Mansoura Engineering Jourmal, (MEJ), Vol. 30, No. |, March 2005. E ©

PROGRAMMABLE PROTECTION OF INDUSTRIAL LEAD ACID
BATTERY SUPPLIED BY SOLAR CELLS ARRAY

Lisad LA 4 gliiag 6385 Ao Ladudaala alea ; A4 jadd Aaa juall dlasli

S. §. Eskander
Assistant Professor, Electrical Engineering Department, Faculty of Engineering, Mansoura
University, EGYPT

Hingy A gd g3 b LA Lo glaley Alus o Lpacaals ol ) 4 bl Crlia oo e Agles pUi paai i Coa i H3a 4
ead g ) Gl o oy pUaill 138 ppanali o5 aily ol 138 Jie g o jihell Alendt gl 8 3 g pall (3800 pSadalh
Aapnaiz il Llaall plda 6 piayy Lgiban 3 pall &y jtadl o e efoY) old sie Lilac Layant ol aill 538 4 jUa
P o g iz Al A jag 3u pSaliey (S Gl gy 8 ) il 5 g0 Bl g 0 i AT e
oA 230 30 2gadl e A Ul Alea Jal e leall JUAT e jaall Qe il Wisa 5 o3 Adad ) 5381 &5 08y Cppadia g ) giae 30l
dsia gaje piady HUBll ledll Qo dill g ds il as il Adas B Ciall pea g 38y a5 5 et e

- Ao aall Sl A a4l
Abstract

Proposed protection system based on programmable intelligent microcontroller (PIC) suitable
for lead acid battery connected to solar cells array is designed and operated. The PIC represents the
brain of the designed protection system. The system design is based upon measured parameters
known as battery voltage set points. These points are determined by measuring experimentally the
electrical behavior of the battery to be protected. The proposed protection system composes of
three coraparators, six normally off transistor circuits, PIC chip, and the output stage which contains
two transistor circuits as well as two relays. Proposed strategy for the operation of the protection

system is carried out to protect the battery against overcharge and over discharge. The paper
presents the accurate operation of the system according to the proposed operating strategy. It
presents also the proposed truth table which defines the PIC operation.

Introduction

Electrical storage batteries can be divided
into two major categories, primary and
secondary batteries [1]. Primary batteries can
store and deliver electrical energy, but can not
be recharged. These types of batteries are not
used in photovoltaic (PV) systems because
they cannot be recharged. Secondary batteries
can store and deliver electrical energy, and
also be recharged by passing a current through
it in an opposite direction to the discharge
current. Common lead acid batteries used in
cars and PV systems are secondary batteries.
The energy storage capability of the lead acid
battery varies with battery design and use, and
in all cases, the practical discharge capability
is at best only 60%-70% of the theoretical
capability [2]. Battery manufacturers often
refer to three modes of battery charging,
normal or bulk charge, finishing or float
charge and equalizing charge [3]. Bulk or
normal charging is the initial portion of a

charging cycle, preformed at any charge rate
which does not cause the cell voltage to
exceed the pgassing voltage. Bulk charging
generally occurs up to between 80 and 90%
state of charge. Once a battery is nearly {ully
charged, voltage and/or current regulation are
generally required to limit the amount of the
energy supplied to the battery to prevent
overcharge.  Finish charging is usually
conducted at [ow or medium charge rate. An
equalizing 'charge generally occurs with a
current limited chargers with higher voltage
limits than set for the finishing or float charge.
To limit gassing and electrolyte loss to
acceptable levels, proper selection of the
charge controller voltage set point is critical in
PV system. If too low of regulation voltage is
used, the battery will be under charge (not full
charge). 1{ too high of a regulation voltage is
used, the battery will be overcharged. Both
undercharge and overcharging will result in
premature battery fatlure and loss of load in
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stand-alone PV system [4].
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Charge controllers prevent excessive
battery overcharge by interrupting or limiting
the current flows from the array to the battery
when the battery becomes fully charged.
When a battery is excessively discharged
repeatedly, loss of capacity and life will
occur., To protect batteries from under
discharge, most charge controllers include an
optional feature to disconnect the system
loads once the battery reaches a low voltage
or low state of charge condition [5, 6]. The
purpose of :he charge controller is to supply
power to the battery in a manner to fully
recharge the battery without overcharging.
Depending on the regulation algorithm, the
current may be limited while maintaining the
regulation voltage or remain disconnected

until the battery voltage drops to the array
reconnect set point.  While the specific
regulation method or algorithm varies among
charge controllers, all have basic parameters
and characteristics [7]. The voltage
regulation set points {VR) is one of the key
specifications for charge controllers. The
voltage regulation set point is defined as the
maximum voltage that the charge controller
allows the battery to reach, limiting the
overcharge or discharge of the battery. This
paper presents the design and operation of
proposed intelligent charge-discharge
controller of a lead acid battery according to
specific voltage regulation set points shown in
Fig.1.

