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Abstract—This paper presents a one solution for photovoltaic (PV) emulator. A main part of the developed PV emulator is buck
converter with recently proposed new I? dual current mode control (12 DCMC). The given simulation and experimental results
demonstrate excellent performances of the proposed PV emulator: matching between the characteristics obtained from the developed
mathematical (simulation) model of the PV module and from the PV emulator, adaptability to the emulated changes in solar insolation
and temperature, simple and efficient manipulation with PV module parameters and operating conditions, which is useful especially for

education purposes, and fast dynamics.
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l. INTRODUCTION

Photovoltaic (PV) modules have important role in
renewable power sources today. However, there are some
issues which make difficult the entire process of laboratory
development and testing of existing and new PV applications:
high cost of PV modules, dependence on weather conditions
(solar insolation and temperature), etc. Therefore, the usage of
output of real PV modules, which are installed outdoor, in
laboratories is not so convenient, considering their high price
and impossibility of controlling the testing conditions, because
the PV module characteristics vary during the day with
different levels of solar insolation and temperature. As an
alternative, a device which emulates (simulates) the current-
voltage (I-V) characteristic of real PV module — PV emulator,
can be used instead, as power source for any PV system which
is tested in laboratory environment.

Commercial PV emulators, e.g. [1], [2], are unfortunately
very expensive and hard to be purchased. For that reason, there
are many research activities dealing with development of low-
cost PV emulators which can be used for education purposes
and for prototyping of different PV systems. For example, in
[3], [4], simple low-cost PV emulators are proposed, which are
based on simple electronics designs, without power electronics
converters. However, these emulators have low power ratings
and not so high precision. Most of the PV emulators known in
literature are based on DC-DC power electronics converters,
especially on buck converter [5]-[13]. Although their
complexity is increased, they offer higher power ratings,
typical for PV modules and arrays, and much better matching
between the characteristics of real and emulated PV modules.

In general case, the output of the DC-DC converter should
behave as the output of the PV module, i.e. the converter’s load

voltage and current should mimic PV voltage and PV current.
The buck converter is the most appropriate for the design of the
PV emulator, because its output (load) current is equal to the
average inductor current. Therefore, by controlling the average
value of the inductor current of the buck converter, the load
current could be directly controlled.

Different control concepts could be applied for the design
of the PV emulator. For example, voltage mode control (VMC)
of the buck converter-based PV emulator is proposed in [12].
The load current is measured and entered the mathematical
model of the PV module. The model’s output is reference PV
voltage, which is used as a voltage reference for the output
voltage regulator. However, considering that the PV modules
are current sources by their nature, it is better using current
mode control (CMC), especially having in mind all the benefits
of CMC over VMC. Majority of the mentioned PV emulators
employ CMC [5]-[11]. Usually, the load voltage is measured
and fed into the PV model. The PV model calculates the
reference PV current, which is used as a current reference for
controlling the load current. There is also a possibility for
combination of CMC and VMC, as it is suggested in [13],
depending on the regions on the PV I-V curve.

Commonly, the calculated PV reference current is used as a
reference current for the load current linear regulator, such as
proportional-integral (PI) or proportional-integral-derivative
(PID) regulator [6], [8], [10], [11]. In [7] and [9] the duty cycle
is iteratively updated until the measured load current is equal to
the calculated PV reference current.

Considering that the load current of the buck converter is
equal to the average inductor current, the calculated PV
reference current can be used as a reference inductor current, as
it is proposed in [5], which means that the average current
mode control (ACMC) can be applied. Also, in [11] is shown
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that both current regulators can be used at the same time: the
outer load current Pl regulator and the inner inductor current
regulator, which is based on predictive ACMC. Using this
double CMC is not so necessary for the buck converter,
however, when other type of the converter is used in the PV
emulator, e.g. buck-boost, it is mandatory to use outer load
current regulator, because the load current is not equal to the
average inductor current. In that case, the outer load current
regulator produces the reference current, which is used in the
inner current loop for controlling the inductor current.

Important issue in practical realization of the PV emulator
is implementation of the PV mathematical nonlinear model.
The PV model could be implemented on various digitals
platforms, such as microcontrollers or digital signal processors
[51, [7]. [8], [11], [13], field programmable gate arrays [9],
[14], etc. Especially interesting is using Matlab/Simulink
environment for real time implementation of the PV emulators,
by utilization of data acquisition boards [12], [15], [16]. Real
time interaction with Matlab/Simulink provides rapid
prototyping and it is also very useful in education.

