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Po3spobaeno inmezposany Smart Grid cucmemy yzeo0xncenns eupoo-
HUUMBA MA CNONHCUBAHHS eNeKMPUMHOT eHepeli ma Mmeniomu 3 6UKOPUC-
MAHHAM MENJOHACOCHOZ20 eHePZonoCmavants 0i02a3060i YcmarHosKu,
HU3LKONOMEHUTIHUM 0XHCePeoM eHepeil 0 K020 € 30podicene CYco.
IIpoznosysanns 3minu xoepiyicuma nomyxcHocmi KozeHepauiitoi cuc-
memu, memnepamypu Micueoi 600u 6i00Y6AEMbC 3 BUMIPIOGAHHAM
Hanpyeu nHa 6x00i 6 ineepmop, Ha 6uxodi i3 ineepmopa ma uacmomu
Hanpyeu. B xoumypi oxonodixicenns osuzyna eumiproemocs memnepa-
mypa 0xon004cysanvHoi 600U Ha 6x00i 6 MENAOOOMINHUK, HA BUX00I i3
Menn00OMIHHUKA ma memnepamypa 360pomHoi 600u. 3anponoHo6aHo
ouiHIOB8AMU 3MIHY CNiBEIOHOWEHHS HANPY2U HA 6X001 6 THEEPMOP Ma HA
eux00i i3 ingepmopa. Ilpuiinamms eunepedcyronux piwenv Ha 3IMiny
NOMYHCHOCMI MENJI06020 HACOCA MA KINbKOCMI NAACMUH MENTO00MIH-
HUKA KOHMYPY 0X0J1009CeHHA 08UYHA 00360IAE NIOMPUMYBAMU HANPY -
2y Ha 6x00i 6 ineepmMop ma memnepamypy micueeoi 600u, w0 Hazpisa-
emucs. Buxonano xomnaexche mamemamuute ma j02ivne MOOea0BAHHS
KOzeHepauiiinoi cucmemu, wo 0a3yemocs HA MAMEMAMUUHOMY 00TPYH-
myeanHi apximexmypu KozeHepauiiiHoi cucmemu ma MamemamutHomy
00TpyHmyeanni niompumxu Qynxuyionyeanns xozenepauiiinoi cucmemu.
Busnaueno nocmitini wacy ma xoeivyienmu mamemamuunux mooeetl
Qunamixu w000 ouiHKu 3MiHU Koepiuicnma nomyxicrnocmi Kozenepauiii-
Hoi cucmemu, memnepamypu micuesoi 600u. 3000ymo Qynxuyionarvny
OUIHKY 3MIHU KoeiuicHma nomyncHocmi Kozenepauiinoi cucmemu 6 dia-
nasoni 85-95 %, memnepamypu micyesoi 600u 6 dianasoni 30—55 °C npu
Komnencauii peaxmuenoi nomyxcrocmi 0o 40 %. Busnavenns niocymxo-
601 Ppynxuionanvroi ingopmauii nadae moicaugicmo npuiimamu eune-
PeoIcyIoui piuenHs HA 3MIHY NOMYNCHOCMT MENTL0B020 HACOCA MA 3MiHY
KiJIbKOCMi NACMUH Meno00MIHHUKA KOHMYPY 0X0JI00M4CeHH 06ULYHA
w000 NiOmpumKu QyHKUionyeanns Kozenepayilinoi cucmemu

Kmouosi cnosa: kozenepauiiina cucmema, Koeiyicum nomysxcnocmi,
0i02azo6a ycmanosxa, menno6uil HACOC, NEPeMEoPrO6ar UACMomu
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1. Introduction

Given the need to save natural fuel and reduce the harm-
ful emissions into the atmosphere, the distributed generation
of electric power using renewable sources requires Smart Grid
technologies for the integrated control of the flows of electric
power and consumption [1,2]. A load of distributed energy
generation is known to consume both active and reactive
power, which make full capacity and have different cost va-
lues. Active power, as the ratio of active power to full power, is
evaluated by power factor cosp, where @ is the angle of phase
shift between current and voltage. Active power is aimed at
the performance of useful action, reactive power is a measure
of power exchange between the generator and inductive load.
Reactive power is directed at creating magnetic fields, without
which functioning of the inductive load is impossible. To assess
reactive power, one uses tgo, which is related to active power
by the following ratio: cose=1,/V(1+tg2p). In the electric net-
work, there should be a balance of generation and consump-
tion of active and reactive power. While the basic indicator
of active power maintenance is the frequency in the power
system, the indicator of maintenance of reactive power is the
voltage in the distribution network. It is a change in reactive
power at the consumption level that is a necessary part of
voltage maintenance. The use of special compensating devices
at the consumption level, for example, synchronous compensa-
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tors, intelligent inverters, etc., capable of both generating and
absorbing reactive power, is a necessary component in terms
of compensation of a voltage change. The cost of the plant and
maintenance of these plants can be quite high. A relevant task
in the context of further development of distributed electricity
generation is to maintain the balance of production and con-
sumption of active and reactive powers of the cogeneration
system based on the heat-pumping power supply of the biogas
plant, a low potential source of power for which is fermented
wort [3,4]. Thus, the energy-saving technology of mainte-
nance of the biogas plant operation [3] makes it possible to
predict a change in fermentation temperature and establish
the temperature of warming a heat carrier at the inlet to the
heat exchanger, built-in the methane tank, with the use of heat
pumping power supply. The warming heat carrier temperature
is measured at the outlet to the heat exchanger during the
period of biogas production. The use of an integrated system
for the assessment of changes in fermentation temperature,
obtained based on mathematical and logical modeling, ensures
a constant release of biogas, timely unloading of fermented
wort, and loading fresh material while maintaining the balance
of the flows of fresh and fermented raw materials. The predic-
tion of a change in the fermentation temperature requires mak-
ing advanced decisions about a change in the temperature of
the warming heat carrier at the inlet to the heat exchanger, fit-
ted in the methane tank. Thus, the energy-saving technology



of maintaining the operation of heat pump power supply [4]
provides an opportunity to make advanced decisions to change
the number of rotations of the heat pump compressor of the
electric engine. A change in the temperature of heated water
takes place at the ratio of the established ratio of the cooling
agent at the outlet from the heat pump capacitor and evapora-
tion pressure at the outlet of the evaporator.

Maintenance of the power factor of the cogeneration sys-
tem on biogas fuel should take place at the level of frequency
control of the electric engine of the heat pump compressor
as a consumer of active and reactive power in ensuring the
constant release of biogas as the producer of the alternative
power source. Voltage regulation in the distribution system
will make it possible to set a new level of active power, both
electric and thermal cogeneration systems. Moreover, it is
necessary to predict a change in the temperature of local hea-
ted water, in the heat exchanger of the engine cooling circuit
of the cogeneration system, under conditions of changing the
ratio of production of electric power and heat at a change
in consumption. For this purpose, it is necessary to predict
a change in power factor of the cogeneration system during the
measurement of the voltage at the inlet in the inverter and at
the outlet from the inverter on terms of the estimation of their
ratio and voltage frequency.

Making advanced decisions about a change in power of the
heat pump energy supply of the biogas plant and a change in
the number of plates of the heat exchange of the engine cooling
circuit makes it possible to estimate a change in power factor
of the cogeneration system. The ratio of production of electric
power and heat at a change in consumption is maintained.

