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Bupiweno 3adauy eusnauenns 6azosux xoeiuicumis
ONMUMANBLHOT CUCMEMU ABMOMAMUUHOZ0 KePYBEAHHS Pig-
HeM zeHepauii eleKkmpuunoi enepeii 610H06I106ANLHUX OJCe-
pen enepeii 6 KomOiH06aNIN eleKmpoeHepzemuHiil cucmeMmi.
Bcmamnogaeno, wo icuyioui cucmemu Kepyeanus 2eHepayieto
eniexmpoenepeii 8i0H06108aHUX OAHCepe, WO 0A3YIOMbC HA
Ppo36’asky 3adaui Gazamoxpumepianvioi onmumizauii, He
8pPAX06YIOMb 3MINY 3 MACOM KiNbKICHO20 MA AKICHO20 CKAA0Y
eNeKmpPOCnoINCUBanis.

3anpononoeano 0 UHAUEHHS 6A206UX Koeiuienmis,
wWo énnuearomv Ha Kinuesuil po3e’s30k 3ada4i Gazamoxpu-
mepianvhoi onmumizauii, euKopucmamu mamemamuuHui
anapam neuimxoi noeiku. Ile dozeonuno, na 6iominy 6io
icHyrouux cucmem, 6 Givut NOGHIU Mipi epaxyeamu 3mMiny
3 MACOM KiNbKICHO20 Ma AKICHOZ20 CKNA0Y eJeKmpoCnotcu-
eauie. Iloxazano, wo 6 axocmi 6xionux napamempis Hewim-
Koi modeni naiidoyinvnime odpamu 3nauenns xKoedivienmy
3aeanmanicenns cnoxcueauie ma xoediyicnmy eaxcausocmi
HABAHMANCEHHS, WO BPAX0BYE UYMAUBICMD €JLEKMPOCNONCU-
eauie 00 si0xuUeHb HANPY2U.

Cxnadeno 043y npasun Hewimkoi cucmemu GU3HAUEHHS
sazoeux xoedpiyienmis, sxa naniuye 15 npasun neuimroi npo-
Oyxuii. B saxocmi aneopummy mewimiozo n02iuro020 6ue0oy
suxopucmano anzopumm Mamoaui. /{ns eusnavenns exionux
Ma BUXIOHUX TIEH2BICMUMHUX SMIHHUX BUKOPUCTMAHO MPUKYMHL
i mpaneuicnodioni Qpynxuii npunanexcnocmi. [Jedpasudicauis
suxionozo napamempy 30ilCHIOBANACE MEMOOOM BUIHAUEHHA
uenmpy eazu (yeHmpoionum memooom).

IIpogedeno xomn’tomepne imimauiine mooenrosanns
ONMUMANBLHOT CUCMEMU ABMOMAMUUHOZ0 KePYBAHHS Pig-
HeM zeHepauii eleKkmpuunoi enepeii 610H06I106ANLHUX OJCe-
pen enepeii 3 po3pobaeHuM HeuimKum G0KOM GUIHAUEHHS
sazoeux xoeiyicumis. Ananis pezyiomamic mMo0e06aAHHA
nokxasae, w0 po3podieHa cucmema aeMOMAMUUHOZ0 Kepy-
8aHHA 00360J15€ NIOBUWUMU PiBeHDb 2eHePaii eleKmpoeHep-
2ii 6 Mepesicy, nopiHAHO 3 ICHYIOUUMU CUCMEMAMU

Kaniouosi cnosa: cucmema asmomamuunozo Kepyeanus,
6idnoe06ani Odcepena enepeii, po3noodiivHa eleKmpuuna
Mmepedca, Hewimka nozika
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The current stage of world energy generation develop-
ment demonstrates tendencies towards a significant increase
in the deployment of electric energy generating installations
with renewable energy sources (RES). The most widely used
are solar (SPP) and wind electric plants (W PP). In addition,
enterprises in the agro-industrial sector exploit biogas power
plants (BGP), operating on wastes of vegetable and animal
origin. The main purpose of using these installations is to re-
duce payment for the consumed electricity at the expense of
generating it onsite. In addition, electricity generation under
a “green” tariff significantly shortens the payback period of
RES-based installations.