In this paper, the PV emulator based on buck converter
with recently developed 1% dual current mode control (I2
DCMC) [17], is proposed. The PV model is implemented and
executed in Simulink in real time, by using MF 624 data
acquisition board, installed in PC computer. The calculated PV
reference current is exported from the acquisition board and
entered the developed control electronic module, which is
based on 12 DCMC. The 1> DCMC ensures the equality
between the PV reference current and the average inductor
current. In this way, the load current is precisely matched with
the PV reference current obtained from the PV model,
regardless of the emulated weather conditions, such as different
levels of solar insolation and temperature. Thanks to the
excellent dynamical features of 12 DCMC, the proposed PV
emulator provides fast and precise tracking of different PV
reference currents during the emulated changes in solar
insolation, temperature and load.

This paper is organized as follows. Section Il presents a
description of the proposed PV emulator. Simulation and
experimental results are given in Section Il and Section 1V,
respectively. Concluding remarks are given in Section V.

Il
The proposed PV emulator’s structure is shown on Fig. 1.

DESCRIPTION OF THE PROPOSED PV EMULATOR
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Figure 1. The structure of the proposed PV emulator.

A. PV Model

The mathematical model of the PV module is derived from
well-known single-diode equivalent circuit of the PV cell, with
parallel and series resistances, which is shown on Fig. 2.

Figure 2. Single-diode equivalent circuit of the PV cell.

The circuit from Fig. 2 can be described with following
equations, which are given in [5]:
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where vp, and ipy denote voltage and current of the PV module,
respectively, vpven is the PV cell voltage, ipn is photocurrent, ls
is short-circuit PV current under standard test conditions (STC)
— insolation 1000 W/m? and temperature 25°C (298 K), V. and
Voceell are open-circuit voltages of the PV module and the PV
cell, respectively, in STC, Ry and Rs are parallel and series
resistances, I, is diode reverse saturation current, lo is diode
reverse saturation current in STC, lirs is intensity of solar
insolation, T is ambient temperature, To is temperature in STC
(To=298 K), a is temperature coefficient (a=6 mA/°C), q is
electron charge (q=1.6x107° C), # is ideality factor of the p-n
junction (5=1.01), k is Boltzmann constant (k=1.38x1072% J/K),
Eg is band gap energy (Eg=1.1 eV) and Ns is number of series
connected PV cells.

It is obvious from (1)-(5) that the PV model has three
inputs: PV voltage vy, solar insolation lixs and ambient
temperature T, and one output: PV current iy from (1). The
model parameters, such as ls, Voc and other, are the standard
PV module data-sheet parameters.

B. Buck Converter

A main part of the proposed PV emulator is the
synchronous buck converter (Fig. 1). The output of the buck
converter represents the output of the emulated PV module: the
load voltage and current mimic the PV voltage v,y and the PV
current ipy, respectively. The input voltage vq must be greater
than the open-circuit voltage Vo of the PV module. Therefore,
the output voltage of the buck converter, i.e. the output voltage
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of the PV emulator vy, can range from zero to Ve, depending
on the working point on the PV emulator’s |-V characteristic.
The working point of the PV emulator is obtained as
intersection between the load working line ip=vp/R, where R is
the load resistance, and the PV -V characteristic.

C. 12DCMC Structure

The 12 DCMC, which is proposed in [17], is a novel CMC
method, that provides the equality between the average value
of the inductor current and the reference current, by using the
inner current regulator Gei(s) (Fig. 1). The inductor current i_ is
limited between upper ic+lp and lower ic-lp boundary, where ic
represents the output of the regulator Ggi(s). The current
bandwidth 2ly, i.e. the difference between the current limits,
has predefined and constant value, and must be equal or greater
than the maximum peak-to-peak ripple of the inductor current.
By comparison of the inductor current i. with the current limits
ictly, the turning on/off instants of the power switches T, and
T, are determined.

