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Pospobaeno inmezposany cucmemy niompumxu Qynxuionyeanms eim-
PO-COHAYHOI eNeKmPUUHOL CucmeMuU HA OCHOBL NMPOZHO3IYBAHHA 3IMIHU
emHoCmi akymyaamopnoi damapei npu 6umMipr08anni nanpyeu Ha 6x00i
6 2i0pudnuil Konmpoaep 3apsady, Hanpyeu na 6uxodi i3 ineepmopa ma
yacmomu nanpyeu. Ipuiinamms eunepedicyiouux piwenv Ha niompum-
KY eMHOCMi akymyaamophnoi 6amapei w000 3MiHu nomyncHocmi menio-
eNeKmpoaKymynamopa 0a3yemovcs HaA 6CMAHOBJIEHHI CNiBBIOHOUEHHS.
Hanpyeu na 6xo00i 8 2i0pudHUL KOHMPOJEp 3apady ma Hanpyzu HA 6UXO0-
0i i3 ineepmopa, wo eumiproomocs. 3abde3neueno Iminy vucaa odepmie
eNleKmpo0suzYHa UUPKYIAUTUHO20 HACOCA W000 3MIHU 6UMPAMU MA MeM-
nepamypu 600u, W0 HAZPIBAEMbCS, 3IMEHWMUSWU MePMiH 3apsady 0o 30 %.
Buxonano xomniaexcne mamemamuune ma JjoziuHe M0O0eNOBAHHS 6im-
PO-COHAUHOT eNeKMPUUHOT CUCeMU, WO DA3YEMbCA HA MAMEMAMUUHOMY
00TpYHMYsanti apximexmypu mexHoL02iuHoi cucmemu ma mamemamu-
HOMY 00TPYHMYBAHHT NIOMPUMKU PYHKUIONYBAHHS 6IMPO-COHAUNOL eeK-
mpuunoi cucmemu. OcHo6010 3anPonoHOEaHOT MEXHOI02IMHOI CUCmeMU
€ Junamiuna nidcucmema, wo 6KJIIOUAE HACMYNHI CKAA06i: impoetep-
2emuuny ycmanoexy, pomoenexmpuntuii Mooyv, 2i0puUdHULL KOHMpPoEp
3apady ma ineepmop, MACU6 aAKyMyAAMoOpHUX Gamapeil, menjioeieKxmpo-
axymyasmop. Buznaueno nocmiiini uwacy ma xoepiuiecnmu mamemamuy-
Hux mooenell OuUHAMIKU w000 IMIHU EMHOCMI aKyMyaamophoi 6amapei,
uucaa odepmis enexmpoosuyHa UUPKYIAYIUHOZ0 HACOCA, BUMPAMU MiC-
4e6oi 600u. 3000ymo PYHKUIOHANLHY OUIHKY 3MIHU EMHOCMI aAKYMYJsi-
mopnoi 6amapei, wucaa ob6epmis eaexmpoosuyna UUPKYAAUIUHO20 HACO-
ca, eumpamu micueeoi 600u w000 3IMiHU memnepamypu Micueeoi 600u
6 dianazoni 30-70 ° C. Busnauenns niocymxoeoi pynxuionanvnoi inpopma-
uii W00 NPozHO3YEAHNA 3MIHU EMHOCMI aKyMmyaamopHoi 6amapei nadae
MOJNCIUGICMd NPULMAMU HACMYNHI BUNEPeONCYIOUi Plulennsa: Ha 3MiHYy
uyucaa obepmie enexmpoosuzyna UUPKYIAUiNUHO20 HACOCA, 3IMIHY eumpa-
mu micuesoi 6oou. Iliompumia emmocmi axymyasmopnoi 6amapei 8i06yea-
EMbCA HA OCHOBI Y3200MCEHHI BUPOOHUUMEBA MA CROICUBAHNI eHepeil

Knouoei cnosa: 6impo-conauna enrexmpuuna cucmema, aKymyismop-
Ha bamapesi, MenyoeneKmpoaKymMyasmop, 2ioOpuoHuil Konmposep 3aps-
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Given the need to save natural fuel and reduce harmful
emissions into the atmosphere, supporting the operation
of wind-solar electrical systems requires improvements in
terms of accumulating electrical energy. Thus, for example,
based on the mathematical and logical modeling related to
the technological system of functioning of a rechargeable
battery, the technology has been devised to support a change
in the battery capacity, based on predicting a voltage change
when measuring the temperature of the electrolyte in the
volume of rechargeable batteries. Application of the inte-
grated evaluation system of voltage change, obtained on the
basis of adjusting the electrochemical and diffusion processes
of discharge and charge, makes it possible to take timely
decisions about additional charging to prevent recharge and
inadmissible discharge [1].

Owing to the combination of two different energy sour-
ces into a single wind-solar electric system, predetermined
by the need to expand the duration of electric energy con-
sumption, specialized hybrid controllers have been designed
to control the charging of rechargeable batteries. PWM con-

trollers’ operation is based on the pulse-width modulation of
the charge current. MPPT controllers that operate on the
principle of finding the maximal power of energy generation
adjust a change in voltage to the change in current. Known
methods for charging MPPT controllers are based on scan-
ning aimed at establishing a point of maximum power. Thus,
according to the Perturb and Observe method, the controller
performs a full scan of the volt-ampere characteristic, thereby
finding the point of maximum power over a specified time du-
ration. Until the next full scanning, the controller calculates
a change in power and sets the operating point to new voltage
if the power is larger at it. Improvement of the method for
determining the optimal maximum power is performed at
the level of assessing a change in the cycle of complete scan-
ning, depth, and frequency of iterations, etc. According to
the Scan and Hold method, following the primary scanning,
the defined maximum power point does not change until the
next full scanning. The method of Percentage of open circuit
voltage makes it possible to use operating voltage based on
the estimation of idling voltage. The choice of a working
point without scanning is also supported by the method to
evaluate maximum power of energy generation in compliance



with the maximum capacity of a rechargeable battery. Under
conditions of unstable solar radiation and changing wind
speed, obtaining the total maximum power of two energy
sources does not coincide in time, both during the day and
over the year. Under difficult conditions for electrical energy
generation at changing consumption, it is a relevant task,
related to the further development of the technologies of
wind-solar electrical systems, to support the capacity of a re-
chargeable battery in terms of adjusting the generation and
consumption of energy under conditions of energy efficiency.
To this end, it is necessary to predict the change in the capac-
ity of a rechargeable battery when measuring voltage at the
input to a hybrid charge controller, as well as voltage at the
output from an inverter, in order to estimate their ratio when
measuring the frequency of the voltage. Making preliminary
decisions about a change in the power of a thermoelectric
battery makes it possible, while maintaining capacity of the
rechargeable battery, to change rotational speed of the elec-
tric motor of the circulating pump in order to change local
water consumption and the heating level.

