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Abstract: Boosted interest in highly efficient power supplies based on renewables requires involving
simulators during both the designing stage and the testing one. It is especially relevant for the
power supplies that operate in the harsh environmental conditions of northern territories and alike.
Modern solar panels based on polycrystalline Si and GaAs possess relatively high efficiency and
energy output. To save designing time and cost, system developers use simulators for the solar
panels coupled with the power converters that stabilize the output parameters and ensure the proper
output power quality to supply autonomous objects: namely, private houses, small-power (up to
10 kW) industrial buildings, submersible pumps, and other equipment. It is crucial for the simulator
to provide a valid solar panel I-V curve in various modes and under different ambient conditions:
namely, the consumed power rating, temperature, solar irradiation, etc. This paper considers a solar
panel simulator topology representing one of the state-of-the-art solutions. This solution is based
on principles of classical control theory involving a pulse buck converter as an object of control. A
mathematical model of the converter was developed. Its realization in MATLAB/Simulink confirmed
the adequacy and applicability of both discrete and continuous forms of the model during the design
stage. Families of I-V curves for a commercially available solar panel within the temperature range
from —40 to +25 °C were simulated on the model. A prototype of the designed simulator has shown
its correspondence to the model in Simulink. The developed simulator allows providing a full-scale
simulation of solar panels in various operating modes with the maximum value of the open circuit
voltage 60 V and that of the short circuit current 60 A. Issues of statistical processing of experimental
data and cognitive visualization of the obtained curves involving the cognitive graphic tool 2-simplex
have also been considered within the framework of this research. The simulator designed may serve
as a basis for developing a product line of energy-efficient power supplies for autonomous objects
based on renewables, including those operating in northern territories.

Keywords: simulator; power supply; autonomous object; solar panel; I-V curve; buck converter;
control; go-around loop; short circuit; open circuit; maximum power point; cognitive graphics;
2-simplex

1. Introduction

The unprecedented penetration of renewables into low-voltage distribution grids
originates full-scale R&D projects aimed at increasing the power output and investigating
the control strategies for optimal power generation involving solar photovoltaic (PV) panels.
In addition, the problem of greenhouse gas emissions is still up-to-date and needs to be
attended [1].
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An extensive body of literature [1-4] sheds light on the current trends in the area of
renewable power generation. Solar panels have tremendous potential both as standalone
electric power sources and within the hybrid power plants.

Over the last decade, the relevance of introducing renewables into generating capaci-
ties of power supplies has skyrocketed [2]. Moreover, per capita energy consumption is
also on the rise [5]. Undoubtedly, this indicates the growth in technology and welfare in the
countries that employ the potential of renewables according to governmental foundations,
commercial programs, and grants [3]. Such countries as Kazakhstan, Uzbekistan, and Turk-
menistan have huge territories with places where national power transmission lines are not
provided. Those cites need stable power supply to be installed and maintained. The climate
of these countries is severely continental. Even though the average temperature in winter
there does not drop below —13 °C, there are still cold places in the desert and mountains.

Another bunch of countries, namely, Canada, the USA, and Russia, have huge areas
in the north where the problem of stable power supply is still valid. Surprisigly, such
Russian regions as the Jewish Autonomous Region, Primorsky Kray, Altay Republic, and
Irkutsk region are related to the Far North regions, even though they embrace the south
of the country. This is due to the inherent climatic features of the above cites. Over 48%
of the Canadian area is related to Northern Canada. In the USA, the American North and
Alaska are the regions in which stable power supply for standalone facilites is not the least
important.

The facilities include standalone buildings, meteorological stations, settlements for oil
field workers, and others, where the total power rating of the energy-generating plants is
around 100 kW.

Thus, providing stable power supply for autonomous objects in the places under
discussion may inspire a fruitful R&D research concerning the introduction of solar panels
into existing generating capacities. The most versatile approach for this purpose represents
employing a hybrid power plant that include diesel, wind, and solar-generating units [6].
In these plants, the diesel generator represents a core component, whereas the other two are
auxiliary ones. Nevertheless, the latter adds value to the overall power generating process
by employing the potential of renewables, thus increasing the sustainability of the plant [5].

Extending this approach of combining the power supplies, we come to a micro-
grid concept [7] that suggests an extensive application of additional energy sources and
employing consumers to be producers of electricity that is injected into a utility grid.

The essentials of introducing PV-based sources into the power supplies of buildings is
emphasized in [4]. This research considers the reduction in buildings” energy consumption
based on the concept of an all-electric nearly Zero-Energy Bulding (nZEB). The researchers
actively implement mathematical modeling and simulation of the sources and emphasize
that ‘a building’s performance during operation deviates from simulations’. Here, the
term ‘simulations’ relates to exploring the performance of a power supply in a software
environment. In the majority of cases, engineers have at their disposal operating power
plants. Thus, there arises an issue of how to evaluate the introduction of a new solar panel
into an existing operating power plant right on the spot. In this sense, both mathematical
and simulation models are all-embracing tools of designing both standalone solar sources
and their combination with diesel and wind units. Unfortunately, developing a model
of the entire power plant takes a huge amount of time and cost. This gives us grounds
to overcome the issue by developing a line of embeddable solar panel simulators that
generate approximate I-V curves of the panels in all possible operating modes. Thus, the
suggested simulators can be employed both in the designing stage and during the operation
of energy-efficient power supplies.

