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ABSTRACT

The charger is the most important part of the solar system
because the only limited-age part of this system is the storage
batteries. Storage batteries are essential in all standalone solar
electric systems (PV power systems). Their efficiency and life
time affects significantly the overall PV system performance
and economics. The storage battery's effectiveness depends on
the charging process. The maximum power point tracking
(MPPT) technique is adopted to maximize the PV output
power for any temperature and irradiation conditions.

This solar charging system is composed of a solar panel, lead-
acid batteries, buck converter as power charger circuit and a
PIC81F45K22 microcontroller as a control unit.

The simulation results are achieved by using Simulink Proteus
Isis Professional software. These results allowed to
demonstrate the validity of the proposed charging technique.
The battery charger prototype was tested and the results
obtained allowed to conclude about the conditions of
permanent control on the battery charger.
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1. INTRODUCTION

The objectives of this work are to design, simulate and
analyze the operation of an optimal lead-acid battery charger
supplied from a two (250W) nominal power, Photovoltaic
(PV) panel connected in parallel to charge two (12V, 200Ah)
lead-acid batteries connected in series.

To make the PV system more stable, where the power
produced by the photovoltaic panel is unstable and strongly
related to the insolation intensity, operating temperature and
other factors, it is important using the storage batteries,
especially in stand-alone (i.e. not grid-connected) photovoltaic
(PV) systems. So that, problem of surplus or reduction of the
producing power can be solved [1]. Another purpose of using
the batteries in the off-grid photovoltaic power system is to
store the electrical energy produced by the PV panel during
the sunshine period and restore it during night time, sunless
periods and those of weak irradiation. More, energy storage
devices plays a significant role in maintaining the dynamic
power balance in the entire system, able to meet momentary
peak power demands and hence, improves the reliability of
these systems [2].

The lead acid battery, although known for more than one
hundred years, is more commonly used in photovoltaic system
due to its low cost, reliability, ease of availability, energetic
efficiency, lifetime and maintenance-free operation [2].

The charge controller has been regarded as one of the
important devices in photovoltaic systems to safely charge
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lead acid battery and improve charge efficiency. The most
basic function of a charge controller is to prevent lead-acid
battery from overcharging and deep discharging [2]. Besides
that, the unstable voltage from PV system may damage the
load. Also, studies have shown that the life time of the battery
is degraded without using charge controller. Therefore, an
optimal charge controller should be designed to prolong the
battery's life time [1] [3].

A charge controller will sense the battery voltage, and reduce
or stop the charge current when the charging voltage reaches
specified level called gasing or overcharging level in which
the electrolyte solution of a lead-acid battery starts to
chemical decomposition and generates gases. This is
especially important with sealed lead-acid battery, where
replacement of electrolyte that is lost during overcharging is
not possible [3].

2. LEAD-ACID BATTERY
2.1 Lead-Acid Battery Chemical Theory

The cell of a lead-acid battery comprises a set of positive and
negative electrodes. In a full charge state, the positive
electrode is lead dioxide (PbO,) and the negative electrode is
the sponge lead (Pb) and the electrolyte solution is the
sulfuric acid (H,SO4) [4] [5]. For charging and discharging
processes, the chemical reaction could convert the energy
from electrical into chemical and back again. The following
equation shows the process of a chemical reaction inside the
battery during charging and discharging [4]:

discharge
Pb + PbO, + H,S0,___ 2PbS0, + 2H,0 €]
charge
The nominal potential of each Pb/PbO, cell is about 2V. So,
in order to prevent the overcharging and gassing problems, the
cell is charged for less than 2.4V which is known as the
gassing voltage. The cell charging and discharging terminal
voltage characteristic is shown in Fig. 1 [6].
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Fig. 1: Discharge and charge voltage of a lead-acid cell [6]
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2.2 State of Charge and Depth of Charge
State of charge (SOC) and depth of charge (DOC) are variables
that can describe the battery charge. The main difference is
that the SOC describes the ratio of the remaining charge (Q.)
to the nominal capacity(C;,) of the battery, while the DOC
represents the ratio of (Q,) to the actual capacity(C;) of the
battery under a specific discharge current ().

