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Abstract: Applied tests on a real photovoltaic panel for a consolidated analysis require complex
experiment setup and permanent availability of climatic conditions. This method is ineffective
and can damage the PV system. As a result, PV emulators are highly requested in solar energy
conversion and generation research, which rests essentially on a maximum power point tracking
control algorithm (MPPT) and an adapting power stage as the DC-DC converter and PV inverter.
The PV emulator guarantees a controllable light source environment to act as a real PV system in
the laboratory. This paper deals with the study and development of an experimental PV emulator
based on logarithmic approximation of the ideal single diode model (ISDM), which is implemented
using analog electronic components. Mainly, the PV model, the controller, and the power stages,
forming the PV emulator, are described. This simple, low-cost, and efficient device is considered as a
nonlinear power supply template replacing the real PV system for any operating point irrespective
of the environmental condition changes. The emulated current-voltage and power-voltage curves
are validated via resistive load and batteries. Then, the performance of the proposed PV emulator is
evaluated by its ability to recharge properly two 12V 7 Ah batteries.

Keywords: PV emulator; logarithmic amplifier; ideal diode model; PI controller; DC power supply;
operational amplifier; batteries

1. Introduction

To reproduce I = f(V) and P = f(V) characteristics of a PV system in the laboratory for a reliable,
rapid, and efficient PV energy conversion systems analysis and improvement, two methods are
applied. The conventional one consists of developing an experimental platform using the light emitting
diode or the halogen lamp as the controllable artificial light for the PV module [1]. Consequently,
a large amount of power and a wide space area are needed to set-up the necessary equipment to
control and generate the artificial light. In addition, the test bench configuration is complex and the
temperature manipulation is not possible [2]. PV emulators are considered as alternative solutions for
the conventional emulation method. A PV emulator system represents a reconfigurable DC power
source to reproduce the output electrical characteristics of different PV module regardless of external
atmospheric conditions so that the actual PV power system operation can be validated precisely. This
tool offers a convenient ambient condition control for steady state and transient responses, which
allow simple, rapid, and accurate experiments and tests for the PV energy conversion system. There
are commercial PV emulators available in the market offering a variable power range from a PV
module to a PV array emulations such as Elgar ETS60X14C-PVF and Magna Power TSD50050240 [3,4].
Nevertheless, the major disadvantage preventing their frequent use by researchers is a high cost.

Researchers treated and discussed several methodologies of PV emulators over the years. PV cell,
module, and array emulators have been studied for about 30 years. The first PV emulator prototype
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was developed based on the analog circuit [5]. After that, parallel to the development of technologies
related to the electric field, researchers have improved the projected studies on PV emulators. Clearly,
the PV emulator, as shown in Figure 1, includes three parts called the PV model, the control strategy,
and the power stage.
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In the literature, some PV emulators are classified based on their power range [6–8]. Others are 
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one to the Rs-model, then to the Rp-model, the two-diode model, and, finally, the three-diode model. 
Relatively, the more complicated the model is, the more parameters number is important requiring 
more computing time and use of complex algorithms by an emulator to generate output results. 

Several control strategies, which affect the PV accuracy, transient response, and steady state 
response and connect the PV model to the power stage, were used to determine and locate the PV 
emulator operating point as the real PV module I = f(V) curve. In References [11–13], authors used 
the direct referencing method as a common and simple control method that exploit the PI regulator 
and power converter dynamic characteristics to find the operating point. However, the wrong sizing 
of external factors and parameters as well as their dependence cause significant oscillations at the 
emulator output. To overcome this problem, authors in References [14,15] have chosen a fixed step 
size of the duty cycle for controlling the PV emulator to produce a more stable output. Furthermore, 
authors in Reference [16] have considered the hybrid-mode controlled method to improve the 
dynamic performance of the PV emulator affected by the small step size. Despite the oscillations that 
have been reduced and the performances that have been improved, this method requires a complex 
control algorithm and is expensive since two different systems are controlled, implemented, and 
powered. The resistance comparison method determines the output resistance of the PV emulator 
digitally across its output current and voltage [17]. Other control techniques ensuring a numerical 
reference current–voltage generation are presented in References [18,19]. Although this procedure 
offers more stable feedback, a very high computation is required and a digital implementation 
support with high cost is invoiced. The analog-based method is distinguished with rapidity, 
simplicity, and low-cost setup. PV emulators analog control are built around variable resistance, 
power amplifier, the DC power source, and the photo sensor [20–22]. A PV emulator via curve fitting 
employing a current regulator was presented in Reference [23]. 
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In the literature, some PV emulators are classified based on their power range [6–8]. Others
are categorized by PV model representation [9,10], given that PV cell and its modeling are the most
important key parts of any PV emulation structures. Whatever the elaborate model, the goal to be
achieved is to have data in all operating conditions, which is derived from the PV emulator that
closely mimics the behavior of real solar cells. Through the equivalent circuit, many models of varying
complexity degrees have been proposed. The models started with the ISDM as rudimentary one
to the Rs-model, then to the Rp-model, the two-diode model, and, finally, the three-diode model.
Relatively, the more complicated the model is, the more parameters number is important requiring
more computing time and use of complex algorithms by an emulator to generate output results.

