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Abstract. Optimization of modes of electrical networks provides for the determination of rational values of
reactive powers of controlled sources, voltages of reference nodes and transformation coefficients of
adjustable loop transformers, at which the minimum costs associated with the production, transmission and
distribution of electricity are ensured and all the specified operating and technological constraints are met. As
a result of a lot of work performed by specialists from all over the world on the development of methods and
algorithms for optimization the modes of electrical networks, at present, the methods for optimization of
reactive powers and voltages of nodes are quite developed. At the same time, the algorithms for optimization
of transformation coefficients of transformers, taking into account the provision of permissible voltage levels
and minimum energy losses in closed electric networks by ensuring the optimal distribution of power flows in
them, requires corresponding improvement. In this regard, this work proposes a new algorithm for
optimization of modes of electrical networks on transformation coefficients of adjustable loop transformers.
The results of researched the effectiveness of the proposed algorithm are presented.

1 Introduction

The goal of the optimization problem for electrical networks
modes is to determine the optimal values of all adjustable
parameters - reactive powers or voltages of nodes with reactive
power sources, transformation coefficients of adjustable
transformers in the range of permissible modes. The area of
permissible operating modes of electric network is determined by
conditions of balance of powers in nodes of electrical network,
constraints in the form of inequalities on boundary permissible
values of active power of the balancing node, voltages of all nodes,
reactive power of controlled sources and transformation
coefficients of adjustable transformers. To date, as the results of
the work of many scientists and specialists around the world, many
methods and algorithms for solving the problem under
consideration have been developed. They effectively use various
approaches and optimization methods, such as classical [1, 2, 13,
14], heuristic [3, 4], artificial intelligence [5, 6, 7], etc.

Most of the above mentioned works provide for the
optimization of modes of electrical networks on reactive power or
voltage of power plants and reactive power compensators [5-7, 12].
At the same time, it is possible to separate a number of works, in
particular, [8-11], which have made a significant contribution to
the development of the theory of optimization on transformation
coefficients of transformers.

According to the algorithm described in [8], the choice of
optimal transformation coefficient of transformer with
corresponding control taps is based on optimization of voltage in
fictitious node on the secondary side. Evaluation of effectiveness
of using this interesting algorithm for optimization of modes of
complex-closed electrical networks, from our point of view, may
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encounter difficulties in taking into account functional constraints
in the form of inequalities in the calculation process. In [9], an
algorithm for choosing the optimal control taps of transformers
based on the by particle swarm optimization method is given.
However, according to the materials presented in it, the procedure
for taking into account various simple and functional constraints in
the form of inequalities in the optimization process remains
unclear. The work [10] describes an algorithm for optimization the
mode of an electrical network based on minimization of losses in
closed networks by opening the circuits and compensating for
reactive power. The algorithm given in [11] provides for the
selection of optimal transformation coefficients of transformers
according to the criterion of ensuring admissible voltage levels at
consumers. Therefore, this algorithm cannot be directly used to
minimize losses in electrical networks.

Transformers in closed electrical networks can be used not
only to regulate the voltage in them, but also to minimize losses by
changing the distribution of power flows in parallel networks.

Thus, the issues of improving of algorithms for optimization
the modes of closed electrical networks on transformation
coefficients of adjustable transformers, taking into account all
types of operating and technological constraints, remain as a
important problem. This paper proposes the algorithm for
optimization of modes of electrical networks on transformation
coefficients of adjustable loop transformers, which reduce losses in
electrical networks to a minimum by ensuring optimal power flows
at the area of permissible modes.
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2 Optimization method

The minimum losses in closed electrical networks can be
ensured through the optimal distribution of power flows in them.
This can be achieved by creating additional electromotive forces
(EMF) in independent loops of closed networks. The creation of
such EMF can be achieved on the basis of compensation of
reactance or by adjusting the transformation coefficients of
adjustable transformers [12]. Usually, the second activity is the
most effective. Determination of the optimal transformation
coefficients of such transformers for complex-closed networks,
taking into account all types of constraints emanating from the
conditions for ensuring admissible modes, in particular admissible
voltage levels, is a complex problem of nonlinear mathematical
programming.

In special cases, this problem can be solved on the basis of a
two-fold calculation of steady state of the electrical network. In this
case, one proceeds from the condition of optimality of the natural
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distribution of power flows in closed networks, the elements of
which have only active resistances [12]. At first time the
calculation of steady state of electrical network is carried out
taking into account only the active resistances of its elements (Fig.
1, a). As a result, the power flows in all branches, including the
branch with a regulated transformer, of electrical network are
determined. Then at the point of location of adjustable transformer
the circuit is opened. In this case, in the nodes obtained as a result
of opening, the power flows along this branch, obtained as a result
of calculating the steady state, taking into account only active
resistances, are deposited. After that, the second time calculation of
steady state of electrical network, taking into account the
impedances of all elements and with an open loop is carried out
(Fig. 1, b). The ratio of obtained voltages of nodes, which appeared
as a result of the circuit opening, at this stage gives the optimal
transformation coefficient of the adjustable transformer, at which
the minimum losses in the closed electrical network are provided
(Fig. 1, v).
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Fig. 1. Determination of optimal transformation ratio of the loop transformer for a simple closed electrical network.

