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CHAPTER 1

SYSTEM OF PROACTIVE CONTROL OF REACTIVE POWER FLOWS
IN DISTRIBUTED ELECTRICAL GRIDS

CHAPTER 1

RBSTRACT

The paper solves the urgent problem of improving the methods and means of optimizing re-
active power flows in distribution grids with significant daily volatility in the generation and con-
sumption of electricity. The object of research is the process of automated control of a set of
reactive power sources (RPS) in distribution electrical grids (DEG). Coordination of their operation
will contribute to the reduction of electricity losses in the DEG and improve the voltage quality.
Based on the results of the analysis of modern trends in the construction of RPS control systems,
the expediency of decentralization using local automatic control systems (ACS) is substantiated.

The operational determination of the optimal powers of the RPS and the calculation of the
corresponding settings of local ACS are associated with objective difficulties. The study proposes
a formalization of the problem of optimizing reactive power flows in DEG and a new way to solve it.
It is shown that the problem can be reduced to the determination and periodic correction of the
settings of local systems of automatic control of the RPS. The latter, by adjusting the energy
flows according to local parameters, taking into account the specified settings, contribute to
the achievement of the overall effect of reducing losses and stabilizing the voltage in the DEG.
The proposed method contributes to a reasonable simplification and increase in the reliability
of the distributed control system for reactive power flows in the DEG, taking into account
technical limitations.

To solve the problem, the principle of advancing control, the method of "ideal" current distribu-
tion (according to power losses) was applied. Using the model of "ideal" current distribution, the
problem of nonlinear optimization of reactive power flows in the DEG was reduced to a fundamen-
tally simpler problem of finding current distribution in a step-by-step circuit with active resistances.
To determine the time intervals between the adjustment of local ACS, it is proposed to analyze the
correlation between the predictive graph of the optimal power of an individual RPS and local energy
consumption based on the Pearson coefficient.

A block diagram and algorithms for the operation of the control system for the set of RPSs are
proposed, which provide a minimum of computational operations and data exchange operations. At
the same time, a response is provided to changes in the consumption and generation of electricity

3



—
(=<
3
—
A
=L
o
(b ]

ENERGY FACILITIES: MANAGEMENT AND DESIGN AND TECHNOLOGICAL INNOVATIONS

in the conditions of short-term failures of information systems. This contributes to improving the
quality of operation of energy distribution systems in modern conditions.

KEYWORDS

Proactive control, power distribution system, reactive power sources, optimization, "ideal"
current distribution, losses, voltage quality.

The operation of modern distribution electrical grids (DEG) is characterized by a local increase
in energy consumption, the appearance of two-way flows, increased requirements for ensuring
reliability and controllability, as well as more stringent environmental restrictions [1]1. To solve the
problem of cost-effectiveness and environmental friendliness of the DEG operation, various ener-
gy-saving measures and innovative technologies are being developed and implemented.

In recent years, trends in the economical use of fossil fuels have led to the integration of
renewable energy sources (RES) into distribution grids. Moreover, the share of the latter in the
energy balance of some DEG already today is 30 % or more. Since DEGs were designed for cen-
tralized power supply, the development of dispersed generation gives rise to new problems and
tasks [2]. From a technical point of view, the main tasks are to maintain the balance of active and
reactive power.

The transmission of reactive power by grids is associated with an increase in current loads,
an increase in voltage drops, an increase in electricity losses, etc. A feature of reactive pow-
er compensation in modern DEG is that optimal decisions have to be made in conditions of sig-
nificant volatility of active and reactive power consumption, as well as unstable local genera-
tion. At the same time, individual RES can provide additional means to improve the efficiency of
electricity distribution.

The implementation of information technologies in DEG has created the basis for the develop-
ment and improvement of the operating efficiency of reactive power sources (RPS) with automatic
control. However, the solution of a complex problem requires the application of efficiency criteria
that link the energy efficiency of the DEG, the quality of electricity, the reliability of grids and the
RPS payback. The complexity of the problem statement, the dynamism of the processes and the
dispersal of reactive power sources in the DEG requires constant improvement of approaches to
automated and automatic control.

Therefore, the problem of improving the methods and means of optimizing reactive power
flows in distribution grids, which have significant daily volatility in the generation and consumption
of electricity, turns out to be relevant.

Traditionally, to search for solutions to optimize reactive power flows in DEG, numerous meth-
ods of linear and nonlinear programming are used [3]. For the practical implementation of solutions,
uncontrolled RPS or automated reactive power compensation installations are used. The latter
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automatically adjust the output power according to local parameters. The general disadvantage of
this approach is that it gives partial solutions. To eliminate it, it is proposed to determine the opti-
mal parameters of the RPS based on the mutual influence of all sources and consumers in the DEG.
And a dispersed control system for a set of local RESs should be built on the basis of the Hamilton-
Ostrogradsky principle [4] to achieve a system-wide effect.

The aim of the study is to improve the efficiency of managing a set of dispersed reactive
power sources, which is manifested in reducing power losses and improving the quality of voltage
in distribution grids.

To achieve the aim, the following objectives are solved:

— well-known methods for optimizing the modes of electrical grids in terms of reactive power
are analyzed;

— the conditions for the optimal operation of reactive power compensation means in distribu-
tion grids are determined;

— a block diagram and algorithms for the operation of the control system for a set of RPS
equipped with local automatic control systems have been developed;

— the effectiveness of the automated reactive power flow control system was tested on the
example of 10 kV urban distribution grids.

The object of the study is the normal modes of distribution electrical grids with dispersed
sources of electricity.

The subject of the study is methods and means of optimizing power flows by means of proactive
control of reactive power compensation installations.

For the analysis and solution of the tasks set, the principle of least action in the formulation of
Hamilton-Ostrogradsky, methods of linear and non-linear programming are used. The established
DEG modes were modeled on the basis of the nodal voltage method. Electricity losses were deter-
mined by the method of average loads and numerical integration. Matrix algebra, graph theory and
decomposition were used to develop algorithms for optimizing reactive power flows in and the for-
mation of adjustment parameters for automatic control systems of the RES, matrix algebra, graph
theory and decomposition were used. To develop an automated control system, the provisions of
the theory of automatic control were used.

The conducted studies have shown the feasibility of using the Hamilton-Ostrogradsky principle
to solve the problem of optimizing reactive power flows in distribution grids with a sharply changing
load. In particular, using the mentioned principle, the possibility of raising the problem of nonlinear
optimization of reactive power flows according to the criterion of maximum profit to the calculation
of the "ideal" mode of the distribution grid is substantiated. This significantly reduced the number
of calculations and increased the reliability of obtaining a solution.

The proposed approach to the calculation of the optimal reactive powers made it possible to
develop an algorithm for proactive control of a set of RESs. It ensured the coordination of the
RPS operation in the grids of power supply companies by preventive adjustment of the adjustment
parameters of their control systems. According to the developed block diagrams and control algo-
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rithms, an automated control system for the existing RPS was created to maintain optimal reac-
tive power flows, taking into account the rapid changes in the operating parameters of the DEG,
in particular, the generation of renewable sources.

L1 METHODS FOR OPTIMIZING REACTIVE POWER FLOWS IN MODERN DISTRIBUTION GRIDS

Optimization of reactive flows in modern DEG has certain features. In addition to traditional
sources of reactive power, in particular, power plants, transmission lines and specialized devic-
es, dispersed installations for the conversion of energy from renewable sources (RES) should be
considered. Their operation is determined by the influence of the environment, so it is difficult to
predict. As a result, reverse flows occur periodically, which affect the reliability and efficiency of
electricity transportation. Since the pace of renewable energy development is growing every year,
these problems will only get worse. This is evidenced by the experience of Western countries.
In [5], using the example of Germany, it is shown that the output of RES power can cause an
unacceptable increase in voltage levels.

