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IMPROVING THE EFFICIENCY OF 6-10 KV POWER
GRIDS OF INDUSTRIAL ENTERPRISES THROUGH
OPTIMAL REACTIVE POWER CONTROL

The article deals with improving the efficiency of an industrial power
system, which is determined by the level of power losses in its elements.

One of the most important methods of increasing the efficiency of power
supply systems and distribution networks that ensure the transmission and
distribution of electricity is to reduce the amount of electrical energy that
is expended in this process. Reducing power losses in electrical grids is
achieved by reducing the reactive component of the electric current, i.e.,
by increasing the cos ¢. The Electrical Installation Code recommends, first
of all, using the synchronous motors available at the enterprise.

It is reasonable to solve the problem of minimizing active power
losses in the power grid using the method of mathematical modeling and
mathematical programming.

The article presents the main features of the criterion programming
method for solving a class of problems with a positive degree of difficulty,
which is quite well-known in the electric power industry for solving
optimization problems.

We propose the method of criterion programming to solve the problem
of improving the efficiency of the power grid by optimal control of the
operation of synchronous motors according to the reactive power mode.

Keywords: Electrical network, reactive power, minimization of active
power losses, synchronous motors, criterion programming.

Introduction

The efficiency of the power supply system is determined by the level of

power losses in its elements.

One of the most important methods of increasing the efficiency of power

supply systems and distribution networks that ensure the transmission and
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distribution of electricity is to reduce the amount of electrical energy that is
expended in this process. According to international experts, the relative losses
of electric power during transmission and distribution in power grids in most
countries can be considered satisfactory if they do not exceed 4-5%. Losses at the
level of 10% can be considered the maximum allowable as regards the physics of
transmission through power grids.

Thus, one of the criteria for evaluating the efficiency of electrical grids and
systems is the levels of power losses in them.

Materials and methods

Power losses in lines

Transmitting a significant amount of reactive power through lines and
transformers on the power grid is unprofitable for the following main reasons:

(a) there are additional losses of active power and energy in all elements of
the power supply system due to their reactive power load;

(b) there are additional voltage losses;

(c) loading transmission lines and transformers of the power supply network
with reactive power reduces the capacity of the network, which in some cases
does not allow using of the full generators of power plants.

The power-factor correction is used to eliminate the above causes that reduce
the efficiency of power supply networks. It can be increased both without the use
of compensating devices and with the use of compensating devices.

Use of mathematical programming methods

It is reasonable to solve the problem using mathematical programming
methods. One of the methods is the method of criterion programming.

The principal task of this method is formulated as follows:

- to find the minimum value of the function

YY), X = (X1, X2, ..., Xm), 1)

 provided X1>0,X2>0, ..., Xm>0,

- and constraints

It is assumed that the objective function Y(X) and the constraints g(X) are
expressed by positive generalized polynomials in the form of

2
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where Ai >0, o, are arbitrary real numbers;

X, is an optimized variable;

n is the number of terms in the objective function and constraints;

m is the number of optimized variables;

a, is any real number.

To determine the minimum of the objective function in criterion programming
(a class of problems with non-zero degree of difficulty) the duality theory is applied
[S, 6], where the direct problem of searching for optimal values X, is replaced
by the determination of components of the vector of similarity criteria z, with
subsequent identification of the maximum of such multiplicative function D(z), that

In this case, the function D(x) is called dual, and the determination of its
maximum value and the maximizing vector m, is called the solution of the dual
problem, respectively.

For the objective function Y(X) and constraints g(X) of a direct problem with
apositive degree of difficulty (d = n - m - 1>0), which is most typical for technical
and economic optimization problems set in power engineering, the general solution
for dual constraints will have the form of [4]:

d
7r=b0+ZC]'bj, 3)
J=

where ¢ is the j-th basis variable; it has a value of an arbitrary real number satisfying
the non-negativity constraint:

where b, is the normalization vector, b, , is its i-th component; bj is the j-th residual
vector, bij is its i-th component.