The concept of an inverter-based grid-tied PV system is represented in [8]. The authors
focus on connecting the PV system to the medium voltage grid through a multilevel
cascaded inverter and investigating output power quality issues. Here, we observe a
methodology based on modeling the proposed control technique in MATLAB Simulink
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and testing it with a reduced-scale prototype test platform, which can be attributed to a
class of simulators.

Among the state-of-the-art solutions are the Solar Photovoltaic Array Simulation
Solution for inverter-based solar power supplies [9] and a line of solar PV panel simulators
for ground testing the power sources of satellites provided by Keysight Technologies [10].
These simulators provide high response characteristics, and their power rating reaches
30 kW.

Having analyzed the current trends in developing such sorts of simulators, we have
undertaken research directed at providing the proper power supply of civil autonomous
objects by simulating I-V curves analogous to that of the real solar panels in a wide
temperature range. The said simulation may be carried out either in a lab or directly on the
object.

In this paper, we focus on creating the methodology of designing such a class of devices
and implementing them to introduce new power-generating capacities to the standalone
small power plants that are supposed to be placed in the north territories.

Such plants may contain a set of diesel generators (2-3) coupled with wind-generating
installations and solar panels. Such a power unit combination not only employs more
generating potential but also allows ensuring power stability in the majority of operating
modes ranging from no load to 10 or even 15% overload for a short time. Unfortunately, the
price of diesel fuel is rather high primarily due to the costs on its transportation to the sites
where power supplies are installed. Thus, employing hybrid power-generating complexes
allows saving diesel fuel by switching off the diesel part when either wind speed or solar
radiation are high enough to provide stable power supply for the consumers.

On the other hand, by implementing this method, we face the reliability issues in-
volving such statistical parameters as failure rate and admissible number of commutations
per unit time. Therefore, we are forced to constantly search for a trade-off between all the
issues given in this paragraph. However, the high potential of employing solar PV panels
to ensure stable power supply for autonomous objects gives us optimism in developing
corresponding simulators.

In this paper, we suggest a structure of a solar PV panel simulator producing ap-
propriate I-V curves for the panels employed primarily in the northern territories of the
countries considered above. The core component of this simulator is a buck converter with
a go-around loop and a current feedback. The device is supposed to be used on both the
designing stage and the implementation one. The latter implies embedding the device
into a real power-generating set to test the way the real PV panel would work both as a
standalone power supply and within a hybrid power plant.

The paper is organized as follows. Section 2 clarifies the issues of designing and
mathematical modeling of the simulator based on a buck converter topology. Section 3
delves into the simulation of the device in a MATLAB/Simulink software environment
and considers the processing of digital experimental results. Experimental studies of the
simulator prototype are presented in Section 4. Section 5 involves cognitive graphics to
render the simulated curves in cognitive graphic tool 2-simplex. The results of the paper
are analyzed and discussed in Section 6. Section 7 summarizes the research.

2. Designing and Mathematical Modeling of Solar Photovoltaic Simulator

In this section, we delve into the circuitry essentials of the simulator under develop-
ment and the creation of its mathematical model.

Taking inspiration from [11], we borrowed some features from the paradigm of mod-
eling and simulation framework for the Cyber-Physical Electrical Energy Systems based
on open-source standard SystemC-AMS for creating a prototype of the simulator under
design. The said framework serves as a tool for designing, simulating, and optimizing
the processes of generation, distribution, storage, and consumption of energy involving
sustainable power sources. Thus, we implemented the idea of a concurrent model develop-
ing in both the Electrical Linear Network (ELN) and Linear Signal Flow (LSF) domains to
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verify the correctness of the circuitry operation and derived mathematical model behavior.
Moreover, the simulator may contribute to the physical domain of the framework realiz-
ing solar panel voltages and currents as values obtained from the sensors without using
any equations.

The concept serving as a backbone of the current research as a number of consecutive
steps is represented in Figure 1.

Problem statement

'

Analysis of solar panels’ equivalent circuits

'

Choosing a converter that possesses the
properties of the solar panels

'

Deriving a mathematical model of the open-
loop converter for all possible operating modes

'

Designing a closed-loop control system for the
converter

'

Creating and simulating ELN and LSF models
of the converter in MATLAB / Simulink

'

Comparison of the I-V curves obtained from the
models of the converter with that based on PV
datasheet parameters in MATLAB / Simulink

'

Creating and simulating a prototype of the solar
panel simulator based on the designed converter

| Analysis of experimental results |

Figure 1. Concept of simulator designing.

To back up our reasoning, we demonstrate the conventional equivalent circuits of an
abstract electric power source and a solar cell in Figure 2.

i Rser Rser
Py To) Jr
Photons lyp  Yis g
2 X
*) isc I I) Rsh I yout
O —

(@) (b)
Figure 2. Equivalent circuits of an abstract power source (a) and a solar cell (b).