2. Literature review and problem statement

Known methods for the optimization of wind-solar elec-
trical systems are based on improving the intelligent mana-
gement systems based on hybrid charge controllers, em-
phasizing the relevance of combining two different sources
of energy. One direction to optimize wind-solar electrical
systems is to improve the function of MPPT controllers in
terms of finding maximum power. For example, paper [2]
proposed an MPPT algorithm for hybrid controllers based
on integration between management of fractional order and
a method of incremental conductivity to improve the accu-
racy of monitoring. Study [3] established the possibility to
obtain maximum power in a different period, both during the
day and over the year; article [4] underlined the maximum
efficiency of hybrid controllers MPPT in terms of defining
maximum power at efficiency of up to 99.60 %. Paper [5] has
established, based on the proposed technological scheme, the
increase in the efficiency of a wind-solar electric system in
comparison with separate application of a wind-solar electric
system employing the MPPT function of hybrid controllers.
Authors of [6], in order to improve the MPPT function of
hybrid controllers, suggested a specialized algorithm that
was developed based on the simulation of subsystems of
wind and solar power, rechargeable battery, and inverter,
based on MATLAB Simulink. Paper [7] proposed using
a constant voltage method to maximally transmit power
based on the MPPT function of hybrid controllers. The con-
clusion was drawn about the necessity to define key features
in the application of the method. However, by emphasizing
the relevance of the combination of two different energy
sources and the MPPT capability of hybrid controllers for
finding maximum power, authors of [3—5, 7] do not consider
the need to maintain the capacity of a rechargeable battery
in terms of adjusting the generation and consumption of
energy in the structure of a wind-solar electric system. The
constructed algorithms [2, 6], aimed at improving the MPPT
function of hybrid controllers, which confirmed the ability to
obtain maximum power from each source of energy, do not
take into consideration electricity consumption in terms of its
adjustment to its generation. Improvement of intelligent con-
trol systems has been addressed in work [8], which presented

a hybrid controller with fuzzy logic to manage the generation
and transmission of energy. The authors described command
signals, as well as determined the ratio of renewable energy
system integration. However, the proposed technology does
not include aligning the generation and consumption of elec-
trical energy, which is why the excess energy was directed into
the system of electrolysis to obtain hydrogen. More to the
point, the reported technology requires a network connection
to ensure peak consumption. Paper [9] suggested using a neu-
ral model to forecast changes in the parameters for a wind-so-
lar electric system as a nonlinear dynamic system. The opti-
mization of predictive control is based on the representation
of the subsystems that generate wind energy, solar energy,
as well as rechargeable battery and load. Based on computer
simulation, the authors established performance efficiency of
the intelligent control over a distributed model, but failed to
assess a change in the capacity of a rechargeable battery in
terms of adjusting the generation and consumption of energy.
Study [10] reported the optimization of a wind-solar electric
system based on control over inverter operation. The authors
introduced an additional module of dispatching control to
track the maximum power of energy sources. They used spe-
cial methods for the simultaneous collection of energy under
different climatic conditions. For a photovoltaic system, the
algorithm Perturb & Observe; for a wind turbine, Hill Climb
Search. Maintaining the consumption of energy generated
based on establishing constant voltage and frequency of
voltage does not estimate a change in the capacity of a re-
chargeable battery. Paper [11] proposed an economic model
for the optimization of a wind-solar electric system based on
minimizing operating costs. The authors applied the methods
of meta heuristic optimization to compare a genetic algorithm
and the Particle Swarm Optimization algorithm. The opti-
mization takes into consideration the costs of production of
solar and wind energy, recovery of thermal energy from a fuel
cell, energy supply, electricity exchange in a network, as well
as maintenance. The authors established the economic feasibi-
lity of the structure of a hybrid combined wind-solar electric
system, connected to the grid and with a heat element, but
at the static level. They established the benefits of using
a genetic algorithm for obtaining the optimization results, but
without predicting the change of parameters for the system’s
components.

Based on analysis of the scientific literature [2—11],
it was found that the hybrid charge controller as part of
a wind-solar electric system maintains the charge of a re-
chargeable battery by using a thermoelectric battery as a non-
regulated ballast. Resetting the excess energy to the ballast
when using the MPPT functions of controller leads to the
uncompensated-for losses of electrical energy, which does
not make it possible to ensure an appropriate level of the
charge capacity of a rechargeable battery. Moreover, the use
of a thermoelectric battery as a ballast eliminates the need to
maintain the operation of a wind energy installation by using
the accumulation of heat to regulate the power of a wind
turbine. Failure to consider this property of a thermoelectric
battery could lead to the acceleration of a wind turbine at
considerable wind speed and to its malfunctioning. It is the
thermoelectric battery that appears to be the main center of
adjusting a change in the total power of a wind-solar electric
system to power consumption through redistribution of the
accumulated heat and electric energy in terms of consump-
tion. Therefore, it is proposed to measure the total voltage
at the input to a hybrid charge controller and voltage at the



output from inverter to estimate the ratio of electrical energy
generation to its consumption when measuring the frequency
of the voltage. It is known that a thermoelectric battery is ex-
ecuted in line with a thermostat principle, that is, when deter-
mining the required temperature for heating local water, the
thermoelectric battery is disconnected from power. Not using
a change in the consumption of local water over the period of
thermoelectric battery charging increases the charging time
and leads to considerable costs related to electricity consump-
tion. Thus, it has been an unresolved problem in maintaining
the operation of a wind-solar electric system to forecast a
change in the capacity of a rechargeable battery. In order to
save energy, it is necessary to measure voltage at the input to
a hybrid charge controller and voltage at the output from the
inverter to estimate their ratio when measuring the frequency
of the voltage. Making preliminary decisions about chang-
ing the power of a thermoelectric battery makes it possible,
while maintaining the capacity of the rechargeable battery,
to change rotational speed of the electric motor of the circu-
lating pump. Changing a flow rate of the local water supplied
to a thermoelectric battery ensures the set level of change in
the temperature of heated local water. That substantiated the
need to undertake a research in this field.

