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RESEARCH OF HYBRID ENERGY SUPPLY SYSTEM WITH
RENEWABLE ENERGY SOURCES

I'. banacanan, B. Bepcmak, A. Ocmanenxo. JlOCHilzkeHHsI TIOPUAHOI cUCTeMH eHepro3ade3leyeHHs 3 BiHOBJIIBAJILHUMH
JKkepenamMu eHeprii. Bukomano oOpoOky 0a3u eKCIIepHIMEHTAIbHOI JaHHX KIIMATHYHHX IapaMeTpiB 3 MeTeocTaHmii HamionambHoro
yHiBepcuTeTy «Oiechka MOMTEXHiIKa» 100 MOAANBIIOr0 iX BUKOPHCTAHHS JUIS OLiHKM €HEPreTHYHOro MOTEHIIaly COHSIYHOI Ta BiTpOBOI
eneprii B OzecbkoMy perioni. 3HaiineHo mapamerpu posnoainy BeiiOyna — mapamerp dopmu Ta mapamerp Macmrady, IO XapakTepH3ye
TOBTOPIOBAHICTh IIBHIKOCTI BiTpy. PO3paxoBaHO iIMOBIpHICTh HOBTOPIOEMOCTI IIBHIKOCTI BITPY 32 3HAWJICHHUMH IapaMeTpaMH PO3HNOALTY
BeiiOyna, mo 3abe3nednno 0ijbl 00’€KTHBHI pe3ysIbTaTd IOA0 BU3HAYECHHS MOTYKHOCTI BITPOYCTAHOBKH B IOPIBHSIHHI 3 3aCTOCYBaHHSIM
CepeJHbOr0 3HAUCHHs MIBUAKOCTI BiTpy. ONparboBaHO METOAMKY 00 BU3HAYCHHS ONTHMAJIBHHUX ITapaMeTpiB Ta KOH(Irypaiii aBToHOMHOL
riOpuaHOT cucTeMu eHepro3alde3nedyeHHst 3 BIIHOBIIOBAILHUMHE JDKEPEIaMy €Hepril s iHAMBIAyalbHOTO TOMOIOCIIONapCTBA 32 KPUTEPieM
MiHIMaJIBbHHUX KaIliTaJ0BKJIAICHb Y TEHEPYIOUl MOTYXHOCTI. JIOCiIKEHO, 10 Ce30HHI BiIMIHHOCTI €HEPTeTUYHOr0 MOTEHIialy COHLS 1 BITpY
CIIPUSIOTH MOEJHAHHIO I[MX BIIHOBJIFOBAIBHUX JDKEpEN €HEepril y €AuHy TriOpHOHy CHCTEMy Ta CTBOPIOE NOIATKOBI IepeBard MO0 iX
pobotu. OTpUMaHO 3aJEKHICTh ONTUMAIBHOI KOHQIrypamii Ta mapaMerpiB riOpuaHOI CHCTEMH BiJl €HEPreTHMYHOrO MOTEHIiani BiTpa B
perioni. 3’s1coBaHO, W0 3a YMOBH aBTOHOMHOI pPOOOTH TiOPUIHOI CHUCTEMHM HAJJIMIIKOBHN EHEPreTHYHHMN MOTEHIad He 3aBXKIH
BUKOPHCTOBYETHCSI, 00 TEXHIYHO CKJIAJHO 3a0E3IEYUTH CE30HHE aKyMYJIOBaHHS eNeKTpUKH. KoedillieHT BHKOPHCTAHHS BCTaHOBIECHOT
MOTYXHOCTI TiOpuaHOI cucTemu mpu 1poMmy ckna 0,58. HaBeneHo po3noainu moao BUPOOHHMIITBA €IEKTPUKH MiX BITPOYCTAHOBKOIO Ta
COHSIYHMMHU OaTapesiM 3a MICSLSIMH POKY TIPH 3aJaHill CepeHbOPIYHIH IIBUAKOCTI BITPY 3 ypaXxyBaHHSIM 3MiHHM €HEPreTHYHOTO MOTEHIIaTy
BITPY 3a MicsAlsIMH. Bu3HaveHo, IO 3MIHHHI XapakTep COHSYHUX Ta BITPOBHX pPeCypCiB Moke OYTH HMOBHICTIO KOMIIEHCOBAHO LIISIXOM
ONTHMAJILHOT IHTErpauil 1BOX Pi3HUX JPKEPEN 0 €JMHOI CHEPreTUYHOT CUCTEMH.