By substituting expression (3) into the solution of the dual problem and
after some transformations, we obtain the expression of the maximizing vector
70 through the generalized constants of the objective function and the constraints:

ﬁnf’v - 11 A @)
i=1 i=1
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When determining the optimal values of the variables of the direct criterion
programming [4, 9] problem we proceed from the fact that

©)

(6)

where X is the desired minimizing vector of the main problem;
n, is the number of terms of the objective function;
p is the number of constraints;
4, 1s the k-th constraint.

Based on the definitions of the similarity criteria 7 we can write n equations
in the form of

(7
wherei=1,2,3,..., n.

Logarithmizing the system of equations (7) defines a system of linear
equations with respect to InX,;

®)
wherej=1,2,3,..., m.
In this system of equations, the (d + ) equations are linearly dependent. By

isolating a system of m linearly independent equations from (8) and solving it,
we find a vector of solutions with respect to InX,;:

mB | |,
InB In X

B=|" 2= ©)
]an lnXmO
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Exponentiating the obtained solution determines the coordinates of the
minimizing point of the main optimization problem, i.e. X, X,, X ..., X .

Problem solving algorithm

Theoretical provisions of criterion programming are fully enough described
in[3,4,5,6,7,8,9,10], so we will focus on the algorithm for solving the problem
set below.

Figure 1 shows the main section of the 6-10 kV distribution network.
Switchgear No.4, No.5, and No.6 are connected to the trunk mains. Synchronous
motors, as well as other loads, are connected to the switchgears.

The task is formulated as follows: to optimize the reactive power mode of
the electric network. The optimality criterion is a minimum of active power losses
on a distribution network section.

Figure 1 — Diagram of the distribution network section

The mathematical model of the electric grid will have the form of:

when

1,2G,, I >G,

7 ia» “ip p’
where 7, is the active ratio of the i-th arms of the electrical network;

I, 1, are active and reactive components of the current in the i-th arm,
respectively;

G, G, are active and reactive current components of the i-th arm, respectively,
determined by the calculation scheme;

n is the number of arms in the electrical network.
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As we can see from the mathematical model, [4, 9] active power losses in the
electric network consist of two components: the first depends on active power, and
the second — on reactive power. Thus, the task of minimizing the losses of active
power has been reduced to determining the optimal values of reactive power,
which can be done at the expense of synchronous motors.

Results and discussion

The mathematical model for this problem is written in the form of

with constraints:

The independent variables in this problem are currents in network arms, their
number is five, and the total number of terms, including constraints, is 10. The
degree of difficulty of the problem d [4] will be equal:

d=10-5-1=4.

This model with constraints corresponds to the matrix (matrix of power
indices at the objective variables) [3,4, 9]:

2 0 0 0 0 -1 0 0 0 0
60 2 0 0 0 0 -1 0 0 0
a=(0 0 2 0 0 0 0 -1 0 0 (10)
o o0 0 2 0 0 0 0 -1 0
O o 0 0 2 0 0 0 0 -1

Modified by the Gauss-Jordan method, it will have the form of
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(11)

By taking the reciprocal matrix lying to the right of the unit matrix and adding
the unit matrix of size [(d+1) % (d+1)] below, we obtain the matrix 3

S O O O~ O O O O

N

[

S O O = O O O O o

\S]

—

S O = O O O O o o

\S]

._.
S = O O O O o o o

N

—_
—_ O O O O T O o o o

(12)

The normalization vectors b, and the residuals bj are determined by the known
relations from the matrix . To obtain the normalization vector, take any column
vector of the matrix and divide it by the sum of its first components. To obtain the
Jjth residual vector, take the remaining column vector of the matrix £ and subtract
from it the product of the sum of its first components by the normalization vector.

