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Abstract— This paper presents a solar photovoltaic panel
simulator system with the ability to perform automatic tests in
different condition according to manufacture parameters. This
simulator is based on three buck-boost DC-DC converters
controlled by a microcontroller and supported by a
Programmable Logic Controller which is responsible for the
automatic tests. This solution will allow to achieve fast response,
like suddenly changes in the irradiation, temperature, or load.
To control the power converter, it will be used a fast and robust
sliding mode controller. Therefore, with the proposed system is
possible to perform the I-V curve simulation of a solar PV panel,
evaluate different MPPT algorithms considering different
meteorological and load variation. The main advantage of this
work is the possibility to evaluate and test several MPPT
algorithms and understand the operation and typical operation
of solar PV panels in different conditions. Several simulations
and experimental results from a laboratory prototype are
presented to confirm the theoretical operation.

Keywords— PV simulator; Emulator; PV system; Sliding
mode controller; Buck-Boost DC-DC converter; PLC.

L INTRODUCTION

The use of renewable energies, especially through solar
photovoltaic (PV) panels is increasingly widespread in all
parts of the world. Investments in renewable power capacity
have been increasing over the last years, and electrical
production/distribution  corporations are continuously
breaking records for sourcing renewable electricity. Also,
more and more countries are turning towards electrification
with renewables. According to the latest report from REN21
[1], an estimated 256 gigawatts (GW) of renewable power
capacity were added globally during the year of 2020,
surpassing the previous record by nearly 30%. Solar PV had
another record-breaking year in 2020, with new installations
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reaching an estimated 139 GWDC (GigaWatt Direct Current)
and the global total solar PV is estimated around 760 GWDC,
including both on-grid and off-grid capacity.

These numbers reveal that solar PV play an important role
in the present global electricity generation due to supporting
government policies, climate change awareness and benefits
from technological advances (with solar cell efficiencies
increasing steadily), and lower production costs due to
massive production driven by the growth of new markets.
Nevertheless, there are still issues to be investigated and
improved in the design of components of PV systems. There
are also other aspects related to learning of the operation,
control and test the solar PV systems to easily integrate them
in both on-grid and off-grid applications. To continue
promoting the development and installation of solar panels, it
is also necessary to invest in the training of technicians and
young researchers.

The main difficulty during the testing of PV panels is
related about the unpredictability of the operating conditions;
temperature and irradiation are not consistent over the day and
the relative position between the sun and the panel is
constantly changing. Besides that, field tests are usually very
expensive and depends strongly on meteorological conditions.
To address this difficulty several methods of solar PV
simulators with different strategies can be found in literature.
Some authors have dedicated the investigation to PV
simulators regarding recording of operational data for
reliability analysis [2], others are dedicated to theoretical
simulation models, such as one-diode equivalent circuit model
[3], dual-diode model [4], seven-parameter model [5], end-to-
end differentiable power [6], or voltage temperature
simulation algorithms [7]. Other authors suggested solutions
using constant voltage DC power supply and variable
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resistances [8]. A PV panel simulator based on a nonlinear
power source for high power application is suggested in [9].
Some alternative solutions based on switch-mode power
converters have also been proposed [10-14]. Similar low-cost
microcontroller-based solutions using Buck, Boost or Buck-
Boost DC-DC converters can be found in [15-18]. Some of the
mentioned solutions are not flexible to change in case of
different PV module types or are not able to redefine the
operation conditions such as solar irradiance and/or
temperature. Others are not able to define and select different
MPPT (maximum power point tracker) algorithms.

