DOKUZ EYLUL UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

PV SYSTEM CONNECTED TO GRID THROUGH
DC/DC BUCK-BOOST CONVERTER AND DC/AC
UNIPOLAR SWITCHING INVERTER

by
Enes DURBABA

June, 2018
iZMiR



PV SYSTEM CONNECTED TO GRID THROUGH
DC/DC BUCK-BOOST CONVERTER AND DC/AC
UNIPOLAR SWITCHING INVERTER

A Thesis Submitted to the
Graduate School of Natural and Applied Sciences of Dokuz Eyliil University
In Partial Fulfillment of the Requirements for the Degree of Master of Science

in Electrical and Electronics Engineering Program

by
Enes DURBABA

June, 2018
iZMiR



M.Se¢ THESIS EXAMINATION RESULT FORM

We have read the thesis entitled “PV SYSTEM CONNECTED TO GRID
THROUGH DC/DC BUCK-BOOST CONVERTER AND DC/AC UNIPOLAR
SWITCHING INVERTER” completed by ENES DURBABA under supervision of
PROF. DR. EYUP AKPINAR and we certify that in our opinion it is fully

adequate, in scope and in quality, as a thesis for the degree of Master of Science.

MY

Prof. Dr. Ey AKPINAR

V

Supervisor

e h G

\ | ~
%ML(&[&&@@L Teel De Jeeny Ecen

(Jury Member) (Jury Member)

Al

Prof. Dr. Latif SALUM

Director

Graduate School of Natural and Applied Sciences



ACKNOWLEDGMENTS

| express my deepest gratitude to my advisor Prof. Dr. Eyup AKPINAR for his
guidance and support in every stage of my research. The technique background
research experience and the research experience | have gained under his care will be

valuable asset to me in the future.

I would like to thank Asst. Prof. Abdul Balikci, Res. Asst. Dr. Buket Turan
Azizoglu, Ph.D student Ali Eren Kocamis, and Caglar Yesil for all support and

encouragement.

| also want to express my gratitude towards my family for all their patience and
support in my life. Especially, | want to thank to my mother who has played a very
important role in all my success, to my father who always trusted in me in the works
that | have stepped in, and finally to my wife and sister for all his sharing of my
sadness and happiness. | would also like to thank to my friends for all their

friendship, help and patience during my study.

Enes DURBABA



PV SYSTEM CONNECTED TO GRID THROUGH DC/DC BUCK-BOOST
CONVERTER AND DC/AC UNIPOLAR SWITCHING INVERTERS

ABSTRACT

In this thesis, grid connected photovoltaic system with the DC to DC buck-boost,
boost converters and DC/AC unipolar switched inverter has been analyzed. Two
different DC to DC converters have been used to extract the maximum power
available from the solar panel. The single-phase unipolar inverter has been used for

the interface between the DC to DC converter and grid.

In this study, the leakage current flowing through parasitic capacitor of the
photovoltaic panel has been taken into consideration and minimized with the help of
inverter design. The time variation of the common mode voltage of the inverter
causes the leakage current. Therefore, the existing photovoltaic inverter topologies
have been investigated and a new photovoltaic inverter which provides the constant
common mode voltage has been proposed. The mathematical models of the PV
inverters have been analyzed in the Matlab/Simulink and tested in power quality

laboratory.

Also, the effect of the model predictive current control on determination of
maximum power point of the photovoltaic modules has been studied to determine the
fast and robust maximum power point tracking system. The voltage controlled
perturb and observe algorithm with the linear controllers (i.e, proportional-integral
type controller) and the voltage controlled perturb and observe with the predictive
current control method have been compared and simulation of these methods have
been carried out in MATLAB/Simulink. Also, the particle swarm optimization
algorithm is used in the simulation and two different MPPT algorithms are

compared.

Keywords: PV inverter, Common mode voltage, Leakage current, Maximum power
point tracking, Predictive current control, Particle swarm optimization, Perturb and

observe method, DC to DC converters



SEBEKEYE DC/DC ALCALTICI-YUKSELTICI VE DC/AC INVERTER
ARACILIGI iLE BAGLI PV SiSTEM

0z

Bu tez calismasinda DA/DA algaltici-yiikseltici, yiikseltici doniistiirticiilerle ve
tek kutup anahtarlamali DA/AA c¢evirici araciligi ile sebekeye bagh fotovoltaik
sistem incelenmistir. Iki farkli DA/DA déniistiiriicii giines panelinin saglayabilecegi
maksimum giicii elde etmek i¢in kullanilmistir. Tek faz DA/AA gevirici giines paneli

ile sebeke arasinda baglantiyr kurmak i¢in kullanilmigtir.

Bu tezde, DA/AA geviricinin ortak mod gerilimindeki degisimin neden oldugu ve
giines panelinin kacak kapasitelerinden akan kacak akim incelenmis ve DA/AA
gevirici tasarimi ile bu kagak akim azaltilmaya ¢alisilmistir. Ortak mod gerilimindeki
salmim kagak akimin akmasina neden olmaktadir. Bu nedenle, literatiirde var olan
evirici tasarimlar1 incelenmis ve ortak mod gerilimini sabit tutan yeni bir DA/AA
gevirici Onerilmistir. Literatiirde olan c¢eviriciler ve Onerilen ¢evirici yapisi

Matlab/Simulink ile incelenmis ve gii¢ kalitesi laboratuvarinda test edilmistir.

Ayrica, hizli ve dogru maksimum gii¢ noktasi takibi yapan algoritmaya karar
vermek i¢in, model On-goriinimlii akim kontrolciisiiniin maksimum gii¢ noktasi
takibi tizerindeki etkileri ¢alisilmigtir. Gerilim kontrollii degistir- g6zlemle
algoritmasinin dogrusal kontrol (oransal-integral kontrolcii) yontemi ile beraber
kullanildig1 ve gerilim kontrollii degistir-gozlemle algoritmasinin tahmini akim
kontrolii ile beraber kullanildigi kontrol metotlar1 karsilagtirilmigtir  ve
MATLAB/Simulink kullanilarak benzetimleri yapilmistir. Ayrica, parcacik siirii
optimizasyon algoritmas1 benzetimlerde kullanilmis ve iki maksimum giic

algoritmasi karsilastirilmistir.

Anahtar kelimeler: Fotovoltaik invertor, Ortak mod gerilimi, Kagak akim,
Maksimum giic noktasi takibi, Ongoriillen akim denetimi, Parcacik siirii

optimizasyonu, Degistir ve gozle yontemi, DA- DA donistiiriiciiler
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CHAPTER ONE
INTRODUCTION

Energy policies and global warming have become important topic on the
international agenda in the recent years. The use of renewable energy sources, both
clean and economical, is of great importance to supply the ever-increasing need for
energy. Moreover, the renewable energy sources are the most powerful alternative to
the traditional fossil-fuel based energy sources which are creating the climate
changes due to their negative effects on environmental conditions (Balikci et all,
2017).

The wind energy and solar energy are the sustainable renewable energy sources.
Solar energy is the one of most potent renewable energy source since, they generate
electricity from the solar irradiance without emitting the greenhouse gasses. Also,
photovoltaic panels can be installed in unused geographical and residential areas
such as; deserts and roofs. The increase of the energy demand and widespread use of
the power electronic converters have prompted the researchers to investigate the high
efficient and reliable energy conversion systems used in the photovoltaic (PV)
systems. These systems have been mostly implemented at low and medium voltage

levels.

Photovoltaic systems become prominent among the renewable energy sources.
The global market in 2015 was 50 GW and it is exponentially increasing to be 100
GW in 2020 according to the global annual PV market scenario published by the
European Photovoltaic Industry Association (“European solar energy,” 2017).

Solar cells which are made from the silicon and other materials, are the most basic
component of the photovoltaic panels and it takes advantages of the p — n junction.
Also, the solar panels are formed by parallel or series connection of solar cells. The

photovoltaic cell and photovoltaic module are shown in Figure 1.1.
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Figure 1.1 (a) Photovoltaic cell, (b) Photovoltaic Module

The photovoltaic arrays have nonlinear voltage-current characteristic with a single
point in which maximum power can be extracted as shown in Figure 1.2. This point
highly depends on the irradiance and temperature conditions.
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Figure 1.2 Terminal characteristics of the PV array. (a) Voltage — Current characteristic,
(b) Power — Voltage characteristic

Figure 1.3 shows the effect of the irradiance change with constant temperature
condition. Because of the change in the irradiance and temperature during the day,

the maximum power that harvested from the PV panels change as shown in Figure
1.3.

A A
Pmax Pmux
=
O £
— 1kW/m?
— 0.5kW/n?
——— 0.25kwW/m’
> >
Voltage Voltage
(a) (b)

Figure 1.3 Effect of the irradiance change (T=25°C). (a) Voltage & Current, (b) Power & Voltage

Maximum power point (MPPT) algorithm is needed because of these nonlinear

characteristic and dependency of the environment conditions of the photovoltaic



module. The maximum power can be harvested by a DC / DC converter to be
connected to the solar panel. These converters interface the PV panels and the loads
or grid, and force the operating point of the PV panels at the MPP by changing the
apparent impedance of the PV panel to match with the maximum power point
impedance value (Taghvaee, et.all, 2013). Different types of the DC/DC converters
(Buck, Boost, Buck-Bosst, Clik, Sepic, etc.) have been used for the MPPT operation.
Moreover, many different MPPT algorithm and different type of control methods are
proposed in literature. Such as; perturb and observe, incremental conductance, fuzzy
logic control, neural network are the most popular MPPT algorithms. Moreover,
researchers are increasingly interested in MPPT technique by using optimization
based control strategy (model predictive control) in order to reduce the transient time

and steady state error of the MPPT algorithms.

The photovoltaic modules generate DC power; so, they need an inverter to
convert the DC electrical power into the AC at the grid frequency for feeding the
electrical power to the grid. Therefore, grid connected inverters are the significant
components of the photovoltaic system because of their function as an effective
interface between the photovoltaic panels and grid (Islam, Mekhilef, & Hasan, 2015).
These inverters can be designed with or without transformer. If the transformer is
used, the galvanic isolation is exist. Thus, the dangerous leakage current for the
safety does not flow through parasitic capacitor, which exist between photovoltaic
cell and its grounded metal supported frame, of the photovoltaic panel. The value of
the parasitic capacitors depends on: atmospheric condition, dusty, humidity, type of
the photovoltaic panel and etc. Since, the transformer is bulky, expensive and also
reduce the efficiency of the system, transformerless photovoltaic systems are
designed in order to increase the efficiency of the system. On the other hand, if the
transformer is not used, the galvanic isolation disappears. Therefore, common mode
current flow through stray capacitor of the photovoltaic panel and this current reduce
the personal safety, also it reduce the efficiency of the system. Figure 1.4 shows the

common mode current flowing through the parasitic capacitor of the PV panel.



PV Panel

Figure 1.4 Leakage current

Content of the thesis can be summarized briefly as follows;

In chapter two, the common mode voltage is formulated on the network and its
analysis with the proposed structure of the inverter is performed. The effects of the

common mode voltage in photovoltaic system are described.

In chapter three, transformerless photovoltaic inverters are analyzed in detail.
Firstly, the effect of the transformer is described, then the transformerless inverter
structures are explained. Also, a new transformerless inverter topology is proposed
and analyzed with all switching logic. Finally, the efficiency calculation methods are
compared and the Matlab and Pspices package programs are used together in order to

simulate the power electronic converters.

In chapter four, the DC to DC two switch buck-boost, boost, inverting buck/boost

convert topology which are used for the MPPT operation are analyzed.

In chapter five, the predictive current control method is used in order to reduce the
response time of the MPPT operation. The effective use of the predictive current
control with the MPPT algorithm for the boost converter is analyzed. The perturb
and observe based MPPT algorithm and the particle swarm optimization based

MPPT algorithm are programmed and explained by using their flowchart.

In chapter six, all the results from the simulation and tested circuits are interpreted
and compared. Finally, some conclusions of the research done in this thesis are given

in chapter 7.



