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Abstract- The performance evaluation of solar Photo-Voltaic (PV) based energy conversion system under varying
environmental conditions is tedious and difficult. Therefore, a Solar Photo-Voltaic Module Emulator (SPVME) based on
Programmable DC source is presented in this paper. Multisim software is employed to emulate the PV module characteristics
and a Programmable DC power supply is used to replicate the emulated PV module. LabVIEW acts as a Hardware in the Loop
platform to integrate the emulated solar PV module developed with the programmable DC power supply. The experimental
setup of the proposed SPVME is analyzed with the parameters of 200 W PV string under real-time weather data and the output
results are compared with a real-time PV string output. A solar PV system with Perturb and Observe (P&O) Maximum Power
Point Tracking algorithm is tested using the SPVME prototype and the system performance is also validated.

Keywords- DC Programmable Power supply; Hardware in the Loop (HIL); Perturb and Observe (P&O) MPPT; Performance
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1. Introduction

One of the promising alternative to the fossil fuel based
power generation is the solar PV system based energy
conversion system [1],[2],[3].To investigate and analyze the
performance of the solar PV based energy conversion
system, it is mandatory to install solar PV modules, DC-DC
converter and loading facilities, which involves high
installation cost and requires more space. Performance
evaluation of the newly developed Maximum Power Point
Tracking (MPPT) algorithm, DC-DC converters and micro
inverters using PV module under changing irradiation
conditions is difficult [4],[5]. Moreover, it is very difficult to
carry out the characteristics study on the solar PV module,
because the solar PV module may get damaged, when it is
operated in its rated short circuit current. To overcome the

above stated issues, Solar Photo-Voltaic Module Emulator
(SPVME) is the viable solution.

The SPVME is equipment that can emulate the voltage
and current characteristics of the real solar PV module. Any
commercial solar PV modules can be tested in the same
SPVME without doing any modifications in the emulator.
SPVME comes with overload protection; hence this SPVME
can be operated under overload and short circuit conditions,
which occurs quite often during testing. Further, a researcher
can carry out the research even in the cloudy conditions, and
at night [6]. SPVME are classified [7] into i) Light source
type ii) DC-DC converter type and iii) DC Power Supply
type.

Light source type SPVME uses halogen light source to
reproduce the irradiation characteristics of sun-light, which
in turn illuminates the solar PV cell. PV cell power output is
scaled up to the level of PV module with the support of
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amplification circuit. Light source type SPVME consists of
DC halogen light sources, solar PV cell and amplification
circuit has been proposed in [8],[9]. The DC-DC buck-boost
converter based SPVME that replicate the VI characteristics
curve of the solar PV module has been proposed in [10]. A
piece-wise linearized model of PV module is implemented
using micro-controller in this type of SPVME. The main
drawbacks of this type of SPVME are complex circuitry and
they require complex calculation to linearize the voltage
versus current curve of the solar PV module. In
[11],[12],[13] a buck converter based SPVME is developed
with MATLAB and D-Space controller has been discussed.
In the above mentioned SPVME, MATLAB is utilized to
develop the PV module characteristics and PI controller is
used to track the simulated characteristic of the PV module.
A DC programmable power supply based SPVME has been
discussed in [16] [4],[14],[15],[16]which uses software like
LabVIEW/ PSIM to reproduces the characteristics of the PV
module using pre/JAVAFX determined resistance versus
(R-V) relationship lookup table and DC
programmable power supply. This type of DC power supply
based SPVME uses a predefined lookup table and time-
varying iterative loops to simulate the characteristics of the
PV module, hence accuracy cannot be achieved under
varying load conditions.

Programmable DC power supply based SPVME using
Multisim and LabVIEW co-emulation is proposed in this
paper. The proposed SPVME emulates the characteristic
behavior of the PV module developed in Multisim without
the help of predefined lookup table and in turn the developed
model is integrated into the DC programmable power supply
using LabVIEW. The developed methodology supports
emulation of a PV module with real-time irradiation data
input. The sensed data can be directly fed into the emulator
and the performance of any module can be analyzed online.
This SPVME also has the feature to test any commercial
solar PV module characteristics without any modifications in
the hardware platform. The paper also reports the
performance analysis of the Perturb and Observe (P&O)
Maximum Power Point Tracking (MPPT) algorithm using
proposed SPVME.

voltage

2. Solar PV module and its characteristics

A solar PV cell is a P-N junction diode, which converts
sunlight into electricity by photovoltaic effect. The solar PV
cells absorb the photon energy from the sunlight and the
photons which possess higher energy than that of the band-
gap energy of semiconductor material leads to the formation
of the free electron-hole pairs in the solar PV cell. These
electrons are collected by the electrode to form the
photocurrent. This phenomenal effect can be expressed with
the help of the single diode solar cell connected in series and

Ipv(Module) = Tph(Module) ~ Irs(Mudule){ex{

in parallel configuration. Fig. 1 shows the model of a solar
PV module.
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Fig. 1 Model of solar PV module using single-diode
solar PV cell.