Charge Controller Set Points
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Figure 1 Battery charge controller set points
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Battery Model

The battery under control is charged from
solar cells array to work as a charger. The
relationship between its voltage and current
during charging / discharging process is
described by the following exponential
mathematical model [8];

[ =1 {exp [oF/ (RT) (E-Eo)] —exp [-(1-a)/
(R.T) F (E-Eo)]} ()

Where,

I, is the exchange current density, I is the
current density, E is the actual electrode
potential, E, is the open circuit electrode
potential, o is the transfer factor describing
the efficiency of the over voltage on forward
(charging) and backward (discharging)}
reactions, R, F and T have the usual
meaning: gas constant, Faraday constant and
temperature.

The battery open circuit wvoltage is a
temperature dependent and can be calculated
according to the following equation:

Eo (t) = Eo (2980T)+( dEo /dT )iso (T-
298+0.5(d’Eo/dT?)iso (T-298)? 2)

Where:

(AE/dT)is is the isothermal temperature
coefficient and T is the cell temperature in °K

Model of Photovoltaic Array

The PV cell exhibit non linear characteristic
and can be modeled by the electric circuit
shown in Fig. 2.

Rs
.t

to the
I[ g battery

Figure 2 Circuit model of photovoltaic

The IV characteristic of a PV generator is
given by {9, 10];

E=-IRs + (1 /A) In (1+ (I.-1Y/lo) 3)

Where I is the light current, [ is toad current,
A is constant, Io is dark current, Rg is series
resistance of the array.

Architecture of the Proposed Intelligent
Controller

The proposed controller has four main
circuits.  The first circuit contains three
comparators for sensing the battery voltage
under control. The operation strategy of the
comparators is proposed by the designer. The
second circuit composes of six transistor
circuits .designed normally in the off stats.
The output of each comparator biases two
transistors one of which is NPN type where
the other is PNP type. Hence, at any instant
of the operation period, one of them is in ON
state while the other will be in OFF state. The
third circuit represents the microcontroller
itself connected with the output of the six
transistors. The output terminals of the
microcontroller are connected with the fourth
circuit which is represented by two transistor
circuits designed in normally OFF states.
These transistors trigger two relays connected
to the battery charger and the load. Fig. 3
illustrates the proposed topology of the
intelligent battery charge-discharge controller,
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Figure 3 Topology of proposed intelligent battery charge controller

Proposed Design of the Controller

The design of the controller is initiated by
selecting the voltage set points of the battery.
These points are selected by the designer from
the battery, under control, electrical behavior.
The battery behavior is  recorded
experimentally.  Each comparator of the
proposed controller has two selected set
points. These points refer to the upper
trigger, UTP, and the lower trigger, LTP,
points. The UTP of the comparator I, Uy, is
selected as the voltage regulation set point,
Vg, of the battery. For the lead acid battery,
under test, it has a value of 14.4 V. On the
other hand, the LTP of comparator 1 is

selected such that slightly lower than of Uj.
The selection of it depends wupon the
collection of the maximum value of solar
energy incident upon the photovoltaic
transducer.  The upper trigger point of
comparator 2 is selected such that it has a
vajue lower than U, and greater than L,, it
selected as 14.1 V for the tested battery.
Conversely, the lower trigger point, L, of the
second comparator is selected slightly lower
than L, it is 13.8V. Comparator 3 is
designed to operate during very low
insolation periods and during the periods of
no insolation. This comparator operates to
connect . or, reconnect the load. The upper
trigger point of this comparator is selected
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such that, it has a value greater than the
battery voltage corresponding under charge
value. Hence the value of Us; is selected as
12.7 V for the battery under test. This value
is known as the load reconnected voltage,
LRV. The lower trigger voltage of comparator
3, L3, is selected such that a value slightly
greater than the under charge voltage of the
battery. Consequently, this value is assumed
as 11.7 V for the battery under test, As all
values of the upper and lower trigger points of
all comparators are determined, the design of
each element of the comparator circuits is
determined as follows;

Fig. 4 represents the topology of each
comparaior circuit used in the proposed
controller.

