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Abstract. This paper describes the state of the methodological problem of calculating steady-state modes
of energy systems’ complex electric networks. It also describes the topological method of forming the Z-
form of equations of steady-state modes of complex electric networks. The analytical dependence of the
node impedance matrix with the matrix of the nodal currents distribution coefficients is established. The
matrix of infeed coefficients is determined during the initial data preparation. An analytical approach for
determining infeed coefficients topological essence is considered. A simplified method for calculating the
driving current distribution coefficients is proposed based on all possible graph trees of a complex electric
network. An algorithm for forming infeed coefficients matrix in the environment is developed. A technique
for obtaining real solutions of the steady-state mode equations is developed. Steady-state modes direct
formation significantly reduces the amount of work performed, increases the visibility of the calculation
algorithms performance, and ensures fast and reliable iteration convergence. Increases the level of
automation and efficiency of the calculations performed.
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where J - driving currents column matrix; C- infeed
coefficients rectangular matrix.
The values of the currents in the circuit branches remain
unchanged if we multiply and divide the right-hand side
of equation from the left (1) into the branches resistance
matrix, and write in the following form:
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On the other hand, the inverted form of the nodal
voltages equations has the following form [12]:

Up=2), 3)
which, taking into account the first Kirchhoff law, can be
written in the form:

Up=zMi=zmZ 1z, Ci=Clz) i @)

1 Introduction

Methodological problems of analysing the electric power
system modes are associated with the need to perform a
large amount of work on the steady-state modes
calculation [1, 2]. In most cases, steady-state modes
equations are written in various forms and are nonlinear,
which can be solved only by iterative methods [3-5].
Hence, there are many widely used programs for
calculating steady-state modes [6-8]. When selecting the
most effective of iterative methods, special attention is
paid to ensuring and convergence rate of the iterative
process.

The conducted studies [9-11] have shown that the
difficulties of obtaining real solutions in the steady-state
modes calculation can be considerably overcome if we
start with inverted form of nodal equations. Complexities
in the formation of the inverted form of nodal equations
have been overcome to a certain extent by using hybrid
matrixes that allow them to combine their advantages by
representing them as products of sparsely populated

The resulting equation (4) is a solution of the equation of
nodal voltages and allows us to write the equality in the
following form:

z=c'zc=y1. )

matrixes using various matrix factorization methods.

In this paper, the methodology for the formation of the
nodal voltages inverted form is developed based on the
network topology using the graphs theory.

2 Rearrangement of the state equation

It is sufficient to have all the infeed coefficients and
driving currents coefficients to determine the current
distributions in the circuit [12]:
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Thus, the problem of forming an inverted form of nodal
equations can be reduced to determining the infeed
coefficients matrix.
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3 Infeed coefficients matrix and network
topology

The coefficient of the j-node driving current distribution
in the i-branch is the ratio defined by the complex
number [13]:
_li
Qij—Tj (6)
The topology of electric networks makes it possible
to establish an analytic relationship between the infeed
coefficients and the structure of the straight-line graph
[15]. A significant place in the network topology is
occupied by such subgraphs as trees and 2-trees. From
the values of trees and 2-trees of the graph, numerators
and denominators of the driving infeed coefficients of
power grids are formed [electric network]. The
complexity of searching and singling out the 2-trees of
the graph unnecessarily hampered the topological
method development in the electric power industry. A
new approach for determining the numerators of the
infeed coefficients in the function of the network
parameters was proposed in [17-19] without searching
for and determining the value of the 2-trees of the
complex network. Based on all possible trees, specific
trees of the oriented graph are formed. The elements of
the infeed coefficient matrix are calculated based on the
topological expression [17]:
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where ¥ F¢ - the total value of all possible graph
k=1

trees; I\zﬂﬁ'q - algebraic sum of the values of the i-
k=1
branch graph specific trees.

For all infeed coefficients, the denominator is
determined once by the total value of the possible graph
trees. An algorithm and a program for calculating the
infeed coefficients in the Matlab environment have been
developed.

4 Formation of Z-form of nodal voltages

Expression (4) allows directly associating the J driving
currents matrix with Uy voltages matrix at the nodes

with respect to the neutral. After replacing the o.c.p. in
branches and transverse branches with the corresponding
driving currents, the matrix of voltages at the nodes with
respect to the neutral is given by [20]:

U=Ug+C'ZpCE '€ (®)

where C - infeed coefficients complex matrix
rectangular; Zy - branches resistance diagonal matrix;

@d - nodal conjugate voltages diagonal matrix; §-

matrix of the column of nodal loads and generators
conjugate powers

5 Steady-state mode calculations
The nodal equation (8), after the representation of

complex quantities S=P+jQ; QthC_::Z , can be
recorded for k-node in the form of [22]:
. n 1 .
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where Uy =U'+jUf .
After separation into real and imaginary parts, equation

(1) has the form of:

n - .
Uk=Ug+ X ZU jl Pjcos(3k +wkj)+Qksin(dk +wkj) ;(10)
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U= X Zju jl Pjcos(dk +wkj)-Qksin(®k +wkj) , (1)
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where UkZ\[(U'k)2+(Uf<)2- k -node voltage

Uk

Ok =arctg—™- k -node voltage phase;
Uk

module;
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of mutual nodal resistance;
m .t
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ykj=arctg Jr;]l - phase of complex
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)71

mutual nodal resistance.