3. The aim and objectives of the study

The aim of this study is to devise an energy-saving tech-
nology to maintain the operation of a wind-solar electric
system as part of the technological system.

To achieve the set aim, the following tasks must be solved:

— to substantiate the need to forecast a change in the
capacity of a rechargeable battery in order to take prelimi-
nary decisions about changing the power of a thermoelectric
battery based on changing rotational speed of the electric
motor of the circulating pump, as well as the consumption of
local heated water;

— to propose using an estimate of change in the ratio of
total voltage of a wind turbine, photoelectric module at the
input to a hybrid charge controller, voltage at the output
from the inverter, which are measured, when measuring the
frequency of the voltage;

—to build structural diagrams and perform integrated
mathematical and logical modelling for obtaining the reference
and functional assessment of change in the capacity of a re-
chargeable battery, rotational speed of the electric motor of the
circulating pump, local water consumption;

— to design a structural diagram and
perform logical modeling for obtaining an
integrated support system for maintain-
ing the operation of a wind-solar electri-
cal system at the level of decision-making.

4. Materials and methods used in the
study into maintaining the operation of

WEIL, photoelectric module, hybrid charge controller

stantiation of the technological system’s architecture for the
operation of a wind-solar electric system have been proposed.
Its basis is the integrated dynamic subsystem, which includes
the following components: a wind-energy installation, a pho-
toelectrical module, a hybrid charge controller, an inverter,
an array of rechargeable batteries, a thermoelectric battery
(Fig. 1). There are other units that are part of the technolo-
gical system, specifically units of charge, discharge, as well as
a unit to estimate functional effectiveness, all aligned with
the dynamic subsystem (Fig. 1).

In Fig. 1: TSFWS — technological system for operating
a wind-solar electric system; D — dynamic subsystem (a wind-
energy installation, a photoelectric module, a hybrid charge
controller and an inverter, an array of rechargeable batteries,
a thermoelectric battery); P — properties of the elements in
a technological system; T — time, s; x — influences (change in
solar radiation, change in wind speed, change in electricity
consumption, etc.); f — measured parameters (voltage at the
input to a hybrid charge controller, voltage at the output
from the inverter, voltage frequency); f; — diagnosed para-
meter (power of a thermoelectric battery); K — coefficients
for the mathematical description of the dynamics of change
in the capacity of a rechargeable battery, the rotational speed
of the electric motor of the circulating pump, changes in the
local water consumption; K; — coefficients for the mathema-
tical description of functional efficiency of a technological
system; y — starting parameters (change in capacity of
a rechargeable battery, rotational speed of the electric motor
of the circulating pump, local water consumption); y; — es-
timation of the functional efficiency of a wind-solar electric
system); d — dynamic parameters for change in the capacity
of a rechargeable battery; the rotational speed of the electric
motor of the circulating pump, local water consumption;
Z — logical relationships in D to obtain summarized in-
formation for decision-making to maintain the capaci-
ty of a rechargeable battery; R — logical relationships in
TSFWS to confirm the correctness of decisions made
from the units as part of a technological system. Indexes:
i — the number of elements in a technological system; 0,
1, 2 — initial stationary mode, external, internal character
of influences.

Mathematical substantiation has been proposed for main-
taining the operation of a wind-solar electric system based on
predicting a change in the capacity of a rechargeable battery
when measuring the following parameters: voltage at the in-
put to a hybrid charge controller, voltage at the output from
the inverter, and voltage frequency.

Dynamic subsystem:

and inverter, array of RB, TEB

S O O

a wind-solar electric system

4. 1. Mathematical substantiation of
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the technological system’s architecture

Based on the methodological and ma-
thematical substantiation of the architec-
ture of technological systems [1, 12—14],
the architecture and mathematical sub-

Fig. 1. Architecture and mathematical substantiation of the architecture of
a technological system: 1 — charge unit; 2 — discharge unit; 3 — unit to estimate
functional efficiency, where WE/— wind-energy installation; RB — rechargeable

battery; TEB — thermoelectric battery



Mathematical notation (1) is based on the mathemati-
cal substantiation of the architecture of technological sys-
tems, the methodology of mathematical description of the
dynamics of energy systems, the method of causation
graph [1, 12-14].
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where SFWS(t) — maintaining the operation of a wind-solar
electric system; IDS(t) — integrated dynamic subsystem (a wind
energy installation, a photoelectric module, a hybrid charge
controller and an inverter, an array of rechargeable batte-
ries, a thermoelectric battery); PIDS(t), PB(t) — properties
of the elements in an integrated dynamic subsystem, units
in a technological system, respectively; sd(t) — starting
data (the power of a wind-energy installation; the power of
a photoelectric module; the type of a hybrid charge controller
and an inverter, the capacity of a rechargeable battery; the
power and volume of a thermoelectric battery); Ip(t) — limit
to change in parameters (voltage at the input to a hybrid
charge controller, thermoelectric battery’s power); [f(t) —
levels of functioning according to a change in voltage at the
input to a hybrid charge controller and at the output from
the inverter; fd — derived parameters (parameters for heat
transfer in a thermoelectric battery, the rotational speed of
the electric motor of the circulating pump, the flow rate of
heated water, the charge duration of a thermoelectric battery
for the established levels of functioning; MMIDS(t,z) —
mathematical modeling of the dynamics of change in the ca-
pacity of a rechargeable battery, rotational speed of the elec-
tric motor of the circulating pump, local water consumption;
MIIDS(t) — maximally permissible change in the total power
of a wind-solar electric system, the power of a thermoelec-
tric battery, the rotational speed of the electric motor of the
circulating pump, local water consumption, the temperature
of local water; CIDS(t), MDIDS(t), SIDS(t) — control of
workability, decision making, identification of the status in
the dynamic subsystem, respectively; LCIDS(t), LMDIDS(7),
LSIDS(t) — logical relationships in CIDS(t), MDIDS(7),
SIDS(7), respectively; FIIDS(t) — functional summarized
information for decision making in the dynamic subsystem;
NCF(t), CNCF(t) — new conditions of operation, confirma-
tion of the new conditions for functioning from the units in
a technological system; R(t) — logical relationships between
a dynamic subsystem and the discharge units, charge units,
functional assessment of performance, included in the tech-
nological system for operating a wind-solar electric system;
(1) — influences; f(t) — diagnosed parameters; K(t) — co-
efficients for mathematical notation; y(t, z) — starting para-
meters; d(t) — dynamic parameters; z — length coordinate, m;
T — time, s.

