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Abstract—This paper deals with the design of a PV
generator emulator for pre-certificated tests of solar
inverters. The power topology is defined to meet standards
requirements and provide the current versus voltage (I-V)
curve under defined conditions of irradiation and
temperature. The standard EN50530 related to overall
efficiency of grid connected photovoltaic inverters gives the
model of PV panel to be used. Thereby, an algorithm is
proposed for model implementation on a low cost digital
target (STM32F4), and also for power structure control in
order to reproduce the PV panel behavior. Simulation and
experimental results of a 60 W PV panel emulator are
presented and discussed.
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1. INTRODUCTION

The PV roof-top market is continuously growing and
the performances of the PV grid connected systems are
nowadays one of the major issues. The PV inverter is the
heart of such systems and its performances strongly
impact the whole system ones. They depend on both DC-
DC and DC-AC conversion stages and on maximum
power point tracking (MPPT) algorithm performances.
For their evaluation, experimental tests have to be
conducted according to the ENS50530 standard. The
performance evaluation could be performed using a PV
generator (panels) or a programmable DC power source
that reproduces the behavior of the PV generator under
various conditions of irradiation and temperature. In this
case, the PV generator model is given by standards and
then the current versus voltage 1-V relationship. Thus,
this DC source should reproduce as closely as possible
this model: its power structure has to act like a power
amplifier and its control should ensure high dynamic
performances under variables change.

Several researches have been conducted in this field.
Some works have focused on converter topology and
others on PV model to be implemented. Different
topologies are proposed in the literature. PWM rectifier
[1], diode rectifier and DC/DC buck converter[2],
programmable DC power supply with resistive load [3],
[4] are the most common ones. New topologies have
been investigated like ZVS full-Bridge type [S]. Works
related to PV model can be divided into two categories:
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mathematical model giving I-V relationship [6]-[8] and
its implementation methodology. The platform used for
the implementation could be based on FPGAs [9], [10],
dSPACE [ll1]Jor LabVIEW [12], whereas, model
implementation methodology is generally be based on
look-up table [13], [14] or semiconductor physics
equations [15], [16]. Model parameters could be those
given by standards or by PV panel datasheets [17] or by
dedicated algorithm.

Low cost implementation has been considered by some
authors. The approach is generally based on the use of
analog circuits to generate [-V curve, [18], [19].

This paper focuses on the use on a low cost solution
based of STM32F4 for PV panel model and power
converter control implementation. So, look-up table
method has been selected and the paper details the
algorithm derived from this approach. The emulator
components are firstly presented and then the
establishment of the look-up table from mathematical
nonlinear equations is detailed. The approach is
illustrated by simulation and experimentally validated
with 60Wp PV panel model.

2. PV GENERATOR EMULATOR STRUCTURE

The PV emulator under study consists of two parts:
power structure and its control. The control allows the
power stage to imitate the operating performance of a PV
generator and to fulfill the standard requirements. Fig. 1
represents the I-V and P-V curve that should be
reproduced.
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Fig. 1 I-V and P-V curves of a PV generator

A. Power topology

The H-bridge structure has been selected since it
allows to reach extreme points such as the open-circuit

voltage (Voc) and the short-circuit current ([sc) that
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correspond respectively to zero current and zero voltage.
Fig.2 shows the power structure of the PV generator
emulator.

The H-bridge converter allows current and voltage
reversibility, so very low and null current and voltage
values could be reached (mean value after filtering).

Rectifier

TransTornier
Fig. 2 Emulator power structure

An output LC filter has been designed to let current
ripples within limits specified by standards. Fig.3 shows
the current and voltage obtained with L=60mH and
C=180uC with a 5 Q resistive load under irradiation
G=200W/m?> and ambient temperature T=25°C. The
voltage ripples are the most challenging ones since before
being filtered, the output voltage V), varies between
1500V and -1500V. These ripples are less than 0.5%.
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Fig. 3 H-Bridge output current and voltage, before (Ipv;Vpv) and
after filtering(Ipvf; Vpv,f)

B. Control approach

The control stage, illustrated in Fig. 4, is composed of
three modules: PWM, current control and I-V curve
generator. It requires filtered DC current and voltage
measurements. The measured voltage is the input of [-V
curve generator module which outputs then current value
according to this curve. This value is the reference
current Irv _ry for the current control loop whereas PI

regulator is designed using pole placement approach.