The serendipity behind the designing process lies in analyzing the essential features of
these equivalent circuits and employing them into a converter topology that might possess
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these features. The common elements of the circuits (Figure 3) are shunt resistance Ry,
series resistance Rger, and load one R. They completely define the I-V curve slopes on both
current and voltage regions provided by the converter. As an object of simulation, we
adopted a commercially available solar panel CS6K-270P [12]. This panel is presented in
MATLAB 2021a Simulink in two libraries, namely Simscape — Electrical — Specialized
Power Systems — Sources and Simscape — Electrical — Sources. The first library is
related to the power components of electric circuits, whereas the second one corresponds
to the so-called spice circuits [13] realized in Simulink. Both libraries represent the ELN
domain. Generally, both models of the solar panel give the same characteristics, but the
spice model of the PV cell allows obtaining the I-V curves at temperatures below 0 °C.
These curves serve as reference ones for comparison with those obtained with the simulator
to be designed.

The device under design is supposed to provide a family of I-V curves, the typical of
which is shown in Figure 3. We also demonstrate in this figure characteristics of an ideal
power supply and that of a resistor to emphasize the possible region of existence of solar
I-V curves under given ambient conditions.

Array type: Canadian Solar Inc. CS6K-270P;
1 series modules; 1 parallel strings

10 T
dL’\ — 1
. -
8t ‘\~\ : ~ ? _2 ]
~\~\ § 3
_— - E LTI 4
\<: 6 \’\.~ é -
5 .
@) : ‘\.\ :
- h | _
- °C
O 1 1 S 1
0 10 20 30 40 50
Voltage (V)
(a)
400 T . . T
_1
o 2
- = 3|
-u-u--|n4
- - 5
50

Voltage (V)

(b)

Figure 3. Typical characteristics of power supplies: (a) current versus voltage; (b) power versus

voltage. 1—I-V curve of panel CS6K-270P in Simulink power domain; 2—Xkey points, namely the
short circuit current, the maximum power point, and the open circuit voltage; 3—I-V curve of the
panel in Simulink spice domain; 4—I-V curve of an ideal stabilized source; 5—I-V curve of a resistor.
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Characteristics 1 and 3 were acquired for solar irradiance Ir = 200 W/ m? and tem-
perature 25 °C. Under these conditions, the key point values are: short circuit current
Isc = 9.32 A; open circuit voltage Vo = 37.55V; current at maximum power point
Imp = 8.6 A; voltage at the said point Vinp = 30.87 V; maximum power Prnp = 265.32 W.

Figure 3 indicates that the two solar PV panel models correspond to each other. Thus,
we take the Simulink spice model with the datasheet parameters as a basis of our subsequent
research.

Characteristics 4 and 5 are plotted to limit the region where the I-V curves may be
located for a given irradiance and temperature. The series resistance corresponding to
circuit (Figure 2a) and characteristic 5 (Figure 3) can be calculated as:

Voo 3755
T 932

If we use a converter simulating characteristic 4, it usually requires two control loops
to stabilize the current and voltage on the corresponding intervals. Still, this form of I-V
curve is sometimes suitable to perform ground testing of space equipment in a so-called
fixed mode [10].

The real I-V curve (Figure 3) is a nonlinear characteristic. We traditionally subdivide it
into the three regions: namely, the current region where the current is practically constant,
the transient one, and the voltage region where the voltage varies slightly. To realize
nonlinearities in I-V curves, designers employ data tables generated from a set of analytical
models [6,14-18]. In this paper, we do not use such tables relying on the suggested
converter capabilities.

The basis of most of the PV panel models lies in an analytical model of a solar cell [14].
A common equation that determines a solar cell I-V curve can be written as:

Rger = =4.03 Q.

90-(V+1-Rser) ) V + 1 Rser (1)

I—ISC—IS~(eA-k-T+1 T

where [ is the load current of the solar cell; I is the short circuit current also referred to as
the photocurrent; I; is the reverse saturation current of diode VD; g9 = 1.6 x 10~ Cis the
Coulomb constant; V is the output voltage of the cell; k = 1.38 x 10-23] /K is the Boltzmann
constant; T is the operating temperature in Kelvin; Rge, is the series resistance of the solar
cell; Ry, is its shunt resistance; and A is an empirical coefficient of the I-V curve, which is
found by comparing a theoretical I-V curve and an experimental one of the solar cell.

As an alternative to this analytical model, we may also implement a semi-empirical
model of a PV module [19] that relies only on datasheet information. This approach
allows us to take into account the partial shading phenomena when modeling a solar PV
panel operation.

Within the framework of this research, we used a MATLAB Simulink model based
on datasheet information to determine the three key points of an I-V curve. We also
assume that the solar panel simulator is supposed to generate an I-V curve passing through
these points.

The topology of the simulator based on a buck converter illustrated in Figure 4 pos-
sesses a short circuit loop analogous to that of a conventional equivalent circuit (Figure 2b).

