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ABSTRACT

This paper proposes a method for selecting the parameters of the main components of an autonomous
photovoltaic (PV) stations to ensure the most efficient conversion and use of solar energy. The main
energy characteristics are analyzed and the mathematical models of the components of an autonomous
PV system are developed to study the modes of tracking the maximum power point (MPP). The
necessary conditions for matching the parameters of the PV and the DC-DC buck converter are
evaluated to track the MPP. This paper aims to create an original method and algorithm for calculating
and selecting parameters of the main elements of a PV stations. The optimal value of the sampling
time of the MPP controller is obtained for different schemes of the PV system . A practical example is
considered for selecting the parameters of a DC-DC buck converter and a digital MPP of an autonomous
PV station. The simulation of dynamic modes of an autonomous photovoltaic (PV) station is performed
in the MATLAB/SIMULINK software package. The simulation results of dynamic operations of the PV
system show that the voltage converter and the MPP controller with the selected parameters according
to the proposed method provide reliable and effective tracking of the MPP in all different connections

of the PV.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

One of the most promising technologies for the production of
electric energy is the photovoltaics (PV), which over the last few
years has shown the greatest development in comparison with
other types of renewable energy sources. The installed capacity
of PV stations in 2017 reached 408 GW and attracted 58% of all
new investments in renewable energy or $ 161 billion (Jager-
Waldau, 2018). The environmental friendliness and widespread
availability of solar energy determine good prospects for the
use of PV systems in Russia, especially in the microgeneration
sector, and significant measures for this are taken by government
support measures (Anon, 0000; Ashurov et al., 2019; Renewable
energy policy network for the 21st century (REN21), 2018). In
recent years, about 240 MW of photovoltaic generating capacities
have been installed in Russia, and the total installed capacity of
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photovoltaic power plants (taking into account the Crimean Solar
Power Station in 2018) exceeded 600 MW (Avezova et al., 2019).

The main problems in the practical application of PV are the
relatively low efficiency of primary energy conversion and the
pronounced dependence of the energy characteristics of solar
cells on external climatic conditions. In order to increase energy
efficiency, most modern PV systems are built using the technol-
ogy of maximum power point tracking (MPPT), which allows to
increase electricity generation from 30 to 40%. This technology
is based on three main interconnected components: the MPPT
method, the MPPT controller and the DC-DC power converter.
The non-linearity of the current-voltage characteristics of the
solar panel and their dependence on illumination and tempera-
ture make the design of the main components of the PV system
highly difficult. For autonomous PV system, the solution to this
problem is complicated by the fact that they can significantly
vary in topology, types of DC-DC converters and the uses of MPPT
controllers. Moreover, the well-known methods for selecting the
parameters of DC-DC converters with the subsequent synthesis
of control systems (Chetti, 1990; Mack, 2008), which are widely
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Fig. 1. A typical block diagram of the construction of Autonomous photovoltaic stations.

used in the design of traditional power sources, are unacceptable
for solving this problem.

The purpose of the research was to develop a methodol-
ogy for selecting the parameters of the main components of
an autonomous PV, providing the most efficient conversion of
solar energy. To test and verify the results obtained, simulation
modeling of the dynamic regimes of the PV was used in the
MATLAB/Simulink® software package.

The remainder of this paper is organized in the following
manner. Section 2 describes the objective of the research and the
statement of the problem. Section 3 elaborates on basic techni-
cal characteristics and mathematical models of autonomous PV
components. Section 4 deals with the conditions for matching the
parameters of a solar panel and a voltage converter for MPPT.
Section 5 discusses the choice of optimal parameters of the main
elements of PV system. The simulation results considering the
validation of the proposed algorithm under uniform solar irra-
diance and fast changes of the solar insolation are presented in
Section 6. In the conclusion section, the research findings are
recapitulated.

2. Object of research and problem statement

The system of research of this work is the PV system which is
designed to provide the electric power to the consumers in isola-
tion from the central electrical network. From the point of view
of the basic architecture, three main options can be distinguished
for constructing autonomous PV (Fig. 1).