2.1. Mathematical model of solar PV Module:
The I-V characteristics behaviour of the solar PV

module is expressed with reference to the I-V relationship of
the single diode solar PV cell given by Eq. (1) [17],[18],[19]

GCVev(Modute) + L py (uodutey RstModute)) l (1)
N,N,KAT,

_ (Vpv(Module) + TPV (Module)R s(Module))
R sh(Module))

Where Iph(Module) = Iph(cell)A NP, Irs(Module) = Irs(Cell) Np and
Vevimodule= Vpvee)Ns are the photocurrent, saturation
current and output voltage of the solar PV module, which
consist of Np and Ns number of the parallel and series
connected solar PV cells in a PV module respectively. q and
K denotes the electron charge and Boltzmann constant. A
and TC represents ideality factor and reference temperature
of the solar PV cell. The equivalent series and parallel
resistance of the module are given by Rs (Module) = Rs(celry .(Ns/
Np) and Rsh (Module) = Rsh(cely .(Np/ Ns).

2.2. Effect of Irradiation and Temperature

The characteristics of the solar PV module not only depend
on the internal parameters of the solar PV cell but also on the
changes in the irradiation and temperature of the light falling
on it [20][21].The module voltage Vpv(Moduley and module
current IpvoModuley variation with respect to change in
irradiation and temperature can be expressed as follows

2)

Vbv(Modute) = [Vpv(Modute) T Kv (Te = Tstc)] T
STC

€)

Ipv(Modute) = [Ipv(Modute) + Ki(Te = Tsrc)] G
STC

Where Tstc represents the temperature and Gsrc
represents the irradiation level at Standard Test Conditions
(STC). Tsrc =25 °C and Gsrc =1000 W/m? Ki and Ky are the
temperature dependence coefficients of the short circuit
current and open circuit voltage of the solar PV module.
From Eq. (2) and Eq. (3) it can be seen that the output
current of the solar PV module is directly proportional to the
irradiation level and the atmospheric temperature has
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negative effect on the output voltage of the solar PV module.
Fig. 2(a) shows the characteristics of solar PV module under
different irradiation conditions and Fig. 2(b) shows the
characteristics of Solar PV module under different
temperature conditions.
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Fig. 2(a) Characteristics of solar PV module under different
irradiation Fig. 2(b) Characteristics of solar PV module
under temperature conditions

3. Proposed DC Power Source based Solar PV
Module Emulator
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Fig. 3 System description of the proposed SPVME

The block diagram representation of the proposed
SPVME is presented in Fig. 3. The proposed SPVME has
been designed and developed using the Hardware-in-the-loop
(HIL) technique. The components of the proposed SPVME
are Multisim model of solar PV module, NI-myDAQ
(National Instruments-my Data Acquisition) for data
acquisition and programmable DC power supply with the
voltage range of 0-64 V and current rating of 30 A .

The solar PV module developed in Multisim using
Simulation Program Integrated Circuit Emphasis (SPICE)
coding [22][23] mimics the commercial solar PV module;
hence it can be used to analyze the characteristics behavior of
any PV module available in the market by simply modifying
the key parameters of the selected PV module in the software
platform. The LabVIEW based HIL environment integrates
the emulated solar PV module and the programmable DC
power supply in real-time. The irradiation and temperature
data are given as input to the emulated PV module through
LabVIEW and the emulated PV module voltage and current
are observed in LabVIEW. The Programmable DC power
supply is connected to the LabVIEW platform through NI-
myDAQ. NI-myDAQ sends signal correspond to the
emulated Vpy and Ipy to the DC power supply as input.

