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ALGORITHM FOR OPTIMAL CONTROL
OF ELECTRIC POWER SYSTEMS

This paper provides information about the current state of the energy
system in Kazakhstan. Also, analyzing the technical condition of the
structure of the Kazakhstan electro power station, a mathematical model
for complex power systems is developed. Algorithms of control with Adams-
Bashforth multistep method are developed. There has been conducted the
analysis and assessment of significant factors affecting the forecasted
dynamics of electric power consumption, built based on multivariate
regression and cointegration models.

Keywords: electric power industry, power system, mathematical
model.

Introduction

Currently, a series of processes is present that change the most important
physical parameters of the power system. Predominantly, it is interconnection
of electricity grids, distributed power generation and infrastructure aging. Since
the original power systems were designed and built without taking into account
these changes, now it is required to ensure their efficiency in new and changing
conditions. The primary task, however, remains the same: controlling the power
flow from suppliers to consumers and maintaining the stability of the power system.
Therefore, one of the most important problems in the power sector is to establish
control systems to ensure long-term stability of the system, since the loss of stability
may result in economic losses and devastating damage to the power system.

Object of research: electric power systems.

Subject of research: modern methods of electric power systems management.

Aim: Methods of mathematical optimization (algorithmic) have been used
for many years for many tasks of planning, operation and control of power
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systems. The mathematical formulations of real problems are derived under certain
assumptions, and even under these assumptions, the solution of large-scale power
systems is not simple. On the other hand, there are many uncertainties in the power
system problems, because the grid systems are large, complex and geographically
widely distributed.

Table 1 — Electric power generation in Kazakhstan, million kWh [1]

Electricity production by year

The structure of power
generation 2014y. | 2015y. | 2016y. 2017y. 2018 y. 2019 .

Thermal power station 787729 | 74091,8 | 74702,8 | 82424,8 86795,1 88625,2
Gas turbine power station | 6915,8 7279,5 7407,6 8372,6 9119,3 9367,0

Hydroelectricity 82358 | 9250,3 | 116059 | 11157,9 | 10343,0 | 10412,0
Wind farm, Solar power 10,6 175 360,2 4283 5397 79,9
station
Total 93935,2 | 90796,6 | 94076,5 | 102383,6 | 106797,1 | 108984,1

With the expansion of the power station scale in Kazakhstan, the control
problems of its modes are becoming more complex due to the large extent of the
electrical network, the uneven distribution of energy resources and productive units
across the territory of the country, the structure complexity of generating capacities
and schemes of backbone electric grids. The liberalization and restructuration
of power industry leads to a radical change in organizational structure of power
station which does not coincide with its technological structure and the structure
of mode control system.

Presently, in the world, and also in Kazakhstan, new concepts of development
of the electric power system are studied and formed in the global and national
level, which correspond to the new goals and development trends of the global
and national economies, and the new nature of threats to economic, environmental
and social character. The technological infrastructure of modern electric power
systems is complex and it includes a set of different spatially distributed but related
technical elements, which perform in real-time processes of generation, power
transmission and distribution and realize the common strategic goal - to provide
reliable power energy supply for consumers (table 2). To do this, there are several
methods of forecasting energy consumption. Whereas, all of them are based on the
information coming from each point of consumption using counters, which are able
to transmit information about the instantaneous values of power consumption in
data centers. But Kazakhstan does not have such a well-developed infrastructure,
which makes it impossible to use foreign techniques.
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Table 2 — Expected electrical energy balance of Kazakhstan UPS during years
2020-2026 [1]

Predicts, milliard kWh
Name
2020 y. 2021y. 2022y. | 2023y. 2024 y. 2025y. | 2026%y.
Electricity 110,1 112,2 114,1 1154 117,7 1209 | 124,
consumption

Electricity

: 116,4 119,7 122,4 1234 129,4 135,0 128,5
production

On this basis, it is necessary to develop models and methods for optimal
control of power systems that fully comply with the requirements of the Kazakhstan.

Issue: Development of a mathematical model of a multi-machine power
system.

Materials and methods

Consider a classical mathematical model of multi-machine system. Figure 1
shows the electrical diagram of the system of n machines. All voltages are measured
with respect to node 0 (neutral). Nodes 1,2, ... n - bus of corresponding machines
or connection point of e.m.f. for transient reactance. Various nodes are connected
together and to node 0 by passive elements represented with impedances. Initial

values E|, E, ,..., E, are determined from the conditions of pre-emergency mode.

Values E,(i =1,2,...,n) in the transitional regime are assumed to be constant.
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Figure 1 — The classical model of multi-machine system
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Matrix of conductivities n-pole from generator terminals is defined by the
expression / = YE where, y has the diagonal elements Y, and the off-diagonal elements
of ¥ Bydefinition, ¥, =¥, < 0, =G, = jB, isequaltoitsownnode conduction

I,but Yy- = Y;j < 95; - Gg’;’ = J'Bg- is equal to the mutual conductance between
nodes I and j with a minus sign.