At the same time, using inverter converters, synchronous or asynchronous RES generators
can generate or consume a given reactive power without active power limitation. For example,
in [6] it is shown that the controlled supply of reactive power from RES can reduce losses in the
distribution grid and facilitate the flexible exchange of reactive energy with the grids of transmis-
sion system operators (TSOs).

In addition to the RES implementation, electricity consumption is increasing locally in mod-
ern distribution grids. In Italy, for example, fast charging stations for electric vehicles have
significant peak powers and low power factor. The random nature of this load, which grows
with the demand for electric vehicles, has a negative impact on the energy efficiency of
distribution grids [7].

Thus, changes in the nature of generation and consumption in distribution grids, especially
reactive power, require improvements in methods and means to improve energy efficiency.

L11 METHODS FOR SOLVING PROBLEMS OF OPTIMIZING REACTIVE POWER FLOWS

To solve problems related to the optimization of reactive power flows in DEG to achieve maxi-
mum profit or profitability, methods of decomposition, linear and nonlinear programming are tradi-
tionally used [8]. However, such methods use assumptions and simplifications, so they can direct
the solution process to local extrema.

In a number of works, in particular [8], the possibility of moving from a complex prablem of op-
timizing reactive power flows to a number of separate optimization problems is shown. This allows
the use of classical optimization methods [8] and traditional software. However, this approach is
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associated with the need for additional assumptions for the decomposition of the problem. This re-
duces the reliability and speed of obtaining a solution and degrades the efficiency of the operational
control of the RPS [9].

The development of information technologies and computing facilities has created conditions
for new approaches to solving the problem of optimizing reactive power flows. They are focused on
increasing the level of automation of the DEG operation. Elements of artificial intelligence [10-12],
including artificial neural grids [10], expert systems [5], genetic algorithms [11], and evolu-
tionary programming [12], are actively used. However, the excessive time spent on finding op-
timal solutions in the case of using evolutionary and genetic algorithms limits their use for real-
time problems [3].

For DEG, the problem of reactive power control is mainly due to its influence on the voltage
deviation [13]. Therefore, the optimization of reactive power generation in DEG is often based on
voltage sensitivity assessment methods. For this, in [13], a fragment of the Jacobian sensitivity
matrix and voltage sensitivity index (VSI) are used. The latter is defined as the Euclidean norm of a
fragment of the inverse Jacobi matrix [14].

In addition to determining the optimal powers of the RPS, an important aspect is the organiza-
tion of their interaction in the DEG to ensure a systemic effect. In [15], an approach is presented
to optimize the reactive power and voltage flows in the power system using game theory. It is
shown that a complex interaction between the RPS is necessary to control the voltage in the DEG.
For its reproduction and optimization, a non-commercial formal game was used. It is shown that
the appropriate settings of the automatic control systems of individual DEGs allow their coordi-
nated operation according to local parameters. This minimizes the total reactive power generation
required to satisfy voltage limits.

Advances in information technology have made it possible to use parallel computing to optimize
the DEG operation. Therefore, methods of multicriteria optimization of reactive power distribution
have been developed [16]. The vast majority of them are based on well-known single-objective op-
timization methods, in particular, on genetic algorithms [17, 18], search engine optimization algo-
rithms [19], and competitive algorithms [20, 211 in combination with decomposition methods [22].

In [23], a modified Pareto method was proposed to apply parallel computing to the prob-
lem of optimizing the distribution of reactive power. Three objective functions were chosen for
multi-purpose operational optimization: reduction of power losses, reduction of voltage deviation
and increase of voltage stability. To solve the problem, let’s use the algorithm of strength Pareto
multi-group search optimization (SPMGS0) [24]. The results of Pareto optimization are compared
with other methods, in particular, with non-dominant sorting genetic algorithm Il (NSGA 11} [25],
non-dominant sorting particle swarm optimization (NSPS0) [26]. The comparison confirmed the
effectiveness of the method, which is manifested in a steady reduction in energy losses.

However, the practical implementation of this approach involves the prompt determination of
the optimal powers of the RPS, as well as the possibility of permanent centralized control over
them. The latter is mostly impossible for DEG due to the lack of a developed information infrastruc-
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ture [27, 28]. Based on this, it is advisable to use distributed automated control systems based
on local automatic control systems (ACS).

For such a control organization, specific approaches to solving optimization problems should be
applied. In [29], it was proposed to use the iterative method of semi-definite programming (SDP)
to solve the problems of optimizing the RPS power. Each iteration involves solving the optimization
problem of determining the power of the RPS using SDP. Changes in the DEG parameters within
the iteration are considered not critical for the adequacy of the model. After each iteration, the grid
parameters are refined. The validity of this principle of distribution of the optimization process was
confirmed by computational and full-scale experiments [23]. Therefore, it was used in our study to
create algorithms for simulating DEG modes during the day and taking into account the influence of
local systems of automatic control of the RPS.

11.2 OPTIMIZATION OF REACTIVE POWER FLOWS BASED ON THE "IDEAL" MODE OF
THE DISTRIBUTION GRID

The objective function of the problem of optimizing the RPS powers according to the criterion
of minimum power losses in the DEG is predominantly convex and has no gaps. To solve the prob-
lem, a number of methods have been developed that have confirmed their effectiveness. But the
tasks of operational control of reactive power sources are more complicated. The reasons are the
dynamism of the processes of the control object and severe time constraints for decision making.
Based on this, the methods described above often cannot guarantee a solution to the problem.
At the same time, the application of the Hamilton-Ostrogradsky principle [30] makes it possible
to determine the coordinates of some "ideal' DEG mode, taking into account energy losses. After
that, the search for the optimal regime is reduced to taking into account the limitations of the pa-
rameters. This approach increases the reliability and speed of the search for the optimal solution of
energy problems. After all, the process of searching for a solution begins not with an arbitrary initial
approximation, but with an extreme value corresponding to the "ideal" mode of the DEG (Fig. 1.1).
In addition, the coordinates of the "ideal" mode can be determined by calculating the steady state
after a certain adjustment of the calculation model [31].

The process of searching for the optimal solution is shown in the projection onto the XiX,
coordinate plane (Fig. 1.1, a) and in the projection onto the P(X;, X,) coordinate plane obtained by
the principal component method (PCM) (Fig. 1.1, b). Taking into account the peculiarities of deter-
mining the step of the gradient method, the process of finding a solution slows down significantly in
the optimality region (Fig. 1.1, @) [31]. Thus, the time limits of operational control may be violated.

The optimal DEG mode in terms of reactive power (Fig. 1.1, @) is determined in two stages.
First, the parameters of the "ideal" mode X; [X;;, X5] are calculated, which correspond to the min-
imum power losses at given loads and voltage levels in the DEG. The values of the optimized vari-
ables Xy, X and the objective function Z for such a regime are calculated by analytical expressions
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obtained from the Euler-Lagrange equations [31]. In practice, such a regime generally cannot be
implemented. Therefore, at the second stage, restrictions are imposed on the dependent and inde-
pendent parameters of the regime. This ensures the transition to the optimal DEG mode K, [X3,, X,].
Losses of electricity for the optimal DEG mode, obviously, will be greater than for the "ideal".

X Xon Z B0, X BOX,Xy,)
POX, X,)

X, / %(Ul - |
N )

Xio m

Xi, > 2 Z,

# NS /

| Xe Z —&~ P
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O Fig. 1.1 Search for the optimal solution according to the criterion Z(Xs, X.) using the
gradient method (trajectory X(0) — X’,) and using the "ideal' mode (trajectory X — X,):
a — projection onto the coordinate plane Xi, X»; b — projection onto the plane P(X;, Xo)

To form control laws and determine the debugging parameters of the ACS, one should take into
account the uncertainty of individual independent parameters of the DEG. It is due to the dynamism
of the regimes and the shortcomings of information support. Accounting for the mutual influence
of the control actions of individual ACS and changes in the DEG parameters under the action of
control is a particularly difficult task. It requires the use of simulation models and the principle of
active control.

