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Abstract - The photovoltaic emulator (PV emulator) described in the paper is used for laboratory exercises in the courses Renewable

Energy Sources and Emergency/Standby Power Supply Systems in the Graduate (Master) Studies in Electrical Engineering — Power

Systems Engineering and Principles of Power Electronics in the Undergraduate (Bachelor) Studies in Electrical Engineering as well as

for scientific research relating to setting an optimal photovoltaic system for regional climatic elements. The paper gives a detailed

description of subsystems of the PV emulator as well as a possibility of DC programmable sources of the subsystem. It is shown how

electricity production from the photovoltaic system with peak power of up to 12 kW can be emulated by using the PV emulator for

one chosen day in the month.
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1. INTRODUCTION

An increasing interest in and demand for photovol-
taic systems have set new requirements for PV equip-
ment manufacturers. It was necessary to find more
sophisticated ways of testing photovoltaic equipment,
primarily with regard to inverters and maximum power
point track (MPPT) systems. The output power of pho-
tovoltaic modules is influenced by two factors [1]: solar
radiation (isolation) and temperature of a PV cell, i.e.,
PV module. The previous generation of PV electronic
equipment was tested under real weather conditions,
as the first generation systems were less powerful.
However, it is often difficult to carry out testing under
real operating conditions on modern PV systems of
100 kW or more, due to the issues of space, price and
dependence on weather conditions, the latter becom-
ing the dominant factor when testing such equipment.
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These are the very reasons for the emergence of the
need to use programmable DC sources emulating the
characteristics of PV modules, which gave them their
name — photovoltaic module emulators. Such sources
are used to further test and develop electronic equip-
ment built into photovoltaic systems, such as inverters
and MPPT systems. There are currently several types
of programmable DC sources on the market that can
emulate photovoltaic modules, with power outputs
ranging from several kW up to 2000 kW [2-4].

Once inverters and MPPT systems have been tested
in this manner, conditions are created for a more im-
portant task — an evaluation of electrical power pro-
duced by a selected photovoltaic system. An electronic
system used for the evaluation of electrical power gen-
erated by photovoltaic modules is called a photovol-
taic emulator. There are several different concepts of
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PV emulator realization. One of those is aimed at simu-
lation, where PV emulator modeling is used in special
software, such as e.g. MATLAB [5]. It is typical of this ap-
proach that physical quantities - currents and voltages
— are scaled to amounts that are safe for handling and
accessible for measurements [6]. One such system is
Typhoon HIL [7], which supports this simulation-based
approach with its HIL emulator series.

For the emulation of photovoltaic systems, the au-
thors have chosen another, energy-based approach,
where instead of scaling currents and voltages, real
voltage and current values would be obtained by mea-
suring. Measurements of the v-i characteristic of pho-
tovoltaic modules should be obtained in advance for
this approach. Therefore, database [8] is used. Measure-
ment results stored in database were used as input pa-
rameters of the PV emulator.

2. SET UP OF PV EMULATOR

A laboratory model of a PV emulator used in this paper
consists of two programmable DC sources, one KACO in-
verter and necessary protective devices and it is shown in
Fig.1. Programmable DC sources are connected to an AC
network supply, and they convert AC currents into DC cur-
rents. DC currents on the output of DC sources are defined
by characteristics set up in the PV emulator. Programma-
ble DC sources LAB/HP 101000 by ET SYSTEM are used.
They generate DC currents of up to 10 A and voltages of
up to 1000 V and can simulate a photovoltaic module.
Compared to photovoltaic modules, output parameters
of programmable DC sources LAB/HP 101000 are inde-
pendent of climatic elements (sun isolation, temperature,
etc.). Programmable DC sources LAB/HP 101000 are used
as an input subsystem of a PV emulator for testing pho-
tovoltaic electronic equipment like inverters or an MPPT
control circuit, because they can always give output char-
acteristics of a photovoltaic model needed for testing.