In general cases, the above-described algorithm for
optimization of transformation coefficients of transformers cannot
be applied to complex-closed electrical networks with many
different constraints in the form of inequalities. In such cases, the
algorithm described below can be effectively used.

The objective function is a function of total losses of active
power in electrical networks, defined as a algebraic sum of the
active powers of all nodes. And the active power of the node, in
turn, is described as the sum of the active powers of power flows
along the branches outgoing from it:
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The task is to determine the optimal transformation coefficients

of adjustable loop transformers, at which the minimum of function

(1) is provided, taking into account the constraints on the balance
of active and reactive power of nodes
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minimum and maximum limit values of the active power of the
balancing power plant
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reactive power of reference nodes
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individual components of the complex transformation
coefficients of adjustable loop transformers (in the general case)
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power flows and currents of power transmission lines
(PTL) with observed power flow and current
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where n is the number of nodes in the electrical network (except
for the balancing one); J; is a set of nodes that have direct
connections with node i; N, G are sets of nodes with loadings and
generating units; G, is a set of reference (reactive power
generating) nodes; T is a set of branches containing transformers
with adjustable transformation coefficients; Lp, L; are the set of
PTL in which the active power flows and currents are observed;

leT,: (©6)

P,P,Q;, Q. are determined and given active and reactive

power of the i th node; K',,K”l are real and imaginary
components of transformation coefficient of a transformer with
longitudinal-transverse regulation; P, I, are determined flow of

active power and current of the / th power line.
The active and reactive powers of nodes are expressed through
modules and phase angles of the complex voltages of nodes

V,.,Vj,é‘,.,é‘j; real and imaginary components of intrinsic and
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The p-g branch in the circuit of an electrical network
containing a adjustable transformer is represented in the form
shown in Fig. 2.
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Fig. 2. Representation of a branch with an adjustable transformer.

In Fig. 2 quzgpq-i-jbpq is the total complex

conductance of the branch, which has the corresponding active and
reactive components and include the conductance of the

transformer; I&pq =K, +JK,, is the complex transformation

coefficient of the ideal transformer with the corresponding
components.
The power fluxes along the branch with an adjustable

qu‘p (Fig. 1) and their components P, P are

transformer S&' rqr Lagp

pq’
expressed through the conductivity of the branch I7p ,» modules and
0, and the

optimized transformation coefficient of transformer. At each step
of iterative optimization process, there is a change in
transformation coefficient of transformer by

Aqu ZAK;q + jAK;q and a corresponding change in the
power flows by APp o AQM, APqp, AQW, which are expressed
through AKM, AKM and V,,V,,6,,6,.
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As a result of changes of power flows in the branch the total
losses of active power in networks also change:
n
7r=2.;13.+APM+ARW. (11)
im
The solution of the obtained problem of conditional
minimization of function (11), taking into account the restrictions
described above, according to the proposed algorithm, for see
reducing it to the problem of unconditional minimization of the
following generalized function

phase angles of complex voltages of nodes V.V, J,

r’

'

F=n+PF+ Y uW + > uWw, (12)
ieG+N ieG+N-G,
where
PF =PF,+ Y PF, + > PF, + Y PF, + Y PF, isthe
i€G, ieG+N lelp leL,

sum of penalty functions taking into account constraints (3), (4).,
(5), (7) and (8), respectively; ,u;, lul are indefinite Lagrange

multipliers.
At each iteration a step in the direction of decreasing the
generalized function (12) by gradient method
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and calculation of steady state of electrical network by the Newton-
Raphson method at obtained transformation coefficient of
transformer are made.

3 Results and discussions

The effectiveness of the algorithm proposed here for several
examples, in particular, in example of optimization of mode of
electrical network, the circuit of which is shown in Fig. 3, on
transformation coefficients of adjustable transformers in branches
1-2 and 5-4 was researched. The active r and inductive x
resistances of the branches are given in Ohms (Q), and the total
complex nodal powers are given in MVA. Node 0 is balancing
node, the voltage of which is 220 kV. The ranges of control taps on
the high sides of the transformers are the same and have + 6x2%.
In series to the transformers in branches 1-2 and 5-4 the regulated
transformers, which could also rotate the voltage phases on the
secondary side, are connected. The range of possible values of real
and imaginary components of transformer coefficients of
transformers connected in series in branches 1-2 and 5-4 are the
same and 1.5<K ’<2.5 and -0.5<K’ <.0.5.
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Fig. 3. The circuit of the electrical network.

