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IMOJIVIIPbCTEHU OT EHIOMOP®N3MUI BE3 HYJIA HA
KPATIHA BEPUTA

NBan Tpengaduios, Jumurpunaka BiageBa

Pestome: Pasenedanu ca noaynpscmensm om endomopdusmu 0e3 Hysa Ha
Kpatina 6epuza U HAKOU He206U NOONoAYnpscmeny. Bseedenu ca HaAKou cneyuaiHu
sudose endomoppuzmu: caed | — r endomoppuszmu, npedu | — r endomopdpudmu,
KOHCManmMHU eHdomopPusmu u ca dokasany ochosHu paxmu 3a mazx. Maciedsanu
ca noonoAYNPBCMEHU 0Mm eHAOMOPPUIMU ¢ 00U, HENOOBUNCEH CAEMEHM.

Karouwosu dymu: nosynpscmer om eHooMophumMu Ha Kpatina NoAYpewemxa,
noaynpscmen om eHdomopPhusmu Ha Kpatina 6epu2a.

ENDOMORPHISM SEMIRINGS WITHOUT ZERO OF A FINITE
CHAIN

Ivan Trendafilov, Dimitrinka Vladeva

Abstract: The endomorphism semiring without zero of a finite chain
and some subsemirings of this semiring are considered. Some special
types endomorphisms: after | —r endomorphisms, before | —r endomorphisms and
constant endomorphisms are introduced and basic facts for these endomorphisms
are proved. Subsemirings consisting endomorphisms with common fixed element
are investigated.

Keywords: endomorphism semiring of a finite semilattice, endomorphism
semiring of a finite chain.

1 Introduction
Facts concerning semilattices and specially chains can be found in [3].

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

e (R,+) is a commutative semigroup,

e (R, ) is semigroup,

e both distributive laws holds z-(y+2) = z-y+x-zand (z4y) -z =x-2+y-2
for any z,y,z € R.

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

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

© 2011 Publishing House of Technical University of Sofia 9
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e If a neutral element 1 of the semigroup (R, -) exists, it is called one.

Facts concerning semirings, congruence relations in semirings and (right, left)
ideals of semirings can be found in [2] and [5].

For a finite chain C, = ({0,1,...,n — 1}, V) the endomorphisms formed a
semiring with respect to the addition and multiplication defined with:

o h = f+ gwhen h(z) = f(z) V g(x) for all x € C,,
e h=f-gwhen h(zx)= f(g(z)) for all z € C,.

This semiring is called the endomorphism semirimg and is denoted with
Ec,. Note that f(0) = 0 for every endomorphism f € & .

Some results for the endomorphism semiring & and subsemirings of & can
be found in the previous papers [6] and |7].

Basic combinatorial results can be found in [1].

2 The endomorphism semiring without zero of a finite chain

In Example 3.3 of [6] we consider the three element chain C3 = ({0, 1,2}, V) and
its endomorphism semiring &¢,. For all endomorphisms f € &g, there is restriction
f(0) = 0. So the endomorphism f with f(1) = a, f(2) = b, where a,b € C3 is de-
noted by abl. In Example 3.3 of [6] we investigated the addition and multiplication
tables of the semiring &, .

Example 2.1 Here for the three element chain C3 = ({0, 1,2}, V) we consider
the endomorphism semiring Wlthout restriction f(0) = 0 and denote this semiring
by 503 The elements of semiring 563 are the following maps: 20002, 20012, 002,
0112, 0122, 20222, 11112, 1112, 11227 and 1222). The addition table is:

+ 120002 0012 0027 011 0120 022 U112 12y U220 222
20002 | 0000 0012 0020 W11y 012 W22 110 12y 1227 1222
20012 [ 0012 0012 0020 W11r 012 W22 110 W12y 1227 1222
20022 10020 0020 0020 00120 012 0220 120 12 1227 1222
0112 1011 0112 012y W11 012 M022) 1110 12y 1227 1222
0127 10120 0120 0120 012 0127 0022r 1127 12y 1227 222 .
00222 100220 022) 0220 022 0220 0220 1220 1220 11227 1222
U112 [ 111 111y 112y 111 112 22y 1110 12y 1227 1222
1120|1120 1120 1120 1120 112 22y 1127 112y 1227 1222
122011220 1220 1220 220 1220 22y 1220 122y 11227 1222
12220 | 12220 12220 2220 12220 2220 12220 12220 12220 122270 1222

So the elements 10000 and 1222 are the neutral and the absorbing element of
the semigroup (303, +>, respectively.
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The multiplication table is:

- 10000 001 0020 0112 0127 0227 110 12y 22 1222
20002 | 0000 0000 0000 0000 W00 MO0 UITY UI1 UI1 1222
20012 {20000 20002 0000 0012 001 0022 11 U112 12 2220
20020 {20000 0012 0020 0012 0020 022 11y U122 12 12220
20112 120000 0000 0000 W11 WIL 0220 W11 W11 U220 222
2012 10000 001 0020 W11 W12 0220 UT1 W12y U220 2227 .
2022 10000 011 0022y W11 022 0220 W11 U220 U220 1222
1112120000 0000 0000 11y 1110 222y 1110 11y 2227 1222
11122120000 0012 0020 11y 112 222y 1110 12y 12227 1222
11227120000 0112 0220 11y 1220 222y 1110 22y 12227 1222
1222010000 111 2220 11y 2220 2220 1110 222y 12227 1222

Note that the endomorphism 000 is not a zero, so in the semiring gcg there is
not a zero element. The endomorphism 012 is the element one of this semiring.
The semiring &¢, is a subsemiring of é\cg.

The endomorphism f € &, such that f(0) > 1 (analogously to a definition from
section 4 of |6]) is called after-0,1 endomorphism. The subset of é\cg consisting

of all after-1 endomorphisms is denoted by A(()l) <§Cs)‘ It follows that Agl) <5A’C3>
is a subsemiring without zero of the semiring 5(33 and &, N .A(()l) (é@) = (). Also
we have that &, = &, U Aél) (SACS).

There is another subsemiring of 503 without zero. The endomorphism [ € ‘(?Cs

such that f(1) > 1 is called after-1,1 endomorphism. The subset of &, con-
sisting of all after-1,1 endomorphisms is denoted by Aﬁ” (é’\cg) It follows that

Agl) (é\cg) is a subsemiring without zero of the semiring é\cg.

Now let C,, = ({0,1,...,n— 1}, V) be a finite chain and the endomorphism
semiring of this semilattice is é\cn- Note that we are not assuming that f(0) = 0
for any f € Ec,.

The endomorphisms admit the following description. If f € é\cn such that
f(k) = iy for any number k € {0,1,...,n — 1} wedenote f as an ordered n—tuple
220,121,292, ..., 1p_1 0 OF @S Ligiq o ... 1,1 L if there is no danger of confusion.

Proposition 2.2 For any natural n, n > 2, follows that:

(i) in the semiring &, there is not a zero element;

(ii) the semiring &, is a subsemiring of &, ;

(iii) there is a subsemiring R of &, such that E¢, N R =0 and & = & U R.

11



Proof. (i) Since for arbitrary 0igiy ... 1,10 € éA’cn
20071 .- tp—1 L+ 100 ...00=000...0 0+ ... tp10=27021 .. Ip_1

follows that 100 ... 02 is the neutral element of the additive semigroup (é/\’cn, +>.

But00...0?2-211...12 =211 ... 1¢ hence the semiring 5(:” has no a zero
element.
(ii) Obviously the semiring SC/Q consists of the endomorphisms 0041 ... 4,_1 L.
(iii) The endomorphism f € & such that f(0) > 1 is called after-0,1 endo-
morphism. The subset of é\cn consisting of all after-0,1 endomorphisms is denoted

by A(()l) (gcn) For f,g € A(()D (SAcn> follows

(f+9)(0)=f(0)Vg(0) >1V1=1, f(g(0)) > f(1) = f(0) > 1

SO Aél) (gcn) is a subsemiring of gcn. The endomorphism 211 ... 17 is the neutral
element of the additive semigroup of this semiring. But :11 ... 1222 ...2 =
022 ... 2 thus the semiring A(()l) <5Acn) has no a zero element. Using that

0041 ... dp10 ¢ A(()l) (gcn) it is easy to see that & N A(()l) (gcn> = (). Obviously
é\cn =&, U A(()l) <(E;\cn>.

~ ~ 2n — 1
Proposition 2.3 The order of the semiring &, Is ’&;ﬂ’ = ( " ) The
n
~ ~ 2n — 2
order of the semiring A(()l) <5cn> is A(()l) (5@) = < " )
n

Proof. The number of all endomorphisms %9, 41,...,%,-10 € gcn is equal to
the number of ordered n - tuples (ig, i1, ...,i,-1), where 0 < iy < ig; < n—1,
s =0,...,n—2. But this number is equal to the number of ordered n+ 1 — tuples
with repetition (i_1,79,%1,...,%,-1), where i_; = 0. Analogously to the proof of

2n — 1
Proposition 3.7 of [6] its number is "
n

From Proposition 3.7 of [6] and from the proof of the part (iii) of Proposition
2.2 follows that

0 (8| = e e = () - () - ()

2n — 2 2n — 2
It is easy to see that the number ( " ) is equal to ( " ] ) — C,, where

n n—
C,, is the n-th Catalan number.

By a similar way of a definition from section 4 of |6] the endomorphism f € cSA'cn
is called after-l,r endomorphism if f(I) > r for I,r € C,, | < r. The sub-
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set consisting of all after-l,r endomorphisms is denoted by .Al(r) <‘§Cn) Clearly
A(()O) (é‘\cn) = & and .A(()n*l) (g'cn) is the one element set {in—1,n—1,...,n—11}.

Proposition 2.4 For any natural n, n > 2, and l,r € C,,, | < r follows that:
(i) the set .Al(r) <§c> is a subsemiring of & without zero;

(ii) the semiring Al(s) (5@1) is a subsemiring Of.AZ(T) (é\cn) foranyr < s <n—1;
(iii) the semiring A$,Z> (gcn> is a subsemiring of Agr) (EACTL) for any 0 < m <.

Proof. (i) Let f,g € Al(r) (5@) Then

(f+9)0)=f()Vvg(l)>rVr=rand g(f()) > g(r)>g(l) >r

SO .Al(r) <5Acn> is a subsemiring of éA’C The least element of .Al(r) (é\c,L) is the endo-

morphism? 0,...,0, r,...,rLBut?0,....0, r,...,70r,...,r =,...,r, soin
-1 [—1

the semiring A" <‘§Cn> there is no zero.

(ii) Since f(I) > s > r then Al(s) (cﬁ;ﬂ) C .Al(r) (gcn>, so the semiring .Al(s) (gcn)
is a subsemiring of Al(r) <§c> for any s, where r < s <n —1.

(iii) Since m < [ then f(I) > f(m) > r and Al (gcn) C Al(r) (é\cn), so the
semiring Al (gcn) is a subsemiring of A§r> (§Cn> for any m, where 0 < m <.

The endomorphism f € gcn is called before-l,r endomorphism if f(l) < r for
[,7 € C,, | > r. The subset consisting of all before-/, » endomorphisms is denoted

by Bl(r) (§Cn> Clearly B(()O) (gcn) =&, BS:D (é};ﬂ) = EA'C” and B, (gcn) is the
one element set {20,0,...,0¢}.

Proposition 2.5 For any natural n, n > 2, and l,r € C,,, | > r follows that:

(i) the set Bl(r) (é\cn) is a subsemiring of & without zero with exception of all
cases when r = 0;

(ii) the semiring Bl(r) <§Cn> is a subsemiring of B;S) (é\cn) forr <s<mn-—1;

iii) the semiring B SAC is a subsemiring of BSJQ) SAC for 0 <m <.
(i) 0\ e, s
Proof. (i) Let f,g € Bl(r) (é\cn> Then

(f+9)D)=f)vg(l) <rVr=randg(f(l)) <gr)<g(l)<r

SO BZ(T) <§Cn) is a subsemiring of gc Let [ > 1. The least element of BZ(T) <§Cn)
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is the endomorphism :0,...,0?2 But (1,...,1? € Bl(r) (g’cn> and 20,...,0 ¢ -2
1,...,12=11,...,1 so in the semiring Bl(r) (é\cn) there is no zero.

(ii) Since f(I) <r < sthen Bl(r) (é\cn) C BZ(S) (é\cn), so the semiring Bl(r) (é};ﬂ)
is a subsemiring of BZ(S) (§Cn) for any s, where r < s <n —1.

(iii) Since m < [ then f(m) < f(I) < r and BZ(T) <§Cn) c BY ((‘?@L), so the
semiring Bl(r) (é\cn> is a subsemiring of Bg) <5A’Cn> for any m, where 0 < m <.

Let for arbitrary subsemiring R of é\cn define
A (R) = AW (5(;) AR and BY (R) = BY (5}) NR,

where k,l,r,s € C,, | < r and k > s. When these sets are nonempty they are
semirings. Thus we construct new examples of subsemirings of & .

Example 2.6 In example 2.1 we consider the the semiring Aﬁ” (5(33) . Elements
of this semiring are the endomorphisms 0112, 0122, 20227, 111, 11122, 1227 and
1222). The elements of the semiring Bgl) (é\@) are the endomorphisms 000, 20012,
0112 and 1112. Now we construct the semiring

AP (81 (6) =8 (A0 () = A (8) st ()

The elements of this subsemiring are the endomorphisms 0112 and 1112.

Let us consider the semiring Bf) (&c,)- The elements of this semiring are the
following endomorphisms: 0002, 20012, 20027, 20112, 20127, 0227, 11112, 112, 1122
and (222). They are the same maps like in 5(33 —see example 2.1. The addition tables
of these two semirings coincides. But the semirings are not isomorphic because in
the semiring Bf) (&c,) there is a following multiplication table:

- 10000 001 0020 0112 0127 0227 11 122 220 1222
20002 | 0000 0000 0000 000 W00 WO0 W00 002 002 002
20012 20000 0000 0000 W00 WO0 WO0 W01 W01 W01 002
2002¢ {0000 20002 0000 0012 0012 0022 001 0012 0020 02
20112 10000 0000 0000 0000 W00 00 W11 W11 W11 022
20122 120000 0000 0000 W01 W01 020 W11 W11 W12 0227 .
2022 120000 0000 0000 W11 W1 022 W11 W11 0220 022
1112 120000 0000 0000 0000 000 000 W11 UI1 UI1 222
11120 {20000 20002 0000 0012 0012 0027 111 U112 1120 2220
11220 120000 0000 0000 011 W11 0220 W11 U120 U220 222
1222210000 0000 0000 11y 111y 222y 1110 11y 2227 1222

14



Here we observe that there is zero in this semiring, the nilpotent elements are
the endomorphisms 2000?, 20012, 20022, 20112 and 0122, i.e. the elements of Ny and

the left annihilator of the semiring is 2; (Bf) (504)) = {20002,20012, 2002}

Note that each of the subsemirings .A(()l) (gcn> and Agl) <B§2) (5c4)) consists of

the following endomorphisms: 1112, 11122, 1122 and 1222, but these two semirings
are non isomorphic.

Note also that all elements of the semiring Bf) (&c,) are indeed 4-tuples with
first element zero.

3 Structure of some subsemirings of the endomorphism semiring

Following [4] the endomorphism f; € & is called a constant endomorphism
if fr(i) =kforeveryi e {0,1,...,n—1} ,wherek € {0,1,...,n — 1} isa fixed
number, i.e. the constant endomorphisms are f, = (kk ... k2. Let CO (gcn> be
the subset of all constant endomorphisms.

Proposition 3.1 The set CO <§Cn> is an ideal of the semiring é\cn-

Proof. Easy follows from calculations
Ykk oo k-9t oL Gyl =11 ... 1 L and
ity -ty UL kE o kU=0kk ... kY,
where 17941 ... i,_10 is an arbitrary element of gcn.
Immediately follows

Corollary 3.2 The semiring gcn is not ideal-simple.

For any k € C, let

X I

& = {fIf € &, f(k) = k}
When £k = 0 the set Eég) coincides with the known semiring & from [6].
The following result is straightforward:
Proposition 3.3 For any k € C,, the set Séf) is a subsemiring of the endomor-
phism semiring é\cn.

For any k£ € C,, the semiring Ec(f) has an element one: 20,1,...,k, ..., n—11

For any k € C,,, k > 0 in the semiring ci'éf) there is no zero because the least el-
ement 2 0,...,0,k, ..., k?is not a multiplicatively absorbing element for instance
——

k—1
00,0k, o kvtk, k= k000, 0k R =0k kL

15



Proposition 3.4 For any k € C, the order of the semiring Eéf) is ‘Sc(f)‘ =
2k 2n — 2k — 2
() (o)
Proof. Let us consider the arbitrary endomorphism
f=to,..., 01,k igs1,..., 1,1 of the semiring Sc(f) and let (4,47 ...,1), where
1 = k is the ordered k£ + 1 — tuple corresponding to the first part of f. Instead

of the any k 4+ 1 — tuple (ig, ...,7;) we consider the corresponding k + 1 — tuple
(k—ig,...,k—19) = (0,...,k—1ip). These k 4+ 1 — tuples satisfy the conditions of

2k
Proposition 3.7 of [6], so their number is 3
Let us consider the last part (k,i541, ..., %,_1) of the endomorphism f. For such
n — k — tuple we compare the n — k — tuple (0,541 — k, ..., 4,1 — k). The number
2n — 2k — 2
of the last n — k — tuples from Proposition 3.7 of [6] is " 1) So the
n J— —_
2k\ (2n — 2k — 2
number of all endomorphisms f such that f(k) = k is ( k) ( " b1 )
n J— —_—

2n — 2
Remark 3.5 For £ = 0 from Proposition 3.4 follows that ‘80(0)‘ = ( " | )
n n —

which is the result of Proposition 3.7 of [6]. For & = n—1 we have the same number
’g(n_l)‘ _ (Qn — 2>.
Cn n—1
Proposition 3.6 For any k € C, follows that:
a. CO (Ec) NEW = Qkk ... k).

b. The endomorphism  kk ... kQ is a multiplicative absorbing element of the

semiring Eéf).

Proof. a. For m # k the endomorphism ¢mm ... m{ doesn’t belong to 56(?.
b. The reasonings are similar to that of the proof of Proposition 3.1.

Proposition 3.7 a. For k =0 and k = n — 1 there is a subsemiring R of gcﬂ
such that ng) NR=0and &, = 56(? U R.

b. For k ={1,2,...,n— 1} a subsemiring R ofgcn such that Séf) N R = and
éA’cn = Sc(f) U R doesn’t exists.

Proof. a. For k = 0 in the proof of part (iii) of Proposition 2.2 we shaw that
6}2? ﬂA(()l) (gcn> = () and cSA'cn = Eég) UAE)U (gcn> From Proposition 2.4 (i) follows
that A(()l) <§Cn> is a subsemiring of & .

For k = n — 1 set of the endomorphisms f such that f(n — 1) #n — 1 is just
the semiring B ? <§Cn) — Proposition 2.5 (i). So, Sé:_l) N 87(171_—12) (E@) = () and

n—1

é\cn = Sé:_l) U 87(17:2) (é\cn).
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b. Let A = é\cn\géf), where k € C,,, kK # 0 and k # n — 1. Then follows that
00,0,...,00€ Aandtk,n—1,...,n— 1€ A. But

00,0,...,0 - k,n—1,...,n—10=1k,k,.... k1 & A,

that is A is not a subsemiring of é\cn-

Let k € C, and k > 0. Endomorphism f € Ec(f) such that f(0) = 0 is called
initial endomorphism, (sce 6] for similar definition). The subset of Ec(f) con-
sisting of all initial endomorphisms is denoted by [ (Eéf)) Obviously, if f is an
initial endomorphism, then f € & (2), which implies that <Ec(f)> = Ség) N Sc(f). So,
follows

Proposition 3.8 For any k € C, and k > 0 the set I (50(?) is a subsemiring
of & Q

Let £ € Cy, kK > 0, and let us denote AO ( n) —AO ( >ﬂ€ . Using

the equalities Scn = ( > U AO < c ) and [ ( ) N AO ( c. ) = () imme-
diately follows

Proposition 3.9 For any k € C,,, k > 0, there is a subsemiring R ofé'c(f) such
that I (£87) N R=0and &) =1 () UR.

Proposition 3.10 Let k,s € C, and k < s. The order of the semiring

eV ned is
)| 2k\ (2s — 2k — 1\ [(2n — 25 — 2
-\ k s—k n—s—1 )

Proof. Let us consider the endomorphisms f = 14g,...,%i,_1? such that iy = k
and i; = s, where k < s. In Proposition 3.4 we prove that the number of the

et

2k
k + 1 — tuples (4g,...,i;) corresponding to the first part of f is (k) and the

number of the n — s — tuples (ig,...,4,_1) corresponding to the last part of f
2n — 2s — 2
is i To the middle part of the endomorphisms f we compare the
n—s—

s —k — 1 — tuples (ig41,...,795—1). Analogously of the proof of Lemma 3.6 of [6]
to these s — k — 1 positions can be distributed from 0 to s — k units and this is

possible in (28 —2k =l
s—k

k with s — k — 1.) Hence the number of all endomorphisms of Séf) N 56(? is equal
; 2k\ (2s — 2k — 1\ (2n — 25 — 2
0 .

k s—k n—s—1
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For k = 0 and s = 1 from the last proposition we find the formula of Proposition
4.8 of [6].

Corollary 3.11 Let k € C, and £ > 0. The order of the semiring / (5@)

1/2k\ (2n —2k —2
is ‘] (éfc(k))‘ = 5( k) ( Z_ E1 ) The order of the semiring .A(()l) <5C(k)) is

A () =5 () ()

Proof. Follows from the last proposition for £ = 0 and s = k.

4 Conclusion

In the paper we consider the endomorphism semiring without zero of a finite
chain. We investigate subsemirings of this semiring and some relations between
these semirings.
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ITOJIVIIPBCTEHHN OT EHIOMOP®UN3MU BE3 HVYJIA
HA KPAVIHA IIOJIYPEIIIETKA OT CIEIIMAJIEH BUI

NBan Tpengaduios, Jumurpunaka BiageBa

Pesrome: Hscaedsame nosynpscmena om  enHdomoppudmu 0€3 Hysa Ha
Kpating noaypeuemra ¢ edur MHat-204AM EACMEHM, 6 KOAMO 6CUYKU Opy2u
esemenmu ca nenapedenu. Paszenedanu ca maxou ceolicmea Ha noaynpscmena
om Hexoncmarmuume endomophusmu u wa udeasume Ha MO3U NOAYNPBECMEH.
Cowo uscaedsame KOMYMamMUSeH MNOONOAYNPBCMEH, HA  NOAYNPBCMEHA  OM)
endomoppuamume U HAKOU UJeAIU HA MO3U NOAYNPFCMEH.

Karouwosu dymu: nosynpscmer om endomophudmu ma Kpatina nosypewemsa,
KOMYMamuetu NoAYnpscment, udemnomemmy, eHoomophuamu.

ENDOMORPHISM SEMIRINGS WITHOUT ZERO
OF A FINITE SEMILATTICE OF A SPECIAL TYPE

Ivan Trendafilov, Dimitrinka Vladeva

Abstract: We study the endomorphism semiring without zero of a finite semi-
lattice with one highest element, where all other elements are unordered. Some
properties of the subsemiring of nonconstant endomorphisms and of ideals of this
semiring are considered. We also study commutative subsemiring of the endomor-
phism semiring and some ideals of these semiring.

Keywords: endomorphism semiring of a finite semilattice, commutative semi-
rings, idempotent endomorphisms.

1 Introduction and preliminaries

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

e aV (bVc)=(aVDb)Vcforanya,b,ce M;

e aVb=>bVaforanyabe M;

e a\Va=a for any a € M.

Another term used for arbitrary semilattice is a commutative idempotent
semigroup — see [11]. For any a,b € M we denote a < b <= aVb=0>. In
this notations, if there is a neutral element in the semilattice M, it is the least
element.
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Facts concerning semilattices can be found in [4].

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

e (R,+) is a commutative semigroup,

e (R,-) is semigroup,

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

Facts concerning semirings can be found in [3] and [7].

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

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

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

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

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

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

This semiring is called the endomorphism semirimg of M.

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

An element a of a semiring R is called additively (multiplicatively) absorb-
ing element if and only if a4z =a (a-x=2z-a=a) foranyx € R. The zero
of R is the unique multiplicative absorbing element; of course it does not need to
exist. Following [7] an element of a semiring R is called an infinity if it is both
additively and multiplicatively absorbing. Such element we denote by oo.

An element x of semiring R is called multiplicatively subidempotent if and
only if 2?42 = z, and a semiring R is multiplicatively subidempotent semiring
if and only if its elements are multiplicatively subidempotent. Additively idempo-
tent and multiplicatively subidempotent semirings are called Viterb: semirings
and they play important roles in modal logic, see [1].

2 The endomorphism semiring without zero of a finite semilattice
of a special type

In [10] we obtain some results for the endomorphism semiring without zero
of a finite chain. The another elementary case is related to the endomorphism
semiring of a join-semilattice with one highest element, where all other elements
are unordered, i.e. they are formed an antichain. So the considered semilattice of

a special type is a semilattice with down-set which is a maximum sized antichain,
see [4].

Let A, is a semilattice with unique highest element m which diagram is in
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Figure 1. Now we have a; V a; = a;, a; V a; = m, where © # j, a; V m = m and
mV m = m for every i,5 = 1,...n — 1. Let the endomorphism semiring of this
lattice is & 4, Here we use the notations like those from [9] and [10], so, every
f € gAn we denote by n — tuple 1b1bs .. .0, . The semiring EAAn is an additively
idempotent semiring with element one 2a; . ..a,_1m? and (additively) absorbing
element {mm ... m1.

n

The following definition from [5] is important for considered semiring. The maps
fr defined by fr(z) =k for all x € M, where M is arbitrary semilattice and
k € M, are called constant endomorphisms. So the constant endomorphisms
of the semiring gAn can be represented asta; a; ... a;}, wheret =1,...,n—1 and
tmm...ml

Figure 1.

Proposition 2.1 Let f € gAn-

a. The map f is isotone;

b. If f is not a constant endomorphism then m is a fixed element of the endo-
morphism f, i.e. f(m)=m.

c. If f is not a constant endomorphism then it is an injective map over the set
{a;]i=1,...n—1}.

Proof. a. See p.30 in [3].

b.If suppose f(m) = a;, then a; = f(m) = f(a; Vm) = f(a;)Va; # a;, because
f is not constant, a contradiction.

c. If suppose f(a;) = f(a;) = ag, where i # j, then m = f(m) = f(a; V a;) =
f(ai) V f(a;) = ax, a contradiction.

Proposition 2.2 The set of all constant endomorphisms of the semiring £ A, Is
an ideal of € 4,,.

Proof. Let f, =a...al and f, =...0 for arbitrary elements a,b € A,,. It
is easy to see that f, + f, = faw. For constant endomorphism fo=...a and
arbitrary endomorphism f =;...b,0 € &4, it follows that f, - f = fy,, where

f(a) = by, and [ fo = fa.
Example 2.3 Let A3 = ({a,b,m}, V) be a join-semilattice with three elements
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V

a N
described by the following join-table: b and &£ 4, is its endomorphism

3 3 3|3

m

semiring. From Proposition 2.1 the elements of £ A, are: laaal, 1bbD, the identity
abmy, Wbamy, lammy, bmmy, imaml, !imbm! and the absorbing element mmmy.

We have the following addition table:

+ laaal bbb Labmy Wham!  lamm)  bmmd dmaml  dmbmd dmmmy
laaal laaal  Mmmml  lamml  dmaml  lamml mmml Umaml Ummml  Ummiml
Wby | tmmmy 1bbe mbm)  mmy mmm) bmml  immm) imbml dmmmy
labmi | lammy  mbmi abmy mmml lamml immm) mmm)l imbml immm
aml | tmaml  Wmm mmml baml  mmmy bmml immml immml  immm)

lammd | lamml Mmmml  lamml mmml lamml  mmml mmml dmmml  immml
Wmmy | immml Wmmd mmm bmml immm bmml immml immml immm)
maml | maml mmml mmml Umaml Ummml mmml  Umaml  Ummml  Ummiml
mbmy | immml imbml imbml  mmml dmmn immm) dmmm)l imbml immm)
mmml | mmml mmml mmml mmml Ummml mmml mmml lmmml  Ummiml

So in the semigroup (5 As» +> there is no neutral element and the endomorphism

ymmmy is the absorbing element. The multiplication table is:

laaal bR labm bamy  lammy  Wbmmy  Mmaml Mmbml Immm

laaal | laaal bR aaal bbb laaal Whby  mmml immml immm
Wb | laaal by bW laaal  Mmmml lmmml  aa Wby mmm)
abmy | laaal bR labm bamy  lammy  Wbmmy  Mmaml Mmbml Immm
bamd |aaal Wb bam labml  tmaml imbml  lamml Wmml  mmm
lammy | laaal bbb lamml  bmmi lammy bmmy immml mmm) immm)
Wmmd | laaal WO Wbmml lamml  immml mmml lamml  bmml immm
mamy | laaal bbbl Ymaml  mbmi@  mamy  mbmy immml mmm? immm
mbmd | laaal Wb imbml  tmaml! mmml mmml dmaml  mbml immmn
mmmy | laaal bbbl mmm)l mmml mmm dimmml immml mmml  immm)l

The noncommutative semigroup (é\ As» > has a neutral element abm?. Note that

the subset (g As» > \{taaal, bbby} is a noncommutative semigroup with absorbing
element !mmmy.

In the semiring £ A, the element abmy is identity and mmm is an aditively
absorbing element. The set {Yaaal, bbb, immm2} is an ideal of semiring EAg.

Since in the semiring g 4, there are elements which are roots of the additively
absorbing element !mm ... mQ, namely

Zmalm...mZQZme...mz

it follows that & 4, 1s not a Viterbi semiring.

22



Let €4, be the subset of £ 4, consisting of all nonconstant endomorphisms and
the additively absorbing element ¢:mm ... m.

Proposition 2.4 The set £4, is a subsemiring of é\An with element co =
tmm ... ml.

Proof. Follows immediately from Proposition 2.1 - b and from equalities f-oo =
o0 - f = oo for arbitrary f € €4, .

n—1 2
—1
Proposition 2.5 The order of the semiring €4, is |E4,| = g (n k: ) k!,
k=0
Proof. Let f € E£4,. Suppose that k elements a; , where s = 1,... k, of the
set {ay,...,a,-1} has images f (q;, ) different from m. We may choose them by

—1 —1
<n I ) ways. We put them on k places by (n I )k! ways. So the number of

2
—1
endomorphisms with just k values different from m is equal to (n I ) k!. Finally

n—1 2
-1
the number of all endomorphisms of €4, is |E4,| = (n k ) k!.
k=0

Immediately follows

n—1 2
AN AN -_ 1
Corollary 2.6 The order of the semiring € 4, is ’5An = (n > E'+n—1.

Consider for any 7,7 = 1,...,n — 1 the endomorphisms f;; € £4, defined by

Qaj, ifi =k

fuslar) = { m, ifi#k

These maps are called almost absorbing endomorphisms and the subset
of the semiring €4, consisting of all almost absorbing endomorphisms and the
absorbing element co = 1m, ..., mis denoted by AA (€4, ).

Proposition 2.7 The set AA(E4,) is an ideal of the semiring E4, .
Proof. Let fij, fr;, fu € AA(Ea,) where k # i and [ # j. It is easy to see that

fij + fis = fijs fij + fuj = 00, fij + fu =00, fij + 00 = 00.

For arbitrary f =ag,, ..., ak
be equal to m, follows

(fij - ) (ai) = [ (fij(ai)) = f(a;) = ay,, and
(fij - ) (ar) = f (fij(ar)) = f(m) = m, where k # i.

So, either fi; - f = fu,, when a, # m, or f;; - f = oo, when ay, = m.

ml € E4,, where some of elements ay, may

n—17
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Finally we observe

aj, ifi =k

(F- fi) (@) = £ (F(a) = fislan) = { w2y

N _r _r . CLj, ifi:kl .
(f fz]) (al> - fZ] (f(al)) - flj(akl) - { m, if 4 7& k where [ 7£ L.

Since f is injection from Proposition 2.1 - c. follows that no more than one of
the images f(a;), i = 1,...,n — 1, is equal to a;. Hence, if one of the numbers k;
is equal to ¢ then f - fi; = fi;, or otherwise, f - f;; = oo.

Using that every endomorphism f € €4 is an injection of the set {aq,...,a,-1}
it follows that endomorphisms of the type tay,, ag,, ...,ax,_,, ml where ks €
{1,...,n—1} for all s =1,...,n — 1 are permutations of the set of elements of
A,, with fixed point m. The set of these permutations is a subgroup of semigroup
(€4, ,) isomorphic to the symmetric group of order n — 1. We denote this group

by P (Ea,)-

Let f € &4 and f ¢ P(Ey,). Thus there are elements a; € A, such that
f(a;)) = ay, = m. The set of the considered endomorphisms is denoted by
MAX (E4,).

It is clear that for f,g € MAX (E4,) follows f+ge MAX (€4 ) and f-g €
MAX (E4,).

Let f € MAX (E4,) where f(a;) = m and ¢ € P(Ey,). Then there is
j=1,...,msuch that p(a;) = a,. It follows
(- f)(a;) = [ (¢(a;)) = f(a;) = m and

(f - ¢) (@) = ¢ (flai)) = p(m) = m.
So, o f, f-pv€ MAX (E4,).
Hence MAX (£4,) is an ideal of the semiring €4, .
Let I be an ideal of the semiring €4, and I O MAX (£4,). Then there is
@ € P(E4,) such that ¢ € I. But ¢ is a permutation, then there is a natural
number k such that ©* = i, where i is the identity. Hence I = €4 . Thus we prove

Proposition 2.8 The set MAX (€4,) is a maximal ideal of the semiring E4,.

From the last proposition and Proposition 2.5 follows

n—1 2
Corollary 2.9 [MAX (E4,)| = Z (n - 1> k!l — (n— 1)

k
k=0
3 Commutative subsemirings of the endomorphism semiring

Commutative semirings are studied in [2] and [6] but in these papers there is
not information for commutative endomorphism semirings.
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Theorem 3.1 The center of the semiring € 4, has the only two elements — the
identity and the element oo.

Proof. Let f € €4, and f-g=g- f for every g € E4,.

Suppose that for some i = 1,...,n — 1 follows f(a;) = a;, where j # 4, and
f(a;) # a;. Let us choose g € €4, such that changes the elements a; and a;, i.e.
g(a;) = a; and g(a;) = a;. Then

(f - 9)(a;) = g(f(a:)) = g(a;) = a; and

(g - f)ai) = flg(a:)) = fla;) # ai

So, f-g#g-[.

Suppose that for some i, 7 € {1,...,n— 1} follows that f changes the elements
a; and a;, i.e. f(a;) = a; and f(a;) = a;. Let us choose g € €4, such that
g(a;) = aj and g(a;) = ai # a;u. Then

(f - 9)(a;) = g(f(a;)) = g(a;) = a, and

(g F)lai) = fg(ai)) = fla) = ai # a.

So, f-9#9g- [
Suppose that for some i = 1,...,n — 1 it follows f(a;) = m. Additionally
suppose that there is j = 1,...,n—1 such that f(a;) = a;. Let us choose g € €4,

and g(a;) = a;. Then
(f - 9)(ai) = g(f(a;)) = g(m) = m and

(9 f)(ai) = f(9(a:)) = f(a;) = aj;.
Again f-g#g- [.

Hence there are two possibilities: the first one is when f(a;) = a; for every
i=1,...,n—1, then from f(m) = m follows that f = i is identity and the second
when f(a;) = m for some i, then f(a;) = m for every i =1,...,n— 1 thatis f is
the element oo of the semiring €4, .

Corollary 3.2 In the center of the semiring g A, there is only one element —
the identity:.
Proof. For arbitrary a;,a; € A, follows

la; @ ... a; L-1aja; ...a;l=0a;0; ... a;,
la;aj ... a; L-1a;Q; ... a;l=10a;0; ... a;l,
la;q; ...aq; -tmm ...mli=tmm ... m,
tmm ... mi-Laja; ... a;l=1a;a; ... a; L.
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Let us consider the endomorphisms f € £4, such that for anyi=1,...,n—1
either f(a;) = a;, or f(a;) = m. Then follows that either f2(a;) = f(a;) = a;, or
fHai) = f(m) =m, e f2=F.

Conversely, let f € &4, be an idempotent endomorphism. If suppose that
f(a;) = aj, then f*(a;) = f(aj). But f* = f, hence f*(a;) = f(a;). Thus we
have f(a;) = f*(a;) = f(a;) = a;. Since f is an injection in the set {a1,...,a, 1}
it means that a; = a; or a; = m.

So, the set of endomorphisms f such that for any + = 1,...,n — 1 either
f(a;) = a;, or f(a;) = m is the set of all idempotent endomorphisms in the
semiring £4,. We denote this set by ZD (E4,).

For every element a of a finite (multiplicative) semigroup there is a positive
integer n = n(a) such that a™ is multiplicatively idempotent, see [8|. So, the
following is true

Proposition 3.3 For every f € €4, there exists the natural number n such
that for any 1 = 1,...,n — 1 either f"(a;) = a;, or f"(a;) = m.

Theorem 3.4 For every n > 2 the set ID (€4,) is a commutative subsemiring
of the semiring €. The order of this semiring is |ID (£4,)| = 2" .

Proof. Let f,g € ID(E4,). Let for some ¢ = 1,...,n — 1 follows f(a;) = a;
and g(a;) = a;. Then (f + g)(a;) = f(a;) V g(a;) = a; V a; = a;.

Let for some ¢ = 1,...,n — 1 we have f(a;) = a; but g(a;) = m. Then

(f + 9)(ai) = fla;) V g(a;) = a; Vm =m.
The last case is when f(a;) = m and g(a;) = m for some i = 1,...,n— 1. Now
(f +9)(ai) = flai) V gla;) =mVm=m.
Hence f +g € D (E4). If f(a;) = g(a;) = a; for some i = 1,...,n — 1 then
(f - 9)(ai) = g(f(a:)) = g(a;) = ai.
If f(a;) = a; and g(a;) = m for some i =1,...,n — 1 it follows that
(f - 9)(ai) = g(f(ai)) = g(a;) = m.
When f(a;) = m and g(a;) = m for some i = 1,...,n — 1 it follows that
(f - 9)(ai) = g(f(ai)) = g(m) = m.

Hence f-g=f+g9=9g+f=9g-f€ID(E,).

Arbitrary endomorphism f € €4, is ordered n — tuple tag,, ...,ax, ,, ml The
element m is an image of all a;, ¢ = 1,...,n — 1, by one way and so we construct
the endomorphism oo = ¢m, ..., ml The element m is an image of k elements
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—1
(k=1,...,n) from the all a; by (Z B 1) ways. So the number of all possibilities

;G_D_ <n81>+<n11)+,_.+<zii>:2n_1

and this completes the proof.

18

From the proof of the last theorem immediately follows

Corollary 3.5 In the semiring ID (€4,) the addition and the multiplication
tables coincides and the identity i is both an additively neutral and a multiplica-
tively neutral element.

Using that all elements of ZD (€4, ) are both additively and multiplicatively
idempotent follows

Corollary 3.6 The semiring D (€4,) is a Viterbi semirimg.

Let us consider for any ¢ = 1,...,n — 1 the endomorphisms f; € ZD (E4,)
defined by
a;, ifi==~k
filar) = { m, ifi £k
But these maps are almost absorbing endomorphisms. They are idempotents
and f; - f; = fj - fi = o00. The set of these endomorphisms is denoted by
AA(ID (E4,)). Immediately from Proposition 2.5 follows

Corollary 3.7  For every n > 2 the set AA(ZD (E4,)) is an ideal of the
semiring ID (E4,).

Let the endomorphism f € ZD (£4,) has no more than k fixed elements from
the set {ai,...,a,_1}, where &k < n — 1, and transforms all other elements in
m. We denote the subset of ZD (£4,) of these endomorphisms by ZDj (E4,).
So, IDy (Ea,) = AANTI (E4,)).

Let f,g € IDy (E4,), the fixed points of f are a;,,...,a; , where s < k, and
the fixed points of g are aj,, ..., a;,, where r < k. If

{(Ikl, ceey akm} = {ail, ceey ais} N {ajl, . . ,Cljr}
then the fixed points of f +¢g = f - g are ay,,...,a;, and m < k. So, f +g =
f-9€IDy (5An)
Let ¢ € ID (E4,). Then the fixed elements of the endomorphism f 4+ ¢ =
f o=@ f are part of the fixed elements a;,,...,a;, of the endomorphism f. So

f-e=¢-f€ID(Ea,)
Let us denote ZDy = {0}, IDy = IDy(Ea,), -+, IDyo = ID, 5 (E4,),
ID, 1 =1ID(&y,). Thus we prove
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Proposition 3.8 For any n > 2 in the semiring of idempotent elements
ID (E4,) there is a chain of ideals TDy C IDy C --- CID, o CID, ;.
Note that ZD,,_o = ID (£4,) \{i} is a maximal ideal of this semiring.

4 Conclusion

In the present paper the endomorphism semiring of a finite semilattice of a
special type is investigated. The main results are Theorem 3.1 which gives the
structure of the center of the semiring of nonconstant endomorphisms and Theorem
3.4 where we prove that idempotent elements formed a commutative subsemiring
of the endomorphism semiring.
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KPUIITOCUCTEMA C OTKPUT KJIFOY, OCHOBAHA
HA ITOJIVIIPBCTEHUN OT EHI0OMOP®UNU3MU HA
KPATIHA TIOJIYPEIIIETKA OT CIEIIMAJIEH BI/,

Mapwuana /lypueBa

Pestome: B masu cmamus nokazeame KK  NOAYNPECMEHUME  OM
endomopdusmu Ha Kpatina nosypewemra mozam da 6sdam U3NOA3GANU KAMO
nAGMPOPMA MG KPUNMOCUCMEMA, OCHOBAHA A OEUCMEUs Ha  NOAY2PYNA.
Ilokasana e u KOHKDPEMHA NOAY2PYNOBG ONEPAUUA, NOCMPOEHE € NOMOULMG
Ha NOAYNPBCMEHUME 0m eHOOMOPHUIMU.

Karouwosu dymu: kpunmocucmema ¢ omrpum xA04, npomokos wa Diffie-
Hellman, deticmeue na noayepyna, noisynpscmen om eHdomopdusmume na kpatina
NONYPEULLTNKA.

PUBLIC KEY CRYPTOSYSTEM BASED ON
ENDOMORPHISM SEMIRINGS OF A FINITE
SEMILATTICE OF A SPECIAL TYPE

Mariana Durcheva

Abstract: In this paper we illustrate how endomorphism semirings of a finite
semilattice can be used as a platform of a cryptosystem, based on semigroup ac-
tions. A concrete practical semigroup action bwilt from endomorphism semirings
1S presented.

Keywords: public key cryptosystem, Diffie-Hellman protocol, semigroup ac-
tions, endomorphism semiring of a finite semilattice.

1. INTRODUCTION

Cryptographic protocols are small programs designed to ensure secure commu-
nications via a public channel. The Discrete Logarithm Problem (DLP) is on the
base of many cryptographic protocols.

Let G be a cyclic group and g a generator of GG. Given an element h of G the
Discrete Logarithm Problem is the problem of finding an integer ¢ such that ¢! = h
(see [10]).
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Cryptographic protocols based on DLP are Diffie-Hellman key exchange [3],
El-Gamal cryptosystem [4], Digital Signature Algorithm (DSA), El-Gamal Digital
Signature scheme [4].

Diffie-Hellman Key Exchange Protocol |3] based on exponentation in cyclic
group allows two users Alice and Bob who wish to communicate over insecure
(public) channel to create a common key. In it a cyclic group G and a generator g
of G where both ¢ and its order d are chosen and made public.

Alice chooses an integer a (between 2 and d — 1) and transmits ¢g* to Bob. Bob
chooses an integer b (between 2 and d — 1) and transmits g° to Alice. Then Alice
computes k, = (¢°)",while Bob computes k; = (¢%)". The shared common key is
thus k =k, =k, € G.

The Diffie-Hellman Problem(DHP) is the problem of computing the value g™
knowing ¢ € G and having observed both g% and ¢°.

Clearly, if DLP is easy then so is DHP and thus the Diffie-Hellman key exchange
protocol. So, as a minimum requirement, we are interested in finding difficult in-
stances of DLP. A lot of efforts were undertaken to find groups were the DLP will
be difficult to compute.

In the literature many groups have been proposed for computing the discrete
logarithms. In practice have been implemented the multiplicative group (Z/nZ)"
of integers modulo n, the multiplicative group F™* of nonzero elements inside a finite
field F' and subgroups of these groups (see [8]), the group of points on an eliptic
curve or Jacobians of hypereliptic curves (see [5]). Ko et al. proposed protocol
analogue to the Diffie-Hellman key exchange using non abelian group (see [7]). We
suggest [2] as a guide to cryptography based on group theory.

In recent time the discrete logarithm problem over a group is seen as a special
instance of an action by a semigroup (see [1], [9], [11]).

In this paper we show how endomorphism semirings can be used to build inter-
esting abelian semigroup actions.A concrete practical semigroup action built from
endomorphism semirings of a finite semilattice of a special type is presented.

2. PRELIMINARIES

2.1 Basic definitions

Let G be an abelian semigroup (a set with an associative and commutative
multiplication "-") i.e. a monoid and S be a finite set. A left action of G on S'is a
map ¢ : G x S — S, satisfying p(g- h, s) = ¢(g, ¢(h, s)). We will denote (g, s)
by gs . Right actions are similarly defined.

2.2 Extended Diffie-Hellman Key Exchange Protocol in (G, S, ¢):

1. Alice and Bob publicly agree on some element s € S.
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2. Alice chooses a € GG and transmits as to Bob.

3. Bob chooses b € G and transmits bs to Alice.

4. Alice computes k, = a(bs) while Bob computes k; = b(as).

The shared common key is thus k = k, = a(bs) = (a-b)s = (b-a)s = b(as) = ky.
It is obvious that one can build a cryptosystem based on semigroup action if it is
a hard problem.

2.3 Semigroup Action Problem (SAP)

Given a semigroup G acting on a finite set S and elements x € S and y € Gx
find g € G such that y = gx.

The Diffie-Hellman key exchange is a special case of the Extended Diffie-Hellman
key exchange when (G, -) be a semigroup of integers (Z,-), S be a cyclic group
H =< s > where the discrete logarithm is believed to be difficult.The action is
@ :Z x H— H ,where p(n,s) = s".

The identity s = (s*)” says that ¢ is a commutative G-action.

The security of Protocol 2.2 is equivalent to solve SAP.

In 2010 was constructed new public key cryptosystem (see [12]) which is deve-
loped in [13]:

2.4 Extended Diffie-Hellman Key Exchange Protocol in (G,S,9,1)

Let G be a monoid, S be a finite set and A and B be submonoids of G.Let
w:AxS— Sbean action of Aon S and ¢ : B xS — S be an action of B
on S and

QO(C% ¢(b7 8))) - w(ba 90<a7 S))

for any elements a € Ab € B and s € S.

1. Alice and Bob publicly agree on some element s € S.

2. Alice chooses submonoid A of G and an element a € A.Then she transmits
as to Bob (her private key is (A, a) and her public key is as ).

3. Bob chooses submonoid B of G and an element b € B.Then he transmits bs
to Alice (his private key is (B, b) and his public key is bs ).

4. Alice computes k4 = p(a, (b, s))) while Bob computes k, = (b, p(a, s)).

The shared common key is thus

k=ka=o(a,9(b,s)) = (b, pa,s)) = k.

When A = B = G and ¢ = v we reach the Protocol 2.2.
The given key exchange protocol is related to the following hard problem:
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2.5 Bi-Semigroup Action Problem (BSAP)

Given a monoid G and an element s € S find submonoids A and B of G acting
on a finite set S by maps ¢ and 9 respectively,and b € A and y € B such that
p(x,s) =1(y,s).

The security of Protocol 2.4 is equivalent to solve BSAP.

2.6 Attacs
The Brute force attack on the SAP

If an attacker Eve intercepts as and bs through a public channel, she may wants
to compute gs for all possible g € G until she finds some e with es = as. She is
then able to break the system. To avoid this attack, Bob and Alice must choose G
and S sufficiently large and select a proper element s. If Gg,. = {e € G | es = as}
then the different parameters G, S, s must be chosen such that the size of Gy, i8
small with respect to the size of G.

Using the submonoids A and B of the monoid G in BSAP makes Eve mission
mush more difficult, so we think that the Brute force attack could not break our
cryptosystem.

The square root attack

In |9] is shown that the square root attack on the SAP exists for some special
cases.

Case 1. An element ¢ € G is known for which ¢* = y for some k& > 1. Then one
can determine the period and the preperiod of g by O(\/@) operations (using a
method similar to Pollard’s rho method). Finally, applying the baby-step,giant-step
method to find k needs another O(\/@) operations. This applies immediately to
the case when G is a cyclic group.

Case 2. Let G be a group, but not cyclic. One may always find inverses with
O(\/@) group operations, it suffices to solve g1z = g9y from which one obtains
(g2 tg1)r = y. A randomized baby-step — giant-step method is possible and it
needs O(1/|G]) operations.

In contrast to the DLP, problem actions of a semigroup G on a set S can
result in a G-orbit Gs, s € S, consisted of many ultimately periodic orbits
{g*s|lk € N,g € G}.

For semigroup actions where square root attack exists and no other attack is
known it’s generally accepted that an orbit size having 160 bits is sufficient for
practical security.

For cases where no square root attack is known orbit cases of 80 bits could be
sufficient for practical security.

32



3. A TWO SIDED ABELIAN ACTION BASED ON SIMPLE
SEMIRINGS

3.1 A particular bi-semigroup action [13]

We describe a particular bi-semigroup action where we do not know how to
solve the BSAP once the parameters have been chosen large enough.

Let R be a finite simple semiring not embeddable into a field and C' is the
center of R i.e. the subset of elements that commute with any other elements.For
arbitrary matrix K of order n and polynomial n(z) = a,z™ + ... + a1z + ag we
define n(K) = a, K™ 4+ ... + a1 K + agFE,, where E, is the identity matrix of
order n. Let C[K]| = {n(K)|n(x) € Clz]}. If n is an arbitrary positive integer, for
K € Mat,(R) we denote by C[K] the abelian subsemiring of polynomials in K
with coefficients in C'.Let M, N € Mat,(R) and consider the following action:

C[M] x C[N] x Mat,(R) — Mat,(R),
where (p(M), q(N), X) — p(M)Xq(N).

3.2 Extended Diffie-Hellman protocol whith two sided matrix semir-
ing acting

1. Alice and Bob publicly agree on some finite simple semiring R, not embed-
dable into a field with nonempty center C. They choose a positive integer n and
four arbitrary subsemirings Ay, As, By, Bo € Mat,(R). They also choose matrices
X € M(Ltn(R),Ml € Al,MQ € AQ,Nl € Bl,NQ € B, such that M{N; = N{M;
and M2N2 = NQMQ.

2. Alice chooses matrices p,(M;) € C[M],q.(M3) € C[Ms] and computes
matrix A = p,(M;7)Xq.(Mz). She sends A to Bob.

3. Bob chooses matrices py(N1) € C[N1], ¢o(N2) € C[N] and computes matrix
B = py(N1) X qp(N2). He sends B to Alice.

4. Alice computes k, = po(M71)Bq,(Ms), while Bob computes
ky = po(N1) Agy(Na).

5. The shared common key is thus

k= kq = pa(M1)Bqa(Ma) = pa(Mi)ps(N1) X qp(N2)qo(Ma) =
= po(N1)pa(M1) X qa(M2) gy (N2) = pp(N1) Agy(N2) = ki

The corresponding BSAP that should be hard is:

Given five matrices My, My, N1, Ny, X € Matn(R) with M7 Ny = N;M; and
MsNy = NyMjy and arbitrary matrix Y € C[M;]C[N1] X C|[N3]C[M,], find ma-
trices P, € C[Mi],P, € C[My],Q1 € C[N1],Q2 € C[No], such that ¥ =
PiQ1 X Q2 Ps.
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It is sufficient for attacker to solve this bi-semiring action problem for breaking
the cryptosystem.

4. LARGE ENDOMORPHISM SEMIRINGS

A novel approach to build families of semigroup action is to start with a lattice
L = (L,V,N) of moderate size. From that can be constructed a huge simple
semiring as the endomorphism semiring of the monoid (L, V). We develop this idea
using a join-semilattice to build an endomorphism semirings and its subsemirings
consisted of all idempotent endomorphisms.

Definition 4.1 A (join)-semilattice L is an algebra with one binary operation
V satisfying the identities x V (yV z) = (xVy)Vz,zVy=yVrandxVzr =x
for x,y,z € L.

Thus, for elements x, y of a semilattice L , x < y means that  Vy = y. In this
notation a neutral element is the least element.

Definition 4.2 The endomorphism semiring of a semilattice L is the set E
of endomorphisms of a semilattice E(L) with respect to the addition and multi-
plication defined as follows: f + g = h where h(z) = f(x) V g(x) for all x € L ;
f g =h where h(x) = g(f(x)) for allz € L .

Example 4.3 Consider a join-semilattice L = ({a1, a9, az,as, m}, V) given by
V a; a9 as

apjay mMm m
m

3

as | M Qa9

3 3 3|8
33333

the table and its endomorphism semiring E(L).

as|m m as
asg | m m m Qaq
mim m m m

Let E(L) be the subset of E(L) consisted of all nonconstant endomorphisms
and the additively absorbing element oo = (mmmmm). Then by Proposition 2.4
of [14] the set E(L) is a subsemiring of F(L) with an element co = (mmmmm).

Definition 4.4 For any i,j = 1,...,4 the endomorphisms f;; € E(L) defined
by
Juslar) = { m ifi#k

are called almost absorbing endomorphisms.

The set consisted of all almost absorbing endomorphisms of F(L) and the ab-
sorbing element co = (mmmmm) is an ideal of the semiring F(L) (see [14]).
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Theorem 4.5

E(L) there is only one element - the identity i.

Let’s consider the endomorphisms ¢ € E(L) such that for any i = 1,...,4
either ¢(a;) = a; or v(a;) = m. This is the set of all idempotent endomorphisms
in the semiring E(L). We will denote it by ID(FE(L)). From Theorem 3.4 of [14]
follows that this set is a commutative subsemiring of the semiring F(L) and its
order is 2% = 16.

We will denote the elements of the semiring ID(E(L)) as follows :

w3 =(mmagmm), py=(mmmaysm),

i= (a1 azazasm), o1 =(armmmm), ps=(maymmm),

[14]. In the center of the semiring E(L) there is only two
elements: the identity ¢ and the absorbing element co. In the center of the semiring

P12 = (a1 Q2 M m m), P13 = (CL1 magm m), P14 = (a1 mm aq m),

a3 = (M az a3 mm), Yo = (maxmaysm), @3 = (mmazasm),

The addition and multiplication tables of the semiring I D(E(L)) coincide and
the identity ¢ is both an additively neutral and multiplicatively neutral element.

©P123 = (al a2 az m m),

©134 = (Cll m as Gy m),

Y124 = (al a2 M a4 m),

©234 = (m ag az a4 m),

oo = (mmmmm).

So, we observe the following table

+/ ) Y1 P2 Y3 P4 P12 P13 P14 P23 P24 P34 P123 Y124 P134 P234 X0
l i Y1 P2 Y3 P4 P12 P13 P14 P23 P24 P34 @123 Y124 P134 P234 O
Y1 P1 P10 0 0 Y1 Y1 P O OO X0 ®1 ¥1 ¥1 oo 0
P2 P2 OO Y2 OO OO Y2 OO OO P2 P2 OO P2 P2 o8 w2 OO
©3 p3 OO X0 Y3 0O OO @3 OO Y3 OO w3 @3 o0 ¥3 p3
©4 P OO OO OO Yqg OO OO PYqg OO P4 P4 o0 2 P4 P4 OO
P12 | P12 Y1 P2 OO OO Y2 Y1 Y1 Y2 P2 OO Y2 Y12 Y1 p2 OO
Y13 | P13 Y1 O @3 OO @Y1 Y13 Y1 Y3 OO Y3 P13 ¥1 ©13 w3 O
P14 | P14 P10 OO Y4 Y1 P1 P4 O Y4 P4 P1 P14 P14 P4 O .
P23 | P23 OO0 w2 Y3 OO Y2 Y3 OO P23 Y2 Y3 P23 P2 Y3 P23 OO
P24 | P24 OO Y2 OO Y4 Y2 OO  PYq4 Y2 P24 P4 P2 P24 P4 P24 OO
P34 | P3¢ OO OO Y3 Y4 OO  P3 P4 P33 P4 P34 P3 P4 P34 P34 OO
P123 | P123 Y1 P2 Y3 OO Y12 Y13 Y1 Y23 P2 Y3 P123 P12 P13 P23 X
P124 | P124 P1 P2 OO Y4 P12 Y1 P14 P2 P24 P4 P12 Y124 P14 P24 X
P134 | P134 P10 Y3 Y4 Y1 P13 P14 Y3 P4 P34 P13 P14 P134 P34 X
P234 | P234 OO Y2 Y3 P4 P2 Y3 P4 P23 P24 P34 P23 P24 P34 P34 O
(0. 0] oo (0.@] (0. @] (0.@] (0. @] o oo (0. @] o oo (0. @] oo o (0. 0] oo (0. @]
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All the elements of the semiring ID(E(L)) are both additively neutral and
multiplicatively neutral.It follows that it is the Viterbi semiring (see [6] for more
details about the Viterbi semirings).

5. TOWARDS A CONCRETE CRYPTOSYSTEM
The following lemma is a straightforward

Lemma 5.1 Let M and N be n X n symmetric matrices with entries in the
semiring R. If R is a commutative semiring, then M N = N M.

If R be a commutative semiring and SMat, R be the semiring of symmetric
matrices with entries in R. Then from Lemma 5.1 immediately follows

Proposition 5.2 SMat, R is a commutative semiring.
Extended Diffie-Hellman protocol is the following procedure:

1. Alice and Bob agree on a finite commutative semiring R. They choose a
positive integer n and a matrix X € Mat,(R).

2. Alice chooses matrices A1, Ay € SMat,R and computes a matrix A =
A1 X Ay, She sends A to Bob.

3. Bob chooses matrices By, By € SMat,R and computes a matrix B =
Bi X Bs. He sends B to Alice.

4. Their common secret key is then

k:ka:AlBAQZAlBlXBQAQ:BlAlXAQBQZBlABQZkb.

The corresponding BSAP that should be hard is : given matrix X of a com-
mutative semiring SMat, R and matrix Y = A; By X By As, find four matrices
Ay, By, AL, B such that Y = A} B} X Bj AS. We do not know if it is necessary for
an attacker to solve this problem,but it is sufficient.

Consider the semiring R = ID(F(L)) as defined above.Let SMat,R be the
commutative semiring of symetric matrices with entries in R.Alice chooses matrices
Aq, Ay € R and computes A = A; X Ay. Matrices Ay, Ay are chosen as private keys
by Alice in Extended Diffie-Hellman protocol 5.3.

If we consider matrix semiring SMat, R with n = 2 then Alice has 163 choices
to choose a matrix A; and the same choices for matrix As.

Assume Alice has chosen the matrices A; and As in the following particular
way

a b d e
Al_(b c) : Ag—(e f) , where a,b,c,d,e, f € R.
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The only way we know for an attacker to break this system would be to find
matrices A} and A5 such that A} X A, = A ( or,to solve similar problem in terms
of the matrix B Bob computes).

A brute force search will depend on the size of the set M = {A; X As}. If the
size of the matrices A1, Ay is n = 2, an immediate upper bound for the size of this
set is 163.16% = 2!8. It will requires further research to estimate better the size of
M and to understand how the sizes grow as we increase both the matrices involved
and the commutative semirings.

In order to describe the efficiency of the system we have to say that if Alice and
Bob agree on a matrices of size n and a commutative semiring R with cardinality
|R| = 6 ,then the public key and the data to be transmited has O(n?1g6) bits .

6. CONCLUSION

In this paper we study how the generalization of the discrete logarithm problem
results in the semigroup action problem. When the semigroup is abelian, arises a
natural Diffie-Hellman key exchange and a sufficient condition to break the key
exchange system is to solve semigroup (bi-semigroup) action problem. In section
4 we consider a special semilattice L and its endomorphism semiring F(L). The
addition and multiplication tables of the subsemiring ID(E(L)) coincide. In the
last part of the paper we concentrate on a particular bi-semiring action.Using
a commutative subsemiring of endomorphism semiring of a finite semilatice of a
special type we propose a concrete cryptosystem. It will require further research
to assess the security of such cryptostem.
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“SAIIOMHSAHE” HA ®YHKIMHU C U3ITOJI3BAHE HA MUHUMAJIEH
BPOM TOYKH U HA SUBDIVISION CXEMHA

bornan I'mnes

Pe3rome: Subdivision cxemume ca 6vp3u u npocmu aneopummu u3NOI3EAWU CAMO
onepayuume cvoupare u ymmodicenue. OCHOBHOMO NPUNONCeHUe HA Me3U CXeMu e 3d
yepmawe Ha KPUBU U NOBLPXHUHU 8 KOMNIOMbPHAMA epaduKa.

ObukxHoseno ""3anomuanemo" Ha eremMeHmapHu QYHKYUU 8 KOMRIOMbPA ce pearuzupa
ypes eveedxcoane Ha coiemu mabauyu om oannu(mouku). B maszu paboma ce npeo-
J1aza Ho8 nooxoo 3a 'zanomuane" na @ynxyuu. Bveescoam ce camo HAKOIKO MoOuKuU
(mouxume om nyneso nueo), a ocmanaiume mouku (mouume om no-6UCOKU HUBA) ce
eenepupam om pabomama na subdivision cxema. Taka eona enemenmapna QyHxyust
ce "zanomus’ upez moukume om Hy1€80 HUBO, KOUMO CA MAIKO HA OPOI.

B masu paboma ce npednaca eona Hoéa KOMOUHAYUSI HA NPUldeaHe HA cXxeMd Ha
Yatikun u na moouduyupan ancopumovm va Pemez ¢ nomowma na xosmo ce pewiasa
npeonoxceHama 3a0a4a 3a “‘3anomuane’ Ha hyHKyuu.

Ilpeonoscenu ca u uucnenu npumepu.

Knrwuoeu oymu: anpoxcumayus ¢ pasHomepHa Hopma, ancopumwvm Ha Remez,
subdivision cxemu

“MEMORIZING” OF FUNCTIONS USING MINIMUM NUMBER OF
POINTS AND SUBDIVISION SCHEMES

Bogdan Gilev

Abstract: Subdivision schemes are fast and simple algorithms using only operations
addition and multiplication. The main application of these schemes is drawing curves
and surfaces in computer graphics.

Usually the "memorizing"” of the elementary functions in computer is realized through
the introduction of large tables of data (points). In this paper new approach to "mem-
orizing" functions is proposed. Only few points are introduced (zero level points) and
other points (points from higher levels) are generated by work of the subdivision
scheme. Thus, an elementary function is "memorized" by finding the points of zero
level, which are lessin number.

In this paper is proposed new combination of Chaikin scheme and modified Remez
algorithm to solve problem of function “memorizing™.

Numerical example is also presented.
Keywords: uniform approximations, Remez algorithm, subdivision schemes
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1. Introduction

The function produced from the work of subdivision schemes is a limit function
formed by the work of some iterative algorithm [1]. Roughly this algorithm can be
described as averaging the data, i.e. values from any level-(k+1) are represented by
linear combination of values from level-k. More over values of level-k+1 are twice
more and are associated with twice denser grid than that of level-k. Points of level-k
are connected with piece-wise line and a curve from level-k is obtained. If k tends to
infinity, the curves of level-k tend to some limit curve, it is the curve obtained from
the work of subdivision schemes. To start this process zero level points must be
known. The process of averaging starts from these points. In this paper the main task
is finding these points of zero level and memorizing them. These points from zero
level are sought so that after applying the scheme, the resulting limit curve to be the
best uniform approximation of pre-selected elementary function. In the paper we work
with the well known Chaikin subdivision scheme. This scheme produces limit func-
tions, which can be represented as a linear combination of the B-splines [2]. The fact
that basic functions are splines allows: first, to argue that there is an element of best
uniform approximation, second, to determine whether it is unique [3,4], third, to claim
that it can be obtained by help of a modified Single-point Remez algorithm [5] and
fourth, directly using already known results to estimate the error of best uniform ap-
proximation of smooth functions with splines [6].

2. Subdivision schemes. Scheme of Chaikin

This paper uses the symbolism introduced in [1]. Only one-dimensional case is con-
sidered, i.e. "memorizing"” function of one variable. In this case subdivision schemes
can be described roughly in this way. By Binary Subdivision Scheme, abbreviated

BSS or just SS, we recursively define a new series of points f* ={f.* |[ieZ ke Z},
from level k >0. Formally this relation is denoted by the equality f* =S*f°. The
exact relation between points of two neighboring levels is given by

fit = D 8y, fo 1)

ael

Obviously a SS is completely set by the vector a =(a,,...,a,), where a_,...,a, are
different from zero numbers a; in (1). This is called a vector mask from SS, and the

scheme itself is denoted by S, . For convenience it is assumed that h =1. The points

('z—f fi") match the values fi". The points of the k-th level are connected by piece-

wise line, which is denoted by f*(x). When k tends to infinity, it is possible that

curves f*(x) converge uniformly to a curve f(x), which we will call a limit curve.
A scheme that produces a limit curve is called convergent. It is recorded

limf*=1imSff%=s7f%=f

k—o0 k—o0
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The exact definitions of points and uniform convergence of the SS and how to study
the limit curves for the class of smoothness are given in [1]. If for random data from

zero level {fio [1e Z}, the limit curve f*(x) generated by the scheme has a class of
smoothness C"[a,b] we call that the scheme is of this class. Depending on whether
the subscript i in (1) is even or odd Chaikin scheme is disintegrated in two relations
fhel _3 gk L 1 gk
2i 4 i 4 i+l
k+1 (2)
f

_ 1%k 3 ¢k
s =7 fi +3fia

If the vector a is a constant then the scheme is called stationary. The basic function
@, (x) of a stationary scheme is obtained if the scheme started by points of zero-level

{ti=siliez},
for 1#0

. |0
where &, :{1 for 120 is the symbol of Kroniker. For these initial data basis

function of Chaikin algorithm is a B-spline with support [-2,1] [2], i.e.
0 for x<-2

(x+2)%/2 for —2<x<-1

2o(\) =13 (2x+1)?)/4 for -1<x<0  (3)
(x—2)*/2 for 0<x<1

0 for x>1

Other basic functions are
o (X) =@y (x—1) for igZ.(4)

3. Examples of ""memorizing'* of some elementary functions
using the scheme of Chaikin

"Memorizing" of a function is finding an element of best uniform approximation of a
function f (x), by applying modified algorithm of Remez. For this purpose it must be

shown that an element of best uniform approximation exists. It should also be shown
that the algorithm of Remez is converging to an element of best uniform ap-
proximation. From the theorem 1.3 [5] follows that in considered by this item exam-
ples the element of best uniform approximations exists and it is unique. Moreover if
modified Remez algorithm proposed by Nurnberg in [5] is used this element of the
best uniform approximation can be found.

The proposed by Nurnberg modified single-point algorithm of Remez solves two
main problems arising from the application of this algorithm for splines. First, the al-
gorithm avoids the cases in which at some step the main determinant of system (6) is
equal to zero. Second, the modified algorithm provides convergence of the sequence

of elements p, (x) to the element of best uniform approximation p~ (x).
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Roughly this modification consists of the fact that one of the values of the points x;
which runs k -th iteration is replaced with a value of x in which the error 7, (x) has
local minimum, but only if this value is not "very close™ to some node of the splines.

In the examples from this section it is used multi-point Remez algorithm, i.e. on each
step not just one all values x; are changed. This approach is preferred because multi-

point Ramez algorithm is faster convergent a the single-point algorithm. In the exam-
ple system (6) has always nonzero main determinant and the condition for output
from the algorithm is always satisfied. The latter delivers convergence of the algo-
rithm to an element of best uniform approximation. If for other similar examples
some of the above conditions is not fullfilled then the modified Remez algorithm pro-
posed by Nurnberg in [5] has to be used.

As a result of applying the algorithm of Remez the coefficients of generalized poly-
nomial of best uniform approximation are found

P (x) = Zzlaicoi x), )

where for the basis function ¢; (x) (3) and (4) are fulfilled. Because of linearity of the
scheme of Chaikin the data from zero-level f° from which Chaikin algorithm must
be started to obtain the element of best uniform approximation are the coefficients a;
of (5), i.e. {fio =q;|ie Z}. These coefficients must be found and memorized and the
function f(x) is "memorized".