In the simplest configuration (Schema 1), the PV includes
only the PV array and a DC-DC converter operating under the
control of the MPPT point search controller. The advantages of
this type of PV are maximum simplicity and low cost, an obvious
disadvantage is the low reliability of power supply to consumers.
The area of the practical application of such stations is heating,
cooking and pumping water systems that are not critical to the
supply voltage parameters (Nayak et al., 2017). The main function
of the control system of such a PV is to maximize the use of
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available solar energy without the need to control the output
voltage and current of the DC-DC converter.

Autonomous PV systems with energy storage devices, which
mainly use rechargeable batteries (Battery Bank), are more widely
used. The use of battery bank can significantly increase the relia-
bility of the PV and provide consumers with the electricity of the
required quality, but the cost of the PV and the complexity of the
control system increase. Depending on the purpose, in practice,
two main options are used to build autonomous PV power plants
with energy storage: energy systems with a single generating
source (Schema 2) and hybrid energy complexes, in addition to
photomultiplier stations, other plants are also used as generation
sources, for example, wind energy (Schema 3).

Note that there are other ways to build autonomous PV and
hybrid energy systems (Khatib et al., 2016; Chauhan and Saini,
2014). The choice for analysis of the three presented in Fig. 1, the
topologies are explained by the fact that they differ from each
other in the nature of the electric load of the DC-DC converter,
which has a direct effect on its dynamic characteristics, and, ac-
cordingly, on the selection of parameters of all the main elements
of the PV. For all other PV topologies not considered in this paper,
the operation modes of the DC-DC converter will be similar to
one of the above cases.

It should also be noted that various types of voltage converters
are used as part of autonomous PV, a detailed review and com-
parative analysis of which are presented in Amir et al. (2019) and
Obukhov et al. (2016a). In these studies, autonomous PV based
on a buck DC-DC converter, which is mainly used in low-power
energy systems, is considered as an object of analysis. Also, in
this paper, we do not consider modes of partial shading of PV
panels, which are especially critical for high-power photovoltaics,
requiring the use of specialized MPPT controllers (Obukhov et al.,
2016a; Rezk et al., 2017).

The research objectives were to analyze the static and dynamic
characteristics of the DC-DC converter and MPPT controller of an
autonomous PV, as well as to develop, on the basis of the results
obtained, a practical methodology for choosing their optimal
parameters.
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Fig. 2. The equivalent circuit of a solar cell.

3. Mathematical models of autonomous PV components
3.1. PV cell

To study the modes and characteristics of PV panel, in this
work, a mathematical model is used that built on the basis of
an equivalent electrical equivalent circuit of a solar cell with one
diode (Ibrahim et al., 2019), as shown in Fig. 2.

The ideal model of a solar cell consists of a current source that
creates an Ipy photocurrent, and an ideal diode (D), the current
Ip through which is determined by the Shockley equation and
depends on the absolute temperature (T) and voltage (V) at the
output of the PV panel.

Using generally accepted assumptions, Ipy and the reverse
current of the diode Iy can be determined from the following
expressions:

Iy = [Isc_stc + ki - (T — Tsto)] - G, (1)

where Isc stc is the short circuit current of the photovoltaic con-
verter under standard conditions; k; is the temperature coeffi-
cient of short circuit current; Tsrc is the cell temperature under
standard conditions; G is the value of solar irradiance, W/m?.

exp (Q-VSC,STC
(2)

A-k-Tstc
where ¢ = 1,602 - 107'° C; k = 1.38 - 10723 J/°K — Boltzmann
constant; A is the diode ideality coefficient (takes values from 1
to 5); Eg-semiconductor band gap (determined by the type of SC
used).

For a photovoltaic module, consisting of Ns series and Np,
parallel connected panels, the equation of the current-voltage
characteristic has the following form:

) 1] V+I1-Rs
Ry

q(V +1- Rs)

Ns-A-k-T
where I, V are the current and voltage at the terminals of the PV
module; Rs and Rsy are equivalent series and shunt resistances of
the photovoltaic module, respectively.

