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ABSTRACT

MAXIMUM POWER POINT TRACKING CONTROLLED BOOST
CONVERTER DESIGN FOR BATTERY CHARGER

Bassam AL-HANAHI

Department of Electrical Engineering
MSc. Thesis

Adviser: Asst. Prof. Dr. Burak AKIN

MPPT controlled DC-DC converters are crucial in power systems which are supplied by
PV panels. They extract maximum available power of PV panel irrespective of variable
environmental conditions; thus increase the conversion efficiency of PV panels. In
addition, especially in stand-alone PV system, they can control charging process of
rechargable batteries in a way that reduces charging time and increases cycle life of
battery.

In this reseach, the design of MPPT controlled DC-DC boost converter and its
application as solar battery charger are presented. In this design, in order to meet the
requirments of MPPT tracker and battery charger systems, an expanded MPPT
algorithm is developed. The developed algorithm comprises Incremental conductance
MPPT algorithm which is expanded to incorporate CC-CV charging algorithm. This
developed algorithm adjusts directly the duty cycle of boost converter, which operates
in 25 KHz,in order to control the operating point of PV panel. Depending on developed
algorithm, the designed MPPT boost converter charges battery through three stages.
These stages are pre-charging, in MPPT-CC charging and CV charging stages.
Designed system operates as MPPT controller in MPPT-CC charging stages; whereas
operates as charger controller in  pre-charging and CV charging stages. The
implementation of CV charging stage is performed by using voltage regulating device
which is Zener diode. In addition, the designed system provides end of charge detection
method which depends on measuring PV power instead of battery charging current.

The functionality and performance of designed, MPPT controlled DC-DC boost
converter are simulated and validated by SIMULINK-MATLAB program.The
simulation process is performed under two different cases of environmental conditions
which are standard test condition (STC) and variable environmental condition.The

XV



simulation results show the proper operation of designed system in the three stages of
charging process. They show that the designed system has an averaged tracking
efficiency of 99.444% over the simulated variable levels of irradiance for MPPT-CC
charging, and an averaged conversion efficiency of 96,66%, 99,28%, and 98,3% over
the simulated variable levels of irradiance for pre-charging, MPPT-CC charging and
CV charging stages respectively. In addition, the designed system ensures input current
ripples and output voltage ripples of 10mA and 100uV repectively, which are within the
allowable limits of this designed. These simulation results prove the proper
functionality and high performance of designed, MPPT controlled DC-DC boost
converter as MPPT controller and charge controller.

Key words: Boost Converter, Incremental Conductance algorithm, CC-CV algorithm,
Zener diode.

YILDIZ TECHNICAL UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
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OZET

BATARYA SARJI ICIN MAKSIMUM GUC NOKTASI TAKIP
KONTROLLU YUKSELTICI DONUSTURUCU

Bassam AL-HANAHI

Elektrik Miihendisligi Anabilim Dali
Yiksek Lisans Tezi

Tez Danigmani: Dr. Ogretim Uyesi Burak AKIN

PV panelleri tarafindan saglanan giic, MPPT kontrollii DC-DC doniistiiriiciileri i¢in
onemlidir. Degisken c¢evre kosullarina bakilmaksizin PV  panelin  maksimum
kullanilabilir giiclinii ortaya ¢ikarirlar; Boylece PV panellerin doniisiim verimliligi artar.
Ek olarak, 6zellikle PV sisteminde, sarj edilebilir bataryalarin sarj siiresini azaltacak ve
batarya dmriinii uzatacak sekilde kontrol edebilirler.

Bu calismada, MPPT kontrollii DC-DC boost doniistiiriiciiniin tasarimi ve solar akii sarj
cihazi olarak kullanimi sunulmaktadir. Bu tasarimda, MPPT takip sistemi ve akii sarj
cthazi sistemlerinin gereksinimlerini karsilamak i¢in genisletilmis bir MPPT algoritmasi
gelistirilmistir. Gelistirilen algoritma, CC-CV sarj algoritmasini igerecek sekilde
genisletilen Artimli Iletkenlik MPPT algoritmasi igermektedir. Bu gelistirilmis
algoritma, PV panelinin ¢alisma noktasini kontrol etmek i¢cin 25 KHz'de calisan boost
doniistiiriiciiniin ¢alisma dongiisiinii dogrudan ayarlar. Bu gelistirilen algoritmaya baglh
olarak, tasarlanan MPPT boost doniistiiriicii bataryayi iic asamada sarj eder. Bu
asamalar 6n sarj, MPPT-CC sarj ve CV sarj agsamalaridir. Tasarlanan sistem MPPT-CC
sarj asamalarinda MPPT kontrollii sistem olarak calisir; 6n sarj ve CV sarj asamalarinda
ise sarj kontrolorii olarak c¢alisir. CV sarj asamasiin uygulanmasinda Zener diyot,
voltaj regiilasyon elemani olarak kullanilir. Ayrica tasarlanan sistem, akii sarj akimi
yerine PV giiciniin dlglilmesine bagli olarak batarya sarj sonu algilama yontemini
saglar.

Tasarlanan MPPT kontrolli DC-DC boost doniistiiriiciiniin islevselligi ve performansi
simule edilmis ve SIMULINK-MATLAB programi ile dogrulanmistir. Simiilasyon
siireci, standart test kosulu (STC) ve degisken cevresel durum olan iki farkli ¢evresel
kosulda gerceklestirilir. simiilasyon sonugclari, tasarlanan sistemin sarj isleminin ii¢
asamasinda diizgiin c¢alismasin1 géstermektedir. Tasarlanan sistemin MPPT-CC sarj
asamas1 sirasinda simiile edilen degisken 1smim seviyeleri iizerinde ortalama%
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99.444'luk Dbir izleme etkinligine sahip oldugunu gostermektedir. Buna ek olarak,
tasarlanan sistemin, sirasiyla 6n sarj, MPPT -CC sarj ve CV sarj asamalar1 i¢in simule
edilen degisken 1sinim seviyeleri {izerinden ortalama 96,66%, 99,28%, and 98,3%
dontisiim verimliligine sahip oldugunu gostermektedir. Buna ek olarak, tasarlanan
sistem izin verilen smirlar dahilinde, 10mA ve 100uV'luk giris akimi ve ¢ikis gerilimi
dalgalanmasi saglar. Bu simiilasyon sonuglari, MPPT kontrol sistemi ve sarj regiilatorii
olarak tasarlanan MPPT kontrolli DC-DC boost doniistiiriictiniin uygun islevselligini ve
yuksek performansini kanitlamaktadir.

Anahtar Kelimeler: Yiikseltici Déniistiiriicii, Artiml1 Iletkenlik MPPT algoritmasin,
CC-CV algoritmasi, Zener diyot.

YILDIZ TEKNIiK UNiVERSITESI FEN BILIMLERI ENSTITUSU
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CHAPTER 1

INTRODUCTION

1.1 Literature Review

Solar photovoltaic (PV) panel is one of the most important application of solar energy.
It can be used as source of power in stand-alone and grid connected systems. In grid
connected system, PV panels supplies power directly into grid system. In contrast, PV
panels are used to supply certain amount of power to specific load in stand-alone

systems [1].

In general, PV panel has low conversion efficiency, which ranges between 10 to 20%
depending on materials that are used in their manufacturing. Depending on this
efficiency, maximum available power (Pmax) that can be extracted from PV panel is
determined under standard test condition (STC) of environment. But, Pmax is not
constant always and is affected by other parameters. The main parameters that affect
Pmax are illustrated in the following points [2], [3].

e Pmax is affected by the nonlinearity of P-V and |-V characteristic curves that
represent the performance of PV panel. Because of this nonlinearity, the maximum
power of PV panel can be extracted just at certain operating point of these curves.
This operating point is called maximum power point (MPP) and characterized by
maximum power point voltage (Vmpp) and maximum power point current (Impp) in
specification datasheet of PV panel. So, in order to extract the maximum power of
PV panels, it is required to operate these panels at this operating point [3].

e Pwmax is affected by the variation of environmental conditions which affect P-V and
I-V curves. This variation of environmental conditions results in changing of MPP
of PV curves; thus reduce the maximum power that can be extracted. So, in order to

extract the maximum power of PV panels at different environmental conditions, it is



crucial to ensure the operation of these panels at MPP that corresponds to certain
environmental condition [3].

e In addition, Pmax is affected by the mismatch between operating point of load and
MPP of PV panel. This mismatch results because of dependence of energy produced
by the PV panel on the energy required by the load; thus the operating point of PV
panel is determined by operating point of load. In case of direct connection of the
PV panel and load, the operating point of load and MPP of PV panel should be
identical; otherwise the extracted power is reduced according to what explained
previously. Unfortunately, this identicalness cannot be held mostly, because of
change of load and change of environment conditions [4].

Therefore, in order to extract the maximum power of PV panels; thus increase the
overall efficiency of PV system, it is necessary to continuously ensure the operation of
these panels at MPP irrespective of environmental and load conditions. This function
can be done by inserting MPPT controlled DC-DC converter unit between PV system
and load. This unit matches the operating point of load with MPP of PV panel and
tracks MPP of PV panel continuously. The operation of this unit depends mainly on
MPPT algorithms which monitors voltage and current of PV panel and adjusts duty
cycle of DC-DC converter to ensure the operation of PV panel at MPP [4], [5].

In stand-alone PV system, MPPT controlled DC-DC converter is used as interface unit
between PV panel and rechargeable batteries which are used to supply load in case of
dark or low insolation. Therefore, MPPT controlled DC-DC converter is operated as
solar charger that provides battery with maximum available power of PV panel.
However, rechargeable batteries are required to be charged according to charging
algorithms which ensure the charging of battery fully and safely. As a consequence, two
stages system has been proposed in literature to charge battery in stand-alone PV system
as in [5] and [6]. In [5], boost converter and buck-boost converter have been used to
implement the P&0O MPPT and CC-CV charging algorithms respectively. The
implementation of CC-CV charging algorithm is performed by current and voltage
sliding mode regulator respectively. In [6], design of MPPT and charger controllers has
been presented. In the MPPT controller, Buck-Boost converter has been proposed to
track the MPP through P&O MPPT algorithm. In order to control the charging process
of battery through CC-CV charging algorithm, normal MOSFET device has been used
in the charger controller.



Although two stages charger system ensures the high performance of operation of
MPPT and proper charging functions, its implementation is costly and less efficiently
because of the two converters. Therefore, in order to improving the efficiency and
decreasing cost of battery charger system, design trend have been directed toward single
stage MPPT controlled DC-DC converter which has the ability of operating PV panel at
MPP and controlling the charging process of battery. In literature, many designs of
MPPT controlled DC-DC converter for charger system have been proposed as in [7],
[8], [9], and [10].

In [7], buck-boost converter has been used as MPPT interface unit between PV panel
and battery bank. Incremental conductance MPPT algorithm has been proposed to track
the MPP of PV panel under different conditions. The charging process proposed in this
research depends on the operation of buck-boost converter as MPPT system in order to
supply the available maximum power of PV panel to battery bank. In this design, the
end of charging is detected by the maximum allowance voltage of battery which leaves
battery with SOC of 80% in better case. Therefore, the charging process of battery is not
performed properly. As a result, the performance of battery may be degraded badly.

In [8], the designed system charges battery by buck converter which is controlled by
P&O MPPT and CC-CV charging algorithm separately. These algorithms are activated
by normal contact according to predetermined limit of battery voltage. When battery
voltage is below predetermined value, buck converter operates as MPPT controller.
Through this stage, the designed system is considered as CC controller. When the
voltage of battery reaches the predetermined value, the buck converter operates as CV
controller. In this design, voltage regulator is used in the CV stage of charging process
which is operated separately from MPPT tracker.

In [9], boost converter is used as DC-DC converter which its duty cycle is controlled
based on new developed MPPT algorithm, genetic algorithm, and CC-CV charging
algorithm. The new developed algorithm based on binary search technique of MPP of
PV panel. In addition, GA is used as optimization algorithm in order to search the
optimum values of MPP parameters when changing of irradiance or temperature PV and
battery is detected. In this design, this CC-CV charging algorithm has been
implemented by using current and voltage regulator circuit respectively. The
implementation of developed system requires more sensors, especially for temperature

and irradiance.



In [10], MPPT and battery charging functions have been accomplished together by
using SEPIC converter. In this design, charging process is performed through two
modes which are pulsating current mode and constant voltage mode. These modes are
activated by switch according to pre-determined value of battery voltage. Through the
pulsating current mode, the designed system tracks MPP by Incremental conductance
MPPT algorithm and supply the battery with pulsating current. When output voltage
reaches predetermined value the constant voltage mode takes place. In the design,
predictive controller has been proposed to ensure operation of system optimally.

A comparison of different designs of solar charger system that have been discussed
previously are shown in Table 1.1. As can be shown in this table, solar charger systems
that have single stage of converters incorporates MPPT and charging algorithms in
order to control duty cycle of single DC-DC converter.

Table 1.1 Comparison of Previous Designs of Solar Charger System

MPPT Controller Charger Controller
Ref. | Power | No. of Cost
No. | Rating |stages | topology | Algorithm | Topology | Algorithm
High
Boost -
5] | 250w | 2 P&O BB‘:)‘;; cc-cv | costly
Low
6] | 100w | 2 | Buck- | peq |[MOSFET | (e oy | costly
Boost Device
costly
Buck-
[71 | 100w | 1 Boost InC cC
Low
8] | 300w | 1 Buck P&O CC-CV | costly
Boost High
00st | Developed costly
9] | sow 1 Algorithm cc-cv
[10] | 230 W 1 SEPIC InC PC-Cv | costly




The previous designs of single stage MPPT controlled DC-DC converter has
accomplished the main functions of MPPT and battery charger system. However, these
designs have not addressed all parameters that may affect performance of battery and

PV system. These parameters are summarized in following points.

e The implementation and control of designed MPPT controlled DC-DC converter
should be easy; otherwise the cost of overall system will increase, especially in case

of low power charging systems.

e The charging process during low voltage condition of battery should be considered
in designed system. This condition is resulted from deep discharge of battery and
determined by low predetermined limit of battery voltage. During this condition, the
battery should be charges with minimum current in order to ensure the high

performance of battery.

e The variation of environment during CV stage of charging process should be
considered in developed system. Since variations of environment impact the PV
characteristics curves and thus power that can be supplied to battery is affected. In
consequence, CV stage of charging process and end of charge detection may be
affected.

Depending on discussion that has been presented, the design of MPPT controlled DC-
DC converter that has the ability of operating PV panel at MPP and controlling the
charging process of battery properly according to the parameters that are mentioned

above is the interest of this research.

1.2 Objective of the Thesis

The final target of this research is to design a low cost, easily implemented, and MPPT
controlled DC-DC converter system which can be used to charge batteries, effectively,
in different application of stand-alone system. The designed system consists of high
efficient DC-DC Boost converter, which is controlled by changing its duty cycle
directly according to a new developed algorithm. This new developed algorithm
incorporates Incremental Conductance (InC) MPPT and CC-CV battery charging
algorithms in a way that extracts the maximum power of PV panel and ensures the

proper charging of battery. Although new developed algorithm has been applied to low
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power application, it can be applied for higher power application, after some
adjustment. The selection of topology of DC-DC converter and algorithms of MPPT
system and battery charger depends on discussing that will be presented in the following
chapters.