Load

Iov.f

Vo f
generator

Vorking
conditions:
G, T, Vpv...

N

Fig. 4 PV generator emulator control principle
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The low cost solution adopted is based on STM32F4

digital card. The three control modules and also
conversion stages have to be implemented on this device.
Fig.5 gives the detailed structure of proposed control for
the PV emulator, where V,; and I, s are the analog
emulator outputs V), pand 7, are the digital conversions
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Fig. 5Different modules of the proposed control for the PV emulator

of

C. Mathematical model

Standard EN 50530dealing with the overall efficiency
grid connected photovoltaic inverters provides the I-V

curve expression (1) to be implemented [20]. This

equation is

a mathematical nonlinear relationship

between PV generator current and voltage integrating
parameters depending on climatic conditions (irradiation

G

and temperature 7), the emulated panel technology

(Crystalline Silicon (3, Thin-film 7F ...) and data sheet
parameters (current in short-circuit, /Scand voltage open-

circuit Yoc, maximum power point ratings under STC
standards test conditions).

Ver )
Ipv = Isc — ]o(eVOC Cao -1) &
where

Ipr : PV generator current under operating

Isc : Short-Circuit  current under  operating
conditions

Io . Saturation current of the diode

Vey : PV generator voltage under operating
conditions

Voo : Open-Circuit  voltage under operating
conditions

Variable C., is a constant given by standard. It depends

on current and voltage fill factors noted respectively F'F,

andFFu,

__FRo-1 @
Cro= In(1- FFr)

= (3)
Isc = Isc,src (1+ a(Trv — Tsrc))

G src
To= Isc.src(l— FFr) FFv G
Gsrtc
(5)

Voc =Voc.stc(1+ B(Trv —Tsrc))(ln(ci+ HCy - CRGJ
G

G

(291)

Irradiation in operating conditions
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Gsrc Irradiation in the STC conditions
(1000W/m?)
Trr ¢ Temperature of PV module
Tsrc : Temperature in STC conditions (25°C)
Isc, src Short-Circuit current in STC conditions
Voc, src Open-Circuit voltage in STC conditions
o ¢ Current temperature coefficient
B Voltage temperature coefficient
Ce.Cr.Cr Correction Factors depending on panel
technologies
FFi :  Current fill factor
FFu Voltage fill factor
With

Imppstc (6)
FFi =

Isc, src

Vwmrp,stc (7
FFy=—"—

Voc, stc
where

Ivpp,stc: Maximum power point current in the STC
conditions

Vwep, stc : Maximum power point voltage in the STC
conditions

The exponential function in (1) and logarithmic ones in
(5) are to be implemented for real time and fast current
control. The following section details the proposed
solution to overcome problems related to the computing
time these non linear functions. To this purpose, A and B
are defined by (8) and (9).

v
A= eVO:LI/AQ -1 (8)
(L ©)
B=1In (CG + 1)

The idea is to implement each of (A) and (B)
expressions using a look-up table. Since two different
technologies have to be used, 4 tables will be
implemented on the target device

D. [-V relationship algorithm

Standard EN50530 requires values of seven
parameters: o, 8, Co, Cv, Ck, FFrand FFu . They

depend only on emulated PV panel technology. Each
parameter have only one value chosen among two
defined by standard according to the PV panel
technology. All cases are then grouped in the vector
(named Parameter Vector) having two columns and
seven rows.

depends on FF; and FFu ’i.e. only on PV panel

technology. Thus C., takes two values: one for the (3i
technology and another for the 7F technology. Therefore,

the variation of the expression G V"C" — 1) depends only
0cCaq
on the variation of the ratio (KP—V).This ratio, as expressed
oc

in (10) is always less than 1 since Vp), varies between 0
and V.
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0< Yoy <1 (10)
VOC
A look-up table has been defined to implement
expression (A) defined in equation (8): Its length is
limited by the STM32F4 memory resources. In our case,
the maximum length is 3000 elements (float). Each index

corresponds to ? (i), i varying from 1 to 3000.
oc

For the implementation of expression (B) (given by
equation (9)), irradiation G has to be considered. Indeed,
C; is a variable depending on PV panel technology and
G varies from 0 to 1500 W/m?.