All circuit parameters are calculated so as to provide a continuous conduction mode of
the device. To ensure this, we rely on the fundamentals of power converters design [20] as
well as on our previous results [21,22]: in this case, inductance L = 1 mH and capacitance
C =1 pF. At the input, we apply two stabilized voltage sources, namely, Vo and Vaux.

To clarify the principle of operation of this topology and to derive its mathematical
model, we demonstrate a set of circuits corresponding to all possible states of transistors
VT1 and VT2 (Figure 5).
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Figure 5. States of the buck converter switches (a,c,e,g) and corresponding states of the cir-
cuit (b,d fh).
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In this figure, each red waveform interval corresponds to a state of the circuit to the
left. The color of the branches of the circuit state diagram correspond to the paths of current
flow. The warmer the branch color, the higher the current flowing in it. When the slider of
the variable load resistor R is at its top, the operating mode is close to a short circuit. When
it is at the bottom, we deal with nearly an open circuit.

When the simulator operates in a steady-state mode within the current region, VT1 is
always off, whereas VT2 is PWM controlled (Figure 5a).

When VT2 is on (Figure 5a), the current forms the following two loops in the steady
state (Figure 5b):

. Vin = VD1 - VT2 — [.{ = Rger & R — Vi
¢ Vin— VDl —=VT2—L; — Ry, = Vin-

If the steady-state operating mode of the simulator is rather close to short circuit, then
the current flows through one loop:

¢ Vin—=> VDl = VT2 =L = Reer > R— Vip.

During transients, one more loop of charging the capacitance is formed in the follow-
ing way:
¢ Vin—VDl—=VI2—=L —C— V.

For this state, a set of Kirchoff’s equations takes the form:

diy 1 1
E: —Z' Vout‘i‘z'Voc/
&)
av. 1 1
o Vo,

dt C R-C

When VT2 is off (Figure 5c) within the current region, the current loops are (Figure 5d):
¢ [{—>Rger > R—>VD2—Ly;
e L =Ry, —»VD2— L.

For the mode close to a short circuit, the current loop is as follows:
e [{—+R—VD2—1,.

Within the transient response interval, capacitor C charges through the loop:
e [,—-C—VD2— L.

For this state, the equations are as follows:

diy 1
ar = e Vout,

®)
AVour 1 1

a c T R.c o

For the voltage region, VT2 is always on, whereas VT1 is PWM controlled.

When both switches are on (Figure 5e), the current loops in the steady state are as
follows (Figure 5f):

. Vaux = VI1 - VT2 - L1 — VD3 — Vauxs
¢ Vax = VI1 = VT2 — L1 = Rgyh = Vin = Vaue
. Vaux = VT1 = VT2 — L1 = Rger =& R — Vi = Vaux-
For the no-load condition, only the following two loops are valid:
. Vaux = VI1 - VT2 - L1 — VD3 — Vaux;
¢ Vix = VTl = VT2 = L1 = Rgp = Vin = Vaux-
The capacitance charging loop in dynamics is given below:
. Vaux = VI1 - VT2 - L1 = C = Vin = Vaux-
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A set of equations describing electromagnetic processes within the interval under
consideration can be written as:

diy 1 1 1
E: _E' Vout+ Z'Vaux+z' Voutr

4
AVour 1 1

i ¢ TRV

Finally, when VT1 is off (Figure 5g) within the voltage region, the current loops are
formed as (Figure 5h):
e [ —-VD3—=VDl— VT2 Ly
° L — Rsh — VD2 — Lq;
. Li = Rser ¥ R— VD2 — L.
In no-load mode, the two current loops are:
e [ —-VD3—=>VDl—VT2— Ly
e [ =Ry —VD2—1L,.
The capacitance charging loop in this case:
e [ —-C—VD2—1;.
The system of equations for the considered interval corresponds to (2).
Analyzing sets of Equations (2)-(4) and adding the limiting condition for the output

voltage that must be stabilized at level V,,c within the voltage region, we derive a general
set of equations that describes the behavior of the converter in all possible operating modes:

diy 1 Dy D,
E: *Z‘ VoutJF T Vaux+ T Voutr
dVout o 1 . %
a ¢ T RCw 5)

Vout/ if 0 S Vout S VOC/
Vout = Voe, if Vout > Voe,
0, otherwise.

This versatile model allows considering duty ratios D; and D; either as continuous
signals or discrete ones, thus obtaining a continuous or discrete simulator model, corre-
spondingly. This approach was considered in detail in [21] for a boost converter topology.
We accept the derived mathematical model (5) to realize it in MATLAB Simulink.

3. Simulation

In this section, we demonstrate MATLAB Simulink models corresponding to ELN
circuitry (Figure 2a) and an LSN mathematical model (5) in its discrete (Figure 2b) and
continuous interpretations.

Discrete and continuous options for the control system blocks (Figure 6) are portrayed
in Figure 7.