1.3 Hypothesis

MPPT controlled DC-DC converter is applied to extract the maximum available power
of PV panel under variable environment. In stand-alone system, MPPT controlled DC-
DC converter can be applied to charge batteries by providing maximum power.
However, proper and effective charging of battery is required to be performed according
to charging algorithm which ensures charging of battery according to its requirements.
Therefore, MPPT controlled DC-DC converter should have abilities of extracting
maximum power of PV panel and charging battery properly. In addition, design of this
converter should be implemented easily and less costly to be applicable in low power
application. These requirements are accomplished by designing boost DC-DC converter
that is controlled by Incremental Conductance MPPT algorithm to charge battery with
maximum available power of PV panel. In addition, the designed system ensures the
proper charging of battery by taking into consideration the charging of battery during
low voltage and high voltage conditions of battery by including CC-CV charging
algorithm into MPPT algorithm. The designed system is implemented easily by voltage
sensor, current sensor, and low cost Zener diode which is used as voltage regulator

during CV charging of battery.



CHAPTER 2

GENERAL OVERVIEW OF MAIN COMPONENTS OF PV
CHARGER SYSTEM

The main target of this research is to design MPPT controlled DC-DC converter that can
be used to charge rechargeable battery. Before going into the design process of
proposed system, general overview of the main components that can be used in stand-
alone PV charger system should be presented. The main components are PV panels,
MPPT controller, DC-DC converters, and Battery. Depending on this overview, the
proper MPPT algorithm, battery charging algorithm, and DC-DC converter topology of
the proposed system are selected. In addition, charging requirements of battery are

determined. In the following sections, an overview of these components are presented.

2.1 PV Solar Panel

2.1.1 PV Panel Model

PV panels comprise of many solar cells, which are connected part by part in integrated
series and parallel, as building blocks. A solar cell converts solar energy into electricity
by means of the photoelectric action that occurs in specified types of semiconductor
materials such as silicon i.e. generates electric voltage and current on exposure to light.

The ideal PV cell is modelled as single diode circuit as shown in Figure 2.1 [11].

AN A Y—0 +
R
Ny
= @ Iph KV Fan Load
i -

Figure 2.1 Single Diode Circuit Modelling of Ideal PV Cell
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This circuit contains of a current source, a diode in parallel with source, series resistors

Rs, and parallel Rsy to represent dissipation of PV cell [11].

The mathematical relation between voltage and current of PV cell can be described, as
in (2.1) [12].

I =1Ipy — I,lexp((V+RsI)/kT) — 1] — (V+ Rs1)/Rp (2.1)

Where, | is the PV cell current (A). Ipv is the PV cell photocurrent (A). lo is the diode
saturation current. T is the cell temperature (K). Rs and Rp are the series and shunt
resistance of PV cell (Q) and V is the output voltage of PV cell (V) [12].

Equation (2.1) of the ideal PV cell does not define the 1-V characteristic of a practical
PV panel. Practical panels are manufactured by using several connected PV cells and
the determination of the characteristics is done at the terminals of the PV array. If the
panel is composed of Np parallel connections of cells the terminal characteristics of PV
and diode saturation currents may be expressed as in (2.2) and (2.3). In this case, Rs
represents the equivalent series resistance of the panel and Rp represents the equivalent
parallel resistance of the panel [12].

Ipy = Ipycen * N_P (2.2)
I0 = IO,cell * N_P (2-3)

2.1.2 PV Panel Curves

Terminal characteristics of PV panel are represented as P-V and |-V curves which are
generally supplied by manufacturer. Figures 2.2 and 2.3 show I-V and P-V curves of
100W PV panel at Standard Test Conditions (STC) respectively. STC condition can be
described by 1 KW/m2, 25 C° and 1.5 AM [12].

These curves have highly nonlinear characteristics and can be divided into three regions
as shown in Figures 2.2 and 2.3. In region 1, the PV panel works as current source
because PV current is mostly constant with change of PV voltage. Power, in region 1,
increases with increasing of voltage and verse vice. In contrary, in region 3, the relation
between PV current and voltage can be described as in constant voltage source. Through
this region, PV voltage is nearly constant as compared to change of PV current. Power,
in region 3, decreases with increasing of voltage and verse vice. In region 2, which is
located between region 1 and 3, the change of PV voltage is accompanied by

corresponding change in PV current. In this region, when voltage increases from region



1, PV power increases correspondingly until reaches maximum point. This point is
called maximum power point (MPP) of PV panel and characterized by Vmee and Impep in
nameplate of PV panel. With increase of PV voltage more than Ve, PV power starts to

decrease from this maximum power point until reaches region 3.
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Figure 2.2 I-V Curves of PV Solar Panel
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Figure 2.3 P-V Curves of PV Solar Panel

These curves depend on environmental conditions where PV panel is located. The main
factors of environmental conditions that affect P-V and I-V curves are temperature and
level of irradiance of sun. The change of PV curves with change of environment

temperature can be shown in Figures 2.4 and 2.5.
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Figure 2.5 Effect of Temperature on P-V Curves

As shown in these figures, the open circuit voltage is affected hardly by changing of
temperature. However, small change of short circuit current of PV panel is observed
during variation of environment. Consequently, MPP of PV panel moves as shown in
the Figure 2.5. As can be shown, this moving of MPP is limited over the operating
range temperatures and level of power that can be extracted is not affected hardly.
Therefore, the effect of temperature on the performance PV panel curves can be
neglected, approximately, over the range of operating temperature.

Figures 2.6 and 2.7 show the effect of changing irradiance level on PV curves. As can

be shown from this Figure, changing of irradiance level affects short circuit current
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hardly compared to small change in open circuit voltage of PV panel. This change
results in moving of maximum power point of PV panel as shown in the Figure. This
moving of maximum power point changes considerably the level of power that can be
extracted from PV panel. Therefore, the effect of changing irradiance on the
performance PV panel curves should be considered carefully, over the range of

irradiance levels of interest.
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Figure 2.6 Effect of Irradiance on |-V Curves
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Figure 2.7 Effect of Irradiance on P-V Curves

2.2  MPPT Algorithms

As shown in Figure 2.5 and 2.7, the maximum power point of PV panel moves
according to change in environmental conditions. In order to track continuously the

maximum power point of PV panel in different environmental conditions, MPPT
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algorithms have been proposed. These algorithms perform this function by observing
the operation point of PV panel and determining the optimum operating point that
corresponds to the maximum power point of panel through number of iterations. The
number of iterations that are required to reach the MPP depends on the used algorithm.
In literature, Numerous MPPT techniques have been presented. These techniques differ
in terms of complexity, convergence speed, steady state oscillations, cost, effectiveness
and flexibility. MPPT algorithms can be systematically categorized into three main
groups. These groups of MPPT algorithms are Hill Climbing, Soft Computing,
Approximate algorithms [13].

2.2.1 Hill Climbing Algorithms

The most important algorithms of this group are Perturb and Observe (P&O) and
Incremental Conductance (InC) that are shown in Figures 2.8 and 2.9 respectively.

/ Sample Vev (n) and lev (n) /

|

‘ Poy = Vpv(n) * lpv (n) |

I 1

AP = Ppy fﬂ} -Pw{ﬂ-])
AV = Vpy(n) - Vey (n-1)

! | | !

|

Peyv (n-1) = Peyv (n)

Vey (n-1) = Vey (n)

Figure 2.8 Hill Climbing Algorithms: Perturb and Observe (P&O)
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Figure 2.9 Hill Climbing Algorithms: Incremental Conductance (InC)

The operation of P&O algorithm depends on fact that the difference of power at
maximum power point is zero (AP = 0). The operation of this algorithm is initialized by
observing the current operating point of PV panel at instant (n) as V(n) and I(n). PV
power at instant (n) is calculated as P(n) = V(n) * I(n). Then, the operating point is
perturbed in certain direction along P-V curve of PV panel. The new operating point at
(n+1) is observed as V(n+1) and I(n+1). The power at instant (n+1) is calculated as
P(n+1). The operating point at instants (n) and (n+1) are compared and AV and AP
between them are calculated. Depending on the signs of AP and AV the direction of new
perturbation is determined. This process continues until AP reaches zero. In practical,
there is steady state oscillation of power around MPP; thus, MPP is detected when AP is

within the tolerance band [14].

In the InC algorithm, the operation depends on the fact that the derivative of

conductance at MPP is equal to the negative instantaneous conductance. The operation
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of this algorithm is initialized by sensing the operating point of PV panel at successive
(n) and (n+1) instants [15].

Depending on these operating points, the incremental conductance is calculated as (Al /
AV) and compared to the instantaneous conductance (I /V). The process continues until
the incremental conductance equals the negative instantaneous conductance ((Al / AV) =
(-1/V)). In practical, there is steady state oscillation of power around MPP; thus, MPP is
detected when ((AI/ AV) + (I1/V)) is within the tolerance band [15].

e Advantages

e These algorithms are the most popular used MPPT algorithms for low power
applications. This is because of their low cost due the acceptable number of
sensors that are required. In addition, the implementation of these algorithms
can be performed easily [14].

e These algorithms have an acceptable speed of tracking under normal
environment. The speed of tracking can be improved by adjusting step size
of tracking. However, adjusting step size affects oscillation of power around
MPP. Therefore, when step size is chosen, there should be a trade-off
between speed of tracking and oscillation of power [15].

e Disadvantage

e These algorithms have oscillatory behavior around the MPP, which results in
decreasing the tracking efficiency of these algorithms. In addition, these
oscillation causes instability in the output power [14].

e These algorithms have unacceptable performance in some special cases of
environmental conditions such as rapid changing and partial shading
conditions [15].

2.2.2 Soft Computing Algorithms

The most important algorithms of this group are Fuzzy Logic Controller (FLC) and
Avrtificial Neural Network (ANN) that are shown in Figures 2.10 and 2.11 respectively.
The fuzzy logic MPPT controller consists of fuzzification, fuzzy inference, and de-
fuzzification processes. In the fuzzification process, the input to FLC is mapped into
fuzzy sets. These inputs can be AP and AV of PV pane. In fuzzy inference process, the
fuzzy sets are related through fuzzy rule table. The table of rule should be provided by

expertise who can construct it from experience and practical measurements [16].
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Figure 2.10 Soft Computing Algorithms: Fuzzy Logic Controller (FLC). [17]
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Figure 2.11 Soft Computing Algorithms: Artificial Neural Network (ANN). [18]

Depending on this rule, the fuzzy set of inferred control signals are determined. In
defuzzification, the fuzzy sets of inferred control signals are mapped into unfuzzy

control signals which can be used to control the operating point of system in a way that
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ensures the working of PV panel at MPP. This controller provides high tracking speed

with reduced oscillation of power [16].

Artificial Neural network consists of three layer which are feedforward neuron input
layer, intermediate hidden layer, and output layer. The neurons in each layer are
connected fully to other neurons in the successive layer. The operation of ANN
controller depends mainly on learning process of ANN. In the learning process, the
network is provided with training data that represent the possible cases of inputs and
associated outputs. Inputs data can be PV panel parameters and environmental
conditions. The training data is provided by expertise who can obtain them from
experience or measurements. This controller provides robust performance with high

tracking speed [19].

e Advantages:

e These algorithms have more robust, flexible, efficient, and stable
performance among other MPPT algorithms. In addition, these algorithms
have a fast tracking capability [16], [19].

e These algorithms represent high performance under some special cases of
environmental conditions such as fast changing and partial shading
conditions [16], [19].

e Disadvantage

e These accuracy and efficiency of these algorithms depends on the data that
should be provided by expertise. Therefore, the application of these
algorithms requires experience [19], [20].

e The implementation of these algorithms is tricky and expensive. This can be
shown through the number of sensors and complex algorithms that are
required [19], [20].

2.2.3 Approximate Algorithms

The most important algorithms of this group are Fractional Short Circuit (FSC) and
Fractional Open Circuit Voltage (FOV) that are shown in Figures 2.12 and 2.13
respectively. The operation of these algorithms depend on approximating the maximum
power point (MPP) of P-V curve by percentage of short circuit current (Isc) and open
circuit voltage (Voc) of PV panel respectively. The selection of the value of percentage

of Isc and Voc, is depending on experience and practical measurements.
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Figure 2.13 Approximate Algorithms: Fractional Open Circuit VVoltage (FOV)
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In FSC algorithm, the operation is initialized by sensing the Isc and Ipy at instant (n).
The maximum power current (Impep) is determined as equal to Isc, and is compared to
Ipv. This process continues until maximum power current equals the current of PV panel
(Imep = Ipv) [21].

In FOV algorithm, the operation is initialized by sensing the Voc and Vpy at instant (n).
The maximum power voltage (Vwmrp) is determined as percentage (K) of Voc, and is
compared to Vpy. This process continues until maximum power point voltage equals the
voltage of PV panel (Vmpr = Vpy). The measure of Isc of PV panel require that
terminals of PV panel to be shorted, which means the loss of supplied PV power

temporarily [22].

e Advantages:

e These algorithms do offer a reliable and lower cost solution because of fewer
sensors and simpler algorithm required for implementation [21], [22].

e These algorithms have advantage on low irradiance conditions, where the P-
V curve is flat and determination of maximum power point is hard [21], [22].

e Disadvantage

e These algorithms have a lower tracking efficiency in environmental
conditions under consideration. In addition, they have bad performance in
some special cases of environmental conditions such as fast changing or
partial shading conditions [21], [22].

e These algorithms cause a temporary loss of the power that is supplied to load
by PV system. This is because of measurements of ISC and VOC that
require the PV panel terminals to be short circuited and open circuited
respectively [21], [22].

2.2.4 Comparison of Different MPPT Algorithms

Table 3.1 shows a general comparison between different groups of MPPT algorithms
that have been discussed. This comparison depends on the discussion that have been
done in previous section. As can be shown in this table, the Hill Climbing algorithms
represent a good choice because of its low cost and acceptable performance as
compared to other categories of algorithms, especially for low power applications. The
other categories represent a perfect choice in certain conditions of environments, such

as shading and low irradiance conditions.
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Table 2.2 Comparison of Different MPPT Algorithms

[tems Hill Climbing Soft Computing | Approximate

Algorithms Algorithms Algorithms
Complexity of Moderate High Complexity | Low complexity
Algorithm Complexity

Implementation
of Algorithm

Implementation
is Easy

Implementation
is Hard

Implementation
is Easy

Tracking speed Moderate High Tracking NOT Track MPP
of MPP tracking Speed Speed

Steady State High Oscillation | Low Oscillation | NOT Work at
Oscillation around MPP around MPP MPP
Performance Low High Bad Performance
under Shading Performance Performance

conditions

Cost of Moderate Cost High Cost Low Cost

implementation

2.3 DC-DC Converter

In this research, DC-DC converter is used as interface unit between PV panel and
battery bank. It has the capability of working as MPPT tracker or battery charger system
depending on the required mode of operation. According to the required mode of
operation, the duty cycle of DC-DC converter is adjusted, continuously, by considering
the optimum operating point that is determined by MPPT algorithm, charging
algorithm, or combined algorithm of them. In the following sections a brief discussion

on the most important types of topologies of DC-DC converter is presented.