Several control strategies, which affect the PV accuracy, transient response, and steady state
response and connect the PV model to the power stage, were used to determine and locate the PV
emulator operating point as the real PV module I = f(V) curve. In References [11–13], authors used
the direct referencing method as a common and simple control method that exploit the PI regulator
and power converter dynamic characteristics to find the operating point. However, the wrong sizing
of external factors and parameters as well as their dependence cause significant oscillations at the
emulator output. To overcome this problem, authors in References [14,15] have chosen a fixed step
size of the duty cycle for controlling the PV emulator to produce a more stable output. Furthermore,
authors in Reference [16] have considered the hybrid-mode controlled method to improve the dynamic
performance of the PV emulator affected by the small step size. Despite the oscillations that have
been reduced and the performances that have been improved, this method requires a complex control
algorithm and is expensive since two different systems are controlled, implemented, and powered.
The resistance comparison method determines the output resistance of the PV emulator digitally
across its output current and voltage [17]. Other control techniques ensuring a numerical reference
current–voltage generation are presented in References [18,19]. Although this procedure offers more
stable feedback, a very high computation is required and a digital implementation support with high
cost is invoiced. The analog-based method is distinguished with rapidity, simplicity, and low-cost
setup. PV emulators analog control are built around variable resistance, power amplifier, the DC
power source, and the photo sensor [20–22]. A PV emulator via curve fitting employing a current
regulator was presented in Reference [23].
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The power stage part can be interfaced with switching or linear components. The switching power
stage should operate in the buck mode to carefully reproduce the emulated I = f(V) curve [11] such
as the use of DC-DC buck converter, half-and-full bridge DC-DC converter, the three-phase AC-DC
voltage source, and the current source rectifier and DC programmable power supply [24–26]. These
emulator topologies are highly demanded in high power applications. Linear PV source emulators are
also invoked in the literature [27]. They are excellent in dynamic response, have a wide bandwidth and
high resolution, and are effective especially in low power applications. The PV emulator is designed to
predict the behavior of a real PV system to test the MPPT control algorithm and estimate the efficiency
of the PV energy conversion system and to study and analyze power converters and PV system
interactions [28–33].

For all PV emulator templates, there is always a compromise between rapidity, efficiency,
robustness, and complexity. The main objective is to reproduce closely the behavior of the
studied PV system. This paper presents a simple, fast, and accurate PV emulator-based analog
electronic component. The proposed PV emulator has a low cost compared with commercial and
digital-controlled PV emulators. A logarithmic approximation of the ISDM was considered in this study.
The power stage that consists of the DC power supply feeding a controlled linear voltage regulator,
which are parallel-connected to variable resistors or batteries, exhibits the PV output characteristics.
The performance of the proposed PV test bench is deducted by the comparison between emulated
curves and reference ones. This paper is organized as follows: Section 2 presents the electrical circuit
and the logarithmic approximation of the ISDM. Section 3 details the methodology as well as the
controller design of the proposed PV emulator. In this section, the device is set up using analog
electronic components such as the logarithmic amplifier and linear voltage regulators. Experimental
tests, operation evaluation, and system performance are discussed in Section 4. We finish this paper by
some remarks and conclusions.

2. PV Model and Characteristics

Photon absorption from light, electron charges release and a part of solar energy conversion into
electricity are ensured by the key components of the PV systems such as the PV cells. However, the
remaining energy of the photon will produce heat lost in the PV module and increase the temperature
of the cell. In general, commercial PV modules are housed on metal, and are then covered with
anti-reflective coating to minimize the reflection as well as a special laminate for mechanical protection.

For the PV system representation, two types of the PV model are considered either the electrical
circuit model, which includes the PV electricity model and the PV thermal model [34,35], or the
interpolation model. Figure 2 presents a description of the PV model type in PV emulator applications.
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The PV interpolation model is a mathematical function that intercepts the short circuit current
and the open circuit voltage for producing the I = f(V) characteristic curve of the PV module. Many
researchers have considered this model in the PV emulator establishment [14,36,37].