We obtain:
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bo=

S O OO N O O O O =

-1/2
1/2
0
0
0
-1

S o o =

by =

-1/2

b3z=

-1/2

bg =

-1/2

0
0
1

(13)

According to (3) the vector of similarity criteria in the general case is written as

(14)

Let us define the maximizing vector 7. To do this, according to expression
(4), write a system of equation
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(15)

Conclusion

Setting the initial information about the electric network arms and solving
the system (15) with respect to the variables C, substituting their values in the
expression for the vector of similarity criteria (14), we obtain the numerical values
of'its components. Further, using expressions (5), (6), (7) (8), and (9), the optimum
values of reactive components of currents in the arms of a distribution network are
finally determined. Thus, we obtained the solution to the problem of minimizing
active power losses in the power grid using the method of mathematical modeling
and mathematical programming.

Outcomes

Using the method of criterion programming a model to solve the problem of
improving the efficiency of the power grid by optimal control of the operation of
synchronous motors according to the reactive power mode has been developed.
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*M. E. Boaeun'!, E. M. Boneuna®, A. I1. Kucnog’
1-23TopaliFbIpOB YHHBEPCHTETI,

Kazakcran PecnyOnukacer, [TaBnoaap K.
Marepuan 20.06.23 6acnara TYCTI.

PEAKTUBTI KYATTBI OHTAMJIbI BACKAPY APKBLIbI
OHEPKOCIITIK KOCIINIOPBIHJAP/IbIH 6-10 xB JIEKTP
KEJIEPIHIH TUIMALIIT'TH APTTBIPY

Maxanada onviy snemeHmmepinoe2i JAeKmp IHePSUSICLIHBIY HCO2ALY
OeneelliMer anblKmaiamoi OHePKICINMIK KOCINOPbIHHBIY INeKMPMEH
2HcabObLIKMAY HCYUeCiHiK MUIMOLIIZIH APMMbIPY MOCENeC KapaCmblPbLI2aH.

Dnexmp sHepeuscvin Oepy Men mapamyobl KAMmMAamdacsl3 ememin
NeKMPMEH HCaADOLIKMAY JHCyliesiepi MeH mapamy HCeniepiHiy muiMoiniein
apmmuipyobly MAHbL30b1 HCONOAPLIHBIY OIPI OCbI NPOYECKE HCYMCALAMBIH
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NEKMP IHEPSUSCLIH MYMBIHYObL a3aumy 001bin madwviiadvl. Iiexmp
Jrceninepinoeci INeKmp IHePSUACLIHbIY HCO2ALYbIH A3AUMY MOKMbLY
peaxmusemi Kypamoac 6ouicin azaimy apKbulivl Jcy3eze dcblpbliaobl,
senu. cos ¢ kebeuminiz. PUE Oyn ywin, ey anovimen, Kocinopvinoa oap
CUHXPOHObL KO32ANMKbIUMAapObl NAUOAIAHYObL YCLIHAObL.

Mamemamukanvik MoOenbOey HeoHe MAMEMAMUKATIBIK OA20apaamanay
90icmepin KOJLOAHA OMbIpbIN, 3JeKmp dHcelicinoe2i OelceHOl Kyam
JHCO2ANMYNAPBIH A3AUMY MOCENCCIH WEUKEH JICOH.

Maxanada oymatinanovlpy ecenmepin wiewy Yuwin 31eKmp
IHEP2eMUKACHIHOA HCAKChl Deneii KUbIHOLIKMbLY OH O0apediceci bap
ecenmep KIAcvlH wlellyee apHaiean Kpumepuaiobl 6az0apramanay d0iciniy
Hezi3el epexutenikmepi bepinee.

Peaxmusmi Kyam pescumi 60tibIHUA CUHXPOHObL KO32ATMKLIUMAPObIH,
JHCYMBICHIH OHMAIILL OACKapy eceOiHeH dJeKmp HCeNICIHIY MUIMOLNIZIH
apmmulpy MOceneCin wewy yuwin Kpumepuaniosl 6a20apiamanay 90icin
KONOaHy adicmemeci YCbiHbLI2AH.