Example 1. To "memorize" function f(x)=sin(x) in the interval [0%] Basic
functions have a limited support therefore the functions involved in approximation of
f(x) in [0%] are only 4. So approximation polynomial corresponding to (5), in this
case looks like

P(X) =2y (X) + 2,00 (X —1) + @, 04 (X — 2) + 8305 (X — 3)

The algorithm of Remez is applied. In short it is the following. Starting points
{x, |i=0,1,2,3,4} are chosen and the system is solved

p(x) +(=D'h=1(x) (6)
The values of the coefficients {a; |i =0,1,2,3,4} and the value of h are obtained. The-
se coefficients are substituted in p(x) and the points x; where the error
n(x) = f(x) - p(x)
has minimum are found. These are the starting points x; from which starts second it-
eration of the algorithm. Iterations stop when difference

h— max
xe[0,7 /2] | 1 |

becomes sufficiently small. Numerical experiments
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First Xo =0 X, =04 X, =0.8 X3 =1.2 Xy =712

lteration | 3 =-0.5547 | a, =0.5449 | a, =1.1373 | a, =0.5993 | h=0.0049

max |7 |=0.0067

xe[0,7 /2]

Second Xo =0 X, =0.2653 | x, =0.8123 | X, =1.2205 | x, = /2

lteration | 3 =-0.5538 | a, =0.5427 | a, =1.1397 | a, =0.5858 | h=0.0056

max |7 |=0.0056

xe[0,7 /2]

Two iteration proved sufficient, because for accuracy to the fourth decimal place we
have h—max, ./, [7]. Similarly, if you start Chaikin scheme for initial data ob-

tained from last (second) iteration (i.e. {fio =a, |i:0,1,2,3}) and all other {fio} are
zeros, the "memorized"” function is obtained. Numerical experiments show that in the
range [0, z /2] error in "memorizing" of sin(x) with polynomials of third degree (i.e.
polynomial with four coefficients) is 0.0013. The error of "memorizing" of sin(x)
with Chaikin subdivision scheme and four starting points is 0.0056. Obviously it is
better, but the advantage of the proposed method is in its extreme simplicity. It uses
only two mathematical operations addition and multiplication, moreover-
multiplications are only by 1/4 and 3/4.

oo —

o8|

[ e
s |
oal

02

Figl |
Example 2. "Memorizing" function f(x) =e” inthe interval [-11].
The generalized polynomial used to approximate f(x) in this case is
P(X) = o0 (X) + 8199 (X —1) + 8,095 (X = 2) + 8390 (X — 3)
The remaining procedure is the same as in Example 1. The numerical results are

First Xg=-1 X, =—0.5 X, =0 X3 =0.5 X, =1

Iteration | 5, =0.1863 | a, =0.5413 | a, =1.4505 | a, =3.9779 | h =0.00407
xz?ﬁl,xl] |77]=0.016

Second X =—1 X, =—0.2889 | x, =0.1724 | x; =0.7614 | x, =1

lteration | 5, =0.1649 | a, =0.5489 | a, =1.4475 | a, =3.9672 | h=0.011
XQE]XH |77]=0.011

If we start Chaikin scheme for initial data obtained from last (second) iteration (i.e.
{fio = a, |i:0,1,2,3} and all other f° are zeros, the "memorized" function is ob-
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tained. Numerical experiments show that in the range [-1,1] error "memorizing" of e”
with polynomials of third degree (i.e. polynomial with four coefficients) is 0.0055.

The error of "memorizing” of e* with Chaikin subdivision scheme and four starting
points is 0.011. Again the approximation is worse, and again the advantage is con-
nected with simplicity of the proposed method in this work..

25|
20}

15}

Built-in computer functions are sin(x), e*, etc. In contrast to these functions, the

function | x| is not a standard built in, but it is difficult to polynomial approximation.
Example 3. "Memorizing" of function f (x)=| x| in the interval [-1,1].

The generalized approximation polynomial p(x) is the same as in Example 2, thus

the remaining procedure is the same. The numerical results are

First Xg=-1 X, =—0.5 X, =0 X3 =0.5 X, =1
lteration | 3 =2125 |a,=0.125 |a,=0125 |a,=2125 |h=0.125
Xrggglﬁl |7]=0.125

Similarly, if we start Chaikin’s scheme for initial data obtained from last (first) itera-
tion (i.e. {fio =a; |I= 0,1,2,3} and all other f.° are zeros, the "memorized" function is
obtained. Numerical experiments show that in the range [-1,1] the "memorizing" error
of | x| with polynomials of third degree (i.e. polynomial with four coefficients) is
0.125. The error of "memorizing" of | x| with Chaikin subdivision scheme and four
starting points is 0.125. In this case, the both approximations are exactly the same.

1 L L L L 1 L L L L L L L L 1 L L L L 1
-10 -05 05 10




4. Order of approximation

Because the basis functions of the Chaikin scheme are splines, we directly use given
in [6] estimation for the best uniform approximation of smooth functions with splines.
This assessment states that the difference between f(x) and its best uniform approx-

imation p”(x) with splines is

j -
R e ) WL IR

where h is the maximum distance between nodes, and j is random integer in the
range 1< j<min{k +1,1). In the last inequality k is the degree of splines, and | is

the largest number for which " is continuous. Because the Chaikin scheme has

k =2 the functions f(x)eC? get maximum value for j=3. In this case, the nodes

are equidistant and at the beginning are h =1 selected. This makes no problems when
somebody wants to improve accuracy. If the received accuracy is not enough, it ini-

tially makes a shrinkage in abscissa axis, for example by division of the 2™. The best
uniform approximation of f is found, then the original scale of this axis is recovered

by multiplying it by 2™. Obviously in this upscaling the uniform distance between f

and its approximation is not increased. Estimation (7) is rough [6], because it is de-
rived using the following procedure. A uniform approximation of f(x) by splines of

degree k is obtained and for this approximation is derived an inequality. This ine-
quality is summarized by induction and inequality (7) is obtained. Consequently, ine-
quality (7) is effective also for the best uniform approximation of f with splain of

degree k. This does not exclude the possibility that the best uniform approximation of
f is better than that obtained in (7).

5. Conclusion
The proposed method of "memorizing"” of elementary functions uses only a few points
(from zero level) and the remaining points (from a higher level) are generated by the
Chaikin scheme. This scheme uses only operations addition and multiplication by 1/4
and 3/4. Therefore, this scheme is very simple for computer implementation. Howev-
er, the method gives satisfactory accuracy.
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N3CJIIEABAHE HA YCTAHOBEHUTE PEKXUMMU B PASIIPEJAEJIMTEJIHA
MPEXA CPEJHO HAITPEKEHUE C IPUCBEIUHEHU BATHBPHU
I'EHEPATOPH

Scen Topopos, Mapuun UBanos, [essn Angonos, lumo Crousios, Pag Cranes

Pe3rome: Cmamuama npedcmags pe3yimamu om uscieds8ane Ha XapaxKmepHu 2pa-
HUYHU YCMAHOBEHU DEXCUMU 8 PA3NPEeOeIUmeHama Mpexca CpeoHo Hanpexiceuue -
enekmponposoo ,,lllunkoo™ u npucveounenume KvM He20 084 BGAMBPHU 2eHepa-
mopa. Llenma e 0a ce Hanpasu ananuz 3a npenopvuBaHe Ha MepKu 3d HAMAA8AHe HA
€BeHMYAIHU He2aMmUBHU NOCIeOCMBUsL 3a Nompedbumenume om pabomama Ha 6Mvp-
HUme eleKmpo2eHepamopu u 0a ce npeyeHu HeodXo00UMoCmma om UHCMAIUpane Ha
Komnencupawu ycmpoticmea. Upes oyenenume 3a2you Ha akmueéHa MOWHOCH U NPU
€BEHMYANIHA OYEHKA HA NPOOBIANCUMETHOCMMA HA PAOOMA 6 PA3IUYHUME PedCUMU
Modice 0a ce npeyeHu UKOHOMUYECKAmAa Yenecb00pasHOCm HA PA3IuUdHA CMeneH Hd
KOMNneHcayus Ha nompeobsisanama om eewepamopume peaxmuera mowpocm. Ilpeo-
NIa2aHusAm noo0Xo0 3a AHAIU3 € YHUBEPCAIHO NPUNOIHCUM 3a MO3U MUN MPEHCU.
Kntouoeu oymu: pasnpedenumenna mpedtca ¢ npucbeOUHeHU 8amvpHU 2eHepamopu,
VCMAHOBEHU PedcUMU, KOMNEHCayUus Ha peakmusHume MOuwHOCMuU

STUDY OF STEADY STATE OPERATION MODES OF A POWER
DISTRIBUTION NETWORK INCORPORATING WIND GENERATORS

lasen Todorov, Marin lvanov, Dejan Andonov, Dimo Stoilov, Rad Stanev

Abstract: The article presents results of a study on the characteristic steady state
modes of a power distribution network, incorporating the 20 kV line ““Shipkovo™ with
two wind generators, supplying residential consumers. An analysis is performed with
the aim of giving recommendations for avoiding the eventual negative consequences
of the wind generators’ operation, and estimation of the necessity for compensation
sources installation. The determined active power losses could serve in an assessment
of the economic expedience of different indexes of the reactive power compensation at
the terminals of the wind generators. The proposed analysis approach is universally
applicable for this type of networks.

Keywords: distribution network with connected wind generators, steady state modes,
reactive power compensation

1. YBoa

Karo enexTpornpon3BoICTBEHA TEXHOJIOTHS BATHPHUTE TEHEPATOPH MPEThPIIsiXa U3K-
JFOYUTEITHO Pa3BUTHE 32 MOCIEAHNUTE JBAICCET TOAUHU. Te HaBIM3aT BCE MO-IIUPOKO
B enekrpoeHepruiiaute cuctemu (EEC) HaBcskbae mo cera [1]. IIpaBurencTeeHara
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IE€HEPaTOPH, IPUCHEAUHABAHN KbM Pa3NPEIEIUTEIHUTE MPEKU CPEAHO U HUCKO Hall-
pexxenue. To3u (akT Hanara na ObAAT U3CIIEABAHU Bb3ACHCTBUATA, KOUTO T€ OKa3BaT
Bbpxy EEC.

IlenTa Ha HacTOAIATA CTATUA € A CE IMIPEMIIOKH IOAXOM 3a aHAIU3 HA YCTAHOBCHUTE
PEXUMH B Pa3NpPENEIUTEIHA MPEXH C TPUCHEANHEHHN BATHPHU I'€HEPATOPH, KATO TOU
Ce MIIIOCTpUpPA Ype3 KOHKPETHA PasIpeieuTenHa Mpexa. AHaIU3bT LElU 1a ce IIpe-
nopbyaT MEPKU 3a HaMaJlsIBaHE Ha €BEHTYaJIHU HEraTUBHU MOCIEACTBUS 33 NOTPEOU-
TEJIUTE OT paboTaTa Ha BATbPHUTE €JIEKTPOTr€HEPATOPH, KaKTO U Ja C€ MPELEHU HE0O-
XOMMOCTTa (BIOCJIEACTBUE M MKOHOMHUYECKAaTa I11eJeChOOPa3HOCT) OT MHCTAIUpPAHE
Ha KOMIICHCHpAIlH YCTPOUCTBA.

2. OnucaHue HA pa3npeaeuTeTHATA MpPeXKa

Enexrponposox ,,I1lunkoBo” e npucheArMHEeH KbM HoacTaHIus ,, Tposu 1”7 110/20kV
U € M3rpajJieH KaTo MarucTpajiHa OTBOPEHA Mpexka 0e3 pe3epBupaHe ¢ 00Ia IbHKIUHA
37,880 km (¢ur. 1). CHaOnsBa ¢ eneKTpUYecKa eHeprusl 4acT oT rpax TposH, Maxana
I'vOapcko u cenara banabancko, I'opno Tpame, Tep3uiicko u lIunkoso. OT Hero ca
3axpaHenu 33 tpancdopmaropHu mocra ¢ ob6mo 6769 KVA uncranupana tpancdop-
MatopHa MolTHOCT U 2489 noTpebutenu Ha enekTpuuecka eHeprus. [Ipe3 mecen cen-
temBpu 2008 roauHa B Kpas Ha €JIEKTPONPOBOJA Ca NPUCHEIUHEHU JBA BATHPHU Ie-
HEpaTopa C MOCTOSTHHA CKOPOCT Ha BBPTEHE, M3MOI3BAIU ACHHXPOHEH T'€HEPaTop C
Kade3eH poTop, ¢ HOMUHAJIHA MOITHOCT Ha Bceku eaud 1,3 MW. B mscroro Ha mipu-
ChEeIMHSIBAaHE € MOCTPOCHA HOBAa TpaHCPOpPMATOPHA CTAHIIUS, KOATO MOBHUIIIABA HAIl-
pekeHneTo Ha enekTpoeHeprusta oT 690V (HomuHaaHOTO reHepaTopHo) Ha 20KV, 3a
M3HACSHE KbM E€JIEKTPOpasNpeeuTesIHaTa Mpexa.

JlaHHUTE 32 NBIHKMHUTE HA yYaCTHIMTE Ha E€JIEKTPONPOBOJA, M3IMOJI3BAHUTE CTHII-
0oBe, BUJ]a M CEYCHUATA HA U3IMOI3BAHUTE MTPOBOIHUIIN, TOBAPUTE U TCHEPAIIMHUTE OT
BAThpHaTa ejekTporuentpaia (BsEL]) 3a pasnuuHuTe XapakTepHU PEXHMMHU ca Tpe-
nocrasenu ot UE3 Enexrpopasnpenenenne CTOIMYHO.

3. OnucaHue HA MPOBEIEHOTO U3CJIeBaAHE

3a HenuTe Ha MPOBEAEHOTO M3CIEABAHE € M3II0I3BaH NPOrpaMeH MPOAYKT 3a U34YHUC-
neHne Ha yctaHoBeHM pexxumu B EEC. [Ipu MmoxenupaneTo Ha pasriexaaHaTa Mpexka
OTJIEJIHUTE Y4acThLIM Ha €IEKTPOIpoBoy ,,llInnkoBo ca npexncraBenu ¢ onpocrenu 11-
0o0pa3HM 3aMeCTBaIlHM CXeMa ChC ChCPEAOTOUYCHH mapameTpH [2, 3], CbOTBETHO 3a Ka-
OeJTHU eJICKTPOIPOBOAHM JIMHUK 0e3 akThBHA poBoAMMOCT (¢pur.3.1) u 3a BpAYIIHA
CJICKTPONIPOBOIHU JIMHUU — 0€3 aKTHBHA M KamalMTHBHA mpoBoaumoct (¢wur.3.2).
IIpu paznuuHUTE pEKUMH Ha HATOBAPBAHE Ca MPOMEHAHU reHepauuure or BAEL[ u
TOBAPUTE BBB BB3JIUTE Ha €JIEKTpUYECKaTa Mpeka. M3unciienu ca u ca BbBEICHHU I1a-
paMETpUTE Ha OTACIIHUTE YYaCTbLUU OT €JIEKTPONPOBOJA, KAKTO U TOBAPUTE BHB Bb3-
nute. V3BBpIICHUTE U3YHCIICHUS] OTHOCHO MOTOKOpasnpeeneHuero [2] ca Hampase-
HU 32 CIICHUTE XapaKTepHU IPAHUYHH PSKUMU [1]: meT pexuma Ha MaKCHMAaJIeH
TOBAP - CHOTBETHO MpH U3KIt0UEHA OT MpexkaTa BsELl, mpu pabGotemia Ha mpa3eH xox
BsELl, npu makcumanHo nmpousBoAacTBo Ha BsAELl, npu MakcuMalHO MpPOW3BOICTBO
Ha BsEIl u uHCTaNIMpaHu KOMIIEHCUpAIIH YCTPOHCTBa (M3IUI0 KOMIICHCHPAIIHU TTOT-
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pebnenuero Ha peakTuBHAa MOITHOCT OT BsEILl, T.e. 63 KoHCymMalnus Ha peakTHBHA
MOIITHOCT OT BATHPHUTE TeHepaTopu), npu BsEL| paboTema Ha mpa3eH X0 U WHCTa-
JMpaHu KOMIIEHCUPAIIX YCTPOMCTBA, KAKTO U IIPU ChIIHUA OpOil pe:KUMH HA MMHU-
MaJieH TOBAap ChOTBETHO 32 aHAJIOTMYHM YCJIOBUS 110 OTHOUIEHUE paboTtaTta Ha BAELL.
Hanpexenuero Ha muan 20 KV Ha 3axpaHBamara moacTaHIMs PU PEKUMUTE C MH-
HUMAJIEH TOBAp € MpUeTOo Aa ObAe NOIIbPKAHO PABHO HA HOMUHAJTHOTO HAIPEXEHUE,
a 3a peXXUMUTE C MaKCHMaJieH ToBap - paBHO Ha 1,05 mo oTHOIIEHHE HA HOMHHAIHO-
TO.

[}

R X
o —3 o

1B B
2 2

®wur.3.1 Onpocrena [1-o6pa3Ha 3aMecTBalla cxema cbC ChbCpeOTOUYECH
napameTpu, U3MOoJI3BaHa NMpU KaOETHUTE eJEKTPOIPOBOIHU JTUHUU

R X
s :

®ur.3.2 Onpocrena [1-o6pa3Ha 3amecTBaia cxema ChbC ChbCPeIOTOUCHH
napaMeTpH, U3MOI3BaHa MPY BB3AYIIHU €JIEKTONPOBOAHH JTUHUH

4, Pe3yJITaTI/I OT H3cjIcaABaHusATa

Ha cneaBammre yetupu Gurypu B rpadMdeH BHI ca MOKAa3aHH WU3MEHEHHUETO Ha MO-
nyna Ha HamnpexxeHnero U mo npDKMHATa Ha Marmcrpaiara Ha eJeKTPONpOBOJA OT
MOJICTAHITUATA JI0 TOCIeaHUs BAThPeH reneparop (¢ur.4.1 u ¢ur.4.2) u u3BMEeHEHHUETO
Ha (a3ata Ha HanpexeHueto 0 (pur.4.3 u ¢ur.4.4) 3a u3cieABAaHUTE XapaKTEPHU pe-
KUMH, ChOTBETHO NP MUHUMAJICH U MAaKCUMAJICH TOBap.

B Ta6m.4.1 e moka3zaH OaJlaHCHT HAa aKTUBHUTE MOIIHOCTH 32 BCEKU CIHH PEKHUM.

[TpencraBeHUTE TYyK pe3y/ITaTH ca M3MOJI3BaHU KATO OCHOBA 3a M3CJICBAHUATA JIaJIc-
Hu B [4].
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Ta6n.4.1 banaHc Ha aKTUBHUTE MOLIHOCTH 32 U3CJIEABAHUTE PEKUMHU

Tomap, | IlpomsBoacteo ot BsEI', | 3axpanBane I1C,

Ne Pexum KW KW KW 3ary6u, KW
1 | MakcumasieH ToBap, uskiaroueHu BaEl" 2300 - 2368,37 68,37
2 | Makcumanes ToBap, np.xon Ha BaED 2300 0 2378,03 78,03
3 MaxkcumaiieH ToBap, MAaKCHMAJTHO TPO- 2300 1320 1030,58 50,58
n3BOACTBO OT BAEI"
Maxcumarnen ToBap, np. xox Ha BaEl'
4 | Ge3 KOHCyMallUs Ha PEAKTUBHA MOIII- 2300 0 2367,71 67,71

HOCT

MaxkcuMasneH ToBap, MaKCUMAaJTHO TIPo-
5 | mBoxacteo ot BsaET 6e3 koHcymanus 2300 1320 1006,72 26,72
Ha pPCaKTHBHA MOITHOCT

6 | MunumaieH ToBap, uskiroueH BsEl 730 - 737,58 7,58
7 | MununmaneH ToBap, p.xoxa Ha BaEl' 730 0 742,67 12,67
8 MunnMaseH ToBap, MaKCUMAITHO TIPO- 730 1320 545,75 44,25

U3BOACTBO OT BAEI"

Munumarnen ToBap, mnp.xox Ha BaED
9 | 6e3 KOHCyManus Ha PeaKTHBHA MOIII- 730 0 737,40 7,40
HOCT

MuHHMAJICH TOBAp, MAKCUMAITHO MPO-
10 | m3BoxctBoO oT BSEI" 6e3 koHCYyManus 730 1320 -561,65 28,35
Ha PeaKTHBHA MOIIHOCT

5. AHAJIN3 ¥ H3BOIU

[IpoBeneHOTO M3CiIeABaHE MOKA3Ba, Y€ XapaKTEpPHUTE IPAaHUYHU PEKUMH Ha paboTa
Ha reHeparopure oT BsELl ca monyctumu, T.e. HE ce MOJIy4aBaT HEAOIYCTUMH OTK-
JIOHEHHSI HAa HAIIPEKEHHUETO BB BB3JIUTE HA PA3TIICKAaHATA MPEXKA U MPETOBAPBAHUS
Ha OTJACJIHUTE Y4YacThIM Ha €JEKTpornpoBoja. Hali-ronsiMo u3MeHEHME Ha Hai-
PEKEHHUE IO ABJDKMHATA Ha €JIEKTPOINPOBOJIA CE MOIYyUYaBa MPU MAKCUMAJICH TOBAp U
pexuM Ha npaszeH xoa Ha BsFElLl, a Hali-Manko — mpu MUHHMMAaJIEH TOBap U U3KJIIOYEHA
BsELl. Haii-ronsmMo n3meHenue Ha (pa3zaTta Ha HAIIPEKEHUETO M0 ThHKMHATA HA €JICK-
TPONPOBOJIA CE€ MOJy4YyaBa NPU MUHUMAJIEH TOBAp U MAKCHUMAJIHO MPOU3BOJICTBO OT
BsElLl, a naii-manko — npu MUHUMAJIEH TOBAap M PEKHUM Ha mpaseH xoJ Ha BsaELlL
Haii-Bucoku 3ary0u Ha akTHBHA MOITHOCT C€ IMMOJy4yaBaT MPU MaKCHUMAaJIeH TOBap Ha
€JIEKTPONpOBOAa U pexxkuM Ha mpaseH xon Ha BaELl. Ilpu taka uscnensanute rpa-
HUYHU PEXKUMH, a CIEAOBATEIHO U IIPU MEXKIVUHHU HOPMAJIHU YCTAHOBECHHU PEXKUMH,
HE CBIIECTBYBA HYXKJA OT M3MOJI3BAHE HA JONBJIHUTEIIHU KOMIIEHCHUPAIIH YCTPOWC-
TBa. PasriexxaaHeTro Ha peXKMMH ¢ KoMmIeHcanus Ha notpebssanHata ot BsEILL peak-
THBHA MOITHOCT IIEJM €IMHCTBEHO OMpEesTHe Ha HAMAJICHHETO Ha 3aryOuTe Ha ak-
THBHA MOIIHOCT. Upe3 ompeneneHoTO HaMalleHUE Ha 3aryOuTe W TMpPU €BEHTyalHa
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OIICHKAa Ha MPOJBDKUTEITHOCTTa Ha paboTa B Pa3IMUHUTE PEKUMHU MOXKE Jla ce Tpe-
LIEH! MKOHOMHYECKATa ILIeJIEChOOPa3HOCT Ha pa3jiMyHa CTENEH Ha KOMIIEHcalus Ha
noTpeOsiBaHaTa OT FEHEPATOPUTE PEAKTUBHA MOIITHOCT.

Tbil KaTo pe3ynaTaTuTe MOKa3BaT, uye 3arydara Ha MOIIHOCT U HAMPEKEHUE MPU U3K-
moueHna BsElL] ca no-manku B cpaBHenue ¢ Te3u npu BsaELl padotenia Ha npaseH xo/,
B 3aBUCUMOCT OT M3IIBJIHECHUETO U Ha APYTH €KCIUIOATAIMOHHM YCIIOBUS MOXE Jia Ce
Mpenopbya Npu CKOPOCT Ha BATHPA MO-MajJKa OT MUHHMAaJIHATa CKOPOCT Ha BKJIIOY-
BaHE Ha BATbpHUTE reHepropu BAELl na ce u3kirousa ot Mpexara.

NnrocTpupaHusaT BbpXy KOHKpPETHATa MPEKa MOAXOJ € YHUBEPCAIHO MPUIOKUM IIPU
W3CJIEIBaHUS HAa YCTAHOBEHU PEKHUMH Ha PA3NPEACIUTEIIHN MPEXKH C MPUCHEIUHEHU
BATBbPHU F€HEPATOPH.
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EJIEKTPOIIEIIIHU TPAHC®OPMATOPH - OCOBEHOCTH
Yacr 1

Kupua CroiikoB, Ctedan Craiikos, Kanunka Toxoposa

Pe3tome. B nvpsama uacm om pabomama ce o06CvucOam HAKOU 0COOEHOCMU HA
mpaucgopmamopume u  MpaHchopmamopHume azpecamu 3a eleKmpulecKy newju.
Dopmyarupanu ca 0OCHOBHUME UUCKBAHUS KbM eleKmponewjHu mpancgopmamopu u
mpancgopmamopnu acpecamu. llocouenu ca ocnoenume pasziuuusi HaA MO3U MUn
mpancgopmamopu u azpecamu  0m HOPMAIHUMeE CULOBU MPAHCHOPMAMOPU.

Kniwouoseu oymu:. mpancgopmamopu 3a enekmpuuecku newu, munoea MOWHOCM,
0b100YUHA HA pe2YTUPaHe HA HANPENCeHUEemO.

FURNACE TRANSFORMERS - CHARACTERISTICS
Part 1

Kiril Stoykov, Stefan Staykov, Kalinka Todorova

Abstract: In the part 1 in this paper, some features of the transformers and trans-
former aggregations for electrical furnaces, are discussed. The main requirements
concerning to the furnace transformers and transformer aggregations, are defined.
The basic differences between this transformers and ordinary power transformers are
considered.

Keywords: furnace transformers; typical power, deepness of voltage control.

1. BnBeaenue

He3aBucuMo 0T MKOHOMHYECKHUS craj, Iponu3BOJACTBOTO Ha CTOMaHaA B CIICKTPOABIO-
BH IICIIH B CBCTA HCIIPECKBCHATO PaACTC. HapaCTBaHeTO Ha CIICKTPOIIPOU3BOACTBOTO Ha
CTOMaHa CC IbJIKKU Ha BHAYUTCIIHUTC KOJIMYCCTBA OTIIAABYHO KCIIA30 OT MCTAJTypIruy-
HUTC 3aBOAUH, CTAPO KCJIA30 U OTHHAABLU OT oura n pas3iIndIHr OTpaCIi Ha IMIPOMHUIIIIC-
HOCTTA.

[TpenuMmcTBaTa Ha TOBA IPOU3BOJICTBO Ca CBBP3aHHU C. e(peKTHUBHATA pabOTa Ha €JIEKT-
POJIBIOBUTE CTOMAHOIOOMBHU MELIU; MaJIKaTa 3aeMaHa IUIoOL] OT LENHs arperat; Bb3-
MO’KHOCTTa 3a aBTOMaTU3MpaHE Ha IPOU3BOACTBOTO; YUCTOTATa Ha PaOOTHUTE MECTA;
BB3MOKHOCTTA 32 OBbP30 pEryMpaHe Ha EHEPrusiTa, He00X0AUMa 3a JaJeH LUKBI.

Ha ¢ur.1 e nokazana npuHIMIIHA cXeMa Ha TpudasHa eJeKTponeniHa ypeada 3a npo-
U3BOJICTBO Ha CTOMAaHa.
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@ur.1. [IpuHIHMIHA eIeKTpUUYecKa cXxemMa Ha eJISKTpOoIelHa ypeaoa

Ts ce cheTou ot: 1 - 3axpaHBaia, KOMyTallMOHHA M W3MEpBaTelIHA amaparypa; 2 -
eJIEKTPOTICIIIEH TpaHC(HOPMATOp WM eNEKTPOIEHIeH TpaHc(hopMaTopeH arperar; 3 -
KbCa Mpeka, CheAMHSBAIA TpaHCPopMaTOopa C EIEKTPOANTE Ha MEUITa; 4 - eNeKTPH-
YyecKa Iell, BaHa U eJIEKTPO/IH.

EnexTpornentausaT TpancopmaTop € Hali-OTTOBOPHOTO ChOPAKECHUE MPHU €JTHA CIICKT-
pudecka meni. Toi ce oTiMyaBa OT OOMKHOBEHUTE (HOPMAaJIHHUTE) CHIIOBH TpaHCQOp-
MaTOPH.

3anadata Ha enexrponemHus Tpancopmarop (EIIT), pecieKTHBHO €ICKTPOTICITHHS
tpanchopmatopen arperat (EIITA), ce cheTou B peoOpasyBaHeTo Ha TprdasHa Cuc-
TeMa HalpeKeHHE Ha eJIEKTpUYecKaTa Mpeka B MOAXOJsINa 3axpaHBamia TpudazHa
CUCTEMa Ha CbOTBETHA €JIEKTpUYECKa Mell.

B pabortara ce pasriexzaar BbIPOCH, CBBP3aHU CaMO C €JIEKTPOIIECLUIHUTE TpaHCchOop-
MaTOpU U €JCKTPOMCIIHUTE TPAHC(HOPMATOPHH arperatd (B MO HATATHUIHUTE Pasr-
JeKJaHUS 1€ Ce M3I0JI3Ba caMO TEPMHUHA E€JIEKTPONEIHN TpaHCHOPMATOPH, HO LIE
ce MoApa30oupaT U eNEeKTPOIIEHIHN TpaHchopMaTopHH arperatu). Kato npasuio Te ca
Tpudaznu. Pazdbupa ce, mpu MOIIHM U CBPBXMOIIHU €JIEKTPOIBIOBA CTOMAaHOAO00MB-
HU TELIU C€ U3M0JI3Ba Ipyna OT TpU eIHO(pa3HU TPAHCPOPMATOPH, KOUTO IMO3BOJIABAT
MoJly4aBaHE Ha MO-TOJIIM KOE(PUIIMEHT Ha MOILIHOCTTA 3a CMETKa Ha MO-pallOHaIHa
KOHCTPYKIMSI Ha Kbcarta Bepura. OCBEH TOBa, TakaBa rpylna JaBa Bb3MOXXHOCT IpPH
HEO0OXOJAMMOCT Ja c€ PEeryjupa HalpexKEeHUEeTo 3a BesiKa a3a MooTaETHO.

Hamara crpana umMa cpaBHUTEIHO TOJISIM OMUT B MPOU3BOJICTBOTO HA E€JIEKTPOIECIIHU
TpaHchopmaropu. B kpas Ha MuHanmus Bek Oerle yCBOEHO MPOU3BOJCTBOTO HA MOIII-
HU €JICKTPOIICIIHU TPAHC(HOPMATOPHH arperary.

B Tabmn.l ca majacHW HIKOW €JIEKTPONCIIHM TpaHC(OPMATOPH, MPOU3BEICHU B bbi-
rapus cien 1970r.
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Tabn.1l

1 2 3 4 5 6 7
No | Mommocr Sarzﬁcn Ha ::2;)61; U, Uy Hanpexenue
[MVA] [KVA] [KVA] [xV] [V] Ha K.c.[%0]
1,6 C 63
L akrop 27162 6690 6,3 1;3 24,42
1cr. 21076 100 15,98
, | 20 ¢ | 9cr. 17844 3600 20 N 9,83
peakTop 15c¢1.27496 5607 2é5 31,98
19¢1.23192 29,75
,0 1c1.20435 100 13,08
3 : 9cT.22087 5400 10 N 9,08
¢ PEAKIOP | 19¢1.26054 225 30,35
1ct.16409 16,62
20 .| 9cr18703 85 9,42
4 | © 11c1.18428 4122 20 + 25,65
PEaKTop 15¢1.20453 220 26,59
19¢1.23334 29,40
L8 1cT.87313 114 25,71
5 ’ 11cr.64332 + 36,04
CPeAKTOp | 5o G1504 | 420 20 257 28.65
1ct1.46503 o 15,96
5,0 9¢1.51816 9,01
| ¢ peaxkTop 11ct.52024 7891 20 250 25,16
19¢1.64995 29,03
7 7.0 3c1.108900 | 12480 63 122307 ég ggg
1c1.57665 84 19,5
8 8,0 15¢1.61316 + 8,76
19cr.44787 | L7139 20 260 7.48
1ct.83107 14,49
9cT.77240 191 10,93
9 12,0 11c1.82412 | 13342 35 , 8,34
18¢1.87598 260 6,53
19¢1.83109 6,07
1cr.81181 121 14,72
10 12,5 18¢1.87540 | 13594 35 H 6,62
19¢1.83104 260 6,17
n 50.0 Ler.277301 | 000 - 12_38 24,72
’ 27¢1.265140 590 5,48
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2. Oco0eHOCTH HA eJIeKTPoNenHuTe TpaHchopMaTopu

EIIT B cpaBHeHHE CbC CHJIOBUTE TPAHCPOPMATOPH C OOMIIO MpeAHA3HAYEHUE UMAaT
penunia ocobenoctu. [Ipean Bcuuko Te ca CBbp3aHH C MapaMeTPUTE U PEKUMUTE Ha
pabota Ha enekrpuyeckata memnr (EIT). Te3n ocobeHOCTH 0OXBAIaT MOYTH BCHYUKH
eneMeHTy Ha EIIT - MarHuTHaA cucrema, HaMOTKH, U3BOAM, IIPEBKIIFOYBAIIN YCTPOUC-
tBa U 1ip. OcBeH ToBa, EIIT TpsiOBa ga yaoBieTBOpsABAT U3UCKBAHUATA HA TEXHOJIO-
IMYHUA TIPOLIEC U Ja UMAT BUCOKA HAJEXKHOCT, ThbH KAaTO BCSKa IOBpPEJa HA TPaHC-
(dopmaTopa Bou 10 cipaHeTo Ha paborta Ha Ell, T.e. 10 HeonpaBaaHu pa3Xxou.
HenpexbcHAaTOTO pa3BUTHE U YCBBBPLICHCTBYBAaHE HA CIIEKTPOTEPMUATA BOIU 110
Pa3BUTHUETO U HA HAIIPABIICHUE €JIECKTPOTEXHOJIOTMH, B YACTHOCT €JIEKTPOIEHIOCTPO-
eHe. MiMeHnHo, TOBa Hajlara NMPOEKTUPAHE U MPOU3BOACTBO HA PA3JIMYHHU HE CaMoO IIO
yuciieHu ctonHocTH ElIT, HO M M0 KOHCTPYKTUBHU U3IIbJIHEHHUS.

2.1. HomunasHa momHocT. ToBa moHsTHE HE MOXe Aa ce nmpuioxku KeM EIIT,
T.K. T€ HAMAT OCHOBHO PETyJallMOHHO OTKJIOHEHHE. ETO 3amo Ha BCIKO perynanu-
OHHO OTKJIOHEHHUE ChOTBETCTBA HOMUHAIHA MOIIHOCT.
Homunannara momnoct Ha EIIT ce ompenens or XapakTEpUCTUKUTE Ha 3axpaHBa-
HaTa OT HEro enexkrpuyecka neml. TpaHcpopmaTopure TpsiOBa Ja U3ABPKAT MPETO-
BapBane ot 20% B npoabkenue Ha 1,5 - 2 yaca. Kato ce oruere cToiHOCTTA Ha Ka-
yecTBeHUs1 (pakrop (COS(Q) Ha eleKTpomenHaTa ypeada MoXKe Jla ce MOJIy4d aKTUB-
HaTa MOIIHOCT Ha TpaHchopmaTopa B KW, dncieHo paBHa HA HOMHHATHATA MOIITHOCT
Ha TpaHcpopmaropa B KVA.
Momnoctra Ha EIIT 3aBucu oT kamanurera Ha enexkrpuyeckara nenl. [Ipaktumkara
nmoka3Ba, 4ye 3a 1t oT kamanuTeTa Ha mnemiTa OOMKHOBEHO € HeoOxoauma TpaHcdop-
maTopHa MorrHocT ot 400 - 500 kVA..

2.2. Tunosa mommuoct. ITorstreTo THMoBa MorHocT (P ) ce m3monssa npu

CHEIMATHU CHJIOBU TPaHC(POPMATOPH, KbM KOUTO CHAAAT U €JIEKTPONEIIHUTE TPaHC-
dopmaropu[l]. ToBa ¢ Taka HapeueHaTa U3YMCIUTEIHA MOIIIHOCT Ha TpachopMaTopa,
gpe3 KOSATO C€ OIEHSABA Pa3XOAbT HA AKTUBHU MaTEPHAIIH.

[Ipuero e, KaTO TUIIOBA MOIIHOCT Ha CIIELUaJIeH CUJIOB TpaHChOpMaTOp Aa ce mpreMa
MOIITHOCTTAa Ha MOA00EH CHUJIOB TpaHC(HOPMATOP, B KOWTO € BIOKEHO CHIIOTO KOJIH-
YeCTBO aKTHBHHM MAaTEPHad NPH €IHAKBH CJICKTPOMArHMUTHH HAaTOBapBaHHs (TOKOBA
IUTBTHOCT, MAarHUTHA MHIYKIUA U Jp.). ToBa 03HauaBa, 4¢ HOPMAIHUAT CHUJIOB TPaHC-
dbopMaTop CIIy)XH KaTO KPUTCPHUHA 3a MKOHOMHYHOCT Ha CTCIHATHHS CHIIOB TPaHC-
dbopmarop.

AHAJNOrM4HO ce nepUHUPa U OHATUETO THIIOBA MOIIHOCT Ha JIaJieHa HaMoTKa - P
He e TpyaHo na ce BUu, 4e TUIIOBATa MOIIHOCT HA €IHa HAMOTKA MOKE Jla C€ OIICHH
9pe3 MPOU3BEACHUETO OT OOIHs Opoil HABMBKM Ha HAMOTKAaTa M CEUYCHHUETO Ha MPO-
BOJHMKA HA HAMOTKATA.

TumoBaTa MOITHOCT € TMOJIe3HA MPH MPOEKTUPAHETO Ha EJIEKTPOMNEIIHN TpaHchopma-
TOPH W arperaTH, T.K. JaBa Bb3MOXKHOCT Ha M3YUCIIHUTENS J1a CE OPUCHTUPA TIPH H3-
Oopa Ha pa3mepuTe Ha MarHUTONpoBoaa. OCBEH TOBa, MOXE MPEABAPUTEIHO Ja Ce
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OIICHH pa3xojia Ha aKTUBHHU MAaTe€pUajH, KOETO € MHOTO BaXKHO IpH odepTHaTa Acii-
HOCT.

Ha mpaktmka ToBa cTaBa C MOMOINTAa HAa Taka HapedeHHUsS KOSHUIIMEHT HA THUIIOBA
MOIITHOCT, KOWTO MpEJCTaBIsBa OTHOIICHWE HA TUIIOBAaTa MOIMHOCT KbM HOMHUHAJ-
HaTa MOIIHOCT Ha TpaHc(opmaropa

Pﬂl
Klﬂ = P ( 1 )
PECIICKTUBHO 3a ITIPHU3BOJIHA HAMOTKA
Pﬂ‘lH
Ko = 5 (2)

3a equn EIIT, xoepuImeHTHT Ha THIIOBA MOIITHOCT €
K - Koa T Koo T v KL (3)
2

2.3. IIbpBuuHO Hampe:xxeHue. HanpexxeHneTo 3aBUCH OT MOIIHOCTTA HA TPaH-
chopmaropa. Konkoro MomniHocTTa Ha TpaHchopmaTtopa € mo-rojisiMa, TOJIKOBa Mbp-
BUYHOTO HaINpEKEHUE € 0-BUCOKO. ToBa € CBbp3aHo ¢ ¢dakTa, 4e TpsOBa Jia ce orpa-
HUYaBaT KoJIeOAHUATA HA HAMPEKEHUETO B €JIEKTpUUYEcKaTa Mpexka MpH K.C. B €JIEKT-
pudeckara nenl. M3cneaBanusara nokassar, 4e 3a MOCTUTAHE Ha TOJsIM e(eKT, MOIIl-
HOCTTA Ha 3aXpaHBalllaTa MpeXxa TpsiOBa Jla € AECETKU U CTOTULIM IIbTH MO-ToJIsIMa OT
momHoctTa Ha Ell npu k.c. [Ipy HUCKM MOIIIHOCTH 3aXpaHBAILLIOTO HAIPEKEHUE € 10
35kV. Tlpu rosemMu MOIIHOCTH, 3aXpaHBAHETO € OT EJICKTPUUYCCKA MPEXKH 3a Harpe-
xenns 110kV - 220kV. TlpeauMcTBOTO € OYEBHIHO - MPEeMaxBa Ce MEXJAWHHATA
TpaHchopmallys Ha HanpexeHueTo. Pazdupa ce, moBuIIaBaHeTo Ha MHPBUYHOTO HAIl-
pexxenne Ha EIIT e cBbp3ano u ¢ penuna npobdiaemu npu opasMepsiBaHeTo my. [los-
BABAT C€ MPEHANPEKEHUsI [IPU MPEKbCBAHE HA JbraTa Ha MEIITa, KOETO Hajara Ja ce
YBEJIMYH eJIEKTpUUecKaTa IKOCT Ha U30JalusaTa Ha TpaHncpopmaropa.

2.4. Bropuuen Tok. Ilo To3u napameTsp TpaHchopMaTOpUTE 3a €IEKTPUUECKU
NN ce pa3ianyaBaT OT HOPMAJIHUTE CUJIOBU TpaHchopmaTopu. BropuuHuTe TOKOBE
JOCTUTAT JCCETKH U CTOTHLIN KA, B 3aBHCHMOCT OT Tura Ha EII.

2.5. Bropu4Ho HanpexeHue. 3a OCUTYpsiBaHE HA HOPMAJTHO TOPEHE Ha JIbrara
Ha eJIeKTpUYeCcKaTa Melll € He0OXOJUMO Ha BTOpUYHATA CTpaHa Jla C€ OCUTYPH HUCKO
HanpexeHrne. OOMKHOBEHO Te3M HampexeHus ca ¢ mainku croiHoctu (80 - 500 V).
Jlopu u mipu rosemu MoiHoctH He npeBuiasat 900-1000 V [2].

OTHOCUTENTHO HUCKUTE BTOPUYHU HAIPEKEHUS U TOJIEMUTE CTOMHOCTU HAa BTOpPUY-
HUTE TOKOBE OKa3BaT rOJISIMO M PEIIaBalllo BIUSHHUE BbpXY KOHCTpyKuusTa Ha EIIT.
Ha Bcsiko perynuposbuHo crpnano EIIT nma cBOS HOMUHAIHA CTOWHOCT HA BTOPUY-
HOTO HaIlpeXEHHUE, KOETO € Pa3jIM4yHO OT CTOMHOCTTa Ha BTOPUYHOTO HAIIPEKEHHUE
IIPY TOBAp 32 CHUIOTO CTHHAJIO.

MakcuMaliHaTa CTOMHOCT Ha BTOPUYHOTO HAIIpeKeHHEe Ha TpaHcpopmaTopa ce ompe-
JieNsl OT Halpe)KeHHWETO Ha Jbrara M CHaja Ha HAIMpEeKEHHETO B eJeKTphuuecKaTa
ypenba. Hanpexenuero Ha aprata ce onpesess OT MOIIHOCTTa Ha MelTa U OT Mak-
CUMAaJHUS TOK, KOUTO MOKeE Jla IpeMuHe npe3 enekrpoaure. O4eBUIHO €, ye ¢ Hapac-
TBAHE HA MOIIHOCTTA, HAPACTBA U MAKCUMAJIIHOTO BTOPUYHO HAIIPEKEHUE.
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MuHuMaiHaTa CTOMHOCT Ha BTOPUYHOTO HAIIPEKEHHUE CE OMPEaeIis MOo-TPyAHO. 3aBU-
CH OT CTOMHOCTTa HA MUHUMAaJIHaTa MOIIHOCT, He0OXouMa B mpoleca Ha paduHu-
paHe Ha Pa3TOINEHMs] MaTepuali, a MocjiegHaTa ce Kojebae CHIHO B 3aBUCHUMOCT OT
MIPOBEXKIAHETO HA TEXHOJIOTHYHUS TIPOIIEC U KAa4eCTBOTO Ha CTOMaHAaTa, KOETO TpsiOBa
na ce nonyuu. [IpoyuBaHusaTa mokasBaT, 4¢ MUHUMAJIHATa CTOMHOCT Ha BTOPUYHOTO
HaIMpeXXEeHUE € B rpaHULIUTE OT 2 10 3,5 MbTHU MO-HUCKO OT MaKCUMAJIHOTO BTOPUYHO
HaIpeKeHHeE.

2.6. Iba00YMHA HA peryJjupaHe HA BTOPUYHOTO HampexeHue. CbriacHo
[4], [5] , anama3oHBT HaA peryaupaHe Mpyu HOPMATHUTE CHJIOBH TpaHC(HOPMATOPHU € OT
nopsapka £16% oT HanpekeHUETOo Ha OCHOBHOTO OTKJIOHeHHE. [Ipu To3u THI TpaHc-
dbopmaTopu TOBa € JIOCTATHYHO 3a J1a C€ MOIAbpKa HEOOXOAMMOTO HUBO Ha Hampe-
KEHUETO MPU MPOMSIHA Ha TOBapa.
[Ipu EIIT, perynupaneTo Ha HaIpeKEHUETO UMa JApyra GyHKILHUs, KOSITO € CBbp3aHa C
texHonornynus npouec Ha EIl. 3agayata Ha peryiupaHeTo € Aa ce Noabpka MoCTo-
SSHEH BTOPUYEH TOK WJIM IbK W3MEHEHHE HA BTOPUYHHUS TOK IO OMNpEJeieH 3aKOH
peABaApUTEIHO 3a7aj7ieH OoT norpedutens. Karo ce B3eme mpeaBua M TOBa, 4e IPHU
EIIT HsiMa OCHOBHO pEryJMpOBbYHO OTKJIOHEHUE, TO MPUETUTE CHIJIACHO CTaHIApTa
JMaria30Hu Ha peryJiMpaHe 3a HOPMAJIHUTE CUJIOBU TpaHc(opMaropu, HE ca J0cCTa-
THYHU 3a cnenuannute Tpancopmaropu. Eto 3amo npu EIIT ce usznon3Ba moHsATH-

€TO IBJIOOYMHA Ha PEryJIUpaHe Ha HanpexeHueTo. T ce aedunupa c u3pasa
U

Ku — UZmax (4)

ca MaKCMMaJIHOTO WU MHUHHMAJIHOTO BTOPWYHHN HAIIPCIKCHHA.

2min

Kkpaero U, . u U

O6ukHOBeHO K, e B rpanunute ot 2,2 10 3,5. B HsAKOoM oTnmenHu ciydail JoCTUTa

2min

CTOMHOCTH IIO-TOJIEMH OT 3,5.

Ha npakTuka BbOPOCHT € PETYIUPAHETO CE pelllaBa KaTO HAMOTKA BUCOKO HaIpeke-
HUE C€ M3MBJHABA C ONpenesieH Opoi OTKIOHEHHWs, KOUTO C€ MPEBKIIOYBAT C IO-
MOIITa Ha CThIAJIHU PEryjaTOpHU, MOHTHPAHU B Ka3aHa Ha €JICKTPONEIIHUS TpaHC-
dbopmarop.

2.7. Hanmpe:keHue Ha KbCO CheMHEHNE — €HAa OT Hali-BaKHUTE XapaKTepHC-
tuku Ha EIIT. Cbc cToiHOCTTa HA TOBAa HANPEKEHUE Ca CBbP3aHU ChOTBETHO KpaT-
HOCTTAa Ha TOKa Ha K.C. HAa TpaHc(opmaTopa, peCIEKTUBHO HEroBaTa €JIEKTPOAUHA-
MHUYHA SIKOCT M 3aryoute Ha TpaHcdopmaTopa npu ToBap. M3cneaBanusita nmokassar,
ye 3a Bceku EIIT HampekeHunero Ha K.c. € MpUOIM3UTEIHO PAaBHO HA peaKkTUBHATa
CBhCTaBKa Ha HETOBOTO CHIIPOTUBIICHHUE.

B ciywyauTte koraTto ChIPOTHMBIEHHETO Ha TpaHcpopMaropa € MajKo, Ce Hajara u3-
KyCTBEHO YBEJIIMYCHHE HA HANPEKECHUETO HA K.C. (MpH TpaHCHOPMATOPU C MOIIHOCT
no-Majka ot 800 KVA ). BerpocsT ce peiraBa upe3 BKIOYBAHE Ha TOKOOTPaHHYA-
BAIlld PEAKTOPU IOCIEAOBATEIIHO C HAMOTKAa BHUCOKO Hampexkenue. IIpu mo-ronemm
MOIIHOCTH PacTe OTHOCUTEIHOTO CHIIPOTHUBIIEHNE HA KbcaTa Mpexa 1 Ha camus EIIT,
CHOTBETHO MOCJIEAHUAT MOXKE Ja C€ U3NBJIHU C HOPMAJIHA CTOMHOCT HA HAIPEKEHU-
€TO Ha K.C., KaTo OTIaja He0OXO0IMMOCTTa OT TOKOOTpaHUYABAIIl PEAKTOP.

[Tpn n300pa Ha MOAXOIAIA CTOMHOCT Ha HANpPEKEHHUETO Ha K.C. TpsAOBa Ja ce uma
MpPEABU/I U TOBA, Y€ MPU FOJIEMU CTOMHOCTU HA PEAKTUBHOTO CHIIPOTUBJICHUE HA TPaH-
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copmaTopa ce Hajara BKJIIOYBaHE Ha KOHACH3aTOPHM YCTAaHOBKM 3a HaIpeyHa U
HaJUTb’KHA KOMIIEHCAllUs Ha TOpHOTO. ToBa Moka3Ba, ye U300pbT HA HAMPEKEHUETO
Ha Kk.c. ipu EIIT e mocra cnoxeH BbIpoc.

2.8. KOHCTPYKTHBHH 0CO0€HOCTH - TIOPAJU MO-TOJEMUS JUANA30H HA PEry-

JMpaHe HA HAMPEKEHUETO U MO-TOJIEMH CTOMHOCTH HAa BTOPUYHUTE TOKOBE (IIECETKH
u crotuiy KA ), perynarnronnara Hamotka nipu EIIT e oTaenHo o HaMOTKa BUCOKO
HAIIPEXKEHUE U € C TEOMETPUYHU PAa3MEPU KAKTO OCTAHAIUTE HAMOTKHU.
TBi KaTO OTHOLIECHUETO HA MAKCUMAJIHOTO BTOPUYHO HAIPEKEHUE KbM ChOTBETHOTO
MHHUMAITHO ( T.€. ABJIOOYHMHATA HA peryiupaHe ) goctura 3,5 U moBeue, TO YECTO CE
CTUra 10 KOHCTPYKLMH IPU KOUTO pEryJjlallMOHHATa HAMOTKA € C PaJHalIHA pa3Mepu
OT IOPsiAbKAa HA HAMOTKA BMCOKO HAmpeKeHue. B mpakTukara ce cpemar u KOHCT-
PYKLIMH IIPY KOUTO pErysaliOHHaTa HAMOTKA € C paJualieH pa3Mep NO-TOJIsM OT Ha-
MOTKa BMCOKO HampekeHne. OCBEH TOBa, Pa3MOJIOKEHUETO HA HAMOTKA HHUCKO Hal-
pexxenue npu EIIT ce pa3nnuaBa oT TOBa pU CUIIOBUTE TpaHC(HOPMATOPH.

MHoro yecto mo pa3mnojioKEHUE TS € Hal-BbHIIHA B KOHCTPYKIUATa. OOMKHOBEHO
HaMOTKA BUCOKO HAIPEKEHUE € CPeIHA [0 PA3II0JI0KEHUE, a perylaloHHaTa HaMOT-
Ka € Hail-BbTpelIHa. B ciaydanTe KOrato HampeKeHHETO Ha K.C. Ha TpaHchopmaTopa
ce U3MeHs c1ad0, HaMOTKa BUCOKO HaIlpeXeHUE € Hal-BbTPEIHA , a PeryIallMOHHATA
HaMOTKa € CpeJHa 10 pas3IooKEHUE, T.€. T C€ HaMHUPA B IVIaBHUS KaHaJ Ha pa3ceu-
BaHE.

Ha ¢ur.2.a,6 u ¢ur.3.a,0 ca nmokazaHu HAKOJKO BapUaHTa HA Pa3NoOJOKEHHE Ha Ha-
motkute Ha EIIT copsmo saaporo my.

W3nenanenusTa no ¢ur.2 ce xapakTepusupar ¢ pas3rnojaraHe Ha HaMOTKa HMCKO Hal-
pEeXEeHHEe OTBBH U Ce MpUiaraT Mpu TpaHC(HOPMATOpU C TOJIEMU MOIIHOCTH, PECIIEK-
TUBHO T'OJIEMU BTOPHUYHU TOKOBE.

OT rnenHa TOYKa Ha EJIEKTPOJAMHAMUYHATA SKOCT, cxemara oT ¢ur.2.a € Io-
OJlaronpusiTHA, 3al10TO peryialMOHHATa HAMOTKA € U3BHH IJIaBHMS KaHaJl Ha pa3cei-
BaHe.

[To oTHOIIEHNE HAa M3MEHEHUETO HA HAMPEKCHUETO Ha K.C. 33 CThIIajaTa ¢ IMO-HUCKO
BTOPUYHO HAaINpeXeHue, cxemara or ¢ur.2.0 e mo-OmarompusTHa OT cXeMara Ha
¢wur.2.a. ToBa obave He BUHATH € OT 3HAUYCHHUE MPHU TPaHCPOPMATOPH C BKIFOUYCH TO-
KOOTpaHWYaBall] peakTop, 3alloTo Mpu cxemara oT (ur.2.0 HamMOoTKa BHCOKO Harm-
pEeKEHHE € MOJI0KEHA Ha TOJEMHU €JIEKTPOJMHAMUYHU CUJIH, KOETO € OT PellaBailo
3HAaYEHHUE 3a CTAOUITHOCTTA Ha TpaHchopMarTopa.

Cxemurte ot ¢ur.3.a,0 Hamupat npusnoxenue npu EIIT ¢ mo-manka MOIIHOCT, pecrr.
MaJIKid BTOPUYHH TOKOBE.
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BHocH

HH

HH

BHock,

Enextponeninure tpanchopmaTopu TpsiOBa N1a yJIOBIETBOPSBAT W3UCKBAHUSATA Ha
TEXHOJIOTUYHUS MPOIIEC U 1a UMAT BUCOKA HAJEKIHOCT, T. K. BCSIKA MOBpEAa HA TPaH-
chopmaropa Boau a0 cnupane Ha padota Ha EIl. Eto 3amo kem EIIT ce npensssBat
CJIIETHUTE U3UCKBAHUSA '

-J1a IOIyCKa pEeryJiipaHe Ha BTOPUYHOTO HAIIPEKEHUE B IIUPOKHA TPAHUIIU — OT
o U, ., T.e. 1a TONycKa AbJ0OYMHA HA PETYJIUpaHE HA HAMPEKEHUETO MO-TO-

U
JIsiMa oOT 3;

2max

pue. 2

pua 3
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-J1a TomycKa mperoBapsane 1o Tok 70 20% [5] B mpoabkenue Ha 1,5 — 2 4a-
ca (J0kaTo MPOABIKABA PA3TOMSIBAHETO HA MaTepPHaa);

-lla TpUTEeXaBa JOCTaThbuHA TOIUIMHHA YCTOWYMBOCT C OTJIE] IOBHUIICHATA
TeMmreparypa B pabOTHUTE KWINH;

-la UMa JIOCTaThYHA E€JIEKTPUYECKa SKOCT Ha HAMOTKUTE W Ha MPEBKIIOYBA-
IIOTO YCTPOWCTBO C OTJiel Bb3HMKBAHETO Ha KOMYTAIlMOHHHU MPEHANPEKEHUS IMpH
YECTUTE MPEBKIFOYBAHMS, KAKTO U MPU NPEKbCBaHUATA Ha abrara B EIT;

-Jla TIpUTEXaBa HAJEKIHO MPEBKIIOYBATEIHO YCTPOUCTBO O] TOBAp, C J0C-
TaThb4yHA €JEKTPUYECKAa U MEXaHMYHA U3HOCOYCTOMYHMBOCT, MPEABHUA HA 3HAUUTEIHO
MO-YECTUTE MPEBKIIOYBAHUS, OTKOJIKOTO MIPU HOPMATHUTE CHIIOBU TpaHCHOPMATOPH;

-Jla U3Ibpka 0e3 moBpesia KbCU ChEAMHEHUS] Ha BTOPUYHATA CTpaHa, Mpeau3-
BUKaHU OT TOMaJaHe HAa METajlHA Maca BBPXY €JIEKTPOJUTE B IMpoIleca Ha pa3ToIsi-
BaHe;

-Jla OCUTypsiBa OTpaHMYaBaHE Ha TOKAa HA K.C. A0 3-4 MbTU OT HOMUHATHUS
Tok[ 2 |;

-KOHCTPYKIHSTA Aa ObJie M3MbJIHEHA C MOBHIIEHA MEXaHUYHA SKOCT IO OT-
HOILIEHUE HAa YKPEMBAaHETO HA HAMOTKUTE U OTBOJMTE.

Enno or ocHOBHUTE M BaxkxHU u3uckBaHus kbM EIIT e ga morar na perymupar BTO-
PUYHOTO HampexeHue U, B MHUPOKW rpaHunu. [Ipaktukara mokassa , 4e OT HaYMHA

Ha peryJiMpaHe Ha HalPEXKECHUETOo, T.e. OT M300pa Ha cXeMaTa 3a perysmpaHe 10 To-
JsiMa CTereH 3aBUcH KOHcTpykimsara Ha EINT, peciekTHBHO HEroBUTE TEXHUKO-HKO-
HOMHYECKH ToKa3aTenu. Pa3dupa ce 3a u30opa Ha ellHa W JIpyra cXeMa Ha peryJiu-
paHe Ha HANPEKCHUETO BIUSAT MHOTO akTopu. KbM TsX cniajar:

-TPAHCIIOPTHH OrpaHnYeHuUs (IIOCEHHHU U BJIAKOBH);

-M3MI0JI3BAaHE HA MPEBKIIIOYBAIIM YCTPOICTBa (MPEeBKIIIOYBAHE O€3 TOBAp MU
IOJT HATIPEKEHUE);

-o0e3reyaBaHe Ha He0OXoAnMa eJIeKTpoANHaMU4Ha ycToitunsoct Ha EIIT;

-OCUT'ypsIBaHE Ha ChOTBETHA UMITYJICHA SKOCT.

4. 3akjao4yeHue

Ot HampaBeHUTE NMPOYYBAHMS CTaBa sICHO, uye B PenyOnuka beiarapus Ha To3u eramn
HsiMa ctanaapt 3a EIIT. B paGortata ca oTpa3eHu HAKOM OCOOEHOCTH 10 KOUTO TO3H
THUIT TPAHC(POPMATOPH C€ pa3IMyaBaT OT HPMAJIHUTE CUIIOBU TpaHcopmaTopu. Dop-
MYJIIPAaHU Ca OCHOBHHTE W3UCKBAHHS TPEISBSIBAHU KbM EJIEKTPOMEIIHUTE TpaHC-
dbopmMaTopu u eneKTpornenHuTe TpaichopmaropHu arperati. Jlagena e 000CHOBKa 3a
n300pa Ha effHa WK JIpyra KoHCTpykTuBHA cxema Ha EIIT.

Ot ananu3a cieqBa, 4e BBIPOCUTE C N300pa Ha MOAXOIAIIA CXEMa Ha PEeryJupaHe Ha
HAIpPE)KEHUETO Ha BTOpPUYHATA CTpaHA M HAMpPEKEHUE Ha K.C. IPU EIEKTPOICUTHUTE
TpaHcpopMaToOpH ca JOCTa CIOKHU M HU3UCKBAT MOAPOOHO MPOYYBAHE , MOIXOJSII
aHaJIN3 U IPAKTHYECKH OTIHT.
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OCOBEHOCTMU IIPU PEI'YJIMPAHE HA HAITPEXKEHUETO HA
EJEKTPOIIEHHIHU TPAHC®OPMATOPU C MOIIHOCT
MMO-MAJIKA OT 1000 kVA

Kupua Croiikos

Pe3ztome: B pabomama ca uzgedenu HAKOU 00WU 3ABUCUMOCTIU U € U3BbPULEH AHANU3
HA HAKOU CXeMU 3a OUPEeKMHO pe2ylupane Ha HANnpedjiceHuemo Npu eleKmponeujHu
mpancgopmamopu ¢ mownocm no-manka om 1000 kKVA. Pasenedanu ca cxemu ¢ mo-
KOO2PaHU4asauju peaxmopu.

Kniwouosu oymu: enexmponewen mpancgopmamop, pecyiupane Ha HAnpedcenuemo,
MOKOOCPAHUYABALY PEaKmOop.

SOME PROBLEMS IN VOLTAGE CONTROL OF FURNACE
TRANSFORMERS WITH POWER LOWER 1000kVA

Kiril Stoykov

Abstract: In the paper are generated some main relations for direct control of the
voltage in furnace transformers with power lower of 1000kVA.The analysis of some
basic schemes and schemes including current-limiting reactors are also discussed.

Keywords: furnace transformer, direct voltage regulation, current-limiting reactor.

1. BbBenenue

EnexTpornentaute TpanchopMaTopu paboTAT B PESKUM Ha €KCIUIOATAITMOHHHN KBCHU Ch-
enunenus, kouto gocturat A0 300 - 400 6pos 3a yac [1] [2] [3]. ETo 3aiio Te TpsiOBa
Jla yAOBIETBOPSABAT M3UCKBAHHUATA HA TEXHOJOTHYHUS MPOIEC U Ja UMAT BHCOKA Ha-
nexkHOCT. Besiko m3kimouBaHe (IOBpe/ia) Ha CJIEKTPOINCIIHUS TpaHchopMaTop BOIH
70 CIUpaHe Ha eJCKTPHUYECKara IICIl, PecreK. JO 3aryou (TeXHWYECKH M HKOHO-
mudeckn). ToBa Hajara orpaHMYaBaHe Ha TOKa Ha K.C. 10 3 — 4 mbTH OT |, . 32 Ta3u
1el, mpu Tpancdopmaropu ¢ MorHocT mo-manka ot 1000 KVA ce Hanmara U3KycTBEHO
3aBUIIIABAHE HA HAMPEKEHUETO HA K.C. WIM Ha JOMBIHUTEIIHO BKJIIOYBAHE IMOCIEIO0-
BaTeTHO HA TpaHC(hOpMATOpa TOKOOTPAHUYABAII PEAKTOP.

[Ipu TpaHchoOpMaTOpH ¢ TOJIEMH MOIIHOCTH PAcTe OTHOCHTEITHOTO CHIIPOTHB-JICHHE
Ha KbCaTa MpEXka, KOETO MO3BOJIsIBA TPaHCHOPMATOPHT Ja CE U3IBIHH C HOpMAJTHA
CTOWHOCT Ha HANpPEKEHUETO Ha K.C., T.€. Jla OTMagHe HEOOXOAMMOCTTa OT TO-
KOOTpaHHYaBAaIIl PEaKTop.

© 2011 Publishing House of Technical University of Sofia 67
All rights reserved

ISSN 1311-0829



2. N3a0kenune

ENHO OT OCHOBHMTE M3UCKBaHUsSI Ha €JICKTPOICIIHUS TpaHChOopMaTop € Aa MOXKe Ja
peryiupa HamnpeKeHHETO Ha BTOPUYHATA CTPaHA B MIMPOKH TPaHUIM - OT Umpax J10
Unin.. Bp3MOXHOCTHTE 32 perynupane Ha Hallpe:KEHUETO e BIKIAT OT U3pasa:

U2 W2

U, w, ! (1)
KbaeTo U, u U, ca epeKTUBHUTE CTOWHOCTH Ha HANPEKEHUATA HA IMbPBUYHATA U
BTOPUYHA CTPaHW; W, U W,- ChOTBETHO OpOsi HAa HABMBKUTE HA IIbPBHUYHATA U BTO-
pruHa HAMOTKHU (W, ChIbpXKa HABUBKUTEC Ha HAMOTKAa BHCOKO HAIPS)KEHHE M HA Ha-
MOTKa PeryJalroHHa).

Haii-npocTHsIT HAuWH 3a peryJupaHe Ha HAPEKEHUETO Ha BTOPUYHATA CTPaHA € upe3
U3MEHEeHHE Ha Oposi Ha HaBUBKUTE W, (ur.l).

3

¢ur.l. Cxema 3a perynupaHe Ha HaIPEKEHUETO Ype3 U3MEHEHUE Ha Opos Ha
HAaBUBKUTE HA BTOpUYHATA CTpaHA - W,

ToBa e nupekTHa eqHOKpaTHa TpaHCc(hopManusl Ha HAIIPEKEHHUETO.

MarsuTHUSAT NOTOK B MAaravuToInpoBoJa € KOHCTAHTCH , @ BTOPHUYHOTO HAIIPCIKCHUC CC
n3Mens ot 0 J0 MaKCHUMaJIHaTa CH CTOMHOCT.

To3u HauMH Ha peryjaupaHe Ha HAIPEKEHHETO HE MOXKE Jla ce Mpujiara mpH TpaHC-
(GopMaTopH C roJieMU MOLIHOCTH, T.€. C TOJIEMH CTOMHOCTH Ha BTOPUYHUS TOK, KOETO
€ CBBP3aHO C:

-MaJIbK OpOif HABMBKH HAa BTOPUYHATA CTPAHA, T.€. MalI’bK OpoM cThIana ;
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-TOJIEMH TPYJAHOCTH MPU U3BEXKIAHE HA OTKIIOHEHUSATA OT BTOPUYHUTE HABUBKHU
(MHOTO TOJIEMH TOKOBE);

-TOJIEMU €NIEKTPOIMHAMUYHH CHJTH, KOUTO C€ OBIASBAT 10CTa TPY/IHO;

-yBEJIMUYEHH 3ary0u OT MOJIETO Ha pa3celiBaHe Mopay eIeKTpOMarHUTHAaTa acu-
METpHs;

-IPAKTUYECKH € HEBH3MOXKHO J1a C€ OCBHIIECTBH MPEBKIIIOUBAIIO YCTPOHCTBO
(cTBHaneH peryaaTrop) moj ToBap MOpay rojIeMUTE CTOWHOCTH Ha BTOPUYHUS TOK.
[IpoyuBaHusaTa MoKa3BaT, Y€ HAIpPaKTUKa TO3W HAYMH HA PETyJHpaHe ce Mpuiiara B
PEAKU CiIy4yau U TO 3a TokoBe mo-manku oT 1000 A Ha BTOpHYHAaTa cTpaHa.
3a TokoBe no-rosnemu oT 1000 A , perynupaHeTo ce npeHacsl Ha MbpPBUYHATA CTPaHa,
T.€. Ype3 U3MEHEHNE Ha HAaBUBKHUTE HA HAMOTKA BHCOKO HAMpEeKEeHHE.

Ha ¢wur.2 u ¢ur.3 ca mokazaHu JIBe CXEMH 3a pETyJIHpaHe Ha HAIIPEIKEHUETO M0 Me-
TOAA Ha “MHAYKIHMOHHOTO PETyJUpaHe, T.€. Ype3 U3MEHEHUE HAa MHIYKIUSATA B Mar-
HUTOMNpOBOA. M BeTe cxeMu ChabpKaT TOKOOTpaHWYaBaIy peaktopu Riu R, .

A B C
BH-ocH. BH-ocH. BH-ocH.
1 1
Pl Pl Pl
2 2
P® P® P®

®ur.2. Cxema ¢ 1Ba peakTopa CBbp3aHU B 3Be3/1a
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BH-ocH
PO
- - -
Rl
(A)

S

®ur.3. Cxema ¢ ABa pCaKTOpa U IIPCBKIIIOUBAHC HAa HAMOTKA PCTYJIAIUOHHA OT
TPUBI'BJIHUK B 3BC31a U O6paTHO

Hamotka BHcoko Hampexenue (¢ur.2) e cBbp3aHa B 3Be31a U ChIAbpXkKa — OCHOBHA
(BH-ocH.) HamoTKa, HaMOTKa ¢ Tpy6o cTenano (PI'), 1Ba TokoorpaHuva-Baiiy peak-
TOpa, KOUTO C€ BKJIIOYBAT M U3KIIOYBAT C MOMOLITA Ha 0OpbhIaya Ha CThIAIHUS pe-
I'yJIaTop ¥ HaMOTKa perynanuonHa ¢ ¢punu crbnaia (PD). Tpanchop-maTopsT He ce
M3KJII0YBA OT MpeXaTa 3a IeJIHs Uana3oH Ha peryjaupaHe.

Cxemara o1 (ur.3 mo3BoJIsIBa pa3mIMpsiBaHe Ha 00XBaTa Ha perylupaHe ype3 MPEeBK-
JIOYBaHE HA HAMOTKA BUCOKO HAMPEKEHHUE OT €JIEKTPUUYECKO ChEMHEHHE ‘3Be3/7a” B
€JIEKTPUYECKO ChEAMHEHUE ~TPUBI'BIIHUK U OOPATHO.

