet Mono; koaupane Ha aynuo uHpOpMaIusaTa 32 TOBOPHUTE CUTHAIN B U3-
Opanus BxoneH Qaiin mo merona 16kb/s LD-CELP u 3anucBane Ha kogupanus Qaiin
BBB (popmar *.raw; nexoaupaHe Ha aynuo WHGoOpMalusaTa 3a TOBOPHUTE CUTHAIHU B
konupanus (daitn mo merona 16kb/s LD-CELP u 3anucBane Ha nexoaupanust ¢ain
BBB (popMmart *.raw.

5. Pe3yaTaTH OT MporpaMHa peajn3anus HA AJrOPUTMUTE 32 KOAUpPaHe
U IeKoMpaHe HAa TOBOPHU curHau no meroaa LD CELP

Pazpaborenara mporpamnaa peanusanus Ha meroga LD CELP e ekcnepumeHTamHO
npoBepeHa Ha ¢ur.6 ca npencraBeHr ChOTBETHO BpeMeIHarpaMUTe Ha OPUTHHATHHS
BXOJICH TOBOPEH CHUTHAJI, BBBEJICH OT (aiin test.raw u aexomupanus upe3 pa3padoTe-
HUS aNTOPUTHM T'OBOPEH CHTHAJI, 3alKcaH KaTo u3xojeH (dain ¢ ume decoded-en-
coded-test.raw..

Pa3zMepsT Ha opuruHannus BxojaeH ¢ain e Vi,—49152 Oaiita, a Ha JeKOIUpPAHUS U3-
xoneH (aitn Vgec=49120 Oaiita, KO€TO MOKa3Ba Ha MPAKTHUKA, Y€ HSAMA CHIIECTBEHA
3aryba Ha ayauo mH(opMamusaTa IpU H3IBIHEHHE Ha pa3pabOTEHUs aJrOPUTHM 3a
KoaupaHe u aekoaupane o meroga LD CELP.
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®ur.6. Bpemeauarpamu Ha OpUTrHHAIHMS U IEKOJIMPaH TOBOPHU CUTHAIU

3a cpaBHeHHE o0eMa MK pa3Mepa Ha KOJUPAHMS, MOJJICKAIIl Ha MTpeaaBaHe Ype3 TJia-
COBa KOMYHMKAllMOHHA cucTeMa (haiil, € 3HAUUTEIIHO TOo-MalbK Veoq= 6140 Oaiita,
KOETO II0Ka3Ba, 4e CPEKTHBHOCTTA OT KOJUPAHETO € JOCTaThUHO TroJiIMa, aKo Ce
MIPEACTAaBH YPE3 ChbOTBETEH KOSPUITMESHT Ha KOMIIPECHS

KLD CELP— Vin/ Vcod::49152/614028052 (1)

[Ipn mpoBexnaHe Ha EKCIICPUMEHTATHUTE HM3CIICABAHHUS € HaIlpaBEeH XHCTOTPAMEH
aHanM3 ¢ 1e1 00CKTHUBHA OICHKAa Ha M3KPUBSIBAHUATA, MOJYUYCHU B MpoOIeca Ha KOIM-
paHe W JeKoaupaHe Ha roBopHUTe curHaiau o metona LD CELP u upes pazpabore-
HaTa MPOrpaMHa pealln3aIus.

[Ipn ananu3a u npu BU3yaJdU3alMsITa HA PE3YJATATUTE OT TO3M aHAIHM3 € W3MOJI3BaH
nporpamuus npoaykr Adobe Audition 1.5.

PesyntaTtuTe OT XMCTOrpaMHUS aHAIU3 C 1€ OOCKTHBHA OIlEHKA Ha W3KPUBSBAHUATA,
MOJTYYeHH TIPH JIEKOIMpaHe Ha TOBOpHUTE curHaiu 1o metoaa LD CELP upes paspa-
OoTeHaTa MporpaMHa peanu3aius ca moka3aHu Ha ¢ur.7.

6. 3akaouenue

Busyainoro cpaBHeHue Ha Bpemeauarpamurte (¢pur.6) m xucrorpamure (¢pur.7) Ha
OpUTHHAIHMS TOBOPEH W JIEKOJUpPAHUsSl CUTHAI BOJAM JIO 3aKJIIOYEHHUE, Y€ OpUTHHAI-
HUS U JCKOJANPAaH TOBOPHU CUTHAIIU Ca TTOYTH UJCHTUIHH.

[Tpu npocaymiBaneTo (CyOSKTHBEH TECT) CE€ YCTAHOBSBA, Y€ T€ Ch3/1aBaT €IHAKBO IO
Ka4eCTBO CIYXOBO BB3MPHUATHE M CaMO NPEIH3CH KOJUYECCTBEH aHAIHM3 MOXE Ja pe-
THECTPUpPA peallHaTa UM PasJiiKa, KOATO € MPEHEOPEKMMO MajKa U HE TMPOMEHS 3aK-
JTFOYEHUETO 32 JIOCTAThYHO KaueCTBO Bb3 OCHOBAa Ha OOEKTHMBHAaTa (4pe3 mpeisioxke-
HaTa METOJMKA) M CyOeKTUBHA (IIpH MPOCITYIIBaHE) OIICHKA Ha JICKOIUPaHUs TOBOPCH
curnai no metona LD CELP upe3s paspaborenara nporpamHa peain3aiusi.
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MN3CJIEABAHE HA BAHKA ®UWJITPU OT TUIIA
GAMMACHIRP 3A KOAUPAHE HA AYJIMO CUT'HAJIN

Cue:xana [lnemkoBa-beksipcka

Pe3ztome. B cmamusma e npedocmasena npocpamua peanuzayus Ha Oanka om uimpu
om muna Gammachirp, koumo ce npednracam u moeam o0a 6vOAM U3NON3EAHU NPU
peanusupane HA pa3iudHU 8APUAHMU HA Memooume 3a NCUXOAKYCMUYHO KOOupaue
Ha ayouo cuenanu. Ha 6aszama na meopusma 3a cunmes u peanuzayus Ha ¢uimpu
om muna Gammachirp e paspabomen ancopumvm u npocpama, upe3z Kosmo ca usc-
N1e08anU KAKmo mexHume XapaKxmepucmuxu, maxka u npuiodceHuemo um Kamo 0aHka
om Quampu u e NOKA3aHO NOBUULABAHEMO HA epeKMUSHOCMMA HA KOOUpaHe Ha ay-
OUO CUSHANU CHNPAMO U3NOJ36AHUME 8 Me3U Memoou CMaHOApmMHU OaHKu om ¢ui-
mpu.

Knrwuosu oymu: rxooupane na ayouo cuenanu, Gammachirp ¢umimpu, d6anxa om
Qunrmpu

RESEARCH OF GAMMACHIRP FILTER BANK FOR AUDIO SIGNAL
CODING

Snejana Pleshkova - Bekiarska

Abstract: In this article is presented a software implementation of Gammachirp bank
filters proposed and applied to the different variants of audio signals coding methods.
On the base of the theory of synthesis and realization of Gammachirp filters is devel-
oped the algorithm and appropriate program suitable to investigate both their char-
acteristics and their applications as filter banks and it is shown an effectiveness en-
hancement of audio signals coding to the ordinary filter banks applied in the same
audio coding methods.

Keywords: audio signals coding, Gamma filters, bank filters

1. BnBeaenue

[IcuxoakyCcTMYHOTO KOAMpaHE HA 3BYKOBHU CHUTHAJIA C€ OCHOBaBa Ha CBOMCTBAaTa Ha
CIIyXOBOTO BB3IPUATHE HA 4yOBeKa. HezaBucuMO, ye mpuiaraHeTo Ha ICUX0aKyCTU4-
HOTO KOJAMPAHE HAa CUTHAJIMTE HE € HOBA HJIes, [I0OBEYETO METOIU 3a KOJAUpPaHEe Ha ay-
MO CUTHAJIW palOoTAT HAa MPUHIMIA HAa OTCTPAaHSBAHE HA HM3JIMIIHATA 32 CIyXOBHS
amapar Ha 4YoBeKa MHGPOpPMAIMs OT ayJUO CUTHAIHUTE MPEAH TAXHOTO OKOHYATEIHO
dbopmupane B koaupa Bui. Taszu uznuinHa uH(OpMaIUs ce ompeness Mo Bpeme Ha
aHaJI3a HA CUTHAJIA CIIOPE]T HIKOJKO MCUX0AaKyCTUYHH NPUHININA, BKIIOYBAIIHY [Ipara
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Ha YyBae€MOCT, KpUTUYHH YE€CTOTHHU JICHTH, €JHOBPEMEHHO MAacKUpaHe, pa3mpocTpa-
HEHHMETO Ha 3BYKOBUTE BBJIHU IO MPOTEKEHUE Ha Oa3zwiiapHata MeMOpaHa, BpEMEBO
Mackupane. KoMOMHUpaHETO Ha TE3W MPUHIIUIIN C OCHOBHUTE TIpaBWiIa 3a KBAaHTY-
BaHE ca JIOBENM Jia MOsiBaTa Ha TEOPHUTA 32 CHTPOIHUS HA CIIYXOBOTO BB3MPHUATHE U
KOJIMYECTBEHO W3CJICJIBAHC Ha OTPAaHWUYCHUATA, KOUTO MOTAT Ja C€ MOCTUTHAT TPH
KOMIIpecHusTa Ha 3ByKa [1].

2. OO NPUHIMIIK HA METOANTE 32 NMCUX0AKYCTHYHO KOAUPaHe

BbB BBTPEIIHOTO YXO Ha CIIyXOBHS amapar Ha 4OBeKa C€ M3BBPILIBA MpPeoOpa3yBaHe
Ha 3BYKOBHU BBJIHHM YCJIOBHO O3HA4aBaHO KaTo ,,4€CTOTA-MSCTO”, MPU KOETO MOHSTH-
€TOo ,,MSICTO” O3HayaBa MO3UIMATA 110 IPOTEKEHNE Ha Oa3unapHaTa MeMOpaHa, YyBCT-
BUTEJIHA KbM CHOTBETHATA YECTOTA B 3BYKOBUTE BBHJIHU. Pa3ianuHu obsacTu UM yac-
TH Ha BBTPEIIHOTO YXO Ca CBBP3aHM C MHOYKECTBO OT HEBPOHHH PELENTOPH, ,HAC-
TPOEGHM™ J1a BB3IpPHUEMAT, T.€. 1a Ca YyBCTBUTEIHU KbM ONpPE/EJIeHA YECTOTHA JIEHTa
WM CbOTBETHA YAacT OT CIEKThpa Ha 3BYKOBUTE BBJIHHM. TOBa 03HayaBa, 4e€ BbTpEUI-
HOTO yXO MOJKE J1a c€ pasIiieK]a U MOJAEIUpa KaTo OaHKa OT MPUIIOKPUBAIIY CE JICH-
TOBU QuiTpu. TepMUHBT “KPUTUYHU JIEHTU B NCUXO0AKYCTUYHHUS MOJIE] Ha CIyXO-
BOTO BB3NPUATHE € (PYHKIMS HA YECTOTaTa M ONKCBA IIMPUHATA HA JICHTOBUTE (HUJI-
TPH M0 IBbJDKMHATA HAa KOXJIESTA, pa3NoJiokKeHa BbB BTPEIIHOTO yX0. Ha Bcsiko msic-
TO OT Oa3wiapHaTa MeMOpaHa ChOTBETCTBA ONTHMAaJHA 4YeCTOTa f,, KOSTO Mpeaus-

BUKBA JIBUKCHUE Ha Oa3WIapHUTE BIACMHKHA C MAaKCHUMAaJlHA aMIUTATY/1a, KOraTo 3BY-
KOBaTa BbJIHA € YUCT TOH C TaKaBa decToTa. Pasriexnmaiiku Oa3zuiapHata MeMOpaHa
KaToO CBbBKYIMHOCT OT (UITpH, TpsiOBa na ce neuHUpaT U CHOTBETHH CICIUPUIHH
XapaKTePUCTHKH Ha Te3u puiaTpu [2].

OcobOeHo BaxHU TpU pa3pabOTBaHE HA HOBU M IMOBHINABaHE Ha €()EKTUBHOCTTA HA
BEUE W3BECTHU U YTBBPJICHU METOM 32 KOJUPAHE Ha ayH0 CUTHAIH Ca CICTHUTE Xa-
PaKTEPUCTUKH HA JICHTOBUTE (PUITPH:

e Paznuuna IMUPHHA Ha YCCTOTHATA JICHTA HAa BCCKU JICHTOB (1)I/IJIT’bp B 6aHKaTa;

e HecumerpuyHa 4eCTOTHA XapaKTEPUCTUKA HA OTIETHUTE QPUITPH, KOETO O3Ha-
4yaBa, Y€ 3a KOHKPETHO MSCTO TO MPOTEeKEeHHE Ha Oa3miapHaTa MeMOpaHa C
LEHTpaJIHa YecToTa f, 3ByKOBOTO BB3MPHUATUE CIPSIMO YECTOTH HA PA3CTOSHHE

+Af e pasnuuHo. 3a JIeHTOB QWITHDP C IIEHTpaHa YecToTa f, TOBa MOXe Ja ce

pasriacixkiaa KaTo HCCUMCTPHUYIHA aMINIMTYIHO-9YCCTOTOHA XAPAKTCPHUCTHUKA C I10-
CTPBMCH HAKJIOH 3a ITI0-BHCOKHTEC YCCTOTH,

e HepaBHOMepHa 4YeCcTOTHA XapaKTEpPUCTHKA Ha pa3IUYHUTE (PUITPH, KOETO
CJIellBa JIa C€ TPETUPA KaTO HEITMHEHHOCT Ha YyBCTBUTEITHOCTTA Ha Oa3zuiapHa-
Ta MeMOpaHa. Y CTaHOBEHO €, Y€ Ta3H HEJIMHEMHOCT MOXKE J1a C€ MPECTaBU Ka-
TO YABOSIBAaHE Ha YyBCTBHUTEJIHOCTTAa Ha Oa3ujapHaTa MeMOpaHa CIpsSMO BXO/I-
HOTO BB3/ECHCTBUE NIPU CHOTBETHO OTMECTBAHE MO HeiHaTa Ab/ukUHA. OT ries-
Ha TOYKAa Ha JIEHTOBUTE (PUIITPH, TOBA O3HAYABa, Y€ MAKCUMYMbBT Ha YCUIIBAHE
Ha (pUITHp C HEHTpaJIHa yecToTa f, HaMalsBa IpPH yBEJIMYaBAHE HA HUBOTO HA

BBBHGﬁCTBHCTO Ha 3BYKOBUTC BBJIHU.
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B cranmapra ISO/MPEG Audio enHo3HauHO ca AepUHUPAHU MMAapaMETPUTE U METO-
JIUTE 3a CUHTE3 Ha JIEHTOBUTE (UATpU B OaHkaTta oT ¢puntpu. Paznukara mexay or-
nemaute Bepcun Ha MPEG Audio € B M3Moi3BaHeTO HA PA3IMYHU MO THIT OAaHKU OT
¢untpu. Ha dur.1 e npeacraBena 6;10koBa cxema Ha KOJUPAIIO YCTPOMCTBO 3a ayAHO
curHaiy 1o crangapra MPEG-1 Audio.

6 mam 18
C IIPHIIOKP. J

—* » MAKTI : KeantyBane : Xadgman
- > =
_’

YYY

p . i~ -~
I MaImao. Koaupane

KOAHpaH
MyATH- | morox
nAeKcop ’

A J

Koaep >

r

I'emepatop

Ha MacCKIIpaHe

@wur.1l. brnokosa cxema Ha aynuo koaep B MPEG -1 Audio

Kato 6anka ot nenrosu ¢untpu B ctanmapra MPEG -1 Audio e mpuero na ce usmnon-
3BaT JeHTOBU (puitpu oT Tumna nonudasuu Guirpu. llenta Ha HacTodIIaTra craTus €
aa ce mogo0pu epeKTUBHOCTTA B JICHCTBHETO KOJHMPAIIOTO YCTPOMCTBO B CTaHAapTa
MPEG -1 Audio upe3 npeayiarane Ha HOB TUI OaHKa OT (QWITPH, CBHCTOAIIA CE OT
Gammachirp nenrosu dunrpu [3], [4] npu oOpaboTka ¢ men Guarpamnus Ha MOCTHII-
BaIINTE 332 KOJUPAHE ayIN0 CUTHAIIH.

3. Maremarn4yecko onucanne Ha Gammachirp ¢puarspa

KommiekcHaTa uMIyJICHa XapakTepucThka Ha Gpuntbpa [5] ce 3anaBa ¢ uszpasa:

g (1) = ath ~ g~ ZPERB(T )t = j2Af L+ elnt+ Jg

1)
KbJIETO,

t>0 e BpeMme,

f -decTtoTa Ha BB3JIEHCTBAILMA ayAUO CUTHA;

a - aMIUTUTY/a;

n - pen Ha GUATHPA;

b - mapameTbp, KOWTO Ompeaess 0OBUBKaTa Ha PUITHPA,

f r - LEHTpaJIHA YECTOTA,

C - mapameTbp 3a YECTOTHO OTMECTBAHE;

¢ - HayanHaTta (asa;

ERB(f ,)- €KBUBaJ€HTHA YECTOTHA JIEHTa Ha (PUIThpa MpH YecToTa f, ChC Cpel-
HU HUBA:

ERB(f,) = 24.7 + 0.108f , [Hz] (2)

Korato ¢=0 mHoxwutens cint e Hyna u ypaBHenueto (1) ce mpeBpbIla B KOMILICKC-
HaTa UMIyJICHa XapakTepuctuka Ha Gammatone ¢untbpa, KOWTO MMa OOBMBKaTa Ha
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GyHKIUATa HA TamMa paslpelelicHHe W € PAa3MoJIOKEeH OKOJo yecrtora f,. PeamHo
Gammachirp ¢untepa e pasmmpenne Ha Gammatone GuiIThbpa ¢ MHOXKHUTEI 33 Yec-

ToTHO oT™MecTBaHe. Cien Pypue TpaHchHopMaIis Ha UMITYJICHATA XapaKTEPUCTUKA OT
u3pas (1) 3a Gammachirp ¢punrspa ce mosyyaBa KakTo Clie/IBa.

ar(n+ jc)el? ~ a
[27bERB(f.) + j2z(f - f.)1" T 1€

Ge(f) =

n+ jc

27z\/b2+(f —£,)2el0

1 1
n ' jc

27:\/b2+(f—fr)2 e N0 27r\/b2+(f—fr)2 e CO

=a

(3)

o =arctan—", a=ar(n+jcje)? , b=bERB(f,) (4)

b
KbJIeTO: I'(n+ jc) - rama pa3npeesieHue Ha n+ jc ¢ BeposTHOCT 1.

[IbpBUAT MHOXKUTEN a € KOHCTaHTa. Bropusar e cnekTbpsT Ha Gammatone ¢unrspa
G1(f). TpeTusaT € aMIUTUTYAHO-Y€CTOTHATA XapPAKTEPUCTHKA HA aCHMETPHUYCH (DUITHP
Ha(f). Ako HOpMHpaMe aMIUIMTYy1aTa, YeCTOTHATA Xapakrepuctuka Ha Gammachirp
GuaThpa MOXE Ja ce MPEACTAaBU C U3pa3a;

Ge () =G (f).H A(F) (5)

AMHJII/ITy,Z[HO-‘{€CTOTHaTa XapaKTEpUCTHKA €.

61 (F)] =[67 (F|H A(F)|= a - e (6)

27\b%+ (f - )2

Axo monoxum c=0 = ‘H A(f)‘ ~e%? —0 rorasa u3pa3z (6) mpencraBnsBa aMIuIu-
Ty[HO-4ECTOTHATA XapakTepucTuka |Gy (f)| Ha Gammatone ¢untspa. Ts e mpencra-

BeHa Ha ¢ur.3. [lapamerpure Ha puntpure ca: c=-2, n=4, b=1.019, f, =2000 Hz .

Gammatone

o+

10+

20+

30}

40}

50 -

Normalized Magnitude [dB]

.60 I I I I I I I
500 1000 1500 2000 2500 3000 3500 4000

Frequency [Hz]

@Our.2. AMIUIUTYAHO-4€CTOTHA XapaKkTepucTrka Ha Gammatone guirspa
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Ha ¢wur.3 e nokazaHa aMIuiuTyJJHO-4YECTOTHATa XapaKTEPUCTUKAa Ha aCUMETpUUEH
buaThp:

Asymmetric Function
30 T T T

Normalized Magnitude [dB]

-30

L L L L L L L
500 1000 1500 2000 2500 3000 3500 4000
Frequency [Hz]

®ur.3. AMIUIUTYHO-YECTOTHA XapaKTEPUCTUKA HA ACUMETPUYHUS PUITHD

AMIUTHTYIHO-YE€CTOTHATa XapakTepucTrka Ha Gammachirp ¢unrepa e npeacraBena
Ha ¢ur.4. Ts e komOuHaus mexay AUX Ha nBara punrspa.

