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The relevance. An increase in the contribution of renewable energy sources to the generation of the autonomous hybrid energy industry is
important in order to reduce the environmental impact of diesel generator plants and decrease operating costs in the production of electri-
cal energy in smart microgrids with distributed generation, including so-called «green» generation. This issue has the highest relevance for
cell towers of mobile communication, rotational residential camps, meteorological stations and other remote consumers, the rated capacity
of which is tens to hundreds of kW.

Objective: the development of computer models for optimizing the management of the operational staff and modes of an autonomous
photo-diesel power supply system with a DC bus, so as to make it possible to minimize the operating time of a diesel generator plant by in-
creasing the contribution of the photovoltaic plant at optimal technical and economic indicators. The use of a DC bus for the electricity inte-
gration from distributed energy sources is considered promising in reducing the number of hours of inefficient operation of a diesel genera-
tor plant, which will make it possible to save diesel fuel and extend the life expectancy of the diesel generator.

Novelty. This work expands the known options for modeling and optimizing the modes of a standalone hybrid DC power plant in terms of
using an objective function with appropriate restrictions, adapting models of power equipment for the intended purposes of modeling, pre-
senting the structure of a feasibility study based on commercially available characteristics of the elements of the power supply system.
Methods. The study entails the development of computer models of the intelligent control architecture of a standalone hybrid power plant
including a photovoltaic plant, a diesel generator plant, an electric energy storage system, a remote consumer, as well as auxiliary con-
verter devices. Modeling of control processes is implemented in the Stateflow library, as well as by using the language syntax of the Matlab
high-level package, the capabilities of which are acceptable for the intended purposes.

Results. The analysis of the results shows that DC PV-diesel power supply systems can be cost-effective in all scenarios that include dif-
ferent types of batteries while for systems without power storage, DC distribution is often not cost-effective. The results will be of interest to
specialists developing or operating standalone power supply systems and organizations planning to upgrade existing diesel power plants.
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Introduction World total electricity generation: 26 936 TWh

The natural increase in demand for electricity, as well
as the forecast depletion of fossil fuels, are causing active
discussions among countries that are the leaders of the en-
ergy sector: the use of traditional hydrocarbon energy
sources has led to a significant increase in the level of car-
bonization of the air. Today, it is the growth of the carbon
footprint that is the main cause of global warming [1-3].
The concentration of carbon dioxide in the atmosphere has
increased by about 40 % since the beginning of the indus-
trial revolution [4]. Today it is feasible to improve the eco-
logical situation by the reintroduction of renewable energy
sources (RES). The contribution of RES has been increas-
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ing in recent years: by the end of 2019, 30 % of the world's
electricity had been produced from RES (Fig. 1) [5]. Re-
newable energy sources such as solar, wind, hydropower,
geothermal energy and biomass, as the name suggests, are
easily renewable and relatively eco-friendly.

It has been proven that RES can be effectively and ra-
tionally used in microgrid solutions due to some technical
and economic advantages. A microgrid is a localized en-
ergy system that involves distributed generation, includ-
ing renewable energy sources, electric energy storage de-
vices, loads, a power plant and energy consumption con-
trol system, communications, etc.
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Fig. 1. Energy balance of world electricity production, end
of 2019 [5]
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This is a small power system that can operate inde-
pendently or in conjunction with centralized networks.
The microgrid is capable of disconnecting from the cen-
tralized network and working autonomously in case of
critical situations: lightning strikes, storms, planned and
unplanned power outages, fallen trees, earthquakes, inter-
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actions with animals, earthworks, etc. It is RES technolo-
gies that are used as the most appropriate in terms of en-
suring an autonomous mode of operation of microgrids
that produce environmentally friendly electricity.

An urgent problem of today's research is to increase
the contribution of RES, in particular photovoltaic (PV)
systems, to the overall energy balance of the microgrid.
Attention to photoenergy is explained by a steady trend
towards improving its technical and economic character-
istics. It is this trend that has shaped the relevance of this
work: to optimize the microgrid with photo-diesel genera-
tion according to economic and environmental criteria.

Today, a common way to reduce the operating costs
of diesel AC power supply systems is the integration of
solar power plants with grid inverters, partially replacing
the generation of diesel generator (DG) plants [6-8].
A disadvantage of such systems is the limitation of the
generation capacity of the solar power plant relative to
the power of the DG in terms of the condition of the sta-
bility of the solar power plant grid inverter in the local
diesel network. It is possible to eliminate this disad-
vantage by building photodiesel power plants (PDPP) on
direct current at optimal rated capacities of power equip-
ment controlled by an intelligent control system. The
choice of rational control algorithms is of decisive im-
portance: it sets the direction of energy flows in the sys-
tem components and determines the priority of function-
ing of each energy source [9].