He e TpyaHo na ce Buau, ue nmpu cxemara oT Qur.3 opa3MepsiBaHETO Ha peryJialioH-
HAaTa HAMOTKA Ce Ompejens oT jauanazona 3: 1, ( Uy =U,//3, T.e. perynammonnara
HAMOTKa ChIbpKa 3HAYUTEIHO MO-MaJIbK OpOil HAaBMBKHU CIIPSIMO cxemarta oT (ur.2.
Karo Hegoctarpk Ha cxemMara MOXKe Jla c€ MOCOYM TOBa, Y€ MPH MPEBKIIOYBAHETO
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TpaHcGOpMaTOpPBT ce U3KIIOYBA OT Mpexara. HampaBeHnTe nmpoyyBaHUsSI MOKa3BarT,
4ye TOBA HE MTPEYH Ha MPOU3BOACTBEHUS MPOLIEC.

[Ipu cxemara ot ¢ur.3 ce u3dArea rpyooTo crpnano, OposT Ha HAMOTKUTE HaMallsaBa
C €]IHa, OIIPOCTSIBA CE€ U3BEXKAAHETO HA OTBOJUTE.

W 3a 1BeTe cXxeMH TOKOOTpaHMYaBaLIUAT peakTop Rj € BKIKOYEH 3a IIbpBaTa MOJOBU-
Ha OT CThIIajaTra, KOUTO ChOTBETCTBAT HA MO-BUCOKUTE BTOPUYHHU HANpexe-HUs. 3a
HUCKHUTE CTOMHOCTH Ha BTOPUYHUTE HANPEKEHUS PEAKTOPBHT € U3KITIOYEH.

[Ipn HEOOXOAUMOCT OT PEaKTOp M 3a HUCKUTE BTOPUYHU HAMNPEKEHHUs, HO C Apyra
CTOMHOCT Ha MHAYKTHUBHOTO CHIIPOTUBIIEHUE, CXEMHUTE MOT'aT J1a CE U3IBJIHAT C BTOPU
peaxTop R, , Karo ce n3non3Ba e€Ha U ChIlla MAarHUTHA BEPUTa.

A A

BH-ocH. BH-ocH.
|
g
®
S
Pl s
3
R2 PO ~
2/
20 \

e
A
[EEN
>
=R
A
Ll/\/\l_/\\./\/—

2
PO A2
A R2 A

a) 6)

®ur.4. Cxema Ha JiBa peakTopa ¢ 00I1a MarHuTHa Bepura
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Ha ¢ur.4.a u ¢ur.4.6 e nmoka3zaHo KOHCTPYKTHUBHO M3ITBJIHEHNE HA CXEMH C JIBAa peaK-
TOpa M3MOJI3BAIIM ¢IHA M ChIlla MarHuTHA Bepura. OTkiaoneHusTa 1™ u 2” ca pesepBHH
OTKJIOHEHUS, T.€. P HEOOXOAMMOCT OT IMO-MaJIKO WHIYKTHBHO CHIIPOTHBIICHHE.
HaMoTkuTe Ha JBaTa peakTopa ca ¢ pa3inueH Opoil HaBUBKH, KOUTO ChOTBET-CTBAT
Ha WHyKTUBHOTO UM CHIIPOTUBIICHHUE MPEIBUICHU 32 CHOTBETHATA CXEMa.

W npu nBeTe cxemu, HE3aBHCHUMO OT BKIIFOUCHHUTE TOKOOTpPAHWYABAIM PEaKTO-pU €
HaJMIE TUPEKTHA TpaHcpopMalys Ha HampexxeHnero. Pazoupa ce, Te3u cxemu ca 1o-
HEMKOHOMUYHH, 3all0TO TOKOOTPAaHWYABAIIUTE PEAKTOPHU TMPEICTABISABAT OTICITHU
CJICKTPOMArHUTHU €UHUIM 1 y9acTBAT B CXeMaTa Ha PETYJIUPAHE KATO OTIEITHO TPy-
00 cTBOAJO.

[IpoyuBaHuUsTA TOKA3BAT, Ye OCBEH OOIIOMPUETUTE U3UCKBAHKS KbM PEryIAllMOHHHUTE
HAMOTKH 32 HOPMAaJHUTE CHJIOBU TPaHCPOPMATOPH, KbM PEryJIAlMOHHUTE HAMOTKH
Ha eJICKTPOMCIHUTE TPAaHC(HOPMATOPH Ce MOCTABS U U3UCKBAHETO OPOST HA HABUBKU-
TEC Ha OT/ICJIHUTE CThIIaja JIa C€ Opa3MepH Taka, 4e MOBBH3MOKHOCT BTOPUYHOTO HAIl-
peXeHHe Ja Ce M3MEHS MO-PABHOMEPHO, a CTHITAJHUTE HAMPEKCHUS B MOMCHTA Ha
NPEBKIIOYBAHETO J1a ObaaT mpubau3uTenHo eqnakeu [4]. Bukna ce, 4e mocieqHoTo
U3UCKBAHE € TACHO CBHP3aHO C KOHCTPYKIIMATA HA PEryallMOHHATa HAMOTKA.

Ot (1) cnenBa, ye HAM-TIPOCTO KOHCTPYKTHBHO PEUICHHUE CE MOJyYyaBa KOTaTO BCHUYKU
CThITajia ca ¢ eJHaKbB Opoit HaBuBKH (W, ) [5]. ToBa ce M3MBIHSABA MPU MHOTOXOJI0-

BUTE BUHTOBH WJIM IPH LWJIMHIPUYHA HAMOTKH.
BropuuHoTro Hanpexxenue npu “k” BKIIOUEHHU CThIANA €

w
U,=U,—% 2
=UE @
KBACTO W, =W__, + W, TMPHU BKIOYCH PEakTop R,, U W, =W, +W, +Wg, + kw, TpH
BKJIFOYEH peakTop R, € Opoil Ha HABUBKHUTE Ha IIsUIaTa HAMOTKA BUCOKO HAIPEKEHHE,

k - HOMep Ha BKJIIOYEHOTO CThIIaN0, W1 - Opoii Ha HAaBUBKUTE HA HAMOTKaTa Ha Ibp-
BU PEAKTOP, WR2 - CBOTBETHO HAa BTOPU PEAKTOP.

Ot (2) craBa sicHO, Ye Tpu W3MEHEHUE Ha Opost Ha cThnanata oT 0 1o meJHUS Opoi
CThIIaJIa, BTOPUYHOTO HampexkeHune U,(k) ce M3MeHs HO XHIIEepOONIWYEH 3aKOH

(¢our.5). ToBa o3HauaBa, 4ye pa3iMKaTa MEXIy CTOMHOCTUTEC Ha BTOPHUYHHTE HAIpe-
KEHMsI 32 CbCETHUTE CThIIaja 1ie ObJe rojisiMa B 00JacTTa Ha MaKCHUMAaJHUTE BTO-
PUYHM HAIPEXKEHUS U MaJKa B 00JIaCTTa HA MUHHUMAJIHUTE BTOPUYHHU HAIPEKEHUS.
To3u pexum Ha paboTa € HEOIATONMPUITEH 3a CTHIATHUS PEryNaTop, Thil KaTo TOU
e pabOTH C MOBUILIEHH CTHIIAJIHU HAIPEXEHUS B 00JaCTTa HA BUCOKUTE BTOPUYHH
HAIPEKEHUs, KOUTO CE OBIAAsIBAaT MHOIO TpyaHO. O4eBUAHO, 3a Aa ce 001eKuu pado-
TaTa Ha CThIAJHUS PEryjaTop, B 00JacTTa Ha BUCOKUTE BTOPUYHU HANPEKEHUs, pec-
NEeKTUBHO BUCOKHTE HABUBKOBH HANPEKEHUS , CTHIAIOTO TpAOBa 1a ObJe ¢ MUHUMA-
JeH Opoil HaBUBKHM, a B 00JacTTa HA MUHMMAJIHUTE HABUBKOBU HaNpPEXEHUs, CThIa-
J0TO TpsiOBa fAa ObAe ¢ MakcuMaseH Opoil HaBuBkU. Ha npakTuka ToBa o3HauaBa Opo-
AT Ha HaBMBKHUTE 3a CTBIAIO Ja ObJie pa3iuyueH, KOETO € TPYAHO Jia CE OCBIIECTBU
KOHCTPYKTHUBHO.
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[Tpu u3zBectHO (pazoBo Hanpexkenne U;, 00xBaT Ha peryaupane Ha (a3HOTO BTOPUIHO
HarnpexxeHue - Upmax U Upnin , OpOsi HA HaBUBKUTE HAa HAMOTKA BHUCOKO HAMNPEKEHUE
(WgHocH), Opost Ha HAaBUBKHMTE Ha HAMOTKa peryJamronHa (Wp), Oposi Ha HABUBKUTE Ha
TOKOOTrpaHnYaBainus peaktop (Wr) U Opos Ha HaBUBKHTE HAa BTOPHYHATA HAMOTKA
(W), 3a BTOpHYHHUTE HAMPESIKEHUS CE U3BEXKa 3aBUCMMOCTTA 3a cXeMaTa OT (ur.2

U2 ‘
U?max__
Ua‘(c 1
L\ f=u, k)
S T S S g e —
—————— 1+ —
] 2 3 4 Nem K

®ur.5. M3MeHeHne Ha BTOPUYHOTO HAMPEKEHUE IPU IUPEKTHO PEryJirpaHe Ha
HaIpPEKEHUETO

CBHOTBETHOTO MAaKCUMAaJIHO 1 MUHHUMAJIHO BTOPHUYHO HAIIPCIKCHUC IIC 61>z1e:

w

U = Uy : (3)
¢
WBH + WRl

w

U2min =Y 2 (4)
¢
WBH + WPF + WRZ + WP(D
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Cne;[ pasaciisiHe Ha T'OPHUTC PaBCHCTBA M BBbBCIK/IAHC HA BCIMYHWHATA I[”b.]'[60‘-II/IHa Ha

U
perymupane K, =—2" (K, >1), 3a Opos Ha HABUBKUTE Ha peryjalMOHHATA Ha-

2min

MOTKa ce moJy4dana (5):
Wp = (Ku _1)'WBHOCH + KyWgy —We, (5)

YecTo, M0 KOHCTPYKTUBHH ChOOPAXKECHUSI CE MPUEMa Wy, = Wy, = W, . Torasa, 3a 6pos
Ha HaBUBKHTE Ha peryJallioHHaTa HaMoTKa ce u3Bexa (6)

Wp = Wgpocn (KU _l)+WR (KU _1) (6)
BpOﬂT Ha HABHUBKHUTC 34 11i4J1aTa HAMOTKA BHCOKO Hanpe>1<eHI/Ie c (7)
W' = (WBHOCH — Wi ) Ku , (7)

-3a cxemara ot ¢ur.3 (mpeBkiarouBaHe Ha HamoTka BH oT “TpubrbinHuk” B
“3Be3/1a””), aHAJOTMYHO Ha TOPHUTE Pa3ChKICHUS CE 3aIUCBa;

w
UZmax = Ul —— 8
Wahocn T We ( )
(TyK HAMOTKa BHCOKO HAIPEKEHHE € CBbp3aHa B TPUbIBbIHUK - Uy = Ug );
W
U2min = Ul 2 9
\/§(WBHOCH + Wpp + We, + Wpcp) ( )
U
(Tyk HaMOTKa BUCOKO HaIpPEXEHUE € CBhp3aHa B 3Be311a U, = Tg)
38_ 6p05I Ha HAaBUBKHUTC Ha HAMOTKA PCTyJIalMOHHA CC HU3BCKIA.
Ky K
w,=|—=-1|w +—=Wq —W 10
P (\/5 j BHOCH \/§ R1 R2 ( )
HpH Wiy =Wg, =Wg,
Ky K
w, =| —=-1|w +|—=-1|w 11
P(\EJBHOCH(\EJR ()

BposiT Ha HaBUBKHTE 3a IA1aTa HAMOTKA BUCOKO HaIpexeHne (OCHOBHA M peryJialu-
onHa) ¢ (12):
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w = (WBHOCH —Wg )ﬁ (12)

3a 1a ce HalpaBH OICHKA HAa aHAJIM3MPAHUTE CXEMH IO OTHOIICHHE Ha TAXHATa MKO-
HOMHYHOCT CE¢ BBBEXKJ/a Taka HapeUYCHHs KOS(UITUEHT Ha peryiupane K,,, KOUTO ce
MoJTydaBa KaTo OTHOIICHHWE Ha Opos HAa HABUBKHTE HA PETYJIAIIMOHHUTE HAMOTKH 32
nBete cxemu. B ciydas ypaBaenue (6) u (11), mmu

Wanocn (Ky —1)+wg (K, —1) Ky -1
K _ BHOCH u R u :\/5 U
" [\K/E_lj-WBHOCH"'(\K/E_l]WR KU_\/§ (13)
3 3

Mocnenuusar uspas (13) e B cuna npu K, >+/3.

Heka K, =35, ToraBa K,,= 2,449, xoeTo nokasBa, 4e OpOsAT Ha HABUBKUTE Ha pery-

JallMOHHATa HAaMOTKa 3a cxemara ot ¢ur.2 € 2,449 nbpTH 1o-TOJIsIM OT OpOsi HA HABUB-
KHTE Ha peryjallMOHHAaTa HAMOTKA 3a cXxemara oT ¢ur.3.

3. 3ak/Il0ueHue

W3Benenu ca HIKOM OOIIM 3aBUCUMOCTH 32 OTIPE/ICIISTHE Ha Oposi Ha HABUBKHUTE Ha pe-
T'YJTaIIMOHHUTE HAMOTKH M € U3BBPIICH aHAIN3 HA HSIKOW CXEMH 33 IUPEKTHO PETYIIH-
paHe Ha HAINPEKESHUETO MPH EJIECKTPOICITHN TPaHCPOPMATOPH C MOIIHOCT TO-MayiKa
ot 1000 kVA. Pasrienanu ca 0COOCHOCTHTE HA CXEMH C TOKOOTPAHWYABAIIH PeaK-
TOPH.

[TomyyeHuTe aHATUTUYHU 3aBUCHMOCTH JIaBaT BB3MOXKHOCT Jla CE HamlpaBH IpeiBa-
pUTENTHA OIIEHKA MPHY KaKBa ABIOOYMHA HA PETYIMPAHETO HA HAIIPEIKEHUETO MOTAaT Ja
ce mpwiarat ropauTe cxemu. OCBEH TOBa , 3a CIy4aWTe KOrato JbI00YMHATA HA pe-
TyIUpaHe € MOo-MalKa OT /3 ce MOoNydYaBaT OTPULATENHH CTOMHOCTHU 33 PETyIaIioH-
HaTa HaMOTKa ( 3a cxemaTa OT ¢ur.3 ),T.e. pa3rIexkTaHETO HA TE3H CIydyau HIMaT Qu-
3MYECKH CMHCHI. ToBa BCHIHOCT € HEJAOCTAThK Ha Ta3M CXeMa C JUPEKTHO Peryiu-
paHe Ha HanpekeHnero. Cxemara ot Gur.2 e JIMIIeHa OT TO3W HEAOCTaThK. T Moxke
7 ce mpuiara u npu K, <+/3.
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MN3CIEJABAHE HA EOEKTUTE HA IIVTASMEHO ITOBBPXHOCTHO
AKTUBUPAHE C JMEJIEKTPUYEH BAPUEPEH PA3PA/ - | vacr
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Pesztome: [Inazmeno noonomocHamama 3awuma upe3 3ao6asumeny Ha 20peHemo Ha
0bPB0, ObPEeHU U30eNUsL U YeLYI03HU MAMepuan, Ha MeKCmMuIHU U KOJXCeHU u3oe-
JUsL e 3aMUciieHa U papabomena Kamo pesyimam om noseama U paseumuemo Ha
NIA3MeHO0 NOONOMOZHAMA Kanuiapua umnpesnayus. llpeowecmeawomo xanuisap-
Hama umnpecHayusi niasmero xumuuno akmusupane (u ynkyuonanusupamne) npo-
MeHSl CbUeCmEeHo0 eleKmpuieckama, XUMU4Hama u KanuiapHama akmueHoCm Ha
nopecmama NOGbPXHOCH, KOEmo Om C80si CMPAHA onpeoessi h000OpPa8aHemo Ha
MaKuea Xapakxmepucmuku Ha UMNPecHAYUOHHUS Npoyec Kamo OblOOYUHA HA NPO-
HUK8aHe, CKOpOCM HA Pa3npocmpaneHue U aocopoyus Ha UMNpPecHayuoOHHUS pasm-
80P, KOIUYECMBO HA CYXOMO 8eueCmeo ,,6He0peHO’’ 8HeOPeHO npe3 NO8bPXHOCMMA
Ha nopecmama cpeoa.

Kniwouosu oymu: ouenexmpuuen bapuepen pazpso, niazmeHo HoONOMOSHaAma Kanu-
JIAAPHA UMApecHayus, 3a0asumenu Ha 20peHemo.

INVESTIGATION ON DIELECTRIC BARRIER DISCHARGE
SURFACE ACTIVATION EFFECTS - part |

Peter Dineff, Dilyana Gospodinova, lvalina Avramova,
Todorka Vladkova, and Carmen Gaidau

Abstract: The plasma aided flame retardation of wood, wooden products and cellu-
losic fibrous materials has been conceived and developed as a result of a plasma
aided process of capillary impregnation. The dielectric barrier discharge surface
pre-treatment modifies the chemical and capillary activity and improves such
characteristics of the impregnation process as the penetration depth, speed of solu-
tion spreading and adsorption, and capacity of adsorbed solution.

Keywords: dielectric barrier discharge, plasma aided capillary impregnation,
flame retardation of porous media (wood, polymer materials, leader, textile).

1. Introduction

The plasma aided flame retardation of wood, wooden products and cellulosic
fibrous materials has been conceived and developed as a result of a new plasma
aided process of capillary impregnation. The ability of the wood matrix to adsorb
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water is thus of critical importance for the water solution capillary impregnation of
the wood. The plasma-chemical surface pre-treatment modifies the chemical
activity of wood surface as well as the its capillary activity and improves such
technological characteristics of the impregnation process as the penetration depth,
speed of solution spreading and adsorption, and specific quantity of adsorbed
solution per unit of surface area. This allows using the plasma aided retardation as a
finishing process and applying it “in situ”. A system of plasma device and
applicators has been created to produce cold technological plasma through
dielectric barrier discharge (DBD) at atmospheric pressure and room temperature
[1, 2].
It is well known that heat treatments and machining reduce the wood wettability
and chemical activity by modifying this water-reactive matrix in different ways.
We found earlier that the cold plasma pre-treatment of soft wood, like pine (Pinus
sylvestris), improves technological characteristics such as a solution spreading and
adsorption speed, as well as a specific amount of the adsorbed flame retardant. In
this way, the plasma pre-treatment of pine wood improves its flame retardation and
alows*“in situ” performance of the procedure [3, 4].
Douglas fir (Pseudotzuga) is alargely used wood in alot of building constructions,
flooring, timbers, but its flame retardency by capillary (or surface) impregnation is
difficult due to its relatively high density and surface inactivation. Therefore the
impregnation of this type of wood is often performed under high pressure or
vacuum, the procedure requiring complicated apparatus and machines and a simple
geometric shape of the constructions, i.e. lumbers or timbers. In addition, the flame
retardency is successful at flame retardant penetration depth of 10+15 mm but than
an unacceptable decrease (down to 30 %) of the wood mechanical parameters
arises, [5].
We investigated the effect of plasma pre-treatment onto the wood surface activation
(or functionalization) as well as the effect of different surfactant systems onto the
ionic activity of the impregnation solution, both aimed at improvement of Douglas
fir wood flame retardation. Some experimental results of this investigation are
presented here: ateration the wood surface chemica composition or surface
functionalization as a result of the cold plasma pre-treatment at atmospheric
pressure and room temperature monitored by X-ray photoelectron spectroscopy
(XPS-) analyses; impregnating solution impregnation on bare or plasma pre-treated
Douglas fir wood without or with addition of a surfactant to the impregnating
solution and the change of wood therma degradation as a result of a flame
retardation under different conditions monitored by thermal analysis (TGA, DTA,
DSC).

2. Experimental

Douglas fir soft wood (Pseudotsuga menziesii, Canada), density of 678 g/cm® and
moisture content of 7.8 %) and pine soft wood (Pinus Sylvestris, Bulgaria) were
used in this investigation. Capillary impregnation test samples with size of
5x30x150 mm were manufactured by heard wood.

On the basis of the prior art as well as on a own former experience in the plasma
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aided impregnation of wood and wooden materials, [6, 7], an oxidative surface
plasma pre-treatment on a part of the test samples was performed for 1 min in a di-
electric barrier air discharge at atmospheric pressure at industrial frequency (50 Hz)
and two voltage — 10 and 15 kV, oxygen and ozone or nitrogen oxides (NO,) re-
spectively non-equilibrium cold plasma, and increased frequency (10 kHz) at volt-
age of 10kV.

The DBD plasma system was consisted of a coplanar shaped rectangular electrodes
with one glass barrier (thickness of 3 mm) arranged closeness to grounded elec-
trode with operating distance between high voltage electrode and barrier of 6 mm,
Fig 1a. The DBD was assured by two different - low frequency (50 Hz) and high
frequency (10 kHz), voltage generators. The wood samples were disposed in oper-
ating volume and treated for one minute (60 sec) under chosen frequencies and
voltages.

Non-operating | First operating | Second operating

area area area
%2700 o s
< 2400 AR R
HV Electrode £ 2100 S o
g 1800 I 3
/ S 1500 ST
o . > 1200 NSNS
2 AR AR R IO £ 900 R R TSN o
8 R R R R R R R, 2 Lo .0 3.36 WM
P /3:.3:3:3:.3:.3:3:3:.3:.3:3:3:.3:.3:3:3:3:.3:3:3:3f' e 288, 2,56 W/l
£ 4 o o do 00000 orpoboOWIRTITE
o g '
-é’ _L__ Earth Grounded Electrode 0 4 8 12 16 20 24
a) > Voltage VRMS! kV b)

Fig. 1. Dielectric barrier discharge coplanar electrode system with one glass barrier (a), static
volt-ampere characteristic lavc - Vrvs, and regimes of plasma pre-treatment at industrial fre-
quency of 50 Hz - SO: voltage of 10 kV (RMS); real specific power 2.56 W/m?, and SN: voltage
of 15kV (RMS); real specific power 3.36 W/m? (b).

A tendency to the halogen containing flame retardants replacement by halogen-free
ones is observed lately because of the toxicity of the halogens, [8]. A halogen-free,
phosphorus and nitrogen containing flame retardant is used in this investigation in
form of 30 w. % water solution. The impregnating water solution (FRIS, dry sub-
stance of 30 w. %; phosphorus content of 13 w. %, pH = 7+8 and density of 1.14
g/cm®) was based on a halogen free phosphorus and nitrogen containing flame re-
tardant. A new flame retardant product on the basis of ortho-phosphorous acid, urea
and ammonia was studied.

Wood inactivation is a surface phenomenon affecting just a thin outer layer of
wood. An inactivated wood surface does not absorb capillary well an impregnating
solution containing phosphorous compound as flame retardant. Plasma-chemical
surface activation (functionalization) with an effective participation of ionic
surfactants and silicone spreaders eliminates the inactivation-impregnating problem
creating a protective flame retardant layer on the wood surface. The air plasma
treatment gives different results from the nitrogen and oxygen treatments. Anionic
surfactants (AS, “Aniticrystallin A*, Chimatech, Ltd., Bulgaria) in quantity of 5
vol. %, or slicone super spreader (SSP, Y-17113, Momentive Performance
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Materials GmbH & Co. KG, Germany) in quantity of 0.1 vol. %, as well as their
combinations, were used to control the ion activity of the flame retardant
impregnation water solution. The capillary impregnation was performed on bare
(for comparison) or plasma pre-treated Douglas fir wood samples at atmospheric
pressure by spraying of the corresponding flame retardant solution (390 ml/m?).
X-ray photoelectron spectroscopy is a very powerful non-destructive surface ana-
lytical technique which provides valuable data on chemical surface composition
and surface reorganization after plasma-chemical pre-treatment. XPS is a surface
chemical analysis technique that can be used successful to analyze the surface
chemistry of a material in its "as recelved" state, or after some treatment such as
cold plasma pre-treatment. The binding energy is a characteristic of the atoms,
which can be used for elemental identification. XPS-analysis for this work was car-
ried out using a photoelectron spectrometer VGS ESCALAB Mk 11 with monochro-
matic AlKo radiation source (FWHM = 0.5 eV). The angle between the directions
of the incident X-ray and that of the observations (fixed by analyzer entrance dlit)
was 50. XPS-spectra are obtained by irradiating a material with a beam of X-rays
while simultaneously measuring the kinetic energy and number of electrons that es-
cape from the top 1 to 10 nm of the material being analyzed. XPS detects all ele-
ments with an atomic number (Z) of 3 (lithium) and above. This limitation means
that it cannot detect hydrogen (Z=1) or helium (Z=2). Detection limits for most of
the elements are in the parts per thousand (ppm) ranges, [9].

The interpretation of the curve fit of the carbon Cys peak after Kazayawoko (1998)
was used to interpret the changes of wood surface chemistry after plasma pre-
treatment, [10]. This study was developed as part of a large investigation on
plasma-chemically activated and flame retarded wood surface, [1, 3, 4, 6, and 7].
Thermal analysis — thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), and differential thermal analysis (DTA), was performed in air at
a heating rate of 50 °C /min in the temperature range of 25+1200 °C using Perkins-
Elmer equipment. The sample size was of about 3.0 mg.

3. Experimental results and discussion

The studied plasma aided capillary impregnation is based on both: a plasma-chemi-
cal pre-treatment of the wood surface and the impregnating flame retardant solution
ion activity optimization, expecting that an increase of the wood capillary activity
and the impregnating solution adsorption speed and capacity would alow perfor-
mance of a good enough flame retardation of porous wood surface [1, 2, 7].

The dielectric barrier discharge surface activation effects or the expected surface
reorganization and alternation of the chemical composition as aresult of the plasma
pre-treatment as well as of the flame retardant solution impregnation were moni-
tored directly by XPS-analysis, and the bare and flame protected Douglas fir wood
thermal behavior — by TGA, DTA, and DSC-analysis.

3.1. DBD activation effect and surface chemical composition

The inactivated wood surface usually contains the same components as the bulk but
the proportions among polysaccharides, lignin and extractives may be substantially
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different as aresult of the different conditions and methods of surface formation. It
iswell known, [5] that a high temperature expose during drying, cutting, etc. inacti-
vates the wood surface due to physical and chemical modifications leading to re-
duced ability of solutions to properly wet and penetrate. Thus, an inactivated wood
surface makes difficult the impregnation. The plasma treatment cleaning the sur-
face and changing its chemical composition impacts the surface wettability. Oxida-
tive cold plasma treatment accompanied with an accumulation of oxygen contain-
ing groups on the surface usually increases its polarity and wettability, the effect
depending on the operation conditions[1, 7].

Similar changes are the basis of the expecting DBD surface activation effect on the
Douglas fir wood surface, plasma pre-treatment in three types of dielectric barrier
discharge in air at atmospheric pressure was performed: i) DBD at industria fre-
guency (50 Hz) and relatively low voltage (10 kV) at which the mgjor active spe-
cies arise from ionized and activated air oxygen; ii) DBD at industrial frequency
and relatively high voltage (15 kV) at which the mgor active species arise from
ionized and activated air oxygen and nitrogen, Fig. 1; iii) DBD at high frequency
(10 kHz) and relatively low voltage (10 kV) at which the major active species arise
from both: ionized and activated air oxygen but the cold plasma density is higher
[10, 11].

The surface chemical composition change after such plasma pre-treatment was
monitored by comparative XPS-analysis of non-treated and plasma pre-treated
Douglas fir wood samples and some results are presented in Table 1.

Table 1. Elemental composition of Douglas fir and pine heart wood surfaces before (K) and
after plasma pre-treatment (SO, SN, SHF) determined from wide XPS-spectra.

Iéind '(if Vﬁo;)ds: Samples Chemical Surface Composition, at. %
ensity, xg/m Peaks C 0 N | noinC | nN/inC
Heart Douglas K (Non-Treated) 7769 | 2179 | 052 0.28 0.0067
(PsFéL;\:J(:gSga oep | ° | 10kv(s0Hz) | 6830 | 31.70 | 0.00 0.46 0.0000
menziesii, Pree | SN | 15kV(50Hz) | 69.10 | 29.90 | 1.00 0.43 0.0145
Canada): treated o
678 kg/m’ 10kV (10kHz) | 74.00 | 2550 | 050 0.34 0.0068
Heart Pine K (Non-Treated) 74.80 | 24.40 | 0.70 0.33 0.0094
(Pi\mogyl oep | S° | 10kv (50Hz) | 70.10 | 2850 | 0.60 0.41 0.0086
vestris, Bul- | Pre- | SN 15kV(50Hz) | 70.40 | 29.00 | 0.60 0.41 0.0058
371 kg/m’ 10kV (10kHz) | 7350 | 26.10 | 0.40 0.36 0.0049

The XPS-wide spectra of pre-treated and untreated wood samples show three peaks
at 285.0, 533.2, and 400.4 eV attributed respectively to Cis, O;s and Nis. The ele-
ments carbon (C), oxygen (O) and nitrogen (N) were detected on the investigated
Douglas fir wood surfaces. The nitrogen, detected on the non plasma treated - con-
trol sample, is most probably adsorbed on the surface from the ambient air. The
atomic percents of the elements as well as of the carbon components (i.e., C1, C2
C3 and C4) were determined from the wide and high-resolution XPS-spectra - Ta-
bleland 2.
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The presented in Table 1 data confirm the expected oxidation of the Douglas wood
surface: i) the surface oxygen content of all Douglas fir wood plasma treated sam-
ples is higher (25.5+-31.7 at. %) as compared to that of the non-treated sample
(21.79 at. %); ii) the total percentage of the surface carbon bonded to oxygen (the
last column, Table 2) is aso higher (41.9+44.6 %) for al plasma treated samples
compared to that (35.9 %) of the non-treated one; iii) the nO/nC ratio (Table 1) of
plasma treated samples is higher (0.34+0.46) compared to that (0.28) of the non-
treated one. The plasma pre-treatment provoked oxidation of the Douglas wood
surface is similar but in different degree to the plasma enhanced oxidation of the
pine wood surface, Table 1 and 2.

According to Kazayawoko et al., the high-resolution spectrum of the carbon peak
Cys showing the presence of different chemical states, or classes, of carbon on the
bare wood surface (K). The Cls peak was observed to consist of four main compo-
nents, which were ascribed to four classes of carbon atoms present on wood sur-
face: C1 (285.0+0.4 eV) — carbon atoms are those bonded to carbon or hydrogen
atom; C2 (285.6+0.4 €V) - carbon atoms are bonded to a single non-carbonyl oxy-
gen atom; C3 (288.0+0.4 eV) - carbon atoms are bonded to two non-carbonyl or to
asingle carbonyl oxygen atom, and C4 (289.5+0.4 eV) — carbon atoms are ascribed
to the carboxyl oxygen group. C1, C2 and C3 states of carbon are the main compo-
nents of the C,s peak whereas the C4 component detects in some cases, Table 2,
[10].

XPS-measurement results, Table 1 and 2, and carbon (Cg) and oxygen (Og) peaks
analysis, Table 2 and 3, lead to the conclusion that the air plasma-chemical surface
modification of wood at atmospheric pressure by DBD is a useful and effective
method for surface chemical activation of inactivated wood (Douglas fir, pine) by
oxidation of lignin, resin and extractive materials. That is right because the XPS-
analysis of the bare Douglas fir surface reveals by the nO/nC ratio (0.28) the exist-
ence of lignin (about 0.33), and resin and extractive materials (about 0.10) on the
wood surface.

It is evident from the data in Table 2, different type of oxygen to carbon bonding
(C-O; C=0; O-C-0O; or O-C=0) is observed for the plasma pre-treated under differ-
ent operation conditions Douglas fir wood samples, indicating the impact of the
operation conditions on the wood surface oxidation. The C1s peak was observed to
consist amaximum increased C2 state of carbon (C-O) and increased C3 state (C=0,
O-C-0) on the functionalized surface of Douglas fir wood samples (SO) under the
first operating condition of DBD (50 Hz, 10 kV). The second operating condition
of DBD (50 Hz, 15 kV) increased in maximum degree the C3 (C=0, O-C-O) and
C4 state of carbon (O-C=0), but decreased the C2 state. The third operating condi-
tion of DBD (10 kHz, 10 kV) increased the third C2, C3 and C4 together Table 2.
The air plasma-chemical functionalization of Douglas fir wood surface examined in
the daylight of the alteration of carbon to oxygen bonding holds out opportunities
for its controlling by the operating condition of DBD pre-treatment.
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Table 2. Carbon peak Cs; components or proportions of oxygen and carbon functional groups of
Douglas fir and pine heart wood surfaces before (K) and after plasma pre-treatment (SO, SN, SHF)
determined from high-resolution XPS-spectra.

Carbon peak Cs; components, %

3
. _ Cl1(C-C | C2(C-0O, | C3(C=0, C4
Kind of Wood: i nClnC2 | Y C;
Density, kg/m’ Samples or C-H) C-OH) O-C-0) | (0O-C=0) >
(285.0 (286.0 (288.7 (289.5
+04eV) | £t04¢eV) | £04eV) | t0.4¢eV)
Heart Douglas | K (Non-Treated) 64.1 31.0 4.9 0.0 2.068 35.9
Fir wood 0
menziesi, Pre- SN 58.1 23.5 12.8 5.6 2.472 41.9
Canada): treated
678 kg/m”® SHF 57.5 35.0 6.2 1.3 1643 | 425
Heart Pine | K (Non-Treated) 54.1 34.8 8.8 23 1.554 45.9
Wood
(Pinus Syl- DBD SO 50.9 37.2 0.8 21 1.368 49.1
vestris, Bul- Pre- SN 45.2 40.4 11.9 2.6 1.119 54.8
garia: treated
371 kg/m® SHF 45.4 40.1 12.0 2.5 1132 | 546

The high-resolution spectrum of the oxygen peak O,s includes the following main
four different chemical states of oxygen atom on the wood surfaces. O1 (531.5+0.4
eV) — O=C; 02 (532.5+0.4 eV) — O-H; O3 (533.0+0.4 eV) — O-C or H-O-H; and
04 (534.5+0.4 eV) — not defined [13]. The carbon states and oxygen states are rele-
vant — C3 to O1 and C2 to O3, but the amounts of C2 and C3 and O1 and O3 aren’t
corresponding. The found difference is due to the water (H-O-H) absorbed in the
surface layer, Table 3.

XPS findings revedled that DBD pre-treatment increases the nO/nC ratio by
oxidation of the Douglas fir surfaces and decreases the nC1/nC2 ratio, Table 2.
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Pesztome: [Inazmeno noonomocHamama 3awuma upe3 3a06a8umenu Ha 20peHemo Ha
0bp80, ObPEEHU U30eNUsl U YeTYIO3HU MAMEPUATU, HA MEeKCMUIHU U KOHCEHU U30e-
JUsL e 3aMUCIleHa U paspabomena Kamo pe3yimam om nosieama u passumuemo Ha
NIa3MeH0 NOONOMOSHAMA KanuiapHa umnpeernayus. lIpeduecmsauwyomo kanuisip-
Hama umnpecHayusi niasmero xumuuno akmusupane (u ynkyuonanusupamne) npo-
MEHsL CbUeCBEHO elleKMmpUYecKkama, XUMUYHaAma u KanuisipHama akmueHoCcm Ha
nopecmama no8bPXHOCM, KOemo Om C80sl CMpAHA onpeoeis nodoOpsasaHemo Ha
MaKuea Xapakxmepucmuku Ha UMAPEeSHAYUOHHUSL NPOYeC Kamo OblOOYUHA HA NPO-
HUK8AHe, CKOPOCM HA PA3NPOCMpaHeHue U a0copoyusi Ha UMNPESHAYUOHHUSL PA3Mm-
80P, KOIUYECMBO HA CYXOMO 8eUleCmeo ,,6HeOPEHO’ 6HeOPEeHO Npe3 NO8bPXHOCMMA
Ha nopecmama cpeod.

Kntouoeu oymu: ouenexmpuuen 6apueper paspso, niasmeno noonomMosHama Kanu-
JIAAPHA UMnpecHayusl, 3a0asument Ha 20peHemo.

INVESTIGATION ON DIELECTRIC BARRIER DISCHARGE
SURFACE ACTIVATION EFFECTS - part 11

Peter Dineff, Dilyana Gospodinova, Ivalina Avramova,
Todorka Vladkova, and Carmen Gaidau

Abstract: The plasma aided flame retardation of wood, wooden products and cel-
lulosic fibrous materials has been conceived and developed as a result of a plasma
aided process of capillary impregnation. The dielectric barrier discharge surface
pre-treatment modifies the chemical and capillary activity and improves such
characteristics of the impregnation process as the penetration depth, speed of so-
lution spreading and adsorption, and capacity of adsorbed solution.

Keywords: dielectric barrier discharge, plasma aided capillary impregnation,
flame retardation of porous media (wood, polymer materials, leader, textile).

3.2. DBD activation effect and surface chemical composition after plasma
aided impregnation

The plasma treatment cleaning the surface and changing its chemical composition

impacts the surface wettability and impregnation by water solution. The surface
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chemical composition change after such plasma-aided impregnation with water
solution containing phosphorous and nitrogen flame retardant was monitored by
comparative XPS-analysis of non-treated and plasma pre-treated Douglas fir wood
samples, non-corrected and corrected by anionic surfactant (of 2, 5, 10 and 20
vol. %; AS2, AS5, AS10 and AS20) flame retardant solution (FRIS) and some results
are presented in Table 4.

The appearance of nitrogen (N) and phosphor (P) on the surface of the flame
retarded by FRIS samples in fixed ratio nN/nP (0.58) is not a surprise having for
that the flame retardant on the surface (up to 5 nm in depth) contains nitrogen and
phosphorous as element and the nitrogen on the surface of the bare wood is too
small (0.58 at. %) compared to the nitrogen (5.7 at. %) on the surface after
impregnation, Table 4 and 1.

Table 3. Oxygen peak Os; components of Douglas fir heart wood surfaces before (K) and after plasma
pre-treatment (SO, SN, SHF) determined from high-resolution XPS-spectra.

Oxygen peak components, %
o1 02 03 (0-C; | O4 not-de-
- ’ . C2+C3 | 01+03
Kind of Wood: Samples (0=0C) (O-H) H-O-H) fined
Heart Douglas (531.5 (5325 (533.0 (534.5 % %
Fir wood +0.4eV) | £0.4eV) 0.4 eV) +0.4 eV)
(Pseudotsuga
menziesii, K (Non-Treated) 0.0 0.0 100 0.0 35.9 100.0
Canada) [ so 3.2 0.0 91.8 5.0 446 | 950
Pre- SN 5.5 59.9 34.6 0.0 36.3 40.1
treated
SHF 12.2 51.2 36.6 0.0 41.2 48.8

The correction in the ion activity of the impregnating FRIS by the supplementation
of an anionic surfactant did not change materially the ratio nN/nP — form 0.58 to
0.61 at. %, but decreased the nitrogen from 5.7 to 3.7 at. %, and the phosphorous
from 9.8 to 6.1 at. % on the surface, Table 4 and 5. The phosphor and nitrogen
containing flame retardant penetrated in depth of the wood matrix without changing
its chemical composition.

Table 4. Elemental composition of Douglas fir heart wood surfaces flame retarded by capillary
impregnation (FR) and plasma-aided capillary impregnation determined from wide XPS-spectra.

Impregnated Chemical Surface Composition, at. %
Samples Peaks C 0 N P nN/nP
FR Non-treated 46.6 37.9 5.7 9.8 0.58
PI10-FR DBD 53.8 32.3 4.8 9.1 0.53
PI15-FR pre-treated 61.9 30.0 35 4.6 0.76
PIHF-FR 52.2 35.4 5.3 7.1 0.75

The other way about the plasma-aided impregnation with basic FRIS, DBD pre-
treatment changed materially the ratio nN/nP — from 0.58 to 0.53 (0.76 and 0.75) at.
%, Table 4. Generally, the phosphorus and nitrogen are simultaneously reduced
(below 9.8 at. %) if an ionic surfactant presents in the FRIS, Table 4 and 5. These
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results indicating that the reduction of the phosphorus and nitrogen content on the
surface is most probably due to quick penetration of the impregnating solution in
the bulk of the wood. The more significant decrease of the phosphorus and nitrogen
content on the surface with the increase of the anionic surfactant amount, Table5,
compare samples PIHF-FR-AS2 - PIHF-FR-AS20, as well as the almost constant
nN/nP ratio on the compared surfaces confirms this supposition.

It is not the same case of the plasma pre-treated wood or the plasma-aided impreg-
nation. The comparison of the surface elemental composition of Douglas fir sam-
ples impregnated with the basic FRIS (without surfactant addition) plasma pre-
treated and non pre-treated shows some significant differences in the phosphorus
and nitrogen content on the non treated and plasma pre-treated surfaces varying in
dependence on the operation conditions of the plasma treatment, Table 4 and 5. It
should be marked also, that nN/nP ratio of the plasma non pre-treated sample (of
0.58) differs significantly from that of the plasma pre-treated samples.

This indicates that some chemical interactions between the plasma pre-activated
wood surface and the flame retardant occurs changing otherworld almost constant
nN/nP ratio. If we have for that the plasma pre-treatment alters the chemical reac-
tivity of the wood surface by accumulation mainly of oxygen containing groups
(Table 1 and 2) most probably they interact somehow with the flame retardant.
Table 5. Elemental composition of Douglas fir wood surfaces flame retarded by anionic surfactant (AS)

aided capillary impregnation (FR-AS) and plasma-aided capillary impregnation (PI-FR-AS) with different
amount of surfactant (2, 5, 10, and 20 vol. %) determined from wide XPS-spectra.

Chemical Surface Composition, at. %
Impregnated Samples

Peaks C (©) N P N/P
FR-AS2 Non-treated 62.0 28.2 3.7 6.1 0.61
PI110-FR-AS2 DBD-LF 66.2 25.9 2.9 5.0 0.58
PI15-FR-AS2 pre-treated 50.2 36.8 5.6 7.4 0.76
PIHF-FR-AS2 53.2 34.0 5.8 7.0 0.83
PIHF-FR-AS5 DBD-HF 59.8 30.8 4.1 5.3 0.77
PIHF-FR-AS10 pre-treated 53.3 36.2 3.6 6.9 0.52
PIHF-FR-AS20 58.9 35.7 2.2 3.2 0.69

3.3. DBD activation effect by thermal (TGA, DTA and DSC) analysis

Solid materials do not burn directly: they must be first decomposed by heat (pyrol-
ysis) to release flammable gases. Visible flames appear when these flammable gas-
es burn with the oxygen in the air. If solid materials do not break down into gases,
than they will only smolder slowly and often self extinguish, particularly if they
char and form stable carbonaceous barrier which prevents access of the flame to the
underlying material. Materials like wood burn vigorously because once ignited, the
generated heat breaks down the long-chain molecules to smaller fragments transpir-
ing as gases. The gas flame maintains itself by the action of high energy spaces
(that is H" and OH" in the gas phase) decomposing the molecules to free carbon that
can react with the air oxygen to “born” CO, generating heat energy. The different
types flame retardants inhibit the flaming process on different mechanisms, [8].

The most common and best known fire retardance methods for wood are based on
changing the pathway of pyrolysis. In this simple and inexpensive method, wood is
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treated with a substance that enhances the pyrolysis reaction of cellulose through
the pathway leading mainly to char formation. Ideally, the reactions would proceed
so that cellulose decomposes to char and water: (C¢H10Os), — n (6 C + 5 H,0),
[12].

It is well known, [8, 12], that the phosphorus containing flame retardants act effi-
ciently in the solid phase of the burning material. Under heating they deliver poly-
meric forms of the phosphoric acid that forms glassy layer inhibiting the pyrolysis
process by braking down the material charring and flammable gases release neces-
sary to feed the flame. The delivered phosphoric acid is able to do both, to suppress
a glucosans formation and to block the flammable volatile products release. Sub-
stances influencing on pyrolysis often react with the hydroxyl group attached to the
sixth carbon atom of cellulose molecule, leading eventually to the stabilization of
the structure through the formation of a double bond between the fifth and sixth
carbon atom. This action mode leads to predominant char formation than flamma-
ble gases. Hence the pyrolysis with char formation gets a priority in presence of the
phosphorous flame retardant. The char barrier layer grows and thus cut off the head
and oxygen transfer to pyrolysis zone. At the same time it doesn’t allow the flam-
mable gases to pass trough and flame spreading is stopped. The thickness and mor-
phology of the “char barrier” determine the quality of the flame retardency. The
phosphorus and nitrogen containing flame retardants combine the flame retarding
mechanisms of both phosphorus and nitrogen compounds with synergetic effects
reinforcing their function.

Thermal analysis — TGA, DTA and DSC, was employed for evaluation of the influ-
ence of wood treatment on pyrolysis and combustion. Thermal analysis gives basic
information on the mechanism of thermal decomposition, ignition and burning as
well as data on the wood treatments and modification.

A clear distinction should be made between fire barrier assemblies which utilize
fire resistant materials (rated) and flame or fire retarded materials (indexed). The
terms seem alike and are often confused but are quite distinct. Fire rated materials
prevent ignition over fixed length of time. Fire retarded materials, on the other
hand, will ignite. They slow down, however, the flame spread and smoke develop-
ment of the burning material. Fire retardant materials are typically used by the
building codes regulation for interior finish materials. A low flame spread materials
will not necessarily improve the performance of a fire rated assembly.

When a wood product burns at a constant rate of heat release per unit area, the
boundary between the pyrolysed material and the intact wood, i.e. the pyrolysis
front, proceeds to the wood in depth direction. Since all pyrolysing wood can be
considered to char, the charring rate corresponds to the propagation rate of the py-
rolysis front. Charring rate is an essential quantity for the fire resistance of wooden
structures, because the wood under the char layer preserves its original properties.
Important factors for the charring rate of wood are the density, the external heat
flux and the moisture content.
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Charring rate decreases with increasing density according to the power law —
Douglas fir wood belong to the class of high density woods (678 kg/m®), i.e. its
charing rate is about 1 mm/min. Charring rate is not generally much influenced by
fire retardants. However, the char yield is usually increased quite a lot, that might
contribute to the protection of the wood core, [12].
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However, the correlation between results of thermal analysis - TG (DTG), DTA and
DSC, and the real fire behavior of wood was not established yet, [13]. Usually the
thermal analysis is carried out at thermodynamically stable equilibrium, i.e. the
temperature rate below to the 410 °C/min range. The real fire reach the flashover
(about 600 °C) for ten minutes and the relevant heating rate is essentially higher —
from 50 to 60 °C/min. One better approximation to real fire might be a thermal
analysis at increased rate of heating (50 °C/min) closer to the real fire condition.

TG and DTG analysis curves of the above described samples are presented in Fig.
2a. The mass loss at all studied samples in the first temperature zone (up to the ig-
nition point) is slight due to a release of a small amount of inflammable volatile
substances and the differences between the samples indicate their different dehy-
dratation and decomposition.

The intense pyrolysis of the non-protected wood sample, Fig. 2a, TG-curve 1, in
the flaming zone (the first after the ignition point) is accompanied with a very sharp
mass loss (more than 60 %) due to a formation of a lot of low molecular weight
flammable volatile products whereas suppressed flaming and started below ignition
point (IP) glowing with coal char formation is visually observed for all flame re-
tarded samples, Fig. 2a, TG-curves 2+5, accompanied with less mass loss compared
to the control wood sample. The DBD pre-treatment effect on the flame retardency
for different operational conditions, Fig.2b, DTG-curves 3+5 was expressed by the
appearance of the main peak at lower temperatures (322, 347, 350 °C) comparing to
the flame retarded wood sample (365 °C), i.e. it reinforced the flame retardency ef-
fect, in comparison with bare wood (411 °C). The formation of protective barrier
char layer started earlier and finished before the flaming start of the bare wood, Fig.
2b. This DBD pre-treatment effect attended with a well expressed growth of the
loss of mass compared to the bare wood. The built char barrier (in temperature zone
A) retarded the loss of mass of flame retarded samples after 426+430 °C (zone B),
Fig. 3. The total mass loss at the 600 °C of DBD-aided flame retarded samples was
52, 55 % for low and 66 % for high frequency DBD, against 58 % for flame re-
tarded wood samples and 71 % for bare wood.

DSC and DTA curves of the flame retarded wood, Fig. 4, curves 2+5, to that of the
bare wood, curve 1, demonstrated significant alterations of the thermal effects and
the head flow in all above described temperature zones indicating in this way that
the used flame retardant and DBD pre-treatment influenced all steps of the wood
pyrolysis and burning.

The comparison of curve 2 to curve 1, Fig. 4a, shows: i) a slight shift of the IP to
the higher temperature — from 300 °C for the bare wood and up to 303+350 °C for
the flame protected one; ii) the appearance of a enlarged endothermic peak at
190 °C for the flame retarded wood evidently is connected to the thermal decompo-
sition of the used flame retardant; iii) the observed for bare wood flaming peak at
346 (347) °C is suppressed and absorbed by an enlarged charing peak at 433 °C for
flame retarded wood. Such large peak relevant to the building of the protective char
barrier is observed too after the IP at different temperature for DBD pre-treatment
flame retarded wood: 421 and 431 °C for low and 455 °C for high frequency DBD.
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A significant difference was find the using FRIS lead to an enlarged total exother-
mic effect in comparison with the bare wood, Fig. 3b. DBD pre-treatment at the
same time improves the flame retardency and diminish this total exothermic effect
but it remains higher than the bare wood one.

CONCLUSION

As a result of the carried out experimental investigations on the DBD pre-treatment
effects on the Douglas fir surface chemistry and flame retardency after capillary
(surface) impregnation with phosphor and nitrogen containing flame retardant we
are in position for the following main conclusion:

1. The Douglas fir wood surface is very sensitive to the ionic activity of the
Impregnation water solution;

2. The Douglas fir wood plasma or DBD pre-treatment have significant in-
fluence over the ionic surface balance of the wood, keeping its amphoteric char-
acter;

3. DBD pre-treatment at different operation conditions has as result the
change of the surface chemistry — an oxidation of the wood surface is realized,;

4. Both the cold plasma pre-treatment (or chemical surface modification)
and the control of the FRIS ionic activity by different surfactants (spreaders) offer
some possibilities for the improvement of capillary (surface) impregnation process
and the flame retardency of Douglas fir wood;

5. Plasma-aided capillary impregnation process with ion active flame retar-
dant water solutions give new opportunities for improvement of the flame re-
tardency of wood and wood products and can be adopted as an universal approach
to the impregnation processes;
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MAT'HUTHO CTUMYJIMPAHE HA BAPUEPEH PA3PA/ B YCIIOBUATA
HA HAJUI'BKHO MATTHUTHO U30OJIUPAHE

Hersp Junes, Auasna I'ocnogunosa, Paiina IleneBa

Peztome: Macnumnomo none modce 0a 3a0vbpaiicu e1eKmpoHume, KaKmo 8 HanpeuHo,
maka u 8 HaoavbICHO Hanpaesienue. Tosa nozeonsisa da 6voam cv30adeHu No0xXo-
oAU KOHPUypayuu Ha MASHUMHOMO Noje, KOUmo Mo2am 0a 3a0bpicam eleKm-
POHUmMe 8 02paHuien 0bem 3a He02PaHU4eHO 0ble0 8peme - O0CMAMbUHO, 3d 04 ce
YCUNU HACTe0CMBEHOCMMA NPpU CMAHA HA NOAApHOCmMma Ha enekmpooume. Taxa
KbM 08ama U38eCHU MeXAHU3MA HA ,,HACeOCmEeHa namem’ — OUCKpemHama
NPOCMPAHCMBEHA CIMPYKMYPA HA NOLONCUMENHUSL 3APA0, KOAMO 0CMABA ,,0a HCU-
gee”’ cned eleMeHmapHus paspso, U NO8bPXHOCMHO pas3npeoeneHama 8vpxy oue-
JlekmpuyHama b6apuepa OUCKpemHa cmpyKmypa om eiekmpoHU, 3aX6aHamu 8 no-
BLPXHOCMHUSA CNOU, Mpsibea 0a ce npubdasu u 8b3IMONCHOCMMA 0a Ovoam Cbv30a-
OeHU MACHUMHU 2PAHUYU, KOUMO 0d OCULYPSAM Oblbe HCUBOM HA eleKMPOHUmMe 8
MASHUMHO U30IUPAHU 00eMU O pabOMHAMA MeHCOUHA.

Kniwouosu oymu: ouenexmpuuen 6apuepeH paspsio, MAZHUMHO CIMUMYIUPAHE C BbH-
WHO NOCMOSHHO MACHUMHO Noje, epexm Ha MACHUMHO 0211e0dJl0.

MAGNETIC STIMULATED DIELECTRIC BARRIER DISCHARGE TO
TERMS OF LONGITUDINAL MAGNETIC ISOLATION

Peter Dineff, Dilyana Gospodinova, and Rajna Tzeneva

Abstract: The magnetic field can hold electrons as in the transversal and longitudi-
nal direction. This allows creating the appropriate configurations of the magnetic
field that can hold electrons in a limited volume for unlimited period of time -
enough to increase “inherited memory” when switching the polarity of the elec-
trodes. So the two well known mechanisms of "inherited memory" - a simple dis-
crete spatial pattern of positive charges, which remains "live" after the dying of el-
ementary discharges, and the discrete surface pattern of trapped electrons on the
dielectric barrier surface, have to be added the possibility to create suitable mag-
netic boundaries to ensure long life of electrons in magnetically separate volumes
part of the working gap. This study was developed as part of a large investigation
on magnetic stimulation of dielectric barrier discharge at atmospheric pressure in
air.

Keywords: dielectric barrier discharge, plasma aided capillary impregnation,
flame retardation of porous media (wood, polymer materials, leader, textile).
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1. BnBenenue
Bripeku moapoOHOTO onrMcaHue HAa MarHETPOHHHMSI €()eKT, HETOBOTO MPAKTHIECKO
W3II0JI3BAHE TIPU HEPABHOBECHUTE CIICKTPUYCCKU Pa3psId, KaKTO M BH3MOKHOTO
MarHMTHO CTUMYJIMpaHE Ha OapHepHUTE pa3psau IpH aTMOCHEPHO HAJISITaHE OCTa-
BaT HEW3BECTHA W HEW3IIOJ3-
BaHa BH3MOXKHOCT 3a yIpaBJie-
HUC Ha TIXHAaTa HEPABHO-
BecHOCT, [1+5]. BHacsnero Ha
OapuepHHs pa3psia BbB BHHIII-
HO TIOCTOSTHHO MarHUTHO I0JIe

HE i b B
% ):[O63B${ HOBO CHUJIOBO B’b?,):[CﬁC—

PM T BM l PM T HVE TBHE BBLPXY EIEKTPOHUTE H
yBEIMYaBa TAXHATA IIOJBHXK-

a) Hoct. HesaBucumo oT Ham-

K /j PaBICHUETO HA  BBLHIIHOTO

MarHUTHO TIOJIE CTIPSIMO €JICK-
TPHUYECKOTO TOJIC Ha pa3psa -
HaUIBKHO WM HAIpPEeYHO
(MaruHeTpoHeH e(eKT), TO ce
SIBSIBA MHCTPYMEHT 3a U3MECHE-
Hue (yBenn4yaBaHe) HA HEPaB-
HOBECHOCTTA Ha aTMOC(epHHUs
Oapuepen pazpsa. B to3m
CMHUCBHJI C€ BB3IPUEMA MPE/IC-
TaBaTa 3a MarHWTHa CTH-
MyJIaliisl Ha HEPaBHOBECHHTE
CIICKTPUYCCKH paspsiid  TpH
BHCOKO (arMochepHO) Ha-
nsirane, [6]. UscnenBanust Bbp-
Xy TOJIy4aBaHETO HAa XOMOTe-
HeH OapuepeH paspsn, [1, 4 u
5], ompenensT ycioBusATa 3a
HETOBOTO MOJyYaBaHe TaKa:

- CBIIECTBYBAT, WU CE€ IMOSBS-
BaT, MHOXXECTBO EJICKTPOHH,
KOWUTO CTaBaT Hadyajo Ha Ta-
payelHO pa3BUBAIU CE CJICK-
TPOHHU JIABUHM - JABUHEH CTa-

@ur. 1. MarHuTHH CTPYKTYpH, cb3aaBamu (3, b) u He cb3aaBaiuu AN Ha p a3pﬂﬂa;
(c) T.Hap. marauTHa rpanuua (creHa) B obnacrra Ha Bucokosonrosus — CTPHMCPHA (bopMa Ha pasps-

€JIEKTPOJ U AUENeKTpuIHaTa 6apuepa. Ja ce OCBIIECTBABA NP J0C-

HVE - BucoxoBonToB enexkrpon; GE — 3a3emen npotusoenekrpon; B — THraHe Ha KPHUTHYHA CTOl-
nuenexkTpuyna (cTekieHa) Gapuepa; PM — mocrosiHHE (peaKo3eMHH)

maruuti; MC — mMarnuronposoa. 3ampuxosanute obnactu va paborna-  HOCT Ha T. Hap. KpI/ITCpI/Iﬁ Ha
Ta MEKAMHA [TOKa3BaT ,,KOPHAOPHUTE” 3a IOCTHII HA ENEKTPOHHUTE 10 IH- Meek (a d >20 n.>3 108cm-3
.a =20, 2 9. ,

eJIeKTpUYHATa Oapuepa.
Eq = 26 kV/cm);
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- IPEXObT KbM CTPUMEpPHA (popMa Ha paspsja ce 3aTpyIHsABA OT €IEKTPUUYECKOTO
B3aUMOJICHCTBHE MEX]y BE€ ChCEIHH JaBUHH, KOETO O3HAUaBa, ue eJIeKTPHUUECKO-
TO B3aUMOJICUCTBHE MEXIy MapajeIHO Pa3BUBAIIUTE CE JAaBUHU OTMECTBAa TO3MU
pexo]l KbM MO-BUCOK KPUTHUEH UHTCH3UTET.

Taka ¢opmupanute mpen-cTaBu 3a pa3BUTHE Ha OapuUepHHs paspsi ce U3TpakaaT
U3KIIIOUYUTEIIHO BBPXY €JIEKTPOCTATHUHUS XapaKTep Ha B3aWMOJACUCTBUATA MEXKIY
o0eMHUTE 3apsad, AUeTeKTpuYHaTa Oapuepa M EIeKTPOJUTE - TEopus Ha
Townsend-Meek. Ako ce oryere, oO6ade, TMHAMHUKATa Ha PA3BUTHE Ha MUKPOPA3PsI-
JWTE, Ha JIJABUHHUA U Ha CTPUMEPHUS CTauii, TO MOXe Ja ce Mpearnoara, 4e ele-
MEHTApHUTE EJIEKTPOMAarHUTHU B3aWMOJEWMCTBHS CBHIIO Taka TpsAOBa Ja oOKa3BaT
CBILECTBEHO BIIMAHUE BHPXY (OPMUTE U pa3BUTHETO Ha OapuepHus paspsa. Tosa e
JI0Ka3aHO €KCMEPUMEHTAIHO IO JBa HAUWHA: P60, Upe3 U3IMOI3BaHETO HA €IUH U
nBa (pepoMarHuTHY (CTYICHO BaJllyBaHa €JICKTPOTEXHHYECKA CTOMAHA) eJIEKTPO/a;
6mopo, 4pe3 Ch3AaBAHETO Ha BHHIIHO MOCTOSHHO MAarHMTHO MoJie¢ B paboTHaTa
MEXKIUHA — MEXTy SIUHHS OT JIBaTa eICKTPOoJIa U AUeIeKTpuyHarta Oapuepa, [7, 8].
CrpiiecTByBaT TpW MOAXOJA 32 aHAIN3 Ha €KCIIEPUMEHTAIHO JIOKAa3aHOTO OT Hac
MarHMTHO CTUMYJIHpaHe Ha OapuepHuUs pa3psii BbB BHHITHO MarHUTHO MOJIE, KOETO
ce W3pa3siBa B 3HAUMMO HAapacTBaHE Ha aKTHUBHATa MOIHOCT Ha pa3psnua B pas-
JMYHUTE OTIEPAIIIOHHU PEKUMHU:

- NvpeuAm, ce OCHOBaBa BHPXY JCHCTBHETO HAa M3BECTHATA JIOPECHIIOBA CHJIa BHPXY
TPAeKTOpHATA HA €NEKTPOHA, yBEIMYaBAHETO HA BEPOATHOCTTA 3a YJAapHO B3aW-
MOJIEHCTBHUE C TeKKaTa KOMIIOHEHTa Ha HEpaBHOBECHATA TUIa3Ma M yBeJIMYaBaHe Ha
BEPOSATHOCTTA 32 €JIEKTPOMArHUTHO B3aUMOJICHCTBUE MEKIY BCEKH JBE CHCEIHU
JIAaBUHH, KOETO TIPOMEHSI CHIIIECTBEHO yCIOBUSATA 3a IPEX0Jl KbM CTpHMEpHa ¢popMma
Ha ropeHe Ha pa3psja;

- emopusim, ce€ OCHOBaBa OTHOBO BBPXY JCHCTBHETO Ha JIOPECHIIOBATa CHJIA BHPXY
TPAeKTOPHATA HAa €NEKTPOHA, HO YAApEHUETO Ce MOCTaBsl BbPXY e(dekra Ha T.Hap.
MarHUTHO OrJieaano (MM MarHWTHA Tara), KOMTO MO3BOJISABA OTPAKCHHUE HA TOJIsI-
Ma 9acT OT €JIEKTPOHUTE OT BHHITHOTO MAarHUTHO TOJIE C TOJISIMA TUTBTHOCT M CHII-
HO BIIMSIHUE BBPXY CTPHUMEPHUTE CTAIUM HA pa3BUTHE Ha OapHepHUs pa3psl — Ha
KaTOJHO ¥ aHO/JHO HACOYCHH CTPUMEPH,

- mpemusim, c€ OCHOBaBa BbPXY €IMHHATA TPEJCTaBa 3a JCHCTBHETO HA JOPEHIIO-
BaTa CHJa, KOSATO BKIIOYBA. M yABDKAaBAaHETO HAa JKMBOTA Ha EJIEKTPOHUTE IPHU
JIBM)KCHHETO UM KbM aHOJIa MPU HapacTBaHE Ha BEPOSITHOCTTA 3a yAapHa HoHU3a-
WS B JIABUHHUS CTAJMi Ha pa3BUTE Ha pa3psa; U epekTa Ha MarHUTHO OTJIENAIO,
KOETO Ch3JlaBa yCJIOBHUS 3a MPOsiBA HA HOB €EeKT Ha mameT (Ha HaClielsBaHe) MPH
Pa3BUTHETO Ha pa3psja - 4acT OT €JIEKTPOHHUTE CE€ HACJEIsABaT OT pa3BUBAILUTE CE
CTpPUMEpH, a APYyTa YacT OT 3al0YBaIlIMs HOB pPa3ps]l CJe] CMsHAaTa Ha MOJSPHOCTTa
Ha eJIEKTPOJIUTE.

3AJJAYATA Ha Ta3u paboTa € Ja ChIIOCTaBH JIBE €IHAKBU MO CTPYKTypa KOHDU-
rypaluy OoT IOCTOSSHHM MarHWTH, HO pa3jinyaBallld Ce€ ChIIECTBEHO C TOBA, Y€ B
eIMHUS OT CIydanTe KOHPUTypamnusra oOpazyBa T.Hap. MarHUTHA TPaHMIA BBPXY
HNOBBPXHOCTTA Ha JIMEJNEKTpUYHATa Oapuepa KaTo MOCTOSTHHUTE MAarHUTH ca C pe-
AyBallla ce MOJISIPHOCT, @ BbB BTOPHUS OT M3CICABAHUTE €KCIIEPUMEHTAIIHO CIydau
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MOCTOSTHHUTE MarHUTH WMaT €JIHaKBa IOJSIPHOCT, T.€. HE 00pa3yBaT MarHWTHA
rpanuna, gur. 1.

2. EpeKT Ha MArHUTHO OTpPaKeHHe U MATHUTHO orjeaajo (rpaHuia)
HamrekHOTO 3ambpkaHe Ha JBIDKEIIMS Ce€ 110 I0COKa Ha HapacTBaHEe Ha
MarHWTHaTa WHIYKIUS B €IEKTPOH € pe3yJTaT OT HEMpPeKbCHATO HapacTBalllara
JIOPCHIIOBA CHJIA NPH HABJIM3aHETO HA €JIEKTPOHA B MarHWUTHOTO moje - F =e
[3,.BRr], kbaeTo e e 3apsaabT Ha €ICKTPOHA; &, - HalpeyHaTa Ha MAarHUTHOTO TIOJIC
CKOPOCT Ha €JIGKTPOHA, KOHTO Ce€ NBIKM TIO JIApMOPOBA OKPBHKHOCT C PAJUYC
rs = (Me..%,)/(e.B) okono MmarauTHaTa cusoBa JTuHUS, Bg — pagnanHaTa KOMIIOHEHTA
Ha MarHuTHaTa uHAyKiwms, [9].

CrpIiecTByBa T.HAp. MOUKA HA ompadcenue, B KOSITO CKOPOCTTa Ha HaBJIHM3aHE I-
Ha CJICKTPOHA B HAPACTBAIOTO MAarHWTHO IIOJIE CTaBa paBHA Ha HyJa, JOKAaTO
HampeyHaTa CKOpPOCT 4, JIOCTHra JOCTaThYHO TOJIIMa CTOMHOCT M CIICKTPOHBT
3aroyBa Ja ce JBM)KHM B 0OpaTHA MOCOKa HaBbH. He BCHUKM eleKTpoHH, o0aye, ce
OTpa3sBaT MO TO3W HAYUH - TE3HM, KOMTO MMAT JOCTAThYHO BHCOKa CKOPOCT IIpe-
MuHaBaT. ChINECTBYBA KOHYC HA NPEMUHABAHe, T.€. CICKTPOHUTE, KOUTO CE JBIIKAT
OKOJIO MarHUTHHUTE CWJIOBH JIMHUHM BBTPE B TO3U KOHYC (O] KPUTUYHHUS BI'bJI Ha
KOHyCa) MPEMHHABAT, JJOKATO TE3U U3BbH KOHYCA CE OTPA3sBaT WM THPIAT IIBIHO
MarHuTHO OTpakeHue. [[pHHIUITBT Ha ,,MaTHUTHOTO OTJIEAANO” CE HM3IOJI3Ba IIHU-
POKO 3a Ch37aBaHETO HA MAarHUTHO M30JIMPAHH MOBBPXHOCTH M 3aTBOPEHHU OOCMH,

[9].

@DUr. 2. MaruuTHU CTPYKTYPH OT IOCTOSHHU PEAKO3EMHH MATHHTH, Ch3aBalii (2) U He Ch3/aBai (C) MATHUTHO OTTICAAIIO
(crena) B obnactTa Ha aueneKTpUYHATaA Gapuepa.

Ha Ta3m TeopeTnyHa 0CHOBa MOXE J]a C€ MpUeMe 3a U3CJIeIBaHe Bh3MOKHOCTTA Ha
NOBBPXHOCTTA HA JMENIEKTpUYHaTa Oapuepa Ja ce cbhb3aaje ,,MarHuTHO Orjeaayo’,
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WJIM MarHuTHO M30JIMPAaHA TPAHULA, YPE3 M3MOJI3BAHETO HA MOAXOASIIA CTPYKTypa
OT MOCTOSTHHU aHU30TPOITHU CTPOHITUCBH WJIM PEIKO3EMHU MaruutH, ¢ur. la u b.
Enna HOBa mpocTpaHCTBEHA OPUEHTALIMS HA MOCTOSSHHUTE MarHuTH, ¢ur. 1lc, Boau
JI0 IPAKTUYECKU XOMOT€HHO MarHMTHO TOJIE U /10 PSA3KO HapacTBaHE HAa rPaHUYHUSA
BI'BJI HA TMPEMUHABAHE - MPAKTUYECKH BCUYKHU EJIEKTPOHU JIOCTUTAT O MOBBPX-
HOCTTA Ha JueJIeKTpuuHaTa dapuepa.
3a 1enuTe Ha €KCIEPUMEHTATHOTO M3CJIeABAHE Ce peallu3upaT Tpu KOH(Urypamuu
Ha TOCTOSHHUTE MAarHUTH — nbpeama, NMPEICTaBIsABa IUIOCKoNapaieiHa (Koria-
HapHAa) JBYEJICKTPOJHA CUCTEMa C aCUMETPUYHO PA3MOJIOKCHUE HA JAUEICKTPUY-
HaTa Oapuepa OTKbM BHCOKOBOJITOBHS €JIEKTPOJ 0€3 MOCTOSSHHU MAarHuTH, Ch3Jla-
Ballld BBHIIHOTO MArHUTHO TOJIE; émopama, NMPEACTaBisBa ChllaTa €JIEKTPOIHA
CUCTEMA C ,,MarHUTHO OTJIeJaN0”, 00pa3yBaHO OT IIaXMAaTHO PA3MOJOKEHUTE OT
cTpaHara Ha BUCOKOBOJTOBHUsA enekTpos (HV-E) npaBobrbaHu MOCTOSHHM MarHUTH
C IeprouYHa MpoMsHa Ha nojsipHoctTa S-N-S, dur. la; mpemama, npencrapnssa
ChIllaTa €JIEKTPOJIHA CUCTEMA C ,,MArHUTHOTO OIJIENAJIO”, HO C MAarHUTOMPOBO/] OT-
KbM OOpaTHaTa CTpaHa Ha €JIEKTPOJAa, KOWUTO s 3aTBapsl €IHOCTPAHHO - aCUMET-
puuHa MarHuTHa cuctema S-N-S, w mpomeHs (yBeiawdaBa) KPUTHYHHS BI'bJ Ha
KOHyca Ha mpeMmuHaBaHe, ¢ur. 1b; uemewvpmama, npencrapisBa cbllaTa CIICKT-
pojaHa cucteMa 0€3 MarHUTOIMPOBOJ, HO C IIaXMaTHO Pa3MOJIOKEHNUE HA MOCTOSH-
HUTe MarHuTH U eaHakBa nossipHocT N-N-N, T.e. T HaMa “marauTHO ornenano”,
¢ur. 1c. MarHuTHUTE CTPYKTYPH CE€ pealu3upar ¢ ABa BUJA MOCTOSHHU MarHuTH,
KOUTO C€ pa3iuyaBaT CBHIIECTBEHO IO MAarHUTHUTE CH XapaKTEPUCTUKU - C
aHU30TPOITHU CTPOHIIMEBU U PEIKO3EMHU MarHUTH.