The load voltage of the buck converter vy, is measured and
used as the input of the PV model. The calculated PV current
(1) is exported from the PV model and used as the reference
current iprer for the regulator Ggi(s) (Fig. 1). The regulator
Gei(s) produces a necessary value of the control signal ic to

equalize the average inductor current <iL(t)>T over each

switching period Ts with the PV reference current ipyrer:
<iL(t)>-|-S = ipvref =i

In this way, the load current iy, is equal to the PV reference
current ipvrer from (1).

(6)

pv*

The inner current regulator Ggi(s) is implemented as a
simple integral (1) regulator:
K.
Gy (s) = —. @)
S
The procedure for the design of the regulator Gei(s) is
presented in [17].

I1l.  SIMULATION RESULTS

The parameters values which are used in simulations are
listed in Table I. A generic PV module is considered, not some
specific manufacture type. The simulations were performed in
Simulink, for several case studies.

A. Stationary States for Different Values of Insolation and
Temperature

First, the performances of the proposed PV emulator were
tested in stationary state, for different levels of solar insolation
and temperature. The simulation results are given in Fig. 3.

It is obvious from Fig. 3 that the obtained working points of
the PV emulator — the output voltage v,y and the output current
i, are matched perfectly with the expected working points —
intersections between the load working line and the 1-V curves

of the PV model, for all considered insolations and
temperatures.
TABLE I. PARAMETERS OF THE PV EMULATOR

Vol. 2, No. 2 (2018)
Parameter ‘ Description ‘ Value
Buck converter
Vg Input voltage 28V
L Inductance 220 pH
C Capacitance 1000 pF
R Load resistance 4Q
12DCMC
fs Switching frequency 23 kHz
Iy Half of the current bandwidth 08A
Ki Integral gain 5000
PV model
I Short-circuit PV current in STC 38A
Voc Open-circuit PV voltage in STC 211V
v Voltage at maximum power point 171V
i (MPP) of PV module in STC )
lmpp Current at MPP of PV module in STC 35A
Ns Number of series connected PV cells 36
Rs Series resistance of PV cell 0.0102 Q
Rp Parallel resistance of PV cell 5.2022 Q
4 T 2
Ims:1000 W/m
T=T,
351 o 1,,=800 W/m?
T=293K
1,,=400 W/m?
3 o T=283 K
o i=v R
O PV emulator
25F 4
<
B 2F 4
15 o 1
A i
05 b
0 s ‘ : \
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Figure 3. Working points (round black markers) of the PV emulator and I-V
curves of the PV model, for different solar insolations and temperatures:
(1000 W/m2, 298 K), (800 W/m?, 293 K) and (400 W/m?, 283 K).
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Figure 4. The output voltage and current of the PV emulator, for solar
insolation 1000 W/m? and temperature 298 K (STC).

The waveforms of the output voltage vy and output current
ipv of the PV emulator are shown on Fig. 4, under STC. The
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load current iy, tracks precisely the PV reference current ipyrer in
steady state.

B. Step Changes in Solar Insolation

To validate dynamical performances and tracking accuracy
of the proposed PV emulator, the step changes in solar
insolation were induced. The simulation waveforms of the
output voltage vy and the output current iy, of the PV emulator,
under step changes of solar insolation: 1000—600—800—400
W/m? (every 0.05 s), are shown on Fig. 5. The ambient
temperature was constant: T=298 K.

It can be concluded from Fig. 5 that the output voltage vpy
and the output current iy of the PV emulator reach quickly new
stationary states, for about 20 ms. As it is shown on Fig. 6, the
output voltage and current have expected values in stationary
states. Therefore, the dynamical response and the tracking
accuracy of the proposed PV emulator are both excellent.
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Figure 5. The output voltage and current of the PV emulator, under step
changes of solar insolation: 1000—600—800—400 W/m? (T=298 K).
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Figure 6.  Working points of the PV emulator and I-V curves of the PV
model, for different solar insolations: 1000 W/m2, 800 W/m?, 600 W/m? and
400 W/m? (T=298 K).

