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ABSTRACT

A modeling and simulation of photovoltaic (PV) arrays is necessary to study the behavior of a
photovoltaic (PV) system without effect of outdoor weather conditions. This report used PV
equivalent circuit with one diode, series resistance and parallel resistance and MATLAB
SIMULINK to simulate it with different situations such as associating with bypass diode,
blocking diode, maximum power point tracking and static converter. Besides, a modeling and
simulation of photovoltaic emulator also is presented in the report. The emulator use
electricity from main grid and provide output current and output voltage like a real PV
module. The results are reasonable with theoretical studies and will be validated when real PV
systems are mounted in ENSEEIHT and LABEGE.

Key words: Photovoltaics (PV), MATLAB SIMULINK, Modeling, Simulation, Maximum
Power Point Tracking (MPPT), Emulator.

TOM TAT

Mot md hinh hoéa va mé phong caa cac ddy pin mat troi 1a can thiét dé nghién ctu hanh vi caa
mot hé théng pin mat troi ma khong chiu anh huong cua diéu kién thoi tiét bén ngoai. Bao céo
nay da dung mach twong duong véi mot diode, dién tré ndi tiép va dién tré song song va
MATLAB SIMULINK & mé phong n6 véi nhitng tinh hudng khac nhau nhu két ndi véi
bypass diode, blocking diode, bo do tim c6ng suat cuc dai va bo bién dbi tinh. Bén canh do,
md hinh héa va md phong cia PV emulator ciing duoc trinh bay trong bao cao nay. Emulator
sir dung dién tir mang dién va cung cap dong dién va dién 4p dau ra giong nhu mot module
pin mat troi that. Céac két qua 1a phi hop vai cac nghién cau ly thuyét va sé duoc kiém ching
khi céc hé théng pin mat troi that duoc I4p dat 6 ENSEEIHT va LABEGE.
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INTRODUCTION

The continuous development of population and particularly industrial sector push the demand
of energy and it make the role of energy become more and more important and being an
indispensable element in life. However, present used forms of energy are primary from fossil
fuels (oil, gas, and coal) and they are depleted, become scarce and have bad impact on
environment and health of people.

In this context, solar energy is one of the keys to solve these problems. The evolution of
technology facilitates this inexhaustible, clean energy source come to customers with lower
price and higher efficiency. In order to support theoretical studies, the LAPLACE is going to
mount photovoltaic generator systems with different PV cell technologies on the lab roof.
These strings are expected to be connected to batteries and to a hydrogen storage system.
PEM fuel cells consuming the stored hydrogen will generate electricity supplying the load
and grid both with solar panels and batteries. The aim is to realize a flexible micro-smart-grid

emulator by interconnecting these devices.

In this context, it is significant to develop models and simulators of every component used in
order to perform simulations of different types of architectures with the aim of being able to
compare simulations and experiments. Doing this for the different kinds of photovoltaic cells,
strings and generators used was particularly my job during my internship. By understanding
mathematical equations of a photovoltaic cell and using MATLAB SIMULINK, a simulator
of strings which will be installed on the roofs of two laboratory’s sites, site ENSEEIHT and
site LABEGE has been developed and validated.

In this thesis report, there are three main parts:
Chapter I: Solar energy and photovoltaic cell
Chapter II: Simulation of photovoltaic generator and maximum power point tracking

Chapter I11: Simulation of emulator

Nguyen Ngoc Ban Page 8
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CHAPTER I: SOLAR ENERGY AND PHOTOVOLTAIC CELL

1.1. Solar energy
1.1.1. Introduction

Solar energy is one of the most potential renewable energy sources to solve the energy
shortage at present and particularly in future when fossil fuels are getting exhausted. It can be
used for heat and electricity. For heat, solar water heaters can cover 60% to 90% demand of
household hot water in Vietnam for example and therefore it reduces electric consumption for
hot water (J.Nicolas, 2013). For electricity, solar photovoltaic systems can transform sunlight
into electricity with different efficiencies correspond to various technologies. At the moment,
the investment cost of one this system is quite high, but the development of technology and

electric deficit will make solar panels more significant.
1.1.2. Advantage and disadvantage of solar photovoltaic

None of energy sources is perfect, so solar photovoltaics also has its pros and cons. Hereafter

are given some main advantages and disadvantages of it.
Disadvantages:

e It is daily intermittent with the night and shading conditions by clouds or natural and
artificial reliefs, with seasonal variations depending on latitude; thus it needs an
expensive electric storage system and/or complementary sources.

¢ Initial investment cost is relatively high at the moment and a large space is required
for installing because of its low power surface density.

e Fabricating process is itself energy hungry and involves in toxic chemical substances.
Advantages:

e This is a clean, inexhaustible and abundant energy source which delivers electricity
without noise, pollution and moving parts in working process, with a very great
reliability.

e It can be operated with or without national grid connection, so it is suitable for
distributed generation, islands and remote areas where there is no electric grid.

e Conversion ratios from light to electricity are increasing while energy payback times

(EPBT) and costs are decreasing due to the development of new technologies.
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e It can work well for more than 20 years with very small reduction of efficiency per

year.
1.1.3. Potential of solar photovoltaic

In the context of energy shortage, solar photovoltaics become more and more important with
every country. The annual growth rate of photovoltaic industry production is approximate
55% over the last decade (W.Arnulf, 2013) and it demonstrates that this industry has a large

potential.
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Figure 1.1: Annual photovoltaic installation (W.Arnulf, 2013)
1.1.4. Photovoltaic installations at LAPLACE on LABEGE and ENSEEIHT sites

The promising of solar PV in future attracts many research centers including the LAPLACE
in which searchers have been developing PV systems for more than 30 years. In October
2014, the lab will install 2 PV systems coupling with hydrogen storage on the roofs of site
ENSEEIHT and site LABEGE (at INPT). Two these systems will provide electricity for the
buildings but mainly enable experiments of behavior of different micro smart grid
architectures including hydrogen storage, a very promising solution. The structures of the two
generators made of 4 strings (PV_N1, PV_N2, PV_N3 and PV_N4) in site ENSEEIHT and 3
strings (PV_I1, PV_12, PV_13) in site LABEGE are presented in figure A.1 and A.2 in
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appendix A. For flexible experiments, strings, each of different technologies, can be used
separately or connected together with various architectures.

In order to test in virtual the behavior of these various possible smart grids, a model of
temperature and irradiation have been achieved and to continue the task it requires a model
and simulation of PV strings. Therefore, | take responsibility of making it so that the PV

model will be validated when real devices come into operation.
1.2. Photovoltaic cell
1.2.1. Photovoltaic working principles

Basically, a Photovoltaic (PV) cell is a semiconductor device which converts directly sunlight
into electricity. The cell includes three main parts: a semi-conductor P-N junction with an
antireflection coating facing the light and a metallic contact to connect an external electric

circuit (http://www.pveducation.org/pvcdrom).