Indexes: i — number of elements SFWS(1); 0, 1, 2 — initial
mode, external, internal character of influences.

Mathematical notation (1) and mathematical substanti-
ation of the architecture of a technological system (Fig. 1)
make it possible to maintain the functioning of a wind-solar
electric system by employing the following actions:

— control over workability (CIDS(t)) of the dynamic sub-
system based on the mathematical (MMIDS(x, z)) and logi-
cal (LCIDS(t)) modelling to obtain a reference (MIIDS(t))
estimate of change in the capacity of a rechargeable battery,
rotational speed of the electric motor of the circulating
pump, local water consumption;

— control over workability (CIDS(t)) of the dyna-
mic subsystem based on the mathematical (MMIDS(x, z))
and logical (LCIDS(t)) modelling to obtain a functional
(FIIDS(7)) estimate of change in the capacity of a recharge-
able battery, rotational speed of the electric motor of the
circulating pump, local water consumption;

— decision making (MDIDS(t)) using the functional
information (FIIDS(t)), acquired on the basis of logic simu-
lation (LMDIDS(7));

— making decisions on changing the frequency of voltage
using the functional estimate of change in the capacity of
a rechargeable battery, rotational speed of the electric motor
of the circulating pump, local water consumption, (FIIDS(7));

— identification (SIDS(t)) of the new conditions for
operating a wind-solar electric system (NCF(t)) based on
logic simulation (LSIDS (1)) as part of the dynamic subsys-
tem and confirmation of the new conditions for functioning
based on logic simulation (R(t)) from units in a technolo-
gical system.

4. 3. Mathematical modeling of the dynamics of change
in the capacity of a rechargeable battery

According to formula (1) and mathematical substanti-
ation of the architecture of a technological system (Fig. 1),
it has been proposed to predict a change in the capacity of
a rechargeable battery when measuring voltage at the in-
put to a hybrid charge controller, when measuring voltage
at the output from the inverter and the voltage frequency.
A transfer function along the channel: «capacity of recharge-
able battery — power of thermoelectric battery» was derived
from solving a system of nonlinear differential equations.
A change in the capacity of a rechargeable battery when
using the estimate of change in the local water temperature
both in time and along the coordinate of length of the heater
in a thermoelectric battery, takes the following form:
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where EC is the capacity of a rechargeable battery, A-hours;
Nis the power of a thermoelectric battery, kW; I is current, A;
Ui, U, are the voltage at the input to a hybrid charge control-
ler and at the output from the inverter, respectively, V; C is
the specific heat capacity, KJ/(kg:K); o is the coefficient of
heat transfer, kW /(m2K); G is the substance flow rate, kg/s;
g is the specific mass of a substance, kg/m; A is the specific
surface, m?/m; ¢, O are the temperatures of local water, sepa-
rating wall, respectively, K; z is the coordinate of the heater’s
length, m; T, T,, are the time constants, characterizing the
thermal accumulating capacity of local water, metal, s; m is
the indicator of dependence of heat transfer coefficient on
flow rate; T is time, s; S is the parameter of Laplace trans-
formation; S=wj; o is frequency, 1/s. Indexes: 0 — original
stationary mode; 1 — input to an electric system; @ — local
water; m — metallic wall.

A transfer function along the channel: «capacity of re-
chargeable battery — power of thermoelectric battery» was de-
rived from solving a system of nonlinear differential equations
using a Laplace transform. The system of differential equations
includes an equation of state as an estimate of the physical
model of an electrical system. The system of differential equa-
tions also includes equations of energy in the transmitting
and receiving environments — the heater of a thermoelectric
battery and local water, respectively, as well as the equation of
thermal balance for the wall of a thermoelectric heater.

The equation of energy for the receiving environment
was built to represent a change in the local water’s tem-
perature both over time and lengthwise a spatial coordinate,
which coincides with the direction of the environment flow
and includes coefficient K,,. The equation of energy for the
transmitting environment includes coefficient K., which
assesses a change in the capacity of a rechargeable battery
to estimate the ratio of energy generation and consumption.

4. 4. Mathematical modeling of the dynamics of change
in the rotational speed of the electric motor of the circu-
lating pump

According to formula (1) and mathematical substanti-
ation of the architecture of a technological system (Fig. 1),
it has been proposed to estimate a change in the rotatio-
nal speed of the electric motor of the circulating pump in
a thermoelectric battery when measuring the voltage fre-
quency. A transfer function along the channel: «rotational
speed of the electric motor of the circulating pump — voltage
frequency» takes the following form:
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where 7 is the rotational speed of the electric motor of the
circulating pump, rpm; fis the voltage frequency, Hz; p,, is the
number of pairs of poles in the electric motor of the circulat-
ing pump; o is the coefficient of heat transfer, kW /(m?*K);
t is the temperature of local water, K; p is the density of local
water, kg/m?3; fs is the bypass for local water, m? C is the
specific heat capacity, KJ/(kg-K); G is the consumption of
a substance, kg/s; p is the density of local water, kg/m?3; g
is the specific mass of a substance, kg/m; & is the specific
surface, m?/m; z is the coordinate of length of the heater, m;
Ty, Tp are the time constants, characterizing the thermal
accumulating capacity of local water, metal, s; .S is the para-
meter of Laplace transformation; S=wj; o is frequency, 1/s.

Indexes: 0 — original stationary mode; 1 — input to an
electric system; w — local water; m — metallic wall.