According to the Kirchhoff law [38], the PV characteristic equation is derived through the
analytical method and an electrical circuit represents the PV model. The single diode model is
the primitive, common, and popular PV model. In this work, we have used the ideal single diode
model to describe and emulate the PV module characteristics.

The photocurrent, Iph, comes from a photovoltaic effect that depends on the semiconductor
material absorption capacity as well as the incident irradiation flux [39]. The ISDM model is depicted
in Figure 3.
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The output current of the ideal single diode model is given by Equation (1).

Ipv = Iph − Id = Iph − I0

e
(
qVpv

akT
)
− 1

 (1)

where Id is the well-known Shockley diode current, I0 is the saturation current, q is the electron’s charge
constant value, a is the diode ideal factor, k is the Boltzmann’s constant, and T represents the junction
temperature. Clearly, this model requires three parameters, which are Iph, I0, and a in order to perfectly
characterize the I = f(V) output curve [40]. Graphically, as illustrated in Figure 4, Ipv can be determined
by the superposition of the curve vertical translation determined by Iph and the exponential shape
defined by Id.
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The nonlinear Equation (1) requires a numerical method to be solved. As an approach proposed
by Reference [41], equations as expressed by Equations (2)–(4) could be calculated by analyzing the
manufacturer features and the real measured I = f(V) curve of the PV module. As a typical example,
the Solarex MSX-60 60W module will be used to illustrate and verify this study.

Iph =
GIscn

Gn
(1 + ki(T − Tn)) (2)
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ki =
(Isc − Iscn)

T − Tn
(3)

I0 =
Iscne

qVocn

akTn − 1


(

T
Tn

)3
a e

−
qVg

ak(
1
T
− 1

Tn
)

(4)

where G and Gn are, respectively, the incident solar irradiance and the solar irradiance at Standard
Conditions Test (STC) (1000 W/m2), Isc and Iscn are the short circuit current, and the short circuit
current at STC, respectively, ki is the temperature coefficients of the short circuit current, Vocn is the
open circuit voltage at STC, Vg is the energy band, and Tn is the temperature at STC (25 ◦C). Typical
I = f(V) and P = f(V) curves plotted under STC using SIDM are shown in Figure 5.
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Figure 5. Typical PV characteristics under STC: (a) I = f(V) and (b) P = f(V).

The PV modules simulation under real climate conditions remains difficult because the software
part must be very efficient since the inertia of temperature and irradiation is important and requires
more time to be simulated. Therefore, researchers consider the variation of their profiles constant or by
the level to characterize the behavior of these systems.

3. PV Emulator Methodology and Controller Design

To emulate the behavior of real PV systems in the laboratory, either the PV current is expressed as
a function of T, G, and Vpv as already widespread or we express PV voltage versus T, G, and Ipv. These
representations are, respectively, an exponential or logarithmic form. The proposed PV emulator is
designed based on analog circuits, which is constructed around operational amplifiers, logarithmic
amplifier, variable resistors, adjustable linear voltage regulator, the DC power supply, and power loads
to reproduce Vpv = (T,G,Ipv) data. Figure 6 presents the general block structure of this PV emulator.
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3.1. Output PV Characteristic Voltage for Linear Voltage Regulator Adjustment

By manipulating the logarithm function, Equation (1) is rewritten as:

Vpv = aNsVt ln
( Iph − Ipv + I0

I0

)
(5)

where Vt =
kT
q

is the thermal voltage and Ns is the number of series PV cells.

Considering I0 << Iph − Ipv, Equation (1) is simplified as follows:

Vpv = aNsVt ln
( Iph − Ipv

I0

)
(6)

Mathematical development of Equation (6) is given by:

Vpv = aNsVt ln(Iph − Ipv)− aNsVt ln(I0). (7)

The PV emulator is designed around adjustable linear voltage regulators to provide a malleable
output voltage ensuring an accurate imitation of the PV module characteristics. The output voltage
is controlled by an external circuit. The controller is implemented to lead a measured current at the
system output as close as possible to the reference current. Moreover, in order to compensate the
voltage drop across the resistor R1, which is equal to 1.25 V, the output PV voltage is reduced by 1.25 V
determining the output PV characteristic voltage as a reference voltage of the emulator as expressed:

Vre f = aNsVt ln(Iph − Ipv)− aNsVt ln(I0)− 1.25 (8)