CHAPTER TWO
COMMON MODE VOLTAGE ANALYSIS

Rapid developments in the solid state technology have increased the use of power
electronic system especially in renewable energy generation, space and
transportation technology and power system applications (Zhu, 2013). The use of
power electronics converters has led to significant improvements in productivity,
power quality development and energy production. However, the power converter
technology still has the ongoing problems to solve the problems such as; harmonic
distortion, EMI effect etc., and the problems caused by common mode voltage (Vcm)

which have drawn special attention since 1990s (Zhu, 2013).
2.1 Definition of Differential Mode Voltage and Common Mode Voltage

The common mode voltage is the voltage that is common to more than one line
(typically a differential pair) to the circuit common. The value of the common mode
voltage is equal to average of the voltage each line with respect to the local common
or ground (Gonzalez, Gubia, Lopez & Maroyo, 2008; Yang, Li, Gu, Cui & He,
2012). Differential mode voltage is equal to difference between the signals as the
name implies (Khan, Brahim, Gastli & Benammar, 2017). Common mode voltage
and differential mode voltage (Vam) can be analyzed in many circuit or system such
as; differential amplifier circuit, inverter circuits, etc. in the same way. As a simple
example, Figure 2.1 shows two wire network where, V1 and V2 line voltage with
respect to the common ground, Z; and Z; are line impedance and Z¢m and Zgm shows
the common mode and differential mode impedance respectively (Zhu, 2013).

h fem/2
de

|cm/2

Vs,
Zcm Zcm
i i Ground

Figure 2.1 Two wire system




In here, common mode voltage and differential mode voltage can calculated by
using equations (2.1) and (2.2) respectively.

v, = VitVe 2.1)
2
V,,=V,-V, (2.2)
The current irand i can be defined as (Zhu, 2013);
. .
I =lym +7 (2.3)
iy =gy —om (2.4)

2

By using the equations (2.1) and (2.2), V1 and V. expressed as (Li et al., 2015;
Stiles, 2011);

V, =V, +V—;m (2.5)
V
V, =V, —% (2.6)

Here, it is clear that, if there are two signal with same reference point, these
signals have two component; common mode and differential mode voltage
component. The differential mode voltage appears on both line with same magnitude
but reverse direction (Zhu, 2013). On the other hand, the common mode voltage

appears on both line with same phase and amplitude.

Figure 2.2 (a) shows a network (power electronics converters, differential
amplifier circuits, etc.) that have two input signals with respect to the same reference
point. Input voltages can be expressed in terms of the common mode and differential
mode voltages as shown in Figure 2.2 (b) to analyze effect of the common and
differential mode voltages on the network. So, whole system can be redrawn as in
Figure 2.2 (c).
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Figure 2.2 Differential and common mode voltage analysis

2.2 Common Mode Voltage Analysis in Differential Amplifier

Differential amplifier is an amplifier that amplifies the difference between the
input signals. Figure 2.3 shows the simple differential amplifier circuit where V1 and

V are the input voltages.

Ry R2
A AV
V,
- Vout
R3 —O
NV +
!
R4

Figure 2.3 Differential amplifier circuit

The output voltage of differential amplifier can be obtained by using
superposition method,

Vy =14 22| _Ray [R2 N, @.7)
R, \R,+R, R,



The common mode and differential mode voltage can be defined like in equations
(2.1) and (2.2) and thus, the input voltages can be redefined in terms of the Vam and
Vem like in (2.5) and (2.6). Substitute equation (2.5) and (2.6) into equation (2.7), we

get,
v, =1+ R2 | _Rs (ch + Vdmj— Ry (ch = Vdmj (2.8)
R, \R,+R, 2 R, 2

If equation (2.8) is rearranged, we have,

sl ]
L]t

The common mode and differential mode voltages can be used simultaneously on

(2.9)

the differential amplifier as it is given in Figure 2.4.

Vout

Figure 2.4 Differential amplifier circuits with respect to the Vgm and Vem

Although it is assumed that the differential amplifier amplifies the differential
mode voltage component of the input signals, common mode component of the input
voltage is also appears at the output in practice and it also cause an error at the output
signal. The effect of this error in a differential amplifier circuit is determined by

common mode rejection ratio (CMRR), which is calculated as,



CMRR = 20log(

Adm
) (2.10)

cm

and, Adm and Acm are differential and common mode gain respectively, which are

defined as,

1+

1+

R R R

R2 - 4R J{RZ} (2.11)
1 \"3 TRy 1

R R R

RZ - 4R }[Rz] (2.12)
1 \R3tRy 1

2.3 Common Mode and Differential Mode Voltages in the Single Phase Inverter

The common mode voltage cause problems in power converter system, if the

leakage current is an important parameter for the system. In photovoltaic system,

because of small thickness and large surface area of photovoltaic panels, there exist

stray capacitors between ground and panel (Zhu, 2013). If there is a high frequency

variation of common mode voltage in time and no galvanic isolation, a large amount

of leakage current which reduce the safety and efficiency of the system can flow

through between stray capacitor and ground. Moreover, in motor drive system,

common mode voltage cause damage on the insulation of the system, induce shaft

voltage and bearing current, so that the motor life is shorted (Zhu, 2013).

Switching state of semiconductor devices determine the common mode voltage

of the power converters (Gu et al., 2013). In Figure 2.5, it is shown a single phase H-

bridge inverter topology, where Vpc is the input DC voltage of the inverter and, Vao

and Vgo are the output terminals of the inverter.



g

Figure 2.5 H-Bridge inverter topology
The differential mode voltage and common mode voltage can be computed as
follows,

Vag =Vao~Veo (2.13)

Vag+V
_YA0*VBo
Vem === (2.14)
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CHAPTER THREE
SINGLE PHASE TRANSFORMERLESS PHOTOVOLTAIC INVERTERS

A photovoltaic panel converts the solar energy to the electrical energy with DC
voltage available, therefore an inverter is required as an interface to convert the DC
voltage to the AC voltage at the grid frequency. Hence, a PV inverter is the essential
component of a photovoltaic system because of their function as an effective
interface between the photovoltaic panels and grid (Islam, Mekhilef, & Hasan, 2015).
The common ground of the grid and the PV panel creates a path for the circulation of
leakage current in the system. In order to avoid the leakage current circulation, the
photovoltaic system needs either a galvanic isolation or the interface converter with
the time-invariant common mode voltage (Yang & Blaabjerg, 2015; Khan et al.,
2017).

The transformer can be used for galvanic isolation in the region of either high
frequency operation of converter or low frequency (line frequency) operation at the
grid side (Yang & Blaabjerg, 2015). Figure 3.1 shows the single phase grid
connected photovoltaic system with high frequency (HF) transformer that adjusts the
the input voltage level of the DC to AC inverter (Yang & Blaabjerg, 2015).

x /) .
dEdE IRRIREN:

AC 8 AC

BT HF

PV Panel
Grid

Figure 3.1 Grid connected photovoltaic system with high frequency (HF) transformers

A grid connected photovoltaic system can contain a transformer at grid side for
the galvanic isolation (Khan et al., 2017). This line transformer disconnects the path
of the leakage current (common mode current) circulation between the photovoltaic
system and the grid. In this path, the parasitic capacitance (C,) between photovoltaic
panel and ground carries leakage current (Li et al., 2015). Besides that, the line

transformer can also provide an interface between the inverter output terminals and
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grid (Li et al., 2015). Figure 3.2 shows the single phase grid connected photovoltaic
system with line frequency (LF) transformers and Lt represents the line filter.

— DC
2 Bt
& | = JG = 2
. O
z Ml
~ o
T LF
= Optional

Figure 3.2 Grid connected photovoltaic system with low frequency (LF) transformers

Nevertheless, the use of transformer in photovoltaic system has many
disadvantage. The line transformer is large, heavy and expensive because of its low
frequency, also it is the source of additional power loss (Meneses, Blaabjerg, Garcia,
& Cobos, 2013; Li et al., 2015). Moreover, use of the high frequency transformer
increase the complexity of the system because power converter system needs the
more power level, due to generated DC voltage first modulated at the high frequency
and then converted the line frequency (Khan et al., 2017). Therefore it causes the

extra losses, which reduces efficiency of the system, too.

Transformerless photovoltaic inverter can be used to avoid the disadvantages of
the transformer mentioned above (Khan et al., 2017; Li et al., 2015). Figure 3.3
shows a transformerless photovoltaic system. Transformerless grid connected
inverters have %1-2 higher efficiency than the ones with transformer (Khan et al.,
2017). Furthermore, transformerless inverters have the advantages of smaller size,
lower cost and weight when compared to the inverter with transformer (Khan et al.,
2017; Li et al., 2015; Meneses et al., 2013).

PV Panel
|0
Grid

Y, ) 7

¢/ oc  /
//‘ G ) // G

/ DC / ' AC

// / -

Cp

Hi

Optional

Figure 3.3 Grid connected transformerless photovoltaic system

12



However, the use of transformerless inverter in grid tied photovoltaic system is
not simple. Like other grid connected inverters, transformerless inverters must satisfy
grid connection standards which deal with the grid interface, power quality and
grounding (Kjaer, Pedersen, & Blaabjerg, 2005). Table 3.1 shows that a summary of

the grid connection standards of the photovoltaic system.

Table 3.1 The summary of standards for the photovoltaic system connected to the grid (Meneses et al.,

2013)

Issue IEC 61727 |IEEE1547-2008 EN6100-3-2 VDE
Nominal 10 kW 30 kW 16 A@ 230V :
ower
- A order Limit Limit
order (h) | Limit | order (h) Limit (h) (A) order (h) (AIMVA)
3-9 4.0% 3-9 4.0% 3 2.3 3 3
11-15 2.0% 11-15 2.0% 5 1.14 5 15
17-21 1.5% 17-21 1.5% 7 0.77 7 1
23-33 0.6% 23-33 0.6% 9 0.4 9 0.7
>35 0.3% 11 0.33 11 0.5
Harmonic 13 | 021 13 0.4
Content @
39) 2.25/h 17 0.3
Even harmonics are limited to 25% of the 19 0.25
odd harmonics limits shown 2 1.08 23 0.2
4 0.43 25 0.15
6 0.3 (25 - 40) 3.75/h
8-
THD < 5% 40) 1.84/h Even 1.5/h
>40 4.5/h
0, 0,
D_C_cur_rent Less than 1% of Less than 0.5% of <022 A <1 A: max. Trip time 0.2
injection rated output current | rated output current
time time .
0, 0, 0,
range % s) range % s) range % time (s)
V <50 0.1 V <50 0.16 V<85 0.2
Voltage
L 50<Vv<88 2 50<Vv<88 26 - V2110 0.2
deviation 1102V<12
_O 2 110=V<120 1
V=120 0.05 V2120 0.16
time o time .
Frequency range(Hz) (s) range % s) ] range(Hz) time (s)
deviation | g t51 | 02 59'3<5f<6°' 0.16 47.5<<50.2 0.2
average .
current(mA) time (s)
Leakage ) ) )
current 30 0.3
60 0.15
100 0.04
300 (peak) 0.3
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If the galvanic connection is exist, the dangerous ground leakage current
(common mode current) can circulate between the stray capacitor (Cp) of
photovoltaic panels and ground, because of the varying common mode voltage (Vcm)
generated by inverter. In Table 3.1, it can be seen that the maximum values of the
leakage current according to the German codes VDE (300mA peak). Moreover, if
there is no galvanic isolation (i.e., transformerless topology) in system, DC current
can be injected into the grid, therefore the DC current is also limited by the standards

given in Table 3.1.
3.1 Leakage Current Analysis in Transformerless Photovoltaic Inverters

The use of inverter without transformer in photovoltaic system becomes popular
(Khan et al., 2017). Beside the advantages of the transformerless inverter, they have
significant disadvantage of ground leakage current which flows between the ground
and photovoltaic array through the parasitic capacitance (Cp). The parasitic
capacitance exist between photovoltaic cell and its metal supported frame (Barater,
Lorenzani, Concari, Franceschini, & Buticchi, 2016). Since, the metal supported
frame is usually grounded for safety reasons, parasitic capacitor connected to the
ground. Therefore, this leakage capacitor appears between ground and photovoltaic
module. The value of the capacitor is varied because it depend on many factors such
as weather condition, frame structure, surface of cell, dust, humidity, etc. (Barater et
al., 2016). For example; monocrystalline and polycrystalline panels, value of the
stray capacitor vary from 10 nF/kW to 100 nF/kW (Khan et al., 2017) and by
considering the worst case scenario, the stray capacitor value of the BPSolar
MSX120 photovoltaic module has been measured as 75 nF/kw (Islam et al., 2015).
Moreover, the value of the capacitor can be measured up to 1000 nF/kW for thin film
panels (Li et al., 2015).

The leakage ground current increases as the capacitance value increases, if no
precautions are taken (Barater et al., 2016). The value of the leakage current depends

on the voltage across the stray capacitor (Von) as it can be seen in equation (3.1),

PV

i 3.1
cm p dt ( )
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If there is no time-varying voltage across to the capacitor terminals, the current of
the capacitor is equal to zero. Therefore, the voltage across the parasitic capacitor
must be limited both amplitude and frequency to limit the leakage current (Barater et
al., 2016).

Figure 3.4 shows the single phase full bridge topology which is the basic structure
for the PV inverters. The leakage current is analyzed in terms of Li and L»
(representing the filter and grid inductance), Rq (representing the grid resistance), ig

and icm showing the grid current and leakage current, respectively.

st s2] L
+ VA o '—jlg
PV T Ve Ve

VB
- WL | on
s3] s4] o
|
I
0 icm I
Cp ==>\/On - ———— e — = l
[ 1
1 | I—

Figure 3.4 Grid connected H bridge based photovoltaic system

The common mode model of the grid connected H-bridge topology is shown in
Figure 3.5 where, Vem and Vgm shows the common mode voltage and differential
mode voltage of the inverter output terminals Voa and Vog. Also, Vgim and Vgem

show the grid terminals common mode and differential mode voltages.