Programmable DC power supply used in this work is a
Linear DC power supply. The DC power supply works either
in constant voltage or constant current mode. The switching
of DC power supply from constant voltage mode to constant
current mode depends on the load connected to it and
maximum current limit. DC power supply generates voltage
(Vev), current (Ipv) corresponding to emulated Vpv and Ipv
respectively. The resistive load which is kept maximum at
the beginning, the value of Vpv across the load resistance
will be equal to the open circuit voltage (Voc) of the PV
module and Iev will be minimum (nearly zero). Vev and Ipv
are acquired by NI-myDAQ with the support of voltage and
current sensing transducers and given to the LabVIEW
control and simulation loop. The control and simulation loop
computes load resistance (Ri= Vpv/Ipv), module power (Prv)
in online and plot I-V, P-V characteristics of the PV module.
The computed value of load resistance Rr is fed into the
emulated PV module in Multisim. A set of Vevand Ipv values
will be generated using DC power supply in a similar fashion
by adjusting the load resistance value in steps. As resistor
value decreases Vpv will decrease and Iev will increase
accordingly. Irv will become short circuit current (Isc) and
Vrv will be merely zero when the resistor value become
minimum. Fig. 4 shows the Vrv and Ipv computation using
Re.
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Fig.4 Computing of Vv and Ipv using Rr.
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4. Result and discussion

In this section, a solar PV string is emulated using
the proposed technique and the results are presented. The
developed prototype is further tested with real PV string
configuration with real-time irradiation and temperature
input. To validate the proposed SPVME, a PV system is
designed and tested with P&O MPPT algorithm. The output
result shows satisfactory performance of developed SPVME
under varying irradiation conditions.

4.1 PV string Emulation in Multisim:

A 200 W solar PV string, which consists of two 100
W Sukam module connected in series is chosen for the
analysis. The specifications of parameters of a single Sukam
PV module are Open Circuit Voltage (Voc) = 21.1 V, Short
Circuit Current (Isc) = 5.2 A, Voltage at Maximum Power
Point (MPP) (Vmep) = 17.4 V, Current at MPP (Impp) = 4.62
A and Power at MPP (Pwmpr) = 80 W, since two modules are
interconnected together in the series fashion to get the solar
PV string with Voc = 42.2 V, Isc = 5.2 A and guaranteed
Peak power of 160 W. Fig. 5 illustrates the emulation model
of solar PV string in Multisim. The model receives
irradiation and temperature as input from LabVIEW and
gives emulated Vev and Ipv as output.
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Fig. 5200 W solar PV string developed using Multisim.
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Fig. 6 Characteristic of the emulated 200 W solar PV string
at STC (a) P-V characteristic (b) I-V Characteristic

Fig. 6(a) and Fig. 6(b) show the P-V and I-V
characteristic curve respectively of the emulated PV string.
From the characteristics plots it is found that the emulated
PV module produces a maximum power of 160.1 W at 34.8
V and 4.62 A, at G = 1000 W/m? and T=25 °C.

4.2 Hardware Realization of the proposed SPVME

Programmable DC power supply with the voltage
range of 0-64 V and current rating of 30 A is used for the
prototype development. Fig. 7 shows the experimental setup
of the developed SPVME. Programmable DC power supply
receives analog input of 0-10 V and gives appropriate output.
For example, the programmable DC power supply produces
an output voltage of 42.2 V for the analog input of 6.58 V.
Similarly, the output current produces 5.2 A for the analog
input of 1.69 V. NI-myDAQ is used as data acquisition and
transfer unit between software and hardware platform of the
system. The operating range of NI-myDAQ is 0-10 V and
hence all the voltage and current data of the LabVIEW
environment should be within this range. The inputs like
irradiation and temperature data are set in the LabVIEW and
then given as input to the emulated PV string in the
Multisim. The voltage and current output of the PV string in
Multisim are scaled to 0-10 V by LabVIEW. These scaled
values are ported out through an analog port of NI-myDAQ.
The output of programmable DC power supply is measured
across the resistive load using isolation voltage transducer
and DC shunt. The measured values are fed into the
LabVIEW through an analog port of NI-myDAQ to calculate
the load connected to the programmable DC power supply.
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Fig. 7 Experimental setup of the proose SPVME
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4.3 Experimental validation of the SPVME

The accuracy of the developed SPVME is evaluated by
comparing with the real time solar PV module experimental
output. To demonstrate the adoptability of the developed
SPVME it is tested with MPPT algorithm and tracking
performance are presented in this section.