Gammachirp

Normalized Magnitude [dB]

1 1 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500 4000
Frequency [Hz]

®ur.4. AMIUTMTYTHO-YECTOTHA XapakTepucTrka Ha Gammachirp ¢punrspa

Hokaro AUX na Gammatone ¢unrspa € moYTH CUMETPUYHA [0 OTHOIIEHUE Ha IEHT-
pajiHaTa 4eCTOTa, aCUMETPUYHHUAT QUATHP UMa YECTOTHA aCUMETPHUS U TOBA BOJU JI0
OTMECTBaHE Ha MaKCHUMyMa Ha aMmIuiuTyaata npu Gammachirp ¢unrspa.

Yecrorara Ha MakcuMyma f, ce onpenens aHaTUTHYHO CJIe/ PUPABHABAHE HA M3pa3

(7) Ha HyJa B pelIaBaHe CIPSIMO YeCTOTaTa:

f =f +ﬂ = f +w (7)
p ' n r n
Taka romeMuHaTa Ha OTMECTBAaHETO HAa MaKCMMyMa € IMPOMOPIIMOHAJIHA Ha Mapame-
Thpa C ¥ OTHOIIICHHETO Ha OOBUBKATa KbM .
3a TOYHO ONMMCAaHKE 3a XapakTepucTukuTe Ha Gammachirp ¢puiarbpa U aCUMETPUIHHS

bunthp, u3pas (5) Moxke 1a ce 3amuile OTHOBO IO OTHOIICHHE Ha 3HAYCIIUTE Mapa-
METpHU:

G (fin,b,c, fr) =Gt (fin,b, fr).HA(f;b,c, fr) (8)

AcHUMETpHYHUAT QUITHD U3IOJI3BA mapameTpure b, ¢, u f,, mokato Gammachirp
¢bunThpa u3noA3Ba N, b, U f,.
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4. ExcnepuMeHTAJIHU pe3yJTaTu

Pesynrature OT mporpaMHaTa peanu3anus, peajqu3upaHa B cpeaa Matlab, nHa
Gammachirp ¢untbpa ca npeacraBenn rpadpuyuHo. Ha ¢ur.5 e npencraBen pesynra-
THT OT JICWCTBHETO HA Tporpamara CJie]l 3a/laBaHe Ha BCUYKU ICHTPATHU YECTOTH U
M3UYHCIISIBaHE HA KOCPUIIMEHTUTE HA Beeku oT ¢urrpute. [lo abcimcara € HaneceHa
yecTtoTara. 3abemns3Ba ce pa3nuyHaTa MIMPUHA HA YECTOTHATA JIGHTA Ha TpUTE (uII-
Thpa. To3u ¢ Hali-HHCKa LIEHTpaHa YECTOTa € C HAl-TICHA, a TO3U C Hail-BHCOKa — C
Hal-1I1POKA.

— fr=1kHz
.| — - f=2kHz (|
| ---- fredkHz

20

A0k

4ot

A0 F

Magnitude A, [db]

B0 F

0

-80

” L L L L - 1
a 1000 2000 3000 4000 5000 5000
Frequency f, [Hz]

®dur.5. AUX Ha 6anka ot Tpu Gammatone dunrspa

Ha ¢ur.6 e npencraBen pe3yaTaTsT OT U3MBIHEHUETO HA CICTHUTE CTHIIKU: 3a/laBaHe
Ha 4yecToTaTa Ha IUCKpEeTH3als, Opos Ha JIGHTUTE U Hall-HHUCKaTa CTOMHOCT Ha IICHT-
panHata yectoTta. [Iporpamara omnpezaenss aBTOMAaTUHYHO OCTAHAJIUTE LIEHTPAIHU Yec-
toTH. [lo abcrrcara OTHOBO € HAaHECEHA YeCTOoTaTa, HO B JiorapuTMuueH Mmaiiad. Ilo-
paay Ta3W MpHYMHA HE ce 3a0els3Ba pas3liMKaTa B YeCTOTHUTE JICHTH Ha Pa3IMUYHHUTE
GuUATpU U U3rJIEKAA, Y€ Te3U C MO-BUCOKA IIEHTPAJIHA Y€CTOTa Ca MO-TECHHU.

Ha ¢wur.7 ca npencraBeHn aMIUIMTyIHO-4ecTOTHUTE XapakTepuctuku (AUX) Ha Oan-
Ka OT (UATPH, MOKPUBAILA L[AaTa YECTOTHA JIEHTa Ha ayJuo cCUrHainute. YecroTtara
Ha auckperusanus e 44.1xHz, a 6post Ha ¢puntpute e 64. Takbs Bua Oanka OT HUIT-
pPU MOKE YCHEIIHO Jla c€ MPHJIOXKH 3a (PUITpUpaHe HA ayAuO CUTHAJIM C YeCTOTa Ha
muckperuzanus 44.1xHz.
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®@ur.6. AUX Ha ¢punrbpHa 6anka ot 24 Gammatone ¢punrbpa

112



[ R e |

-1

i o~

L D
‘ '}\_‘ ) \

!
)\ \“ﬁ L

2

[}

S0k

o

A0E

[mm]

B0

B0k

hagnitude A, [dB]

-/d
-50
R ey

I T | S———

Freguency f, [Hz]
@ur.7. AUX na punrspua 6anka ot 64 Gammatone ¢punrbpa

Ha ¢wur.8 e mpencraBeH pe3yaTaThT OT M3MBIHCHUETO HA MOIIPOrpaMa, ¢ KOSTO Ce
renepupa ¢aiin ¢ koedpunuentu Ha Gammatone ¢unrpure. Upe3 usmon3BaHe Ha
cToitHocTuTe Ha Koeduimenture Ha Gammatone ¢unrpure ot (daitna, ce onpeaessT
LHECHTPAIIHUTE YECTOTHU M 4YecToTaTa Ha aAuckpermsauus. [IpeacraBsnero Ha AUX Ha
¢ur.8 camo Ha Tpu Gammatone GuaTpu € MpUeTo 3a Mo-roJisiMa MPEryieTHOCT.

— fe=TkHz |+
— - fo=2kHz
---- fo=dkHz

Magnitude A, [dB]

1 1 1 1 1
a 1000 2000 3000 4000 5000 5000
Fregquency f, [Hz]

®ur.8. AUX Ha ¢punTbpHa 6aHKA OT 3 ACUMETPUYHU KOMIIEHCAIMOHHU QUITHpa

B Ta6:1.1 ca mokazaHW CTOWHOCTHTE HAa BPEMETO 3a (PruITpaIus Ha TECTOBH ayJIvO
CUTHAJIM C TIOMOIITa Ha pa3paboTeHara mporpamMa B 3aBUCUMOCT OT OpOsi Ha TUCKPET-
HUTE CTOMHOCTH B T€3W CUTHAIU U Opost Ha Gammatone ¢gunrpure B 6ankaTa oT GuJ-
TpH.

Tabn.1
. bpoit puntpu B Gankara
bpoii otuety, n 3 o 198
1024 0.0150s 0.0930s 0.5150s
11692 - 0.9690s 6.2650s
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4. U3BOoAM M 3aKJII0YECHUS

CJ'ICI[ aHaJIn3 Ha IMOJIYUYCHHUTC CKCIICPUMCHTAJIHW PC3YJITATH MOTAT Jla CC HallpaBAT
CJICJHUTC U3BOJU.

o [Ipemnoxenara 6anka or Gammatone ¢uiITpU YIOBICTBOPSBA W3HCKBAHU-
aTa Ha GUATHpa, omucad B maparpad 3. [IpeacraBeHuTEe EKCIIEPUMEHTATHO
nosyuyeHu AYX ot ¢ur.5 ceBnagat ¢ TeopeTudyHo ompenaesneHata AUX Ha
Gammatone ¢untbpa, nokasana Ha ¢ur.3. Taka cuHTe3upanara 6anka Qui-
TpH OT (Ur.6 OTroBapsi TOYHO HA XapaKTEPUCTUKUTE Ha Oa3uiapHaTta MemO-
paHa.

e CHUHTE3UpaHUAT ACUMETPUYEH (PUITHP CHILO OTTOBAps HA MOJENa, IpeacTa-
BeH B maparpa¢ 3. Tosa ce Bmkaa npu cpaBHenue Ha ¢ur.4 u ¢ur.8. Kakro
Oemre orOens3ano B maparpad 3 Ham IEHTpajdHaTa 4YeCTOTa MMa pa3MHHa-
BaHE MEX]Y JABeTe rpaduku, KOETO ce KOMIIEHCHPA YCHEIIHO MPU H3IOI3-
BaHe Ha npemioxkenus Tun Gammatone puaTsp.

e Ot Tabn.1l morar ga ce HampaBsIT U3BOAW OTHOCHO MpOTpaMHATa peanm3a-
s, Mima nuHeliHa 3aBUCUMOCT Ha Opost Ha GunTpute B OaHKaTa U BPEMETO
3a m3nbiIHeHWEe Ha ¢untpanusTa. [Ipu Opoit Ha ¢unrpure 24 Bce omie €
BB3MOKHa 00paboTKa B peasHo Bpeme, HO npu 128 ToBa € HEBBH3MOXKHO.
Heobxoanma e gombIHUTETHA ONTUMHU3AIMS HA MPOTpaMHUS KOAa B CIIy-
Yaii, ye € HeoOX0IUM TMO-TOJsIM Opoit HUATPH.
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TEPMHUYEH AHAJIN3 HA IBPBECUHA OT MEKCUKAHCKH BAJI
KEJADBP (CUPRESSUS LUSITANICA) OTHE3AILIUTEHA YPE3
INJTASMEHO-ITIOAIIOMOI'HATA UMIIPETHAIIUA CbC 3ABABUTEJIN
HA I'OPEHETO

Junasna I'ocnoaunosa, UBaisiio UBanos, Ilersp lunes, JIrocuen BeseBa

Pe3tome: [Inazmeno noonomocnamama ocHezawuma ype3 3a0agumenu Ha 2opeHemo
Ha 0bpPB0, ObpEeHU U30enusi U Yerylo3HU MAmepuail e 3amMucieHa u papabomena
Kamo pe3yimam om nosaeama u pazeumuemo Ha niazmeHo noOnoMocHama KanuiapHa
umnpeznayus. Ilpedwecmeaujomo KanuusipHama UMNpecHayus NAa3mMeHo XUMUYHO
aKmusupane Ha NOBbLPXHOCMIMA NPOMEHS. CoUeCMBEHO eleKMPULeCKAma, XUMUYHAMA
U KanuusipHama akmueHOCm HA NOPecmama NO8bPXHOCH, KOemo Om C80s. CMpaHa €
NPUYUHA 3a NO00OPs6anHe HA OCHOBHU XAPAKMEPUCTUKU HA UMNPECHAYUOHHUS NPO-
yec. Tepmuunusam ananus e u3noa36an N0 eOUH HO8 HAYUH, 34 04 ce PA3KpUe GIUHU-
emo Ha NIA3MeHO NOONOMOSHAMAMA KANUIAPHA UMAPESHAYUSL BbPXY OHe3auumamad
Ha Ovpsecuna om Mekcuxancku 0sn keovp (Cupressus Lusitanica).

Kntouoeu oymu: ouenexmpuuen 6apuepen paspso, nida3meHo noOnoOMOSHAMA Kanu-
JIAIPHA UMApecHayus, 3a0a8umei Ha 20peHemo, ObPEeCUHa om Keovp.

INVESTIGATION ON PLASMA-AIDED FLAME RETARDATION OF
MEXICAN WHITE CEDAR (CUPRESSUS LUSITANICA) WOOD BY
THERMAL ANALYSIS

Dilyana Gospodinova, Ivaylo Ivanov, Peter Dineff, Lucien Veleva

Abstract: The plasma aided flame retardation of wood, wooden products and cellulo-
sic fibrous materials has been conceived and developed as a result of plasma aided
process of capillary impregnation. The plasma-chemical surface pre-treatment sub-
stantially alters its electrical, chemical and capillary activity, thus improving some
Impregnation process basic characteristics, such as penetration depth, solution
spreading and adsorption speed, adsorbed solution capacity. Thermal analysis has
been used to reveal the impact of a new phosphor and nitrogen containing flame re-
tardant and plasma-aided capillary impregnation on flame retardation of Mexican
white cedar wood. This study has been developed as part of a large investigation on
plasma activated (functionalized) wood surface and flame retardant treated wood.
Keywords: dielectric barrier discharge, plasma aided capillary impregnation, flame
retardants, Mexican white cedar (Cupressus Lusitanica) wood.
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1. Introduction

The plasma aided flame retardation of wood, wooden products and cellulosic fibrous
materials has been conceived and developed as a result of an original plasma aided
process of capillary impregnation. The ability of the wood grain to adsorb water solu-
tion is of critical importance for the capillary impregnation of the wood, [1, 2, 3].

It is well known that heat treatment (drying) and machining reduces the chemical ac-
tivity and wood wettability by modifying its water-reactive matrix in different ways.
It was found earlier that the cold plasma pre-treatment of hard wood like cherry and
oak improves such technological characteristics of the capillary impregnation process
as solution spreading and flame retardant adsorption speed and quantity. The plasma-
chemical surface pre-treatment modifies significantly the ionic and chemical activity
of the wood surface as well as its capillary activity. As a result of that the technologi-
cal characteristics of the capillary impregnation process were improved. This allows
using the plasma aided retardation as a finishing process and applying it "in line" and
"off line". A system of plasma device and applicators has been created to produce cold
technological plasma through dielectric barrier discharge (DBD) at atmospheric pres-
sure and room temperature, [1, 2, 3, 4 and 5].

Mexican white cedar, Cedar of Goa, Mexican cypress or White cedar (Scientific
name: Cupressus Lusitanica) is a species of cypress native to Mexico and Central
America (Guatemala, El Salvador and Honduras). Cedro Blanco, Cedro de San Juan,
Cypress Mexicano, Cypress de Portugal, Cypress Lusitanico and Teotlate are distinc-
tive names used in Mexico. It has also been introduced to Belize, Costa Rica and Nic-
aragua. It has been planted widely for commercial production: at high altitudes in Co-
lombia, Bolivia and South Africa, and near sea level in New Zealand where it is fully
naturalized.

White cedar is widely used for production of construction lumber, poles/posts, turned
objects and musical instruments. But due to its fine-texture and surface inactivation it
is difficult to apply flame retardants through capillary impregnation, [6, 7].

The objective of this paper was to study the effect of plasma pre-treatment on the
wood surface functionalization as well as the effect of different surfactants on the ion
activity of the new impregnation solution, both aiming to improve the White cedar
wood flame retardation.

Some experimental results on White cedar thermal degradation (pyrolysis) depending
on wood flame retardation under different conditions monitored by some methods of
commonly used thermal analysis (thermogravimetric analysis, TGA; differential
thermal analysis, DTA; and differential scanning calorimetry, DSC) are presented

here: i - plasma-aided capillary impregnation for wood flame retardency improve-
ment; ii - new phosphorous and nitrogen containing flame retardant impregnation so-
lution for plasma-aided retardation; iii - conditioning of the applying impregnation so-

lution with surfactants and spreaders.
2. Experimental investigation

White cedar soft wood (Cupressus Lusitanica, Yucatan, Mexico) with average dried
weight: 470 kg/m®; basic specific gravity (basic: 12 % moisture content): 40/47;
Janka hardness: 2 240 N; rupture strength or modulus of rupture:76.40 MPa; elastic
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strength or modulus of elasticity: 8.72 MPa; radial or R-shrinkage: 2.8 %; tangential
or T-shrinkage: 5.9 %, and volumetric shrinkage: 8.1 %; T/R ratio: 2.1; and moisture
content of 8.3 % was used in this investigation, Fig.1

Thermal analysis test samples were made from White cedar heartwood

b)
Fig.1. Flatsawn (a), quartersawn (c) surfaces of White Cedar wood sample, and an end grain view
(b) of White Cedar (x 10).

On the basis of prior art, as well as on our own former experience in plasma aided
impregnation, [3, 5], an oxidative (nitrogen oxides, NOy) surface plasma pre-treatment
has been applied on the test samples for 60 sec in a non-equilibrium cold plasma of
dielectric barrier air discharge (DBD) at atmospheric pressure, industrial frequency
(50 Hz) and 18 kV (RMS) or 25.4 kV (PV).

The DBD-technological plasma system consisted of coplanar shaped rectangular elec-
trodes with one glass barrier (3 mm thick) closely arranged to the grounded electrode,
with 6 mm operating distance between the high voltage electrode and the barrier, Fig
la. The DBD was assured by a low frequency (50 Hz) voltage generator. The wood
samples were disposed in operating volume and were treated for one minute (60 sec)
under chosen operational regime, Fig.1b.

A halogen-free, phosphorus and nitrogen containing flame retardant has been used in
this investigation as a 30 wt. % water solution. A new flame retardant product
(PhNFR) based on ortho-phosphorous acid, urea and ammonia has been produced and
studied. The impregnating flame retardant water solution (PhFRIS, dry substance of
30 wt. %; phosphorus content of about 13 wt. %, pH = 78 and density of 1.15 g/cm®)
was based on it. The replacement of the halogen containing flame retardants by halo-
gen-free ones has been imposed by the toxicity of the halogens, [6].

The non-equilibrium air plasma treatment gives good results increasing the chemical,
anionic and capillary surface activities. Anionic surfactants (AS, “Aniticrystallin A“,
Chimatech, Ltd., Bulgaria) in quantity of 5 vol. %, and silicone super spreader (SSP,
Y-17113, Momentive Performance Materials GmbH & Co. KG, Germany) in quantity
of 0.1 vol. %, as well as their combinations, have been used to control the ion activity
of the flame retardant impregnation water solution after surface plasma pre-treatment.
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The capillary impregnation has been applied on bare (for comparison) and plasma
pre-treated White cedar wood samples at atmospheric pressure by spraying the corre-
sponding flame retardant solution (390 ml.m™ or 390 cm>.m™).
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Fig.2. Dielectric barrier air discharge (DBD) in asymmetric coplanar electrode system with one (al-
kali glass) barrier (a), technological discharge characteristic "pa - Urms™, and pick and choose re-
gime (b) of plasma pre-treatment at industrial frequency and 18 kV (RMS).

Thermal analysis — thermogravimetric analysis (TGA), differential scanning calorim-
etry (DSC), and differential thermal analysis (DTA), have been performed in air at a
heating rate of 10 °C/min within the temperature range of 25+1 000°C using Perkins-
Elmer equipment, [8, 9].
3. Experimental results and discussion
Flame-retardency effect on heat release and mass losses

The studied plasma-aided capillary impregnation was based on both: plasma pre-
treatment of the wood surface, Fig.2; and flame retardant impregnating solution with
ion activity optimization, expecting that an increase of the wood capillary activity and
the impregnating solution adsorption speed and capacity would allow good enough
flame retardant performance of porous wood surface [1, 2, and 5].

The DBD-surface activation effects or the expected surface reorganization and alter-
nation of the chemical composition as a result of the plasma pre-treatment as well as
the impregnation solution conditioning, have been directly monitored by the thermal
behaviour of bare and flame retarded White cedar wood — by TGA and DSC-analyzes,
Fig.5,6and 7.

The pyrolysis characteristics of White cedar were investigated using a thermogravi-
metric (TGA) analyzer with differential scanning calorimetry (DSC) detector and a
pack bed, Fig. 3.

In thermal analysis, the pyrolysis of hemicellulose and cellulose occurs quickly, with
main weight loss of hemicellulose at 220+315 °C and that of cellulose at
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OC per minute): wood pyrolysis stages

by TGA

tanica, Yucatan, Mexico) samples in air (heating rate: 10

identification (1, 2, 3, 4 and 5): a - by DTA

spectrum; ¢ - by DSC-spectrum.

b

315+400 °C. However, lignin is more difficult to decompose and its mass loss hap-

spectrum;

pens in a temperature range from 160 to 900 °C). Well known studies show that wood
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Phosphorous and Nitrogen Containing Flame Retardant (PhNFR)
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Fig.4. Thermal analysis - TGA, DSC and DTA-spectra of bare phosphorous and nitrogen containing
flame retardant (PhNFR) dried sample in air (heating rate: 10 °C per minute) in the temperature area
of flaming and glowing wood pyrolysis stages (A-B-C): a - TGA-spectrum; b - DSC-spectrum; ¢ -

120



DTA-spectrum; d - specific heat (by unit weight of FR-sample) released during the interval of wood
ignition (O-A), flaming (A-B) and glowing (B-C).