3.2. PV Emulator Component Controller Modeling

Essentially, two parts are modeled by analog devices in the proposed PV emulator such as the
controller which contains the PV model type, i.e., the output PV characteristic voltage, the PI regulator,
and treatment feedback signals stage and the power stage represented by linear voltage regulators, the
DC power supply, and power loads. The current sensor allows us to measure the load current. Then,
the treatment circuit will process and adapt the corresponding voltage image in order to achieve the
considered mathematical equation by carefully using the analog component. The obtained voltage
is subtracted, through operational amplifiers and resistors, from the reference photocurrent, Iph*.
A logarithmic amplifier consists of operational amplifiers and transistors, as presented in Figure 7. This
circuit provides a logarithmic output for a given input and contributes to reproducing the reference
voltage Vref.
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The logarithmic amplifier’s output is a function of:

Eout =
R10 + R12

R12
(VBE2 − VBE1) (9)

Logarithmic amplifier principle is based on the inherent logarithmic relationship between collector
currents Ic1 and Ic2 and the voltages VBE1 and VBE2 in the two bipolar transistors T1 and T2, given by
the following equation.

∆VBE = VBE2 − VBE1 =
kT
q

Ln
Ic1

Ic2
(10)

The output voltage describing the logarithmic circuit operation is written as Equation (11).

Eout = − kT
q

16.7 ln
EinR13

VDZR9
(11)

Given that
R13

VDZR9
≈ 1, and the input logarithmic amplifier Ein = Iph − Ipv then

Eout = − kT
q

16.7 ln Ein (12)

Some practical values are given in Table 1.

Table 1. Practical values components of the logarithmic amplifier circuit.

Symbol Value

R9 100 kΩ
R13 700 kΩ
VDZ 6.9 V

Some developments allow us to rewrite Equation (8) as follows:

Vre f = − aNs

16.7
Eout − aNsVt ln(I0)− 1.25 (13)
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Given that the real PV operating area is located between 60% and 80% of its open circuit voltage

Voc and from
1
2

Isc, the proposed PV emulator should imitate properly the PV characteristics in this
interval. In order to achieve a smooth transition between the different components of the emulator,
Ein ≥ 0. Clampers are used at the output of the current controller to protect and maintain acceptable
voltages at the emulator output. Synoptic diagram of the proposed PV emulator based on Equation (13)
is depicted in Figure 8.
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4. Practical Implementation and Experimental Results

In order to verify the operation of the proposed PV emulator, a practical implementation of
MSX-60 module features has been carried out. Based on analog electronic components, the PV emulator
controller operates as follows: the HX50-P sensor ensures the current acquisition and, subsequently, an
amplifier-based circuit will process and condition the recovered image voltage. Iph* is introduced and
adjusted via a potentiometer and a voltage divider to calculate the input voltage, Ein, of the logarithmic
amplifier circuit. The latter is made around a double amplifier LF412 component, which operates
even with a very low input voltage and is insensitive to noise, given that operational amplifiers were
designed to perform mathematical operations in analog calculators. The output voltage variation of
the logarithmic amplifier, Eout as a function of its input voltage Ein, and some other blocks are validated
experimentally, as illustrated in Table 2.

Table 2. Experimental results of the PV emulator as different block circuits.

Block A Block B Block C Block F
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The power circuit is based on the LM338 regulators, which are able to support 5 A over an output
voltage range of 1.2 V to 32 V. Parallel-placed linear regulators have been completed to enhance the
emulator output current, as shown in Figure 10, which allows us to reproduce the PV modules parallel
connection topology. For each variation, the flowing current in the load corresponds to the emulated PV
current. Experimental results were compared with the Matlab/Simulink module simulation. An initial
irradiance level was set to the STC value and we have considered both loads as the variable resistors
and batteries.
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In order to validate the experimental results, we have considered that the PV emulator operates
under STC with a constant temperature and an irradiation equal to 25 ◦C and 1000 W/m2 to obtain the
emulated electrical characteristics I = f(V) and P = f(V). A photo of the PV emulator is presented in Figure 11.
The simulation parameters of the Solarex polycrystalline silicon PV module are listed in Table 3.

Electronics 2018, 7, x FOR PEER REVIEW  10 of 15 

 

The power circuit is based on the LM338 regulators, which are able to support 5 A over an output 
voltage range of 1.2 V to 32 V. Parallel-placed linear regulators have been completed to enhance the 
emulator output current, as shown in Figure 10, which allows us to reproduce the PV modules 
parallel connection topology. For each variation, the flowing current in the load corresponds to the 
emulated PV current. Experimental results were compared with the Matlab/Simulink module 
simulation. An initial irradiance level was set to the STC value and we have considered both loads as 
the variable resistors and batteries. 