Power, flowing in the network in node i and equivalent to electric power of
i -th machine, is determined by the expression

B=ReE [

P, =EG; t Z}E;.E Y, cos(@, -6, +65,) =
&
J=i

E2G, + 3 E,E,Y,|B, sin(s, - 8,) + G; cos(8; — 5,)]
=
J=i

t=L..n

The equations of motion are given in the following form [4]:

T, do, > S -
2~ D@, =Py, —| E}G, + D E,E Y, cos(0,—5,+5,)
a,.. dt IEN j=1
J#E
ds,
(’:': -
dt

It should be noted that at the time preceding the emergency perturbation (t=0),

Puxio = Ps:r_o;
2 0
i ' . oy o
R’;ﬂ(’__i,{} o= Ei Gii.O L= ZE;'E;}@'_O COS(QQ.__D — Qg 0;:0)'
=1
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In some standard assumptions dynamics of » interconnected generators
through a communication network can be described in the classical model with
dynamics of the flow decay [5]. The network has been reduced to the representation
of the internal bus, assuming that the load impedances are constant and they take
into account the presence of the transfer conductance. A dynamic model of the
i-th machine is represented by the classical model of the third order

S, =0 o,

i ;; (8, -D,(@,-0,)-E,1,)

£, ~—(8, - £, -(x, - x,,)1,)
d.

i

where,

1, =G,E, + Y E, |G, cosls, -5,)- B, sinls, — 5, )}

Jj=1.j=i

1, =-B,E, - ifé} (G, sin(s, - 5,)+ B, cos(s, - 5, )}

J=lj=i

I, (#) and I, (¢) are currents in d—q reference frame of i-th generator,

E, () —transient e.m.f. in the quadrature axis, £ , (¢) - equivalent e.m.f. in the

excitation coil, X, and X 4, - Teactance of straight axis and transient reactance
of straight axis, respectively; P, — mechanical input power, received by the

constant, D —damping coefficient; H, —represents the inertia constant in seconds;

'

T, —time-constant of short circuit on the straight axis in seconds; & (¢) —rotor
angle inradians; @ (¢) represents the relative speed, @, = 27f , —synchronous

speed of the machine, in rad / s; Gj and B ; represent the i-th element of row
and j-th element of column for nodal conduction matrix and nodal susceptibility
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matrix, respectively, which are symmetrical in the internal nodes after eliminating
all physical bus. Consider £, (#) as an input system of signal.

This flowchart starts with a source of fuel, which is then burned to provide
steam. This steam rotates the turbine, which drives a generator. Generators,
installed in power plants, are mainly synchronous machines. Synchronous machine
converts the mechanical power provided by turbine into electric power that is then
distributed to the network with loads. In the loads power is consumed, and it closes
the circuit block of power allocation. All system components are controlled by an
energy control center for reliable operation.

Mathematical models for the problems of stability, optimal control and
stabilization of electric power systems are developed to describe the operation of
electric power systems.

The following shows a general mathematical model of the complex electric
power systems, which is described by a set of nonlinear differential equation:

o, =

dt

fAS" &=

(d'l =w, —D;S; — f;(6;) — gf,-(b‘f_x). AT G e
T

L Ax, +q,S, +bu,. i=11
dt

where the function

i
v,(5.)= ZP& (Ox), 6x=0,-6; ()
k=1

=i

Afunction i, (8. describes the interaction between generators and expands
in the following way:

- L1 N . Coa
v, (()i_ Y= ;? [RJ sm(cbﬁ.u + Oﬁ —Pg. sin ‘5,5;'0 )] 3)
J=i

A periodic continuously differentiable function fl (51 ) is determined using
the following formula:
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f(5)— [P sin(d,, +J,)— P sino, ] i=1,1, )

l

In the system (1), 51 —rotation angle of the rotor of i-th synchronous generator

with respect to a rotational axis; S, — slip of i-th generator; D, >0 — damping
coefficient.