In its turn, we subdivided the digital control system (Figure 6a) into a continuous part
and a discrete one. The first one includes a PID controller acting so as to mitigate the error
being the difference between the reference short circuit current Is. and its actual value Iy .
An aperiodic filter is optional and serves to lower the PID output signal ripple. The filter
output is limited within the range from 0 to 1. Then, this signal is compared to a sawtooth
with a frequency of 25 kHz and its delay by a half of period. This is accomplished by
relational operators. Then, the comparison resulting signals through the logical operators
form control pulses D1 and D2 for transistors V11 and VT2, correspondingly.
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Figure 6. Simulator models: (a) model in Specialized Power Systems domain; (b) discrete block
diagram model; (c) continuous block diagram model. 1e-07 =1 x 107
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Figure 7. Control system of the solar simulator: (a) discrete option; (b) continuous option.

é

For the continuous option of the control system (Figure 6c), the logic block is realized
through MATLAB code (Appendix B). In this case, values D1 and D2 represent continuous
functions of input u being the output of the PID controller output filter. The controller
is automatically tuned in MATLAB Simulink with the following parameters: P = 0.15,
I = 4252, D = 1.3 x 107°. Other methods of optimal controller tuning for electrical
converters are outlined in [21-23]. These methods require a continuous transfer function of
a converter to be derived and used as the open loop function. Then, this transfer function
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is reduced to a desirable open circuit one. The latter provides required quality criteria of
the closed loop structure: namely, response time, overshooting, bandwidth, and others.
Figure 8 illustrates the waveforms of the input and output signals of the logical part.

e P = W e v i

|
O s s2WEOOHY : / / rd 4
|

04— sawtooth2

NN

0.8

0.6

0.4

0.2

0.8 1 i 1 T =
-4 D2
0.6/ 1 i 1 T : =
0.4 Il ! Il ! { -

0.2 1 1 1 ! ! -

1 1 1 1 | 1 1 1 |
0 02 0.4 06 08 1 12 14 16 18 2

<10% sec
Figure 8. Waveforms of the logical part of the control system.

The corresponding control characteristics D1 (1) and D;(u) realized by the logical part
are depicted in Figure 9. Here, value u is an input signal for the logical block.

DL,z — D1
D2 — D2
1.0|-----

U
>

0 0.5 1.0

Figure 9. Control characteristic of the solar panel simulator.

We emphasize that all the developed models Figure 6 give the same results. Figure 10
shows the dynamic characteristics of modeling solar panel CS6K-270P under conditions:
Ir =200 W/m? and temperature —40 °C. In this case, key points are: I, = 9.02 A,
Voc = 46.62V, Imp =859 A, Vmp = 40.39V, and external parameters Ry, = 94.4 (),



Energies 2022, 15, 2480

12 of 22

Rser = 0.73 Q). Load resistance R varies linearly in time from 66.67 to 0.05() per 1 s
symbolizing a gradual increase of the electric load.

50'_ T T T
40- I 1

30 T

20+

300
200
1001
ok ! ! { 1 !
1 1 1 1 1 1 1
0 01 02 03 04 . 05 07 08 09
Time, sec

Figure 10. Dynamic responses of the solar panel simulator.

At a time of approximately 0.93 s, the system changes its behavior, indicating the
transition from the voltage to current region of the I-V curve.
Families of I-V curves for the panel under consideration for various ambient conditions

are shown in Figure 11.

Observing these characteristics, we conclude that all the key points are properly repro-
duced by the developed simulator. Table 1 shows the major parameters of the simulated

curves (Figure 11).

Table 1. Data table for 2-simplex.

Temperature —25 —40
Irradiance
Ir, W/m? 100 200 100 200 100 200 100 200
Open circuit
voltage, Voc, V 35.76 3755 3943 41.07 43.07 4456 4522  46.62
Short circuit
current, Isc, A 4.66 9.32 4.60 9.20 4.54 9.09 451 9.02
Voltage at maximum
power point, Vimp, V 29.25  30.87 33.02 3452 36.82 38.19 39.12 40.38
Current at maximum
power point, Imp, A 4.28 8.60 4.29 8.61 4.29 8.60 4.29 8.59
RMS deviation for
the current region, oy 0.106  0.203 0.089 0.169 0.072  0.139  0.065 0.112
RMS deviation for
the voltage region, oy 1.80 1.89 1.77 1.82 1.72 1.80 1.68 1.76
Integral error,
Ae, VXA 1236 2522 1196  24.20 11.41 23.05 11.04 2220
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Figure 11. Families of I-V curves provided by the solar panel simulator for temperatures (a) T = 25 °C;
(b)T=0°C;(c)T=—-25°C;(d) T = —40°C.

The standard deviations for the current and voltage regions were calculated according
to the following equation [24]:

(6)

where x; is the sample of current or voltage array for the corresponding region, ¥ is the
sample mean, and 7 is the corresponding array dimension.

Standard deviations o7 and oy for each point of the I-V curve are portrayed in
Figure 12a in the form of colored areas.

Integral error A, has been found as the difference of areas of a datasheet I-V curve
and a simulated one, as illustrated in Figure 12b. To paint the areas, we implemented an
original MATLAB code [25].