C. Step Changes in Ambient Temperature

The simulation waveforms of the output voltage vy and the
output current iy, under step changes of ambient temperature:
298—283—292—287 K (every 0.05 s), are given in Fig. 7.
The solar insolation was constant: lins=1000 W/m?,

The obtained working points of the PV emulator for all
considered values of temperature are matched with the
expected working points, as it is shown on Fig. 8.
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Figure 7. The output voltage and current of the PV emulator, under step
changes of temperature: 298—283—292—287 K (lins=1000 W/m?).
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Figure 8. Working points of the PV emulator and I-V curves of the PV
model, for different temperatures: 298 K, 292 K, 287 K and 283 K (lis=1000
W/m2),

D. Step Changes in Load

It is also very important to validate the performances of the
proposed PV emulator during the changes of load. The
waveforms of the output voltage vy and the output current iy,
under step changes of load resistance from the value of 4 Q to
2 Q (t=0.05 s) and vice versa (t=0.1 s), are given in Fig. 9. The
solar insolation and temperature were constant: lins=1000 W/m?
and T=298 K.

Like in the previous cases, the transient responses finish in
about 20 ms. The current iy has large over/undershoots at the
beginnings of the transients. However, this is not a drawback of
the control structure. Because of the step changes of load
resistance, the step changes in load current normally occur.

The output voltage and current of the PV emulator have
expected exact values in steady states, as it is shown on Fig. 10.
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Figure 9. The output voltage and current of the PV emulator, under step
changes of load resistance: 4—2—4 Q (1;,=1000 W/m?, T=298 K).
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Figure 10. Working points of the PV emulator and -V curve of the PV
model, for different values of load resistance (lis==1000 W/m2, T=298 K).

IV. EXPERIMENTAL RESULTS

The experimental platform of the proposed PV emulator,
which is built according to Fig. 1, is shown on Fig. 11.

Synchronous
buck converter

—_— —

Simulink RTWT model

Measurement and control
electronic modules

Figure 11. Experimental platform of the proposed PV emulator.

A galvanic isolated measurement of the output voltage, the
output current and the inductor current of the synchronous buck
converter is performed on the developed measurement

electronic module (linear optocoupler I1L300 and current
transducer HX 10-NP are used for galvanic isolation). The
measured value of the output voltage is brought to analog-to-
digital (A/D) channel (14-bit, 2 ps conversion time, +10 V
input range) of MF 624 data acquisition board, which is
installed in the computer. A Simulink real time windows target
(RTWT) model of the PV module acquires this measured value
from the A/D channel and calculates the PV reference current,
in real time. A fundamental sample time of the Simulink model
is set to 25 us. The PV reference current is exported from
digital-to-analog (D/A) channel (14-bit, 10 V/us slew rate, +10
V output range) of MF 624 board and brought to the control
electronic module. The generated control pulses for the power
switches (IRF540N power MOSFETs, 100 V, 33 A) of the
synchronous buck converter are fed into the driver, which has
two galvanic isolated output channels.

From the above description of the experimental platform, it
is evident that the galvanic isolation between the power and
control stage is very important demand.

Since the maximum power of the considered PV module is
about 60 W, the proposed PV emulator is designed for power
ratings up to 100 W, which is enough and satisfying for
education purposes.

Real time implementation of the PV model in Simulink
offers many benefits: simple and user-friendly graphical design
of the PV mathematical model, easy manipulation with PV
module parameters, opportunity to easily set different profiles
of solar insolation and temperature, visualization of the results,
etc. There is no need for design of the software application of
the graphical user interface, since Simulink RTWT model
enables online interaction between the user and the PV
emulator.

To verify the performances of the developed PV emulator,
several experimental tests were conducted. The same
parameters values from Table | of the proposed PV emulator,
which are used in simulations, are also used in experiments.

A. Stationary States for Different Values of Insolation and
Temperature

The obtained working points of the PV emulator for
different values of solar insolation and ambient temperature are
shown on Fig. 12.

4
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T=293K
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3 T=283 K
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35
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Vo V]

Figure 12. Working points of the PV emulator and I-V curves of the PV
model, for different solar insolations and temperatures: (1000 W/m?, 298 K),
(800 W/m?, 293 K) and (400 W/m?, 283 K) — experimental results.
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It is obvious from Fig. 12 that the obtained experimental
values of the output voltage vy, and current iy, of the proposed
PV emulator are almost equal to the theoretical expected values
(PV voltage and current at the intersections between the I-V
curves of the PV model and load working line). The steady
state errors are very small (Table I1).