3. ExcnepyMeHTAJHM U3CJIeBAHUS
W3cnenBanusiTa ce MPOBEXKAAT BbPXY IUIOCKO-TapasenHa (KoIIaHapHa) eJIeKT-
pOJIHa cUCTEeMa 4Ype3 BBHHIIHATA XapaKTePUCTUKA Ha aTMOCchepHHs OapuepeH pas-
psin (cpenHa CTOMHOCT Ha pa3psiiHUSA TOK - e(eKTUBHA CTOWHOCT Ha Maja Ha Hal-
PSKEHHUETO BBHPXY EJIEKTPOJHATA CHCTEMa), CHETa NPH JIMCKPETHO W3MEHEHUE Ha
BB3aymHaTa (padoTHara) mexxnuua d: 1, 3,6, 9, 12 u 15 mm.
MeTtoabT Ha cTaTUYHATA BOJITAMIIEPHA XapaKTEPUCTUKA € B CHJIAa 3a Ta30BU CMECHU
(1 3a BB3yX) NPH pa3IUdHN HAJIATAHUS, HE3aBUCHMO OT Pa3MEpHUTE Ha HM3CIIC/Ba-
HaTa JIBYeJIEKTpOIHA pa3psaaHa cuctema. OCBeH TOBA, aHAIM3BT HA BOJITAMIIEpHATA
XapaKTepUCTHUKA TO3BOJISIBA J1a ObJIAT ONpeNeSeHd MapaMeTpUTe Ha OIepalroH-
HUTE PEKUMU Ha TOpeHe Ha atMocdepHus OapuepeH paspsjl, KpUTUUYHUTE Mapa-
METpH Ha 3anajiBaHe Ha paspslia U MPEeXOJUTE OT €IUH KbM JPYT ONepalruoHEH
PEXKHUM, U HAMPEKEHUETO HA TOPEHE, KOETO CE SIBSIBA OCHOBHA XapaKTEpUCTUKA HA
BCEKH OT OINEPAIMOHHUTE PEXKUMH, U HaKpasi, PyHKIIMOHAIHATA 3aBUCUMOCT MEX-
Iy aKTUBHATa MOITHOCT U TPUJIOKEHOTO MPOMCHIIMBO HANPEXKCHHE, [7].
Cpennata CTOMHOCT Ha MIbTHOCTTA Ha Toka (AVG) ce m3MepBa TUPEKTHO MPHU
3axpaHBaHe Ha €JIEKTPOHATA CUCTEMA C HAIIPEe)KEHKE ¢ HHaycTpraiHa yectota (50
Hz), a mpu mM3BeCTHA aKTUBHA ILUIOIN[ HA CJIEKTPOJUTE CE M3YMCISABA CHOTBETHATA
cpeaHa CTOMHOCT Ha IUIBTHOCTTAa Ha TOKA. [lOBbpXHMHHATA MIIBTHOCT HAa AKTUB-
HaTa MOIIHOCT ps C€ U3UUCIISIBA MO M3BECTHATA METOJMKA Ha /Junes-1 ocnoounosa,

[7].
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[ToBbpXHHUHHATA TBTHOCT HA aKTUBHATA MOIITHOCT, PECIIEKTUBHO aKTUBHATA MOIII-
HOCT, C€ BB3NpHEMa KaTO KOJIMYECTBEHA MApa HE CaMO Ha €JeMEHTapHHUTE MPOIIe-
CUTEe B IUIa3mara (AWcoIuaIvs, WOHW3alus, PEeKOMOWHAIUA), HO U Ha BCUYKHU
XUMUYHHU TTPOMEHH, MPOTUYAIINA ¢ OOMEH Ha €JICKTPOHU BBTpPE B 00eMa Ha paspsiia
U BbPXY MNOBBPXHOCTTA Ha “NOTOMNEHUTE” B IIa3Mara MOAJOXKKU. B TO3u cMuUCHI,
3aBHCHMOCTTAa Ha MOBBPXHHUHHATA IUIBTHOCT HA MOIIHOCTTA ps OT MPHIOKEHOTO
HanpexxeHue U BBpXY €JeKTpOAHATa CHUCTEMa CE pasriiekia KaTo OCHOBHA TeX-
HOJIOTMYHA XapaKTEepUCTHKA Ha pa3psna, [7].

Jluenexktpuunata O6apuepa (B) e u3paboTeHa OT JIMCT aJIKaTHO CTHKIIO C €/IHA U Ch-
1ma je0esinHa MPU BCUYKU U3CIICIBAHU €IeKTpoaHu cucteMu: b = 3 mm = const. Ts
€ u3paboTeHa OT aJKAJIHO CTBHKIO ChC CIEIHUTE EJIEKTPUYECKH MapaMmeTpu: OT-
HOCHTEINIHA JTMeJIEKTpUYHa TpoHunaeMoct & = 10; cnenmupuyno o0eMHO eneKTpu-
4ecKo ChIpoTHBIeHHE py = 10° OM; TaHreHe OT Bbrbia Ha JUCICKTPHYHUTE 3aryou
tg 6= 25 (mpu 20 °C). Pasmonoxena e aCHMETPHYHO B GIM30CT O BHCOKOBOITO-
Bus enekrpon (HV-E). Jluenexrpuunata Gapuepa, BUCOKOBOJTOBHAT €ICKTPOI U
noctossHHUTe MaruuTd (PM) oOpa3yBar paBHHMHHA CJIO€CTa CTPYKTypa, KaTo IMoc-
TOSTHHUTE MAarHUTH Ca 3aJICTICHH HETIOCPECTBEHO BhPXY alyMHHHUEBHS (HEMarHHT-
HUSI) BUCOKOBOJITOB €NIEKTpoA. TOH, OT CBOsI CTpaHa, MPEICTaBIIsiBa caMO3ajerBa-
o amyMuHueBo ¢osro ¢ aedennna 500 um, Taka ye cThKiIeHaTa Oapuepa € KOH-
CTPYKTHUBHUSIT KOMIIOHEHT, KOWTO MEXaHWYECKU HOCH €JIEKTPOJa U MOCTOSHHUTE
Maruuty, ¢ur. 1 u 2.

Pa3paboTenu ca aBa BuJa MarHUTHU CTPYKTYPH - C aHU30TPOIHU CTPOHIIMEBU U C
PEIKO3eMHH MOCTOSIHHU MarHUTU. MarHuTHUTE CTPYKTYpHU C aHU30TPOITHU CTPOH-
1eBu (CTpoHIMEB (EPUT) MOCTOSHHM MAarHUTH OOpa3yBaT ILTbTHA Mpexa (pas-
MOJIOXKCHH Ca IIBTHO €IMH 0 APYT, a He aXMaTHO) C MHOT'O [O-TOJIsIMa CJIEMEH-
TapHa KJIETKa TMOpagd TO-TOJIEMHUTE pa3Mepu Ha TOCTOSHHUTE MArHUTH -
80x57x12 mm. MarHuTHUTE U EJIEKTPUUYECKUTE UM XaPAKTEPUCTUKU Ca CICTHUTE
(Co 24, Ddupma ,Maenum” OO/, Ilepuuk, bwarapus): B,=0,37T;
Hei> 224 KA/M; (BH)pax =24 KIIM®, 1, =12; To=462°C; py =106 Qm;
5= 4,55 g/m*. MarHuTHTe CTPYKTYPH, ChCTABEHH OT CHHTEPOBAHH HEOJMMOBH
(penxo3emun) moctostHau MarauTu Nd,Fe 4B, mo3posisBaT MHOro pamyoHaIHO Ja
Ce peaau3upa 3HAYMUTEIHO I[MO-CHJIIHO MArHUTHO Tmoje (M CTUMYJIHpaHe Ha
OapuepHHs paspsil) MPU 3HAYMTEIHO IMO-CIab0 yBelMYaBaHE Ha TErJIOTO M Ha
pa3MepuTe Ha eJEeKTpPOJHATa cucTeMa. 1oBa ce IBKM Ha JOOpPUTE MAarHUTHU
XapaKTEePUCTUKU Ha HEOJIMMOBUTE MTOCTOSTHHU MArHUTU:

B, = 1,0+1,4 T; Hci = 750+2000 kA/m; (BH)max = 200440 kd/m®, T¢ = 310+440 °C
U 3HAQUYUTENTHO MO MalkuTe reomerpuyHu pasmepu — 30x15x3 mm. Te morat ¢
ycrex Ja M3rpakiar, Kakto oTBopeHH (0e3 MarHMTOINPOBOJ), TaKa U 3aTBOPCHU
paBHUHHM (CJIOWHM) MarHUTHU cucteMu. depomarHuTHUAT MarauTornposoy (MC)
ce pasmoJjara KaTo YeTBbPTHU CIIOW BBPXY CTBKIIEHATa Oapuepa, KaTo MEXaHUIECKU
€ CBbp3aH KbM Hesl 4Ype3 ACHCTBAIIUTE €JIEKTPOMATHUTHU CHJIM MEXIY HEro u
MOCTOSSHHUTE MarHuTH. MarHuTonpoBoabT € U3pad0TEeH OT CTYJEHO BajlllyBaHa
eJIeKTpoTeXHUuYecka HeopueHTupana cromana M 250-35A (B/IC EN 10106:2007)
¢ mapametpu : 1,5 T, 50 Hz, 2,5 W/kg. Habupa ce oT ueThpH cJ105 TaMeJTH, U3ps3aHu
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OT JIUCT EJEeKTPOTEeXHUYeCKa cToMaHa ¢ obma naebdenuna o0 =4 x4 =4 x0,35=1,4
MM, Taka 4ye 1a 3aTBOPU MarHUTHO CHCTEMaTa OT BHHIIHATA CTPaHa, B ChOTBETCTBHE
C MPEANISCTBAIIM SKCIICPUMEHTAIHA CKPUHUHTOBY M3CIIeIBanHus, [7].

4. ExciepuMeHTAJIHU Pe3yJaTaTH U JUCKYCHS

M3meHeHneTo Ha pa3cTossHueTo d, MpU MOCTOSHHO HaysraHe (po) M Temmeparypa
(To), HapyIIaBa mojgoOMeTO Ha OapHEepHUTE pas3psau — T€ He ca MOJO00HU U ce 3a-
najgBaT M TOPST MO Pa3jIMYeH HayuH. TEXHOIOTMYHATA XapaKTEPUCTHKA IMOKa3Ba
CTaIMMTE, TPe3 KOWTO MPEMUHABAT TE€3W CHJIHO pa3judvaBamiv ce paspsau. Hemro
MOBeYe, SICHO CE OTJIMYaBAT PA3IMYHUTEC MEXaHM3MHU (OMEPAIMOHHH PEKUMH) Ha
TOpeHe - nwvpeusm maxcumym Ha Ps (mpu Mexauau okono 1+1,5 mm) ce onpenens
OT JIAaBUHHUS XapakTep Ha paspslia U MOXKE J1a ce MpHeMe KaTo KBa3UXOMOTCHHA
¢dbopMa Ha ropeHe Ha pas3psana; emopusm U JPYrUTe MAKCUMyMH CE€ ONPEIENST OT
ocJIeIoBaTeIHaTa MO0siBa HAa kamooro (aHOAHH) U aHoOHO (KATOMHH) HACOYEHU
cmpumepu. TpyTHOCTTa 3a HACHTU(DHUIMPAHE HA PA3TMYHUATE OTEPAITMOHHU PEKU-
MU Ha OapHepHHUS pa3psl BbB BB3IyX MPU aTMOCHEPHO HAIATaHEe, KAKTO W TMOosBaTa
Ha TIOBEYE XapaKTePHU MAaKCUMYMH, MOXKE J1a C€ CBBPIKE CIMHCTBEHO C Pa3/IeTHOTO
y4acTHE Ha MPOIIECH, CBBP3aHM C JUCOIMHPAHETO M HOHW3UPAHETO Ha KUCIOPOa
U a30Ta BBB Bb3ayxa. [locienoBarenHo Ha ¢ur. 2 u 3 ca moKa3aHU TEXHOJIOTHYHU-
TE XapaKTEPUCTUKU U CHOTBETCTBAIIUTE UM OTICPAIMOHHH PEKUMH, OTOCISA3aHH C
oyksure A, B, C, D, Ha 6apuepHu pa3psaau 6€3 MarHUTHO CTUMYJIMPaHE ¢ BHHIITHO
MIOCTOSTHHO MAarHUTHO 1oJie. BHacsHETO Ha epoMarHuTeH MPOTUBOCIEKTPOI MHO-
ro ChHIIECTBEHO MPOMEHSI TEXHOJOTWYHATA XapaKTepUCTUKA. B To3u ciydait Ou
TpsIOBaAJIO Jla ce€ TOBOPH 3a “BBHTPEIIHO” MarHUTHO CTHUMYJIMpaHe, Thil KaTo OGapu-
EPHUST pa3psii HE TOPH BHB BHHIIIHO MarHUTHO ToJie. O1ie Hemo, 04eBUIHO € 3Ha-
YUMOTO TOJ00psIBAaHE HAa BCUYKHA OTEPANMOHHHM PEKUMHU Ha TOPEHE Ha paspsna.
Moke na ce TBBPH, Y€ Hali-ChIIECTBEHO € CTUMYJUPAHETO U HA JIBETE CTPUMEPHU
dbopmu Ha TopeHe Ha OapuepHUs pa3psn BbB Bb3AyX. [Ipu ToBa, cMsHaATa Ha aiy-
MUHHUS C €JICKTPOTEXHUYECKA CTOMaHa HE MPOMEHS CHIIECTBEHO pa3MEPUTE U TeT-
JIOTO Ha E€JIEKTPOJHATA CUCTEeMa. TEXHOJOTUYHUTE XapaKTEPUCTUKH, MPEICTABEHU
Ha ur. 4 u 5, NoKa3BaT MArHUTHO CTUMYJIMpPAaHE Ha OapUEPHU Pa3psSAu C BHHIIHO
MOCTOSTHHO MAarHWTHO TIOJIE, CH3IAJCHO OT aHWU3OTPOIHH CTPOHIIMEBH MOCTOSHHU
marauTh. M3cnenBanu ca Be oTBOpeHH (0€3 MarHUTOIPOBOJI) MAarHUTHH CUCTEMH,
ChCTaBEHU OT aHU30TPOITHU CTPOHITMEBHU TIOCTOSIHHA MarHUTH, Pa3MoJI0KEeHH! TUThT-
HO eIMH 70 Apyr. Moxke 1a ce TBBP/IH, Y€ ChIECTBEHA Pa3InKa MEXIy ABETE CXe-
MU Ha MarHUTHO CTUMYJIUpPaHE - ¢ U 0€3 MarHUTHO OrJienano, Hama. EcrecTBeHo,
TOBa MOXE Ja C€ ABJIKU Ha OTHOCHTEIIHO HUCKOTO IO MHTEH3UTET MOCTOSIHHO Mar-
HUTHO TOJie. MarHuTHOTO ,,0TJIEJIAI0” HSAMAa CBHIIECTBEHO MPEIUMCTBO NP TE3U
YCIIOBUS TIpEJ CTUMYJIUPAHETO, OMPEACIICHO OT yBEIWYeHATa BEPOATHOCT 3a yap-
HO B3aMMOJICHCTBHE M yIBHKCHUS )KUBOT Ha enekTpoHute. Ha ¢ur. 6 u 7 ca moka-
3aHHM TEXHOJIOTUYHUTE XapaKTEPUCTUKHN HA OapUepHU pa3psad, KOUTO TOPST B Mar-
HUTHU CTPYKTYPH, U3TPAJICHU C PEIKO3EMHHU MTOCTOSSHHA MarHUTH.
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@ur. 2. M3veHeHWe Ha NOBbPXHWHHATA MITLTHOCT Ha akK-
TMBHaTa MOLLHOCT Ps Ha atMocepeH bapuepeH paspsd, KOWTo
ropu B MIOCKO-MapanenHa OByenekTpogHa cuctemMa ¢ Hemar-
HWTHU (aNyMUHWEBN) ENEKTPOAM, B 3aBUCUMOCT OT U3MEHEHME-
TO Ha Bb3AylWwHaTa mexauHa d npu nocTosHHa gebenvHa Ha
CTbKNeHaTa (auenektpuynata) 6apuepa b = 3 mm.
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TemMa C HeMarHUTHW (anyMUHWEBM) €NeKTPOAU U BBHLUHO Mar-
HUTHO Mofe - MarHWTHa KoHdwWrypauus oT Buaa S-S-S cbe
CTPOHLMEBN MOCTOSHHU MarHWUTH, B 3aBUCUMOCT OT U3MEHEHMe-
TO Ha Bb3AylWwHaTa mexauHa d npu noctosiHHa gebenuHa Ha
CTbKneHaTa (auenektpuyHata) 6apuepa b = 3 mm.
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®ur. 3. /3MeHeHWe Ha MOBbPXHMHHATA MITBTHOCT Ha aKTMBHATA
MOLLHOCT Ps Ha aTmocepeH 6apuepeH paspsia, KOMTO ropu B MIIOCKO-
napanenHa ByenekTpogHa cuctema CbC CTOMaHeH (MarHuTeH) npoTu-
BoenekTpoa (GE) 1 anymuHueB (HeMarH1TeH) BUCOKOBONTOB €NEKTPOA
(HV-E), B 3aBMCMMOCT OT M3MEHEHWETO Ha Bb3dylHaTa MexanHa d
npu NocTosHHA AebenuHa Ha cTbkneHaTta (auenekTpudyHata) bapuepa
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@ur. 5. l3MeHeHre Ha NOBbPXHWHHATA NITBTHOCT Ha aKTUBHATa MOLL-
HOCT Ps Ha atMocdepeH MarHUTHO CTuMynupaH GapuepeH paspsg,
KOWTO TrOpyM B MNOCKO-NaparnenHa enekTpoaHa CucTeMa ¢ HeMarHUTHU
(anymuHWeBm) enekTpoan M BBHLIHO MarHUTHO MOME - MarHUTHa KOH-
curypaums ot Buaa S-N-S (MarHuTHO orneaano) CbC CTPOHLMEBH NOC-
TOSIHHW MarHuTy, B 3aBUCMMOCT OT M3MEHEHUETO Ha Bb3AyLLHATa MEeX-
puHa d npu noctosiHHa febenvHa Ha CTbkneHaTa (anenekT-puyHara)
Gapuepa b =3 mm.
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®ur. 6. /3veHeHe Ha NOBbPXHUHHATA NITLTHOCT HA aKTUBHATA ®ur. 7. M3ameHeHre Ha NOBbPXHWUHHATA NITBTHOCT HA aKTUBHATa MOLL-
MOLL-HOCT Ps Ha aTMOC(EPEH MarHUTHO CTUMynupaH bapuepeH HOCT Ps Ha aTMocdepeH MarHUTHO cTUMynupaH GapuepeH paspsg,
paspsf, KOWTO ropu B MIOCKO-NaparnenHa enekTpoaHa cucrema KOMTO ropu B MNOCKO-NapanenHa enekTpogHa CMCTemMa C HeMarHUTHU
C HEMarHuTHU (anyMWHUEBM) ENEKTPOAU U BBHLIHO MarHUTHO (anymuHWeBM) enexkTPOAM U BBHLUHO MarHUTHO Mone - MarHuUTHa KOH-
none - marHuTHa koHdurypaums ot Buga N-N-N ¢ pefkosemHu curypaums ot Buaa S-N-S (MarHuTHO orneaano) ¢ peako3eMHu NocTo-
MOCTOSHHA MarHuTX, B 3aBUCUMOCT OT W3MEHEHWETO Ha Bb3- SHHM MarHuTV, B 3aBUCUMOCT OT W3MEHEHWETO Ha Bb3fyliHaTa Mex-
AylLHaTa Mexau-Ha d npu nocTosHHa AebenuHa Ha CTbkneHaTta AvHa d npu nocTosHHa AebenvHa Ha cTbkneHata (avenek-TpuyHaTa)
(avenexTpnynata) 6apuepa b = 3 mm. Hapuepa b =3 mm.

Tyk edhexThT Ha “MarHUTHOTO OTJIEJAT0” BeUe € M3pa3eH MHOTO MO-iCHO, ¢wur. 7,
BbB BCHUKH OIEPALIMOHHU PEKUMHU Ha ropeHe Ha OapuepHus paspsa. SIBHO, yBe-
JMYEeHATa CTOMHOCT Ha MHTEH3UTETa Ha MarHUTHOTO II0JIE MO3BOJIABA SICHO J1a C€
pasrpaHuyar aaTa eexkra OT JEHCTBHETO Ha BBHHITHOTO MAarHUTHO TOJE - yBe-
JMYEHATa BEPOSATHOCT 3a YJApPHO B3aUMOJEHCTBHE MEX]y JIeKaTa U TE€XKKATa KOM-
IIOHEHTAa Ha HEPAaBHOBECHATA IlJIa3Ma Ha pa3psAla U YIBJDKEHUS )KMBOT Ha €JIEKTPO-
HUTE B 00J1aCTTa HA MAarHUTHOTO OIJIENAJIO.

[IpoBeneHo u3cieBaHE YPE3 YUCICHO MOJEIUPAHE HA MArHUTHOTO IOJIE B pa3psii-
HaTa MEXJWHA MPU [IAXMATHO PA3IMOJIOKEHUE HAa MOCTOSHHUTE MAarHUTH IO CXe-
MaTa Ha “MarHUTHO OIJIeajo”’, MoKa3a TOBAa, Y€ M3IOJI3BAHETO HA €IHOCTPAHHO
3aTBOpEHA MarHUTHA CUCTEMa HE MPOMEHS CHIECTBEHO Pa3Npe/IeICHUETO HA Mar-
HUTHATA UHAYKIHUS B OJU30CT J0 IUeIeKTpuYHaTa 0apuepa, KakTo U He pa3Kpu Ch-
IIECTBEHA Pa3jMKa BbB BIMSIHUETO Ha BBHIIHOTO MAarHUTHO I0JIE IO OTHOLIEHUE
Ha HAJUIb)KHATa M HallpeyHAaTa KOMIIOHEHTAa Ha MAarHWTHara nHAykuusd. Hemo mo-
BEUYE, YCTAHOBU CE€ BJIOIIABAHE HA Pa3NpPENECIICHUETO HA MarHUTHaTa MHIYKLUUS U
HaMmaJIsBaHE Ha HelHaTa CTOMHOCT, KOETO € B I0OpO ChOTBETCTBHE C HAIIU U3CIIE]I-
BaHMS BbPXY MAarHUTHOTO CTUMYJIMPAaHE B TPHUEJIEKTPOJHA pa3psA/iHa CHUCTEMA C
IJIOCKOIAPAJIeIHY HEMAarHUTHU U MarHUTHU €JEKTPOAU. Te3U AOIMbIHUTEIHHN U3-
CJIE/IBAaHMs HU JaBaT OCHOBAHUE J1a TBHPAHUM, Y€ MTOKa3aHaTa MAarHUTHA CTPYKTypa
OT TMOCTOSIHHU MarHutH, ¢ur.la, obpasyBaiia “MarHMTHO OIJIenajgo” BBPXY IMO-
BBPXHOCTTA Ha AMEJIEKTpUYHATa Oapuepa Mo3BOJsiBa B MAaKCHUMaJlHAa CTEIEH Ja ce
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posiBU €(eKTa OT MarHUTHOTO CTUMYJIMPAHE Ha pa3psfia BbPXY TEXHOJOTHYHATA
My XapaKTEepPUCTHUKA.
5. 3akirouenune

B pe3ynaTaT oT mpoBEAEHOTO TEOPETUYHO M €KCIIEPUMEHTAIHO W3CJICIBAHE MOTAT
7la Ce HAMPaBSIT CICTHUTE CHINECTBCHU U3BOIH:
1. MarauTHOTO CTUMYJIMpaHe Ha OapuepHUs pa3psll BbB BB3IyX C BBHIITHO IOC-
TOSTHHO TI0JI€ TI03BOJISIBA Ja C€ JOCTUTHAT 3HAYMMU PE3yJITaTH MPU BCUYKH OTIepa-
IIMOHHHU PSKMMH Ha TOPEHE Ha pa3psija U TOBA, KOETO € OT 0CoOEHa Ba)KHOCT 3a
MPAKTUYECKOTO MPHUIIOKEHUE HA Ta3W IUIa3MEHa TEXHOJIOTHSI — MPU OTHOCHUTEIHO
roJIEMU Pa3psiHU MEXKIUHH;
2. TlpencraBata 3a “MarHUTHO OIJIEAQIO” € MPUIOXKUMA MPHU TO-BUCOKA MHTEH-
3UBHOCT Ha BBHIIHOTO MOCTOSIHHO MarHMUTHOTO M TOBAa € Bb3MOXKHO KaTO CE CbhC-
TaBAT MOAXOISAIIN CTPYKTYPH OT PEIKO3EMHU MOCTOSIHHU MarHUTH.
3. “3aTBapsiHeTO” HA MarHUTHATA CHUCTEMa HE HOCHU ChIIECTBEHH TMOJIOXKHUTEIHU pe-
3yJATaTH, OPAJIN KOETO € U3JIMIITHO J1a CE ThPCU YCIOKHSIBAaHE HA MAarHUTHATA CHUC-
TeMa.
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OIITUMU3BAIIUA HA POPMATA HA MOT'THUTOITPOBOJA C 'EHETH-
YEH AJITOPUTHBM

Ninana MapunoBa, Anesnus Tep3oBa, BanenTtun MareeB

Pe3ome: B mazu cmamus e npedocmasen nooxo0 3a onmumMuzayus Ha gopmama Ha
eIeKMPOMACHUMHA CUCmeMa, U3NOA36aW 2eHemuyer aneopumvm. M3nonszean e 08)-
Mepen Mooell, pearusupan ¢ memooa Ha KpauHume eiemenmu. OnmumuzayuoHHa
npoyedypa e opeanuzupana 0a cv30asa npeosapumenro 3adadeHo noie. Mooervm e
peanusupan ¢ Komnromvprama npoepama Femm. Onmumuzayuonnama npoyeoypa e
Peanu3supana nocpeocmeom myaiboKca 3a ceHemuyHUu aieOpummu Ha npocpamama
Matlab, xoiumo usnonzea Femm mooena npes Octave/Lua unumepdpeiic. Ilpednosce-
HUAM Memoo e 0eMOHCMPUPAH Npu ONMUMU3AYUs Ha opmama Ha noaocume Ha
be3uemKo8 noCmMosIHOMOK08 08ueame.

Knwuoeu oymu:. onmumuzayus, 2eHemuyHu aicopummu, mMemoo Ha Kpauunume eje-
MeHmU, KOMNIOMBPHO NPOEKMUPAHe

SHAPE DETERMINATION OF MAGNETIC CORE BY
GENETIC ALGORITHM

Iliana Marinova, Aneliya Terzova, Valentin Mateev

Abstract: In this work a general approach for shape optimization by genetic algo-
rithm method is proposed. 2D finite element field magnetic model is implemented and
applied for optimal shape determination for given field distribution. Field modeling
employs the Femm software package. Optimization is made by genetic algorithm
toolbox of Matlab which employs the Femm model true Octave/Lua interface. An ex-
ample of BLDC motor pole is designed for optimal shape determination.

Keywords: shape optimization, genetic algorithms, finite element method

1. Introduction
Permanent magnet brushless DC (BLDC) motors are increasingly being used in in-
dustrial and household products because of their high torque density, high efficiency,
and low noise. Several applications of these motors require to be satisfied some speci-
fications such as accurate positioning with high speed and etc. The vibration due to
mechanical or electrical exciting force can disturb these requirements. Especially, be-
cause of the increase of the motor speed and the application of the high energy per-
manent magnet, the exciting force of high frequency due to electromagnetic origin
causes new problems. The machine performance depends on the interaction between
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the rotor and the stator fields and it is greatly affected by the configuration of the rotor
permanent magnets and stator teeths. Pole shape improvement can be performed us-
ing modern optimization methods to obtain better magnetic field distribution. [1]
From the mathematical point of view, optimization is a process of finding global max-
imum (or minimum) of some objective function. There are several approaches to this
problem. One class of optimization techniques uses well-known conjugate-gradient
(CG) methods for solving systems of linear equations, and Quasi-Newton (QN) meth-
ods for the non-linear case. Another class is so-called Simplex method, using the con-
cept of a simplex in choosing in which direction to lead the search. Both these tech-
niques are considered local in that the solution they find is highly dependent on the in-
itial point of search. They can never guarantee that the solution is really the best, but
due to their usual tight connection with the problem, they tend to converge to the so-
lution relatively quickly. Another problem with local techniques is that all of them
Impose some constraints on the objective function in terms of continuity and differ-
entiability, which are sometimes impossible to achieve. Very different class from the-
se is stochastic optimization. Techniques that fall into this category are considered
global and they usually work with population of candidate solutions, not just with one
solution, using probabilistic transitions between points in search space. Since they
usually do not use any knowledge about the problem, their convergence is slower than
that of local techniques. But the fact that they can work with any kind of optimization
function, being it noncontinuous, non-differentiable, or with any kind of constraints,
gives global techniques a great potential for use in various fields where finding the
best solution is more important than the convergence time. Different stochastic meth-
ods are developed: genetic algorithms (GA), evolution strategies, Monte Carlo, simu-
lated annealing, particle swarm, etc. GA is one of the methods that proved to be good
in solving problems in electromagnetics — they are robust enough and easily imple-
mented in the same time. [1-5, 10]

2. Optimization process realization
Optimization is made by genetic algorithm toolbox of Matlab which employs the
Femm model true Octave/Lua interface.
Finite element method is used to solve electromagnetic problem. The Femm software
package [7] was employed. Computations were automated using Octave-Femm li-
brary. Fig.1.
Octave/Lua interface is a Matlab toolbox that allows for the operation of Finite El-
ement Method Magnetics (Femm) via a set of Matlab functions. The toolbox works
with Octave, a Matlab clone. When Octave-Femm starts up a Femm process, the usu-
al Femm user interface is displayed and is fully functional. The user then has the
choice of accomplishing modeling and analysis tasks either exclusively through func-
tions implemented by the toolbox, or by a combination of manual and programmatic
operations — whichever is easiest for the task at hand. The syntax of the Octave-Femm
toolbox closely mirrors that of Femm’s existing Lua scripting language interface as-
sociated with Femm v4.2. However, there are some differences between the Lua func-
tions and the analogous Octave/Matlab implementations. [8, 9]
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Femm Octave Matlab
‘optimization method |
Preprocessor Solution and
optimization control
l Iua syntax i
Processor Data archiving
Post processor Visnalization

Fig.1 Block structure of proposed optimization process.

3. Brushless DC Motors

In Fig. 2 is shown the geometry of investigated BLDC motor. The stator consist of 24
slots. Used relative magnetic permeability for stator material is ©=4416. The rotor
consists of 4 poles. Poles are four permanent magnets. Material used for the poles is
NdFeB 32 alloy whit relative magnetic permeability 1.045, electrical conductivity
0.694 S/mm and coercivity 883310 A/m. The rotor shaft is made of nonmagnetic ma-

terial.

63

/0

Fig.2 BLDC motor cross-section
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4. Implementation
BLDC motor pole is investigated (Fig.3-a) for optimal shape determination. The pole
face should be shaped in such way that cogging torque has a minimum value. 2D fi-
nite element field magnetic model is implemented and applied for optimal shape de-
termination for the given cogging torque.
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Fig.3 Permanent magnet pole

Objective Function (OF) used by optimization process is (1):

OF =min(CT) (1)
where CT represents calculated cogging torque. The value of OF is minimized (ideal-
ly, to set it to zero) by changing pole face, so that the cogging torque declines from
the prescribed one.
Pole shape is described by eleven variable points from the top which have symmet-
rical position underneath (Fig.2-b). One fixed point is used as pole shape constraint.
Variable point’s coordinates are parameters of optimization process. In that case mul-
tiparametric optimization problem is solved.
Calculated cogging torque value by Femm is used in objective function (1).

5. Results
Magnetic field distributions obtained by Femm are shown in Fig.-Fig. 5-7. These re-
sults represent the field distribution for important stages of optimization process. On
Fig.5 is shown magnetic field distribution with poles initial shape. Magnetic field dis-
tribution during shape optimization process is presented on Fig.6. Finally obtained re-
sult can be seen on Fig.7, where BLDC motor magnetic field distribution whit poles
best shape is demonstrated.
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Fig.4. Initial and best shape of pole
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Fig.5 Magnetic field distribution with poles initial shape
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Result for cogging torque values in BLDC motor is calculated by Femm model. Cal-
culated initial cogging torque values and final cogging torque are shown on Fig.8.
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Fig.8 Calculated initial cogging torque values and final cogging torgue in motor.
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Fig.9 Optimization process progress for each generation.

Optimization process progress for each generation is shown on Fig 9. There the evo-
lution of best solution can be observed for sequence of different generations. In that
case optimization process includes 55 generations for reaching minimal cogging
torque value criteria.

6. Conclusion
Highly effective and fast method and implementation for two-dimensional pole and
magnet shape optimization for permanent magnet motor is introduced in this paper.
Method is based on GA minimization which employs a finite element method model.
Optimization is made by genetic algorithm toolbox of Matlab which employs the
Femm model true Octave/Lua interface. Finite element method is used to solve elec-
tromagnetic problem. Computations were automated using Octave-Femm library.
Matlab environment offers easy storage, processing and visualization of optimization
process data. Method’s capabilities are for general optimal shape determination for
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given field distribution using complex objective function. A BLDC motor pole is de-
signed for optimal shape determination. This example illustrates multiparametric op-
timization problem. GA method realization offers some strong advantages in that case
such as fast global minimum reaching and high accuracy due to Femm model in-
cluded in optimization process.
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MOJIEJIMPAHE HA ITPEXO/JIEH ITPOLHEC HA EJIEKTPOMAI'HUTEH
N3IBJHUTEJIIEH MEXAHU3BM

BasenTun MareeB, Miimana MapunoBa, Anesnust Tep3oBa

Peztome:. B cmamuama e pazenedan nooxoo 3a u3epaxcoane Ha MHO20C8bP3aH MOOEJ,
0b6edunasawy 3a0a4a 3a aHaIu3 Ha nojie Ha e1eKmpoOMAacHUMHO YCMPOUCEO 3Ae0HO C
elekmpudeckama My eepuea. Mooenvm Ha elekmpuyeckama eepuea e peaiusupan 8
cpeoa Matlab/Simulink. IToresume mooenu ca usnvanenu ¢ Komniomvpuama npoepa-
ma Femm. [[geme 3a0auu 6 0seme cpedu ca c8vp3anu u peuienu nocied08amenHo 3d
8CAKO CMBNKA 8b6 8pemesama odracm. Bv3modcHocmume HA n00X00a ca 0eMOHCH-
PUpaHU npu U3C1e08aHemo Ha NPexooeH npoyec Ha 6KIYBAHEe HA e1eKMPOMACHUMEH
UBNBIAHUMENEH MEXAHU3 M.

Kniwouosu oymu: mHo2ocevp3anu 3a0aiu, C8bP3aAHU 3a0a4u noJje eieKkmpuiecka 6epu-
2a, eneKmpoMAcHUMHU MEXAHUIMU, MOOeTUPAHe

TRANSIENT ELECTROMAGNETIC MODELING OF ELECTROMAG-
NETIC SYSTEM

Valentin Mateev, lliana Marinova, Aneliya Terzova

Abstract: In this work a general approach to couple field models with electric circuits
is presented. Transient 2D finite element field models and circuit coupling are de-
scribed. The system of electric circuit is created in Matlab/Simulink environment.
Field modeling employs the Femm software package. They are coupled together and
solved simultaneously at each time step in the time domain. A DC electromagnetic ac-
tuator with controllable power supply is investigated as application example.
Keywords: multyphysics field modeling, circuit coupling, electromagnetic system
modeling.

1. Introduction

The process of numerical simulation of electrical equipment requires that the effect
of electric and power electronic circuits to be considered. To take geometric com-
plexity, non-linearity, induced eddy currents, mechanical movement and electric cir-
cuits with general topologies into account, it is necessary to couple the Finite Element
Method (FEM) with electric circuit analysis. For higher accuracy, it is essential to
take into account the interaction of the physical field models in FEM domain with cir-
cuit domain.
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Over the past years, field and circuit coupling has been commonly used in time do-
main simulations. There are two basic approaches to coupling the FEM with circuit
equations. One is direct coupling where the field and circuit equations are coupled di-
rectly together and solved simultaneously. The other one is indirect coupling. In this
case, the FEM and circuit simulator are treated as separate systems. They communi-
cate with each other by means of coupling coefficients. These coupling coefficients
can be lumped inductance matrices along with the back emf vector extracted from
field solutions and computed winding currents from circuit simulation; or they can be
winding currents computed from field solutions and equivalent circuit parameters
(impedances, circuit voltages) across winding terminal ports derived from circuit sim-
ulation. Another better choice for the coupling coefficient approach is to derive
lumped inductance matrices and back emf vector from field solutions and equivalent
circuit parameters from the circuit simulation because this way of indirect coupling is
more accurate and stable. For direct coupling, the obvious advantages are reliable
convergence and computationally efficiency. Indirect coupling becomes attractive
when there is a need to allow field simulators and circuit simulators to work inde-
pendently, which makes the development of individual simulators more flexible and
the implementation of the coupling easier. [1-7]

In this paper, a highly efficient approach for indirect coupling the FEM with external
electric circuits is presented.

A DC electromagnetic actuators with double E-shaped core is investigated as ap-
plication example to demonstrate the proposed methods. Electromagnetic actuator is
fed by controllable power electronic current supply.

2. Multiphisics Simulation Environment

Multiphisics field and electric circuit coupling is made with Finite Element Method
Magnetics (Femm) software package v4.2 [8], controlled by Octave/Lua interface and
electric circuit model is made in Matlab/Simulink environment. Block structure of
proposed model coupling is shown in Fig. 1.

Finite element method is used to solve electromagnetic and thermal problem. The
Femm software package was employed. Computations were automated using Octave-
Femm library.

Matlab Octave-Lua
Simulink Femm Model
Electric Circuit Model »  PreProcessor
Fy *
Model Control Processor
¥
PostProcessor
Y Y Y
Visualization

Fig.1. Block structure of proposed model coupling.
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Octave/Lua interface is a Matlab toolbox that allows for the operation of Femm via a
set of Matlab functions. The toolbox works with Octave, a Matlab clone. When Oc-
tave-Femm starts up a Femm process, the usual Femm user interface is displayed and
is fully functional. The user then has the choice of accomplishing modeling and anal-
ysis tasks either exclusively through functions implemented by the toolbox, or by a
combination of manual and programmatic operations — whichever is easiest for the
task at hand.

The syntax of the Octave-Femm toolbox closely mirrors that of Femm’s existing Lua
scripting language interface associated with Femm. However, there are some dif-
ferences between the Lua functions and the analogous Octave/Matlab implementa-
tions. [4, 9, 10]

3. Implementation
A DC electromagnetic actuators with double E-shaped core is investigated (Fig.2),
where a=8mm, b=90mm, c=42mm, X=40mm, Y=60mm.
Electromagnet consists of a stationary ferromagnetic core and a movable ferro-
magnetic part (armature), which is separated from the core by an air-gap 6. A coil
with windings w is also provided, serving as a source of power to energize the mag-
netic circuit. Magnetomotive force (mmf) Iw, creates magnetic flux. Magnetic flux
creates electromagnetic force which will attract the armature. The power consumed in
a DC electromagnet is due to the resistance of the windings, and is dissipated as heat.
The electromagnet is powered by controllable power electronic block presented by its
circuit.
DC electromagnet modeling is made as transient multyphysics problem where sep-
arate problems are described as follows.

[

a

)

a

< X . ky
a | ¢ 2a ¢ Ta

Fig.2. Double E-shaped electromagnet.
3.1. Magnetic Problem

The static magnetic field is governed by the Poisson’s equation with respect to the
magnetic vector potential
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VIA=-ud (1)
where p is magnetic permeability;
J is the current density in the coil;
A is the magnetic vector potential.
For open boundary electromagnetic problem the homogeneous Dirichlet’s boundary
conditions are imposed on its boundary. On the planes of symmetry either homo-
geneous Dirichlet’s or natural boundary conditions are imposed.
The electromagnetic force is calculated by the Maxwell stress tensor method. As the
motion is only in y-direction, only y-component of the velocity is non-zero.
Magnetic inductance L is calculated by stored magnetic field energy — W expresed by
(2)
w=lir @
2
where i is the coil current.
Results for magnetic field distribution is shown in Fig.5.

3.2. Thermal problem
The thermal field at steady-state is governed by the Poisson’s equation with respect to
the temperature T
AVT =-Q (3)
where Q is the heat source defined by the electric losses in the coil;
A is the thermal conductivity.
Heat source density Q defined by the electric losses in the coil are calculated by(4)
2
Q-1 ©
(o)
where o is specific electric conductivity of coil material.
For the thermal problem buffer zone is not introduced and convection boundary con-
ditions are imposed on the outer surface of the electromagnet. On the planes of sym-
metry natural boundary conditions are used.
Convection boundary conditions expressed by (5) are imposed on the outer surface of
electromagnet.
oT
k P ()
where q is the heat flux and k is the convection coefficient and n is unit outward sur-
face normal vector.
On the planes of symmetry natural boundary conditions are used (6)
oT
Pl (6)
3.3. FEM Coupling
DC electromagnet is described with its two FEMM thermal and magnetic field mod-
els (Fig.3). Simple first order coupling between two field models is made. The cou-
pling of the two fields is in both directions. The electromagnetic field analysis de-
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pends on the results of the thermal field. The electrical conductivity is with tempera-
ture dependent value, which influences the electric current in coil region. Indirect
coupling between the two problems (magnetic field and thermal one) has been uti-
lized. The two problems are solved successively and after each solution the values of
electromagnetic force and average temperature are stored.

3.4. Circuit Model
The electromagnet is powered by controllable power electronic block presented by its
circuit. Electric circuit equation for the electromagnet coil is (7)

. d¥ (o)
u=R(M)i+ it
where u is the supplied voltage;

R(T) is the resistance of the coil;

i is the coil current;

w is the flux linkage.
The current i flowing in the coil is a nonlinear function of flux linkage y that, in turn,

Is a function of air-gap ¢ and core magnetization

(7)

u = R(T)i+L(5, w)% (8)

Commonly the values of magnetic inductance must be predefined as function to solve
(8). Here needed inductance values are FEM determinated only for y and o of current
load step.

Matlab femm
ST .| Thermal
Simulink > field model
] EMag EEX
File Edt View Simulation Format Tools Help D D
D& i<} o » = [0 [Hema N RERDE I—\_/;‘_,—‘
s T,R
11
Coril] 1 =
ubphe Power " |
. L Actnator X
Voltage electronics = ircuit Magnetic
supply block e field model
block m
mmmmmm S —— 10
Ready 100% odedS
B.L
1

Fig.3. Coupled field problem block diagram.

Mechanical motion equation (9) must be included due to movable electromagnet core
d?s
o =F-F. (9
where F is the electromagnetic force and Fy is the initial force halting the armature.
Air-gap is calculated in each time step using electromagnetic force.

m
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3.5. Circuit-FEM Coupling
Both field problems are coupled with Matlab/Simulink circuit model interfacing with
Octave/Lua, shown in Fig.3.
In circuit model the electromagnet is represented with its coil resistance - R and in-
ductance — L (Fig.4), both calculated by Femm. Interactions are successively and for
each time step the values of R and L are updated due to circuit current signal.
Circuit model is represented with several Simulink sub-system blocks, shown in
Fig.4.
Power electronics block is a DC-DC controllable converter which fed the electro-
magnetic actuator circuit. In fact, it could be replaced by any supply source or elec-
tronic circuit model.

Control >

i
= Power Actuator 2
Voltage electronics e it §
supply block el

block —

Subsystem Subsystem Subgystem?

Fig.4. Electric circuit in Simulink.

wF fnt R

» 1
detta fond dehtal Sim >

Integrator2 non-negative delta

F-protivodeistvaSta

delta F -

: D
fua L F F-delta

Level-2 MATLAB »

Product S-Function
L detta ™
Yot aw L .
cn idt —
_“n font 12 1 i —'_’@

- s L-delta
Voltage Measuremen prp Integratar Embedded dl
MATLAB Function

OO

2
1 Current Measuremnent Controlled Current Source

Fig.5. Electromagnetic actuator circuit sub-system.

Calculated electromagnetic force is used for air-gap calculation in each time step by
9).

Simulink block diagram of actuator circuit is presented in Fig.4. It realizes the Sim-
ulink-Octave interface. Octave-Femm interface is made by Lua-scrip file called by
Simulink.
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4. Results
As it has been mentioned above a DC electromagnetic actuators with double E-
shaped core is investigated (Fig.2). The actuator is fed by voltage supply block and
controllable DC-DC convertor. Used electric circuit schemes are shown in Fig.4. and
Fig.5.
4.1. FEM Model
Result for thermal and magnetic field distributions in last moment of closing the
armature are shown on Fig.5 and Fig.6. Magnetic flux density maximal value is 1T
and maximal temperature of 45°C is in coil region.
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9.000e-001 : 9.500e-001
8.500e-001 : 9.000e-001
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Fig.6. Magnetic flux density distribution.
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3.955e+001 : 4.051e+001
3.880e+001 : 3.965e+001
3.794e+001 : 3.880e+001
3.708e+001 : 3.794e+001
3.622e+001 : 3.708e+001
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=2.764e+001 : 2,850e+001

Density Plot: Temperature ()

Fig.7. Thermal field distribution.

4.2. Dynamic characteristics

Dynamical characteristics of DC electromagnetic actuators are evaluated in time
range 0 to 2 seconds. Transient process of closing the armature is presented. Matlab
ODEZ23t method with time varying time step is used in evaluation [10].

DC electromagnet dynamical characteristics are shown in Fig.-Fig. 8-11. Relatively
low speed of armature displacement is due to large air-gap and initial damping force.

4. Conclusion

Highly effective and fast method for indirect coupling of field problems with circuit’s
model is proposed. Method uses the huge capabilities of Matlab/Simulink envi-
ronment and popular Femm program with Lua-script and Octave interface.
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A DC electromagnetic actuators with double E-shaped core is investigated with the
proposed approach. The magnetic field model of the investigated electromagnetic ac-
tuator is built. The heating model is created. The couple magnetic-heating problem is
formulated. The finite element method is applied for modelling of electromagnetic
and heating processes and for determination of different characteristics as electro-
magnetic force, temperature distributions, coil inductance, magnetic flux density dis-
tributions etc. Both field problems are coupled with Matlab/Simulink circuit model
interfacing with Octave/Lua. Simulink-Octave interface is realized. Octave-Femm in-
terface is made by Lua-scrip file.

Method is suitable for accurate electrical drives investigations, optimization and de-
sign activities.
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MOJIEJIMPAHE HA IIOBBPXHOCTEH E®EKT U E®EKT BJIN30CT

Paiina IleneBa

Pe3ztome. Cmamuama e noceemena na pazpabomearemo na 2D-moodenu, onaeneos-
8awju NOBLPXHOCMHUA eghekm U egpexma OIU3OCM C U3NON36AHEMO HA NPOSPAMHUS
npooykm FEMM, 6azupan na memooa c kpaiinu enemenmu. Cvzoadenu ca mooenu 3a
NOBBLPXHOCMHUSL eheKm 8 KPbebl NPOBOOHUK, 8 Kpbeld mpb0a U 8 NPOBOOHUK C Npa-
BOBEBHIHO CeYeHUue Npu pasiudty Ouamempu Ha NpoBOOHUKA U mpvoama u npu pas-
auunu yecmomu — om S50Hz 0o 100MHz. Cvwo maka ca nokazanu moodenu 3a noio-
JAHCUMETHUS U ompuyamennus egpekm OIU30cm npu 2 ycnopeoHu npasovebiHU WUHU,
KAKMO U HAKOU MemooU 34 HAMAIA8AHe HA MO3U epexm — upe3 cneyuaiHu npoguiu
Ha WuHUmMe U 4Ype3 pazoeissHemo UM 6 naKem Om HAKOAKO WUHU. JJucKymupanu u
AHATU3UPAHU CA NOJYYeHUme pe3yimamu.

Kniwouosu oymu: mooenupane,eghekm 6au30cm, n08bpXHOCMeH epexm

MODELING OF SKIN AND PROXIMITY EFFECTS
Raina Tzeneva

Abstract: This paper discusses the development of 2D models illustrating the skin and
proximity effects using FEMM software package, based on the finite elements method.
Models of the skin effect in conductor of round cross section, round tube and conduc-
tor of rectangular cross section with different diameters and frequencies — between
50Hz and 100MHz are realized. Additionally models for the positive and negative
proximity effect at two parallel busses with rectangular cross sections and the ways
for reduction of this effect — using special profiles of the busses and splitting into
packs are presented. The results obtained are discussed and analyzed.

Key words: modeling, proximity effect, skin effect

1. BnBeaenue

Peannoto CBIIPOTHUBJICHUC HA IIPOBOAHKWKA BUHAI'M € IIO-T'OJIAMO IIPpHU IIPOMCHIINB TOK,
OTKOJIKOTO IIPpH IIOCTOAHCH TOK. AJ'ITepHaTI/IBHI/IHT MarouTCH IIOTOK, Cbhb3JaBaH OT
IMPOMCHIIMBUA CIICKTPUUICCKU TOK BBaHMOHGﬁCTBa C TOKa B IMMPOBOAHHKA, CLSI[&B&IZKH
CJIICKTPOMArduTHU BBJIIHH, KOUTO CC CTPECMAT Ada HAMAJAT TOKAa B IIPOBOAHHKA. Enexr-
POMAaroiuTHUTE CUJIN, O6paSYBaHI/I B TO3U cnyqaﬁ OT CAMOUMHAYKIMA BapupaT KaKToO 110
T'OJICMHHA U I10 (1)338, 10 CCUCHUCTO HA IIPOBOAHUKA, KATO Ca IIO-TOJICMH B LICHTHPA U
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no-MaJjKu 1o nepudepusita Ha npoBoaHKUKA. CIIEIOBATEIIHO CICKTPUICCKHUAT TOK CE
CTpPEMH Ja C€ HaTpyna B Ta3W 4acT HA IPOBOJHUKA, B KOSATO MPOTUBOACHCTBAIIUTE
CJICKTPOMAriMTHU BBJIHU Ca MUHUMAJIHH, a4 TOBA € 110 IIOBBPXHOCTTA Ha KPBI'bJI UJIHU
TpbOOBHUICH MPOBOJHHUK WM MO MOBBPXHOCTTA HA IUIOCKA mMHA. To3u edekt e us-
BCCTCH KaTO INOBBPXHOCTCH WJIM CKHH C@CKT.[%KO Rfe AKTUBHOTO CBIIPOTHUBJICHHC
IIpy IIPOMCHJIMB TOK, a RO — IIpHU HOCTOSAHCH TOK, TO OTHOLICHHUETO Ky € KOCCPI/IL[I/ICH'
TBTIHlﬂOHBHHHTCHHHTC3aFY6H.

R.{ = ﬁ'ﬂRa (1)
Ckun e@eKTET HMa 3HAYUTCIHO HPAKTUYCCKO IPUIIOKCHUC IIPU ITPOCKTUPAHCTO Ha
paaruoO4YCeCTOTHU HMJIM MHUKPOBBJIHOBU BCPUTH WM B CUCTCMHUTC 3a IPCHACAHC KW PasIl-
PEACIICHUC HA CIICKTPHUUICCKATa CHCPIUA.
[ToBBpXHOCTHUAT €dEeKT yBeauyaBa 3aryOute B MPOBOJHUKA MOPAAN HaMallIBaHE Ha
e(i)eKTI/IBHOTO MYy CCUYCHHC. HpI/I BHCOKHN YCCTOTHU 3a HaMaJIIBAHC Ha TO3U e(i)eKT Ipo-
BOAHUIUTEC CC I/13pa6OTBaT MHOT' OKHWJIHH. HpI/I TOBA CC YCYKBAT TaKa, Y€ BCAKaA OT OT-
ACIIHUTC U30JIMpaHU €AHA OT ApyTra IMPOBOAAIIN HUIOKU Ja 3a€Ma BCUYKH Bb3MOKHHU
IMOJIOKCHHA 110 CCUCHHUCTO HAa MHOT'OKHWJIIHUSA IIPOBOJHHK.

2. Teoperuuna yacrt

TokoBara IMIBTHOCT J HAa €IWH OE3KpaliHO THHBK IUIOCHK MPOBOJIHUK HaMajsBa €K-
CIIOHEHITHATHO C JIbJIOOYMHATA O OT MOBBPXHOCTTA, KakTo ciensa [1],[2], [3]:

[=FLe™®% (2)

Kpaero d e eqHa KOHCTaHTa, HapeUYCHA TBJIOOYMHA HA MPOHHMKBaHETO. Ts ce nedu-
HUpa KaTo ABJI0OYMHATA TOJ MOBBPXHOCTTAa Ha MPOBOJHMKA JO KOSTO TOKOBATa
IbTHOCT HamassiBa 10 1/e (okos0 0,37) oT TokoBaTa ITBTHOCT HA TOBBPXHOCTTA Js.

JIpn0ounHaTa Ha MPOHUKBAHETO OOMKHOBEHO CE€ U3UYHUCIIsiBa MO popmyJiaTa

2

d= = (3)

i
ChIpPOTUBICHUETO HA IUIOCHK MPOBOJHUK (3HAYMTEIHO MO-ThHBK OT d) mpu mpo-
MEHJIMB TOK € TOYHO PaBHO Ha CHIPOTUBJICHHETO Ha IUIOCKOCT ¢ nebenmHa d mpu
MOCTOSIHEH TOK. 3a JIBJITH, ThHKHU MPOBOJIHUIIA, KAKBUTO Ca THhHKUTE KPBIJIM TIPOBO/I-
HUIM CHIIPOTHBIICHUETO ¢ MPUOIU3UTEIIHO paBHO Ha TphOa ¢ nebenuHa Ha cteHarta d,
M0 KOSATO TEY€ TMOCTOSHEH TOK. Hampumep 3a KpBI'bil MPOBOIHUK CHIPOTHUBICHUETO
MIPY IPOMEHJINB TOK C€ U3YUCIISIBA TPUOTUZUTEITHO TI0 (hopmyrara:

L R e
i d T{ﬂ—djrﬁwd TD (4)

KbACTO

L — abkuHA Ha TPOBOIHUKA,

D — anamersp HA TPOBOJAHUKA.

OcBeH MOBBPXHOCTEH €(EeKT, ChIIECTBYBA U APYT e(eKT, BOJACII 10 HEpaBHOMEP-
HOTO pasNpeieICHNe Ha TOKA 10 CEYCHUETO Ha MPOBOIHUKA, HapedeH eeKT OIM30CT.
Tol ce IbJKM HAa B3aMMOJEHUCTBUETO HA TOKA U €JIEKTPOMArHUTHOTO MOJIE HA HAMU-
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pail ce HaOJIM30 MPOBOJAHUK. B 3aBUCHMOCT OT MOCOKMTE HAa TOKOBETE B JBaTa MpO-
BOJIHUKA €()eKTHT OJIM30CT OUBA!
- MpaB — MPU €JHAKBH IMOCOKW HA JIBaTa TOKA, MIPH KOETO IUTBTHOCTTA HA TOKA CE
yBEJIMYaBa B IPOTHUBOIIOJIOKHUTE CTPAHH HA CEUCHUSATA HA JIBaTa MPOBOIHUKA;
- oOpaTeH — npu oOpaTHU MOCOKHM Ha JIBaTa TOKA, MPU KOETO TOKOBAaTa IIBTHOCT
Ce yBeln4aBa B OIM3KHUTE CTPAaHU HA CCUCHHSTA HA JIBaTa MPOBOIHUKA.
[ToBBpXHOCTHUAT €(PEKT BOAM O HEPABHOMEPHO HO CHMETPHUYHO CIIPSIMO TE€OMET-
pPUYHUS IICHTHDP HA MPOBOJHUKA (C KPBIJIO, PABOBI'BIHO U JP. CUMETpUUHA (hopma
Ha CEYCHUETO) paslpe/ieiCHue Ha TOKa, TO €PEeKThT OJU30CT BUHATU CE XapaKTEPH-
3Upa ¢ HECUMETPUIHO pa3Mpe/iesieHne Ha TOKa JIOPH W TPU CUMETPUYHH CeYCHUS. B
JICHCTBUTEITHOCT pasNpeAesieHUETO Ha TOKa MpHU eekTa OJIM30CT ChOTBETCTBA HA M3-
MEHEHHETO Ha WHIAYKTUBHOTO CHIIPOTHBIICEHHWE HA OTJCITHUTE YaCTH OT CEUCHHUETO Ha

IIPOBOTHUKA.
EdexTpr O6musoct 3aBucH OT ChIIUTE (HAKTOPH, OT KOUTO 3aBUCH TMOBBPXHOCTHHSI
eeKT — pa3CTOSHUE MEXAy MIPOBOAHHUIINTE, YecToTa opMa, pa3MepH U MaTeprall Ha
IPOBOTHUITUTE.

B noBeueTo ciydan MOBBPXHOCTHUAT U €PEKTHT OJIMU30CT C€ pas3riiekaaT CbBMECTHO,
3alI0TO T€ HE C€ TMPOSBABAT CAMOCTOSITETHO, KaTO KOC(PHUIIMEHTHT HA JOMbIHU-
TEJHUTE 3aryou

Kj=FKg +K; Wi Ky =Kz K ()

3. Moaeqnpane Ha NOBLPXHOCTHHS eeKT U epekT OJIM30CT

MopenupaneTo € u3BbplIeHO ¢ nporpamHusa maker FEMM, 6a3upan Ha Merozna c
kpaitnu enemenT [4], [5]. Pasrnenanu ca cieqauTe ciaydau:

3.1. IloBbpXHOCTEH e()eKT HAa NPABOBbI'bJIHA MeIHA IIIMHA C pa3MepHu
100 x 10mm, mo kosito Teue Tok 800A ¢ mpomuuLieHa yecrora 50 Hz.

1.474e+000 : =1.551e+000
1.396e+000 : 1.474e+000
1.318e+000 : 1.396e+000
1.241e+000 : 1.318e+000
1.163e+000 : 1.241e+000
1.086e+000 : 1.163e+000
1.008e+000 : 1.086e+000
9.307e-001 : 1.008e+000
8.531e-001 : 9.307e-001
7.756e-001 : 8.531e-001
6.980e-001 : 7.756e-001
6.204e-001 : 6.980e-001
5.429e-001 : 6.204e-001
4.653e-001 : 5.429e-001
3.878e-001 : 4.653e-001
3.102e-001 : 3.878e-001
2.327e-001 : 3.102e-001
1.551e-001 : 2.327e-001
7.756e-002 : 1.551e-001
<0.000e+000 : 7.756e-002

ensity Plot: |1], MA/m~2

o

@ur.1. Pasnpenenenne Ha TOKOBaTa IUTBTHOCT B TPABOBI'bIHA ME/IHA IITUHA C pa3-
mepu 100 x 10mm, mo kosito Teue Tok 800A ¢ mpomunuiena yectora 50 Hz.

Buxna ce, ue pasnpelieleHHETO Ha TOKOBaTa IUTBTHOCT € HEPAaBHOMEPHO MO ceue-
Hueto. Ha ¢ur.2 e mokazaHo HEHHOTO pasnpesenieHne o HaJJIkKHATa OC HA CEUeHU-
€TO.
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@wr. 2. PasnipeneneHue Ha TOKOBaTa IUTBTHOCT IO ThDKAHATA HA HAIUTHKHATA OC
Ha IPaBOBI'BJIHA MenHa muHa ¢ pazmepu 100 x 10mm, o xosito Teye Tok 800A ¢
npomuIiieHa yectora 50 Hz.

TokxoBara MILTHOCT € HpI/I6JII/I3I/ITCHHO 3 IIbTH IIO-TOJIAIMA B ABAaTa Kpasd Ha KOHTYpa
- 2
(jmax = 1,5MA/M?).

3.2. CkuH e(eKT B UMITHHAPUYEH MPOBOJHUK MPH PA3JIMYHU YECTOTH.

Pasriiexna ce SIBICHUETO MOBBPXHOCTCH €PEKT B IMIMHAPUYCH MEJCH MPOBOIHUK C
paauyc 1mm, mpe3 koiito Teue Tok ot 2,5A mpm yecrora S50Hz, 1kHz, 10kHz,
100kHZ, 1MHz, 10MHz u 100MHz. Ha ¢ur. 3 e moka3aHo pasnpeaeicHUeTO Ha TO-
KOBaTa IUTBTHOCT B cedenneTo npu S0Hz — a) u npu 100kHz - 6).

6.004e-001 : >6.320e-001 2.464e+000 : >2.594e+000
5.688e-001 : 6.004e-001 2.334e+000 : 2.464e+000
5.372e-001 : 5.688e-001 2.205e+000 @ 2.334e+000
5.056e-001 : 5.372e-001 2.075e+000 @ 2.205e+000
4.740e-001 : 5.056e-001 1.945e+000 : 2.075e+000
4.424e-001 : 4.740e-001 || 1.816e+000 : 1.945e+000
4.108e-001 : 4.424e-001 || 1.686e+000 : 1.816e+000
3.792e-001 : 4.108e-001 || 1.556e+000 : 1.686e+000
3.476e-001 : 3.792e-001 || 1.427e+000 : 1.556e+000
3.160e-001 : 3.476e-001 || 1.287e+000 @ 1.4272+000
2.844e-001 : 3.160e-001 || 1.167e+000 : 1.297e+000
2.528e-001 : 2.844e-001 || 1.038e+000 : 1.167e+000
2.212e-001 : 2.528e-001 || 9.078e-001 : 1.038e+000
1.896e-001 : 2.212e-001 || 7-781e-001 : 9.078e-001
1.580e-001 : 1.896e-001 | | 6.485e-001 : 7.781e-001
1.264e-001 : 1.580e-001 || 5.188e-001 : 6.485e-001
9.480e-002 : 1.264e-001 || 3891e-001:5.188e-001
6.320e-002 : 9.480e-002 || 2.594e-001 : 3.891e-001
3.160e-002 : 6.320e-002 || 1.287e-001 : 2.594e-001
<0,000e+000 : 3.160e-003 L | <0.000e+000 : 1.297e-001
Density Plot: |J], MA/m~2 a) Density Plot: |J], MA/m~"2 6)

@ur. 3. Paznpenenenre Ha TOKOBaTa TUIBTHOCT B KPBI'bJI MEJICH IMMPOBOJIHHK C PATUYC
1mm, o koiTo Teye Tok 2,5A ¢ npomunuieHa yecrora 50 Hz — a)
u ipu 100kHz - 6).

®wur.4 mokasBa 3aBHCUMOCTTAa HA MAaKCMMaJTHATa TOKOBA TUTBTHOCT MIPU M3MEHEHHE HA

gecToTara Mpu To3u ciydail. Buano e, ue cnen 1E+04Hz 3aBucumocTTa € pactsima u
- 2

npu 100MHZ jinax € 3S0MA/M®, T.€.MOBBPXHOCTHHUAT €(PEKT € MHOT'O CHITHO U3Pa3CH.
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®dur. 4. 3aBUCUMOCT Ha MaKCUMaJiHATa TOKOBA IUIBTHOCT MPY U3MEHEHHE Ha Y€CTO-
TaTa Mpu KPbI'bJ MEACH MPOBOJHUK C paauyc 1mm, mo KoHTo Teue Tok 2,5A

Ha cnenpamara ¢ur.5 ¢ mokaszaHa 3aBUCHUMOCTTa Ha CEYCHUETO Ha MPOBOJHUKA C HY-
JieBa TOKOBA IUTBTHOCT BBB (DYHKIMS OT yecToraTa. Iliormira ¢ HyleBa TOKOBA IUIBT-
HOCT € OIpe/e/icHa Ype3 OTYMTaHe Ha Opos Ha MUKCEIUTE, OTTOBAPSII Ha I[BETOBETE
OT Pa3Npee/ICHUETO Ha TOKOBATa IUIBTHOCT B KPBIVIMS MPOBOJHMK. 3a IETa € U3-
noJi3BaH nporpamuus npoaykt Adobe Photoshop.

60

0 @
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yectoTa, Hz

@®ur.5. 3aBUCUMOCT Ha CEYEHUETO HA KPBI'bJI MEJICH IPOBOJIHUK € paauyc 1mm, mo
KOWTO Teue TOK 2,5A ¢ HyJieBa TOKOBa IUTBTHOCT BBB (DYHKITUS OT YECTOTATa

Ha ¢ur.6 e mokazana 3aBUCMMOCTTa Ha KOC(PUIIMEHTHT HA JOMBIHUTEIHUTE 3aryou
Ky, MPEICTABIsABAIl OTHOLIEHHETO Ha aKTUBHOTO CBHIPOTHBIIEHHUE IPU IPOMEHIIMB
TOK KbM CBIIPOTUBJICHHETO MIPH MOCTOSHEH TOK B 3aBUCUMOCT OT Y€CTOTATa.
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@ur. 6. 3aBucUMOCT Ha KOe(UIMEHTA HA JOIIBJIHUTEIHUTE 3aryOH Ky, B 3aBUCUMOCT
OT YeCTOTaTa 3a KPbI'bJI MEJIEH NIPOBOJHUK € paauyc 1mm, mo koiTo Tede Tok 2,5A.

3.3. CkuH edeKT B UIMJIMHAPUYHA MeIHA TPbOa ¢ MPOMEHIIA ce
nedesumHa npu dyecrora 40kHz.

Pasrnexma ce sBICHHETO TOBBPXHOCTCH €(PEKT B IMWIMHAPUYHA MEAHA TPHOa ¢
BBHIIICH pajuyc 25mm u ¢ nedenuna 5, 10, 15, 20, 25, 30, 35, 40 u 45mm npe3 KosATo
teye Tok oT S500A mpu uectora 40kHz. Ha ¢ur.7 e mimroctpupan MOBbPXHOCTHHUST
edexT npu MeaHaTa Tpboa ¢ qedenmna Smm — a) u npu 10mm — 6).

1.028e+000 : >1.082e+000
9.738e-001 : 1.028e+000
9.197e-001 : 9.738e-001
8.656e-001 : 9.197e-001
8.115e-001 : 8.656e-001
7.574e-001 : 8.115e-001
7.033e-001 : 7.574e-001
6.492e-001 : 7.033e-001
5.951e-001 : 6.492e-001
5.410e-001 : 5.951e-001
4.869e-001 : 5.410e-001
4.328e-001 : 4.86%e-001
3.787e-001 : 4.328e-001
3.246e-001 : 3.787e-001
2.705e-001 : 3.246e-001
2.164e-001 : 2.705e-001
1.623e-001 : 2.164e-001
1.082e-001 : 1.623e-001
5.410e-002 : 1.082e-001
<0.000e+000 : 5.410e-002

ensity Plot: [1], MA/m~2 6)

1.742e+000 : >1.834e+000
1.650e+000 : 1.742e+000
1.559e+000 : 1.650e+000
1.467e+000 : 1.559e+000
1.375e+000 : 1.467e+000
1.284e+000 : 1.375e+000
1.192e+000 : 1.284e+000
1.100e+000 : 1.192e+000
1.009e+000 : 1.100e+000
9.168e-001 : 1.009e+000
8.252e-001 : 9.168e-001
7.335e-001 : 8.252e-001
6.418e-001 : 7.335e-001
5.501e-001 : 6.418e-001
4.584e-001 : 5.501e-001
3.667e-001 : 4.584e-001
2.751e-001 : 3.667e-001
1.834e-001 : 2.751e-001
0.168e-002 : 1.834e-001
<0.000e+000 : 9.168e-002

ensity Plot: |3], MA/m~2 a)

[
Qo

®wr.7. PasnpeneneHue Ha TOKOBaTa ITBTHOCT B KPbIUIa MeAHA TPHOa C BHHIICH
paauyc 25mm, o kosito Teue Tok S00A ¢ gebenmra S5Smm — a) u mpu 10mm — 6).