Kniouogi  cnosa: TiOpumHa cHcTeMa eHeprosaOe3lEedeHHs, BiAHOBIIOBAIBHI JDKEpeNna €Heprii, BITPOYCTaHOBKA, COHSYHA
(oTtoenexTpuyHa Oatapesi, MATEMaTHYHE MOZICIIOBAHHS, ONTUMI3allisl HABAHTaXKECHHS

H. Balasanian, V. Verstak, A. Ostapenko. Research of hybrid energy supply system with renewable energy sources. The experimental
database of climatic parameters from the meteorological station of the Odesa Polytechnic National University was processed for their further use
to assess the energy potential of solar and wind energy in the Odessa region. The Weibull distribution parameters were found - the shape
parameter and the scale parameter, which characterizes the repeatability of wind speed. The probability of wind speed repeatability was
calculated based on the found Weibull distribution parameters, which provided more objective results for determining the power of a wind
turbine compared to using the average wind speed. A methodology has been developed for determining the optimal parameters and configuration
of an autonomous hybrid energy supply system with renewable energy sources for an individual household based on the criterion of minimum
capital investments in generating capacity. It has been investigated that seasonal differences in the energy potential of the sun and wind contribute
to the combination of these renewable energy sources into a single hybrid system and create additional advantages for their operation. The
dependence of the optimal configuration and parameters of the hybrid system on the energy potential of the wind in the region has been obtained.
The distributions of electricity production between wind turbines and solar panels by months of the year at a given average annual wind speed,
taking into account the change in wind energy potential by months, are presented. It is determined that the variable nature of solar and wind
resources can be fully compensated by optimal integration of two different sources into a single energy system. It was found that under the
condition of autonomous operation of the hybrid system, the excess energy potential is not always used, because it is technically difficult to
ensure seasonal accumulation of electricity. The utilization factor of the installed capacity of the hybrid system was 0.58. The distributions of
electricity production between wind turbines and solar panels by months of the year at a given average annual wind speed, taking into account the
change in wind energy potential by months, are presented. It is determined that the variable nature of solar and wind resources can be fully
compensated by optimal integration of two different sources into a single energy system.

Keywords: hybrid energy supply system, renewable energy sources, wind power plant, solar photovoltaic battery, mathematical
modelling, load optimization

Introduction

Currently, there is a growing interest in hybrid energy supply systems based on renewable energy
sources all over the world and in Ukraine. This is due to the fact that at the current stage of develop-
ment of the electric power industry there is a significant increase in the cost of electricity all over the
world and in Ukraine [1]. Requirements for the results of the activities of energy companies, for the
environmental safety of the operation of energy facilities, and the reliability of energy supply are also
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increasing [2]. The operation of hybrid energy supply systems is particularly effective, since the daily,
seasonal, and annual heterogeneity of renewable energy sources, which are different in nature, can be
mutually compensated.

Analysis of literary data and problem statement

A hybrid energy supply system (HESS) is a combination of two or more renewable energy
sources with an electricity storage system, which ensures sustainable production of electric energy and
a synergistic effect from the combination of different elements of the system. A synergistic effect is
the interaction of different elements of the system, the total result of which significantly exceeds the
sum of the results of the individual actions of these elements. In energy, the synergistic effect of pro-
cesses is manifested through additional energy advantages, i.e. the combination of different energy
sources into one system creates additional advantages of their operation [3].

World experience shows that the implementation of HESS is most effective for small farms, sep-
arate agricultural complexes, separate households, etc. [4]. Hybrid energy systems most often combine
several renewable energy sources: solar photovoltaic panels (SPP), wind turbines, mini-hydroelectric
power plants and other devices for further energy accumulation, which are mainly intended to provide
consumers with electricity and may contain equipment that performs the role of backup power.

For Ukraine, the most developed and widespread are hybrid systems using solar and wind energy.
With a completely autonomous energy supply system based only on renewable sources, the question
of the optimal ratio of the generating capacity of each energy source in the system is quite relevant [5].

The optimal ratio of individual elements of the HESS is determined taking into account many
factors, namely: the level of provision of the region with traditional and renewable energy sources,
taking into account their energy potential, climatic conditions, energy consumption schedule, envi-
ronmental and economic factors [6]. The variable nature of renewable energy sources (solar and wind re-
sources) can be fully compensated by optimal integration of two different sources into one system [7].

Purpose and objectives of the study

The purpose of the work is to develop a methodology for optimizing the configuration of a re-
newable energy system based on solar and wind energy, taking into account the experimental database
on the climatic conditions of the Odessa region.