The authors analyzed some of the literature. In partic-
ular, B.K. Das et al. [10] presented a genetic algorithm
(GA) for the formation of costs of energy (COE), of CO,
emissions and waste heat from a standalone hybrid power
plant (SHPP). SHPP includes a PV system, an electric
energy storage system (EES), a DG and gas turbines. In
another study, I.R. Cristobal-Monreal and R. Dufo-Lopez
[11] analyzed the impact of RES on the microgrid, which
consists of an EES, DG and PV system, also using GA.
Their innovation was to take into account the monthly
ambient temperature, as well as the average solar radia-
tion. W-W. Kim et al. [12] presented the optimal structure
of the EES, taking into account the reliability and econo-
my for the microgrid. Battery state of charge (SOC) was
taken in the work as a parameter of the influence of the
entire EES on the reliability of the power system. P. Ci-
cilio et al. [13] presented a set of tools for microgrid per-
formance design and planning, as well as the optimization
of system size for power generation based on statistical
load estimates. B. Li et al. [14] proposed a method for en-
ergy flow control and sizing for an autonomous system
that includes PV, fuel cells (FC), and EES. The goal of
the work was achieved using linear integer linear pro-
gramming and constraint-based GA. B. Zhao et al. [15]
proposed a method for determining the size of important
components of an autonomous system, such as a solar
power plant, a wind power plant (WPP), an EES, and a
DG. The multi-objective function took into account the
following key performance indicators: greenhouse gas
emissions, construction costs, and renewable energy pro-
duction.

Thus, the correct energy control strategy, the optimal
value of the rated capacity of energy sources can increase

the stability of the energy system, ensure the reliability of
power supply, minimize electricity costs and increase the
contribution of renewable energy. Depending on the sys-
tem configuration and optimization goals, different ener-
gy management strategies are implemented based on dif-
ferent technical and economic criteria. These strategies
can vary in complexity, requiring the use of different op-
timization algorithms [16].

Application options of PV DC power supply systems

in the Russian Federation

In Russia, autonomous generation is a practical option
for remote consumers to access to electricity. Autono-
mous power supply systems are the most widely used to
provide electrical energy to the following groups of con-
sumers: individual consumers of small rated capacity
from units to tens of kW: cottages and country houses,
weather stations, cell towers, field facilities and expedi-
tions, farms, border, radar and navigation posts. This also
concerns domestic power consumer groups of rated ca-
pacity from tens to hundreds of kW: individual large resi-
dential buildings and districts, various social facilities,
villages, and low-rise settlements.

The objective, i. e. saving on maintenance, construc-
tion of power lines, roads and fuel delivery services, has
long been technically and economically justified for such
systems running on diesel generator plants. However, at
the current exchange rates, the cost of energy generated
from small-scale generation sources operating on fossil
fuels is at least 0,40-0,50 $ per kWh. For this reason, in-
creasing energy efficiency and the use of renewable ener-
gy are becoming extremely attractive. The scale of re-
newable energy use in Russia is still lagging behind that
in Europe or Asia, but the trend towards expansion is no-
ticeable. According to [17], more than 50 billion rubles is
spent annually from the federal budget to subsidize elec-
tricity tariffs in remote regions. Taking into account the
goals of the Russian energy strategy until 2035, it is nec-
essary to create premises for an increase in the share of
renewable energy: to achieve up to 3,7 % of the share of
RES in the total volume of commissioned power plants,
up to 2,2 % in the production of electricity from RES, and
subsequently, the replacement of local diesel generation.
Consideration of DC systems may contribute to the
achievement of these indicators.

DC photo-diesel power plants can be used for the con-
sumer groups described above. The experience of Alaska,
Norway, and the Arctic part of Canada proves the cost-
effectiveness of such solutions [18-20]. According to the
authors, the implementation of such projects will signifi-
cantly reduce the fuel delivery expenses of the budget. To
ensure high reliability of the supply to autonomous con-
sumers, the system contains a guaranteed power source: a
diesel or gasoline generator. The authors propose a block
diagram for constructing a DC photo-diesel power plant
(DC PDPP), which is advisable to use for low-power
power supply systems; it is shown in Fig. 2. In this design
of the PDPP with a DC bus, the sources are connected
through their own converters to the DC bus. The EES is
connected to the same bus through a bi-directional
DC/DC converter. The alternating current bus (AC bus) is
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used to connect the load to it. If there is a sufficient ener-
gy reserve in the EES, the load is powered by the PV
plant through an autonomous voltage inverter. When the
residual capacity of the EES drops below the allowable
limit (the SOC indicator is monitored), the control system
generates a control signal to turn on the generator, which
provides electricity to consumers, and the EES switches
to the charge mode.

@ PV station

DC/DC
converter

DC bus

== DC/AC
inverter

AC/DC
rectifier

»
Diesel generator

Consumer

Battery storage

Fig. 2. Scheme of a photodiesel power supply system of
small capacity

Puc. 2. Cxema cucmemvl numanusi (pomoousenvHou cucme-
Mbl MALOU MOWHOCIU

The authors propose analyzing and suggesting an up-
grade of such a microgrid for a non-industrial consumer,
the village of Kmovaara, the Republic of Karelia, Russia
(63°39' N, 31°30' E). The consumer consists of low-rise
buildings, and the village is supplied with electricity
around the clock. A feature of this consumer is that the
existing diesel-electric plant consists of four DGs with a
total capacity of 138 kW. At the same time, only one DG
[21] with a rated capacity of 32 KW is in constant opera-
tion while the rest perform the function of a reserve. It is
not difficult to conclude that all the unused DGs increase
the rated capacity of the DPP, which leads to a significant
decrease in the rated capacity utilization factor and an in-
crease in the cost of the equipment.