11.3 OPERATIONAL OPTIMIZATION OF REACTIVE POWER FLOWS USING PROACTIVE CONTROL

Decentralization of power supply in DEG and the growth of the total power of sources of dis-
persed generation complicate the planning of power grid modes. The existing supervisory control
and automation systems were not ready to support this process. This resulted in the inability to
take advantage of the potential benefits of the DESs. In particular, the use of subscriber energy
sources for unloading DEG and reducing losses in them [32]. At the same time, technical problems
associated with their integration emerged.

For example, power fluctuations at the inputs of powerful wind and solar power plants en-
tail problems in energy transmission systems [33]. Traditional sources of reactive power are not
able to constantly maintain the balance of reactive power in such transmissions. Therefore, it is
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necessary to improve the means of managing the RPS to ensure the stability of distribution grids
in terms of voltage.

For the development of automation systems for RPS, it is necessary to take into account the
purpose of control, as well as the requirements of industry standards. On their basis, [4, 27, 34, 35]
formulated the requirements for technical means, as well as the principles of RPS automatic control:

— reduction of electricity losses in consumer power supply systems in possible daily con-
sumption modes;

— implementation of voltage restrictions in the DEG;

— the maximum attraction of the RPS, if there are no restrictions on the exchange of reactive
power between the DEG and the subscriber;

— control of actual reactive power flows at the inputs of DEG subscribers and dispersed
energy sources;

— determination and implementation of the optimal settings for the power factor at the inputs
of subscribers and DES. Technical support for the possibility of their remote adjustment when
changing the DEG modes;

— hourly registration of reactive power flows and power factors within the balance sheet of
the DEG. Remote monitoring of the state of the information-measuring subsystem;

— centralized control in automated and automatic modes using local control devices.

Distributed objects, similar to the DEG properties, are constantly exposed to a significant
number of influences from sources and consumers of electricity, local controls and emergency
automation, as well as the environment. These perturbations affect the dynamic processes in a
distributed object and require control coordination. The general structure of proactive control of
such an object is shown in Fig. 1.2 [36]. Local automatic control systems adjust the parameters
of individual elements of a distributed object to ensure its optimal operation according to a certain
criterion. The local control task comes from the coordinator. It determines the control actions for
individual ACS, taking into account the dynamics of the object. The predictor predicts changes in the
state of a distributed object as a response to registered disturbances and controls.

However, the optimal parameters of an individual controlled element depend not only on the
perturbations recorded at its level or the influence of the local ACS [37]. Adjacent controlled
elements and the external environment have a significant impact. Its settings at the local level
are usually not logged. To ensure proactive control, the predictor and coordinator must mimic the
response of distribution grids. In addition, they must reproduce the reaction of local ACS to the
recorded changes in the parameters of the DEG mode, taking into account the possible dynamics
of these changes. In this case, periodic debugging of local ACS will provide stable and consistent
proactive control of a distributed object [38].

The scheme for organizing the control of dynamic modes of reactive power consumption, con-
taining links of centralized and local control, has shown its effectiveness in practice [33].

Thus, in [33], it was proposed to use a coordinated adjustment of the parameters of DC
converters of wind and solar power plants and RPS. Local automatic control of the RPS provides a
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quick response to a decrease in reactive power flows. If the reactive power consumption exceeds
the power of the RPS, then the AC filter is switched on. And the RPS is remotely reconfigured to
maintain the power balance.

Disturhance
111

Predictor

§f¢

Coordinator

Distributed object

~<@— — Disturbance
<@—— Data
<J— Control

O Fig. 1.2 Scheme of proactive distributed control of
a distributed object

Similarly, the problems of power fluctuations for local photovoltaic stations (PVS) due to
changes in insolation are solved. This leads to voltage fluctuations in the mains of the DEG and a
violation of the quality of electricity. In [32], to solve this problem, PVS inverters were used as
sources of reactive power. A method for local adjustment of the debugging parameters of PVSs
inverters to maintain the specified voltage levels is proposed. Uncertainty of the schedule of elec-
tricity generation is taken into account.

Due to the insufficient equipment of modern DEG with data transmission tools, the use of a
distributed control system was justified in [32] (Fig. 1.2). The system performs the main control
functions autonomously according to local parameters. Communication of local systems with the
distribution system operator is performed periodically to adjust their debugging parameters. To
determine the necessary settings for the inverters, a short-term forecast of meteorological pa-
rameters is used. However, the described control system does not take into account the mutual
influence between the local ACS of individual RPS. In addition, no attention is paid to the economic
aspects of the problem of optimizing reactive power flows.

In [39], the need to take into account the mutual influence of local control systems of the
RPS used to maintain the voltage profile is substantiated. The proposed approach makes it possible
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to solve the problem of optimizing reactive power flows in DEG by minimizing the linearized target
functions of power losses for local subsystems using the Lagrange decomposition method.

It is shown that after the decomposition of the problem of finding a global optimum for RPS
as a multi-agent system of large dimensions, the main attention should be paid to the coordination
of the operation of local subsystems for which the information infrastructure of the DEG dispatch
center used for Thus, the reduction of losses, taking into account local constraints, is provided by
distribution. The effectiveness of decisions made is periodically monitored at the top hierarchical
level [35, 39]. The need to coordinate the actions of local ACS is determined by the available power
reserve of the RPS after maintaining the voltage profile.

So, as the practice of operating DEG [27, 35] shows, the existing information infrastructure
often does not support the possibility of implementing centralized control of individual RPSs. There-
fore, it is expedient to use decentralized control and local ACS that respond to local consumption
of reactive power or manifestations of its change.

To coordinate the work of local ACS, it is advisable to periodically adjust their debugging param-
eters. Thus, the exchange of reactive power between local subsystems and DEG can be reduced
to the optimal one [35]. This will increase the efficiency of sharing the RPS in distribution grids.

Determining debugging parameters for local ACS is quite a difficult task. Let's note that these
parameters will remain unchanged for a certain time (from several minutes to several hours).
During this time, they must ensure the effective interaction of local ACSs that support the given
mode of the dynamic system. To determine the settings of the ACS, not always adequate initial
data are used.

To organize distributed control of reactive power flows in DEG, ACS with voltage drop control is
often used [35]. Such a system maintains a close to optimal distribution of electricity in the DEG.
But the exchange of reactive power is often suboptimal due to the fact that the mutual influence
of individual ACS is not taken into account.

To solve the problem of matching the ACS [35], it was proposed to use some virtual impedance
in the control controller of the RPS to clarify the optimal powers in the absence of operational
information from the centralized control system. Such impedances for local ACS are proposed to
be determined taking into account the ratio of the squares of systematically fixed reactive power
flows. The proposed RPS controller will approximately take into account the flow in the coverage
area of other ACS, using only locally measured information. Its participation in the performance
of system functions, in particular, the reduction of power losses and the alignment of the voltage
profile in the DEG, will be determined by the change in the virtual impedance.

In this paper, it is shown that the efficiency of using the reactive power of the DEG with coor-
dinated control can be increased by 50 % compared with local control. However, in the study [35],
when determining virtual impedances, the following was not taken into account:

— influence of joint flows of reactive power along the DEG mains;

— the economic aspect of attracting subscriber RPSs to the system control of reactive power;

— that DESs have different reactive power generation capabilities.
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In [40], a modified virtual impedance method was proposed. Different installed powers of the
DES were taken into account. It is proposed to determine the impedances for a partially equivalent
grid, in particular, to reduce the number of nodes in the design scheme. However, this did not solve
the problem of coordinating the operation of local ACS and taking into account economic factors in
the organization of control.

