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Abstract—This paper discusses a simple and cheap PV
emulator based on a linear power supply that does not require a
source of light to conduct laboratory experiments. The emulator
has been designed to underpin students' understanding the
properties of PV cell V-I characteristics and the ways to
maximise the output power learned from lectures, tutorial and
self-studies. The emulator has been built using “on the shelf”
components and tested under rated power conditions. It
demonstrated a good emulation of V-I characteristics within the
rated range of the sun irradiation and the temperature.

Index Terms-- instructional laboratory, linear power supply,
photovoltaic emulator

[.  INTRODUCTION

Electric power generated using photovoltaic (PV)
technologies has dramatically grown over the past decade.
International Energy Agency reported that the global capacity
of installed PV has been increased in 25% in 2015 and
reached the value of 227.1GW [1]. That was achieved due to
significant reduction of PV manufacturing and installation
cost. It has been also reported that since 2010 the price of
solar PV cells per one watt does not exceed 1.0 £/W [2].

In the context of engineering education, the PV technology
was not the object for massive research and educational
interest prior to the early 2000s. The technology was
extremely expensive and, therefore, considered not applicable
for mass production and industrial scale installations. A
relatively small number of engineers and scientists across the
world were involved in research and development in the area
of PV solar cells [3]. This is why the study of principles of
PV technologies and their applications were not widely
integrated into the engineering curriculum in colleges and
universities across the world.

Intensive expansion of PV technologies in the recent years
demands a significant increase in specialists having skills and
professional competences to manufacture, design, develop,
install and manage various types of PV applications. Many
education providers such as schools, colleges and universities
focused on STEM subjects are revising their engineering
curriculum to integrate renewable energy and sustainability
components including principles of PV technologies into
academic programmes [3].

A typical learning and teaching strategy in the area of
engineering education comprises both theoretical and
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practical elements. Both elements aim to provide the students
with appropriate learning outcomes thorough lectures, tutorial
and laboratory works. Practical experiments conducted in an
instructional laboratory are essential components of the
learning process underpinning theoretical knowledge obtained
from lectures, tutorial and self-studies. Execution of practical
controlled assignments under academic staff supervision
requires appropriate laboratory equipment focused on
particular aspects of technologies [4]-[7].

As for PV technologies, the laboratory equipment should
provide curriculum support for investigation and analysis of
volt-ampere (V-I) characteristics of PV cells to cover the
main objectives of the practical experiments. The majority of
educational equipment produced by manufacturers, colleges
and universities are laboratory workstations based on a real
PV cell that included a light source to simulate sun irradiation
[8]-[11]. However, such a complicated and expensive
structure of the workstation is not required if the objective of
study is the investigation of PV cell V-1 characteristics,
particularly, in the context of Maximum Power Point
Tracking (MPPT) applications [12]-[17].

Therefore, the paper discusses a simple and cheap PV
emulator based on a linear power supply and not requiring a
source of light to conduct an experiment. The emulator is
designed to support the students in understanding the
properties of PV cell V-I characteristics and the ways to
maximise the output power, most important learning
outcomes of studies in the area of PV technologies.

II. PV EMULATOR

MPPT methods are widely implemented in PV applications
for efficient absorption of power generated by solar cells. The
principle of MPPT methods is based on the non-linearity of
volt-ampere characteristics of a PV panel where shape of the
curve depends on level of sun irradiation and temperature of
the panel [18], [19]. Therefore a PV emulator is actually a dc
power supply having the non-linear output characteristic
corresponding to V-I curve of a real solar cell.

Many power supply based PV emulator utilise switching
mode power supplies to reduce power losses and increase
efficiency of the device [12], [14], [20]-[24]. These solutions
are usually implemented in high power emulators and require



quite sophisticated control. On the other hand, PV emulators
based on linear power supplies are much simple and cheaper
in terms of hardware. This is why majority of “low cost”
emulators are actually linear power supplies. Although these
emulators are rated for low power their control is relatively
simple [17], [25], [26].

The control of PV emulators is usually digital, based on a
microcontroller or DSP board [6], [12], [14], [20]. However
some emulators employ computer based control using
LabVIEW [13] or dSPACE [27] programming environments.
These systems are quite advanced and benefit from ability to
be integrated into bigger measurement complexes. Analogue
circuits usually used to control the linear power supply
emulator at a low power rate [17], [25], [26].