A connection point of RES installations to an electrical
distribution network (EDN) in most cases coincides with

the point that connects an electric load. This leads to that
under a mode of electric energy generation one observes
excess values of the steady-state voltage deviation at a point
that connects installations with RES to EDN [1].

Analysis of existing automated control systems (ACS)
at RES-based installations has revealed that almost all
ACS execute control laws aimed at limiting the level of
electricity generation to a network depending on the fixed
value of the voltage setpoint. The disadvantage of such
an approach to automated control is a significant reduc-
tion in cash revenues from the sale of electricity under a
“green” tariff. Therefore, it is a relevant task to improve
ACS for installations with RES in order to maximize the
level of generation of electrical energy while maintaining
the normally permissible values of the steady-state voltage
deviation in EDN.



2. Literature review and problem statement

Paper [2] proposed an ACS of operation mode for an
integrated electric energy system (IEES), which includes
the solar and wind power plants. In a given IEE a photovol-
taic battery and a wind turbine are the main energy sources
that cover the controlled and uncontrolled load. A lead-acid
battery is used to compensate for power fluctuations (excess
or shortage) and to implement a general power management
strategy. ACS productivity is estimated during actual oper-
ation of the power system: data from various subsystems are
recorded and analyzed with the help of data collection units
and used for daily forecasting of electricity consumption.
The disadvantage of the ACS proposed in [2] is the need to
use a lead-acid battery, as well as disregard of the impact
of electricity generation to a network at the level of steady-
state voltage deviation.

Work [3] proposed an ACS of IEES operation mode,
which is based on a proportional-integral law for controlling
voltage and network frequency values. In this case, the opti-
mum values for PI-controller parameters are determined in
real time by using the Grasshopper Optimization Algorithm.
This approach ensures improved dynamic characteristics
of ACS under conditions of alternating load. Paper [4] de-
scribes a similar approach to the automated control over
IEES operating mode, but the Salp Swarm Optimization
Algorithm is used to optimize PI-controller parameters. In
work [5], in order to optimize the PI-controller parameters,
which ensures the stabilization of the steady deviation of
voltage and frequency in IEES, it is proposed to use the
Pareto-based Big Bang-Big Crunch algorithm, based on
the ideas from methods of multi-criteria optimization. The
common drawback of ACSs, described in [3—5], is the disre-
gard of the influence of electricity generation to an electrical
network on the value for the steady-state voltage deviation
at the point that connects installations to RES.

Article [6] described a microprocessor ACS of IEES op-
erating mode, which includes its own system of distribution,
control, and monitoring of consumed and RES-generated
energy. The algorithm of a given ACS implies RES connec-
tion to an electric network only if the power consumption
from the electric network exceeds the predefined limit. An
ACS described in [6] almost does not allow the occurrence
of excess values of the steady-state voltage deviation by
generating electricity from RES to the network. However,
the implementation of this approach to automated control
significantly reduces profit from generating electricity to a
network under a “green” tariff.

Paper [7] proposed an optimum control system of IEES
mode, which ensures normal permissible levels of voltage de-
viation and minimization of power losses within an electrical
distribution network. However, the ACS described in [7]
considers only seasonal changes in power flows from renew-
able energy sources and does not take into consideration a
time-dependent change in the quantitative and qualitative
composition of electric consumers over 24 hours, which,
under certain conditions, can lead to the excess values of
steady-state voltage deviation.

Work [8] proposed an approach to the automated control
over the level of active power generation by installations
with RES, which considers the level of the steady-state volt-
age deviation at the electric consumers’ buses. Underlying
the ACS of the level of active power generation, reported
in [8], is an algorithm that is based on the solutions to a

multi-criteria optimization problem. However, the disadvan-
tage of this approach is, first of all, the lack of substantiation
of the choice of weight coefficients, whose values affect both
deriving the final solution to the specified problem (opti-
mum control vector) and the effectiveness of ACS operation
in general. Given this, there is a need to undertake a more
detailed research in this area.

3. The aim and objectives of the study

The aim of this study is to devise a technique to deter-
mine the weight coefficients for a system of control over the
operational mode of renewable energy sources, which takes
into consideration a time-dependent change in the quantita-
tive and qualitative composition of electric consumers.

To accomplish the aim, the following tasks have been set:

— to construct an algorithm for determining the weight
coefficients for the final solution to the problem on optimum
control over power generation by RES in IEES;

— to develop a computer simulation model of the ACS of
the level of electricity generation by plants with RES and, by
using it, to determine a possible effect from the application
of a given ACS.