Kinmmi ce30ep: Dnexmp acenici, Peaxmusmi Kyam, bencenoi Kkyammoiy
arcozanywin azaumy, Cunxponosl Kozzaimywviuwumap, Kpumepuanowv
bazoapramanay.

*M. E. Boaeun'!, E. M. Boneuna®, A. I1. Kucnog’
1-23TopaiiTBIpOB YHHBEPCHTET,

Pecmyonuka Kaszaxcran, r. [TaBmoaap.
Marepuan noctynui B penakiuto 20.06.23.

HOBBIIIEHUE YOOEKTUBHOCTHU IJEKTPUUECKUX
CETEM 6-10 xB IPOMbBILIJIEHHBIX ITPEIPUSITUN
OYTEM OIITUMAJIBHOI'O YIIPABJIEHUS
PEAKTUBHOM MOIIIHOCTHIO

B cmamve paccmampusaemcs 6onpoc nogwiuienus s¢pghexmuernocmu
cucmembl MeKMPOCHAOICEHUSL NPOMBIULICHHO20 NPEONPUSIMUsL, KOMopas
onpeoensiemcsi yposHeM HOMepPb 2IeKMPUYECKoll dHepeu 8 € dieMeHmax.

OO0HuUM U3 8adCHelUUX nymell NOBbIUUEHUSL dhexmusHocmuU cucmem
NEKMPOCHADICEHUSI U PACNPeOeTUMENbHbIX cemell, 00ecnedusanuux
nepedauy u pacnpeoeieHue dJIeKMPOIHEPSUU, SABAAEMC I CHUINCEHUE
Pacxo0a 3ieKmputecKoll JHep2UuLl, KOmopblil Mpamumcs Ha 9mom npoyecc.
Chudicenue nomepb 21eKMpOIHEPSUU 8 DTCKMPULECKUX CEMSIX NPOU3800sim
3a CYEM CHUIICEHUS PeaKmusHOU COCMAsAIoujell dIeKMpPUiecKo20 mokd,
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m.e. nosvlutenust cos ¢. [1YD pexomendyem 0711 3moeo 6 nepsyio ouepeds
UCnoJsib3o06antb umMeruuecs Ha npe@npuﬂmuu CUHXPOHHbLE osuzament.

Pewumso nocmaesieHn)o 3a()ally nO MUHUMU3AYUU NOMEPDL aKmMueHoU
Mo Hocmu 6 aﬂekmpulteCKoﬁ cemu ueﬂecoo6pa3H0 C UCnoJjb3o6aHuem
Memoo08 Mamemamuiecko2o Moc)eﬂupoeamm u mamemamudeckozo
npocpPAMMUPOBAHUSL.

B cmamuve npu@odﬂmcg OCHOBHble 4epmbl Memooa KpumepudailbHo2co
npocpammupoeaHus ons peuwernus Kiacca 3a0a4 ¢ NOAOHCUMENbHOU
Cmenenvio mpy()Hocmu, KOmOpbllZ 00CmamouHo XOpOouto uzeecmen 6
IJIEKMPOIHEpeemuKe ons peuteHuss onmumuzayuoOHHvlx 3a0au.

Ilpeonacaemcs memoouka npumeHeHuss Memooa KpumepuaibHo20
npocpamMmuposanus OJis peweHus 3a0aiu RO8bleHUst IPPeKmusHoCmu
NEKMPUYECKOU Cemu 3a CUém ONMUMAIbHO20 YAPAGIeHUs. pabomotl
CUHXPOHHBIX O8U2ameiell N0 PENCUMY PEeAKMUGHOU MOUHOCTIL.

Knroueswvie crosa: aJPKmpulleC’Kaﬂ cemo, Peaxmuenas MOUWHOCMY,
MuHuMH?auuﬂ nomepob aKmMueHo MOWHOCMU, CuprOHHble osuzamen.
Kpumepuanvroe npoepammuposanue.
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