The real and imaginary parts of the nodal voltages
are determined by iterative methods, which are
accompanied by the definitions of the modules and
voltage phases of the nodes. Assigning any generator
unit with voltage and active power leads to a partial
change in the algorithms for calculating the required
variables. Suppose that the parameters of the n-th
generating unit are assigned with the active power and
voltage. Then the required parameters of the mode of the
considered node are the phase of the nodal voltage &p

and the reactive power Qp. The value of the reactive
power of the n-th node is determined based on [18] and
the following expression is valid [22] for the k- iteration:
Kk U2cossk™L-UgUp-ZnnPrcos@K Tynn )-
Znnsin(sh'lﬂunn)
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n-1 (12)
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The imaginary part of the considered node voltage,
respectively, is:

okl kD)
UnsméSn = J_-;,lZnJUj .
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Hence, the value of the nodal voltage phase for the k-
iteration has the form of:

Prsin(3K +wnn)-QKcos3K L+ynn)

"(K)
8h=arcsinun7, (14)
n

The essence of the iteration consists in correcting the
nodal currents. The line's charging capacities, the corona
loss, as well as power transformers no-load losses are
taken into account by the corresponding currents,
depending on the voltage applied to them, which are
refined during the iteration.

Algorithms for the steady-state mode formation are
realized in the MATLAB environment. All possible
graph trees are defined based on the theory of structural
numbers, and specific trees based on algorithm specially
developed for this purpose. Block diagram of the
algorithms implementation is shown in Figure 1.

In order to provide clarity of the above material, consider
a typical example of a 110 kV network (Fig. 2), studied
for training purposes in [23], where two generator nodes
"0" and "1" operate on a common load in a ring scheme
with the following parameters: Z1=10+j20 Ohm; Z»=10+j25

Ohm; Zz3=15+j30 Ohm provided that the basic node

voltage is Uy= 115 kV and the corresponding power of
$1=28,8675+j17,3205 MV A, Sp=-46,1880- j23,0940 MV A.
The total values of the possible graph trees (Fig. 2b) and
the specific trees for the first element of the infeed
matrix are determined [17, 19]:

YE=Y1Y5+Y 1 Y3+Y5 Y3 F1=-(Y1Yo+Y Y3).

The values of infeed coefficient matrix calculated by the
program are presented in the form:
-0.7299 - 0.0073i -0.4051+ 0.0109i
0.2701-0.0073i -0.4051+ 0.0109i
-0.2701+ 0.0073i -0.5949 - 0.0109i

on which the following generalized network parameters,
necessary for calculations are determined:
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Based on equations (10), (11) and (12), (13),
calculations for a given network were made twice, when
the first node is assigned with active and reactive
powers, and when the same node is assigned with
voltage and active power. The calculations are
performed by a simple iteration method with accuracy
and the results of which are given in Tables 1, 2.

Table 1. Results of the calculation of the network mode
in Fig. 6a, when the nodes are assigned with active and
reactive powers

Table 2. The results of the calculation of the network
mode in Fig. 6a, with the generator node assigned with
voltage U; = 115,4100 kV and the active power P, =

28,8675 MW.
Iteratio | 0 | 1 2 3 4 5
n index
Q, - 16,4542 17,2586 17,2480 | 17,2804 | 17,2805
MVAp
Ui, - 10,1903 [0,2848 |0,2745 10,2749 |0,2749
kV
3, 0 10,0945 [0,1414 |0,1363 |0,1365 |0,1365
grade
us, - 109,815 {109,610 {109,641 | 109,640 | 109,640

oV 1 1 6 5 6

us, - |-4,3641 |-4,0988 |-4,1269 |-4,1249 |-4,1251

kv

U, kV |11 109,901 109,716 | 109,719 | 109,718 {109,718
0 |8 7 2 1 1

5, 0 |-2,2758 |-2,1410 |-2,1556 |-2,1546 |-2,1547

grade

Iteratio | 0 | 1 2 3 4 5

n index

Ui, - 115,712 {115,401 | 115,410 | 115,409 | 115,409
Y 6 6 5 6 6

Ui, - 10,2703 |0,2847 10,2777 |0,2783 {0,2782
kV

Ui, 11 [115,712 {115,402 | 115,410 | 115,410 | 115,410
KV 0 |9 0 8 0 0

3, 0 [0,1338 |0,1414 |0,1379 |0,1382 (0,1381
grade

Uy, - 109,841 {109,615 | 109,614 | 109,612 {109,612

KV 1 9 0 3 3

Us, |- |-44186 |-4,1153 [-4,1479 [-4,1456 |-4,1459
kv

Up, |11 109,930 [109,693 [109,692 [109,690 | 109,690
. 0 |0 1 4 7 7

89 0 [-2,3036 |-2,1500 |- 22,1660 |-2,1661
arade 2,16071

Calculations results show that the developed
algorithm of calculation, at assigning the node with
voltage and active power provides convergence of the
established mode at the fifth step of iteration process, at
accuracy of 10°U,. It is known from [23] that the
Newton method ensures the convergence of the steady-
state mode at the accuracy of 10’3Ui, at the fifth step of
the iteration, whereas the simple iteration on the
proposed algorithm, the steady-state mode of the same
electric network, also converges at the fifth iteration, but
at calculation with accuracy of 10°U,.

This reveals the advantage of the proposed method.
To estimate the accuracy, the results of the fifth iteration
of the steady-state mode from [23] is presented:
U1=115,4150kV,  $1=0,1352 grade., U2=109,7210 kV.,

87=-2,1553 grade, which, as can be seen from Table 3,

differ within the rounding error. Therefore, the proposed
method can be used both in scientific studies and in the
performance of operational calculations of steady-state
modes of electric power systems.

6 Conclusions

1. A topological algorithm for the search and calculation
of specific trees for a directed graph of a complex
electric network was developed.

2. A topological method for the formation of the
complex network steady-state mode in the MathLab
environment was developed.

3. Calculations of modes of complex networks do not
experience any difficulties when changing the form of
the task of generating units.

4. The proposed method increases the degree of
automation of the ADMS tasks.
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