The design of each comparator has a similar
proposed procedure below;

The output voltage of the ith comparator is
equal to V-1, where V. is the supply bias
voltage. Since the resistor Ris is designed
such that it has a voltage drop must be equal
to Ui, upper trigger level of the comparator.
The current I, must be selected such that;

I >>>> i @
Where, lyiss is the value of bias current of the
IC. This current ig obtained from the IC data
sheet. Hence;

Ris = Ui / Ibias ()
The proper design of the comparator circuit is
such that, the lower trigger point must be
adjusted between two levels L min and L may.
For obtaining the minimum value of L, the
adjustable point of resistor R;; must be
connected directly to resistor Rj3. Hence;

LRi3 — Veg — Limin = Vpir=0 (6

v C

1 ris

Where, Vg is the negative voltage value of
the biasing supply and Vpir is the forward

voltage drop tn the diode, thus, the design
value of R;3 is;

Riz={ Vee+ Limin + Voir) / 1i (7
Iy is selected greater that I,

For obtaining the maximum value of the
lower ftrigger point Lima input to the
comparator, resistor Rj; must be connected in
series with Rz, So;

LRz +Ri2) ~ Vee — Limax— Vpr =0 (8)
Hence; ©

Riz = ((VEE + L; max + Voir) - I]Ri]) /11 (9)
Ri; is obtained from the following equation;
Vee + Vee = 11 (Riy + Rip + Ris) (10}
Hence;

Rii = (Ve + Vee - I (R +Riz)) /I (11)
The design value of Ri4 is obtained as;,
R|4=((VCC~I)—Ui)f12 (12)
The proposed controller must be connected
with interface stages. These stages couple the
comparators with the intelligent pick. The
stages transmit the analog signals generated
from the comparators to the pick with suitable
specifications related to the PIC. Fig. 4
illustrates the ith interface stage.

vee

:: Ri4d

a
VEE

Figure 4 Topology of the ith comparator circuit
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Figure 5 Topology of the ith interface stage

The proposed controller has three similar
stages each of which has the same design
procedure.  The design is initiated by
obtaining the load and pick and specifications.
These specifications are obtained from the
pick data sheet. Hence, for each pin, the pick
pin voltage and current is assumed as;
Vi=2Vandl,=2mA

Where; V| and [, are the voltage and current
required for pick operation. Consequently,
the values of R;; and R+, are identical and
also Rp; and Rgi+;. So;

Ri=Ve-VO /L (13)
Reir1 =Ry

From transistor data sheet, the amplification
factor hrgmis 1S determined. Hence;

Igi = Igi+1 = L / hremin (14)
The output stage contains two transistors.
The base of each transistor is triggered by the
signal output of the pick. The emitters of the
transistors are connected with the battery
charger and the load through LEDS, to
indicate the state action, and relays. The
relays are used for connecting or reconnecting
the battery charger and the load. The two
output stages are similar and have the same
design procedure. Fig. 6 represents one of the
output stages.
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Figure 6 Topology of ith output stage

The design values of R; and Rg depend on
the relay specifications which are obtained
from data sheet. The operating current and
voltage of the relay obtained from the data
sheet may be acted as, Ir and Vi. Hence;
R¢=(VM—VR—VDF)/'IR (15)
And from the transistor data sheet, hrgmin is
obtained. So,

R =(Vo— VBeon— Vpr) /In (16)
Where Vj is the amplitude of the pick output
voltage and Vpgo, is taken as 0.7 V.

The pick bias circuit elements, R;,, C|, C; and
X, are obtained from its data sheet.

Proposed Operation Strategy of the
Charger

Initially the battery is fully charged and its
voltage is greater than Uy. Hence, the output
of comparator 3 becomes negative. On the
other hand, the outputs of comparators 2 and
1 become positive. This means that, the load
and the battery charger, solar cells array, are
connected to the battery. Hence, the battery is
in charge condition and its voltage goes up.
As the battery voliage reaches to U, 14.1 V,
comparator 2 changes its output state from
positive to negative. If the battery voltage is
continuously increasing to U,, 144 V,
comparator 1 changes its output state from
positive to negative. During periods of low

and no insolation, the battery voltage slightly
decreases from Ly, 14 V, and comparator | is
changed its output state from negative to
positive. At this moment the charger is
reconnected again to the battery. As the
battery voltage is continuously decreasing till
L,, 13.8 V, comparator 2 changes its output
state from negative to positive. The action of
comparator 2 is to connect the whole current
of the array to the battery. As continuously
decreasing of the battery voltage till Ly, 11.7
V, comparator 3 changes its state from
positive to negative to disconnect the load
from the battery.