Methodology for optimizing DC PDPP in Matlab

In this article, the authors use the regular integer linear
programming solver of the Matlab software package,
intlinprog. The official website of MathWorks provides
help on this function [22]. The unique features of the
solver are the simplicity of the call syntax, relatively low
computational time. This meets all the necessary re-
quirements for solving the problem of optimizing the
composition of the DC PDPP. Below are the input pa-
rameters of the solver in general form:
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x(intcon) are integers
A-x<b 1)
Aeq- x =beq
Ib<x<ub

min f"x subject to

The intlinprog function (1) includes a system of con-
straints that contains variables that must be declared be-
fore the solver is called: x is the vector of the variables to
be solved for, i. e. the solver is able to optimize the func-
tion in regard to several variables; intcon is a vector that
determines which of the variables to solve for must be in-
tegers. This is followed by various kinds of restrictions:
since the required variables are a vector, the parameters A
and Aeq are matrices, because for each of the unknowns
there may be more than one restriction; Ib, ub are the
lower and upper limits for the vector of the unknown var-
iables. The main condition for the operation of the pro-
gram code is the fulfillment of the power balance.

The optimization process is carried out for each average
day of each season, i. e. 4 times. It is first necessary to calcu-
late the energy generated by the photovoltaic module in each
case. This process will be presented below. Further below is
a code fragment of the program that calls the solver:
1b = [0,0];
ub = [N_pv,W_dg];
x_all = zeros(1,2);
fval_all = zeros(1,1);
for i = 1:4

f on_i_step=f(i,[1,2]);
A_on_i_step=Aeq(i,[1,2]);
b_on_i_step=beq(i);
[x,fval]l=intlinprog(f_on_i_step,intcon,[],[]
,A_on_i step,b_on_i_step,lb,ub,options);
x_all(i,[1,2]) = x;

fval_all(i) = fval;
end

The intlinprog function is used to optimize the objec-
tive function of the total cost of building and operating
the system. This approach makes it possible to distribute
the generated power among the components of the power
system as a basis for maximizing the technical and eco-
nomic advantages of DC technology. Below there is the
objective minimization function (2):

f(X) =nC2YW,, +n,C2W, . +nCEW, ., (2

spec spec spec

where Wpy, Wpe, and Wees are the actual annual electrici-
ty generation by each generating source, as well as the
amount of energy stored in the EES; Cy,. .CO%, ,CEES
are the specific costs for the generation of 1 kWh by each
generating source; ng, Ny, Ny are the vectors of required
variables: the optimal number of photovoltaic modules,
part of the energy taken from the DG, the optimal number
of EES monablocks, respectively. The system of re-
strictions for the objective function (3) is presented below:

n,n,,n, >0;

PV .
nl < nmax 1

n, <Wgg:
W, +NWpe + NWeeg =W, ®)

load *
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As initial data, we use the nominal data of the equip-
ment, insolation values in the area of the power supply
facility, ambient temperature, the calculated data on the
orientation of the photovoltaic module in space, as well as
the proposed options for the location of the photovoltaic
power station. Based on these data, the actual annual
electricity generation from one photovoltaic module is
determined. Next, the unit costs per unit of generated
electricity are calculated for the resulting annual output.
By minimizing the objective cost function (2), we deter-
mine the optimal number of reference photovoltaic mod-
ules for each season, the expected use of energy from the
DG, and the number of EES monoblocks.
W_sum_pv_y = 0;
for i = 1:4

W_sum_pv_s = 0;

for j = 1:24

W pv = KPD_pv * S _pv * Insol(i,j);
W_sum_pv_s = W_sum_pv_s + W_pv;
end

if W_sum_pv_s > P_nom_pv / 1000
W_sum_pv_s = P_nom_pv / 1000;

end

W_sum_pv_s = W_sum_pv_s * 90;
W_sum_pv_y = W_sum_pv_y + W_sum_pv_s;
end

In the presented fragment of the program code, the
calculation is carried out according to the principle of
summing the energy generated by each PV module for
each hour of the average day of each season. Two nested
for loops are declared. They change the season and the
average day, respectively. Throughout the program code,
the variable i means the number of the season (the first
season is summer), the variable j means the current hour.
The code provides for the limitation of electricity genera-
tion by one photovoltaic module, based on its maximum
(nominal) power. In this regard, every hour we check
whether the generated hourly energy exceeds the limit set
in the source data (the variable W_sum_pv_s). If the limit
is not exceeded, then the hourly energy is calculated ac-
cording to a linear functional dependence; otherwise, it is
limited by the maximum (nominal) power. Next, the vol-
ume of electricity for each season is calculated by evalu-
ating daily — not hourly — energy by 90 days.