®wur.8 mokas3Ba (GyHKIHMATA HA IJIOUITA HA TPHOATa ¢ HyJleBa TOKOBA ITBTHOCT B MPO-
IEHTH OT nebenrHarta Ha TpbOaTa. BumgHo e, e npu nebenuHa Ha TphOaTa 5 1 10mm
Ta3W IUIOLI € NPUOJIM3UTENHO HyjJa M TOBa Ca ONTHUMAJIHUTE AeOEIMHU B pasr-
nexaaHus uHTepBasl. Ciiell Te3U CTOMHOCTH IUIOIITA C HyJI€Ba TOKOBA IUTBTHOCT CE
yBEJIMYaBa U CEYEHUETO HE C€ M3I0JI3Ba ONTUMAIHO. M3cienBanusaTa NoKa3BaT ChIO,
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- 2
ye MaKCHMajHaTa TOKOBA ILTBTHOCT jmax Bapupa mexay 1,83 u 2,4MA/M°, T.e. T He
3aBUCH OT U3MEHEHUETO Ha JeOeIMHaTa Ha Tph0aTa B M3CIICIBAHMSI IIPUMED.

60

s 40 /
§ 30
s /

© 20 /

10 /

0 5 10 15 20 25 30 35 40 45

pebenunHa 6, mm

@ur. 8. 3aBUCUMOCT Ha CEYCHHETO Ha KPbIJia MeJHA TphOa C BHHIICH paguyc 25mm,
o kosiTo Tede Tok S00A ¢ HyseBa TOKOBa MUIBTHOCT BB YHKIIUS OT JeOeTuHaTa Ha
TpbbOaTa

3.4. EdexT 6,1M30€T MKy YCIIOPEAHH MeIHU IIMHH C MPABOBI'bJIHO CeYeHHe

Mopenupan € epekTbT OJU30CT MEXKIY 2 YCHOPEIHU MEIHU IIMHHU C MPABOBI'BIHO
ceyenue ¢ pasmepu 100 x 10mm u pascrosaue mexay Tsx 10mm, npe3 KOUTo Teye
tok 800A ¢ yectora 50 Hz mpu crneanute 2 citydas: a) — KOraTo TOKOBETE ca C €]I-
HAKBU MOCOKH (IpaB epeKT) U 0) — KOraTo TOKOBETE Ca C MPOTHUBOIIOJIOKHHU TOCOKH
(ooparen edekr). EdexrsT ¢ Busyanusupan Ha ¢ur. 9. BuaHo e cbIio Taka, 4e ChB-
MECTHO C TO3U e(peKT ce HabI01aBa U MOBBPXHOCTHUS €(hEeKT, 0COOCHO TPH MpaBHsI
eeKT OJIM30CT.

0.85%9e-001 : =1.038e+000
0.341e-001 : 9.859e-001
8.822e-001 : 9.341e-001
8.303e-001 : 8.822e-001
7.784e-001 : 8.303e-001
7.265e-001 : 7.784e-001
6.746e-001 : 7.265e-001
6.227e-001 : 6.746e-001
5.708e-001 : 6.227e-001
5.189e-001 : 5.708e-001
4.670e-001 : 5.18%e-001
4.151e-001 : 4.670e-001
3.632e-001 : 4.151e-001
3.114e-001 : 3.632e-001
2.595e-001 : 3.114e-001
2.076e-001 : 2.595e-001
1.557e-001 : 2.076e-001
1.038e-001 : 1.557e-001
5.18%9e-002 : 1.038e-001
<0.000e+000 : 5.189e-002

ensity Plot: |J], MA/m~2
0)

2.174e+000 ; >2.289e+000
2.060e+000 : 2.174e+000
1.945e+000 : 2.060e+000
1.831e+000 : 1.945a-+000
| 1.716e+000 : 1.831e+000
i ) 1.602e+000 : 1.716e+000
1.488e+000 : 1.602e+000
1.373e+000 : 1.488e-+000
1.259e+000 : 1.373e+000
1.144e+000 : 1.259e+000
1.030e+000 : 1.144e+000
9.154e-001 : 1.030e+000
8.010e-001 : 9.154e-001
6.866e-001 : 8.010e-001
5.721e-001 : 6.866e-001
4.577e-001 : 5.721e-001
3.433e-001 : 4.577e-001
2.289e-001 : 3.433e-001
1.144e-001 : 2.289e-001
<0.000e+000 : 1.144e-001

| 4 Density Plot: |1], MA/m~2 a)

@wr. 9 Pasnpenenenue Ha TOKOBaTa MIIBTHOCT MPHU €PEKT OIU30CT MEKIY yCIIO-
PEIHU MEIHU IIUHM C TIPABOBI'BIIHO CCUCHHE a) MpH npaB edekt u 0) — npu oopa-
TeH edekt, npe3 kouto Teue Tok 800A ¢ yectora S0HzZ.

L]
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3.5. EdekT 6s1u30cT Mexkay ycnopeaHu meaHu muHu ¢ [1-o0pa3Ho ceueHune

Ha ¢wur.9 e mokazano pasmpeaeneHneTo Ha TOKOBaTa IUTbTHOCT MpHU e(eKT OIM30CT
MEXy ycrnopenHu Mennu mmHu ¢ [1-o0pa3Ho cedenue a) npu oOpateH ePexT u 0) —
npu npaB edekt, npe3 kouto Tteue Tok 800A ¢ yectora 5S0Hz. M3znomnssanero Ha I1-
npouin ce mpujara a ce€ KOMIEHCHUpa 4acTUYHO €(eKThT OJU30CT, T.€. J1a Ce W3-
OerHe HATMYMETO Ha YYaCThIM C MHOTO MaJIka UM HyJeBa TOKOBA IUTBTHOCT.

1.599e+000 : >1.683e+000
1.515e+000 : 1.599e+000
1.431e+000 : 1.515e+000
1.347e+000 : 1.431e+000
1.262e+000 : 1.347e+000
1.178e+000 : 1.262e+000
1.094e+000 : 1.178e+000
1.010e+000 : 1.094e+000
9.258e-001 : 1.010e+000
8.416e-001 : 9.258e-001
7.574e-001 : 8.416e-001
6.733e-001 : 7.574e-001
5.891e-001 : 6.733e-001
5.050e-001 : 5.891e-001
4.208e-001 : 5.050e-001
3.366e-001 : 4.208e-001
2.525e-001 : 3.366e-001
1.683e-001 : 2.525e-001
8.416e-002 : 1.683e-001
<0.000e+000 : 8.416e-002

a) ' )_TT_( a ensity Plot: |1], MA/m~2 6)

®ur. 9. PasnpeneneHre Ha TOKOBATa IIIBTHOCT MPH eEKT OJIN30CT MEIKTY
ycropeaHu Meaau mmHu ¢ [1-o0pa3Ho cedeHue a) npu odpateH edekr u 0) —
npu npaB edexT, mpe3 kouto Teye Tok 800A ¢ uectora S0Hz.

7.194e-001 @ >7.572e-001
6.815e-001 : 7.194e-001
6.436e-001 : 6.815e-001
6.058e-001 : 6.436e-001

5.67%e-001 : 6.058e-001 :
5.301e-001 : 5.679e-001
4.922e-001 : 5.301e-001

4.543e-001 : 4.922e-001
4.165e-001 : 4.543e-001
3.786e-001 : 4.165e-001
3.408e-001 : 3.786e-001
3.029e-001 : 3.408e-001
2.650e-001 : 3.029e-001
2.272e-001 : 2.650e-001
1.893e-001 : 2.272e-001
1.514e-001 : 1.893e-001
1.136e-001 : 1.514e-001
7.572e-002 : 1.136e-001
3.786e-002 : 7.572e-002
<0.000e+000 : 3.786e-002

ensity Plot: |1_re|, MA/m~2

Q
=]

3.6. EdexT 6s1m30CcT Me:xk1y MeTHU IIUHU ¢ V-00pa3HO ceyeHune

@ur.10 umocTpupa pasnpeneseHHEeTO Ha TOKOBaTa IUTBTHOCT MpH €deKT OIM30CT
MEXIy MEIHH MHHU ¢ V-00pa3Ho cedyeHue a) mpu npaB edekt u 0) — npu oOpateH
edexkrt, npe3 kouto teye Tok 800A ¢ yectora S0Hz. U3non3anero Ha V-nipoduiu ce
M3I0JI3Ba ChIIO YACTUYHO 3a KOMIIEHCUpPaHe Ha edekTa OJIM30CT.

1.386e+000 : >1.459e+000
1.313e+000 : 1.386e+000
1.240e+000 : 1.313e+000
1.167e+000 : 1.240e+000
1.094e+000 : 1.167e+000
1.021e+000 : 1.094e+000
9.481e-001 : 1.021e+000
8.752e-001 : 9.481e-001
8.023e-001 : 8.752e-001
7.293e-001 : 8.023e-001
6.564e-001 : 7.293e-001
5.835e-001 : 6.564e-001
5.105e-001 : 5.835e-001
4.376e-001 : 5.105e-001
3.647e-001 : 4.376e-001
2.917e-001 : 3.647e-001
2.188e-001 : 2.917e-001
1.459e-001 : 2.188e-001
7.293e-002 : 1.459e-001
<0.000e+000 : 7.293e-002

ensity Plot: [1], MA/m~2 6)

1.912e+000 : =2.013e+000
1.812e+000 : 1.912e+000
1.711e+000 : 1.812e+000
1.610e+000 : 1.711e+000
1.510e+000 : 1.610e+000
1.409e+000 : 1.510e+000
1.308e+000 : 1.409e+000
1.208e+000 : 1.308e+000
1.107e+000 : 1.208e+000
1.007e+000 : 1.107e+000
9.059e-001 : 1.007e+000
8.052e-001 : 9.05%e-001
7.046e-001 : 8.052e-001
6.03%e-001 : 7.046e-001
5.033e-001 : 6.03%9e-001
4.026e-001 : 5.033e-001
3.020e-001 : 4.026e-001
2.013e-001 : 3.020e-001
1.007e-001 : 2.013e-001
<0.000e+000 : 1.007e-001

ensity Plot: [J], MA/m~2 a)

[w)
(=)

@ur. 10. Pasnpenenenue Ha TOKOBATa IIIBTHOCT MPHU €EKT OJIM30CT MEXKITY
MeIHU IUHYU ¢ V-00pa3Ho cedeHue a) mpu npas eekT u 0) — npu oOpaTeH
edexkr, mpe3 kouto Teue Tok 800A ¢ gectora SOHz.
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3.7. E¢dexT 6,1M30CT B MaKeT IMUHU THII ,,CAHABHY

[loHsikora 3a MO-paBHOMEPHOTO PA3NpEeICHHE Ha TOKOBATA IIBTHOCT B CEYEHUETO
Ha IPOBOJHULIUTE TIPH MpaB e(eKT OJIM30CT TO ce pa3neis Ha makeT oT 2, 3 uiu 4 yc-
MOPEJIHU TMapajelIHy IIWHHU, Pa3loJIOKEHN HA Pa3CTOSHUSA, PaBHU Ha Jie0enrHaTa Ha
muHaTta. Ha ¢ur.11 e nokazaHo pasnpeneneHUeTo Ha TOKOBATa IUTbTHOCT B MAKET OT
4 menHu mKHY, Beska ¢ pazmepu 100 x 10mm, ¢ pascrosaue mexay Tsax 10mm. Ilpes
BCsika oT muHUTe potrda Tok oT 800A u TokoBeTe ca ¢ enqHakBu nocoku. Ha ¢ur.12
a) e AaJeHO pa3peeICHUETO Ha TOKOBATA IUTBTHOCT 10 KOHTYP, ChBIAAII C BEPTH-
KaJHaTa oc Ha muHuTe. ChIIo Taka € JaJieHO U pa3lpeslelIeHUETO 10 KOHTYp, ChBMa-
Jalll ¢ XOPU30HTAIHATA OC 32 BHTPEIIIHATA U 3a BhHINHATA IIWHU - (ur.12 0).

3.480e+000 : =3.663e+000
3.297e+000 : 3.480e+000
3.114e+000 : 3.297e+000
2.931e+000 : 3.114e+000
|| 2.747e+000 : 2.931e+000
2.564e+000 : 2.747e+000
2.381e+000 : 2.564e+000
2.198e+000 : 2.381e+000
2.015e+000 : 2.198e+000
1.832e+000 : 2.015e+000
1.648e+000 : 1.832e+000
1.465e+000 : 1.648e+000
1.282e+000 @ 1.465e+000
1.099e+000 : 1.282e+000
9.158e-001 : 1.099e+000
7.327e-001 : 9.158e-001
5.495e-001 : 7.327e-001
3.663e-001 : 5.495e-001
1.832e-001 : 3.663e-001
<0.000e+000 : 1.832e-001

gﬁ bl Ll 1_4 Density Plot: |1], MA/m~2

®wur. 11. PaBHpCIICJICHI/IC Ha TOKOBAaTa IUTHTHOCT B MaKeT OT 4 MHWHU

35 1
= ]-B3 IIMHA
~ 0,8 1-Ba LIMHA
NE e J 03 LIMHA £
= ~
g dy== 3-Ta LIMHA g 0,6 il J-pa LWUKWHA
5 g 4-Ta IIWHA g
g z 04
B o
g g
= [
© o 0,2
g o]
9 X
b3 o]
= 0
0 20 40 60 80 100 0 2 4 6 8 10
AbJIFKMHA HAa KOHTypa, mm 2) AbNKMUHAE HA KOHTYpa, mm 6)

@wur. 12. Pa3npeseneHue Ha TOKOBAaTa IUITBTHOCT 3a BBHIIIHATA M BHTPEIIIHATA K-
Ha B MMaKeT OT 4 IIMHYU — a) 110 BEPTUKAJIHATA OC Ha IIUHKUTE; 0) 110 XOPU30H-
TaJIHATa OC Ha IIHHUTE

BI/I)KI[a CC, 4UC BBTPCIIHATA M BBHIIHATA IIMNHA Cda €IHAKBO HATOBAPCHHU II0 BCPTHU-
KaJIHaTa OC, a 110 XOPHU30HTAJIHATa OC BbHIIHATA IIMHA € II0O-HAaTOBAapCHa. CT)HIO TaKa
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CcC Ha6n}oz[aBa N CKHMH e(beKTa, KaTO TOKOBaTa ITBTHOCT € II0O-BHCOKA B KpaHuIllaTa Ha
NIMHUTCE.

4. 3akjao4yeHue

e Cw3naaenu ca 2D monenu 3a mOBbPXHOCTHHSA €(DEKT B IPABOBI'bIIEH IPOBOHHUK,
B KPBI'bJI MPOBOJHUK, B KpbIJIa TphOa U B MPOBOJHUK C MPABOBI'BIHO CEYEHHUE NPU
pa3iauyYHU AMaMETPU Ha MPOBOJHUKA U TpbOATa U IPU Pa3IMYHU 4yecTOTU — oT S0HZ
no 100MHz. Tlokazana e pactsiiata 3aBUCHMOCT Ha MaKCHMAaJIHaTa TOKOBA IUTBT-
HOCT, Ha KOe(pHIIMEeHTa Ha JONBJIHUTEIHUTE 3aryOu M Ha IUIOLITa C HYyJIEBa TOKOBa
IUTBTHOCT OT YecToTaTa Ha 0a3zara Ha Te3u Mozenu. M3uncieHa e u 3aBUCUMOCTTa Ha
HyJIeBaTa TOKOBa IUTbTHOCT B 3aBUCUMOCT OT JeOeIrHaTa Ha Tphoara;

e Mogaenupan € U epeKThT ONM30CT MpH 2 YCHOPEAHH METHHU IIUHU C MPaBOb-
I'bJIHO CEUYECHHE, KAKTO U METOAMTE 3a HAMAJIABAHETO MY Ype3 M3MOJ3BAHETO Ha CIie-
uuaiaHu npoduin Ha muHuTe — [1-00pa3uu u V-00pa3Hu KakTo U MakeT OT IIMHH THII
»CaHaBu4’ . IIoTBbpJIEHO € HEPAaBHOMEPHOTO HATOBAPBAHE HA BHTPELIHATA U BHHIII-
HaTa IIMHA [PYU TOCJIEeIHUS CITydai.
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PABOTA ITPU MAKCUMAJIHA MOIIIHOCT HA ACUHXPOHHA
MAHINHA C HABHUT POTOP 3A BATBPEH 'EHEPATOP

Baaaumup Jlazapos, 3axapu 3apkos, Jlroamuia CrosHos, {umutrsp Cniupos

Pe3rome: Cmamuama npeocmass MoOeIupanemo Ha 6empoeHepeuina npeoopasyea-
menHa cucmema ¢ npuaedcawjume U CUCmeMu 3a YnpasieHue 3a U3eiuyane Ha MaK-
CUMATHA MOWHOCM OM HANUYHU éamvp. [100bpan e kpumeputl 3a oyeHka Ha pabo-
mama Ha ynpasieHuemo, Koumo e npuiodicer npu CUMyiayus oyeHasawa pabomama
Ha ynpaeienuemo. [loxazanume cumMynayuoHHU pe3yaimamu NOmewbpHcoasam aoex-
8amMHOCMMA HA U3OPAHUSL NOOXO0O.

Kntouoeu oymu:. sempozenepamop, 080UHO 3aXpanHer ACUHXPOHEH 2eHepamop

MAXIMUM POWER OPERATION OF WOUND ROTOR ASYNCHRONOUS
MACHINE FOR WIND GENERATOR

Vladimir Lazarov, Zahari Zarkov, Ludmil Stoyanov, Dimitar Sprirov

Abstract: This paper presents the modeling of wind energy conversion system with the
contiguous control system for maximum power extraction from the available wind. A
criterion for the control operation estimation is selected and is applied in the simula-
tion to assess the control operation. The correct operation of the developed model
and control systems are confirmed by the simulation results.

Keywords: wind generator, doubly fed induction generator

1. BbBeaenue

Enna ot mpeukute mpen pa3npoCTpaHEHUETO HA BH30OHOBSEMHUTE W3TOUHUIM Ha
EHEprus € rojissMaTa MHBECTHUIIUSI, HEOOX0AMMa 3a U3TPAXKIAHETO U MOAbPKAHETO HA
npeoOpazyBamnuTe cucteMu. ETo 3aio Bb3BpamaeMocTTa Ha Ta3u MHBECTULIUS € OT
CBHUIECTBEHO 3HaueHue. Llenta Ha Ta3u cTaTus € JAa NPeACcTaBU JOPA3BUTHS MOJEI Ha
JIBOMHO 3aXpaHEH aCUHXPOHEH IeHEepaTop C €JIEKTPOHEH IMpeoldpa3yBareil OTKbM po-
topa [1], ¢ KOHTO ma ce cuMyiupa BETpOCHEpruiiHa MpeoOpasyBaTelHa CHCTEMA
(BEIIC) ¢ mpoMeH/iBa CKOPOCT Ha BBPTCHE W M3BJIMYaHE HA MaKCHMAaJIHO BH3MOXK-
HaTa MEXaHMYHAa MOIIHOCT OT JIaJieHa CKOPOCT Ha BATbpa. OnpeneneH € u KpuTepuit
3a OIlEHKAa Ha MpaBUJIHATa padoTa Ha cUCTEeMAaTa.

2. U3caeaBaHa cucremMa

Pasrnexnanara BeTpoeHepruiiHa mpeodpa3yBaTeliHa CUCTEMa Ce ChCTOM OT BSTBpPHA
typouna (BT), 3aaBmwkBaria npe3 myiaruruiukarop (M) IBOMHO 3aXpaHEH aCUHXPOHEH
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reneparop (JI3ATI'). Ts e npencraBena Ha ¢ur.1l. B kondurypamusra I3AI° ce usno-
3Ba ACMHXPOHHA MalllMHA C HaBUT pOTOp. B HeliHaTa poTOpHA BepUra uma MpuchbeIn-
HEHa CTPYKTypa OT JIBa PeBEpCUBHU mpeodpasysaTens Ha HanpexeHune (PITH) u mex-
JUHEH MOCTOSIHHOTOKOB KPBI, IMO3BOJIABAILA JBYIIOCOYHO NMPOTHYAHE HA €HEPTUIHH
NOTOLM B pOTOpPHATA BEpUra - OT Mpekara KbM MallMHaTa U OT MallMHATa KbM Mpe-
*aTa. brarogapeHue Ha TO3U JBYIIOCOYEH OOMEH c€ OCUTypsiBa paboTa Ha aCUHXPOH-
HaTa MallMHa KaTo TEHEPATOp B MAKCHMAJIHO IIMPOK JHMANa30H HAa U3MEHEHHE Ha
CKOPOCTTa Ha BBPTEHE Ha pOTOpA - OT IMOJCUHXPOHHA JI0 HAJICMHXPOHHA CKOpocT [2].

M [ O3AT Sy

Mpexa

J/

®ur.1. biiokoBa cxema Ha n3cieasanara BEIIC
3. Moaeaupane Ha ejiemeHTHTe OT H3cjaeaBanara BEIIC

K®M npencraBenus B [1] Momen Ha TBOMHO 3aXpaHEH aCHHXPOHEH TEHEPATOP C EJIeK-
TPOHEH IpeolOpa3zyBares OTKbM POTOpa ca JOMBIHEHU MOJENIUTE Ha BAThpHATA TYp-
OWHAa M MEXIUHHUS MMOCTOSTHHOTOKOB KPBI. MojenuTe Ha Te3W JBa KOMIIOHEHTa ca
MPEACTABEHU O-/10Y.

A. Bamvpna mypouna
MonensT Ha BATHpHATa TypOWHA TIO3BOJISIBA J1a CE OMPENETd MEXaHMYHATA MOIITHOCT
(Pmec), KOSTO Ce TI0J1aBa Ha Bajia Ha TeHepaTopa. MOITHOCTTA Ce ONpPEeIeIIsl IOCPEICT-
BoM ypasHenue (1) [3], [4]

1
I:)mec :ECpArpaVSa (1)

KBJIETO C, € KOS(HUIIMEHT Ha MOIIHOCTTA, YUATO TEOPETHYHA MaKCHUMallHa CTOMHOCT €
0.593 u ce Hapuua rpanuua Ha be [5], p,=1.225 kg/m® e mwipTHOCTTA Ha BB3MyXa, A,
— IUIOIITA HA MEPKUTE Ha BAThpPHATA TypOuHa U V - CKOPOCTTa Ha BATHPA.

B nscHara crpana Ha (1) emuHCTBEHATa HEM3BECTHA BEJIMYMHA € KOCHUIIMCHTHT Ha
MOIIIHOCTTA Ha TypOMWHaTa 3a JaJieHaTa CKOPOCT Ha BATHPA U 32 CKOPOCTTAa Ha BBP-
TEHE Ha pOTOpa Ha BAThPHATa TypOMHA B MOMEHTA Ha M3YKCIIeHUE. B mpeacTaBsHOTO
W3CJICIBAHE CE M3I0JI3Ba aHAIUTHUYCH M3pa3 3a ONPEACISTHETO Ha TO3H KOCPUITUCHT

(2) [4].
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1
_Ci

Cp =cl[cz%—03,9—c4.9XT —c5)e A2

KBJIETO C3-Cg U X7 Ca EMIMPUYHYU KOS(HIMEHTH, Crienu(UYHN 3a BCka TypOuHa, ¥ e
BI'BIBT HA 3aBbPTaHE HA TepKaTa MO HauIkKHaTa i oc. OTHomeHnuero 1/4 ce ompe-
Aelis oT 3aBUCHMOCTTa (3)

1 0.035
= - > ()
A+0.089 1+9

1
A

KBJICTO A € CKOPOCTHOTO OTHOIIICHHE Ha TypOWHATA, JePUHUPAHO KATO OTHOIICHUETO
Ha niepud)epHaTa CKOPOCT HA IMEPKUTE M CKOPOCTTA Ha BITHpA.

C ompenensiHeTO Ha KoeHIIMEHTa HA MOITHOCTTA 10 (2) ce ompeaens MeXaHHYHATa
MOIIIHOCT, @ MEXaHUYHHUAT MOMEHT C€ U34YHCIIsBa 110 (4).

T, = (g

Wwtr
KBJIETO Wy € CKOPOCTTA HA BBPTEHE HA POTOPA HA TeHepaTopa.
b. Mejsicounen nocmoannomokoe KOHmyp

To3u KOHTYp cyku 3a Bpb3ka mexay ABara PITH. PeaniHo Toii € KOHI€H3aTOp, YUHUTO
MoJien e mokasaH B (5) BeB BUj 3a qupekTHO uMiuieMeHTrpane B Matlab/Simulink.

du .
dtczé('o_'m)' (5)

kbaeTO U, € HalpeKeHNeTo Ha M3BOAMTE Ha KOHAeH3aTopa, C - KamanuTeThT Ha KOH-
JeH3aTOpa, lg — TOKBT MPEAN Bb3€ela U lg; — TOKBT CJIE]] HETO.

4. YnpaBjieHUe HA CHCTeMATAa

VYnpasnsgBamara cuCTeEMa Ha €JIEKTPOHHUS MpeoOpasyBaresl OTKbM pOTOpa € MpeJc-
TaBeHa B [1], eTo 3a1o Tyk ca mpejcTaBeHH caMo YIpaBJIsSBAIIUTE CUCTEMH Ha PEeBep-
CUBHMS TIpeoOpasyBaTes Ha HaIpekKEHHWE OTKbM MpekaTa M Ta3u 3a M3BJIMYAHE Ha
MaKCHUMaJlHa MOITHOCT.

A.Ynpaenenue na PITH omkvm mpexcama
PeBepcuBHUAT npeoOpa3yBaTel OTKbM MpexkaTa OCBhUIECTBABA OOMEHa MEXIY TBOM-
HO 3aXpaHCHMsS] ACHHXPOHEH TE€HEpaTop M EJEKTpUYecKaTa Mpexa KaTo ChIIEB-
PEMEHHO OCUTYpSIBA U3II'BJIHEHUETO HA 33JIaHUETO HA HAIMPEKEHUETO HAa MEKIMHHUS
M0CTOSHHOTOKOB Kpbr (Vo ). M3IbIHEHHETO Ha Te3u (DYHKIMU Ce W3BHPIIBA HA [BA
eramna [6], [7], Biuseliku BbpXy nojaaeHuTe Ha reneparop Ha lllupounnHo Mmmyii-
cHa Mopaynarus ([IIMM) 3amanust 3a Hanpe)XeHUs Ha NMPOMEHIMBOTOKOBATa CTpPaHA
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Ha PEeBEPCUBHUS ITPeoOpa3yBarTes Ha HANPEKCHUE OTKBM MpEKaTa (Uginy © Uginv ). To-
Ba C€ OCBIIECTBSBA KATO IIBPBO 3aJaHHETO Vo ce npeo6pa3yBa B 3a/laHUC 3a MPO-
MEHJIMBHSI TOK CJIeJl ITpeoOpasyBareis Mo octa ( (Iq.m, ). 3aaHreTo 3a TOKA IO JIPY-
rata oc (iginy ) € HyJIa C Lell HyJIeB 0OMEH Ha peaKkTHBHA MOIIHOCT C eIEKTPHUYECKaTa
mpexa. OT 3agaHuATa iginy ¥ lq.nv Ce M3YHMCIIABAT HY)KHHTE 3aJaHMs 3a HAIpPEKEHHU-
aT1a, u3noia3paiku (6).

udinv = rfiltre'ldinv o G)S'Lfiltre'lqinv + udres

u + 2N 'Lfiltre 'Idinv + uqres

(6)

ginv = Fittre I ginv

KBJIETO [lfijre U Lfijre €& CHOTBETHO aKTUBHOTO CHIIPOTHUBJICHUE M WHAYKTHBHOCTTA HA
¢duirspa Mexny PITH n mpexxara, KOUTO M3INIaKAa IMyJICALUUTE HA TOKA, Udres B Ugres
ca HaNpeXEHUITa Ha MpeXKaTa 1o JBeTe OCH, Uginy, Uginv, Idiny B lginy €& CHOTBETHO TIPO-
MEHJIMBOTOKOBUTE HANPEKEHUS W TOKOBE Ha IMpeoOpasyBareiis MO JIBETE OCH, s €
CHHXpOHHATa CKOPOCT Ha KOOpJIMHATHATA CUCTEMA.

b. Ynpaenenue 3a uzenuuane na MaKcumaina MowyHocm om mypounama

3a majieHa CKOpOCT Ha BIThbpa OTJAaBaHATa OT TypOMHATa MOIIHOCT C€ U3MEHS B 3aBU-
CUMOCT OT CKOPOCTTa Ha BbPTEHE Ha POTOpa, KaKTO € mokazaHo Ha ¢ur.2. Taka on-
TUMajiHaTa paboTa Ha BIThpHATa TypOUHA C€ MOJTy4YaBa, KaTo Ce HAMEPH XapaKTepucC-
THKA Ha MaKCUMaJIHaTa MOIIHOCT. TSI ce moyyyaBa KaTto ce CBbpKaT MaKCUMYMUTE Ha
kpuBuTe. Ta3u KpuBa ce orpaHuyaBa 3a rOJI€MUTE CKOPOCTH Ha BSIThPA MOCPEACTBOM
aepoIMHAMUYHO OTKBHCBAHE C 1€ HaMajsiBaHE HA MEXaHUYHUTE YCUJIUS BBPXY Mep-
KUTE ¥ paboTa Mpyu HOMUHAJIHA MOIIHOCT Ha €JIEKTPUUECKHUS T'eHEePaTop.

2500

2000¢

=
o
o
o

1000

Mechanical Power, W

500

Rotor speed, rad/s

®ur.2. XapakTepuCTUKHU Ha BAThpHATA TypOUHA
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OT KpHuBaTa Ha MakCUMaJIHaTa MOIIHOCT TPsiOBa J1a ce OMpeJeNin 3a/laHueTo 3a CTa-
TOpPHATa MOILIHOCT, KOETO €€ M3UCKBA OT ynpasisBamara cuctema Ha PIIH oTtkeMm po-
TOpa. 3a MOCTUTaHE Ha MOJCUHXPOHHA CKOPOCT HAa BbPTEHE HAa ACUHXPOHHUS I'€Hepa-
TOp € HEOOXOAMMO CTaTOpHATAa MOIIHOCT JIa € MO-TOJIIMa OT MEXaHUYHaTa, KaTto pas-
JUKaTa W 3aryOuTe ce MOKpUBAaT OT KOHCyMHUpaHara mpe3 poTopa MolmHocT. Taka
KpUBaTa 3a 3aJJaHueTO Ha CTaTOpHATa MOIIHOCT € HaJ KpMBaTa Ha MEXaHWYHaTa MOILI-
HOCT JI0 CHHXPOHHA CKOPOCT Ha BbpTeHE. Pa3iukaTa Mexy BET€ MOIIHOCTH Hama-
J51Ba C HAMAJSIBAHETO Ha XJIB3TAHETO. 3a HAaJCUMHXPOHHA CKOPOCT Ha BBPTEHE CTATOP-
HaTa MOLIHOCT € M0-MaJIka OT MEXaHU4YHaTa, KaTo 3aryOuTe ce MOKPUBAT UM OT pa3-
nukara (C OTJaBaHe Ha MOIIHOCT IMPe3 POTopa B MpeXkara), Wik OT MpexaTa (¢ KOH-
CyMHpaHe Ha MOIIHOCT Ipe3 poropa). EHepruitHuTe MOTOIM 32 JBETE CKOPOCTH Ha
BBbpPTCHE ca TUCKyTHpaHu B [1]. 3a 30HaTa Ha OrpaHMYCHUETO HA KpUBATa HA MaKCH-
MaJlHa MOIIHOCT Ha BSITbpHaTa TypOMHAa CBILO CE€ Hajara MOCTOSHHA CTOWHOCT Ha
craTopHaTa MOIIHOCT. [loimydyeHara KpuBa, IO KOATO CE ONpPEAEIs 3alaHUETO 3a CTa-
TOpHATa aKTUBHA MOUIHOCT, € IM0Ka3aHa Ha ¢ur.3.
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®wur.3. 3aganue 3a CTaTOpHA aKTUBHA MOIIIHOCT TIPH J1aJieHa MEXaHUYHA MOITHOCT
5. CumMyJalMOHHY Pe3yJaTaTH

Omnwucanute Monenu ca BHeApeHHU B cpenara Ha Matlab/Simulink (¢ur.4). Usnomn3sa-
HU ca JaHHu 3a acuaxporHa MamuHa MAT 20 ¢ HomuramHa momHoceT 1.5 KW u mog-
XOJIs11a BATHPHA TypOMHa. Bpb3kara MexIy BaloBeTe Ha TypOMHATA U T€HEpaTOpa ce
OCBIIECTBSIBA IMOCPEICTBOM MYJITHILIMKATOP C IpenaBareiaHo otHomenue 1/3. Ienra
Ha TIpOBeJIeHaTa CUMYJIAllAs € Ja Ce IMPOBEpHU MpaBUIHATA paboTa Ha YIPaBICHUETO.
NHaukatop 3a TOBa € MOJIbp)KaHE Ha Koe(HIMEeHTa Ha MOIIHOCTTA Ha BAThpPHaTa
TypOMHA Ha MakCMMajiHa CTOMHOCT, KOATO € €JHAaKBa HE3aBUCHMO OT CKOPOCTTa Ha
BATHPA, KAKTO C€ BIKJIa HA ur. 5.
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File Edit Yiew Simulation Format Tools Help
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®wr.4. Peanusupan mozen B cpeaara Ha Matlab/Simulink

0.35

0.3

0.25

0.2

Cp, -

0.1

0.05

0 st e bl i
0 10

30
Rotor speed, rads

40 50

@ur.5. 3MeHeHue Ha C, IPU pa3iIMYHU CKOPOCTH Ha BATHPA U HA BBPTCHE

CuMmynanusra npoTuya Ha JBa erana. B mbpBHs eTam ce mpearnocTaBsl N3MEHEHNE Ha
Cp OT HyJa, Ipe3 MakCUMyMa J0 CTOHHOCT, I0-MajKka OT MakcuMmaiaHarta. ToBa ce
ciyuBa 3a niepuosia mexxay O u 0.4 s. Cnen ToBa BATHhpHATa TypOWHA € MOJI0KEHA Ha

CKOPOCT Ha BATBpPA, KOATO CC U3MCHA CTOXACTHUYHO U € II0OKAa3dHa Ha (IJI/IFG
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®ur.6 M3MeHeHne Ha CKOPOCTTa Ha BITHPa

M3meHeHneTo Ha Koe(hUIIMeHTa Ha MOIITHOCTTA 10 BpeMe Ha CUMYJIAIUsATA € TIPe/ICTa-
BeHO Ha (ur.7. B ronsma gact ot BpemeTo ce HabitonaBa pabora Ha TypOWHATa C
MaKCHUMaJHa CTOMHOCT Ha C,. MOMEHTHTE, B KOUTO KOC(UIMEHTHT Ha MOIIHOCTTA
HsMa MaKCHMaJIHa CTOMHOCT, CE IbJDKAT Ha OrPaHUYCHHUETO, HAJI0)KEHO Ha TypOMHATa
Haa 9 M/S, KakTo ¥ Ha MHEPIMATA HA MAlllMHATA U YIIPABJISIBAIIUTE CUCTEMH Ha CJICK-
TpOHHHTE NpeoOpasysarteny. [IbpBoHAYaNHUAT CHa] B CTOHHOCTTA Ha Cp c€ IBJDKU Ha
rojsiMata CKOpOCT Ha BBPTEHE Ha BaJia, KOSATO C€ MPEINOCTaBs 3a MpeMUHABaHE Ha
KOC(UIIMEHTA Ha MOIITHOCTTA HaJl MAaKCUMAaJTHATa My CTOWHOCT.

0.35

0.3

0.25

0.2

Cp, -

0.15

0.1

0.05

@ur./. I3MeHeHue Ha Cp IPU Pa3IM4HU pexXuMHU Ha padota Ha BEIIC

M3MeHeHneTo Ha BXOMAIIATa MEXaHWYHA MOIIHOCT M CTaTOpHATa MOIIHOCT € TOKa-
3aHO Ha ¢ur.8, a ToBa Ha poTopHaTa MOITHOCT - Ha ¢ur.9. IIpe3 mo-roasiMara 4yact ot
BPEMETO CTaTOpHATa MOIIHOCT € MO-ToJisiMa OT MEXaHWYHATa ¥ ACHHXPOHHHST TCHE-
paTop KOHCyMHpa OT MpEKaTa MOIIHOCT Tpe3 poTopa (IMOJIOKUTEIIHA CTOMHOCT Ha
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pOTOpHATa MOIITHOCT), Thil KaTO YIIpaBisABalllaTa CHCTeMa Hajlara moJICHHXPOHHA CKO-
pPOCT Ha BBPTCHE Ha poTopa. B ciydaWTe Ha CHIICH BATHD yIpaBisBalaTa CHCTEMa
yBEJIM4YaBa CKOPOCTTa Ha BBPTEHE J0 HAJCHHXPOHHA, HAMAJISBANKU MO TO3M HAYUH
KOHCYMHpPaHaTa Mpe3 POTOpa MOIIHOCT U JIOPU OTIABAMKK MOIIHOCT Ipe3 poTopa B
mpexkata (t=1.5s u t=1.7s). Moxe na ce oTOeIeKaT rOJEMUTE IPOMEHH B CTOMHOC-
TUTE Ha EJIEKTPUYECKHUTE MOIIHOCTH NMPH H3MCHEHHETO Ha BXOJSINATa MEXaHHYHA
momHoCT. ToBa sBJICHHE € HeOIAronpUATHO 3a CIIEKTPHYECKaTa MpEKa, KbM KOSTO
BETPOT'CHEPATOPHT € MPUCHEANHEH, KOETO Hajara ThPCCHE Ha TEXHOJIOTHYHH pellie-
HHS 32 TIPEOI0NIIBAHE HA TO3U HEIOCTATHK.
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6. 3akaouenue

B crartusta e nmpeacTaBeH mbJIeH MOJEN HAa BETPOCHEPIHitHa MpeoOpazyBaTeIHa CUC-
TE€Ma, U3IO0JI3BAllA JBOMHO 3aXpaHEH aCMHXPOHEH reHeparop. OnucaHu ca yrnpasis-
BaIlUTE CUCTEMH, CBbP3aHMU C HM3cieaBaHaTa KoHpurypauus. CuHTe3upaHa € KpuBa
Ha 33JJaHUETO HA CTAaTOpHATa AKTUBHA MOIIHOCT BbB (PYHKIHMS HA CKOPOCTTA HA BBP-
TEHE Ha poTopa, no3BoiisaBaiia padorara Ha BEIIC npu makcuManHa MOIIHOCT, KOETO
OT CBOsI CTpaHa OM OCUTYPHJIO MO-O0bp3a BB3BPAIAEMOCT Ha UHBECTUPAHUTE CPEC-
TBa. [IpoBeneHarTa cumynanms Moka3Ba KOpeKTHaTa paboTa Ha Ch3AaJECHUS MOJET U
Ha YIPaBJIABALLIUTE CUCTEMH. 3a TOBA CE€ ChAM I10 U3MEHEHUETO Ha U30paHus KpUTe-
pHii, a MYMEHHO KOE(pUIMEHTa Ha MOLIHOCTTA, KOMTO TpsiOBa Ja ObJe Ha MakcUMall-
HaTa CH CTOMHOCT, 3a Ja C€ MOJyYH MAaKCHMaJlHA MEXaHWYHA MOIIHOCT OT BATHpA.
Cucremara 3a ynpaBlIeHUE NOAABPKA YCIEHIHO C, HA MAaKCHMajHaTa My CTOMHOCT
Opu pa3HOOOpa3HU MPOMEHM HAa BXOASIIATAa CKOPOCT Ha BSATHpA, KOETO rapaHTHpa
nobpara it paboTa B peasHu YCIOBHSI.

baaromapuocTu

Tas3u pabota e mo mporpamara Ha JloroBop 3a YHuBepcurercku HayuHouscinenosa-
tesnicku Kommeke - IYHK-01/3 u aBTopurte Onmaromapst 3a mojkpernara Ha DoH
,Hay4Hu uscienBaHus’ .
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EKCIHHEPUMEHTAJIHO U3CJIEABAHE HA CYIIEPKOHIEH3ATOPH
N ONNPEAEJIAHE HA TIAPAMETPUTE UM

Baagumup Jlazapos, 3axapu 3apkos,
JIroamua CrosinoB, XpucrtusaH KbHues

Pe3ztome. B Ooxnada e npeocmaseHo eKcnepumMeHmanno u3cieo8ane Ha CYNnepKOH-
0eH3amop € yell U3BeHcoaHe Ha eK8UBANeHMHA 3aMeCmeawa cxema u onpeoeisine Ha
napamempume U. Pazeneoanu ca mecmosume npoyedypu, KOUmo ce u3noi3eam 3a
onpeoesnsane Ha napamempume Ha cynepkonoensamopume. Paspabomena e onumna
NOCMAHOBKA 3a u3ciedsane Ha cynepkonoenzamopu. llpedcmasenu ca pesynmamume
om excnepumenmume. Ha 6azama na uzmepenume u pecucmpupaHu eIuduHu ca u3-
YucieHu Kanayumemvm Ha KOHOEeH3amopda, NoCie008amenrHomo U napaieiHomo Cbh-
POmusieHue Ha 3aMecmeawama cxema.

Knwuoeu oymu: Cynepkonoenzamop, napamempu, eKCnepumMeHmaiio, onpeoensne

EXPERIMENTAL TESTING OF SUPRECAPACITORS
AND EVALUATION OF THEIR PARAMETERS

Vladimir Lazarov, Zahari Zarkov,
Ludmil Stoyanov, Hristiyan Kanchev

Abstract: This paper presents an experimental research on a supercapacitor with the
aims to deduce its equivalent circuit and determine its parameters. The test proce-
dures used for determination of the equivalent circuit parameters are studied. The ex-
perimental test bench created for this purpose and the experimental results are pre-
sented. Based on the measurements, the capacitance and the equivalent circuit series
and parallel resistance are calculated.

Keywords: Supercapacitor, parameters, experimental, evaluation, testing

1. BbBeaenue

Enexrpoxumuyeckure asycioinu konaensatopu (Electrochemical Double Layer
Capacitors - EDLC) ce Hapuyar cynepKOHACH3aTOPH. TEXHUAT MPUHIUI HA IEHCT-
BHE € MMOI00CH Ha 100pe MO3HATHTE HU €JICKTPOCTATUYHN KOHICH3aTOPH, HO BBITPEKH
TOBa CHIIECTBYBAT M3BECTHH PA3IMKH MEXIy JBaTa, KOETO MO3BOJIABA HA EJICKTPO-
XMUMHAYECKUTE KOHACH3aTOPH Ja MOCTUTHAT MHOTO IO-TOJISAM KamalurteT. EiekTpo-
JIMTE Ha CYMEePKOHICH3aTOpa ca OT MOPHO3HO BEUIECTBO, BB BHTPEIIHOCTTA UMA pa3-
TBOP Ha €JIEKTPOJUT M HOHHO HEMPOMyCKIHBa MeMOpaHa. Korato ce mpuiioxu Haim-
PEKEHHE MEXIY €ICKTPOANUTE, BbPXY IOJIOKUTECIIHUS €IEKTPO C€ HATPYIIBAT OTPH-
I[ATEJIHO 3ape/ICHH HOHH, & BbPXY OTPHUIIATEIHUS EICKTPOJI - MOJOXKHUTEIIHO 3apeICHH
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Honu, Gopmupaiiku n8a cios. OT TO3U mpoliec Mpousnn3a Ha3BaHueTo "EnexTpoxu-
MUYeCKH IBYCIoiHN KoHaeH3aTopu' [1], [2]. KanamuTeTsT Ha TakbB ABYCIOCH KOH-
neHsaTop ¢ ot mopsgbka Ha 10-50 pF/cm®, HO mopagM ToIsSMAaTa MOBBPXHOCT HA
enexrpomure 1000-2000 M?/g KamarUTeThT HA HAKOM HPOTOTHIIH CYICPKOH/CH3a-
topu noctura 10 10 xunsau dapana. Berpeku ToBa, mopaau BUCOKATa UM MPOU3BO/I-
CTBEHA IIeHA, TUITMYHUAT KamaluTeT Ha MpeJIaraHuTe Ha ma3apa MpoayKTH € OT Hsl-
KOJIKO JieceTkH 1o 3 xuisaau dapana [3], [4].

OCHOBHHTE TMPEAMMCTBA Ha CYINEPKOHJICH3aTOPUTE B CPABHEHHE C KOHBCHIIMOHAJI-
HUTE KOHJICH3aTOPY U aKyMyJIATOPHUTE OaTepuu ca: BIUCOKA crien(uyHa MOITHOCT U
IUBITBT eKcIuIoaTauoneH xuBot (~10°muksia) [5].

[To cennduyuna eHeprus U cnenuduuHa MOIIHOCT CYNEPKOHIEH3aTOPUTE CE HAMH-
paT MeXy aKyMyJaTOpHUTE OaTepuu M KOHJeH3aTopuTe. pyro mpeauMcTBO Ha Cy-
NEPKOHICH3ATOPUTE CIIPSMO aKyMYyJIATOPHUTE OaTepuu € BHCOKaTa e(peKTUBHOCT Ha
UKbIa 3apsaa-paspsia: okoio 98% chnpsmo akymyrnatopuute O6atepun: okoiio 80%
[6], [7].

[To3naBaHeTO Ha MapaMeTPUTE HA BCEKM KOHKPETEH KOHCH3aTOP € BaXKHO OT TJIEAHA
TOYKA Ha CH3AABAHETO HA CUMYJIALIMOHHU MOJEIH, MPOCKTUPAHETO Ha CUCTEMUTE 3a
yIpaBleHUE U MO3HABAHETO HA ChCTOSHUETO HA KOHJIEH3aTOPa BHB BPEMETO.

[lenta Ha mpeacTaBeHara paboTa € Ja ce HamnpaBHU €KCIEPUMEHTAIHO W3CIEABAHE U
OTIpe/ieTIsiHe Ha MapaMeTpUTe Ha 3aMecTBallad cxema Ha CyNepKOHIeH3aTop. 3a IenTa
e HeoOxoaumo 1a ObJe pa3paboTeHa U Ch3/aJieHa U OMMTHA MMOCTAHOBKA 32 TECTBA-
HETO Ha CYNIEPKOH IEH3aTOpA.

2. ExBuBajleHTHA 3aMeCTBAIla CXeMa HA CYNEePKOHeH3aToP C OTYUTaHe
Ha camopa3psiaa

[IpencraBenata Ha ¢ur.l 3amecTBamia cxema € Hal-IIMPOKO M3IOJI3BAHATA 3aMec-
TBallla CXEMa Ha EJIEKTPOXUMHUYECKH KOHJEH3aTop. Ts ce ChCTOM OT KamaluTeT ChC
CBBbP3aHU KbM HEr0 MOCIEJ0BATEIHO U MapalieIHO ChIIPOTUBIICHHUE. T5 OnKcBa Mose-
JICHUETO Ha CYIEPKOHJIEH3aTop ¢ ompezencHo npudmmkenue [8]. Upes mocienosa-
TEJTHOTO CHIIPOTHUBJIIEHUE CE€ MOJEIHUPAT CHIPOTUBICHUATA HA KOHTAKTUTE, €IEKTPO-
IUTE U eJIEKTponuTa. To oTpa3siBa 3aryOUTe B AKTUBHUTE CHIIPOTUBIICHUS U 3aryOuTe,
CBBP3aHU C EJIEKTPOXMMUYECKHUTE MPOLIECH MPOTUYAILY B KOHIeH3aTopa. Te3u 3aryou
ce MpeAN3BUKBAT OT TOKA Ha 3apsii/pa3psa U BOIAT A0 BBTPEUIHO 3arpsiBaHe Ha KOH-
JIeH3aTopa.

Upes mapanenHoTo ChIPOTHBIEHHE C€ MOAENHUpaT 3aryoure ot camopaspsa. Exsu-
BAJICHTHOTO MAapajelHO CHIIPOTUBJICHUE MMa TOJISIMA CTOWHOCT (OT MOpsIbKa Ha Hsl-
KoJIKO KQ) 1 mopaay ToBa MOXeE J1a ce cueTe, Ye ¢ Oe3KpalHO B CiIy4aid, KOrato IHK-
JWTe Ha 3apsa/pasps Ha KOHJIEH3aTopa ca B MHTEPBAIM, MO-MAJIKh OT CEKYHJa. 3a
NMOJ00HU TPWIOKEHUSI €KBUBAJIGHTHATA CXeMa MOXeE Ja Oblie OMpOCTEeHa, KaTo ce
IpeMaxHe CKBUBAJICHTHOTO MapajiesiHo chipoTuBicHue [9].
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Rs
R N

@ur.1. 3aMecTBala cxema Ha CyNepKOHJEH3aTOp C OTYUTAHE HA yTEUKaTa
3. OnpenensiHe napaMeTpuTe HA eKBUBAJEHTHATA 3aMeCTBalla cXeMa

KamanmureTbT Ha KOHACH3aTOpa € HA-BAXKHUAT apaMeThp. Toi Moke /a Obae omnpe-
JICJICH TIPH Pa3psii C KOHCTAHTEH TOK. 3apeJICHUAT KOHJICH3aTOp CE pa3pek/ia ¢ KOHC-
TaHTEH TOK JI0 ¥2 OT HOMUHAIHOTO HampexeHue. PopMuTEe HA TOKA U HAPEIKESHUETO
uMart BHJa, MMoKazaH Ha ¢Gur.2.

I=024 CT=0A

®ur.2. Dopmu Ha HAMPEKEHUETO U TOKA MPHU Pa3psia HA CYNEPKOHACH3ATOP

KaHaHHTeTLT CC U3UYHCJIABA I10 CJICaHAaTa (1)0pMyJIaI
C=""— (1)

KBJETO V,, € HAPEeXKEHUETO MPEeAr HAYaJoTO Ha pa3pekaaHero, Vi — HalpeKeHUETO
Ha KOHJIeH3aTopa 5S cien mpekparsBane Ha paspsaa (Hynupane Ha Toka), lg — TOKBT
Ha pa3psaa.

Pazbupa ce To3u onmuT MOXKE Ja OBAE MPOBEACH W NPH 3apsll, KAKTO U MPHU APYTH
CTOMHOCTH Ha HAIPEKEHUETO HA KOHJIEH3aTOPA.

IIbpBUAT METON 32 ONIPEAEIISIHE HA €EKBUBAJIEHTHOTO IOCIIEI0BATEIHO CHIIPOTUBIICHUE
IIPY IIOCTOSIHEH TOK € 4pe3 pas3psii ¢ KOHCTAHTEH TOK IO HAa4YMHA, ONKMCAaH NO-TOpe U
nokaszaH Ha Qur.2.

B to3u ciyuaii Rs ce onpenenst ot popmyrnata

Rs = (Vf_ Vmin)lld (2)
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KBAETO Vpin € MUHUMAITHOTO HANpEeXEeHUe, U3MEPEHO MpH paspsna, Vi — HanpexeHu-
€TO Ha KOHJIEH3aTopa 5S clie]] mpekpaTsiBaHe Ha pa3psaa, |y — TOKbT Ha pa3psaa.
OcHoBaBailku ce Ha 3aMecTBallara cxema or ¢ur.l, mociaenoBaTeIHOTO CHIPOTUB-
neHne Ry mMoxe na ce HaMepHw MpH ps3Ka MPOMsIHA Ha TOKa Mpe3 KOHAECH3aTopa
(¢ur.3) [10]. Ot ypaBHEeHHETO Ha BepHrara MOXE Ja Ce M3BeAe M3pas3bT 3a Rg mpu
0e3kpaitHo Obp3a MpoMsiHA Ha TOKa Mpe3 KOHAeH3aTopa

AV
R ==
s T Al (3)

KBICTO AV e IMpOMsIHATA Ha HAIIPCIKCHUCTO, a Al — IMpOMAHATAa Ha TOKA.

A

Isc
Vsc AV

Y

time
@ur.3. DopmMu Ha HAPEKEHUETO U TOKA
IIPY MPOMSIHA HA TOKA IPE3 KOHACH3aTopa

ColecTByBa M TpeTH HA4YHMH 3a ompenensHe Ha Ry muHamudeH 3apsin/paspsia. [pu
HEro CyNepKOHICH3aTOPBT ce 3apexia/pa3pexkia ¢ KOHCTAHTEH TOK 33 ONPEIEICHO
BpEME M CJIEJ] TOBA BEpPUraTa ce€ MPEKbCBAa M TOKHT CTaBa Hysa. TO3M LUKBI CE MOB-
Taps ¢ ONpeJieieHa YyecTora, kKaTto Ry ce Hamupa ot u3pasza (3) mpwu 3apsia U npu pas-
psan. Caen ToBa ce B3UMa cpeiHaTa CTOMHOCT OT BCUYKH u3MepBaHus. [1o To3u HaumH
MOJKE J]a CE€ OIpPENeI MOCIEeI0BATEIIHOTO CHIPOTUBIICHHE IIPU MPOTHYAHE HA TOK C
ornpeneneHa 4ectora. HopManHOTO MOBeNEHHE HA CYNPEKOHJEH3aTOPUTE IIOKa3Ba
HaMaJIIBaHE Ha CTOMHOCTTa Ha R, mpu yBennuaBane Ha yectorara Haa 10Hz, Ho ToBa
€ CBbP3aHO U C HaMaJIsIBaHE Ha KaraluuTeTa Ha KOHAEH3aTopa.

3a onpeensHe Ha eKBUBAJIEHTHOTO MAapajelIHO ChIIPOTUBJIEHHUE C JOCTaThUHO rOJIAMa
TOYHOCT MOJKE J]a C€ M3II0JI3Ba METObT, onucaH B [8]. MeToabT ce ChCTOM B 3apeik-
JaHETO Ha KOHJECH3aTOpa JI0 ONpEICICHO HampekeHne (MoXe ToBa na ObJe M HOMHU-
HAaJTHOTO HANpEeKCHHWE) M ciell Hal-mManko 60 MHHYTH Hanpe)KeHHETO Ha KOH-
JieH3aTopa ce u3MepBa oTHOBO. [lopaau camopaspsiia U3MEPEHOTO HAIIPEKEHUE € I10-
MajKoO OT MBbPBOHAYAIHOTO. TBH KaTO caMOpas3psiAbT NPOTHYA M0 €KCIIOHEHIUAJIECH
3aKOH, MapajeHOTO CHIIPOTUBIIEHUE CE MpecMsTa 1o popmyJiaTa

t
R =————
Pr (4)
In V—Z C

1
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KbJIeTO t € BpeMeTo MEXy JBeTe U3MEpPBaHHS Ha HANpPEKECHHETo, Vi - MbpBOHAYAJI-
HaTa CTOMHOCT Ha HampexXeHuero, V, - u3MepeHnara cTouHocT cien Bpeme t, a C - ka-
MalUTETHT HA KOHICH3ATOPA.

4. ExciepuMEeHTAJIHYN pe3yJTaTh

3a ompenensHe Ha MapaMeTPHUTE Ha KOHJEH3aTopa € Ch3/IaJicHa ONMUTHA MOCTAaHOBKA,
KOSITO C€ ChCTOM OT 4 MOCIeIOBATEIHO CBbP3aHU aKyMYyJIATOPHU OaTepuu, CyTepKOH-
nenzatopen moayn Maxwell Boostcap BMODO0083P048 ¢ kamarurer 83F u Ho-
MuHanHO Hanpexenue 48V (¢wur.4), umnyiceH TpaH3UCTOPEH Mpeodpa3yBaTell, CeH-
30pH U cucTeMma 3a ympaieHue. [IpuHIMIHATa cXeMa Ha ONMUTHATa MOCTAHOBKA €
npejacTaBeHa Ha Qur.S.

Cxemara TO3BOJISIBA 3aps] M pa3psii Ha KOHJEH3aTOpa C KOHCTAaHTCH TOK, KaKTO U
OCBIICCTBSIBAHE HA IUKIIU C pA3]IUYHA YECTOTA.

B3F/58V

DC bus

[

DC bus
Current — Current —
and voltage * _ and voltage * _
sensors T sensors T
| Battery Battery
>
—

Supercapasitor VT2 Supercapasitor VT2
L— Control unit J L— Control unit J

dSPACE DS1104 dSPACE DS1104

VT1 VTl

]

13l

a) 0)

®ur.5. Cxemu 3a onpeensHe Ha XapaKTePUCTUKHUTE Ha CYyTIEPKOHICH3ATOP:
a) 3a 3apexaane/pa3pekiaHe ¢ KOHCTaHTEH TOK; 0) 3a TWHAMUYCH 3apsi/pa3psi.
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4.1. OnpenesisiHe HA KANAIIUTETA

beme npoBejicH ONMUT 3a paspekiaHe U 3apexkaane ¢ KOHCTaHTeH Tok. [Ipu omwmra cy-
MEPKOHJICH3aTOPBT OelIe 3ape/icH 10 HOMUHATHOTO Hampexxenue 49,8V u cien ToBa
paspexaad ¢ Tok 30A. dopmaTa Ha HANIPEKEHUETO € TIOKa3aHa Ha ¢ur.6.a - pas3psg u
¢wur.6.0 - 3apsa. KamanureThT Ha KOHEH3aTOpa, M34YKCIeH 1o Gopmyna (1), e mpeac-
tTaBeH B Ta0n.1l. CpengHara croiiHOCT Ha kanaruteTa € 89,25 F, koeto ce moGmmkaBa
710 JafaeHoTo ot npousBoauTens 89,9 F.

JIOIIBJIHUTETHO € W3YMCIICH KalaluTeThT B JIOJHHUS Kpall Ha KpUBaTa Ha Harmpexe-
uueto (mox 25V) u croitHoctra My e 75F. ToBa moTBbpIKAaBa (akTa, ye KamamuTeThT
Ha CYNEPKOHIACH3aTOPUTE HE € MOCTOSHEH M 3aBHCH OT HAIPESKEHUETO, KATO C MOHHM-
’KaBaHETO Ha HANPEKCHUETO KanalMTeThT HaMajsiBa. Ha ToBa ce ABJIKM U HEJTUHEH-
HOCTTA Ha KpHUBaTa Ha 3apsija/pa3psii, KakTo ce BKAa OT (ur.6.

Tabn.1
3apan Pa3psin
Vi,V V, V At,s C,F Vi,V V, .,V At,s C,F
25 41 47,2 88,5 48,8 25 74,4 90,0
0,6 25 60,4 74,3 25 9 40,8 76,5

100, 120
time, s

®ur.6. ExcriepuMenTaita popMa Ha HalTPE)KESHUETO Ha CYNIEPKOHICH3aTOpa
npu paspsa (1gBo) u 3apsina (scHO) ¢ koHcTaHTeH Tok 1=30A

4.2. Onpenesisine HA eKBUBAJIEHTHOTO MOC/I€I0BATETHO CHIIPOTHBJIEHHE
beme npoBeeH u OMUT 3a ONpeAEsSHE Ha MOCIEI0BATEIIHOTO ChIPOTHUBICHUE MPH
paspexxaane ¢ moctosHeH Tok 30A Mo mporenypara, OMHCaHa MO-TOPE U HITIOCT-
pupana c¢ ¢ur.2. EkciepumMeHTHT Oeliie MOBTOPEH JBa MbTU. B Tabn.2 ca mpeacTaBeHu
pe3yaTaTUTe OT U3MepBaHUATa U u3uKcieHata mo ¢popmyna (3) croitHoct Ha RS. [lo-
naydeHata croHoct 10,22 mQ e mo-rossima ot gazeHaTa ot npoussoautens 7,03 mQ,
HO pa3fuKaTa MOXKE Ja C€ IBJDKH U Ha HETOYHOCT MPH U3MEPBAHETO.

Tabmn. 2
Vi,V Vmin, V AV, V Rsdc, mQ
25,827 25,497 0,33 11,00
25,127 24,844 0,283 9,43
CpennHa CTOMHOCT 10,22
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bsixa nmpoBeieHN U €eKCIEPUMEHTH 3a ompeaeisHe Ha Rg nmpu psi3ka nmpoMsiHa Ha TOKa
mpe3 KOHJAEH3aTopa chriacHo ¢ur.3. 3a eKCliepuMEeHTa € HW3MOJI3BaHa cxXemara OT
¢ur.5.6. TOKBT U HaNpeKESHUETO HA KOHACH3ATOpPA CE€ PETUCTPHPAT C OCITUIOCKOLL.
Ha ¢ur.7 ca mokazanu ocrusiorpaMu Ha TOKAa M HAMPEKEHHETO MPU BHE3AIMHA MPO-
MsHa Ha TOKa. B Tabn.3 ca mpeacTtaBeHH pe3yiTaTHTE OT M3MEPBAHUATA U U3UHUCIIC-
HaTa 1o ¢opmyna (3) croiiHocTTa Ha Rs TpM 3apsia v IpH pa3psil Ha KOHACH3aTopa.

e l6—Sep’ 1l 2i:5 SEEE 1™ s letep’ll flidr  EEBR I
- H T H E H H : : : H H E H H : :
: Wi 3Edmy : ke, e
.............................. e e et e e H
: L '@, @E e 1 atc =
.............................. Bl Lo o) L =T
i : e
.............................. e I SEET T Tus oo S PO TS OO A N P S
: :
.............................. Toocien i i d B T N g t—— e e s A
: : :
et N | SN B S SRS S S A S SRS SRS S
: : . H
H A L N H H A L N H
HATIH [] [] EDGE MATH [] [] EDGE ™
CH1 = 1E@@mt) CHZ = 18ml CH1 ~ 1E8@EmU CHZ == 18ml

a) Hanp. - CH2 0,1V/div; Tox - CH4 10A/div 6) mamp. - CH2 0,2V/div; Tox - CH4 20A/div

®ur.7. OcruiorpaMu Ha HaITPE)KEHUETO U TOKA IIPH BHE3aIHa MPOMsSHA Ha TOKa:
3apsin (a) u paspsiz (0).

Ta6:m.3
3apsan Pazpsan
AV, mV Al, A Rs, mQ AV, mV Al, A Rs, mQ
304 48,4 6,3 336 46,8 1,2
320 48 6,7 312 45,6 6,8
600 86,4 6,9 200 30 6,7
CpenHa CTOMHOCT: 6,77

bsixa nmpoBeneHn u ONMUTH 3a omnpesessiHe Ha Ry ¢ TMHaAMUYeH 3apsl U pa3psj Ha Cy-
NIEPKOHICH3aTOPa, KaTo Oelie u3moj3BaHa cxemara ot ¢ur.66. KonaensartopsT npea-
BapUTEIIHO € 3apeJieH J0 ONPEEICHO HAPEKEHUE U Clie]] TOBA CaMO €IUHUST TpaH-
3UCTOP C€ BKJIIOYBA M M3KIIIOYBA, KAaTO APYTHUAT € camMo M3KiIto4eH. [Ipu ToBa TOKBT
npe3 KOHAEH3aTopa UMa caMo €[Ha MOJISPHOCT, a Ipe3 Nay3uTe € HyJa.

[IpoBeneHu ca ONMUTH C pa3IuyHU CTOMHOCTM Ha TOKAa W MPU pa3iauyHu yectotu. Ha
¢ur.8.a u ¢ur.8.6 ca nokazanu GopMuTe HA TOKA U HANIPEKEHUETO MPHU JUHAMHYCH
3apsa U paspsia ¢ yectora 40Hz.
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CHL == S@emy CHZ — 16mU CHL = Sl CHZ — 16m

a) Hanp. - CH2 0,1V/div; Tox - CH4 10A/div  6) mamp. - CH2 0,1V/div; Tox - CH4 10A/div

®ur.8. OciuiorpaMu Ha HaIIPEKEHUETO U TOKA MPU AMHAMUYCH 3aps (a)
u paspsn (0) Ha cynepkonaen3aTop ¢ 40Hz.

N3mepennTe CTOMHOCTH Ha HAIIPEKEHUETO U TOKA, KaKTO U M34MciieHaTa o ¢popmyia
(3) croitHocT Ha RS ca mpencraBenu B Ta0. 4. [TomyyeHara CTOMHOCT MOYTH ChINATa
KAaKTO IIPU BHE3aIIHATA NPOMSHA HA TOKA, HO € MO-HUCKA OT CTOMHOCTTA 32 MOCTOSIHEH
TOoK. ToBa moTBBpKaaBa (pakra, ye npu yectoTH Haa 10HZ ekBUBaNEHTHOTO MOCEN0-
BaTEJHO CHIIPOTUBJICHHE HAMAJISBA.

Tab6n.4
3apsan Pa3psn
AV, mV Al, A Rs, mQ AV, mV Al, A Rs, mQ
228 34 6,7 536 81,6 6,57
383 58,4 6,56 320 47,6 6,72
240 36 6,66 192 28,4 6,76
CpeaHa CTOMHOCT: 6,66

4.3. Onpenesisine HA eKBUBAJEHTHOTO NMaPaJieTHO CHIIPOTHBJIEHHE
[Ipu omuTa CymnepKOHACH3aTOPBHT Oemie 3apefeH T0 HOMHHAIHOTO HAINPEKCHHE
49,3V. Cnen 18 vaca Hampe)XKCHUETO MEXKIy KIEMHTE Ha KOHJIEH3aTopa Oelle n3me-
peno: 42V. KanauutersT Ha KoHaeH3aropa ¢ C=89,25F. ITo popmyna (2) e uzuuc-
neHo Ry,= 4,53 kQ. Ilpu BropoTro m3mepsane ce moiyuu Ry= 4,72 KQ. Cpennara
croitHocT € 4,63 kQ.

3. 3akaouenue

PaGoTara mpencraBsi pe3yaTaTuTe OT €KCIIEPUMEHTATHO HM3CJEABAaHE HA CYIEPKOH-
nen3arop. OcHOBHATa 1€l € Ha 0a3aTa Ha U3MEPBAHUATA /1a CE ONPEACIAT IapaMer-
pUTE Ha 3aMecTBallaTa CXeMa Ha KOHJeH3aTopa. Pasrienanu ca OCHOBHHUTE TECTOBU
MpOIEAYpHU, KOUTO C€ M3MOJI3BAT 3a OINpPEJEsHE HA MapaMeTPUTE CYNEePKOHAEH3ATO-
pute. PazpaboreHa e onuTHA MOCTaHOBKA 3a U3CJEABAHE HA CYNEPKOHAEH3ATOPH.
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[IpencraBenu ca pesynratu oT ekcnepumentutre. Ha Gazata Ha u3MepeHUTe U pe-
TUCTPUPAHU BEJIMYMHM Ca M3UYUCICHHU KalalUTeThT HAa KOHJIEH3aTOPa, €KBUBAJICHT-
HOTO MOCTEAOBATEIHO U €KBUBAJICHTHOTO MAapajeJHO ChIPOTUBJICHUE HA 3aMeCTBa-
njaTa cxema.

[ToTBBp/IEHO € HAIMYKMETO Ha 3aBUCUMOCT Ha KanalUTeTa Ha CYNEpPKOHJICH3aTOPUTE
OT HANPEKEHUETO, KAKTO U (PaKThT, Y€ €KBUBAJICHTHOTO CEPUITHO CHIIPOTUBIICHHE 3a
MOCTOSTHEH TOK € MO-MaJIKO OT TOBa 3a MPOMEHJIUB TOK.

He ce nabnioaBa 3aBUCMMOCT Ha CEPUHUHOTO CHIPOTUBIEHHE OT TOKAa WM Harpe-
KEHUETO Ha KOHJIEeH3aTopa.