2.3.1 DC-DC Converter Topology

There are many types of topologies that can be used in PV system. The selection of a
certain topology depends mainly on the application under consideration. These
topologies can be categorized basically into isolated and non-isolated DC-DC
converters. This categorization relays on capability of DC-DC converter in providing an
electrical isolation between input and output of it. In this research, the considered
application does not have isolation requirements. So, non-isolated DC-DC converter is
investigated in more details.
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Several topologies of non-isolated DC-DC converter can be used in PV system
application. The most common types of these topologies are Buck, Boost, Buck-Boost,
Cuk, and SPEIC converters. These converters differ in term of conversion efficiency,
range of work, MPPT capability, number of required switches, requirements of required

filters, complexity, ease of implementation, and cost [23].

Figures 2.14 and 2.15 shows the equivalent circuits of Buck and Boost topologies of
DC-DC converter. As can be shown, these topologies require single diode and single
active switch in performing their functions. The main difference between these
topologies is the range of work. The range of work of boost converter is in voltages that
are higher than input source voltage, whereas, buck converter works in range of voltage
that are lower than input source voltage. In addition, filter requirements of boost
converter are high in the output side as compared to input side, because of the inductor
that is found in the input side. However, filter requirements of buck converter are high
in input side as compared to output side, because of the inductor that is found in the
output side [23].
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Figure 2.14 Equivalent circuit of Buck DC-DC Converter Topology
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Figure 2.15 Equivalent circuit of DC-DC .Boost Converter Topology.
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The advantages of Buck and Boost converters can be combined in single topology that
is called Buck-Boost topology as shown in Figure 2.16. This topology require single
diode and single active switch in performing its function. In addition, it has the
capability of working in range of voltage that can be lower of higher than input source
voltage. Furthermore, filter requirements are high in input and output side because of
the location of inductor in middle of the circuit. The main disadvantage of this topology
is the reverse polarity of output voltage, which may not be accepted in some application
[23].
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Figure 2.26 Equivalent circuit of DC-DC Buck-Boost Converter Topology

In order to decrease the filter requirements of Buck-Boost converter, Cuk converter
have been proposed, which has equivalent circuit as shown in Figure 2.17. It has the
same range of work of voltage and reverse polarity of output voltage as Buck-Boost
converter. The main difference of Cuk converter is the existence of an inductor in both
side of converter that decrease the ripples in input and output circuits. In addition, this
topology uses an extra capacitor as storage energy instead of inductor, which increases

the number of components of this topology [23].
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Figure 2.17 Equivalent circuit of DC-DC Cuk Converter Topology.
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Figure 2.18 shows the equivalent circuit of SEPIC converter that is considered as
improved topology of Cuk converter. The main advantage of this topology is the non-
reversed polarity of output voltage as compared to input voltage. In addition, the filter
requirements of SEPIC converter are lower than Cuk converter [23].
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Figure 2.38 Equivalent circuit of DC-DC SEPIC Converter Topology

2.3.2 Comparison of Different Converter Topologies

In literature, many comparative studies have been made between different topologies of
non-isolated DC-DC converter that can be used in PV system. In [24], a comparative
analysis has presented a comparison between Boost and Buck converters that are
applied as MPPT tracker in PV system. The comparison has focused on the tracking and
conversion efficiencies of these topologies under different MPPT algorithms. According
to this comparison, Boost converter has superiority on buck converters; since it can
track MPP with distinct tracking efficiency, and higher conversion efficiency.

Another comparison between buck, boost, and buck-boost converters has been
presented in [25].This comparison has focused on the capability of DC-DC converter
topologies in tracking MPP of PV panel under different conditions of load. According to
this comparison, Buck-Bust converters has preference on Boost and Buck converters;
since it can track MPP under different conditions, regardless of operating point of load
that can range from Voc to Isc along I-V curve of PV panel. However, Boost and Buck
converters have limited capability of tracking that can range from Isc to MPP along I-V
curve for Boost converter, and Voc to MPP along I-V curve for buck converter.

In [26], a comparison between boost, Cuk, and SEPIC converters has been presented.
This comparison has focused on performance of these converters as MPP tracker under
different conditions. In this comparison, the performance of DC-DC converter has been

determined depending on tracking speed, stability of output power, and ripple of PV
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power factors. According to this comparison, SEPIC converter provides a high stability
of output power with less ripples as compared to other converters. Whereas, Boost
converter provides a fast speed of tracking of MPP with good stability of output power.
In the contrary, Cuk converter provides output power that is unstable. In addition, it

provides reversed-polarity output with high ripples as compared to other converters.

Table 2.2 shows a general comparison between different types of non-isolated DC-DC
converter that have been discussed. This comparison depends on previous comparative
studies that have listed above, and the discussion that have been done previously.

Table 2.2 Comparison of Different DC-DC Converter

Item Buck Boost Buck-Boost | Cuk SEPIC
Converter | Converter | Converter | Converter | Converter
Number of less less less Number | More More
component Number Number Number Number
Range of Lower than | Higher Higher or Higher or | Higher or
Work of input than input | lower than lower than | lower than
Voltage voltage voltage input input input
voltage voltage voltage
Filter High in High in High in both | low in both | High in both
Requirement | input side | output side | side side side
Reverse of Not- Not- Not-
output reversed reversed reversed reversed | reversed
voltage
Stability of Low High Low Low High
output power | stability stability stability stability stability
Tracking Low High High Low High
Efficiency Tacking Tacking Tacking Tacking Tacking
efficiency | efficiency | efficiency efficiency | efficiency
Conversion Low High Low Low High
Efficiency conversion | conversion | conversion | conversion | conversion
efficiency | efficiency | efficiency efficiency | efficiency
Range of MPPT can | MPPT can | MPPT can MPPT can | MPPT can
MPPT be tracked | be tracked | be tracked be tracked | be tracked
Tracking in the range | in the range | in the range | in the range | in the range
along I-V from Iscto | fromVoc | fromlscto | from Iscto | from Isc to
Curve MPP to MPP Voc Voc Voc
Cost Low cost Low cost Low cost High cost High cost
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2.4 Battery

24.1 Overview

Generally, level of solar radiation changes during a sunny day. In accordance with this
changing of solar radiation, the power that can be extracted from PV panel gets affected.
Consequently, when PV panel is used to supply a certain load, PV power may be greater
or lower than the required power of load according to the level of radiation. This may
result in reducing performance of load during low radiation level condition. In order to
maintain the required performance of load and increase reliability of PV system in
providing the required power under different level of condition, rechargeable battery is
used in PV supply system as a secondary sources of energy as shown in Figure 2.19. In
this system, battery is charged when generated power is higher than load power, and
discharged to the load when generated power is lower than load power [27].

AC
—_— Load

DC-LINK DC AC AC
Converter Load

PV
Panel

Charger
Controller

Battery
Bank

Figure 2.49 Connection of Battery in Stand-Alone PV System as Secondary Source of
Energy

In addition, in most low power application, battery is used to get rid of voltage stresses
of DC-link that feed inverter and increase reliability of system. In this case, battery is
connected as a main source of energy as shown in Figure 2.20. In these system, battery

is considered as source of power that supplies DC and AC load [28].

As can be shown in Figure 2.20, battery is charged by PV panel through charger
controller which is used to meet charging requirements of battery. Therefore, including

battery charger controller in the design process of PV system is essential in order to
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improve the performance of battery, and reduce cost of maintenance and replacement of

battery that may be required in case of improper charging and damage of battery.

AC
Load

Battery DC-LINK DC_AC

PV Charger
Panel Controller :> Bank :> Converter

AC
Load

!

Figure 2.20 Connection of Battery in Stand-Alone PV System as Main Source of
Energy

There are several types of batteries that are used in different field of applications. These
types of batteries differ in terms of materials of manufacturing, power density/kg, and
power density/m3, ability of recharge, life cycle, and cost. In the field of solar PV
system, four types of batteries are dominated which are Lead Acid, Nickel Cadmium
(Ni-Cd), Nickel Metal Hydride (Ni-MH), and Lithium lon (Li-ion) batteries [27], [28].

In practice, Lead Acid battery is the very common in PV application. This is because of
its low cost and acceptable performance in most applications. However, Lead Acid
battery has many limitations and requirements of charging process that should be taken
into account when designing PV system. These requirements emphasize fully charged

condition and protect battery from degradation and damage [8], [29].

In this research, Lead Acid battery will be considered in more details. Parameters that
can affect the proper operation of Lead Acid battery will be analyzed and the essential
requirements of charging will be determined. This analysis is important in order to

develop a proper charge controller that can be applied in PV system.

2.4.2 Battery Parameters Analysis

Performance of rechargeable battery is determined mainly by number of parameters.
Some of these parameters are related to battery charging process and others are related
to battery discharging process. In this research, charging of battery by PV solar system
is under consideration. Therefore, parameters that affect the charging process of Lead
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Acid battery taken into account when battery charger is designed in order to insure the
high performance of battery and protect it from degradation and damage. These

parameters are explained in the following points.

2.4.2.1 Battery Charging Voltage

Battery voltage is critical on performance of Lead Acid batteries because of its effects
on chemical process of these batteries. So, battery voltage should be considered
carefully during charging process of battery. Figure 2.21 shows normal charging profile
of Lead Acid battery. As can be shown, battery voltage increases during charging
process from minimum value to maximum value. These minimum and maximum values
represent fully discharge state and fully charge state of battery respectively. The rate of
increase of battery voltage depends of the value of charging current; thus the value of
maximum battery voltage is affected by charging current [29], [30].
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Figure 2.21 Normal Charging Profile of Lead Acid battery

The maximum value of battery voltage has an important role in performance of
rechargeable battery. For Lead Acid battery, the maximum value of battery voltage
should not exceed the gassing voltage value which represent the value at which gases
form in chemistry of battery. Charging of battery to maximum value that is larger than
gassing voltage results in increasing temperature, watering process, gassing and

corrosion of battery. In the contrary, charging of battery to maximum value that is lower
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than gassing voltage increases sulfation of battery, which takes place when a Lead Acid
battery is deprived of being a full charged for a long time. In addition, ripples of
maximum value of battery voltage should be limited to be within allowed limits that are
provided by manufacturers; otherwise, they may affect battery hardly [29], [30], [31].

2.4.2.2 Battery Charging Current

As stated previously, the performance of battery voltage is determined basically by
charging current. When charging current is high, the maximum value of battery voltage
increases and charging time decreases. However, high charge current causes an increase

in cell temperature, which may cause damage of battery [30], [31].

Normally, battery manufactures provide recommended values of charge current for
different types of batteries. For Lead Acid battery, these values is ranging from 0.3C to
1C; where C-rate is the ability of battery to deliver the stored energy over a given period
[30], [32].

Practically, the level of charging current is affected by temperature of environment.
However, in this research, effect of environment temperature has been ignored on PV
characteristics curves. As a result, the level of charging current is assumed to be

constant irrespective of environment temperature

Figure 2.22 shows charge profile of Lead Acid battery under different value of charge
currents. As shown in this figure, when charge current decreases, the voltage of battery
decrease with respect of it. This decrease in battery voltage results in increasing time

required to reach maximum value; so, charging process time is increased.
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Figure 2.22 Charge Profile of Lead Acid Battery under variable Charge Currents

2.4.2.3 Battery State of Charge (SOC)

As stated previously, the charge process of batteries is performed over a period of time.
Through this period, the voltage of battery changes with respect to the level of charge of
battery. Consequentially, it is essential to indicate the level of charge of battery at any
moment; in order to determine the effect of battery voltage value on charging process of
battery. An important parameter that is used to describe the level of charge is State of
Charge (SOC) of battery. SOC is defined as the rate of available battery capacity in
specific moment in relative to rated capacity of battery under consideration. SOC of
battery is ranging from 0% to 100% for fully discharged and fully charged battery
respectively [32].

Figure 2.23 shows the relation between battery voltage, charge current, and SOC of
Lead Acid battery. As can be shown in this figure, at specific SOC of battery, increasing
the charge current results in increasing the voltage of battery and versa vice. In addition,
at specific charge current of battery, increasing SOC results in increasing the battery
voltage and versa vice. Furthermore, at specific charge voltage of battery, increasing

charge current results in increasing the SOC of battery voltage and versa vice.
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Figure 2.23 Relation between Charge Voltage, Charge Current, and State of Charge of
Lead Acid Battery

In addition, increasing charging current results in decreasing charging time and
increasing maximum value of battery voltage that corresponds to fully charge of battery
(100% SOC). When maximum value of battery voltage is larger than gassing voltage,
the battery voltage reaches the gassing value before fully charged state is reached. In
this case, further charging of battery over gassing value to reach fully charged state

causes overcharging and damage of battery.

2.4.3  Charging Algorithms of Battery

As stated previously, the charging process of battery should be controlled according to
parameters that have been explained; in order to ensure the fully charge of battery and
protect it from damage. The control of charging process is performed by using
algorithm that performs the required charging of battery.

In literature, many charging algorithms of battery have been proposed for different
types of batteries as in [33], [34], and [35]. These algorithms differ in terms of
complexity, number of required sensors, detection of full SOC, cost, and effectiveness.
For Lead Acid batteries, the most applicable algorithm for charging battery is Constant
Current and Constant VVoltage (CC-CV).
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Figure 2.24 shows the charging profile of practical CC-CV charging algorithm that will
be used in this research. This algorithm consists of three successive stages that are pre-

charging, constant current, and constant voltage stages [33].
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Figure 2.24 Practical Charging Profile of CC-CV Charging Algorithm

As can be shown in Figure 2.24, there are two predetermined limits of battery voltage
that determine the activated stage of CC-CV algorithm. These limits are low pre-
determined limit (Viow iimi) and high pre-determined limit (Vhigh_timit) Which are
generally provided by manufacturers and ranging from 1,75 to 1,85 per cell for Viow limit,
and from 2,3 to 2,45 per cell for Vhign_iimit [36], [37].

Pre-charging stage is activated when battery voltage is lower than View_iimit. In this stage,
the battery is deep discharged, so it is required to restore charge slowly in order to
ensure the safe operation of system. Therefore, the battery is charged with minimum
value of charging current that increases battery voltage slowly. The value of minimum
charging current has a value ranging from (1/100) C to (1/500) C depending on
manufacturer. This stage ends up when battery voltage reaches low predetermined
voltage Viow limit, and leaves battery with SOC of 10-20% [36], [37].

Constant current stage is activated when battery voltage is between Viow iimit and
Vhigh_timit. In this stage, the battery is charged with maximum available charge current

which causes battery voltage increases gradually. This stage ends up when battery
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voltage reaches high predetermined limit Vhign_iimit, and leaves battery with SOC of 75-
85%. The remaining of SOC of battery is provided by applying constant voltage stage
of charging algorithm [36], [37].