4. 4. Mathematical modeling of the dynamics of change
in local water consumption

According to formula (1) and mathematical substantiation
of the architecture of a technological system (Fig. 1), it has
been proposed to estimate a change in the local water con-
sumption when changing the rotational speed of the electric
motor of the circulating pump. To this end, a system of differ-
ential equations, which includes a local energy equation and an
equation of thermal balance for the wall of a heater, is supple-
mented with the local water equation of continuity. The result
of solving a system of differential equations using a Laplace
transform is the transfer function along the channel: «flow
rate of local water — rotational speed of the electric motor of
the circulating pump», which estimates a change in water flow
rate when changing power of a thermoelectric battery:
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where 7 is the rotational speed of the electric motor of the
circulating pump, rpm; a is the coefficient of heat transfer,
kW /(m2K); ¢ is the temperature of local water, K; f; is



the bypass for local water, m% C is the specific heat capa-
city, KJ/(kg-K); G is the flow rate of a substance, kg/s; p is
the density of a substance, kg/m?3; g is the specific mass of
a substance, kg/m; A is specific surface, m?/m; z is the spa-
tial coordinate of the heater’s length, m; Ty, T, are the time
constants, characterizing the thermal accumulating capacity
of local water, metal, s; S is the parameter for a Laplace trans-
formation; S=wj; ® is frequency, 1/s. Indexes: 0 — original
stationary mode; 1 — input ton an electric system; @ — local
water; m — metallic wall.

A valid part of the transfer function (2) was determined
concerning a change in the capacity of a rechargeable battery:

w” “ec

(A’+B")

:(L1A1)+(M1B1)K K (1—[;,)

0, () (5)

The structure of coefficient K, includes the temperature
of separating wall 0:

0=(0, (t,+1,)/ 2+ At +8,) /2) / (o, + A), (6)

where ¢4, t5 is the temperature of local water at the inlet and
outlet from a thermoelectric battery, K, respectively; o is the
coefficient of heat transfer, kW /(m?K). Indexes @ — local water.

A=1/G, /L, +1/0,), )

where § is the thickness of a heater’s wall, m; A is the thermal
conductivity of a metal of a heater’s wall, kW /(m-K); In-
dexes: w — local water; m — metallic wall of a heater.

To use the valid part Oj(w), the following coefficients
were derived:

A=e*-T,T 0% A=¢ +1; (8)

B =T w+T,0+T,o; 9)

B,=T,o ¢, =8 B0, p ABZAD )
A +B, A, +B,

L =1-e*“1cos(=ED,); M, =—e “sin(-ED,). 1)

The valid part of transfer function (3) has been selected
concerning a change in the rotational speed of the electric
motor of the circulating pump:

0,(w)=K,x,L,(C.L)—(DM,). (12)

To use the valid part Os(w), the following coefficients
were derived:

A1:_Tm(‘o2; A2:8*_T;ﬂme2; B1:(€*+1)('0’ (13)

B,=Tew+T,0+T,0+¢t, (14)
AA,+BB A,B,—AB

A0, o SAA g
, + D, , t D5y

L =1-e"%cos(-ED,); M, =—e*“sin(-ED,).

(16)

The valid part of transfer function (4) was selected
concerning the estimate of change in the consumption of
local water:

0,(0)=x,L,(C.L)—(DM,). (17)

To use the valid part O3(w), the following coefficients
were derived:

A=-T,0* A=¢ -TT 0" B=(+)o; (18)
B,=Teo+T,0+T,0+¢, (19)
_AA+BB, . AB-AB)
1 2 2 17 2 2 7 (20)
A, +B, A, +B,
L =1-e"C1cos(=ED,); M,=—e""sin(=ED,). 21)

Transfer functions (2) to (4), derived from using the
operator method for solving a system of non-linear dif-
ferential equations maintain the parameter for a Laplace
transform — .5 (S=wy), where ® is frequency, 1/s.

To make a transition from the frequency domain to the
time domain, the valid parts of (5), (12), (17) were selected,
derived from mathematical treatment of transfer functions.
These parts are part of integrals (22) to (24), providing
a possibility to derive the dynamic characteristics of change
in the capacity of a rechargeable battery, rotational speed of
the electric motor of the circulating pump, local water con-
sumption, respectively, using the inverse Fourier transform.

CE(t)= iIQ (o)sin(tw/o0)do. (22)
n(1)=G,(1,2)K,(1)= iIOZ (w)sin(m)/oa)d(o. (23)
G,(1,2)= ifo, (o)sin(tw/ow)do, (24)

0

where CE is the capacity of a rechargeable battery, A-hours;
n is the number of rotations of the circulating pump’s electric
motor; rpm. Gy, is the flow rate of local water, kg/s.

5. Results of research into the technology for maintaining
the operation of a wind-solar electric system

5. 1. Reference estimate of change in the capacity of
a rechargeable battery, the number of rotations of the
circulating pump’s electric motor, consumption of heated
local water

According to formulae (1) to (4), integrated mathema-
tical modelling of a wind-solar electric system has been per-
formed using the designed structural diagram (Fig. 2).

According to the proposed structural diagram (Fig. 2),
Tables 1,2 give the results from integrated mathematical
modelling of a wind-solar electric system.



Source data

Photoelectric model, N,=0.6 kW.

Wind-energy installation the type of EUROWIND2, N;=2 kW.

Hybrid charge controller and inverter the type of WWS200-120.
Rechargeable batteries of the type LA4-3, CE=100 A-hours.

Limit for change in total capacity, N:
> 0.6 kW ...2.6 kW; limit for change in
capacity, Ny, 0.5 kW ...2 kW

Limit for change in parameters: U, at
the input to controller: 36 V... 156 V; U, at
the output from inverter: 57.5 V... 230 V

Thermoelectric battery of the type GORENIE GBU 200 E, V=200 1

X

Level 4: Ui=156 V U,=230 V; Ny=2 kW, t=30-70°C

Level 1: U;=36V; U,=57.5 V; Nt=0.5 kW; t=30-55 °C.
Level 2: U=72V; U,=114.9 V; Nt=1 kW; =30-60 °C.
Level 3: U;=114V; U,=172.4 V; Nt=1.5 kW; t=30-65 °C.