Mexican White Cedar Wood Sample _— Temperature T, °C
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Fig.5. Thermal TGA-analysis: flame retardency effect illustrated by the difference between relative
mass losses demonstrated by bare (Ced-K) White cedar (Cupressus Lusitanica, Yucatan, Mexico)
samples, flame retarded (Ced-K-FR) samples (a) and plasma-flame retarded wood (Ced-18-FR;
Ced-18-FR-A5-S) samples (b) during air flow pyrolysis in the temperature interval up to 500 °C
shown by DSC spectra (heating rate: 10 °C per minute).

CD - temperature area of protective carbon layer formation.

pyrolysis can be divided into four stages: moisture evolution (dehydration), hemicel-
lulose decomposition, cellulose decomposition and lignin decomposition [10, 11].
The pyrolysis characteristics of bare White cedar wood are shown in Fig. 3 - the fifth
pyrolysis stages or temperature regimes with their critical points (stage transitions):
S1 - desorption, dehydratation; S2 - smoldering, ignition; S3 - flaming; S4 - glowing,
charing; S5 - slow extinction with ash forming.
The pyrolysis characteristics of the new synthesized dried phosphor and nitrogen con-
taining flame retardant (PhNFR) without surfactant and super spreader are shown in
Fig. 4. The temperature area of protective carbon layer formation was found out be-
tween 158 and 286 °C, Fig.5.

The ignition point (IP) of White cedar wood was found at 256 °C, Fig.3.
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Fig.6. Thermal DSC-analysis: flame retardency effect illustrated by the difference between heat
flows demonstrated by bare (Ced-K) White cedar (Cupressus Lusitanica, Yucatan, Mexico) sam-
ples, flame retarded (Ced-K-FR) wood samples (a) and plasma-flame retarded wood (Ced-18-FR;

Ced-18-FR-A5-S) samples (b) during air flow pyrolysis in the temperature interval up to 500 °C

shown by DSC spectra (heating rate: 10 °C per minute).

PC - protective temperature area with suppressed wood ignition, flaming and glowing.

4. Conclusion

The application of thermal analysis (TGA, DTA, and DSC) allows evaluating the
White cedar wood decomposition (pyrolysis) under the influence of heat by setting
pyrolysis stage temperature ranges and hemi-cellulose, cellulose and lignin character-
istic temperature peaks.

Thermal analysis helps reveal and illustrate the impact of the newly produced phos-
phor and nitrogen containing flame retardant on White cedar wood behaviour (pyroly-
sis). It significantly reduces the heat release within the range of 84+446 (565) °C by
suppressing the flaming and glowing combustion of wood and decreases considerably
the mass loss. This flame-retardant chemicals shift the White cedar wood thermal deg-
radation to the low temperature pathway of non-combustible gases and greater pro-
portion of remaining wood as char residue - the transition to glowing combustion is
already taking place and the remaining char residue is 54.5 wt. % (against 20 wt. %
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for bare White cedar); at the temperature of 465 °C the remaining char residue is 43.9
wt. % (against 1.2 wt. % for bare White cedar), Fig.5 and 7.

Thermal analysis enables studying the plasma aided capillary impregnation technol-
ogy using water solution containing phosphorus flame retardant and its impact on
White cedar wood plasma aided flame retardency. The experimental study of chemi-
cal, ion and capillary activity change of the White cedar wood surface using selected
surfactant and spreader shows that it has no substantial contribution to the plasma aid-
ed flame retardency. The change of the impregnation solution ionic and capillary ac-
tivity (PhFRIS) resulting from the anionic surfactant and silicon spreader application
accelerates, increases the amount of the applied flame retardant and the depth of the
capillary impregnation, but does not alter substantially the efficiency, neither in terms
of heat release, nor in terms of mass losses, Fig.5, 6 and 7.
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Fig.7. Thermal analysis: integral flame retardency effect illustrated by the difference between re-
leased specific (per unit mass of sample) heat demonstrated by bare (Ced-K) White cedar (Cupres-
sus Lusitanica, Yucatan, Mexico) samples, flame retarded (Ced-K-FR) samples (a) and plasma-
flame retarded wood (Ced-18-FR; Ced-18-FR-A5-S) samples (b) during air flow pyrolysis in the
temperature interval up to 1 000 °C takes by TGA and DSC spectra (heating rate: 10 °C per minute).

P-EP - protective temperature area with suppressed wood ignition, flaming, glowing and af-
ter glowing char degradation.
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TEXHOJIOI'USI HA HACUIIMAHE HA IEYATHMU IIVIATKH 110 METOJA
HA NIOBBPXHOCTHUSA MOHTAXK - AE®CPEKTU U HAYUHHA
3A OTCTPAHSABAHETO UM

AHHa AnnoHoBa, Cumona IlapTtuHoBa

Pe3rome: B npoyeca Ha nacuwane Ha neuamHu NIamKu, OCHO8HA cmpame2us e 0a ce
cgedam 00 MUHUMYM MexHoaocuyHume oegpekmu u cmyujenus. Ecmecmeeno, Hegwb3-
MOJCHO e 0a ce ONuWam 6 eOHa CMamus CUYKU NOOPOOHOCMU HA MEXHOL02UAMA HA
Hacuwaume Ha NeYamuu NAamKu no Memood Ha NOSbPXHOCMHUL MOHMAIC, HO 21A6-
Hama Hu yen e 0a onpederum NPpUYUHUmMe 3a 8b3HUKBAHE HA NPOOIeMU NPU MOHMAICA
U 0a onpeoerum HaACOKU 3a MAXHOMO npedomepamsasare. B cmamusma ca 0606wenu
0BA20200UUHU U3CTIE08AHUsL 8bPXY npoyeca, nposedxcoanu ¢ XUC AJ] u Pennatronics
Inc. Omnocno kpumepuume 3a Kawecmeo — NPUEMAUBOCI HA NPOOYKYUAMA UTU Oe-
gpexmrnocm — cme ce pvrkogoounu om cmanoapma IPC-A-610D, & kotimo ca daodenu
KOHKPEeMHU YKA3aHUsl 3a Npociedssane pe3yimamume om npouzso0CmseeHus npoyec.
Knwuoseu oymu: nosvpxnocmen moumagxc, reflow cnosisane, nevamnu niamku, oe-
Gexmu

SMT REFLOW SOLDERING - TYPICAL DEFECTS AND SOLUTIONS
Anna Andonova, Simona Partinova

Abstract: A main strategy in the assembly process of PCBs is to reduce technological
defects and faults to a minimum. It is not possible to describe all details of the SMT
technology in a single article, but our main objective is to determine the key causes
leading to problems and defaults during assembly as well as to define information for
avoidance of such defects. The article summarizes years of research on the process
conducted in HIC AD and Pennatronics Inc. The directives of the IPC-A-610D Stand-
ard are used as guidelines for determining production quality and acceptability.

Keywords: SMT, reflow soldering, PCB, defects,

1. BbBeaenue
TexHonOrMsATa Ha HACHWIIIAHE Ha KOMIIOHEHTH C HM3II0JI3BaHE HA TIOBBPXHOCTCH MOH-
taxk (SMT) Boau Hauanoro cu ot 60-te roguau Ha 20-TH BEK U 10 JHEC € JOMHUHU-
pamia B €JIEKTPOHHOTO IPOM3BOJACTBO. Hemo moBede, TEHACHIUATA € KbM HaMaJsi-
BaHE Ha pa3Mepa Ha MPOM3BEKIAHUTE YCTPOWCTBA M CHIIEBPEMEHHO yBElIMYaBaHE
TeXHUTE (YHKIUU, paOOTOCTIOCOOHOCT U HANIEKIHOCT, KOETO BOAM JI0 CEPHO3HO YC-
JIOXHsIBaHE Ha Mpolieca Ha pou3BoCTRO [1, 2, 3].
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CriosiBaHeTo ¢ TexHoJorus ,,leflow” e equH oT KIIF0YOBHTE MPOIECH TP aBTOMATHY-
HUS MOHTaX, IO BPEMETO Ha KOWTO CE MPOSIBABAT Ne(PEKTUTE BHPXY MEUYATHUTE TLIAT-
KW, HE3aBHCHMO KbJI¢ B MpoIleca ca JOIMyCHATH TPENIKA — OT MOMEHTa Ha IMPOECK-
THUpaHE 10 MOMEHTA Ha CaMOTO CTIOSIBaHE.

3a HACTOSIIIMS aHAIU3 Ca U3IMOJI3BAHU JAHHUTE, OJYYEHH OT JABE KOHBEHUPHU JIMHUH,
MHCTaIMpaHu B Pennatronics Inc u cberosiim ce kakto cieasa ot [IpuHTep 3a HaHa-
csiHe Ha crioiBaria macra SPF2- Panasonic; Cuctema 3a BU3yajeH KOHTPOJI Ha HaHe-
cenara croiiBaiia macra Cyberoptics 2000; ABromatnucH AMCIIEHCEP 32 HAHACSHE Ha
aermmmo HDPx- Panasonic (camo 3a muHus 1); ABTOMaTH 3a HACHINAaHE Ha KOMIIO-
Hentd MSR u MPGR3 - Panasonic (3a nuuus 1) u CM602- Panasonic (3a nuaus 2);
[Teny 3a criosiBane reflow Electrovert OmniMax u YcrporicTBa 3a aBTOMAaTH4YCH BU3Y-
asieH koHTpost Mirtec MV-7x, KakTo ¥ TOIBJIHUTEIIHA CTAHIIHS 32 PEHTTCHOB KOHTPOJT
Feinfocus.

O60011aBaHeTo M MpUJIAraHEeTO Ha TEXHOJOTHYHMS OMUT B 00JacTTa HAa aBTOMAaTH4-
HUSI MOHTQX Ha TI€YaTHH IUIATKU C M3I0JI3BaHE Ha KOMIIOHEHTH 32 TOBBPXHOCTEH
MOHTaX, B Tpollecca Ha padoTa Mo pa3IudyHU MPOEKTH, OBEJE 10 MOBUIIIABAHE Ha-
JIKIHOCTTA Ha TIPOU3BOJICTBOTO, 00JIEKUaBaHe yMPABICHUETO HA TIPoIleca U MPeaoT-
BpaTSABAHETO HAa BH3HUKBAHETO HA TUTIOBU JC(PEKTH.

2. Knacupukanus Ha neeKTrTE CIOPe M3TOYHNUIMTE HA TAXHOTO Bb3HNKBaHe

['maBHUTE U3TOYHUIIM HA TIPOOJIEMH TTPH ABTOMATHIHHSI MOHTAXX MOXEM Jia pa3IeIuM
Ha YEeTUPU OCHOBHM KaTeropuu. Te ce pa3mpenessaT B IPOIEHTHO ChOTHOIICHHE, KaK-
TO € mokaszaHo Ha rpadukata ot ¢wur.l. CraTucTuyeckuTe JaHHU 32 JePeKTUpaHe ca
nosyuenu B nepuoja ot ronu 2010r. go ronu 2012 r., kaTo ca U3caeaBaHu MPOIECUTE
Ha Hacuiade Ha nmosede ot 30 000 meuaTHH mIaTKy.

B [ pemku npu
IPOCKTHPAHETO

g JedeKTH, Bp3HUKBAIIH
10 BpeMe Ha IPOHU3BOJI-
cTRO Ha IIII
Jle(pexTH, BBE3HUKHAIN
10 BpEME HA HAHACSHE
Ha CIIOHBAIlla I1acTa

B JTedeKkTH, Bb3HHKHAIH
10 BpeMe Ha HacHIllaHe

4% 2%

JleekTH, Bh3HUKHAIN
10 BPEME HA H3[IHYaHE
B IIEITA

@ur.1. [IponeHTHO CHOTHOIICHUE Ha AeHEKTUTE CIIOPE] U3TOYHUIIUTE HA TIXHOTO
BB3HUKBAaHE
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A) I'periku mpu IpPOEKTHPAHETO — TOBOPHM 3a Je()eKTH B Ipolieca Ha HACHU-
IaHe, HO JOIyCHATH TI0 BpeME Ha MPOCKTUPAHE HA MEYaTHUTE TUIATKH, KaTO Herpa-
BUJTHO PAa3IOJIOKEHHE Ha KOMIIOHEHTUTE BbPXY MOBBPXHOCTTA, HEMPABUIIHO Opa3Me-
psBaHE Ha IUIOMIAAKUTE 3a crosiBane. [Ipumep 3a TakbB aedekT e T.Hap ,,Tombstone
effect” wnm ,,ManxarbH eekT” KONTO ce XapakTepus3Hpa C MOBIUIaHE Ha CIUHHUS
Kpau Ha €JIEMEHTa, TaKa Y€ TOW HE JIEKU BbPXY NOBBPXHOCTTA 32 3anosiBa”e. Exqxa ot
MIPUYMHUTE 32 BE3HUKBAHETO Ha MOJ00CH Me(EKT € pa3IndHO MPOSKTUPAHU pa3Mepu
Ha TUIOIIAJIKK Ha €AWH M ChIIl KOMIIOHEHT - €JIHaTa IMO-ToJIIMa MO IUIONI OT ApyraTa.
Taka, BppXy mo-roysimMaTta IUIONIAJKa C€ ChOMpa MOBEYE CIoiBala Iacra, KosTo B
mpolieca Ha CIOSIBaHE ,,3TETIII KOMIIOHCHTA W HapyllaBa YCIIOPEIHOCTTa My C TIO-
BBPXHOCTTA HA TUIATKATA.

b) edexTH, Bb3HUKHAIU 110 BpeMEe Ha MPOU3BOJCTBOTO HA IMEYATHHUTE IJIATKH:
Haii-uecto cpemian npo0siemM e 3aMbpcsiBaHE Ha CIOWBaIaTa MOBBPXHOCT. B pesyi-
TaT Ha TOBA CE BJIOIIABAa KAYECTBOTO Ha CIIOMKATa, a ChINO TaKa MOTaT Jila Bb3HUKHAT
KbCH ChCIIMHCHUS MEXIy HECBBP3aHU €JICKTPUUCCKH M3BOH. JIpyru neekTu oT To-
3W BHJ Ca M3KPHUBSIBAaHE Ha IUIATKHUTE, OBJIAXXHSBAHE , KOCTO BOJM JIO HapyIllaBaHe Ha
JaMUHHPAHETO; Je(PEeKTeH MaTeprall Ha 3allMTHaTa Macka, KOSITO CIHpa Ja M3-
IBJIHSIBA QYHKIIUUATE CU CIIe]] HArPsBaHE B TEIITa 3a CIOSBaHE, OKPUBAHE HA CITOM-
Ballld IJIOMIAJKHA CHC 3alllMTHA MackKa WA O0O03HAYMTEICH IIeYyaT, KaTo C TOBa Ce
BJIOIIIABA KAYECTBOTO Ha CIIOMKATa.

B) JledbexkTr mprYMHEHU OT TEXHOJIOTHYHNA M3TOYHHUIM [0 BpEME Ha IIPEeMHHAa-
BaHE Ha M3CIMETO Mpe3 KOHBeMepa 3a Hacuiane: ToBa ca Haill-uecTo Bh3HUKBAIUTE
nedextu. Te ca CBBpP3aHH ChC CICIHUTE OOCTOSTEICTBA: OKUCIISABAHE Ha CIIOWBAIaTa
racra, 3amylIBaHe OTBOPUTE Ha CTEHCHUJA, HEMPABUJIHO MporpaMHpaHe Ha aBTOMa-
TUTE 3a HACHUILAHE, KOETO BOAM JI0 HEMPABUIHO MOCTaBsIHE HA KOMIOHEHTH WUJIA HET-
paBUJIHA OPUEHTAIUA CHPSIMO MOCOKHUTE X U Y, 3aMbpCSIBaHE MOBBLPXHOCTTA Ha IjIaT-
KaTa WA CIOWBAIIUTE NOBBPXHOCTH Ha KOMIIOHEHTUTE, BUOpald B KOHBeWepa UiIu
HETMPaBWIHO MMO3UIIMOHUPAHE Ha IJIaTKaTa B KOHBEHepa.

I') Jedextn npu npoieca Ha criosiane. ToBa ca neeKTH, MPUIMHEHH OT Hell-
paBUJIHA TeMIlepaTypa B TEIITa 3a CIOsBaHE — TBBHPJAC BHUCOKA WJIM TBBPJE HHCKA,
HEIMPaBWJIHO MporpamMupaH Nnpoduil Ha MemTa — MpoIecuTe Ha MpeaBapUTeIHO Har-
psABaHE WK OXJIAXKJIAHE ca ChC CTPEHICHHM TeMIIepaTypy WU NPOAbILKUTEIHOCT. [Ipu
Croiika ,,BhJIHA” MOXE J1a ce HaOJfoaaBaT IPEIIKH ITPH OOMOKPSHETO Ha M3BOJHTE C
(dmroc, HempaBUITHO MPOTpaMHUpaHe HA BUCOUMHATA HA BbJIHATA A WU IpeliKa Mpu 3a-
JTaBaHE CKOPOCTTA Ha IBUKEHUE Ha KOHBelepa.

3. Knacupukanus Ha nedekTrTe N0 BUA0OBE U METOM 32 TIXHOTO OTCTPAHSIBAHE

[To momy mie pasriename HSIKOW YECTO CPellaHu NeeKTH B Mpolieca Ha HACHILAHE Ha
MEYATHUTE TUIATKH, MPUIMHHUTE 3a TIXHOTO Bb3HUKBAHE W KOPUTHPAIIUTE ACHCTBUS U
METOJM 3a MOA0OpSIBaHE HA TEXHOJIOTHYHUS TPOIICC.

e HepaBHOMEpHO HaHACSHE Ha crioiiBamaTa nacra (¢pur.2).
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[IprunHuTE 32 BH3HWKBAHE HA TO3M Je(EKT ca MeXaHW4YHHU JepopMaIiuy Ha CTCHCHIIA
WJIU JIOILO OTJIEJIIHE Ha CIoMBaIaTa rnacra oT aepTypuTe mMy.

Hauunute 3a oTCTpaHsiBaHE Ha TE3U MPOOJIEMHU, OCBEH
MmoAMsIHaTa Ha Jae(peKTHUpaIUs CTEHCHII, ca. IMOYHUCT-
BaHE OTBOPUTE HA CTCHCHUJIA M3IOJI3BAWKK MaTepHualy,
KOUTO HE OTHEJST BJIAKHA, KaTo C€ MpernopbyuBa TOBA
na ce m3pbpmBa Ha Bceku 10-15 oTmevaTanu miatkw,
KOpUTHpaHE CKOPOCTTA Ha pa3jeisiHe CTEHCUJIa OT Mo-
BBPXHOCTTA Ha IJIaTKaTa, KaTo TS ce ChOoOpas3u ¢ Ipe-
MOPBKUTE Ha MPOU3BOJAUTEIIS Ha CHOMBaIIaTa rnacra u
rojieMUHaTa Ha anepTypuTe; MPOBEpPKa, Nalld CIOIBa-
njaTa nacta OTroBapsl Ha yCJIOBHUETO, Y€ Hail- Majikara
IIMPUHA Ha allepTypuUTe TPSOBa J1a € 5 Win moBeye mb-
TU TO-TOJsIMAa OT YacCTUIIMTE B CTPyKTypaTa Ha Mac-
TaTa; MPOBEPKa, J1ajii OTBOPUTE B CTEHCHIIA, TIO CBOSTA
dbopma U royseMuHa, OTrOBapsAT HAa M3UCKBAHUSATA Ha

®dur.2. MUKpockoncka
CHHUMKA IIPU HEPABHO-
MEPHO HAHACSIHE Ha CIIOM-
BalllaTa Iacra

crangapt IPC-7525 [4].
e (OO0Opa3yBaHe Ha KbCH ChEMHEHHS [10 BPEME Ha HAHACSHE Ha CIIOMBaIara
macra — pa3JiiBaHe Ha MacraTa.