Intelligent Data Input of the PIC

The output of each comparator is
converted into two signals, by the interface
stages, one of which is in high form
represented by 1 where, the other signal
becomes in a low form represented by 0.
Consequently a binary word is obtained from
the whole stages of the interface. This word
refers to the input to the PIC pins. The input
binary word input to the PIC changes
according to the battery voltage set points.
The following table represents the PIC input
in binary form and the determined output
action required from the PIC,
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Table 1 the truth table for the outputs of interface stages and the output action of the PIC.

Vaoliage COMPARATOR INTERFACE INTERFACE | INTERFACE NOT USED | CONTROLLER
set points STAGEI STAGEI STAGE1 ACTION
RBO RB1 RB2 RB3 RB4 RBS RB6 | RB7

Ul=144 Ul PNP } 1 0 1 0 1, ! 0 0 4] Disconnect array
Q50on Q4

off

Li=14 NPN | ¢ l | 0 I 0 0 0 Reconnect the

Q4 off charger with PWM
Q5on

U2=1411 uz2 PNF [ O H 1 0 1 0 0 0 PWM in charging
Q3 on state

Q2 off

L2=13.8 NPN | O 1 ¢ | ] 0 0 0 Continues charging
QlonQQ2

off

U3l=12.8 u3 PNP | O 1 0 | | 0 0 0 Reconnect load in
Ql on charging state

Q0 off

L3=11.7 NPN | 0 i 0 1 0 | 0 0 Disconnect the load
Q) off

QO0on
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Where; Rp, to Rps refer to the pick pines and
Qi to Qj are the transistors in the interface
stages. The above truth table represents the
base for intelligent operation of the pick. Fig.
6 represents the flow chart of the proposed
intelligent operation of the designed
controller.

Experimental Results

The electrical behaviors of the proposed
controller are recorded experimentally by
measuring samples of the battery voltage and
current with the solar irradiance taken as a
parameter. The daily profile of the solar
irradiance is recorded during 24 hours as
shown in Fig. 7. The battery voltage is
recorded during 24 hours as shown in Fig. 8.
Initially the load is connected to the battery at
point a, t = 0 is the midnight, and the battery
voltage is approximately 12 V. Fromato ¢
the battery voltage slightly decreases because
the battery is in discharge condition and there
is no any irradiance incident upon the solar
cells array. Hence, the battery voltage
reaches to the value of the fower trigger point
of comparator 3 and the controller operates to

E. 17

disconnect the load. The last figure shows
that the battery voltage at point ¢ slightly
increases. This means that the controller
disconnects the load at this instant according
to the proposed operating strategy. From ¢ to
d, the voltage of the battery remains constant
because the load is disconnected during this
period. From a 1o d, the charger, solar cells
array, is connected with the battery. At point
d, the sunrise begins and the battery voltage
starts 10 go up till point e. At this point the
battery voltage reaches to the upper trigger
point of comparator 2. Hence, the controller
begins in the chopping process of the battery
charging current.  The chopping process
remains during the period from e to [ and the
proposed coniroller does allow the battery
voliage to increase above U), 14.4 V, as in the
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Figure 7 Flow chart of proposed control scheme
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proposed operation strategy. At point f, the
load is connected again to the battery. Fig. 10
illustrates the daily profile of the battery
charging current during 24 hours. Points a, c,
d, e and f correspond to the same points in
Fig. 9. The figure represents that at point c,
the load is disconnected from the battery. At
point d, the charging current increases till
point e because the intensity of solar radiation

increases during this period. The last figure
clearly shows the chopping process during the
period from e to f. At point f, the load is
reconnected again to the battery.

The experimental results show the proper
correspondence  between the  proposed
operating strategy and the actual operation of
the proposed system in actual field.
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Figure 8 daily insolation profiles
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Figure 10 Experimental measurement of charge current of the battery during 24 hours.

power system. The proposed controller is

Conclusions designed for protection purpose against
overcharpe and under discharge phenomena

This paper presents the design of the of the lead acid battery. The designed
intelligent charge-discharge controller for the controller is suitable for any battery type

energy storage element of a photovoltaic because its design depends upon only the
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voltage set points of the battery which are
obtained experimentally or from the batlery
data sheet. The designed controller is an
intelligent type because it is based on
intelligent programmable chip. The proposed
controller is very reliable because it operates
according to definite programmable strategy.
The operating strategy of the controller may
be changed without any change in its design.
Consequently, it has very high flexibility due
to programmability. The proposed designed
controller chops the battery charging current
as the battery voltage reaches to cerlain
definite value. The experimental results show
the coincidence between the actual operation
and the proposed operating strategy.
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