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Abstract: In this paper a new charging algorithm is proposed to charge lead-acid batteries in photovoltaic (PV)
systems. This algorithm can return discharged lead-acid batteries to their 100% state of charge (SOC) quickly
and at the same time can avoid the associated problems of the excessive gassing phenomenon at overcharge.
The proposed algorithm can be applied in the PV systems by using a DC-DC converter, which differs from the
traditional on/off regulators in that it can not only be used to charge the battery and protects it from
overcharging, but it can also be used to quickly and safely charge the battery to 100% SOC through better
exploitation of the available PV energy. The simulation results verify that, by using the proposed algorithm, the
discharged battery can always restore its 100% SOC compared to the conventional charging algorithms.

Key words: PV system % Battery charging % State of charge % DC-DC converter % Maximum-power-point
tracking

INTRODUCTION conduct and divert excess PV current from the battery at

Lead-acid batteries provide the most common means In large applications, the battery is disconnected
of energy storage in photovoltaic (PV) systems today. from the PV array by means of a series regulator [1, 3, 4].
Where, the prominent feature of their operation, in these This can be an electromechanical switch (for example, a
systems, is cycling, which means that the batteries are relay) or a solid-state device (bipolar transistor, MOSFET,
recharged after the occurrence of a discharging condition. etc.). The former devices have the advantages that they
Therefore, designing of a good charger is the ultimate do not dissipate energy but their reliability can be a
goal of the PV researchers; since, the effectiveness and problem in locations with high dust or sand occurrence.
high efficiency of the battery charger can affect the Due to the nonlinear current-voltage characteristics
battery life and maintenance requirements which must be of the PV array and the unpredictable variation of these
allowed for in the design of the PV system [1-7]. characteristics with insolation level and cell temperature,

Various common types of battery chargers are also due to the variation of the battery terminal voltage
available that fulfill the charging role and at the same time with  its  state of charge (SOC), the previous common
protect the batteries against the overcharging condition. types  of  battery  chargers  can  not  always  operate  the
The simplest battery charger is the self-regulator [1, 3], PV   array    at    its    corresponding   maximum-power
which is used in small systems and constructed, simply, points (MPPs). Alternatively, DC-DC converters [8-11]
through the direct connection of the battery with the PV can  provide  the  battery, continuously, with the
array via a blocking diode. This configuration relies on the maximum-power obtainable from the PV array, whenever
correct choice of the operating point of the PV array, to possible; which is very desirable and necessary in most
match the battery charging requirements [1] and can not PV applications. Moreover, the DC-DC converters can be
be standardized easily because it depends on the controlled to protect the battery against the overcharging
implementation (wiring) and is very sensitive to the conditions,  which  is  needed  to  prolong  the  battery life
temperature effect [3]. [3, 8-11].

In small and medium applications, a shunt regulator In this paper a new charging algorithm is proposed
[1, 3, 4] can be used to dissipate the unwanted power, and applied, to a proposed battery charging system, by
which overcharges the batteries, from the PV array. The using the capabilities of the DC-DC converters in PV
common implementation of the shunt regulator is to use systems, to quickly and safely charge lead-acid batteries
a transistor in parallel with the PV array, which is set to to their 100% SOC.

a certain threshold voltage value.
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Fig. 1: Typical charge voltage characteristics

Lead-acid Batteries: In simplified terms, the lead-acid At the beginning of the charging process, the charge
battery comprises two electrodes of lead (-ve plate) and voltage normally increases with increasing SOC. After a
lead dioxide (+ve plate) and the electrolyte of sulphuric relatively   slow   increase,   in   voltage,   up   to  about
acid diluted with water. In practical construction, the 2.35 V/cell, the conventional end of charge voltage is
electrodes are formed by a lead grid (sometimes alloyed reached and electrolysis or gassing begins (i.e., the
with calcium or antimony) carrying the active material in conversion of water into hydrogen and oxygen gases at
the form of a porous structure that offers a large surface the-ve and +ve electrodes, respectively). When the
area for chemical reactions with the electrolyte. The terminal voltage starts to climb rapidly at near 100% SOC,
chemical reactions that take place during battery excessive gassing and loss  of  electrolyte  take  place.
operation are: This overcharging can produce corrosion of the +ve grids

C During the discharging process, lead-sulphate is and flake off by the accompanying excessive gassing.
formed at both electrodes and sulphuric acid is Also, it may increase the battery temperature to the point
removed from the electrolyte (i.e., it becomes weaker). of being destructive to the plates and separators.