4.3.1.  Steady State analysis under Standard Test
Conditions

The steady state analysis is carried out with the two
Sukam PV modules connected in series under STC. Under
STC, Multisim model of Sukam modules is tested with the
irradiation level of 1000 W/m? and temperature level of 25 °
C. Fig. 8(a) and Fig. 8(b) shows the P-V and I-V
characteristics of the theoretical and emulated Sukam PV
module using the developed SPVME under STC. In-order to
compute the correctness of the SPVME, relative error is
calculated between the theoretical and real-time output at
various operating points of the PV modules. Table-1 shows
the relative error comparison between the proposed SPVME
and other PV emulators discussed in [24], [25]

XRe al-Time ~— XTheroeticall

Relative Error (X) = |

4)
Where "X" is Vmrr , Impp , Pmpp , Isc , Voc
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Fig. 8 Real-Time Characteristic of the emulated 200 W solar
PV string at STC (a) P-V characteristic (b) I-V Characteristic

Table 1 Relative error comparison between Proposed SPVME and PV emulator under STC proposed in literature.

Parameter Specification | Real-time Relative Error | Relative Error | Relative Error
of PV data of % of the % of the PV % of the PV
modules emulate PV Proposed emulator emulator

% modules SPVME proposed in proposed in
O
= _ [24] [25]
g & | Open Circuit voltage 4.2 42.46 0.62 0.92 0.88
S 4 (Voc)in V
- Short Circuit current
.5 = (Isc) in A 5.2 5.23 0.57 0.89 0.65
£ o
g g | Voltageat MPP 34.8 34.78 0.05 0.57 1.28
& (Vmpp) in V
= Current at MPP 4.62 4.65 0.64 0.81 0.73
(Impp) in A
f{f&er at MPP (Pure) 160.6 161.8 0.75 2.66 0.95
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4.3.2.  Validation using real time PV module

This study is conducted to validate the functioning of the
developed SPVME using the data collected from real-time
PV module. Solar PV string voltage and current are acquired
by the NI myDAQ which is connected to the PC. The
irradiation and temperature data also measured and acquired.
The experimental setup of the PV string used for the study is
shown in Fig. 9. The real-time characteristics curve of the
solar PV string is recorded with the irradiation level of 812
W/m? and temperature level of 33 °C. The proposed SPVME
is also emulated with the solar PV string configuration and
Sukam PV module under the above mentioned real-time
environmental inputs. The emulated characteristic of the
solar PV string is compared with the real-time solar PV
string characteristics and relative error is estimated for the
maximum power.

Fig. 9 Solar PV string setup for real time analysis

Fig. 10 and Fig. 11 show the P-V and I-V characteristic
curve comparison of the emulated and real-time solar PV
string. The maximum power generated by the real solar PV
string is 109.1 W, whereas the emulated solar PV string
produces a maximum power of 106 W. The estimated
relative error of the emulated solar PV string power is in the
allowable range of 2.85 %, which exhibits the accuracy of
the developed SPVME.
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Fig. 10 P-V curve Comparison between emulated and
real-time solar PV string
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Fig. 11 I-V curve Comparison between emulated and
real-time solar PV string
4.3.3.  Performance validation with Maximum Power
Point Tracking Controller

A Standalone PV system with a DC-DC boost converter
and MPPT algorithm is developed using SPVME prototype
as shown in Fig. 12. The performance of SPVME based solar
PV system with MPPT algorithm is analyzed for different
input conditions. The specification of the 200 W PV string is
considered as the source for the investigation. The voltage
and current output of the PV string under Standard Test
Condition (STC) at MPP is Vmre = 34.78 V and Impr = 4.65
A respectively.

Io

N RLoad §

Proposed | -

SPVME

Pulses

PWM Pulse
Generator

w

Compute Duty Cycle

Ppv

P&O

f———) .
& MPPT Algorithm

myRIO

Fig. 12 Experimental setup for Evaluation with MPPT
controller

The P&O MPPT algorithm is considered for the
analysis [26], [27] and it is implemented using NI-myRIO
(my Reconfigurable I/O). P&O senses the Vev and Ipv of the
selected PV string and adjust the duty cycle accordingly to
reach MPP for the selected input conditions. The PWM
pulses are generated with the switching pulse of 10 kHZ. The
generated pulse drives the MOSFET (IRF 540) in the DC-
DC boost converter. The design parameters of the boost
converter are given in Table 2.
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Table 2 Specification of Boost converter

Parameters Values
Inductor (L) 540 mH
Output Capacitor (C) 240 pf
Switching Frequency 10 kHz
Resistor (RL) 12 Q

The output voltage and current of the PV string with
MPPT algorithm under STC is recorded in digital
oscilloscope and results are shown in Fig. 13. The developed
system with P&O algorithm takes around 8 seconds to reach
the MPP from its initial point. The power delivered by the
emulated PV source is measured with DC energy meter and
the results are presented in Fig. 14. The maximum power
delivered by the emulated solar PV string using the SPVME
prototype under STC is 161 W. The relative error of
maximum power delivered at MPP is 0.49%, which shows
the accuracy of the proposed approach.