2. Literature review and problem statement

Optimization of distributed generation of electric power
traditionally uses the improvement of intelligent control
systems both by the production of electrical power, and
consumption. Thus, paper [5] presents the Smart system of
biogas production based on a microcontroller for the estima-
tion of parameters of biogas plant operation. Detection of the
interaction between a change in the parameters offered an
opportunity to conclude the necessity of continuous moni-
toring of biogas production process in terms of its optimiza-
tion, but without interaction with consumption. Paper [6]
presented the innovative system of electric power cogene-
ration for cooling to be integrated into the cycle of biogas
turbines. The capacity of the implemented integrated power
plant was studied using the laws of thermodynamics and soft-
ware Engineering Equation Solver (EES). The total cooling
load and net electrical power were evaluated: 505.2 kW and
1168 kW, respectively. Energy and exergetic efficiency of the
proposed innovation system, but without taking into account
the interaction with electricity consumption, was presented.
Thus, paper [7] presents the results of intelligent control of
the distributed power generation based on large-scale sea-
sonal heat accumulation (ATES). The disadvantage of this
development is the need for spatial planning related to the
use of construction technology for ATES creation. Moreover,
the information exchange between the ATES systems when
it comes to dynamic control does not establish the relations
of the use of accumulation with the estimate in a power
factor change. Article [8] proposed a hierarchical framework
for the control of electric power consumption by one-rank
information exchange in the real-time market. The results of

the optimization of electricity consumption schedule based
on the interaction between electric power generation and
participants of consumption are presented. However, the
possibility of changing the consumption schedule regarding
the estimation of a change in the reactive power of the dis-
tribution system under conditions of voltage regulation was
not established. The results of the implementation of the
algorithm of stochastic optimization of distributed electri-
city generation using fuzzy logic are presented in paper [9].
The relation of electric system loading and operational costs
with the flexibility of control of distributed generation was
found. The boundary level of electricity generation using
a communal network as virtual storage in terms of maintain-
ing the control flexibility was proposed. However, design
and strategy of control, at which the results are calculated in
the given work, do not make it possible to expand the level
of distributed power generation. Research [10] proposed the
cyber-physical system of control of distributed generation of
electric power, based on the theory of consensual protocol.
Analysis of the system behavior and power optimization does
not make it possible to expand the level of consumption,
because they do not assess the balance of active and reactive
power. It is known that electric devices, for example, asyn-
chronous electric engines, along with active power, consume
reactive power as well. Reactive power does not perform
a useful function directly, but maintains the operation of
these devices to create magnetic fields, without which power
consumption is impossible.

The well-known VVO concept offers the opportunity
to change the electrical energy consumption based on the
voltage regulation in the distribution system with the use
of a change in reactive power. Research [11] proposed the
intelligent transducer regulating voltage by absorbing or
supplying reactive power (Var) to the network or from the
network using the Volt—Var control function. This article
deals with the capacitive (that is, Var-injection) and induc-
tive (that is, Var-absorption) effects using the intelligent in-
verter and its ability to affect the voltage at the distribution
level. When the intelligent converter introduces reactive
power, it increases the distribution voltage. Conversely,
the voltage decreases when the intelligent inverter absorbs
reactive power. Paper [12] presents the VVO optimization
model to establish priority sensitivity to data changes, based
on precise measurement in order to improve the programs of
response to electricity consumption. The presented analysis
of literary sources [5—12] makes it possible to estimate the
optimization of distributed generation of electric power
without taking into account the interaction of electric power
production and consumption, that is, without estimation of
functional efficiency of generating systems. Traditionally,
the use of reactive power to control the voltage in an electric
network is carried out by means of, for example, transformers,
capacitor batteries, voltage regulators, static synchronous
compensators, etc. The installation and maintenance costs
of these devices can be quite high and some have a relatively
slow response time of about a few seconds [11]. Heat-pump
power supply of the biogas plant provides an opportunity to
use a heat pump as a voltage regulator in the distribution
network. A change in the reactive power of the cogeneration
system is estimated based on the evaluation of a change in the
number of revolutions of the electric engine of the heat pump
compressor within the term of biogas production.

That is why it is proposed to measure voltage at the inlet
to the inverter and voltage at the outlet from the inverter in



terms of estimation of their ratio when measuring voltage
frequency. Moreover, the use of heat pumping power supply
of the biogas plant makes it possible to regulate the ratio of
production of electricity and heat at changing consumption.
That is why it is proposed to measure the temperature of
cooling water at the inlet to the heat exchanger of the engine
cooling circuit and at the outlet from the heat exchanger and
the temperature of cooling water. The engine cooling circuit,
which usually acts as a protective element for the engine of
the cogeneration system to prevent overheating, becomes
a complex information system to assess changes in an electri-
cal and thermal power cogeneration system. It is this energy
equipment that responds to a change in consumption of elec-
tric power regarding the frequency control of the heat pump-
ing power supply of the biogas plant in regard to the change
in the balance of electrical power and heat consumption.
That is why the unresolved problematic part of maintaining
the operation of the cogeneration biogas fuel system is the
prediction of a change in the power factor of the cogeneration
system and the temperature of local heated water.

Making advanced decisions on changing the power of
a heat pump and changing the number of the plates of the
heat exchanger of the engine cooling circuit makes it pos-
sible to regulate voltage in the distribution system. Ensuring
a change in active electric and thermal powers of the coge-
neration system makes it possible to maintain their ratio at
a change in consumption.

This substantiated the need for research in this direction.

3. The aim and objectives of the study

The aim of this study is to develop the Smart Grid tech-
nology to maintain the operation of the cogeneration biogas
fuel system.

To achieve the aim, the following tasks were set:

— to propose the prediction of a change in power factor
of the cogeneration system, the temperature of local water in
the engine cooling circuit based on the estimation of a change
in the ratio of voltage measured at the inlet to the inverter,
at the outlet from the inverter at the measurement of voltage
frequency. With this aim, to develop the integrated Smart
Grid system for maintaining the fermentation temperature
with the application of heat pumping power supply, which
uses fermented wort as a low-potential source;

— to develop the block diagram and to perform compre-
hensive mathematical modeling to obtain a reference estima-
tion of a change in power factor of the cogeneration system,
the temperature of local water in the circuit of cooling the
heated engine;

— to suggest making forestalling decisions to change the
power of heat-pump energy supply of the biogas plant and
to change the number of plates of the heat exchanger of the
engine cooling circuit to maintain voltage in the distribution
system and the ratio of electricity and heat production at
a consumption change. To this end, to develop the structural
circuit and to perform logical modeling in terms of obtaining
the functional estimation of a change in power factor of the
cogeneration system, the temperature of local water in the
cooling circuit of the heated engine;

—to develop the block diagram and to perform logical
modeling regarding obtaining the integrated Smart Grid
system of maintenance of the cogeneration system operation
at the decision making level,

—to ensure harmonization of production of electric
power and heat based on the prediction of a change in
power factor of the cogeneration system, the temperature
of local water in the engine cooling circuit at a consump-
tion change.

4. Materials and methods to study the maintenance
of functioning of the cogeneration biogas system

4. 1. Methodological and mathematical substantiation
of the architecture of the Smart cogeneration biogas system

Based on the methodological and mathematical sub-
stantiation of the architecture of technological systems [1],
energy-saving technologies of biogas production with the
use of heat-pumping energy supply [3, 4], the architecture of
the Smart cogeneration biogas system was proposed (Fig. 1).
A cogeneration system is a dynamic system, the operation of
which is the reproduction of a change in external, internal
influences and initial conditions, for example, a change in
power of the electric engine of the heat pump, a change in the
ratio of production of electric power and heat under condi-
tions of a consumption change, etc.

That is why, when designing a cogeneration biogas system,
underlying which is an integrated dynamic subsystem (Fig. 1).