The corresponding formula for calculating the integral error is as follows:

Voc . . Voc
Ae :/ I(V)dV—/ 1(V)dV
0 0

where [ (\7) is the I-V curve obtained from the Simulink model with datasheet parameters,
and I(V) is the I-V curve obtained from the simulator model.

@)
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Thus, simulation results demonstrate that the mathematical model (5) along with the
models in MATLAB Simulink (Figure 6) can be implemented to develop a prototype of the
solar panel I-V curve simulator.

T =-40°C
10 101
o Vinp = 40.38 V
1.=9.01 A
o Inp=8.59 A
7
- 6 —
T Ir =200 W/m® 5
5 +} = Simulator 5 .| — Simulator
,| o ,| = Simulink model
Y%
2 ,| M Integral error
1 1+
| | | Voe =46.62V
00 5 1 15 20 25 30 35 40 45 50 00 5 10 15 20 25 30 3 40 45 50
Voltage Voltage
(a) (b)

Figure 12. Rendering the standard deviations (a) and integral error (b) on I-V curves.

4. Experimental Studies

This section illustrates the experimental studies of the solar panel simulator prototype.
The exterior of an experimental test bench is represented in Figure 13.

Simulator prototype

Figure 13. Experimental test bench.
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The curves were acquired with the following measuring set: oscilloscope LeCroy
HDO4024AR with bandwidth 200 MHz and sampling frequency 2.5 MHz; current probe
Tektronix TCP312A; current signal amplifier Tektronix TCPA300 with bandwidth 100 MHz
and maximum current 30 A. The number of points of each curve equals 490. This number
corresponds to the number of states provided by the block of resistances with its own power
supply, control system, and switching unit. The front view of the block under consideration
is shown in Figure 14.

Switching Control Power
unit  system supply

Figure 14. Block of resistances.

The simulated I-V curves are depicted in Figure 15. On each curve we also provided
the corresponding characteristics obtained on the MATLAB Simulink model for comparison.
Anideal I-V curve corresponds to Rg, — oo and Rger — 0 (Figure 15a). At the current stage
of simulator designing, we introduced only shunt resistance Rq,, = 66.67 (2, determining
the slope of the current region as it is shown in Figure 15b. The voltage region in this case
is represented bya vertical line segment, since Rger — 0.

W T - T - =2
. Displ : Displ
(2) e Simulator S (D) s Simulator e
[ Simulink model Tyve 6T =ememeee Simulink model Tyoo
Ry =0
5 XY (Tr iggered) 5 | XY (Tr iggered)
I.=4A risse I.=4A rigge
g 4 Vector g 4 ‘\ S A Vector
5, o O =, 21 A (LA
© o Faveorn P 4 ¥aveforn
2 ~ Intensity 2 | * Intensity
1 Persist. 1 Persist.
. Voe =60V . Time R Ve —60Vl  Tine
10 20 30 40 30 off 10 20 30 40 30 60 ot
Voltage ™ Color Voltage : ™ Color
i o " — Sradation = 10.0V BWLY: 100mV BWL3: 5. ge 5V B ll 200y V w
: 10.0V ILV lOOnV BWL3: 5. OOV 4: 500nV_BW M:200pVs in' in' ! s [ Single |
DC CHDdt
b e bty fob | Sooctrun MMM Sooctrun
2.5MS

2.5M pts RTC:2021/12/27 20:38:18 2.5MS  2.5M pts RTC:2021/12/27 20:40:12

Figure 15. Experimental I-V curves obtained on the simulator and its MATLAB Simulink model for
shunt resistances (a) Ry, = o0; (b) Ry, = 66.67 Q).
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Comparing the resulting I-V curves obtained from the simulator model and its proto-
type, we may conclude that they match with an admissible error.

5. Cognitive Graphics

Visualizing I-V curves and power versus voltage curves represents an inherent part of
software for the solar panel simulators [9]. To render the operating point of the solar panel,
we suggest to apply a tool known in literature as cognitive graphic tool 2-simplex [26]. This
tool was extensively applied in a number of intelligent systems primarily designed for
decision making and its justification. The fields of application include medicine, road build-
ing, oil engineering, electric power engineering, education, and others. The mathematical
basis of cognitive graphic tools is thoroughly explained in a thesis [27]. Some essentials
concerning the 2-simplex are demonstrated in Appendix A.

In this paper, we suggest using the 2-simplex to render the characteristics of a Simulink
solar panel model and a family of others: namely, the simulated curves, the characteristics
of an ideal power source, and that of a resistor. The idea is to combine such coordinates
as current, voltage, and power in one 2D reference frame. For this purpose, we represent
the I-V curves and power versus voltage curves for solar panel CS6K-270P [12] under
conditions Ir = 200 W/m?2, T = —40 °C (Figure 16a,b). As a result, we demonstrate the
obtained characteristics in Figure 16c.