PesynraTute oT pabotara ca Mmojie3Hu ¢ TOBA, Y€ € Ch3/1aJicHa OMMTHA MOCTaHOBKA 3a
TeCTBaHE Ha CYINEPKOHJICH3aTOPU U ca MOTBBPACHU TecToBUTE mpouenypu. Ilapa-
METPHUTE Ha CYNEPKOHICH3aTOpa 1€ CE U3MO0JI3BAT 3a CHh3JaBAHETO HA CUMYJIAI[MOHHH
MOJIEJIH, TPOCKTUPAHETO HA CUCTEMHUTE 32 YIPABJICHUE U NIPEABUKIAHE HA ChCTOSHU-
€TO Ha KOHJIEH3aTOpa BbB BPEMETO.
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N3CJIEABAHE HA Bb3MOKHOCTHUTE 3A KOMIIEHCUPAHE HA
OJIYKTYAIIUUTE HA MOILIHOCTTA HA BETPOI'EHEPATOP
CbC CYHHEPKOHIAEH3ATOPH

Baagumup Jlazapos, 3axapu 3apkos,
JIrogmua CrosinoB, Xpuctusain KbHues

Pe3ztome. B Ooxnada ca pazenedanu 8b3MONCHOCMUME 3d KOMNEHCUpPAHe upes3 Cy-
nepKoHoenzamop Ha gaykmyayuume 8 mownocmma om BEU. Onucanu ca 6v3modic-
HUme CMpyKmypu Ha XuOpuoHa cucmema om 6AMbpPeH 2eHepamop U eHepeo3andacsl-
sawu cpeocmea. Cv30aoen e mooen na cynepkonoenzamop ¢ DC-DC npeobpa3zysa-
men 6 cpeda Matlab/Simulink. C»30a0ena e cvuwio u onumna nocmanosxa ¢ yen nom-
gvpoicoasane Ha cumyrayuonHume pesyaimamu. Excnepumenmannume uzciedganus
nokazeam, ue upe3 uU3No36aHe HA CYNePKOHOEH3Amop Modice 0a ce NOCMmuUeHe Kpam-
KOo8pemeHHo KomneHncuparne Ha uzmenenus 0o 100% om nomunannama mowmnocm ua
BAMBPHAMA MYPOUHA U NO MO3U HAYUH XUOPUOHAMA CUCeMd OMOA8d KOHCMAHMHA
MOwHOCM HA mosapume.

Kniouosu oymu:. Oryxmyayuu, Mmownocm, 6empozenepamop, KOMneHcupane

STUDY ON POSSIBILITIES OF COMPENSATING WIND GENERATOR
POWER FLUCTUATIONS WITH SUPERCAPACITORS

Vladimir Lazarov, Zahari Zarkov,
Ludmil Stoyanov, Hristiyan Kanchev

Abstract: The current paper presents a study on possibilities of compensating the
fluctuations of the power delivered from renewable energy-based generators (REBG)
by the use of supercapacitors. The possible structures of a hybrid system with REBG
and energy storage devices are presented. A Matlab/Simulink model of supercapaci-
tor with a DC-DC converter is created. An experimental test bench is also created in
order to prove the simulation results. Results demonstrate that in the studied system
by using a supercapacitor it is possible to compensate the REBG power fluctuations
at 100% of its rated power. By using this approach, the hybrid system is able to deliv-
er a constant power for supplying the loads.

Keywords: Fluctuations, power, wind turbine, compensation, supercapacitor

1. BbBeaenue

BcenenctBue Ha OypHOTO pa3BHTHE Ha BH30OHOBSICMHTE WM3TOYHUIA HA EHEPTHUS
(BHUE) B mocieaHUTe TOJUHU CHINESCTBYBA TCHACHIHUS 3a MO-IITMPOKOTO H3IOJI3BAHE
Ha T.Hap ,,JICLEHTPATIU3UPAHO MTPOU3BOJICTBO Ha eyieKTpoeHeprus . IIpu Hero enext-
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POCHEPTHATA CE€ IMIPOM3BEXK/Ia KAKTO B TOJIEMHUTE €JIEKTPOILICHTPAJIN, TaKa ¥ B JIOKAJTHU
MaJIK{d WHCTAJAIu|, HaMUpaln ce 07130 0 KOHcyMaTopute. Bermpeku ToBa, mopaau
CTOXAaCTUYHUS XapaKTep Ha MbPBUYHUS M3TOYHHK TOBEYETO TeHepaTopH, OasupaHu
Ha BUE, HAMaT Bb3MOXKHOCT J1a OTAABaT KOHCTAHTHA BbB BPEMETO MOIIHOCT, Taka
KaKTO KOHBEHIIMOHAIIHUTE T€HEPATOPH, KOETO Ch3/IaBa MPEUYKH MpeJ ynorpedara um
KaTo aBTOHOMCH U3TOYHUK Ha eiekTpoeHeprus (dur.1).

EnunH oT HauMHWTE 1a ce Mpeoaosiee Ta3u TPYIHOCT € Ch3JaBaHEeTO Ha XHUOPUIHU Te-
HEpaToOpHu WIH T.Hap. ,,aKTUBHU reHepaTopu . [Ipu TSX KbM reHepaTtopa Ha eJIeKTpHU-
yectBo OoT BUE ca cBbp3aHu eHepros3amacsBaiiyd Cpe/icTBa, KOUTO OCUTYPSIBAT €HEP-
riueH Oydep mpu MPOMEHH B MOIIHOCTTa Ha MbpBUYHUA M3TOUHMK [1], [2]. BiaokoBa
cXeMma Ha T.Hap. ,,KacKaJieH TUII XUOpHUEH IreHepaTop € npeacraBeHa Ha ¢ur.2. Cuen
dhoToBONTAMYHATA HHCTAIAIMS UPE3 CICKTPOHEH MpeoOpa3yBaTell € CBbp3aHa aKyMy-
JaTopHa Oatepwsl, a Bpbh3Kara ¢ Mpexara ce ochliecTBsiBa nocpeactsom DC/AC npe-
obpasyBatesn (MHBEPTOD).

PowerA Paiiard

Nominal Nominal

Power Power ///
B % N
Tim e’ Time

(a) No dispatchable renewable energy source (b) Conventional plant

®wr.1. M3MeHeHune Ha MoliHOCTTa Ha reHepaTop ¢ BUE (a)
¥ Ha KOHBEHIIMOHAJIEH reHeparop (0)

Wind AC | DC .
generator [~ T —> Grid
DC AC
Rectifier Grid
Battery connected
bank inverter

®ur.2. KackaieH TUIT akTUBEH TEHEPATOP

EnuH 0T OCHOBHHTE HEIOCTAaThIM HA cxemara OT (ur.2 e, ye mpH IPOMsIHA Ha CHEp-
I'UsATa, TeHEpHpaHa OT MbPBUYHHUS M3TOYHHUK, OaTepHsTa Ce 3aperkaa HId pa3pexaa C
MHOT'O TOJISIM TOK, KOE€TO BOJIH JI0 ChKpalllaBaHe Ha HEWHUS CKCIIOATAIIMOHECH KUBOT.
ToBa Hayara ja ce ThpPCST APYrH KoH(MUTyparmu Ha cuctemata. Ha ¢wur.3 ca mpesc-
TaBEHHU 3 pa3jIMuHU BapHaHTa 3a apXUTEKTypa Ha XxuOpuaHa cucreMa [2], [3].

BbB BCHUKHTE € BKIIIOYCH CYNEPKOHICH3ATOP, KOMTO MMa BB3MOXHOCT Jla MOKPHE
Obp3uTe QIIyKTyallid Ha MOIIHOCTTA, KATO OCHTYpsiBa Ha aKyMyJlaTOpa Bb3MOXKHOCT
1a pabOTH C TOKOBE C TIO-MaJIKa aMILTUTY/Ia U 4eCTOoTa.
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DC DC ( D . DC DC
(¢ AC ne AC DC AC

PV panels PV panels

PV panels

DC DC DC DC DC
’- L ’- i Q_ o
DC AC DC D( AC

Ratteries Batteries Batteries

ne DC DC DC

( AC| ¢ ¢ . ne .
L] L]

Ultracapacitors » Ultracapacitors Ultracapacitors

(a) AC-coupled structure (b) DC-coupled structure (c) Mixed structure

®ur.3. ApXUTEKTypH Ha XUOpHIHA CUCTEMA

Haii-y100Ha 3a peanusaiys ¥ yupasicHue € cTpykTypara 0). [Topaau ToBa 3a 1ienuTe
Ha MPEACTaBEHOTO M3CJIeIBAaHE aBTOPHUTE ca U30paid Ta3u apXUTEKTypa Ha XUOpUIHA
cUcCTeMa.

IlenTa Ha mpencraBeHara paboTa € Ja ce HM3CIeABaT Bb3MOKXHOCTUTE 338 KOMIIEH-
CUpaHEe Ha KoJeOaHusATa HAa MOUIHOCTTA HA BATHPHU I'€HEPATOPU C MOMOIITA HA CY-
NEpKOHJEH3aTop. 3a 1enTa € HeoOXoauMo Ja ObaaT pa3paboTeHH KOMIIOTHPHHU CH-
MYJIALIMOHHU MOJIEJIM M ONHTHA IMOCTAaHOBKA 34 €KCIIEPUMEHTAHA MPOBEPKA HA pa3-
paboTeHUTE MOJIEIH.

2. KOMHCHCI/IpaHe Ha (l)JIyKTyaIII/II/ITe Ha MOIIIHOCTTA B xnﬁpnnna CucremMa

Ha ¢ur.4 e nokaszana no-noJpoOHO CTPYKTypaTa Ha U3CIEIBAHUS XUOpPUJIEH EJIeK-
TPUYECKHU T€HEepaTop ¢ BeTporeHeparop. Tol ce chCTOM OT BETPOTreHepaTop, aKyMy-
JaTOp U CYNMEPKOHJIEH3aTOp, KOUTO Ca CBBP3aHU Ha OOIa MOCTOSTHHOTOKOBA JIMHUS
MOCPEJICTBOM E€JICKTPOHHH MpeoOpasyBaTenn. Bpb3kaTa KbM eleKTpudecKkaTta Mpexa
ce ochlilecTBsiBa ¢ uHBEpTOp. Llsmara cuctema ce ympapisiBa OT KOHTPOJEp, KOHUTO
ClIeld 33JaHUETO 332 MOLIHOCTTA, KOSITO TpAOBa Ja c€ OTAaBa B MpeKara M pasmpe-
JIeJIsI TOTOITUTE Ha MOIIHOCTHTE MEX/Ty OTICIIHUTE eieMeHTH [4], [5].

Ha ¢wur.5 cxemarnuHo ca moka3aHW MOITHOCTHTE B pa3riexiaHaTa XHOpHIHA CHC-
TeMa. MOUIHOCTTa, KOSITO CE OT/AaBa B Mpexara Pyg € anredOpuiHa cyma oT MOIIHOC-
TUTE Ha BEeTporeneparopa Py 1 Ha 3anacsBamuTe ycTporcTBa Pgor

Phc =Pw + Psor . (1)

Eaun ot ocHOBHMTE MpoOJIeMHU, KOUTO TpsiOBa Jla ce pelaT, € Ch3/1aBaHeTO Ha aJIeK-
BaTEH aJITOPUTHM 3a pa3npelesisiHe Ha MOIIHOCTTA MEXAY TPUTE €JIEMEHTa Ha CHC-
TeMara.

OOMKHOBEHO BETPOTreHEPATOPHT PAOOTH C MAKCHMAIHATAa Bb3MOYKHA MOIITHOCT, KOSITO
3aBUCH OT BATHPA, a HA U3X0J[a MOITHOCTTA TPSOBa J1a € MOCTOSHHA, 3aII0TO TaKa Ce
W3HUCKBA OT CHUCTEMHHMsI orepaTop (mucriedep Ha eHepruiiHaTa cuctema). Ilpum ToBa
MOJIOXKEHUE €IHO BB3MOXKHO PEIICHHE 3a Pa3lpeesIeHHEe Ha MOIIHOCTUTE € CIIe[-
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HOTO: OT 3a/IaHUETO 32 U3XOJHA MOIIHOCT Ha XUOpHUIHUS reHeparop Pyc ce u3Baxaa
MOIITHOCTTa Ha BETPOIreHEepaTropa M ce IMoJydyaBa MOIIHOCTTA, KOATO TpsiOBa Ja ce
MOKpHE OT 3alacsBaluTe ycTpoicTBa. Ts Moxke 1a Obae MOJOKUTENHA WIA OTPH-
HaTenHa, T.€. Ja € HeoOXOJUMO Ja ce OTAaBa MOIIHOCT WM ChOTBETHO — Jia Ce MpH-
ema (3amacsBa). Thii KaTO KOHICH3ATOPHT UMa 3a IIEJT J1a MoeMe ObP3UTEe U3MCHCHUS
Ha MOIIHOCTTA, a aKyMyJaTopbT — OaBHUTE, 3aAaHUETO Pgyor ce GunTpupa npe3 Huc-
KOUECTOTEH (PUITHP U CE NOTy4aBa 3alaHHETO 32 MOIIHOCTTA Ha aKyMyaaTopa Py ref.
ToBa 3ajmanue ce M3IMON3Ba 3a YIpaBleHHE Ha MpeoOpasyBaTess Ha aKyMyJiaTopa.
M3mepenaTa MOITHOCT Ha akymyJatopa Pp, ce u3Baxaa ot Pgor U ce monmyyaBa 3aja-
HHETO 3a MOIIHOCT Ha CYNEpPKOHJEH3aTOpa Psc rer, KOETO IIbK CE U3IOJI3BA 32 yIpaB-
JieHHe Ha HeTroBUs mpeobOpasysaren. CTpyKTypara Ha TO3H alTOPUTHM € TpeAcTaBeHa
Ha ¢ur.6.

. ;
1 p !
. | Wind _|AC ] L
| lpenerator] DC i !
: 7} :
1 1
| 1
| 1
| 1
! 1
| 1
| DC DC 1
! —||— “ > < >e—> ——>
| DC AC 1
: A 1
1
| Battery "
| bank i
1
| 1
: 1
. DC i
! < > > . |
: DC 1 I
A
| , T Dpchbus ' Grid
1Supercapacitor '
' bank PW |pbat |Psc '
| 1
i Local Controller < : P_ref
|
I

®ur.4. XubpuJieH eNeKTPUIECKU FeHEepaToOp C BETPOTreHepaTop.

Pw

Phe

PSC

PSIOF

Generator Grid side

@ur.5. [ToToru Ha MOIITHOCTTA B XUOPUAHUS T€HEPATOP
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Psc et Phat Pw Prg

PS'[OI’

\
Poat ref €1 Low pass filter

®ur.6. AIropuTHM 32 U3UKCIISIBAHE HA 33/IaHMSITA 32 MOIIIHOCT Ha CYTIEPKOHICH3a-
TOpa U aKyMyJiaTopHaTa OaTepus

3a menuTe Ha U3CIEABAHETO € pealu3upaH MOJIE Ha ONMUCAHUS alTOPUTHM U Ca TeHe-
pUpaHU 3aJ]aHHATA 3a MOIIHOCT Ha aKyMyJlaTopa W CYNEpKOHJEH3aTopa IMpH CIy-
JaifHO M3MEHEHUE Ha MOIIHOCTTA, TeHepupaHa OT BeTporeneparopa. [lomydeHHsT
pe3yJTar e rmokas3aH Ha Qur.7.

Output power, PV power

@ur.7. Otrope HaIOdy: 3a7aJeHa MOITHOCT HA XMOPHIHHS TeHEPATOP U MOITHOCT Ha
BETpOTreHEpaTOpa, MOITHOCT, KOSTO TPSAOBa Ja ce MOKpUE OT aKyMyJiaTopa M CyIep-
KOHJICH3aTOpa, MOIIIHOCT Ha aKyMyJIaTopa U MOIITHOCT Ha CYNEePKOHACH3aTOpa 3a Ie-
puox ot 20s
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3. EnekTponeHn mpeodpa3yBareJ

3a menTa Ha M3CIEIBAHETO € Pa3pabOTeH eNEKTPOHEH MpeoOpa3yBaTeln 3a CBbp3BaHEe
Ha CYINEPKOHIEH3aTOpa KbM IMOCTOSIHHOTOKOBaTa JHHHS. V3UCKBaHUSATA KBM TO3H
npeoOpasyBaren ca: 1a OCUTypsBa IBYIIOCOYEH OOMEH Ha €HEepPTruaTa 1 Jja MOXe Ja ce
yOpapisiBa MO TOK. ENHAa OT HaW-MOAXOASIIMTE CXEMHU 3a IienTa € T.Hap. ,,JIOBU-
[IaBailo-MOHMkKaBalll npeodpaszyBaTes ¢ JBa TpaH3UCTOpa. To3u mpeobpasyBaTen €
JIBYKBaJPaHTEH W IMO3BOJISBA JBYIMOCOYHO MPOTHYAHE HA TOKA OT U KbM CYNEPKOH-
nenzatopa. Cxemara Ha mpeoOpa3yBaTelis ¢ YIIpaBJICHUETO € Toka3aHa Ha ¢ur.8. Tyk
aKyMyJaTOPbBT € U3MOJI3BaH, 3a Jla C€ UMUTHPA MMOCTOSSHHOTOKOBaTa JinHuA. [Ipeodpa-
3yBatessT ce ynpanisisa ¢ [IIMM u oOpaTHa Bpb3Ka MO TOK.

’DC bus o+Vdc
VT1
Gate
L driver
oYY YL Current —_
and voltage _
sensors -T- Battery
Gate
Supercapasitor driver
P P VT2 Vdc
° O
— Control unit
dSPACE DS1104

®dur.8. Cxema Ha eJIEeKTPOHHUS Mpeodpa3yBare
4. Mopaea B Matlab/Simulink

3a m3cienBaHe Ha paboTaTa Ha TPEICTABEHHs €IIEKTPOHEH IMpeolOpa3yBaren € Ch3-
nanen mozen B cpenata Ha Matlab/Simulink. Ctpykrypara Ha Mojena € mokasaHa Ha
¢ur.9. Ha Bxoga Ha perymaropa Ha TOKa c€ MOJ/aBa 3aJaHue, KOSTO C€ U3UUCIISIBA OT
3aJIaHMETO 32 MOIITHOCT Ha CYNMEPKOHACH3aTOpa, pa3Ie/icHO Ha HAIIPEIKCHUETO Ha Cy-
nepkoHaeH3aTopa. [IpodunbT Ha 3a7aHKETO 32 MOIIHOCTTA € TEHEPUPAHUST MTO-TOPE
Y TIOKa3aH Ha Qur.7.

PesyntaTtute oT cumynanuara ca nokazanu Ha ¢ur.10. Hanpexenuero Ha KoHIEH-
3atopa B Hayanoto ¢ 30V, koero chorBeTcTBa Ha 40% OT MakcMMajHaTa €HEprus,
KOSITO MOJKE JIa c€ 3amac B Hero. Bmkza ce, 4e 3aJjaHNeTo 3a MOIIHOCTTA CE CJIe/IBa
TouHO. HampekeHueTo Ha cymepKoHACH3aTOpa ce MPOMEHS B MHOTO MaJIK{ TPaHUIIH
¥ TOBa € nmpuyuHa ¢popMara Ha TOKa Jia clie/IBa TOYHO 33aJIaHUETO 32 MOIIHOCTTA.
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Discrete,
Ts = 1e-005 s.

powergui
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®ur.10. PesyntaTu ot cumyanusta ¢ Matlab/Simulink
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5. ExcniepumeHTaIHU pe3yJaTaTH

3a eKkcrepuMeHTaIHa TTPOBEpKa Ha BH3MOXKHOCTHUTE 3a KOMIICHCHUpaHEe Ha (DIIyKTy-
aIMUTE Ha MOIHOCTTA ChC CYNEPKOHACH3ATOP € Ch3aZieHa ONMUTHA IMOCTAHOBKA KO-
SATO BKIIIOYBA €JIEMEHTHUTE, TMoka3aHu Ha ¢ur.8. CynepKOHACH3aTOPHHUAT MOIYJ €
Maxwell Boostcap BMODO0083P048 ¢ kamanuter 83F ¥ HOMHHAIHO HaIpPEKEHHUEC
48V. Tlpeobpazysatensar e peanuzupad ¢ MOSFET Ttpan3ucropu, apocensT L € ¢ uH-
nyktuBHOCT 1,2mH, cen3opsT 3a Tok ¢ LEM, a 3a HanpexeHue € ¢ u3mepBaresieH oIl-
TPOH. 3a peaju3upaHe Ha YIpaBlIeHHETO € u3noi3Bana cucrema ASPACE DS1104.
BBHITHUAT BU HA €JICKTPOHHUS MpeoOpa3yBaTes U Ha ONMUTHATA MOCTAaHOBKA Ca I0-
Ka3aHu Ha ¢ur.11.

@ur.11. BoHIlleH BU Ha €1EKTPOHHUS MpeoOpa3yBaTell U Ha OMUTHATA MOCTAaHOBKA

3a mpoBepka Ha paboTaTa MpU MPOMEHJIMBA MOIIHOCT B KOHTPOJIEpa € BHBEJICH Ch-
AT Tpo(HI Ha MOIIHOCTTA, KOWTO Ocire renepupan mo-rope (¢wur.7). Hampexe-
HHUETO Ha CYNEepKOHJCH3aTopa B Hayajaoto Ha onuta ¢ 30V. M3MeHeHneTo Ha TOKa U
HaIpPE)KCHUETO Ha KOHACH3AaTOpa ca perucTpupanu ¢ mudpos ocuuiockor. Ha ¢ur.12
ca MOKa3aH! Pe3yJITaTuTe 3a nenus nepuoy ot Bpeme 20S. MomHOCTTa € H34HCIIeHa
KaTo MPOU3BEJICHUE OT TOKA U HAMPEKeHUETo. MoKe Ja ce 3aKII0uH, 9e 3aJaHUETO 3a
MOIITHOCT C€ CJIeJIBa KOPEKTHO OT MpeoOpa3yBaTels.
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®ur.12. ExciepuMenTtanuu (GopMH Ha TOKA U HAIIPEKEHUETO
Ha CynepKoHeH3aropa (rope) u Ha MomHocTTa (J101y)

6. 3akiaouenue

B pabotara ca npejcTtaBeHu U3CIeBaHNUS Ha BH3MOKHOCTUTE 3a MOKpUBaHE Ha Obp-
3ute (GIYKTyally Ha MOIIHOCTTAa Ha BATHPEH T'€HEPATOp C IMOMOIITA Ha CYNEpPKOH-
JE€H3aTOp U aKyMyJIaTop.

Pa3zpaboTen e anropuThM 3a pasnpeaensHe Ha MOIIHOCTUTE B XMOpUIHA CUCTEMA C
BETPOre€HEPATOP, AKyMYJIATOP U CYNEPKOHJICH3aTOP U € TEHEPUPAHO 3aJJaHHE 33 MOIII-
HOCTTa Ha CyNEPKOHJIEH3aTOpA.

Cp3nazeH € KOMIIOThPEH MOJEIN, C KOUTO ca U3BBPIICHU CUMYJIALUH, KOUTO MOTBBP-
JKIaBaT pab0OTOCIIOCOOHOCTTA U aICKBAaTHOTO MOBEACHUE Ha KOMOMHALIUSITA OT CyTep-
KOHJIEH3aTOP — €JIEKTPOHEH MpeoOpa3zyBareln — yrnpaBjieHHE.

Pazpaborena u peanusupana € ONMUTHA MMOCTAHOBKA, C KOSITO Ca MPOBEICHU €KCIIepHU-
MEHTAJIHU U3CceIBaHus. Pe3ynrature 1oka3BaT HAI'bIHO Bh3MOKHOCTUTE 32 KOMIICH-
cupaHe Ha Obp3U U KPAaTKOBPEMEHHH (IYKTyallMd Ha MOIIHOCTTA Ha BSTHPHUTE Te-
Heparopu. [Ipu ToBa cuctemara nmo3BosisiBa Jia ce komrneHcupar uzmenenus 10 100%
OT HOMHHAJIHATa MOIIHOCT Ha MHCTANALMATA, OJarogapeHre Ha Bb3MOKHOCTTA Ha CY-
MEPKOHACH3aTOpa U EIEKTPOHHUS MpeoOpaszyBaren ga paboTAT 3a KpPAaTKO BPEME C
MaKCHUMAaJIHa MOIIIHOCT.
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TEPMUYHA JBJITOTPAHHOCT HA EJEKTPUYECKATA
MN30JIALUA ITPU OTPULHATEJHU TEMIIEPATYPU

I'anuyo boxuisos, Auroanera Togoposa

Pesztome: Ilpeomem na nacmosiwjama paboma e mMemoo 3a onpeoessaHe Ha mepmuy-
Hama OvbI2OMPANHOC HA U30JIAYUOHHAMA CUCMeMA HA eleKmpudecku MAuuHu,
mpancopmamopu, kabeau u Opyeu eieKmpomexHuiecku CobOPbICeHUsl, KAKMo npu
NON0JHCUMENHU, MAKA U Npu ompuyameniu memnepamypu. Memoovm ce 6a3upa ma
Mamemamuyer Mooel U Memoouka, paspabomenu om agmopume U Ha U38eCMHU 3d-
BUCUMOCTU, OOPA3BUMU OM MAX C Yel 0a ce U3NON38AM 3a CUMYIAYUS U NPOSHO3U-
paue Ha cmapeeHemo HAa U30IAYUAMA 8 3ABUCUMOCIL OM HeUHama memnepamypd.
IIpeonoocena e xunomesa, cnoped KOSAMO MAKCUMATHUSAM pecypc e npu ONmuma-
Hama memnepamypa 6 0ONYCmMuMusi memnepamypeH UHmepaal 3a CbOmMeEemHus mon-
JIUHEH KIAC HA U301ayuama, ad MUHUMATHUAM — NPU eKCMpeMHume memnepamypu 8
08ama Kpasi Ha Mo3u UHMepPBAll.

Knwuoeu oymu: enexmpuuecka uzonayus, mepmMuuHa Owba2OMpauHOCm, OMpuya-
MeIHU memMnepamypu, eleKmpudecku Mawunu, mpancgopmamopu, kabenu

THERMAL DURABILITY OF ELECTRIC INSULATION
BY NEGATIVE TEMPERATURE

Gantcho Bojilov and Antoaneta Todorova

Abstract: A Method for thermal durability determining of electric insulation of elec-
trical machines, transformers, cables and other electric devices by positive and nega-
tive temperature is proposed. The method is based on a mathematical model and a
methodology developed in previous authors’ publications, as well the functions devel-
oped by him and used for simulation and prediction the ageing of the insulation. A
hypothesis that the maximum durability by the optimum temperature of the tempera-
ture interval for insulation class is, but the minimum durability is by the extreme tem-
peratures on the bout ends for this interval.

Keywords: electric insulation, thermal durability, negative temperature, electrical
machines, transformers, cables

1. YBoa
HanexmaHocTTa Ha eJIeKTPUUIECKUTE MAITUHU U anapaTH, TpanchopmaTopure, kKademu-
T€, EICKTPOMHCTPYMEHTHUTE, TOMAKUHCKUTE EICKTPOYPEAH U APYTUTE €ICKTPOTCXHU-
YECKM YCTPOMCTBA B 3HAYUTEIIHA CTETIEH C€ OMPEAeNis OT CBHCTOSHHUETO Ha TAXHATa
u3onanus. B nporieca Ha ekcrutoaranus (B pabOTHH yCIIOBHS), a TaKa ChHIIO M 110 Bpe-
M€ Ha ChbXpPaHEHHUETO W TPAHCIOPTHUPAHETO, M30JIAIUATA € TOI0KEHA Ha Pa3IudHH
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BB3JICHCTBUS, BOJACIIM C TEUCHHE HAa BPEMETO /IO BIIOIIABaHE HA HEWHUTE KayecTBa.
CrapeeHero u Aerpajanusira Ha W30JalMATa MPOU3THYAT B PE3yNITAaT Ha HarpsBaHe,
OXJIaXKJaHe, MEXaHUYHU U EJEKTPOMAarHUTHU CWJIM, BIMSHUE Ha BIlara, arpecMBHU
cpeau u aApyru ¢akTopu Ha okoiHara cpena [1,2,3,4,5,6]. BB BHCOKOBOITOBUTE Ma-
IIMHA, TpaHCHOPMATOPUTE, KaOeNIUTe U APYTUTE U3OJUPAHU TIPOBOJHHUIIN CHIIECTBE-
HO 3HaYEHUE UMa U BB3JICHCTBUETO HA EJIEKTPUIECKOTO TOJIE.

M3BecTHO € ChIIo, Ye IBJIT0TPaiHOCTTa (pecypca Wil MPOIbIKUTEITHOCTTA Ha )KUBO-
Ta) Ha €Ha eJeKTpHYeCcKa MalllMHa, anapar, TpaHcGopMaTop Win Kadel HaMalsBa He
caMmo MpHU CTAIMOHAPHUTE MPOIECH, HO U B IPEXOAHUTE, KaTO BKJIIOYBAHE M MU3KITIOY-
BaHe, IyCKaHe, CIIUpaHe, peBEpCUpaHe UM KbCO CheIUHEHNE, KaKTO U MPU MPOMsHA
Ha TOBapa, BbB BPb3Ka ChC 3arpsBAHETO U OXJIAXKJAaHETO Ha mpoBoxuunure. [Iporuo-
3UpaHeTO Ha JBJITOTPAHOCTTA Ha M30JIAI[MOHHATA CHUCTEMa B pabOTHH YCJIOBHUS MPU
T€3U CiIy4au € OT 0coOeHa BaXKHOCT 3a KHUBOTA HA ChbOPBKEHUETO, HO € MHOTO TPYIHO
7la c€ MPELeHN B KOJIMYECTBEHO OTHOLICHHE.

2. CbIIHOCT HA NpodJiemMa
EnHa oT W3BECTHHTE 3aBUCHMOCTH 3a pecypca (IbIroTpaliHOCTTa WiH XuBOTa) L Ha
eJIEKTpUYecKaTa U30Jjalus oT paboTHaTa TemrepaTypa ¢ [6,8]:
L=aexp(-0/b), (1)
xbaero 0 [°C] e TeMnepaTypara Ha M30JaUMOHHKS MaTepyal, a u b ca koeduuuenty,
3aBHCEIIN OT ChOTBETHUS KJIac Ha TOILIOYCTOHYMBOCT HA M30JIAIIMOHHATA CHCTEMA Ha
CHOPBHKEHUETO, YCPEIHEHUTE CTOMHOCTH HA KOUTO MOTAT Jia C€ ONMPEACIAT OT Talu-
1y Tabn. 1 u 2, chcTaBeHU MO rpauKy 3a IBIATOTPANHOCTTA HA MU30JIALIMOHHUA Mate-
pHaIM OT Pa3IMyYHU KJIACOBE, B3CTH OT pa3IMYHH JUTepaTypHu muizrtounuiwm [3,6,10].

Taomuna 1
Kiac A E B F H
Omax ['C] 105 120 130 155 180
a.10°[rox] 11,3 28,7 42 119 3125
b [°C] 148 151 155 16,4 173
b’=b.In2 [°C]10,3 10,5 10,7 11,3 12
L...10° [a] 93,7 88,7 83,6 82,6 824
L. [ron] 10,7 10,3954 943 941

Tabanua 2
Kiac A E B F C
Omax [’C] 105 120 130 155 (225)
a.10°[ron] 0,98 4,12 10,32 40,35 5175
b [°C] 16,3 154 15 148 147
b’=b.In2 [°C]11,3 10,7 10,4 10,3 10,2
L. .10°[a] 13,59 149 158510 10
L. [ron] 155 1,7 181 114 114

Koedumumentst b’ = b.IN2 B TabnunuTe n3passBa U3BECTHOTO MPaBHIO HA MOHT3UH-
rep — BIOCUHT 32 IBOMHOTO CKbCSBAHE HA JKMBOTA HA M30JIALIUATA MPU BCSAKO MOBU-
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[IaBaHe Ha TeMIieparypara i ¢ b’ rpamyca. Kakro ce Bmkma oT Tabaummre, mopaau
HEMPEKbCHATOTO MOJOOpSIBAHE HAa KAU€CTBOTO HA M30JIAIIMOHHUTE MaTEpUaH, MOIy-
JSIPHOTO B MUHAJIOTO MPABWIO HA «8—Te Tpagyca» BeYe c€ € MPEBBPHAIO B MPABHIIO
Ha 10 — 12—re rpamyca.

EkcTpeMHUTE CTOMHOCTH Ha IBJITOTPAMHOCTTA HA U30JIALUATA B TOPHATA 3aBUCUMOCT
ca: MakCHMaJIeH YCIIOBEH KHUBOT L,=a mnpu 0°C ¥ MUHMMAaJIeH KUBOT L, NPH Max-

CUMaJHO JIOMyCTHMaTa 3a ChOTBETHHUS TOIUTMHEH KJac TeMmriepaTypa Oma. 3aBHCH-
moctTa (1) mpomstrua ot 3akoHa Ha Bant Xodd - ApeHuyc 3a TOIUIMHHOTO CTapecHe
Ha MaTepuainTe BbB (PyHKIUS OT paboTHaTa Temmeparypa [1,4,5]

L=exp(B/T -G)=Aexp(B/T), (2)
kb1e10 A, B u G ca koncrantu — tabn. 3, T [°’K] e abcomoTHaTta Temneparypa.

Tabmuma 3
Kiac A E B F H
Tmax [’K] 378 393 403 428 453
B10°[°’K] 95 9,85 10,2 12,7 155

G[] 15,3 15,1 1551 19,7 242
A=¢©.10°[4] 22,7 27,7 18,6 0,28 0,003
b’ [°C] 10,7 11,2 11,3 10,2 9,4

L. .10% [a] 18,57 21,2 18,22 21,46 22,39
L. [ron] 2,12 242 2,08 245 255

[TocnemHUAT pen CTOMHOCTH 32 MUHUMAITHHS PECYypC € B ChOTBETCTBHE ChC CTaHAAP-
TUTE 32 YCKOPEHO M3IUTBAHE HA CTapeeHe W TOIUIMHHA OICHKAa Ha M30JAIlMOHHH CHC-
temu [11,12], kb1eTO 3a €ICKPOW3OIANIMOHHN MaTEepHalld TOH CE perjaMeHTHpa 3a
Hali-BucokuTe Aomyctumu Temneparypu Ha 20000 4. (2,28 rox.), a 3a eeKTpUICCKH
Mmarmman U Tpanchopmatopu — Ha 10000 4. (1,14 rox.). Ho ToBa He TpsOBa na ce
CMeCBa C MPOTHO3MPAHETO Ha KMBOTA HA M30JIALMATA MPU HOPMaJIHA €KCILIOATalus
Ha CHOPBKCHHATA B PaOOTHU YCIIOBUS, ThH KaTO M3PUYHO € YIIOMEHATO B CTaH-
JapTUTE, Y€ «KUBOTHT IO BPEME Ha CTAPECHE HsMA IMpsKa BPb3Ka C MOJIE3HUS )KUBOT
Ha €JIHa MallliHa [0 BpeMe Ha paboTa».

B ropuute 3aBucumocTu obaue ce kpue enuH napaaokc. Crnopen dpopmynu (1) u (2),
IBJATOTPAHOCTTA HApACTBA MPHU OTPULIATSIIHU TEMIIEpaTypH (B CTy.) M € TOJIKOBA I10-
rojsiMa, KOJIKOTO Ha IMO-HUCKH TEMIIEpaTypH € MOoJJIoXKeHa n3onamusra. ToBa ¢op-
MaJIHO ChOTBETCTBA Ha KOHCTATAIlMUTE B HSAKOHW JIMTEPATYpHU MaTepUaM, HO aKoO B
Te3u (POPMYJIH CE 3aMECTH TEMITEpaTypara Ha abconoTHaTta Hya -273°C, )KHBOTHT Ha
MaTepuaja HapacTBa J0 adCypJaHaTa CTOMHOCT OT XHWJISIN TPHUIHOHHU TOANHH. ToBa ce
NOTBBPIKAABA M OT rpaUKHUTE B JIUTEPATYPHUTE U3TOYHUIIN, KBACTO aKO JTHHUUTE (B
MOJTYJIOTAPUTMHYECH Mamiad) ce MpoabJDKAT B 001acTTa Ha OTPHUIIATEIIHUTE TeMIIepa-
TypH, Te me ce mpecekar mpu -273°C. CienoBareHO 3aBUCHMOCTTA € MPUIOKUMA
caMo 3a MMOJIOKUTETHN Temieparypu Ha 3arpssade (aax 0°C).

Enextpuueckute chopbkeHUs o0ade Morar ia paboTsT, 1a ce TPaHCIOpTUpAT Wi Ja
CE ChXpaHsBAT U NPU YCIOBHUS, XapaKTCPUUPAIIH CE C HUCKH WIH JJOPH MHOTO HUCKH
OTPUIIATEITHU TeMIIepaTypH, HaIpUMEpP Ha OTKPUTO, B MOJSIPHU 00JacTH, HA TOJIEMHU
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BUCOYMHHU WJIM B OTKPUTHUS KOCMOC. MI3BECTHO € CBhIIO, Y€ OCBEH C TOIIOYCTONYM-
BOCT, U30JIaIlMOHHUTE MaTepUalid C€ XapaKTepHU3UpaT U ChbC CTYJAO0YCTOMYUBOCT, KOSI-
TO € CBbp3aHa C Jierpajalusira Ha MaTepuaia OT MEXaHUUYEH XapaKTep KaTo CTapecHe,
KPEXKOCT, HallyKBaHEe, YYIUIMBOCT U JIp., KOSITO ChIO MPEAU3BUKBA BJOIIABAaHE Ha
paboTHUTE UM cBOMcTBa. BcHuko TOBa Hajara Jia ce ch3aje MoaXo/ 3a ONpeIeIsHe
Ha JBJITOTPANHOCTTa HAa U30JIAIIMUTE, KOUTO Jla € BAIUACH U 3a 00JacTTa Ha OTpHUlIa-
TEJTHUTE TeMIIEpaTypHu.

3. MaremaTu4eH Mo/ieJl M ONIHCAHME HA METO1a
MeTtonbT ce 6a3upa Ha MaTeMaTU4eH MOJIET U METOAMKA, pa3pabOTEeHH OT aBTOPUTE,
KaKTO U Ha U3BECTHU OT JINTEPATypaTa aHAIMTUYHHU 3aBUCUMOCTH, KOUTO Ca JI0pa3BU-
TH C LEJ J1a C€ M3MO0J3BaT 332 CUMYJIALMS U MPOrHO3UPAHE HA TOIUIMHHOTO CTapeeHe
Ha u3onanuaTa. JIOrM4HO € J1a ce MpeanoIokH, Y€ KakTOo MMa MUHUMAJIEH pecypc,
CHOTBETCTBAIl HA MAaKCUMAJIHO JOIyCTHUMAaTa 3a TOIUIMHHHUA KJIac TemmepaTrypa Omax,
Taka Ou TpsIOBaJO /1a ChIIECTBYBA MUHUMAJIEH PECYPC U 3@ Hall-HHCKAaTa OTpUIlaTeIHA
Temreparypa Omi,. B Ta3u Bpb3ka Ou TpsiOBao ja MMa M ONTUMANIHA Temiieparypa O,
IIPHU KOSITO PECYPCHT € MaKCHUMAJIEH.
OcHOBHMTE IapaMeTpH Ha IpeIaraHaTa XuIoTesa ca.
N3uncnurenen pecypc (ABITOTpailHOCT) Ha M30JIAIMOHHATA CHCTEMa, KOMTO Mpejc-
TaBJISIBA CPEIHUSIT, PECII. raMa-npoueHTHUAT pecypc (mpu y=90-95%) no MomeHTa Ha
BEpOSITEH O0TKa3. [Ipy mocTossHEH TeMIepaTypeH pexuM TOH ce ONpeess Mo aaropu-
THbM, 0a3upaH Ha YMCIICHO MHTErpupaHe (HaTpynBaHe) HA CTEIICHTA HA OCTapsBaHE HA
M30JanusATa BbB QYHKIHS OT OTpPaOOTEHUTE OT ChOPBHKEHUETO “TOIMIMHHU YacoBe,
KaKTO Clie/[Ba:

a) B Temneparypuus uaTepBai ot Oy, 10 Onax
L =aexp(-6,/b) (3a)
0) B TemneparypHus uaTepBai OT B 10 Opin
L, =a.exp[(6; —20,,)/b], (30)
KbJeTO O ¢ onTuMaiiHaTa (OT M30JIAIMOHHM M MEXaHWYHU ChOOPaKEHUS) TeMIlepa-
Typa 3a MpeANUCcaHus TEMIICPAaTypeH MHTEpPBaj Ha M30JIAIMOHHATA CHUCTEMa; Omay €
npeaeHo JomycTuMata (Hai-BUCOKaTa MOJIOKUTEIIHA) TeMIIepaTypa 3a ChbOTBETHHS
TOITMHEH KJIac Ha cUcTeMaTa; Omin € Hal-HUCKaTa JOMyCTHMa TeMmIeparypa; 0; e Te-
KyIllaTa TeMIepaTypa Ha HW30JIAllMOHHUS MaTepuayl Ha eJICKTpUYecKkara MalluHa,
amapat, Tpanchopmarop win kades, KOsSTO MPU HEeCTAI[MOHAPHO 3arpsBaHe TpsOBa J1a
ObJIc M3MEPBaHa U OCPEIHSIBAHA 3a BCEKHU I-TW MHTEPBAJ Ha OTYMTaHe (MPH IIHPHHA
Ha BpeMeHHTepBaIuTe At).
B®B Bpb3Ka ¢ TOPEHU3IIOKEHOTO U B CBETJIMHATA HA TOPHATA XHUITOTE3a, MAKCUMATHHSIT
Y MHHHMAJTHUST PECYPCH IIIe C€ M3PA3AT ChC 3aBUCHMOCTHTE
L. =a.exp(-0,/b) (4a)
Lonin = 2.6XP(~0,,0 /b) = a.exp[(0,, — 26,,) /0], (40)
T.€. MAKCUMAJHHUAT pecypc e ObJe NpU ONTHMAJHATA 3a JOMYyCTHMHUS HHTEPBA
temneparypa Op, a MUHUMAITHUAT — [IPH TEMIIEPATypPHUTE B JIBaTa Kpas Ha HHTEpBaia
0, MO . —20 .

max
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[Ipu npoMEeHIIUB TEMIIEPATYPEH PEKUM TEKYLIOTO CTAPEEHE CE OMPEJIENs MO CIECIHUS
aNTrOPUTHM.

W3uucnurenHa creneH Ha ocTapsBaHe (Jerpajaius) Ha U30JIalusATa B ChOTBETHUS I-

At
TH UHTCPBAJI OT BpEMC Di = T

i
Tekyia (pe3yaTaHTHA) CTEICH HAa OCTapsABaHE Ha M3oJanusaTa (CTapeeHe ¢ HaTpyIBa-
HE B NOCNIEIOBATETHATE HHTEpBaIN) D, = D;.

i

Tekynia (pe3ynTaHTaHTa) CTENEH Ha TOJHOCT Ha M3onamusaTa C, =1-D; =1->_D;.
i

P€3y.]ITaHTCH peCypcC Ha U30JIallnoOHHaTa CUCTEMA Ha CbOPBIKCHHUCTO

Ly :t_i:ili (5)

Dki z Di
i
OcrtarbueH pecype, T.e. BpEMETO OT TEKYIIUs MOMEHT {j = I.4t Ha u3MepBaHe Ha TEM-

neparypara JJo MOMEHTa Ha BEpOSITCH 0TKa3 (TOIIMHEH MPOOUB Ha M30JIAIUATA).
1-D, C.
Loi = Lki -t :D—klti :D_klti (6)
ki ki
[IB1HOTO M3UEpIBaHE HA pecypca IIe Ce MOJyYr TOraBa, KoraTo CTEEHTa Ha OcTapsi-

BaHe ctaHe D, :ZDi =1, a cTeneHTa Ha TOJHOCT cTaHe C, =1—Z D, =0, oT KBIOETO
i i

MOJKE J1a Ce€ OIpelIer BPEMETO, MPEICTaBISABAIIO0 MPOABHKATETHOCTTA HA KUBOTA
(paboTocmocOOHOCTTA M CpOKa HA CITy»k0a, T.€. IBJITOTPAMHOCTTA) HA U30JIAIUATA.
TpsiOBa fa ce MOsICHY, Ye C pa3BUTHE HA BPEMETO U NIPH Pa3IMUHUTE TEMIIepaTypH, Ha
KOUTO € IMOJJI0KCHA M30JIaIiiATa, CTEIICHTa i HA OCTapsBaHe € HeMPEKhCHATO Hapac-
TBama (QyHKIUsS, KIOHAIIA KbM SIMHHIIA, IOKATO CTCIICHTAa W Ha TOJHOCT € Hempe-
KbCHATO HaMaJisBamia (yHKIHS, KIOHSIMA KbM Hyna. CKOpocTTa Ha W3MEHEHHUE Ha
Te3W QYHKIMH € pa3jiiyHa B Pa3IMYHUTE UHTCPBAIU OT BPEME KaTO 3aBHCH KaKTO OT
TIOJIOKUTETHATE, TaKa U OT OTPUIATSITHUTE TEMIIEPATYPH M B HIKOM HHTEPBAIA MOXKE
Ja € MO-CHJIHA, a B JPYTd — 3HAYMTEIIHO MO cJiaba, HalpUMep MPHU MPECTOH, TpaHc-
MOPT WM ChXPAHCHHUE HA ChOPBIKEHUETO.
3a cBeneHue B Ta01.4 ca MOKa3aHU KJIACOBETE HA TOIIOYCTOWYMBOCT U TEMIIEpaTyp-
HUTE UHTEPBAIM Ha HIKOW EJICKTPOU30IAIIMOHHN MaTepHAIIH.
Ta0muna 4

A) CUHTCTHYHH TOJUMEPH:

[omuctupon, crupodueke, nommamus - k1. Y (-50°++70°); em= +10°C

[Monuerunen - k. Y (-70°=+70°); em~ 0°C

[MoaMBHHUIXIOPK, oarypeTaH - Ki. A (-45°+-+105°); em= +20°C

[Momuumug (teduon) - k. C (-190°=+250°); em= 0°C

b) Jlakose

Tmudranos - k1. E (-70°-+120°); em= +10°C

B) Kayuyiu

Cunukonos - k1. H (-60°++180°); em==20°C

I') Cmouu, jenuia, KOMIIayHInu

Enokcuana - ki. E (-70°-+120°); em= +10°C
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J1) Croectu mracTMacu

CTBKIOTBKAH, CTBKIOTEKCTOINT — K. F(-45°-+155°); em= +20°C
etunakc — k1. A (-65°+-+105°); 6= +20°C

E) IMonuecrepu

Xocradan, nomudou, nascan — ki1. E (-50°++120°); em= +20°C

4. 3akJII09eHHe
Tasu pabora He mpeTeHaUpa Ja Jaje YHUBEPCAJICH ajJrOpUTBM 3a OIpejessHe Ha
IBJITOTPAHHOCTTA HA W30JIALIMOHHUTE CHUCTEMM MPH BCSKAKBU TEMIIEPATYPHHU YCIIO-
BUSI, a MO-CKOPO Jila 00ObpHE BHUMAaHHE HAa HEOOXOJIMMOCTTA J1a C€ MMa IpeJ BUJ, 4Ye
MaTepuauTe Morar Jia paboTAT M B YCIOBUS Ha CTY, KbJICTO OICHSIBAHETO HA KUBO-
Ta Ha U30JIalMATa € ChIIO TaKa BaXKHO, KAKTO U MPH 3arpsBaHe.
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KOMIIOTBHBPHU 3AJAYHA B EJIEKTPUYECKUTE MALLIMHHU

I'anuo boxuiaos

Pe3tome. B nacmoswama paboma asmopvm npoKIaMupa Cvb8peMeHHUs nooxoo0 Ha
UHIICeHepume KoM U3CAe08AHEMO U UZHUCICHUEMO HA eleKmpudecKkume MAauuhi,
KOUMO ce CbCmou 8 WUpOoKO U3N0A36aHe HA BUCOKONPOU380OUmenHume u Ovp3u Cbe-
PeMeHHU KoMniompu. 3a yeama ce usnoazeam 4uUcienu Memoou u O0OCMbNHU copmy-
epHU npooyKmu, 6e3 oa ce Halaza 0a ce NPocpamupam AHAIUMudHY QopMyIu u ma-
memamuuecku aneopummu. C moga omnadam nogewemo Kiacuuecku ¢opmynu, Ko-
epuyuenmu u NOHAMUSL, KAKMO U NPUOIUSUMETHUME 2paduuny U epaghoaHarumudtu
Memoou, ONpoCmMA8aHUs, TUHeapu3ayul, Kpbeo8u ouazpamu, Homozpamu u op. Manxo
ce U3NOA36aAM U MemOoOUme om GUCWAMA MAMEMAMUKA U MeopemudHama eex-
MpOmMexHuKa 3a uHmezpupaune u ougeperyupate, 3a paziacame 8 XapMOHU4eH Uil
cmeneneH peo, 3a peulasane Ha e1eKmpuyecKu U MacHUmHu epueu, cucmemu ouge-
PEHYUANHU YPABHEHUs, ONMUMU3UPAHe, nodobue u op.

Kniouosu oymu: enekmpuiecku Mawunu, KOMRIOMbPHU NPOOIEMU, YUCTIEHU MeMOOU

KOMPUTER PROBLEMS IN THE ELECTRICAL MACHINES
Gantcho Bojilov

Abstract: In this paper the author a contemporary approach of the engineers to the
investigation and computing of the electrical machines is proclaimed, who consist in
the wide using the rapid contemporary computers. For this purpose the numerical
methods and commercial software is used, without to force programming analytic
formula and mathematic algorithms. Thereby more classical formula, coefficients and
notions, as well the graphical and analytic methods, simplifications, linearity, nomo-
graphs and circular geometrical diagrams dying out. As well the analytic methods
known to the higher mathematics and electrical engineering for the integrating and
differentiate, decomposition in the harmonic and infinite series, the methods for
solution of the electric and magnetic circuits, for solution of the differential equations
and optimization, of the similarity and other dying out.

Keywords: electrical machines, computer problems, numerical methods

1. YBoa
[NonmsamaTa mpoU3BOAUTETHOCT HA CHbBPEMEHHHUTE KOMITIOTPH, M3pa3sBallia ce B MmamMeT
1 Obp30JIeCTBHE, BEUYC € HAJOXKHIIA HOB CHBPEMEHEH ITOJX0Jl HA MHXXCHEPHUTE KbM
W3CIICIBAHETO W M3YHCICHUETO Ha CJIECKTPUUYCCKUTE MAIIWHU, ChCTOSI CE B CIICI-
HOTO.
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Bce mo-Manko ce u3mon3Bat KJIaCHYeCKUTE aHATUTUIHN METOAHN U (DOPMYITH, TTO3HATH
OT BHUCIIATa MaTeMaTHKa M TEOPETUYHATA CJICKTPOTCXHHKA, Karo (GopMmyiauTe 3a
UHTETpUpaHe U nudepeHirpane Ha yHKIUH, 33 pa3llaraHe B XapMOHHWYCH WJIH CTe-
NIEHEH PeJI, METOJUTE 3a pelllaBaHe Ha CICKTPUYCCKH U MarHUTHU BEPUTH, METOIUTE
3a pelllaBaHe Ha CUCTeMH JudepeHIMATHN YpaBHEHHS, 32 ONTHMH3ALMS ¥ alpOKCH-
Malsi, METOJIUTE Ha 1oo0ueTo u Ap. OTnaaar u NpuOIM3UTCITHUTSIHUTE TpadUIHH
1 rpadoaHAIMTHYHK METOJM, ONPOCTSABAHUSA, JHMHEAPU3ALMH, KPBrOBU IUArpaMH,
HOMOTPAMH U JIp., KOUTO Ca UMAJIM MSCTO B KJTaCHYECKaTa TCOPHS Ha CIICKTPUYCCKUTE
MaIllMHY U ca OWJIM BbPXOBO MHTEJICKTYAJIHO MOCTUKCHUE 33 BpeMeTo cu. BmecTo Tax
3a U3CJIeIBaHe, M3UMCIICHUE M MOJICIMPAHE CE U3I0JI3BAT YMCICHH METOIU, HUTEpallu-
OHHU TIPOIICYPH M KOMIUICKCHA ajredpa OT JOCTBIHU CO(PTyepHU MPOIYKTH, B aj-
TOPUTMHTE Ha KOUTO pa3dmpa ce, ca 3ajeTHaIu ChIIUTe Te3u MeToau. OYeBHUIHO €, e
TOBa € €IMH IparMaTHYeH U SJIEMEHTApCH IOJXOJ, JIMIIEH OT OHA3U CJICTAaHTHOCT U
MHTEIIEKTYATHOCT, MMPUCHIA Ha KIIACHYSCKUTE MeTOAu. Ho ChIO Taka € 04eBUIHO, Ye
TOBa € ¢auH e(EeKTHBEH M PabOTeI MMOJX0JI, pa3yUTalll HAIIBIHO HA rojiiMaTta CKO-
POCT ¥ IMMaMeT Ha KOMITFOTPHTE.

Hanpumep 3a ThpceHe Ha MPOU3BOAHA M MHTETPAJ Ha CJI0KHA (DYHKIHUSA € 3a MPE.IIo-
YHUTaHE JIa ce pa3due ChOTBETHATA MHTEPBAJIHA OOJIACT HA M3BBHPEIHO TOJISIM OpOii
TECHH TOJUHTEPBAIIN U M3UMCIICHUETO Ja Ce U3BBPIIU He M0 (HOPMYJIMTE OT BHCIIATA
MaTeMaTHKa, a ChC CKaHMpaHE Ha ChOTBETHATA 3aBHCHMOCT, CJICJABAMKH IbpBUYHATA
nAeUHUIMS 3a Tpou3BoAHa U uHTerpai f° = Ay/AX u I = 2y(X).AX. Taka morart ce

M3BBPIIBAT U XaPMOHUYHUAT aHAIIN3, allPOKCUMALIUUTE, ONPEJEISIHETO HA TOKOBETE,
MOIIIHOCTUTE U 3aryOuTe MpHU HEIUHEHHUTE MOJIETH, ChIIO0 U ONTUMU3ALMITA, KAKTO
U pellaBaHEeTO Ha IMOJIEBUTE 3ajaun (Upe3 QyHIaMEHTAHUTE ypaBHEHHS Ha Makc-
BEJI) — C U3BBHPEIHO TOJSIM OpOM MpEecMsITaHus, MOBEPEHU HA BHCOKOCKOPOCTHHSI
koMmioTsp. C TOBa ce MpeooisiBa ,,XUITHO3aTa” OT KJIACUYECKUTE aHAIIMTUYHU Me-
TOJM KaTo OTHa/a M KOHLEMUUATA 32 MKOHOMUSI Ha MAIIMHHO BPEME, Thil KaTO TO3M
BBIPOC BE€UYE HE CTOM IIPU OOMKHOBEHUTE €THOMEPHU U ABYMEPHU 3aJ]aul, OCBEH IIpU
HSKOM TPUMEPHM WJINM ONTHUMM3ALMOHHU. A 3a JIPYrUTE MO-MAJIKO CJIOXKHHU 3aJauu
IPOCTO CE€ U3IMOJI3BAT UHCTPYMEHTUTE OT TOTOBU KOMITIOTBPHU MPOAYKTH KaTO Ham-
pumep FEMM, COSMOSM, ANSYS, SIGMAPLOT, MATLAB, MATHCAD,
EXCEL u np.

Bennara Moxe aa ce 3a0enexu, 4e TO3M MOJAXO0J € €IHO Bb3BPbBIIAHE KbM ITbPBUY-
HOTO M (PyHAAMEHTAIHOTO, HO MPU HEro ce rydu (u3nueckara ChIIHOCT HA MpoLe-
CUTE U OOILIHOCTTA Ha PE3yJITaTUTE, 3aUI0TO KpailHUTE pe3yiTaTH ca 32 KOHKPETHa
MallliHa ¥ C€ IMOJIyyaBaT JAUPEKTHO B TaOiuueH u/wiu rpaduueH Buja 0e3 Ja ce u3-
NOJI3BAaT TaKWBa TPAJAMIIMOHHU MOHATHUS OT EJIEKTPUUYECKUTE MAIIMHU KAaTO MarHu-
TOJBHMKEILIA HAMpPEXKEHUs, KOePUIMEHTH Ha HAMOTKUTE, PA3JIMYHU CIIOMaraTelIHH
Koe(HUIIMEeHTH, peaKiis Ha KOTBATa, IEPUOIUYHHU U allepUOJIUYHU ChCTAaBKH, aKTUBHU
U PEaKTUBHU CBbCTABKH, CTALMOHAPHH, NMPEXOAHH U CBPBXIPEXOJHU PEAKTAHCU U
CHOTBETHUTE UM BPEMEKOHCTAHTH, BUCUIM MPOCTPAHCTBEHU U BPEMEBU XAPMOHMIIU
Ha noziero u 1p. Ho Bcuuko ToBa ce KOMIEHCHpa OT OTPOMHATa MOIIl HAa ChbBPEMEH-
HUTE KOMIIIOTPH, KOUTO HENPEKBCHATO U C HEBEPOSTHU TEMIIOBE CE€ YCBBPIICHCTBAT.

170



2. llpuMepHH KOMIIOTHPHM 32/1a4M, CBBP3aHM C U3CJeIBaHe
U U3YHCJICHHE HA eJIeKTPUYeCKH MAIIMHH

- Onpenensine Ha ¢opmaTa, epEeKTUBHATA CTOMHOCT M XapMOHUYHUS ChCTaB Ha Ha-
MarHUTBaIUs TOK Ha eqHoda3Hu u TpudaszHu TpaHchopMaTopH;- Ha yIapHUS TOK Ha
BKJIIOYBaHE Ha eIHO(Ga3HU U TpudazHu TpaHchopMmaTopu;- Ha popMara U e€PeKTHUB-
HaTa CTOMHOCT Ha TOKa Ha eIHO(pAa3HU KOJEKTOPHMU JBUTATEIU C IOCJIEI0BATEIHO
BB30yXk/aHe;- Ha bI'bJa Ha PU3NYECKATa HEyTpaJIHA JIMHUS U HEOOXOJUMUS BI'bJ Ha
U3MECTBAHE Ha YETKUTE HA KOJIEKTOPHU MAIIWHH;
- U3cnenBane Ha opmaTa U pasnpenerneHUeTo Ha MarHuTHaTa UHAYKIMS B MarHuT-
HaTa CUCTEMa Ha KOJIEKTOPHU MAILIMHU;- Ha (popMaTa U pa3npe/ieICHUETO Ha MarHUT-
HaTa MHAYKIMS B MarHUTHaTa CUCTeMa Ha CHHXPOHHHM U aCHHXPOHHU MAIllMHU,;
- OnpenensHe Ha 3aryOuTe B CTOMaHaTa Ha Pa3JIMYHU TUIIOBE MAITMHU;- HA WHEPIIH-
OHHHS MOMEHT Ha pOTOpa Ha BBPTSAIIM C€ €JIEKTPUUECKH MalIUHH;- Ha pas3lpeee-
HUETO Ha TOKA M MOTOKA B KaHAJUTE HA aCHHXPOHHU JBUTATENIN;- HA pa3NpeieleHuU-
€TO Ha TOKOBETE B Ka()e3HUS pOTOpP HA ACMHXPOHHU JIBUTaTEId MPU HECUMETPHUS B
NPBUYKUTE;- HA €JICKTPOMArHUTHUA MOMEHT Ha CHHXPOHHH U MOCTOSSHHOTOKOBHU Ma-
MIMHA ¢ U 0e3 BBb30yKIaHe;- Ha UHAYKTUBHOCTUTE U PEAaKTAaHCUTE Ha HAMOTKHUTE Ha
pPa3TUYHU BUAOBE €JIEKTPUUYECKHU MAILIMHU U TPaHCPOPMATOPH;
- M3uncnsBaHe Ha XapaKTEPUCTUKUTE HAa CUHXPOHHM, ACHHXPOHHU W KOJEKTOPHHU
MaIlHu,
- 3amsiHa Ha rpadUYHUTE MOCTPOCHUS HA XapaKTEPUCTUKUTE Ha MOCTOSTHHOTOKOBH U
CUHXPOHHU MAIIMHU C AHATUTUYHO U3YHCIICHUE;
- ExcnepyMeHTaIHO-aHAIMTUYHO M3CJIe/IBAaHE HA MEXaHUYHUTE U BEHTWJIALIMOHHUTE
3aryou BbB BBPTSIIU C€ €JICKTPUUECKU MAITUHUY,
- AHATUTUYHO HM3CJEIBAHE HA PA3IMYHU MPEXOJHU MPOLECH B EICKTPUUECKH Ma-
IIMHU ¥ TpaHc(hopMaTopy ¢ OTUYMTAHE HA HEIMHEHHATa XapaKTepUCTUKA Ha MarHUT-
HaTa CUCTEMa,
- [Ipunoxxenre Ha 000OIIEHAaTa TEOPHS HA €IEKTPUUYECKUTE MAIIMHU C OTYUTAHE HA
HEeJMHEWHATa XapaKTepUCTUKAa HA MATHUTHATA CUCTEMa Ha CHHXPOHHU U aCHHXPOHHH
MaIHH,
- HennneiitHn TuHAMUYHN MOJIEH Ha EIEKTPUICCKU MAIIUHU.

3. MimocTpaTUBHY YHCJIEHU MPUMeEPH OT Pa3padoTKH U AaBTOPCKHU MyOJIHKAIUHU C
U3M0JI3BaHe HA YMCJIECHN METOAN U MAaTeMaTHYeCKH MOJIeJIH
OT JOCTBHIIHM KOMIKOTHPHH NPOAYKTH

3.1. Onpenensine Ha popMaTa Ha yIapHHsI TOK Ha BKJIIOUBaHe Ha Tpudasen TpanchopmMaTop
Ha mpa3eH xo[ (HeJmHeeH Moaen) — ¢ur. 1, ur. 2

W3xokaa ce 0T OCHOBHHTE 3aBHCUMOCTH 32 HEJIMHEEH TpaHC(hOpMaToOp KaTo ce 3aJaBaT AMCKPETHH CTOWHOCTH Ha Bpe-
MeTo. YPaBHEHHETO Ce peliaBa ¢ IIOMOILTA Ha IporpaMuust mpoaykr Excel.

=, Sin(@t + —gy) ~ Dy Sin(y — g )e ™ (1)
W3noxnsBa ce anpokcuManysi Ha MarHUTHAaTa XapakTepUCTHKA Ha TpaHchopMaTopa ¢ GyHKIUITa

i =ad +bd° (2)
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3.2. Onpenensine Ha ¢popmaTa U eQeKTUBHATA CTOIHOCT HA TOKA HA eIHOG(A3eH KOJEKTOPEH ABUIaTel
€ MOCJIeI0BATEIHO BB30Yy:K1aHe (HeTnHeeH Moen) — dur. 3

M3mon3sa ce arpoKCuMalysd Ha MarHuTHaTa XapakKTCpUCTHUKa € (byHKHI/IHTa
: . D .
d =aiP; I:(E)l’b, O =D sinwt, ©)
KBACTO TOKBT B JUTUTAIIN3UPAH BUI €
- : K T
I =l,sinot= Im[S|n(W.§)] 4)

3a menTa pazzmensiMe mepruoia Ha MpOMEeHIMBUS TOK Ha N moguHTepBana, OposST Ha KOUTO 3a MO-TOJIIMA TOYHOCT TPIOBa
na ObJle TOCTATHYHO TOJSIM 3a JIa ce M3MOI3Ba (JopMyJiaTa Ha MpaBOBIBIHHULUTE. [lopagy cuMeTpusTa Ha KpUBaTa M3-
noszBame ¥4 ot meprona, T.€. 1/2. ToraBa eeKTHBHATA CTOMHOCT Ha TOKa IIie Ob1e

=1 Eﬂjz(sinwt)z’bda)t -1 l%[sin(ﬁ Typero ©)
m T ) m Nk:]. N2

EdexTuBHUTE CTOMHOCTH HA V-T€ BUCIIM XapMOHHUIN Ha TOKA, OIPE/IENICHN Ype3 YHCIEHO HHTErpUpane mo GpopmynnTe
Ha Dypue, e ce Moryyar OT 3aBUCHMOCTTa

72

l, I 4 j (sin wt)V®.sin votdot=1n. EEN: sm( k = )]1’b sin(ve.2%).  (6)
N 2 NE N
12 4
I, A
10 1
8 1 ./’/’—.\ \.\'
. ———— Xapm. No 1
6 7 \ ———- Xapm.No3
4 N e, Xapm. No.5
/ \, ——— MW a3xopHa
/ \,
4 -
/ N
/ N
2 4 / o~ \
’ A \
/ Y N
e, Nenenes \
0L pess e \\ e %
0.qox 0002 ,” 0004 0006 N 0008 6010
-2 4 N~ t, s \\’/

®dur.3
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3.3. U3caenBane Ha dopMaTa U pa3npeaeieHHETO HA MATHUTHATA MHAYKIUS B MATHUTHATA CHCTeMa
HA NMOCTOSTHHOTOKOBH MAIIMHM C U3MO0JI3BaHe HA mporpaMuust npoaykt FEMM - ¢ur. 4 + ¢ur. 9

0.5 4

|B|, Tesla

0.3 1

0.2 1

0.1

0 T T T T T T T
0 10 20 30 40 50 60 70

Length, mm

dur. 5

|B|, Tesla
05 A~

0.4

03 -

0.2 o

0.1 -

0 T T T T T T T
0 10 20 30 40 50 60 70

Length, mm

Dur. 7

08 7
|B|, Tesla
07 1
0.6 1
05 1
04 1
03 1

02 7

01 7

Length, mm

®ur. 9

3.4. EXcriepMMEHTAIHO-aHAJTUTHYHO HU3CJe/IBAHEe HA MEXAaHMYHHUTE U BEHTHJIAIMOHHUTE 3aryou
Ha eiHO(a3eH KOJIEKTOPEH ABUTaTe] 32 PhUeH e1eKTPOHHCTPYMEHT

Tesu 3aryou ce onpenenst ot 3aBucuMocTTa (¢pur.10)

249
P.,.=10w et ()

KBJIETO | € MPEBOAHOTO OTHOIICHUE HA PEAYKTOPa, J — MBIHUST MPUBEICH WHEPIHOHEH MOMEHT Ha POTOpa Ha [[BHIa-
TeIsl U BCHYKH BBPTAILIM CE YaCTH, CBBP3aHHU ¢ HEro (3bOHMTE Kosiella Ha PelyKTOpa, MATPOHHUKA U JPYTUTE MPUCHE-
JIMHCHU CJIEMEHTH), ® - BIIIOBATa CKOPOCT HA POTOPA BB (DYHKIIUSI OT BPEMETO.
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3.5. M3ciienqBane Ha MpexoIHUsI MPOIEC MPH MyCKaHe HAa eIHO(A3eH KOJEKTOPEH ABUIaTe
¢ M3MoJI3BaHe Ha nporpamuus npoaykt Mathcad (Hesmuneen moaen) - dur. 11, pur. 12

C momorira Ha porpaMHusi IpoAyKT SigmaPlot HenuHeiiHaTa MArHUTHA XapaKTePUCTHKA HA MarHUTOIIPOBOJA CE arl-
POKCHUMHpA C MHTEPIIOJIAIIMOHEH TIOJIMHOM OT TPEeTa CTENeH WM ¢ ApoOHa (GyHKIMS C JBa WM TPH I1apaMeThpa, KaKkTo
cienBa

[ a,l a,l .
5=i.; q)f =—2., q)a=—3.+c3| (8)
b, +i b, +i b, +1i
YuciieHo pellieHre Ha CUCTeMAaTa HelTMHEHHN TU(epeHIINaIHN YPaBHEHUS
d¥; dwv,, di . dw i
(—+—3)—+(R, +R)i+ko®,=U ; J—+go"=kid,, 9)
di di “dt dt
3a menra cucremara ce mpezacTaBs BbB Gpopma Ha Komm
. i . al
. U—=(R, +R)i—keo & ki 2 _gon
di b, +i . do  b+i (10)
B a,b a;b ’ -
Mo P[] . !
(b, +1) (b, +1)
6 2.5
LA e 1000 M, Nm
5 M, Nm e
-------- Q, rad/s 2.0 A
.......... - 800
a4y T
1.5
| L 600
3 1 —_— Dynfamic
, | | 400 O O N e Static
1 Time,s [ 200 1T Q, rad/s
o ¥ ; bbbt E X LS F L L 0.0 ‘ ‘ I T Zees
000 005 010 015 020 025  0.30 0 200 400 600 800 1000 1200
@ur. 11 ®ur. 12

3.6. M3uncasiBaHe HA XapaKTePUCTHKUTE HA CHHXPOHHA MamuHa — ¢ur. 13

PemaBa ce 0OCHOBHOTO ypaBHEHHE 32 PAaBHOBECHE Ha HANIPE)XKEHUATA B KOMILIEKCHA opma

Eo =2U+(r, + JX,) I+ JXaq g+ JXaq 14 (11)
3.7. I3uncasBane HA XapaKTEPUCTUKATE HA ACHHXPOHEH ABHraTes (HeJmHeeH moaen) - pur. 14, ¢pur. 15

XapakTepuCTUKUTE Ha JBHUTATeNsd Ce M3YMCIIABAT 110 IbjiHAaTa T-o0pa3Ha 3aMecTBaIla cXeMa C OTYUTAHE HA HEeJMHEH-
HHUTE 3aBHCHMOCTH Ha IAapaMeTpUTe OT XJIb3raHeTO 0e3 HUKAKBU ONPOCTABAHMS, NPU U3MEHEHHE Ha XJIB3TaHEeTO S B
nuarazona ot 0 10 Sy (32 paboTHHTE XapaKTepUCTHKH) W B AWANa3oHa OT Sy 10 1 (32 MyCKOBHTE XapaKTEPUCTHKN).
XapaKTepUCTHKUTE Ce U3YMCIISIBAT TOUKA 110 TOYKA KaTO CE€ W3IOJI3BAT M3BECTHHU (DOPMYIIH 32 TOKOBETE B KOMILIEKCHA
(dopMa U ¢ moMolITa Ha Pa3IUYHK MPOrpamMHu mpoayktu karo MatlLab, MatCad unn Excel, kouto umar xomriekcHa
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anreOpa. 3a menra ce 3amaBaT peAMila TUCKPETHH CTOMHOCTH Ha XJIB3TAHETO C JOCTATHYHO MajiKa CTHIIKA, IPU KOCTO
TpsiOBa J1a ca M3BECTHU HEJIIMHCHHUTE 3aBUCMMOCTH Ha HAKOM CHIIPOTHBICHHS OT XJIb3raHeTo — Hamp. Ry’, Xy, X7, Xy =
f(s). [TapameTtpuTe Ha mMpa3eH X0/ Ce MOIyYaBaT MPU CTOWHOCT Ha XJIB3raHEeTO, IPH KOSTO Mojie3HaTa MoIHocT Py = 0,
HOMUHAJHUTE MTAPAMETPH Ca [P XJIB3raHeTo, MpH Koeto Py = P, , a myckoBuTe - ipu S = 1.