Constant voltage stage is activated when battery voltage is higher than Vhigh_iimit. In this
stage, the battery is charged with constant voltage, which is high predetermined limit of
voltage. Through this stage, current of battery decreases gradually with increase of
SOC. This stage ends up when battery current reaches minimum value that is normally
10% of charge current in CC stage, and leaves battery with SOC of 100% [36], [37].

2.5 Connections and Charging Requirements of Battery Charged By PV Solar
System

Availability of energy storage system, such as batteries, enables PV panels to be used in
stand-alone solar system. These batteries store energy, which is supplied by PV system,
in order to either supply load when PV panel has not enough energy, because of low
irradiance, or supply load continuously as source of energy. In both case of application,
battery will be charged by PV system for high performance and reliability of stand-
alone system. However, charging process of battery by using PV panel should be
considered carefully; otherwise battery performance might be degraded hardly and, in

some cases, battery could be damaged [27].

As stated previously, charge process of battery should be performed fully and safely.
This can be ensured by using changing algorithms that take into account parameters that
affect the performance of battery. However, the application of these algorithms directly
in PV system without considering nonlinearity of variables of PV panel could affect the
performance of the whole stand-alone system. In consequence, charging of battery in
stand-alone PV system should be analyzed carefully in order to determine the
requirements of charging that ensure both the fully and safely charging of battery and

the high performance of the whole stand-alone PV system [38].

The requirements of battery charging in PV solar System can be extracted by
considering different cases of connection of battery in PV system. In this research, three
connections of battery with PV panel will be considered which are direct connection of
battery, connection of battery through charging system, and connection of battery
through MPPT system
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2.5.1 Connection of Battery Directly

Figure 2.25 shows the direct connection of battery to PV panels. In this connection,
battery charger controller is not provided. As a consequence, charging process of battery
is not under control, and charging algorithm is not applied in this design. The charging
of battery is performed by supplying the maximum available current of PV panel into
battery. The charging process ends up when battery voltage reaches maximum limited
value of voltage, and leaves battery with 75-80% SOC [38].

Vev Vear Battery
PV Bank
Panel >

lpv Iga

Figure 2.25 Direct Connection of Battery to PV Panel

In addition, MPPT tracker controller is not provided in direct connection design.
Therefore, operating point of battery must be compatible with MPP of PV panel in order
to extract maximum power from PV panel. However, the operating point of battery
through charging process is not constant because of changing of battery voltage. So, the
operation of PV panel at MPP is restricted, and loss of PV power is resulted. This loss

of PV power increases under changing environmental conditions [30], [38].

Charging of Lead Acid battery in this design has many disadvantages which are
increase of battery sulfation, increase of battery charging time, decrease of battery cycle
life, and decrease of efficiency of whole system. The main advantages of this design are

low cost and ease of implementation [38].

2.5.2 Connection of Battery through Charger System

Figure 2.26 shows the connection of battery to PV panels through battery charger
controller. In this connection, charging process of battery is under control, and charging
algorithm is applied in this design. The charging of battery is performed by supplying
the maximum available current of PV panel into battery through constant current stage.
In this stage of charging, battery voltage increases until reaches maximum limited value.

At this point, charging of battery continues with constant voltage stage. The charging
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process ends up when battery current reaches minimum limited value, and leaves
battery with 100% SOC [27], [38].
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Figure 2.26 Connection of Battery to PV Panels through Battery Charger Controller

However, MPPT tracker controller is not provided in this design. Therefore, operating
point of battery must be compatible with maximum power point of PV panel in order to
extract maximum power from PV panel. However, because of the application of
charging algorithm in this design, the operating point of battery through charging
process is not constant. So, PV panel does not operate at maximum power point, and
loss of PV power is resulted. This loss of PV power increases under changing

environmental conditions [27].

Charging of Lead Acid battery in this design has disadvantages that are increase of
charging time of battery and decrease of efficiency of whole system. The main
advantages of this design are acceptable cost and increase of life of battery [38].

2.5.3 Connection of Battery through MPPT System

Figure 2.27 shows the connection of battery to PV panels through MPPT tracker
controller. In this connection, battery charger controller is not provided. As a
consequence, charging process of battery is not under control, and charging algorithm is
not applied in this design. The charging of battery is performed by supplying the
maximum available current of PV panel into battery. The charging process ends up
when battery voltage reaches maximum limited value of voltage, and leaves battery
with 75-80% SOC [8], [38].
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Figure 2.27 Connection of Battery to PV Panels through MPPT Controller

MPPT tracker controller is provided in this design. As a consequence, PV panel
operates in maximum power point under different environmental conditions regardless
of operating point of battery. Therefore, the maximum power available from PV panel is

supplied continuously without losses [8].

Charging of Lead Acid battery in this design has many advantages of reducing charging
time of battery and increasing efficiency of whole system. The main disadvantages of

this design are higher cost and possibility of sulfication of battery [8], [38].

2.5.4 Main Requirements of Battery charging By PV Solar System

Depending on the analysis that have been done on performance of battery under
different connections to PV system, the main requirements of charging of Lead-Acid

battery from PV panels can be summarized in the following points:

1. The supplied PV power should be maximum under different environmental
conditions in order to avoid sulfation of battery, reduce charging time, and increase
efficiency of stand-alone system.

2. The charging process should be controlled in a way that ensures proper and full
charging of battery without damage or degradation. In addition, control of charging

process should not affect performance of PV panel and stand-alone system.

The implementation of these requirements in the design of battery charging system is

topic of interest. In this research, design of MPPT controlled DC-DC converter that can
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perform these requirements will be considered thoroughly. A compromise between
different requirements is required in order to accomplish an accepted design of charging

system as will be shown in coming chapters
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CHAPTER 3

DEVELOPMENT OF MPPT CONTROLLED DC-DC CONVERTER
FOR SOLAR CHARGER SYSTEM

As stated in the previous chapter, the requirements of extracting maximum power of PV
panel and proper charging of battery can be performed by MPPT and Charging
algorithms respectively. These algorithms adjust duty cycle of DC-DC converter that
controls the operating point of the stand-alone PV system. In general, the DC-DC
converter is controlled to achieve either MPPT or charging function. In order to
perform the MPPT and charging functions, it is required to use two stage DC-DC
converters in the stand-alone system. The first stage performs MPPT function and the
second stage performs the proper charging of battery. In two stage converters system,
MPPT and charging algorithms are operated simultaneously and separately from each
other at the expense of cost and efficiency of whole stand-alone system.

On the contrary, single stage DC-DC converter, which is called DC-DC converter
simply, can be controlled to perform MPPT and charging functions with some
restrictions. In this single stage system, the MPPT and charging algorithms are merged
into a single algorithm that can be applied to control the single stage DC-DC converter.
The operation of merged algorithm is based on the requirements that ensure the high
efficiency and performance of stand-alone system. The limitations of using this single
stage system can be shown through the restricted operation of DC-DC converter in
performing the MPPT function through the whole duration of operation. In addition, the
proper charging of battery is limited to some degree. These limitations are compensated
with low cost and high efficiency of stand-alone of system. Practically, the design of
single stage DC-DC converter to implement the MPPT and charging functions is
restricted to the requirement of application under consideration and the acceptance of

the limitations that are imposed on the operation of MPPT and charging functions.
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3.1 Design requirements of MPPT controlled DC-DC converter used in charger

systems

Depending on what have been discussed in previous chapters, the main requirements
that have to be met during design process of MPPT controlled DC-DC converter used in

solar charger system are summarized in the following points:

e The deigned system is required to have the ability of tracking maximum power point
(MPP) of PV panel under different environmental conditions rapidly and efficiently.
In order to accomplish that, the applied MPPT algorithm should be characterized by
ease of implementation, less number of sensors, stability at steady state, high

tracking efficiency ,and less costly.

e The designed system is required to charge battery bank rapidly and properly under
different environmental conditions. In order to accomplish that, the applied charging
algorithm should take into consideration charging of battery under low voltage and
high voltage conditions of battery voltage as well as the end of charging process.

e The designed system is required to be implemented easily and low costly. In order
to accomplish that low cost and efficient components should be used in the design

process. In addition, control algorithm should be implemented easily and low costly.

3.2 Design Process of Developed MPPT controlled DC-DC Converter for Solar
charger System

In this research, MPPT controlled DC-DC boost converter for solar battery charger
system is proposed. The design of the proposed system depends on requirements that
have been determined in the previous section. In this design, in order to meet the
requirements of MPPT tracker and battery charger systems, an expanded MPPT
algorithm is developed. The developed algorithm comprises Incremental conductance
MPPT algorithm which is expanded to incorporate CC-CV charging algorithm. In
addition, the design of DC-DC boost converter is based on taking into account the
parameters that affect the performance of battery and PV system. The system
surrounded by red lines in Figure 3.1 shows components of proposed MPPT controlled

DC-DC boost converter, which is used as battery charger system. In this system, boost
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DC-DC converter is used to implement the MPPT and charging functions together

according to the developed algorithm.
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Figure 5.1 Main Components of Designed MPPT Controlled DC-DC Boost Converter
for Solar Battery Charger System

The duty cycle of boost converter is adjusted directly by new developed algorithm in
order to control the operating point of PV panel. Additional auxiliary components are
used in this design, as shown in Figure 3.1, in order to ensure the optimum operation of
developed algorithm. These auxiliary components are voltage controller unit, current
sensor, and voltage sensor. The design process and operation of this proposed system

are illustrated in details in the following sections.

3.2.1 Boost DC-DC Converter

According to the discussion that have been made in the types of DC-DC converter in
pervious chapter, Boost converter topology is selected in this proposed system. As
mention, boost converter has the ability of processing power through it with high
efficiency. Furthermore, it has less rate of input ripples due to the existence of inductor
in input side; thus the requirement of input filter is reduced. In addition, boost converter
can be implemented easily and less costly.
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The proposed boost converter is limited for applications that require higher voltage than
input voltage. So, the ability of MPPT function to track the maximum power point of
PV panel is restricted to the constant current portion of 1-V curve of PV panel. That
means variation of environmental conditions that results in operating point at constant
current region of I-V curve can be tracked successfully. The model and design process

of boost DC-DC converter are covered thoroughly in the following two sections.

3.2.1.1 Boost Converter Model

Boost topology is chosen for DC-DC converter since it is capable of transferring
maximum energy from PV panel to load irrespective of different irradiation of sun
through the day. The topology of converter is shown in Figure 3.2. It consists of dc
source Vg, inductor L, power switch T, diode Di, output capacitor C, and output load R.
When the switch T is in the on state, inductor stores energy that is supplied by source
and the diode is off, so the load is supplied totally by the output capacitor. When the
switch T is turned into off state, both the source and the stored energy in the inductor

are transferred through the diode to the output load and output capacitor is charged [39].

Figure 3.2 Equivalent Circuit of DC-DC Boost Converter. [40]

The waveforms of boost converter in the CCM are presented in Figure 3.3. As shown in
waveform of inductor voltage and current, the inductor is supplied with source voltage
Vg in the period of operation, so the current of inductor increases linearly. In the second
period voltage (Vg-Vo) with reversed polarity, where Vo is the output voltage of boost
converter, is induced across the inductor in order to maintain the current through

mductor in the same direction, so current of inductor decreases linearly [39].
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The change of inductor currents in both periods of operation (AILP and AILN) are
written as in (3.1) and (3.2).

Ay = (Vo — Vg/L)(1 = D)T (3.2)
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Figure 3.6 Waveform of DC-DC Boost Converter. [40]

Where D is the duty cycle of boost converter. In steady state operation, inductor voltage
in both periods of operation are equal; so, the rate of change of inductor current during

on-state period is equal to the rate of change during off-state period. Accordingly, (3.1)
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and (3.2) are equal to each other and can be written as shown in (3.3).
Vs DT = (Vo — Vg)(1 = D)T (3.3)

From (3.3) the average output voltage of DC-DC boost converter can be obtained as in

equation (3.4).
Vo = (1/(1-D)) V, (3.4)

The output voltage of the converter can be controlled between Vs < Vo < Vmax, Where

Vmax 1S the maximum required output voltage [39].

3.2.1.2 Boost Converter Design Process

To design and size the components of boost converters, many factors should be
considered such as, input voltage to converter, output voltage magnitude, DC-DC
converter efficiency, output voltage ripple, input power, desired output power, input
current, output current and duty cycle of PWM controller. In this research, five
components will be considered and chosen when boost converter is designed. These
components are power switching device, diode, inductor, output capacitor, and input
capacitor [39].

e Power switching device: The main switching device must withstand the
maximum current and voltage stresses and also operate at the desired frequency
[39].

e Diode: Diode must be characterized by capability of withstanding the required
reversed off-state voltage stress as well as the maximum and average current. In
addition, it must have low forward voltage drop, reduced reverse—recovery, and
fast switching capability [41].

e Inductor: the design of boost inductor depends on the maximum required ripple
current which is determined at minimum duty cycle and maximum input voltage.
The value of boost inductor is determined for specific load as shown in (3.5),

where Fs is the operating switching frequency.

L=Vsx(Vo—=Vs))/(Alp % Fs % Vo) (3.5)

Regarding the current flowing in inductor boost converter has two mode of
operation depending on the value of inductance. The first mode is called
continuous current mode (CCM), in which boost converter has high value of
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inductance that is enough to produce continuous current through switching
process. The other mode is called discontinuous current mode (DCM), in which
boost converter has small value of inductance that produces discontinuous
current through switching process. For CCM of operation, the minimum

inductance required (Lmin) is calculated as in (3.6).

Lyin = (Vs * (Vo —Vs )/ (2 x I Fs x V) (3.6)
Where Is is the source current. When Fs is selected, there should be a trade-of
between minimizing the size of the inductor and limiting the loss of the power
switching device. Generally, high-frequency of Fs is imposed and it should be
checked if the current ripple is correct by low frequency [39], [41].

e Output capacitor: Output capacitor must be designed carefully to perform two
important functions. Firstly, it must limit the output voltage ripple as well as
withstand the required ripple current stress. The second function, it must supply
the required output current to the load when the diode in off state. The minimum
value of the output capacitance that provides the specified voltage ripple (AVo)
is calculated as in (3.7). In addition, the required ESR that give the required
voltage ripple could be determined as in (3.8) [39], [41].

Cmin = (Io * D) /(Fs x AVo) (3.7)

ESR < AVo/((Is + (AlLp)/2)) (3.8)

e Input capacitor: The minimum value of input capacitor is necessary to regulate
the input voltage due to the current requirement of power supply. This minimum

value can be increased in case of noisy input [39].

3.2.2  Auxiliary Components

The implementation of developed algorithm of proposed MPPT controlled DC-DC
boost converter depends mainly on additional auxiliary components. The performance
of these components affect the operation of whole system; thus, they should be
considered carefully. These components are voltage controller unit, input sensors, and

output sensors.