To achieve this goal, it is necessary to solve the following tasks:

— process the experimental database of climatic data obtained from the weather station of the ed-
ucational building of the Odessa Polytechnic National University;

— develop a methodology for determining the optimal configuration of an autonomous HESS tak-
ing into account the potential of renewable energy sources in the Odessa region;

— conduct a study of HESS energy balances in order to substantiate the optimal parameters of the
system.

Materials and methods of research

The structural diagram of the autonomous hybrid energy supply system, which is studied in the
work, is presented in Fig. 1. The HESS consists of solar and wind power plants. The power generated
by the wind power plant is an alternating current, has a variable amplitude and frequency, which is
converted into direct current for charging the battery. The controller protects the battery from over-
charging and deep discharge. The inverter is used to convert direct current into alternating current with
a voltage of 220 V and a frequency of 50 Hz.

B Controller Battery Inverter Consum
(L W) s ‘D.C/.
N 1 [:] A.C. ' '
A ) ID.C.
x Iac.
[ |

Fig. 1. Structural diagram of autonomous hybrid energy supply system

The traditional method of determining the performance of hybrid solar and wind systems is based
on the use of long-term data on solar radiation and wind speed for a given area. Optimization of the
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structure of the HESS is carried out according to economic indicators, such as investment or cost of
energy, as well as technical indicators characterizing the reliability of energy supply.

Cost component is selected as target function (TF) for optimization of hybrid power system configuration TF is
the sum of all costs, including capital costs, system installation costs, operating, repair and maintenance costs.

The level of electricity consumption in the system, within certain limits, is random. The presence
of wind (WPP) and solar (SPP) power plants, the capacity of which depends on the weather condition,
introduce additional uncertainty into the operation of the system. Optimization of such a hybrid system
should be stochastic. However, if recursive analysis methods are used to evaluate the operation of the
system, using experimental data on wind speed, solar radiation and the nature of consumption, then in
such a statement the problem of optimizing the power of the components of the system is completely
deterministic and linear programming methods are used to solve it. Inclusion of linear equations in
models guarantees finding the absolute optimum. When using nonlinear models, more complex rela-
tionships in the system are achievable, but the absolute optimum exists provided that the TF and con-
straints are convex [6].

To solve the problem, a round of experimental climatic data was obtained over 3 years (2020 —
2022) from the Vantage Pro2 weather station, located on the roof of educational building No. 10 of
Odesa Polytechnic National University [8].

The main energy characteristic of the wind stream is the repeatability of the wind speed V, which
shows how much of the time during the operation of the wind farm, the wind of a certain speed is observed.

For this purpose intervals of wind speeds with AV = 1 m/s are used. To predict the energy effi-
ciency of the wind flow, experimental data on wind speed are used, which are approximated by the
standard Weibul distribution function [9]:

F(V)=1—e_[%] , (1)

where a — scale parameter;
b — shape parameter;
F(V) is an integral function of wind speed repeatability, which shows the probability that the
wind speed is equal to or lower than V.
The distribution density function is:

a(vY"
F\V)=——| e . 2
V) - ( o j )
The distribution parameters a, b can be obtained after double logarithm of equation (1):
1
Inljnf————— || =a:In(V)-a:In(b). 3
{ L—F(\/)ﬂ (V) -aIn(b) ®)

Expression (3) is a straight line equation with unknown coefficients a and b for determining
which an empirical dependence In {-In [1-F (V)]} on In (V) is constructed, followed by a least squares
approximation.

Having obtained the probability density distribution of wind speeds, it is possible to calculate the
probability of wind speed repetition in any speed interval [V1; V2]:

PV1<V <V2)=(V2)—F(V1)=1—e_(% —[1—e'm J (4)

The average amount of electricity generated by the wind power plant is:
Ewse =T D P, (VIN,(V), kWt/h, (5)
1

where m — number of wind velocity ranges;

T — number of WPP operation hours per year;

P;(V) — frequency (probability) of repetition of wind speeds in the j-th range;

N;(V) — wind power plant in the j-th range of wind speeds, kW (determined by the operating char-
acteristic of the wind plant as the average value in the j-th range).
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The mathematical expectation m, and the standard deviation > velocity of the wind V using the
Weibul distribution can be determined from the following expressions:

el el g

where I“£1+§j, F(1+ %) — gamma functions of distribution parameter b.