Viim/2 L ‘fgdm’f2

Figure 3.5 Grid connected H bridge based photovoltaic system
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In Figure 3.5, Ry is neglected because its impedance lower than the other elements
in the circuit (Kot, Stynski, Stepien, & Zeleski, 2016). The Thevenin equivalent
circuit can be obtained by using superposition method between points “a” and “b” to
find the stray capacitor voltage. Figure 3.6 shows the equivalent circuit of the whole
system (Gonzales et al., 2008; Barater et al., 2016).

Vim LQ'L[) Vedm( Lo-L
2 <L1+Lp_ L // L, 5 (L1+L2 -
N

) Y Y Y @ e
[
|
Ve |
[

| %Vrcm

; v
[
CP::)VOn 4________1(;;_“ ______________ ¢ m

Figure 3.6 Equivalent circuit

The voltage across the parasitic capacitor (Von) can be calculated as follows,

Vam (L2—L1 Vgam (L2—Lq dicm (L1l
Von = —Vem — 222 ( ) V. 4 Lem (Lalz 3.2
on cm 2 \L;+L, T Li+L; + Vgem T, Li+L; (3-2)

The leakage current can be eliminated by keeping the stray capacitor voltage at
constant value or equal to zero. The grid common mode voltage (Vgem) and
differential mode voltage (Vgm), which are the low frequency component, can be
ignored because of the high value of the parasitic capacitive impedance at grid
frequency (Barater et al., 2016). When the inverter output inductances (L1 and L»)
are selected equally, the effect of the differential mode voltages (Vam and Vgdam) can
be also canceled out (Gonzales et al., 2008). On the other hand, if the inverter
common mode voltage (Vem) which consists of high frequency harmonic components
becomes a significant important parameter, since the stray capacitance’s impedance
has low impedance characteristic at higher frequency values (Barater et al., 2016).
Due to the aforementioned assumptions, inverter common mode voltage must be

maintained constant to limit the leakage current.
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The common mode voltage can be controlled by setting the switching logic and
modifying the inverter topology. In literature, it has been proposed many different
inverters which keep the common mode voltage constant by changing the inverter
topology or modulation strategy (switching logic) (Khan et al., 2017). Moreover,
there are many different approaches in literature to classify the transformerless
inverters (Islam et al., 2015). One of the most comprehensive classification can be
found in (Li et al., 2015). According to (Li et al., 2015), the transformerless inverters
can be divided into two main group as symmetrical inductor-based group and

asymmetrical inductor-based group.

Half bridge based inverters proposed in (Gonzales et al., 2008 ;Bruckner et al.,
2005; Kouro et al., 2010; Schweizer et al., 2013) which need twice grid peak voltage
at dc link side, dual buck converter based inverters proposed in (Xiao et al., 2011,
Arauzo et al., 2010) which include two buck converter, virtual dc bus based inverters
proposed in (Gu et al., 2013; Wang et al., 2008), line frequency unfolding
transformerless inverters proposed in (Prasad et al.,, 2008), are some of the
asymmetrical inductor based inverters (L1=0 or L»=0). But, asymmetrical inductor

based photovoltaic inverters aren’t the subject of this thesis.

Full bridge inverter that is one of the inverter with the symmetrical inductor
structures, can eliminate the common mode voltage variation. According to the
applied switching technique, it can generate two different output voltage wave form;
unipolar or bipolar output voltage. If unipolar switching algorithm is applied, the
common mode voltage does not stay constant, it oscillates between zero voltage level
and half of the input voltage level according to the switching condition. The
oscillation of common mode voltage has been prevented by using the bipolar
switching algorithm. But, efficiency of bipolar switching algorithm is lower than the
unipolar technique because, two diodes and two IGBTs are switching at the
switching frequency with whole input voltage (Gonzales et al., 2008). Therefore, the
new solution has been created with hybrid design consisting of bipolar operation of
switching devices and generation of unipolar output voltage by modifying the
converter. H6, optimized H5 (oH5), improved H6, H5, HERIC, AC-based H6, active
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clamping topology, passive clamping topology are some of the inverters developed
with this approach (Li et al., 2015).

H6, oH5 and improved H6 structures which are analyzed here are the inverters
having the symmetrical inductors. Also, a new inverter topology called “active
clamped snubber based inverter” has been proposed in this thesis. The proposed
topology has been connected to the grid and tested in laboratory. H6 structure has
been tested only as an inverter without grid connection. Beside, oH5 and improved
H6 topologies have been analyzed only simulation environment by using
MATLAB/Simulink and SPICE package programs.

3.1.1 H6 Type Inverter

H6 type inverter has been proposed by Gonzales et al. (2007). This inverter is
designed with six controlled switches, two diodes and two capacitors. It is a
transformerless single phase PV inverter that eliminates the leakage current.
Moreover, this inverter is named as passive clamped dc-based NPC (neutral point

clamped) H6 inverter in Li et al., 2015. Figure 3.7 shows the circuit topology of this

inverter.
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Figure 3.7 H6 Type Inverter Topology

S5 and S6 switches are used for decoupling the DC voltage from the AC terminals
at the zero output voltage level. Also, two diodes are connected to the midpoint of
the DC-link capacitors to get constant common mode voltage during the
freewheeling instants.This topology has special switching logic. While S1 and S4
switches are conducting during whole positive half cycle, S2-S3 and S5-S6 switches
commutate complementarily at the switching frequency. For the negative half cycle
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S2 and S3 are turned on. S1-S4 and S5-S6 switches commutate complementarily at
the switching frequency as well. Figure 3.8 shows the switching algorithm of the H6

type inverter.

/.Vcarrier ﬁVFEf

I

T mn,

Figure 3.8 Gate signals of H6 type inverter

3.1.2 oH5 Type Inverter

Optimized H5 (oH5) topology which is proposed by Xiao et al in 2011, is one of
the most efficient transformerless photovoltaic inverter (Xiao, Xie, Chen, & Huang,
2011). This inverter structure includes two capacitors and six IGBTs as in Figure 3.9.
Instead of diodes used in H6 topology, oH5 topology uses the active switching

device (S6 IGBT) in freewheeling instants.

Figure 3.9 oH5 Type Inverter Topology
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Figure 3.10 shows the switching logic of the oH5 topology. Switch S5 is turned
on during positive and negative half cycle of grid current. In freewheeling modes of
positive half cycle, S3, S4 and S5 switches are turned off, and S1-S2 switches are
turned on. S6 is turned on in order to guarantee that the common mode voltage is
clamped to the half of the input voltage. In negative freewheeling interval, S1, S2
and S5 switches are turned off, and S3-S4 switches are turned on. Vao and Veo
voltages are clamped to the mid-point of the input capacitors voltage level since S6 is
tuned on. Therefore, the common mode voltage is equal to half of the input voltage

in all switching intervals.
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Figure 3.10 Gate signals of oH5 type inverter

3.1.3 Improved H6 Type Inverter

Improved H6 topology is the one of the proposed inverter structures to keep the
common mode voltage constant. This structure is formed by adding two symmetrical

switches (S5-S6) to the traditional H bridge structure as shown Figure 3.11.
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Figure 3.11 Improved H6 Inverter Topology

Figure 3.12 shows the gate drive logic with unipolar SPWM of the improved H6
topology. One leg of the H-bridge including S1 and S2 is commutating at grid
frequency and the other leg (S3-S4) is operating at switching frequency like standard
unipolar SPWM. The additional switches (S5 and S6) are used for generating the DC

decoupling sates.

In positive half cycle, two different modes are exist; power processing (generating
the Vpc level at the output terminal) and DC decoupling (generating the zero voltage
level). S1 and S6 switches are always on state, and S4-S5 switches are commutating
at the switching frequency with the complementarily to S2 and S3. S4- S5 are turned
on to generate non-zero voltage level, and S2-S3 are tuned on to generate the DC
decoupling modes. In the DC decoupling mode, inner capacitor of the IGBTS, which
generate the resonant circuit with the filter inductances, are used to kept common
mode voltage constant. As in positive half cycle, two different modes are exist; one
of them is power processing (generate the — Vpc level at the output terminal) interval
and the other is DC decoupling (generating the zero voltage level) in negative half
cycle. At this time, S2 and S5 switches are always ON, and S3-S6 switches are
commutating at the switching frequency with the complementarily to S1 and S4. S3-
S6 are turned on to generate the power processing, and S1-S4 are tuned on to
generate the DC decoupling modes. Like the positive DC decoupling stages, the
inner capacitor of the IGBTSs, which generate the resonant circuit with the filter

inductances, are used to kept common mode voltage constant. As a result, the
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common mode voltage is constant and equal to the half of the input voltage (Vpc/2)

during the four operation modes.
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Figure 3.12 Gate signals of improved H6 type inverter

3.1.4 Proposed Inverter Topology

The proposed topology consists of seven IGBTs and two RC snubber circuits as
shown in Figure 3.13. This proposed topology is named as active clamped snubber
based inverter. The active clamping IGBT (S7) is operated only during the
freewheeling instant. A small amount of leakage current flows through its collector
when it is turned on to hold the common mode voltage constant. The collector
emitter voltage of the S7 switch is equal to the DC link voltage (Vpc) when it is
switched off. Two RC snubber circuits are used in parallel with two decoupling
IGBTSs. The capacitor of the snubber circuit is charged to the half of DC link voltage

level and it retains the common mode voltage constant. The snubber also reduces the
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switching losses of S5 and S6 (Naayagi et al. 2011). The RC time constant

determines how fast the common mode voltage will be tracked.
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Figure 3.13 Proposed Topology

There are four modes of operation over one period of the grid current. The active
current path in the inverter during the positive half cycle is seen in Figure 3.14(a).

The differential mode voltage can be written in terms of Vo and Vgo as follows;
Vbm =Vao ~Veo (3:3)

The common mode voltage is equal to;
Vow =20 B0 4

As it is given in Figure 3.15, during the positive half cycle of the reference
sinusoidal signal, S1 is continuously conducting, whereas S3 is at off position. These
two switches commutate alternately. S4, S5, and S6 complementarily commutates S2
at the frequency (switching frequency) of carrier wave. In this period, the common
mode voltage is;

+0 Vv
Vem =(VDCZ ) _ gc (3.5)

In order to obtain the freewheeling path, S4 is turned off and S2 is turned on
during the zero level of inverter output voltage. Also, S5 and S6 switches are turned

off and active clamping switch S7 turns on simultaneously to keep the common
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mode voltage constant. During the conduction of the S7 switch, the current flows
through the snubber circuit as seen in Figure 3.14(b) until the snubber capacitor’s
voltage value reaches to the half of the DC voltage level. The common mode voltage

is retained at the previous value as follows;

Vey = (Vbc/2+Vpe/2) _ Ve (3.6)

2 2

e ()

Figure 3.14 Four operation mode of proposed inverter for grid connection. (a) active current path for
positive half cycle, (b) freewheeling modes for positive half cycle, (c) active current path for negative

half cycle, (d) freewheeling modes for negative half cycle

The active current path during the negative half cycle of the reference wave is
depicted in Figure 3.14 (c). In this case, while S2 is always conducting, S4 is turned
off. S2 and S4 are always commutating alternately. The common mode voltage is

given in (3.7) during this mode of operation.

(3.7)

In the freewheeling mode during the negative half cycle, the constant common
mode voltage is obtained as shown in Figure 3.14(d). The snubber capacitor voltages

24



are charged to the half of the DC link voltage since the capacitance values are same.
In this instants, small amount of current flows through on the S7 IGBT until the

snubber capacitors charged. The common mode voltage is given below;

2+V./2) V
VCM:(\/DC/ : oc/ ): ;C (3.8)
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Figure 3.15 Gate signals of improved H6 type inverter

The common mode voltage in all operation modes is constant for the unipolar
switching logic and it is equal to the half of the DC link voltage (Vbc/2). The
snubber circuit ensures that the circuit remains at a constant common mode voltage
without fluctuations during the freewheeling periods. The conduction of the switch
(S7) guarantees the voltage of the snubber circuit shared equally at the half of the DC
voltage level. If the S7 switch was not operated, the snubber capacitors would not be
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charged since no current would flow through the snubber circuit at the freewheeling
instant. This would cause the floating voltages of the inverter terminals (V a0, Vgo).

Gate signals of the proposed inverter for SPWM are shown in Figure 3.15. It is
clearly seen that S1, S2, S3, and S4 are operated with the unipolar switching scheme,
as the S5 and S6 work simultaneously as the complement of the S7 switch.
Therefore, unipolar output voltage is generated at the output terminals of the inverter.

3.2 Compression of Transformerless Photovoltaic Inverters

The PV inverters can be compared in terms of their efficiencies, number of
devices used in topology, stability of common mode voltage, switching algorithms
and etc. The advantages and disadvantages of the proposed topology are compared
with H6, optimized H5 and improved H6 as given in Table 3.2.