Pemaga ce (B Excel) ocHoBHOTO ypaBHEHME 3a paBHOBECHE Ha HAIPEKEHUATA B KOMIUIEKCHA (opma, Oasupano Ha T-
oOpa3Hara 3aMecTBallla CXeMa Ha JIBUraTeJIst

Z 7 '
m_r

zZ =_—Mm7Tr (12)
eq Z_+Z
m r

Ul:zlll_E1:Zl|1+Zeq |1; —E1=Zm |m:Zeq |2';

18 12000 30

1: R a——— |
| /

[/

/

Courant, A

Puissance, w
g

o 01 02 03 04 05 06 07 08 09 1 o 01 02 03 04 05 05 07 08 09 1
glissement, - glissement, -

Dur. 14 Dur. 15

3.9. M3uncisiBaHe HA XapaKTEPUCTHKUTE HA MOCTOSIHHOTOKOB JIBUTATE
¢ Bb30y/KIaHe OT MOCTOSIHHU MArHUTH (HeJuHeeH moaen) — dur. 16

B cirydas Bozemia BenmuurHA € KOTBEHUAT TOK |, Ha KOWTO ce 3a/aBaT peua TUCKPETHH CTOHHOCTH OT lmin 110 Imax. 3a
BCSIKA 33aJa/IeHa CTOWHOCT Ha TOKA C€ OTIPEENSAT CbOTBETHUTE CTOWHOCTH Ha PE3YNTAaHTHUS MarHUTeH NOTOK D5 ¢ oT4H-
TaHEe Ha Pa3sMarHUTBALIOTO JCHCTBHE HA peakiusaTa Ha KoTBaTa. OmpenersT ce CTOHHOCTHTE Ha €.1.H. B KOTBEHAaTa Ha-
MOTKa, CKOPOCTTa Ha BBPTEHE Ha POTOPA, EICKTPOMArHUTHUAT MOMEHT, MOMEHTHT Ha Baja, MOIIHOCTA M K.II.J., OTKb-
JIETO C€ TOCTPOSBAaT PAaOOTHUTE W MEXaHWYHHWTE XapaKTepUCTHKH Ha ABuraTens. Ilapamerpure Ha TpazeH Xon ce
MOJIy4aBaT MpH CTOMHOCT Ha TOKA, IIPU KOSATO IoJie3HaTa MoliHocT P, = 0, HOMMHATHUTE apaMeTpH ca MpH TOK, MPH
Koiito P, = P, a mycKoBUTE — IpX CKOPOCT Ha poTopa N = 0.

300 T T T T T

kpd, % | n, min™ LA P, W
20000
60 -| L 150 | 600 »o0r et e VA
o
&
15000 - : g
=
E
40 o H L 100 - 400 =
10000 -} =
&
ul
20 i Fso 200 o]
5000 =
o - 0 0 Lo
0,0 1,4 M, Nm
18V - peakoseMeH, CerMeHTeH, 4 MONCEH MarHuT
w=16, 0=0. ®ur. 17
®ur. 16 '

3.10. 3amsiHa Ha rpa¢UYHMTE HOCTPOEHMS HA XapAKTePUCTUKUTE HA MOCTOTHHOTOKOBM IBUTATE/IM € AaHAJIH-
THYHO H3YHCIeHNe. AHAJTHTHYHO MOJyYaBaHe HA CKOPOCTHATA XapaKTePHCTHKA HA IBUTATEJ C NMOCJIe0BATETHO
BB30Yy:KIaHe - pur. 17

IMocTpoeHneTo ce W3BBPIIBA KATO Ce M3IOI3BaT BhTpenrHaTa xapaktepuctukara £ = f(1) u 3aBucumocrra E; = f(I) nmpu
U = U,. Bropata xapakTepucTHKa ce ToJy4aBa KaTo OT HOMUHAIHOTO HANPEXKEHHE 3a Pa3indHu TOKoBe | ce u3BamsT
CHOTBETHHUTE TaJ[0BE Ha HAIIPEKEHHE CHIIIACHO OCHOBHOTO YPAaBHEHHE 38 PABHOBECHE Ha HANPEKCHUATA

E,(1)=U,-1(R, +R, +2R, ) (14)
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OTTyK 3a IOpe/uIia OT CTOMHOCTH Ha TOKa | mpe3 onpeneneHa CThIKa Ce N3YHCIIsBA ChOTBETHATA MTOPEIHIIA CTOMHOCTH
3a CKOpOCTTa Ha potopa N. ToraBa Taka MoMy4eHOTO MHOXKecTBO Touku {lj, Ni} mpemcraBmsiBa CKOPOCTHATa XapakTte-
PHUCTHKA Ha JIBUTATEJIS.

3.11. Onpenensine Ha bIr'bJa HA QU3MYECKATA HEYTPAJIHA JUHUS NIPU
H3MecTBaHe HA YeTKHTE HA KOJEKTOPHU MamluHHu - ¢ur. 18

C m31oja3BaHe Ha nporpaMHus NpoayKT FEMM ce ornpeacia (bopMaTa " pasnupeACJICHUECTO Ha MarHuTHaTa UHAYKIUS B
MarHdTHAaTa CHCTEMa Ha MallpHaTta. MsCTOTO Ha q)H3H‘I€CKaTa HEyTpajlHa JIMHUA € TaM, KbIETO CTOMHOCTTA Ha HOP-
MaJlTHaTa KOMIIOHEHTAa Ha MarHUTHaTa THAYKOWA BbB Bb3AyIIHATA MEKXIWHA IIPU HATOBAPBAHE € paBHA HaHYJIA.

1.0 | |
o8 | 1
Z o0 ; ‘ |
@ 05 60 80 100 120
-1,0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,L,,,,,,,,L ,,,,,,,,,,,,,,,,,,,
®ur. 18 Llmm]

3.12. 3amsiHa Ha rpadMYHATE HOCTPOECHHNA HA XAPAKTEPUCTHKHTE HA MOCTOSIHHOTOKOBH FE€HEPATOPH C AHAIM-
THYHO H3YHC/IEHHE. AHAIMTHYHO I0JyYaBaHe HA BHHINHATA, TOBAPHATA H PEry/IallHOHHATA XaPAKTEPUCTHKH HA
reHepPaTop ¢ He3aBHCHMO H € ApaJieTHO BB30Yy:xkaaHe - (pur. 19+ 22)

Heo6xoaumMoTo B ciydas “rurp3radHe” Ha TPUBIBIHHKA HA KBCO CheAWHEHHE (T.K.C.) IPH PasIHYHUTE MOCTPOCHHUS Ce
CBEXJA J0 M3YHMCIsIBAHE HA KOOpAMHATUTE Ha Bbpxa My C 3a pa3iuvHUTE MOJIOKEHUS Ha BbpXa A MPHU CbOTBETHUTE
CTOMHOCTH Ha KOTBEHHS TOK, KaTO ChIIEBPEMEHHO ce y0BJIeTBOpH n3nuckBanero karetute AB u BC na ce 3amassr yc-
MOPEJIHUA ChOTBETHO Ha abciucara u opauHarata. CiieoBaTeHO 3a BCIKA TOYKA Aj OT X.I1.X. C KOOPAUHATH (Xaj,Yai) CE
N3YUCIIABAT KOOPANHATUTE HAa CbOTBETHHUA BPBX Ci OT CbBMECTHOTO PCHICHUEC HAa YPABHCHUETO HA OKPBHIKHOCT C HEHTHP
ToYKaTa Aj M pamuyc I, paBeH Ha XHIOTeHy3ara Ha T.K.c. AC, U ypaBHEHHETO Ha MpaBata ¢ brJI0B KoeduuueHt K, Bpxy
KOSITO JICXKH Ta3U XUMOTCHY3a.

*1=3A 0l=65A +1=9A *If=0.2A 0lf=03A +If=04A
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50 /( 50
0 0
0 005 01 015 02 025 03 035 04 045 05 0 2 4 6 8 10 12
If [A] 1[A]
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e —_ } jg V%
5 T T—— 0.4
200 \\m R Ea /
@\@\ N e
_ ’S{@ v 2035 &
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e
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100
//‘ _—
0 0.25}
0 0.2
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14 16
1[A] 1[A]
(I)Hr_ 2 1 Dur. 22
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3.13. M3uncasBaHe HA XapaKTePUCTHKUTE HA CHHXPOHHH MAIIIMHYU U 3aMsiHA HA
rpagu4YHOTO MOCTPOEHHE HA quarpamaTa Ha [loTue ¢ anaauTHuHo H3uncaenne - (pur. 23 = ¢ur. 25)

AHAIIUTHYIHOTO OIPCACIIAHC Ha BEKTOPUTE, YUACTBAIIA B AUarpaMara Ha IloTue 3a OIMpCACIIAHC Ha PE3YJITAHTHOTO €./1.H.

E5 , C€ CBEXJa 0 PEIIaBaHC HAa KOMIUIEKCHOTO YPaBHECHHUE

. Im[E,]
E.=U+Ir. +jlx_, =arctg —=2= 15
o) a J oa ¢E5 gRe[Eﬁ] ( )

®ur. 23
10 20 30
m_ifOi
ToBapHa XxapaKTepuCTUKa
npul=1, cos ¢ =0,8 L-R ToBap
M Utisoo0+
m_EOi
m UOi
10 20
m_ifOi
®dur.26 XapaKTepucTnKka
Ha NpaseH xop,
30 -
25 .
20 | —if(L-R)
< 15 —_if(R)
"~ 10 - :
—if(C-R
0] CR)
0 I I I 1
0 200 400 600 800
/A
PerynnpoBbYHM XapaKTEPUCTUKM NPU peakTUBEH TOBap
®ur. 25 (L-R, C-R) c cos @ = 0.8 v npw akTuBeH ToBap (cos ¢ = 1)
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4. 3akja4eHune

C Ta3u KOHIENTyallHa CTAaTUsl aBTOPHT CE€ HaJABa Ja 00ObpHE BHUMaHUE Ha MH)KEHe-
pUTE U U3CIIENOBATEIINTE BbPXY HOBUTE PEATHOCTU U HOBUTE TECHICHLUU B U3CIEH-
BAHUATA U U3YUCIICHUATA HA EJIEKTPUYECKUTE MAIIMHU U APYTUTE EIEKTPOTEXHU-
YECKU yCTPOMCTBA M J]a HACOUM YCWIMATA UM KbM BCE MO-IIMPOKOTO M3MOJI3BAaHE HA
JOCTBITHUTE U MOIIHU CO(PTYEepHU MPOIYKTH, KOUTO Ca Ha Pa3IOJIOKEHNUE HA BCEKH,
KOWTO MMa OTHOIICHHUE KbM TE€3U MPOOJIEMHU.
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AsTop: I'anuo 1. Boxwnos, nmpod. n1H, Texauuecku Yuusepcurer-Codus, ten. 02-
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TELl C HYJIEBU EMUCHUHU - CbBBMECTUMOCT HA

POSTCOMBUTION - TEXHOJIOTUUTE' 3A PEAYLINPAHE HA

BBIJIEPOJHUTE EMUCHUHU OT TEIl C JUPEKTHUBA 1996/61 HA
EBPOIIEVCKUSA CBHIO3

Muiako Uosues, lumutsp Ilonos, Ilerbo I'ag:xkanos, Bukropus Ilonosa

Pe3ome: B cmamusma e HanpaseHa KauecmeeHa OYeHKd 3a Cb8MeCmMUMOCMMAa Ha
Postcombustion — mexunonoecuume 3a pedyyupane na évenepoonume emucuu om TEL]
¢ fupexmusa 1996/61/EC omnocho komniekchnomo npeoomspamssane u KOHmpoJl Hd
3amvpcasanus. Tosa He Modce 0a ce HANPABU NOHACMOAWEM KOIUYECMBEHO, Mbll
Kamo 6 bvieapus uama uzepadenu 8venepoooyuUcmeay UHCMaiayuu 8 monioeex-
mpuiecKkume eleKmpoyeHmpaiu.

Kntouoeu oymu. konmpon na 3amMbpcsasanusama, v2iepooOHume emucuu, Yiaesamne Ha
CO,, enepeuen 60K, CEPOOUUCMKA, EMUCUOHEH PAKMOP.

ZERO EMISSION POWER PLANTS - A COMPATIBILITY OF THE
POSTCOMBUSTION - TECHNOLOGIES FOR THE REDUCTION OF THE
CARBON EMISSIONS FROM THERMAL POWER PLANTS WITH
DIRECTIVE 1996/61/EC

Milko lovchev, Dimitar Popov, Petyo Gadjanov, Victoria Popova

Abstract: An assessment of postcombustion- technologies for the reduction of the
carbon emissions from thermal power plants with the Directive 1996/61/EC is done.
It cannot be done quantitatively as in Bulgarian thermal power plants the carbon
capture installations are not built.
Keywords: pollution control, carbon emission, carbon capture, power unit, flue gas
desulphurization, emission factor.

1. BbBeneHue
Kakrto ¢ m3BectHo, nenata Ha JupektuBa 1996/61/EC ¢ BbBekIaHETO Ha CHCTEMa 3a
KOMIUTIEKCHO TPeI0TBpaTsABaHe M KOHTPOJ Ha 3aMmbpcsBanusaTa (KITK3) npeaussrka-
HU OT paboTaTa Ha MPOMUIUICHUTE U EHEPTUMHUTE WHCTANAIMKU HA CTPAHUTE-UJICHKH
[1]. B oOmus ciyyail mpuaaraHeTo Ha Ta3W CHCTEMa € Bb3MOXHO, KaKTO 3a Bede pa-
0oTelu MHCTaJalMK, Taka M 3a TaKuBa YMETO M3rpakaaHe e mpeactosimo. Karo ce
uMa npenBu, 4e B bbarapus He ca U3rpaJicHu HHCTAJIALNY 3a PeAyLIMpaHe Ha BbIJe-
poauute emucun (ot TEL]) Ou cieapano mpeajgaraHuTe 3a Tasu IeJ1 TEXHOJIOTHH Ja

! Tosa ca Texnomorunte 3a ynapsiue u enuvunnpane Ha CO, Cie M3rapsHETo Ha BHIVIMIATA B KOHBEHIMOHAIHH (IIpa-
XOBO FOPEHE, U3TapsHE B KUITALL CJI0#) ¥ B HEKOHBEHI[MOHAIIHH TOPUBHH YCTPOUCTBA (HAIPHMEp U3rapsiHe B LHUPKYIIH-
pal KUIIAIL CIIOH).
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Ob1aT o0CHIEHU U KJIaCUpaHW Ha 0azaTta Ha METOAOJIOTHATA 3a M300p Ha Hail-moOpa
naymyHa texauka (HIHT) myOnukyBana B [2]. ToBa oT cBOs cTpaHa O3HA4aBa, 4e
TpsiOBa Ja ObJe HANpPaBEH KPUTHYCH aHAIHM3 HA TE€3W TEXHOJIOTMH KAaTO C€ MOTHPCH
pasymeH OanaHc Mexay eeKxTa OT Bb3ICHCTBHETO HAa 3aMbPCUTEIINTE BHPXY OKOJTHA-
Ta cpela U CTOMHOCTTAa Ha MHBECTUIIMUTE HEOOXOAMMH 3a OTPAHMYABAHETO HA TO3H
e(eKT.

3a chKaneHue TO3W KPUTUYCH aHAIM3 HE MOKEe J1a ObJie HalpaBeH HE camMo 3a YCIIo-
BUsATa Ha bbarapus, HO 1 B cBeTOBeH Mamiad. ToBa e Taka 3ali0TO TEXHOJIOTHHUTE 32
penyupane Ha Beriieponuute emucun ot TEI] Bce ome ca Ha HHUBO ,,IEMOHCTpAIIU-
OHHU TMPOEKTH”, KAKTO JINYM OT MpoyduBaHUsATa nmyOnukyBanu B [3]. C apyru apymun
MeToosIorusATa nmoctyaupana B JJupexktrBa 1996/61/EC Moxke ma Obae MpHIIOKEHA
YaCTHUYHO B KOHKPETHUS CIydail KaTO CE OIIEHH CaMO Ka4eCTBEHO KPBHCTOCAHOTO BIIH-
SHUE Ha 3aMbPCUTEIUTE HA OKOJHATA Cpefia.

2. OneHka Ha CbBMECTHMOCTTA Ha Postcombustion-rexnoiorunre
¢ Iupexruna 1996/61/EC

LlenTa Ha HacTOSAIIATA CTATHS € Ja OLIEHH ChbBMECTUMOCTTA Ha T.Hap. Postcombustion
- TEXHOJIOTMH 3a peayuupaHe Ha BbriepoaHure emucun or TELL ¢ upextusa
1996/61 na EBponeiickus Chio3.
B o0must cimyvaii olieHKaTa Ha Ta3u ChbBMECTUMOCT MOYKE Jla CTaHE KaTo Ce M3I0JI3Ba
npernopbryBaHaTa B [2] Oj0k—cxema, B KOATO € IOCOYEHA IOCIIEI0BATCIIHOCTTa Ha
CTBIKHUTE (WM €TAIUTE), KOUTO CIIEJBA Ja C€ U3IIBJIHAT 3a Jia C€ OI[CHH KPhCTOCAHOTO
BJIMSHUE HA 3aMBPCUTCIIMTEC HAa OKOJIHATA Cpela, KaKTO M eeKTa OT TIXHOTO Bb3-
neiictBue. Ta3u 010K — cxema € rmokazaHa mo-ao0Jy Ha ¢wur. 1.
BBB Bpb3Ka ¢ M3IMOJI3BAHETO HA Ta3W CXE€Ma B HACTOSIIUSA CIIy4ai, a IMEHHO 3a JIa Ce
OLIEHH ChBMECTHMOCTTa Ha Postcombustion — TexHOIOruuTe 3a peAylurupaHe Ha BbI-
nepomuute emucun ot TEL] ¢ JupexruBa 1996/61/EC e HEoOX0quMoO TpeyiaraHuTe
TEXHOJIOTHH Jla CE CHIIOCTABAT C €IMH 0a30B MOJeJ HA eHepruifHa MHCTaJAlus,
HalpUMep CHEPTHEH OJIOK, B KOWTO CE M3rapsT ONMPEIEIICH THIT BBIJIUINA U B KOWTO HE
ca U3rpaJicHd HATO CEPOOYHMCTBAIIA, HUTO BBIJICPOIOYHNCTBAIA HHCTAIALNS HA JUM-
HUTE Ta30Be. 3a HalllaTa CTPaHa KaTo TaKbB 0a30B MOJE] MOXKE JIa CE& M3I0JI3Ba CANH
ot 61okoBete padboremu B TEI] ,,Mapuna — NU3tok 2”7, a umenHo 610k 210 MWe. B
CJICJIBAIIMS TEKCT TO3U OJIOK CE pasriiek/ia KaTo M3TOYHHK Ha 3aMbPCUTEIIH Ha OKOJI-
HaTa cpejia ¢ Orjie] Ja ce OICHH KPhCTOCAHOTO BIIMSIHUE HA TE3U 3aMbPCUTEIH B Ch-
OTBETCTBHE ¢ M3HCKBaHuATa hopmynupanu B Jupextusa 1996/61/EC.
Enepruitnure 61oxkoe 210 MWe, kakTo € M3BEeCTHO, U3MOI3BaT KaTo ropuBo M3Tou-
HOMAapHMILIKHK BBIVIMINA. B mporeca Ha cBosita paboTa T¢ OTACIAT B OKOJHATa cpeia
TBHpAM oThnamabuy (IITaka, JETSINA Iemeia) U AMMHH Tra3oBe chabpikamm CO,, SO,
(SO3), NOy u ap. (®Pur. 2). [lo manHM OT LEHTpaiaTa Pa3xoabT Ha BHIVIMINA 3a €IUH
ook 210 MWe e 338 t/h, a ornenenara nuraka v Jjietsia nereni ca cborBeTHo 9.34 t/h
(muraka) u 38.2 t/h (;eTsmma nenen).
Berioumiara, KOuTo ce u3rapsr B IEHTpasiaTa UMaT J10JiHa paboTHA KanopuyHocT 6240
kJ/kg u ceappxkar 14,4% nenen (Ha paborHa maca) u 55,1% Bnara. ExeMeHTHUAT UM
cbcraB (Ha pabotrHa wmaca) e cuegnusar: C = 193 %, H = 17 % wu
S=2,4%.
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KommuectBoTO Ha OoTAenenute emucuu oT eaud 0ok 210 MWe, o gaHHM OT LIEHT-
panara, € CIeIHOTO:
-  KommnuecTtBo Ha numuuTe razose — 1341.3 t/h;
-  Komunuectso Ha CO, — 234.4 t/h;
-  Komnuectso na SO, — 15.74 t/h;
-  KomnuectBo mHa NO, — 0.43 t/h.
OT npencTaBeHUTE JaHHU CTaBa SICHO, Y€ B choTBeTcTBHE ¢ JupekTua 1996/61/EC
EMUCHHTE OTJICISHU B OKOJIHAaTa cpefa mpu padora Ha OmokoBe 210 MWe okaszBat
BJIUSTHUC BBPXY CIICTHUTE CIICMECHTH OIPEACIIAIINA CKOJOTMYHATa UM ChbBMECTHMOCT C
okojHaTa cpena (¢ur.1):
- robaitHo 3aroruisiHe Ha atMocdepata (COy);
- oTaensHe Ha kucenu raszose (SO, NO,);
- horoxumuueH curTe3 Ha 030H (NOy).

Crpnka 1

Wnentudukanus Ha npodiema

Crpnka 2

Wnentudukanws Ha pakTopuTe

- OT/IeIsIHE Ha 3aMbpcuTend (Ha OKOITHATA CPejia);
- KOHCyMallis Ha CypOBUHY,

- KOHCyManus Ha CHEpTus,

- FeHepUpaHe Ha OTHaJAbYHU MPOIYKTH.

Crpika 3

HW3uncnsiBane Ha MOTEHMAIINTE Ha Bb3/IeHCTBYE Ha
3amppcuTenute (Ha OKOJHATA cpe/a)

- Tlorenian 3a TOKCHYHO BiUsiHUE BHpXY XopaTa ([ITBX);

- I[ToTentman 3a rmobaaHo 3aToruisiHe Ha atMochepara (I11°3);

- IToTeHntran 3a TOKCHYHO BIHssHUE BHpXY BogauuTe cuctemu (IITBBC);

- Ilorenmuan 3a emucun Ha kuceiu rasose ([TEKT);

- IMotenmuan 3a eyrpodukanus va poxuure cucremu ([IEBC);

- Iotenmuman 3a aqectpykiuu Ha o30HOBHsA cioit (ITIOC);

- Torenmman 3a (HOTOXMMHYEH CHHTE3 Ha 030H (B IPH3EMHUs CIOH Ha aTtMmocdepara)
(IIDCO).

Crpnka 4

OHGHKa Ha KPbCTOCAHOTO
BJIMIHNUE HA 3aMBbPCUTCIINTE

®ur.1. TTocea0BaTEIHOCT Ha CTHIIKMTE 3a OLICHKA Ha BIUSHHETO HA 3aMbpPCHTE-
JMTE Ha OKOJIHATA cpeia B choTBeTcTBHE ¢ Jlupektura 1996/61/EC;
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COz2, SO2, NOx, H20

OWMHK rasoee

Bnok 210 MWe

®dur.2 Cxema Ha MaTtepuanHute norouu B 610k 210 Mwe,

KpbcTocaHOTO BIMSHUE HAa TE€3HM 3aMbPCUTENIA MOXE Ja CE OLICHH, aKO CE U3YMCIIST
CHOTBETHUTE MOTEHIMAIN Ha Bh3JCHCTBUE BbpPXY OKojHarta cpena [4]. Koraro obaue
ce MMa IPEIBUJ CaMO €JMH M3TOYHUK HA 3aMBbPCUTEIH, € MPHUETO Ja CE M3UUCIISIBA
T.Hap. eMucuoHeH paxkTop (emission factor), koiiTo npeacTaBsiBa cpeHaTa CKOPOCT
Ha OTJEJITHE Ha EMUCHUTE Ha JaJICH 3aMbpPCUTEN 10 OTHOIICHHE HA JIaJICHA CIICIH-
¢uuna geriHoct (B ciydas npousBenaeHa enektpoeneprus g/kKWh). Emucuonnute
¢dakropu Ha 6mokoBere 210 MWe, B KOUTO HE ca U3TPaJCHU CAPOOUMCTBAIIA U BBI-
JIePOIOUHCTBAIIA MHCTATAIUY ca JajieHu B Ta0u. 1.

Ta6a.1. CtoiiHOCTH HAa eMucuoHHUTE GakTopu Ha O1okose 210 MWe

Ne Emucuonnu dakropu Ha 610k 210 MWe JlumeHcus CroiHoCT
1. | Beraepoaen auokcua, CO, g/kWh 1116.2

2. | Cepen guokcua, SO, g/kWh 75.4

3. | Asorau okcuau, NOy g/kWh 2.0

4, | Hlnaka g/kWh 44.5

5. | Jlersimia menen g/kWh 182.0

Ot npuBeneHUTe JaHHU ce BUxAa, ue 6mokose 210 MWe na TEIL] ,,Mapuna Uztok 2”
u3rapsmy M3TOYHOMApUINKU BBIJIMIIA UMAT CBIIECTBEH MPUHOC B MHTErPATHUS
IpolleC HAa YBeJIMYaBaHE Ha MOTEHIMANA 3a IVIO0AJHO 3aTOIUIIHE HAa aTMocdepara
(I1I'3) u Ha moTeHnMana 3a emucun Ha kucenu razose (ITEKT), mokaTo BeposiTHOCTTa
3a yBEJIMYABAHETO Ha MOTEHIMA A 3a hoToxuMudeH cuHte3 Ha 030H ([IPCO) onene-
Ha KAuyeCTBCHO ¢ He3HauyWuTenHa (MMa ce MPEABH] HUCKHUAT SMHCHOHEH (akTop Ha
NOy). ToBa MeHHO ompezess HeOOXOIUMOCTTa OT U3TPAXKIAHETO HA CEPOOUHCTRAIIA
U BBIJIEPOJOUYMCTBAILA MHCTAJIALMKA HA JUMHUTE ra3oBe C OrJie] MoAoOpsiBaHE Ha
CBHBMECTHUMOCTTA Ha TE€3H OJIOKOBE C OKOJIHATa cpena. B pasrnexnanus ciydas (TEL]
»Mapuia M3tok 2”) ToBa Beue € HANPaBEHO 10 OTHOIICHHE HAa HAMASIBAHETO Ha
eMucuoHHUs Gakrop Ha SO, MOCPEICTBOM M3IPAKJAHETO HA CEPOOUMCTBRAILA UHCTA-
janus. 3a uenTa KbM AUMHHUTE ra3oBe cliel] eNeKTPO(UATPUTE e M0/IaBa CYCIEH3US
ceabpikamia BapoBuk (CaCOjz), mpu koeto SO, ce ymaBs moa (opma Ha THIIC
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(CaS04.2H,0) (¢dur. 3). ToBa M3MEHS KOJIUYSCTBOTO HA OTIACICHUTE EMHUCHH CIIE[

CepOOUYHCTRAIIIaTa MHCTAIAIUSA Ha OJT0Ka, KaKTO CIIe/IBa:
- KOJIMYECTBO HA nUMHUTE raszose - 1425.3 t/h;
- xoimmuectBo Ha CO, - 244.4 t/h;
- xosmmuectBo Ha SO, - 0,8 t/h;
- kosmmuectBo Ha NO, - 0.43 t/h;
- 10OMB Ha TUIIC - 79.5 t/h.

CO2, SO2, NOx, H20

Bbnok 210 MWe com

OvMHM rasoee

®ur.3 Cxema Ha MatepuanHute noroiu B 610k 210 MWe nipu paboreia
cepoouncTtraiia nactananus (CON).

ToBa n3menst 1 eMucHOHHUTE (PaKTOPHU Ha OJ0KA, YUHTO CTOMHOCTH Ca MPUBEICHH 110
nony B Tabn.2. Tam ce BIka, ue eMucuonnute axropu Ha 6moxkoBe 210 MWe cnen
BKJIFOUBAHETO B EKCILIOATAIUS HA CEPOOUYMCTBAIIATa MHCTAJAIUS CE U3MCHAT 3HAYH-
MO, a UMEHHO eMHCHOHHUAT dakTop Ha SO, ce HamaisiBa, mokato To3u Ha CO, ce
yBEJIMYABa; yBEJIMYaBa CE U EMHUCHATA Ha TBHPAU OTmaabiM (rurmc). ToBa e Taka 3a-
moto 3a ¢ynkiuonupanero Ha COU ce uspasxoasat 24.58 t/h BapoBuK, KOHWTO OT
CBOsSI CTpaHa yBeIMUYaBa BHITICPOIHUTE eMucuu Ha Oitoka (c 10 t/h).

Ta6n.2. CroitHOoCcTH Ha eMucHOHHHTE (hakTopu Ha 6;okoBe 210 MWe
c paboTenia cepoOYNCTBAIA HHCTAJIAIMS

No Emucuonnu ¢gakropu na 610k 210 MWe .
cen CON Jlnmencus CroiiHoCT

1. | Beraepoaen auokcua, CO, g/kWh 1164.0

2. | Cepen auokcua, SO, g/kWh 3.81

3. | Azorau oxkcuau, NO, g/kWh 2.0

4. | lllmaka g/kWh 44.5

5. | Jlersmia menen g/kWh 1182.0

6. | unc g/kWh 378.6

183




Ot Tab.2 chINO Taka cTaBa sICHO, 4e 3a jaa ce mpuenat oiokosere 210 MWe B TEI]
»Mapwuna M3tok 2” B choTBeTCTBHE ¢ M3nckBaHUATa Ha [lupektuBa 1996/61/EC u mo-
CHEIHMAITHO - /1a C€ HaMaJli MPUHOCA Ha Ta3W LIEHTpasia KbM MOTEHI[Haa 3a T100aIHo
3aroruisiHe Ha atMocdepara ([1I'3) e HeoOxoauMo na ObJe M3TpalieHa W BBIIIEPOIO-
YHCTBaIla MHCTAIAMs Ha quMHKUTEe TazoBe (BOW). Tasu nncTanamwms cieipa na obae
MOHTHpaHa CJIeJl CEpOOYHCTBAIaTa WHCTAJIAIMS Taka KaKTO € Moka3aHo Ha ¢wur. 4.
BcehmHOCT CTpyKTypHaTa cxema Ha Ta3u (urypa € eIMHCTBEHO BBH3MOKHATa TEXHO-
JIOTUYHA CXeMa B KOHKPETHHS ClTydaid, a UMEHHO KOTaToO OTIEJICHHST MPU U3TapsHETO
Ha Beriumara CO, TpsOBa a ce OTCTpaHU IpH Bede paboTella ropruBHAa HHCTAJIAIIHS
OT TO3H THIL.

COz2, SO2, NOx, H20

con

®ur.4 Cxema Ha MaTepuanHute noroiy B 610k 210 MWe nipu paboreia
cepoounctBaiia nactananus (CON) u mpoeKT Ha BHIIIEPOJOOUHCTBAIIA HHCTAIAIUS
(BOU) pabotemma ¢ abcopbeHTa MOYOETAHOJAMUH.

MpeyncreHn
OWMHW rasose

Bnok 210 MWe BOU

3a 1menTa AMMHUTE Ta30BE CE MPEYUCTBAT BHB BBHIVIEPOJOUYUCTBAIA WHCTAJAIUS pa-
0oTellla Ha MPUHIIMITA ,,a0CcOpOLMS — 1ecopOIus’, YUUTO HAYUH Ha JEUCTBUE MOXKE J1a
ce npocnean ot ¢wur.5. Kakro nmuun ot ¢purypara numuute razose cien COU mocToi-
BaT B abcopOrmonHara kKoyioHa 1 (uau aOCcopOIMOHEH OJIOK CHCTOSII C€ OT HSIKOJIKO
KOJIOHH), KBJIETO B MPOTHBOTOK ce mojaBa obeaneH Ha CO, adbcopbent. B pesynrar
Ha MPOTUYAHETO Ha a0COpOLMOHHUA Mpoliec AUMHUTE ra3ose ce npeunctsar oT CO,
U Hamyckat abcopOumoHHarta kojoHa 1 mpe3 ropuus it kpai, a Hacutenuar ¢ CO, a6-
copOeHT ce oT/eNs OT NoJHUs i Kpail. Perenepanusita Ha abcopOeHTa ce U3BbPIIIBA B
necopOIMOHHaTa KOJIoHa 2 (MM JeCOPOIIMOHEH OJIOK ChCTOSII CE OT HSKOJKO KOJIO-
HH) C ITOMOIIITA Ha Tapa ¢ onpeaesieHu napametpu. OTICICHUST MPHU AeCOPOIIMOHHUS
nporec CO, ce oTaens OT TOpHUS Kpai Ha JecopOIiMoHHAaTa KOJIoHA 2, a abCOpOSHTHT
obenned Ha CO, ce BpbIa OTHOBO B abcopOImoHHaTa KojioHa 1 ciien KaTo mpeaBa-
PUTEITHO C€ OXJaXKJa B TOII0OOMEeHHHKa 3 3a cMmeTka Ha HacuTeHus ¢ CO, abcop-
OeHT. 3a J1a ce OCUTYPH MPABIIIHOTO GYHKIIMOHUPAHE HAa BBHIIIEPOIOYHMCTBAIIATA HHC-
Tajaus KbM MUPKYIUPAIIHAS Pa3TBOP Ha aOCOpOEHTa HEMPEKbCHATO € J00aBsI YUCT
peareHT ChIIPOBOJCHO OT U3BEXKIaHE HAa 4acT OT paboTHata TedHOCT. [1o To3n Ha4YwMH
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paboTAT BCUYKY MHCTAJNIAIMY 3a MIpeuYrcTBaHe Ha quMHUTE razose ot CO, kaTo mpen-
JlaraHuTe Ha CBETOBHUS Ma3ap (MPMEHH BapUaHTHU C€ pa3jinyaBaT IJIaBHO IO BUa Ha
M3M0JI3BaHMS T€UEH a0COPOCHT WM MO0 U30paHaTa KOHIEHTpalUs Ha TO3U abCOpOEHT
B a0COpOLIMOHHUS PA3TBOD.

D

Mpeswcreny aumin T

rasose (H20)

A6copbLUMOHHA [ecopbumoHHa
KOSIOHa KOJIoHa

[AnMHK rasose
(CO2, H20)

Mapa
S~~—— 3 DS

D

‘ HacuteH ¢ CO2 abcopbeHT ‘ ‘ O6enHeH Ha CO2 a6cop6eHT‘

A
\

®dur.5 CTpyKTypHa cXeMa Ha BBIVIEPOI00UHCTBAIIA HHCTAIAKs padoTera
Ha MpUHIUIA ,,abcopOrus/mecopums’.

Taka nanpumep ¢upma ,,Fluor Daniels” npemnara pa3padorena pupmMeHa TEXHOJIOTHS
¢ HanMeHoBanueto ,,Econamine FG™M”, npu KosTO Kato abcopOeHt ce m3monssa 30
%-eH paztBop Ha MoHOeTaHoJdamMuH (MEA) [5], dpupma ,,Mitsubishi Heavy Industries”
npejuiara pa3padoTeHa pupMeHa TEXHOJIOTHS, B KOSTO KaTo aOCOPOCHT ce M3IMOJI3BaT
T.Hap. CTEPUYHO 3anpeyHeHu amuHu (ThproBcka mapka KS [6] u mp. O6m Hemocra-
ThK Ha BCUYKH WHCTAJIAIMU OT TO3W THUI T.C. TE3U, KOUTO PabOTAT Ha MPUHIUIIA Ha
,»a0bcopOIus/necopOInsa” ca: BUCOKHAT pa3xo/l Ha Mapa M3I0JI3BaHa B JIeCOPOIIMOHHA-
Ta KOJIOHA, BUCOKHST Pa3XoJl HAa €HEPrusl 3a TPAHCIOPTUpaHEe Ha aOCOpOCHTA, OKHUC-
JSBaHETO Ha aOcopOeHTa W HeroBaTa Jerpajaius ¢ BpeMeTo U T.H. B cimyuas obaue
TE3W HETaTUBHU TpoIlecH He OW Ciie[Bajo Ja ce B3eMaT IOJ BHUMAaHUE, Thil KaTo OT
TJIeJIHa TOYKA Ha CHbBMECTHMOCTTA HA BBIVICPOJIOYMCTBAIATA HHCTATAIMS C JTUPCK-
tiBa 1996/61/EC e Baken HeiHus npeuncrsail edekt cupsmo CO,. Torasa, ako Kato
OpUMep ce pas3riekIa CBEHTYyaJlHOTO MNpHIIaraHe Ha TeXHoJjorusra ,Econamine
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FG°™” (dupma ,,Fluor Daniels”) o o nureparyphu nauuu [5] crenanTa Ha ouncTBa-
He Ha nuManTE TazoBe oT CO, ce nBwxku B rparunute 85+95 % B 3aBUCUMOCT OT BU-
Jla Ha U3IMOJI3BaHOTO TOPMBO B TOpUBHATA MHCTANAIMs U HA TEXHOJOTHTA MpUjlaraHa
3a ormensine Ha SO, B cepooducTBaniaTa WHCTanmanus. ToraBa 3a OmokoBere 210
MWe na TEL] ,,Mapunia U3tox 2” Moxe na ce mpueme, Ha 0azaTa Ha EKCIIEpTHA
OLIEHKA, Y€ CTEIIEHTa Ha OuKhCcTBaHe Ha quMHUTE ra3ose oT CO, ce ouakBa ga o0nae 90
%. ToBa U3MEHs ChIIECTBEHO KOJUYECTBOTO HA OTJACITHUTE €MUCHHU CJIe] BBIJIEPOI0-
YHCTBAaIllaTa MHCTAJIALMA Ha OJIOKA, KaKTO CJIeBa.

- KOJIMYECTBO HA AuMmHUTE razose - 952.0 t/h;

- xommuectBo Ha CO, - 24.45 t/h;

- xosmmuectBo Ha SO, - 0t/h;

- kosmmuectBo Ha NO, - 0 t/h;

- konn4ecTBo otpaboreH MEA - 0.15 t/h.
ToBa u3mMeHs1 1 eMHUCHOHHUTE (HaKTOPH Ha 0JI0Ka, YUHTO CTOMHOCTU Ca MPUBEICHU B

Ta0i.3.

Ta6n.3. EMucuonnute daktopu Ha 610k 210 MWe cnen BkiTtouBane Ha
BBIJICPOIOYMCTBAIA HHCTATAIIHS

Ne Emucuonnu ¢akropu Ha 6iox 210 MWe .
cen BOU JlnMeHcus CrolHOCT

1. | Beraepoaen auokcua, CO, g/kWh 116.4

2. | Cepen auokcua, SO, g/kWh 0

3. | Asorau okcuau, NOy g/kWh 0

4, | Hlnaka g/kWh 44.5

5. | Jlersmia menen g/kWh 182.0

6. | [umc g/kWh 378.6

7. | Orpaboren pasrBop Ha MEA g/kWh 0.71

Ot npencraBeHuTe B TaOJ.3 JaHHM ce BWKIA, 4ye ako KbM Onokosete 210 MWe, B
KOUTO BeYe MMa paboTeIIy CepOOYNCTBAINN WHCTAJAIMKH Ce M3TPAJH U BBIVIEPOJIO-
YHCTBAIA WHCTAJIANNS TO Te3U OJOKOBE Il OTTOBAPST HAITBIHO HA M3UCKBAHUATA HA
HupektuBa 1996/61/EC. Ta3u orenka obave € KauecTBEHA U C€ OTHACS 3a €JIHA IICHT-
paisia, B KOSATO W30paHaTa TEXHOJOTHS 3a OYMCTBaHE Ha TUMHUTE Ta3zoBe oT SO, mpe-
JOTIpeiess U 300pa Ha TEXHOJIOTHATA 3a OYMCTBaHe Ha Te3u razoe oT CO,. ToBa ¢
Taka 3aloTo, n300pbT Ha Hall-moOpaTa HammyHa TexHuka (best available technique) B
ceorBercTBUE ¢ JlupektuBa 1996/61/EC Moke na ce HampaBu KOJHMYECTBEHO 32 BBI-
JIepOIOYKCTBAIlaTa WHCTAIAIMS CaMO TMPHU YCJIOBHE, Y€ MMa pa3paboTeHH HAKOJIKO
TEXHUKO-UKOHOMHUYECKH BAapUAHTH M TPH YCJIOBHE, Y€ WUMa PEriIaMEeHTHpPaHH Ibp-
*aBHHU HOpMHU 3a normyctumu emucuu (H/IE) Ha Beritepoaen auokcua B bearapus. OT
TYK CIIeJ[Ba, Y€ CbBMECTHMOCTTA Ha TEXHOJIOTHHUTE 3a PeAyIHpaHEe HAa BHIIICPOTHUTE
emucun ot TEL] ¢ usnckBanusta Ha Jlupexrtusa 1996/61/EC Moke 1a ce OICHH camo
B CIIy4awWTe KOraTo ce pasIJIexkaa MPOCKTa Ha eIHa Obaemnia HoBa neHTpaia. CaMo To-
raBa € Bb3MOJXKHO JIa CC CPaBHAT pa3IMYHUTE BapHaHTH Ha T.Hap. Postcombustion —
TEXHOJIOTMHM OT TJIeJHAa TOYKa Ha W300pa Ha T.Hap. Hai-moOpa HaJMYHA TEXHUKA
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(HAHT), xoero 3a bwearapus e BbIpoc Ha ganedHo Objeiie. PeanHoro obade e usmc-
kBanusTa Ha JlupexktrBa 1996/61/EC na 3amouHaT ja ce mpuiaraT v 3a Bede padoTte-
IIUTE eJICKTPOICHTPAIH y HAC KATO Te3U U3UCKBAHUS CE OTHACAT, KAKTO 38 CEPOOUHC-
TBAIIWTE, TaKa M 3a BBIJIEPOJOYMCTBAIIMTE HHCTAIAMH. KoeTo, KakTo cTaBa sSICHO OT
NpOYyYBaHMSATA HAPABCHH B HACTOSIIATA CTATHS, € HAITBJIHO Bb3MOXKHO.

3. 3akaouenue

Bb3 ocHOBa Ha HanpaBeHHUTE MPOYUYBAHMS MOXKE Ja ce MpeLeHH, ye T.Hap. Postcom-
bustion — TexHoMOTMH 3a peaylupaHne Ha BbriiepoaHuTe emucuu ot TEL] ca chBmec-
TUMH ¢ u3nuckBanuaTa Ha JlupexktrBa 1996/61/EC 3a KOMIIICKCHO MPEAOTBpaTsIBaHE U
KOHTpOJ Ha 3ambpcsaBaneTo (KIIK3). Tasu olieHka e HampaBeHa KaueCTBEHO, ThU Ka-
TO B bbiirapusi He ca u3rpaneHu BbriepogourcTBaiy nHctamanuu B TEL[. Ts moxe
Jla c€ HaIlpaBU KOJIMYECTBEHO CaMO TOTaBa KOTraTo € BH3MOXHO JIa CE CPABHSAT TEXHU-
KO-MKOHOMHUYECKUTE TMOKAa3aTeIN Ha HAKOJIKO BBIVIEPOJOYUCTBAIIN TEXHOJIOTHUU U CE€
u30epe TO3M OT TAX, KOWTO OTroBaps Ha m3uckBaHuaTa Ha JIupextuBa 1996/61/EC 3a
Haii-moOpa HammyHa Texauka (HIHT).
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OYHKINOHAJIHN U3UCKBAHMUS ITIPU ITPOEKTUPAHE HA
KOMYHUKAINMUOHEH MOAYJ B GPS CUCTEMA

Hopnan Mapkos, /lanuena MuHKOBCKa

Peztome: Cmamuama npedcmass npoyeca Ha onpeoeisine Ha yHKYUOHATHUMeE U3UC-
K8AHUsl npu npoekmupane Ha KomyHukayuornen mooyn 6 GPS cucmema na cnyxcoa 3a
nvmua nomowy. Onucanu ca cmpykmypama na GPS cucmemama c¢ nevinume ocnoénu
eleMenmu U ca KOHKpemu3uparu anapamuume u npocpamHy (PYHKYUOHAIHU USUCKBA-
HUsL, KOUmo mps66a 0a ce 83emam 8 npeosud npu NPoeKmupanemo Ha KOMYHUKaAyuo-
HeH Mooyi. [Ipasam ce 3axntouenus 3a NPULOdNiCeHUemo U adanmayuama Ha QyHKYuo-
HaniHume elemenmume u 3a Ovoewa peanu3ayus Ha KOMYHUKAYUOHHUSL MOOYIL.
Knrwouoeu oymu - GPS, komynuxkayuonern mooyn, nomua nomowy, supmyaruzayusi, HA
KAbCmep.

FUNCTIONAL REQUIREMENTS FOR DESIGN OF COMMUNICATION
MODULE INA GPS SYSTEM

Jordan Markov, Daniela Minkovska

Abstract: The article presents the process of defining functional requirements for the
design of communication module in GPS system for roadside assistance service. In
the article are described the structure of the GPS system and its main elements and
are specified hardware and software functional requirements that must be taken into
account when designing the communication module. Conclusions are made on the
application and adaptation of the functional elements for future implementation of the
communication module.

Keywords - GPS, communication module, roadside assistance, virtualization, HA
cluster.

1. Introduction

In today's rapidly evolving technologies in all forms and phases of the industry, the
management and control of the tow vehicles is essential. The establishment of quality
management systems and controls on the vehicles that are actually applied in practice
is a key element of the constantly developing sector of computerization in the
transport industry. This process cannot be effective without the intervention of soft-
ware and hardware products - GPS and GPRS systems and software solutions for fleet
management of roadside assistance. These systems optimize routes, increase perfor-
mance in customer service and reduce fuel costs, thereby increasing the efficiency of
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the service as a whole. Successful development and deployment of such systems re-
quires knowledge and expertise in different fields: programming and information
technologies, computer architecture and communication technologies. Big part of the
science research and development in that field is directed towards new strategies for
communication with the vehicle onboard computers.

2. Structure of a GPS system for management of roadside assistance

The roadside assistance service has a centralized dispatcher department, in which all
incoming calls from clients are processed and specialized vehicles for roadside
assistance, spread at key places on the territory of Bulgaria. Based on the information
received from the customer location and the type of damage to the car decision are
made to send the most appropriate tow vehicle. The goal is customer service for a
reasonable time, while the resources of the tow vehicle are used optimally. To achieve
these objectives it is necessary for the dispatcher center to continuously receive
information about the current e

location of the tow vehicles, P
which ones are free to pu
execute client requests and | GSM network

the status of currently execut- | | UnboanT aariputers
ing queries. Communication

between control center and - g C3
onboard computers in the tow / - -
vehicles is done via the com- 1 ' *'_ o
munication module (Fig.1). — | .

Dispatcher center

Fig. 1 Aggregate structure of the system for management and control
GPS system for control of roadside assistance services is designed to automate and
optimize the transportation of damaged vehicles to customers of roadside assistances.
It is a combination of different software and hardware modules that allow monitoring
of the status and geographic location of the special tow vehicles in real time, direct
communication with the driver, managing the whole process of execution of client
requests and display of various reports.
The main elements of the GPS system are:

Database server

[ ] DiSpatCher Center - :::;zr:‘c:: Workstations p
the place where the supervi- 7 'T_I
sion, control and monitoring &

of the movement of tow vehi-

cles is done, and the client re- f 7 Router and
quests are received and pro- _J' d= :I e
cessed. Part of it is the call Gommunications L

center, through which the -
communication with the tow 755"““’“

service clients is done (Fig.2).

GSM Network

Fig. 2 Structure of dispatcher center and communications equipment
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e Communications software and hardware - communication equipment is the
link between the dispatcher center and onboard computers and performs centralized
processing of incoming data. It can be installed as part of the dispatcher center or as a
standalone module.

The main components of the communication equipment are:

e Database Management System (DBMS) - it uses the relational model for
databases with client-server architecture and can be installed on a separate server or
on the communication module server. It stores all necessary information to operate the
system. It processes the data necessary to display reports on screen of the dispatcher
application. The DBMS must have features to protect data from unauthorized access,
backup the data and allow easy administration, replication of information to another
server and transfer of execution on it without noticeable interruption from the
viewpoint of the user. It is important to ensure operation of the system in the event of
hardware failure to some degree, according to the requirements of the user and the
capabilities of the used hardware;

e GSM modem - used for communication between the communication module
and the onboard computers using SMS messages and verbal communication with the
driver;

e Communication module - it is installed on a dedicated server that has direct
Internet connection, LAN connection and GSM modem. The communication module
handles and submits to the DBMS the messages coming from the onboard computers
via SMS messages and GPRS packets. At the same time it maintains continuous
connection with the dispatcher application using TCP/IP protocol. Thus it carries two-
way communication between the dispatcher application and the peripheral equipment
through the GSM network (using SMS messaging), via the Internet (using a GPRS
Protocol) and the through verbal connection between the drivers and the dispatcher;

e Router and firewall - provides the connection to the Internet and protection
from unauthorized access. The communication module must have an Internet connec-
tion to be able to communicate with the onboard computers using GPRS protocol. It
also allows for remote administration, monitoring and software maintenance of the
servers and the user workstations;

e Onboard computers - they are installed in the tow vehicle. Through these
leaders take orders and receive brief information about the address of the damaged car
and the car's current location on a map (Figure 3);

Each onboard computer has three modules:

e GPS/GSM/GPRS module Ul - specialized device for GPS positioning with
integrated capability of transfer data over the GSM network;
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e PDA with Windows GPs satelites
Mobile operating system - small N, . _
general purpose pocket com- _ = _— ?2:
puter, on which specialized soft- \.\_;é.,_l = H* -
ware for navigation and pro- . - H*
cessing of client requests. It im- “*
plements the interface between '
the driver and the system; \

e Microphone and loud-
speakers - used for verbal com-
munication between the driver
and the dispatcher;

Internet

GSM Network

Q.A.

Fig. 3 Vehicles with onboard computers
Because in today's fast developing technologically world the requirements for data
transmission and processing are constantly rising the functionality of the communica-
tion module have to continuously be improved, depending on the current hardware
and software solutions on the market.

3. Functional requirements for the design of the
communication module

The communication module is responsible for transmission and processing of the
data, received from onboard computers and for processing the actions of the dispatch-
ers in the system. The main requirement is that this module has to operate continu-
ously. This requires the use of specialized hardware and software designed to work
with the least possible disruption in the service, even in the case of hardware failure.

3.1. Hardware requirements

The requirement for continuous operation of the system requires the use of HA (High
Availability) hardware. The main feature of the HA hardware is the lack of single
point of failure, or SPOF. SPOF may be any device or software which will stop all
work in the event of failure. Common example of this is a single firewall that controls
the access to the Internet (Figure 4). Commonly used high available hardware is the
HA cluster (Figure 5). The main idea is to have a server with redundant components.
The work can be transferred online to another identical component in the case of
hardware failure, avoiding the presence of single point of failure [1].

3.2. System software requirements
The system software must be able to manage the used specialized hardware. There-
fore there are requirements for:

eVirtualization - platform virtualization software may be used to facilitate the
maintenance and future development of the system. Platform virtualization is a kind
of system software which creates a virtual computer. The virtual computer is a soft-
ware representation of a computer. In the virtual environment, a single physical com-
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puter is running virtualization software, which manages resources so that they can be
distributed among multiple virtual computers (Figure 6). Each virtual computer can
execute different operating system and software. In case of software failure or secu-
rity break the situation does not affect other virtual computers [2];

SPOF 1 I} 1}
\ | | | | s
'-:_;'j_':,ff- Internet ‘ u
Firewall
| | |
1 1 |
S = -
Workstations
Fig. 4 Single point of failure Fig. 5 HA cluster with two nodes

eDBMS - it must meet the need for storage and management of increasing
volumes of information and searching by multiple users simultaneously. The chosen
database management system must be able to do load sharing between multiple com-
puters and data replication online. There must be tools for design and management of

the databases [3];

iy |

4

ey

[T ]

Virtual Servers Virtual Servers Virtual Servers

Phisical Server Phisical Server Phisical Server

Fig. 6 Virtual server environment
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eDevelopment environment and software framework - the software environment
Is an application virtual machine, providing important functions such as security,
memory management and exception handling. The development environment sup-
ports multiple high level programming languages (C#, VB.NET, C++/CLlI, etc.) that
are compiled to platform-independent intermediate language [4][5];

e Operating system - the choice of operating system (OS) needs to be done
both in terms of the chosen (or already available) hardware, the virtualization technol-
ogy if any and the budget provided by the client. The chosen development environ-
ment, software framework and DBMS allow the communications module to run on
multiple operating systems, including Windows Server based, most Linux distribu-
tions and versions of BSD. The rich options for remote administration and monitor-
ing, and the reduced risk of infection by computer viruses makes UNIX-based operat-
ing systems preferred,;

3.3. Application software requirements

To allow the software of the communication module of the tow vehicle management
system to take advantage of the selected specialized hardware and system software
and to “move” seamlessly from one computer to another, it is necessary to keep the
current state in non-volatile memory, i.e. the DBMS or the disk subsystem. The main
functions of the software are as follows:

e Management of the digital connection between the dispatcher center and
onboard computers - the communication module and onboard computers contain a set
of predefined short messages that can be quickly exchanged. In addition to these mes-
sage the communication module can send a variety of settings to onboard computers;

e Management of the verbal communication between driver and dispatcher -
the dispatchers and the drivers use the GSM network for verbal communication. The
connections are managed using an appropriate modem. Upon request from the dis-
patcher the communication module searches for the phone number of the driver in the
DBMS, and if possible makes a connection with him;

e Processing and storage in DBMS of data about the location and state of the
car - in a fixed time interval the onboard computers send data packets containing their
location and current state. The communication module receives the packets, decodes
them and stores them in a DBMS for subsequent use to generate various reports
required for the operation of roadside assistance service;

e Processing and storage in DBMS of requests for repatriation of damaged
cars and the data on the status of their execution, received from onboard computers -
when request for repatriation of customer car is received in the dispatcher center the
dispatcher enters the necessary data in the dispatcher's application and send them to
the communication module. Data is stored in DBMS. From this moment the com-
munication module monitors the status of the request and sends information for the
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execution to the dispatcher application until it is completed or terminated by the dis-
patcher;

e Processing of run-time errors - when an error occurs during execution of the
software the .NET platform generates an exception. Everywhere in the code where it
Is possible to happen, exceptions are catches and processed in an appropriate manner;

e Maintenance of log with all events and errors occurred, or part of them
thereof at the discretion of the administrator of the system - any exceptions, as well as
significant events and information about the program execution is recorded in the log
file;

e Monitoring of the performance of the communication module and promptly
notifying the administrator of the system for possible problems - the software of the
communication module includes a separate application that monitors for unusual
entries in the log file, lack of regularity of the received packets from the onboard
computer, network load, CPU utilization, memory usage, available disk space and
others.

4. Conclusions

To ensure effective communication between roadside assistance service and its
customers, quick reaction to every customer call, twenty-four hour customer service
throughout the territory of Bulgaria and effective control of the drivers for quality
service, specific hardware, system and application software is needed.

The described components allow meeting the continuously growing demands on the
management and control of the tow vehicle, allowing easy expansion of functionality,
increase in the volume of processed and stored data, increase of the number of system
users, easy data and configuration backup and self-recovery in many cases of system
malfunction.

As future work are the design of the core components of the communication module
software and its specific realization.
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MN3CJIIEABAHE HA BAPUAHTH 3A U3I'PAKJIAHE HA BUPTYAJIHU
YACTHU MPEXU

I'eopru Haiinenos

Pezwome: Cmamusama npeocmass eapuawmu 3a NPOEKMupawe Ha KOPNopamueHu
BUPMYATIHU YACTHU MPENCU CHOOPA3EHU C AKMYAIHU CIAHOApmu 1 000pu NPAKmMuKu,
HANOJCEHU HA MeNeKOMYHUKAYUOHHUS NA3ap KbM MOMeHmAa. AKYeHmuparo e 6bpxy
CpasHumeslen aHau3, ouepmasauy npeouMcmeama U HedOCmamvyume Ha PasiudHu-
me 8b3MOJCHU peutenus. Pabomocnocoonocmma Ha npeonodceHume peuieHus: ce
oyens8a upe3 cumyiayuorer mooen uzepader upez GNS3.

Knrwuoeu oymu:. eupmyanna yvacmua mpedgxica, myHeaupane, KOMyHUKAYUOHHU NPOMO-

rxoau IPSec u GRE

COMPARATIVE ANALYSIS OF ALTERNATIVE VITUAL PRIVATE
NETWORK IMPLEMENTATIONS

Georgi Naydenov

Abstract: This paper presents an exploration for virtual private networks implementa-
tions conformable to topical standards and good practices imposed by the telecom-
munication market from today. In the work particular attention is paid to a compara-
tive analysis of alternative VPN implementations. The examined implementations
functionality is evaluated by GNS3 simulation models.

Keywords: virtual private network, tunnelling, communication protocols IPSec and
GRE

1. BbBeaenue

[Ipe3 nociienHuTe AECETUIETUS CBETHT HA OM3HEca ce riaodanu3upa ¢ Obp3u TEMIIOBE.
MHOTO KOMITaHUH UMAT ChbOPBKECHUS U TIPEJICTABUTEIICTBA PA3NIPhCHATH HA PA3IUIHH
MecCTa B CTpaHaTa WX 9y)KOWHA, KOUTO (DYHKIIMOHHPAT KAaTO €IHO Is710. Beuuku Te
Ce HYXXIasT OT Obp3H, CHTYPHH U HAJICKTHI KOMYHHKAITUH.

Jlo ckopo ToBa ce peanu3upalie upe3 CHelralTHO HACTH 3a IeJTa KOMYHUKAIIMOHHH
JUHUY, CBBP3BAIlld OTJCITHH JIOKAJIIHA PECYpCH B ISJIOCTHA MPEXKa C IMIMPOK 0OXBAT
(Wide Area Network — WAN). Ioxnpwmxkara Ha WAN cBbp3aHocT obaue € 1octa
CKkbIla 1 HeynoOHa. OCBEH TOBa, HACTUTE JTMHUU HE Ca MPHIOKUMO PEIICHHUE 32 KOM-
MaHWH, KBJIETO TOJIIMa YacT OT paboTHATa cwia € MoOWIHA U (QYyHKIIMOHUPA U3BBH
o¢uc IPOCTPAHCTBOTO.
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C HapacTBaHETO Ha JOCTHIIHOCTTA Ha MIHTEpHET M pa3BUTUETO HA METOJUTE 34 CHUTY-
peH TpeHoc Ha JaHHW, BupTyamHute dactau mpexu (Virtual Private Networks —
VPN) ce npeBpbIIaT B Hal- MOIXOJSAIIOTO PEIICHHE 3a OCHIIECTBABaHE Ha edek-
TUBHa cBbp3aHOCT. VPN € KOMyHHMKalMOHHA CUCTEMA, KOSTO CBBbpP3Ba OTAAICUEHU
KOPIOPAaTUBHU PECYPCH, M3MOJI3BAKM KaTO MPEHOCHA cpena oOloAO0CThIIHA MyO-
JMYHA Mpexa. Pe3ynTaTsT € rbBKaBa, Obp3a, HaJekaAHa U 3alUTeHa BUPTYyaJlHa CBbP-
3aHOCT MEXIY OTJAJICUYCHHU KOMITIOTPU, MOOUIIHU MOTPEOUTENH, OPUCH U MPEKOBU
cermeHTu. Karo xpaen pesynrar, VPN TexHosorusara npenocraBs Bb3MOXKHOCT 32
U3I10JI3YBaHE HA UJEHTUYHU YCIYTH U BBTPELIHO MPEKOBU PECYpPCH, HE3ABUCUMO OT
OTJAJIEYCHOCTTA HA TEXHUTE OTPEOUTENH.

Tunnuno u3nbiaHeHue Ha VPN Moxe na mpeacTaBisiBa IJ1aBHA JIOKajdHAa Mpexa
(LAN) B xopniopatuBeH o¢uc, CBbp3aHa C JOKATHUTE MPEXH Ha OTHANCYeHH oduch
WM C UHIMBUIYATHU MOTPEOUTENH, KOUTO padoTIT oTAasieueHo — ¢wur. 1.

J/

- '\\»,,, P
LlenTpanen oduc

— -
OraaneueH obuc

—— U
Otaaneuen oduc MobGuneH cinysxuTen

@ue.1: lpumepHa cmpykmypa Ha supmyarsHa YacmHa Mpexa

2. OcHOBHY (DYHKIMOHAJIHU ACHEKTH HA BUPTYAJTHUTE YACTHU MPEKHU
CoBpemennute VPN u3non3ysat riaobannara mpeka HTEepHET KaTo MpeHOCHa cpesia
32 CBBbp3BaHE Ha OTJEIHM JIOKAJHU KOMIIOHEHTH BbB BHpTyasiHa Mpexa. KirodoBa
pOJIS TIPU U3rPAKIAHETO HA TE€3U BPB3KH MMa CUTYPHOCTTA ChC CBOMTE OCHOBHHU ac-
NEKTH KaTo:

e YJIOCTOBEpSIBAaHE Ha CUCTEMAaTa U3TOYHUK;

® TapaHTHpPaHE Ha IUIOCTTA M MOCIEAOBATEIIHOCTTA HAa JTAHHWUTE B KpalHMS

HoJIy4ared,

® OCHUT'YpSIBAaHE Ha ITOBEPUTEIHOCT.
OCHOBEH METOJ1 IpH peanu3alusiTa Ha OOMEH Ha JaHHHU 3a €1Ha MpEXa, Yype3 U3M0JI3-
BaHE Ha MH(]pacTpyKTypara Ha Jpyra INpEHOCHA Mpexa € TyHenupaHero. M3rpax-
JAHETO Ha JIOTMYECKa BPb3Ka MEX]y JBETE KpPailHM TOYKHM Ha IIPEHOCHATa Mpexka ce
Hapu4a TyHell.
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TyHenupaneTo ckpuBa OpUTMHAIHUS MaKeT BbB BBTPELIHOCTTA HA HOB IaKeT, ChOO-
pa3HO CBHOTBETHHUSI NMPOTOKOJ HAa NpeHocHaTa Mpexa. [IpoumechT ce Hapuua Kan-
cyJauus. M3To4HMK M 1OJTydaTes Ha JAHHUTE B HOBOIIOJIYYEHUS MAaKET ca CbOTBETHO
HayaJlHaTa M KpaliHaTa To4yka Ha TyHesa. Korato makerpT IOCTUTHE A0 3ajajeHara
KpaiiHa TOUKa Ha TyHeJla, 3arjaBHaTa 4acT Ha KalCyJlaluaTa ce CHEMa U JEKarcCyiu-
pPaHUAT OPUTMHAJIEH AKET MOXe Ja ObJie JOCTABEH J0 KPailHOTO MECTOHA3HAYEHUE —
¢ur.2.

Kpawn Ha Ty- Hauano Ha
Hena TyHena

|H| D |[H] b | > IHnewIHI D | IHnewIHI D_|

] o J[H] b |
4—

Que.2: TyHenupaHe

Kancynupanero camo 1o cede cu He mpejaiara CUrypHOCT Ha JaHHUTE, Thid KaTO OpH-
IMHAJIHMS MTAKeT € BUAMM 33 BCUYKHM MEXKJIWHHU BB3JIM B MpeHOCHaTa Mpexa. Kpun-
TUPAHETO € METOABT, KOWTO MPaBU MAaKETUTE MU(PUPAHU U 3aUTUTEHHU.

TYHGJII/ITC Hal- yecTto OMBaT HN3rpaxaadi Ha ABC OT HHUBATA HAa CTAJIOHHHA MOJICII 3a
CBBP3BAHC HA OTBOPCHHU CUCTCMHU — KaHAJIIHO U MPCIKOBO.

TyHenupaHeTo Ha KaHATHO HUBO OCUTYpPsIBA MPEXBHPIISTHE HA KaJpH JaHHU. T UMHYHA
MIPOTOKOJIH Ca:
e PPTP (Point to Point Tunneling Protocol) — ce3manen or Microsoft karo
pasipenue Ha crangapthus npotokoi PPP (Point to Point Protocol);
o L2F (Layer 2 Forwarding Protocol) — pa3pabotka Ha CiSCO ¢ BB3MOKHOCT
3a tyHenupane Ha ATM u Frame Relay nportokony;
e L2TP (Layer 2 Tunneling Protocol) — xomOuHHpa BH3MOKHOCTHTE Ha TOp-
HUTE JIBa TIPOTOKOJIA.

TyHenupaneTo Ha MpPEXKOBO HHUBO OCUTYpsIBA MPEXBBPIISIHE HA JCHTarpaMu MEXIy
JIBETE CTpaHM Ha TyHena. TunudueH npotokoi e IPSec, pa3paboreH moa KOHTposIa Ha
IETF (Internet Engineering Task Force) u Brpaaen B IPv6.[1] Ha npaktuka ToBa He €
CJIMHCTBEH MPOTOKOJI, a MPEJCTaBIsABa MPEICTBAISIBA (aMWIAS OT OTBOPEHU CTaH-
JapTH, OCUTYPSIBAIIM CUTYPHOCTTAa Ha OOMEH BbB BCHUKH CBOU aCIEKTH:
e AH (Authentication Header) — nmpotokoJ ocurypsBail yJI0CTOBEpsiBaHE Ha
U3TOYHHKA, TapaHTHpaHe Ha [SUI0CTTA U TMOCJICI0BATSIIHOCTTA HA JAHHUTE B
KpaitHus moydaren [2];
e ESP (Encapsulation Security Payload) — mporokon ocurypsiBai JOmbJIHU-
TEJIHO U TIOBepHUTEIHOCT [3];
e |IKE (Internet Key Exchange) — npotokoin 3a yTouHsiBaHE Ha JOMYCTUMHTE
3a M3M0JI3yBaHE CPEJICTBA U IMOJIMTHKH 32 CHTYPHOCT B MOMEHTA Ha M3TPak-
JaHe Ha TyHesa. M3mos3yBa MpOTOKOIMTE 3a yIPaBICHUE HA JOIMYyCTUMHTE
CpeAcCTBa 3a CUTYPHOCT U OOMeH Ha Kpunrtupamu kiaoudoBe ISAKMP
(Internet Security Association and Key Management Protocol) u SKEME.
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e AES (Advanced Encryption Standard), DES (Data Encryption Standard),
3DES, Diffie-Hellman — anropurmu 3a KpunTupaHe U yI0CTOBEPSIBAHE,

e HMAC (Hash- based Message Authentication Code), MD5 (Message Digest
5), SHA-1 (Secure Hash Algorithm 1) — anroputmMu ¥ MpOTOKOJIH 3a IIPO-
BCPKa Ha IECJIOCTTAa HA JAHHUTC.

Brnpeku 6e3cniopuute npenumcta Ha IPSec, msrpaxxnanero na VPN tynen, 6a3upan
SIMHCTBEHO HA TO3U MPOTOKOJ Ce COMBCKBA C HAKOW MPOOJIEMH U CIa0OCTH Ha TEX-
HoJloTHsATa. TakMBa ca HEBB3MOXKHOCTTA 3a MOJIbpkaHe Ha rpymoB (multicast) Tpa-
¢buK 1 Hail- Beue HEeBBH3MOXKHOCT 3a 0011a padoTra ¢ MapuIpyTU3UPAIIUd NPOTOKOJIH.
PemaBanero Ha Te3u mpoOIeMU MOXKE J1a c€ TIOCTUTHE upe3 uHTerpupane Ha IPSec ¢
tynennus npotokoi GRE (Generic Routing Encapsulation), paspatoren ot Cisco.
GRE Moxe na xancyaupa MHOXXECTBO MPOTOKOau B IP TyHenu, ch3naBaliku Bb3MOXK-
HOCT 3a CBBP3BaHE Ha MYJITHIPOTOKOIHH TIOJMPEKH, 4pe3 €AHOMPOTOKOIHA Ipe-
HOCHa MpeKa.