Smart cogeneration system

S S—
Smart BP | ¢

Smart Grid HP |

Integrated dynamic subsystem
of the cogeneration system

Fig. 1. The architecture of the Smart cogeneration
biogas system: BP — biogas plant; HP — heat pump;
1 — charge unit; 2 — discharge unit; 3 — unit of evaluation
of functional efficiency

The integrated dynamic subsystem includes the follow-
ing components: the electric network, the cogeneration unit,
the engine cooling circuit as a part of the cogeneration plant,
the biogas plant, the heat pump, the frequency converter.
The heat pump uses fermented wort as a low-potential
power source to maintain the fermentation temperature,
unloading of fermented wort, and loading of fresh material.
The frequency converter performs the frequency regulation
of the spiral compressor of the heat pump. Other units in-
cluded in the cogeneration system are the units of charge,
discharge, and estimation of functional efficiency, which
are in harmonized interaction with the integrated dynamic
subsystem (Fig. 1).

Based on the methodological and mathematical sub-
stantiation of the technological systems [1], energy-saving
technologies of biogas production using heat-pumping power
supply [3, 4], the mathematical substantiation of the archi-
tecture of the cogeneration Smart biogas system (1) was
proposed (Fig. 2).
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Fig. 2. Mathematical substantiation of the architecture of the cogeneration
Smart biogas system

In Fig. 2, SCSBE(7) is the cogeneration Smart biogas
system; T is the time, s; D(1) is the integrated dynamic sub-
system; P(t) is the properties of the elements of the cogene-
ration system; x(7) is the influences (a change in parameters:
voltage at the inlet to the inverter and at the outlet from the
inverter, voltage frequency, temperature of cooling water at
the inlet to the heat exchanger, at the outlet from the heat
exchanger, the temperature of return water); /(7) is the mea-
sured parameters (voltage at the inlet of the inverter and at
the outlet of the inverter, voltage frequency, the temperature
of cooling water at the inlet of the heat exchanger, at the
outlet of the heat exchanger, the temperature of return wa-
ter); K(t) is the coefficients of the mathematic description
of the dynamics of a change in power factor, the tempera-
ture of local water; y(7, z) is the output parameters (power
factor, reactive power factor, active, reactive powers of the
cogeneration system, temperature of local water); z is the
coordinate of the length of the heat exchanger of the en-
gine cooling circuit, m; d(t) is the dynamic parameters of
a change in the power factor of the cogeneration system, the
temperature of local water; FI(t) is the functional final infor-
mation; LC(7) is the logical relations regarding the control
of the cogeneration system workability; LS(t) is the logical
relations regarding the identification of the state of the co-
generation system; R(7) is the logical relations in SCSBF(1)
to prove the correctness of decisions made from the units of
the cogeneration system.

Indices: 7 is the number of elements in the cogeneration
system; 0, 1, 2 are the initial stationary mode, external and
internal character of influences.

4. 2. Mathematical substantiation of the Smart Grid main-
tenance of the operation of the cogeneration biogas system

The mathematical substantiation of maintenance of the
operation of the cogeneration system (2), (Fig. 3), based on
the methodology of the mathematical description of dyna-
mics of power systems, the method of the graph of cause-ef-
fect relations [1, 3, 4] was proposed. The basis of the proposed
rationale is the mathematical description of the architecture
of the cogeneration Smart biogas system (1), (Fig. 2).

Prediction of a change in power factor and a change in the
temperature of local water of the engine cooling circuit makes
it possible to make forestalling decisions on a change of the
heat pump power and the number of heat exchanger plates
of the engine cooling circuit. The voltage at the inlet of the
inverter, at the outlet of the inverter and voltage frequency,
is measured. In the engine cooling circuit, the temperature
of the cooling water at the inlet of the heat exchanger, at the
outlet of the heat exchanger, and the temperature of return
water are measured.

In Fig. 3, SGCSBF(t) is the Smart Grid maintenance
of the operation of the cogeneration biogas system; t is the
time, s; D(1) is the integrated dynamic subsystem; P(t) is

the properties of the elements of the integrated dynamic
subsystem, units of the cogeneration system; MM(t, z) is the
mathematical modeling of dynamics of a change in power
factor, the temperature of local water; sd(t) is the output
data (productivity of the biogas plant and the type of the
cogeneration system and its power, the heat pump type and
its power, the integrated system of maintenance of fermen-
tation temperature, the inverter type; [p(t) is the boundary
change in parameters (voltage at the inlet of the inverter and
at the outlet of the inverter, voltage frequency, temperature
of cooling water at the inlet of the heat exchanger and at
the outlet of the heat exchanger, the temperature of return
water; [f(1) is the levels of operation of the cogeneration
system; fd is the obtained parameters (parameters of heat
exchange in the heat exchanger of the engine cooling circuit,
time constants and coefficients of the mathematical model
of dynamics of a change in power factor, the temperature
of local water; ¢/(1, z) is the transfer function of predicted
parameters — power factor, the temperature of local water;
Al(r, 2) is the standard information regarding the evalua-
tion of the maximum admissible change in power factor, the
temperature of local water; C(7) is the control of workability
of the cogeneration system; LC(7) is the logical relations of
the control of the cogeneration system workability; x(t) is
the influences (a change in parameters: voltage at the inlet
of the inverter and at the outlet of the inverter, voltage
frequency, temperature of cooling water at the inlet of the
heat exchanger, at the outlet of the heat exchanger, the
temperature of return water); f(t) is the measured parame-
ters (voltage at the inlet of the inverter and at the outlet of
the inverter, voltage frequency, temperature of the cooling
water at the inlet of the heat exchanger and at the outlet
of the heat exchanger, the temperature of return water);
K(7) is the coefficients of the mathematical description of
the dynamics of a change in power factor, the temperature
of local water; y(, 2) is the input parameters (power factor,
reactive power factor, active and reactive powers, the tem-
perature of local water); z is the coordinate of the length of
the heat exchanger of the engine cooling circuit, m; d(t) is
the dynamic parameters of estimation of a change in power
factor, the temperature of local water; FI(t) is the functional
final information regarding decision making; LMD(7) is
the logical relations of decision making; MD(t) is decision
making; NC(t) is the new conditions of the cogeneration
system operation; S(7) is the identification of the state of the
cogeneration system; LS(t) is the logical relations of identi-
fication of the state of the cogeneration system; R(t) is the
logical relations between the dynamic subsystem and units
of charge, discharge, functional estimation of efficiency that
belong to the cogeneration system.

Indices: i is the number of elements of SGCSBF(7);
0, 1, 2 are the initial, external, and internal character of
influences.
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Fig. 3. Mathematical substantiation of Smart Grid maintenance of the operation
of the cogeneration biogas system

Mathematical substantiation of the architecture of the
cogeneration system (1) and mathematical description (2)
make it possible to maintain the operation of the cogenera-
tion system using the following actions:

— workability control (C(t)) of the dynamic subsys-
tem based on mathematical (MM(t, z)) and logical (LC(1))
modeling regarding obtaining standard (AI(1,2)) estimate
of a change in power factor of the cogeneration system of
a change in the temperature of local water;

— workability control (C(t)) of the dynamic system
based on mathematical (MM(z, z)) and logical (LC(t)) mo-
deling regarding the obtaining functional (FI (1)) estimate
of a change in power factor of the cogeneration system, the
temperature of local water;

— decision making (MD(t)) with the use of the func-
tional information (FI(t)), obtained based on logical mo-
deling (LMD(1));

— decision making to maintain the ratio of production
and consumption of electric power and heat with the use of
the functional assessment of a change in power factor, the
temperature of local water, (FIIDS(1));

— identification (S(t)) of the new conditions of func-
tioning of the cogeneration system (NC(t)) based on logical
modeling (LS(t)) as a part of the dynamic subsystem and
confirmation of new operating conditions based on logical
modeling (R(t)) from the units of the cogeneration system.

4. 3. Mathematical modeling of the dynamics of change
in the power factor of the cogeneration system and in the
temperature of local water

According to formulas (1), (2), the prediction of a
change in the power factor of the cogeneration system and
the temperature of local water was proposed. The voltage
at the inlet of the inverter, at the outlet of the inverter
and voltage frequency, is measured. In the engine cooling
circuit, the following parameters are measured: the tem-
perature of the cooling water at the inlet to the heat ex-
changer at the outlet of the heat exchanger and the return
water temperature.