The number of the component used in topology is an important parameter for
compare the existing topologies. DC link capacitors are one of the factors that
determine the reliability, life span and usability of the photovoltaic inverters. The DC
link capacitors are the most vulnerable components of the inverters and their lifetime
should be considered for the whole system reliability and life span (Wang, &
Blaabjerg, 2014; Buticchi, Barater, Lorenzani, & Franceschini, 2012). The failure
ratio of the capacitors is observed as 30 percent among the main components in the
power electronic systems (Wang, Liserre, & Blaabjerg, 2013). The capacitor voltages
may not be evenly distributed in topologies using two series connected DC-link
capacitors. The deviation of the capacitor’s instantaneous voltage values increases
the ground current. The PV inverters designed with two DC-link capacitors (Xiao et
al., 2011; Gonzalez et al., 2007) need software solutions or some extra components
to guarantee that the capacitor voltages are balanced. A resistor voltage divider
circuit can also be connected in parallel to the capacitors to ensure the equal voltage
sharing between the capacitors. These solutions in hardware can cause more losses,
heating problems or require a complicated algorithm in the software. Although H6
and Optimized H5 topologies have constant common mode voltages (Freddy, Rahim,

Hew, & Che, 2014), they require capacitor voltages balancing (Xiao et al., 2011).
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The junction capacitances of the switching devices are taken into account for
controlling the leakage current in the circuit (Azary, Sabahi, Babaei, Meinagh, 2018).
But those capacitors are internal units in the solid-state devices and their values
change device to device in the range of picofarads or nanofarads. Therefore, their
effectiveness on the circuit operation is highly dependent on the distributed stray
capacitors in the electrical network. The ground leakage current could not be
completely taken under the control because of the possible resonance with the
distributed stray inductances (Li et al.,, 2015; Khan, Ben-Brahim, Gastli, &
Benammar, 2017). Despite the fact that the improved H6 topologies does not require
voltage balancing, the common mode voltages is floating due to junction capacitors

are used to keep the common mode voltage constant (Khan et al., 2017).

The unipolar output voltage form is desired at the output terminals of the
inverters, since it increases the efficiency of the system. The unipolar output voltage
could be generated by the simple switching logic. However, the standard unipolar
switching logic can not be used in H6 topology. The common gate drivers are not
used in this topology, since the common driver circuit does not generate the same
switching condition at same time. Therefore, it require complicated switching logic

to produce the unipolar output voltage.

The common mode voltage is maintained constant while the voltage balancing is
not required under favor of using one capacitor in the proposed topology. Also, in
this topology, the resonance current path does not occur, this topology utilizes the
snubber circuits to keep the common mode voltage constant. Even though the
proposed topology has an additional switch, the current carrying capacity of it is
good enough to carry the snubber current for a very short time. Small amount of
current flows through on the additional switch (S7) until the snubber capacitor
charged at the freewheeling instants. Moreover, the unipolar output voltage can be
generated by using standard unipolar switching logic.
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Table 3.2 Comparison of topologies

Balance

H6 Optimized H5 Improved H6 Proposed
6 IGBTs 7 IGBTs
Number of Devices 2 Diodes 2 g;GaEéIer 1gaIC;EJi—for 1Capacitor
2 Capacitors P P 2snubber
Common Mode Constant Constant Float Constant
Voltage
_Um_polar . Complicated Standard Standard Standard
Switching Logic
Capacitor Voltage Required Required Not Required Not Required

Resonance Current

Not Occurred

Not Occurred

Occurred

Not Occurred

Circuit

3.3 Efficiency Calculation Methods

Since the efficiency of the inverters has a crucial importance for PV applications,
the estimation method should be accurate as much as it is possible and fairly
applicable for comparison. The most common method is the use of manufacturing
data on switching losses related to junction temperature (Mitova et al., 2014).
Moreover, the linearized switching characteristics of the semiconductor devices
based on curve fitting are usually preferred in the estimation of the efficiency (Xiao
et al., 2011). The calculation based on the experimentally recorded switching
waveforms such as collector-emitter voltage and collector current is also an
alternative approach (Schweizer, & Kolar, 2013). When the comparison between the
alternative converters is the main target then the estimation should cover the same
assumptions such as the same ambient conditions and soldering the network
components, same switching devices, and same operating conditions. The most
reliable comparison can be performed with a dedicated simulation program used for
converter analysis. Furthermore, the estimation of efficiency can be carried out by
taking into account the experimental measurement, and a dedicated analysis based on
the use of the MATLAB and the PSPICE (Balikci, et al., 2017).

When the inverter input voltage, input current, load voltage and load current are
recorded, the average input power to the inverter and output power supplied to the

28



load can be computed by using equations (3.9) and (3.10) in the software facility of

oscilloscope.

T

«

P, (Voc (ipc (M)dt (3.9)

1
m‘i

O —

Pout =1 Iy (00 ~vgo ®)i €kt (3.10)

The efficiency of the inverters is usually given in the papers by using the
manufacturer data of solid-state devices (Picas et al., 2015), testing the converter
circuits (Azri, Rahim, & Halim, 2015) or based on estimation from simulation
(Barater et al., 2012). The highest efficiency with the minimum cost is the preference
for the selection of the inverters; hence all papers published give efficiency
comparison between the proposed converter and conventional ones. This effort is
usually time consuming part because it requires a test setup of conventional circuits
in addition to proposed circuit. Therefore, the MATLAB/Simulink and the SPICE

package programs can be used together in order to analyze the converters efficiency.

The operation of converter has been simulated in MATLAB. The simulation of
the same converter in the SPICE could be carried out by using the logic gates and
optocouplers from its library. In this case, a complex structure would be required to
drive the IGBTs and the simulation would take very long time and could cause
convergence problems in solver. In this analysis, the efficiency calculation on the
converter is the main objective, therefore, the switching characteristics of the solid
state devices are used from the SPICE library and the gate power loss of the IGBTs
IS neglected. Then the gate signals are generated in MATLAB program and
transferred as a “text file” to the SPICE program. Thus, the circuit is analyzed in the
SPICE during the transient and the steady-state operation with the pre-specified

gating signals in a short execution time (Balikci, et al., 2017).

The gate signals generated from the MATLAB must be extracted to the
workspace in the “array” format. Then the data is stored in the “text files” for each
IGBT. The source components located in the SPICE library execute the program by

importing the six “text files” corresponding to IGBTs. The V
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PWL_F _RE_FOREVER is one of the components in the source library and it calls
the “text files” during the analysis of circuit over the multiple periods defined by the

user as in Figure 3.16.

Ul
=L 1 E
Rgate
MV —¢
FGH40N60SFD

D:\H6\Gatel.txt

Figure 3.16 Gate signal model in SPICE

The SPICE simulation has calculated the efficiency by using the equations (3.9)
and (3.10). Since the efficiency has been computed from the input and output powers

on the inverter, the switching losses are already taken into consideration.

The loss calculation for the switching power semiconductor devices (i.e., IGBTs
and diodes) based on manufacturing data is explained in (Xiao et al., 2011). The
efficiency of the converter can also be estimated by using the losses of the
semiconductor devices. The switching characteristics of these devices during the

turn-on and turn-off intervals are given in Figure 3.17.

JTs-(ta+te+taill
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Rt 2 e 28 ol 4
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Figure 3.17 Diode and IGBT switching characteristics for loss calculation
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The energy losses of an IGBT and a diode can be classified into three categories.
These are called as turn-on, turn-off and conduction losses. The turn-on loss of an
IGBT and the turn-off loss of a diode depend on the rise time (t;) and reverse

recovery time (ts, to) as seen in (3.11) and (3.12);

Ve (I +1gp)(ta +1) +VCE|RRtb _l_VCEILtb +VCE(0n)(3|L +1re)tp

E = 3.11
IGBT _on 2 3 2 6 ( )

_ Vel —1rr){ta +1) , (Vp —2Ve)Irely (3.12)
2 6

Ep off

The turn-off delay time (tq), fall time (tr) and tail time (twi) determine the value of
turn-off loss of IGBT and turn-on loss of diode as indicated in (3.13) and (3.14).

Vee +Veen)!Ltd +11VCE|Ltf . Vee! L tail

E = 3.13

IGBT_off 5 20 20 (3.13)
Vel t :

Ep._on F20L f 19VF2I(;_ttall (3.14)

The conduction loss depends on the on-state voltage drop (Vce_on), load current,
duty cycle (d), and switching period (Ts).

EiceT_¢ =Vce _on- L (dTs —(t, +t5 +1,)) (3.15)
Ep ¢ =Vel (Q-d)Ts —(tg +t5 +teair)) (3.16)

The total switching power loss can be calculated for constant switching frequency
(fs) by using (3.17) and (3.18)

PigaT_loss = fs(EiceT_on + EigeT_off + EigBT_¢) (3.17)
I:’D_Ioss = fs (ED_on + ED_off + ED_c) (3-18)

The efficiency of the inverters can be estimated by the help of the equation (3.17)
and (3.18). The power loss calculation would be performed by specifying the

conduction sequence of the solid state devices over one switching period like in (Xiao
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et al., 2011). Since the instantaneous value of load current (I.) flow through the solid

state devices during the switching period, the loss calculation depends on the value

of load current. The average value of I.is used in computation as |, = (%)Im, here

I, is the peak value of the load current. The value of the duty cycle in (3.15) and
(3.16) changes in every switching period therefore its average value is estimated
from the relation d,, = (%)m (Kolar, Ertl, & Zach, 1991). Here, m is the
modulation index. The much more accurate calculation on devices losses could be
performed over the one period of grid voltage by taking the instantaneous values of

load current and duty cycle. However, the algorithm needs the tabulated values of

duty cycle as a function of conduction intervals for devices.
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CHAPTER FOUR
DC-DC CONVERTERS FOR MAXIMUM POWER POINT TRACKING

One of the most important renewable energy source is the PV (Hernandez et al,
2011). However, PV plants have two significant problems: the efficiency of the PV
panels are very low, and the generated electrical energy by the PV panels depends on
many factors, such as temperature, life time of the panels, load conditions and
irradiance (Mellit, et al, 2011).

Since PV panels have non-linear voltage-current characteristic, there is a single
point where maximum power is produced and this point strictly depends on the
irradiance condition and, also depends on the panel temperature. Figure 4.1 shows

the voltage-current (I-V) characteristic of the PV panel at different irradiance

conditions.
| | | |
6 ! R R S
1kW/np I I |
| | | |
| | | |
| | | |
R e e
= [ [ [ [
: [l 1 | L
o 0.5 kW/m? [ [ !
. A S
U 2 77777 IiiiiIiiiiliiiiliiiiaiiii
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Voltage (V)
Figure 4.1 Voltage-Current (I-V) characteristic of the PV panel
Because of the impedance mismatch, maximum power point tracking systems
(MPPT) are needed in order to get the maximum power from the PV arrays in the
photovoltaic application (Morales, et al, 2010). The DC/DC converters with the
maximum power point tracking algorithm is used to operate PV module at the
maximum power point. These converters interface the PV panels with the loads or
grid, and force the operating point of the PV panels at the MPP by changing the
apparent impedance of the PV panel to match with the maximum power point

impedance value (Taghvaee, et al, 2013).
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Different types of the DC/DC converters (Buck, Boost, Buck-Bosst, Ciik, Sepic,
etc.) have been used for the MPPT operation. The DC/DC converters used in the
maximum power tracking system are compared in (Taghvaee, et.all, 2013) in order to
determine the best solution for maximum power point system. According to the
(Taghvaee, et al, 2013), using the buck or boost converter allow achieving maximum
power within the limited area although the efficiency of these converters are high.
Therefore, boost or buck converter have a tracking problem when the irradiance or
temperature are changed. On the other hand, Sepic or Cik are the ideal convert types
for the MPPT system, but number of the reactive component in the circuit topologies
and high costs are the main drawbacks of these converters. However, in (Wang, et al,
2014) it stated that, the buck boost converter is the best choice for MPPT operation,
since it tracks the maximum power point regardless of the irradiance level,

temperature or load conditions.

The MPPT system injects a resistance value to the output of PV panel in order to
extract maximum power from it. It means that the input resistance of the DC to DC
converter will be equal to the equivalent resistance of PV at maximum power point
(Rmwmp) (Enrique, et al., 2006). The Rmwmp value can be defined as the value of
Vwmee/Ivee. The DC/DC converter, used for tracking the MPPT, changes the value of
the output load impedance of PV panel by varying the duty cycle. R represent the
load impedance at the output of DC to DC converter while the R; represent the value
of the load impedance referred to the input terminals (like a transformer) as shown in

Figure 4.2.

DC/DC
Converter

+

Vout

PV Panel Vin Ri

Figure 4.2 DC to DC Converter Connected to the PV Panel
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Table 4.1 shows the conversion ratio of input resistance to the load resistance,
assuming the continuous conduction mode (CCM) and lossless converter. “d” shows

the duty cycle of the converter.