Eq. (3) contains five unknown parameters (Ipy, Io, A, Rs, Rsy),
which are dependent on the surface temperature of the PV string
and the intensity of solar irradiance. The technical specification
provides important points of the energy characteristics of the PV
panel: Isc short circuit current, the analytical expression for which
can be obtained from (3), substituting V = 0 into it; open circuit
voltage Voc corresponding to the voltage value at the PV panel
terminals with an open external circuit (I = 0). The parameters

1 1

Ts;e T

q-Ec
k-A

Isc_stc
10 —

IZNP'IPH—NP'IO'[EXP< (3)
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Fig. 3. Volt-watt characteristics of PV panel.

of the operating mode for the load corresponding to the point of
maximum power at which I = Iypp, V = Vjypp are also given.

Using the data of the technical specification of PV panel, it is
possible to obtain a numerical solution of Eq. (3) and construct a
dynamic mathematical model of PV. For simulation of PV modes,
the PV Array standard block from the MATLAB/Simulink library,
built on the basis of Egs. (1)-(3), was used as a PV model.

To select the parameters of the DC-converter, it is necessary to
set the operating range of its input voltage, which is determined
by the values of the irradiance G and temperature Tgy of the PV
modules. Fig. 3 shows the “family” of volt-watt characteristics
of a solar battery, consisting of three Kyocera Solar KD320GX-
LPB FM modules in series (the Kyocera polycrystalline module
combines the highest energy efficiency with an enviable rated
power and stylish design, so it is an undoubted leader in sales
for several years), built on the basis of simulation results. The
characteristics are built at discrete set values of G = 100, 400,
700, 1000 W/m? and Tpy = —25, 0, 25, 50 °C, which corresponds
to the ranges of the external climatic conditions under which
electric power generation of photovoltaic systems is possible. The
shaded area, in Fig. 3, defines the working range of the input
voltage of the DC converter and its power.

The task of determining the operating range of input voltages
and the nominal power of the DC-DC converter can be signif-
icantly simplified by solving it analytically using the technical
specification of the PV panel, and also assuming that when the
external climatic conditions change, the voltage in MPP changes
in proportion to the open-circuit voltage, and the current in MPP
changes in proportion to the photocurrent. Then, to determine
Vmep and Iypp for arbitrary values of G and Tgy, the following
equations can be used (Ibrahim et al., 2019; Obukhov et al., 2020):

G
Ivpp = [Impp_stc + k1 - (Tem — Tstc)] - Nemp - =, (4)
Gstc
Vmpr = [Vmep_stc + kv - (Tem — Tstc)] - Nems
Ngm
— [(Impp_stc — Iwipp) - Rs] - =, (5)
Nemp

where Vypp stc and Iypp stc are voltage and current in MPP under
standard testing conditions (Gs;c = 1000 W/m?2, Tsic = 25 °C);
Nems and Npyp are the numbers of series-connected and parallel-
connected panels in the PV string, respectively; Rs is the series
resistance of the PV module.
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Fig. 4. Schematic diagram of DC-DC buck converter.

The value of Rs is determined by the expression (Ibrahim et al.,

2019):
Ns-AkTsic | (1 — Iwp st
q Isc_stc

) + Voc_stc — Vmpp_stc

Rs = (6)

)

Ivipp_stc

where Ns is the number of series solar cells in the module.

The above simplified approach for determining the parameters
of the MPP PV mode with obvious ease of use provides a suffi-
ciently high accuracy. A comparison of the results of calculating
the voltage and current values in the MPP PV panel obtained by
Eqgs. (4)-(6), with the simulation results of the characteristics of
the PV obtained by the numerical solution of Egs. (1)-(3), shows
that the maximum error in the determination of Vypp and Iypp
in the entire practical range of changes in G and Tpy is not more
than 4%.

3.2. DC-DC buck converter

The circuit diagram of the buck converter is shown in Fig. 4.