Solar light energy is composed of photons

electron ——»

with different wavelengths, in the other preten
words with different energies. As shown _»; - f‘- -
® @ @ prllcnon
on fig 1.2, when a PV cell is exposed to — > £ - Loxd
sunlight, it absorbs some of the photons ' secion *

+ 4+ 4+ +

(optical capture). Photons with energy

lower than band gap of semiconductor

material of the cell are unusable and Figure 1.2: Working principle of a PV cell
cannot produce any voltage or electric

current. Photons with energy higher than

this band gap are usable and generate

electricity,

but only the energy equal the band gap is productive, the rest is lost, dissipated as heat and
make the cell become hotter (M.Villalva, R.Jonas, & R.Ernesto, 2009) . The energy from
photons excite electrons of atoms to jump from valence into conduction band: pairs of free
electrons and holes are created. Under the effect electromagnetic field of P-N junction, free
electrons and holes move in opposite directions generating a photocreated current. A part of

these electrons are collected by thin metallic grid on the surface of the cell injected in the
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external load to come back the cell and combine with holes. Both electric current and voltage

are formed, i.e. electric power (part of incoming light power) able to supply an external load.
1.2.2. Modeling of Photovoltaic devices
1.2.2.1. Ideal photovoltaic cell

Considering the presented physical principles of photovoltaic conversion an ideal
photovoltaic cell can be presented by an equivalent circuit as figure 1.3a. It includes an ideal
diode connected in parallel with ideal current source representing the photocreated current I,
(M.Villalva et al., 2009).

The basic equation for output current of an ideal PV cell:

=1, -1,

Y
=1~ Llexp ) -1
Where:

I: Output current of the PV cell (A)

V: Output voltage of the PV cell (V)

I.: Photocreated current (A)

lo: Reverse saturation current of the diode (A)
q: Electron charge (1.602 e*° C)

k: Bolzmann constant ( 1.380 e J/K)

T: Temperature of the P-N junction (Kelvin)

A: Quality diode factor
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'L A ~/ v L ) ~ v
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¥ 4 * —p
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|]__ ¢ Iy L. ¢'_' {_ L v
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C) | ol d] . 4 -

Figure 1.3: Equivalent circuit of a PV cell (a) Ideal, (b) with series resistance Rs, (¢) with

series and parallel resistance, Rs and Rsh, (d) with two diodes
1.2.2.2. Practical photovoltaic cell

More accurate equivalent circuit of a PV cell can be presented as figure 1.3c and figure 1.3d.
It depends on accuracy level that each authors desire. In a real PV cell, there are some
contacts between thin metallic grids on the top of the cell, metallic base at the bottom with N
layer and P layer respectively and other contacts that cause power loss. These additional
losses and other ones due to dissipative phenomena and technology realization are globally
modelled by means of Rs and Rsh. The figure 1.3d gives a model better than model in figure
1.3c considering recombination, but the most difficulty of the model in figure 1.3d is to get
the data of parameters. Therefore, the model in figure 1.3c is used more for modeling and

simulation of PV generator. It is simpler, but the accuracy is still acceptable.

Equation of output current with figure 1.3c (M.Villalva et al., 2009):

IZIL_Id_IRsh

g.(V +1.Rs) V +1.Rs
=1 —1 A P4 DIy P
L~ lolexp( AKT )1 Rsh

Where:

Rs: Series resistance of a PV cell (Q2)
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Rsh: Shunt resistance of a PV cell (Q)

Equation of output current with figure 1.3d (Piazza & Vitale, 2013):

I :|L_Idl_|d1_|Rsh

With:
= llexp (R g
|d2 = |02[EXD(M)—1]

2kT
1.2.2.3. Photovoltaic module and arrays

Due to output current and output voltage of a PV cell is small, so PV cells are connected in
series to increase output voltage and in parallel to raise output current. This set of cells is
called a module. A typical module includes 36 cells or 72 cells series connected in order to

produce a voltage over 12V or 24 respectively.

To raise output power, PV modules are associated into arrays. In this structure, the modules
can be connected in series, in parallel or both of them.

In practical, actual properties of cells and environmental conditions (illumination, shadowing,
and temperature) cannot be uniform on arrays in such association with large number of cells,
so that unbalance effects appear in the network. It results in a global power decreasing
(because in a series association, a cell delivering the lowest current imposes the output
current) or even reverses polarizations and hot spots which can destroy shadowed cells. In
typical mounting, bypass diodes for each module and series diodes for each leg, as shown on
fig 1.4 c, prevent from any of these problems by spontaneous switch-on, isolating the weaker

modules when necessary.
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(a)  cell (b) Module (c) Arrays

Figure 1.4: Photovoltaic cell, module and arrays

In normal operating conditions, without any diode switched-on, a PV array is considered with

Ns cell connected in series and Np parallel connection of cells (legs) so that:
{Itot = Np.|
Vie = N V

In my work, | use the model of practical PV cell with one diode as figure 1.3c. With this

model we have:

G+ RS By R
oo = N (1, —Tofexp(—s Ne 7y g Ns N
o = Ne (h =Ll 7)1 Rsh

I, is influenced by the temperature and solar irradiation. Considering given data (Iscn, Vocn)

for standard test conditions (G=1000 W/m2, T=298 K), the photon current of a PV cell can be
calculated by equations taking account of irradiation and temperature (M.Villalva et al.,
2009):

Rs + Rsh
Rsh
G

I, =(,, +k (T -298)).—
L (Ln |( )) 1000

ILn:( )'Iscn

(1.1)

Where:

|, : Short circuit current of PV cell at standard test condition (A)

V., : Open circuit voltage of a PV cell at standard test condition (V)

ocn *
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k;: Thermal coefficient of current (A/Kelvin)

G: Solar radiation (W/m?)
The diode saturation current can be expressed by equation (M.Villalva et al., 2009):

I, +k (T —298)

IO
q
— k (T-298) -1
exp[ T V., +k, )}

1.2.2.4. Global approach

In the situation of running a simulation of PV array with Ns modules in series and Np legs in
parallel in MATLAB environment, N=Ns.Np individual modules models can be connected to
meet the testing requirement. However, this will create a bulky system and take time for
running simulation. It is worth to study possible unbalance effects within array, but not for
global behavior under normal conditions. Then, a global approach which considers the PV
array under uniform conditions of temperature and solar irradiation as a global PV with the

same form of mathematical model can make the simulation become easier and faster.
After calculation, new parameters for global approach are :

N

Rs,, = Ne Rs Rshy, =—*Rsh Ki g0 =ki-Np
N, N, -
kv_glo = kv'NS Aglo = A'NS

Hereunder, is a demonstration which justifies theoretically the global approach:

e Formula for Ns cells in series and Np cells in parallel:

q.(\ﬁ_i_ltiot_Rs) h-l-ﬁ.RS
N N N N
Itot:NP(IL_Id_IRsh):NP(IL_IO[eXp( SA.k.TP )_1]_#)
e Formula for global approach:
q'(vtot + Itot'RSgIo) Vtot + Itot'RSgIo
Itot = IL_glo - Id_glo - IRsh_glo = IL_glo - IO_gIo[exp( '%Io'k'T )_1]— Rshglo
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o Global photon current:

G _ (ng,O+Rsh G
1000 Rsh 100
Rs + Rsh Rs + Rsh G

= A _N_+N 298 +k. 298) |.——
{( Rsh ManNe k(T = )} 1000 P{( Rsh Man +l(T = )} 100

IL_glo :[ Ln_glo + k, glo(T —298):| glo)'Iscn_glo i_glo (T 298):|

o

glo

o

o Global saturation current of the diode

N
Vy, + 1, -Rs.—=
q.(Vy + |tot.RSglo) 0- Vi + Lot N )

I =1 ex ~1]=N._.I .[ex P )-1
d_glo O_glo[ p( Aglo.k.T ) ] P 0[ p( NSAkT ) ]
g (e 4 1)
N N
= N,.l,.[exp( SAkT P )-1]=N,.l,
o Global diode current:
I _ scn glo+k| glo(T 298) _ NP'Iscn+N kI(T—298)
0_glo -
. B - -1 exp| ——(N.V__+N.k (T-298) -1
epr:Agm-k-T (Vocn_glo+kv_glo(T 298):| 1 p|:N AkT( S*%ocn S v(T ):|
_N, o K (T —298) SN, I
exp[ AkTNm+k - 298)}
(1.3)
o Global current go through Rsh,,
Ny Vo RS
Vi + 1RS V“" ItotRsN ﬁJr tr\tl
I — Vtot tot' “Jtot __ P _N_. —S P 1.4
Rsh_glo RSht Rsh& P RSh ( )

From (1.2) (1.3) and (1.4):

tot_N (I IRsh)

Conclusion:

The global approach and individual approach have the same result. These new parameters will
be used to make a PV model in MATLAB SIMULINK.
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CHAPTER I1: SIMULATION OF PHOTOVOLTAIC GENERATOR AND
MAXIMUM POWER POINT TRACKING

In the part “1.2.2”, different models of PV generator such as ideal model, practical model and
global approach are mentioned. The mathematical expressions in these models will be used to
build models and make simulations on MATLAB-SIMULINK environment.

There are six steps to modeling any system (Mathworks, 2014)

1) Defining the System

2) Identifying System Components

3) Modeling the System with Equations
4) Building the Simulink Block Diagram
5) Running the Simulation

6) Validating the Simulation Results
2.1. Simulation of photovoltaic generator
2.1.1. Photovoltaic module

In the previous section, items “1.2” and six steps to modeling a system, these parts give
enough information (mathematical equations and simulation steps) to make simulation of a
PV module. The simulation will be created to give the behavior of output current and output

power of a PV module versus its voltage.
There are 3 ways to create these characteristics:

e Using variation of output voltage to get output current and output power.
e Using variation of output current to get output voltage and output power.

e Using a variable resistance to get output current, output voltage and output power

Purpose of this simulation is to get I-V curve and P-V curve that are fitted with the curve from
manufacturer. As a matter of fact, this task is very difficult due to lack of data, but satisfaction
of 3 main points: the point at Isc, the point at Voc and the maximum power point can be
accepted. Later, with other data from experiments with actual PV strings on the lab roof, it

will be possible to improve these models if necessary.
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In mathematical expressions in part “1.2”, quality diode factor A, series resistance Rs and

parallel resistance Rp are not provided by manufacturers. Corresponding to each diode factor,

there is only one pair of Rs and Rp satisfying the 3 main points.

Table 2.1: Quality diode factor dependent on PV technology

Technology A
Si-mono 1.2
Si-poly 1.3
A-Si:H 1.8
A-Si:H tandem 3.3
A-Si: H triple 5

CdTe 1.5
CIS 1.5
AsGa 1.3

Base on table 2.1 (Said, Massoud, Benammar, & Ahmed, 2012) the value of quality diode

factor A can be chosen one such as 1.2 for reference that correspond to PV technologies.

Afterward, the value of Rs and Rp can be built by iterative algorithm.

The way to find Rs and Rp (M.Villalva et al., 2009):

With one value of Rs, Rp can be sought by the relation in formula of I, and from this
pair of Rs and Rp, output current and output voltage can create a curve and a power
max point (Pmpp).

To fit I-V curve and P-V curve with manufacturer’s curve, Rs is varied with a fix step
and cause the variation of Pmpp. This Pmpp is compared with Pmpp from
manufacturer. If the difference is acceptable (for example: 0.0001), the algebraic loop
will stop. However, the number of the algebraic loop is unknown, so to make sure that
the number of loop is not infinite, more conditions are added such as sign of Rp,
maximum number of algebraic loop.

The accuracy of results depends of step of Rs increment. If the step is large such as
0.1, timing for solving is short, but the confidence is low. If step is very small, the
confidence is high but timing for solving is long. Therefore, choosing a good step is

quite important.
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The way to draw I-V curve and P-V curve:

e For V run from 0 to open circuit voltage with a step or divide the distance into 2000,
3000 or 5000 points.

e At each point, voltage (V; ), series resistance (Rs;) and parallel resistance (Rp;) are
known, so current (1;) is found by Newton-Raphson Method.

e Finally, a set of (Vj,l;) point can be found.

e From these points, P; = Vi.l; is obtained.

After building a general simulation of PV generator, the simulation is tested with data of
photovoltaic module “Sunpower E20/327 SPR-327NE-WHT-D .

e Data of 1 module “Sunpower E20/327 SPR-327TNE-WHT-D "

Pmpp =327 W
Vmpp =54.7 V
Impp =5.98 A
Voc =649 V
Isc =6.46 A
Kv =-176.6 mV/°C
Ki =35 mA/°C

e Model parameters

Np =1 Strings

Ns =1 Modules

A =1.2*%96 (Ideal diode factor)
Rs =0.2212 Ohm

Rp = 345.2188 Ohm
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e Results:

Table 2.2: Comparison of manufacturer’s data with results of the simulation

Manufacturer’s data Results of the simulation Units
Pmpp =327.1 Pmpp =327.1 W
Vmpp =54.7 Vmpp =547 \Y
Impp =5.98 Impp =5.98 A
Voc =649 Voc =64.81 \Y
Isc =6.46 Isc =6.46 A
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Figure 2.1: I-V curve of 1 module E20 Figure 2.2: P-V curve of 1 module E20

2.1.2. Photovoltaic modules in series

To increase output voltage, PV modules are connected in series. The current through these
modules is the same, but the total output voltage is the sum of output voltage across each
module. If modules are under the same conditions of solar radiation and temperature, there is
nothing special. However, if modules are under different conditions, for example some shaded
by trees or clouds, the output current is strongly affected by the current of the shaded PV
module, because when the current is higher than short circuit current of shaded module, it

produces negative voltage and makes the sum of voltage reduce very fast.