After determining the actual annual energy, it is neces-
sary to calculate its cost and the profitability of using cer-
tain sources compared to others. The authors conclude that
today the dependences of the cost of rated capacity units of
PV plant equipment on their nominal rated capacities are
close to linear; therefore, the optimization results are flexi-
ble and the recommended number of reference elements
can be replaced by a proportional number of elements with
other rated capacities. However, this statement is hardly
applicable to EES; therefore, it is necessary to provide for a
more accurate, hourly calculation of the energy defi-
cit/surplus and determine the number of references EES
monoblocks recommended for installation. For a PV elec-
tric system, the costs are calculated approximately, taking
into account only the main components. The yearly
maintenance costs of a photovoltaic module are determined
and the resulting annual costs (4) are divided by each kWh
of electricity generated per season.

s PV
- Price

(L 4
spec I—Tpv W ( )

sum_pv_y

where Price” is the price of one photovoltaic module;
LTpy is the nominal service life. Accounting for the cost
of operating a DG (5) consists of two components: the
cost of the apparatus and the cost of fuel. Fuel consump-
tion is given at the average load factor (Load_factor2) of
the average day of each season:

oG Fuel _cost

e | gad _ factor2- Pnom,DG

Price®®
+ , ()
Load _ factor2-P,,, 8760 LT,

where Fuel_cost is the cost of fuel; Price®® is the price of
a DG; LTpg is its service life.

The main criterion of cost-effectiveness is the cost of
1 kWh of electricity (6). This criterion is determined
based on the following expression:

1-K+C

COE=1 (6)
rated
where Praeq iS the rated capacity of the power supply fa-
cility (kW); K is the total investment in the power plant, $;
T is the economic service life of the equipment, years;
C is the total annual operating costs, $.

By this time, the number of photovoltaic modules has
been determined, as well as the predicted use of DG power.
Since weather conditions are predictable only statistically
and pre-calculated RES capacities are not always available,
it is impossible to specify the exact number of batteries
necessary and sufficient for the uninterrupted power supply
to the load. To guarantee the supply to the load during pe-
riods when it is impossible to generate sufficient energy
from RES, for example, in winter, or in case of emergency
situations, the following method is proposed for determin-
ing the number of batteries in the EES.
Nb=zeros(1,4);

Cost_bl=zeros(1,4);
Cost_b2=zeros(1,4);
for i = 1:4

Wb=0;

for j = 1:24

if Del(i,j) < @

Wb = Wb + Del(i,j);

end

end

Nb(i) = round(-Wb / P_bl);
Cost_b1(i)=round(Nb(i) * Price bl / LT bl / 365);
Cost_b2(i)=round(Nb(i) * Price b2 / LT b2 / 365);
end

The unbalance matrix Del(i,j) was preliminarily
formed: the energy deficit or surplus was determined
hourly for each average day of the season. Next, the
available total hourly energy of all photovoltaic modules
is determined (the process is similar to the annual output
of photovoltaic modules that were presented above), then
the energy required by the load at a given hour is sub-
tracted from the obtained value. It is necessary to exclude
any energy surplus from the resulting matrix and analyze
only scarce hours. After the minimization of the cost
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function, the estimated use of DG power will be indicated
for each average day; therefore, it is necessary to mitigate
the most scarce hours with this energy. When all the es-
timated energy of the DG has been used, the remaining
total energy deficit for the day is calculated. This amount
of energy should be covered by EES monoblocks.

The authors propose considering two types of storage
technologies that have become frequently used in solar
power plants: lithium iron phosphate batteries (LiFePOy,
LFP) and armored subclass of batteries (OPzS). These
technologies meet the requirements of PV power plants:
high cycling (number of sustained charge/discharge cycles),
low self-discharge, a wide operating temperature range,
minimal maintenance, and the acceptability of deep dis-
charge (up to 80 %). Such technologies have a significant
resource for cyclic operation in summer, as well as a good

potential for a predominantly buffer operation in winter.
The authors compare these technologies and give their rec-
ommendations for their use as part of DC PDPP.

Results and discussion

Case A. The technical indicators of the Kimovaara
power supply system without upgrading to DC PDPP are
shown in Fig. 3. An autonomous power supply system
based on a DG operates at extremely high consumption of
diesel fuel per 1 kWh, a significant level of anthropogenic
impact on the environment, as well as an unsatisfactory net
capacity factor (NCF) of the DG. The generator is operated
in such modes in accordance with the energy consumption
schedule, with a life expectancy of more than 3000 hours.
A detailed analysis of the system is presented below.