Sl s A A &
- Voltage (Vev)
Current (IBV) -
D
o<
CHI-10v  CH2-1V M250s  MPos0.00us

Fig. 13 MPP tracking of P&O MPPT algorithm under STC

)C ENERGY METER

Fig. 14. Maximum power delivered by the emulated PV
string

The solar emulator is mainly used to evaluate the
performance of MPPT algorithm over a period of time.
Therefore the proposed SPVME prototype is tested for 1
hour and corresponding power and energy results in interval
of 15 minutes are presented in Fig. 15. The load used for the
study is a constant resistive load, therefore energy is linearly
increasing. The energy consumed by the resistive load for 1
hour is 160 Wh.

DC ENERGY METER DC ENERGY METER

40 th I
3115 RunHrcHo B

A 38 RunHr(H)

DC ENERGY METER DC ENERGY METER

‘ 168 Wk
| 1 88 RunHr(H) B
' il

128 Wh

Fig. 15 Power and energy delivered by the proposed
prototype for 1 hour

The system is also evaluated under varying
irradiation conditions. As shown in Fig. 16, the irradiation is
decreased in steps of 100 W/m? from 1000 W/m? to 700
W/m? and increased to 1000 W/m? at every 10 seconds. The
tracking curve of the P&O MPPT algorithm is shown in Fig.
16.
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I
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Fig. 16 MPPT Tracking of the system under varying
irradiation
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G W/m? Actual Pmep P&O MPPT algorithm
Pwmpp r]_static
1000 161.8 161 99.50
900 154.5 152.2 98.52
800 146.6 144.3 98.43
700 138.1 136.4 98.76
Average 98.78
165
2
160 8
155 f \ AN
N \J
: 7 "N\
3 150 y | \
E v \
5 145 |
3 o} 4 \
o
& 140 I \L
135 5
1
130
33 34 35 36 37 38 39 40
Voltage
Fig. 17. MPP Tracking curve of the P&O algorithm tested in
the Proposed SPVME
To track the MPP of the solar PV
string the P&O
algorithm  always
start from the right

hand side of the P-V characteristics curve. In this case, the
P&O algorithm starts from 131 W, which is shown as the
point 1 in Fig. 17. Initially the SPVME is operated with
irradiation level of 1000 W/m? and temperature level of 25 °©
C; hence the P&O algorithm moves from point | to point 2
and tracks the MPP of 161 W. With the decrease in
irradiation, MPPT algorithm starts to move downwards from
point 2 to point 5 and tracks the corresponding maximum
power of 136 W. Similarly, with the increase in irradiation
MPPT algorithm starts to move upwards from point 5 to
point 8 and tracks back the maximum power of 161 W. The
static MPPT tracking efficiency of the P&O algorithm is
calculated using Eq.(5). The average static efficiency of the

P, P&O algorithm is
M (statieMPPT) = = x100%  98.72%,
PV @MPP.
(5)

Table-3 Overall efficiency of the P&O MPPT algorithm

The output results exhibit the accuracy and
adoptability of the developed SPVME under dynamic
environmental conditions; therefore the developed prototype
can be used for testing the MPPT algorithm under varying
irradiation conditions.

5. Conclusion

A Programmable DC power supply based SPVME is
proposed in this paper. The Multisim model of the PV
module is developed using single-diode model of the PV
cell. The DC power supply is programmed to replicate the
characteristics behavior of any commercially available PV
module. The developed SPVME is emulated with the
specifications of 200 W solar PV string. The output of
developed SPVME is compared with the real PV string
which works under real environmental conditions and the
estimated relative error at PV string power is 2.85 %. From
the analysis of the test results and operations, the developed
system is flexible and yields accuracy better than the other
solar PV emulator discussed in the literatures. The developed
SPVME supports the performance evaluation and analysis of
any PV module, string or array. A standalone PV system
along with MPPT controller is emulated with the developed
SPVME. The tracking results show that the developed
SPVME is an alternative to emulate the PV sources, which
can be used to design MPPT algorithm and power converters
in the laboratory environment.
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