The main elements of the converter are input capacitive filter
Gin, transistor switch VT, output LC-type smoothing filter on the L
and C,,¢ elements, and a discharge diode VD. The power supply of
the converter is the PV panel, the output terminals are connected
to the resistance Rout, which simulates the output load of the
PV. The transistor switch control signal is supplied from a pulse
width modulation (PWM) generator and is generated based on
the values of the duty cycle d calculated by the MPPT controller.

In most practical cases, the converter is designed to operate
in continuous current mode (CCM), which ensures its better con-
trollability and minimization of energy loss. The timing diagrams
of an ideal converter for the continuous current mode of the
inductor are shown in Fig. 5.

If the ripples of the output voltage are neglect, from Fig. 5, the
ripple current of the inductor can be expressed:

Vin - Vout . Vout
L

AiL = IL(max) - IL(min) =
_ Vout : (1 - d)
D i
where t,, is the time interval of the conducting state of the
key; t,s — pause time interval; Ty 1/f is the period of the
pulse-width modulated pulses; f is the switching frequency; d =
ton/To = Vout/Vin—duty cycle or relative pulse duration.
To preserve the CCM up to the minimum load current, the
following condition must be fulfilled: Aiy = 2- I,y (min). Ful-
fillment of this condition will provide a CCM, however, a large

ripple negatively affects the saturation of the inductor core and
the quality of the output voltage of the converter. Therefore, in

)
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practice, the value of current ripple is limited by the choice of
the corresponding ripple coefficient k,; = Aiy/loy, the value of
which is usually taken within 20%-50%. Then, taking into account
(7), we obtain the condition for choosing L:

L > Vout . <.1 _ Vout) _ Rout(max) . (1 - d) )
kai - f - Iout(min) Vi kai - f

The value of the ripple of the output voltage of the converter can
be determined by assuming that the AC component of the current
is closed only through the filter capacitor C,y (Obukhov et al.,
2016b). Given that the maximum ripple current corresponds to
the mode d = 0.5, from Fig. 5, one can express the change in
charge on the output capacitor:

:(3)(3) -4

(8)

AQ = (9)

2 \2) \2) s87f

Taking into account that the voltage ripple and the change in the
charge of the capacitance are related by the relation AV = AQ/C
from (7) and (9), the condition for choosing a filter capacitor can
be expressed as:

C > Vout'(l_d) _ (1_d)
out = 8'L'f2'AV0ut 8'L'f2'kAVout,

where kvout = AVout/Vout is the permissible ripple coefficient of
the output voltage, this value can be determined by the require-
ments of the load (usually 1%-5%).

An obligatory element of the converter is the input capacitor
Cin, Which provides smoothing of the voltage ripples of the PV
panel due to the nonlinearity of its characteristics. The capacitor
Cin is selected from the condition that the ripple of the input
voltage of the converter is limited to no more than kv, = 1%,
which will ensure the most efficient use of the energy generated
by the PV panel (Korshunov, 2005). Taking into account (7), (9),
(10), the condition for choosing the input capacitor of a step-
down voltage converter can be represented in the form of the
expression:

Vin-d-(1—4d) 1
Cin > = .
T 8-L-f2-AVin  32-kavin-L-f?

The most important task of designing voltage converters is the
calculation and analysis of their dynamic characteristics. PWM
voltage converters belong to nonlinear discrete automatic control
systems, to determine the dynamic characteristics of which are
widely used analysis methods based on approximate averaged
models of converting devices (Ayop and Tan, 2018). The transfer
functions of the buck DC-DC converter according to the control
action obtained from the linearized averaged model (Belov and
Serebryannikov, 2008) will be written in the following form:

(10)

(11)

WAVout — Vi 1 .
Ad (S) - : 5
L-Cout 24— 4 1
ROLII'COUI L'COUt
Al Vin Rout-C
W OLl[(s) — . out"Lout (12)
Ad I 24 s 4 1
Rout-Cout L-Cout

Eqs. (12) describe the response of the output voltage and current
of the converter to a change (deviation relative to the lineariza-
tion point) of the duty ratio d. The obtained Eq. (12) allows
us to analyze the frequency characteristics of the converter and
synthesize a control system built on the basis of traditional analog
controllers.