4. Studying the system of automated control over
electricity generation by renewable sources within an
integrated electricity power system

4.1. Construction of an algorithm for determining
weight coefficients in a system of automated control over
electricity generation by renewable sources

One of the ways to improve the operational efficiency of
IEES with RES, namely to increase the level of electricity
generation by RES at a negligible deterioration in the quali-
ty of electricity, is to improve their ACSs.

As shown in [8], a problem on the simultaneous maximi-
zation of the level of electric power generation by plants with
RES and the minimization of losses from excess values of
steady-state voltage deviation should be interpreted as the
problem of multi-criteria optimization [8, 9]:
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where Q1, Q, are the optimization criteria; Py, is the pow-
er generated by installations with RES to a power grid,;
[Puin--Pmax] is the range of permissible values for Pge;
INC(Pgen) is the income from generating electric power by
installations with RES under a “green” tariff; LOSAy(Pgen)
are the economic losses from excess values of steady-state
voltage deviation at the clamps of electric consumers:
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where AU (chn) is the value of a steady-state voltage devi-
ation at the clamps of electric consumers; a4, as are the con-
stant coefficients, determined by the qualitative composition
of electric consumers; Sjy.q is the current value of a load full

power; Sioad max 1S the maximum value of a load full power.



As shown by works [8, 9], it is advisable, for finding
solutions to the problem of multicriterial optimization in
form (1), to apply a method of approximation to the utopian
point in a criteria space, which is implemented in 2 stages:

Stage 1. The result of minimization of each criteria (1) is
the derived coordinates for an utopian point Qu=(Qut1, Qut2)
within the optimization criteria space Q c R%.

Stage 2. By solving a series of problems on minimizing
distance p from the utopian point to the Pareto-optimal set
of solutions in the criteria space one finds the coordinates for
a solution to the problem of multicriterial optimization Py
within a control space P” cR'.

An expression for finding the final solution to problem (1)
for the case of minimizing the Chebyshev distance takes the
form:

kz [Qz (Pgen ) - QutZ ] (&)
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where £y and &y are the weight coefficients that account for
the relative importance of each criteria; the following ratio
holds for the case of criteria normalization in expression (3):

by +ky=1. (4)

Paper [8] notes that the values of weight coefficients
ki and ky are permanent and are chosen during operation
depending on the power of RES installations and the quan-
titative and qualitative composition of load. However, such
an approach to the choice of weight coefficients £ and a &,
is not the most appropriate, as it does not take into consid-
eration a change in the quantitative and qualitative compo-
sition of load. In addition, expression (2) holds only for the
case when the largest specific share of load is produced by
asynchronous motors. If load includes powerful consumers
of other types, there are difficulties in determining constant
coefficients ay, as.

Promising in an approach whereby values for weight
coefficients k; and ks should be determined in real time
depending on the quantitative and qualitative composition
of equipment.

Given the relatively large number of factors that influ-
ence the value for these weight coefficients, construction
of a traditional mathematical model, which would have
a sufficient level of accuracy in describing their rela-
tionship with values for the qualitative and quantitative
composition of electrical equipment, is almost impossible.
Therefore, to solve a given problem, the most appropriate
approach is based on the use of a mathematical apparatus
of fuzzy logic [10].

To build such a fuzzy model, first of all, it is necessary to
determine the quantities that most significantly affect the
value of weight coefficients k1 and k5. In this case, based on
expression (4), it is possible to confine ourselves to finding a
value for only one weight coefficient (for example, &5).

The input parameters for a fuzzy model are:

—a loading coefficient k&, of electric energy consumers,
which makes it possible to consider the share of consumers
of electric energy that are currently connected to the grid;

—a loading importance coefficient ki, taking into
consideration the sensitivity of equipment of consumers of

electrical energy to the excess values for a steady-state volt-
age deviation.

The output parameter for a fuzzy model is a weight coef-
ficient k5, which takes into consideration the relative impor-
tance of criterion Q5 in optimization problem (1).

Table 1 shows the input and output parameters for a
fuzzy model, as well as the ranges of change in their values.