Thereby, the look-up table dedicated to expression (B)
implementation contains 1500 elements (integer); each
one corresponds to an irradiation value.

Tables for expression (A) and (B) are named 7able A
and Table B respectively.

The organizational chart in Fig. 6 summarizes the
proposed methodology.

4 N

Start process

v

Data initialization phase

STC parameters (Iistc, Voestc)
v
Datasheet parameters

v

Parameters depending on
technology (Parameter_Vector)

v

Tables initialization phase

Exponential tables (7able_A)

v

Logarithmic tables (7Table B)

|
v

Correspondence phase

Determination of
G, Tpy, Vpv (HMI)
N e

Calculation of Tgc, Correspondence to
Io(3) & (4) find Voc (Table_B)

\ A 4 /

| Correspondence to find Ipy Table_A) |

Fig. 6 Flowchart for the control

3. SIMULATION RESULTS C.o

Simulations are performed with PSIM software of
POWERSYS. At first, only the I-V curve generator,
using the look-up tables, is simulated and confronted to
the mathematical expressions generator and also a PV
panel modeling, offered by PSIM. Secondly, all the
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system (power structure and control stages) are
considered.

Studied PV panel characteristics are given in Table I:

TABLE I
PV panel characteristics

Variable Value
Technology : G
Vocsrc = 21.17,
Iscsrc = 3.84,
Vurp,stc = 171
Lypp.stc = 3.5 A.

The first simulation gives the comparison between I-V
curves based on look-up tables and model proposed by
PSIM, under STC conditions.

Ipv_PSIM _IPV_Table

4

3

2

1
: \
0 5 10 15 20 25
Vpv
Fig. 7. Comparison between the I-V curve generator using table and
PSIM model

Fig. 7 shows that the two curves are similar, except
near to the maximum power point. This dissimilarity is
result of FF;and FFy different values. The Ipv Table
in Fig.7 has been obtained using values imposed by
standard (FF;=0.9 andFFu=0.8 for the (¥
technology) whereas Ipv_PSIM current is obtained using
PSIM model (calculated from PV panel datasheet).

Thereafter, in Fig. 8, -V curve using look-up tables is
compared to the one using mathematical expression,
given by standard EN50530, for the same PV panel
characteristics and the same operating conditions STC.
These curves are well superimposed. The zoom shows
the exponential function discretization effect due to table
implementation.

Ipv_Table Ipv_math_exp

8
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0.72 L e /|
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Fig. 8. Comparison between the I-V curve generator using table and
mathematical model

Absolute error between them is evaluated using (11)
and Fig.9 shows that this error, in STC conditions, does
not exceed tens milliamps between the two curves.

€= |Ipv,math,exp - pv,Tablel (1 1)

Percent error 6 is defined by (12) and (13) where €,-is
relative error between the two curves.
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€

(12)

§=100%.€, (13)
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= |Ipv,math,exp |
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Fig. 9. Absolute error between the I-V curve generator using table and
1I-V using mathematical model

Percent error is less than 1% for 95% of the I-V curve,
until Vpv=20V. Indeed, this expression could not be
calculated for current values close to zero.

15
Percent error %

o 5 10 15 20
Vpv

Fig. 10 Percent error between the I-V curve generator using tables and
I-V using mathematical model

Impact of climatic parameters is tested using different
G and T. Fig. 11 shows I-V curves under different
irradiations and Fig. 12 gives absolute error between the
two curves, for each irradiation: this absolute error
decreases with irradiation.

1pv_1000W/m* 1pv_800W/m? 1pv_600W/m?

0 5 10 15 20 25
Vpv

Fig. 11.Different I-V curves under different irradiations

Abs error 1000W/m* Abs error 800Wim* Abs error 600W/m*

0.01 '
[

[} 5 10 15 20
Vpv

Fig. 12. Absolute errors between between the I-V curve generator using
table and mathematical model for differents irradiations

Fig. 13 shows I-V curves according to different
temperature and Fig. 14 shows absolute error for each
temperature.