3.3. The output loads of the DC-DC converter
The nature of loads of the DC-DC voltage converter is de-

termined by the power plant construction schema. For a PV
constructed according to schema 1 (see Fig. 1), the operating
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Fig. 5. Timing diagram of a buck converter for the continuous current mode of the inductor.

modes of the DC-DC converter can be considered equivalent
to the operating conditions for the load with the same active
resistance. In schema 2, the load of the converter is battery bank.
In schema 3, DC-DC converter is loaded on a DC bus.

When constructing the simulation model of PV system, the
load of the converter was modeled as a separate functional unit
(Fig. 6), which makes it easy to change the configuration of the
system under study.

The Battery standard block from the MATLAB/Simulink library
is used as a dynamic model of the battery. The DC bus model is
based on a Cpc capacitor and a DC voltage source with an internal
resistance Rpc.

3.4. Maximum power controller

Depending on the hardware version, two main types of MPPT
controllers are distinguished: analog and digital. In analog con-
trollers, the control signal is formed in the form of a reference
voltage, which is compared with the output voltage of the con-
verter, then the mismatch signal is processed by a traditional con-
trol system based on a proportional-integral controller (Rashid,
2011). In digital controllers, the output signal is the duty cycle,
d, which is fed directly to the converter transistor keys through
the PWM generator. Due to the simplicity of implementation and
high reliability, the MPP digital controllers are mainly used in
modern PV systems (Shebani et al, 2017). When using digital
controllers, the value of d changes discretely by the value of Ad
after a certain sampling time t; (sample time) (Loukriz et al,,
2017). However, the numerical values directly affect the accu-
racy and speed of MPP tracking when the solar irradiance and
temperature of the PV are changed. Accordingly, the main task
of designing digital MPPT controllers is to determine the optimal
values of Ad and t;, which ensure maximum accuracy and speed
of MPP tracking.

In this paper, a digital MPPT controller that implements the
incremental conductance algorithm (IC) is considered. The princi-
ple of operation of the conductivity increment algorithm is based
on the equality of the instantaneous conductivity of the PV panel
and the derivative of the conductivity at the maximum power
point (Obukhov et al., 2016b). Mathematical relations explaining
the operation of the IC algorithm can be easily obtained by
differentiating the power P of the solar battery with respect to
voltage V, taking into account the fact that the derivative at the
maximum power point vanishes:

dP/dV =d(V -1)/dV =1+ V(dl/dV) = 0. (13)
Eq. (13) can be represented as:
di/dv = —I/V. (14)

Expression (14) implies two important relationships that allow
to determine the position of the operating point of the PV on its
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voltage-power characteristics relative to the point of maximum
power:

dI 1 (dP

— > —— | — > 0| — Leftof MPP;

dv V \dv (15)
dl I (dP .

— < —— | — > 0 ) — Rightof MPP.

dv V \dv

Taking into account relations (15), the operation of the IC al-
gorithm can be represented in the form of a block diagram
shown in Fig. 7. In the PV simulation model, the IC algorithm
model is implemented as a function program in the m-file in
MATLAB|/Simulink.

The main task of designing digital MPPT controllers is to
determine the clock frequency fy of the change in the duty cycle
of the DC-DC converter.

It is advisable to select the value of fy from the condition of
stable operation of the control system, which is ensured if the
transient process in the converter, caused by a change in the
control action or external conditions, ends in the time t; = 1/f3.

The time constant of the step-down DC-DC converter t can be
approximately found from the equation:

L
ROUt '

According to that the duration of any transient process is up to 5
of 7, it is recommended to use the expression to determine the
optimal value of t:

T = (16)

ty>5-1. (17)

The choice of the value of t; according to condition (17) will
ensure maximum performance of the MPPT controller and at the
same time stable operation in MPP.