=O==\\/_load_sum ==@=\\_load_wint

Power, kW
= [
[e°] - N

(4]

2
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Fig. 3. Indicators of the Kimovaara power supply system for summer and winter days (Matlab)
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The dependence of the inefficient use of the electricity
generated from the DG, as well as the indicator of elec-
tricity demand for a specific hour (W_load_sum,
W _load_wint), are shown on the time scale of the average
summer and winter days (NCF). The DG in operation
does not provide the desired load in the range between 30
(bottom limit) and 85 % of the rated load (the LF indica-
tor). Most of the time, both seasons are characterized by
low consumption, which significantly increases the fuel
consumption rate, which averages 0,42 kg/lkWh. An addi-
tional negative effect is manifested in the form of a car-
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bonization caused by the accumulation of unburned fuel
fractions in the cylinders, which, in its turn, adversely af-
fects the engine life of the diesel engine (7).

Table 1. Emission costs and emission factors
Taonuya 1. Cmoumocms u HaumeHo8aHUe 8bIOPOCOE

Emission factor Costs per 1-ton emissions, $/t
HaumenoBanue CtouMoCTh BBIOpOCA KOMITOHEHTA
BEIOpOCca 3alT, $/t
CO, 1,45
NOy 1,87
SO, 0,61
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Table 1 shows the cost of emissions of pollutants in
accordance with Russian legislation, where the
Kimovaara DG produces 2,35 tons of emissions of air
pollutants per year.

This number is determined based on the following ex-
pression:

=3, @
" 1000
g is the specific mass emission of the i-th substance per
1 kg of diesel fuel; Gy, is the DG fuel consumption per year.

The graphs in Fig. 3 do not show significant fluctua-
tions between summer and winter consumption. Most of
the energy is consumed by 120 local residents for electric
heating. In summer, there is a clear difference between
morning and evening with insignificant fluctuation. The
peak of energy production is 13 kWh (6:00 PM — 7:00 PM)
in summer and 18 kWh (8:00 PM — 9:00 PM) in winter.
The base load on the system is 9 kW with 90 % accuracy.

Table 2.  Parameters of the diesel generator AKSA AJD 45 [21]

Tabnuya 2. Iapamempor dusenv-2enepamopa AKSA AID 45 [21]

AKSA Parameter Value

AJD 45 Iapamerp 3HaueHue
Maximum power
MakcumasbHasi MOLHOCT 32 kW/xBr
Output voltage

=] BrIX01HOE HANPSKEHHE 380/400
Fuel cons. prime with 75 % load V (AC)/B (AC)
Pacxon TornmBa npu 75 % Harpyske 7,5 It/hrin/a
Price/llena 11700 $
Life cycle/Cpok ciyx0bl 10 years/ner

The technical parameters of DG of interest are collat-
ed and presented in Table 2. The operation of one DG
with a capital cost of about $18,000 also entails mainte-
nance costs of about $2,000 per year, where most of the
operating costs are the cost of diesel fuel and its delivery,
which in its turn costs $21,980 per year. These economic

50

indicators formed a high cost of electricity generated for
the autonomous consumer, 0,48 $/kWh. The cost of fuel,
which accounts for the largest share of total costs, can be
reduced with the use of a DC PDPP. Partially, this is con-
firmed by the fact that the operating costs of the DG are a
function of the power demand, which is clearly seen in
dependence (5), because there is no other generating
source that could satisfy the load requirements.

The authors emphasize that the configuration of an au-
tonomous DG is unjustified, primarily from an environ-
mental and economic point of view, due to its high fuel
consumption, any hikes in the cost of which significantly
affects the total costs. However, due to the results ob-
tained from other studies [23, 24], in the conditions of
continuous operation in the specified DG modes, it may
seem worth considering alternative designs of inverter-
type DGs in AC systems.

Case B. The results of the system analysis using the
intlinprog solver made it possible to develop various ener-
gy management strategies for the classic seasons in terms
of power consumption: summer and winter. These strate-
gies are also applicable to the transitional seasons of the
year (spring, autumn), in which pronounced fluctuations in
insolation, ambient temperature, and load are observed. Of
course, for the transitional seasons, alternative regimes
should be provided for the priority of the operation of gen-
erating sources. Based on the solution of the program, it
follows that the most economically justified season of «de-
lay» for the design of a DC PDPP is summer. However, the
use of only the PV plant-EES combination as the cheapest
and most efficient is not always possible, as there are a
number of limitations, for example, the inability of the mu-
nicipality of the power supply facility to allocate several
hundred square meters, and sometimes even kilometers, for
photovoltaic modules. The code of the program takes into
account this nuance, which limits the stationing area of
photovoltaic modules in current case study to 210 m”,
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Fig. 4. Indicators of a DC PV-diesel power supply system for a summer day in Matlab
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Technical indicators for the average summer day of
the power supply system after upgrading to a PDPP on di-
rect current are shown in Fig. 4. The PV energy varies
depending on the amount of incoming solar radiation
(W_pv). In the absence of PV energy, the exchange ener-
gy of the EES discharge follows the change in the level of
power consumption (W_discharge). The voltage on the
DC bus remains constant despite the PV plant changes
during the period from 07:00 AM to 4:00 PM, the PV

plant generates more power than it is required by the load.