TABLE Il VOLTAGE AND CURRENT ERRORS IN STEADY STATE FOR
DIFFERENT INSOLATIONS AND TEMPERATURES
lins W/m?] | T[K] | Voltage error [%)] | Currenterror [%0]
1000 298 0.22 0.96
800 293 0.19 0.85
400 283 2.75 0.06

B. Step Changes in Solar Insolation

The experimental waveforms of the output voltage v, and
the output current ip, under step changes of solar insolation:
1000—600—800—400 W/m? (every 0.1 s), are given in Fig.
13. The ambient temperature was constant: T=298 K. The
waveforms are obtained with Tektronix MSO 2014
oscilloscope (100 MHz, 1 GS/s).

The experimental results from Fig. 13 are very similar to
the earlier discussed simulation results from Fig. 5. Therefore,
an excellent dynamical response and tracking accuracy of the
proposed PV emulator are also validated experimentally.
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|ipv— ipvref _|
100y @ 1y Ja00ms 10,4000 || 152 <10Hfiss22 |

Figure 13. The output voltage and current of the PV emulator, under step
changes of solar insolation: 1000—600—800—400 W/m? (T=298 K) —
experimental results.

C. Step Changes in Load

The experimental waveforms of the output voltage v, and
the output current iy, under step changes of load resistance
from the value of 4 Q to 2 Q and vice versa, are shown on Fig.
14. The step changes of load resistance were obtained with the
switch, which connects or disconnects another resistor in
parallel with the load resistor R. The solar insolation and
temperature were constant: li=1000 W/m? and T=298 K.

As in the previous case, the obtained experimental results
from Fig. 14 are very similar to the simulation results from Fig.
9. Therefore, a same discussion of the results can be applied
here.
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- *
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100 [~ B Jl4.00ms — 120.560ms @D 7308 <10Hzaoerts |

Figure 14. The output voltage and current of the PV emulator, under step
changes of load resistance: 4—2—4 Q (1ix=1000 W/m?, T=298 K) —
experimental results.

The experimental waveforms of the inductor current for
both values of the load resistance are shown on Fig. 15. It is
obvious that 12 DCMC ensures equality between the PV
reference current iprer (red line on Fig. 15) and the average

inductor current (i (t)); (blue dashed line).

The values of the output current iy in stationary states are
almost equal for R=4 Q and R=2 Q (Fig. 14). This is because
the working points for both load resistances lie on the
approximately constant-current region of the PV I-V curve
(Fig. 10). To leave this region, the load resistance must be
increased, for example to the value R=10 Q. The obtained
working points of the PV emulator for R=2 Q, 4 Q and 10 Q
are shown on Fig. 16.
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The experimental results for step changes of the load
resistance from 4 Q to 10 Q and vice versa, are given in Fig.
17. Obviously, the proposed PV emulator also successfully

adapts to these large changes of the working points.

J

Vol. 2, No. 2 (2018)
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Figure 16. Working points of the PV emulator and |-V curve of the PV
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Figure 17. The output voltage and current of the PV emulator, under step
changes of load resistance: 10—4—10 Q (Iins=1000 W/m?, T=298 K) —

PV model

experimental results.

V. CONCLUSION

In this paper, the buck converter-based PV emulator with 12
DCMC is proposed. The structure of the proposed PV
emulator, its functionality and the practical realization are
described in detail. Several case studies were considered in
both simulations and experiments. The given simulation and
experimental results confirmed excellent performances of the
proposed PV emulator: fast dynamics, precise tracking of
different setpoints according to the emulated weather
conditions and adaptability to the emulated changes in solar
insolation, ambient temperature and load. The developed
experimental platform offers many benefits, which makes it
applicable in education: user-friendly graphical design of the

in  Simulink,

simple manipulation with the
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parameters of the PV module, possibility to easily set different
profiles of insolation and temperature, online visualization of
the experimental results, etc.

The existing experimental platform of the proposed PV

emulator could be expanded for testing of maximum power
point tracking (MPPT) algorithms, then for emulation of PV
strings, where partial shading effects could be tested, etc.,
which are challenges for future work. The galvanic isolation
between the converter and control stage allows realization of

the

PV emulators of higher powers. Regarding that, two

solutions will be considered in future work. The first task could
be development of power converter with higher voltage and
current ratings, which is capable to emulate PV string. Another
solution is to connect multiple proposed PV emulators into the
string. In this case, each PV emulator in the string should have
its own power supply at the converter’s input. Also, it is
possible to use only one power supply for all PV emulators in

the

string, however, the converters must be galvanically

isolated in that case.
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