These two variables can be achieved by calculating the charge
consumed and the battery capacity [5]:

SOC =1-Q./Cyp 2
DOC =1-Q,/C 3)
Where:

C1o: Is the battery nominal capacity (Ah)

Cy: is the battery actual capacity under the actual discharge
current | (Ah)

Q.: is the charge consumed from the battery (Ah)

Knowing of SOC is very important in the charging process of
a lead-acid batteries, because it determines the value of
instantaneous charging current to prevent the overcharging
and gassing problems. Where, as SOC is increased during the
charging process, the charging current must be decreased
gradually to overcome the gassing and electrolyte losses and
to increase the useful service life for the battery [5].

2.3 Electromotive Force of a Lead-Acid
Battery

The electromotive force or the open circuit voltage of a lead-
acid battery cell can be obtained by using the Nernst's
equation. This equation written as [4] [6]:
EMF = 2.01 + 0.0296 1 @ (H50,) 4
=2.01+0. n(xz(HZO) 4)
Because the concentration or specific gravity (SG) of the
electrolyte solution varies through the charging and
discharging of the lead-acid battery, the relative activity («)
of H,S0, will also be changed in the Nernst's equation. Due
to this, the open circuit voltage of a lead-acid battery is
directly proportionally with temperature and specific gravity
of the electrolyte solution. Therefore, by knowing the open
circuit voltage of lead-acid battery and temperature, SG of
electrolyte solution can be determined and thus the state of
charge can be determined. The graph in Fig. 2 shows the the
relation between the electrolyte SG and the cell voltage
at 25°C [4] [6].
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Fig. 2: Cell voltage as a function of SG at 25°C [4]
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2.4 Battery Modeling and Simulation

The equivalent circuit of a lead-acid battery is based on
nonlinear equations. The equivalent circuit consist of two
main branches: a main branch which approximate the battery
dynamics under most conditions, and a parasitic branch which
accounte for the battery behavior at the end of the charging
period. The equivalent circuit of the battery is shown in Fig. 3
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Fig. 3: Equivalent circuit of the lead-acid battery [8]

The values of E, Ry, Ry, C1, Ry and I, are determined from
(5)-(10) with the given parameters.

E,, = Eno — Kg(273 + 6)(1 — SOC) (5)
Rg =Rgo[1 +A¢(1 —S0C)] (6)
R, = —Ry,In(DOC) )
€ =1/Ry )
alAz1(1-500)]
R2 = Roo T2t C))
VN 0
Iy = Vo Groexp. (30 + Ap(1 - ) (10)
PO f
Where:

E,,: Battery cell voltage (V)

E.o: Battery cell voltage at full charge (V)

Kg: Temperature coefficient of a battery cell (V/°C)

6: Electrolyte temperature (°C)

6;: Electrolyte freezing temperature (-40°C)

Vpy : Parasitic branch voltage (V)

Ag,Az1, Agz, Ap, GpgandVy, are constants for a lead-acid
battery. Ryg, Ry and R, are parameters related to the state
of health (SOH) of battery and they do vary a little among
different batteries built with the same technology. The values
of this battery model parameters and constants are reported in
Table 1 for the lead acid battery, C1,=500 Ah capacity [7].

Table 1, Parameters of the Lead-Acid Battery model,
C10=500 Ah Capacity [7]

Parameter Value Parameter | Value
Emo 218V Ay -8.45
Kg 0.84 x10-3V/ °C T 7200 s
Roo 2.0 mQ Gpo 2Ps
Rio 0.4 mQ Ap 2.0
Ry 15 mQ Voo 01V
Ag -0.20 B¢ -40 °C
Ay -8.0
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3. SOLAR CELL AND MAXIMUM
POWER TRACKING

3.1 PV Cell Operation

PV cell is basically a semiconductor p-n junction-based photo
diode as shown in Fig. 4 [9].