Haii-pasnpoctpaneHara nmpuunHa 3a TO34 Ae(PEeKT € HeIOCTaThYHO OITbBaHE HA CTEH-
CWJIa BBPXY paMKaTa My U C€ OTCTpaHsSBa Ype3 MO-CHIIHO OIMbBaHE M CKBHCSBaHE Ha
cheauHsBamaTa Mpexxka. OcBeH ToBa obaue, A1ePEKTHT MOXKE Ja Ce AbHKM Ha ciaba
0OMOKpPSIEMOCT Ha TacTara, KaTo B TaKbB ClIydail , Ce IMpaBU MPOBEPKa HA TOJHOCTTA
Ha rmacraTa, KOHTPOJIUpa ce paboTHATa TeMIepaTypa B MOMEIECHUETO (HaHACSIHETO Ha
CrioiBaIa macra ce u3pppiiBa npu temmeparypa 20-24°C u OTHOCHTENTHA BIAKHOCT
Ha BB3ayxa 50-60%), win ce HamamsBa CKOPOCTTAa Ha JBM)KCHHWE Ha pakena. ChbIo
Taka, MOXKE Jla ce€ HalpaBu MPOBEPKa, JAIU MPHU MPOCKTHUPAHETO HAa CTEHCUIIA € U3-
IBTHEHO YCJIOBHETO IJIONITa HAa OTBOpHUTE My na € 75-90% ot mmomra Ha KOHTAKT-
HUTE TUTOIIAIKH.

e [Imomra Ha HaHeceHara croiBalna mnacra € mo-majika or 80% or rroira
Ha KOHTaKTHHUTE TuToImaaku (¢pur.3).

W3cnenBanusiTa moKa3Bar, 4e HEJIOCTATHYHOTO KOJIHYEC-
TBO CIIOMBAIla TacTa BBPXY IUIOMAJAKUTE MOXKE Ja ce
IBJDKW HA TMPUYMHU TTOCOYEHU B Tabn.1 mo- momy. Pesyn-
TATUTE Ca TOJYYEHH OT M3CJICJBAaHC Ha JBa THIA CIIOW-
Bama macta — Kester EP256 (Sn63 Pb37) u Oe3omoBHa
Kester 7032130810 (Sn96.5 Ag3.0 Cu0.5).

B Te3m cnmyuam ce mpeanmpueMa MoOYHCTBaHE HA CTCHCHIIA,
MpOBEpKa 3a 3achXHalla B OTBOPHUTE MacTa, MPOBEpKa Jalu
macTara OTroBapsl Ha M3MCKBaHMTA Ha ruiaTkarta. [Ipose-
psBa ce W MpU HEOOXOAMMOCT C€ yBeJiMyaBa HATHCKA Ha

@wur.3. CHuMKa Ha Jie-
(bekT nopaau JuIncBaiia

macra

pakena BbpXy cTeHcuia. TpsOBa a orOenexxum, 4e B eTa-
Ma Ha MPOEKTHpaHE HA CTEHCUJIA HEe OMBa J1a C€ OCTaBsIT OTBOPHU IMO-TOJIEMHU OT 2X2
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MM, a TIOIIAJKUTE HA €JIEMEHTH, U3UCKBAIlA FOJIEMH MEIHU IUIOMIHN CE MPOEKTUPAT
B CTEHCHJIA KaTO MPEKa C OTBOPHU HE MO-TOJIEMH OT TOPEYyKA3AHUTE

Tabnuua 1. [IpuynHu 32 HEAOCTATHYHO KOJIWYECTBO CIOMBAIIIA [1ACTa BbPXY KOH-
TaKTHUTE TIJIOINIA/IKU 1O OTHOIIICHUE Ha Bh3HUKHAIUTE JIePEKTH

ITpyuunna 3a nedekra Sn63 Pb37 | Sn96.5 Ag3.0 Cu0.5
YacTuyHO 3amyniBaHe OTBOPUTE HA CTEHCHUIIA Ha Ha

TBBbpAE rojieMd 4aCTHUIHA ChCTABAIIHU CIIOMBa- He Jla

11ara rnacra

['pemHO MpOEKTUPAH CTEHCUIT Ja Ha
HenocraTpueH HaATUCK Ha pakena Ha Ja

e Pa3smasBaHe” mim ,,oTMecTBaHe” Ha croiBamata nacra (¢ur.4).

®ur.4. MUKPOCKOIICKH CHUMKH TIPHU: a) ,,pa3Ma3BaHe” Ha CIIO¥-
BaIllaTa macra, 0) mpH ,,0TMECTBaHe” Ha CIOMBaIaTa I1acTa.

To3u nedekr 0OMKHOBEHO BBH3HMKBA IPH JIOIIO ChBMECTABAHE Ha IJIaTKaTa U CTEH-
CHJIa U 33 OTCTPAHSBAHETO MY € HEOOXOIMMO Jia ce€ MporpaMupaT OTHOBO U C MO- Io-
JsiMa TOYHOCT KOHTPOJIHUTE PEIEpH.
e Jlowmo pa3ramnsHe Ha croiBalliata nacra B Mpolieca Ha CIIOsIBaHE.

ToBa cblIO € eIMH OT YeCTO CpeuiaHuTe Ie(EeKTH U Ce OTCTPAHSIBA MOCPEACTBOM I1O-
N0OpsiIBaHE TEXHOJIOTMYHMS pEeKUM Ha pabota. Moxke aa ce cpelrHe Moj HIKOJIKO
pa3IMYHU TIPOSBICHHUS.

AKO TpUIOAT € HEPaBHOMEPHO pa3MpeliesieH IO MOBbPXHOCTTA Ha KOHTAKTHHUTE
IUIOLIAJKKA BbB BUJ HA MOITyCc(epuyHU OCTPOBHU, TOBA € MPUUYUHEHO OT 3aMbpCSBAHE
Ha KOHTAKTHUTE TUIOMIAIKH, HUCKA aKTUBHOCT Ha (hJIr0ca UM TBBPAE ThHKO (MHATHO
nokputue npu HASL. Kopurupamm neiictBus ce mpeamnpuemMar ChbOTBETHO CIIOPEN
IpUYMHATa 32 Bb3HMKBaHE Ha Je(deKTa: MOYUCTBAHE NMOBBPXHOCTUTE Ha IUIATKUTE
npeu mpolieca Ha HaHACSHE Ha CIIOMBallaTa nacTa, 3aMsHa Ha cloMBaliara mnacra ¢
TaKaBa, ChbPIKAIlla MO-aKTUBEH ()JIIOC WIH BPbIIaHE HA HUCKOKAYECTBEHUTE TUIATKH
Ha TMPOU3BOAUTENS UM.

OtcbeTBUETO HAa JOOPO OOMOKpsIHE OT CIIOMBalla Macta BbpPXY KOHTAKTHUTE ILIO-
[Ia/IKU U U3BOJIUTE HA KOMIIOHEHTHUTE € MPU3HAK, Y€ ChIIECTBYBA HAKAKBB MPOOJIEM C
¢uroca — WM ¥Ma IperpsiBaHe 1Mo BpeMe Ha IMpoiieca Ha CIosiIBaHe, KOETO BOJHM JI0 U3-
rapsiHe Ha (pJiroca U MOBTOPHO OKHCIISIBAHE Ha KOHTAKTHUTE MOBBPXHOCTH, WK (IIrO-
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ChT € 3aryOwJI 3alllUTHUTE CH CBOMCTBA IO BpPEME Ha IMPEABAPUTEITHOTO HArpsBaHE
npeau crosiBaHe. M mpu aBata cirydasi ce KOpUTHpa TeMIEpaTypHUs MPOQHIT Ha TeI-
Ta, Taka 4e popMaTa ¥ CTOMHOCTUTE MY JIa Ce IpuOJImKaT 10 uiaeanaure (pur.5).

240
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§ 200 4
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2 o
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0 = o - - - - o - -
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Bpeme(cek)

@ur.5. Mneanen npoduil Ha neny 3a CrosiBaHe

AHaJIOTUYHO, aKo HaOJr01aBaMe He00pO 0OMOKpsIHE Ha BCUUKHU WUJIM HSIKOU OT U3BO-
JUTE HA TOJIEMU UHTETPAIHU CXEMU WUJIM TaKWBa C OXJIAKJAIl padaTop, TOBA € MPU3-
HakK, Y€ TeMIIepaTypHUIT podr Ha TenTa TpsoBa 1a Obe MPOMEHEH, Thi KaTo TO-
3W THI KOPIYCH M3UCKBAT IMO-IBJTO BpeME Ha 3arpsiBaHe 3a oOpasyBaHe Ha jo0pa
CIIOHKa.

e Jledekr ,,tombstone effect”.

[IpyurHaTa 3a BR3HHKBAHE HA TO3M JE(HEKT € HEPABHOMEPHO pa3lpeeiieHue Ha CH-
JUTE HAa TTOBBPXHOCTHOTO HANPEKECHUE HA MPOTUBOMOJIOKHHN U3BOIH, KOETO BOJHU JI0
MOBJUTAHE HAa €IWHUSA Kpall HAa KOMIIOHEHTa HaJ KOHTAaKTHATa IUIONIAaKa. [aKbB
edekT ce HaOIOMaBa, aKO KOHTAKTHHUTE TUIOMIAJKHA 32 KOMITOHEHTA ca HEMPaBUIHO
POCKTUPAHU C PA3TUYHH TOJIEMUHHU MW aKO HSAKOS OT TSIX € CBhP3aHa C MOJUTOH OT
Men, 0e3 1a € MPEeABUACHO BBhBEXKITAHE HA MOCTYETA MEXAY TUIOIIaKaTa U OCTaHa-
nata mea. Hait-mobpoTo pasperieHne Ha TO3M MpoOJIeM € MPErpoeKTUPAaHe Ha IUIaT-
Kara.

e Hammuue Ha 3pbhHIA crodBama macra cien crnossade (solder balls u
solder beads).

ToBa e enun ot Haii-uecto cpemnianute Aedektu. [IpuunHnTe 3a BH3HUKBAHETO MY Ca
IPEIUMHO TEXHOJIOTHYHU U I TH pasriielaMe Mmo-moaApoOHO B Tab.2, Thi KaTO TOBA
Ca MOTEHIMAJIHA KbCH ChEIUHECHUS.

130



Tabawnia 2. [IpoLeHTHO CHOTHOLIEHUE HA Bb3HUKBAHE HA ,ueq)eKTI/I
solder balls u solder beads

IIpouenTHO
CbhOTHOILIE
HHE Ha MOosI-
Busyanno nat.ona- IIpuynHa 32 Bb3HUK- OTtcTpansiBane Ha Je- BSIBHETO HA
BaH Ae(eKT BaHETO My (pexra nedexra
CIpsAMO 00-
aTa npo-
AYKIUS
- TBBP/I€ TOJSIMO KOJIH-
. 4yecTBO CIIOMBAIIla Iac- o
['onemu 3pbHLIA CHION- 12%
Ta, HAHECEHa B IpoIieca
Ballla MacTa HeMmocpeI- HA TIeYAT B 3onHaTa Ha HaHAcAHE Ha
CTBEHO JI0 U3BOJUTE HA - crioiiBaiia nacra Bbpxy
- ,pa3masBaHe”’ Ha OT- 0
KOMIIOHCHTHTE HIIH IJ1aTKaTa 3%
neyarbKa
mMexay Tax (¢ur.6) —
- pa3JIMBaHE Ha CHOM-
P 17%

BaIllaTa 1acrta

Hanmune na manku
3pBHLA CIIOMBaIA Nac-
Ta BbPXY KOHTAKTHHUTE

IUTOIIAJIKH, a CIIOMKa
JINIICBA WJIA MMa HHCKa
MEXaHWYHa HaJeK -
HoCT (¢wur.7)

- JIOLIO KAa4YeCTBO Ha
cIioyBamara mnacra

- BUCOKa BJIQYKHOCT B
pabOTHOTO MOMEIIICHUE

- IBJIC'BI UHTEPBAI OT
BpeMe MEXIy HaHACSHE
Ha rmacTarta ¥ CIIosBa-
HEeTo

- urca Ha (Iroc 1o
BpEMeE Ha CIIoMKara

- OKHCJIIBaHE Ha YaCTH-
LUATE MPUIION U CIIOSIBA-
HUTE MOBBPXHOCTH

Crnenu ce 3a cria3Bafe
M3HUCKBAaHUATA HA TPOU3BO-
NUTEIINTE Ha CIIOWBAIIH
[MaCTH — J1a CE OTMHUBA OT
CTCHCHJIA TIacTa, MPeCTosIa
BBPXY HEro moseue oT 8
yaca, BpeMEeTO MEXTy Ha-
HAacCsIHE Ha [1acTaTa U CIIOs-
BAHETO /14 HE € ITOBEYE OT
2-3 yaca ¥ craaus Ha cTa-
Ownn3anys B IEITa 1a He
Ha/JBUINIABa 1-2 MUHYTH

He e mabmona
BaH B Ipolieca
Ha M3CIIe/I-
BaHe

25%

15%

6%

12%

AKO MMa MaJIKu 3pbHIA
cIioMBallia nacra Bbpxy
IJIaTKaTa, HeMmoCPEICT-
BEHO OKOJIO KOPITyCHUTE
Ha KOMIIOHEHTUTE U
MOJT TSX

- MaJIK{ 9aCTHUIH TIpa-
X000pa3eH MpUIoi ca
ce 00eTMHUIIH B TIPO-
1eca Ha cIrioiikara, o0-
pa3yBaliKu NO-TOJIEMHU
3pbHIIA

Upes npoMsHa anepTypuTe
Ha CTCHCHJIA

8%

- 6un e u30paH Hempa-
BHJICH PEXXHUM Ha CTIOS-
BaHE, KOETO € JIOBEJIO JI0
WHTEH3UBHO U3IapsBaHe
Ha pa3TBOPUTENS HA
cIIoiBaIaTa rnacra Ha
eTar MpeaBapuTEITHO
HarpsiBaHe B TeNITa

Upes kopurupane temiepa-
TypuUTe Ha npoguia

1%
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¢ur.6. CHUMKHM OT MaIlIvHa 3a
BU3yaJlHa MHCIICKIUS: &) ,,pas-

Ma3BaHe” Ha OTIIe4YarbKa, 0)
,»pa3auBaHe”’ Ha OTHeYaThKa

¢ur.7. MUKpPOCKOIICKa CHUMKA Ha KbCU ChEIu-
HEHMUsI, HACTBHIIUJIU B PE3yJTaT OT 3phHIIA CIIOMN-
Ballla 1acTa

o JledexTn, HabmonaBany mpu KOMIIOHEHTUTE B Kopiyc BGA.
Te3u KOMIIOHEHTH ca HAW-CIOXKHUTE OT TJIeJJHA TOYKA Ha MO3UIIMOHUPAHE MPU aBTO-
MaTHYEH MOHTAX, CIIOsIBAaHE U KOHTposI. Kpurepunrte 3a ka4eCTBO Ha MOHTaX ca pas-
rinenanu B cranaapt IPC-A-610D [5], a u3nckBaHusATa KbM MPOSKTUPAHETO HA ILIAT-
ku ¢ BGA kopmycu — B ctannapt IPC-7095A [2].

LA AL RS R TR TR Y NN L J
LA LA R L ET R R R Y L J
(AL LR L RN TR Y}
AL AR RNl IR N
(AL RL I ISR TN N
L AR R LAY T TN
eBeee 3
L] o. LR K
*eVen .
LN ] . o - °
(Al 1] o
seede a
seees o

- . ®ur.9. Caumka or | Gur.10. CHuMKa OT BU3Y-
AR R R LRI RN RN

BH3yaTHa MHCIICKIIUS | aJHa MHCIICKINS 3a HaJIu-

®ur.8. Pearrenona
3a HAJIMYKE Ha He- Yie Ha MUKPOITYKHATHHU
CHMMKa Ha ,,pOpPcorn y
effect” II'BJTHO Pa3TOISIBAHE B CIIOMKaTa
Ha CITOMBaIara nacra

Enun ot Haii-pasnpoctpanenute nedekru e ,,popcorn effect”. Moxe na 6b1e ycrano-
BEH caMO 4pe3 peHTreHoB KOoHTPoJ ((ur.8). Ha MoHHTOpa Ha PEHTTEHOBHUS armapar ce
BWJK/IA, Ye CIIOWKHTE MO Cpe/iaTa Ha YHIIa JIUTICBAT (32 TOBA CBUACTEIICTBAT MAJIKUTE
TOYKH, KOUTO MOKA3BaT JIMIICAa HA MEXaHWYEH KOHTAKT), a Mo nepudepusita iMa MHO-
ro KbCH CheIMHEHUs. |JlaBHATA NMpPUYMHA 3a BH3HHKBAHE HA TO3U JIEPEKT € OB-
JTaXHsBaHE HAa KOpIyca Ha KOMIIOHEHTA 0 BpeMe Ha chxpaHeHue. [o Bpeme Ha crio-
SIBAHETO Ta3U BJIara MHTCH3UBHO CE M3MapsBa U MPaBU HEBb3MOXKHO WM TPYIIHO CIO-
siBaHeTo. [IpenoTBparsBa ce 4pe3 ChbXpaHCHHE B MOJXOJSIIA BIArOYCTOHUYMBA Ora-
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KOBKa WJIM U3CYyIlIaBaHE Ha KOMIOHEHTUTE, HEMOCPEACTBEHO MPEA MOHTUPAHETO UM
B el upe3 HarpsBaHe rnpu 125°C 3a 24 ygaca.

Hpyru nedextn, ycTaHOBSIBAHU BHPXY M3BOAHMTE HA €EMEHTH OT TO3M THII ca Hal-
JIOJAEMHUTE Ype3 BU3YyaJIeH KOHTPOJ HEMBIHO pa3TONsBaHE Ha CIOWBaIaTa MacTa B
nporieca Ha criovika (pur.9) nim HaOIIOgaEMHUTE ¢ PEHTTEH MUKPOITYKHATHHHU B CITOM-
kata (pur.10). M nBata Thma nedekTH ce ABDKAT HA HEMPABWICH TEMIIEpaTypeH

npodu Ha CIIOSIBAHE.

PasmecTBaHeTO0 Ha KOMIOHEHTUTE B IIponcca Ha OXJIaXXKAaHC CJICH CIIOABAHC, IIPCIU
cnoMkara Ja CC € BTBbpAUWJIA, HACTBIIBAIIIO B PC3YJITAT Ha BI/I6paHHH Ha KOHBCﬁepa,
CbIIO KAKTO W HCIIPABHUIIHO 3aJaICHUTC IUAMCTPHU HA OTBOPHUTC 3a 3aIlOABAHC BHPXY

@ur.11. CHumka OT BU3yaiHa UH-
CTIEKIIMS 32 pa3MECTBAHETO Ha
koMmnoneHTH BGA 1o Bpeme Ha
polieca Ha OXJIAXKTIaHe

IUTATKUTE IO BpeMe Ha pa3pabOoTBaHETO UM
BOMAT JI0 Jjaeopmanmu W JECTPYKIHH Ha
crnorikure (¢pur.11).

3a 1a ce mpeAoTBpaTAT MOJ00HU nedekTu ce
npernopbuBa Jla C€ HaMalld CKOPOCTTa Ha OX-
JaXJIaHe Ha IUTATKUTE, Ja Ce CTa0WIM3upa
KOHBEHepa 1 Ja ce ClieBaT U3NCKBAHMSITA Ha
crangapta IPC7095A [3] u IPC7351 [4] mpu

MPOEKTUPAHE HA TIJIATKUTE.