Table 1
Values of the input and output parameters for a fuzzy model
No. of | Parame- | Parameter Change
. Terms
entry ters title range
Model’s input parameters
very low (VL),
. low (L),
1 k, C(I)f&ilircli ¢ 0.1 medium (M),
high (I1),
very high (VH)
Loading low (L),
2 Rimp weight 0.1 medium (M),
coefficient high (H)
Model’s output parameter
very low (VL),
. low (L),
1 ky E}lfi“fg Sl 0 medium (M),
’ high (H),
very high (VH)

Flowchart of a fuzzy unit for determining the weight
coefficient ks is shown in Fig. 1.
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Fig. 1. Flowchart of a fuzzy unit for determining the weight
coefficient k,

Given the number of input and output variables, as well
as the number of terms in each membership function, we
compiled a fuzzy knowledge base, given in the form of Table 2.

To solve the set task, a chosen fuzzy algorithm was the
Mamdani algorithm. This choice is due to that a given al-
gorithm is the simplest one in terms of programming, and is
characterized by simplicity and clarity of all its components.

When constructing a fuzzy model, we used membership
functions of two types: triangular and trapezoidal. Graphical
representation of the specified membership functions, as well
as their numerical characteristics, are shown in Fig. 2—4.

Based on the constructed expert knowledge base, as well
as the selected types of membership functions, we built fuzzy
logic equations that take the following form:
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w' (k)= (uH (k)-n" kimp))v The results from our simulation have demonstrated that
. " . Y it is expedient, in order to defuzzify the output parameter,
V(H (k.)-n (kimp )V(H (.)-n (kimp))' (9 to use the method of determining the center of gravity (cen-

troid method).
Graphical dependence, which reflects a change in the
Table 2 ,ytput parameter on the input ones, is shown in Fig. 5 in the

Fuzzy knowledge base of the model for determining the form of a three-dimensional response surface.
weight &,
No. of Input variables Output variable
entry k, kimp ko
1 VL L VL
2 VL M VL
3 VL H L
4 L L L k,
5 L M L
6 L H M
7 M L M
8 M M M
9 M H H
10 H L H
1 H M H
12 H H VH Fig. 5. Chart of surface ky=fk;, Kimp)
13 VH L H
14 vH M vH As one can see from Fig. 5, a given surface demonstrates a
15 VH H VH rather “smooth” character, that is, there are no drastic changes
in the values of the output value at a small change in any of the
VL L M M VH

input quantities. This indicates a rather low sensitivity of the
output parameter relative to the input ones, which positively
influences the robustness of ACS operation in general.

4. 2. Computer simulation of ACS of electrical energy
generation by renewable sources

To study the operation modes of ACS of the generation
of electric energy by installations with RES, which includes
a fuzzy unit for determining weight coefficients ki, kg, we
0 01 02 03 04 05 06 07 08 09 1 designed its computer simulation model, whose generalized
structural scheme is shown in Fig. 6.

Designations in Fig. 6: “Voltage U1” — unit for simu-
L M H lating the magnitude of voltage by EDN; “Load” — unit for
modelling the load of consumers; «<RES» — unit for modeling
the operation of RES installations; «EDN» — unit for model-
ing the operational mode of EDN; «CU» — unit for modeling
the operation of RES controller of electricity generation;
«Wh_gen_meter» — unit for calculating generated electri-
cal energy; «V_calc» —unit for calculating voltage deviation
at the consumers’ buses; «RMS» — unit for calculating the
current value of voltage at the consumers’ buses.

Fig. 2. Fuzzy values of input variable &,

0 01 02 03 04 05 06 07 08 09 1 A struc.tural scheme of gnit CU, Which impl.cmcnts a
fuzzy algorithm for determining the weight coefficient k,, is
Fig. 3. Fuzzy values of input variable Aimp shown in Fig. 7.
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Fig. 6. Generalized computer simulation model of ACS of the generation of
electric energy by RES within IEES
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Fig. 7. Structural scheme of CU controller unit

Designations in Fig. 7: «<KSI_calc» — unit for determining
a vector of setting parameters; «<ACS_Algorithm» — unit for

determining a vector of optimum control K “fuzzy Logic

Kopt

Table 3 gives results from processing
data on computer simulation of the devised
ACS, as well as the control system that was
taken as a base for comparison and was de-
scribed in [8].