Sun

p-n junction \
-type semiconductor ?
- l <= Current
@® =Electron Backcontact

Fig. 4: PV cell configuration [9]

The operation principle of a PV cell relies on the principle of
the photoelectric effect. This principle can be defined as a
phenomenon in which an electron gets enough energy to jump
from the valence band to the conduction band as a result of
the absorption of sunlight by an either metallic or non-
metallic materials [10]. The light photons that have energy
higher than the band-gap energy of photovoltaic material can
make the electrons in that material separated from the atoms
and creating a hole-electron pairs. Therefore, when sunlight
exposes to a PV cell surface, some part of solar energy will be
absorbed by the PV semiconductor. The electrons from the
valence band jump to the conduction band of the
semiconductor atoms in the case of the absorbed energy are
greater than the band gap energy. These free electrons are now
moving freely and can be forced to transfer a certain direction
due to the action of the electric field presented in the
photovoltaic cells. These flowing electrons comprise current
and can be transmitted to the external circuit [10].

3.2 Equivalent Circuit Model of a PV Cell
The modeling of a PV cell can be achieved by connecting a
DC current source in parallel with a diode. In addition to that,
the model contains its own parallel and series resistances. Fig.
5 illustrates the equivalent circuit of a PV cell.
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Fig. 5: The equivalent circuit of a PV cell [11]
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I-V characteristic equation of a PV cell is given as [11]:

V + IR,
Rsh

I=1,, —1,(e?¢/XTA — 1) (4.11)
Where:

I: Cell output current (A)

L, - Light-generated current or photocurrent (A).
V: Cell output voltage (V).

Ry, Shunt resistance (Q).

R, : Series resistance (Q).

1, : Diode reverse saturation current (A).

q : Electron charge (= 1.6 x 10~'° Coulomb).
V,;: Voltage across the diode (V).

K : Boltzmann's constant (= 1.38 X 10723]/K).
T : Cell temperature (K).

A: Diode ideality constant.

3.3 Maximum Power Point Tracking
Fig. 6 illustrates the PV panel characteristics under different
conditions of radiation intensity.
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Fig. 6: P-V Characteristics of a PV panel for different
values of solar irradiance (S) at constant temperature [12]

From Fig. 6, it can be observed that each curve has a
maximum power point (MPP) which is the optimal point for
the efficient use of the PV panel. There are several of
suggested maximum power point tracking (MPPT) algorithms
to execute this process. These suggested methods differ in
popularity, complexity, cost, sensors needed, and convergence
speed and other aspects. Mostly, the MPPT methods can be
classified into two main classes [13]:

1) Direct methods: These MPPT algorithms do not depend on
the foreknowledge of PV panel characteristics. This class
of MPPT methods includes following algorithms:

* Perturb and Observe method (P&O)

* Incremental conductance method (INCond.)
* Fuzzy logic method

* Neural network method

2) Indirect methods: These methods require foreknowledge of
PV panel; where, it depends on mathematical relations
gained from empirical data of PV panel that used. This
class of MPPT methods includes following algorithms:
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* Look-up table method
* Open-circuit PV voltage method
* Short circuits PV current method

The perturb and observe algorithm is the most popular method
used to extract the MPP. This popularity is due to its
simplicity, ease and it requires only few parameters [13]. A
working idea of this method depends on the periodically
perturbing in the PV panel operating voltage. Since the PV
panel is directly connected to a DC-DC power converter, then
perturbation of the PV panel operating voltage is done by
changing the duty cycle of the DC-DC convertor. Fig. 7
shows the flow chart of perturb and observe MPPT algorithm

[12].
(s )

—>| Measure: V (k), I (K) |

| Compute: P () =V () 1 (K) |

No

Increase Decrease Decrease Increase
the panel the panel the panel the panel
voltage voltage voltage voltage

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

Fig. 7: Flowchart of P&O MPPT algorithm [12]

4. BUCK CONVERTER AS A CHARGER
POWER CIRCUIT

The step-down (Buck) DC-DC converter interfaces between
the PV panel and the lead-acid battery as a charger power
circuit to adjust the battery charging current. The diagram of
the buck converter is shown in Fig. 8 [14].
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Low-pass filter
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Fig. 8: Schematic diagram of a buck converter [14]

The design equations of the buck converter are presented from
(12) to (15) [14].

VO =D VS (12)
Where:

Vo: Output voltage of buck convertor (V).