B pesynaTar oT HampaBeHUTE M3CJEIABAHUS B
npoleca Ha peaiHo MPOU3BOACTBO M ChOpa-
HUTE CTAaTUCTHYECKH JaHHHU 32 TUIIOBETE Jie-
dekTu cropeq BHAA Ha TAXHOTO OTKPHBAHE,

JAHHUTE MoraT Ja 0baatT 00001IeH B rpadukaTa, mokazaHa Ha ¢ur.12.

| rIJEH_IHD IIOCTaBCH
KOMIIOHCHT

m [IOBIHTHATH H3BOIN/MHIICA
Ha KOILUTAHAPHOCT

m JIumceain KOMIOHEHT

B OTMEeCTBaHE HA KOMIIOHEHT

@ HemocTaTbuHO KOIHUYECTBO
croiiBamia nmacra

m KBCH CheqMHEHHS

®wur.12. [IporieHTHO pasnpeaciieHne Ha JeEeKTUTE CIIOPET BHIA
Ha TSAXHOTO IPOSBSBaHE
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4. 3akja4eHune

W3BppmieHuTe M3cienBaHus JOBEAOXA J0 INOBUINABAHE KAYECTBOTO HA M3JEIMATA,
HamansiBaHe nedexkTute u 3aryoure oT mpepaboTBaHe Ha IulaTkuTe. Baxknure ycio-
BHsI, KOUTO C€ HAJ0XMXa OT M3BBPLICHHs AaHAJIU3 HA MPOU3BOACTBEHMS IIPOIEC ca
CHAa3BaHETO HA TEXHOJIOTMYHHUTE MPENUCaHus, ChONI0JaBaHe Ha M3UCKBaHUATA Ha
CTaHJAPTUTE M0 KAYECTBOTO U BBBEKJIAHE HA MEKIUHEH U KPacH KOHTPOJI IO Lisu1ara
JIMHUS Ha MPOU3BOJICTBO, BKIKOYUTEIHO 3all0YBAMKHA OT MpOLEca HA MPOEKTUPAHE U
n3paboTBaHE Ha NMEYATHUTE IUIATKH, KAKTO M BXOJSII KOHTPOJI 3a MaTepUAIUTE U
KOMIIOHEHTHUTE, y4acCTBAIlM B IPOU3BOACTBEHMS IIPOLEC. Y CUIMATA HA IPOEKTAHTH,
TEXHOJIO3U U OIIEpaTOpU C LEJ NOBMILABAHE HANEKIHOCTTA HA U3JACIMATA KAaTO pe-
3yJTaT OT U3BBPLICHOTO U3CIIEIBAHE, CE IIPEHACOUYNXA KbM IIPEMUHABAHE OT CUCTEMHU
3a KOHTPOJI Ha KA4E€CTBOTO KbM CUCTEMAa AKTUBHHU JEHUCTBUSA 3a OCUT'YpsSBaHE HA BU-
COKO KauyeCTBO HA U3EIUATA.
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OIIMCAHUE METOJOJIOT'UATA HA ABTOMATHYEH BU3YAJIEH
KOHTPOJI 1P HACUILIAHE HA IIEYATHMU IIVIATKH

Cumona ITapTuHoBa, AHHA AHIOHOBA

Pe3wome: B nacmosawama cmamus e Hanpagen cucmemeHr aHalu3 Ha npoyeca Ha dg-
momamuyer 8uU3yanen KOHMPOI, Peaiusupan nocpeocmeom YCmpoucmea 3a asmo-
MamuyHa uHcnekyus om emopo nokouaernue om cepusma Mirtec MV-7x, kamo e onu-
Cama u Memoooio2uama 3a AgMmomMamuier KOHMpOJl C U3NOI38aHe HA MA3U CUCMeEMA.
Texnonoeuunama nuHUs, 8bPXY KOSIMO € NPULAAHA HACMOAWAMA MemoOO0N02UsL € U3-
2padena u usnonzéana 6éve upma ,,Pennatronics” Inc, California, Pennsylvania,
USA.

Knwuoeu dy.znu asmomamuvder 6UusyajleH KOHmpOoJ, nedamHu niamkKu, HAO0eNCOHOCM

DESCRIPTION OF METHODOLOGY FOR AUTOMATIC
OPTICAL INSPECTION

Simona Partinova, Anna Andonova

Abstract: The present article is a systematic analysis of the process of Automatic Op-
tical Inspection (AOI) performed using a Mirtec MV-7x system of the second genera-
tion. It describes the methodology of AOI using such a system as it is implemented at
the PCB assembly line at ,,Pennatronics” Inc, California, Pennsylvania, USA.

Keywords: Automatic Optical Inspection (AOI), Printed Circuit Boards (PCB), PCB
assembly, reliability

1. BbBeaenue

B Hamm nHM cKOpocTTa M e()EKTUBHOCTTA Ha MPOBEXKJIAHE ONEPAIIMUTE MO0 KOHTPOI
Ha Ka4eCTBOTO HAa HACHUTEHUTE IEYaTHHU IUIATKH ca MapaMeTpH, KOMTO TOJJIeKaT Ha
ONTUMU3AIUSA, ThH KaTO T€ ca ONPEESIAIIM 3a IIeHaTa U 3a IMOBHIIIABAHETO HAa HaJEXK-
JTHOCTTA Ha KpaitHOTO u3aenue. IHBeCTHpaHeTo B CUCTEMa 3a aBTOMATHYCH BU3yaJICH
KOHTPOJI OCUTYpsIBa MO-T00pO CHOTHOIIECHUE MEXAY IIEHa U Ka4eCTBO HA EIEKTPOH-
HUTE yCTPOUCTBA.
[Tpu n3non3BaHe HA TEXHOJOTHUATA 32 KOHTPOJ Ha KQaYeCTBOTO HA HACUTCHU NECYATHH
IUTATKU Ype3 aBTOMATHYCH BU3YaJieH KOHTPOJI MOTAaT Jia ObJIaT MOCOYCHHU CICTHHUTE
npeaumcTa [1, 2]:

- IMarHOCTHKA, OCHINECTBsABaHA O3 BIMSIHUE HAa CYOSKTHBEH (PakTop, T.€ BB3-
MO>XHOCTTA 32 MPOITyCHATH JAePEKTH OT ONepaTopa ce CHIKaBa MPaKTUYECKH JI0 HY-
ja,
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- Bb3MOYKHOCT 3a paHHO OTKpMBaHE Ha JAe(PEeKTH, Bb3HUKHAJIM B IIpolieca Ha Ha-
CUIIIAHE M TSIXHOTO CBOEBPEMEHHO OTCTPAHSBAHE NpPEIU IMPOLIECUTE HA TECTBAHE W
HaCTpOMKA;

- Bb3MOXHOCT 32 YCTAaHOBSIBAHE HA TEXHOJOTWYHU Je(EKTH, OlIEe B Mpoleca Ha
HacHILlaHe, KOETO YJIECHSBA PAHHOTO KOPUTHMpaHE HAa TEXHOJIOTMSTA OIIE Ha eTarl
,OIIUTEH 00pasel”, WK NPAKTUUECKH, IPU ITbpPBa HACUTEHA IeyaTHa IJIaTKa.

ToBa € Hall-ChIIIECTBEHUSAT IIJIIOC HAa CUCTEMAaTa, Thil KaTO MO3BOJIsIBA KOHTPOJ BBPXY
TEXHOJIOTUYHUS MPOIIEC BbPXY LisJIaTa KOHBEHEpHA JIMHUSI OT HAHACSHETO Ha CIIOW-
Ballla IaCTa /10 CIOSIBAHETO.

[Ipu ocurypena nobpa oOpaTHa Bpb3Ka Ha HMBO TEXHOJOTHUS W UYpE3 HU3IMOJI3BAHE
CpelicTBaTa Ha aHaiM3a Ha Je(EeKTUTe, KaKTO U C MpUjaraHe METOAUTE Ha CTaTUCTH-
YECKOTO yIpaBJIEHUE Ha MPOLECUTE MOXKE Jla CE€ peaau3Hpa MOBUIIABAHE HA KAYeCT-
BOTO U MOHWKABAHE HA LIEHATa HAa U3ENMATA, KaTO CE ChCPENOTOUAT PECYPCH BbPXY
pelraBaHe Ha TJIaBHUTE MpoOJeMHU, HapuMep BHPXY Je0ennHaTa Ha HaHACAHE Ha
crioiBaliara rnacTa ujid 3a NOBHUIIABaHE CKOPOCTTA HA HACUII[AaHE HA KOMIIOHEHTHTE.

Tabnnua 1-CpaBHeHME HA MHCNEKUMATA Ha oneparTop U MI/IHHMI/IBI/IpaHeTO Ha 4€CTO-
Ha MalLMHA 33 aBTOMATHU4EH BU3yaneH KoTpon Tara Ha MPOMYCKaHH Je-
moneparop 1 dekTH KM clieBamniaTa KoH-

m onepatop 2 TpOJHA omepanus (peHTre-

onepatop 3 HOB KOHTpPOJI HIIM BBTPCUI-

monepatop 4 HOCXEMHO M (YHKIIMOHAIHO

NOBTOPEH aBTOMAaTHYEH BU3yaNeH KOHTPOA TeCTBaHe) CHHKABa 3aFY6I/ITC

32 PEMOHT M OMpPOCTSBa Xap-
IyepHUTE TECTBalll YCTa-
HOBKH.

OueBUIHO €, Ue HE MOTraT Ja
OBJaT NOMYCHATH KPUTHUIHU
nedexTu 1a octaHaT Hezalde-
ooo] Jofll  sssamm o BpEME Ha BH3yall-

P Y I B HHSL KOHTPOII, 3alIOTO TOBa
S S S & & ) & S
Y P P . 1€ J0BEJE [0 BJOIIABAaHE HA
NS Al s X NS s X X
« X @ & ® & ¢ ¢
Ka4ecTBOTO.

B 1a6:1.1 e mokasaH pe3yJiTaTa OT CpaBHSIBaHE Ha BU3yajHa MHCIICKIIHMS OT OIIEPAaTOp H
OT aBTOMAaTHWYEH BH3yaJeH KOHTPOJ. 3a IeJTa Ha eKCIepuMeHTa ca m3ciaeasann 350
IJIATKA HACUTEHH C KOMIIOHCHTH ChC CJIACIHUTE IMapaMeTpH. Opoid KOMIIOHEHTH Ha
iatka - 240, koMnoHeHTH ¢ oTcTosiHue Mexay u3Boaute 20 mils - 1, PLCC xommo-
HeHTH - 1. [InaTkuTe ca MpOBEpEeHH OT YETHpPHUMA ONIEPATOPH C M3IOJI3BAaHE HA MUK-
pockon ¢ yBenmuenue 30 mbpTH U Jiymna ¢ 5 mbTH yBenmuuenue. OnepaTopure ca pasmo-
JI0’)KCHU BBB BB3JI0BH TOUYKH 110 KOHBEHEpa, HO CIe/ TAX 00adye KaueCcTBOTO CE€ IMPOBE-
psiBa MOCPEICTBOM aBTOMATH 32 BU3YaJICH KOHTPOJL.
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Pe3ynrature OT u3cieaBaHETO MOKAa3BaT, Y€ MMa MHOTO (PaKTOpH, KOUTO MOTrar Ja
MOBJIMSAT HA KAYECTBOTO HA MPOBEPKATA, U3BBPIIECHA OT ONEPATOPHU, KOUTO HE MOTaT
Jla TOAABPKAT €JHAKBA €(PEKTUBHOCT IPE3 LENUs JI€H, KOETO € €CTECTBEHO U HEW3-
0exxHo. CaMO MallMHU MOTaT J1a U3IBJIHSABAT MHOTOKPAaTHO M MOCJIEJOBATEIHO OKa-
YyecTBsIBaHE 0€3 MPOMYCKH, MPOU3TUYALIN OT CYOEKTUBEH (PaKTop.

Hali-BayKHUAT €IEeMEHT OT Ipolleca Ha WHCTICKIIMS € Bb3MOXKHOCTTA Ha oreparopa aa
YCTaHOBU TOYHOTO MECTOTIOJIOKCHHE Ha Ae(eKTa, MPABHIIHO Ja YCTAaHOBU HEroBaTa
OpUpoJa U MPUYUHU 32 BH3HUKBAHE, KAKTO U MEPKUTE HEOOXOJIMMHU 3a OTCTpaHsBA-
HeTo My. ChIOCTaBAWKHM pa3iMyHMA MAalIMHU 332 aBTOMATHYEH BU3yaJeH KOHTPOI,
TpsiOBa Ja ce B3eMaT MPeABU] HSIKOM TEXHU OCHOBHM (YHKUHUU U OrPAHUYCHUS
(ta6m.2). B Tabn.2 ca CpaBHEHM MO TEXHHUYECKH XapPaKTEPUCTUKH U (DYHKIHOHAIHU
ocobenoctn mammuau ot cepusita MV-7 npousseaenn or MIRTEC u YTV F1 Ha
Acrosemi. Tpsi6Ba na ce otoenexu ye marmuute oT cepusita MIRTEC MV-7 ca mpo-
EKTUpaHU 32 KOHTPOJ KaKTO IO BpeMe Ha Mpolleca Ha MOHTaX Ha TUIATKUTE, KaKTO
HETMOCPEJICTBEHO TPEAM CIOSBAHETO, TaKa W CJIEN HEero, Taka 4e Te MoraT Ja Obaar
MIOCTaBCHU Ha JIBE MeCTa B KOHBekepa — npeau u cien reflow nemra. Mamuaute ot
cepusita YTV F1 ca no-yHuBepcallHU ¥ MOTAaT J1a pabOTAT BbB BCSIKA TOUKA OT MOTOY-
HaTa JuHUA. Te morat na ObaaT KOH(pHUTypHpaHU 3a MPOBEpPKa KAYECTBOTO HA MevaTa
Ha crioiBamaTa nacta, npeay u cien ,,pedaoy”’ KakTo U Ha MO3UIUATA 32 KPAeH KOH-

TPOJL.

Tabm.2. CpaBHeHI/IG Hd MAallIMHU 3a dBTOMATHYCH BU3YAJICH KOHTPOJ

XapakTEpUCTUKHU U OTPAaHUUYEHUS

MV-7

YTV F1

PasmoznaBaemu nedexru

-3a KOMIIOHEHTHUTE. TTO3UIIMA, OT-
CBHCTBUE, IPEIIEH KOMIIOHEHT, MO-
JIIPHOCT, CTOMHOCT

-3a U3BOJUTE HA KOMIIOHEHTHUTE:.
MTOBJINTHATH, KbCH ChEINHCHUSI
-IIpoBepka 3a KOIJIaHApHOCT Ha
BGA

- 3a CIOMKH. JTUTICBAIIH, KbCH Ch-
emuaenus, solder balls

-3a KOMIIOHEHTHUTE. MMO3ULIHUSA, OT-
ChCTBHE, I'PEIIICH KOMIIOHEHT, I10-
JISIPHOCT,

-3a U3BOAUTE HA KOMIIOHEH-
THUTE.OTbHATH, IIOBIUTHATH, KBCH
ChEIVHEHNS

- 3a CIOMKH: JIUIICBAII, KbCH Ch-
ennHenus, solder balls

- 3a meyar Ha CcIloMBalla rmacra

MakcumalleH pasMep Ha IJIaTKATE

660 x 510mm (25.9" x 20.1")

560mm x 510mm (22" x 20”)

MuHuManeH pa3Mep Ha KOMIIO-
HCHTUTC

01005

0201; 01005

BucounHHO pa3nosioxkeHue Ha

KOMITOHCHTHTE CIpsMo kamepara | 45mm (1.77") 50mm (27)
—top side

Buco4urHHO pa3nonokeHne Ha 50.8mm (2.0") m3MepeHo oT zo11- i}
KOMITOHEHTHTE CIIPIMO KaMmepara 50mm (2”)

- Bottom Side

HaTa NOBBPXHOCT HA IJIATKTa

XapakTEepUCTUKHU HAa KaMEPUTE
pa3noJIOKEHH OTIOpE

5M pixel (2,456 x 2,058) pezomonus
/uBetHa

Thin Camera™ 1BeTHH KaMepH ¢
PE30ITIOIHS
1280 x 1024; 25 micron pixel

Bap- ko omozHaBaTen/ueTern

2D u 3D pasno3naBane Ha Oap-
KOJ

OmmronamHa 6ap-KoJ KaMepa

XapakTepUCTHKH HAa CTPAHUYHHUTE
KaMepu

Yerupu 5M pixel (2,592 x 1,954)
pe3oronus /IIBETHH

CKOpOCT Ha KOHTPOIT

5,968 mm2 / sec (9.250in2 / sec)

Jo 5in2 / sec
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2. MeT010J10THSI HA aBTOMATHYHUS BU3YaJleH KOHTPOJI

ABTOMAaTUYHUAT BU3YaJ€H KOHTPOJI € aBTOMAaTHU3UPAaH KOHTPOJIEH IMPOIEC, U3BBPIL-
BaH BbPXY NEYATHH IUIATKHU B MpoOIleca Ha HACUIIAHETO UM. MallnHara, mocpeacTBOM
HaOOp OT KaMepH, BU3YAIHO CKaHHpa OCBETEHATa OT CBETIMHHU M3TOYHUIN MOBBPX-
HOCT Ha oOcrnefiBaHaTa mjaaTka. bpost Ha kamepuTe, CBETIMHHUTE U3TOYHUIM U OCBE-
TUTETHUTE TEXHUKH, KAKTO M JITOPUTMUTE 32 UHCIEKIUS BapupaT B 3aBUCUMOCT OT
BUJIa U MOJEeNa M cuctemarta. B Hail-oOmus ciiydail kamepute, pa3lookKEHU MOA
pa3IUYHM BIVIH ,,00X0XKAAT MOBBPXHOCTTA M MOKA3BaT JIETAlIU OT Hes 4Ype3 BU3ya-
nu3anms Bbpxy MoHuTOp (ur.l). ToBa TpsOBa ga ObJae B3€TO MO BHHUMAHHUE IMPH
MPOEKTUPAHE HA IJIATKUTE, KATO KOMIIOHEHTUTE CE pa3IoyiaraT Taka, 4e¢ BUCOKUTE OT
TAX JIa HE Mpeyvar Mpu orjeja Ha Mo-HUCKUTE.

P e o
© . ) .

@ur.1. Buzyanuzauusi Ha KOMIIOHEHT € Pa3JIM4Ha OCBETEHOCT
Y TIOJ] PA3JIMYEH BI'bJ
[To Bpeme Ha aBTOMAaTHYHHS BU3YaJeH KOHTPOJ C€ OTKpHUBAT ACPEKTH KaTo HEmpa-
BWJIHO HAHECEHA CIIOMBallla N1ACTa, IPEKbCHATH MEYaTHU MPOBOJHULIN, HAPYLIECHUS Ha
TEXHOJIOTUYHUA JIONYCK 3@ MUHHMMAJIHU OTCTOSIHUS MEXAY KOMIIOHEHTHUTE, HEIpa-
BWJIHO CIOSIBaHE, KbCH CBHEAUHEHHS, OTMECTCHH WJIM 3aBBPTECHH OT IO3MIUATA CH
KOMIIOHEHTH, HETPAaBWIHA OPUEHTALMS Ha IOJIAPUTETA, 3aMbBPCSABAHMS IO IOBBPX-
HOCTTA HA IIJIATKATa, a ChILO TAKa IOIPEIIHO MOHTUPAHU TUIIOBE KOMIIOHEHTH.
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CodryepbT Ha CUCTEMHTE 32 BU3yalleH KOHTPOJI CE€ XapaKTepHU3Hpa C JIECEH 3a U3I0J-
3BaHe rpaueH HHTEPIPETATOP, MO3BOIABAL Ha oriepaTopa ObP30 1a yCTAaHOBU THIIA
Ha aedekTa, KaTo €JHOBPEMEHHO C TOBA MOXE Ja MPOCIEASBA CTaTHCTUYECKUTE M
nporpamupanute nanuu (¢pur.2) [2].

2.1. Cucmemen ananus na aemomamuynus 6U3)YA/IEH KOHmMPOJl

CrhIiecTBYBAT ABE OCHOBHH KOHIICTIITUH 32 U3MOI3BaHE HA CHCTEMHTE 3a aBTOMaTHICH
BHU3yaJieH KOHTPOJ, a MMEHHO. €JHOKpaTHa WHCIEKIWSI Ha Kpas Ha KOHBeiepa Ha
NPOU3BOACTBCHATA JIMHHUS 33 aBTOMATHUYEH MOHTaX; MPOCJCASBaHE Ha TIPOICCHTE
MIOCPEICTBOM HSKOJKOKpPAaTHA MHCIICKIIUS MO I[sUIaTa TeXHOJOTHYHA JIMHUS, KaKTO €
noka3aHo Ha OyiokoBaTa cxema Ha ¢ur.3. B mbpBus ciydail cuctemara He OCHTYpsIBa
BCECTPaHEH aHalu3 M € HEOOXOJMMO H3IOJ3BAHETO Ha JIOMBIHUTEICH PEHTICHOB
KOHTPOJI 32 YCTAaHOBSIBAHE KAYECTBOTO Ha CIIOWKHUTE, KaTO JIOPU B TO3M CIIy4ail HE MO-
rat ga ObJaT NpeAoTBpaTeHU 3aryOu oT OpakyBaHU u3fenus. Te moraT na ObaaT us-
OerHaTv WM 3HAYUTEIIHO HAMaJICHHW NMPU MOHUTOPUHT HA BCsKa omepanus. Taka op-
raHu3vpaHa MPOU3BOJCTBEHA JIMHUSI CE€ CUMTA 3a ONTHMAJHA 1O OTHOIICHHWE Ha Ka-
gecTBOTO [3].

N3rpagena kKoHBelepHa JMHUA, padoTella 10 TO3H aJITOPUTHM OCUTYpsiBa MUTHOBEHA
oOpaTHa Bpb3Ka MPU Bb3HUKBAHE Ha AEPEKT U CBOEBPEMEHHOTO MYy KOPUTHUPAHE, KaK-
TO Y KOPEKIIUS HAa TEXHOJIOTHYHUS MPOLEC 32 MO-HATATHIIHOTO My U305rBaHE.