To determine the excess in the program code, the stand-
ard Matlab function trapz (x,y) was used, which returns in
numerical form the area of the trapezoid between the
PV_output and W_load functions. In doing so, based on
results for the summer season, the Matlab intlinprog solv-
er offers 165 photovoltaic modules as the minimum in
terms of solving the objective cost function (2). The
Matlab trapz (x,y) function has determined 147 kWh of
electrical energy for 10 hours of excess generation for the
accumulation in the EES. The number of hours of auton-
omous power supply from the EES is determined by the
requirements of the consumer, and in most cases is be-
tween 6 and 24 hours. Fig. 4 shows that during this time
the SOC indicator increases, remaining within the operat-
ing limits of the optimal operation of the cyclic mode,
from 20 to 95 %.

It should be noted that the proposed SOC change
graph in Fig. 4 is an iteratively tested result of supplying
during three successive average summer days, starting
with a fully charged EES. Thus, the capacity of the EES
is enough to ensure the same operation mode for the next
summer day, even with an initial charge level of 47,5 %,
provided that the outcome is unfavorable in terms of the
level of solar radiation, as well as the ambient tempera-
ture. The NCF indicator was calculated taking into ac-
count the joint work of the generation of the PV plant and
the charge/discharge of the EES. The NCF varies from 16
to 24 % over time, taking into account the correction for
the efficiency of the charge/discharge of the EES, as well
as the efficiency of the DC/DC converter devices. The
technical indicators of the photovoltaic module are pre-
sented in Table 3.

Table3.  Parameters of the monocrystalline solar module
SilaSolar 200W

Tabnuya 3. Illapamempvr MOHOKPUCMANIUYECKO20 CONIHEY-
nozo mooyns SilaSolar 200W

The constant and noticeable reduction in prices for re-
newable energy generating equipment has led to the fact
that batteries are becoming the most expensive element of
the energy complex. In addition, batteries, with their rela-
tively short lifespan, are expendable in practice. It is nec-
essary to pay special attention to the choice of batteries
for the project, as well as their subsequent correct opera-
tion. Typically, in the documentation for batteries, manu-
facturers indicate the service life in buffer mode and un-
der ideal operating conditions (temperature 20 °C, rare
shallow discharges, constant optimal charge). Even in a
system with a backup, it is difficult to provide such con-
ditions; in an autonomous system, batteries operate in the
most difficult cyclic mode, charge/discharge.

Table 4 shows the main technical and economic indi-
cators of two types of batteries: LFP and OPzS, a com-
parison of which should help to make quality recommen-
dations for EES use for various consumer groups. A wide
range of batteries on the market allows choosing the right
ones for a particular consumer, taking into account their
territorial, temperature, and regime features.

Table 4.  Comparison of batteries for DC PV-diesel pow-
er supply system [25]
Tabnuya 4. Cpagnenue axkymyasmopos 0is ¢omoousens-

HOU cucmembl 2NEKMPOCHAOICEHUS. NOCMOAH-
Ho2o moka [25]

Parameter/ITapamerp LiFePO, OPzS
Nominal voltage
HomuHanbHOE HANpsHKEHHE 3,22 V/B 2,0V/B
Usable capacity/Pa6ouas émkocTsb 90 % 80 %
Efficiency of battery/KI1J] Garapen 92 % 88 %
Operating temperature range
Jluana3on pabo4ux Temmeparyp 0...+45°C |-20...+50°C

Cost/Cronmocts 65 34
Lifespan (stand-alone)

Cpok cityk0bl (aBTOHOMHBIIA)
Lifespan (floating)

Cpoxk cinyx6s (6ydepHsIit)

$/KWh/kBT-u
20 years/ner
30 years/mer

$/KWh/kBtu
12 years/ier
17 years/ner

Number of cycles (DoD=80 %) 5000 1500
Komnmnuecrso mmkios (DoD=80 %)

Environmental friendliness High Medium
DKOJOTMYHOCTH TEXHOJIOIHU Bricokas Cpenusis
Cost of operating and maintenance Not required 18
Croumocts obcimykuBanus U pemonta | He tpebyercst | $/year/$/ron

SilaSolar Parameter Value
200W IMapamerp 3HaveHne
Maximum power
MaxkcumainbHasi MOIIHOCTb 200 W/Bt
Optimum operating voltage
OnrumanbHOoe pabovuee HATPSHKEHHE 36,7 V/IB
Efficiency of solar module
KII/] comnHeqHOro MOIyist 172 %
Temperature range
TemmnepatypHblii 1HanazoH —40...+85°C
Solar module area/TInomans mogymst | 1,28 m%/u?
| | Degradation factor per year
®daxTop Jierpajayu 3a roj 0,6 %
Price/llena 120 $
Life cycle/Cpoxk ciyx06bt 30 years/net
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The test results show that the energy management
strategy to minimize the operation of the DG is working
correctly. It should be concluded that all components of
the system work correctly, namely, the load schedule is
fully supplied with energy, the EES unit switches as it
discharges/charges in accordance with the developed op-
eration logic. Let us consider the case where during the
hours of shortage of energy stored in the EES and the en-
ergy of the FES, the DG should be started (autumn). In
such cases, the DG is operated in such a way as to gener-
ate a power deficit if the exchange energy of the PV and
EES do not meet the load requirements.