The analysis of studies has shown that in order to improve the efficiency of DEG contral, it
is necessary to improve information systems, introduce innovative technologies with a gradual
transition to the concept of Smart Grid [41]. Currently, the use of decentralized control systems
remains relevant. The main method for coordinating the operation of the RPS in electrical grids is
the periodic centralized adjustment of the debugging parameters of their ACS.

From the analysis of literary sources, the following conclusions can be drawn:

1. Due to the underdeveloped information infrastructure of modern DEG, reactive power
flows are controlled under conditions of incomplete and unreliable information about regime pa-
rameters and external influences. In order to increase the efficiency of using the RPS resource,
it is advisable to switch to proactive control with the involvement of local ACS. The latter operate
according to local parameters, but provide a systemic effect of reducing losses by adjusting the
debugging parameters.

2. In order for these parameters to ensure the ACS coordination, it is necessary to perform a
significant number of optimization calculations to determine them. It is expedient to determine the
optimal power of the RPS for a certain point in time in the forecast interval using the "ideal" mode
method. The advantage of the latter is higher reliability and performance in comparison with the
methods of optimized enumeration of variants.

3. Optimization of DEG modes in terms of reactive power requires taking into account the
reliability and quality of power supply to consumers. Therefore, in mathematical models on which
control actions are formed and checked, this feature of the control object must be taken into
account. Accounting for restrictions on dependent parameters, in particular, voltage deviations,
will make it possible to reasonably make decisions about changing the operating mode of individual
RPSs and their sets.

1.2 CONDITIONS FOR OPTIMAL OPERATION OF REACTIVE POWER SOURCES IN
DISTRIBUTION GRIDS

Optimization of reactive power flows is a purely technical task. However, in modern conditions,
RPS, which provide a systemic effect of reducing electricity losses in DEG, may be owned by an-
other energy entity. Therefore, when solving them, it is necessary to take into account economic
factors. All subjects of the electric power industry are objectively interested in reducing electricity
losses and improving the quality of voltage in the DEG. Calculations show that due to the RPS
inclusion in distribution grids, it is possible to reduce losses by 5-8 % [32, 35, 421. But the effect
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of reducing losses is ensured not only by the introduction of RPS, but mainly by the quality of their
further operation.

Automated RPS control is necessary for a number of reasons. For the consumer, it is eco-
nomically justified to use automatic control systems for the RPS to reduce reactive power flows
on the verge of the subscriber's balance sheet ownership. This helps to reduce the fee for the flow
of reactive energy. But the main reason is the need for rapid implementation of control actions
under conditions of a variable schedule of consumption and generation of reactive power in DEG.
A number of studies are devoted to the development and implementation of automatic control sys-
tems for RPS, in particular [42-45]. Efficient in terms of speed and accuracy technical solutions
for automating the operation of the RPS are proposed. They allow to maintain the optimal values of
the reactive power factor in certain nodes of the DEG.

However, in order to optimize the reactive power flows in the DEG with the help of a set of
RPSs, it is necessary to coordinate their operation. To do this, it is periodically possible to deter-
mine and change the settings for local ACS, taking into account the mutual influence of the DEG.
Due to severe time constraints for such systems, it is necessary to improve the methods and
algorithms for calculating the optimal powers of the RPS. They should take into account changes
in the modes and configuration of the DEG during operation, as well as changes in electricity
tariffs [31, 46].

121 DETERMINATION OF THE OPTIMAL RPS POWER BASED ON THE SIMULATION OF THE "IDEAL"
MODE OF THE DISTRIBUTION GRID

In the simplest case, the problem of optimizing the RPS power can be represented as follows:

Vy(@)—>minie[1.n,], (1.1)

when balancing reactive power in the system
6=30-30.-40(8)=0i<[1..n,] (1.2)
i=1
and restrictions on parameters:

@~ =8>0"ie[1.n,] (1.3)

U 2U 2U™, je[1..n] (1.4)
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where Vg — the power loss in the DEG; n, n, — the number of DEG nodes for which voltage re-
strictions apply and the number of installed RPSs; zan — total load of consumers; AQ(Q,) -
losses of reactive power in DEG; [Q/.”““, Q,”‘“J — power adjustment range of the i-th RPS;
u, [UT‘”, U?““] — respectively, the calculated value of the voltage in the j-th node of the DEG and
the range of permissible voltage values.

The classical solution of such a problem by the Lagrange method is the need to maintain the
equality of the relative increases in power losses [14, 271:

No/OO, o (1.5)
1-0A0; 68,
Using equation (1.5), problem (1.1), (1.2) under certain assumptions can be reduced to solv-

ing the system of n, +1 linear equations and quickly find the optimal values of the RPS power.

However, taking into account the nonlinear dependence of V4(@) and AQ(Q), such a solution will

require clarification. In addition, the formulation of the problem does not take into account the

economic factors of the RPS operation.
To take into account these shortcomings, it is necessary to move to the objective function
through the profit from the RPS operation during a certain reporting period:

AP(@)—max, ie[1..n, |- (1.6)

After substituting mathematical expressions for the components of profit and deductions,
expression (1.7) took the form:

APQAEC ) — AR AL(1-a, )C

O SassSuane, Ji-e)|

G
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where AP®, AP — the average power losses for the DEG modes during the time before and after
the RPS inclusion into operation, taking into account the given schedule of their operation Q(t);
C(t) — price of electricity on the intraday market during the t-th period; o, — specific costs for the
production of reactive energy from the i-th RPS (for RPS on the balance sheet of DEG o, = 0);
oy — Specific energy losses in the i-th RPS; o, — tax on balance sheet profit.

Based on the results of previous studies [4, 27, 31, it has been shown that it is advisable to
determine the optimal power of the RPS according to the technical and economic criterion based on
the "ideal" modes of the DEG. For this, spade circuits with active resistances are used (Fig. 1.3).
The economic characteristics of the RPS operation are listed in equivalent supports, which are
commonly referred to as economic. The economic pillars for individual RPSs are determined based
on the fact that the cost of electricity losses should correspond to the operating costs of the RPS.

Substitutive DEG circuit for Ry PG,
reproduction of the economic

RD
regime (r-circuit) o

O Fig. 1.3 Substitutive DEG circuit for reproduction of the "ideal" mode
according to the technical and economic criterion

This approach reduces the number of calculations and makes it possible to obtain a solution
close to the global maximum of the objective function. This is achieved by reducing the problem of
optimizing reactive energy flows to several calculations of the "ideal' mode with the adjustment
of the DEG substitutive scheme. After that, restrictions (1.2)—(1.4) are imposed and the optimal
powers of the RPS are specified.

Taking into account that the power losses AP® will not change due to the involvement of the
RPS, prablem (1.7) can be reduced to finding the minimum operating costs in the DEG:

0c(@)= ; AP At+; (:;mw Bat (1-a,)C,. (1.8)
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In (1.8), the price of electricity C(t) is a series of positive, predetermined values. Therefore,
the search for the minimum of the objective function (1.8) will be equivalent to the search for the
minimum of some equivalent power losses:

© 4oy, |GAL. (1.9)

AW, =—"— =D AR AL+ >
t t =1 Ct)

UC(Q,) _ Bl o
“ (’l—at)C(t) (

Thus, the function of equivalent losses of electricity in the DEG has been obtained. They take
into account losses in the RPS and the costs associated with their operation. Their reduction due
to the control of the RPS will allow to evaluate the effectiveness of such control. The decrease in
losses (1.9) will correspond to the increase in profit (1.7). In addition, the extreme powers of the
RPS for both functions will coincide due to the equivalence of the transformations.