The gamma function is defined by the expression:
I(x) = jtx-l-e-‘dt . @
0

As for optimization of parameters and configuration of HESS, TF is proposed, which minimizes
the capital costs for the generating capacity of the system:

TF: Kuee + Kepp = min, (8)

where - K,0p, Kgpp respectively, capital investment in generating capacities of wind power plants
and solar power plants, UAH:

Kupe = FWPP.K!FYPP ! ©)
KSPP = FSPP'KsSpPP' (10)

where K™ — specific investments per 1 m? of wind farm blade area washed by wind, UAH/m?;

K - specific investments per 1 m? of the area of photovoltaic panels of SES, UAH/m?;

F,.»» — Wind farm blade area washed by wind, m*
F.., — area of photovoltaic panels of SPP, m?,
and constraints that establish a balance between electricity generation and consumption:

LIMITATION: E >E™, (11)

where E;*"— the amount of electricity consumed for the i-th month of the year, kWh;

E, =E"" + E¥" - the amount of electricity generated together by WPP and SPP for the i-th
month of the year, kWh:

EiWPP = Ns\gfp Fues 12)
EiSPP = Nssppip Foeel (13)

where N7 — the specific capacity of the wind farm in the first month of the year, determined by the

average wind speed per month, W/m?:
N =0.5p C,V°, (14)

i
where p, — air density, the value is taken within 1.2...1.3 kg/m?;

V; — average wind speed for the i-th month, m/s;

C, — efficiency factor of wind farm power takeoff, depending on the design features of the wind
generator, the value is taken within 0.35...0.45;

N >* — specific capacity of SPP in the first month of the year, determined by the average insola-

Spi
tion per month, W/m?;
n,— number of hours in the corresponding month of the year.

The optimization problem was solved using the "Solution Search™ option of Excel spreadsheets.
According to the results of solving the problem, the optimal values of the title Fype and the title Fspp
satisfying the given conditions are determined.

Research results

Results of processing and averaging of experimental climate data on wind speed and insolation
during 2020 — 2022 is presented in Table 1.
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Table 1
Experimental data on wind speed and insolation
Month of the year January | February March April May June
Average monthly wind | o 5 48 48 3.7 29
speed, m\s
Insolation, KW g/m? 28 47 116 162 175 208
Average
month of the year July August | September [ October | November | December annual
Average monthly wind | -, g 2.7 2.9 3.2 4.4 47 3.9
speed, m/s
Insolation, kW g/m? 195 180 131 71 30 28 114

The data from Table 1 indicate a significant difference in terms of insolation in the summer and
winter months (almost 7.5 times), and the opposite picture in terms of wind speed (almost 2 times, but
taking into account the cubic dependence of power on wind speed - the energy potential of the wind
decreases in summer 6...7 times).

Such seasonal differences in the energy potential of the sun and wind contribute to the combination of
these renewable energy sources into a hybrid system and create additional advantages for their work.

Figure 2 shows the distribution by experimental data of the average daily wind speed by months
of the year with the range of wind speed variation with AV =1 m/s. Average daily data for 365 days of
the year were used. The given distribution is characteristic of the distribution by the Weibull function.

100 — F(V)
90 | 0.8 2\_ |
80 = | 7
70
geo I 0.6
550 |-
40| E 04 /2
30| b L \1
20 | I H 0.2 4
10 B " B = E
0 I = . 0
1 2 3 4 5 6 7 8 Vms 1.5 35 55 75 V,mis
Fig. 2. Distribution of the frequency of repetition Fig. 3. Integral function of wind speed repeatability:
of the average daily wind speed per year according to 1 — experiment; 2 — model

experimental data

The Weibull function distribution parameters (a, b) were determined according to procedure (1)
to (4). A form parameter a = 2.15 and a scale parameter b = 3.63 were obtained with a coefficient of
determination R? = 0.989. The mathematical expectation of wind speed m, = 3.95 m/s.

Figure 3 graphs of the integral function of wind velocity repeatability are given, which is con-
structed from experimental data and from the calculation model (1). We can note a significant approx-
imation of the experimental data to the model of the integral function of wind repeatability.

Taking into account the repeatability of wind speed according to the found parameters of the
Weibul distribution provides more objective results in calculating the power of the wind installation in
comparison with the application of the average wind speed. This consideration provided an increase in
the estimated capacity of the wind farm in the above study by 1.7 times.