To evaluate the optimization results by the proposed algorithm
based on comparison, at first the initial steady-state mode of the

electrical network was calculated for the initial values of
transformation coefficients of transformers K;2 = Ks4 = 1.9. The
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components of the complex voltages of nodes obtained as a
result of such a calculation are shown in Table 1. The total losses
of active power in electrical network are 3.60 MW.

Table 1. Parameters of the initial steady state mode
of electrical network.

Node number, i Vi, kV 0;, rad.
0 220.00 0.0
1 215.65 -0.0261
2 118.59 0.0825
3 124.11 0.1354
4 118.30 0.0968
5 215.53 -0.0236

The results of optimization of electrical network mode on
complex transformation coefficient of loop transformer in branch
1-2 are shown in Table 2. In this case, the optimal transformation
coefficient is K;2.opt. = 1.838+ j0.139 (K’12 = 1.838 and K";2 =
0.139). The total losses of active power in electrical network
decreased to 3.45 MW. Thus, the reduction of losses due to
optimization is 0.15 MW, i.e. 4.2%.

Table 2. Parameters of the optimal mode of electrical network
on transformation coefficient of transformer in branch 1-2.

Node number, i Vi, kV 0;, rad.
0 220.00 0.0
1 215.59 -0.0260
2 120.54 0.0309
3 125.65 0.0958
4 119.98 0.0693
5 215.87 -0.0278

In order to assess the effect of transformers in branches 1-2 and
5-4 on the total losses in electrical networks, optimizations were
also made on transformation coefficient of transformer in branch 5-
4 and simultaneously on the transformation coefficients of
transformers in both branches 1-2 and 5-4. Table 3 shows the
obtained optimal transformation coefficients of transformers and
the corresponding total losses of active power in electrical
networks.

Table 3. Total losses of active power in electrical networks at
optimal transformation coefficients of transformers in branches
1-2 and 5-4.

Optimized K-> Ks.4 Total | Reduction
transformation losses of losses,
coefficients 7, MW %
Initial mode 1.9 1.9 3.60 -
K2 1.838+ 1.9 3.45 4.2
+j0.139
Ksq 1.9 1.769- 3.34 7.0
-0.098
Ki2, K54 1.5+ 1.5- 2.44 32.1
+j0.046 | -j0.037

Table 4. Distribution of power flow in branch of electrical network
according to transformer coefficients of loop transformer.

Modes Optimized Power flow Reduction
transformer S21=P21+jQz1, | of losses,
coefficients MVA %

Initial - 50.81+j16.59 -

Optimal on K12 K2 60.95+18.85 4.2

Optimal on K54 Ks4 61.25+j23.20 7.0

Optimal on K2 K12 and K4 61.20+j15.68 32.1
and K4

On the basis of calculation experiments was set that power
losses reduction in closed networks occurs due to changing of
power distribution in them. To approve this factor in table 4 power
flow in branch (in direction from node 2 to 1) in initial and
optimized on transformer coefficients modes are presented.

As a result of carried out researches also revealed that the
phase rotation of the complex voltage of the node under the
influence of complex transformation coefficient of the loop
transformer more strongly affects the redistribution of power flows
in closed networks and thereby expands the possibilities of
significantly reducing the losses in them. The degree of influence
of the transformation coefficient of a loop transformer on the
redistribution of power flows in closed networks and, accordingly,
on power losses in them, significantly depends on the location of
the transformer in the network. The increase in the number of
regulated transformers in closed networks expands the possibilities
for obtaining an additional effect by reducing losses in them.

4 Conclusion

1. A new effective algorithm for optimization of modes of
electrical networks on transformation coefficients of adjustable
loop transformers is proposed. It allows to reliably determine the
optimal complex transformation coefficients of loop transformers
taking into account all types of operating and technological
limitations.

2. A decrease in the total losses of active power in closed
electrical networks when optimizing their modes on transformation
coefficients of loop transformers occurs due to the optimal
redistribution of power flows under the influence of the created
loop EMF.

3. Rotation of the voltage phase under the influence of the
complex transformation coefficient is a determining factor for the
redistribution of power flows in closed networks and for
corresponding reduction of losses in electrical networks. In
addition, the degree of influence of transformation coefficient to
total losses in electrical networks significantly depends on the
location of the regulated transformer. Therefore, it is recommended
to determine the rational places for installation of adjustable
transformers in electrical networks taking into account this factor.
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