Table 3

Results from processing data on computer
simulation of operation of the base and
devised ACS of active power generation

No. of Indicator Base | Devised
entry ACS ACS
Electric energy gen-
1 | erated to a power grid | 181.16 | 188.3
Ween, kKWh
Electric energy generat-
2 ed by SPP Wspp, kWh 11004 1’0485
Electric energy generat-
3 ed by WPP Wiypp, KWh 83.72 85.78
Electric energy generat-
4 ed by BGP Wycp, kWh 503.3 | 518.16
Electric energy generat-
5 ed by RES Wiges, kWh 1,591.02(1,652.44
Integrated probability
of a voltage deviation
6 | AUentering therange | 0.950 | 0.964
of permissible values,
P[-5<AU<5],r.u.
AU, %
10
5 Ay
0 e
-5
-10

0 2 4 6 8 1012 14 16 18 20 22 24
t, hours.
Fig. 9. Daily schedule of change in the value of
a steady-state voltage deviation at the point
where electricity consumers are connected

As shown by Table 3, when using the devised
ACS of electricity generation by power plants with
RES employing a fuzzy algorithm for determin-
ing coefficients &y, ky, one observes an increase in
the electricity generation by RES installations by
3.9 %. At the same time, both the base and devised
ACSs execute control providing for normally per-
missible values for a steady-state voltage deviation.

Controller” — unit that implements the constructed fuzzy algo-

rithm for determining the weight coefficient k.
Using the devised model, we performed computer simula-

tion with the results shown in the form of charts in Fig. 8, 9.

P RES» kW

150
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0

Fig. 8. Daily schedule of active power generation by

6. Discussion of results of studying the process of
automated control over electricity generation by

renewable sources

il
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installations with RES

The findings from our research demonstrate that the use

of a fuzzy model based on the Mamdani algorithm to deter-
mine weight coefficients &y, ky improves the operational effi-
ciency of ACS of electricity generation by RES within IEES
by taking into consideration the impact of a time-dependent
change in the quantitative and qualitative composition of
electrical consumers.

As shown by the results from computer simulation, when

applying ACS with a fuzzy algorithm for determining k1, k5, K1,

one observes an increase in the electricity generation by RES



(by 3.9 %) compared to the base ACS [8]. In addition, for the
case of the devised ACS, the value of the integrated probability
AU entering the range of normal allowable values is 1.45 %
higher than that for the base ACS. Such results are explained,
first of all, by imperfection of the approach, described in [8], to
determining weight coefficients that affect the final solution to
the problem on the optimal control over IEES operation mode.

It should be noted that the scope of application of the
developed ACS of electricity generation by RES is limited to
electrical networks whose rated voltage is 0.4 kV, which have
a relatively low throughput capacity.

A disadvantage of the proposed approach to automated
control is a certain complexity in constructing an expert
knowledge base. More promising might be to use, in order
to determine weight coefficients k1, ks, more advanced ar-
tificial intelligence algorithms (for example, neural-fuzzy
networks). However, such an approach requires a sufficiently
large volume of statistical information about the parameters
of operating mode of IEES with RES, which greatly compli-
cates its implementation.

The above results of our study are advancement of the
approach, proposed in work [8], to constructing ACS of elec-
tricity generation by RES within IEES. Further research is
planned in the field of devising similar ACSs for branched
electrical distribution networks, as well as for other variants
of IEES configuration.

7. Conclusions

1. Our analysis has revealed that in order to improve
the operational efficiency of ACS of power generation by
installations with RES, which is based on the solution to
the problem of multi-criteria optimization by the method
of approximation to utopian point, it is necessary to apply
an adaptive algorithm for determining weight coefficients
k1, ko, which influence values of the optimal control vector.
Application of the devised fuzzy model for determining
weight coefficients k4, ky, which is based on the algorithm of
fuzzy derivation by Mamdani, makes it possible to improve
the operational efficiency of ACS of electricity generation
by plants with RES, compared with existing systems, by
taking into consideration a time-dependent change in the
quantitative and qualitative composition of electricity
consumers.

2. Results from computer simulation of operation of
ACS of the level of power generation by installations with
RES have confirmed correctness of theoretical studies.
Thus, when applying ACS with the designed fuzzy unit for
determining weight coefficients ky, ko, there is an increase
in the electricity generation by plants with RES by 3.9 %
compared to existing model. In this case, levels of a steady-
state voltage deviation at the clamps of electricity consumers
remain within the range of normal permissible values.
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