42



3.2.2.1 Voltage Controller Unit

Voltage controller unit consists of Zener diode which is operated as voltage regulator.
Zener diode is p-n junction semiconductor device that has symbol and characteristic
curve as shown in Figure 3.4. As shown from characteristic curve, Zener diode has the
same characteristic of normal diode when it is forward biased. It contacts forward

current with a forward voltage drop of 0,7 volt [42].
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Figure 3.4 Symbol and Characteristic Curve of Zener Diode. [43]

The main difference between Zener diode and normal diode is the characteristic in the
reversed direction. When Zener diode is backward biased, the flow of current is blocked
through the diode, except of small leakage current through p-n junction of diode, until
the voltage across the diode terminals reaches specific value which is called Zener
voltage. At this specific value of voltage, the current through diode increases gradually

and the voltage drop across diode remains at Zener voltage value nearly [42].

The level of current through Zener diode should be limited based on the maximum
power rating of Zener diode. Maximum power rating provides the safe level of current

that can be passed without risk of high temperature rise that may destroy the diode [42].

There are many manufactured Zener diodes in market that have rating of Zener voltage
ranging from few Volts to hundreds of Volts, and rating of maximum power ranging
from few Milliwatt to 50 Watt. Practically, backward-biased Zener diode is used rather
than forward-biased Zener diode. This is because forward-biased Zener diode is

replaced by p-n normal diode that has identical characteristic with lower cost.
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The most important applications of backward-biased Zener diode are voltage clipping
and voltage regulation applications. In this research, the Zener diode is used as voltage
regulator in order to implement the constant voltage mode of charging process. Figure
3.5 illustrates the operation of backward-biased Zener diode as regulator [44].
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Figure 3.5 Operation of Zener Diode as Regulator. [43]

As shown in Figure 3.5, Zener diode is connected across load terminal in the reverse
direction, and separated from input source by current-limiting resistor (Rs). When
voltage across Zener diode reaches Zener voltage (Vze), current starts to flow through it.
The level of Zener current is limited by Rs resistor depending on the maximum power
rating of Zener diode. In addition, the voltage drop across resistor Rs is the difference

between input source voltage and Zener voltage [44].

When changes of input voltage or output load occur, the Zener diode regulates the
output voltage around Vze as the Zener current within allowed limit. That means Zener
diode regulates voltage by increasing or decreasing the flow of current across it, in order
to maintain the voltage drop across the output load mostly constant. These concepts of
Zener diode regulator operation will be used in this research to ensure the charging of
battery properly [44].

3.2.2.2 Voltage and Current Sensors

The operation of developed algorithm in this research depends mainly on the data that
should be fed continuously and accurately into the controller of the proposed system. As
shown in Figure 3.1, sensors are used to perform this function of getting the required

data from system under consideration. In this research, two types of sensor are used to
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obtain the required data for operation of developed algorithm; these types of sensor are

current sensors and voItage Sensors.

As shown in figure 3.1, current sensors are used to measure the current of PV panel as
well as the current of Zener diode, and voltage sensors are used to measure the voltage
of PV panel as well as the voltage of battery that is charged. In addition, these sensors
are required to adjust the measured value in order to be within the limited rating of

controller that implements the developed algorithm.

In this research, the performance of voltage and current sensors can be measured by
accuracy and response time. Accuracy of sensor determines the errors that are
introduced by sensors in measuring required data. This factor should be high as possible
in order to ensure low errors in the measured value. The response time of sensor
determines the time that is required by sensors to track the changing of measured value.
This factor has the effect of delaying the operation of developed algorithm in

performing the right action; so it should be as minimum as possible [45].

3.3 New Developed Algorithm

As stated previously, the duty cycle of proposed MPPT controlled DC-DC boost
converter is adjusted by new developed algorithm that consists mainly of InC MPPT

algorithm which is expanded to include CC-CV charging algorithm.

Figure 3.6 shows the main chart of developed algorithm that is used in this research. As
can be shown, the developed algorithm consists of three main blocks which are pre-
charging, MPPT-CC charging, and CV charging blocks. These blocks represent
different operation modes of designed system. During pre-charging and CV charging
blocks, designed system is operated in charger mode which takes into consideration the
charging of battery during low battery voltage and high battery voltage conditions
respectively. In contrast, during MPPT-CC charging block, the designed system is
operated in MPPT tracker mode which supplies battery with maximum available power
of PV panel. As shown in Figure 3.6, the developed algorithm is initiated by measuring
values of PV voltage, PV current, battery voltage, and Zener current. The activation of
each block of developed algorithm depends on comparing the measured value of battery
voltage with low and high predetermined limits of battery voltage which have been
discussed in section 2.4.3. The operation and chart of each block are illustrated

thoroughly in following sections.
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Figure 3.6 Main Chart of Developed Algorithm of Designed MPPT Controller DC-DC

Boost Converter

3.3.1 Pre-Charging Block of Developed Algorithm

This block of developed algorithm is activated when measured value of battery voltage

is less than low predetermined limit. In this block, battery is charged with minimum

constant charging current until battery voltage reaches low predetermined limit. That

means, during this stage, charging current remains constant with slowly increase of

battery voltage. This characteristics of charging process are similar to characteristics of

constant current region of I-V curve of PV panel; in which, current is mostly constant

with slowly increase of PV voltage. As a result, pre-charging block of developed

algorithm depends on operating PV panel at constant current region of I-V curve as

shown in Figure 3.7. As shown, the developed algorithm adjusts the operating point of

PV panel in the direction of increasing of PV power.
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Figure 3.7 Region of Operation of Pre-charging Block of Developed Algorithm along
Curves of 100W PV Panel

Figure 3.8 shows chart of pre-charging block of developed algorithm. This chart is
initiated by computing PV power Ppyv and battery power PgaT at specific instant (n) as in
(3.9) and (3.10) respectively.

Ppy(n) = Vpy (n) * Ipy(n) (3.9)

Pgar(n) = Vgar (n) * Igar (3.10)

Where Vpy (n) is PV voltage at instant (n), Ipv (n) is PV current at instant (n), Veat (n)
is battery voltage at instant (n), and Isat represents minimum charging current of Lead

Acid battery which is provided by manufacturer.

As can be shown in Figure 3.8, the operation of this chart depends on comparing the
calculated values of Ppy and Peat. According to the result of this comparison, the duty

cycle of boost converter is adjusted directly.

When Ppy is greater than Pgat, duty cycle of boost converter is increased. In the
contrary, when Ppy is less than Pgart, the duty cycle is decreased. The process of
adjusting duty cycle continues until PV power Ppy equals the battery power Pgat (Ppv =
PeaT). When PV power is identical with battery power, the duty cycle remains
unchanged. In this case, battery is charged with required current of Igat ,and battery
voltage is increased slowly. With increasing Veart, Peat increases correspondingly and

duty cycle decreases in order to increase Ppv until equals Pgar.
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Figure 3.8 Chart of Pre-Charging Block of Developed Algorithm

In practice, because of inaccuracy of sensors and performance of boost converter,

equality between PV and battery powers is detected within specific tolerance (), as

|Ppv-PeaT|< €

Equality between PV and battery powers (Pp = Psat) Can be detected at two points along

P-V curve of PV panel. One of this point at constant current region and the other point

48



at open voltage region of P-V curve of PV panel. The chart of this block of developed
algorithm ensures the operation at constant current region by controlling initial value of
duty cycle. As a consequence, the initial value of duty cycle should be equal to or
greater than Dwmep that corresponds to maximum power point of PV panel.

3.3.2 MPPT-CC Charging Block of Developed Algorithm

This block of developed algorithm is activated when measured value of battery voltage
is between low predetermined limit (Viow _iimit) and high predetermined limit (Vhigh_timit).
In this block, battery is charged with maximum charging current until battery voltage
reaches the high predetermined value. During this stage, battery should be charged with
most of its energy within minimum charging time. This requires PV power to be
maximum under different environmental conditions. As a result, MPPT-CC charging
block of developed algorithm in this research depends on operating PV panel at

maximum power point of 1-V curve as shown in Figure 3.9.
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Figure 7.9 Region of Operation of MPPT-CC Charging Block of Developed Algorithm
along Curves of 100W PV Panel

Figure 3.10 shows chart of MPPT-CC charging block of developed algorithm. As can
be shown, this chart represents incremental conductance (InC) MPPT algorithm which

ensures operation of PV panel at maximum power point.
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InC algorithm depends on the fact that derivative of PV power with respect to PV
voltage (dPpv /dVpy) is equal to zero when operating point of system is at MPP of P-V
curve. When operating point is at right side of P-V curve, the (dPpv /dVpy) is less than
zero. However, when operating point in the left side of P-V curve, the (dPpv /dV5pv) is

greater than zero.

Depending on this fact, the main rules of InC algorithm can be derived by replacing
Ppv= Vpv Ipv in (dPpv /dVpy) as shown in (3.11).

dPpy d(Vpy Ipy)

il (3.11)
The derivative of (33) can be performed by applying chain rule as in (3.12).

d(Vpy Ipy) _ dlpy

A0V ED) — oy SEL 4y (312)

Using these equations, the rules of InC algorithm are derived and summarized as in
(3.13), (3.14), and (3.15).

dI Al I

PV o 2PV _ _ BV At MPP (3.13)
dVpy  AVpy Vpy
dI Al I .
Aev Ay o _ v At Left Side (3.14)
deV AVPV VPV
dlpy _ Alpy Ipy ; i

~ N o BV At Right Side 3.15

dVPV AVPV VPV g ( )

These rules state that the incremental conductance (dl / dV) of PV panel is equal to
negative instantaneous conductance (-d1 /dV) at MPP of P-V curve. In addition, (dI /dV)
is lower and higher of (- dI / dV) at right and left side of P-V curve respectively.

Generally, the chart of InC algorithm is initiated by measuring PV voltage (Vev) and PV
current (lpv) at successive (n-1) and (n) instants. Using these measured values,
incremental conductance of PV panel is calculated as incremental voltage (AVpv) and

incremental current (Alpy) that are shown in (3.16) and (3.17) respectively.
AVpy = Vpy (n) * Vpy(n — 1) (3.16)
Alpy = Ipy (n) * Ipy(n — 1) (3.17)

As can be shown in Figure 3.10, the operation of this chart depends on verifying of the
rules of Incremental Conductance algorithm. According to the result of this verification,

the duty cycle of boost converter is adjusted directly.
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Figure 3.10 Chart of MPPT-CC Charging Block of Developed Algorithm
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When (Alpv / AVey) > (- lpv /Vpy) is verified, duty cycle of boost converter is
increased. In the contrary, when (Alpyv / AVpv) < (- Ipv /Vpv) is verified, the duty cycle is
decreased. The process of adjusting duty cycle continues until (Alpv / AVpv) = (- Ipv
/Vpy) is verified in which the duty cycle remains unchanged. In this case, PV panel
operates at maximum power point (MPP) and battery is charged with maximum
available current IBAT while battery voltage is increased gradually. With increasing
VgarT, operating point of PV panel changes correspondingly and duty cycle changes in




order to maintain PV panel at MPP. In practice, because of inaccuracy of sensors and
performance of boost converter, equality between incremental and instantaneous
conductance of PV panel is detected within specific tolerance (€), which can be shown

as | (Alpv / AVpy) + (- lIpv IVpv) [< E.

As can be shown from (3.16), incremental voltage AVpy is calculated as the difference
of PV voltage between successive instants of measurement. So, when PV voltage of
these successive points remains constant, incremental voltage AVpy equals to zero. This
causes mistake in program that applies InC algorithm as (Alpv /AVpv) Will be unknown.
In order to avoid this mistake in controller program, it is essential to ensure that
incremental voltage AVpy do not equal to zero in advance as shown in Figure 3.10.
When AVpy equals to zero, there are two cases of operating point of system should be
considered. The first case occurs when environmental conditions remains unchanged
through step size of successive instants. In this case, the operating point of system
remains unchanged and Alpv equals to zero. As a result, duty cycle of boost converter
remains unchanged. The other case results from changing of environmental condition
through step size of successive instants of measurement. In this case, the operating point
of system and Alpyv changes according to changing of environmental conditions. As a
result, duty cycle is adjusted according to sign of Alpy. This process continues until
either MPP is met or change in AVpy is detected at which algorithm continues as shown
in Figure 3.10.

3.3.3 CV Charging Block of Developed Algorithm

This block of developed algorithm is activated when measured value of battery voltage
reaches high predetermined limit. In this block, battery voltage is kept constant at high
predetermined limit. As a consequence of constant battery voltage, battery current
decreases gradually until reaches lower specified value of current at which battery is
detected to be fully charged. This characteristics of charging is similar to characteristics
of constant voltage region of I-V curve of PV panel; in which, voltage is mostly
constant with decreasing of PV current. As a result, CV charging block of Developed
Algorithm depends on operating PV panel at constant voltage region of 1-V curve as
shown in Figure 3.11. As shown, the developed algorithm adjusts the operating point of

PV panel in the direction of decreasing of PV power.
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Figure 3.11 Region of Operation of CV Charging Block of Developed Algorithm along
Curves of 100W PV Panel

The implementation of CV Charging block of developed algorithm depends basically on
using of voltage controller unit. The voltage controller unit consists of Zener diode that
is connected directly across battery terminals in order to regulate its voltage around
Zener voltage. Generally, the Zener voltage is chosen to be nearly equal to high
predetermined limit (Vhigh-imit) Of battery voltage. Therefore, when battery voltage
reaches Zener voltage, Zener diode starts contacting current across its impedance; in
order to regulate the voltage across terminal of battery. Since battery voltage remains
constant at Zener voltage, then charging current of battery decreases gradually with
increasing of level of charge. As current that is supplied by boost converter is still
constant at specific duty cycle, then decreasing of charging current results in increasing
of Zener current and power. Therefore, in order to limit current and power of Zener

diode, it is essential to decrease the current supplied by boost converter.

These requirements of charging process can be accomplished by adjusting duty cycle of
boost converter; so as to ensure the operating of PV panel at constant voltage region of I-
V curve of PV panel. In this control of duty cycle, the operation point of PV panel is
moved into constant voltage region gradually in accordance with increasing of current
and power of Zener diode. The purpose of control in this block of developed algorithm is
to maintain the power of Zener diode within allowed limits while battery charging

current decreases in response of constant voltage charging.
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Figure 3.12 shows chart of CV charging block of developed algorithm. This chart is
initiated by computing PV power Ppyv and Zener power Pze at specific instant (n). Pz is

calculated as in (3.18).

Pze(n) = Vzg (n) * Iz5(n) (3.18)

Where Vze (n) is Zener voltage at instant (n), Ize (n) is Zener current at instant (n). As
can be shown in Figure 3.12, the operation of this chart depends on comparing the
calculated value of Pze with selected thresholds of Zener power under. These thresholds
are selected in a way that gives developed controller enough time to recover Pze within

allowed limits before damage of diode is occurred.