B tabn.2.a. ca nokazanu nedexTuTe, Bb3HUKBAILM MPU MPOIeca Ha aceMOIMpaHe Ha
NeYaTHH IJIATKU B 3aBUCMMOCT OT MOMEHTa Ha Bb3HMKBAHETO UM, KAKTO U JMArHOC-
TULHUPAHETO UM OT CUCTEMAaTa 32 aBTOMAaTUYEH BU3yaJeH KOHTPOJI.

Ha 6a3ara Ha Tabm.2.a. Moxke n1a ObJiec HAIIpaBeH aHalu3 Ha JAchEKTUTE, a ChIIO Ha
4ecToTaTa U MsICTO Ha TSIXHOTO BB3HHMKBAHE, CIIE]] KOETO MOTaT Ja ObIaT MpeaIpueTH
HEOOXOAMMHU U MPEMOPHUYNUTEITHN KOPUTUPAIIN JEHCTBUS.

B 1a61.3 ca 06001eHN pe3ynTaTuTe OT U3CIICIBAHNS, HATPABEH! BhPXY YETHPH Iap-
TUIY TUIATKW HA Pa3IMYHU KIMCHTH, KaTo 3a BCSAKA MapTHIA ca OTYCTCHH Pa3XOJIUTe,
HaIpaBeHU 3a PEMOHT Ha JedeKTUpaAIUTE B Mpolleca Ha MPOU3BOACTBO IJIATKHU, B 3a-
BHCHUMOCT OT TOYKaTa OT KOHBelepa 3a MPOU3BOACTBO, B KOSTO ca OMIIM YCTAaHOBEHH
te3u nedekru. Pasxoaurte ca MacHu B MPOIEHTH OT OOIIUTE Pa3XxoAu 32 PEMOHT IPH
nedextupane. MzcnenBanero He oTyuTa Ne(heKTH, HACTHITMIN IO BpeMe Ha paboTa Ha
U3JICIUATA NIPU KIMEHTAa U BbPHATH 3a J0opabOTKa /MM PEMOHT, HO 1O CBOSATA ChIII-
HOCT € JJOCTaThYHO ITHJIHO, 32 JIa MOTaT Pe3yJATaTUTE MYy Jia C€ B3€MaT MPEABUJ TIPH
aHaIM3MpaHe HAa HEOOXOJUMOCTTA OT BbBEXKJIaHE HA aBTOMATUYEH BU3yaJIeH KOHTPOI
¥ J1a TIOKa)Ke TOUYKUTE OT KOHBEHepa, B KOUTO TPsIOBa Jja Ce pa3MoI0KU UHCTICKITUSATA.
W3cnenBaneTo € M3BBPIICHO B MEPUOJT OT JBA MECEIla B yCIOBHATA Ha PeaHO MPOU3-
BOJICTBO Ha ¢pupmMa ,,Pennatronics” Inc, California, Pennsylvania, USA u o6xBaria ka-
TO Opoit atku kakTo ciensa: 3a Kmuent 1 — 480 mnatku, 3a Kimuent 2 — 60 muratkw,
3a Knuent 3 — 200 mnatku u 3a kiueHT 4 — 500 rarku. Ot rpadukara kbM Tab1.3 ce
BHK/Ia, Y€ HE3aBUCHMO OT MECTOTIOJIOKEHUETO Ha HACThIIBAaHE HA JACPEKTa, KOJIKOTO
1o- KbCHO Ha KOHBEHepHaTa JIMHUS TOW € YCTAaHOBEH, TOJKOBA MO-BUCOKHU Ca Pa3Xxo-
JIUTE 32 OTCTPAHSBAHETO MY, H3YUCJICHH B 3aryOH OT TPy U KOMIIOHEHTH.
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@pra Clpakia kHa nnama@ @Topa CTpaHa Ha I'IJ'IaTKaTa
Y v
HaHacsiHe cnomBalla nacta HaHacsiHe crioliealua nacra
n/mnn nenuno
L\
.4
ABTOMaTU4YEH BMU3yareH ABTOMaLVC'):?rH :J:lsyaneH
KOHTPO/ *p
Y
ABTOMAaTUYEH MOHTaX ABTOMATUYEH MOHTaX
v
L/
ABTOMAaTU4eH BMU3yaneH ABTOMaLVC'):eTH ;’:33/8”6"'
KOHTpON *p
C Y Ref CnosBaHe -Reflow nnun
nossaHe-Reflow BLNHa
v \
ABTOMaTUYEeH BU3yasrieH ABTOMaTUYEH BU3yaneH
KOHTpON KOHTpOnN
|

®ur.3. biiokoBa cxema Ha IMMPOU3BOJICTBEH ITPOIIEC HA HACUILIAHE HA MIEYaTHH TUIATKH,
BKJIFOYBAII aBTOMAaTUY€H BU3YAJIEH KOHTPOJI

Tab6n.2.a Bunose nedekTu criopea 1MarHoCTUIIMPAHETO UM

Tun Ha fedexra Cnenv HaHaCsIHE Ha Cieq aBTOMaTHYEH Crnen cuos-
CIOMBaIlA MacTa MOHTAXK BaHe

HenocraTpuHO KOJIMYECTBO NACTA + +
3anyuieHu OTBOpU + +
Kncu chenunenns (0T macra) + +
Pa3masBane/paznuBane Ha mac- + +
TaTa
[IponnycHaT KOMIIOHEHT + +
M3KpHBEH KOMIIOHEHT + +
[TossspHOCT + +
OTMeCTeH KOMIIOHEHT + +
['pemieH KOMIIOHEHT + +
OrpHar WM CYyneH H3BOJX Ha + +
KOMIIOHEHT
W3nuniHo KonuyecTBo nacra +
Jloma crnioiika +
Kbco chenunenne +
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Ta6nuua 3 - PenaTUBHO pasnpegesieHNe Ha pa3xoguTe 3a PEMOHT Ha
pedexkTupanu nnatkm

90%

80%

70%

60%

50%

40%

30%

cNpAMO UeHaTa Ha U3genmneTo

20%

PazxoaM 3a peMOHT Ha roToBM NAATKM

0%
KnmenTtl KnuneHt2 KnneHt3 Knnentd

B Cnepn npougeca Ha HaHacAHe Ha

ANPOLE 1% 2% 2% 2%
cnowealla nacra

H Chepn npoueca Ha aBTOMaTUYeH

A npou 5% 9% 10% 8%
MOHTaX

Cnepn "reflow" newrTa 7% 50% 80% 85%

2.2 Peo na paboma npu uznonzeane Ha cucmemu 3a A6MOMamu4eH
eu3yaien KOHmpoJ
e [Iporpamupane:

[TponechT Ha aBTOMATHUEH BU3YaJleH KOHTPOJ C€ CTapTHpa ¢ U3paboTBaHE HA MPOT-
paMa 3a uHcnekius. ChllecTByBaT HIKOJKO METOJia Ha ,,00yueHrue” Ha WHCHEKTUpa-
mjaTa CUCTeMa, HO JiBaTa Hal-pa3NpoOCTPaHEeHH OT TAX ca ,,AJTOPUTMHUYHO MPOrpaMu-
pane” u ,,BusyanHo crBmajgeHue”.

AJTOPUTMHUYHOTO MpOrpaMUpaHe € TMO-CI0KEH METOJI, 0a3upaH BBPXY CIICIHAIN3HU-
paH codTyep, Upe3 KOWTO C€ Ch3/IaBaT MPOrpamMu 3a BCEKH HAOJ0/IaBaH OOCKT, KaTo
Ce 3aJ]aBaT U3MEPBATEIIHU AITOPUTMHU 3a HaOto/ieHre. OOMKHOBEHO MPU TO3U METOJT
ce u3noJ3Bar (pailyioBe, MOJyYEeHU OT CUCTEMAaTa 3a aBTOMATUYHO npoekTupane. Oc-
HOBHHUSAT HEJIOCTATHK HA TO3U METOJI € MO-TOJISIMOTO BpEME 3a IMMbPBOHAYAIHO ,,00y4e-
HHE” Ha cUCTeMaTa.

MeToabT Ha BU3yaTHO ChBIAJIEHHUE € M3IIJI0 Oa3MpaH BhPXY BbBEXKIaHE HA €TaJOHHA
IUIaTKa B cucTeMara mnoj (opmarta Ha M300pakeHHs, OTYUTAIIN BCEKH OOCKT C HETO-
Bute crienuduaan ocobenoctu. Ciex ToBa 0OCIEIBAHUTE TIJIATKA CE€ WHCIICKTHPAT
9pe3 ChIIOCTABSHE HA M300pPKCHUETO HA €TajloHA M Ha IUIaTKaTa 3a HaOOJICHUE U
BCSIKO HECHBMAJEHUE C€ MOCOYBA KaTo rpemika. OneparopbT B3eMa pElICHUE Jainu
M300pKEHUETO HA MOHUTOpPA MOKa3Ba AEPEKT WU € JOIMYCTUMO OTKIOHEHHE, KOETO
CHOTBETHO MOXKeE Jia ObJie BbBEJICHO B cHCTeMaTa 1oJi (hopMara Ha HOBO U300paKeHUE
C e JOIMBIHUTEIHO ,,00y4yaBaHe” Ha MporpaMara WIM €BEHTYaJIHH MOCIIEIBallH
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neiictBust 1 HaOmogeHus. Hsikou oT cuctemure 3a aBTOMAaTUYEH BU3yaJleH KOHTPOJI
MMaT BB3MOXKHOCT 3a IMPOrpaMUpPaHE U3BBH MPOLECAa HAa MPOU3BOJCTBO, KOETO BOAM
JI0 HAMAJIIBaHE Ha BPEMETO 3a BBBEKJAHE B IPOM3BOJACTBO HA HOBO U3JEIIHE, UpPE3
HaMaJIsIBaHE BPEMETO 3a IPECTOM HA KOHBEHEpa.

JlomyCKuTe M OTKIIOHEHUSITA OT 331aJICHUTE OT €TAJIOHA TapaMETPU HA BCEKU €JIEMEHT
Ha IUTaTkata (KOMITOHCHTH, IIMHA, CIIOHKAa W MPOYHE) Ce BBHBEXKJIAT B Mporpamara
MpeBAPUTEITHO, C IIeJ] J1a C€ BKIIIOUBAT WM U3KJIIOYBAT OT CUCTeMaTa HOBU Je(EKTH.

BbBenennTe BeqHBK JaHHU 3a OTACITHUTE €JIEMEHTH Ha JU3aiiHa ce ChXpaHsBaT B 0a-
3W JIaHHH, TaKa 4e BCEKH OT TAX Jia MOXKe Ja ObJie M3MOJI3BaH B pa3andHa KOHPUTY-
parnys npy MporpaMrMpaHe Ha aBTOMAaTUYEH BU3YAJICH KOHTPOJI Ha JIpyra riaTka.

e Bu3syasneH KOHTPOJ ciIel HaHACsSHE Ha CIIOMBaIaTa nacra

Ha To3u eTanm oT HacuIaHe Ha TUTATKUTE aBTOMATHYHHUSAT BU3YaJICH KOHTPOJI MMa 3a
eJT J1a TIOTBBPAM WIIM OTXBBPJIM IPABHJIHOTO HAHACSHE HA THacTara W/WIM TOYKUTE
JENUIO BBPXY MOBBpXHOCTTA. OOCKT Ha HAOIOACHNE Ca KOHTAKTHUTE TUTOIIAJAKU Ha
kommoHeHTuTe. C TOMOIITA Ha Pa3jiMdHU PEKUMH Ha OCBETSBaHE CE€ MPOBEXAa HAO-
JIOZICHUE U CPaBHEHHME Ha HAHECEHUTE macTa win Jiermwio. Cienu ce 3a HeZJ0CTaThUuHO
WM U3JIUINHO KojauuecTBO nacta (¢dur.4.a u ¢ur.4.0), pasmaszBaHe Ha macrara, KOop-
JMHATHO OTMECTBAHE Ha TeYara, TOJIeMUHA HAa TOYKUTE JICTIUIIO U MPABWIIHOTO MSICTO
Ha TAXHOTO pasnojokeHue. KoHcTaTupaHute eBeHTyalHU Ne(PEeKTH BOJAT 0 KOPH-
TUpaHe Ha TEXHOJOTHYHUSA IPOIIEC, ChOTBETHO CIOPE] NMpUYMHATA Ha BH3HUKBAHETO
Ha ne(deKTa — KOpeKIMs Ha CHiIaTa Ha HaTHCKA Ha pakelna, Mo-100po ChbBMECTSIBaHE HA
CTEHCWJIa, HaMaJIsIBaHe/yBeln4aBaHe KOJIMYECTBOTO JICHHIIO, KOPEKIUS B KOOPIUHA-
TUTE Ha HAHACSHE WJIM CHhBMECTSBAIIUTE PETIEPH, TOPHU aKO € HATOKHUTEITHO U3padboT-
BaHETO Ha HOB CTCHCHIL.

®wur.4. Jlepextu npu HaHACSIHE HA CTIOWBAIIA MTACTa
e Bu3yaneH KOHTPOJI Clie]] aBTOMATUYHUSI MOHTAaK HA KOMIIOHEHTHUTE

[IpeameT Ha poBepKa ca OTCHCTBUETO HA KOMIIOHEHTH, HEMPABWIIHOTO UM PA3I0JIO-
YKEHUE BBPXY IUIATKATA, NOJSPHOCTTA U BEPHOCTTa HA MOHTHPAHE HA TUIIOBETE KOM-
noHeHTH. [IpoBepsiBa ce ChINO 3a OrbHATH, cuyneHH u3Boau (¢ur.5.a u ¢ur.5.0), ot-
ChCTBUE Ha KorutaHapHocT (¢ur.6).
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®ur.5. Peructpupane Ha U3KPUBEH U MOBIUTHAT U3BOJ HA KOMIIOHEHT

! a) BU3yaJId-
3aIusi OT rOpHA Kamepa u 0) CTpaHUYHA Kamepa

Ha To3u eram Ha TEXHOJIOTHSATA OTCTPAHSBAHETO HA IE(DEKTH OT OrepaTopa Ha KOHBE-
fiepa e JiecHo, 3aIll0TO He Ce Hajlara pa3nosiBaHe Ha Bede CIIOeH KOMIOHeHT. [1pu mosi-
BSBAaHETO HA Je(HEKT, KOWTO € MPUYMHEH OT TPEIIKa B MPOU3BOJICTBEHHSI TIPOIIEC, KATO
HalpuMeEp TpelTHa pOTaIus Ha KOMIIOHEHTH WJIM CTPEIICHa MOJIAPHOCT, OIIe IPH
I'bPBUTE WHCIEKTHPAHU IUIATKH, MPOLECHT MOXKE Jia ce Kopurupa 0e3 Ja ce Hajara
cnupanetro my. [lo To3u HauuH ce mpenoTBpaTsIBa Ha OpaKkyBaHE Ha CKBIIO CTPYBAIlU
KOMITOHEHTH WJIH NpepaboTBaHe Ha pa3ojiaraHeTo Ha TAKMBA C MajKa CThIIKA.

L BHByaJIeH KOHTPOJI CJIC CIIOsIBAHC

Ha To3u eram ce mpoBekJia aHajaM3 Ha ISUIOCTHOCTTAa Ha criokute (¢ur.7), mpose-
psiBa ce 3a KbCH ChCJIMHCHUS, OTMECTBAaHE HA KOMIIOHCHTHUTE TIOBEYE OT JOITYCTUMOTO
OT NMPHWJIAraHUTEe CTAHIAPTH U BEPTHKAIHO MOBIUTAHE HA CIMHUS Kpai

Ha KOMIIOHEHTHUTE, BCJICICTBHE HEPABCHCTBO HA CHJIMTE Ha MOBBPXHOCTHO HAIpExkKe-
HUE Ha CroWBaliaTa macta BbpPXy KOHTAaKTHHTE ILIONMIAJKH B IpOIeca HA CIOSBaHE

(¢ur.8)

n..'\'.qlsrpm‘*’!‘.“?':.‘?
uwueuueesgauﬁ

®ur.6. OT™MecTBaHEe HA KOMIIOHEHT

@ur./. Opakrypa Ha criolika
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®ur.8. ledext “tombstone”: a)Busyanuzaius oT CTpaHHYHA Kamepa 1
0) eHA OT TOPHUTE KaMepHU

3. 3akaouyenue

JIOKOJIKOTO HEMPEKHCHATO CE MOBUIIABAT M3UCKBAHUSITA KbM Kaue€CTBOTO HA HACUTE-
HUTE TIEYaTHH TUIATKH, TO 3a (pupmuTe, paboTENIN B TOBA HANIPABJICHUE OCHOBHA I1E1T €
MOBHUIIIABAHE HA HAACKJAHOCTTA HAa MMPOU3BOJICTBOTO €IHOBPEMEHHO C MOHMKABaHE HA
[[eHaTa Ha TOTOBUTE WU3/CIIHSI.

JedexTure BbpXy NMEYATHUTE IUJIATKH MOTaT Ja BB3HUKHAT MO BpPEME Ha BCEKU OT
poIIECUTE Ha MPOU3BOJICTBEHATA JUHUA. EKCliepuMeHTalHO ce J0Ka3a, ue npujiara-
HETO Ha CHCTEMH 32 aBTOMATUYEH BU3yaJieH KOHTPOJ CaMO B Kpas Ha JIMHUATA HE €
OMpaB/IaHO OT IJIeIHA TOYKA HA MKOHOMHMYECKHUTE 3aryou OT TPY[ 3a PEMOHT U Mare-
puanu. [lo-qoOpoTo perieHue 3a npegoTBpaTsIBaHe HA TE€3W MPOOJIEeMH € pasrosara-
HETO HAa TaKMBa CUCTEMH 32 KOHTPOJ BbB BB3JIOBU TOYKHU OT MPOU3BOJICTBEHHS MPO-
1ec.
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AHAJIUTUYHO OLHEHABAHE HA 3AKBCHEHUATA B JIOKAJIHU
MPE KU OT KOHTPOJIEPU

Huxouaaii P. Kakanakos

Pe3tome. Pabomama npedcmags memooono2us 3a Mamemamuyecko Mooeaupane Ha
3aKbCHEHUAMA 8 JIOKAIHU Mpexcu om koumponepu. llpedcmasen e kpamwvk npeaned
Ha mamemamudeckus anapam u ca aHAIU3UpaHu OCHOGHUME M) NPUNONCEHUS U
npobnemume npu max. Hanpasen e ananuz na nauunume 3a uz360p Ha napamempu Ha
mooena, 3a noiyuasane Ha Hat-moyHu pesyaimamu. Memoodonoeuama e 0emMOHCMpU-
paua ¢ npumep, MunudeH 3a CUCmemMume 3a Mpeico8 KOHmMpOJl U cleoeHe.

Knwuoeu oymu: Mpeoscosa mamemamuxa, Komynuxayuounu mpesxcu, Kauecmeo na
yeayeama

ANALYTICAL ESTIMATION OF THE DELAYS IN LOCAL NETWORKS
Nikolay Kakanakov

Abstract: The paper aims to present a methodology for mathematical evaluation of
the delays in local computer (or controller) network. A basic introduction to the
popular apparatus of Network Calculus is present and further analysis on its
strengths and weaknesses are provided. A brief discussion about the applications of
Network Calculus is presented and the methodology for investigation is defined. The
methodology is demonstrated with example scenario similar to a common measure-
ment and control system.

Keywords: Network Calculus, Communication Networks, Quality of Service

1. BbBeaenue

[IpunoxxeHusita Ha KOMYHUKAIIMOHHUTE MPEXHU CE€ PaA3IIUPSIBAT MOCTOSIHHO. TepMu-
HBT ,,KOMIIOTBPHA'* MpEKa BEYe MOKE Jla CE CUMTA 32 HEM'BJICH — B HE UMa CBbP3aHU
YCTPOMCTBA, pa3IUYHU OT MEPCOHATHUTE KOMMIOTpU. Hyxnara oT moctositHeH oOMeH
Ha uHpOpPMAIUs MEXIY XOpa, YCTPOMCTBA U OpraHU3allU MTOCTaBs HOBU M3UMCKBAHUS
MIPU MIPOCKTUPAHETO HAa coPTyepHU U XapayepHH npuiioxeHus. CTaHIapTUTE U TeX-
HOJIOTMHTE, U3MOJ3BaHU B JIOKAIHUTE KOMIIIOTHPHU MPEXKH, CE aJIallTUpaT U Mpujarar
B MPEKHU OT CEH30pU, MPEKHU OT YCTPOWCTBA, MOOUIIHA MPEKH, aBTOMATHKA, TeleMe-
IUIMHA, TeneHabmonenre. JlokaTo HIKOU OT Te3H MPUJIOKEHHS U3IOJ3BaT Crelua-
JM3UPAHU pealn3aliid Ha KaHAJIHUS CJIoi u peanusupar otrope TCP/IP xomynuka-
1Usl, IPYTU pa3uuTar Ha nomyssipaus Ethernet. MHOro MpexoBH NpPUIOKCHHUS UMaT
M3HMCKBAHUS HE CaMO KbM IPOIMYCKaTeIHA CITIOCOOHOCT, HO ca YyBCTBUTEIHHU KbM 3a-
KbCcHeHUs. [Ipu TakuBa NpUIoKEHUs Ce Hajara rapaHTUpaHe Ha KayeCTBOTO Ha yCIIy-
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rata (Q0S). B moBeueTo cityuau, 3a /1a ce rapaHTUpAT U3UCKBAHUATA HA MPHIOKCHU-
€TO, € HEOOXOAMMO OIll¢ TIPU MPOESKTHPAHETO J]a CE€ MPOBEpPHU Jalld M3UCKBaHUITA Ca
U3ITBIHUMH C HAJIMYHATA Ha Ta3apa TeXHHUKA.

