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Abstract

A new method of charging and discharging has devel oped to improve the performance of charging and discharging
of lead-acid batteries. The battery itself has an internal resistance that makes it difficult to control the charging
and discharging process because the capacity of the battery is estimated by the potential difference between the two
electrodes of the battery, named external voltage. When the effective internal resistance of the battery is increased
due to the deterioration, the external voltage istoo high to stop charging even though the battery has not stored a
sufficient amount of energy. This paper introduces a new method of charging and discharging and the resulted
effectiveness of this method to the lead acid battery life prolongation is shown.
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1. INTRODUCTION

To prolong the life of automotive batteriesis a crucial
issues for the sustainable development and improve the
environment. We have studied on the prolongation of
lead-acid batteries [Kozawa, 2003, 2004; Minami et al.
2003, 2004]. The state of the art in lead acid batteriesis
evaluated by the repetition of charging-discharging
cycles. Japanese Industrial Standards (JIS) specify 14.5
V asthefinal charge voltage of 6-cellslead acid battery.
Any charging in excess of thisvoltage generates hydro-
gen gas. Therefore, in compliance with this standard,
charging usually stops and the battery switches over to
discharging when thisvoltageis attained. Thefina dis-
charge voltage is set, again by JIS, at 10.5V so that
performance can be evaluated in terms of time and ca-
pacity by discharging from the fully charged state at a
constant current until reaching 10.5 V. However, these
two voltages are in reality the voltages at the terminals
of the battery. An actual battery has an effective inter-
nal resistance, R. Therefore, the voltagedropV =1 xr
that occurs because of the charge and discharge currents,
I, is evaluated differently in battery charging and dis-
charging. A new method for obtaining the battery'sin-
ternal voltage, V, and using thisto control battery charge-

discharge current is proposed. It involves stopping the
current for a short period of time during battery charg-
ing and discharging, and measuring the battery voltage
in that instant.

2. CONTROL SYSTEM OF THE CHARGE-
DISCHARGE

An automatic charger-discharger is fabricated to evalu-
ate battery deterioration. Figure 1isan example of such
experimental result. It can be seen that, when charging
starts, voltage increases, whereas when discharging
starts, voltage decreases. Moreover, as the number of
cycles increases, discharge time becomes shorter with
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each cycle. Thisis caused by the increase in internal
resistance as the battery deteriorates and it occurs de-
spite the constant discharge current. For this reason,
battery voltage rapidly depletes in proportion to the
magnitude of the internal resistance, hence discharging
to 10.5 V becomesfaster. In other words, by watching
the change in discharge time per cycle, it is possible to
identify the change in internal resistance of the battery,
that isto say, the state of battery deterioration.

The previoustest system consists of acharger-discharger
that controlsexternal (terminal) voltage. It switchesback
and forth between charging and discharging according
to the terminal voltage. A charger-discharger that runs
by controlling internal voltage controls charging and
discharging based on theinternal voltage of the battery.
Thisinternal voltageisthe battery voltage (Electromo-
tive force) when current is not flowing to or throughit.
The external voltage includesthe | x r drop caused by
the discharge current, |.

The new system consists of charger-discharger which
controlsthe voltage using itsinternal voltage asfollows.
The objectiveisto fully charge a battery by flowing suf-
ficient current to it. Asthe battery repeatedly charges
and discharges, it gradually deteriorates. Itsinternal re-
sistance increases until current eventually stops flowing
through it. Asan equivalent circuit, the battery would
look like Figure 2.

Fig. 2 Equivalent circuit of the battery

E=V-rl 1)

E isthe battery'sinternal voltage (electromotive force),
V isthe external (terminal) voltage and r isthe effective
internal resistance. From Eq. 1, it is understood that,
when a constant current flows to the battery, the termi-
nal voltage, V, changes because of theinternal resistance,
r. Asthe battery deteriorates and the internal resistance,
r, increases, the terminal voltage, V, increasesto 14.5V
in ashort period of time and charging ends. Inthis tate,
charging ends with little or nothing to do with the elec-
tromotive force of the battery. A sufficient amount of
current does not flow to the battery and resultantly the
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battery does not fully charge. The charger-discharger
that works by internal voltage control eliminates the ef-
fects of thisinternal resistance so as to store sufficient
energy in the battery.