Ipv_25°C Ipv_10°C Ipv_40°C

4

3

2

0 5 10 15 20 25
Vpv

Fig. 13Different I-V curves for different temperatures
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The temperature change engenders error translation but
has no effect on its magnitude.

0.05

Abs error_40°C Abs error_25°C Abs error_10°C

o 5 10 15 20
Vpv

Fig. 14Absolute errors between between the I-V curve generator using
table and mathematical model for differents temperature

Simulating serial and parallel PV panel connection
provides expected results as shown in Fig. 15 and Fig.16.

8 | IPV_tables

6

4

2

0 5 10 15 20
Vpv

Fig. 15The I-V curve for two PV panels connectionin parallel

4 IPV_tables

o 10 20 30 40
Vpv

Fig. 16. The I-V curve for a connectionin series of two panels

In this paper, authors do not focus on the current
control, so this part is not detailed. Simulations have been
conducted with power structure illustrated in Fig.2 and
control stages shown in Fig.4. The resistive load is
changed to reach desired operating points. In Fig 17, the
continuous [-V curve is obtained using only the
implemented I-V model, whereas each point corresponds
to a steady state operating point obtained with the whole
emulator (power stage and control stages). The results
demonstrate the effectiveness of the proposed approach.

Table II gives its data and Fig. 18 details its different
components. The first experimental tests have been
conducted for studied PV panel (Table I).

TABLE II
Power structure components
Components Characteristics
Three-phase transformer 6 kVA, m=2.6
Three-phase autotransformer 6 kVA, m=1
Three-phase diode rectifier SKD 51/16, 1700V-504
. SKM50GB1 2T4,
H-bridge DC/DC 1200V, 504
LC filter L=60 mH, C=180 uF
R load R=13.5 Q, adjustable

Digital storage oscilloscope MCP DQ8074

4
3.5
3
25
2
1,5

. A
.5 \
\

]

0 5 10 15 20

—fl—Emulator output IV curve

Fig. 17Comparisonbetween the theoratical I-V curve and emulator
outputs for different values of resistive loads, under STC conditions

4. EXPERIMENTAL VALIDATION

Experimental validation has been performed with a
laboratory testbench designed for a 6kVA PV emulator.
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Interface board has been developed for STM32F4 board
and IGBT driver voltage adaptation, and a sensor board
groups current and voltage sensors.

Transformer

7 Interface board |
4
Sensor board

Fig. 18 Test bench of the PV generator emulator tests

The first test was to validate the [-V algorithm
implementation : an external DC power supply provides a
fixed voltage Ve to the I-V curve generator, the output
current /ry is displayed on the PC.In Fig.19, four p,,

experimental operating points are reported : p, | = 5V,

Ver.2=10.5 V , Ver.s=14.7 V and Ver.4_17.1V. The
output currents meet the desired I-V curve.

0,5 \
0 T T
0 5 10 15 20 25
W |-V curve Exp tested ——I-V curve simulated

Fig. 19 I-V curve experimentally tested vs simulated I-V curve

Secondly, closed loop current control is tested. Results
reported in Fig. 20showsystem response for different
current references: 0.5 A, 2 A and 3 A. Each screen
displays V. voltage in the DC bus, V), voltage in H-
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bridge output and /,,. Current response time is /0ms for
all cases.

| viestov :
B
o+ :
T :

ik

THE= S8l W Posr395ns
Fig. 20 Results of the current PI regulator tests

5.CONCLUSION

The paper presents allow cost PV panel model
implementation to reproduce I-V curve, according to
model defined by standard. The proposed algorithm is
based on look-up tables. This approach allows to
implement table instead of the model nonlinear
expressions to minimize computing time. Simulations
results give a percent error between tables method and
analytic expression less than 1%. Experimental
laboratory test bench has been developed and tests have
been conducted for 60 Wp PV panel emulation.
Experimental results demonstrate the effectiveness of the
approach.
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