 

Figure 10. Parallel-placed LM338 regulators in the PV emulator power stage. 

In order to validate the experimental results, we have considered that the PV emulator operates 
under STC with a constant temperature and an irradiation equal to 25 °C and 1000 W/m2 to obtain 
the emulated electrical characteristics I = f(V) and P = f(V). A photo of the PV emulator is presented 
in Figure 11. The simulation parameters of the Solarex polycrystalline silicon PV module are listed in 
Table 3. 

 
Figure 11. Photo of the experimental test bench.



Electronics 2019, 8, 232 11 of 15

Table 3. Manufacturing PV module parameters of Solarex MSX-60.

Typical Electrical Characteristics Temperature Characteristics

Designation Value Designation Value

Maximum power (Pmax) 60 W Temperature coefficient of power −(0.5)%/◦C
Voltage at Pmax (Vmp) 17.1 V Temperature coefficient of Vov −(80)mV/◦C
Current at Pmax (Imp) 3.5 A Temperature coefficient of Isc (0.065)%/◦C

Open-circuit voltage (Voc) 21.1 V Nominal operating cell temperature 49 ◦C
Short-circuit current (Isc) 3.8 A Operating interval temperature [−40 ◦C,+85 ◦C]

The experimental PV characteristics shapes plotted under STC using resistive load are shown in
Figure 12.
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Figure 12. PV emulated characteristics using the resistor load under STC: (a) I = f(V) curve.
(b) P = f(V) curve.

The level of irradiation was set for the photovoltaic emulator via the potentiometer. From the
analysis, we have some findings regarding the performance of the proposed emulator. Since the
operating point of the PV module is measured between 60% and 80% of Voc, this emulator is able to
repeat the simulated PV module dynamic behavior with acceptable accuracy. Afterward, two 12V
7 Ah batteries placed in series and partially discharged have replaced the resistor load. The results are
illustrated in Figure 13.
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Figure 13. PV emulated characteristics using batteries under STC: (a) I = f(V) curve. (b) P = f(V) curve.

Note that the obtained I = f(V) and P = f(V) characteristics from the emulator near the operating
point of the MSX-60 PV module are very close to simulated ones for this load type. The results
agree, which proves the efficiency and accuracy of the designed emulator system by analog electronic
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components. During the emulation experiment via batteries, as given in Figure 14, current, Ibat and
voltage, Vbat were plotted as a function of the recharge time of the batteries while the generated battery
voltage is plotted versus the current battery.
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Figure 14. Batteries recharging profiles versus time: (a) Ibat. (b) Vbat. (c) battery generated voltage.

At the beginning of the recharging process, the current, Ibat, is limited and the voltage, Vbat,
increases slightly until reaching regulated voltage. Afterward, the second so-called filling phase
is ensured and the battery voltage remains perfectly stable while the battery current decreases.
The recharging process is completed when the Ibat falls below the threshold, which is defined according
to the battery nature. Batteries behave as a voltage generator, as presented in Figure 14c, which
represents the electrical characteristic Vbat = f(Ibat) of the batteries. Consequently, the behavior of the
proposed PV emulator based on the analog components is validated and the batteries are successfully
recharged through this experimental device.

5. Conclusions

In this paper, a low cost PV emulator based on ideal single diode model linearization was
presented. A detailed study was carried out by analyzing mathematical equations and electrical
equivalent circuit representation of the constructed PV source. The proposed emulator has been
designed to precisely reproduce accurate I = f(V) and P = f(V) characteristics of a typical 60 W PV
module in the laboratory at different load and environmental conditions by evaluating the transient
and steady state responses. Mainly, two stages are considered in the proposed work. The emulator
controller stage consists of a PI regulator and logarithmic approximation of the PV characteristic
voltage, which is implemented through analog electronic components, whereas the power stage
includes a DC power supply, linear voltage regulators, resistive load, and a series of connected
batteries. The emulator was extended to emulate three photovoltaic modules, which are connected in
parallel. The comparison between the reference PV characteristics and experimental results shows
that the emulated output results are highly similar to the transient response for both resistive load and
batteries. The batteries as load type of the PV emulator and the recharging process prove the emulator
performance. As a result, the proposed control strategy provides a perfect matching among simulated
curves by ensuring simple, fast, and accurate emulation of the PV characteristic near the PV operating
points. The emulator developed in this study is a useful device for the researcher and the industrial
sector that can support future studies about PV energy conversion system applications. The proposed
experimental test bench has the advantage of high bandwidth, which is an essential criteria for testing
high frequency MPPT algorithms.
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