The inverter is one of the main subsystems of a PV
emulator. KACO 12.0 TL3 inverter is selected due to the
possibility of using two MPPT inputs, Fig. 2. It means
that the inverter KACO 12.0 TL3 can be supplied by two
programmable DC sources. DC power produced from
programmable DC sources is converted into AC power
by using the KACO 12.0 TL3 inverter. The converted AC
power is submitted into the electric power system.

The connection of programmable DC sources on
the connection board of the inverter is shown in Fig.
2. The acronym MPPT stands for Maximal Power Point
Tracking and it marks that operating point in which the
photovoltaic module or string of photovoltaic modules
gives the maximal power at a given load. The first MPPT
system of the inverter is marked with letter A and the
second with letter B. They have DC+ and DC - inputs.
It is important to take care of the right polarity by con-
necting programmable DC sources LAB/HP 101000 on
the MPPT system inputs.

Fig. 1. Laboratory set up of a PV emulator
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Fig. 2. The connection of two DC sources
to two MPPT inputs

The output voltage of the KACO 12.0 TL3 inverter is
synchronized with the power grid voltage. Therefore,
there is no need for additional synchronization elec-
tronic equipment. The ON/OFF switch enables turn-
ing on to work on the grid in any moment as well as
turning off for maintenance. The value of produced
energy on daily, weekly and monthly base as well as all
recorded power data can be recorded and transferred
to a USB device which is connected to a separate con-
nector. The KACO 12.0 TL3 inverter also provides real
time measurements, such as measurements of power
produced instantaneously, voltages, currents, etc.
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The schematic diagram of a PV emulator used in this
paper is shown in Fig.3. A differential current switch
(RCD), an overvoltage protector (surge resistor) and
fuses are embedded in the protective device box.
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Fig. 3. The connection of two DC sources
to two MPPT inputs

3. MEASUREMENT OPTIONS

A programmable DC source LAB/HP 101000 made by
ET SYSTEM has five possible operating modes: Ul mode,
UIP mode, UIR mode, PVsim mode and Script mode. In Ul
operating mode, supply current (/) and supply voltage (U)
are limited. In UIP operating mode, in addition to current
and voltage, power (P) is limited as well. UIR operating
mode simulates the operation of a real voltage source.
PVsim operating mode is used for photovoltaic module
simulations. For photovoltaic module simulation as well
as for a string of photovoltaic module simulation, it is
necessary to define the following four characteristic val-
ues: U, - open circuit voltage of the module, U, — MPP
module voltage, I~ short circuit current of the module,
and /, ., — MPP module current. In script operating mode,
the DC source executes the program code from the SD
card inserted in the SD-card slot on the DC source. The
programmable DC source operating in script mode can
be programmed for work in Ul, UIP, UIR and PVsim modes.

@

DC| +

3x400 V

Network Bimllagsor R (VD
DC| — /

Fig. 4. Scheme for testing operating modes
of a DC source
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A schematic diagram of testing operating modes of a
programmable DC source (Ul, UIP, UIR and PVsim mode)
is shown in Fig.4. The PV module emulator is connected
to a three-phase AC supply system. A variable resistor R
is connected to the DC source output as load. The load
current and voltage are measured with the U-I method.
The change in the load resistance R causes a change in
load current and the operating point.
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Fig. 5. Possible operating point areas for: a) Ul mode,
b) UIP mode, ¢) UIR mode and d) PVsim mode

Possible operating point areas for: a) Ul mode, b) UIP
mode, ¢) UIR mode and d) PVsim mode are shown in
Fig.5., and they were colored gray. The load voltage is
set on the x-axis and load current is set on the y-axis.
This characteristic is called a v-i characteristic. The pos-
sible operating point area is colored gray. Every oper-
ating point area is limited by voltage (U-limit), current
(I-limit) and/or power (P-limit). The v-i characteristic for
PVsim operating mode and an operating point marked
with a small white dot is shown in Fig.6.

The variable load resistance is set to 3.5 Q. The v-i
characteristic of the photovoltaic module BISOL BMU-
250 is simulated by PVsim operating mode of a DC
source and it is shown in Fig 6.