Therefore, the linear power supply structure and simple
microcontroller based control has been used to design and
built the emulator in order to cut the cost of the device. Fig. 1
shows the functional diagram of the proposed PV emulator.
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Fig. 1. Functional diagram of PV emulator. The values of sun irradiation in
W/m2 and the cell temperature in °C are input manually and indicated on the
front panel of the emulator.
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Fig. 2. Examples of V-I characteristics used for the PV emulator [14]; left
side — constant sun irradiation of 1000W/m2; right side — constant PV
temperature of 25°C.
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The emulator comprises of a simple linear power supply
having the output characteristics similar to a PV cell V-I
curve. The control circuit of the emulator utilises a
microcontroller to process the current and voltage feedbacks
from the output of the emulator. The microcontroller employs
the modified algorithm of PV simulation suggested by [17].
The inputs for the microcontroller are voltages corresponding
to the level of sun irradiation and temperature of emulated PV
cell. The microcontroller also provide the indication of the
input parameters in W/m? for the sun irradiation and °C for
the temperature. The emulator is rated at 120 W to provide
the output voltage up to 30 V and current up to 4 A.

The device emulates V-1 characteristics of the
monocrystalline PV cell having peak power of 50W and
maximum power point at the current of 2.9A and the voltage
of 17.2V [14]. The family of V-I characteristics of the cell for
constant sun irradiance and constant temperature are shown in
Fig. 2.

III. TEST RESULTS

The prototype of the PV emulator has been testes in order
to verify the approach used for the device design and
development. The emulator was tested to simulate V-I
characteristic of the real PV cell under wide range of sun
irradiation (100-1000W/m?) and the cell temperature (25-
75°C). The test results demonstrated a good emulation of V-1
characteristics of the real PV cell.
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Fig. 3. Two test V-I characteristics of the PV emulator; the sun irradiation is
1000W/m2; the PV temperature is 25°C.
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Fig. 4. Two test power characteristics of the PV emulator; the sun irradiation
is 1000W/m2; the PV temperature is 25°C.

TABLE I
TEST RESULTS OF PV EMULATOR

Voltage (V) | Current (A) | Power (W) | Emulator power loss (W)
Test #1
22.4 0 0 0
22.1 0.56 12.4 7.3
21.0 1.45 30.5 20.3
20.0 2.09 41.9 31.3
19.1 2.49 47.6 39.6
18.3 2.76 50.7 46
17.6 2.88 50.8 50
16.8 3.07 51.5 55.9
14.4 3.075 44.3 63
10.3 3.11 32.2 76.8
5.2 3.19 16.5 95.2
0 3.2 0 112
Test #2
22.2 0 0 0
22.1 0.29 6.5 3.8
21.8 0.79 17.1 10.4
21.2 1.21 25.78 16.6
20.7 1.75 36.2 25
19.4 2.32 44.9 36.3
18.1 2.90 52.6 48.9
15.9 3.04 48.4 58.1
11.4 3.17 36.2 74.8
5.4 3.2 17.1 94.9
0.05 3.22 0.16 112.5
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Fig. 5. PV emulator power losses.

The results of two tests discussed in this section are given
as an example of the PV emulator performance. Both tests
were corresponding to the sun irradiation of 1000W/m? and
the PV temperature of 25°C.

V-I characteristics of the PV emulates obtained from two
testes are shown in Fig. 3. Fig.4 displays the output power of
the PV emulator. It can be seen that the maximum power at
MPPT is very close to the peak power value of the real PV
cell and the value of voltage corresponding to the MPPT is
about 17.5V.

The main disadvantage of the linear power supplies is low
efficiency under load condition. Fig. 5 demonstrates power
loss of the emulator during the tests. It can be seen that power
loss has a maximum value of about 112W at the short circuit
condition when the PV emulator generates max current at
zero terminal voltage. This required installation of an
appropriate heat sink to keep the temperature of the power
semiconductor below threshold value to provide safe and
reliable operation of the device.

IV. CONCLUSION

The emulator has been build using “on the shelf”
components and tested under rated power conditions. It
demonstrated a good emulation of VI characteristics within
the rated range of the sun irradiation and the temperature. The
non-linearity of V-I characteristic was investigated using
conventional load instruments, the same applied for
investigation of output characteristic of power supplies. The
obtained characteristics were proceeded for further analysis to
determine location of the operating point corresponded to
MPPT. The emulator has been designed to be compatible
with laboratory equipment produced by “Feedback
Instruments”.
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