Calculation of the current distribution in the interceptor circuit with active resistances
(Fig. 1.3) will allow to determine the minimum power loss AP(t)At and the RPS power @, which
are needed for this. In order to take into account economic factors in determining the "ideal" mode,
it is necessary to introduce additional supports into the spacing scheme (Fig. 1.3). Losses in them
will be equivalent to the second component of expression (1.9):

2 n,
AM/eq:AtZg;RS:AtZZ %y +o,, @,
t U,‘ t =1 C(t)
where
u? o
RZ:Q—’ chW,+Ce’ . (1.10

The expression for determining the economic resistance of the i-th RPS R% contains its cur-
rent power @ and economic indicators owy, o, C(t), as well as dependent mode parameters U,
Therefore, these supports need to be iteratively refined during the search for the optimal solution.

Similarly, expressions were obtained for calculating the economic resistance of the RPS for
different conditions of their use to optimize the reactive power flows in the DEG (Tahle 1.1). This
made it possible, within the framework of solving one problem, to ensure the optimization of the
RPS powers in a multicriteria setting. That is, the powers of individual RPS are optimized according
to different criteria, providing a system-wide effect of increasing profits.
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The RPS powers, obtained after calculating the "ideal" DEG mode, provide the maximum
profit (1.7), and usually cannot be included due to violations of the restrictions (1.3), (1.4).
To move to the optimal mode, their values require adjustment.

@ Table 1.1 Economic resistances of the RPS for different optimality criteria

Optimality criterion for the i-th RPS Economic resistance of the i-th RPS
Minimum loss of electricity in DEG Fw’g -0
Minimum cost of RPS operation - aerie
el T N2
8y

Maximum profit from the RPS operation

U? :
RS, =—Llo,,+ Yo
a C(t)Q,
Minimum loss for DES due to generation of excess reactive power ] .
0if @ <@,
a 2
Her' = BPIPFZ[QI]U[ , If Q >Q
Q‘ C 1 Imax
()
Minimum cost of system services for voltage regulation QL2
RPU — A ﬁﬂi

To(PeE) Gy

Note: In expressions: B, (8,) — unit costs for the RPS operation; B, P,(@,) — the price of
electricity from the i-th source and the reduction in power output due to forced excess generation;
8>8, . . By 8, —specific cost and volume of additional reactive power output at the request
of the DEG operator.

Taking into account the restrictions on the limiting powers of the RPS (1.3) is not accompanied
by significant algorithmic difficulties. If constraint (1.3) is violated, then to fulfill it, the value of the
RPS power is fixed at the upper @™ or lower @™ boundaries of the range of values.

If the control of the RPS power is discrete, then the calculated value of the power @ is rounded
off to an acceptable value. There can be two such values in the vicinity of @. Then, for optimal selec-
tion, the enumeration of options is used with control over the value of the objective function (1.7).

The task of taking into account voltage restrictions (1.4) cannot be solved by a simple selec-
tion of values due to the significant number of RPSs and the complex effect of their powers on
the voltage level in the DEG. To correct the RPS power, taking into account such limitations, it is
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necessary to solve an additional optimization problem. Changing the RPS parameters to take into
account restrictions is always associated with a decrease in profit from their operation. Indeed, at
the same time, the RPS power deviates from "ideal". Therefore, the corrections A@, to the RPS
powers must be determined so that after the restrictions on dependent variables (1.4) are met,
the decrease in profit (1.7) is minimal:

AP(AG,) —min,i e[ tn, |

where J,' — fragment of the inverse Jacobi matrix with the values of derivatives J; =@, /aU, .
They relate changes in the RPS reactive power A, to voltage deviations in the DEG nodes AU,
for which the restrictions (1.4) are violated j e [’I;n?] ; AB - column vector of corrections of
RPS reactive powers with dimension ; AU — column vector of voltage deviations in the DEG nodes
in excess of allowable limits. Each element of the vector is defined by an expression.

Given the relationship between objective functions (1.7) and (1.9), the formulation of problem
(1.11) can be simplified. It can be reduced to the problem of minimizing the increase in equivalent
losses (1.9) in the form AU, =U, U™ :

AC .
AV, (AG)=3" P ©+a,, [AG —min. 1.12)

i ()

Using the power loss distribution coefficients T, [471], the objective function (1.12) was
reduced to a linear one:

AV, (A8) = d Tm+%+aw AG, — min;
B ) (1.13)

i

J,'A0 = AU.

Such a transition greatly simplifies the solution of the problem and reduces the number of
calculations. Using the simplex methad, from the list of corrections to the RPS powers A@., those
ensuring the fulfillment of voltage restrictions (1.4) with a minimum deviation from the extremum
of function (1.7) were determined.

The studies carried out made it possible to obtain a reliable and high-speed method for search-
ing for the optimal RPS powers. It can be used for simulation calculations in order to determine the
debugging parameters of local ACS. However, for the formation of local control laws, a different
approach was used, which makes it possible to obtain the conditions for the optimality of their
operation in terms of local parameters.
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1.2.2 CONDITIONS FOR THE OPTIMAL RPS OPERATION FOR CONTROLLING REACTIVE
POWER FLOWS

As noted earlier, in order to optimize the RPS operation in the normal modes of the DEG, the
task of automatically controlling their powers in order to obtain the maximum profit from their
operation is relevant. Therefore, the problem of optimizing the daily regimes of the RPS with auto-
matic control B(t), i = 1,2...n, taking into account the RPS modes with manual control, turns out
to be relevant. The optimality criterion is the minimum of costs associated with compensating for
electricity losses for DEG in the context of the dynamics of energy market tariffs C(t) and technical
restrictions on the part of consumers and RPS:

b
[CwIAP(8,8),i =1..n, )dt — min. (1.14)
b

Problem (1.14) can be presented in more detail as follows [4]. A set of n, automatically
controlled RPSs and m manual RPSs is given. The total reactive power of the latter is Gp. As
controlled variables, the power of the automatic control of the RPS is taken. Losses from reactive
power flows in the DEG are described as a non-linear function of the RPS powers. The composition
and characteristics of the included RPS during the day are considered unchanged. Necessary on
the time interval [t; t] to find RPS modes with automatic control @(t) that would provide the
maximum profit from reducing losses in the DEG, taking into account changes in tariffs in the
energy market:

ty ny
[|cwa (8w)+ (ae,Q,[t])}dt—)min, (1.15)

to i=1
subject to execution of the reactive power balance:
m n
G =0, + ZQPK/ + ZQ,.[I:] -a,,t1=0
j=1 i=1
and restrictions on parameters

@ <@ <a>i=1.n

Ur <U@<Um™i=1.n

20



1 SYSTEM OF ADVANCED CONTROL OF REACTIVE POWER FLOWS IN DISTRIBUTED ELECTRICAL GRIDS

The values of the RPS powers at the beginning and end of the interval Q(ty) and Q(t,) are
considered to be given.

Assuming that the dependence of losses on the RPS power, the dependences @, (¢) and C(¢)
are continuous and differentiated twice, the problem posed can be attributed to the limiting varia-
tional isoperimetric problems. In this case, the extremum (1.15) is achieved by the same functions

Q.(t) as the extremum of the following expression:

1

oA (8®)+ Y (ad®)+|
o= o £ = [ Fitk = min, (1.18)
5 g+ PRSP | E
i=1 i=1

where A, — indefinite Lagrange multipliers; P%(t), P'(t) — penalty functions introduced into the
objective function F(t) to take into account constraints such as inequalities in the reactive power
of the RPS and voltage in the DEG nodes.