In order to prevent this situation, bypass diodes are used (ASTIER, 2013). When having
bypass diode, the total output current is not affected by the shaded PV module. Any negative
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voltage of shaded PV module is cut by its diode bypass, so the total voltage will follow the

output voltage of the not shaded PV module with small difference equal the forward voltage

of bypass diode. Besides, in this case the total output power curve will have some peaks (1

global maximum power point and some local maximum power points) and it will make the

process of determination of maximum power point become more difficulty.

Hereunder, it is the results of simulation of the PV system including 2 modules E20 in 2

cases: without bypass diode and with bypass diode.
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Figure 2.3: I-V curve of 2 modules E20 in

series without diode bypass
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Figure 2.4: P-V curve of 2 modules E20 in

series without diode bypass

When 2 above modules are connected in series with diode bypass, the result is obtained:
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Figure 2.5: I-V curve of 2 modules E20 in
series with diode bypass
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These simulating results are theoretical true when two real PV modules are associated in

series. Therefore, the program works well in this situation.
2.1.3. Photovoltaic modules in parallel

To increase output current of a PV system, PV modules are associated in parallel. The voltage
at two terminals of these modules is the same, but the total output current is the sum of output
current of each module. In case of different voltages of legs, due to shading or temperature
difference, one leg can produce negative current in other one which makes the global output

current reduce very fast.

In order to prevent this situation, blocking diodes connected in series in each leg are used
(ASTIER, 2013). When having blocking diode, the total output voltage is not affected by
unbalances. Any negative current in a leg is cut by its blocking diode, so the total current will
follow the output current of stronger ones. Besides, in this case the total output power curve
will have some peaks (1 global maximum power point and some local maximum power
points) and it will make the process of determination of maximum power point become more
difficulty.
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Figure 2.7: 1-V curve of 2 modules E20 in Figure 2.8: P-V curve of 2 modules E20 in

parallel without blocking diode parallel without blocking diode
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When 2 above modules are connected in parallel with blocking diode, the result is obtained:

I-V curve P-V curve
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Figure 2.9: I-V curve of 2 modules E20 in Figure 2.10: P-V curve of 2 modules E20 in
parallel with blocking diode parallel with blocking diode

Like section “2.1”, this section gives reasonable results in case of connecting with blocking
diode.

2.2. Maximum power point tracking

The function of maximum power point tracking is to maximize the output power of a PV
system at any conditions of temperature and solar radiation. The investment cost of a PV
system is quite high and therefore customers always want to get the highest energy produced
by this system and thereby minimize the cost and also the Energy Pay Back Time (EPBT).
The variation of irradiation and temperature make the maximum power point (MPP) unstable,
so it needs appropriate algorithms to track the MPP and keep this value constantly (D.Hohm
& M.Ropp, 2003).

In order to get the necessary freedom degree to achieve MPPT, the PV array can be connected
with a DC-DC converter with D duty cycle (Buck, Boost, and Buck-Boost) and then
supplying the load.
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With buck converter:

Vo =Vin.D
Pin=Po
—>lo=1in/D
— Ro =Rin.D?
— Rin=Ro/D?

Since 0<D<1,so0Rin>Ro.
Where:

e Vin: Input voltage of buck converter (output voltage of the PV array)
e lin: Input current of buck converter (output current of the PV array)
e Pin: Input power of buck converter (output power of the PV array)

e Vo: Output voltage of buck converter

e lo: Output current of buck converter

e Po: Output power of buck converter

e Ro: Load after buck converter

¢ Rin: Resistor at working point of PV array

D: Duty cycle of buck converter
At maximum power point of PV array, we have Ropt.

e |f Ropt < Ro=> can’t reach Ropt.

e If Ropt > Ro => possibility to reach Ropt, it depends on D.
With boost converter:
Rin=Ro.(1-D)? <= Ro

e If Ropt >Ro => can’t reach Ropt.

e If Ropt < Ro => possibility to reach Ropt, it depends on D.
With buck-boost converter:

Rin=Ro.((1-D)/D)?
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¢ In this case D can be adjusted to Rin=Ropt
In order to reach MPP of PV array, D have to be adjusted by MPPT.

There are many proposed algorithms but 2 common methods of maximum power point

tracking are used popularly:

¢ Incremental conductance (INC)

e Perturbation and observation (P&O)

In this report, 1 mention the P&O method because it is simple and used the most in
commercial MPPT (D.Hohm & M.Ropp, 2003). Afterward | will present small modification

to make it work faster.

MPP

Power (kW]

L1 20K UKD

Voltage [WV]

Full Irradiance
Fartial Shading
Cloudiness

Figure 2.11: Maximum power point at different condition

2.2.1. Perturbation and observation

The idea of P&O method is to vary output voltage with small step and to observe the change
of output power. If the increasing of the voltage induces the increasing of the power, the
voltage is stepped up. Conversely, if the growth of the voltage causes the decreasing of the

power, the voltage is stepped down (D.Hohm & M.Ropp, 2003).
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The tracking diagram of P&O method is presented in follow picture:
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Figure 2.12: Perturbation and observation method

However, this method will cause the oscillation phenomenon around the maximum power
point. The oscillation depends on the step of perturbation of duty cycle of static converter
(buck, boost or buck-boost). If the step is very small, the magnitude of the change is very
small too, but it takes long time to reach MPP. Besides, if the step is big, the magnitude of the
variation is big too, but it takes short time to reach MPP. Therefore, choosing a suitable step is

the most important point of P&O method to achieve the desired effect.
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START

\4

READ V(K),I(K)

v
P(k)=V(k),1(k)

l

AP=P(K)-P(k-1)

AV=V(K)-V(k-1)

l

D=D+AD D=D-AD D=D-AD D=D+AD

Figure 2.13: Perturbation and observation flow chart

Modification of P&O method

With above model, D starts from 0, then adjusting with AD. If AD large, MPP is found fast but the
working point oscillates quite far from MPP. If AD small, MPP is found slower but the working point

oscillates very near from MPP.
From this situation, | suggest:

e D starts from 0.5, because D=0.5 the possibility to reach any point of D is faster than D=0

e Using variable step AD:
o Using large AD at the beginning to reach MPP faster
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o Using small AD later to minimize the oscillation
Compare the results:
The maximum power in following tests is 230.1 W.

Table 2.3: Comparison of the results

Test 1 Test 2 Test 3 Test 4
Ppv (W) 141.1 2275 + 2.7 230.05 + 0.5 230.05 + 0.5
AD Non 0.01 0.001 Variable
Time at MPP (s)  0.03 0.06 0.38s 0.07

Commentary:

e With modification of P&O method, the PV system can reach MPP fast and very small
oscillation. It takes advantages of large step and small step of AD.