According to the results shown in Fig. 5, electricity
generation from the DG is inefficient: the DG plans to
cover the load demand in the morning hours from 03:00
AM to 08:00 AM, where the average 6-hour NCF is 8 %,
the DG load factor (CSF_dg) will be 21 % on average.
From 08:00 AM to 11:00 PM, the DG is completely disa-
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bled due to generation from the PV plant-EES combina-
tion. During this time, the power generated by the PV can
satisfy the load demand, while the excess electrical ener-
gy is used to charge the EES. The charge capacity of the
EES will be enough to ensure the same operation mode
for the next autumn day, even with an initial charge level
of 35,7 %, provided that the outcome is unfavorable in
terms of the level of solar radiation, as well as the ambi-
ent temperature. Taking into account the obtained data, it
is recommended that the option of installing two diesel
generator units with a lower nominal value be considered.
These will operate simultaneously during the seasons
with maximum load consumption (winter) while using

45

the diesel generator resource more efficiently. To model
the mode of PDPP operation on a winter day, the input
data were also changed. The performance of the PDPP
system at a low level of PV power generation is shown in
Fig. 6. The PV power generation is less than the required
load from 09:00 AM to 03:00 PM. Based on the input pa-
rameters and operating conditions of the control logic of
the central controller, the system responds to the imple-
mentation of the mode of using the EES to equalize the
load curves of the DG, participating in peak coverage.
Until 09:00 AM, the DG provides the load in full. The
EES is in the state of running in the discharge mode at
times of the peak voltage drop on the DC bus.

35 + EEEW_charge

CW_discharge

3W_dg
25

15

Power, kW

-15 |

-25

W _pv =O==\\/_load =0—P\/_output
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Q
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State of Charge
3
N
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12:00 AM 2:24 AM 4.:48 AM 7:12 AM 9:36 AM
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2:24 PM 4:48 PM 7:12PM 9:36 PM

Fig. 5. Indicators of a DC PV-diesel power supply system for an autumn day in Matlab
Puc. 5. [loxazamenu ¢homoousenvbHoil cucmemvl d1eKmMpOCHAOIICEHUsL NOCMOAHHO20 MOoKa 0l ocennux cymok ¢ Matlab
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Fig. 6. Indicators of a DC PV-diesel power supply system for a winter day in Matlab
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Fig. 6 shows the EES and DG performance during their
joint operation. After the morning and evening peaks, it can
be seen that the EES-PV plant combination receives suffi-
cient charging power to supply the next day (parameter
SOC). However, the current command generated by the
power controller performs a fast recuperation of the load
power without optimizing the optimal load of the DG. This
condition can be achieved by discharging the battery by
supplying a proportional current according to the character-
istics of the DC/DC converter. In this case, it is necessary
to consider a rectifier DG with a controlled converter link.

The graphs in Fig. 6 show that the developed ex-
change energy management and control system is accept-
ably operable in the absence of sufficient electricity gen-
eration from renewable sources. A smooth transition be-
tween the charge and discharge states is also observed
under different input conditions.

Conclusions

In this research paper, the authors explored the cost,
technical and environmental benefits that can be gained
from upgrading a standalone power system to a DC PV-
diesel power supply system. The initial data of the analy-
sis are the latitude of the area, the atmospheric transpar-
ency index, the albedo of the earth's surface, the number
of the day of the year, the azimuthal and vertical angles of
installation of photovoltaic panels, the average daily air
temperature, the technical characteristics of the PV plant,
as well as the characteristics of the EES and DG. The
studies were carried out using the Matlab software pack-
age. Original code for optimizing the composition of a
DC PV-diesel power supply system was developed.

The simulation results showed that the program code
makes it possible to justify the choice of the optimal op-
erating mode of the power plant, the required capacity of
storage devices, rated capacity and rated voltage of the
photovoltaic panels. It also helps determine effective al-
gorithms for managing the energy complex. Various
combinations of accumulators as part of a DC PDPP are
considered. Thus, a decrease in the level of fuel consump-
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! HauuoHanbHbI nccnegoBatensCkuii TOMCKMIA NONUTEXHUYECUI YHUBEPCUTET,
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AkmyanbHocmb. YeenudeHue exnada 80306H08MSEMbIX SHEP2OHOCUMENel 8 2eHepayUr0 a8MOHOMHO20 2UbPUOHO20 3HEP2emuUYeCcKo20
Komnnekca akmyarnbHO 075 CHUWXeHUs 8o3delicmeusi Ha OKpyxXatouyyto cpedy Ou3esb-2eHePamopHbIX yCMaHOBOK U YMEHbWEHUS IKCny-
amauyuoHHbIX u3depxek npu npou3godcmee anekmpu4eckoli IHepauU 8 UHMEIeKmyarbHbIX MUKpocemsix ¢ pacnpedenéHHol, 8 mom
yucne «3enéHoll», eeHepayuel. Haubonee akmyaneH 3mom eonpoc Ons ComosbIX 8biwek MOOUMbHOU C8A3U, 8aXMO8bIX XUIbIX NOCEN-
K08, Memeopornoaudeckux cmanyull u Opyeux OeyeHmpanu3osaxHbIx nompebumenel, ycmaHoeIeHHash MOWHOCMb KOMOPbIX cOCMas-
nisiem 0ecamKu—comHu kBm.