Transfer function by the channel «power factor of the
cogeneration system — voltage at the inlet to the inverters»
is complex. A change in power factor and the local water
temperature are estimated. A change in the local water tem-
perature is estimated both over time and along the spatial
coordinate of the length of the plate of the heat exchanger of
the engine cooling circuit:
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where PF is the power factor of the cogeneration system;
I, I, is the current at the inlet of the inverter and at the outlet
of the inverter, respectively, A; Ui, U, is the voltage at the inlet
of the inverter and at the outlet of the inverter, respectively, B;
C is the specific thermal capacity, kJ/(kg-K); a is the heat
transfer factor, kW /(m?K); G is the loss of substance, kg/s;
g is the specific weight of a substance, kg/m; % is the specific
surface, m?/m; o, 0 are the temperature of cooling water and
of separating wall, respectively, K; z is the coordinate of the
length of the heat exchanger, m; Ty, T}, are the time constants
that characterize the thermal accumulating capacity of local
water, metal, s; m is the indicator of the dependence of heat
transfer factor on consumption; t is the time, s; S'is the Laplace
parameter; S=wj; o is the frequency, 1/s.

Indices: 0 — initial stationary mode; 1 — the inlet of the
cogeneration system; B lw — local water; whc — warming heat
carrier; m — metal wall.

Transfer function along the channel: «<power factor of the
cogeneration system — voltage at the inlet of the inverter»
was obtained based on the solution of a system of nonlinear
differential equations using the Laplace transform tool. The
system of differential equations includes the equation of state
as the estimation of the physical model of the cogeneration
system. The system of differential equations also includes
the equation of energy of transmitting and receiving media —
cooling water and local water, respectively, and the equation



of thermal balance for the wall of the heat exchanger of the
engine cooling circuit. The equation of the energy of the
receiving medium is developed with the representation of
a change in local water both in time and along the spatial
coordinate, which coincides with the direction of the motion
flow of the medium and includes the K,y factor. The equa-
tion of the energy of the transmitting medium includes the
K, coefficient, which assesses a change in power factor of
the cogeneration system under conditions of maintaining the
ratio of production of electric power production and heat at
a change of consumption.
A real part of the transfer function was separated:

(L1A1)+ (M1B1 )(1 - l‘;hc)
(47+B])

The Ky factor includes the temperature of the sepa-
rating wall ©:

O(w)=

(4)

0=(ov, (0,+0,)/2)+(A(t,+1,)/2) / (01, + A), (5)

where 61, 0y are the temperatures of cooling water at the inlet
and at the outlet of the heat exchanger of the engine cooling cir-
cuit, K, respectively; ¢y, ¢5 are the temperatures of local water at
the inlet and at the outlet of the heat exchanger, K, respectively;
o.is the heat transfer factor, kW /(m?K). Index: ko — local water.

A:1/(8m/7um+1/(xwhc), (6)

where 8 is the thickness of a plate of the
heat exchanger, m; A is the thermal con-

It is this part that is included in the integrals (15), (16),
which makes it possible to obtain dynamic characteristics of
a change in power factor of the cogeneration system, the tem-
perature of local water using the inverse Fourier transform.

O(w)sin(t0/o)do, (15)

c

T
PF(I):EJKP/Khw
0

(16)

whc

t(t,2)= iTKp/’K O(w)sin(tw/0)do,

where PF is the power factor of the cogeneration system;
t is the temperature of local water, K.

3. Results of studying the maintenance of functioning
of the cogeneration system

5. 1. Integrated Smart Grid system to maintain the
fermentation temperature with the use of heat pumping
power supply

Based on the integrated system of the maintenance of
fermentation temperature [3], a comprehensive integrated
system of maintaining the operation of the biogas plant was
developed, based on the frequency control of heat pumping
power supply, which uses fermented wort as a low-potential
energy source (Table 1, Fig. 4).

Table 1

Integrated Smart Grid system of maintenance of fermentation temperature,

using heat pumping power supply

ductivity of the metal plates of the heat ex-

changer, kW /(m-K). Indices: whc — warm- Time, 7, 100 s Change in fermentation temperature AT /A (VDeer | U(T), °C
ing heat carrier; m — metal wall of the plate Loading fresh material.
of a heat exchanger. 13 Nscgtﬁgkt\c;l?ﬂsa(t)uﬂc Linlet T 5'5050°C~ { 36
: =3. = 7, n= rpm;
. To use the rea.l paft O(w), the following Gj: 0,130 ke s; =400 Vi C OP:5p,7 9
actors were obtained:
26 Discharge — charge; ¢y, =43.6 °C 0.8874 35.77
A=e*-T,T o (@) Decision making.
Setting temperature i, =52.1 °C.
A= +1; ®) 39 Neo2 T4 I, fo43.05 1 mm 12945 1pm; | 08566 37
G,=0.102 kg/s; U=345.2 V; COP=5.59
B, = T,”,s*(o +T,0+T, 0; ) 52 Discharge — charge; . =42.6 °C 0.8130 35.62
Decision making.
=T a0 || Sumemieetee | g | e
c_AA+BB, (1) G,=0.08 kg/s; U=293 V; COP=5.53
' A+B 78 Discharge — charge; fouer=41.5 °C 0.6871 35.37
AB-AB Decision making.
- . Setting temperature ¢, =47.5 °C.
D, = ZAZ; +Bz2 K (12) N Nr=191 EW;/IL3O.41 Hl;;lei[i:912.3 rpm; 0.6823 35.36
G,=0.048 kg/s; U=243.3 V; COP=5.38
L=1- e 5C COS(—§D1); 13) 104 Discharge — charge; . =40 °C 0.4872 34.97
Decision making.
Meetnien) a0 || e o |
The transfer function (3), which was G:=0.034 kg/s; U=201.3 B; COP=5
obtained based on the use of the operator 130 Loutter=37.04 °C. Unloading fermented wort 0 34

method of solving the system of nonlinear
differential equations, retains the Laplace
transform parameter — S (S=wj), where o is
the frequency, 1/s. To switch from the fre-
quency area to the time area, a real part (3),
obtained as a result of the mathematical treat-
ment of transfer function, was separated.

Note: G, is the consumption of cooling agent, kg/s; Nr is the power of spiral com-
pressor of the heat pump, RW; tijer, toutter are the measured temperatures of warming
heat carrier at the inlet of the heat exchanger fitted in the methane tank and at the
outlet of the heat exchanger, respectively, °C; t is the fermentation temperature, °C;
U is the voltage, V; [ is the voltage f[requency, Hz, n is the number of revolutions
of the electric engine of the compressor, rpm; COP is the productivity coefficient of
the heat pumping system. Index: eco — established calculation value of the parameter
of the upper level of operation



Fermentation temperature, °C

Table 2

3532 T Iz Heat exchange parameters in the engine cooling circuit
67 2
35.6 -
354 3 7 Levels of Parameter
35.2 A A
35 =1 functioning | ¢, We(m%K) | o, We/(m%K) | £, We/(m*K)
34.8 - I | - |
34.6 Level 1 7876.4 3718.5 2341.2
34.4
342 ] 6 Level 2 7240.4 32415 2092.6
1326 39 52 65 78 91 104 117 130 Level 3 6687.8 2888.1 1897.5
3 2
, _ Time, 10%s Level 4 6325.4 2614.2 1748.7
Fig. 4. Maintenance of the fermentation temperature based
on frequency control of the electric engine of the spiral Level 5 6010.3 2396.6 1626.3
compressor of the heat pump, where 2, 3, 4, 5 are decisions

made to change the power of a heat pump, 1, 6 are the
maintenance of loading of fresh wort and unloading of
fermented material, respectively

The developed integrated system of maintenance of fer-
mentation temperature (Table 1, Fig. 4) is the basis for complex
mathematical modeling of the cogeneration biogas system.