In this paper it is proposed a solar PV panel simulator
system up to 350W based on three buck-boost DC-DC power
converters with a sliding mode controller capable to
reproduce the necessary simulation and test conditions
automatically. The core of this solar PV panel simulator
system is based on a microcontroller supported by a PLC
(Programmable Logic Controller), making possible to
evaluate the performance of different MPPT algorithms, solar
PV panels, solar irradiation, temperature, and load variation.
As a result, due to the adopted power converter topology and
the proposed automated controlled system, it is obtained a
solution that allows a fast change in the simulator control
system according to necessary modifications, achieving a
good performance in different conditions and with different
MPPT algorithms. The main novelty of this work is the
possibility to test automatically the I-V curves of different PV
panels according with data available from manufacture
manuals. Additionally, it is also novelty the possibility to test
automatically different MPPT algorithms in order to evaluate
their performance. Besides this introduction, in section II
will be presented the description of the proposed PV panel
simulator. Section III is dedicated to the adopted model of the
PV panel and section IV to the control system of the converter
which simulates the I-V characteristic curves. The simulation
results will be presented in section V and the experimental
results in section VI. Finally, the conclusions are presented in
section VII.

IL SYSTEM DESCRIPTION

The proposed solution is composed by a DC power source,
three classic buck-boost DC-DC converters, a DSP
microcontroller, a PLC combined with a SCADA
(Supervisory Control and Data Acquisition) software, two
signal conditioning boards (voltage and current), one PWM
modulator circuit, two analog sliding mode circuits and a RL
load. The solution is able to operate in two different modes,
namely the test panel mode (mode I) and the MPPT test mode
(Mode II). The block diagram of the mode I can be seen in
Fig.1. This mode is dedicated to test and simulate the I-V
curve of the panel according to data parameters of the
manufacture considering different solar irradiance and
temperature reference values. In this mode only two DC-DC
buck-boost converters are used (only in buck operation; the
first simulates the solar PV panel; the second to perform the
load variation through Pulse Width Modulation - PWM). The
first step consists in adjusting the DC power source to 60V.
The second step consists in introducing the solar panel
parameters, desired solar irradiance, and temperature
reference values within the SCADA software. In this software
is possible to define up to 24 reference values for irradiance
and local temperature and up to 12 variable load percentage
values. After completed this operation, the SCADA software
sends all the information to the PLC which is responsible to

send the desired data to the DSP microcontroller through the
RS232C communication channel. After receiving all the
information, the PLC runs the program to automate the
simulation tests and starts the operation of the DSP device to
simulate the solar PV panel I-V curve. The PLC program
changes the pre-specified reference values for irradiance and
local temperature at each 20 second and records the solar PV
voltage and current feedback in the PLC memory registers.
After finishing the simulation tests for all the pre-specified
reference values, the results are displayed in the SCADA
screen layout to the operator. The communication between the
SCADA software and the PLC is performed using the Modbus
TCP/IP protocol.

Solar PV Panel

Load regulator
e —— Current  Voltage
DC T A
power L converter J_E

DC-D‘C RL

converter
Load

source Lg (Buck) (Buck)

f PWM Signal
Control strate Cond.
D) [ Cond.

DSP [ signal

PLC

Microcontroller
Modbus
TCP/IP

SCADA
software

Solar Panel parameters
irradiance(W/m2)

Temperature (°C)

RS232C communication

Fig. 1. The block diagram of the mode I (test panel mode).

The block diagram of mode II can be seen in Fig.2. This
solution is used to perform a test to the MPPT control
algorithm and evaluate the delivered power in different load
conditions. In this mode the three DC-DC buck-boost
converters are used, where two of them operate in buck mode
and the other in boost mode (see Fig.2). The operation is
similar to mode I but in this mode the user also selects the
desired MPPT algorithm in addition to all the other
parameters. In the proposed solution only two classical
MPPT techniques [19], [20] were implemented, namely the
perturb and observe (P&O) and the hill climbing (HC). Other
classic MPPT techniques such as the improved P&O,
constant voltage (CV), incremental conductance (InC), open-
circuit voltage (OCV), short-circuit current (SCC) or the
adaptive reference voltage (ARV) can be implemented if
desired. These techniques are easily implemented because of
their less complexity in the algorithm and are most efficient
for uniform irradiation conditions as the PV will generate
only one Global MPP in these conditions.
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Fig. 2. The block diagram of the mode II (MPPT test mode).