Table 4.1 R; values for converter types

Converter Ri (CCM)
Boost R (1-d)?
Buck Ru/d?
Boost-Boost R(1-d)%/d?

Therefore, it can be observed that, the MPP capture region of the converter
changes with respect to the converter type (Taghvaee, et al., 2013). If the boost
converter is used, the MPP capture is only possible for RL.> Rwpp. Figure 4.3 shows

the MPP capture region of the converters.

A << A < R A <
RUsRwre i Rype RUSRVPE Ri—Ryme RUSRMPe iR
Imprp : IMPe = R non. o | [mpp

LN o ghpeure !

~"MPP non Ru>Rmpp |/ zone | Ri>Rwmrer Rie>Rwmep

' capiure. RN i

L_———"Zomne
. . ‘ . >

Vep " Vvep " Vvpp

(a) ) (c)

Figure 4.3 Operation regions; a) Buck Converter b) Boost Converter ¢) Buck-Boost converter

In this thesis, two-switch non-inverter buck boost converter is also used for MPPT
operation, because the traditional buck boost converter has negative output voltage
according to the input voltage. In addition to that the inverting buck-boost converter
is used at the output of PV panel as well because the inverted voltage can be fed to
the input of inverter connected to the grid. The analyses of DC to DC converters at

continuous current mode (CCM) are given in the following sections.
4.1 Two-Switch Non-Inverting Buck Boost Converter

Two switch buck-boost converter includes two controlled switches (S1-S2), two

diodes (D1-D2), one inductor and one capacitor as it can be seen Figure 4.4.
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Figure 4.4 Two Switch Non-inverting Buck Boost Converter

It provides positive output voltage with respect to the ground of input voltage.
This converter is combination of step up and step down converter. Moreover, two
switch non inverting buck boost converter has three operation modes according to
the operation modes of the controlled switches (S1-S2). It can be operate buck-boost
mode, buck mode or boost mode. If S1 is kept always in conduction state and S2
controlled, the converter operates like a step up converter. Further, if the S2 is always
get turn off signals and S1 is switched, this converter operates in buck mode.
Moreover, the converter can be operate in buck-boost mode, if the S1 and S2 are
controlled simultaneously with same gate signal. The required gate signals according

to the used operation mode are shown in Figure 4.5.

A A A
Vst Vst Vesi
> >
A t A A t
Vgs2 VgSZ Vgs2
Boost Converter t Buck Converter t Buck-Boost Converter *

Operation Operation Operation

Figure 4.5 Gate Signals for the boost/buck or buck-boost mode operations

The equation of the inductor current in buck mode and boost mode are different.
Therefore, the discontinuity occur on the inductor current at the transition between
buck mode and boost mode because of the different instantaneous inductor current.
On the other hand, the mode transitions are not needed for the buck-boost mode
operation. In this thesis, buck-boot mode operation is used in order to eliminate the

current distortion on the inductor current.

36



The relationship between input and output voltages is given in equation (4.1) for

the buck-boost mode operation.

Vind
(1-a)

Vout = 4.2)
In here,”d” represent the duty cycle. If duty cycle (d) bigger than the 0.5, the
converter step up output voltage. If the duty cycle (d) is lower than the 0.5, the

converter operates as a step down converter.

The circuit parameters of the converter in buck boost mode can be calculated with
the help of Figure 4.6. If the inductor current is in continuous conduction mode as in

Figure 4.4, the inductor current can be estimated by using equation (4.2).

t
i) = 1L_min + [VL D) (4.2)
0
s i, (t)y
Vgsl—l — ILﬁmax Is
ILﬁmm (
DTs Ts t DTs Ts T
(a) (d)
i(t),
I max .
- - le (t)n
IL_min ALt ILﬁmax‘I Load
OTs Ts ? I min-ILoad
(b) | :
LUA DTs Ts :
Vm — AQC
-ILoad
R ' (e)
DTs Ts t
'Vout
\ (C)

Figure 4.6 (a) Gate Signal, (b) Inductor Current (c) Indictor Voltage (d) Source Current
(e) Output Capacitor Current
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If t=dTs, i, = (dT) = I,,,4,. Therefore inductor current is;

VindT.
Imax = Imin + mL : (4.3)

Here, the required inductor value for the continuous conduction mode can be

computed by using equation (4.4).

VindT. VindT.
A, =——"->1L> —‘ZI . (4.9)
L
The maximum and minimum inductor current can be represented as;
Imax = I + 2% = Vi 4 Vind” (45)
max — L T 5 T p(1-D)2 2L '
Ipis = I, + 2L = Vi _ Vin” (4.6)
min = 'L T 5 T p(1-d)? 2L '

The output capacitance value can be estimated based on the change of charge

value,

_ AQ _ ILoadde ILoadde
AVout_?_T_)CZT (4.7)
out

Also, the average source current can be calculated based on average inductor

current as follows;

4.2 One-Switch Inverting Buck Boost Converter

One switch buck boost converter provides an output voltage that can be greater or
less than the input voltage like two switch buck boost converter (Rashid, 2014).
However, the output voltage polarity is opposite of the input voltage in contrast to

the two switch buck boost converter.

It include one controlled switch (S1) as the name implies, one diode (D1) and one

inductor as shown in Figure 4.7.
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Figure 4.7 Buck-Boost converter topology

The output voltage of the converter can be defined as;

Vind
(1-a)

Vout = (4.9)
In here, “d” is defined as duty cycle of the controlled switch. If duty cycle (d)
bigger than the 0.5, the converter step up output voltage. If the duty cycle (d) is lower

than the 0.5, the converter operates as a step down converter.

The peak to peak inductor ripple current can be defined as given in (4.10) for this

converter topology.

Vin(_Vout)
Al = 4.10
st(_Vout_Vin) ( )

or

_ Vind
fsL

Al (4.11)

where f; is defined as switching frequency L is the inductor value. Moreover, peak to

peak output voltage can be defined like;

loytd
fsC

AV e = (4.12)

4.3 Boost Converter

The boost converter is the most common used converter for the MPP operation.
The output of the boost converter is greater than the input voltage (Rashid, 2014).
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One controlled switch (S1) and one un-controlled switched (D1) is used in structure
of the boost converter as shown in Figure 4.8. The energy stored in inductor “L”,

which included in the structure of the boost converter, transferred to the output.

li(t) DI Tour
_m_‘g’l_‘_._
+ L Iy +

Vin \S] C == Vou

Figure 4.8 Boost Converter Structure

The average output voltage can be defined as;

Vin
(1-d)

Vour = (4.13)

The peak to peak inductor ripple current can be defined as given in (4.14) for this

converter topology.

AI — Vin(Vout_Vin) (4 14)
[sLVout .
or
Al = V;’f (4.15)

where f; is defined as switching frequency L is the inductor value. Moreover,

peak to peak output voltage can be defined like;

loyed
fsC

AV,,, = (4.16)

Also, critical value of the inductor and capacitor for the continuous conduction

mode can be defined as;

d(1-d)R

Lo == (4.17)
d

¢ = 77 (4.18)
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CHAPTER FIVE
MPPT METHODS

Generally, PV cell characteristic is modelled by the help of single diode or double
diode models. Single diode model is used in this thesis, because, it is simple and
moderately accurate for the nonlinear characteristic of the PV cell. Figure 5.1 shows

the single diode model of the PV cell.

Rs
— AL
Iy

PV Cell = ! Rsp Vv
|—o ® _ O

Figure 5.1 PV Cell model

The output current can be determined by using the KCL and given bellow:

q(v+IRg)

I =1Ipy — 10(9( akT ) -1) — VHIRs

— (5.1)

where, Rs and Rgqh are series and shunt resistance of the PV cell, I, is diode
saturation current, “a” is ideality factor of diode, “k” is Boltzmann constant (1.3805

x 102 J/K), “q” is electron charge (1.6 x 10™° C) and “T” is the temperature in °C.

Harvesting the maximum power that the solar panel can produce is an important
research topic to improve the efficiency of the solar energy system. The dependence
of the power generated by the solar panel on factors such as temperature radiation
makes it difficult to track the maximum power that can be harvested from the solar
panel. In the last decade, many maximum power point tracking (MPPT) algorithms
have been developed in order to accurately and rapidly tracking the maximum power
generated by the PV module under the changing irradiation and temperature. Most of
the MPPT algorithms are compared to each other in (Esram & Chapman, 2007).

Although perturb and observe (P&O) and incremental conductance (INC) are the
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most well-known MPPT algorithms, the genetic algorithm, fuzzy logic based
algorithm and artificial network based algorithm are some of the recent developed
MPPT algorithms that operate under the partially shaded condition (Kakosimos,
Kladas & Manias, 2013).

It is important to quickly and accurately set the maximum power point to harvest
maximum power from the solar panel under the changing atmospheric condition.
P&O algorithm is preferred in many application because of easy of the application,
performance. However, P&O algorithm have relatively high response time under
changing condition. Also, it cannot converge the true maximum point always. The
MPPT algorithms have been combined with digital current controller for the
accurately and faster MPPT operation. The combination of the MPPT algorithm with
the digital current control methods can be implemented by using the today’s
powerful and faster microprocessors and digital signal processors (DSPs). Model
predictive controller (MPC) is such a controller technique which obtain the control
action for both present and future period, and also, it solves the finite horizon optimal
control problem at each sampling period (Kakimos, & Kladas, 2011). The MPC has
several advantages over the standard control technique such as multivariable case
control and easy implementation also, it is expected to improve utilization of the PV
system power under the chancing condition by getting over the uncertainties and

disturbances.

Perturbation based algorithms such as; perturb and observation (P&O) hill
climbing (HC), and conduction based algorithms (incremental conduction (INC),
modified incremental conduction (MINC)) are simple, have good speed and accuracy
(Ishaqu, et al, 2012). However, these algorithms are not suitable for partial shading
conditions and they may not find the global maximum power point. Moreover, these
algorithms generate the steady state oscillation around the maximum power point
(Danandeh, & Mousavi, 2018). Therefore, the current of the DC to DC converter
may have steady state oscillation and operation mode can go into the discontinuous
mode. There are several tracking techniques proposed in literature. The methods
which are perturb and observation (P&QO), and the particle swarm optimization

method (PSO) are commonly recommended for the MPPT. The former one tracks the
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characteristic continuously while it may arrive the local maximum and oscillate
around the MPP, the latter one finds the global maximum with the termination of
tracking. The best algorithm is expected to track the characteristic continuously
while reaching at the global maximum in any partially shading condition in a shorter

time as much as possible.
5.1 Model Predictive Current Controller Based MPPT

In this theses, the model predictive current control technique is combined with the
voltage and current oriented P&O algorithm in order to compare the effect of the
MPC on the maximum power point tracking operation. The DC/DC boost converter
is used with the resistive load for the testing the MPC with the P&O. General

structure of the system is shown in Figure 5.2.

ip\'
+ + -
PV V | DC/DC Boost .| Resistive
o ot
Module | Converter ; Load
- | |
! I 1 Gate
| I Vp\; 1 Signal
V]Jl' I lpr l[)l’ er_!lli
v Controller
%
MPPT X

Figure 5.2 General structure of the predictive current controlled system

If the voltage oriented MPPT is used, Pl controller must be used in order to
convert the voltage reference which generated by the voltage oriented MPPT into the

current reference as shown in Figure 5.3.
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Figure 5.3 System block scheme with PI compensator

The general block scheme of perturb and observe algorithm is given in Figure 5.4.
It should be noted that for the voltage oriented MPPT, X1: Vpv, X2: ipy and for the
current oriented MPPT Xi: ipv , X2: Vpv. Moreover, only the voltage oriented P&O
algorithm also has been used for the MPPT operation. By this way, effect of the
MPC can been seen clearly. In this method, voltage oriented P&O algorithm generate
the voltage reference and this reference subtracted by the actual voltage of the PV
array and then passed through the PI controller. The output of the PI controller used

as gate signal of the converter.
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Inputs: x(ty-1), X2(t4-1)
X1(fk), xZ(tk)

Ax ;= XJ(f/;)'Xz(fH)
Ax = X2(tp)-X2(ti-1)
Ap= X (t)xo(t)-x1(tx-1)X (1)

* * *
x] +x].1m' x['xl,lm' xa.;'xl.n'lc x] +x1.//n' x[

| [ ] |
( Return )

Figure 5.4 Block scheme of P&O algorithm

5.1.1 Model Predictive Current Controlled Boost Converter

The many control techniques have been presented for the power converter system
and model predictive control is the one of them. The model predictive control
method (MPC) has several advantages which makes it preferable for the power
electronic system; nonlinearity and constrains can be employed, it can be easily
applied to a variety of the system, and it is intuitive and easily understandable. It
requires much more mathematical calculation compared with the conventional
technique. However, MPC has become feasible with the development of the
powerful microprocessor. The MPC is a control method that uses system state

equations to predict the future behavior of the controlled variables.