For determining the parameters of the MPPT controller, the
load nature of the DC-DC converter must be considered. For PV
constructed according to schema 1, the value of the equivalent
electrical load is uniquely determined by this expression:

Rout = Rioad- (18)

In PV, according to schema 2 and 3, the voltage at the converter
output is stabilized. Neglecting the change in voltage on the
battery bank clamps from the value of its charge and without
taking into account the statism of the DC bus, the value of the
equivalent resistance of the DC-DC converter can be determined
through the output power. For an ideal converter with a stabilized
output voltage, the equivalent output resistance is determined by
the formulas:
V2

VZ
Rout(min) = out s Rout(max) = out ( ]9)

Pripp(max) Ppp(min)
where Pypp (max), Pypp(min) are the values of the maximum and

minimum powers generated by the PV module.
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Fig. 7. Flowchart for the incremental conductance algorithm.

Since the converter time constant is inversely proportional
to Royt, it is necessary to substitute the minimum value of the
equivalent resistance determined by (19) into Eq. (16).

An important parameter of the digital MPPT controller is the
value of the change in the operating cycle of the converter Ad
during the sampling time ts. A large Ad value shortens the MPP
search time, but this reduces the tracking accuracy and can also
lead to an oscillatory mode near MPP. It can be approximately
assumed that the magnitude of the step in changing the output
power of the PV panel AP linearly depends on the value of Ad.
With this assumption, to determine the optimal value of Ad, you
can use the equation:

Ad = .lgﬁ : (dmax - dmin) 5
where ¢ is the permissible relative error (%); dmin, dmax are the
minimum and maximum values of the duty cycle, respectively.
The results of the studies showed that a good compromise be-
tween the speed and accuracy of tracking MPP provides the value
& = 1%, which was used in the computational experiments.

(20)
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4. Matching the PV and voltage converter parameters for
achieving the MPP

Egs. (1)-(3) determine the form of the current-voltage char-
acteristics of the PV panel, which depend on the level of il-
lumination G and the surface temperature T. Fig. 8 shows the
I-V characteristics of the PV panel for different levels of solar
irradiance and temperature.

On each of the I - V characteristics, there is a single point
(in Fig. 8 designated as A and B), corresponding to certain values
of the current Iypp and voltage Vypp, at which the PV panel will
generate the maximum power Pypp.

These voltage and current values determine the equivalent PV
panel resistance at the maximum power point:

Ve

Rwpp = (21)

Ivip
The maximum power with PV panel is ensured when the equiv-
alent output resistance of the PV module in MPP Rypp and the
equivalent input resistance of the converter R;, are equal. The
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Table 1

Key points the solar panels of a photovoltaic station.
Solar irradiance Temperature (T) Indicators Mode
(G)
min min Rmpp(max)» ImMpp(miny  Maximum resistance
min max Prvipp(min)» Vmpp(min)  Minimum power
max min Pyvipp(max), Vmpp(max)y Maximum power
max max Rmpp(min)» IMpp(maxy  Minimum resistance

value of R, depends on the converter topology, its load Ry
and the duty cycle value d (duty cycle). When searching for
MPP, controller changes the value of d so that the condition is
satisfied: Rypp = Rjin. If we neglect the losses in the step-down
DC-converter, an important practical relation is derived from the
condition of equality of its input and output power:

Vs, (Vaep - d)° N Rout
Rwipp

— ‘out __
Rmpp  Rout Rout
Since the value of d cannot be greater than 1, it follows from (22)
that the output resistance of the buck converter must be less than
the minimum equivalent resistance of the PV panel in MPP in
order to ensure the PV module in MPP in all possible operating
modes:

2
VMPP _

(22)

(23)

When designing the converter for PV system; built according to
schemes 2 and 3, this condition is transformed into the choice of
the rational value of the nominal output voltage of the converter
according to the condition, where:

Rout < RMPP(min)~

Vout < VMPP(min)- (24)

A characteristic feature of PV panel is the direct dependence of
Ivpp and the inverse dependence of Vypp on the surface temper-
ature of the module, with the temperature coefficient of voltage
ky in absolute value far exceeding the temperature coefficient of
current k;. Analysis of the V-P characteristics PV panel (see Fig. 3)
shows that, for designing a converter, it is necessary to determine
the current and voltage values in MPP for four nodes at various
combinations of G and T. Characteristics of the PV panel nodes
and their corresponding indicators modes are given in Table 1.