Nevertheless, these algorithms have rapid oscillations
around the MPP, which results in the loss of power [21]. Other
intelligent or hybrid MPPT techniques are more complex and
require fast processing devices which are not compatible with
the speed of most PLCs.
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To avoid the development of different converters in the
proposed solution, it was adopted a single PCB board type
with the classic buck-boost DC-DC converter. Connecting
the converter from the left to the right (switching S2 and
maintaining S1 turned off) operates as boost topology. In the
opposite direction operates as buck topology (switching S1
and maintaining S2 turned off). Fig. 3 illustrates the classic
buck-boost DC-DC converter adopted.
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Fig. 3. Classic buck-boost DC-DC topology adopted.

III. SOLAR PV PANEL MODEL

The proposed solar PV simulator is composed by a buck-
boost DC-DC converter operating in buck mode. In order to
obtain a fast response, a sliding mode controller is adopted as
will be explained in the next section. The solar PV simulator
is controller in order to emulate the output PV panel voltage at
the terminals of the capacitor C1 (see Fig.3). Thus, the
reference of the controller must be generated by an I-V
characteristic of PV module that is in test according to
manufacture parameters. The adopted solar PV panel model is
one of the most used and adopted by industry, the single diode
model [22]. The equivalent circuit of this model is presented
in Fig. 4.
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Fig. 4.
model.

Electric equivalent circuit of a PV module using the single diode

In this model Zpy is the output current of the cell module;
Is indicates the ideal photocurrent due to the module cell
surface temperature Ts and solar irradiation G; Ip is the diode
current; /p is the current flowing through an internal parallel
resistor caused by an imperfect P-N junction; the internal
parallel and series equivalent resistances are represented by Rp
and Rgs respectively. From the analysis of the circuit by the
Kirchhoff laws, the following relationship between the
currents can be obtained by (1).

IPV:[S_ID_]P (D

The Is photocurrent is given by (2).

I = [ISC"'ki(Ts _T)]G

2
s 1000 @

Where Isc is the equivalent short-circuit current at the
irradiation reference G=1000W/m? and temperature reference
of 7T=298.15K (=25°C); k; is the temperature modification
coefficient for the equivalent short-circuit current. In this
model, the diode represents the P-N junction and its (dark)
current /p (3)) which is dependent of the output voltage Vpy,
output current /py, elementary electron charge g=1.6022x107"
C, n as the ideality factor (usually this value is between 1 and
5), Boltzmann constant A=1.3806x1072*J/K and the reference
temperature which is 7=298.15K (=25°C).

In (3), /o represents the reverse saturation current.

1, R
]D:IO(CXP(Q%j_IJ 3)

The current Ip flowing through the internal parallel
resistance is given by (4).

5 _ Vey +(RSIPV)
R, R,

The reverse saturation current I, is given by (5).

’ E
I,=1, Is exp ) L (%)
T WK \T T,

Where I, represents reverse saturation current at T=25°C
and Eg=1.1eV is the energy gap for an Si semiconductor. This
current is dependent on the module cell surface temperature
Ts. The combination of (1) to (4) leads us to the I-V
characteristic (6) for a unique cell module.

(6)
(VPV + RS] PV )
RP

—7 7 (Ver +Rslpy )q
pr —4s ™ exp - o
nKT
In short-circuit conditions, the output voltage is zero and
both Ip and Ip (Rp >> Rj) currents can be neglected, so the
output current presents its maximum value:

I,= @

1

Ipy se =1 ™)

On the other hand, for open-circuit conditions, the output
current is effectively zero, so the output voltage presents its
maximum value:

Vi oc =251 1+ln[—15 _]PJ ©
q I,

The influence of solar irradiation and temperature in the
open-circuit voltage and short-circuit current are given by (9)
and (10), where Voc src and Isc src are the open-circuit
voltage and short-circuit current under standard test conditions
(STC) respectively; ky and k; are the voltage and current
modification coefficient temperature coefficients,
respectively. The values of Voc src, Isc ste, kv and k; are
specified by the solar PV module manufacture.

