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ABSTRACT – This paper deals with design of a photovoltaic
emulator, using a programmable DC power supply. The main idea
is to reproduce real current-voltage (I − V ) characteristic of a
photovoltaic array at different values of solar irradiance and cell
temperature. The performance of current-mode control strategy,
which is well adapted to all operating points of a photovoltaic
array, is investigated. The parameters of PI anti-windup current
controller are determined by using the step response of DC power
supply system to achieve both optimal accuracy and desired time
constant. An experimental test bench, based upon a real-time
system linked to a 40V/39A programmable DC power supply, is
utilized for the assessment of the developed emulator. The obtained
results illustrate a good performance of the proposed approach.

Keywords – Photovoltaic emulator, Programmable DC power sup-
ply, Renewable energy systems, Real-time simulation.

1. INTRODUCTION

Photovoltaic (PV) arrays are considered as a well known elec-
trical source widely used in decentralized energy production
systems. The intermittent behavior of such a renewable source
is the main challenge for its integration in a microgrid which is
a kind of renewable local power generation, commonly multi-
source, and can be operated in grid-connected or off-grid ope-
rating modes. In this regard, the performance of microgrids is
evaluated by using experimental plants, which are composed
of PV arrays, storage devices, conventional power production
and small wind turbines all connected to a common DC-link
bus through their dedicated converters. Nevertheless, the high
cost and requirement of a wide outer surface area are the prime
drawbacks of such installations where the power production is
fully dependent on varying weather conditions [1, 2]. Emulation
of PV modules is an alternative approach which allows reprodu-
cing similar environmental conditions in which these last com-
ponents operate in practice. By using this technique, the identi-
cal non-linear current-voltage (I − V ) characteristic of real PV
arrays should be obtained, particularly the dependency of this
last result to weather conditions, partial shadow, and load dy-
namics. Such experimental facility would permit measurements
and tests to be realized in both a real environmental condition
and a cost-effective manner. In this respect, the development of
digital and analog emulators for PV systems has received in-
tensive research interest during the recent years. The control
of both linear and switched mode DC-to-DC and DC-to-AC
converters is widely studied for testing newly developed algo-
rithms of maximum power point tracking (MPPT). However,
this evaluation is hardly possible under the same weather and
load conditions in actual PV generation systems. The digital PV
emulators, based on switched mode power converters, are more
popular due to their flexibility and high efficiency [2]-[4].

The model of PV arrays, the control strategy and the program-
mable DC power supply are the main parts of such systems.
Most of the models developed until now are based upon the ma-
thematical function of I − V relation which is deduced from

the equivalent electrical circuit of PV modules. The estimation
of model parameters is also a crucial factor which promises the
high performance of designed emulator [5]. It is mainly relied
on finding the parameters of nonlinear I − V relation by custo-
mizing the curve at three main points : open circuit, maximum
power, and short circuit using data provided by commercial PV
array data sheet. This approach guarantees the maximum po-
wer of the model and the maximum power of the real PV mo-
dule meeting each other [6]. The computation complexity of the
developed model needs to be considered in its implementation
in real-time platforms namely digital signal processors (DSPs),
microcontrollers and field programmable gate arrays (FPGAs)
which have limited hardware resources [4]. Rapid prototyping
real-time platform advances such as RTDS, dSPACE, OPAL-RT
and National Instrument technologies can accelerate the emula-
tor development [7]-[9]. Direct computation, look-up table, pie-
cewise linear, neural network and PV voltage elimination ap-
proaches are used in PV model realization on the real-time sys-
tems [3].

Various types of control strategies i.e. direct referencing,
hybrid-mode and hill climbing resistance comparison have been
also investigated [3]. The direct referencing method is com-
monly used for PV array emulation due to its simplicity. The
main aim of control strategy of PV emulators is to adjust the
operating point on I − V curve which depends on the output
load. A dynamic needs to be achieved as close as possible to
what it can be observed in actual PV modules. Wide range of
control techniques have been implemented for emulation of PV
arrays namely the reference generation of voltage, current and
hybrid of both voltage and current referencing along with resis-
tance comparison method. The referencing method is commonly
used in design of PV emulators due to its simplicity. This last
technique is classified into current and voltage modes control
which provides respectively current (I = f(V )) and voltage
(V = f(I)) references. This corresponds to the utilized model
of PV arrays, for controller of the programmable DC power sup-
ply at the final stage of PV emulator [3, 4]. In fact, this last stage
is a controllable switched mode pulse width modulation (PWM)
DC-to-DC or AC-to-DC converter with the identical rated po-
wer, voltage and current of actual PV arrays. The utilized DC-
to-DC converter topologies are buck, boost, buck-boost, flyback
and forward. The duty cycle of PWM signal is the main control
variable for operating point rearrangement on I − V curve. It
should be noted that most of the AC-to-DC converters, used in
PV emulators, include a rectifier at their input stage. The pro-
vided DC voltage is fed to the DC-to-DC converter based on
the selected topology [3]. Another technique is the utilization
of a commercial programmable DC power supply as the power
converter stage of PV arrays emulator. This simplifies drasti-
cally the emulator development since such devices have already
equipped with a voltage controller.