To ensure reliable operation of electric power systems for system (1), it is
required to define the area, where the phase trajectories tend to a particular stable
equilibrium position. Investigation of stability «in the large» of the system (1) is done

in the band G,,, ={(5,.5,.x,)|8.,, <&, <5y, S, €R!, x R

using the second method of Lyapunov.
Consider an insulated subsystem of the second order

' =S5;. : =-D,S, - £,(5,) (5)

forwhich M ; stationary set in the phase plane R,-2 (5 i S ; ) consists of alternating
points of stable and unstable equilibrium. To estimate the attraction regions of
stable equilibrium positions using Lyapunov second method, it is possible to
study the stability «in the large» of only one point of stable equilibrium (e.g., the

origin O(0,0)), because of the periodicity on the angular coordinate of O; phase
diagram of the system on the plane Ri2 (0,,S,).
Consider the function v, (9,,S,) definedintheband G, in the following
way:
1 1
v (0,,8,) = E(Si + 051.1)1.514)2 + EOCI‘DI.2 (1-a,)- 5:'2 +F(0,)+

. s (©)
+2D,a, (T a)FL(8) = (S, + 4, D.8)* + [ N,(6)d5,
0

where,
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a; = const(0 < a; < 1),F;(6;) = foaiﬁ(ﬁi)d5f_ :
s

F(8) = f JOT @5, Ni(65)

’ = ;DF(1— a;)8; + fi(6,) + 2D/ a; (1 — a;)\/6,£:(6)).

Functions Fi (65_).15'2 (61') are continuous in the band G 01-

A mathematical model of optimal control problem for electric power system
is described in the following way:

(.*?.c)‘i

o 7
;> s =-D,S, — £,(5,)- N,(5,) +v,, @

G ={0y5::0, ), S8 8

For full description of control problem, a system of equations (7) is
supplemented by initial conditions

0,(0)=0,, S0)=S§,, i=1..L ®)
Theorem 1. In order to obtain the optimum control
V0 (S,.0) = ~w, [ expt=y,3S,, i=1,...1, and the corresponding
solutions 18°(£),8°(£)} forthe system (7) — (8), it is necessary and sufficient to
A(S(T).S(T))=K(o(T).S(T)).
ws (t)=2D, e}q:o{—;v;.r}Jr[u-vl }1 exp{—2y,t} >0, ...l

where,
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/ S [
K(5,8)= 0.52|:HiSi2 + jﬁ(&i)d§i]+ > jNi(al,...,éi,l,a.ﬂ,...,51)d§,. ©)
i=1 0 i=l, ¢

9;=0.
j>l
Bellman-Krotov function, and

J(v°) = min, J(v) = K(5°,5°)

A mathematical model for motion stabilization of the power system for two
synchronously running generators is developed and it is described by the following
system of differential equations:

do
Zheg,
dt
dos, _g
a7
ds 5
d—.fl =% —K,S, - £1(8,)- B,.
di:(zxz_KﬁSﬁ_fE(é"’)_BQ' (10)
dt o _
f‘_
ii=45+m,
dt
d.,‘
i R Ax, +u,,
dt S

where, first 4 equations describe the operation of the system, and last 2 equations
describe the state of the regulator. Also X;, X, —phase variables; C;,C, —scalars;
Uy, U, — controls; 0 — rotor rotation angle; S - slip of generator;

£, =T, (sin(5, +8,)- S, )

f=T (Sin(52 +6,) =5, );
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B, =L,((8, + 5, +26,)- S,)

The following algorithms are employed for the numerical implementation for
the problems of stability, optimality and stabilization of electric power systems.
These algorithms provide more accurate solutions to the studied problems.
Consider these algorithms in the example of the stabilization problem for electric
power systems with two synchronous generators.

1-algorithm. Adams—Bashforth multistep method.

1-step. The initial values 9, S, x at £ =0 and ¢, K, P, A are known.
2-step. Tofind O, S, X at points 1,2,3,4, use Runge-Kutta method of 4th order.

i+l

1
=6, + E(ml +2m; +2my -+ m4)

my = AK(S;)

n, = Ar[S,. + lml}
) s

1
my = AI[S + :mz ]

1
m, = Ar[ ?n;s}

i
5.i=8, +g(ml +2m, +2my +m,)

i+l — ~i

my = At((cx, — KS, — f,(6,) — B,))

n, = Ar((c{x!. + 5 m,) — K (S, + ; m,)— £,(5, + ;”"1) _Pu)]

1 1 1 ‘
my = Ar((c(.\'r. += ; my)—K(S, +— 5 ny)— fi(S, +— = ny)— )]

my = AI[((‘(.\} + 1 ny) — K(S, +%m )= £+ imﬁ EJ)J
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1
A +E(ml +2m, +2m, +m4)
my = At((Ax; +u)
1
=A{A(x,. +5m1)+u]

= AI[A(XI- + %mi) + u]

my = At(A(xi. + %ms') + u]

3-step. To find O,.S, x starting from i = 4 and up to i = n, use Adams—
Bashforth multistep method. Coefficients for Adams—Bashforth multistep method
[6] are shown in [6].