The minimum and maximum values of G and T are determined
in accordance with the location and operating conditions of the
PV panel. In the present studies, the ranges of the radiation and
temperature changes, characteristic for the operating conditions
of photovoltaic power plants in the northern latitudes are deter-
mined as follows: Gpin = 100 W/m?, Grax = 1000 W/m?, Tpin =
—25 °C, Tpax = +50 °C.

The values of currents, voltages and power at the nodal points
of the PV panel are easily determined by Eqs. (4)-(6). The values
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Table 2
Electrical parameters of the Kyocera Solar KD320GX-LPB PV module.

Parameter Value
Open-circuit voltage, Voc, V 49,5
Short circuit current, Isc, A 8,6
Voltage at Pypp , Vmpr V 40,1
Current at Pypp, Iypp A 7,99
Maximum power, PyppW 320,4
Open circuit voltage coefficient Vo, ky V/°C —0,1832
Short circuit current coefficient Isc, k; A/°C 0,00328
Number of cells connected in series, Ng 80

of equivalent resistances are calculated by Eq. (21). To deter-
mine the limiting values of the duty cycle of the buck converter,
Eq. (22) is used.

5. Method of calculation and selection of parameters of basic
elements of the PV system

Based on the analysis of the energy characteristics of the main
elements of the PV system, a methodology has been developed for
calculating and selecting their optimal parameters, presented in
the form of a flowchart shown in Fig. 9.

When using the proposed method it is necessary to consider
features of modes of DC-DC-converter for loads of different na-
ture. This feature can be noted when operating on a load in the
form of a constant resistance (Schema 1), an increase in d values
leads to an increase in the output power of the converter, while in
power systems with a stabilized output voltage of the converter
(Schema 2, 3), an increase in d causes a decrease in the output
power. Accordingly, when calculating the parameters of the DC-
DC converter for circuit 1 in Egs. (8) and (10), the minimum duty
cycle dmin must be used, for circuits 2 and 3, dp,,x must be used
in Eq. (8), and in Eq. (10) — dpjn.

6. Results and discussion

To test the proposed methodology, we considered a practical
example of calculating and selecting the parameters of a DC-
DC converter and a digital MPPT controller of an autonomous
PV system built on the basis of an PV consisting of three series-
connected Kyocera Solar KD320GX-LPB, the main technical char-
acteristics are given in Table 2.

For completeness of the analysis, three possible options for
constructing autonomous PV were considered; schemes 1-3. For
each circuit, simulation models of PV station based on the math-
ematical models of the components presented above were devel-
oped and implemented in the MATLAB/Simulink software envi-
ronment. To increase the reliability of the results and evaluate
the efficiency of energy conversion in the FES simulation model,
the non-ideality of the converter elements - the active resistance
of the inductor and the equivalent internal resistance of the
capacitors, as well as the static characteristics of the transistor
and diode - voltage drop and resistance in the conducting state
are taken into account.

The parameters of the DC-DC converter and MPPT controller
were calculated and selected by the proposed method in ac-
cordance with the block diagram shown in Fig. 9. In the FES
simulation model for circuit 2, a lead-acid battery with a nominal
capacity of 200 A h is adopted as an energy storage device, the DC
bus model in circuit 3 was built on the basis of a 300 F capacitor
and an active resistance of 0.01 Q. The frequency of the PWM
generator (f) in all computational experiments was taken equal
to 25 kHz.