Fig. 6. v-i characteristics simulated by PVsim
operating mode and operating point [9]

The voltages and currents of the simulated v-i char-
acteristic of the photovoltaic module BISOL are scaled
four times regarding a technical characteristic of mea-
surement equipment. Sun insolation was 800 W/m?and
the photovoltaic cell temperature was 44 °C. Character-
istic values of voltages and current of the simulated v-i
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characteristic of the photovoltaic module BISOL were:
|, =7.08:4=1.77 A, |,,,,=6.68:4=1.67 A, U, =35.1:4=8.75
V, U,,,=27.7:4=7 V. The output power of a program-
mable DC source was 11.49 W and it was determined
by load resistance. By changing the load resistance R,
it can be observed that if, for example, the operating
pointis set to the current limitation straight line (/-limit)
and load resistance decreases due to impossibility of
further increase of current, the voltage of the emulator
will increase and the operating point will move right
along on the straight line or a curve defined by current
limitation.

Apart from the aforementioned operation modes,
the PV module emulator can also operate in the mas-
ter/slave mode. This operating mode is used by link-
ing up two or more programmable DC sources to-
gether. By this operating mode, one of the PV module
emulators is the master and others are slaves. The pa-
rameters set on the master PV module emulator will
be transferred automatically and set on every other
linked PV module emulator.

4. EMULATION OF PV SYSTEM

It is necessary to know the basic properties of a PV
system to perform emulation. Also, it is necessary to
know specific characteristics of modules a PV system
is made up of. Therefore, the PV system with peak
power of up to 12 kW is chosen for emulation and
PANASONIC VBHN240SE10 [10] modules are used as
PV modules of the PV system. To be more specific,
this PV system is built up of 50 modules and each has
power of 240 kW.

The next step in emulating the PV system is to pre-
pare input parameters for the PV module emulator. The
basic and most important data necessary for perform-
ing module emulation are parameters of the v-i charac-
teristic of the photovoltaic module. There are: open cir-
cuit voltage (U, ), short circuit current (/. ) and voltage

and current (U, and | at maximum power point

MPPN MPPN)

(MPP). Voltage and current of the string, U, /.., are
obtained by using the following expressions:
Usg =n-Upe [V] (1
T =m-Ig [A]' )

where: n — total number of modules in series; m -
total number of parallel branches with modules con-
nected in series.

Values of voltage and current at MPP, U, ., /, .., are
obtained in the same way.

Usipoy =1 Uyppp [V] 3)

Lyppy =m-1ypp [A] (4)

Istr  Umppsts Umpestz lame,str
VoA VA [n] [n] [m] V] v [A] v v [A]
447 0.12 349 0.07 13 12 2 581.1 5364 0.24 453.7 4188 0.14
47.2 0.9 385 0.17 13 12 613.6 566.4 0.38 500.5 462 0.34
30 063 418 0.87 13 12 575 530 1.85 5434 5016 174
49.5 068 414 0.61 13 12 643.5 594 136 538.2 496.8 1.22
50.8 1.27 493 1.18 13 12 680 625 2.54 6409 5916 236
50 1.03 41.8 0.96 13 12 650 600 206 5434 5016 192
50.2 127 422 1.15 13 12 652.6 602.4 254 548.,6 506.4 2.3
50.8 1.93 424 191 13 12 660.4 609.6 4.03 5512 508.8 3.82
50.4 216 412 1.8 13 12 655.2 604.8 4.32 5356 4944 3.6
489 122 402 1.04 13 12 635.7 586.8 2.44 522.6 4824 2.08
49.7 0.8 473 0.69 13 12 646.1 596.4 1.6 6149 567.6 1.38
647.4 597.6 2.02 5434 501.6 1.7