10
(@)
9 mm o e = = = = o= 4
S
8 *
- *
N
g ° '
2 1
= 5 1
3 '
4t * * Ideal curve 0 .
- = = Simulink model (© * ok lt_ieal curve ’
31" —a Simulator 0.1}= = = Simulink model X
2| —s— Resistance 0.2 [+ Simulator >
- Resistance
1 0.3
0 0.4
0 5 10 15 20 25 30 35 40 45 50
Voltage 05
450 0.6
(b) # + Ideal curve * "
400 . .
- = = Simulink model *  a
350 | +—+ Simulator aE 0.8
—— Resistance Py A e
.
300 - v,
b’ ]
= P -1
L 250 P57 LI 0.6 0.4 02 0 02 0.4 06
z . i Power
A& 200 7 v
|¢
150 '
l4
1
100 [}
i
50 )
0
0 5 10 15 20 25 30 35 40 45 50
Voltage

Figure 16. Visualizing the curves (a) Current versus Voltage curve; (b) Power versus Voltage curve;
(c) Power versus Current versus Voltage curve in 2-simplex.

In this figure, the triangle sides called ‘Current’, “Voltage’, and ‘Power’ constitute a
2-simplex. The distance measured by the length of a perpendicular from each of the curve
points to sides ‘Current” and “Voltage’ is directly proportional to the proximity to these
values. This means that the closer the point is to the side, the greater the value of the
corresponding variable (current or voltage). The length of the perpendicular to side ‘Power’
characterizes the normalized value of the solar panel power. The greater the length, the
greater the power value.
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The 2-simplex visualization allows cognitive rendering the power curves and observ-
ing the three variables in a 2D reference frame. This may serve as a basis for developing a
human-machine interface for the simulator prototype.

6. Discussion

Experimental studies and cognitive rendering of the obtained characteristics show
that the developed simulator can be implemented for designing power supplies with solar
panels in their structure. For the accepted solar panel CS6K-270P, the device allows simu-
lating I-V characteristics within the operating temperature range from —40 to 85 °C [10].
This gives us grounds to assume that any other panel can be simulated within wide ranges
of irradiance and temperature. These ranges are limited by short circuit current Iy, = 60 A
and open circuit voltage Vo = 60 V. Unfortunately, the designed simulator configuration
cannot model a solar panel array involving bypass diodes for each of the PV substrings.
This issue is thoroughly addressed in [19]. The authors proposed an original semi-empirical
model of PV modules that takes into account the information about bypass diodes. In
its turn, this approach allows realizing the PV array operation under partial shading that
is crucial not only for civil applications but also for a number of space systems. Thus,
to realize all these options by the simulator under discussion, we might need to employ
one more control loop for the output voltage along with implementing more simulators
with bypass diodes in one experimental set. We consider addressing the said problem as a
fruitful extension of our current research.

Moreover, the closed loop structure of the buck converter control system suggests
that we should thoroughly explore stability issues along with nonlinear dynamics of the
converter involving building bifurcation diagrams [28].

Within the framework of this research, the authors were focused on providing a
minimum error in the close vicinity of a maximum power point of an I-V curve. The
subsequent development of the research may lie in realizing the exponential transition
interval of an I-V curve and scaling the capacity of the simulator. The first issue may be
solved by applying a subordinate control system [29], whereas the second one will involve
the concept of interleaved converters [30].

The testing load range of the simulator covers all possible operating modes from an
open circuit condition to a short circuit state. To fine-tune the simulator controller, we
input the two fundamental parameters of a solar panel to be simulated, namely an open
circuit voltage and short circuit current. The said parameters are presented in the solar
panel datasheets. Thus, the simulator allows full-scale experimenting and testing of a
complex power supply containing renewable power sources under the condition that the
simulated solar panel is uniformly lighted. Moreover, we can implement and explore
the performance of the maximum power point tracking (MPPT) algorithms to handle the
power consumption process.

Thus, the solar panel simulator represents a solution for the problem of power supply
development for standalone objects. Within this research, we suggest implementing the PV
panels in modern standalone power generating complexes and emphasize the necessity of
implementing PV panel simulators as a means to estimate the potential of employing solar
panels into the existing power supplies.

7. Conclusions

In the present paper, we demonstrated a solution to obtain I-V curves of the solar
panels available on the market in various ambient conditions. This solution is based
on employing a solar panel simulator having a buck topology with an inductor current
feedback and PID controller. The parameters of an equivalent circuit, namely, Ry, Rser, Voo,
Isc, Vmp, and Imp, are either obtained from the manufacturers datasheets or acquired using
models in MATLAB 2021a Simulink. Resistances Rg, and Rser provide the necessary slope
angles for the current and voltage operating regions. These elements are connected to the
simulator output externally. Open circuit voltage Vi, and short circuit current Iy, serve as
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the references for the input voltage and the inductor current for the buck converter. The
simulator realizes IV-curves within the short circuit current range of 1...60 A and within
the open circuit voltage range 1...60 V. Cognitively rendering the panel characteristics
adds value to the graphical interface of the simulator. We suggest to apply the device both
in a laboratory and on a site, where a solar panel can be potentially installed. The device
may also be introduced into existing generating capacities as a part of a small hybrid power
plant to explore a solar panel operation within the power supply before the real panel is
employed. From the authors” point of view, this approach would save time and cost on
decision making on the spot. Moreover, up-to-date MPPT algorithms for the solar panels
may show their capabilities on the designing stage with the suggested simulator.
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Appendix A

In this Appendix A, we give the mathematical basis of a cognitive graphic tool 2-
simplex. This object is known from Discrete Mathematics and represents an equilateral
triangle. Within the 2-simplex, we can render any three values 4, b, and ¢ simultaneously.
In this sense the tool serves for dimensionality reduction, making the visual information
(graphs, points, curves, waveforms, etc.) more comprehensible to a human being.