5. 2. Reference estimation of a change in the power
factor of the cogeneration system and temperature of
heated local water

According to the proposed block diagram (Fig.5),
Tables 1-3 (Fig. 4) present the results of complex mathema-
tical modeling of the cogeneration biogas system.

The time constants and coefficients, which are a part
of the mathematical model of dynamics (3), presented in
Table 3, were obtained based on the integrated Smart Grid
system (Table 1, Fig. 4) and parameters of heat exchange in
the engine cooling circuit (Table 2).

Note: e is the factor of heat transfer from the warming heat
carrier to the wall of the plate of heat exchanger, Wt/(m?-K); Oy, is
the factor of heat transfer from the heat exchanger wall to local
water, Wt/(m?*-K); k is the heat transfer factor, Wt/(m*K)

Table 3

Time constants and coefficients of mathematical model
of dynamics of engine cooling circuit

Levels of Try | T . Liw, | Laohe
functioning | s s m m whe

Level 1 1.31 | 0.46 | 2.56 | 2.5 | 0.88 | 43.7 |42.47(0.023

Level 2 1.5 10.53 | 2.7 | 2.65 | 0.86 |50.13|48.78{0.020

Level 3 1.68(0.59 | 2.8 | 2.75 | 0.85 |56.27|54.56|0.017
Level 4 1.86|0.65 | 2.9 | 2.88 | 0.83 [62.16(60.28|0.016
Level 5 2.0310.71 | 3.0 | 299 |0.82 [67.81]65.38(0.015

Source data
Cogeneration system of the GTK 35M type.
P= 112 kW, P.=35 kW, P,= 60 kW. Biogas plant, V,,, =352.5 m*/day.
Heat pump of Vailliant VIWW 141/2 type, O,=18 kW. Frequency converter.

Integrated system of maintaining the fermentation temperature

-

Boundary change of fermentation
temperature, #: 34 °C.... 36 °C

Boundary change of power, N,
3.14kW ....1.58 kW

X

Level 1: t,=85°C; t,=75 °C; N;=3.14 kW.
Level 2: 1,=82.5 °C; 1,=73.4 °C; Np=2.71 kW.
Level 3: 1,=80 °C; t,= 71.5 °C; N3=2.3 kW.
Level 4: 1,=77.5 °C; t,= 69.6 °C; Ny=1.91 kW.

Level 5: /=75 °C; t,= 67.7°C; Ns=1.58 kW.
e 3

| Development and implementation of transfer function |

Determining the heat exchange parameters, time constants
and transfer function factors

| Reference dynamic characteristics based on transfer function |

Fig. 5. Block diagram of complex mathematical modeling of the cogeneration biogas system:

P, P, P; are the nominal, electric, thermal power of the cogeneration system, respectively, kW; Q;, N; are the thermal
productivity, power of the thermal pump, respectively, kW; V,, is the biogas volume, m3/day; ¢, t;, , are the fermentation
temperature, the temperature of cooling water at the inlet of the heat exchanger of the engine cooling circuit
and at the outlet of the heat exchanger, respectively, °C



5. 3. Functional estimation of a change in the power
factor of the cogeneration system and the temperature of
heated local water

Based on the proposed mathematical substantiation Smart
Grid maintenance of functioning of the cogeneration sys-
tem (1) to (3), the block diagram for the control of efficiency of
the cogeneration biogas on biogas fuel (Fig. 6) was developed.

Control of serviceability of the cogeneration system (Fig. 6)
enables obtaining the resulting information on decision-making

about the maintenance of the functioning of the cogenera-
tion system.

5. 4. Smart Grid system of maintaining the operation
of the cogeneration system at the decision-making level

Based on the proposed mathematical substantiation (1-3),
the block diagram (Fig. 7) of the maintenance of the func-
tioning of the cogeneration biogas system was developed
based on the maintenance of change in functional efficiency.

Levels of operation of cogeneration system

4.<

>i

Uy, U, are the voltage at the inlet of the

.

Reference dynamic characteristics based on transfer function

inverter and at the outlet of the inverter,
respectively, V; fis the voltage frequency, Hz;

e

Choice of parameters U, (1), Us(1), A1), tin(T), Loud(T), L (T)

t, i, tour tw are the temperatures of local
water, cooling water at the inlet of the
heat exchanger of the engine cooling circuit,

1, (7) Ot () (O, (T) RO, Z,,(D),

(CTi(7), (%, (D), 2, (DU (D)), U (D)), S (D)),

at the outlet of the heat exchanger, the
temperature of return water, respectively, °C;
0 is the temperature of the separating wall.

(CT(O(/, (DO, (D)L, (D)), Z,,(),

respectively, K; PF is the power factor of
the cogeneration system; CT is the event

control; Z is the logical relations; d is the

dynamic parameters; x is the influences;
fy is the diagnosed parameters; y is the

(CT.(D)(K()K,, (O(H), K, (D), Z,, (D),

(CT (DY OPF @O (DN, Z.,(D),

output parameters; K is the mathematic
description factors; 1 is time. Indices: c is

.

efficiency control; ecv is the constant

(CT((d(D)NAPF(7) / APE, (2)(+)(=), Al(2) / At (D)) (D)), Z5(T)s s

calculation value of a parameter of the
upper level of functioning; 0, 1, 2 are the

. .

initial stationary mode, external, internal

Obtaining final information:
(CT.(z)(APF(t)/ APF_(t)>< APF,

ecv ecl ecv

(CT (1)(AK(D) ] At (1) >< At

ecv ecl

(t)/ APF._ (1)) <1>0).
(0)/ A, (7)) <1>0).

parameters; 3 is the coefficients of dynamics
equations; 4 is the essential diagnosed
parameters; 5 is dynamic parameters

Fig. 6. Block diagram of control of efficiency of the cogeneration system

Levels of operation of cogeneration system

>¥

I Obtaining final information

= =

| Choice of parameters: Uy (t), U(t), f(7), tn(T), fourt), tm(T) |

No Ui (1) < Ule(1); Us(1) < Use (1);
f(T) <‘fe (T) tin(T) < tin@(T) tuut(‘[) < tt)utc('r)

1 T) >t T)

Uy, U, are the voltages at the inlet of the
invertor and at the outlet of the invertor,
respectively, V; fis the voltage frequency, Hz;
CT, is the efficiency control; ¢, t;, touy, tw
are the temperature of local water, cooling
water at the inlet of the heat exchanger of

the engine cooling circuit, at the outlet of the
heat exchanger, the temperature of return

water, respectively, K; PF is the power

(CT.()(APF (1) / APF, (1) > APF, (1) / APF,_ (1)) <1>0)
(CT.(7)(At(v)/ At (1) > At (T)/ At (1)) <1>0)

factor of the cogeneration system; M is

the power of the heat pump, kW; n is the

number of plates of the heat exchanger
of the engine cooling circuit; U is the time,

PO PR ] 70110 ]
. L

Indices: 7/ is the number of operation levels;

(1) / APE,,

| (CT (1)(APF(t)/ APF. ()< APF.

(1)) <1>0).

| e is the reference value of the parameter;

= =

ecv is the constant calculation value of the

(CT.(t)(AH(7)/ At (T) <t

ecv ecl ecv

(1)/ At (1)) <1>0).

parameter of the upper level of functioning;
eclis the operation level

V@ =Neis@ ] PE@=PF.i@ [ n@=nu( |

Maintenance of the ratio of production of electric power and heat

|F

Smart Grid maintenance of operation of cogeneration system

Fig. 7. Block diagram of maintenance of functioning of the cogeneration system



The comprehensive integrated system of maintenance
of operation of the cogeneration biogas system was deve-
loped. There is a continuous measurement of voltage at the
inlet of the inverter, at the outlet of the inverter and voltage
frequency. In the engine cooling circuit, the temperature of
cooling water at the inlet of the heat exchanger, at the outlet

of the heat exchanger, and the temperature of return water
are measured.