The developed algorithm is started by comparing Pze with Pzen and Pzer. Where Pzen
represents first high threshold value of Zener power and PzeL represents first low
threshold value of Zener power. According to the result of comparison, the duty cycle of
boost converter is adjusted directly. When Pze is greater than Pzen, duty cycle of boost
converter is decreased in order to move operating point of PV panel further into
constant voltage region. In the contrary, when Pze is lower than PzeL, the duty cycle is
increased in order to maintain power that is supplied to battery. In addition to Pzen and
PzeL limits of Zener diode, there are additional two cases are detected in developed
algorithm as shown in Figure 3.12. The first case is when current through Zener diode
increases rapidly over threshold value. As a result, Pze increases over Pzen substantially,
which may destroy Zener diode because of resulted high temperature. In order to protect
Zener diode from damage, the duty cycle of boost converter should be decreased with
larger step size to recover Pzen within limits through minimum time. . In order to
specify this condition, second high threshold value (Pzenn), which is larger than Pzen, is

used. Accordingly, when Pze is larger than Pzenn, larger step size of duty cycle is used.

The other case detected in this algorithm is when environmental conditions change
through charging process which results in decreasing supplied PV power into battery.
These changes decrease current supplied by boost converter; and thus decrease current
of Zener diode. As result, the calculated power of Zener diode Pze decreases largely
more than PzeL and duty cycle is increased correspondingly. This may change the
operating point of PV panel along I-V curve from constant voltage region into constant
current region when environmental conditions change largely. Therefore, it is essential
to differentiate between decreasing of Pze as a result of charging process control and
that result from changing of environmental conditions.
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Figure 3.12 Chart of CV-Charging Block of Developed Algorithm

In this developed algorithm, this requirement is accomplished by detecting second low
threshold value (Pzec. ) that is lower than Pze. as an indication of changing
environmental conditions. Therefore, when Pze is lower than PzeL, duty cycle is kept
unchanged in order to decrease charging current of battery, and thus decrease battery
voltage which moves the operation of algorithm from CV charging block to the MPPT-
CC Charging Block of developed algorithm. In this case, the algorithm searches for

maximum power point of new environmental conditions and start to charge battery at
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new charging current until voltage reaches Zener voltage again and process continues as

explained before.

Normally, the detection of end of charge in CC-CV algorithm is performed by
measuring charging current of battery which decreases gradually until reaches a low
predetermined value that is equivalent to full SOC. In this research, since measurement
of charging current is not provided, the end of charge process is detected by measuring
PV power which is decreased in response to decreasing charging current. This relation
of PV power and charging current can be explained by observing that PV power at any
instant is equal to summation of Zener and battery powers. The Zener power can be
considered constant because is controlled by algorithm to have a constant value
approximately. In the contrary, battery power decreases gradually because of as a result
of constant voltage charging. So, decreasing of PV power can be considered as
equivalent to decreasing charging current of battery. Therefore, the end of charge is
detected by reaching a minimum value of PV power (Ppvmin) that can be calculate as
(3.19).

Ppymin = Pzg + (Vzg * Igar—min) (3.19)

Where Pze is Zener power, VZE is Zener voltage, and Isat-min is low specific value of
charging current that is equivalent to full SOC. The value of IgaT-min can be calculated

from charging requirements of Lead Acid battery under consideration.
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CHAPTER 4

SIMULATION AND ANALYSIS

In this chapter, the developed MPPT controlled DC-DC boost converter for solar
charger system, which has been described in previous chapter, is validated by
SIMULINK-MATLAB program. During this validation process, detailed operation and
performance of the developed charger system under different conditions of charging and

environment are investigated and analyzed thoroughly.

In order to accomplish the validation process of developed system properly, it is
required to simulate the developed controller within overall stand-alone charger system
that consists of PV panel, the developed charger controller, and battery bank. Hence, in
this chapter, the overall stand-alone charger system shown in Figure 3.1 is designed and
build in SIMULINK-MATLAB program completely.

Later in section 4.1, the design of overall stand-alone charger system, which will be
built in SIMULINK-MATLAB program, will be presented. The detailed operation of
developed MPPT controlled DC-DC converter as solar charger will be simulated and
presented in section 4.2. Finally, the performance of developed charger system will be
presented in section 4.3 thoroughly.

4.1 Design Process of Simulated Stand-Alone charger System

Generally, the design of stand-alone solar charger system depends mainly on
requirements of battery under charge. Therefore, in this research, the design process of
simulated stand-alone charger system shown in Figure 3.1 is performed according to
specifications of battery that are shown in Table 4.1.The battery bank consists of two
POWER SONIC DCG 12-24 battery.

In the following sections, the design process is initiated by sizing and selecting PV
panel that supplies energy to battery bank through developed charger controller.
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Table 4.3 Specification of 24 V battery bank

Parameter Value | Remarks

Number of cells in battery bank (N) 12 cell | Connected In
series

Normal voltage of battery bank (VgaT) 24V |2V /cell

Charge Voltage of Battery bank (Vcharging) 28V | 235V /cell

Capacity of Battery Bank (AH) 24 AH | At C20

Maximum allowable current of battery bank | 7,2 A | At intial condition

Maximum Charging current of battery bank | 4,8 A | At continuous
(IsaT,MAX) condition (Chosen)

Output voltage ripples (VBATRIPPLE) 1,4V | 5% of Vchargin

Depending on specifications of selected PV panel and battery, the design process of
boost converter, Zener diode, and developed algorithms is performed. The outputs of
this design process are used to build and simulate the overall stand-alone charger system
in SIMULINK-MATLAB program.

4.1.1 Sizing of PV Panel of Stand-Alone Solar Charger System

The size of PV panel depends mainly on specification of battery bank under charge
process. Consequently, the sizing process of PV panel is performed according to

specifications of battery listed in Table 4.1.

Sizing process of PV panel is initiated by finding total amount of energy that is required
to be supplied by PV panel to battery bank. This energy of battery (Esat) can be
calculated as in (4.1).

In addition to the energy of battery, PV panel should supply the dissipated energy as
losses in developed charge controller and connections of system. In this research, an

overall system efficiency of 90 % between PV panel and battery bank is proposed for
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purpose of sizing PV panel. Hence, the total amount of energy that should be provided
daily by PV panel under STC of environment can be calculated as in (4.2).

Epy Eear 578 _ 640 (WH) (4.2)

" Overall Effeciency T 009

In practice, capacity of PV panel is characterized by maximum power (Pmax) that can
be extracted under STC of environment. Therefore, in order to determine the number of
PV panels required to supply the total amount of energy calculated in (4.2), it is
essential to calculate the total amount of power needed to be supplied by PV panel. The
total amount of power can be concluded from total amount of energy of (4.2) by
considering the number of Sun hours of environment at which PV panel is installed. Sun
hours represent number of hours through which PV panel operates at STC of
environment. In this research, Sun hours is assumed to be 6 hours. As a result, the total

amount of power (Ppv) can be calculated as in (4.3).

Py = —2Y =20 — 106,7 (W) (4.3)

- Sun Hours 6

In this research, PV panel that has maximum power of 100 W and specification listed in
Table 4.2 is selected as building block of PV solar source. So, the number of 100 W
panels, which are required to supply the total amount of power calculated in (4.3), is

determined as in (4.4)

NPanel -

Ppy _ 106.7
Pmax 100

= 1,06 = 1 panel (4.4)

Table 4.2 Specification of 100 W PV panel at 25 C°

Parameter Value
Nominal Maximum Power (Pmax) 100 W
Optimum Operating Voltage (Vvrp) 18,8V
Optimum Operating Current (Ivrp) 551 A
Open Circuit Voltage (Voc) 22,1V
Short Circuit Current (Isc) 6,04 A
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4.1.2 Design of Boost DC-DC converter

Depending on specifications of battery bank and PV panel that are listed in Table 4.1
and 4.2 respectively, the design specifications of boost converter are determined and
listed in Table 4.3. These specifications are used in conjunction with equations (3.4-3.8)

during design process of boost converter

Table 4.3 Design Specification of DC-DC Boost Converter

Parameter Value Remarks
Switching Frequency of Switch (Fs) 25 KHz Chosen

Maximum output voltage (Vout,max) 28V Vcharging OF Battery
Maximum output voltage ripple 1,4V 5% of Vcharging

(VouTRIPPLE)

Maximum Output Current (lout,max) 6A 125 % of (IsaT,mAX)

Range of Input voltage (Vinmax ~ Vinmin) | (22,1~17,5) V | Range of change of
Voc due to irradiance

Maximum Input Current (lin,max) 6,04 A Isc of PV panel

Maximum input current ripple (IinriprLe) | 1,2 A 20% of Isc

As stated previously, the design process of DC-DC boost converter includes
determination of switch, diode, inductor, input capacitor, and output capacitor
components. In this research, the design process of these components is performed
ideally. Therefore, power losses of these components will not be analyzed in more
details. In the following sections, the Selection process of each component is illustrated
thoroughly.

4.1.2.1 Selection of Switch Component

In boost DC-DC converter, the selection of switch depends on the maximum stress of
current and voltage under operating frequency. As a result, it is required to calculate

maximum voltage and current that switch will experience.
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For PV powered Boost Converter, maximum input current that can be supplied by PV
panel is short circuit current (Isc) which has ripples depend on the value of inductance
of boost converter. In this design, the value of ripples are required to be less than 20 %
of Isc as shown in Table 4.3. The distribution of theses ripples around Isc is assumed to
be identical; so, half of the ripple value is added to Isc and the other half is subtracted
from it. Consequently, the maximum current that can flow through switch is calculated
asin (4.5).

Iswmax = Isc + M =6+0,6 = 6,6(A) (4.5)

In addition, the maximum voltage that switsh can experience is maximum voltage of
output circuit. In battery charging application, the maximum voltage of battery is
gassing voltage of battery which is 28 V as shown in Table 4.3. This voltage has ripples
that are controlled by output capacitor. In this design, the value of ripples are required to
be less than 5 % of Veassing as shown in Table 4.3. The distribution of theses ripples
around Vgassing IS assumed to be identical; so, half of the ripple value is added to
Veassing and the other half is subtracted from it. Consequently, the maximum voltage
that switch should withstand is calculated as in (4.6).

Vswmax = Vgassing + M = 28+0,7 = 28,7 (A) (4.6)

4.1.2.2 Selection of Diode Component

In order to reduce the losses of switching process, Schottky diode is used in this design.
Similar to switch selection, the selection of diode depends on the maximum stress of
current and voltage under operating frequency. As a result, it is required to calculate

maximum voltage and current that switch will experience.

For boost converter, maximum current that can flow through diode is equal to the
maximum input current of the converter. Therefore, the maximum current of diode is
similar to that of switch calculated in (4.5). In addition, the maximum voltage that diode

can experience is similar to that of switch calculated in (4.6).

4,1.2.3 Selection of Inductor

In this research, the boost converter is designed to operate at CCM. Therefore, the

minimum value of inductance that ensure the operation at CCM is calculated as in (4.7).
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L _ VinMax * (Vo—VINMAX)  22,1%(24-22,1)
MIN IIN,RIPPLE *Fg* Vg 1,2%25%1000%24

= 58,32 (H) 4.7)

4.1.2.4 Selection of Input Capacitor

Due to the existence of inductor in the input circuit of boost converter, minimum value
of input capacitor, which has lower ESR, can be chosen to stabilize ripples of input
voltage within the given requirements. In case of high noisy source, the value of input
capacitor can be increased. In this research, the input capacitor is chosen to stabilize

ripples of input voltage within 2% of maximum input voltage value.

4.1.2.5 Selection of Output Capacitor

The minimum value of output capacitor is calculated according to the required ripples
(VBaT, riPrLE) at maximum value of battery voltage. In order to perform this calculation,
it is necessary to calculate maximum duty cycle (Dmax) of boost converter that
corresponds to maximum value of battery voltage as shown in (4.8). Hence, the
minimum value of output capacitance and associated ESR, which are required to
produce minimum requirement of ripples of battery voltage, are calculated in (4.9) and

(4.10) respectively.

\% 17,5
Dmax =1~ VBT’I"NI:/I:X =1- 288 0,4 (4.8)
_ Io * Dmax _ 6% 0,4 _
CMIN o Fs * VBAT RIPPLE o 25 x1000%1,4 o 68’5 (HF) (49)
ESR <= —U0RE = sr0g = 212 (m9) (410
S _— ]

2

The values of main components of DC-DC boost converter, which have been calculated
and determined in previous sections, are summarized in Table 4.4. These values will be
used in constructing the model of DC-DC boost converter in SIMULINK-MATLAB

program.

As can be shown in Table 4.4, the value of inductor has been chosen greater than
calculated value in (4.7) which represents the minimum value of inductor. This
selection of inductor value has based on simulation results. In adduction, the value of
input capacitor has been chosen depending on the requirements of 2% of maximum

input voltage.
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Table 4.4 Components of Designed DC-DC Boost Converter

Parameter Value Remarks

Switch Iswmak = 6,6 A Equations (4.5) and (4.6)

Vsw,mak = 28,7 V

Diode Iswmak = 6,6 A Equations (4.5) and (4.6)

Vsw,mak = 28,7 V

Inductor L =99,18 uH It has been chosen greater
than calculated value in (4.7)
Input capacitor C =330 uF It has been chosen according
to required ripple of input
ESR =40 mQ voltage (2%)
Output Capacitor C=68 uF Equations (4.9) and (4.10)
ESR =212 mQ

4.1.3 Selection of Zener Diode

In this research, the selection of Zener diode depends mainly on the selection of Zener
voltage and power. The selection of Zener voltage depends on the voltage at which
battery is charged during CV stage of charging process. In addition, the selection of
Zener power depends on the speed of controller in tracking the change of Zener current
during charging process. The speed of controller determines time required by controller
to follow changes of Zener power so that maximum rating of Zener not to be crossed;

thus protects Zener diode from damage.

Depending on Tablel and developed algorithm, 3W Zener diode is chosen to perform
regulation action during CV stage of charging algorithm. This diode has a Zener voltage
(Vze) of 28 V which corresponds to gassing voltage of battery. The selection of power

has been ensured by simulation process to ensure the protection of Zener diode.

4.1.4 Selection of parameters of developed algorithm

The operation of developed algorithm, which has been illustrated in section 3.3.3,
depends on comparing the measured parameters of PV panel and battery bank with

predetermined limits through different stages of charging.
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The values of these predetermined limits are selected according to the specifications and
requirements of different components of stand-alone solar charger system. Table 4.5
lists the values of different predetermined limits that are used in developed algorithms

in this research.

Table 4.5 Values of Limits used in Developed Algorithm

Predetermined limits Value Remarks
High predetermined limit (Vhigh-limit) 28V Table 4.1
Low predetermined limit (Viow-limit) 216V Table 4.1
Minimum charging current (Igar) 12A Table 4.1
Tolerance error of power during per- 0.5W Chosen

charge block (Epower)

Step size of duty cycle adjustment during | 5e-7 Chosen
pre-charging block (AD)

Tolerance error of conductance during 5e-3 Chosen
MPPT block (Econductance )

First lower limit of Zener power (PzeL) 1w chosen
First higher limit of Zener power (Pzen) 2W chosen
Second lower limit of Zener power (PzeL) | 0.85 W chosen
Second higher limit of Zener power 26 W chosen
(PzeHH)

4.1.5 Simulated Stand-Alone Solar Charger System in SIMULINK-MATLAB

Depending on the values given in Table 4.1 ,Table 4.2 ,Table 4.4 , and Table 4.5, the
stand-alone solar charger system is built in in SIMULINK-MATLAB program. Figure
4.1 shows the simulated stand-alone solar charger system which consists mainly of PV
panel, charge controller, and battery. Charge controller comprises of DC-DC boost
converter that is controlled by developed algorithm, and Zener diode. In this simulated
system, models of PV panel, boost converter, Zener diode, and battery has been taken
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from SIMULINK-MATLAB library. These models give a good approximatopn of
performance of these components; but they have limits which may affect operation of

whole simulation.