The parameters of the DC-DC converter and MPPT controller,
selected as a result of calculation by the proposed method, are
given in Table 3.
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Fig. 9. Flowchart for calculating and selecting optimal parameters of the main elements of an autonomous photovoltaic station.

Table 3
Results of calculation and selection of parameters of the main components of
an Autonomous photovoltaic station.

Parameter Value

Schema 1 Schema 2, 3
Rs, 2 0,487 0,487
Rout, 10 -
Vout, V - 48
Amnin 0,24 0,33
dimax 0,87 0,50
L, uH 800 1500
Cout, F 20 10
Cin, WF 20 10
ts, S 0,0004 0,004
Ad 0,005 0,0015

The calculation results show that the inertia of a DC-DC con-
verter, designed to operate as a part of autonomous photovoltaics,
which is constructed according to schemes 2 and 3 is an order of
magnitude higher than that of a similar converter operating on
an active load. In addition, from the Table 3 it is obvious that for
a DC-DC converter with a stabilized output voltage, the working
range of the duty cycle changes significantly, which determines
the high rigidity of its adjustment characteristics, and accordingly,
increases the requirements for accuracy and quality of regulation
of the control system.

Fig. 10 shows the results of modeling the operating modes of
the FES with a sudden change in the lighting conditions of the
SB for circuits 1 and 2 (the results for circuit 3 are not given,
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since they are almost identical to circuit 2). When carrying out
this computational experiment, the lighting conditions of the SB
change after 0.05 s of model time and correspond to the following
successive values of solar radiation: G = 800; 400; 200; 600; 1000
W/m?. The surface temperature of the PM is assumed unchanged
—25°C.

During the computational experiments, the values of the duty
cycle d (duty cycle), output power (PV Power), voltage (PV Volt-
age) and current (PV Current) of solar batteries, as well as the
parameters of the electric energy consumed by the load were
recorded.

The simulation results presented in Fig. 10 prove that the
DC-DC converter and the MPPT controller with the selected pa-
rameter values provide reliable and efficient MPP tracking in all
5 test variants of the illumination change. The tracking accuracy
of the maximum power point in scheme 1 is at least 99.6%, in
scheme 2 it is at least 98.2%, and the efficiency of the DC-DC
converter in all the considered modes did not fall below 93.2%.
The operating ranges for changing the energy characteristics of
the main elements of the PV system (current, voltage, power)
correspond to the calculated values obtained during their design.

An interesting feature of the dynamic modes of an autonomous
PV is as follows: despite the fact that circuit 2 has a much greater
inertia than circuit 1, the transients in it, caused by a sudden
change in the illumination of the PV panel, end much faster. This
is explained by the fact that a change in the value of solar irradi-
ance insignificantly affects the voltage in the MPP PV (see Fig. 3),
and in circuits with a stabilized output voltage of the converter,
the value of the duty cycle d remains practically unchanged,
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which ensures a quick end of the transient process. The value
of d depends much more strongly on the surface temperature
of the photovoltaic modules, which cannot change instantly or
with a high gradient commensurate with the time constant of
the DC-DC converter, and this dependence is not critical. When
a DC-DC converter operates on an active resistance, the value of
its output voltage changes in proportion to the supply voltage,
which requires a change in the value of d within a fairly wide
range. With correctly selected parameters of the converter and
MPPT controller, the MPP tracking time does not exceed 0.03 s,
which is obvious from Fig. 10.

7. Conclusion

The article presents an original methodology for calculating
and choosing optimal parameters for the main elements of an
autonomous PV systems; a buck DC-DC converter and a MPPT
controller. The parameters of the converter are selected on the
basis of calculation and analysis of the possible range of voltage
changes at the point of maximum power under various light-
ing conditions and temperatures. The parameters of the digital
MPPT controller are selected based on the calculated value of the
converter time constant and the nature of its electrical load. The
paper considers three main options for constructing autonomous
PV, for each of which design features are established. The pro-
posed method has been tested on a specific example, its adequacy
is confirmed by the results of the simulation of dynamic modes
of an autonomous PV for all three considered topologies.
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