C During the charging process, lead dioxide is formed Moreover, it increases the need for maintenance and
at the +ve electrode, pure lead is formed at the-ve represents a safety hazard. Therefore, overcharging the
electrode and sulphuric acid is liberated in the battery can reduce its capacity and life. Whereas, in
electrolyte (i.e., it becomes stronger) [1, 3-5]. moderate levels, the gassing process can be used to

Therefore, long periods in a low SOC can cause much Where, the battery operation tends to favor a non-uniform
larger crystals of lead sulphate to form on the battery electrolyte distribution such that the electrolyte with the
plates than the small crystals which normally form during highest density occurs at the bottom of the battery
discharge. This process, known as sulphation, leads to vessel. This stratification of the electrolyte promotes
loss of capacity and reduces battery life; since the corrosion and sulphation of the bottom part of the-ve
formation of large lead-sulphate crystals at the plates electrode, but can be avoided by a regular weak
hinders the reversible chemical reactions. overcharge in which gassing is used to stir the electrolyte

Figure 1 illustrates the charge voltage curves, of the [1, 3-5].
used lead-acid battery [3], as a function of the battery’s
SOC  for  different charging rates. This figure indicates Charging Algorithm: The most common method of
that the charge voltage, generally, increases with both regulation and control of lead-acid batteries is based on
increasing SOC and increasing charge rate. the  approximate  SOC  measurement  via  battery  terminal

and can cause the active material of the plates to loosen

advantage by alleviating stratification of the electrolyte.



1 1

1
00 0

0 1
0 0

PV
PV PV

B
L L

B

D I
V Vd C C

ID
i idt

VL
L

  −           = +               −     

World Eng. & Appl. Sci. J., 1 (1): 09-17, 2010

11

Table 1: End of charge voltages at the various charging rates.

Charge rate (A) MPP operation (C/5 to C/10) C/20 C/30 C/40 C/50 C/100

End of charge voltage (V/cell) 2.34 2.342 2.344 2.346 2.348 2.35

voltage. This method restricts the conventional end of decreased in steps, starting from C/20 to C/100, until the
charge  voltage  to  about  2.35  V/cell,  as  indicated  in battery ultimately reaches 100% SOC at the charging rate
Fig. 1. Where, by using this method the batteries can not C/100 (Fig. 1). The used charging rates, in this work and
always be fully charged to 100% SOC; this is because the the corresponding end of charge voltages at 25°C are
previously mentioned voltage value is chosen to restrict indicated in Table 1.
the amount of gassing, at the same time makes the battery
approaches 100% SOC as large as possible. In this way, Configuration of the Charging System: The proposed
the  battery  will  always  remain  in  a  low  charge  state block  diagram  of  the battery charging system is shown
for extended periods of time, which leads to the in Fig. 2. This system consists mainly of four components,
occurrence of a sulphation phenomenon. This sulphation which  are   the  PV  array,  the  DC-DC  converter,  the
can be avoided, in conventional methods, by bringing all lead-acid battery and the control system.
batteries up to 100% SOC regularly (using an ‘equalization In this work, the two important components that are
charge’) and by minimizing the time of exposure to low necessary to achieve the proposed charging algorithm are
SOC conditions. The equalizing charge or overcharge, the DC-DC converter and the control system. Therefore,
which should be carried out once a month or more this work will clarify these two components only. The PV
depending  on  the  battery state, ensures that weaker array and battery are previously modeled and clarified in
cells in the battery have the opportunity to become fully details in [12] and they are considered, in this work, to be
charged. Although, overcharging the battery is good for only as the power generating source and the DC load,
short periods as means of charge equalization and to respectively.
prevent stratification of the electrolyte, it is not good over
prolonged periods due to the problems of the excessive The Dc-dc Converter: As the name implies, the DC-DC
gassing. It is to be noted that the gassing process, for converter converts directly from DC to DC and is also
lead-acid batteries, begins when the terminal voltage of known as a DC chopper. Like a transformer, it can be used
the battery reaches about 2.3 V/cell, irrespective of the to step-down or step-up a DC voltage source [13, 14].
charge rate and the quantity of gas formed depends on In  most   PV   applications,  the  DC-DC  converters
the portion of current not absorbed by the battery. [8-11,  15]  are  commonly used as matching converters
Therefore, to maintain the battery capacity and at the that adjust the operating point of the system to the MPP
same time to extend the battery life, batteries are kept at of the PV array. The step-down converter (i.e., the buck
near 100% of their full charge or returned to that state converter) can be used to drive a low voltage load from a
quickly after a partial or deep discharge. The following high voltage PV array and it can operate efficiently at any
charging algorithm is suggested to charge the lead-acid insolation level. Therefore, the utilization of the buck
batteries quickly and safely to their full charge. This converter in PV applications, that contain lower voltage
algorithm aims to avoid the sulphation phenomenon of batteries, is highly recommendable. Here, the DC-DC
the batteries (by bringing all the battery cells to 100% converter, of Fig. 3, is not only used to track the MPP of
SOC quickly) and to restrict the amount of gassing such the PV array at all insolation levels and cell temperatures,
that the electrolyte stratification and at the same time the but also used to safely charge the lead-acid battery from
excessive gassing problems are avoided. A more careful the PV array to 100% SOC; by adjusting its switching
examination of Fig. 1 suggests that an even better duty cycle D through controlling the pulse-width
charging algorithm might be to initially charge the battery modulation (PWM) control signal.
at a relatively high rate that corresponds to the MPP The dynamic model of the used step-down converter
operation of the PV array (i.e., from C/5 to C/10, where C can be derived as
is the battery capacity in ampere-hours). When the
terminal  voltage  of  the  battery  at  that   rate  reaches
2.34  V/cell  at  25 °C  (with  a  temperature  compensation
of-1 mV/°C/cell [3]), the charging rate is then successively
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Fig. 2: Block diagram of the battery charging system