The aim of this article is to demonstrate the main stages of PV
emulator design using a commercial programmable DC power
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FIG. 1. PV array single diode electrical circuit model.

supply which is a part of dSPACE SCALEXIO hardware-in-the-
loop (HIL) simulator system. In such a framework and among
all studied control strategies, the current-mode control which
defines the operating point current as a function of the opera-
ting point voltage (I = f(I, V )) is selected and employed in
this work. This is particularly suitable in the case where the DC
power supply can be programmed through a voltage reference
[3]. Besides, the parameters of PI anti-windup current controller
of PV emulator are determined by using the step response of the
supply system. An experimental test bench including a real-time
system linked to a 40V/39A programmable DC power supply is
utilized for the assessment of the developed emulator. The ex-
perimental results support a good performance of the proposed
technique.

2. MODELING OF A PV ARRAY
Single and double diode are two types of electrical circuit mo-

dels for a PV cell. The single diode model, shown in Fig.1, is
a simplified illustration of a PV cell derived from the Shockley
diode equation which includes diode quality factor. For accurate
modeling of a PV cell, it is necessary to consider the parasitic
resistances namely Rp and Rs which represent power loss and
current leakage of Shockley diode respectively [2]. The repre-
sentation of I − V characteristic for Ns series cells in a PV
array can be defined according to the implicit relation (1) if the
parallel resistance Rp is neglected (Ish ≈ 0).

IPV =

Iph − IS

{
exp

(
VPV + IPVRs

Vt

)
− 1

}
(1)

where IS is the saturation or scale current of Shockley diode in
the model (Fig. 1), Vt is the thermal voltage which is given by
Vt = AkTNs

q where A is the quality factor, kB is the Boltzman
constant (1.38 × 10−23 J/K), q is the charge of an electron
(1.6×10−19), and T is the temperature expressed in Kelvin. The
current source Iph in (1) is proportional to the solar irradiance
G and cells temperature T . The parameters namely IS , Iph and
Rs in (1) can be determined based on the knowledge of three
main operating points (open circuit voltage Voc, short circuit
current Isc and maximum power voltage Vmp and maximum po-
wer current Imp) of a PV array through the following steps [10] :

− Short-circuit operating point knowing that Vpv = 0,
Iph >> IS and neglecting Shockley diode current gives :

Iph = Isc (G,T ) (2)

− Open-circuit working condition assuming Vpv = Voc and
Ipv = 0 allows the computation of saturation current as :

IS =
Isc (G,T )

exp(Voc (G,T ) /Vt (T )) − 1
(3)

− Maximum power operating point where VPV = Vmp and
IPV = Imp yields the estimation of series resistance :

Rs =

ln(
Isc(G,T )−Imp(G,T )

IS(G,T ) ) × Vt (T ) − Vmp (G,T )

Imp (G,T )

(4)

with

V (G,T ) =

V + kv (T − Tref ) + Vt (T ) × log
(

G

Gref

)
(5)

I (G,T ) =
G

Gref
(I + ki (T − Tref )) (6)

where variable V in (5) represents Voc and Vmp and variable I in
(6) represents IS , Isc and Imp. kv and ki are voltage and current
temperature coefficients respectively.

3. PV ARRAY EMULATOR DESIGN

PV arrays may be composed of several series (Nss) and paral-
lel (Npp) PV modules. Thus, the relation (1) can be represented
as

IPV =

IphNpp−

ISNpp

{
exp

(
VPV + IPVRs

Nss

Npp

VtNss

)
− 1

} (7)

where IPV and VPV are the total currant and voltage of PV
arrays. In this study, the partial shading, which stands for non-
uniform distribution of solar irradiance on the PV field surface,
is not included in the model. A comprehensive review on PV
emulator design techniques has been performed [3]. The main
aim is to implement the relation (1) in a real-time system which
provides a voltage reference to the AC-to-DC or DC-to-DC po-
wer converter. A voltage-based programmable DC power sup-
ply simplifies the PV emulator design since the output vol-
tage control is already included in the system. Among different
control strategies presented in the literature, the current-mode
control (Fig. 2) is well adapted into both relations (1) and (7). In
this method, the reference current IPV−ref is determined after
the real-time estimation of Iph, IS and Rs parameters at each
computation step of the model using (2)-(6) as it is shown in
Fig. 3. This approach requires voltage VPVm and current IPVm
measurements at the output of PV arrays emulator which can be
programmed through Vcm as it is illustrated in Fig. 2.