, (Voc sre +ky-(T; —298,15))G ©
PV_oC — 1000
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IV. CONTROL OF THE SOLAR PV PANEL SIMULATOR

As explained in the previous section, the power converter
which generates the I-V curve will be controlled by a sliding
mode controller. The control of the power converter
associated with the MPPT can be performed using a similar
strategy. The dynamics of this controller presents a fast
response and robustness to load and parameter variation [23],
[24]. Due to these features, it has been used in several
applications [25], [26]. To design this controller, it will be
used a dynamic model where it is supposed zero losses in the
capacitors, inductors, and power semiconductors. The state of
the power device S1 can be represented by the time dependent
variable ¥, which is defined as:

1, S1 > ON 1
g { 0,51 - OFF D

Analyzing the circuit presented in Fig. 3 (considering the
time dependent variable) the following simplified switched
state-space model of the power converter is obtained by (12).

di 1 /4
AL

12
dve, 1. 1. (12)

- lL __lu
dt Cl1 C1

Considering the dynamics of (12), it is possible to obtain
the equation for the output voltage controller considering the
associations between currents and voltages. Taking into
consideration the vc; capacitor voltage as the controlled
output, based on (12) the state-space equations in the
controllability canonical form can be obtained by (13) and
(14). Notice that i, is the output current on the left side of Fig.3
(buck operation), which is equivalent to /py.

! L lo
A 1 (13)

A
i VCI — (1 4)
dt| A )
1 1di, y
T Vo T A, T A Ve
LC1 Cldt LCl
From these new state-space equations, it is possible to
analyze that the output current has a strong relative degree of
two [23] (since only its second time derivative contains the
control variable). Therefore, it can be concluded that the

sliding surface defined in (15) ensures the robustness and
stability of the closed loop system as presented in [24].

S (eVCI,eﬂ ) = (chf_ Vc1) + ﬂ( Ay _/1) (15)

Where fis the parameter related with the time constant of
the desired first order response of the input source current
(>0). Based on (13) and (15) is possible to define the sliding
surface as presented in (16).

d
S(em,ei) = (Vc1re/'_VCI) + B % - 16)
ﬂ ( iL _iu)

Cl1
Nevertheless, considering that in practical applications the
power semiconductors present a limited switching frequency,
it is necessary to impose a limited bandwidth to the pulse drive
of the power semiconductors. To solve this issue is necessary
to use a hysteresis comparator, in order to maintain the sliding
surface near zero with limited switching frequency. Therefore,
the control law for the power semiconductor S1 is chosen as
described in (17), where A is an arbitrary small quantity that
imposes the desired limited bandwidth.

(
[S( evC,e9)<0 and ‘S(evC,eg)‘ <A}then S, =ON;
)

=

S ev(,e€)<—A or

(
[S( e, ,eg)> 0 and ‘S( e,.¢ )‘ < A}then S, =OFF;

V. SIMULATION TESTS

The proposed solution was simulated using the
MATLAB/Simulink software. For the simulation of the solar
PV array, it was chosen the ideal model described in section
III. The data for this model was obtained from the commercial
PV SGP-120W18V Poly Solar Panel [27]. The values selected
for the passive components of all the DC-DC converters were
L = ImH, C1 = C2 = 470puF. The DC power source was
adjusted to 60Vpc. The first simulation test was created in
mode I (test panel mode) in order to evaluate the I-V
characteristic curves of the solar PV panel considering the
different solar irradiations and temperatures. The simulation
results presented in Fig.5 show the I-V and P-V curves in four
different situations: (1)-G=1000W/m?, T=25°C; (2)-
G=600W/m?, T=25°C; (3)-G=1000W/m?, T=35°C; (4)-
G=600W/m?, T=35°C.

IPv[A]

S ok N oW R WM TN ®m W

Vevv]

—— 1000W/m2; 25°C —— 1000W/m2; 35%C

(a)

600W/m2; 25°C 600W/m2; 352C
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Fig. 5. Simulation results for the parameters of the solar PV SGP-

120W18V [27]: (a) I-V and (b) P-V characteristic curves.