According to Pontryagin's principle of minimum of continuous functions [14], the mini-
mum (1.15) provides the value of G,(t) for which the Euler equation is satisfied, as a necessary
condition for the minimum (1.16):

d .
Fy - =F, =0i=12..n (1.17)
where f, :a—F; ; =i; e} :@.
Co8 % ag, de

i

Taking into account (1.16), equation (1.17) took the form:

F-LF —[ow-T0) 28 __JOA T,
d & ) 26 dragm

Q U
‘;Z +ZZ ~0i=12.n. (1.18)

1

+A+

For a non-degenerate system of equations (1.18), the necessary conditions for the optimality
of the RPS powers of with automatic control are as follows:

;m:x+%+qf A+o,+q

P
_ _ :x+am+qn

: : : (1.19)
o,(t) o,(t) o,(t]

where ' =z+7', and o, =c, +o| provided that
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& "o g
oa ., doa

c.=—, © .
"Ted T dbod

Q U
P R

(1.20)

If to neglect the changes in the operating RPS parameters during a certain time interval, for
example, At = 0.5 h, then the condition for the optimal RPS power (1.20) will look like:

P P P
:k+ae1+q1 :k+a92+q2 B :k+aen+qn

4

(1.21)

' O PR Ot

The variable A is calculated iteratively using the boundary conditions. The main condition is to
maintain the balance of reactive power in the DEG, in particular at the beginning and end of the
integration time interval. In terms of physical content, A characterizes the RPS effectiveness in
the context of making a profit from reducing losses. It shows to what extent the costs of RPS
operation will pay off due to a decrease in the cost of electricity losses in the DEG, if the power of
the i-th RPS increases, for example, by 1 kvar.

s

A=z0, -0, =-C; (3Q,v t_ae/'

ei

(1.22)

The control of the set of RPSs in accordance with the optimality conditions (1.19) provides
the maximum profit from reducing electricity losses in the DEG. Local automation systems will
give a command to increase the RPS power only if the increase in costs is offset by a decrease in
electricity losses, taking into account penalties for reducing voltage quality. Since the electricity
losses in the DEG depend on voltage levels, the local control of the RPS will have a positive impact
on the quality of electricity in the DEG. To ensure a system-wide effect, it is necessary to combine
the set of local systems for automatic control of the RPS according to local parameters into a
single system. The latter, thanks to the proactive adjustment of local ACS settings, will provide
efficiency in the face of incomplete or unreliable information in data flows between the coordinator
and local ACS (Fig. 1.2).

1.3 STRUCTURAL DIAGRAM OF PROACTIVE CONTROL OF REACTIVE POWER FLOWS IN
DISTRIBUTION GRIDS

Automated systems with proactive control provide optimization of technological processes in
conditions of incomplete or imperfect current information regarding the parameters of the control
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object and external influences. Such features are typical for a complex of spatially distributed
RPSs, which together should optimize the flow of reactive power to the DEG. Therefore, an auto-
mated RPS control system was proposed, which makes it possible to combine the set of RPS with
automatic control according to local parameters into a single system (Fig. 1.4).

CHAPTER 1

Simulation of the DEG mode
on the basis of RPS ACS

: y 4
> Contral (u,) i
: — ' > pp5, !

Local measurement (y,) |
T el vontrl T TTTSIIIIIIIIIIIIIIIIIIIIIIIIN
TN 4
i " distribution E ]
E = RPS, electrical o
i grids 4
:
1 [ | ]
1 1
' 1
i 1
i 1
! 1

O Fig. 1.4 System for proactive contral of reactive power sources with a model of
the "ideal" DEG mode

131 STRUCTURAL DIAGRAM OF COORDINATED CONTROL OF DISPERSED REACTIVE
POWER SOURCES

Coordination of the control of local ACS is provided by the hierarchical structure of the auto-
mated control system. At the level of centralized control, tasks for local ACS are formed and their
implementation is controlled. At the level of local control, automatic adjustment of the RPS power
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takes place according to the measured parameters (load voltages and currents). The operation of
local subsystems is coordinated by periodic centralized adjustment of their debugging parameters.

Each local control loop [31] is formed by the RPS and the local automatic control system (Fig. 1.4).
The operation of local ACS is periodically adjusted by a centralized system. The functions of coordi-
nating centralized and local control are performed by the block for determining the ACS settings.
The appropriate debug parameters are defined and passed here. They determine the frequency
of control and control actions w; for individual RPSs. Information support of centralized control is
provided by the operational information complex. It measures the set of given DEG parameters and
forms the observation vector y.

To simulate the "ideal" DEG modes, that is, the modes that provide maximum profit from the
RPS operation, a simulation model is used. According to the optimality conditions (1.19), here the
control actions are determined for each RPS wy;,(t), which would ensure the transition from the
current mode to the optimal one for the local control subsystem. Here, the settings of the local
ACS and the dynamics of the measured parameters are taken into account.

Next, the simulation block of the "ideal" DEG mode generates control actions w,,(t), which
ensure the transition to the optimal DEG mode according to the optimality criterion (1.7). Further,
for each RPS controller, debugging parameters are determined that minimize the inconsistency
u,(t) between the outputs u,,(t) and wg,(t) of the simulation model [48]. The mode simulation
block is also used as a source of pseudo-measurements of control parameters ui and individual local
ACS. Since it is relatively simple to reproduce the processes of power transmission in DEG, the
simulation model provides sufficient adequacy. This is controlled by feedback y [17, 48].

The decision to introduce into the centralized control circuit a block for simulating the DEG
modes wuy;,(t) instead of remote measurement of the grid parameters u is economically justified for
the distribution grids of Ukraine and European countries. The latter was shown on the basis of a
technical and economic analysis in [28].

At the initial stage of the implementation of the control system, it is necessary to periodically
coordinate operational control with automatic control. Then the simulation model provides an es-
timate of the effectiveness of the manual control commands g, including the consequences of
changing the powers of the RPS. The model provides information support for manual formation and
adjustment of the debugging parameters of local ACS, as well as reproduction of the predictive
states of the DEG. After the accumulation of the base of typical DEG modes and the final imple-
mentation of the proposed control system, the simulation model becomes the main element of the
coordination of local ACS and introspection.

The stability and efficiency of the centralized coordination of the RPS control depends on the
frequency of updating the parameters of the DEG mode, as well as on the speed and intensity of
changes in the observation parameters y. To ensure the stability of local control, it is necessary to
optimize the time settings At for individual ACS. For the efficient use of the RPS resource, in par-
ticular switching devices, it is necessary to optimize the power factors cosdy, oS¢y They deter-
mine the RPS response to a change in the local load, and also determine the dead zone of the ACS.
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The processes of determining and adjusting the settings are carried out by the corresponding block
of the control system (Fig. 1.5).

€0S Qs COS Py, AL

—
RES generation
prediction iy

- B

U,t)
c0s (Pmm
l COS Qpry, O

Control vector u,,(t)

Simulation of the DEG mode on
v, the basis of RPS ACS

Distribution electrical grids

O Fig. 1.5 Determination of the settings of local control systems
for reactive power sources

Considering that the ACS settings can only be changed periodically, the block includes blocks
for short-term prediction of DEG loads and generation of local sources. To predict loads, the
method of fractal analysis of statistical data on power consumption and weather conditions was
used [49]. Short-term forecasting of energy production by local sources, in particular solar sta-
tions is performed by the method of neuro-fuzzy modeling [50]. The initial data comes from the
operational information complex (OIC) of the DEG, automated systems for the commercial account-
ing of electricity (ASCAE) of the DEG and consumers, as well as forecast weather services Gisme-
teo, WetherBit, Meteablu, RPS. The data is accumulated in the database of the simulation model
(DB SM)) and can be used by forecasting blocks at a random time with a given retrospective depth.

Based on the results of loading forecasting and generation, signals are simulated at the output
of the "ideal" mode model u,,(t) and the DEG mode simulation unit ug;,(t) taking into account the
implementation of control actions of local ACS. Next, the intensity of the appearance of inconsis-
tency between them u,(t) is analyzed and the necessary frequency of adjusting the debugging pa-
rameters of the local ACS is determined. This frequency will be different for individual local control
systems of the RPS. Thus, information overload of communication channels does not occur.