Input data on the solution of the problem of optimization of parameters of HESS:

Efficiency factor of WPP power takeoff, Cp = 0.4;

Efficiency factor of solar panels, Kgpp = 0.2;

Air density p, = 1.25 kg/m®;

Average monthly electricity consumption by the household, E" = 1000 kWh;

Specific investment in the wind installation, K™ = 10500 UAH/m%
Specific investments in SPP, K3* = 3150 UAH/m2
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According to the results of solving the problem of optimizing the HESS parameters, the follow-
ing is obtained:
F. =28 — wind-driven wind farm blade area, m?:

WPP

F.., = 51 — area of photovoltaic panels of SPP, m

K = 290.3 — capital investment in generating capacity of wind farm, thousand UAH;
K = 161.8 — capital investment in SPP generating capacity, thousand UAH;

K ess = 452.1 — capital investment in HESS generating capacity, thousand UAH;

Nwep = 0.692 — design capacity of wind farm, kKW;

Nspp = 1.606 — design capacity of SPP, kKW.

Figure 4 shows the distribution of electricity production between WPP and SPP by months of the
year with an average annual wind speed V,, = 3.9 m/s, but taking into account changes in the wind en-
ergy potential by months.

Analysis of Fig. 4 shows that the balance between electricity production and consumption at the
level of 1000 kWh per month is performed only in October and November. In the remaining months of
the year, there is excessive power of the HESS. Under the conditions of connection to the network,
excess electricity could be sold to the power system, which, accordingly, would reduce the cost of
generating HESS. But under the condition of autonomous operation of the HESS, the excess energy
potential is not used, because it is technically very difficult to ensure seasonal accumulation of elec-
tricity. The utilization factor of the installed power of the HESS at the same time amounted to
Ki=0.579.

The research on the influence of the energy potential (speed) of wind on the distribution of elec-
tricity production between WPP and SPP in the system, and investment in generating capacity, was
carried out. Wind energy potential may be higher for other regions of Ukraine, and also increases with
height above the surface [10].

The average annual wind speed in the study gradually increased to 10 m/s in increments of 2 m/s.

With an increase in the average annual wind speed to 6 m/s inclusive, the optimal distribution of
electricity production between WPP and SPP by months of the year did not change, but investment in
WPP decreased due to an increase in the specific capacity of the WPP.

When the average annual wind speed increased to 8 and 10 m/s, the distribution of electricity
production between the WPP and SPP changed in favor of the WPP (Fig. 5, Fig. 6), and, accordingly,
the installed capacity of the SPP decreased.
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Fig. 4. Distribution of electricity production between
WPP and SPP by months of the year at V,, = 3.9 m/s:
1-sun; 2 — wind
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Fig. 5. Distribution of electricity production between
WPP and SPP by months of the year at V,, = 8 m/s:
1-sun; 2 - wind

With V,, = 10 m/s, the installed capacity of the wind farm increased 3.5 times, and the installed
capacity of the SPP decreased 4.5 times accordingly.

Figure 7 shows the dependence of investments in RES generating capacities on wind speed dur-
ing separate generation at a wind farm or SPP and when they are combined into a hybrid system. In-
vestments in a separate SPP do not depend on wind speed and are higher than HSPP, because with the
autonomous operation of the SPP, its power is calculated from the minimum insolation in winter, as a
result of which it has a very low utilization factor of the installed power in summer. The investment in
a separate wind farm is also higher than the HSPP, because with the autonomous operation of the wind
farm, its power is calculated from the minimum wind speed in the summer, as a result of which, with a
relatively high wind speed in the winter, no excess power is used.
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So, the most favorable option for investment is a hybrid system that combines the advantages of
wind farms and SPPs, and with a significant average annual wind speed (10 m/s) it is close in efficien-
cy to a separate wind farm, although such a speed is an exception for Ukraine.
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Fig. 6. Distribution of electricity production between

WPP and SPP by months of the year at V,, = 10 m/s:

1 -sun; 2 —wind

Fig. 7. Dependence of investments in generating
capacities of renewable energy sources on wind speed:

1 - WPP; 2 — SPP; — Hybrid

Conclusions

The processing of the database of the experimental database of climatic parameters from the
weather station of Odesa Polytechnic National University for further use in assessing the energy po-
tential of solar and wind energy in the Odessa region was carried out.

The methodology for determining the optimal parameters and configuration of an autonomous
hybrid energy supply system with renewable energy sources for an individual household has been
worked out according to the criterion of minimum investment in generating capacities.

The dependence of the optimal configuration and parameters of the hybrid system on the wind
energy potential in the region is investigated.

It is determined that the variable nature of solar and wind resources can be fully compensated by
optimal integration of two different sources into a single energy system.
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