Fig. 3: The step-down DC-DC converter

The Control System: The PWM control signal or simply finalize the charging process of the battery to 100% SOC.
the control signal is produced, from the control system, Therefore, by using the two consecutive control signals
due to the action of the PI controller. This signal can of the control system, the lead-acid battery could be
adjust the duty cycle of the DC-DC converter, which in quickly and safely charged to 100% SOC.
turn can adjust the converter input characteristics to
extract the desired power from the PV array and The MPPT Mode: This control mode is based on using
transferring it to the battery. The desired power extracted the perturb and observe (P andO) peak-power tracker
from the PV array is controlled, in this work, by adjusting (PPT) [9, 15, 16], which operates by periodically
the desired (i.e., reference) battery current I ; since the incrementing  or  decrementing  the  array  current. If aref

battery voltage is considered to be constant for small given perturbation leads to an increase (decrease) in array
interval of time. power, the next perturbation is made in the same

The control system comprises two control modes (opposite) direction. Thus, the peak-power tracker
that are responsible to produce the battery reference continuously hunts or seeks peak-power current.
current. These modes are the maximum-power-point The flowchart of this mode is indicated in Fig. 4.
tracking (MPPT) control mode and the finishing charge Where, k is the current sampling instant of the array
control mode. Such that the MPPT reference current I current I , voltage V  and power P .refMPPT

is used, at first, to effectively charge the battery from its
low SOC to the end of charge voltage 2.34 V/cell, at the The Finishing Charge Mode: The finishing charge mode
high charging rate that is ranged from C/5 to C/10 and is carried out, in this work, through decreasing the
produced from the MPPT of the PV array. Afterwards, the charging rate of the battery in successive steps (i.e., from
finishing charge reference current I  is utilized to safely C/20  to  C/100,  as  indicated  in  Table  1) until the batteryrefF

PV   PV   PV
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Fig. 4: Flowchart of the P andO PPT

Fig. 5: Achievement of the finishing charge mode.

ultimately reaches 100% SOC, which corresponds to the of the final relay (i.e., R#6) is connected to the battery
end of charge voltage of 2.35 V/cell at the final charging trickle current I . Note, here, that the switch off point of
rate C/100. a certain relay is set to the end of charge voltage that

The finishing charge mode is achieved, in this work, corresponds to the charging rate connected to the relay’s
with the help of six-series-connected relays that are driven turn on connection (Table 1), whereas its turn on point is
using comparators with hysterics, as illustrated in Fig. 5. set to equal the battery minimum voltage V . In this
The interconnection of the six relays is such that the way, when a certain relay is disconnected at its
output connection of a certain relay is connected to the corresponding end of charge voltage, it remains switched
turn off connection of the previous relay and the off and will not switch on again until the battery has
corresponding charging rate, of the considered relay, is discharged somewhat to a voltage value corresponding to
connected to its turn on connection. Also, the output V . Thus, the possible oscillatory process of all relays,
connection of the first relay (i.e., R#1) is connected to the resulted due to the battery internal resistance, can be
battery reference current, whereas the turn off connection overcome.

trickle

Bmin

Bmin
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Figure 5 illustrates that when the lead-acid battery Figure 7 indicates the output control signal of the
undergoes  a charging process from a low SOC, the proposed charging system relative to that of the
battery  reference  current will equal, at first, to I . conventional charging one. These control signals arerefMPPT

Such that, when the battery is charged, using the array utilized  in  both  cases,  through  PWM,  to  control  the
MPP current, to a voltage value of 2.34 V/cell, the battery DC-DC converter to charge the battery with the available
reference  current  will then decrease successively in array maximum power. When the value of these two
steps from C/20 to C/30 to C/40 to C/50 and finally to signals become zero, as indicated in the later portion of
C/100. Afterwards, when the battery is fully charged to Fig. 7, this means that the charging process is finished
100% SOC, which corresponds to battery voltage of 2.35 and the corresponding battery is completely charged to
V/cell at the final charging rate of C/100, the battery the corresponding specified limit. In addition, it is
reference current will set to I ; to compensate for the indicated, also from Fig. 7, that the control signal of thetrickle

control system power consumption and the battery self- proposed system has only a prolonged portion of time,
discharge rate. Note that I  was set to 0 A, in this work. due to the existence of the finishing charge mode.trickle