1 §

Determine f, Hz, n, rpm., Gy, kg/s, Tcn

x

Construct and implement transfer functions

x

coefficients for transfer functions

Determine a heat exchange parameter, time constants,

X

Reference dynamic characteristics based on transfer functions

Fig. 2. Structural diagram of integrated mathematical modelling of a wind-solar electric system:

N, Ny, N,, Nr— total power of a wind-solar electric system, power of a wind energy installation, photoelectric module,
thermoelectric battery, respectively, kW; CE — capacity of a rechargeable battery, A-hours; V — volume of a thermoelectric
battery, I; U;, U, — voltage at the input to a hybrid charge controller and at the output from the inverter, respectively, V;
t— temperature of local water, °C; f— voltage frequency, Hz; n — the number of rotations of the circulating pump’s electric

motor, rpm; G,, — flow rate of local water, kg /s

Table 1
Mode parameters for a wind-solar electric system

Fm;zgé’lsmg NKW | Ny kW | 6,°C | Gu ke/s | T hours | U,V | Us, V | £, Hz | n,tpm
Level 1 0.6 | 05 55 | 00024 | 387 36 | 575 | 125 | 7125
Level 2 1.2 1 60 | 00043 | 0.21 72 | 1149 | 25 | 1425
Level 3 19 | 15 65 | 00060 | 0.17 114 | 1724 | 375 | 21375
Level 4 26 2 70 | 00073 | 0.098 | 156 | 230 | 50 | 2850

Note: N, Ny — total power of a wind-solar electric system, thermoelectric battery, respectively, kW;
t — temperature of local water at the output from a thermoelectric battery, °C; 1y — charge
duration of a thermoelectric battery; G, — flow rate of local water, kg/s; U; — voltage at the
input to a hybrid charge controller, V; Uy — voltage at the output from the inverter, V; [ — voltage
Jrequency, Hz; n — number of rotations of the circulating pump’s electric motor, rpm.

Table 2

Values for a heat exchange parameter, for time constants and coefficients
for the mathematical models of dynamics

F”?Zf]‘;rs““g O W/(m2K) | Tus | Tws | Lem L, e ¢
Level 1 507.2 9785 | 665 | 01316 | 08837 | 01116 | 332
Level 2 564.7 8754 | 597 | 02117 | 08253 | 01677 | 208
Level 3 595 8253 | 567 | 02804 | 07810 |02102| 157
Level 4 636.8 7882 | 529 | 03187 | 07583 |0.2320| 138

Note: o, — coefficient of convective heat transfer from an electric heater to local water, W/ (m?-K)

5. 2. Functional assessment
of change in the capacity of
a rechargeable battery, the num-
ber of rotations of the circulat-
ing pump’s electric motor, con-
sumption of heated local water

Based on the proposed math-
ematical substantiation to main-
tain the operation of a wind-solar
electric system (1)—(5), a stru-
ctural diagram has been built
(Fig. 3) regarding control over
feasibility of a wind-solar electric
system.

5. 3. An integrated system
to maintain the functioning of
a wind-solar electric system at
the level of decision-making

Based on the proposed math-
ematical substantiation (1)—(5),
a structural diagram has been
built (Fig. 4) to maintain the ope-
ration of a wind-solar electric sys-
tem based on maintaining capaci-
ty of a rechargeable battery.
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(CT()(d(D)NACE(7) / ACE,,, (T)(+)(-)s
An(r)/ Ang,, (D)(+)(2), G, (1) / AG,, ;. (D)),
A(@) [ At (DN Zes (D),

Acquiring summarized information

(CT.(tXACE(2)/ ACE, () >< ACE, , (v)/ ACE, , (1)) <1>0).
(CT.XAN(D)  An,, (1) >< Any (2)/ An,,, (2)) <1>0).
(CTTNAG (1) AG, ., (1) >< AG, (1) AG, ., (7)) <1>0)

Fig. 3. Structural diagram of control over feasibility of a wind-solar electric system: U;, U, voltage at the input to a hybrid
charge controller and at the output from the inverter, respectively, V; f— voltage frequency, Hz; n — number of rotations
of the circulating pump’s electric motor, rpm; G,, — flow rate of local water, kg/s; tinpus touroun © — local water temperature
at the input and the output from a thermoelectric battery, separating wall, respectively, K; CE — capacity of a rechargeable
battery, A-hours; CT — event control; Z — logical relationships; d — dynamic parameters; x — influences; f, — diagnosed
parameters; y — starting parameters; K — coefficients for mathematical notation; T — time. Indexes: ¢ — control over
workability; s.e.u. — steady, estimated value for the parameter of the upper level of functioning; s.e.l — steady, estimated
value for the parameter of the level of functioning; 0, 1, 2 — initial stationary mode, external, internal parameters;

3 — coefficients for equations of dynamics; 4 — essential parameters that are diagnosed; 5 — dynamic parameters

An integrated comprehensive system to support the
operation of a wind-solar electric system has been devised
(Table 3), which is based on predicting a change in the ca-
pacity of a rechargeable battery at continuous measurement
of voltage at the input to a hybrid charge controller, voltage
at the output from the inverter, and voltage frequency.

Making preliminary decisions about changing the power of
a thermoelectric battery makes it possible, while maintaining
the capacity of a rechargeable battery, to enable a change in
the temperature of local water based on changing the number
of rotations of the circulating pump’s electric motor in order to
change water consumption. Capacity of a rechargeable battery
over the established period of time is determined from:

CE,(t)=CE(ACE,(v)/ ACE,,,, (1),

s

(25)

where CE — capacity of a rechargeable battery, A-hours;
T — time, s. Index: s.e.u. — steady, estimated value for the
parameter of the upper level of functioning; i — number of
functioning levels of a wind-solar electric system.

The rotational speed of the electric motor of the circu-
lating pump over the established period is determined from:

iy (T) =n,+((An,,, (T) /An,, (T) -

= A7)/ An,,, (D), = 1)), (26)
where 7 is the number of rotations of the circulating pump’s
electric motor, rpm; 74, ny — initial and final number of rota-
tions of the circulating pump’s electric motor, rpm, respec-

tively; i — number of levels of functioning of a wind-solar
electric system; T — time, s. Index: s.e.u. — steady, estimated
value for the parameter of the upper level of functioning.

Local water flow rate over the established period is de-
termined from:

Gm,+1 (T) = Gm‘ + ((AGZ{'i+1 (T) / AGZI' s.e.u. (T) -
- AGzri (T) / AGm s.e.u. (T))(G - Gml )))

Wy

(27)

where G, — local water flow rate, kg/s; G,1, G2 — initial and
final values for local water consumption, kg/s, respectively
(Table 3); i — number of functioning levels of a wind-solar
electric system; T — time, s. Index: s.e.u.— steady, estimated
value for the parameter of the upper level of functioning; i —
number of functioning levels of a wind-solar electric system.