IPV [k] =

IphNpp−

ISNpp

{
exp

(
VPVm [k] + IPVm [k]Rs

Nss

Npp

VtNss

)
− 1

}
(8)

It is also possible to use only the measured voltage VPVm to
determine IPV−ref by using root-finding algorithm based upon
Newton-Raphson technique as it was suggested [9].

The parameters of anti-windup PI controller, shown in Fig.
2, are defined based on the step response of programmable DC
power supply to achieve the optimal accuracy and the desired
time constant. In this work, the classical zero-pole cancellation
technique is utilized for this purpose by assuming a first-order
transfer function for the programmable DC power supply.



FIG. 2. General scheme of current-mode control technique.

TABLE 1. Main parameters of 300Wc emulated PV array.
(G = 1000W/m2 and T = 25C)

Ns Voc Isc Imp Vmp kv ki

36 39.8V 9.75A 9.4 A 31.9V −132.3×
10−3V/K

4.5 ×
10−3A/K

4. EXPERIMENTAL RESULTS

A 300Wc PV module (Nss = 1 and Npp = 1) with electri-
cal characteristics shown in Table I is selected for emulation.
The real-time system, on which the PV model is implemen-
ted, is equipped with a target PC with an Intel CPU E4-1275
V3 of 3.8Ghz clock rate. A commercial voltage-based program-
mable DC power supply with 40V rated voltage and 39A ra-

FIG. 3. Implementation of PV arrays model in the real-time system.

ted current is used for delivering the power to the load (Fig.
4). The PI anti-windup controller utilizes the forward Euler me-
thod for numerical integration with Ts = 10−4 sampling time.
The parameters of PI anti-windup controller are determined as
Kp = 0.25 and KI = 100 to obtain both a good accuracy
and a requested time constant of τr = 20ms. A programmable
resistive load is linked to the output of the programmable DC
power supply to evaluate the performance of PV module emu-
lator as it is depicted (Fig. 4). The resistive load RL is cus-
tomized according to RL = 100, 90, · · · , 20, 10, 9, 8, · · · , 2, 1
Ω in a decreasing sequence to track the important operating
points on I − V curve at different values of solar irradiance and
cell temperature. The voltage VPVm and current IPVm at the
emulator output are illustrated at cell temperatures T = 25C
(Fig. 5), T = 30C (Fig. 6) and T = 50C (Fig. 7) and so-
lar irrediances G = 1000W/m2, 800W/m2, 600W/m2 and

FIG. 4. Scheme of PV modules emulator.



FIG. 5. Vpvm [V ] and Ipvm [A] at resistive load RL = 100, 90, · · · , 20, 10, 9, 8, · · · , 2, 1 Ω at T = 25C :
(a) G = 1000W/m2 - (b) G = 800W/m2 - (c) G = 600W/m2 - (d) G = 400W/m2.

FIG. 6. Vpvm [V ] and Ipvm [A] at resistive load RL = 100, 90, · · · , 20, 10, 9, 8, · · · , 2, 1 Ω at T = 30C :
(a) G = 1000W/m2 - (b) G = 800W/m2 - (c) G = 600W/m2 - (d) G = 400W/m2.

FIG. 7. Vpvm [V ] and Ipvm [A] at resistive load RL = 100, 90, · · · , 20, 10, 9, 8, · · · , 2, 1 Ω at T = 50C :
(a) G = 1000W/m2 - (b) G = 800W/m2 - (c) G = 600W/m2 - (d) G = 400W/m2.



FIG. 8. IPV − VPV theoretical curve ("—") and (IPV ,VPV ) measured
operating points at load RL in between 1Ω and 100Ω ("*") at T = 25C, 30C
and 50C : (a) G = 1000W/m2 - (b) G = 800W/m2.

FIG. 9. IPV − VPV theoretical curve ("—") and (IPV ,VPV ) measured
operating points at load RL in between 1Ω and 100Ω ("*") at T = 25C, 30C
and 50C : (a) G = 600W/m2 - (b) G = 400W/m2.

400W/m2 respectively. The average measured voltage Vpvm
and measured current Ipvm at the output of PV emulator is
determined over 100 measured samples in order to evaluate
the performance of PV emulator in the steady state condition.
The experiments related to these operating points (IPV , VPV )
at G = 1000W/m2, 800W/m2, 600W/m2 and 400W/m2 and
T = 25C, 30C and 50C are compared with theoretical curves
in both Figs. 8 and 9. These last tests have been performed for
load variations in between RL = 1Ω and RL = 100Ω. The re-
sults demonstrate a good performance of the selected approach
for emulation of PV arrays.

5. CONCLUSIONS

This paper presents a method based on current-mode control
strategy for emulation of PV arrays. In this approach, the impli-
cit form i.e. I = f(I, V ) is used to deliver a reference current
to the anti-windup PI controller for programming a DC power
supply. The experimental results illustrate a good performance

of the designed PV emulator in steady-state condition.
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