RESULTS AND DISCUSSION performance of the battery current, voltage and power by

The proposed PV/Battery charging system was three figures indicate that the corresponding battery
simulated, in this work, by using MATLAB/SIMULINK, charging currents, voltages and powers of the two
to achieve the ultimate goals of the new charging systems are the same during the charging portion of the
algorithm. conventional system, while they significantly differ in the

In order to investigate the capability of the new prolonged charging time of the proposed system. And
charging algorithm with the aid of the DC-DC converter, this is due to the existence of the extra finishing charge
relative to the commonly used one, in operating the PV mode in the proposed system and, also, due to the fact
array at its MPPs and in safely charging the lead-acid that the conventional charging system is commonly
battery to 100% SOC, the performance of the control designed to end the charging process (at the MPPT
system and that of the battery must be recorded at charging  rate)  at  a  specified  end  of  charge  voltage
different environmental conditions. The variation of the limit (. 2.35 V/cell); to avoid the excessive gassing
environmental conditions during the charging time is phenomenon associated with battery charging. In
shown in Fig. 6; such that the variation of the insolation addition, Fig. 8 (a) illustrates that during the MPPT mode
level and that of the ambient temperature are shown in of the two systems, the battery charging currents are
Figs. 6(a) and (b), respectively. proportional to the solar insolation level. While, during

Figures 8(a), (b), and (c) show, respectively, the

using the proposed and conventional systems. These

(a) Variation of insolation level (b) Variation of ambient temperature

Fig. 6 Variation of the environmental conditions during the charging time.
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Fig. 7: Control signal during the charging time

(a) Performance of the battery current      (b) Performance of the battery voltage

(c) Performance of the battery power

Fig. 8: Performance of the battery current, voltage and power during the charging time.



 

World Eng. & Appl. Sci. J., 1 (1): 09-17, 2010

16

Fig. 9: Performance of the battery SOC during the charging time

the  finishing  charge  mode  of  the   proposed  system, charge the battery to about 100% SOC, while the
the battery current of the conventional system is 0 A and conventional system can ultimately charge the same
that  of  the  proposed  system  decreases  successively battery to only about 93.6% SOC.
in  steps  to   reach  0  A  when  the battery is fully
charged. Also, Fig. 8 (b) indicates that during the MPPT CONCLUSIONS
mode of the two systems, the battery voltages are
effectively increased with the corresponding charging A new charging algorithm, which uses the
currents (i.e., MPPT charging rates). While, during the capabilities of the DC-DC converters in PV systems, is
finishing charge mode of the proposed system, the proposed and applied to a proposed PV/Battery charging
battery  voltage  of  the  conventional  system  drops  to system, to quickly and safely charge lead-acid batteries to
its open-circuit value (described at the corresponding their 100% SOC. The proposed algorithm is based on
battery   final    SOC)    and   that   of   the  proposed using two modes: the MPPT mode and the finishing
system  is  switched  to   increase   slowly   and  safely charge mode. The function of the MPPT mode, which is
with   the   corresponding   specified   charging   rates  till based on using the P andO PPT, is to effectively charge
the  battery  is  fully  charged;  it,  then,  drops  to  its the lead-acid battery (quickly and safely) to about 90-95%
open-circuit value that corresponds to the battery final SOC; whereas that of the finishing charge mode, which is
SOC. Moreover, Fig. 8(c) shows that during the MPPT based  on  using a set of series-connected relays, is to
mode of the two systems, the two system batteries are fully charge the battery (safely) to about 100% SOC.
effectively charged with the corresponding array Therefore, the proposed algorithm can ensure: (a) a better
maximum  powers. While, during the finishing charge exploitation of the available PV power, by operating the
mode  of  the  proposed  system,  the  battery power of the PV array at its MPPs; and (b) an increased battery lifetime,
conventional system is 0 W and that of the proposed by restoring the SOC of all battery cells (including the
system decreases successively in steps to reach 0 W weaker cells) to their 100% SOC quickly and safely.
when the battery is fully charged (i.e., as the Simulation results indicated that by using the proposed
corresponding battery current). (two mode) charging algorithm, the discharged lead-acid

Figure 9 is dedicated for the evaluation of the battery can ultimately restore its 100% SOC quickly and
performance of the battery SOC by using the proposed safely. Whereas, on the other hand, the conventional
system compared to the conventional one. Thus, it is seen charging algorithm can ultimately charge the lead-acid
from this figure that the proposed system can ultimately battery to only about 93.6% SOC.
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