3a npuiIoKeHUsATa, KOUTO TpsiOBa Ja paboTAT B peasiHO BpeMe, 3aKbCHEHUSITA TpsiOBa
J1a ca MpEeABUANME U JIa BIM3aT B ONpPEIETICHN PaMKH. 3a TaKMBa peaiu3aluu € HeoO-
XOJIMMO Ja C€ MPUJIOKU JIETEPMUHUCTUYCH MAaTEMAaTUYECKU MOJIEN Ha KOMYHHKAIU-
sta. Hali-moaxoastmu 3a menra ca T.Hap. MpexxoBa Marematuka (Network Calculus).
3a pasnuka OT KilacuyeckaTa TEOpHUs Ha OMAIIKUTE, TO3HM amapaT MO3BOJIABAT HAMMU-
paHe Ha TpaHUYHUTE, HE CPEHUTE CTOMHOCTU U TO 3a OTAETHUTE MOTOLM B MpEKaTa,
HE 3a arperupaHus Tpaduk.

2. OcnoBu Ha MpexoBaTta Matematuka (Network Calculus)

MpexoBara MareMaTrka € KOJEKIHs OT TEOPEMU M H3YUCIHUTEIHU Mojenu, 0a3u-
panu Ha Min-Plus anrebpara, KOUTO ca MPHIOKEHH BBPXY NETCPMUHHUCTUYHU CHC-
TEMHU OT ONAIIKM B KOMYHUKALIMOHHUTE Mpexu. Te ca Mojeln, nojgo0eH Ha TeopusiTa
Ha CUCTEMHUTE, HO IpUJiaraT pa3jinyHa ajuredpa - CbOMPaHETO € 3aMEHEHO C HaMUPaHe
HAa MUHMMYM, a YMHOXXEHHUETO - ¢hC chOUpane. OcHoBuTe Ha MpexoBara MaTtema-
THKa ca MOCTaBeHH OT m3cieaBanusta Ha Kpys [1, 2] Bepxy nmoBenenuero Ha Tpaduka
B KOMYHHKAIIMOHHU MPEXH U u3ciensanusaTa Ha [lapek u [anmaxsp [3, 4] BBpxy 00c-
JTy’KBaHETO Ha Tpauika B MPEKOBUTE BH3JIHU U ,,4ECTHOTO" yIpaBJICHHE HAa OMAIIKU
(Generalized Processor Sharing — GPS).

OcHoBHUTE BXOJIHH IapaMeTpu Ha MpexxoBata MaremaTnka ca: KpuBa Ha IPUCTH-
raHe Ha Tpaduka, KpuBa Ha 0OCIyKBaHE Ha MPEXKOBUTE BH3JIM M MapuUIpyT Ha Tpa-
¢duka nipe3 Bb3auTe. KpuBara Ha npucturade ce aepuHupa upe3 QyHKIUATA, Mpec-
TaBsllla KyMyJaTUBHaTa MpOMsHa BbB BPEMETO Ha Oposi OMTOBE, JOCTUTHAIH [0
mpexxara. KpuBara Ha o6ciyxBaHe ce AeduHupa upe3 QyHKIUATa, MPeCTaBAIIa Ky-
MyJIaTUBHaTa MPOMsSHA BbB BpPEMETO Ha Oposi 0OCIykeHU OUTOBE B JaJ€H MPEKOB
Bb3eN. B moBedeTo cinydau Te3u (PyHKIIMM ca HEPAaBHOMEPHO HAapacTBAIlld CTHIIAJO-
BUAHM QYHKIMHU. 3a Ja ce MPHIOKHU yCrenHo amapara Ha Min-Plus aiareOparta, Te3u
(bYHKIHMU Ce ONPOCTSBAT, KATO CE MPEACTABAT KaTO MPABU JIMHUH (MM CYyMHU OT ITPAaBH
JMHMHK), T0OIMKaBaIlK C€ aCUMIITOTHYHO 10 peanHara [1, 3, 5].

2.1. KpuBu Ha npucTHraHe
MatemaTnuecku KpUBUTE HA MIPUCTUTAHE CE U3Pa3siBaT ChC ClieHATa JeDUHUIUS:
Hegunuyus 1 (Kpusa na npucmueane): AKO MMaMe MOCTOSHHO HapacTBalla

dynkius o(t), repunupana 3a Besko t > 0, To MoxkeM Ja kaxkem de oTok A(t) ¢ or-
paHHWYeH OT KpuBa Ha npucturane o(t), ako 3a Besko t > S > 0 Baxu CIEIHOTO:
Alt)-As)< alt-s) (1)

Haii-tipoctust ipuMep € nepuoryeH Tpaduk ¢ eIHAKBHU 1O pa3Mmep maketu. KpuBara
My Ha TPUCTUTaHE MPEACTaBisiBa CThIANOBHIHA (QYHKIIHS, HO Hal-4eCcTO ce Mpesc-
TaBs 4pe3 MpaBa JUHMS C HAKJIOH, PABEH Ha OTHOIIICHHUETO MK/ pa3Mepa Ha IMaKeTa
u nepuoaa. TpaduKbT B KOMYHHUKAITHOHHUTE MPEKH MOXKE Ja Ce pasriiexaa ¢ mpuo-
JkeHue kato T.Hap. 'token bucket' (Momenmupan mo merona Ha ,,koda c xeToHH").
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TakbB Tpaduk ce onuca ¢ GyHKIMS Ha MpaBa ¢ Havajao pa3mMep Ha Kodara v HAKIOH
— CKOpOCTTa Ha m3mnpas3BaHe Ha kodara. [Ipu padota ¢ UaTepHer Tpaduk, u npu pea-
JU3UpaHe Ha KauyeCTBO Ha yCJIyratra, Haii-4ecTO C€ M3MOJI3BAT KPUBHU HA MPUCTUTAHE
oT Tuna T-Spec, uzpaseH ¢ ypaBHEHHETO:

a(t)=min{M + ptrt+b}, (2)
KBJIETO MAPAMETPHUTE Ca MAKCHMAJIEH pa3sMep Ha MakeTa — M, MakcuMasHa CKOPOCT —

P, CpeHa CKOPOCT — I 1 OpO¥ IakeTH, KOMTO MOTAT Jla ce M3NpaTAT HaBeaubxK (burst)
— b. HaumenoBanueto npowusnusa ot Traffic Specification [1, 5, 6].

2.2. KpuBu Ha o0cJ1y:KBaHe

Hedunuyus 2 (Kpusa na oocnysxceane). Heka nMaMe MpPEKOB €JIEMEHT C BXO-
asii motok B(t) u msxomsiiy motok B*(t). To3u MpekoB eeMEHT MpeaocTaBsl Ha 1M0-
TOKa KpuBa Ha oOciyxBaHe B(t), ako ChIecTByBa TakoBa S, Je(UHHPAHO 3a BCAKO t >
0, ut>s>0 u y1oBIeTBOPSBAIIO CICTHOTO HEPABEHCTBO:

B(t)-B(s)> plt-s).  (3)

Haii-ipoctust mpumep € T.Hap. ChbpPBBP C MOCTOSHHA CKOPOCT Ha oOciyxkBane. [Ipu
Hero ce jaepuHupa KpuBa Ha oOcmykBaHe ot Tuna R.t, kpaero R e ckopocrra Ha 00c-
nayxBaHe (Ourta 3a cexyHna). [loBeueTo yctpoiictBa B MHTepHeT m3mon3sat IntServ,
DifServ wim RSVP 3a nedunupane Ha Ka4ecTBOTO Ha yciyrara. B TakwBa ciydau
Hal-4ecTO KpuBaTa Ha OOCIY)KBaHE ce mpejcTaBs kato R-Spec, nedunupana c cko-
poct Ha obcnyxkBane (R) u oTMecTBaHe OT HadaymoTo Ha adcimca (S). OTMecTBaHETO
bu3uYecKy MpeAcTaBiIsiBa PUKCUPAHOTO 3aKbCHEHUE OT MPEMHUHABAHE MPE3 YCTPOMC-
TBOTO. Taka ce nmosy4yaBa popmynara

pO)=R[t-s]", (4
KBJIETO OIEpaTopbT EXP’ 03HAUYaBa, e ako M3pa3bT € OTpULIATENeH, ce 3amecTsa c 0.
ToBa oTpa3siBa HEBB3MOXKHOCTTA JI1a KMa OTPHUIATEIIHO 00cy)BaHe [2, 5, 7].

2.3. CoiicTBa Ha MpexoBata MaTtemaTuka

MpesxoBara MaremaTrka Mmo3BoJisiBa Upe3 KPUBUTE Ha MPUCTUTAHE U OOCITy)KBaHE J1a
ce ompeessT TPaHUIMTE Ha 3allbJIBaHe Ha Oydepa Ha MPEXKOBHUS €JIEMEHT (3amac Ha
cucTeMaTa) U 3aKbCHEHHETO OT IpecTol B Hero. ToBa ca JiB€ OT OCHOBHUTE TCOPEMHU
B MpexoBara MaremaTrka. 3amachT (3ambiiBaHeTo Ha Oydepa) B cucremara ce Ofl-
penens OT BEpTHKAIHOTO pa3CTOsIHUE MeK Ty KpuBuTe o v B (mmm mexay A(t) u B(t)),
a 3aKbCHEHUETO — OT XOPH30HTAIHOTO. J[pyra BaxkHa Teopema aepuHUpa Bph3KaTa Ha
KPUBHUTE Ha MPUCTUTAHE U 0OCIY)KBAaHE ¢ KpHBATa Ha HaIlyCKaHe:

Plt)= sup, [alt+s)- B(s)], (5)
KBAETO SUP u3passiBa cympeMyM (MakCHMyM B OTBOpEH HHTepBai). Tasu Teopema
IpoM3THYA OT ACPUHMIIMATA 32 KpHBa Ha 0OCIyKBaHe, HO C€ JaBa BB BHJ, I0-Y/I0-
OcH 3a n3uncienus [1, 5].
AXO TIPUJIOKKM TE€3U TPU TEOPEMH 3a TUITUYHUTE KPUBHU Ha mpucturane (koda c xe-
TOHH) 1 00cyxBaHe — R-Spec (4), monyyaBame ciaeaHute GopMyIin 3a 3aKbCHECHHETO
(6), 3amaca (7) u kpuBara Ha Hamyckane (8):
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D<S+b/R (6)
B<b+rS (7)
p=b+rt+rS (8)

Ot Te3u popMym MoraTt Aa ce U3BeJaT CICTHUTE 3aBUCUMOCTHU: 3aKbCHEHUETO HE 3a-
BHUCH OT CKOPOCTTa Ha Tpa(duka; 3armachbT B CUCTEMaTa HE 3aBUCU OT CKOPOCTTa Ha 00-
CIIy’)KBaHE HAa MPEXOBHUS BbH3€J; HAN-CHIIHO BIUSHHE BBPXY 3amaca M 3aKbCHEHHUETO
OKa3Ba OpOST MaKeTH, KOMTO MOT'AaT Jia Ce M3MPaTAT HaBeAHBX (DUrst Size); u3xoaHusT
MOTOK MOXKE JIa UMa yBEJIMUYeHUE Ha Opos MaKeTH, U3MpaTeHU HaBEIHBXK C JaHHUTE,
HATpyHaHW OT BXOJHHS ITOTOK B IEpHO/ia Ha 3a0aBsiHe B MpEXKOBHUS Bb3en [1, 5].

JIOMBJIIHUTENHO CBOMCTBO Ha MpexoBata MaremaTuka € BBb3MOXKHOCTTA J1a CE W3-
YUCJIHU 3aKbCHEHUETO OT Kpail 0 Kpail IpU MOpPEInla OT Bb3JIH, KaTO CE 3HAe Maplil-
pyTa Ha Ha AaneH Tpaduk B MpexaTta. KpuBara Ha HamycKaHe Ha BCEKU Bb3€Il CE€ SIBSI-
Ba KpMBa HA NPUCTUTaHe Ha cieapamud. Cucremara OT Bb3JIM €€ KOHKATEHUPA U CE
IpEJCTaBs ¢ €JHa KpUBa Ha 0OCIy’KBaHe. 3a CUCTEMa OT J[Ba Bb3eJla KpuBara Ha 00c-
Jy’KBaHE C€ MIPEACTABs C YPABHEHHETO:

B =inf o |p(s)+ B2(t-3),  (9)
kbAeTo Inf uspasspa uHGUHYM (MUHEMYM B OTBOpEH MHTepBai). TouHo Ha Oa3ara Ha

TOBa CBOMCTBO IMO-CJIOKHUTE CHCTEMH C€ Pa3feiiAT Ha MOpPEIIa OT MO-MPOCTH WIIH
rpyma MpeXOBH BB3JIH Ce 3aMecTBa ¢ eauH [1, 5].

PasrnexnanuTe JOTYK KpUBH Ha OOCITY»KBaHE OIKMCBAT MPEXKOBHUS BH3EI U KaK TOU
o0paboTBa arperupanus Tpaduk. 3a J1a ce onpenenu yciayrara, npeocTaBeHa Ha Bce-
KU MOTOK B 3aBUCHUMOCT OT OCTAHAJIUTE, € HEOOXOJUMO /1a Ce 3HAae MEXaHuW3Ma Ha
MyJITUIIeKcupane. basoBure paspaborku B MpexkoBara MaTemaTuka ce ChCpenoTo-
YaBaT BbPXY HAKOJIKO OCHOBHHM MEXaHH3Ma 3a MyJaTHILiekcupane — cepuiino (FIFO),
npropuTeTHO, 0000mImeHO crojensHe Ha pecypca - GPS, WRR (Weighted Round
Robin ). Te ce mpencraBsaT karo R-Spec kpuBH, HO ¢ MOAUHUIMPAHH MAPAMETPH.
[Ipernen Ha Hali-pa3npocTpaHEHUTE KPUBUM Ha OOCITy)XBaHE TP Pa3IUYHU MeXa-
HU3MHU 3a MyJITUIUIEKcHpane e npeactased B [7]. [Ipu FIFO oGcityxBaHe BCEKH MOTOK
ce 00CITy’XBa ChC CKOPOCT, 3aBHCEIA OT CKOPOCTTa Ha MPHUCTUTAHE Ha JPYTHUTE MO-
TOITH, KaTO 3a0aBSHETO 3aBHCH OT OpOsi €THOBPEMEHHO M3IIPAaTEHU MAaKEeTH OT Haii-ar-
PECUBHUSA OT APYTHUTE MTOTOIIH:
R=R-X_r ,&:s+£%5- (10)

j#0

[Ipu ob6cnyxBaHe ¢ (GUKCHUpaH MPUOPUTET, NOTOKA C HAaW-BUCOK MPHUOPUTET ce 00c-
Jy’KBa HEMOCPEACTBEHO C IsjlaTa HaJU4YHAa CKOPOCT, HO MOXE /1a C€ HAJOXH Ja W3-
Yaka IMaKeTH, KOUTO ce 00CITyKBaT B MOMEHTA, IOPH U J1a ca C O-HUCHK IIPUOPUTET:

2 b maxiM .; j<i
Ri=R-2r, S =5+ =+ ( AL ) (11)
R-2_r. R

=i

[Ipu WRR o006cnyx)BaHe cKOpOCTTa, KOSITO C€ Majia Ha BCEKU MOTOK OM TpsOBasio Aa
3aBHCH CaMO OT KBOTaTa, KOSITO My € NpucBoeHa. Ha mpakTuka noroka He € QuIyueH,
3aToBa TPsIOBA /1a ce OTYETE pa3Mepa Ha MAKETUTE Ha JPYTUTe MOTOLM!
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— M. 2 W
R=R-_W—M: s, =S+ (12)
2w, —M;, R

t
AKO0 3a BCEKH BB3€Nl B MpekaTa ce onpejeiu HaOmonaBaH Tpapuk — o (t) u ¢poHOB
tpaduk - o(t), To MoKe [a ce M3Bee 3aBUCHMOCT Ha KpMBAaTa Ha OOCIyKBaHE, IIpe-
trey.
JOCTaBsIHA Ha HaOJtoaBaHusl Tpauk oT To3u Bb3ea — 3 (t):

p0)=[p0)-o 0] .(13)

kbaeTo P(f) e kpuBata Ha OOCITy)KBaHE Ha CaMHsi MPEKOB Bb3el. ToBa ypaBHCHHE
npejcTaBs uaesTa 3a T.Hap. ocraTbunu (leftover) kpueu Ha oOcay)BaHe, HO HA MPaK-
THKaA TOYHATa (OPMyJa 3aBUCH OT MEXaHHW3Ma 3a MYJITHILICKCUPAHE B MPEIKOBHUS Bb-
3ej1. AKO B €IMH MPEXXOB Bb3€JI BIM3aT HAOOP OT MOTOIM, TO KpHUBaTa Ha MPUCTHTaHEe
Ha arperupaHus MOTOK € paBHAa Ha CyMa OT KPHMBHUTE Ha MPUCTHraHE HAa OTIACITHHUTE
noronu. ToBa CBOWCTBO MOYXE Jla C¢ M3IOJ3Ba MPU M3CJACABAHE HA €IUH TUI TpaduK
CIIPSIMO BCHYKH OCTaHAIIM — TOraBa OCTaHAINTE TpaduUIM Ce arperupaT u ce MmpeacTa-
BAT KaTo e1uH [7].

2.4. IIpoo1emu B MpexoBa MaremMaTuka

Basosure (opmynupoBkd B MpekoBara MaremaTtuka W3MoJ3Bar (GayuaeH MoJel,
KBJIETO JAHHUTE CE Pa3rICKIAT KaTo HEMPEKbCHATH W HEJAUCKPETHH. To31M MOjes He
MOYE Jla OTYETEe HEPEryJsIPHOCTTa OT MOTOLMTE ¢ MPOMEHJIMBH paMepH, IpeMHHa-
BalllM IPe3 MPEXKOBH BB3IU Che Store-and-forward mynruruiekcupane (uM3dyakBa ce
NPUCTUTAHETO Ha LEIHs MaKeT MPEean Ja Ce aHaJu3upa). 3a Jla ce OTYeTaT MOJ00HH
HEepETYJIIPHOCTH, C€ BhBE)KAa KOHIIMINsATA 3a maketusarop (packetizer). Unesita e na
Ce pas3leNu CHcTeMaTra Ha MYJITHIUIEKCOP ¢ (DIyHICH MOJET W MaKeTH3aTop, KOHTO
3a0aBsi MOTOKA JIOKATO IIeJus makeT ce ¢popmupa. Taka, 3a cucTeMa ¢ KpuBa Ha 00C-
nyxsane S(t) 1 MakcuMmaieH pasmep Ha makera |y, nomyuasame [S(t) - lna]™ kaTo
KpHuBa Ha o0ciysxBane [8].

JIpyT ChIECTBEH HEIOCTATHK €, Ye CUCTeMaTa ce Impuema Karo paboreria 0e3 3aryoa
Ha TIaKeTH. PealHuTe CUCTEeMH ChC 3aryOW MOTar Ja ce MOJEIHpaT KaTo TaHIEM OT
bnuyneH MyaTHILieKcop 0e3 3aryou u yCcTpoicTBo 3a puntpupane Ha naketu (traffic
clipper). ITogo6HO Ha peryaaTop, YyCTPOMCTBOTO 32 PUITPUPAHE rapaHTHPa, Y€ U3X0-
JSIIAS TIOTOK € B ONpEJNeICHa paMKH, HO He 4pe3 3a0aBsHE, a 4Ype3 OTXBBPIISHE Ha
MaKeTH — T.€. TOBA € YCTPOHCTBO Oe3 BbhTpemicH Oydep. Ta3u KoHIeHIHs ce BhBEXK/1a
3a ipbB 16T OT Kpy3 u Tanexa [9].