2.2.2. Sweeping technique with voltage regulation

In uniform conditions of temperature and irradiation or the variation of this condition is not
too fast, the perturbation and observation method works quite well. This algorithm is useful
because there is only one max point in such conditions. However, in case of shading onto
some modules, the power curve will have one global maximum power point and some local
ones and therefore P&O method does not operates efficiently. Using the variation of voltage
and observe changing direction of the power, this method will find the first local maximum
power point and it is trapped at this point. Hence, the global MPP is not found and the output

power of the PV system is not optimal.

In practical, there are some methods such as Fuzzy and Particle Swarm Optimization (Sarvi,
Tabatabaee, & Soltani, 2013) to find global MPP in shading condition, but it is complicated.
In this report, 1 would like to introduce a simple and efficient method, called Sweeping
Technique associated to a voltage regulation. The idea of this method is measuring all the
possibility of power, detecting the maximum power Pmpp and associated voltage Vmpp then
used as the reference of a voltage regulated supply as shown on figure 2.14. The advantages
are a robust work and the ability of piloting the output power between zero and Pmpp if

necessary, for example in the case of a lot of sun and no demand (battery full of charge, ...).
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In order to get values of power, the static characteristic of the PV generator is swept during a
given short time tg, by varying the duty cycle of static converter (buck converter) from 0 to 1.
By using comparative algorithm, the maximum power point and optimal voltage at any given
conditions are then known. Now, by keeping this voltage constant by means of a voltage
regulation acting on D, the optimal power is maintained so long that no changing. When there
Is any changing of temperature or solar radiation occuring, output current of the PV system
also changes. If it differs from the previous value of 2%, an algorithm is activated to operate
the sweeping process and refresh the new maximum power point and optimal voltage

reference. (Appendix D)
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Figure 2.14: Photovoltaic system including MPPT and DC-DC converter
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Hereunder, it is the comparison of behavior of P&O method and Sweeping method at
condition: T=25°C and G=700+300*sin(2*pi*1/1*t) , period = 1s
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Figure 2.15: P&O method
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Figure 2.16: Sweeping method

It can be seen that a better result is obtained by Sweeping Technique. This method detects

optimal voltage and maintains it. It is lucky that this voltage suffers very small influence from
irradiation.
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CHAPTER I1I: SIMULATION OF PHOTOVOLTAIC EMULATOR

3.1. Objective

The development of PV industry is getting faster and faster and demand of specialized
equipment for testing at a lab such as the LAPLACE is indispensable. However, in order to
test the behavior of a real PV system, it requires a large space to install the modules, a big
investment cost. Besides, it highly depends on outdoor weather conditions. It is unpredictable

and uncontrollable (Piazza & Vitale, 2013) and it does not work at night.

To handle this problem, an alternative solution is considered and PV emulator is the key of
this issue. The objective of it is to produce current and voltage characteristic from main grid
with the same behavior of a PV system, but PV emulator is electronic equipment, virtual PV
modules. It can be placed into a room to test behavior of any PV modules associated with
batteries, pumps, current source plus load, voltage source plus load or MPPT plus DC-DC

converter and load.

PV emulator can work independently without constraint of outside weather condition, it is
cheaper than a real PV array and particularly it can test many type of PV modules by

changing input data on software. This cannot be done by a real one.
3.2. Structure of a photovoltaic emulator

Different structures can be used to realize a PV emulator. We choose one based on the
presented developed PV model which drives a DC-DC converter owing to a Hardware in the

Loop (HIL) structure. This Photovoltaic emulator is composed of 4 main parts:

e A simulation of photovoltaic module (PV model)
e A DC-DC converter (Buck converter)
e A rreal power source (supply from main grid)

e A control system
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Figure 3.1: Principle and structure HIL of the PV emulator
Working principle of a PV emulator:

e Supply a real direct source such as voltage is 500V to static converter.

e Measure output current of the PV emulator (Ip), this is the value of output current of static
converter to the actual load.

e Simulation with the PV model provides the value of output voltage Vp at given condition
of temperature, irradiation and information of tested PV module corresponding to actual
Ip.

e Control system controls the duty cycle of static converter so that output voltage of this

converter equal Vp (Ip).
3.3. Photovoltaic emulator in SIMULINK

Before making a real PV emulator, it is useful to simulate this emulator on MATLAB
SIMULINK in order to know its behavior and from the results it can be concluded that the PV

emulator will work well or inefficiently.

In this report, simulation of PV emulator is tested with data of PV module “Sunpower
E20/327 SPR-327NE-WHT-D " and three kinds of load:

e Current source associated with resistance in parallel (Case 1)
e Voltage source associated with resistance in series (Case 2)

e MPPT, static converter and resistance (Case 3)
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Figure 3.2: Power curve of PV model and

emulator in case 1

Figure 3.3: Power curve of PV model and

emulator in case 2

Based on general structure of PV emulator in section “3.2”, structures of emulator with load

in case 1, case 2 and case 3 are presented in appendix E. From these, power curves of PV

model and emulator in case 1 and case 2 are obtained and showed in figure 3.2 and figure 3.3.

It can be seen that characteristic of output voltage and output power of simulation of emulator
are the same with the characteristic of PV module “Sunpower E20/327 SPR-327TNE-WHT-D”

in two first cases.

In case 3, structure in MATLAB SIMULINK is more complex than case 1 and case 2. To

make it easy, buck converter in PV emulator and on the load side named converter 1 and

converter 2 respectively.
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Figure 3.4: Structure of photovoltaic emulator in case 3

Measurement of output current of PV emulator is different from two previous cases because
in this case switching function of IGBT in converter 2 makes a large oscillation of the current.
This variation makes the control system in the emulator cannot regulate output voltage of

converter 1 to be the same with output voltage of PV model.

In order to solve this problem, low pass filter is required to get average value of the current.
There are two kinds of this filter: analog low pass filter and physical low pass filter. Using
analog filter is better because it is a software function while physical filter is composed of one

inductor and one resistor, less flexible and introducing more devices and losses in the system.

In figure 3.4, there is a capacitor C between converter 1 and converter 2. The value of this
capacitor will affect the oscillation of output power of emulator, so choosing a suitable value

is very important: the right value has been found by testing.
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Figure 3.5: Power curve of PV emulator with analog low pass filter (C = 2.2e-3F)
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Figure 3.6: Power curve of PV emulator with analog low pass filter (C = 4e-3F)

In case 3, in order to find the maximum power point, MPPT is modified to be able to work
well with converter 1 and converter 2. Besides, there are two PV models, one for finding
output voltage correspond to measured output current, one for MPPT. After MPPT gives the
optimal values of power and voltage of PV module, optimal value of duty cycle of converter 2
can be known and then converter 2 is controlled by this duty cycle. Using sweeping technique
directly for converter 2 is not efficient because the interaction of converter 1 and converter 2
make it very difficult.

At steady state conditions of temperature and irradiation, the results of simulation of PV
emulator is very good, but there are small difference between output of PV emulator and PV

model during transients, a property to be improved in a future work if necessary.