Two type of the model predictive control method are mentioned in this theses.
These are MPC with continuous control set where controller outputs passed through

modulator to provide the switch’s gate signal and MPC with finite control set (FS
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predictive control) that control the state of the converter switches (Cortes et al.,
2008). Figure 5.5 shows the specification of these two method.

Model Predictive Control
(MPC)

I
y AN

MPC MPC with continuous
With finite control set control set

*No modulator
*Variable switching treq.
*Constraints included
*Low complexty

*Needs modulator
*Fixed switching freq.
*Constraint can be included

Figure 5.5 Model predictive control methods classifications

The inductor current of the boost converter can be controlled by the MPC. The
system state equation for the boost converter can be written according to the
switching states to control the inductor current. Boost converter and switching states
are shown in Figure 5.6. The switch S1 is closed in Figure 5.6 (a) and the switch S1

Is open in Figure 5.6 (b).

in(t) > ift) Q
+ L + + L +
S
Vin S v Vin N O Vow

(@) (b)

Figure 5.6 Boost converter switching sate a) Switch closed b) Switch open

The inductor voltage can be written with respect to the switch sate;

If the switch is closed;

— =Vin (5.2)
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If the switch is open;

diy,

dr Vin = Vout (5.3)

The discrete time of the equation (5.2) and (5.3) are as follows;
. . T,
i [n+1]-i[n]= TVin[n] (5.4)

ip[n+ 1] = i[n] = = [Vin[n] = Voye[n]] (5.5)
and the combination of inductor current can be expressed;
ip[n + 1] = i[n] = 2 [Vinln] — /[0 + 1]Voy[n]] (5.6)

where the u’=1-u represent the switching state (Logic 1 and 0). The predicted sate
variable shown as i, [n + 1] while the current sampled value shown as i, [n] and Ts
represent the sample time. And now the control variable (iL) can be predicted next
sampling time based on the cost function for the FS-MPC method. The cost function
is the key factor for the FS-MPC technique. The cost function of the boost converter

expressed as;
J =minfi_ [n+1]-i, ) (5.7)

and here iL* represent the reference inductor value. The next switching state can be
determined according to the cost function. The FS-MPC does not require the
modulator, it determines the switch state for the next switching cycle due to the cost
function. For this reason, the switching frequency may change and rise to the
sampling frequency. In the application, the sampling frequency depends on the
analog to digital converter module of the microprocessor. This method can be
extended more than one prediction step with increasing the robustness, as well as
computational effort.

The MPC with continuous control set method needs modulator and it can control

the valley, peak or average value of the inductor current of the boost converter
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according to the modulator type (Chen, et al., 2003). The modulator types are shown
in Figure 5.7.
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Figure 5.7. Modulation methods. a) Trailing edge modulation b) Leading edge modulation ¢) Trailing
triangle modulation

Valley inductor current can be controlled by using the trailing edge modulation,
since sampled inductor current each switching period is the valley inductor current.
The equation of inductance current can be written by using the Figure 5.8 which

shows the inductor current wave form under the trailing edge modulation.
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Figure 5.8 Inductor current

The required duty cycle can be predicted for the next switching period based on

the sampled inductor current and possibly the input and output voltage. The input
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and output voltage can be considered constant during the switching period, because
they are slowly changing signals.

One step horizon inductor current can expressed as;

. I _ Vind[d]Ts (Vin_Vout)d,[n]Ts
ii[n]=i[n—1]+ — 5 (5.8)

Where d’[n]=1-d[n] and substituting in (5.2), the inductance equation is;
iL [n] — iL [n _ 1] + VinTs _ (Vout)d,[n]Ts (5 9)

L L

Equation (5.3) can be extended for another switching period (two step horizon

extension);

iL [n b 1] = iL [Tl . 1] + 2VinTs (Vour)d'[n]Ts i Vour)d' [n+1]Ts

; ; - (5.10)

Equation (5.10) can be solved for the predicted duty cycle that is used for following
to reference current;

L
Vout—Ts

dn+ 1] =2 —d[n] —

(ip[n = 1] = irep) — (5.11)

Vout

The one step horizon extension (equation 5.9) or the two step horizon extension
expression (equation 5.11) of the inductor current can be used for the valley current
control. However, these equation can be used for the average and peak current
control by changing the modulation technique. The key point of the changing the
modulation technique is to enable sampling of the targeted current of interest (peak,
average, valley) at equally interval which equals to the switching period. Such as; if
the leading edge modulation technique is used the peak inductor current is sampled at
beginning of the switching period. Moreover, if the trailing triangle modulation is
used, the average inductor current is sampled at the beginning of the switching
period. Table 5.1 shows the controlled current with respect to the modulation

technique.
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Table 5.1 Controlled Current according to the modulation technique

Modulation Technique

Controlled Current

Equation (5.8) or Trailing Edge

Valley Current

Equation (5.10) Leading Edge

Peak Current

Trailing triangle

Average Current

Average current may also be controlled by using

the trailing edge modulation

method, if one period average of the inductor current is taken. Single the period of

inductor current can be divided into two parts in order to calculate the average value.

f1(t) define the rising side of the inductor current (switch is in conduction mode 0<

t<d[n+1]Ts) and expressed as; fi(t)=ait+bs, and fo(t) is the falling side of the

inductor current (switch do not conduction mode d[n+1]Ts < t<Ts) expressed as;

f2(t)=ast+b2 and shown in Figure 5.9.
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I e
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1 (n)Ts
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 out

“ d/n+1)Ts

Figure 5.9 One switching period

The general definition of the average value for a periodic signal can be used here.

If the function of periodic wave is fk(t)=axt+bk then the average of the fk(t) can be

expressed as ;{f3 (t)) = Tls foTS fr (D),
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The average inductor current can be found as follows;

(i, ®) =in(f1(t>+ 0) T ORS Ll UL LA
Ts 2 (5.12)

aT,
b, —b,d[n+1]+ ,
where;

Vourd[n+1]Ts
L .

If these variable

V, in—Vou : 1
a = E Ay = %’bl =i[n], and b, = i[n] +

substitutes in (5.12), we get;

VinTs Vourd[n+ 1]2Ts
2L 2L

(iref> =i[n] + (5.13)

If the next duty cycle (d[n+1]) is the target to be estimated, the equation (5.7) gives a
nonlinear expression.  This math operation is difficult to process for the
microcontrollers. Therefore, this equation must be linearized and following equation

is used for linearization operation;

VinTs _ Voutd, [n+1]Tg
L L

i;[n+1] =i[n]+ (5.14)

d= (1 - V—”) (5.15)
Vout

Where (5.14) represents the valley current after the one switching period, equation

(5.15) is the ideal steady state duty cycle for the boost converter for the continuous

conduction mode. By substituting the (5.14) and (5.15) in equation (5.16) the linear

average current expression can be obtained as follows;

(5.16)

, . VoutT. Vind[n+1]T. VinTs (3 Vi
lrele[n]_outs_l_ in S 4+ LTLS(__ Ln)

L L L \2 2Vt

Then, equation (5.16) is solved for the next step duty cycle as follows;

din+1] = 1—ﬂ(3— V”‘)+VLT (ires —iln]) (5.17)

2Vout Vout
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Now, the average current can be controlled by using the equation (5.17) under the
trailing edge modulation.

Model predictive current control can be applied for controlling the inductance
current of the other DC/DC converters such as; buck-boost, buck converter. Figure
5.10 shows the general inductance wave form in continuous conduction mode for the
switching converters under the trailing edge modulation. When the switch is
conducting, the inductor current rises with a slope my, then decreases with a slope -
m2 (Chen et al, 2003). Therefore, the general predictive control law equation can be

defined based on slopes my, -m., switching frequency, and previous duty cycle as;

d[n+1]:—d[n]—m[i[n—l]—iref h% (5.18)

The slopes are given in Table 5.2 for the basic DC/DC converters.
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Figure 5.10 General wave form of the inductor current

Table 5.2 Slopes of the inductance of the basic converters

Boost Converter Vi —m, = Vin—Vout
my = — 2 L
L
Buck Converter my = % —m, = #
Vi Ve
Buck-Boost Converter m, = % -m, = OLuf
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5.2 Model of Digital Pl Controller

Transfer function of the PI controller, used in the MPPT algorithm loop, can be
defined as in equation (5.19) by using trapezoidal integration rule (Gurbuz, 1997;
Gurbuz et.al., 1998a, 1998b, 2002).

K + K T(z+1)

L2 (z-1) (5.19)

Where Kp is proportional constant, Ki is the integral constant, and T is the

sampling period.

Block diagram of the PI controller is given in Figure 5.11.

N EVE N s R
—> K
Figure 5.11 Block diagram of the PI controller
The error is the difference between reference and actual values,
& = Vyer =V (5.20)
&2(2) = Zg’g (5.21)
Let us define;
gm+1) =V r(n) —V(n) (5.22)
The discrete form of (5.21) is
2e6,(n+1) —2e6,(n) =Te;(n+ 1) + Tey(n) (5.23)

Substituting equation (5.22) into the equation (5.23) and rearranged in the state-space

form given in bellow,
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(81)n+1 </2 2>(£1) <T}z _T}2>(Vr6f) (5.24)

n

The output of the PI controller is defined as

E(n+1) = K) (2) (5.25)

n+1

The equation (5.24) is substituted into the (5.25 as follows;

Em+1) =K, K) {(T(}Z (1)> (2) <T}2 —T/2> (Vref)

&
Then (82) term in the equation (5.26) can be expanded in terms of previous
n

} (5.26)

n

sample time and it gives,

o= (1, 1){(r, 1)),
(T}z __T})(V;;f)n_} <T/2 —T}2> (V“’f)n} (5.27)
0

0
Then, (T/ 1) term in equation (5.27) is re-defined as a summation of two
2

. 0 0 1 0 0 . . .
matrices ( T/z 1 (0 1) T/ 0 ) and substituted into the equation,

hence it yields,

-1 0 0 0)\/g
E(n+1) =EMm) + (Kp Ki)<T/2 o){(T/z 1)(82) LT

n

<T}2 _T}2> (Vref)n—1}+(Kp ) <T}2 _T/ >( ref) 629

Hence,

or= 0t 00(77, o), 1)(E),.,*
<T}2 __T}2> (Vref)n—1}+(Kp ) <T}2 _T/ >( M) 629
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And then it gives;

BE, = (=Ky + K 2) (Veer = V) + (Kp + K 2) Vyep (n) +

(—Kp — K g) V(n) (5.30)
Hence,

AE, = Kp(el(n) — & (n—1)) + TK;(e,(n)) (5.31)

g1(m)+&,(n-1)

where, g, (n) = >

Vrer is the voltage references of the PV module, which is generated by the P&O

algorithm and, "V" is the sampled actual PV voltage. Also equation 5.31 can be

defines as;
E.n+1)=E.(n) + K, (81 n) —eg(n— 1)) + K; g (el(n) +e&(n— 1)) (5.32)

5.3 MPPT with Particle Swarm Optimization

Eberhard and Kennedy developed the particle swarm algorithm in 1995. They got
inspired by the social behavior of the bird flocking and fish schooling. The PSO is
the simple and effective optimization that can be applied to the problems on where a
point or n-dimensional space functions to find the best solution.

In this algorithm, several cooperative agents, which are named as particle, are
used and they are considered as a candidate of the solution. These agents moves in
the search space and this movement determined by the best experience of the
neighbor agents and its own best experience. The velocity of the particle (v¥) can be

defined as;

i+l = Wk+1v{€ + C{H-lrl{pbest,i - xlk} + Céﬁ-er{gbest - xlk} (5.33)

Vi

Where w is the inertia weight, c¢; and c, are acceleration coefficients, r; and r,
normalized random number (ry, 7, € U(0,1)), Ppest; best position of the particle ‘i’
and gp.s¢ 1S the best position of the particles in the entire population. New position of

the particle at k™ iteration can be found by using equation 5.34.
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xf = xk 4 vkt (5.34)

i

Flowchart of the PSO method for the MPPT system is given in Figure 5.12. Here,
the particles are used as duty cycle of the power semi-conductor of the MPPT
converter and trying to find the best particle tat extract the maximum power from the

PV panel.

Begin

Initialize the PSO

‘I

+¢

i=1
(1, particle number)

Apply the particle ‘i’ to the
converter

v

Sense Vi - Iy and,
Compute the Power Py

B YES Update
Phest.i
NO ¢ |

Better global YES| Update
fitness value?

Lhesti

NOJ¢

All particle Next particle,
applied? i=i+1
YES

Update particles’ velocity
and position

Next iteration,
k=k+1

Convergence
criteria is satistied?,

Apply the particle
Lhest.i

=\

Figure 5.12 Flowchart of the PSO method
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In the first block (Initialization of PSO), the upper - lower limits are defined,
convergence criteria are selected and initial position of particles are determined. In
this application, these particles are selected as a duty cycle (d) of the dc-dc converter.
The particles can be evenly spaced distributed on whole search space (dmax - Omin).
The dmax and dmin represent the maximum and minimum duty cycle of the converter
respectively. Particle numbers can be chosen as the number of the series connected
cells (Lui et al., 2012). Large number of the particle cause the long computational

time but, it can cause more accurate MPPT.