Lenb: paspabomka KomnblomepHbIx Modenieli onmuMu3ayuu ynpaeneHusi onepamugHbIM COCMasoM U pexuMamu asmoHoMHol ¢homo-
OusenbHOU cucmeMbl 31EKMPOCHABKEHUST C WUHOU NOCMOSIHHO20 MOKa, NO3BOMSIOWUX MUHUMU3UPO8aMb epeMsi pabombl Au3esb-
2eHepamopHoU ycmaHoBKU 3a CYEM yeenudeHus exknada homoanekmpuyeckol cmanyuu npu onMuUMasTbHbIX MEXHUKO-3KOHOMUYECKUX
nokasamerisix. Mlcnonb3oeaHue WuHbI NOCMOSIHHO20 Moka 0151 UHmezpayuu 31ekmposHepauu om pacnpedenéHHbIX 3HeP2OUCMOYHUKO8
paccMampugaemcs Kak nepcnekmugHb Il 8apuaHm yMeHbWEHUS Konudecmsa Yyacos HeaghghekmusHoU pabombi OU3esb-2eHepamopHoU
YCMaHoBKuU, Ymo No3gOSIUM CYUECMBEHHO SKOHOMUMb AU3EbHOE MONIUBO U NPOANUMBL MOMOPECYPC AU3enb-2eHepamopa.

HoeusHa. [JaHHas paboma pacwiupsiem u3eeCmHble eapuaHmbl MOOEIUPOBaHUST U ONMUMU3AUUU PEXUMO8 a8MOHOMHOU 2ubpudHOl
3HEepeemu4ecKoll ycmaHoBKU Ha NOCMOSIHHOM MOKE 6 nnaHe UCNOMb308aHUs KpumepuanbHol Uenegol (hyHKUUU ¢ COOmeememeayouu-
MU 02paHu4eHusMu, adanmayueli Modenell sHepeemuyeckozo 0bopydosaHus O nocmassneHHbIX yenell modenuposaHnus, npedcmas-
JIEHUEM CMPYKMYypPb! MEXHUKO-3KOHOMUYECKO20 aHasu3a, 0CHO8aHHOU Ha KoMMepYecku 00CMYnHbIX Xapakmepucmukax 31eMeHmoe cu-
CMEMbI 371EKMPOCHABKEHUS.

Memods1. Vccnedosanue npedycmampusaem paspabomky KoMnbomepHbIX Modenell UHMennekmyansHol apxumekmypbl ynpagneHust
aBMOHOMHO020 2UbPUOHO20 IHEP2EMUYECK020 Komniiekca Ha 6a3e homoanekmpuyeckoll cmaHyuu, Ousesb-2eHepamopHoOU ycmaHoeKU,
cucmemb| HakoNfeHUs anekmpuyeckoli sHepauu, OeyeHmpanu3oeaHHo20 nompebumens, a makxe 8cnomo2amerbHbIX npeobpasoga-
menbHbIX yempoticme. ModenuposaHue npoueccos ynpaeneHus peanusyemcs e 6ubnuomeke Stateflow, a makxe ucnonb308aHuUeM
CUHMaKcuca si3bIka nakema 8bIcokoeo ypoeHs Matlab, eoamoxHocmu komopoeo npuemnemb Ot nocmaeneHHbIx yened.

Pesynbmamel. AHanu3 pe3ynbmamos nokasbigaem, Ymo pomodusesibHble CUCMEMbI 31EKMPOCHabXeEHUSI Ha NOCMOSHHOM MOKe MO-
2ym 6bImb 3KOHOMUYECKU 3GhheKMUBHBIMU 80 8CEX CUEHAPUSIX, KOMOPbIE 8KT0Yam 6 cebs pasHbile 8UdbI akKyMynsamopHbix 6amaped,
moe0a Kak 0n1s1 cucmem 63 akkyMynuposaHusi 31eKmposHepauu pacnpedesieHue NOCMOSHHO20 MoKa 4acmo He S6/IIemcs SKOHOMUYe-
cKu aghgpexkmugHbiM. Pe3ynbmambi 6ydym uHmepecHs! cneyuanucmam, paspabambi8aloujum umu 3KCnyamupyowuM agmoHOMHBIE CU-
CMeMbI 371IEKMPOCHABKEHUS, U Op2aHU3auusiM, NaHUPYIOWUM MOOEPHU3AUUI0 CYLUeCMBYIOUX OU3eTb-31eKmPUYecKUX cmaHyud.
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