CwBMecTHaTa ynoTpeba Ha aBaTta npotokona IPSec m GRE rapanTtupa ot efHa cTpana
KpUNITHpaHe Ha TpaduKa, yI0CTOBEPSIBAHE HA N3TOYHHKA M [IEJI0CTTA HA JAHHUTE U OT
ApyTa CTpaHa Bh3MOXKHOCT 3a IIpeHoc Ha multicast Tpaduk 1 Ha TUHAMUYHO MapIil-
pPYTH3UpaHE HAa ChCTABHUTE MOAMPEKH. [4]

3. BapuanTu 3a n3rpakaaHe Ha BUPTYAJTHH YaCTHH MPeXKHU
B Hacrosimata cratus e npeacraBena VPN ot Tun mpexa-mo-mMpexa ¢ hub-and-spoke
TOMOJIOTHS, NMpH KoATo meHtpanuuar oduc (hub) e cBbp3an ¢ nmokanaure oducu
(spokes) upe3 nHAMBUAYATHE KOMYHHKAITMOHHU TyHEe M [3], moka3ana Ha ¢ur.3.
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oOoooo Jd\ s
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‘ OTananedeH oduc 2 ‘ KopnopaTtvsHa
NHTepHeT Mperka
J IPSec VPN
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ooooo @
SRRRE —-—
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‘ OTtpanedyed odpuc 3 ‘

@ue.3: Hub-and-spoke supmyanHa yacmHa mpexa

Ta3u Tonosiorus e Haif-yJauHa B ciydyauTe, KOraTo OCHOBHUSAT TpaduK € MeXIy IeH-
TpaJiHUS 0(D)UC U BCEKU OT JIOKATHHUTE O(pUCU. XapaKTepu3nupa ce C IEHTPATU3UPAHO
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yVIpaBJICHHE HA PECYypCHTE, TOJPEACHOCT M pa3dupaemMocT Ha MpexoBaTa MH(ppacT-

PYKTYpa.

AHanu3upanu ca aBe antepHatuBHU pewmeHus — VPN upes3 IPSec nupexTtHa kamcy-
nanus u VPN upe3z GRE Tynen 3amuren ¢ IPSec.

VPN upe3 IPSec nupexTHa kancyjaanus
3asiokeHu clieqHUTe (YHKIIMOHATHU XapaKTePUCTUKH

BCEKM OTJaJICUeH U3 WHUIIMATN3UPA U3TPAKIAHETO HA KPUTIITUPAH TY-
HEJ KbM IIUTI03a Ha IIeHTpaliHusa oduc cbriacHo ¢ur.4, uznon3paiiku 1PSec
B TYHEJICH PEXKUM,

KOHTPOIBT BBPXY MapHIPyTHUTE CE OCHINECTBSIBA B KOPIOpPATHBHATA JIO-
KaJlHa Mpexa, a OTHaJedeHUTe OPUCU ce KOHPUTYpUpAT ChC CTATHYHU
MapIipyTH;

U3M0J3BaT ce kpuntupamm aroputmu 3DES unu AES;

3a TOBWINIABAHE HA CHUTYPHOCTTA Ca HW3MOJ3BaHU IUGPOBU CepTUPHUKATH
BMECTO CIOJICJICHU TailH! KJIIOYOBE.
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ooogd
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oo

_/

OtganeyeH opuc

[PSec VPN OprnopaTMBHAa MpeXxa

Que.4: VPN myHen ¢ dupekmHa |PSec kancynauyus

VPN upe3 GRE Tynex 3amuten ¢ 1PSec
3asioKeHu clieqHUTe (PYHKIMOHATHU XapaKTePUCTUKH

m3rpaxknaHenn ca cratuuHd GRE TyHenmu Mexy mumo3a Ha IEHTPATHHS
o(uc BCEKH OT OTAAJICUEHUTE HITI030BE, ChITACHO (ur.5;

KOHTPOJBT BbPXY MapIIPYTUTE CE OCHIIECTBSIBA Pa3lpeIeICHO;
KpUNTHPHETO ce m3BbpiiBa upe3 IPSec, mocpeactBom amroputmu 3DES
wi AES;

3a TMOBHINIABAHE HA CUTYPHOCTTA Ca M3MOJ3BaHU IUGPOBU CepTUPHUKATH
BMECTO CIIOJIEJIEHN TallHU KJIIOUOBE.
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@ue.5: GRE myHen 3awumeH ¢ IPSec

4. CumyJaulMHHA MO/ eJIU

[TpoBepkara Ha pabOTOCIOCOOHOCTTA HA TpEUIaraHUTE PEIICHUs € U3BBPINEHA Ype3
CUMYJIaIMOHHO MoJienupane. 3non3zyBana e cymynannonHa cpena GNSS.
Wsrpanenu ca n1Ba CUMyJAIMOHHU Mojena. Te oOXBamaT caMo yCcTpoiicTBara, (pyHK-
IIMOHATHO CBBP3aHU C BUPTYATHUTE YACTHU MPEKU M HE 3acCATaT JOKATHUTE MPEKH,
CTOSIIIA 3aJ MUTI030BeTe. BBB BCEKM MOJEN ca H3IOJ3BAHUW IO YETHPU MapIil-
pytusaropa ot tun CISCO 3640. Tpu oT TAX emynupar, HEOOXOAUMHUTE 32 BUPTYall-
HaTa YacTHA MpeXa IUII030Be, a YCTBBPTHUAT eMyJIHpa CBhp3BaliaTa MpeHOCHa Mpe-
*a. M3mon3yBana e mpuMepHa aJipecHa cxema.

PaGoTocrnocobHOCTTa HA peanu3upaHuTe CUMYJIAIIMOHHN MOJIEJIA C€ YCTaHOBSIBA 4Ype3
,»,ShOW” KOMaHIUTE B ONepalMoHHATa CHCTEMa Ha MapIIpyTH3aTOPHTE, JaBalld Bb3-
MOXKHOCT 3a TMpoBepka Ha mapamerpu u ¢ynkruonaiHoctd B CISCO 10S
(Internetwork Operating System).

dyHKIIMOHAIHA cXeMa Ha cumyJanmoneH mojen Ha VPN upes IPSec nupextHa kam-
CyJianus € rokaszaHa Ha (ur.6.
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Que.6: CumynayuoHeH modesn Ha VPN upe3 dupekmHa |PSec kancynayusi

B 1abn.1 ca npencraBeHr M3BagKU OT KOHPUTYpalIMOHHUTE (aiijioBe Ha IUTIO30BETE
3a LIEHTpaJeH U JIOKaJieH OpUC, ChABPKAKH ChOTBETHUTE WHUIIMATIU3UPAIIN KOMaH-
1.

Tabn.1
IPSec aupeKkTHa eHKancynauus
Central Office Remote Office
crypto isakmp policy 1 crypto isakmp policy 1
encr 3des encr 3des
hash md5 hash md5
authentication pre-share authentication pre-share

crypto isakmp key cisco address 2.2.2.1 255.255.255.0 no-xauth | crypto isakmp key cisco address 1.1.1.1 255.255.255.0 no-xauth
crypto isakmp key cisco address 3.3.3.1 255.255.255.0 no-xauth | !
! !
! crypto ipsec transform-set 3DES-SHA esp-3des esp-sha-hmac
crypto ipsec transform-set 3DES-SHA esp-3des esp-sha-hmac !

|

crypto map VPN_TO_CENTRAL 10 ipsec-isakmp

crypto map VPN_TO_REMOTE 10 ipsec-isakmp setpeer1.1.1.1

set peer2.2.2.1 set transform-set 3DES-SHA

set transform-set 3DES-SHA match address VPN

match address VPN !

crypto map VPN_TO_REMOTE 20 ipsec-isakmp interface Loopbackl

set peer 3.3.3.1 ip address 192.168.10.1 255.255.255.0
set transform-set 3DES-SHA !

match address VPN2 interface FastEthernet0/0

! ip address 2.2.2.1 255.255.255.0
! duplex auto

! speed auto

|

! crypto map VPN_TO_CENTRAL

interface Loopbackl

ip address 10.10.10.1 255.255.255.0 ip access-list extended VPN

! permit ip 192.168.10.0 0.0.0.255 10.10.10.0 0.0.0.255
interface FastEthernet0/0

ip address 1.1.1.1 255.255.255.0 End

duplex auto

speed auto

crypto map VPN_TO_REMOTE

ip access-list extended VPN

permit ip 10.10.10.0 0.0.0.255 192.168.10.0 0.0.0.255
ip access-list extended VPN2

permit ip 10.10.10.0 0.0.0.255 172.16.10.0 0.0.0.255
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OyHKIMOHAIHA cxeMa Ha cuMyrainuoneHn mojien Ha VPN upe3 GRE Tynen 3amurteH ¢
IPSec e mokazana Ha ¢wur.7. Cnex U3rpaxaaHeTo Ha BUPTYaTHUTE TYHEIH Mpe3 TIX €
npekapan MapipyTtusupai npotokon EIGRP.

B Interface Tunnel 0
N 200.200.100.1/24
&
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=
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o

N

o

o Interface Tunnel O
R 200.200.200.1/24
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200.200.100.2/24

2 1.1.1.0/24 1

Interface Tunnel 1
200.200.200.2/24

¥2¢/0°0T°0T°0T

GRE TbHen, 3awmTteH ¢ IPSec

®ue.7: Cumynayuorer moden Ha VPN ypes GRE myHen 3awjumeH ¢ IPSec

W3Bagku OT CHOTBETHHUTE KOH(PUTYpaIMOHHHWTE (aillioBe Ha NUIIO30BETE 3a
IEHTPAJICH U JIOKaJIeH o(uC ca mpeIcTaBeHu B Tab.2.

Tabn.1

GRE TyHen 3awmTeH ¢ IPSec

Central_Office

crypto isakmp policy 1

encr 3des

hash md5

authentication pre-share

crypto isakmp key cisco address 2.2.2.1 255.255.255.0 no-xauth
crypto isakmp key cisco address 3.3.3.1 255.255.255.0 no-xauth
|

crypto ipsec transform-set 3DES-SHA esp-3des esp-sha-hmac
1

crypto map VPN_TO_REMOTE 10 ipsec-isakmp
set peer 2.2.2.1

set transform-set 3DES-SHA

match address VPN_GRE_REMOTEL1

crypto map VPN_TO_REMOTE 20 ipsec-isakmp
set peer 3.3.3.1

set transform-set 3DES-SHA

match address VPN_GRE_REMOTE2

|

interface Loopback1l

ip address 10.10.10.1 255.255.255.0

|

interface TunnelO

ip address 200.200.100.2 255.255.255.0
tunnel source 1.1.1.1

tunnel destination 2.2.2.1

|

interface Tunnell

ip address 200.200.200.2 255.255.255.0

Remote_Office

crypto isakmp policy 1

encr 3des

hash md5

authentication pre-share

crypto isakmp key cisco address 1.1.1.1 255.255.255.0 no-xauth
i

crypto ipsec transform-set 3DES-SHA esp-3des esp-sha-hmac
I

crypto map VPN_TO_CENTRAL 10 ipsec-isakmp
setpeer1.1.1.1

set transform-set 3DES-SHA

match address VPN_GRE

1

interface Loopbackl

ip address 192.168.10.1 255.255.255.0

1

interface TunnelO

ip address 200.200.100.1 255.255.255.0
tunnel source 2.2.2.1

tunnel destination 1.1.1.1

I

interface FastEthernet0/0

ip address 2.2.2.1 255.255.255.0

duplex auto

speed auto

crypto map VPN_TO_CENTRAL

router eigrp 1
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tunnel source 1.1.1.1 network 192.168.10.0

tunnel destination 3.3.3.1 network 200.200.100.0

! auto-summary

interface FastEtherneto/0 | L

ip address 1.1.1.1 255.255.255.0 ip access-list extended VPN_GRE

duplex auto permit gre 2.2.2.0 0.0.0.255 1.1.1.0 0.0.0.255
speedauto s

crypto map VPN_TO_REMOTE End

1

interface FastEthernetl1/0
no ip address

shutdown

duplex auto

speed auto

1

router eigrp 1

network 10.10.10.0 0.0.0.255

network 200.200.100.0

network 200.200.200.0

no auto-summary

ip access-list extended VPN_GRE_REMOTE1
permit gre 1.1.1.0 0.0.0.255 2.2.2.0 0.0.0.255
ip access-list extended VPN_GRE_REMOTE2
permit gre 1.1.1.0 0.0.0.255 3.3.3.0 0.0.0.255

10. 3akaouenue

B nacrosimara cratus ca nmpenoKeHU BapuaHTH Ha MPOeKT 3a kopropatuBHa VPN.
PabGorocniocoOHOCTTa Ha MPEACTaBEHUTE PELIEHMsI € IPOBEPEHA Ype3 CUMYJIAI[MOHHO
MOJIEIIMPAHE.

CpaBHHUTENHUAT aHAIU3 HA IMOJYYEHUTE ONMUTHU PE3yJTaTH IOKa3Ba, 4ye U JBETE pe-
HIEHUs MpejiaraT HaJexaHa U curypHa komyHukaunoHHa WAN cBbp3aHOCT npH
Cra3BaHe Ha BCHYKHM HM3MCKBAaHUATA 3a KOH(UIECHUMAIHOCT, aBTEHTUKALWS W HH-
TerputeT Ha nH(opmanusara. Kondurypanuure Ha HITI030BETE CE peaau3upaTr cpas-
HUTEJHO JIECHO, KaTO HEOOXOJUMUTE 3a TSIX (PYHKIUMOHAIHU MapaMeTpu C€ MOIIbp-
’KaT OT TOJISIM KPBhI' MApIIPYTU3ATOPH.

BapuantsT Ha VPN ¢ IPSec nqupekTHara kancynanus € npernopbynuTeseH IpH JUIca-
ta Ha IP multicast Tpaduk 1 Ha gEHAMUYHKM MapUIPyTHU3HpAIIX TPOTOKOIH, KAaTO
HanpUMep UHIMBUIYaJICH OTAAICYeH JOCTHI 32 MOOMIICH CITYKHUTEIL.

BapuautsT Ha VPN upe3 GRE Tynen 3amuren ¢ IPSec e mo-xkommuiekcHo penieHue,
no3BoJisgBaIo TyHeaupane Ha |IP multicast Tpaduk u Ha MapIIpyTH3UPALTU TPOTOKO-
. Kato HeroB HeOCTaThK MOXKE Ja C€ U3ThKHE CTATUYHOTO M3rPaXkJaHe Ha BCEKH
TyHEJIeH uHTepdeiic, BOJCIIO 10 HEOOXOAMMOCTTa OT 3aAb/DKUTEIHA Hameca Ha
MPEKOB aJIMUHUCTPATOP IIPU HETOBOTO KOH(PUTypUpaHE.
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MN3CJIEABAHE HA YECTOTHOTO ACUHXPOHHO ITYCKAHE
HA CUHXPOHHUTE TYPBOI'EHEPATOPH

EBaoxus Ilumurposa

Pe3tome:. 3a0auama na cmamusma e 0a ce u3Cied8a GIUAHUEMO HA Onpedensiujume
napamempu 8vpxy npoyeca Ha wecmomuomo acuuxpouno nycxkawe (YAII) na cumx-
ponnume mypboeenepamopu (TI). Bv3 ochosa Ha npakmuuecku opuenmupan mame-
mamuyecku anapam HYAIl mooce 0a ce modenupa kamo ce 83eme n00 GHUMAHUE 3A8U-
CUMOCMMA HA 6b30YdcOaHemo om yecmomume HA GbpmMeHe U HA NPOmMuooelic-
meawjusi ebpmsauy momenm. Moodenvm e uzepader ¢ NHOMowma Ha NPocpamHume npo-
oykmu FORSIM 3a pewasane na cucmemu oughepenyuannu ypasnenus. Tosu mooen
e e MHO20 nojle3eH 3a eKCnioamayuoOHHUs NePCOHAN 8 elleKmpuiecKume yeHmpanu
npu uznonseare Ha YAII.

Kniwouosu oymu: mypbocenepamop; 4eCmomHo ACUHXPOHHO NYCKAHe; U3CIe08aHe

INVESTIGATION OF FREQUENCY ASYNCHRONOUS STARTING
FOR SYNCHRONOUS TURBOGENERATORS

Evdokiya Dimitrova

Abstract: The task of this paper is to investigate the effect of the definitive parameters
on the frequency asynchronous starting (FAS) process of the synchronous turbogen-
erators (TG). On the basis of the practically oriented mathematical apparatus, FAS
could be modeled when taken under attention the dependence or rotation frequency
stimulation and resistant rotational moment. The model is worked out with the help of
the program products FORSIM for system differential equations solving. This model
for use of FAS will be very useful for exploitation staff in the electric power stations.

Key words: turbogenerator; frequency asynchronous starting; investigation/research

1. BbBeaenue

IlenTa Ha HacTOALMA AOKIAA € Ja CE M3CIEeABA B3aMMHOTO BIIMSHUE Ha OIpEness-
HIUTE TApaMeTPH BHPXY MpoIeca Ha YeCTOTHOTO aCHHXPOHHO myckane (YAIT).
YecTOTHOTO aCHHXPOHHO MyCKaHE € BUAOM3MEHEHa (popMa Ha M3BECTHOTO OTAAaBHA U
C MUPOKO MPUIIOKEHUE d4ecTOTHO cuHXpoHHO myckane (YCII). U npu aBata meroma
IyCKaHaTa MalllMHa C€ MPUBEXAA B JBHKEHUE OT JIPyr T€HEPATOp, KOWTO ce 3aj-
BW)KBa OT cOOCTBeHA TypOuHa [1].
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YPaBHCHI/IHTa 3a IBMKCHHUETO HA ABETC MAILIMHU UMAT CJICAHUS BUI.

dn, 1
—=—M,-(M,+ M, +M
dt 2T, [Ms =M.+ Mo, + M)] (1)
dn, 1
—Z2=-_—(M-M
dt 2T, ( ), )
KBIACTO. Ny, N> Ca YECTOTUTE HA BBPTCHC HaA JIBaTa reHepaTopa;

T;, Ty — MHEPLIMOHHUTE KOHCTAHTH;

M3 — 3aIBIKBAIIUST MOMEHT Ha TypOMHATa Ha IbPBUS T'€HEPATOP;

M;, M, — MEXaHUYHHUTE CHIPOTUBUTEITHU MOMEHTH;

M1 — €JEeKTpUYECKHUAT CIOUpAayeH MOMEHT BCJIEACTBHUE Ha 3ary-

oure;

M — aCHHXpPOHHUAT MOMEHT.
[Tpu Hopmanino u3nbiiHeHne Ha YAIl nBata renepaTopa He ca Bb30yJeHU. 3ajBUKe-
HUAT Bozewl reHepatop I'l ce pa3BbpTa OT coOcTBeHa TypOMHA U MPHU JAOCTUTAHE Ha
npenBaputenHa u3dpana yecrora (20 + 40 % ny) ce B30yxkma. Havamnara yecrora
Ha BbpPTEHE, MPHU KOATO Ce MojaBa Bb30yKAaHe Ny, TpsiOBa na Obae Taka moadpana, 4ye
MOJIyYEHOTO BB30YXKIaHEe Ja Ch3JaJie JOCTaThbYHO T'OJEMU TOKOBE B CTaTOpHATa Be-
pura Ha BaTa reHeparopa.
Bropust reneparop I'; ce 3axpaHBa ¢ HarpeXeHue, IPOMOPLHOHATHO Ha YECTOTOTA U
CE€ pa3BbpTa aCHHXPOHHO, JOKaTO MbPBUAT reHepaTop [’y peayuupa yCKOpEHUETO CU
Y HaMaJIsiBa YeCTOTaTa Ha BBPTEHETO cH 10 Ny. [Ipu npuban3nuTe Ho eHaKBa YECTOTa
Ha BbPTEHE Ha JiBaTa reHeparopa, Ha Bropus reHeparop [, ce momaBa B30y uTENCH
Tok, paBeH Ha (0,5lgH).

2. M3caenBane Ha YAII Ha cunxponnure TI

Yenemnoro YAII ce xapakrepusupa ¢ MUHUMAIIHO BpEME 3a MYCKAHE, HUCKO Bb3-
Oy’KJlaHe, He3HAYMTEHA TOIUIMHHA EHEPrusl B pOTOPA U IJIABHO CUHXPOHU3UPAHE.
OcHoBHata 3ajjaya Ha U3YUCIUTENIHATA MPOLEypa € ONpeeisiHe Ha 3aBUCUMOCTHUTE
M; = f(n), M, = ®(n), n; = f(t), n, = f(t), W = o(t).

MonensT € u3rpajieH ¢ nomoinra Ha nporpamuute npoayktu FORSIM 3a pemaBane
Ha cucTteMu AudEepeHIMAIHN ypaBHEHUS. TOl € OCHOBEH MOMEHT B aJIfCOPUTHMaA 3a
n3cnensane Ha YAII na cunxponnute TT.

[To onucanus B [2] Momen ca W3BBPIICHN BAPHAHTHU W3YUCICHHS 32 ONPEICIIsTHe Ha
IPOABKUTEIHOCTTAa Ha aCHHXpOHHMS peskuM (AP) Ha reneparop tun TBB-200-2A,
Pa3BbPTSAH OT BTOpU Tenepatop tun TBB-165-2 B chinara nenrpana. Pesynrature ca
nagenn B Tabnuima 1, mpu naHHM 3a MBPBUS TEHEPATOP: HavajgHa YECTOTa Ha BHPTECHE
No1 =0,1 ... 0,5 0.e., potopen Tok lp; = (1,1 + 1,5) oTHECeH cripsiMO BB30YKIaHETO HA
mpas3eH XoJ u 3aaBuxkBant MoMeHT M3z = 10 %. Pasrnenanu ca BapmaHTH mpe3 OTBO-
peHa U 3aTBOpPEHA Bepura Ha Bb30YXKIAHETO HA BTOPHUS I'€HEpPATOp MPHU KPATHOCT Ha
JOMBITHUTETHOTO ChpoTuBieHue K, = 3.
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Tabmanma 1

IIpu oTBOpEeHa Bepura Ha B30y KIaHETO HpI/I 3aTBOPCHA BEpHTa Ha Bb3-
P p P e oyxnanero (K, = 3)

n01 Ip1 tac. Ipl tac.
0.e. 0.e. S 0.e. S

0,1 1,1 64 1,1 30
0,2 1,2 165 1,2 59
0,3 1,3 271 1,3 107
0,4 14 363 1,4 146
0,5 1,5 345 1,5 200

Ot Tabmuma 1 ce BMXaa, e ¢ TOJISIM CTAaTOPEH TOK HE BUHATH CE€ IMOJIydaBa KpaTKo
BpEeMe Ha ITyCKaHe. 3a Jia ce 3ala3u Bb3MOXHO Hail-Majka MpOAbKUTEITHOCT Ha AP
Ha BTOpHS T€HEpaTop, ce MpernopbuBa Ja ce m3depe HavyalHaTa YeCTOTa Ha BHPTCHE
Ha IbpBUA renepatop No; = 0,1-0,2 0. e., Mpu OCOUCHHUTE MO-TOPE CHOTHOIICHUS Ha
MoIHOCTHTE Ha JBata reHeparopa (200-165). Toa ce orpanndaBa oT Bb30YKIaHETO
¥ OT MEXaHUYHUTE BHPTAIIA MOMEHTH.
HopmanHoto racurenHo cbrnpotuBieHue, koeto reaeparopute umar (Ky. = 3), cb3-
naBa Bb3MOKHOCT 3a HAII ¢bC CpaBHUTEIHO MaJIKa IPOABIDKUTEITHOCT HA BPEMETO 32
MyCKaHe.
N3menennero Ha (QyHKIMHUTE HA YECTOTHTE HA BBPTCHE HA JBaTa TEHEpPATOpa BHB
Bpemeto Ny = f(t) u n, = f(t) e uzoOpaseno Ha ¢ur. 1 nmpu 3aTBOpeHa Bepura Ha Bb3-
Oy>XIaHETO Ha BTOPUS TEHEPATOp MPU KPATHOCT HA JOMBIHUTEITHOTO CHIIPOTHBIICHHE
Krac = 3 u naHHM 32 MBpBUS TeHEPATOP:

— 3aaBwxBam MoMeHT — 10 %:;

— POTOPEH TOK M HayaJlHa 4YecTOTa Ha BbpPTeHe, cropea Tadmmna 1.
C HapacTBaHe Ha OOIIMS peaKkTaHC HA TMPOBOJHMIIUTE, TPAHCPOPMATOPUTE U TEHEpa-
TOpa MyCKaHETO MOJXKE JIa Ce 3aTPYAHH | JIOPU J]a CTAaHE HEBB3MOXKHO. 3aTOBa reHepa-
TOpU C TOJISIMO OTHOIIICHHWE HAa TOKAa Ha KbCO ChEIUHEHHWE KHbM HOMHUHAIHHUS TOK Ca
ocobeno nmoaxoasmu 3a YAIL. YBenudeHoTO pa3cTosHUE MEXTy MAalTUHUTE MOXKE Ja
ce KOMIIEHCHPA Ype3 TOJSIMO Bb30YKJaHEe Ha BOJACIINS Te€HEpaTop. 3a u3cieBaHe Ha
BIIMSTHUETO Ha MOIITHOCTTA Ha IIPBUS TEHEPATOP U Pa3CTOSTHUETO MEXKy JBaTa reHe-
patopa e npueto BropusaT reHeparop (TBB-200-2A) na ce mycHe OT bpBHS T'eHepa-
top ¢ momHocT 100 MW (TBB-100) ot BbHIIHA €lIEKTPOLIEHTpala, OTAaJICUeHa Ha
pascrostare 15,6 km. Pesynrature ca nagenu B Tabimia 2 mpu ChIIUTE H3XOIHH
JTaHHU Ha TBPBUS TeHepaTop. Pa3riienanu ca BapuaHTH MPU 3aTBOPEHA W OTBOPEHA
BEepUTa Ha BH30Y)KIAHETO HA BTOPHUS TCHEPATOP MPH KPATHOCT HA TACUTEITHOTO ChII-
poruBnenne Krac = 3 u Krac = 10.
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Tabanma 2

IIpu orBOpena Bepura Ha  Ilpu 3aTBOpena Bepura Ha [Ipu 3aTBOpEeHa Bepura Ha
BBH30YKJIAaHETO BB30y)K1aHeTo K. = 3 BB30yk1aneTo Ky, = 10
No1 Ipl tac. Ipl tac. Ipl tac.
0.e. 0.e. S 0.e. S 0.e. S
0,1 1,1 98 1,1 42 1,1 50
0,2 1,2 165 1,2 100 1,2 108
0,3 1,3 198 1,3 168 1,3 170
0,4 1,4 255 1,4 220 1,4 226
0,5 1,5 300 1,5 270 1,5 2178

Wsmenennero Ha Gyukiuute Ny = f(t) u n, = f(t)e uzodpaszeno Ha ¢ur. 2 npu JaHHHU
3a MbpBUsI TeHepaTop: 3aaBrxkBail MoMeHT 10 %, poTopeH TOK U HavyallHa 4YecToTa Ha
BBPTEHE, ChriacHo Tabiuiia 2 ¥ pu 3aTBOPEHA BEpHra Ha Bh30YKIaHETO HA BTOPHUSI
reHepaTop C KPaTHOCT Ha JOIBJIIHUTEIHOTO chpoTuBieHue K, = 3.

[Tpu chOTHOIIIEHHE Ha MOIIHOCTUTE Ha JBaTa reHeparopa 2:1 (200:100) u otmaneue-
HOCT oMexay uM 15,6 Km ce mpenopbuBa ja ce n3bdepe 3a MbpPBUS I'eHEpaTOp: Ha-
yanHa yectota Ha BepTeHe 0,1-0,2 o. e., potopen Tok (1,1 -1,3) oTHECceH cnpsMo Bb3-
Oy’IaHeTo Ha Ipa3eH XOJ, 3aJABIKBaIl MOMEHT Ha Typounara 10 % - 15 % u 3aTBO-
peHa Bepura Ha BB30YXKIAHETO Ha BTOPUS T€HEPATOP MPHU KPATHOCT HA TACUTEITHOTO
cbrpotusnenue K, = 3. Taka u3dbpanu napamerpure ocurypssar ycneurHo YAIL,

Ha ¢ur. 3 e n300pazeH BbPTALIMAT MOMEHT B 3aBUCHUMOCT OT pa3jIMKaTa MEXIy 4ec-
TOTUTE Ha BHPTEHE HA JIBaTa Fr€HEPaToOpa, OTHECEHA CIPSMO KPUTUYHOTO TTh3TaHe:

H,

H
M, =—2 (M,-My)+—L—M
m H1+H2( 3 Rl) H1+H2 R2 (3)

kbaeTo Hj, Hy ca nHEpIIMOHHNTE KOHCTAHTH HA ABAaTa T€HEPATOPA,;

Mg1, Mg, — MOMEHTHUTE Ha TPHUEHE Ha JABaTa TEHEPATOPA.

Ot 3aaBMKBAIMST MOMEHT Ha TypOMHATAa Ha IBPBUS TEHEPATOP 3aBUCH MPOIECHT HA
YAII. Ako MOMEeHTHT Ha TypOuHaTa M3 e mpekajieHo rojisiMm He ce nosydaBa YAII,
TBH KaTo My, OT ypaBHeHHE 3 HE Mpecudya KpuBaTa Ha €JICKTPUYCCKHUS BBPTSII MO-
MeHT M.

W3BbplilicHH ca BAPUAHTHU M3YMCIICHUS 10 ONMUCaHus B [2] MeTox 3a onpenersHe Ha
npoabkuTeTHocTTa Ha AP Ha BTOpus reHeparop tun TBB-200-2A, pa3BbpTaH OT
npyr reneparop tun TB® 60-2 B cbiiara uentpana. Pesynrarure ca najaeHu B Taod-
auna 3 MpU JaHHM 32 MPBBHs T'eHepaTop: HayalHa yecToTa Ha BbpTeHe No; = 0,1 ...
0,3 0.e., poropen Tok lp; = (1,1-1,6) oTHECceH cnpsMO BB30YkKIAHETO Ha MPA3CH XOJ U
3anBrkBanl MoMeHT M3 = 10 % ... 50 %. BapuanTtute ca pasrienanu npu 3aTBOpeHa

BepUra Ha BH30Y)KJTaHETO HA BTOPHS T'e€HEPATOp MPH KPATHOCT HA TACUTEIIHOTO ChII-
potusienne K. = 3.
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Tabmanma 3

3aaBM>KBaIl MOMEHT M3 Ha TypOHMHATA HAa IbPBUS TEHEPATOP
10% 20% 30% 40% 50%
No1 Ipl tac. Ipl tac. Ipl tac. Ipl tac. Ipl tac.
0.e. 0.e. S 0.e. S 0.e. S 0.e. S 0.€. S
0,1 1,1 45 1,1 47 1,1 49 1,3 50 1,4 52
0,2 1,2 50 1,2 55 1,2 58 1,4 61 1,5 64
0,3 1,3 60 1,3 67 1,3 70 1,5 72 1,5 75

[To-ronsim 3a/BHIKBAIll MOMEHT Ha TypOMHaTa Ha M'BPBUS FEHEPATOP HE MOXKE Ja ce
nonyun ycnemHo YAIL Boxemusit reneparop, 3aBHKEH OT TypOHWHATa, c€ BHPTH
0-0Bp30 OT BOACHUS F€HEPATOP, TaKa Y€ pa3jIrKaTa B YeCTOTUTE HapacTBa. [Ipu mo-
rojisiMo BB30Yy’KJlaHE Ce yBelMyaBa MarHUTHATa Bph3Ka MEX]y JBeTe MamuHu. [Ipo-
IBJDKUTENHOCTTa HA AP Ha BTOpus reHepaTop HapactBa. CHHXPOHU3UPAHETO CE IO-
Jly4aBa IMpH MO-BUCOKA YECTOTA HA BbPTEHE. YECTOTHOTO aCHHXPOHHO ITyCKaHE € yC-
MeHO. 3aABMKBAIIUAT MOMEHT HE ce€ U30Mpa MPOU3BOJIHO, AKO HAMA Ha Pa3noJioxkKe-
HUE JJOCTAThYHO BB30YKIaHE.

B moaxonsing MOMEHT ce cnupa JOCTBIBT Ha Mapa KbM TypOMHATa 3a ONpelesieHO
BpeMe. Ciiel CHHXPOHU3UPAHETO MOTOKBT Ha Mapa KbM TypOMHaTa c€ Bb3CTaHOBSBA.
Enno ycnemino YAII 3aBuCH OT ChCTOSHUETO HA MOILIHOCTUTE Ha JBaTa reéHepaTopa.
C momoIiTa Ha onucaHus B [2] Mojies ca HalpaBeHU M3YMCIICHUS 32 BH3MOXXHOCTHUTE

3a YAII na paznuunu tunose TI' B Hamata EEC, kato pesynaratute ca najesu B Tad-
mna 4.

Tabauma 4
YcnoBus, pu KOUTO € Bb3-
No  PazBbpran PasBbprang MosKH0 UATT
no; = 0,1-0,2 0.e.
1. TI tun TBB-200-2A TBB 200-2 lo1 = (1,1-1,3) Iy 0.€.
M3;=10%t,, =255
no; = 0,1-0,2 0.e.
2. TBB 200-2A TBB 165-2 lo1 = (1,1-1,3) Iy 0.€.
M;=10%t,,=30s
no; = 0,1-0,2 0.e.
3. TBB 200-2A TBC 100 lo1 = (1,1-1,3) Ipy0 O.€.
M;=10%t,,=30s
no; = 0,1-0,2 0.e.
4. TBB 200-2A TB® 60-2 lo1 = (1,1-1,3) Iy 0.€.
M3;=10%t,,=50s

3. AHAJIN3 HA pe3yJITATUTE OT U3CJIeIBAHETO

Ot Tabxa. 1 u ¢dur. 1 cnensa, 4ye ¢ ToJsIM CTATOPEH TOK HE BUHATH CE MOJIy4YaBa KPaTKo
BpeMeE 32 MyCKaHe.
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[Tpu choTHOIIECHHE HA MOIIHOCTHTE Ha JaBaTa reHepartopa 1:2 (tab:m. 2), 1:3 (tabm. 3)
WHEpIMOHHATa KOHCTaHTa T; e mo-manka otT T,, ToraBa myckoBaTa €HEprusi Ha reHe-
patopa I'; e ome mo-manka. [Iyckanero mpu MponopHyuoOHAIHO HA YeCTOoTaTa Ha Bbp-
TE€HE BB30YXKJaHE MPOIbKaBa MO-IBITO BpeMe, B CpaBHEHUE KOHCTAHTHO BBH30YXK-
JaHe, BBIPEKH Y€ HE CE€ W3MEHS 3HAYMTEIIHO MycKoBaTa eHeprus. CiemoBaTesHo
MPOIBIDKATEITHOCTTA HA IMyCKAaHETO HE TPSOBa Ja ce pas3riiexkaa KaTo MSIpKa 3a Iyc-
KOBaTa €Heprus. 3a Ja ce 3ara3yd Bb3MOXKHO Hall-Malaka NpOabIKUTEIHOCT HA AP Ha
rerepatop [, moaxosi 3aamkpail MoMeHT € 10% - 20 % (tabi. 3).
[Tpu chOTHOIIIEHUE HA MOIIHOCTUTE Ha JBaTa reHepaTopa 1:3 (tadu. 3), 1:2 (tadm. 2)
ce mpenopbyBa Aa ce n3depe Ha reHepartop ['1: HauanHa yectora Ha BepTeHe 0,1+0,2
0.e., poropen Tok (1,1-1,2) oTHeceH crpsMO Bb30YKIAHETO Ha Mpa3eH XOJI, 3aBHK-
Balll MOMEHT Ha TypOuHarta 10%.
Enno ycnemno YAII 3aBrucH OT ChOTHOIIIEHHMETO Ha MOIIHOCTUTE Ha JiBaTa reHepa-
TOpAa.
C nHapacTBaHe Ha OOIIUS peaKTaHC Ha MPOBOJHMUIMTE TpaHCHOPMATOPUTE U T'eHepa-
TOpa, MyCKaHe MOXKE J1a Ce 3aTPYHH U JOPH Ja CTAaHE HEBH3MOKHO.

4. 3aky04eHnune
1. B3 ocHOBa Ha MpaKTUYECKU OpUEHTHUpaH Matematuuyecku amnapat YAIIl moxe na
c€ MOJENrpa, KaTo C€ B3€ME MOJI BHUMAaHWE. HayaJaHATa 4e€CTOTa Ha BBPTEHE, Bb3-
Oy>KJIaHETO, 3aJBMKBAIIUAT MOMEHT Ha TypOWHATa ¥ MPOTUBOACUCTBAIIUAT BHPTSII]
MOMEHT.
2. Pesynratute MO3BOJSBAT Ja C€ MPEIBUIAT TPAHULIUTE M YCJIOBHATA 3a YCHEHIHO
YALII, xoraro e He0OXOANUMO reHepaTopuTe Aa ObJaT MyCHATH U Ja pabdoTIT B KOM-
MIEHCATOPEH PEKUM.
3. C momorIira Ha MOJEIMPAHETO MOXKE /Ia C€ M3BBPIIBAT MOACPHU HM3CJICABAHUS 3a
Bb3MOkHOCTUTE HA YAII Ha paznuuynu tunose T B Hamara EEC.
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OIITUMU3BALIUA HA YECTOTHOTO ACUHXPOHHO ITYCKAHE
EBaoxusi /lumurposa

Pe3ome: B cmamuama e Hanpagen anaiu3 Ha Memood Ha 4eCmomHomo AdCUHXPOHHO
nyckane (4YAIl) na 6azama na mpaouyuonHume Yucienu Memoou.

IIpu pewasane na onmMuMU3AYUOHHU 3A0a4U 3a NPoyecu 8 OUHAMUYHO CHLCMOSHUE,
npu KOUMo Mamemamu4eckomo onucanue e 3a0a0eHo cvC cucmemu oughepenyuaitu
VpasHeHusl, a ynpasniaeaujume napamempu ce usmMeHsm OUCKpemHo u HenpeKbCHamo,
ce npunaza npunyunvm Ha maxcumyma. C nomowma Ha He2o e CbCMageH alcopUmvm
u no Hezo e Hanpagena npoepama 3a EUM. Ilo maszu npoepama ca nonyyenu onmu-
Mannume cmouHocmu 3a epememo Ha ycnewno YAIl na paznuunu munoge mypooce-
nepamopu (TI) 6 nawama EEC, xoeamo e neobxooumo eenepamopume oa O6voam
nycHamu u 0a pabomsam 6 KOMNEHCAMOPEH PeAHCUM.

Knrwouosu oymu:. wecmomno acuHXpoHHO nyckawe, mypboceHepamop; NpUHyun Ha
MAKCuUMyma

OPTIMIZATION OF FREQUENCY ASYNCHRONOUS STARTING
Evdokiya Dimitrova

Abstract: This paper gives analysis of the method of the frequency asynchronous
starting (FAS) based on the traditional numerical methods.

While solving optimization problems for processes in dynamic condition, when
mathematical description is provided with differential equations, and managing
parameters modulate discreetly and continuously, the principle of maximum is
applied. With the help of this principle is constructed and algorithm and on its basis
is developed a program for ECM (Electronic Calculation Machine). With this
program are calculated the Optimum results for the time of successful FAS of
different types of turbo generators (TG) at our electro-energetic system, when it is
necessary to start the generators and to work in compensational mode.

Key words: frequency asynchronous starting; turbogenerator; principle of maximum

1. BbBeaenue

TepmuunuTe HeHTpanu B Harrara enekrpoeHepruiina cucrema (EEC) u3uckBar 3Ha-
YUTEIIHA PEKOHCTPYKLHS U MOAEpHU3auus. B Te3u cimydyam morar ga ce u3noJi3par re-
Heparopure B TELl, yMATO TOIIOTEXHUYECKA YACT € B PEMOHT WJIA PEKOHCTPYKLHS.
Cunxponnute reneparopu (CI') Morar mpu HeoOXOIUMOCT aa ObIaT Pa3BbPTECHU U
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BKJIIOYCHH B Mapajiel 3a padbota kato cuaxponuu kommnencatopu (CK) 3a mpousso/ic-
TBO Ha peakTuBHa MomIHOCT (PM) u 3a perynupane Ha HaPEKESHUETO.

Bceuuko ToBa ompenenss HEOOXOAMMOCTTAa OT ThPCEHE HAa MOAXOJSAUIM PEXUMHU Ha
nyckane Ha cuaxpoHHute Typooreneparopu (TI') mo TeXHUKO-HKOHOMUYECKH CHOO-
PaXXEHUS U C OIJIe] Ha CbBPEMEHHOTO Pa3BUTHE HA TEXHUKATA.

YecrotHoTo acuuxponHo myckane (HAII) ¢ Bunonsmenena Gpopma Ha U3BECTHOTO OT-
JlaBHA U C IIMPOKO MPHIIOKEHHE YyecTOTHO cuuXxpoHHo myckane (UCIT). 1 npu aBata
METO/Ia IIyCKaHaTa MalllMHa C€ MPUBEXKAA B ABMXKEHUE OT JIPYr T€HEPAToOp, KOWUTO Ce
3aJIBUKBa OT coOcTBeHa TypOmHa [1].

[Ipu pemraBaHe Ha ONTUMM3ALMOHHU 3aJa4d 3a IPOLECH B JUHAMUYHO CHCTOSHUE,
Opy KOUTO MAaTeMaTHYECKOTO OMHUCAHUE € 3a/1aJICHO ChC cUcTeMa AudepeHIUaTHU
ypaBHeHUsI [2], a ympaBisBalIuTe mapaMeTpd Morar Ja ce H3MEHST JUCKPETHO H
HEMpeKbCHATO, ce mpuiara ¢opmynupanust ot JI. [loHTpAruH nmpuHIKN HA MaKCH-
myma [3].

2. Ontumusanus Ha YAII Ha cunxponnute TI'

Bb3 ocHOBa Ha AuMdepeHIMATHUTE ypaBHCHHS 3a JBWKCHHETO Ha JBETE MAIIUHH,
ornucBamy nporeca Ha YAII, ce monyuasa u3pasa [2]:

dy,

— : . ’u

el (y,u). (1)
kpgero. 1=1,2,...,n;

Y — BEKTOPBT Ha ChCTOSHUETO HA MpoIleca, pa3riiekaaH KaTo QyHK-
11 HA BPEMETO;
U — BEKTOPBHT HA YNPABJISBALIUATE TAPaAMETPH.
YnpansBanmTe napaMerpu ca GyHkius Ha Bpemeto U(t) u ca orpaHUYeHHU B JOITyC-
TuMata obsact U € U, mpu U3MEHEHUETO UM MOTaT Jia Ce U3MEHST MapamMeTpuTe Ha
cbeTostHMEeTO HA YATI.
Kputepudar 3a onTUMAIHOCT 3a ONPEAEIIEH MEPUOJl OT BpEME C€ ONpeaesss OT MOANH-
TerpanHaTa GpyHKIH, KOSTO XapaKTepu3upa nporieca 3a nepuoaa t) + ty [3]:

t(k)
| = j(po(y,u)dt )

t(0)

[Tpu onTMMaIHO TUHAMHYHO YIpaBJICHUE HAW-YECTO CpellaHara 3ajada € 3a Obp3o-
nevicreue. [Ipu Hes kputepusar (2) npueMa Buja:

t(k)
| = jdt:t

t(0)

(0 ~ Ty — min 3)
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Heobxoaumo e Taka fa ce u3depar ynpasisgBamure nmapameTpu Uguyy, Y€ MPOLUECHT
7ia ce MpUBEAe OT 3aJaJeHO HAYalHO ChCTOSHUE B MOMEHT t(), 10 3a1aeHO KpaliHO
CBCTOSIHHE B MOMEHT () 34 MUHHMAJIHO BPEME.

Ompenensanero Ha U, B 3a1adaTta 3a ObP30ACHCTBHE CE pellaBa ¢ IOMOLITA Ha
HPUHIMIIA HA MAKCUMYyMa, KOMTO MOXKe 1a ce popMyupa 1o ciaeIHUs HaYKH:
BbBexkaa ce BEKTOPBT A, KOHTO € OpUEHTUpPAH 10 HaIpaBlIEHHE Ha JABHKEHUETO.
ToBa € BEKTOPHT, 110 HAMPABJICHUETO Ha KOWTO (DYHKIIMOHATBT (2) 111e nMa Hal-Obp30
U3MEHEHHUE.

3a ypaBHEHHTA Ha JBUKEHHETO HA JIBETE€ MAILLMHH, OIIMCAHU ChC cUcTeMa TU(EepeH-
[IMaJHA YPAaBHEHMs CBUIECTBYBA ONTHMANHO ympabieHHE Ugyp. ChCTOSAHHETO Ha
CUCTEMaTa ce MPUBEXJa OT HEr0 OT HAYaJHO J10 337a/ICHO KPalHO MOJIOKEHUE 32 MU-
HUMAJIHO BpeMe U (PyHKLUATA UMa BUJA!

HEAO.YO.UO]= Yo [y OuO . @

KBJIETO: Aj ca (PYHKIIMUTE HAa BPEMETO, KOUTO yJIOBIETBOPSIBAT cucTeMara nudepeH-
HAATHU YPABHECHUSA

d4 _ eH __ana(p,-(y,U)/1
dt ayi j=1

oy i (5)

kpaero: 1=1,2,...,N.

MakcumymbT Ha H(A, Y, U) ce ThpcH 3a BCHYKH yIpaBJsBaIlld MapaMeTpU B JOMyC-
tumara obnact U. dynkiusata H nma makcumaiiHa CTOMHOCT 32 ypaBHEHHUETO:

H[A(), y(t), Uy, ()] = max H[A(Y), y(t),U ()] 6
uelU

3a pemraBaHEeTO Ha 3ajadaTa 3a 0bP30JICHCTBHUE 1O NMPUHIIUIIA HA MAKCHMyMa Ce TMpH-
jara CJACIHUSAT aITOPUTHM:
Janena ¢ cucreMara audepeniuanay ypasuenus (1) ¥ rpaHHYHUTE YCIOBUS:
Yo < Ymax; 0 <Y < Yo; YminSkp < AN,
KBJIETO: AN e Hail-rosiMara JONMyCTHMa pa3liika B YECTOTUTE HAa BHPTCHE NPH
CUHXPOHU3HPAHETO;

Skp — KPUTUYHOTO XJIB3TaHE.

HeoOxoaumo € ga ce HaMepu ONTHMATHOTO YIIpaBJICHHE Ha MpoIleca Ha ITyCKaHEe
Uonr(t), KOETO Ja OCUTypU MHUHUMAIIHO BpeMe tmin 3a HAIL

CB00OOIHO M30UpalIM ce mapaMeTpu ca. HadallHaTa 4ecToTa Ha BbPTEHE Ha MMbPBUS
re’Heparop No1; Bb30YKIaHEeTO MY lg1; 3aABMKBALIUSAT MOMEHT Ha BOJICLIUS TEHEPATOP
I'1, Ms.
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[Tapamerpu kato: MHEPUUMOHHUTE KOHCTAHTU T, T, CBBP3BAIMAT UMIENAHC Z; MO-
MEHTBT Ha OCBOOOXK/IaBaHE Ha BTOpHUsSA reHeparop l'; mpOTUBOAEHCTBALIUAT BHPTAILI
MOMEHT Ha ['j M Ap. CWIIHO BIMSAT HaA MpoOLEca Ha IYCKAHETO, HO TE€ NPUHAJIEKAT
KBbM JaJICHOCTUTE Ha ChOPBKEHUATA U HE MOraT Jia ObJjaT MPOMEHEHHU.

1. CecraBs ce ¢pynkiusrta (4) 3a:

HL Y = Y0, ()4

2. CbcraBs ce cucremara Iu(epeHnanHl ypaBHEHUS:

d4 _ oH

dt oy,

3. Pemara ce cucremara 3a

A (t),kvoemo A, (t) = C, = const

4. 3amectBa ce Ai(t) B u3paza 3a H=C,U
5. Hamupa ce Hpax = maxH

Ontumanuoto ynpasieHue U, B cilydas He 3aBUCH OT BpemeTo t. dyHkmusita H e
“Ma MaKCHMyM IPU MaKCHMaliHaTa Bb3MOXKHa cTorHOCT Ha U, T. e. U, B 3aBucwu-
MOCT OT 3HaKa Ha MHTerpanuoHHaTa kKoHcranta C;. Axko C; > 0 onTuManmHOTO yrpas-
aenune Uy, = 2Uq; ako C; <0, To U,y = -Ug, T. €.

Uont :UOSigncls (7)

KBJIETO:
+1opu C; >0
sign C, = (8)
-lupu C; <0

3amectBaiiku (7) u (8), ce momydana:

d )
d—i/ =U,signC, 9)

Cnen unterpupane Ha (9) ce mosrydaBa n3pasa:
Yo = (UoSigncl)t +C, (10)

WnTterpannonnaure konctanTH C; u C, ce onpenenaT OT HaYalIHUTE U KpalHH yCIo-
Bus. [Ipu Y (o) = Y(t()) 1 to) = t = 0 ce momyuana:

C,= Yoy Hput =1, u y(t(k)) =Y, (11)

KBJETO:.
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Yy = (UoSigncl)t(k) Yo, (12)

CJICJOBATCIIHO.

_ Y(k) - Y(O)

(k) U o SigﬂCl (13)
Heo0xomumo yciosue B (13) e ty > 0, oTkbaeTO:

C,=s1gn(Yoy = Yio)) (14)
MUHHMAIHOTO BpEME 3a Ipexoa €.

C o ‘y(k) - y(o)‘ )

(k) —

Us

Kato ce B3eme nog Buumanwue (7) u (14), u3pa3bT 3a ONTUMAITHOTO YIIPABICHHUE MPU-
eMa BUJA:

Uont =U ,sign(y,, — Yo) (16)

Onrtumainnara TPACKTOPHA CC IMOJydaBa KaTO 3aMCCTUM MHTCIPALIMOHHUTC KOHCTAHTHU

Ciu Cyor (11) u (14) B (10):
y= |_U oSign(Y(k) - Y(O))J[ + Y0 (17)

ITocraBenata onTUMU3alMOHHA 3a7a4ya € PEIICHa, KaTO € HAMEPEHO MUHHUMATHOTO
Bpeme (15) 3a mpexox mo ontuManHara Tpackropus (17).

[To onucanus anropuTbm € HanpaseHa nporpama 3a EUM IBM 43-41. Ilo ta3u npor-
paMa ca MOJIy4€HM ONTHMAJHUTE CTOMHOCTH 3a BpemeTo Ha ycnemHo YAII na pas-
auyau TunoBe TI' B Hamara EEC, kato pesynaraTute ca najeHu B Tadnuna 1.

Ta6muma 1
Ne Pasgbpran CI'-2 Pazbpram CI'-1 MuHHUMAJTHO
Bpeme 3a YAII
1 TT tunm TBB-200-2 TBB-200-2A 12
2 TBB-200-2A TBC-100 18
3 TBB-220-2A TBB-220-2A 10
4 TBB-165-2 TBB-165-2 10
5 TBB-200-2A TBB-165-2 16
6 TBB-165-2 TB®-60-2 20
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3. AHaJIN3 Ha pe3yJITATUTE OT U3CJIeBAHETO

Ot Ttabnuna 1 cienBa, ye MUHUMAJIHOTO BpeMme 3a ycrnentHo YAII Ha Haii-uecto cpe-
manute TI' B namata EEC, korato e Heob6xonumMo aa ObJaT MycHATH U J1a paboTAT B
pexuM Ha CK Moke npenBapUTeNIHO Ja ObAaT ONpe/IeIeHU.

Yenemnoro YAII ce xapaktepusnpa OCBEH C MUHUMAJIHOTO BPEME 3a ITyCKAHE W C
HE3HAYUTEIHA TOIUIMHHA €HEpPrus B POTOpA, IUIAaBHO CHHXPOHU3HUPAHE, HUCKO Bb3-
OyXJ1aHe.

C napacTBaHeTO Ha OOIIUS PeaKTaHC Ha MPOBOJHUIIUTE, TPAaHCHOPMATOPUTE U TeHe-
paTopa, IyCKaHEeTO MOXKE J1a CE€ 3aTPyJAHHU U 0P Ja CTaHE HEBB3MOXKHO.

UCII ¢ pa3BppTane oT COOCTBEHHU arperaTd MOXKe Jia ¢c€ OChIlecTBU BbB BCUUkH TEL]
B EEC, xouto pasnonarar ¢ nBe pe3epBHU BB30yauTenku. [Ipu enna pesepBHa Bb30y-
TUTENIKA € 1eJech00pa3Ho MyCKaHeTo Ja ce M3BbpIM nmo Meroga Ha YAIL B mpotu-
BEH Ciy4yail TpsOBa Ja ce ThPCH pa3BbpTall] arperat B ChCEAHUTE BOJHU WJIH TEp-
MUYHH €JIEKTPOLICHTPAI, KaTo ce choOpa3sBa BPEMETO Ha pa3BbpTaHE, ChOTHOIIIE-
HUETO Ha MOLTHOCTHUTE U FOJIEMUHATA HA B30YAUTEIIHUTE TOKOBE.

4. 3akjao4yeHue

1. IIpu permaBaHe Ha ONTUMHU3ANMOHHY 3a7a49d 3a MPOIECH B JUHAMUYIHO CHCTOSHHUE,
IpU KOUTO MaTeMaTHUYECKOTO ONMHMCAHHME € 33JaJIEHO ChC CUCTEMU AU(EpEeHIIMATHA
ypaBHEHHUS, a YIPaBJISBAILMTE apaMEeTPU C€ U3MEHST AUCKPETHO U HETIPEKbCHATO, CE
npuiara OpuHIUMOBT HA Makcumyma. C moMomira Ha HEro MoXe Jia ce MOJeIupa
YAII, npu kputepuii 3a ONTUMAIHOCT MUHUMAJTHO BpEMeE 3a ITyCKaHe.

2. CMHXpOHHHTE Te€HEpaTOpH MOTraT MpH HEOOXOIMMOCT Ja OBbAAT pa3BbPTaHU U
BKJIFOUYEHHM B mapasen 3a pabora kato CK 3a mpou3Bo/IcTBO Ha peaKTHBHA MOIITHOCT H
3a peryiupaHe Ha HampexeHuero. [loaxoasan] HauMH 3a MycKaHe B TO3W CiIydail €
YAII IlpouechT mMOXke Aa C€ OCBHIIECTBH NPU MUHHMAJIHO BpPEME C IMOMOINTA Ha
PUHITMIIA HA MAKCUMYMa.
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N3CJIIEABAHE HA BIMAHUETO HA PA3JIMYHUTE PEAKIIMOHHHA
HbTHUILTA BbPXY HIOAPOBHOTO KUHETUYHO MOAEJIUPAHE HA
OKMCJ/IEHUETO HA AIETUJIEH

Nnaunana Halinenosa

Pe3tome: Dokycvem Ha Hacmoswama paboma e 8bpxXy CPAGHEHUEmMo HA 08e XUMUKO-
KUHEMUYHU CXeMU 3a MOOenupane Ha OKUCIeHUemo Ha ayemuiend, KaKkmo U aHaiusa
Ha eghexma HA memnepamypama u CmexuomMempusima 6bpxy Cmenenma Ha npeepb-
wawne Ha ayemunena. Mzopanume, Ho80pa3pabomenu XUMUKOKUHEMUYHU MeXaHUMU
ca U3BeCMHU CbC CHOCOOHOCMMA CU OOCMOBEPHO 0a NPecb30a8am OCHOGHUME Napa-
Mempu onuceauwju OKUCIeHUemo Ha ayemuiena 8 yClo8uama, 3a KOUumo me ca 6au-
oupanu. M3yuenu osaxa cneyuguunume peakyuoHHU NbMua 3a NPespvbUyaHemo Ha
ayemuiieHa U 00pasysanemo Ha OCHOGHUME MY NPOOYKMU. SHAUUMENHU PA3TUYUS Ce
YCMAaHo8UXa npu NPpeoCmasanemo Ha eKCHEPUMEHMAIHO U3MepeHume pe3yimamu om
08ama peaxkyuoHHU MexaHuzma.

Knwuoeu dymu: oxucnenue na ayemuien

INVESTIGATION OF THE INFLUENCE OF DIFFERENT REACTION
PATHWAYS ON THE DETAILED KINETIC MODELING
OF ACETYLENE OXIDATION

llliyana Naydenova

Abstract: The work is focused on the comparison of two different chemical kinetic
schemes for acetylene oxidation modeling and the analysis of the effect of tempera-
ture and stoichiometry on the acetylene conversion rate. The chosen chemical kinetic
schemes are recently developed and well known for delivering fairly good represen-
tation of the main parameters of acetylene oxidation at conditions for which they have
been validated. The role of the specific reaction paths for acetylene conversion and
the main products formation were studied. A considerable difference was found in the
representation of the experimentally measured results for both chemical kinetic
schemes.

Keywords: acetylene oxidation

1. Introduction

Acetylene and ethylene chemistry is of crucial importance in high-temperature com-
bustion. The acetylene is often defined as one of the species playing a critical role in

© 2011 Publishing House of Technical University of Sofia 221
All rights reserved

ISSN 1311-0829



the soot precursors and soot particle formation and growth. Despite the numerous ex-
perimental and theoretical studies for at least half of a century many questions remain
unanswered. One of the reasons for the great interest on the acetylene combustion ki-
netics is due to its significant role in the process of soot formation. Several recent
publications describe the experimental and numerical investigations of the acetylene
pyrolysis and oxidation in different combustion conditions [1-6].

Acetylene oxidation is experimentally studied in an isothermal plug flow reactor
(PFR) by Alzueta et al. [1]. The experimental results are simulated with an in-house
chemical kinetic model where, the effect of temperature and stoichiometry on the
acetylene conversion is studied. The authors draw special attention on the initiation
reaction (C,H, + O, = ...) with its possible product channels and the subsequent acet-
ylene oxidation paths and the related derivatives. The authors point also on the H-ab-
straction reaction by the C-H bond fission and discuss the suggested reactions with
the related rate coefficients from several earlier investigations [3-6]. The initiation
step (C,H, + O, = ...) in [1] is represented by the reactions:

C2H2 + Og = CH2 + C02 (1)

C2H2 + 02 =2HCO (2)
with the rate coefficients adopted form [3]. The global reaction flow in [1], showed
the major reaction paths responsible for the acetylene oxidation and the main product
formation channels. Accordingly, the acetylene is preferably oxidized in the reaction:

C,H,+O=HCCO+H (3)
Furthermore, the ketenyl radical (HCCO) is mainly oxidized by molecular oxygen to
CO, CO,, H and OH. The authors [1] reported that the results are independent on the
stoichiometry. The reactions C,H, + H + M = C,H; + M, and C,H; + O, = HCO +
CH,0 found to contribute significantly to the C,H, conversion in rich conditions.
Nevertheless, their mechanism did not reproduce the temperature dependence of acet-
ylene decay as well as the T Of the CO and CO, profiles except for the much di-
luted mixture. They stated that the slow C,H, conversion at low temperatures (T <
1000 K) is due to the competition reaction channels like the H and O, recombination
to HO, and observed a tendency of slight increase of the HO, concentration with in-
creasing the temperature up to 1000 K and the air-equivalence ratio (A) of the reactive
mixture.

The main conclusions of the authors [1] can be summarized as follows:

o Regardless the variety of the possible products described in the literature
for the initiation reaction (C,H, + O, = ...) the results are only sensitive to the global
reaction rate but not to the chosen product channels.

o The acetylene conversion is sensitive to the same reactions in all studied
mixtures independently on the stoichiometry at atmospheric pressure and the given
temperature interval.

o Some sensitivity of the acetylene conversion is observed also for the re-
action channel involving species like C,H,OH and OCHCHO but, these channels are
rarely studied and the rates are based on literature estimates which demand an ex-
tensive research.
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Laskin and Wang presented a detailed investigation of acetylene and ethylene oxida-
tion in [6]. Based on previous investigations [7,8] the authors deducted that, specific
reaction channels for the molecular reaction (C,H, + O, = ...) cannot be defined by Kki-
netic modeling. Accordingly, any of the discussed channels with an appropriately
chosen rate coefficient can reproduce the experimental ignition delay times. The au-
thors performed a detailed investigation of the relevant reaction pathways on the basis
of fundamental consideration of the reaction energy. They analyzed the acetylene
iIsomerization reaction and several possible product channels of vinylidene (H,CC:)
oxidation by quantum mechanical calculations and by simulating the shock-tube igni-
tion delay data reported in the literature. The general conclusions from their work are:

o In shock-tube pyrolysis experiments [9], the preferred pathway is the
isomerization of acetylene to vinylidene, followed by a reaction of H,CC with O,.

o This reaction sequence can account for acetylene shock-tube ignition de-
lay data.
This approach is adopted also in the later, extended version of the mechanism — the
H,/CO/C,-C,4 kinetic model [2] which was used in the present work cited as the USC
mechanism.

The main objective of the present work is to compare the above described chemical
Kinetic schemes [1, 2] for acetylene oxidation modeling in an isothermal plug flow re-
actor at atmospheric pressure. The aim is to study the different reaction paths of the
acetylene oxidation implemented in the reaction schemes and to analyze their ability
to predict the effect of temperature and stoichiometry on the acetylene conversion un-
der plug flow reactor conditions. For that purpose the simulations were compared
with the experimentally measured characteristics of acetylene oxidation described in
[1]. The work is being conducted as a Short Term Scientific Mission within a collabo-
ration activity under the COST Action CM0901 [13] and is still work in progress, on-
ly the preliminary results are shown.

2. Experimental conditions used for the simulations

The acetylene oxidation is experimentally studied in an isothermal, quartz flow reac-
tor [1] at temperatures between 700 and 1470 K and at atmospheric pressure.

Table 1: Investigated mixtures and the respective combustion conditions.

Air-equiv-

Reaction system [ppm] alence ratio T p Target Ref.
C,H, 0, N, H,0 N K] [atm] Species E:F())Sr(;e]ntration
500 875 991625 7000 20 700 — 1500 1.00 C,H,, CO, CO,, C,H, [1]
500 1250 991250 7000 2 700 - 1500 1.00 C2H2, CO, CO2 [1]
500 2500 990000 7000 1 700 - 1500 1.00 C2H2, CO, CO2 [1]
500 25 000 967500 7000 0.7 700 — 1500 1.00 C2H2, CO, CO2 [1]

Four different mixture compositions are studied from fuel rich (A = 0.7) to very lean
conditions (A = 20) as shown in Table 1. The outlet products are analyzed with a gas-
chromatograph. The only species detected in concentration above the uncertainty lim-
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its are C,H,, CO, CO, and C,H,. The experimental work, the technical equipment and
the operating conditions are described in detail in [1,10].

3. Computer modeling

Calculations were performed with the high temperature combustion H,/CO/C;-Cy
model [2], referred as the USC mechanism, with the version for pressure of one at-
mosphere. The program package HOMREA [11] was used setting the same combus-
tion conditions as they were in the experiment. In HOMREA the plug flow reactor
was defined as time dependent zero-dimensional system with constant temperature
and pressure assumption. In addition to this simulations with CHEMKIN-PRO [12]
were performed to derive the reaction flow analyses (RFA) of the kinetic schemes. In
this case the plug flow reactor sub-model was used, where the plug flow is described
as distance-dependant system. The results for both programs were about the same
with difference within a tolerable range.

4. Results and discussion
Figure 1, shows the acetylene conversion profiles for two of the mixture compositions
presented in Table 1, at rich (left hand side) and much diluted condition (right hand
side).
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Figure 1: Temperature dependence of the experimentally measured (closed symbols)
and calculated (lines) acetylene decay profiles at rich (A = 0.7 - left) and much diluted
conditions (A = 20 - right).

Figure 2, shows the temperature dependence of the major products (CO and CO,)
concentration profiles, measured under the same conditions. These examples show the
fuel richest and the leanest mixtures studied. For these conditions the two models dif-
fer in their agreement with the experiment. The USC-mechanism better predicts the
rich conditions, whereas the model by M. Alzueta et al. works better for very lean
conditions.
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Figure 2: Temperature dependence of the experimentally measured (closed symbols)
and calculated (lines) acetylene decay profiles at rich (A = 0.7 - left) and much diluted
conditions (A = 20 - right).

The mechanism analysis of the Alzueta et al. kinetic scheme was previously reported
in [1] and adopted form the original paper in the resent work. Therefore, global reac-
tion flow analysis and global sensitivity analyses with respect to the CO formation
were carried out only for the USC mechanism. The RFA and the sensitivity analysis
were performed at atmospheric pressure for two different C,H,/O,/N,/H,0 mixtures —
the much diluted (A = 20) and the rich mixture (A = 0.7). The choice is based on the
facts that, the O, availability in these two mixtures considerably differs and again for
the same mixtures both studied mechanisms showed the worst and the best agreement
with the experiment. The initial temperature for examined mixtures was chosen to
correspond to the temperature at which notable acetylene decay is observed. The
global reaction paths of the acetylene oxidation (Figure 3) and the most sensitive re-
actions influencing the radical pool production under the examined conditions were

studied. The arrow’s thickness in Figure 3 denotes the path’s importance.

The global sensitivity analysis showed that, by the reactor’s outlet where the radical
pool is significantly increased the most sensitive reactions for the much diluted mix-
ture (A = 20) of the USC mechanism were:

C,H, + O =CH, + CO (4)
C,H, + O = HCCO +H (5)
C,H, + OH = CH,CO + H (6)
C,H, + OH = HCCOH + H ©)

The results observed in this particular work were found to coincide with the investi-
gations reported from the original authors [2] for shock tube experiments. Neverthe-
less, the mechanism could not quantitatively reproduce the experimentally measured
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temperature dependence of the C,H, decay and the CO and CO, profiles for the much
diluted conditions.

H,CC
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Figure 3: RFA diagram for the USC Mech - rich (left) at T = 875K, lean (midle) at
T=1030K, and the Alzueta et al. (right) under different stoichiometric conditions (ac-
cording to [1]) of the C2H2 oxidation mixture at atmospheric pressure.

The influence of the choice and the variety of the H,CC + O, = ... reaction channels
for the C,H, conversion was also studied for this particular case (much diluted condi-
tions A = 20). For that purpose the reaction channels discussed in [6]:

H,CC + O, = CH,0 + CO (8)

= CH, + CO, 9

=H + CO + HCO (10)

=CH,CO+0 (11)
were introduced in addition to the reaction:

H,CC+0, = HCO + HCO. (12)

As the rate and the branching ratio of the reaction (12) are unknown the rate coeffi-
cients were recalculated with respect to the number of added channels. The results
confirmed previous conclusions [1,6] that the effect on the acetylene conversion is in-
significantly low and the results are sensitive mostly to the global reaction rate.

The reactions with the highest sensitivity coefficient with respect to the CO formation
according to the global sensitivity analysis performed for the reach mixture of the
USC mechanism (A =0.7) were:

CoHs+ M=CoHy + H+ M (13)
C,Hs + 0, = CH,CHO + O (14)
CH,CHO = CH; + CO (15)
CH,CHO+ O, = CH,CO + HO,. (16)
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An additional analysis obtained at the reactor’s inlet showed that the CO formation is
very sensitive to the reaction of vinylidene oxidation (12) together with vinyl radical
recombination reaction (13). These results confirmed the previously observed [6] ma-
jor role of the vinyl recombination path for the acetylene oxidation in the rich con-
ditions.

5. Conclusion

A considerable difference was found in the representation of the experimentally
measured results for both investigated chemical kinetic schemes.

In the USC mechanism the C,H, conversion shows a strong dependence on the T and
the mixture stoichiometry at the studied conditions. The reaction pathways of acety-
lene oxidation in the USC mechanism considerably differ between rich and lean con-
ditions. In the rich conditions the most favorable path was via the vinyl radical re-
combination whereas, in the much diluted conditions the C,H, oxidation goes prefer-
ably trough the vinilydene oxidation at the early stage of the process and via ketene
oxidation at the reactor’s outlet. Nevertheless, the mechanism failed reproducing
quantitatively the experimentally measured temperature dependence of the C,H, de-
cay and the CO and CO, profiles for the much diluted mixture.

The Alzueta et al. model shows exactly the opposite tendencies with respect to the in-
fluence of the temperature and stoichiometry on the acetylene conversion. On the con-
trary to the USC Model, the Alzueta et al. model describes more precisely the proper-
ties measured in the much diluted mixture.

These results suggested the need of further investigation of the possible reaction
channels delivering the radical pool in the acetylene oxidation. A deeper analysis of
the key reactions and their reaction rates would help improving the mechanisms pre-
dictability.
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