The second part can be defined as fitness evaluation. In this step, all particles are
applied on the converter respectively and then related power (fitness value of particle
‘1) of the PV module computed by using the Vv and lpv. After that, the best position
of the particle (presti) is determined by the comparing the individual best position of
particle in history. Moreover, globally best particle (goest) is updated according to the

new power values.

After all fitness values are computed, the velocity and position of the particle
should be updated by using equation (5.33) and (5.34). In conventional PSO
algorithm, w, c¢; and c, are selected constant. If these parameters are set as the
variables, the convergence time can be speed up (Lui et al., 2012). The first term
(wv) of the equation (5.33) controls the convergence characteristic of the PSO. To
speed up the convergence time, inertia weight can be defined linearly decreasing as
shown in equations (5.35) where w,, 4, and w,,,;;, show the maximum and minimum
limits of the inertia weight, and k represents the iteration number. Then, the social
and cognitive parameters can be selected as varying like inertia weight. These
parameters determine the search ability of the particle by biasing the position of the
particle. If ¢; > c,, particle biasing toward the position of the presti. On the other
hand, if c, > ¢, particle moves toward the grest and this is the favored behavior for

the particle. Therefore, c; and c, are updated by using equation (5.36) and (5.37).

k
whtl = Wiax — Koo (Wmax - Wmin) (5-35)
K _ k
1 = C1,max — Kmax (Cl,max - Cl,min) (536)
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C§+1 = C2max + k:j (Cz,max - Cz,min) (5.37)
Different convergence criteria can be defined for PSO, it depends on system
design. The velocity of all particle can be the convergence criteria, the variation on
the fitness value can become also convergence criteria and also maximum iteration
number can be a convergence criteria. Final step of the algorithm defined as re-
initialization step. The conventional PSO algorithm designed for the time invariant
problem solution but in the MPPT application, the global maximum changes with
environment and also with loading conditions. Therefore, the particles have to be re-
initialized to find new MPP when the environmental and loading conditions change.
The following equation (5.38) is used to detect changing of the MPP. If this equation
Is satisfied, the particles are re-initialized (Miyatake, & Veerachary, 2011).

P -P
| pv,new pv,last| 2 AP(%) (538)
va,last
where Py, 145 Shows the MPP of the last operating point, and P, ».,, represent the

new calculated power.

The execution time of the PSO algorithm for reaching at the global MPP is longer
than that of the simple P&O algorithm and other conventional MPPT algorithms.
Therefore, the initial positions of the particle has the critical role on the execution
time. To find the global MPP faster than the standard PSO algorithm, some
improvements have been done in literature (Lian et al., 2014). The PSO algorithm
with P&O method are also used together to speed up the execution. In order to
determine the local maximum faster, the P&O algorithm can be employed, then, the
PSO algorithm takes over the process to find the global maximum. Another study in
the literature has suggested the lagrangian interpolation method to find the
approximate maximum power point voltage and then the initial position of the

particles around this position is selected to speed up the process (Koad et al., 2017).

In this thesis, conventional PSO algorithm is used in order to investigate the effect of
method on the steady-state oscillations around the MPP and it is compared to the PO

method.
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CHAPTER SIX
SIMULATION AND EXPERIMENTAL RESULTS

6.1 Single Phase Photovoltaic Inverters Results

The simulations and experiments have been carried out for the single phase
transformerless inverters mentioned in chapter three. Simulations have been done
using the MATLAB/Simulink and experiments have also been done in Power

Quality Laboratory at Dokuz Eylul University.

Experiments have been done under the constant DC link voltage (not used the PV
modules or PV simulators). The simulation results of grid connected inverter has
been simulated under the constant DC link voltage and compared to experimental
results. The complete system including PV module and DC to DC converter has been
analyzed and simulated in Matlab. Figure 6.1 shows the simulation model for
constant DC link voltage. The inverter model has been arranged for appropriate
inverter topology used in the system and the circuit parameters are given in Table
6.1. The required gate signals have been generated with the help of proportional
resonant (PR) controller that is used for grid connection (Hafezi et al., 2014a, 2014b;
Balikci, Akpinar & Durbaba, 2017).
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Figure 6.1 Simulation model for constant DC link voltage condition
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Figure 6.2 shows the simulation model for the grid connected inverters with PV
modules and two-switch buck boost converter and Figure 6.3 shows the
characteristics of the used PV module used in simulation. In this model, two-switch
buck boost converter is connected to the input of inverter and the input capacitance
of the buck boost converter is selected at the value of 500uF. Moreover 100nF
leakage (parasitic) capacitors are connected between the ground and positive, and the
ground and negative terminals of the input of inverter during all simulations and

experiment study.
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Figure 6.2 Simulation model for the grid connected PV system

Array type: SunPower SPR-305-WHT; 2 series modules; 2 parallel strings

1 KW/m?

140

140

Voltage (V)

Figure 6.3 PV characteristic
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The experimental and simulation results have been obtained for the proposed and
oH5 topologies connected to the grid. The grid connected H6 topology has been
analyzed and simulated only since the gate driver module used in the laboratory is
not compatible with the switching logic given in the circuit. However, this topology
is tested experimentally as an inverter (not connected to the grid) feeding power to
RL load for the comparison of the efficiency results estimated from the method given
in chapter three (Balikci, et al., 2017). On the other hand, the improved H6 topology
was tested only experimentally because the internal capacitor of the switching

devices are not considered in MATLAB/Simulink.

Table 6.1 Parameters of the grid connected inverters

Symbol | PARAMETER Value

Vy Grid voltage 110V RMS

f Grid frequency 50 Hz.

Ve DC Bus voltage 200V

Cdec DC Bus capacitor (each) 10000 pF

Ls Line filter inductance 3,6mH

S1-S7 IGBT SKM75GB123D
fw Switching frequency 10kHz.

Cp PV parasitic capacitance 100 nF

A prototype has been used in laboratory to test the grid connected inverter
topologies. The common mode voltage, the leakage ground current and the efficiency
under standard unipolar switching condition have been investigated. The circuit with
1 kW of power capacity has connected to the grid and tested. The system parameters
used in the analysis of the proposed topology are given in Table 6.1 and Figure 6.4

shows the experimental setup.
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Figure 6.4 Experimental setup (Personal archive, 2018)

6.1.1 Proposed Topology

Figure 6.5 shows the simulation result under the constant DC-link voltage for the
proposed converter (Figure 3.13). It can be seen that the common mode voltage is
constant and leakage current under 300mA when unipolar output voltage is

generated.
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Figure 6.5 Simulation results under the constant DC link voltage for proposed topology

The simulation result for the grid connected PV system is given in Figure 6.6. In
this model PV module and two-switch buck boost converter are used. Perturb and
observe algorithm (duty cycle of the DC/DC converter is arranged) is used for MPPT
operation. Also, 450uF capacitor have been used as a DC link capacitor. The leakage
current is lower than the 400mA and PV module supply the maximum power while

inverter works with unity power factor.
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Figure 6.6 Grid connected PV system with proposed inverter

Figure 6.7 shows the experimental result for proposed topology. It should be

noted that, in the experiment, 22nF — 1 ohm snubbers are used across the switches 5
and 6.
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Figure 6.7 Experimental waveforms of proposed converter for grid connection for one grid period and

for one switching period a) Inverter voltage and current b) VAO ¢) VB0 d) (2xCommon mode voltage)
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The leakage current for the proposed inverter is shown in Figure 6.8 and the rms
value of the leakage current is 89mA.

ov/div)

18

_______ TR SR
ovV/div)
_ _ L))
Vao+VBo (100V/div)
AU A A A sttt e
2 msSd = (c)
iCM(loc;mA/divJ

A R AR AT
(e e | L

100 mASdiv
0.00

Figure 6.8 Experimental waveforms of proposed converter for grid connection for one grid period nd

for one switching period a) Inverter voltage and current b) VAO - VBO c¢) (2xCommon mode voltage)
VAO0+VBO d) Leakage current
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6.1.2 oH5 Topology

The simulation results under the constant DC link voltage is shown in Figure 6.9
for oH5 topology (Figure 3.9). It can be seen that, the leakage current is low and

common mode voltage is constant while inverter works at unity power factor.
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Figure 6.9 Simulation results under the constant DC link voltage for oH5 topology

Figure 6.10 shows the simulation results for the oH5 topology with PV modules
and two-switch buck boost converter. A 850uF DC link capacitors have been used as
the input capacitance of the inverter and a 500uF capacitor is connected in parallel to
the PV module. The leakage current is bigger than the other converters. The output
voltage (Vpv) and the output current (lpy) of the PV module are fluctuating with the

same parameters used in other inverter topologies.
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Figure 6.10 Grid connected PV system with oH5 inverter

Figure 6.11 shows the experimental results for the oH5 topology. A 22k ohm
discharge resistors in parallel to each DC link capacitor is used and these resistors
ensure the capacitor voltages equally divided. The rms value of the leakage current is
129mA.
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Figure 6.11 Experimental waveforms of oH5 converter for grid connection a) Inverter voltage and
current b) VAO - VBO c¢) (2xCommon mode voltage) VA0+VBO d) Leakage current
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6.1.3 H6 and Improved H6 Topologies

H6 topology has not been connected to the grid since the gate driver modules in
the laboratory are not compatible to the gate logic in the circuit. Therefore the
simulations have been carried out only for the H6 topology (Figure 3.7). Two 850uF
DC link capacitors are used at the input of the inverter and a 500uF capacitor is
connected in parallel to the PV module in the model. Figure 6.12 shows the
simulation results for the H6 topology with the PV system. It can be seen that,
leakage current lower than the 100mA and the inverter output voltage is unipolar
form when the inverter is operated at unity power factor. The PV module supplies the

maximum power to the grid and fluctuation of the power is lower.
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Figure 6.12 Grid connected PV system with H6 topology

Experimental work has been carried out on the improved inverter topology by
using the parameters in Table 6.1. Figure 6.13 shows the experimental results
recorded from the improved H6 topology under the constant DC link voltage. The
common mode voltage fluctuates in improved H6 topology because of the resonance
circuit as it can be seen in Figure 6.13. The leakage current at is almost equal to

20mA in rms.
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Figure 6.13 Experimental waveforms of improved H6 converter for grid connection a) Inverter
voltage and current b) VAO - VBO c) (2xCommon mode voltage) VAO+VBO d) Leakage current

The efficiency of the inverters given in Figure 6.14 has been measured in the

laboratory under the constant DC link voltage.
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Figure 6.14 Efficiency of the experimentally tested topologies
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6.2 Simulation and Efficiency Calculation with PSpice

The H6 structure have been simulated under the RL load as described in section
three by using the MATLAB/Simulink with PSpice. Firstly, the H6 topology is
simulated by using MATLAB and the generated gate signals have been recorded into
a text file. Then, these gate signals have been used in PSpice program. Figure 6.15
shows the PSpice model of the H6 inverter topology.
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Figure 6.15 Schematic of the converter in SPICE

The solid-state devices (IGBTs) having the characteristics in PSpice package
program are used in the experimental setup in order to compare the results of PSpice
simulation and experimental work. Figure 6.16 shows the experimental setup for the
H6 topology.
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Figure 6.16 Picture of prototype used for experimental test (Personal archive, 2018)

The circuit parameters and component codes of the H6 bridge topology used in
the simulations and experiment work are given in Table 6.2. The SPICE parameters
of the IGBT and diodes used in simulations are taken from the manufacturer
websites. Thus, the nonlinear properties of the semiconductor elements are taken into
consideration in the SPICE software.