—5 +Afl ——8S.
St 720 P 360

1901

E B ST G

]901 1387 109 637 _ 251 .
_SI— i-4
30 - 360

S+ = g

ox; —KS, — f;(6,)—F,) — 360 (C\ —KSi = fia(6)—Fy) +

’ 109 e . 637 % -
S =5, A +¥("-‘}—2 —KS;, = fi2(65) - By) _2_&)(03-'_3 —KS, 3 — fi3(65) —Fy) +

251
+——{cx; o~ KSop=fei (0 )= Fa);
770( i-4 i—4 f4( 4) 12)

25
At[ @( )—@(AXI i +H)+—(A) g +u)7—(,{¥ +u)+_"_T;(A1'f__, +u);}

2-algorithm. Adams—Moulton multistep method.
1-step. The initial values 0, S, x at t =0 and ¢, K, P, A are known.
2-step. To find O, S, X at points 1,2,3,4, use Euler method.

8., =0, + Ai(S,)
S:‘+1 :S:' +ﬂf((’x‘,. _KS:' _ﬁ(di)_lolz)
X,y =X, + Ar(Ax, +u)
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3-step. To find &, S, x starting from i = 4 and up to i = n, use Adams—
Moulton multistep method. Coefficients for Adams—Moulton multistep method
[5] are shown in the [5].

5 323 53
5 A{ Ble By Lo 5o —25,_4]
720 360 30 7 360 720
251 ; o 323 o
220 €~ KS = fi(8) = Py + S (e — K8, — £ (80— By)+

=

5
Sy S — i s — B B RSB B
3 . ' g

_3 2k

19 ¥
—ﬁ(mﬁq —KS, y — fis(8) — By):

1 323 11 53
Xy =X; +At(7—(m +:'.')+ 1A.x‘ ptu)— (A\, By +u)+3( (Ax,_3 +u) (Ax, 4+:n')

20

Conclusion

The modeling process of technical, biological, economic and other processes
requires a preliminary study of the data structure, the stationarity nature, the presence
of anomalous observations. A special feature of energy consumption indicators is
divergent trends of the seasonal and cyclical fluctuations, structural breaks, which
cause their unsteadiness and causes autocorrelation, heteroscedasticity and the
lack of normal distribution of residuals models constructed from these data. This
makes it impossible to use classical statistical tools and actualizes the search for
methods and models that reduce the negative impact of aforementioned problems
to obtain better mathematical models and reliable forecasts.

This paper describes the process of optimal control of complex electric power
systems. We found a continuous Bellman function that has continuous partial
derivatives everywhere over all its arguments. The solution of the problem is
obtained. The implicit Adams method was used to solve this problem.

The article was prepared within the framework of the project of grant
financing AR05132020 “Development of an intelligent information complex
and mathematical models for modern electric power systems” of the Institute of
information and computing systems.
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Cepus snepeemuueckas. Ne 4. 2020

byn maxanaoa Kazaxcmannwiy snepeus scyleciniy azuimoazol
Jrcazoaiivl mypanvl 0epexkmep ycvinvlizan. CoHOau-ax, Ka3aKCmaHoblK,
DOK KypulabiMbiHblH MEXHUKALLIK, HCAU-KYUIH MAI0at Omulpbln, Kypoeii
NEKMP IHEPLEeMUKANBIK JiCYyUesep YWin MamemamuKaivlk Mooeib
93ipeHOl. Aoamc-Bawghopmmuoly ken camvlibl 90ICIH KOJIOAHA OMbIPLIN,
backapy ancopummoepi xcacanovl. Ken paxmopnvl peepeccusinvly
JHCOHE KOUHMEe2PAYUATbIK MOOenb0epOi Kypy I1eKmp IHep2UusiCulH
MYmblHY KOJeMIHIY 00AHCAMObl OUHAMUKACBIHA dCep ememin MaHbl30bl
axmopnapea manoay sxcore bazanay Hcypeizinoi.

Kinmmi ceszdep: Oaexmp snepeemuracwl, 3Hep2us jxcyueci,
MAMEMAMUKANbIK MOOENb

B oannoii cmamwe npedocmasienvt oannvie 0 mexyujem coCmosHuu
anepeocucmemol Kasaxcmana. Takoice, ananuzupys mexnuyeckoe
cocmosinue cmpykmypul Kazaxcmawncrxoeo 99C, paspabomana
Mamemamuyeckas Mooenb Oisi CLONCHLIX IJeKMPOIHEP2eMU4ecKux
cucmem. Paspabomanvl aneopummol ynpasisieMocmu ¢ UCNONb308AHUEM
MHO20WA206020 memooda Adamaca-bawgopoa. IIposeden ananus u
OYeHKA 3HAYUMBIX PAKMOPOS, GIUAIOWUX HA NPOSHOZHYIO OUHAMUKY
06beM08 nompeOieHUsl IeKMPOIHEPSUL NOCMPOCHUE MHOLOPAKIMOPHBIX
PecpecCUOHHbIX U KOUHMEZPAYUOHHBIX MOOEIEl.

Kniouegvie cnoe: snekmposnepeemuka, snepzocucmemd,
mMamemamuyeckas Mooelb
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