For example, over the period of 15-10% s (4.17 hours) the
absolute values for capacity of a rechargeable battery, the
number of rotations of the circulating pump’s electric motor,
local water consumption, applying formulae (25) to (27), are
equal to:

48.65 A-hours=(0.4865)100 A-hours

1069.7 rpm=992.3 rpm+(0.1998-0.1636) x
x (2850 rpm—712.5 rpm).

0.0045 kg /s=0.0040 kg/s+(0.6505-0.5420) x
% (0.0073 kg/s-0.0024 kg/s).
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SO =fp® ]

(CT.(0)An(@) [ A, , (7) = An,, (2)/ An, (£)) <1>0).
(CT.(XAG() | A, (7) = MGy (1] AGy () <15 0),
(CTNANE) Mo (5) = Ay (2)] Aty (7 <15 0).
CEi(v)= EE rvpi (T)
Maintain capacit;ofrechargeable battery e

Maintain operation of a wind-solar electric system

Fig. 4. Structural diagram for maintaining the operation of a wind-solar electric system: U;, U, voltage at the input to
a hybrid charge controller and at the output from the inverter, respectively, V; f— voltage frequency, Hz; CE — capacity
of a rechargeable battery, A-hours; Ny — thermoelectric battery power, kW; n — number of rotations of the circulating pump’s
electric motor, rpm; G — flow rate of local water, kg/s; t — temperature of local water, K; T — time. Indexes: /— number
of functioning levels; e — reference value for parameter; s.e.u. — steady, estimated value for the parameter of the upper level
of functioning; s.e.l. — steady, estimated value for the parameter of the level of functioning; n.l. — new level of functioning

Table 3
Integrated system to maintain the capacity of a rechargeable battery
ime, Change in parameters ACE)/ACE w0y () | A(T)/M, )| AGu(®)/AGyguu) | CE@: | 7D, | CulD),
17,10°s A-hours | rpm kg/s
1 2 3 4 5 6 7 8
0 Charge Uf_%(}/ : 52557555 ch =25 Hz; 0.0473 0.0327 0.3252 473 | 7125 | 0.0024
1= ) 02—
3 Charge Uy =18 =T =R 0.0817 0.0654 0.3614 817 | 7824 | 0.0027
1= ) 02—
6 Charge Uy =2 =T va =75 Hz, 0.1285 0.0982 0.4068 1285 | 852.5 | 0.0030
1= y L2=
9 Charge U1t=3§0\fgzt=5;'55o\éf =10Hz; 0.1946 0.1309 0.4646 19.46 | 922.4 | 0.0034
1= y L2=
12 Charge Uf?’_‘sgg?féfsj 555ch =12.5 Hz, 0.2987 0.1636 0.5420 2987 | 9923 | 0.0040
1= ) 2=
15 Dec‘d‘}‘ﬁ f; ;Eﬁh‘gri??f \_7315]20:875 Vi 0.4865 0.1998 0.6505 48.65 | 1069.7 | 0.0045
=125 Hz (= b=




Continuation of Table 3

1 2 3 4 5 6 7 8
g | Dischase A0 U eV 0.3198 0.3196 0.7 3198 | 13258 | 0.0047
21 Charge U1;i43(\)/i,gfz1=164£,¥;f =25 Hz; 0.3321 0.3996 0.7447 3321 | 1496.8 | 0.0049
24 Charge U1ZZ23(\)/;ng1:1§0'i\C/;f =25 Hz, 0.6285 0.4351 0.8183 62.85 | 1496.8 | 0.0053
o 1?Zf;d\i/?§:§5dﬁ§?2r§§g;é;72;%0 . 0.7914 0.4351 0.8410 79.14 | 14968 | 0.0054
30 | Dischargef Zi%glf;c?;zisss\fclb: 1379V, 0.5785 0.5222 0.8651 57.85 | 1758.4 | 0.0055
g3 | Charge Ui= ; 1=43X;0[C]€Z1=762540\C/;f =37.5 Hz; 0.8676 0.6526 0.8894 8676 | 2037.1 | 0.0056
36| e 117352‘3"}5:";7‘15‘5;]"7“?2%:éQZZ% o 1 0.7548 0.9096 100 | 22555 | 0.0057
g9 | Discharge/ jfj;gzgclf ;"38 VC Up=1839V; 0.8856 0.8053 0.93 8856 | 2363.4 | 0.0058
4o | Charge Uiig% VCU;;%%O\C’ /=50 Hz 0.8894 1 0.9530 8894 | 2780.6 | 0.0059
45 Charge U1:igg Y?C;l?;%%oo\c/;f =50 Hz; 1 1 1 100 | 2850 | 0.0073

Note: Uy, Uy — voltage at the input to a hybrid charge controller and at the output from the inverter, respectively, V; f — voltage fre-

quency, Hz; tq, ty —

temperature of local water at the input to a thermoelectric battery and at the output from a thermoelectric battery,

respectively, °C; CE — capacity of a rechargeable battery, A-hours; n — number of rotations of the circulating pump’s electric motor, rpm;
Gy — flow rate of local water, kg/s; T — time, s. Index: s.eu. — steady, estimated value for the parameter of the upper level of functioning

The graphical dependence of change in the capacity of
a rechargeable battery on change in the power of a thermo-
electric battery is shown in Fig. 5.

100 - Change in the capacity of a rechargeable battery, A- hours
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Fig. 5. Maintaining the functioning of a wind-solar electric

system, where 1, 3, 5 — deciding on a change in the power

of a thermoelectric battery; 2, 4, 6 — discharge to maintain
a change in the capacity of a rechargeable battery

Thus, for example, over time of 15-10%s (4.17 hours)
when changing voltage at the input to a hybrid charge con-
troller to the level of 42V, while predicting an increase in
the capacity of a rechargeable battery to 20 %, it is necessary
to take a preliminary decision about increasing the capacity
of a thermoelectric battery based on a change in voltage
frequency from 12.5 Hz to 20 Hz. Increasing the number of
rotations of the circulating pump’s electric motor to the level
of 1,328 rpm makes it possible to increase the consumption
of local water to the level of 0.0047 kg/s and to increase the
temperature of local water up to 60 °C. Implementing these
measures will make it possible to maintain a 20 % change in
the capacity of a rechargeable battery, thereby maintaining
the operation of a wind-solar electric system.