Table 6.2 Circuit Parameters

System Parameters Value
Input Voltage 60 VDC
Switching Frequency 5 kHz
DC capacitors 470 uF
Load Inductance 7.14 mH
Load Resistance 16Q,19.2 Q.24 Q32 Q.48 Q
IGBT S1-S6 FGH40N60
Diodes D1 - D2 UF5408
Micro Controller F28377s
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The results of the SPICE simulation and experimental work on the circuit are
recorded when the load resistance and load inductance are 32Q and 7.14 mH,
respectively. The differential mode voltage, the load current, the load terminal
voltages with respect to the negative rail (Va0 and Vgo) and the common mode
voltage are given in Figure 6.17 and Figure 6.18. It should be noted that the ground
level of Vg is shifted to separate the waveforms on the same screen from each other.
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Figure 6.17 Simulation Results a) Differential mode voltage waveform b) Load current ¢) Vao and
Vgo Vvoltage (Note that, Vo is shifted to observe the waveform clearly ) d) Common mode voltage

,time axis are same for all waveforms
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Figure 6.18 Experimental results a) Differential mode voltage wave form (50 V/div) b) Load current
(1 A/div) ¢) Vao and Vg voltage (20 V/div) d) Common mode voltage (20 V/div)

The inverter efficiencies from the PSpice simulation, experimental work and
theoretical calculation by using equation 3.11-3.18 are compared under the different
loading condition in Table 6.3. The inductance value in the load is retained constant
(7.14 mH) while the resistance is changed in order to vary the real power flowing
through the load.
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Table 6.3 Power and Efficiency comparison

Efficiency Calculation (%)
Rload (€2) Simulation Theoretical Experimental
48 88.93 86.85 89.63
32 88.61 86.56 88.64
24 88.08 87.76 87.97
19.2 87.45 86.07 86.97
16 86.5 85.84 86.21

6.3 Boost Converter with Model Predictive Current Control

The boost converter with model predictive control technique have been simulated
by using MATLAB/Simulink. Firstly, valley current equation given in (5.11) is
applied in order to control the valley current and then the same equation is used for
the controlling peak and average currents by changing the modulation technique
given in Figure (5.7). Figure 6.19 shows the MATLAB model for the boost converter
with model predictive control. Reference inductor current of the boost converter has
been selected as 40 A. Figure 6.20 shows the simulation results of the inductor
current for the different modulation techniques. The trailing edge modulation (Figure
5.7-a), trailing triangle modulation (Figure 5.7-c) and leading edge modulation
(Figure 5.7-b) techniques have been used and the valley average and peak inductor

currents have been controlled respectively for them as seen in Figure 6.20.
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Figure 6.19 Boost converter with predictive control
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Figure 6.20 Inductor current of the boost converter under the different modulation technique (trailing

edge, trailing triangle and leading edge modulation)
6.3.1 Predicted Current Control with Perturb and Observe Algorithm

The MATLAB/Simulink model shown in Figure 6.21 has been simulated to
analyze the effect of the model predictive control for MPPT operation. In this model,
three different control techniques have been examined; voltage oriented perturb
observe (PO) MPPT algorithm with continuous control set MPC (valley current
equation given in 5.11), voltage oriented PO-MPPT algorithm with finite control set
MPC (equation 5.7), and only voltage oriented PO-MPPT algorithm given in Figure
5.4. The used control schematic is given in Figure 5.3 for voltage oriented MPPT
with MPC.
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Figure 6.21 PV system with boost converter

A boost converter has been connected to the output of the PV module. The
initially 2000W/m? irradiance is applied on the PV module until the 0.3 second and
the irradiance of the PV module decreases sharply the 750 W/m? after 0.3 seconds to
analyze transient effect of the control methods. Figure 6.22 shows the characteristics
of the PV module used in simulation. This transient operation of the system is

analyzed with three different control methods.
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Figure 6.22 PV characteristic
The digital PI controller is used in Matlab/Simulink. The change of the output of
the PI controller given in equation (5.31). By using the equation (5.32), the digital PI
controller block has been created and used in Matlab as it is given in Figure 6.23. K,
and Kj shows the proportional and integral gain of the PI controller and Ts represent

the sampling time of the system.
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Figure 6.23 Digital PI controller used in Matlab

Figure 6.24 shows the PV voltage and PV current for voltage oriented MPPT
algorithm. The output of the MPPT is the voltage and it is passed through the PI
controller in order to generate the duty cycle as the reference for gate drive. In this
control method, the sample time of the MATLAB is equal to lps and switching
frequency is equal to 10 kHz. Figure 6.24 shows that a steady state oscillation occurs
on the current and voltage of the PV module and the frequency of this oscillation is
about 1 kHz. This oscillation has been created by the P&O algorithm oscillating
around the MPP. It can be reduced by reducing the disturbance value of the P&O

algorithm but the decreasing the disturbance value increases the convergence time.
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Figure 6.24 Voltage oriented perturb observe algorithm results

Figure 6.25 shows the PV voltage and PV current for voltage oriented MPPT
algorithm with FS-MPC. The output of the MMPT is the reference voltage and it is
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passed through the PI controller in order to obtain the current reference for FS-MPC
based controller. In this model, the sample time of the model is selected 40us. The

steady state oscillation still occurs because of the P&O algorithm.
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Figure 6.25 Voltage oriented perturb observe algorithm with FS-MPC results

Figure 6.26 shows the PV voltage and PV current for voltage oriented MPPT
algorithm with the valley current control model predictive control (VCC-MPC). The
output of the MMPT is the reference voltage and it is passed through the PI
controller in order to obtain the current reference for VCC-MPC based controller. In
this control method, the sample time of the MATLAB is equal to lus and the
switching frequency is equal to 10 kHz. The P&O algorithm creates almost 1.5 kHz
steady state oscillation in the voltage and current of the PV module as shown in
Figure 6.26.
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Figure 6.26 Voltage oriented perturb observe algorithm with VCC-MPC results

According to these results, it can be observed that, the voltage oriented perturb
observe algorithm (MPPT) with VCC-MPC is effective control method. It tracks the
maximum power point robustly. The voltage oriented perturb observe algorithm with
FS-MPC does not has constant switching frequency since it does not require the
modulator. Therefore, the switching frequency is varying and it increases up to 25
kHz (sample rate for the used model) and the maximum power point is not tracked
robustly. Moreover, all the algorithms creates a steady state oscillation on the PV
voltage and current, because all the control algorithms use P&O method for the
MPPT operation.

6.3.2 Particle Swarm Optimization with Duty Cycle Control

In order to eliminate the steady state oscillation, the particle swarm optimization
(PSO) based MPPT algorithm could be used instead of the P&O based MPPT
algorithm. In this method, three duty cycles have been used as particle. This
algorithm has been applied by using flowchart given in Figure 5.12. First of all, the

PSO algorithm is employed in the simulation model given in Figure 6.21.

The initialization and boundaries of the parameters used in the simulation are

given in Table 6.4. After the initialization, the particles (three different duty cycles)
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are applied to the converter and the corresponding powers are calculated. It should be
noted that the time interval between two particles applied to the converter must be
longer than the settling time of the converter. Therefore, each particle has been
applied to the converter during 0.1 seconds and then the related power of the particle
has been calculated by multiplication of the PV voltage and current at the steady-
state. After all particles have been applied to the converter and all powers are
calculated, the gj.s: and ppes: Values have been determined, then new particles have
been generated by using the equation (5.33) and (5.34). Note that, initial pj.s have
been selected as initial values of the particles and initial g, have been determined
after the first iteration. Before, the new particles are applied to the converter, the
convergence criteria are checked. Maximum iteration number, which is selected as
30 and maximum velocity of the particles which is selected as 0.01, are selected as

the convergence values.

Table 6.4 Initial values and boundaries of parameters

Parameters | Boundaries of Parameters

Aimax - Aimin 09-1
C1max = C2max 2
C1min - C2min 1
fi—T1s 0.1
Winax - Winin 1-01

After the convergence criteria is satisfied, gp.s; Value is applied to the converter
until the shading or load conditions change. If the loading or shading conditions
change, the PSO algorithm re-initialized to find the new MPP. The equation (5.38) is
used for detecting the photovoltaic power change. Here, AP is equal to 10% and if

the equation (5.38) is satisfied, the PSO algorithm is re-initialized.

Figure 6.27 shows the simulation results for the PSO. The PSO algorithm have
three particle to find MPP. Initially these particles (duty cycles) are selected as 0.17,
0.5 and .088. Each particle has been applied to the converter during 0.1 seconds.
These three particle are applied to the converter and the related power of the particles
are calculated at the end of one iteration cycle. One iteration cycle takes 0.3 seconds

approximately. Since the transition time of the PSO algorithm takes longer time, the
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simulation program has been run during 10 seconds. The 1000 W/m? irradiance level
has been applied to the photolytic panel until 6.5 seconds from beginning after then
the irradiance level has been sharply decreased to the 750 W/m?. As it can been seen
in Figure 6.27, PSO algorithm has obtained the MPP with 99.4% correctness at 4.5
seconds for 1000 W/m? irradiance level. When irradiance change, the PSO algorithm
has been re-initialized to search the new MPP with the three particle (duty cycle) and

it has found the new MPP in 3 second.
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Time

Figure 6.27 Simulation result of MPPT with PSO algorithm

The transient time of the PSO algorithm is longer than that of the P&O algorithm
as it can be seen in Figure 6.24 and Figure 6.27. Although, the P&O based algorithm
has steady state oscillation, the PSO algorithm has not created any steady state
oscillation. The Figure 6.28 shows the current and voltage waveforms of the PV
module with PSO algorithm. In this figure, it can be seen that the PSO algorithm
does not create any steady state oscillation. The oscillations are at the switching

frequency as it is expected.
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Figure 6.28 Zoomed current and voltage waveform of the PSO

Another comparison is performed between the P&O algorithm and the PSO
algorithm based on the inductance current. Figure 6.29 shows the inductance current
of boost converter with the voltage oriented P&O (voltage disturbance is 5mV each
switching frequency.) algorithm. In this method P&O algorithm work with Pl
controller to generate duty cycle. Here, it can be seen that the inductance current has
the steady stead oscillation and it goes into the discontinuous conduction mode, too.
Operation of converter in the discontinuous current mode increases the current rating

of the solid state devices used in the DC to DC converter.
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Figure 6.29 Inductance current of the boost converter with voltage oriented P&O

Moreover, only P&O algorithm can be used for MPPT operation. If the duty cycle
is controlled instead of the voltage in the P&O algorithm, it do not need to any other
controller such as PI controller to generate the duty cycle. In this method, output of
the P&O algorithm is used directly as duty cycle (duty disturbance is 0.0001 at each
switching cycle). Figure 6.30 shows the simulation result of the duty controlled P&O
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algorithm. In here, it can be seen that the inductance current has the steady stead
oscillation and it goes into the discontinuous conduction mode as in voltage oriented

P&O algorithm. The frequency of the oscillation approximately 200 Hz.
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Figure 6.30 Inductance current of the boost converter with duty controlled P&O

However, if the PSO algorithm is used, the inductance current stays in the
continuous conduction mode at the steady state under the MPP operating condition
as it can be seen in Figure 6.31. The PSO algorithm apply the constant duty cycle
after finding the global maximum power until the environmental conditions change.
The high spikes on the inductance current are due to the sudden changes in the
applied duty cycle during the search of the PSO algorithm. It can be eliminated by
changing the duty cycle in a reasonable range.

Inductance Current

Current (A)

5.005

Time (s)

Figure 6.31 Inductance current of the boost converter with PSO
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CHAPTER SEVEN
CONCLUSION

In this study, a single phase transformerless PV inverter is proposed and analyzed
for the grid connected PV system application. This proposed inverter topology and
other commonly used grid connected topologies have been simulated by using
MATLAB/Simulink, and they have been tested in laboratory under the constant DC
link voltage condition. The proposed inverter topology has seven fully controlled
semi-conductor devices, one DC link capacitor and two snubber circuits. This
topology decouples the PV panel from the grid during the zero voltage levels of
inverter output voltage. It suppresses the high frequency common mode voltage and
the leakage current without creating any resonance in the network. A single DC link
capacitor is used to eliminate the voltage balancing issue and it reduces the failure
probability of more electrolytic capacitors used in the system. Also, this proposed
inverter topology is fully compatible with the standard unipolar switching enabling

the use of PWM ports of digital signal processors.

A new simulation technique has also been proposed. This technique based on co-
operation of the MATLAB/Simulink and PSpice package programs. This proposed
technique is tested with one of the commonly used transformerless inverter. The
results are compared to the experimental and the data used from the manufacturing
data book. It is observed that the proposed method in this paper is less time
consuming and fair technique, and can be implemented on any power converter that
can be simulated in the MATLAB.

The proposed and other PV inverter topologies connected to the PV module with
two-switch buck boost are analyzed and compared in detail. Also, the effect of the
model predictive current control on determination of maximum power point of the
photovoltaic modules has been studied to determine the fast and robust maximum

power point tracking system.

The voltage controlled perturb and observe algorithm with the linear PI
controllers and the voltage controlled perturb and observe with the predictive current
control method have been compared by using the MATLAB/Simulink. The steady
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state oscillation around the MPP due to perturb and observe algorithm has been
recognized. In order to overcome this oscillation problem, the particle swarm
optimization based MPPT algorithm is implemented. It observed that, the particle
swarm algorithm does not create the steady state oscillation but its settling time is
longer when it is compared to the perturb and observe algorithm. The inductance
current of the step up DC/DC converter can go into the discontinuous conduction
mode if the P&O algorithm is used because of this oscillation. However, the
simulation results show that, if the PSO algorithm is used then the inductance current

can stay in continuous conduction mode at same loading conditions.
7.1 Future Work

The work on the efficiency of proposed inverter will continue with possible
modulation techniques in order to increase it. Also the MPPT algorithm with particle
swarm optimization will be investigated more in order to reduce the settling time

with fast computational capability under dynamic change of weather condition.
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