D: Duty cycle.

Vs: Input voltage of buck convertor (V).

The inductance and capacitance of buck converter filter are
designed based on the following equations to operate in
Continuous Current Mode (CCM).

Vo(1—-D)
Ci = —— 13
™ 8 AV, Lf2 (13)
L. =— 14
min — 38 fSIO,min ( )
IO,min = ILB,max (15)

Where:

Cmin - The minimum capacitance of buck converter to operate
in CCM (F)

AV, : Ripple of output voltage of buck convertor (V)

L: Convertor inductance (uH)

fs: Switching frequency (kHz)

Lmin : Minimum inductance of buck converter to operate in
CCM (uH)

I,min - Minimum output current to operate in CCM (A)

I1g max : Maximum boundary current of inductance (Average
value) (A)

The buck convertor in this research, designed to operate on
switching frequency (f;) of 50 kHz, in CCM as long as the
charging current within the range between the greatest
charging current (in this research, its take as C/12 = 200/12
=16A) (C is the nominal battery capacity in ampere-hours) to
a value close to the trickle current (about C/40 =5A). When
the charging current is less than this value (C/40), the
inductance current will become discontinuous. According to
this and by applying equations (12)-(15), the determined
values of inductance and capacitance of the buck converter
filter are 15uH and 4.9 pF respectively.

5. DECREASED CHARGING CURRENT
BASED ON SOC METHOD

The aim of the decreased charging current method is to make
the actual charging current closest to the maximum possible
current as shown in Fig. 9 [15] [16]. It is observed that the
maximum charging voltage or overcharging voltage set to V,
is about 2.4 V/cell. The execution process of this charging
method is described as follows: the initial charging current of
the battery starts with the greatest charging rate C,, then the
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alteration into C,.; by multiplying it by a reduction coefficient
(B= Cn /Cy1) every time the battery voltage arrives to V.
Then, the charging rate changes to Cgs,.....C, in role. This
process is repeatedly continued till the maximum charging
current reaches C/100, and the battery charging voltage rise
higher than 2.4V/cell (refers to a 100% state of charge) is
reached. In that situation, the charging current has stayed to
the least value known as I g to the indemnity of the
controlling unit power, depreciation and the self-discharge of
the battery. The first value of the maximum charging current
of the battery is renovated when a battery reachs the
discharging condition.

Vo
A

Ca Ca+l

Vg Ca+2 Cn

0 50C, % 100%

Fig. 9: Principle of decreased charging current (V, is the
battery voltage, C,, Ca+1, Caso, ... Cp, are charging rates in
a, a+l, a+2...n hour; Vy is the gassing voltage) [16]

For low panel output power, MPPT algorithm is done,
maximizing the power converted to the battery. In respect of
other states, the battery charging current is controlled to the
maximum acceptable current.

The advantages of this method over traditional charging
methods are: The method, comparatively makes the batteries
reach full capacity in a short time without accurately gauging
batteries current; also it reduces the current sensor accuracy
required and the cost for circuitry. Furthermore, in contrast to
voltage-regulation methods, as the proposed method is based
on battery current regulation, it results in a uniform charging
of all cells. Thus, it can be effectively used in large battery
strings. For these reasons, this method increased the battery
life time by restoring the maximum possible battery (SOC) in
the shortest charging time.

The main drawback of this method is that the reduction
coefficient B chosen too high or low could result to batteries
overcharge or not enough charge, which will adversely affect
battery life [15] [16].

The charging algorithm flowchart is shown in Fig. 10. A set
of variables are used to store the following parameters of the
system operation:

e The minimum and maximum permissible battery
voltage and current levels.

e The MPPT control action (variable B in Fig. 7,
taking values 1 or 0), indicating whether the MPPT
process must be performed or the charging current
must be decreased (if B=1 then MPPT is performed;
except that, the charging current must be decreased
where it is higher than the maximum required
battery current). The maximum battery charging

v
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current is set to C/12 to protect the battery from
overheating. The minimum current is set to C/100,
corresponding to a battery 100% state of charge,
according to Fig. 3. When the battery is fully
charged, the PV panel will feed the load directly and
the battery charging current is regulated to lyjcye t0
compensate for the control system power
consumption and the battery self-discharge.