The maintenance of the temperature of local water in the
engine cooling circuit is based on the harmonization of the
ratio of production of electrical power and heat at a change
in consumption (Table 4).

Table 4

Integrated Smart Grid System of harmonization of production and consumption of electric power and heat
at a change of consumption

Time, 1, 100 s Change of parameters

APF(t)/APF(t); | PF(t) | tge(t) | Q(t),kVAR | «(x),°C

Loading of fresh material
N, 314 kW: U; =400 V: Uy=380 V- 1501 =85 °C;
toutter=T5 °C; t,,,=30 °C; n=36 pieces; G=1.43 kg/s;
P,=30.2 kW; P,.=51.9 kW; m=0.58

13

0.1442 0.8644 | 0.5816 17.56 33.6

Charge — discharge
N,=29kW,; U;=390 V; Uy=370 V; t;;.,:=82.5 °C;
toutlet=T73.4, °C; t,,,2=35 °C; n=36 pieces;
G=1.43kg/s; P,=30.2 kW; P,=51.8 kW; m=0.58

26

0.1293 0.8629 | 0.5856 17.68 33.2

Decision making
N=2.71 W; U;=400V; Uy=345.2 V
Decision making
n=44 pieces;, G=1.51 kg/s; tine=82.5 °C;
toutter="73.4 °C; t,,=30 °C; P,=31.03 kW;
P,=53.2 kW; m=0.58

39

0.3653 0.8865 | 0.5219 16.33 39.1

Charge — discharge
N,=2.51 kW; U;=380 V; Uy=320 V; t;,=80 °C;
Louter=T71.5 °C; t,,,=35 °C; n=44 pieces;
G=1.51kg/s; P,=31 kW; P,=53.1 kW; m=0.58

52

0.3588 0.8858 | 0.5239 16.24 38.94

Decision making
N,=2.3 kW, U;=400V, U,=293V
Decision making
n=>52 pieces. G=1.56 kg/s; tin=80 °C;
towier="71.5°C; t,,=30 °C; P,=32 kW;
P,=54.9 kW; m=0.58

65

0.6562 09155 | 0.4392 14.05 46.37

Charge — discharge
N;=2.2kW; U;=390 V; Uy=280V, tipje;=77.5 °C;
Loutier=69.6 °C; t,,=35 °C; n=>52 pieces G=1.56 kg/s;
P,=31.8 kW; P,=54.5 kW; m=0.58

78

0.5830 0.9082 0.4609 14.66 44.54

Decision making
N=191kW; U;=400V, U,=243.8V
Decision making
n=60 pieces; G=1.63 kg/s; tine=77.5 °C;
toutter=69.6 °C; t,,=30 °C; P,=32.8 kW;
P,=56.2 kW; m=0.58

91

0.8735 0.9372 0.3626 11.89 51.8

Charge — discharge
N,=1.73 kW; U;=390 V; Uy=220 V. tipe;=75 °C;
Louter=67.7 °C; t,,,=35 °C; n=60 pieces;
G=1.63 kg/s, P,=32.6 kW, P,=55.8 kW, m=0.58

104

0.8087 0.9307 | 0.3931 12.81 50.18

Decision making
N=1.58 kW; U;=400 V; U,=201.3 V;
Decision making
n=68 pieces; G=1.68 kg/s; tinies=75 °C;
toutler=67.7 °C; t,,,=30 °C; P,=33.2 kW,
P,=57kW; m=0.58

117

1 0.9498 | 0.3286 1091 55

Unloading of fermented wort
N;=1.58 kW, U;=400 V; U,=201.3 V; n=68 pieces;
G=1.68 kg/s; tinier=75 °C; toutter=67.7 °C; t,,,=30 °C;
P,=33.2 kW, P,=57 kW; m=0.58

130

1 0.9498 | 0.3286 10.9 55

Note: PF is the power factor of the cogeneration system; tgo is the factor of reactive power of the cogeneration system; Q is the reac-
tive power of the cogeneration system, RVAR; P,, P, are the active electric, thermal power of the cogeneration system, kW, respectively;
N, is the power of the heat pump, kW; U;, Us, is the voltage at the inlet and at the outlet of the invertor, V, respectively; tie, Coutier
Lo are the temperatures of cooling water at the inlet of the heat exchanger of the engine cooling circuit, at the outlet of the heat
exchanger, the temperature of return water, respectively, °C, respectively; t is the temperature of local water, °C; G is the consumption
of cooling water, kg/s; n is the number of plates of the heat exchanger of the engine cooling circuit; m is the ratio of production
and consumption of electric power and heat. Index: 1 — established calculation value of the parameter of the first operation level



5. 5. Harmonization of the generation of electric power
and heat based on predicting a change in the power factor
and temperature of local water at a change in consumption

A power factor of the cogeneration system in the estab-
lished period is determined as follows (Table 4, Fig. 8):
APE’H (T)/APFecv (T)_

- 8P (%) APE,, (1

eco

PF,~+1(T)=PE+[ J(P@—PE), (17

where PFis the power factor of the cogeneration system; PFj,
PF, are the initial, final values of power factor; T is the time, s.
Index: eco is the constant calculation value of the parameter
of the upper level of functioning; i is the number of levels of
the cogeneration system operation.

Power factor of the cogeneration system 5 6

0.95
0.94
0.93
0.92

T

INEENEEEEN

i ! ! { {
0 13 26 39 52 65 78 91

J

104 117 130

Time, 102s

Fig. 8. Maintenance of a change in power factor of the
cogeneration system, where 2, 3, 4, 5 — making a decision
on a change in power of the heat pump; 1, 6 are the
maintenance of loading fresh wort and unloading of
fermented material

The temperature of local water in the established period
is determined as follows (Table 4, Fig. 9):

. t{mm(r)/mm (r)—](tz I

— AL (1)/ AL, (1)

where ¢ is the temperature of local water, °C; ¢y, t5 are the ini-
tial, final values of temperature of local water; 1 is the time, s.
Index: eco is the constant calculation value of the parameter
of the upper level of operation; i is the number of levels of
functioning of the cogeneration system.

Based on the ratio cos@=1/V(1+tg2p), the factor of re-
active power tgg, which makes up for the period of 65-10° s
(1.8 hours) 0.4392, was determined (Table 4, Fig. 10). Based
on the values of cos and tge in this period, the active and re-
active powers of the cogeneration system were found: 32 kW
and 14.05 kVAR, respectively (Table 4, Fig. 11).

Thus, for example, in the time interval 65-10%s (1.8 hours)
from the loading of fresh material into the biogas plant (Table 1),
the absolute value of power factor of the cogeneration sys-
tem (Table 4) using formula (16) equals:

(18)

0.9155=0.8858+(0.6562—0.3588)(0.95-0.85).

The absolute value of the temperature of local wa-
ter (Table 4) with the use of formula (17) in the period
65-102s (1.8 hours) is:

46.37 °C=38.94 °C+(0.6562—-0.3588)(55-30 °C).