The basic circuit for repeatedly charging and discharg-
ing the battery is shown in Figure 3. It consists of relay
circuits for controlling battery charging and discharg-
ing, and a measurement circuit. In charging, the charge
relay is ON, while the discharge relay is OFF, hence
charge current flows from the charger to the battery. In
discharging, the charge relay is OFF, while the discharge
relay is ON, hence discharge current flows from the bat-
tery to the load.
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Fig. 3 Conceptual view of charger-discharger

Therelay circuit for previous controlling battery charg-
ing and discharging is shown in Figure 4. The charge
relay and dischargerelay of Figure 3 control current flow
so that, when battery voltage reaches 14.5 V, the device
switches over to discharging and, when voltage dropsto
10.5V, it switches back to charging. The charge relay
and discharge relay switch positions according to volt-
age. That timing and circuit are as follows. Figure 4
shows how the charge relay and discharge relay switch
positions.

Fig. 4 Relay circuit for controlling battery charging and
discharging

The meter relay in Figure 4 is ameter with switchesfor
controlling circuit positions according to voltage level.
When the maximum is set to 14.5V and the minimum to



Joumal of Asian Electric Vehicles, Volume 3, Number 1, June 2005

10.5V, and battery voltage reaches those levels, the
switches activate. Also, relaysA, B, 1 and 2 control the
charge and discharge relays that controls direct current
flow to the battery. Figure 5 shows the relationship of
switchesA1, A2, B1 and B2 of relaysA and B, and bat-
tery voltage.
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Fig. 5 Relationship of relaysA and B, and battery voltage

In charging, switch Al is ON, therefore 12 V are ap-
plied to the relay 2 and resultantly the relay 2 turns ON.
Accordingly, the charge relay turns ON and hence cur-
rent flows to the battery and charging starts. Also, re-
layl is OFF, therefore the discharge relay stays OFF.
When the battery is fully charged and voltage exceeds
14.5V, the high end of the meter relay turns ON. In that
ingtant, B, turns ON and relay 1 turns ON. Accordingly,
becausethe discharge relay turns ON, current flowsfrom
the battery to the load and discharging starts. At this
time, relay 2 is OFF, therefore the charge relay is OFF.
Here, when voltage drops, both the high and low ends
of the meter relay turn OFF as in charging, but the cir-
cuit is self-holding so that discharging continues. Using
an AD converter (ADC-11), all of the voltages and cur-
rents are recorded into a PC and measured (Figure 6).
Current is measured with a current converter.
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Fig. 6 System of datalogging and PC

3. NEW CHARGER-DISCHARGER OPERATED
BY INTERNAL VOLTAGE CONTROL

Even with deteriorated batteries of high internal resis-
tance, this charger-discharger that works by internal
voltage control can eliminate the effects of thisinternal

resistance and store energy in batteries. It controlscharg-
ing and discharging using theinternal voltage rather than
theterminal voltage of the battery. A view of the device
isshownin Figure 7.

Fig. 7 A photograph of internal voltage controlled
charger-discharger

To know the internal voltage of a battery, Eq. 1 tellsus
to stop current flow to and from the battery and read the
terminal voltage of the open circuit. Theinterna volt-
age of abattery can be known without any effects from
internal resistance both in charging and discharging. For
that reason, this device opens the circuit for a short pe-
riod of time during charging and discharging, and reads
thevoltage. A circuit diagram of thisdeviceisshownin
Figure 8.
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Fig. 8 Internal voltage controlled charge-discharge circuits

To turn off the charging in Figure 8, aP-channel FET is
used. To turn off the discharging, an N-channel FET is
used. A timing generator controlsthe operation of these
FET. Thistiming generator generates pul se voltages of
+5V and-5V. At +5V, atransistor isturned to prevent
+12 V from being turned on the N-channel FET, hence
the N-channel FET isnot turned on. The P-channel FET
is OFF with positive voltage. At -5V, the transistor is
not turned on, therefore voltage split from the +12 V
power supply is supplied to the N-channel FET causing
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it to beturned on. This-5V isapplied to the P-channel
FET, causing it to be turned on. Therefore, this circuit
is open while +5 V are being output from the timing
generator. The duty cycle of the pulse to monitor the
internal voltage of the battery is set to be 60 mswhich
corresponds to 2% duty-cycle to the normal charging-
discharging period. During the off-time of charging-
discharging current, theinternal voltage is successfully
sampled and holded to control the timing of charging
and discharging.