Begin Charging
Algorithm

Measure: Vg, Ig,
Vev (K), Ipy (K), Ty

¥

Compute: PpV (k) :Vp\/ (K)
><IPV (K), VB, max and VB, min

Y

—

Yes No

Restore the initial
Value of I max

18, max =ltrickte | |18, max =B X 18, max

Decrease of |
duty cycle

Execute the MPPT

v

Vey K-1)=Vey K) ¢ |
Pev (k-1) =Ppy (K)

Fig. 10: Control algorithm flowchart of a lead-acid battery
charging

The minimum and maximum battery voltage levels are then
calculated as [15]:

Vbat,max =288+ (Ta - 25)NC Y (16)

Vbat,min =254+ (Ta - ZS)NC Y (17)

Where:

T,: Ambient temperature (°C)

y: Temperature compensation coefficient (y=3.5mV/ °C/cell)
N¢: Number of cells of the battery stack (N-=12 cell)
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The initial values of set of variables are given in Table 2 [15].

Table 2, Initial Values of the Program Variables [15]

Variable Initial value
Minimum battery current (Ig, min) C/100
Maximum battery current (I, max) C/12
Trickle current (lyickie) C/100 =2A
Minimum battery voltage (Vg min) 25V at 25°C
Maximum battery voltage (Vg max) 28.8V at 25°C
MPPT control action, B 1
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6. PROPOSED SYSTEM DESCRIPTION
The block diagram of the proposed PV battery charging
system is shown in Fig. 11. This PV system consists of eight
major parts: (1) solar panels, (2) buck converter circuit as the
charger power circuit, (3) Voltage and current sensors of
panel and battery, which achieved by means of a voltage
divider and a Hall-effect current sensors respectively, (4)
PI1C18F45K22 microcontroller to control the power MOSFET
switching duty cycle on the buck converter, (5) gate drive
circuit, (6) rechargeable lead-acid battery, (7) resistive load
and (8) Liquid Crystal Display (LCD), which informs the user
about various parameters of the system operation, for
example, it shows the value of charge current.

" " Buck Convertor

Sy |

&

* Battery Model - -

- - PV Panels -

| Bate deriver | .

!

- -Panels and battery - -

. Contrgl Carcpit |

* current and voltage sensors

s

FIC13F45K22

Fig. 11: Schematic diagram of the proposed PV battery charger system

Practical charger circuit that builds on laboratory shown in

Fig. 12.

17



FESERTmIN

Fig. 12: Practical charger circuit that builds in laboratory

Fig. 13 shows the practical components of the overall
proposed PV charger system

Measurements
oo

PV Panels

Fig. 13: Practical components for overall proposed PV
charger system

7. SIMULATION RESULTS

Table 3 shows the simulation parameter of the PV panel that
was used in the simulation program (Proteus).

Table 3, Simulation Parameters of PV Panel

Parameter Value

Peak Power, PMPP (W) 481
Peak power current, IMPP (A) 15.8
Peak power voltage, VMPP (V) 30.44
Open circuit voltage, VOC (V) 38.2
Short circuit current, 1ISC (A) 16.4

Fig. 14 presents the PV output current, power versus the
output voltage for the variable load for the PV panel that used
in this research
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Fig. 14: PV output current, power versus the output
voltage to a variable load

The complete charging process can be divided into three main
stages:

The first stage is the maximum charging current period, this
stage will continue until the battery voltage reaches
overcharging limit. Second stage is the period when the
current is decreasing from greatest allowed current to the
trickle current. The last stage represents the trickle charging
current periods

Fig. 15 shows the charging current and voltage at the
maximum charging stage. PV panel will be runs at maximum
power point in this charging stage. Where, the output power,
current and voltage of the panel are agreeing with that in the
Table 3.

Fig. 15: The charging voltage and current at maximum
charging stage

Fig. 16 shows the charging current at decreasing charging
stage at reduction coefficient (B) equal 0.99. The current value
that noted at each step that gassing voltage is reached
programmed as a maximum current value for the next step.
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Fig. 16: The charging current at decreasing charging stage

Fig. 16 shows the charging voltage and current at trickle
charging stage. As shown in this figure, the filter inductance
will be operating in discontinues current mode (DCM) in this
stage of charging.