Temperature of local water, °C
S 6

50
45 -
40 -
35
30

25 4

1326 39 352 45

78 91 104 117 130
Time, 10% s

Fig. 9. Maintenance of a change in temperature
of local water in the engine cooling circuit of the
cogeneration system, where 2, 3, 4, 5 are making decisions
on a change of the number of plates of the heat exchanger of
the engine cooling circuit; 1, 6 are the maintenance of loading
of fresh wort and unloading of fermented material

Reactive power factor

1

13 26 39 52 65 78 91 104 117 130
Time, 10%s

Fig. 10. Maintenance of a change in the factor of reactive
power of the cogeneration system, where 2, 3, 4, 5 are
making decisions on a change in power of the heat pump;
1, 6 are maintenance of loading of fresh wort and
unloading of fermented material

Electric power of the cogeneration system

35 ¢
1
30 e e e e e
25 4
20 -
15 - ==
10 - S
0 P
13 26 39 52 65 73 o1

Time, 1025 104 117 130

Fig. 11. Maintenance of electric power of the cogeneration

system, where 1, 2 are active power, kW, reactive power,
kVAR, respectively

Thus, for example, in the period of time 65-102 s (1.8 hours),
an increase in the power factor of the cogeneration system
PF(t) was predicted, from 0.8858 to 0.9155 (Table 4, Fig. 8)
by 13 % relative to a decrease in the factor of reactive power
tgo from 0.5239 to 0.4392 (Table 4, Fig. 9). With this aim, the
forestalling decision to decrease the number of revolutions of
the electric engine of the heat pump compressor to the level
of 1098 rpm (Table 1). A decrease in the active power of the
heat pump to the level of 2.3 kW (Table 1) makes it possible



to set the temperature of the warming heat carrier at the inlet
of the heat exchanger, fitted in a methane tank, at the level of
49.9 °C. The temperature of the fermentation of raw material
is maintained at the level of 35.62 °C (Table 1, Fig. 5).

Predicting the maintenance of heating local water to the
level of 46.37 °C in this time period (Table 4, Fig. 9), the fore-
stalling decision to increase the number of plates of the heat ex-
changer of the engine cooling circuit from 48 pieces to 60 pieces
was made. The ratio of production of electric power and heat at
a change in consumption is maintained (Table 4, Fig. 12).

An increase in active electric and thermal power of the
cogeneration system occurs at the compensation of reac-
tive power of the cogeneration system up to 13 % (Table 4,
Fig. 11). The implementation of such actions makes it pos-
sible to maintain the balance of generation and consumption
of electrical power and heat (Table 4, Fig. 12).

Power generation, kWh
188 -
168 -
148 -
128 1
108 -
88 -
68 -
48 -
28 A

036 072 1.08 144 1.8 216 252 288 324 3.6

Time, hours

Fig. 12. Harmonization of the generation and consumption
of electric power and heat, where 1, 2 are the electric and
thermal generation, respectively

Voltage regulation in the distribution system based on
a change in the reactive and active power of heat pump po-
wer supply of the biogas plant (Table 4) makes it possible to
maintain the ratio of production of electric power and heat at
a change in consumption.

6. Discussion of results of studying the Smart Grid
technology for maintaining the functioning of
the cogeneration biogas system

One of the advantages of cogeneration technologies when
it comes to distributed generation of electric power is the
possibility of using biogas as a renewable energy source. Opti-
mization of the distributed generation of electric power tradi-
tionally uses the improvement of intelligent control systems
without taking into account the interaction of production of
electric power and consumption. The use of reactive power to
control the voltage in the electric network with the help of,
for example, transformers, capacitor batteries, voltage regu-
lators, static synchronous compensators, etc. is traditional.
The costs of mounting and maintaining these devices can be
quite high and some of them have a relatively slow response
time, of the order of a few seconds. The inclusion of the bio-
gas plant and the heat pump into the integrated dynamic
subsystem (Fig. 1) of the cogeneration system Smart offers
an opportunity to use the heat pump as a voltage regulator
in the distribution network. The changes in the reactive

power of the cogeneration system are estimated based on the
assessment of a change in revolutions of the electric engine of
the heat pump compressor within the term of the biogas pro-
duction. This term is determined by loading fresh wort and
unloading fermented material, which takes place 4—6 times
per day during the continuous production of biogas. That is
why it was proposed to predict a change in power factor of
the cogeneration system, the temperature of local water in
the engine cooling circuit based on the estimation of change
in the ratio of the measured voltage at the inlet of the inver-
ter, at the outlet of the inverter, when measuring the voltage
frequency. With this aim, the integrated Smart Grid system
of maintenance of the fermentation temperature with the use
of the heat pump power supply, which uses fermented wort as
a low-potential energy source (Table 1, Fig. 4), was developed.
The developed system makes it possible while using the fre-
quency control of the electric engine of the spiral compressor
of the heat pump, to ensure a change in the temperature of the
warming heat carrier at the inlet of the heat exchanger, fitted
in the methane tank. It is this system that becomes the basis
of complex mathematical simulation of the cogeneration sys-
tem (Fig. 5, Tables 2, 3), which results in obtaining reference
information on estimation of power factor of the cogeneration
system and temperature of local water. Moreover, the use of
heat pumping power supply of the biogas plant makes it pos-
sible to regulate the ratio of production of electric power and
heat at a change of consumption. That is why it is proposed
to measure the temperature of cooling water at the inlet of
the heat exchanger of the engine cooling circuit and at the
outlet of the heat exchanger and the temperature of return
water. The engine cooling circuit, which usually performs the
function of the protective element, becomes a comprehensive
information system for assessing a change in electric and ther-
mal power of the cogeneration system at a change in the ratio
of consumption of electrical power and heat. This circuit re-
acts to a change in electric power consumption, regarding the
frequency control of the heat pumping power supply of the
biogas plant due to a change in the balance of consumption
of electric power and heat. That is why using mathematical
substantiation of the architecture of the cogeneration sys-
tem (Fig. 2), maintenance of functioning of the cogeneration
system (Fig. 3), and transfer function (3), it was proposed to
make forestalling decisions to change the power of the heat
pumping power supply of the biogas plant and to change the
number of plates of the heat exchanger of the engine cooling
circuit. Voltage in the distribution system and the ratio of pro-
duction of electric power and heat are maintained at a change
in consumption. For this purpose, a functional estimation of
a change in the power factor of the cogeneration system, the
temperature of local water in the circuit of cooling the heated
engine were obtained (Fig. 6). The prediction of a change in
power factor of the cogeneration system and the temperature
of heated local water makes it possible to take forestalling de-
cisions to change the power of a heat pump and to change the
number of plates of the heat exchanger of the engine cooling
circuit. For this purpose, the integrated Smart Grid System
of harmonization of production and consumption of electric
power and heat at a change of consumption (Table 4) was ob-
tained, based on logical modeling (Fig. 7), It is this integrated
system that determines the exact term of making forestalling
decisions, regarding the maintenance of functioning of the
cogeneration biogas system.

Thus, in the period from the loading of fresh material to
unloading of fermented wort (3.6 hours), the increase in power



coefficient of the cogeneration system PF(t) from 0.8644
to 0.9498 (Table 4, Fig. 8) regarding an increase in reactive
power factor tge from 0.5816 to 0.3286 (Table 4, Fig. 9) was
predicted. With this aim, a proactive decision was made to
reduce the number of revolutions of the electric engine of the
heat pump compressor to the level of 755.1 rpm (Table 1).
A decrease in the active power of the heat pump to the level
of 1.58 kW (Table 1) makes it possible to set the temperature
of the warming heat carrier at the inlet of the heat exchanger,
fitted in the methane tank, at the level of 45 °C. The tem-
perature of the fermentation of raw materials is maintained
at the level of 34 °C (Table 1, Fig. 5). Predicting the mainte-
nance of heating local water to the level of 55 °C in the time
period (Table 4, Fig.9), the forestalling decision was made
to increase the number of plates of the heat exchanger of the
engine cooling circuit up to 68 pieces. The ratio of produc-
tion of electric power and heat at a change in consumption is
maintained (Table 4, Fig. 12). An increase in active electric
and thermal power of the cogeneration system was estimated
by the compensation of reactive power of the cogeneration
system from 17.56 kVAR to 10.9 kVAR — up to 40 % (Table 4,
Fig. 11). The implementation of such actions makes it possi-
ble to maintain the balance of generation and consumption of
electric power and heat (Table 4, Fig. 12). Maintaining the
operation of the cogeneration biogas system with the use of
the developed Smart Grid technology allows decreasing the
cost of production of electric power and heat up to 30 %. The
monetary profit was obtained in the amount of 9,000 €/year
by the «green tariff> for additional generation of electric
power. Annual energy saving in the units of conditional fuel
is 19.5 t.c.f./year. Joining Smart Grid technologies will provide
consumers with high-quality power and under conditions of
decreasing «green tariff> regarding the possibility of com-
pensating significant costs for the maintenance of additional
devices in the electric network. The presented research results
are a continuation of work in the direction of harmonization of
power production and consumption [1, 3, 4]. The development
of this study involves the planned approbation of the research
results, for example, hybrid solar panels when it comes to con-
necting to the network and own heat consumption.