4, EXPERIMENT RESULTS

Using this system, the effects of additives on batteries
aremeasured. The I TE additiveby Kozawaet al., [2003,
2004] is a useful liquid solution with particles of sev-
era umin sizethat isinjected into the electrolyte of the
battery. These particles affect the electrolyte during
charging and discharging. ThisITE additive has shown
to prolong the service-life of batteries. The purpose of
fabricating this device isto further improve this effect.

The internal voltage Vi, external voltage, Vo, can be
sampled and recorded simultaneously by the data log-
ger that samples every 5 sec. The charging is changed
to be discharging at the internal voltage of 14.5V, while
the discharging is changed to be charging at the internal

voltage of 10.5V. A test battery whichis 12 volt 28 Ah
lead-acid battery for automobile starter (40B19L) is
charged and discharged repeatedly as 0.5C (14A). The
charging current and discharging current are kept almost
constant. Figure 9 shows an example of thetime varia-
tion of external voltage, Vo, and theinternal voltage, Vi,
at the beginning of the experiment phase (5-10h since
the experiment is started).
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Fig. 9 An example of the time variation of the internal
voltage and external voltage of test battery

Figure 10 shows an example of the time variation of
external voltage, Vo, and the internal voltage, Vi, at the
time of 20-23h since the experiment is started.

The experimental result to compare two methods is
shown in Figure 11. The time variation of the battery
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Fig. 10 An experimental result of comparing two meth-
ods of charging and discharging controls
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Fig. 11 Thetime variation of the battery voltage char-

acteristics during the whole experiment

voltage characteristics during the whole experiment by
the internal resistance control is shown.

Figure 12 shows that a result of two methods based on
the period of charging and discharging. The maximum
charging voltage and the minimum charging voltage are
set to be 14.5V and 10.5V respectively. The period is
defined asthe duration of one cycle of charging and dis-
charging. The result shows clearly that the period by
theinternal control iskept longer than that by the exter-
nal control.
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Fig. 12 An experimental result of two methods; thein-
ternal voltage control and the external voltage control
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5. DISCUSSIONSAND CONCLUSIONS

L et's discuss about the pulse duration to stop the current
whichisset to be 60ms. Isit sufficient for the battery to
be settled. During the switched-off time, the internal
voltage, Vi, is sampled and holded is used as the battery
voltage to control the charging and discharging. The
internal resister is created by the following three com-
ponents: (1) Surface resistance by discharge reaction
called activation bipolaration), (2) Electron diffusing re-
sistance or called pure resistance of PbSO, and metal
Pb, (3) lon conduction resistance due to the diffusion of
H,SO, ion. Among them, terms of (1) and (2) decrease
shortly (order of us) after the current stops. Thetime
constant of ion diffusion is severa seconds. In this ex-
periment, 60msis effective to reduce the effect of term
of (1) and (2). Theduty ratio of current stopping timeis
2% during the charging and discharging. The experi-
mental result confirmed that the control of interna volt-
age by such system isuseful to prolong battery life. The
use of additive increasesinterna voltageandisbelieved
to produce the prolongation more effectively.
Thisexperiment confirmed that theinternal voltage con-
trol workswell for the process of charging-discharging.
Thelife of batteriesis significantly extended for repeat-
ing the deep cycle use compared with the method by the
conventional external voltage control. This means that
the capacity of batteries can sufficiently utilized when
the internal voltage control is used. By the deep charg-
ing of batteries the effect of sulfation can be avoided.
This method can be suitably applicable when additives
isused for prolongation of life because the upper limit
of charging batteriesincreases.
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