Nguyen Ngoc Ban Page 36



University of Science and Technology of Ha Noi — Renewable Energy Department

CONCLUSION

This work proposed a quite good modeling and simulation of photovoltaic generator in
MATLAB SIMULINK. Values of short circuit current, open circuit voltage, current and
voltage at maximum power at standard test conditions are almost the same with
manufacturers’ data and the model is usable a differents scales : PV cell, PV module, PV
array. Models of cells or modules can be connected together so as to simulate associations.
Moreover, the obtained characteristic of output current vs output voltage when PV modules
are connected in series with bypass diode and in parallel with blocking diode are in right

agreement with theory and practice.

A classic maximum power point tracking method, perturbation and observation, is also
presented. This method can work quite well under conditions of slow variation of temperature
and irradiation and without shading by clouds, buildings or trees. However, in case of shading
condition, having several maximum points makes P&O method work inefficiently. In this
situation, an original sweeping technique has been proposed to identify global maximum
power point Pmpp and associated voltage Vmpp, though there are some local peaks. The
MPPT is then realised by means of regulating of the PV string output voltage to Vmpp, which
is better for efficiency and robust. Moreover, it enables to deactivate MPPT function in order
to control the actual output power betwen Pmax and Zero, by choosing the voltage reference
different from Vmpp. This function is useful in smart-grids when reducing power generation

is required.

Finally, a PV emulator based on the previous PV model has been proposed and its simulation
achieved. The results simulation of photovoltaic emulator have demonstrated a right work to
behave as an actual PV module or large array without investing an expensive practical one.

However, it still requires more study to improve the stability and acuracy on transcients..
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APPENDIX A

STRUCTURE OF PV STRINGS AT ENSEEIHT AND LABEGE
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Figure A.1: Structure of PV strings at ENSEEIHT
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APPENDIX B

STRUCTURE OF PHOTOVOLTAIC MODULE IN MATLAB SIMULINK

F)'l,u,f
Figure B.1: Simulation of PV module in MATLAB SIMULINK

Subsystem (mask) Ns(Number of modules in series)

Parameters L
Temperature(C) Mp{Number of modules in paralle)
2 1
Radiation(W/m2) A(Diode factor)
1000 1.3%36

Isc(A) Ki(A/eC)

8.36 0.067/100%8.36
Voc(V) Kv(V/eC)

36 -0.5/100*38
Imp(A) Rs(Ohm)

1.67 0.267

vmp(V) Rp(Chm)

30 78.960169

Figure B.2: Input data of PV Module
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Figure B.3: Structure under PV module
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Figure B.7: Structure under subsystem °C to Kelvin
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Figure B.9: Structure under subsystem 2
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Figure B.10: Subsystem 3 to obtain A.k.T/q
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Figure B.13: Structure under subsystem 4

Iterative algorithm code to find Rs and Rsh of Sunpower E20/327 SPR-327NE-WHT-D:

%% Information from the solar array datasheet

Iscn = 6.46; %Nominal short-circuit voltage [A]
Vocn = 64.9; %Nominal open-circuit voltage [V]

Imp =5.98; %Current at maximum power point [A]
Vmp =54.7; %\Voltage at maximum power point [V]

Pmax_e = Vmp*Imp;  %Maximum output peak power [W]

Kv =-176.6*10"-3;  %Temperature coefficient of voltage [V/K]
Ki = 3.5*10"-3; %Temperature coefficient of current [A/K]
Ns = 96; %Number of series cells

a=12; %Ildeality diode factor

%% Program inputs

Gn =1000; %Nominal irradiance [W/m”2] @ 25°C
Tn =25+ 273.15; %Nominal operating temperature [K]

%% Algorithm parameters
%Increment of Rs
Rsinc = 0.0001;
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%Maximum tolerable power error

tol = 0.0001; %Defines the model precision

%Voltage points in each iteraction

nv = 5000; %Defines how many points are used for obtaining the IxV curve
nimax = 500000; %Avoids program stall in case of non convergence

%% Adjusting algorithm
% Reference values of and Rp

Rp_min = Vmp/(Iscn-Imp);

% Initial guesses of Rp and Rs

Rs =0;

Rp = Rp_min;

% The model is adjusted at the nominal condition

T=Tn;

dT =T-Tn;

G =Gn;

k = 1.3806503e-23; %Boltzmann [J/K]

g =1.60217646e-19; %Electron charge [C]

Vin=k*Tn/q; %Thermal junction voltage (nominal)

Vt =k*T /q; %Thermal junction voltage (current temperature)
perror = Inf; %dummy value(help to run program at the beginning)

% Iterative process for Rs and Rp until Pmax,model = Pmax,experimental
ni =0;
while (perror>tol) && (Rp > 0) && (ni < nimax)
ni=ni+1;
Ipvn = (Rs+Rp)/Rp * Iscn; % Nominal light-generated current
Ipv = (Ipvn + Ki*dT) *G/Gn; % Actual light-generated current
Isc = (Iscn + Ki*dT) *G/Gn; % Actual short-circuit current
lo = (Iscn + Ki*dT)/(exp((Vocn+Kv*dT)/(Vt*a*Ns))-1); % consider a panel as one cell
% Increments Rs
Rs = Rs + Rsinc;
Rp_=Rp;

Rp = Vmp*(Vmp+Imp*Rs)/(Vmp*Ipv-
Vmp*lo*exp((Vmp+Imp*Rs)/(Vt*Ns*a))+Vmp*lo-Pmax_e);

V = 0:Vocn/nv:Vocn; % Voltage vector

| = zeros(1,size(V,2)); % Current vector, with intial value=0

for j =1 :size(V,2) %Calculates for all voltage values
% Solves g = I - f(1,V) = 0 with Newton-Raphson
9() = Ipv-lo*(exp((V(j)+1()*Rs)/(Vt*Ns*a))-1)-(V(j)+1()*Rs)/Rp-1();
while (abs(g(j)) > 0.001)
9() = Ipv-lo*(exp((V(j)+1()*Rs)/(Vt*Ns*a))-1)-(V(j)+1()*Rs)/Rp-1();
glin(j) = -lo*Rs/Vt/Ns/a*exp((V(j)+1(j)*Rs)/Vt/Ns/a)-Rs/Rp-1; % derivative g(j)
:6_()1) =| l((B - 9()/glin(j);

end
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end
P = (Ipv-lo*(exp((V+1.*Rs)/(Vt*a*Ns))-1)-(V+1.*Rs)/Rp).*V;
Pmax_m = max(P);
perror = (Pmax_m-Pmax_e);
end
disp(sprintf('Model info:\n"));
disp(sprintf("  Rp = %f',Rp));
disp(sprintf("  Rs = %f",Rs));
disp(sprintf("  a = %f",a));
disp(sprintf(" T = %f",T-273.15));
disp(sprintf(" G = %f',G));
disp(sprintf(' Pmax,m = %f (model)',Pmax_m));
disp(sprintf(' Pmax,e = %f (experimental)’,Pmax_e));
disp(sprintf(" tol = %f',tol));
disp(sprintf('P_error = %f",perror));
disp(sprintf("  Ipv = %f",1pv));
disp(sprintf(" Isc = %f",1sc));
disp(sprintf(" 1o = %g',10));
disp(sprintf("\n\n"));
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DATA SHEET OF SITE ENSEEIHT AND SITE LABEGE

1. Site ENSEEIHT
1.1. Section PV_N1

APPENDIX C

Section N1 is composed 24 photovoltaic modules “Sunpower E20/327 SPR-327NE-WHT-D ”.