The second simulation test was created in mode IT (MPPT
test mode) to evaluate the dynamic operation of the MPPT
algorithm. The MPPT algorithm selected was the perturb and
observe (P&O). The result of this test is presented in Fig. 6.
In this simulation result is possible to see that despite the load
variation (at 0.25s, 0.5s and 0.75s), after the disturbances, the
system delivers to the load the same output power, thanks to
the MPPT algorithm executed by the second DC-DC
converter operating in boost mode. Notice that the waveforms
presented in Fig. 6 represent the output values of the boost
converter.
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Fig. 6. Simulation results considering the system operating in mode

II (MPPT test mode): (a) Output power, (b) output current and (c) output
voltage of the boost converter controlled using the perturb and observe
(P&O) MPPT algorithm.

VI. EXPERIMENTAL TESTS

In this section several experimental results are presented
to demonstrate the operation of the proposed simulation and
test system. The experimental results were obtained using the
laboratorial setup presented in Fig. 7. In this figure is possible
see the three DC-DC converters (green PCBs which include
two C2M0080120D SiC MOSFET and the respective drive
circuits) with the respective inductors, a PLC (Phoenix
Contact), a red PCB with current sensors, a yellow PCB with
voltage sensors, and the Microchip DSP microcontroller
mounted in a breadboard circuit. To supply the system, it was
used a laboratorial DC power source adjusted to 60V. The
passive components of the DC-DC converters are like those
selected in the simulation tests described in the previous
section.

Fig. 7.

Experimental setup of the proposed system

The first experimental test was performed to evaluate the
operation of the buck DC-DC converter associated to the
solar PV simulator and the DSP microcontroller performance
to accomplish the I-V characteristic curves (mode I). The
result of the first test can be seen in Fig. 8, showing the
current (Chl-1A/div) and voltage (Ch3-5V/div) considering
a continuous load variation and a solar irradiation change
from 600W/m? to 1000W/m? at 25°C.

CHI=100mY: : T CHa=sv
‘ pc 11 : FRN 7 R [1 2

bl : :
edsiony n

2s/div

Fig. 8. Experimental result in mode I (test panel mode). Output
current (CHI) and output voltage(CH3) considering a step solar
irradiation from 600 W/m? to 1000 W/m? both at 25 °C.

The results presented in Fig.9 shows a comparison
between the simulation and experimental (average values)
results regarding the [-V characteristic curves obtained in
both situations. These results show similar curves which
indicate the wvalidation of the solar PV panel model
parameters and control strategy adopted.
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Fig. 9. Comparison of simulation and experimental results regarding
the I-V characteristic curves of the solar PV SGP-120W18V [27].
Another experimental result is presented in Fig.10. In this
case the test was performed in mode II (MPPT test mode).
The MPPT algorithm was designed to continually control the
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duty-cycle of the boost DC-DC converter. This result shows
the output power (Ch3), current (Ch2-1A/div) and voltage
(Ch1-50/div) of the boost converter. It is possible to conclude
that the system is able to produce the same power for different
load conditions with good dynamics.

CH1=50v CH2=100mV: 3Math
DC 101 DC 11 12

© 100ms/div
¢ (100ms /div)

g NoRM:(0K5 /5

»n
L

Fig. 10.  Experimental result in mode II (MPPT test mode). Output
voltage (CH1), output voltage (CH2) and output power (Ch3) considering
two step load variations.

VII. CONCLUSIONS

This paper presents the development of a solar PV
simulator system based on three buck-boost DC-DC power
converters using a sliding mode controller in two of them.
The solution can perform automatic test in two different
modes to simulate the I-V characteristic curve of a solar PV
panel and the MPPT algorithm adopted, which can be
selected in a SCADA system as layout interface. The solution
can be easily modified according to the values specified by
manufactures. Experimental results have demonstrated the
effectiveness and the good dynamic of the sliding mode
controller applied to the system. Furthermore, experimental
results demonstrate that the PV simulator can mimic a real
solar PV panel in terms of solar irradiation and temperature
variation. Also, the classic MPPT perturb and observe (P&O)
algorithm is compatible with the operation cycle of a PLC,
generating good results. The main limitation of the proposed
solution is the available power circuits of the DC-DC
converters (up to 350W) and the inability to run more
complex MPPT algorithms. Other topologies should be
adopted and tested in future works using a similar strategy to
extend the operation of the proposed solution.
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