Theorem A1l. Suppose a1, a2, a3 is a set of simultaneously non-zero numbers in a 2-simplex. Then,
there is one and only one point in which the following condition hy : hy : hy = ay : ay : a3 is correct,
where h;j(i € 1, 2,...,n+ 1) is the distance from the point to the i-th side, and n is the dimension
of the regular simplex. In our case, n = 2.

Factors h; represent the degrees of proximity of an object point, which is characterized
by the three given numbers, to each side of the 2-simplex. In geometrical interpretation h;
are the perpendiculars connecting the point and the three sides of the graphic tool under
study.

Thus, in 2-simplex, the sum of distances h; + hp + h3 = const. Mathematical descrip-
tion of the 2-simplex can be written as a system of equations:
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n
H = Z hl/
i=1
n
H=uwa-}) a4 (A1)
i=1
W hy b
a1 B as B az’

where « is a scaling factor such that h; = « - a;. In our case, H = hy + hy + h3 = const and
represents the height of the triangle.

This theorem was used in more than 30 applied intelligent systems to create three
instrumental tools capable of revealing different kinds of regularities for making diagnostic,
classification, organizational, and control decisions.

A more detailed mathematical basis of 2-simplex is outlined in a thesis [27].

The software below represents one possible realization of the 2-simplex for rendering
some values.

An illustrative example of implementing a cognitive graphic tool 2-simplex is shown
in Figure A1.

Table Al. Data table for 2-simplex.

Point No Value al Value a2 Value a3
1 0.2 0.4 0.8
2 0.6 0.2 0.1
3 0.2 0.7 0.1
4 0.5 0.5 0.5
1
09r
08
2
07T
06| al’
o5l az
04r
03 4 3
02t l
017
0 . . . . .
0 0.2 0.4 0.6 \ 08 1 1.2
al

Figure A1l. Rendering four values in 2-simplex.
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Listing A1l. 2-simplex in MATLAB.

Y%data values

%al=0.2;a2=0.4;a3=0.8;

%al=0.6;a2=0.1;a3=0.2;

%al=0.2;a2=0.7;a3=0.1;

al=0.5;a2=0.5;a3=0.5;

%scaling factor

alpha=1/(al+a2+a3);

Y%heights

hl=alpha*al; h2=alpha*a2; h3=alpha*a3;

%plot a triangle

X1=[02/sqrt(3)]; Y1=[0 O]; plot(X1,Y1,r’,'LineWidth’,2); hold on;
X2=[2/sqrt(3) 1/sqrt(3)]; Y2=[0 1]; plot(X2,Y2,’b’,'LineWidth’,2); hold on;
X3=[1/sqrt(3) 0]; Y3=[1 0]; plot(X3,Y3,’g’,'LineWidth’,2); hold on;
Y%basis vectors

P1 =[1/sqrt(3) 1]; P2 = [2/5qrt(3) 0];

Y%vectors to calculate of coordinates of a point

V1=h1*P1; V2=h2*P2;

%plotting the point in 2-simplex
plot(V1(1)+V2(1),V1(2)+V2(2),’”~’,’MarkerSize’,15,’'MarkerFaceColor’,[0, 1, 1]);
%plotting the perpendiculars proportional to the values
Xal=[V1(1)+V2(1) V1(1)+V2(1)];

Yal=[V1(2) 0];

plot(Xal,Yal,'r’, LineWidth’,2);

Xa2=[V1(1)+V2(1) V1(1)+V2(1)*cos(pi/3)"2];

Ya2=[V1(2) V1(2)+V2(1)*cos(pi/3)*sin(pi/3)];
plot(Xa2,Ya2,’g’,'LineWidth’,2);

Xa3=[V1(1)+V2(1) V1(1)+V2(1)+h3*sin(pi/3)];

Ya3=[V1(2) V1(2)+V2(2)+h3*cos(pi/3)];
plot(Xa3,Ya3,’b’,'LineWidth’,2);

Appendix B

Listing A2. Logical Block in MATLAB.

function [D1, D2] = fen(u)
if (u<0.5 & u>0)
D1=0;

D2=(u/0.5);

elseif (u>=0.5 & u<=1)
D1=(u/0.5)-1;
D2=1;

elseif u<0

D1=0;

D2=0;

else

D1=1;

D2=1;

end

[D1, D2];
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