Fig. 16: The charging voltage and current at the trickle
charging stage

8. PRACTICAL RESULTS

8.1 MPPT Results

The practical results of MPPT are executed at 745.7 W/m?
and 22°C of radiation intensity and ambient temperature as
shown in Fig. 17 and Fig. 18.

Fig. 17: Radiation intensity
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Fig. 18: ambient temperature

The open circuit voltage and short circuit current of the used
two panels under 22°C and 745.7 W/m? are shown in Fig. 19.

o

‘\ ll short circuit
current (A)

Fig. 19: Practical open circuit voltage and short circuit
current of panels

The voltage and current at MPP under 22°C and 745.7 W/m?
environment conditions are 26V and 9.1A respectively as
shown in Fig. 20.

e N “.f‘ ' Open circuit
Short circuit § voltage (V)

current (A)

Fig. 20: Practical voltage and current at MPP of two
panels
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8.2 Buck Converter Results
Fig. 21 and Fig. 22 show the practical voltage and current
waveforms of this inductor in CCM;

NSV AR NN L S i

2 R

&

Fig. 24: Practical charging voltage and current at
maximum charging stage

Fig. 21: Practical voltage waveform of inductor in CCM Fig. 25 shows the practical voltage and current at part of
decreased charging stage.

NGl 3

EXCEL" ,DT-9205A

. . ical f fi . Fig. 25: Practical voltage and current at decreased
Fig. 22: Practical current waveform of inductor in CCM charging stage

Fig. 23 shows the practical charging current waveform Fig. 26 shows the practical charging voltage and current at
trickle charging stage.

=) Charge
Charge voltage (V
current (A) -

d

Y

Fig. 23: Practical is charging current waveform

8.3 Execution of Charging Process

Fig. 24 shows the practical charging voltage and current at the

maximum charging stage. Fig. 26: Practical charging voltage and current at trickle
charging stage
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9. CONCLUSION

Nowadays, as the environmental pollution and energy crisis is
increasing seriously, photovoltaic power generating system
will become more and more popular. However, in the
photovoltaic system, the output energy of PV panel is
uncertain and condition of using the battery is particular,
which makes battery become an important part in affecting
the lifespan of the whole photovoltaic power generating
system. The overall cost of a stand-alone PV system can be
reduced with proper battery-charging control techniques,
which make full use of the output energy of PV module and to
manage the battery efficiently, and to extend the life-span of
the battery, under continuously varying atmospheric
conditions.

Therefore, this work presents the design of an intelligent
charger that controls the lead acid battery charging process
and the correct use of the lead-acid battery supervising its
discharge and also avoids the overcharging and gassing
problems with lead-acid batteries. This charger increases the
lifetime of the storage battery, which is the most expensive
part of the solar system because it is required to be replaced in
a short time as compared with the PV panels.

The advantages of the proposed charging method are:

»  The control algorithm executes the P&O maximum
power point tracking function allowing, according
to solar irradiance and temperature, transfer the
maximum energy generated by photovoltaic panel
to the battery. This P&O algorithm increases the
efficiency power transfer in comparison to systems
that have not an MPPT (direct connection), reducing
the size and the cost of the PV panel.

»  This method, relatively makes the battery reaches a
full SOC in a short time.

*  The battery-charging algorithm does not depend on
accurate battery current measurements, thus
reducing the current sensor accuracy required and
subsequently the cost of the circuitry. Also, since it
is based on battery current regulation, it can be
effectively used in large battery strings.

Finally, the practical component of this system was carried
out. All the components were interconnected and the solar
battery charger prototype was tested. The close agreement
between simulation and experimental work shows that the
electrical models of the entire system accurately predict the
system behavior. The battery charger allowed to correctly
charging the lead-acid battery and during this process it was
possible to see, through measurements and the LCD screen in
real time, the various parameters of the system operation, for
example, it shows the value of charge current and the
maximum power transfer from the PV to the battery.
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