Further, the block for determining the settings with a certain discreteness ensures the ad-
justment of the settings in time and coS¢yn, COSPne. The main difficulty here is the need for a
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significant amount of calculations to optimize the reactive power curves of the RPS. In addition,
it is necessary to evaluate the correlation of these graphs and the graphs of local reactive power
consumption in the coverage area of the RPS in order to optimize the periods for updating the ACS
parameters. Determining the debugging parameters of the ACS requires a significant investment
of time. Therefore, it is carried out preventively based on the results of forecasting and typical load
schedules for DEG [38].

Thus, to ensure automatic control of the RPS, it is possible to use a dispersed proactive con-
trol system with a simulation model. Local control systems are made on the basis of the optimality
conditions for the RPS operation (1.19), (1.20). For a centralized determination of the optimal
DEG modes and adjustment of the debugging parameters of the local ACS, an imitation of the "ideal"
DEG modes is used.

The stability and efficiency of control is achieved by dividing the functions into centralized
formation of the ACS debugging parameters and their local implementation according to locally
measured parameters. The proposed control system was used to optimize the reactive power
flows in the Vinnytsia city power grids 10 kV. It is shown that, despite the rapid changes in the
reactive load during the day, with an appropriate adjustment of the ACS settings, it is possible to
achieve a significant reduction in electricity losses (Fig. 1.6). The experiment showed that timely
adjustment of the ACS settings in terms of time and power factor brings the schedule of reactive
power output by a local source closer to the optimal one. This achieves an additional reduction in
electricity losses for a fragment of the distribution grid of about 8 %.

350

300
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200

Power losses, kW

150

100

50

O Fig. 1.6 Changes in electricity losses in the DEG based on the results of
the AUKRM-160 RPS operation at TS-557
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1.3.2 ALGORITHM FOR OPTIMIZING THE REACTIVE POWER OF SOURCES BASED ON THE
SIMULATION OF THE "IDEAL" MODE OF THE ELECTRICAL GRID

The process of determining the debugging parameters of local ACS for their coordination in-
volves a significant number of calculations of optimal modes. For this, a module is used to simulate
the "ideal" DEG modes (Fig. 1.7). This module is designed to solve the following problems: calcula-
tion of the DEG mode and its entry into the allowable area; optimization of the DEG mode in terms
of reactive power. These tasks are functionally linked and use a number of collaborative processes.

The initial data for determining the optimal power of the RPS are the parameters of the DEG
equipment, the parameters of the current mode, as well as the design parameters of the RPS used
to optimize the reactive power flows. Information about the parameters of the equipment comes
from the corporate databases of the distribution system operator, the archives of the line service,
substations, and the dispatch service. Regime parameters are mainly calculated on the basis of
technical monitoring data and commercial electricity metering and are placed in the database of
the simulation model.

The optimal powers of the RPS according to the criterion of maximum profit from their opera-
tion are determined in the following sequence:

1. From the available information support, the initial data are formed for calculating the given
DEG mode. The voltages at the nodes are determined. To do this, a nonlinear system of nodal volt-
age equations is resolved in the form of a power balance [31]. Active and reactive powers in the
nodes (except for the base one), including the RPS powers and the DEG powers, are considered
unchanged. Based on the results of the calculation, the currents in the nodes are determined. This
provides a transition to a linearized model of the DEG mode.

2. A calculation model of the DEG is compiled to reproduce its "ideal" mode in terms of power
losses. For the replacement circuit, the DEG is supplied only by active resistances (r-circuit).
Available RPS with fixed powers is supplied by direct currents. Sources, for which the optimization
of parameters is carried out, taking into account the restrictions on the voltage and power of
the installation, are supplied by additional economic resistances. The latter are determined from
Table 1.1 based on the affiliation of the RPS and the conditions of their operation. Such sources
can mainly be owned by the DEG. However, it can be a means of compensating the reactive power
of active consumers providing a voltage regulation system service. These can be conventional and
renewable energy sources, which can change generation at the request of the distribution system
operator. Therefore, the economic pillars for them will be different. The nodes to which the RPS is
connected receive a sign of balancing reactive power. This removes their cardinalities from the list
of independent variables and allows to determine their extreme values.

3. According to the linearized model of the steady state mode of the RPS, using the Gauss
method, the DEG mode is calculated with minimal power losses. Since economic resistances are
introduced into the interceptor circuit, the reactive currents of the RPS will correspond to their
powers, which ensure maximum profit from their operation.
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4. Reactive currents in branches with economic resistances of the RPS are listed in the value
of the reactive powers of the RPS, providing maximum profit from their operation.

5. Voltage limits are checked at the DEG nodes. For nodes where restrictions are not met,
voltage regulation is simulated by changing the transformation ratios of power transformers within
their regulation range.

B. If the specified measure does not give a result, the calculated powers of the RPS are adjust-
ed based on the results of solving the auxiliary optimization problem (1.12). After that, the powers
of the corresponding RPSs are derived from the list of optimized variables. Next, the calculation
model is refined and the DEG mode is recalculated.

7. The calculated power of the RPS may differ from the degrees of regulation of real devices.
Therefore, these values are rounded up. If the RPS power was previously reduced to meet the
voltage limits, then the direction of rounding the power to the standard value will be in the direction
of reduction. Since any deviation of the RPS power from the calculated value leads to a decrease
in profit, it is necessary to round off the calculated powers to the nearest standard ones in the
direction of increase or decrease.

8. After the restriction on the parameters is fulfilled, the current mode is considered condition-
ally optimal, but requires clarification. Since the ecanomic resistances of the RPS depend on their
powers, they must be listed. If the maximum deviation between the values at adjacent iterations
exceeds the specified accuracy, the "ideal" mode is recalculated starting from step 2. Otherwise,
the solution is considered optimal.

9. Taking into account the optimal powers of the RPS and the transformation ratios of trans-
formers at substations, the power overflows in the DEG are specified and the losses are determined.

10. The results of the calculation are loaded into the database of the simulation model and are
used to set up the RPS, in particular, to determine the settings of local ACS by power factors.

Thus, the problem of optimizing the RPS power, regardless of the conditions of their operation,
can be reduced to the problem of minimizing losses in the substituting scheme of DEG with econom-
ic supports. This problem is fundamentally simpler, since it can be solved by calculating the steady-
state mode of the DEG according to its interceptor r-scheme. Fulfillment of voltage restrictions
requires adjustment of the transformation ratios and clarification of the RPS power. The optimal
values of the RPS power and the transformation ratios are determined from the system of nodal
equations. The latter is compiled based on the results of the calculation of the "ideal" DEG mode.

LA ENSURING THE EFFICIENCY OF THE AUTOMATED REACTIVE POWER FLOW CONTROL SYSTEM

The adequacy of the optimality conditions (1.19), (1.20) and the efficiency of the algo-
rithms for setting the local ACS settings (Fig. 1.8) was tested using the example of the 10 kV
Vinnytsia city power grids. The settings for the regulated RPS installed at the transformer substa-
tion 10/0.4 kV "TS-496" were determined. The substation receives power from the power grids of
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the F-113 feeder of the Nova substation. At this substation, a 200 kvar AUKRM 0.4-200-10-5
RPS is installed.

The initial data for determining the optimal schedules for the RPS generation were measured
by means of ASCAE. In particular, hourly consumption of active and reactive electricity was re-
corded on 0.4 kV buses of feeder transformer substations. For TS-496, the graphs of active and
reactive consumption were measured with a discreteness of 15 s. Fig. 1.8 shows a schedule for
the release of reactive energy from the 0.4 kV buses of the transformer T-1 TS-496. It follows
from the above that the reactive load changes significantly during the day. This leads to constant
changes in the flow of reactive power in the feeder grid.
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O Fig. 1.8 Reactive power output from 0.4 kV buses of transformer T-1 T5-496

The power factor on the substation buses varies within 0.82—0.97 (Fig. 1.9). This indicates
that the reactive power flows are not optimal. The graph of the optimal powers of the RPS to com-
pensate for local consumption is shown in Fig. 1.10. The graph was obtained based on the results
of the ACS operation with the settings: cos¢,, = 0.99; oS¢, = —0.99; At = 30s.