6. Discussion of results of studying the energy-saving
technology to maintain the operation of a wind-solar
electric system

An integrated system to maintain functioning of a wind-so-
lar electric system has been built, based on adjusting the gener-
ation and consumption of energy in terms of energy efficiency.
Typically, a hybrid charge controller included in a wind-solar
electric system maintains the charge of a rechargeable battery
by using a thermoelectric battery as a non-regulated ballast.
Resetting excess energy to the ballast when using the MPPT
function of the controller leads to the uncompensated-for
losses of electrical energy, which does not make it possible
to ensure an appropriate level of capacity for the charge of
a rechargeable battery. Moreover, the use of a thermoelectric
battery as a ballast eliminates the need to maintain the opera-
tion of a wind energy installation by using the accumulation of
heat in order to regulate the power of a wind turbine. Failure
to account for this property of a thermoelectric battery could
lead to the acceleration of the wind turbine at considerable
wind speed and to its malfunctioning. It is known that a ther-
moelectric battery is controlled in line with the thermostat
principle, that is, when establishing the required temperature
of heated local water, the thermoelectric battery is discon-
nected from power. Not using a change in the local water flow
rate during the period of thermoelectric battery charge, when
changing capacity, prolongs the duration of charge and leads to
considerable expenditures on electricity. A technique to over-
come these difficulties has been proposed. It is the thermo-
electric battery that must become the main center of adjusting
a change in the total power of a wind-solar electric system
to power consumption by redistributing the accumulated
heat and electric energy in terms of consumption. It has been
proposed to predict a change in the capacity of a rechargeable
battery when measuring the total voltage at the input to
a hybrid charge controller and voltage at the output from the



inverter to estimate the ratio of electrical energy generation
and consumption when measuring the voltage frequency. This
ratio is part of the coefficient K, for a transfer function aimed
at predicting a change in the capacity of a rechargeable battery,
which could act as a unifying element in the integrated mathe-
matical and logical modeling as part of a technological system
to maintain the operation of a wind-solar electric system.

Making preliminary decisions on changing the power of
a thermoelectric battery makes it possible, while maintaining
the capacity of the rechargeable battery, to ensure a change in
the temperature of heated local water, based on changing the
number of rotations of the circulating pump’s electric motor
in terms of water flow rate, thereby reducing the charge dura-
tion by up to 30 %. The results reported in the current study
is continuation of work that addresses the adjustment in
energy generation and consumption [1, 12—-14]. The ob-
tained results could be used in the development of intelligent
systems for operating the hybrid charge controllers in terms
of maintaining the functioning of wind-solar electrical sys-
tems. The representation of the thermoelectric battery as the
main center in redistribution of the accumulated energy pro-
vides an opportunity to use the generated electrical energy
completely, in terms of adjusting it to consumption.

When connected to the electric grid, reducing the dura-
tion of charging a thermoelectric battery by up to 30 % makes
it possible to receive cash savings on electricity consumption
and increase cash income by applying a «green tariff>. How-
ever, efficient electrical power consumption can be limited by
the established ratio of generation and consumption of elec-
tric energy. In this case, one must employ SMART GREAD
technologies under conditions of adjusting the generation of
electric power to efficient consumption.

Further advancement of the current research implies the
planned verification of the results under conditions of using
wind-solar electrical systems of varying power. It is planned
to expand the operation of a wind-solar electric system when
it is connected to the grid in order to use the thermoelectric
battery in thermal-pump energy supplies [14] as part of the
proposed technological system.

7. Conclusions

1. It was proposed to predict a change in the capacity of
a rechargeable battery based on estimating a change in the
ratio of total voltage at the input to a hybrid charge con-
troller, voltage at the output from the inverter, which are
measured, when measuring the voltage frequency.

2. Taking preliminary decisions about changing the
power of a thermoelectric battery ensures maintaining the
capacity of the rechargeable battery based on changing

the number of rotations of the circulating pump’s electric
motor. Changing the flow rate of heated local water makes it
possible to reduce the charge duration by up to 30 %.

3. A structural diagram has been built, and integrated
mathematical modelling of a wind-solar electric system has
been performed, which is based on mathematical modeling
of the dynamics of estimating a change in the capacity of a
rechargeable battery, the number of rotations of the circulat-
ing pump’s electric motor, the flow rate of local water. The
unifying element of mathematical modeling is the estimate
of the ratio of voltage at the input to a hybrid charge con-
troller and voltage at the output from the inverter, which
are measured. The maximum change in the capacity of
a thermoelectric battery has been determined: 0.5..2 kW.
The mode parameters for a wind-solar electric system have
been defined, as well as the heat exchange parameter for
a thermoelectric battery, the charge duration of a thermoelec-
tric battery at a change in water flow rate, time constants and
the coefficients for mathematical models of the dynamics for
the established levels of functioning. The reference dynamic
estimates of change in the capacity of a rechargeable battery
have been derived, as well as the number of rotations of the
circulating pump’s electric motor, the flow rate of local water.
A structural diagram has been built, as well as logical mo-
deling of control efficiency of a wind-solar electric system has
been carried out, which is based on the principle of causation.
The logical unit has components that estimate: a change in
voltage at the input to a hybrid charge controller, voltage at
the output from the inverter, the voltage frequency, which
are measured; a change in the temperature of the heater’s
wall; a change in coefficients for mathematical models of the
dynamics, K¢, Ky, %; a change in the number of rotations of
the circulating pump’s electric motor, the flow rate of local
water, the temperature of local water; a change in dynamic
parameters; the resulting unit to control workability in order
to obtain a functional estimate of change in the capacity of
a rechargeable battery, the number of rotations of the circu-
lating pump’s electric motor, the local water flow rate.

4. An integrated system to maintain the functioning of
a wind-solar electric system has been proposed, based on the
designed structural diagram for logical simulation. Maintain-
ing the capacity of a rechargeable battery is based on compar-
ing voltage at the input to a hybrid charge controller, voltage
at the output from the inverter, the voltage frequency, which
are measured, to reference values. Applying a functional
estimate of change in the capacity of a rechargeable battery
that is predicted makes it possible to take preliminary deci-
sions about changing the power of a thermoelectric battery
based on changing the number of rotations of the circulating
pump’s electric motor in order to change the flow rate of
heated local water.
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