Jpyr mpobieM mpu HM3MoJI3BaHEeTO Ha MpexoBaTa Maremarrka €, 4e IpeKajicHaTa
aOcTpakius Ha JajeH TpaduK MpaByu H3YUCICHUTE CTOMHOCTH 3a 3aKbCHEHUETO U 3a-
naca 3apumieHd. OT Apyra cTpaHa, ONpeeasHeTO Ha TOYHH paMKH Ha Tpaduka MOXKe
3HAYMTEITHO J1a YCI0KHHU U3UHCIICHHTA, JOPH JIa TH HAllpaBH HEBB3MOXKHHU. TpyIHO €
Ja ce ompeenu OanaHca MEXy TOYHOCT Ha pe3yiTaTa U CIIOKHOCT Ha M3YUCIICHU-
ata. EMHO BB3MOXKHO pelIeHHe € JUCKPETU3anus Ha paOOTHHUS WHTEPBAI C Ompe/e-
JIeHa TOYHOCT, 3a JIa C€ OTpaHW4Yd Opos MEXIUHHU u3ducienus. [Ipumep 3a cTecHs-
BaHE Ha TpaHUIUTE, O0€3 /Ja Ce YBENWYM 3HAUYWUTEITHO M3YHMCIUTEITHATA CIOXKHOCT, €
3aMECTBAHETO Ha IMPEJICTABIHETO Ha TpadHKa OT MOJEIHPaH C ,,koda ¢ )KETOHH ', C
Mojenupad no T-Spec.
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3. lIpuao:xkenne na Mpe:xoBara MatemaTuka

OcHOBHHTE TIPHJIOKEHHUS Ha MpekoBata MaTemaTHKa IpH H3CIEABaHE Ha JOKATHU
MpPEKH MOTaT Jia Ce pa3AeiisT B IB€ HACOKH — OTPE/ICIITHE Ha TPAHUIIUTE HA 3aKBhCHE-
HUETO W 3alaca B CUCTeMara 3a BCEKH MOTOK IO BIUSHUE HA OCTaHAIIUTE, OMpee-
JIsTHE HA Hal-I00pHTEe MapaMeTpy Ha JaJieH BXOSI B Mpekara MOTOK, 3a Ja ce Moc-
TUTHAT U3WUCKBAaHUATA HA BCHYKU MOTOIM 3a Ka4yecTBO Ha yciyrara (GhopmupaHe Ha
tpaduka — traffic shaping). dombauurenHo MpexxoBara MaTemaTnuka ce mpuiara B
POEKTHPAHETO HA MPEKOBU MPOTOKOJIM U MPUIIOKEHHUS, PAOOTEIIN BEPXY CHCTEMH C
OrpaHUYEHHU PECYPCH, KaTO C€ HM3IO0J3Ba BH3MOXKHOCTTA 33 OMPEACISIHE HA MaKCH-
MaJIHUTE CTOMHOCTH 32 3araca B CHCTeMaTa, OTKBJETO MOTaT Ja ce MPEIBUIST pa3Mme-
pute Ha HeoOXoauMuTe Oydepu U maMeTu.

B mppBaTa Hacoka, KaTo M3XOJHHU JTaHHU CE€ TIOJI3BAT KPUBUTE HA MPUCTUTAHE HA OT-
JICITHUTE TIOTOIM B MpeXKaTa U KPUBUTE Ha 0OCTy)KBaHE HA MPEKOBUTE BH3JIH, a IeITa
€ J1a ce OmpeIe/I MaKCUMAaJTHOTO 3aKbCHEHUE B MpexaTa. JIoKaTo B JIOKAITHU KOMITIO-
THPHU MPEKU CTOXaCTUUHMAT aHaJIK3 J0OMUBA MOIMYJISPHOCT, B chepaTa Ha aBTOMATHU-
KaTa, CHCTEMHTE 33 KOHTPOJI, aBHAIMATAa U aBTOMOOMIMCTUKATA, TIPEICKA3yeMOCTTa €
KpUTHUYHA. 3aKbCHEHUETO B €/THA CUCTEMa 33 KOHTPOJI BOJIU /0 HECTAOMIIHOCT U HYX-
Jla OT MPEHACTPOMKa. AHAJIN3 Ha BIUSHUETO Ha MPEKOBUTE 3aKbCHEHUS BHPXY CTa-
OMJTHOCTTA Ha CHCTEMH 3a KOHTPOJI ca npeacraBenu B [10] u ca onrcanu Ha OGa3aTa Ha
MpexoBa Maremaruka u peryyiarop Ha CMuT.

Btopara Hacoka pemiaBa oOpaTHaTa 3aja4a — ONpee/isiHe Ha CKOPOCT Ha U3Mpa3BaHe
U pa3mep Ha kodaTa nmpu MojeIupaHe ¢ ,,koda ¢ )KEeTOHH", 3a J1a Ce MOCTUTHE 3aKbC-
HEHHE B ONPECIICHU TpaHuIy. Ta3u 3ajaya € TUIIMYHA 32 Olpe/ieiIsiHe Ha Ka4eCTBOTO
Ha yciyraTa. 3a HIKOM MPEXOBU IMPWIOKEHHS, B MyJITUMEIUMHN CUCTEMH, B CHUCTE-
MUTE 32 U3MEPBAaHE M KOHTPOJI, B aBTOMATUKATa U JIPYTH CE TpHiara MOJEINpaHe Ha
MOTOILIUTE OT JJAHHU TaKa, Y€ JIa C€ MOCTUTHAT MUHUMAJTHHU 3aKbCHEHUS 32 OMpe/IeiicH
tun Tpaduk. ToBa MO3BOJISABA /1a c€ 3a/1a/1aT MapaMeTpH 3a MPUOPUTETHO OOCTyKBaHE
B MPE)KOBHTE BB3/IM Ha 0a3aTa Ha MPEIBAPUTEITHU M3YUCIICHHS 3a TPAHUYHHUTE yCIIO-
BHSL.

3.1. MeToauka Ha u3cjaeaBanero ¢ MpexoBa MaremaTuka

[IppBata cTHMKA € /1a ce ONMpeAeny MapuIpyTa Ha BCEKH IMOTOK M J1a C€ M3pa3u KaTo
MOCIIE0OBATETHOCT OT BB31U 0e3 1ukiu. CrenpamaTa CThIIKA € J1a Ce ONpeaesaT KpH-
BUTE Ha 00CITy)KBaHE HAa BCEKH OT BB3JIMTE. B moBedeTo ciiydan nmapameTpuTe Ha KpH-
BaTa Ha 00CITy>KBaHE Ha MPEKOBUTE BH3JIM MOXKE Jla C€ M3BJICKAT OT JaHHUTE HA MPO-
U3BOJIUTENII — CKOpOCT Ha 00paboTka (makeTH B CEKyHJa), CKOPOCT Ha BXO-
nsi/u3xo i uHTepdeiic, BpeMe Ha JAOCTBII OT MPEKOB HHTEpQEic 10 HEHTPATHO
00paboTBalio ycrporcTBo (mporecop). Taka JecHO ce nehUHHpAT MapaMEeTPUTE Ha
R-Spec kpugara.

CrnenparmiaTa CTBIKA € JIa C€ ONMPEAEIIAT BCUYKHU MOTOIM B MpEXaTa M J1a Ce OMPEeIH
Ha KOW BB3€JI CE BIIMBAT M HA KOW BB3€J M3JIM3AT OT U3CIEABAHUS TbT. MHOTO € Bax-
HO J1a Ce OMpEAeIAT €IWH UM HAKOJIKO MOTOKA, KOUTO Jia Ce M3CIeABaT, 3a J1a Morar
OCTaHAJINTE Ja Ce arperupar.
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OnpenensHeTO HA KPUBUTE HA MIPUCTUTAHE HE € TOJIKOBA MPOCTO. B moBeyeTo ciyvan
TpadUKBT B MPEKUTE € CIIOPAJANYCH C TPOMEHIIMBH TI0 pa3Mep MAKETH U Ce OIMUCBA C
Pa3IUYHYU CIIy4YailHU TIPOLIECH MPU Pa3IUYHU pa3npeneieHus. Benpekn, ue uMa s
Ha MpexoBata MaTeMaTuka, KOUTO pabOTH ChC CIIy4allHU MPOLIECH — CTOXAaCTUYHA
MpexoBa MaremaTrka, B MHOTO CIly9aW € HEOOXOIUM JETEPMUHUCTHUYCH aHAIIN3.
[Ipernen Ha pa3nWYHM KPUBH HA MPUCTUTAHE TPHU HETIEPUOJAWYHHU MPOIIECH € MPEC-
taBeH B [6]. Cunara Ha MpexxoBaTta MaTteMaTrka € TOYHO B TOBa, Y€ HE € HY)KHO TOY-
HO OIMCaHUE Ha Mpolleca Ha MPUCTUTAHEe, HYKHHU ca CaMO HETOBUTE TPaHUIIH, MPEC-
TaBEHU C KpuBara Ha mpucturane. [loBedeTo mporiecu Morar aa ObIaT MpeCTaBeHH
KaTo MoJeaupaHu ¢ ,,koda ¢ xkeronu” (token bucket). ToraBa ¢ HeoOxoaumMo cien
Ha0Op OT U3CJICABAHUS J1a CE ONPEACIAT HA-MIOAXOAIIUTE CKOPOCT Ha U3MPa3BaHe U
pa3mMep Ha Kodara.

AKoO B m3cie/IBaHaTa MPEKa BCHUKH TIOTOIM C€ BJIUBAT OT ITbPBUSI BH3EJ M U3JIU3AT OT
TIOCJICTHUS, TO KPUBHUTE Ha 00CITy)KBaHE HA BH3JIUTE MOTAT JIa C¢ KOHKATCHHUPAT B €]1-
Ha KpHMBa Ha 00CIyKBaHe 1Mo ypaBHeHHE (8). AKO MMa IMOTOIH, KOMTO C¢ BKIIOYBAT HA
pa3IMYHU MECTa B Mpe)KaTa U U3JIM3aT Ha Pa3INuHH, MO-TIOIXOSIIO € J1a Ce MPUITOKH
ujesTa 3a OCTaThb4HA KPUBA HAa 0OCITY)KBaHE HA BCAKA CTHIIKA, M3MOJI3BANKHU ypaBHE-
uue (16) u na ce cymMupar 3aKbCHEHHSITA 33 U3CJICIBAHUTE MOTOIM. Te3u JBa moaxoa
OTpSI3BaT BE OCHOBHU HAIPAaBIICHUS B yNMPaBICHUETO Ha KAYECTBOTO HAa yclyrara —
CBhOTBETHO MHTEerpupanu u audepennupanu ycayru (IntServ u DiffServ).
[Tpunaraiiku Ta3u METOIOJIOTHUSA € HEOOXOAMMO CaMoO J1a C€ U3MBJIHU U3YUCIUTEITHATA
qacT. 3a Ta3u 4yact uMm paspaborenn MHoxecTBo mHCTpyMeHTH: CYNC toolbox, cb3-
naneH 3a uaterpamus B Matlab/Simulink [11]; RTC toolbox 3a Matlab [12]; DISCO
network calculator na Java [13], COINC toolbox na C++ [14]; u 3a moamomaraHe Ha
W3UYUCIIEHUATA U TpaduueH uHTepQeic 3a reHepupane Ha MpexxoBu Toriorun RtaW-
Pegase [15].

4, l'[pnMep 3a U3I10JI3BAaHC Ha Mpe)KOBa MaremaTuKka IPpHU U3CjIeABaHe
B JIOKAJIHU MPEKHU OT KOHTPOJIEPHU

3a meMOHCTpaIys Ha U3JI0KEHOTO JIOTYK € MPEACTaBeH THUITMYEH TIPUMEp OT 00JacTTa
Ha pa3Npe/Ie/ICHUTE BIpaJicH! CUCTEMHU 32 MOHUTOPUHT M KOHTpoJl. M30pana e Mpexa
0e3 nukiu, 06e3 TMHaAMHYHA CMSHA Ha MapIIpyTH U ChC CUMETpUYHA paboTa Ha Mpe-
YKOBUTE yCTpoHcTBa. T BKIIIOUBA Mpeka OT KOHTPOJIEPHU C HHTEIUTCHTEH KOMYTAaTOP
U CHPBBD 3a ChOMpaHe Ha MHGOPMAIUATA, CBBP3aH KbM APYT KomyTtatop - ¢ur.l. Ta-
Ka MpeJCTaBeHa, MpexaTa MOXKeE Ja Ce pasrIek]a KaTo 4acT OT TUIIMYHA Mpexka 3a
KOHTPOJI W ClIe/IcHe Ha mapameTpu. KoMyTatopbT B MpexkaTa OT KOHTPOJIEPH € ChC
Fast Ethernet uaTepdeiicn u ¢ ynpaBiieHHe Ha OMalIKaTa ChC CTATHYCH MPUOPUTET
(Strick Priority), kato Hal-BHCOK NPHOPHUTET WMa IMOTOKA 3a CIICJICHE Ha JIAHHUTE
kbM/OT chpBBpa. KomyraTtopsT mipu cbpBbpa ¢ ¢ Gigabit Ethernet unrepdeticu u ¢
WRR o0cnyxBaHe Ha ONaIIKUTE, KOETO OTpa3siBa TUIIMYECH CLIEHApUM 3a epapXUUHO
CBBp3aHa MpeKa C IEHTPAJICH KOMYTAaTOP CBBP3BAI] Pa3IMUYHA MPEXKH OT KOHTPO-
Jepu.

151



Controller
Metwork

Control
Station

@ur.1. IlpumepHna excnepumenmanua mpexica

OcHOBHUSAT TpaUK B MpexKaTa OT KOHTPOJIEPU € MEPUOUYEH, OT TUIA!
o) (t)=L+ LH , (14)

KbAETO L € pa3mepa Ha makerta, a T ¢ nepuoaa. PoHOBUAT TpaduK B Ta3u MpeXkKa € OT
CIIOpaIUYHU CHOOIIEHUSI MEXy KOHTPOJIEPUTE U 3a OOHOBSIBaHE Ha KOH(UTyparm-
ara. Toil MOXe Ja ce MPeACTaBU KaTo MOJICTUPaH 1Mo METo/1a Ha ,,koa ¢ )KeTOHH

ol =rt+b, (15)

KBAETO I € CpefHaTa CKopocT Ha (GoHOBUS Tpaduk, a b — makcumamHus Opoli makeTH,
U3IPATEHN HABEIHBK. 32 CTOMHOCTTA Ha b Moxe na ce mpueme 3 X MTU (Maximum
Transmission Unit, kato makcumaiHus pa3mMep Ha makeTa B Mpexara — 3a Ethernet
okoJjio 1520 6Gaiita), 3amoro Tpauka He ¢ arpeCHUBEH.

[Tpu Te3u mapameTpu KpuBaTa Ha 0OCIy>KBaHE Ha IMbPBUS KOMYTATOpP CIPSIMO MEPHO-
nuuHus Tpaduk, npunaraiiku (12), (13) u (18):

B! =R {t—<sf + MRTfU ﬂ : (16)

I'opaust naneke f ykaspa, e craBa Beipoc 3a Fast Ethernet komyratopa , a gonHHST
— CHPSAMO KOU TpauK ce OTUHTA.
KbM BTOpHSAT KOMyTaTOp C€ BIMBA €IWH AOMbIHUTENICH (poHOB Tpaduk. Hali-mogxo-
JSII0 € J1a ce mpeacTaBu Kato T-Spec (2), Thit kaTo € oo Tun (MOXe J1a BKIIIOUBa
HTTP, FTP u apyru). KpuBata My Ha 00CITy>KBaHe € CiIeHATa:
w, —L W
g = Rg.’—L.[t—(Sg +¥H A7)

W, +W, —

["opHuAT MHIEKC J yKa3Ba, 4e ctaBa BbIpoc 3a Fast Ethernet komyTaropa , a qoaHUST
— CIIPSIMO KOM TpaduK ce OTYMTA. 3a J1a Ce OMPEIeTN 3aKbCHEHUETO MPE3 BTOPUS KO-
MyTaTop, TpsiOBa /1a ce ONpeAesd KaK ce € MpOMEHNJIa KpuBaTa Ha MPUCTUTaHE Ha Tie-
PUOUYHUS TOTOK, CJIEJ NMPEMHUHABAHE IIPE3 MbPBUSA KOMYTAaTOp. B HaW-jommus ciy-
yal, MepUOJUYHUAT TTOTOK MOXKE J1a YBEJIWYH Oposi MaKeTH, KOUTO U3Mpaila HaBe.l-
HBK, B CJIIEJICTBHE OT 3aJbpKaHe B Oydepa Ha KoMyTaTtopa ¢ MPOU3BEACHUETO OT CBO-
ATa CKOPOCT U 3a0aBsTHETO B KOMYTaToOpa:
ad=a/ +_|_£.(Sf L MTY j (18)

Rf

3a IBPBUAT KOMYTaTOp 3aKbCHEHUETO ce onpeaeis ot (6), (14) u (17):
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DS <S' +m+R_Lf' (19)
3a BTOpHsI KOMyTaTOp 3aKbCHEHHETO ce onpenens oT (6), (17) u (18):
N L+L(Sf +MTfUJ
DIQSSQ+R—;+ WL (20)
w,+w, —L

Axo ce anaymsupar ypaBHeHums (19) u (20), ce 3abens3Ba, 4Ye NpHIAraiiKu
npuoputetHO 1 WRR 006citykBaHe Ha BaTa KOMyTaTopa, HE € HE0OOXOAUMO J1a 3HAEM
MHOT0 HHpopMalus 32 GOHOBUS TpaPUK — MAKCUMAJIHUAT pa3Mep Ha MaKeTUTe B He-
ro M KakBa TEXECT My € 3ajaJieHa. Taka, 3HACHKU mapaMeTpuTe Ha KOMYTaTOPHUTE,
MO3KEM J1a PEIlIUM U IBET€ OCHOBHU 3aJ]a4M — IO JIAaHHUTE 3a MEepUoANYHUS Tpaduk aa
OTpEEINM 3aKbCHEHHETO U IO JKEeJIAHOTO 3aKbCHEHHUE J]a ONpeaeanM Kak aa odop-
MUM TiepuoanyHus Tpaguk. EnMHCTBEeHaTa Mpeyka € Kak Ja ce MPeACTaBU TeKeCTTa
Ha Tpadunute npu oobcayxBane WRR B OuToBe, HEe KaTo OTHOIIIEHHUE, KOETO € HEeOO-
xoaumo 3a ypaBHenue (20). Hait-uecto oTHomenueto ce npuiara kbM MTU, 3a na ce
MpE/ICTaBM MaKkeTHaTa 00pabOTKa — MOHE €AWH MaKeT TPsOBa /1a ce 0TpadOTH Ha BCe-
KU [UKBIL.

5. 3akioueHue

HacrosimaTta cratus npeacTaBst Iperjiea Ha €IUH MaTeMaTHIeCKu amapar, KOWTo yc-
TIENITHO MOYKE J1a ObJIe MPUJIOKEH MPU M3YHCIICHUE Ha ITapaMeTpUTe Ha KaueCTBOTO Ha
yciyrata B KOMITIOTBpHU Mpekd. CBINO Taka, TO3M amapar yCIEIIHO Ce Mpuiara B
OTIPEICITHETO Ha MAaKCUMAJIHUTE 3aKbCHEHUS Ha pa3IudyHM notolu npu Ethernet 6a-
3UpaHU CUCTEMHU 3a yrnpaBiieHue. [IpencraBeHn ca OCHOBHUTE MOJIOXEHHUS B Mpeko-
BaTa MaTemaTHKa, aHATM3UPaHU Ca HAU-TIOMYJIIPHUTE U MPUIOKCHHS U ca aHAIIN3H-
paHM HAKOU OT HEAOCTATHIIMTE B HACTOSAIIUTE i peanm3anuu. OmnucaHa € MEeTOI0JI0-
TSl 32 MOJIETTUpaHe Ha MPEXHU OT KOHTpoJiepu upe3 MpexxoBa MaTemaTuka, 3a€HO C
Mpernopbku 3a U300p Ha mapaMeTpu. MeTononorusTa € IeMOHCTPUpaHa C MPUMED,
KOWTO TIO3BOJISIBA J]a C€ JEMOHCTPUpAT CUIHUTE W cinabu cTpanu Ha mojena. [lpen-
JIO’)KeHaTa METOOJIOTUS Clie/[Ba Jla Ce MPOBEPHU Ype3 HACOUEHU EKCIIEPUMEHTU B Ob-
neniata padora.
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