Uo  Iks  Umpp Iwpe | PANsty PANs2 No.par Ustai  Ustz

NNNNMNNNNNNNN

49.8 1.01 418 0.85 13 12

Fig. 7. Input data for PV system emulation

After the procedure of PV module emulation is de-
scribed, emulation has been obtained for the selected
PANASONIC VBHN240SE10 modules. The 12kW PV sys-
tem consisted of 50 modules connected into 4 strings (2
strings with 13 modules and 2 strings with 12 modules).
Data used for calculation of input parameters of the PV
module emulator were taken from database [8] for the
day 9 April 2014, and this is shown in Fig.7. The database
was created in scientific research conducted under the
IPA Cross-border Co-operation Programme Hungary-
Croatia, project REGPHOSYS: Photovoltaic Systems as
Actuators of Regional Development, with the Faculty of
Electrical Engineering in Osijek as a project leader and
the Hungarian Academy of Sciences, Center for Regional
Studies, Pécs, as a project partner [11].

The calculated input data for PV system emulation,
string voltage and string(s) current, and voltage and
current at MPP for the first hour of emulation were ob-
tained from:

Ugp =n-U, =13-447=581.1V  (5)
Igp=m-1,=2-012=0244  (6)
Uppp, =1-U,pp =13-349=4537V  (7)
I p =1:007=0.144 (g

wppr =M1

The input data are then entered in DC programmable
sources and emulation was performed. To have emula-
tion as accurate as possible, these data can be entered
in the PV module emulator with different time inter-
vals. After completing emulation of the PV system, all
data on the DC or the AC side of the PV system can be
downloaded from the inverter. These data are current
and voltage of the strings, / UDG’Z, power of the
strings P

DC1,2’
output values such as phase currents and

DC1,2"
phase voltages; licr23r Uncr s total DC and AC power,
Poo Py As shown, all data are collected at intervals of

15 minutes.

Emulated electricity production was 23.11kWh, as Fig.
8.The efficiency of the inverter can be calculated from:

=P
P

DC

The efficiency rate of the inverter of this emulation
was 98.7%. This data is used for analytical calcula-
tion of electricity production. The analytical method
is obtained for two reasons. Firstly, it saves time in

)
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electricity production estimation but estimation is  [raw pane Nopsr U U b Uunsn Uumsrs b P | Poc P | W oo
ipe . . . ] @ mM v M A MM A kW] | kW] [kw] [kWh] | (o

very sensitive to time intervals of the chosen v-i char- 13 12 2 5811 5364 1440 4537 4188 0144 0.3 | 013 012 0987| 0.099 [15.33
.. . . 13 12 2 6136 5664 0380 5005 4620 0338 033 | 033 032 0987| 0.380 |36.86
acteristic parameters and it always results in Iarger 13 12 2 390 360 1250 543.4 5016 1746 182 | 1.82 1.80 0.987| 1.501 [41.35
.. . 13 12 2 6435 594 1366 5382 4968 1212 125 | 125 124 0987| 1.362 |28.84

errors and value deviations with I’eSpeCt to emula- 13 12 2 6604 609.6 2546 6409 591.6 2350 2.90 | 290 2.86 0.987| 2.525 |38.29
. . 13 12 2 650 600 2058 5434 5016 1912 200 | 200 197 0987| 2.038 |28.81
tion. Secondly, the analytlcal method can be used as 13 12 2 6526 6024 2534 5486 5064 2296 242 | 242 239 0.987| 2.311 |38.42
. 13 12 2 6604 609.6 3.852 5512 5088 3.818 4.05 | 405 399 0987| 4.261 [39.38

a good CheCk polnt for emu'ated reSUltS. 13 12 2 6552 604.8 4310 5356 4944 3.600 371 | 3.71 3.66 0.987| 3.660 | 18.5
13 12 2 2457 2268 2440 5226 482.4 2080 209 | 209 206 0987| 2.132 [13.59