The electrical coupling of the 24 modules is made of 4 strings of 6 modules.

e Data of 1 module “Sunpower E20/327 SPR-327TNE-WHT-D”:

Pmpp =327
Vmpp =54.7
Impp =5.98
Voc =649
Isc =6.46
Kv =-176.6
Ki =35

e Model parameters

Np =

Ns =

A =1.2*%96
Rs =0.2212
Rp = 345.2188

w

> < » <

mV/°C
mA/°C

Strings

Modules

(Ideal diode factor)
Ohm

Ohm
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Hereunder, it is the results of simulation of PV_NI under 2 conditions “Standard Test

Condition (STC)” and “Practical Test Condition (PTC)”:

e Standard Test Condition (T=25°C, G=1000W/m?)

I-V curve

25(.

20 \
Vmpp =328260 (V) \
Impp =23.915 (A) < 15
Pmpp =7850.546 (W) B 0 \

5 \\

0 i i i i i i i

A4

0 50 100 150 200 250 300 350 400
vV IV]

Figure 1.1: I-V curve of PV_N1 at STC

e Practical Test Condition (T=50°C, G=800W/m?)

-V cune

207 —
Vmpp =297.660 V) 15 \

Impp =19.150 (A)
Pmpp =5700.194 (W)

I[A]
/

10

0 50 100 150 200 250 300 350
vV V]

Figure 1.2: I-V curve of PV_N1 at PTC
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1.2. Section PV_N2

Section N2 is composed 9 photovoltaic modules “Panasonic-Sanyo VBHN240SE10”. The
electrical coupling of the 9 modules is made of 1 string of 9 modules.

e Data of 1 module “Panasonic-Sanyo VBHN240SE10”

Pmpp =240 W
Vmpp =43.7 \Y/
Impp =551 A
Voc =524 Vv
Isc =5.85 A
Kv =-131 mV/°C
Ki =1.76 mA/°C

e Model parameters

Np = Strings

Ns = Modules

A = 1.5*72 (Ideal diode factor)
Rs =0.3001 Ohm

Rp = 1575.6850 Ohm
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Hereunder, it is the results of simulation of PV_N2 under 2 conditions “Standard Test

Condition (STC)” and “Practical Test Condition (PTC)”:

e Standard Test Condition (T=25°C, G=1000W/m?)

-V cune
6
5 N
Vmpp =393.380 (V) . \
Impp =5.509 (A) 33 \
Pmpp =2167.082 (W) - \
2
1 \
0 : : : .
0 100 200 300 400 500
V[V]

Figure 1.3: I-V curve of PV_N2 at STC

e Practical Test Condition (T=50°C, G=800W/m?)

-V cune
5
G
; X
Vmpp =359.970 (V) \
Impp = 4.395 (A) z ° \
Pmpp =1582.171 (W) T2 \
| |
0 o
0 100 200 300 400
V [V]

Figure 1.4: 1-V curve of PV_N2 at PTC
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1.3. Section PV_N3

Section N3 is composed 18 photovoltaic modules “First Solar FS390”. The electrical

coupling of the 18 modules is made of 2 strings of 9 modules.

e Data of 1 module “First Solar FS390”:

Pmpp =90

Vmpp =474

Impp =19

Voc =605

Isc =2.06

Kv =-0.27%*Voc
Ki = 0.04%*Isc

e Model parameters

Np =

Ns =

A =1.5*%90

Rs =2.1158

Rp = 4850.469366

w

> < >» <

V/°C
A/°C

Strings

Modules

(Ideal diode factor)
Ohm

Ohm
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Hereunder, it is the results of simulation of PV_N3 under 2 conditions “Standard Test
Condition (STC)” and “Practical Test Condition (PTC)”:

e Standard Test Condition (T=25°C, G=1000W/m?)

-V cune

4@ -
Vmpp =426.770 (V) 3 \\

Impp =3.798 (A) < \
- 2
Pmpp =1621.081 (W) \

L] \

0 100 200 300 400 500
vV IV]

Figure 1.5: I-V curve of PV_N3 at STC

e Practical Test Condition (T=50°C, G=800W/m?)

-V cune

3 B

Vmpp =388.040 (V)

Impp =3.028 (A) < \
Pmpp =1174872 (W) 15 \
: \
0.5
0 : : o
0 100 200 300 400 500
V [V]

Figure 1.6: I-V curve of PV_N3 at PTC
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1.4. Section PV_N4

Section N4 is composed 16 photovoltaic modules “Avancis PowerMax Strong 125Wc”. The
electrical coupling of the 16 modules is made of 2 strings of 8 modules.

e Data of 1 module “Avancis PowerMax Strong 125Wc”

Pmpp =125 W
Vmpp =438 \Y/
Impp =285 A
Voc  =59.1 VvV
Isc =3.24 A
Kv =-170 mV/°C
Ki =0.1 mA/°C

e Model parameters

Np = Strings

Ns = Modules

A = 1.5*72 (Ideal diode factor)
Rs =2.6839 Ohm

Rp = 231.878986 Ohm
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Hereunder, it is the results of simulation of PV_N4 under 2 conditions “Standard Test

Condition (STC)” and “Practical Test Condition (PTC)”:

e Standard Test Condition (T=25°C, G=1000W/m?)

Vmpp

Impp
Pmpp

=1997.280

V)
(A)
(W)

-V cune

4 \
: \\
2 \
: \
0 - - - -
0 100 200 300 400 500
VIV]
Figure 1.7: I-V curve of PV_N4 at STC

e Practical Test Condition (T=50°C, G=800W/m?)

Vmpp

Impp
Pmpp

= 1441.461

V)
(A)
(W)

-V cune

—_—

1 \\
0 3 : —O
0 100 200 300 400

V [V]
Figure 1.8: I-V curve of PV_N4 at PTC
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2. Site LABEGE
2.1. Section PV_I1

Section 11 is composed 24 photovoltaic modules “Sunpower E20/327 SPR-327TNE-WHT-D .

The electrical coupling of the 24 modules is made of 4 strings of 6 modules.

e Data of 1 module “Sunpower E20/327 SPR-327TNE-WHT-D”:

Pmpp =327 W
Vmpp =54.7 V
Impp =5.98 A
Voc =649 V
Isc =6.46 A
Kv =-176.6 mV/°C
Ki =35 mA/°C

e Model parameters

Np = Strings

Ns = Modules

A =1.2*96 (Ideal diode factor)
Rs =0.2212 Ohm

Rp = 345.218814 Ohm
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Hereunder, it is the results of simulation of PV Il under 2 conditions ‘“Standard Test

Condition (STC)” and “Practical Test Condition (PTC)”:

e Standard Test Condition (T=25°C, G=1000W/m?)