MPPT Controlled Solar Charger System

Group 1 =
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Figure 4.8 Simulated Stand-Alone Solar Charger System in SIMULINK-MATLAB

4.2 Operation of developed MPPT controlled DC-DC Boost converter for
Charger System

According to developed algorithm that has been described in section 3.3.3, the proper
charging of battery is performed through three stages of charging process that are
activated depending on the measured value of battery voltage. These stages are pre-
charging, MPPT-CC charging, and CV charging stages. The operating of PV panel at
MPP under different environmental conditions is ensured in MPPT-CC charging stage
of charging process; so that the maximum available power of PV panel to battery bank
is provided. The other two stages of charging process provided by developed algorithm
ensures the charging of battery effectively and safely. These functions of developed
algorithm is accomplished by MPPT controlled DC-DC boost controller and Zener

diode as illustrated previously.
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The operation of developed charge controller can be expressed by simulating stand-
alone charger system shown in Figure 4.1 in SIMULINK-MATLAB. The simulation of
charger system is run for different irradiance levels to simulate the real solar irradiation
through a sunny day. The variation of temperature through a day could be taken
constant approximately; because the decreasing of open circuit voltage of PV panel is
associated with increasing of short circuit current of PV panel. In the following section,
the operation of developed controller will be investigated by simulating stand-alone

system under STC and changing conditions of environment sequentially.

4.2.1 Operation of Developed Controller under Standard Test Condition of

Environment

Under Standard Test Condition of environment, level of irradiance remains constant at
1000 kw/m? through the charging period of battery. The operation of developed
controller under these conditions of environment is investigated by expressing voltage,
current, and power of PV panel and battery bank in the three stages of charging process.
In the following sections. The simulation is run over an interval of time equals to 4(s)
that is chosen according to capability of computer and version of SIMULINK-
MATLAB. Therefore, the simulation time cannot approximate the real charging time of
battery. However, it can be used as an indication of the charging time performance
under different conditions of environment and charging process; based on the total time

of simulation.

4.2.1.1 Operation of Developed Controller during Pre-Charging Stage of Charging
Process.

The operation of this stage takes place when battery voltage is less than 21,6. In this
simulation, charging process of battery is started with SOC of 11,2% that indicates a
battery voltage of 21,33V as shown in Figure 4.2 and 4.3 respectively. Accordingly, the
developed controller charges battery bank with the minimum value of charging current
which is 1,2 A as shown in Figure 4.4. During this stage of charging process, power of
battery is minimum because of minimum charging current as shown in Figure 4.5 which

represents battery power of 25,6 W.
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Figure 4.5 Battery Power during Pre-Charging Stage under STC

In order to ensure the charging of battery as stated above, the developed controller
operates the PV panel at constant current region of V-1 curve. In this region, PV current
equals nearly short circuit current of 6 A as shown in Figure 4.6. The determination of
PV voltage depends on the required PV power and PV current. The required PV power
is equal ideally the power of battery that is 25,6 W as shown in Figure 4.5. The power
of PV panel during precharging stage of charging process is shown in Figure 4.7. As a
consequence, PV voltage is determined as 4,4V during precharging stage as shown in
Figure 4.8.
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Figure 4.6 PV Current during Pre-Charging Stage under STC
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Figure 4.8 PV Voltage during Pre-Charging Stage under STC

As can be shown in above Figures, battery voltage increases gradually during charging
process which results in increasing PV voltage by controller in order to maintain powers

of battery and PV panel equal nearly.

In addition, charging current of battery decreases slowly because of decreasing PV
current as a result of moving of operating point along I-V curve of PV panel. This
moving along I-V curves is activatied by the developed controller which continuously
adjust duty cycle of boost converter in order to ensure the equality between battery
power and PV power . This process continues until battery voltage reaches Viow-limit that
is21,6 V.
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4.2.1.2 Operation of Developed Controller during MPPT-CC charging Stage of
Charging Process

When battery voltage reaches 21,6V, the developed controller charges battery bank with
maximum charging current of 4,8 A. Figure 4.9 and 4.10 shows the voltage and current
of battery respectively. As can be shown through transition period, charging current
increases from 1,2 A to 4,8 A smoothly within minimum time. Charging of battery with
maximum charging current of 4,8A results in increasing the rate of change of state of
charge as can be shown in Figure 4.11. Due to the increase of charging current, the
required power of battery increases substantially from 25,6 W to 100 W as shown in
Figure 4.12.
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Figure 4.10 Battery Current during MPPT-CC Charging Stage under STC
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Figure 4.102 Battery Power during MPPT-CC Charging Stage under STC

In order to accomplish the above conditions of battery charging, the developed
controller operates the PV panel at maximum power point of V-l curve in order to
provide maximum available power of PV panel. At MPP, PV panel is operated at
maximum power point voltage and maximum power point current of 18,8 V and 5,4 A
respectively. Figure 4.13 and 4.14 show the PV voltage and current during MPPT-CC
charging stage respectively. Figure 4.15 shows PV power of 100W that is extracted by
incremental conductance algorithm under STC of environment. In this stage, developed
controller operates as MPPT controller to ensure supplying maximum charging current
to the battery continuously; thus this stage represents constant current (CC) stage of

charging algorithm.
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Figure 4.125 PV Power during MPPT-CC Charging Stage under STC
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In addition, as can be shown from above Figures, battery voltage increases gradually
with slow decreasing of battery charging current in order to maintain battery power
constant. This condition is resulted from operating the developed controller as MPPT
controller which increases PV voltage according to the increase of battery voltage. As a
result, PV current decreases slowly in order to extract maximum power from PV panel.
This process of extracting maximum power continues until voltage of battery reaches
Vhigh-limit that is 28 V.

4.2.1.3 Operation of Developed Controller during CV Charging Stage of Charging

Process

When battery voltage reaches 28 V, the developed controller requlates the voltage
across battery terminals at that value of voltage in order to ensure the charging of
battery in constant voltage (CV) stage of charging process. This regulation of battey
voltage is accomplished by using Zener diode which starts conducting at Zener voltage
of 28 V and regulating voltage across battery terminals. Figure 4.16 shows the
requlation of battery voltage at the value of Zener voltage during this stage of charging
process. Charging of battery with this regulated voltage increases SOC of battery in as
shown in Figures 4.17. Figure 4.18 shows battery current that decreases gradually in
accordance with increasing of SOC of battery. These conditions of battery charging
result in decreasing of battery power as can be shown in Figure 4.19. This decrease of

battery power continuses until the end of charge condition is detected.
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Figure 4.136 Battery Voltage during CV Charging Stage under STC
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Since power provided by PV panel remains unchanged until duty cycle of boost
converter is changed, the decreasing of battery power during CV charging stage results
in increasing power of Zener diode as shown in Figure 4.20. The developed charge
controller limits this increasing of Zener power by adjusting duty cycle of boost
converter in order to reduce the current of PV power in accordance with decreasing
current of battery.

N
a
T

I

N
T

Zener Power (W)
- 3]

o
a
T

Time (S)

Figure 4.20 Zener Power during CV Charging Stage under STC

In order to accomplish the constant voltage charging of battery, the developed controller
operates PV panel at constant voltage region of 1-V curve. In this region, the PV voltage
IS constant nearly as shown in Figure 4.21.
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Figure 4.21 PV Voltage during CV Charging Stage under STC

75



However, PV current and power decrease gradually as a result of decreasing current and
power of battery as shown in Figures 4.22 and 4.23 respectively. This process continues
until PV power reaches 6.72W which is calculated from (3.19) and equivalent to

minimum charging current of 0.24A that indicates end of charge of battery.
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Figure 4.22 PV Current during CV Charging Stage under STC
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Figure 4.23 PV Power during CV Charging Stage under STC

4.2.2 Operation of Developed Controller under Changing Conditions of

Environment

In this simulation, changing environmental conditions are represented by changing
levels of irradiance through simulation period with constant temperature. Figure 4.24

shows the changing environmental conditions that will be used in this simulation. It
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represents irradiance Levels of (1000, 600, 900, 700, 400) W/m?. In addition, the

transition between these irradiance levels is represented by ramp changing.

In the following sections, the operation of developed controller under changing

environment of Figure 4.24 will be investigated in the three stages of charging process.
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Figure 4.24 Simulated Change of Irradiance Levels

4.2.2.1 Operation of Developed Controller during Pre-Charging Stage of Charging
Process

In this stage, the PV panel is operated at constant current region of I-V curve which is
affected hardly by changing of environmental conditions. Therefore, changing
environmental conditions of Figure 4.24 results in changing of PV current considerably
as shown in Figure 4.25.
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Figure 4.25 PV Current during Pre-Charging Stage under Changing Environment
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However, since the power supplied to battery during this stage of charging process is
small because of minimum charging current. The variation of environmental condition
will not affect parameters of battery considerably. This can be shown in Figure 4.26,

4.27 4.28 which represent current, SOC, and voltage of battery respectively.

As can be shown, these Figures have nearly same performance as in STC of
environment except in low irradiance condition. At low irradiance condition, the
maximum power that can be extracted is reduced considerably. Therefore, the amount

of power that is supplied to battery can be affected.
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Figure 4.26 Battery Current during Pre-Charging Stage under Changing Environment
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Figure 4.28 Battery Voltage during Pre-Charging Stage under Changing Environment

The power that is supplied is shown in Figure 4.29. As can be shown, the amount of
power is not affected by variation of environmental conditions since the level of

charging current has not changed considerably.
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Figure 4.29 Battery Power during Pre-Charging Stage under Changing Environment

In this stage, developed controller depends on the equaling the powers of battery and
PV panel. Therefore, the power that is extracted from PV panel is kept constant as can

be shown in Figure 4.30.

In order to accomplish this equality of PV power and battery power, the developed
system changes the level of PV voltage in accordance with change of PV current as

shown in Figure 4.31
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Figure 4.31 PV Voltage during Pre-Charging Stage under Changing Environment

4.2.2.2 Operation of Developed Controller during MPPT-CC charging Stage of
Charging Process

In this stage, developed controller works as MPPT controller in order to operate PV
panel at maximum power point irrespective of environmental condition. The tracking of
PV panel parameters for MPP during changing environmental conditions are shown in
Figure 4.32, 4.33, ands 4.34 which represent changes of voltage, current and power of
PV panel during changing environment respectively.
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Figure 4.33 PV Current during MPPT-CC Stage under Changing Environment
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Figure 4.34 PV Power during MPPT-CC Stage under Changing Environment
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The behavior of battery parameters though this tracking process can be shown in
Figures 4.35, 4.36, 4.37 and 4.38 which represent SOC, voltage, current, and power of

battery during changing environment respectively.

As can be shown from Figure 4.36, the decreasing of charging current results in
decreasing of battery voltage. The developed system tracks maximum power point
continuously to supply maximum available current; so battery voltage is not affected

considerably.
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Figure 4.35 SOC of Battery during MPPT-CC Stage under Changing Environment
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Figure 4.36 Battery Voltage during MPPT-CC Stage under Changing Environment
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Figure 4.37 Battery Current during MPPT-CC Stage under Changing Environment
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Figure 4.38 Battery Power during MPPT-CC Stage under Changing Environment

4.2.2.3 Operation of Developed Controller during CV Charging Stage of Charging

Process

In this stage, PV panel is operated at constant voltage region of 1-V curve, which is
characterized by mostly constant PV voltage and decreasing PV current. Therefore,
under changing environmental conditions, the decreasing of battery current as a result of
constant voltage charging happens in a rate faster and high than that of Figure 4.18.
Figure 4.39 and 4.40 shows current of PV panel and battery during charging

environment conditions respectively.
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Figure 4.40 Battery Current during CV Stage under Changing Environment

This high rate of decreasing of battery current represents that a change of charging
current has been occurred; instead of increasing of SOC of battery. As a consequence,
voltage of battery starts to decrease slowly according to the change of charging current
as shown in Figure 4.41. The change of battery voltage affects SOC of battery and PV
voltage as shown in Figure 4.42 and 4.43. As can be shown, when change in charging
current is detected, the developed controller operates as MPPT controller in order to

charge battery with maximum power that corresponds to new environmental conditions.
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Ac can be shown in Figure 4.41, battery voltage is regulated by Zener diode when
measured value of voltage reaches high limit of battery voltage (Veatmax). Figure 4.44

shows the power of Zener diode under changing conditions of environment.
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Figure 4.44 Zener Power during CV Stage under Changing Environment

Powers of PV panel and Battery under changing conditions of environment are shown

in Figure 4.45 and 4.46 respectively.
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Figure 4.45 PV Power during CV Stage under Changing Environment
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Figure 4.46 Battery Power during CV Stage under Changing Environment

As can be shown from above figures, when battery voltage decreases to 27,95V because
of charging conditions of environment, the developed controller operates as MPPT
controller in order to ensure the operation the PV panel at maximum power point that
corresponds to new environmental condition. As this case, battery is charged with
maximum charging current of new environmental condition until battery voltage
reaches 28V. When battery voltage reaches 28V again, the developed controller
operates PV panel at constant voltage region to charge battery with constant voltage of
28V.

4.3 Performance of developed MPPT controlled DC-DC converter for Solar

Charger System

In this research, the efficiency and effectivity of MPPT controlled DC-DC boost
converter as battery charge controller is verified by investigating its performance under
different conditions of operation. The performance of developed charge controller can
be expressed by some parameters that are related to charging process, converter design,
and MPPT algorithm.

In the following sections, the performance of developed charge controller will be
investigated by analyzing thoroughly input current ripples of developed controller,
output voltage ripples of developed controller, tracking efficiency of developed
controller, conversion efficiency of developed controller, response speed of developed

controller, and end of charge detection.
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4.3.1 Input Current Ripples of Developed Controller

As stated in the design process of boost converter that has been described in section
3.2.1.2, the design of inductor and switches of boost converter has been based on value
of input current ripples which is determined by the required value of inductor current
ripples of boost converter. As can be shown in Table 4.3, the maximum input current
ripples that can be tolerated is 1,2A at short circuit current of PV panel that supplies the

boost converter.

Throughout charging process of battery, short circuit current of PV panel is supplied
during pre-charging stage of charging process. Therefore, the analysis of input current
ripples of developed charge controller is considered in this stage of charging.

Figure 4.47 represents magnified figure of PV current during per charge stage of
charging process. As can be shown, the PV current ripples is 10 mA which is within the
allowed limits of ripples of designed boost converter. This result expresses the effective
and proper design of developed charge controller in maintaining the current ripples

within allowed limits.
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Figure 4.47 Magnified Picture of PV Current during Pre-Charging stage under STC

4.3.2 Output voltage ripples of developed controller

As stated in the design process of boost converter that has been described in section

3.2.1.2, the design of output capacitor of boost converter has been based on value of

88



output voltage ripples which is determined by the allowed value of battery voltage
ripples . As can be shown in Table 4.3, the maximum battery voltage ripples is 1,4V at

maximum allowed voltage of battery under consideration.