Using a simulation model, it is shown that such control contributed to a significant increase in
the power factor on the TS-496 buses (Fig. 1.11) and a decrease in the reactive power flow by
the F-113 feeder grids of the Nova substation.

Therefore, the local control system of the RPS with the selected settings ensures the gener-
ation of reactive power sufficient to compensate for local consumption. However, such a schedule
for the generation of the RPS turns out to be not optimal for reducing electricity losses in the
10 kV grids of the F-113 feeder.
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Using the measurement results, the economic resistance of the RPS was determined. For
each time slice, the "ideal" DEG mode was simulated and the optimal RPS power was calculated
according to the criterion of maximum profit from its operation. The graph of the optimal gener-
ation power for the RPS, installed at the 0.4 kV input of the transformer T-1 TS-496, is shown
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in Fig. 1.12. The implementation of such control made it possible to reduce the loss of electricity
in the experimental grid by 9 %. But reactive power control according to such a schedule is im-
possible. After all, RPS provides stepwise adjustment with a degree of 10 kvar. In addition, this is
impractical due to the operation of the RPS resource.

1
—
e 099 . , . i
—
(=8 =
== < 098
o s
() B8
&
2 097
o
[=1
0,96
OYQSDDDDDDDDCJDDDDDDDDDDDDDDDDDDDDDDDDDDD
OO MOMOMOMOMOMOMOMOMOMMOMOMOMO MO Mmoo Mo
ST CNDOANRBOODNCAITDNDOCONOO—OILION DO A0
OSANOYTAUNOIOMC Mo ONTANOTAUNOIOMNMANOTMINDMeIOMAO T
OO A AN OONDBBNO——AMHDILII DD ONNODNDD O «— Al Al
R e e R VA2 VRV EaY]
Time, h
O Fig. 1.11 Change in the power factor on the 0.4 kV buses of the T-1 TS-496

transformer after installing the RPS

200

180

Recommended RPS power, l

=
@D
o

N
N
o

-
n
o

Reactive power, kVAr

100

80

60

40

O Fig. 1.12 AUKRM 0.4-200-10 optimal RPS power at TS-496, determined by
the results of simulating the "ideal" DEG mode

32



1 SYSTEM OF ADVANCED CONTROL OF REACTIVE POWER FLOWS IN DISTRIBUTED ELECTRICAL GRIDS

To automatically maintain the optimal schedule for changing the reactive power of the RPS
using the local control system, several groups of inserts were defined for it.

The control system settings were determined in two stages. Initially, the necessary frequency
of updating the settings was determined. And then the value of insertions for each update interval
is calculated. At the first stage, using the square of the Pearson exponent, the correlation be-
tween the optimal RPS power @,,; and the local reactive power consumption d,,, was investigated
(Fig. 1.12). For this, changes in the @,,/8,,, ratio over time were determined (Fig. 1.13). For this
function, gradually expanding the area of comparison of the 8,,/8,., and d,,, graphs, time intervals
were determined within which it is possible to use the same settings for the RPS ACS (Fig. 1.14).
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O Fig. 1.13 The ratio of the optimal RPS power and the local consumption of
reactive power TS-496

The boundaries of the intervals for refining the settings were determined as the moments of
time corresponding to the maximum values of the squared Pearson coefficient calculated for the
set of @,,/8,, (function value) and the @,,, (argument value) ratios. Thus, on the daily interval, five
points of time were allocated for which it is necessary to update the ACS settings.

To determine the settings for each time interval, a block for simulating the ACS operation of the
automated power flow control system in the distribution zone was used (Fig. 1.8). For each time
interval (Fig. 1.19), the optimal power factors cos¢,,, and cosdy.x were selected according to the
criterion of minimum sum of squared deviations. The deviations between the optimal RPS powers
and the powers that will be issued by the RPS under the action of the local ACS were analyzed.
The time settings were determined taking into account the average rate of changes in the optimal
RPS power and local consumption at a given interval.

So, for TS-4396, five sets of inserts were preventively formed by the automated control system
for the corresponding time periods (Fig. 1.15) [4, 271:

—Set 1: coS¢mn, = —0.97, c05¢ e = —0.95, At = 10 min;

33

CHAPTER 1




ENERGY FACILITIES: MANAGEMENT AND DESIGN AND TECHNOLOGICAL INNOVATIONS

— Set 2: oS¢, = —0.97, co5¢ye = —0.96, At = 10 min;

— Set 3: oS¢, = —0.99, co5¢x = —0.96, At = 5 min;

— Set 4: oS¢, = —0.96, cosdy = —0.95, At = 10 min;

— Set 9: oS¢, = —0.96, co5¢y = —0.93, At = 5 min.

The results of their implementation by local ACS are shown in Fig. 1.15.
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It can be seen from the graphs that the number of RPS power configurations has been sig-
nificantly reduced. At the same time, the RPS generation schedule corresponds to the optimal
generation schedule. Automatic control of the RPS according to the specified settings ensures the
value of the power factors for the investigated TS is not lower than 0.93 (Fig. 1.186, a). In addition,
the implementation of such a power distribution schedule for the RPS made it possible to reduce
the loss of electricity in the investigated DEG by about 8 % (Fig. 1.16, b).
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To determine the settings within the period of relevance, it is advisable to use the simulation
model of the RPS ACS. It is advisable to select the power factors cosdy, and cosd., by the method
of least square deviations between the optimal and simulated powers of the RPS. It is advisable to
determine the ACS time delays by the average rate of change of the optimal RPS powers and local
consumption within the period of relevance.

CONCLUSIONS

1. In the work, a new solution to the actual scientific problem of increasing the efficiency of
automated control of reactive power flows in distribution grids was obtained. It consists in the
development of methods and algorithms for coordinating the RPS operation with automatic control
according to local parameters. Coordination is carried out by proactively determining the debugging
parameters that ensure the sharing of the RPS to ensure maximum profit from the optimization of
reactive power flows in grids. Their implementation makes it possible to increase the efficiency of
the RPS use in the grids of distribution system operators and active consumers.

2. The expediency of using the model of the "ideal" DEG mode for optimizing the RPS power
according to the technical and economic criterion is substantiated. This made it possible to reduce
the specified problem of nonlinear optimization to the problem of finding an extremal current distri-
bution in the interceptor r-circuit of the grid, which is fundamentally simpler. To take into account
the economic factors of the optimization problem, the replacement r-scheme is supplemented
with fictitious resistances. Their values are calculated in such a way as to ensure that the cost of
operating the RPS and the cost of electricity losses in these towers. Expressions for calculating
ecanomic resistances are obtained for different types of RPS and the conditions for their operation
in electrical grids.

3. A feature of the problem of optimizing the RPS power is a significant dependence of the
voltage levels in the grids on these powers. To take into account the restrictions on the voltage
deviation in the nodes of distribution grids, it is proposed to solve an auxiliary problem of minimizing
the deviation of the optimality criterion from the extreme value. The use of power loss distribution
coefficients made it possible to reduce the last problem to linear programming.

4. To improve the efficiency of operation of local reactive power optimization systems, a crite-
rion is proposed and analytical conditions for the optimality of the RPS modes are obtained, taking
into account the costs of their operation and the quality of electricity.

9. For a complex of spatially distributed RPSs that jointly perform the functions of optimizing
reactive power flows in electrical grids, it is necessary to ensure coordinated control. The paper
proposes a two-level block diagram of an automated proactive control system with a simulation
model and local ACS. To reduce the time spent on determining the debugging parameters of local
ACS, an algorithm is proposed for identifying their update periods according to typical or predicted
load and generation schedules.
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