. ) 13 12 2 6461 5964 1600 6149 567.6 1380 1.63 | 163 161 0987| 1.557 [30.45

The analyt|ca| method was Carned out for PANASON- 13 12 2 6474 597.6 2020 5434 501.6 1700 178 | 1.78 175 0.987| 1.753 |28.18
IC modules. In addition to values that are necessary for [2e1 | 221 | 238 [ 099 | 238 [29.83

emulation, it is additionally required to know DC power

) ) ’ Fig. 9. Analytical data for chosen PV system
(P,o). DC power is obtained by the expression:

emulation

Poe =Uspm L)+ U 'IMPP)[kW]I (10) Both groups of data are in Fig. 8. and Fig. 9., respec-

tively.
where: U,pp; @nd U, ,,, - string voltages at MPP, | -
string currents at MPP.
AC power P, _is then calculated as: 5. CONCLUSION
Pie=Ppc 1 [W] an An advantage of this kind of a photovoltaic emula-
torin assessing electrical production from photovoltaic
_ P -(t - )[kWh] (12) systems based on different PV modules is reflected in
1000 *> ! ' the following:
where t, and t, are instants of time for two chosen a. a photovoltaic emulator requires much less
input data. space than a photovoltaic system,
A relative difference between electricity production b. independence of solar irradiance, i.e,, time of the
given by analytical calculation and emulation AW is day,
about 2%. This difference is obtained as the ratio of c. apossibility to emulate PV systems with various
emulated (23.11kWh) and calculated (23.58kWh) elec- technologies of a photovoltaic module,
tricity production: d. built-in protection for measurements, protecting
W W the equipment as well as the operator,
_an. " " Emy 0 . .
AW = W—~100 /o e. calibration of other devices.
ik (13) Emulation of the photovoltaic system with peak
23,58 -23,11 0 0 power of up to 12 kW is obtained based on the
W=——"—100%=199% .
23.58 measurement of the photovoltaic module PANASONIC
VBHN240SE10 v-i characteristics for one chosen day
where: W, - electricity production given by analyti-  in the month. These data can be used for studying
cal calculation, W, - electricity production given by  an optimal photovoltaic system regarding regional
emulation. climatic elements.
Inverter type Serial number  RS485 address IP addres:
Powador 12.0 TL3 12.0TL01339150 10.0.0.0 23.11
Time Udc1[V] Idc1[A] Pdc1[W] Udc2[V] Idc2[A] Pdc2[W] Uacl[V] laci[A] Uac2[V] lac2[A] Uac3[V] lac3[A] Pdc[W] Pac[W] Tsys[°C]
6:55:06 404.1 0.06 24 436.9 0.14 65 237.2 0.8 236.6 0.82 236 0.8 90 88 33.9
7:10:21 403.8 0.05 22 435.4 0.15 67 236.2 0.8 236.7 0.82 235.3 0.81 89 88 35.3
7:25:36 403.5 0.22 91 400.9 0.32 129 235.7 0.86 235.8 0.87 2354 0.85 220 215 36.4
7:40:50 403.6 0.33 134 387.6 0.43 166 235.3 0.89 235.4 0.91 235.2 0.89 301 296 37.2
7:56:05 403.6 0.32 133 387.7 0.43 166 234.8 0.89 234.8 0.9 234.7 0.89 299 296 37.8
8:11:19 403.6 0.33 134 387.2 0.43 166 2354 0.89 2341 0.9 2339 0.89 300 296 38.3
8:26:34 401.1 0.32 128 388.7 0.4 158 236.9 0.88 2311 0.9 235 0.89 287 280 38.7
8:41:48 492.1 1.65 812 499.1 1.76 880 235.5 2.34 2313 2.39 235.4 234 1695 1661 39.2
8:57:03 502.5 1.68 845 521.7 1.79 934 236.4 247 231.6 2.52 2355 248 1780 1759 39.9
9:12:17 501.9 1.69 848 520 1.8 937 236.7 2.48 231.7 2.53 2343 25 1788 1763 40.6
9:27:32 497 1.22 606 526.6 1.29 681 236 1.78 231.9 1.81 2343 1.79 1289 1264 41.2
9:42:46 492.7 1.13 557 514.3 1.3 671 236.8 19 232.2 191 235.1 1.9 1229 1216 415
9:58:01 491.9 1.15 570 512.6 1.28 657 237.6 1.69 2324 1.73 235.5 1.71 1229 1213 41.8

Fig. 8. Data emulated from the inverter
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