Throughout charging process of battery, maximum voltage of battery is reached during
constant voltage CV stage of charging process. Therefore, the analysis of output voltage

ripples of developed charge controller is considered in this stage of charging.

Figure 4.48 represents magnified figure of battery voltage during constant voltage CV
stage of charging process. As can be shown, the battery voltage ripples is 100 uV which
Is so small and within the allowed limits of ripples of battery under consideration. This
result expresses the effective and proper design of developed charge controller in

maintaining the voltage ripples within allowed limits.
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Figure 4.48 Magnified Picture of Battery Voltage during CV Charging Stage under STC

4.3.3 Tracking Efficiency of Developed Controller

In this research, the tracking efficiency of developed controller represents the ability of
developed charge controller to track maximum power point (MPP) of PV panel at
different environmental conditions. It is expressed by a percent value ranging from 0 to
100.

Higher values of tracking efficiency indicates a good tracking of developed controller
for MPP of PV panel; thus higher power of PV panel can be extracted with low losses.
In the contrary, lower value of tracking efficiency indicates a bad tracking of developed
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controller for MPP of PV panel; thus lower power of PV panel can be extracted with
high losses. Consequently, 100% of tracking efficiency indicates the perfect and exact
tracking of developed controller for MPP of PV panel; thus maximum power of PV
panel is extracted without any losses. Losses, which affect tracking efficiency, can be
resulted from applied MPPT algorithm, step size of increment, and accuracy of current
and voltage sensors.

Throughout charging process of battery, the developed charge controller is operated as
MPPT controller during MPPT-CC stage of develpoed algorithm. Therefore, the
analysis of tracking efficiency of developed controller is considered in this stage of
charging by investigated Figure 4.34 which represents PV power under changing
environmental conditions. This figure is compared with Figure 4.49 that represents P-V
curves of PV panel under consideration at different irradiance level. As can be shown,
MPP of PV panel is determined at diiferent level of irradiance. Generally, P-V curves of
Figure 4.49 are supplied by manufacturer of PV panel. Numerically, the tracking
efficiency of developed controller under different level of irradiance can be computed as
shown in Table 4.6 which represents tracking efficiency of developed controller under

changing environmental conditions.
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Figure 4.49 P-V Curves of PV Panel at Different Irradiance Levels

In this table, the tracking efficiency (Eff.) of developed controller at certain level of

irradiance is calculated as shown in (4.11); where Ppy, max represents maximum power
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of PV panel at the specified level of irradiance, which can be obtained from P-V curves
of PV panel shown in Figure 4.49, whereas Ppv, ext represents extracted power of PV

panel at the specified level of irradiance, which can be obtained from Figure 4.34.

Eff. (%) = Epvﬂ *100 At certain level of irradiance (4.11)

PV,max

Table 4.6 Tracking Efficiency of Designed system under MPPT-CC Stage

Irradiance (W/m?) | Ppv, max (W) Ppv, exT (W) Eff. (%0)
1000 103,6 103,06 99,48
900 92,94 92,45 99,47
700 71,77 71,37 99,44
600 61,2 60,85 99,43
400 40,19 39,95 99,40

Depending on Table 4.6, tracking efficiency curve of developed charge controller in
term of solar irradiance level is constructed and averaged as shown in Figure 4.50. This
curve of tracking efficiency has an average value of 99,444% over the given levels of
irradiance. This result expresses the high tracking efficiency of developed controller in

tracking maximum power point of PV panel at different environmental condition.
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Figure 4.50 Tracking Efficiency Curve of Designed System under Different Irradiance
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4.3.4 Conversion Efficiency of Developed Controller

The conversion efficiency of MPPT system represents the amount of maximum power,
which is extracted by MPPT system, which is available at the load (or battery) side of
PV system. This efficiency is affected by the losses of MPPT system, which can be
resulted from losses of boost converter

In this research, the conversion efficiency of developed controller represents the ability
of developed charge controller to transmit extracted power of PV panel to the battery
bank efficiently at different environmental conditions. It is expressed by a percent value

ranging from 0 to 100.

Higher values of conversion efficiency indicates that higher amount of extracted power
of PV panel can be transmitted to battery bank with low losses. In the contrary, lower
value of conversion efficiency indicates that lower amount of extracted power of PV
panel can be transmitted to battery bank with high losses. Consequently, 100% of
conversion efficiency indicates that total amount of extracted power of PV panel is
transmitted to battery bank without any losses. Losses can be resulted from components

of boost converter, Zener diode, and connections of circuits.

Throughout charging process of battery, the amount of extracted power of PV panel
required by battery bank is determined by charging process requirements. These amount
of power should be transmitted to battery bank efficiently in order to reduce charging
time through charging process. Therefore, the analysis of conversion efficiency of
developed controller is considered in the three stages of charging by investigated Figure
4.29, 4.38, and 4.46 which represent battery power of Pre-charging, MPPT-CC
charging, and CV charging stages under Changing environmental conditions
respectively. These figures are compared with Figures 4.30, 4.34, and 4.45 which
represent extracted power of PV panel of Pre-charging, MPPT-CC charging, and CV
charging stages under Changing environmental conditions respectively. Numerically,
the conversion efficiency of developed controller under different level of irradiance can
be computed as shown in Table 4.7, 4.8, and 4.9 which represent conversion efficiency
of developed controller under changing environmental conditions for pre-charging,

MPPT-CC charging, CV charbing stage respectively.

In this table, the conversion efficiency (Eff.) of developed controller at certain level of

irradiance is calculated as shown in (4.12); where PgaTt represents transmitted power of
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PV panel to the battery bank at the specified level of irradiance, which can be obtained
from Figures 4.29, 4.38, and 4.46, whereas PpvexT. represents extracted power of PV
panel at the specified level of irradiance, which can be obtained from Figure 4.30, 4.34,
and 4.45.

Eff. (%) = —2AT *100

PpvEXT

At certain level of irradiance 4.12)

Table 4.7 Conversion Efficiency of Designed System under Pre-Charging Stage

Irradiance (W/m?) | Ppv, ext (W) Peat (W) Eff. (%)
1000 25,6 24,42 95,4
900 25,66 24,6 95,87
700 25,73 2491 96,81
600 25,40 24,73 97,36
400 25,44 24,95 97,87

Table 4.8 Conversion Efficiency of Designed System under MPPT-CC Stage

Irradiance (W/m?) | Ppv, ext (W) PeaT (W) Eff. (%)
1000 103,03 102,07 99,1

900 92,46 91,67 99,15
700 71,37 70,87 99,3
600 60,85 60,48 99,4
400 39,95 39,75 99,45

Table 4.9 Conversion Efficiency of Designed System under CV Stage

Irradiance (W/m?) | Ppv, ext (W) PeaT (W) Eff. (%0)
1000 102,4 99,95 97,61
900 88,2 85.43 96,86
700 71,03 70.23 98,87
600 60,6 59,99 99

400 39,78 39,45 99,17
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Depending on Table 4.7, 4.8, and 4.9, conversion efficiency curve of developed charge
controller in term of solar irradiance level is constructed and averaged as shown in
Figure 4.51, 4.52, and 4.53 for pre-charging, MPPT-CC charging , and CV charging
stages respectively. This curves of conversion efficiency have average values of
96,66%, 99,28%, and 98,3% over the given levels of irradiance for the three stages of
charging respectively. These result expresses the high conversion efficiency of
developed charge controller in transmitting the extracted power of PV panel to the

battery bank at different conditions of charging and environment.
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4.3.5 Response Speed of Developed Controller

In this research, response time of developed controller represents the ability of
developed charge controller to response rapidly to requirements of charging process and
variations of environmental conditions. It is expressed by unit of time as a part of
simulation time of 4 (5).

Throughout charging process of battery, charging current should be controller carefully
in order to ensure the proper charging process. This can be shown through charging
battery with charging current of 1,2 A during pre-charging stage, charging current of
4,8A during MPPT-CC charging stage, gradually decreasing current during CC
charging stage. Therefore, in order to investigate the response of developed controller to
these requirements of charging process, Figure 4.4, 4.10, and 4.54 will be analyzed.
Figures 4.4, 4.10 represent battery current in pre-charging and MPPT-CC charging
stage of charging process respectively. In these figures, transition periods expresses the
rapid response of developed controller to stabilize charging current at 1,2A and 4,8A

respectively.

In addition, Figure 4.54 represents oscillation of Zener current as a response of
decreasing battery current. In this figure, increasing part of Zener current is resulted
from decreasing of battery current. When this current reaches predetermined value,

developed controller responses rapidly by changing operating point of PV panel that
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results in decreasing part of Zener current. This process results in oscillating Zener

current around allowed value of current.
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Figure 4.54 Zener Current during CV Charging Stage under STC

As stated previously, variations of environmental conditions is addressed by the
operation of developed charge controller as MPPT controller which extracts maximum
power of PV panel at different conditions. Therefore, the response of developed charge
controller to variation of environmental conditions is investigated in MPPT-CC
charging stage of charging process by considering Figure 4.24 and Figure 4.34 that
represent the simulated change of environmental conditions and PV power under these
conditions respectively. In Figure 4.24, transition period expresses the time through
which solar irradiance changes its level; whereas transition period in Figure 4.34
expresses the time required by developed controller to track these variations. The
previous observations expresses the fast response of developed charge controller to

requirements of charging process and variations of environmental conditions.

4.3.6 End of Charge Detection

In this research, the detection of end of charge of battery is performed by using
developed charge controller without any additional sensors. As shown in Figure 3.12,
the developed controller detects the end of charge during the CV charging stage of

charging process. This detection of end of charge depends on the principle of operation
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of developed controller in CV stage of charging, which operates the PV panel at
constant voltage region of I-V curve.

As stated previously, the PV power is decreased gradually as response of decreasing of
battery current during CV stage of charging. The developed controller detects end of
charge by continuously comparing PV power with minimum value that is related to the
minimum value of charging current that indicates end of charge according to charging

requirements.

Since PV power is used for detecting end of charge of battery, the developed controller
has ability of ending of charge under low irradiance Levels when PV power is not
enough for charging battery, and continuing charging process under high irradiance

levels when PV power is enough for charging battery
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CHAPTER 5

RESULTS AND DISCUSSION

This paper has presented the design of MPPT controlled DC-DC boost converter which
can be applied for solar charger systems. In this design, the DC-DC boost converter
system is controlled by adjusting its duty cycle directly according to Incremental
Conductance MPPT algorithm which has been expanded to include CC-CV charging
algorithm in a way that meets the requirements of battery charging process and
increases the efficiency of PV charger system. By using the developed algorithm, the
designed system operates as MPPT tracker system and charger system throughout three
stages charging process which are pre-charging, MPPT-CC charging, and CV charging
stages. In MPPT-CC charging stage, the designed system operates as MPPT tracker in
order to provide battery with maximum available power irrespective of environmental
condition. In pre-charging and CV charging stage, the designed system operates as
charger system in order to ensure the safe and proper charge of battery. The regulation
process of battery voltage during CV charging stage has been performed by Zener diode

as voltage controller unit.

The validation of designed MPPT controlled DC-DC boost converter for solar charger
system has been performed by SIMULINK-MATLAB program. During this validation
process, the operation and performance of the developed system throughout three stages
of charging process have been investigated under different conditions of environment.
The simulation results have shown that the designed system charged battery with
minimum current of 1,2A during pre-charging stage to recover charge of battery safely
until battery voltage reached 21,6VV. When battery voltage reached 21,6V, the designed
system has changed the charging process to MPPT-CC stage by smoothly changing
battery current from 1,2A to 4,8A which is maximum charging current to provide

battery with most of its energy. The charging of battery at this current has been
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continued until battery voltage reached high predetermined limit of 28V. At this point,
CV charging stage of charging process has started; at which Zener diode started
contacting current to regulate battery voltage at 28V. As has been shown by simulation

results, the battery current decreased with constant voltage charging.

Performance of designed system has been approved by simulation results which have
demonstrated that the designed system can achieve an average power tracking
efficiency of 99,444% over a wide range of irradiance levels (400 W/m2~1000 W/m2)
during MPPT-CC charging stage. Furthermore, the designed system has power
conversion efficiency of 96,66%, 99,28%, and 98,3% over a wide range of irradiance
levels (400 W/m2~1000 W/m2) during pre-charging stage, MPPT-CC charging stage,
and CV charging stage of developed algorithm respectively. In addition, simulation
results have shown that the designed system has input current ripples of 10mA and
output voltage ripples of 1004V during maximum input current and maximum output

voltage respectively.

As can be shown from simulation results, the design of MPPT controlled DC-DC
converter presented in this research has superiority on other designs that have been
proposed in literature. The main contributions of this research can be summarized in the

following points.

e Low cost and easily implemented design for MPPT controlled DC-DC converter
used in solar charger system has been proposed. The implementation of proposed
system is performed fully by DC-DC boost Converter and Zener diode without need
for voltage or current regulator. The control of DC-DC converter is performed by
simply developed algorithm which requires four voltage and current sensors in its
operation.

e The developed MPPT controlled DC-DC converter system has considered the
charging of battery under low voltage condition. The charging of battery during this
condition requires minimum value of charging current to ensure the safe recovery of
charge of battery; thus protect battery from degradation. The control of this stage of
charging is performed fully by developed algorithm without need for current
regulator.

e The developed algorithm in this research has taken into consideration the variation of
environmental conditions during charging process stages to ensure the proper charge

of battery under different conditions. During MPPT-CC stage, the environmental
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conditions is considered by InC MPPT algorithm which tracks MPP irrespective of
environmental conditions. During CV stage, the variation of environment is detected
by decrease of battery voltage below than specified value; then accordingly the
operation is transferred to MPPT-CC algorithm in order to track the new MPP at
which battery will be charged until reach high pre-determined limit. During pre-
charging stage, because of minimum power application in this stage, the variation of
environmental is detected in low irradiance condition.

e A new method for end of charge detection has been proposed in this research. This
proposed method depends on minimum pre-determined value of PV power which is
required to be supplied to battery at fully charged condition. The implementation of
this method does not require additional sensors since the value of PV voltage and PV
current is provided continuously by voltage and current sensors which are used to
implement MPPT algorithm. In addition, the proposed method does not only end
battery charging in case of fully charged battery but also it ends battery charging in
case of low solar irradiance which results in PV power that is below the
predetermined value for end of charge; thus the proposed method performs two

functions without additional sensors.

Due to the time constraint, the design of MPPT controlled DC-DC boost system has not
been verified by practical measurements. In future work, the designed system will be
implemented and validated practically in order to address all other practical factors that
impact the functionality and performance of the MPPT controlled DC-DC boost
converter especially effect of environment temperature. The effect of temperature on
operation of PV panel and battery charging parameters will be studied practically. This
will help in manufacturing and assembling the developed system in a printed circuit

board (PCB) for low and mid- power application.
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