I-V cunve

25(.

20 \
Vmpp =328260 (V) \
Impp  =23.915 (A) <15 \
Pmpp =7850.546 (W) 10 \

5 |

b+ _
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Figure 2.1: I-V curve of PV_I1 at STC

e Practical Test Condition (T=50°C, G=800W/m?)

-V cune
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Impp =19.150 (A)
Pmpp =5700.194 (W)
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/
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Figure 2.2: I-V curve of PV _I11 at PTC
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2.2. Section PV_12

Section 12 is composed 24 photovoltaic modules “Panasonic-Sanyo VBHN240SE10”. The
electrical coupling of the 24 modules is made of 3 strings of 8 modules.

e Data of 1 module “Panasonic-Sanyo VBHN240SE10”

Pmpp =240 W
Vmpp =43.7 V
Impp =551 A
Voc =524 Vv
Isc =5.85 A
Kv =-131 mV/°C
Ki =1.76 mA/°C

e Model parameters

Np = Strings

Ns = Modules

A = 1.5*72 (Ideal diode factor)
Rs =0.3001 Ohm

Rp =1575.685063 Ohm
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Hereunder, it is the results of simulation of PV _I2 under 2 conditions “Standard Test

Condition (STC)” and “Practical Test Condition (PTC)”:

e Standard Test Condition (T=25°C, G=1000W/m?)

I-V curve

(¢

15 N
Vmpp =349.670 (V) \
Impp =16.527 (A) < 10
Pmpp =5778.887 (W) - \

| \

% 100 200 300 400
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Figure 2.3: I-V curve of PV _I12 at STC

e Practical Test Condition (T=50°C, G=800W/m?)

-V curve
15 : :
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Vmpp =319.970 V) 10 \
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Figure 2.4: 1-V curve of PV_I12 at PTC
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2.3. Section PV_13

Section I3 is composed 18 photovoltaic modules “Sunpower E20/327 SPR-327TNE-WHT-D ”.
The electrical coupling of the 18 modules is made of 2 strings of 9 modules.

e Data of 1 module “Sunpower E20/327 SPR-327TNE-WHT-D”:

Pmpp =327 W
Vmpp =54.7 V
Impp =5.98 A
Voc =64.9 V
Isc =6.46 A
Kv =-176.6 mV/°C
Ki =35 mA/°C

e Model parameters

Np = Strings

Ns = Modules

A =1.2*96 (Ideal diode factor)
Rs =0.2212 Ohm

Rp = 345.218814 Ohm
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Hereunder, it is the results of simulation of PV I3 under 2 conditions “Standard Test

Condition (STC)” and “Practical Test Condition (PTC)”:

e Standard Test Condition (T=25°C, G=1000W/m?)
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Figure 2.5: 1-V curve of PV_I13 at STC

e Practical Test Condition (T=50°C, G=800W/m?)
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Figure 2.6: 1-V curve of PV_I13 at PTC
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APPENDIX D

PHOTOVOLTAIC SYSTEM INCLUDE MPPT AND DC-DC CONVERTER

Fromlscl
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Diode
+in R
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Figure D.1: Photovoltaic system include MPPT and DC-DC converter

APPENDIX/Signal Builder : Group 1
. . .
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Figure D.2: Characteristic of Temperature and Irradiation (G)
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Figure D.3: Structure under subsystem Boost DC_DC
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Figure D.6: Structure under subsystem PWM 2
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Figure D.7: Structure under subsystem 1
Code for MATLAB function “ Switch”

function Sw = fen(time,tsw,t_reset)
%#codegen
persistent S t_off;

it isempty(S)
S=1,

end

if isempty(t_off)
t_off=0;

end

t_off= mod((time +t_reset),t_reset);

if t_off <=tsw
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S=1,
else

S=-1;
end
Sw=S;

Code for MATLAB function “Find Vopt”

function [P_max,V_max] = fcn(P,V,time,tsw,t_reset)
%#codegen
persistent Pmax Vmax P1 V1t off;
it isempty(Pmax)
Pmax=0;
end
if isempty(Vmax)
Vmax=0;
end

if isempty(P1)
P1=0;
end

if isempty(V1)
V1=0;

end

if isempty(t_off)
t_off=0;

end

t_off= mod((time +t_reset),t_reset);

if t_off <tsw
P1=P;

Vi=V;

end

if P1>Pmax
Pmax=P1;
Vmax=V1;

end

if t_off >t reset-0.00001
Pmax=0;
Vmax=0;

end

P_max=Pmakx;
V_max=Vmax;
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Figure D.8: Structure under subsystem Control Reset
Code for MATLAB function “F1”

function [I_1,1_2] =fcn(time,lIp)
%#codegen
persistent 11 12 n;

if isempty(11)
11=0;

end

it isempty(12)
12=0;

end

if isempty(n)
n=1;

end

if time >(2*n-1)*0.05-0.0001 &&time <(2*n-1)*0.05

11=1p;
end

if time >(2*n)*0.05-0.0001 &&time <(2*n)*0.05
n=n+1;
12=Ip;

end

| 1=I11;

| 2=12;

e Testing results of Sweeping Technique in 3 different cases
o Temperature and solar radiation are constant (case 1)
o Temperature and solar radiation are vary (case 2)

o Shading condition (case 3)
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Figure D.9: Output voltage of the PV system in case 1
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Figure D.10: Output power of the PV system in case 1
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Figure D.11: Output voltage of the PV system in case 2

Power cune
7000

6000 |

5000 j

4000 b
00 { [ l

2000

Power (W)

1000

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5
Time(s)

Figure D.12: Output power of the PV system in case 2
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Figure D.13: Output voltage of the PV system in case 3
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Figure D.14: Output power of the PV system in case 3
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APPENDIX E

STRUCTURE OF PHOTOVOLTAIC EMULATOR IN MATLAB SIMULINK

From_Vin

Goto_lpv
Display3

From_Vpv_out

Control DC DC

VioRage Messare

Ipv1

Goto_Vin

AN~

R Controlled
/| Voltage Squrce

1

Workspace - Vout

Goto_Vpv_out

Voltage Measure

Buck DC_DC

Ramp Zero-Order Hold
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Figure E.1: Structure of photovoltaic emulator 1 with resistance and voltage source
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Figure E.2: Structure of control DC-DC
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Figure E.3: Power curve of PV model and emulator 1
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Figure E.4: Structure of photovoltaic emulator 2 with resistance and current source
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Figure E.5: Power curve of PV model and emulator 2
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Figure E.6: Structure of photovoltaic emulator 3 with MPPT and DC-DC converter
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