7. Conclusions

1. It was proposed to predict a change in power factor of
the cogeneration system, the temperature of local water in
the engine cooling circuit based on the estimation of a change
of the ratio of measured voltage at the inlet of the inverter, at
the outlet of the inverter during the measurement of voltage
frequency. The integrated Smart Grid system for maintain-
ing the fermentation temperature with the application of
heat pumping energy supply, which uses fermented wort as
a low-potential source, was developed.

2. The block diagram was built and complex mathemati-
cal modeling was performed of the cogeneration system based
on the integrated system for maintaining fermentation tem-
perature and mathematical modeling of dynamics regarding

the estimation of the efficiency factor of the cogeneration
system and the temperature of local water. The uniting ele-
ment of mathematical modeling of dynamics is the estimation
of the ratio of measured voltage at the inlet of the inverter, at
the outlet of the inverter during the measurement of voltage
frequency. The temperature of the cooling water at the inlet
of the heat exchanger, at the outlet of the heat exchanger
and the return water temperature are measured in the engine
cooling circuit. The parameters of heat exchange in the heat
exchanger of the engine cooling circuit, time constants and
coefficients of the mathematical models of dynamics for the
established operation levels were determined. The reference
dynamic estimations of the power factor of the cogeneration
system, of the temperature of local water were obtained.

3. It was proposed to make forestalling decision to change
the power of the heat-pump power supply of the biogas plant
and to change the number of plates in the heat exchanger
of the engine cooling circuit regarding the maintenance of
voltage in the distribution system and the ratio of production
of electric power and heat at the change of consumption.
A block diagram was built and logical modeling of control
of the efficiency of the cogeneration system was performed,
which is carried out according to the cause and effect princi-
ple. The logical unit has the components that assess the mea-
sured voltage change at the inlet of the inverter, at the outlet
of the inverter, and voltage frequency. In the engine cooling
circuit, a change in the temperature of cooling water at the
inlet of the heat exchanger, at the outlet of the heat exchang-
er, the temperature of return water were assessed. According
to the block diagram, a change in the temperature of the
wall of the plate of the heat exchanger of the engine cooling
circuit, the coefficients of mathematical models of dynamics,
Ky, Kehe, power factors, the temperature of local water are
estimated. A change in dynamic parameters of the power fac-
tor of the cogeneration system and in the temperature of local
water is assessed. In the resultant unit of serviceability con-
trol, the functional estimation of a change in the power factor
of the cogeneration system, the temperature of local water in
the circuit of cooling the heated engine was obtained.

4. The integrated Smart Grid system of harmonization of
production and consumption of electrical power and heat at
a change in consumption was developed based on the designed
block diagram of logic modeling. The maintenance of the
power factor of the cogeneration system, temperature of local
water is based on a comparison of the measured voltage at the
inlet of the inverter, at the outlet of the inverter, and voltage
frequency, with reference values. In the engine cooling circuit,
the temperature of cooling water at the inlet of the heat ex-
changer, at the outlet of the heat exchanger, the temperature of
return water are compared with the reference values.

5. The coordination of the production of electric energy
and heat when changing consumption is ensured. Prediction
of power coefficient of the cogeneration system, temperature
of local water makes it possible to take forestalling decisions
to change the power of heat pump energy supply of the bio-
gas plant and to change the number of plates of the engine
cooling circuit.

References

1. Chaikovskaya, E. (2019). Development of energy-saving technology to maintain the functioning of a wind-solar elec-
trical system. Eastern-European Journal of Enterprise Technologies, 4 (8 (100)), 57-68. doi: https://doi.org/10.15587/

1729-4061.2019.174099



10.

11.

12.

Bondarchuk, A. (2019). Study into predicted efficiency of the application of hybrid solar collectors to supply energy to multi-
apartment buildings. Eastern-European Journal of Enterprise Technologies, 4 (8 (100)), 69-77. doi: https://doi.org/10.15587/
1729-4061.2019.174502

Chaikovskaya, E. (2015). Devising an energy saving technology for a biogas plant as a part of the cogeneration system. Eastern-
European Journal of Enterprise Technologies, 3 (8 (75)), 44—49. doi: https://doi.org/10.15587/1729-4061.2015.44252
Chaikovskaya, E. (2018). Development of energy-saving technology for maintaining the functioning of heat pump power supply.
Eastern-European Journal of Enterprise Technologies, 4 (8 (94)), 13—24. doi: https://doi.org/10.15587/1729-4061.2018.139473
Daniyan, I. A., Daniyan, O. L., Abiona, O. H., Mpofu, K. (2019). Development and Optimization of a Smart System for the
Production of Biogas using Poultry and Pig Dung. Procedia Manufacturing, 35, 1190-1195. doi: https://doi.org/10.1016/
j.promf{g.2019.06.076

Gholizadeh, T, Vajdi, M., Rostamzadeh, H. (2019). Energy and exergy evaluation of a new bi-evaporator electricity/cooling cogene-
ration system fueled by biogas. Journal of Cleaner Production, 233, 1494—1509. doi: https://doi.org/10.1016/j.jclepro.2019.06.086
Rostampour, V., Jaxa-Rozen, M., Bloemendal, M., Kwakkel, J., Keviczky, T. (2019). Aquifer Thermal Energy Storage (ATES)
smart grids: Large-scale seasonal energy storage as a distributed energy management solution. Applied Energy, 242, 624-639.
doi: https://doi.org/10.1016 /j.apenergy.2019.03.110

Li, Y,, Yang, W,, He, P, Chen, C., Wang, X. (2019). Design and management of a distributed hybrid energy system through smart
contract and blockchain. Applied Energy, 248, 390-405. doi: https://doi.org/10.1016/j.apenergy.2019.04.132

Saad, A. A, Faddel, S., Mohammed, O. (2019). A secured distributed control system for future interconnected smart grids. Applied
Energy, 243, 57-70. doi: https://doi.org/10.1016 /j.apenergy.2019.03.185

Perera, A. T. D., Nik, V. M., Wickramasinghe, P. U., Scartezzini, J.-L. (2019). Redefining energy system flexibility for distributed
energy system design. Applied Energy, 253, 113572. doi: https://doi.org/10.1016 /j.apenergy.2019.113572

Mak, D., Choeum, D., Choi, D.-H. (2020). Sensitivity analysis of volt-VAR optimization to data changes in distribution networks
with distributed energy resources. Applied Energy, 261, 114331. doi: https://doi.org/10.1016/j.apenergy.2019.114331

Xigqiao, L., Yukun, L., Xianhong, B. (2019). Smart grid service evaluation system. Procedia CIRP, 83, 440—444. doi: https://doi.org/
10.1016//j.procir.2019.04.138



