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Analysis of an automatic energy recovery system
for partially spent batteries
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Abstract

This paper analyzes the performance of a system for automatic recovery and consolidation of energy from partially spent batteries. The
objective for this system is to minimize the stockpile of batteries needed to run a suite of portable electronic devices on a daily, mission-
oriented, basis. This system adapts to various battery types and allows the user to conveniently choose between charging and discharging
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pecific batteries without changing the battery positions. The control algorithm is able to automatically select which secondary batte
referentially be charged. The control algorithm also continuously adjusts the discharging current of each battery according to its
tate-of-charge. This concept is then verified by numerical simulation in the Virtual Test Bed (VTB) environment, which shows that t
s able to recover most of the energy from several partially spent batteries simultaneously. The effects of the discharge rate of the
he overall system efficiency and the total discharging time are discussed.

2004 Elsevier B.V. All rights reserved.
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. Introduction

Batteries play a critical role in the propagation and utiliza-
ion of portable electronic devices such as portable comput-
rs, cellular phones, cameras, camcorders, MEMS, CD/MP3
layers and radios, and are now nearly essential in the daily

ives of civilians and military personnel[1–3]. For a long-term
rip or military mission, the people or military personnel may
eed to carry many batteries to power the many portable elec-

ronic devices they use. One of their objectives is to find a
ay to minimize the number of individual batteries that they
ave to carry to support all of their equipment. Some items of
quipment use different batteries than others, and every item
ischarges the batteries at a different rate. So if a person wants

o minimize the weight for a 1-day mission, they would take
artially spent batteries out of their equipment and replace

hem with fresh batteries. But then the energy in the par-
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tially spent batteries would be wasted. For example, a pe
might have two AA alkaline batteries, each at 25% state
charge (SOC), one D size alkaline battery at 30% SOC
a lithium-ion battery at 20% SOC. None of these batte
can power their respective loads for a full day, yet they
contain useful energy. A simple way to recover the resi
energy is to use the two AA alkaline batteries and the D
alkaline battery to recharge the lithium-ion battery, ther
consolidating all of the energy into one battery. The objec
of our work, then, is to develop and assess the effective
of an energy recovery system that can automatically rec
and consolidate energy from partially spent batteries (e
primary or secondary batteries) into secondary batterie

Ideally, the energy recovery system should be able to
tomatically adapt to any type of battery put into the “sou
side, and any other type of rechargeable battery put int
“load” side. In general, the initial states of the batteries
ing inserted will be considerably different[4]. A battery with
higher initial state-of-charge may require a larger disch
ing current or otherwise a longer discharging time. In o
378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2004.08.034
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to extract as much energy as possible, the discharge rate will
have to decrease as the source battery becomes more deeply
depleted[5]. Therefore, an interesting but difficult part in the
automatic energy recovery system is controlling the current
drawn from the partially depleted batteries so as to extract
nearly all of the available energy within the shortest period.
Another point of interest is how to choose which secondary
batteries to charge from the many ones available, based on
the total charge available. State-of-charge is a measure of the
charge remaining in the battery but it is difficult to measure
directly [6]. Many people have studied methods for state-of-
charge estimation. Liu et al. presented two methods in[7]
both of which have drawbacks; the ampere-hours method re-
quires information about the initial state-of-charge, and the
recursive method needs a lot of offline experimental data to
obtain the many parameters. In our application, we adopt a
simple and practical approach based on the measured battery
current and voltage. While not highly accurate, it is sufficient
for the rough estimates needed for this application.

In the following, we present the system and control de-
signs for the automatic battery energy recovery system. This
system can put nearly all of the energy from batteries on the
“source” side into the rechargeable batteries on the “load”
side. The concept is then verified by numerical simulation
and the results are presented. The effects of the discharge
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Fig. 1 illustrates the system which is self-powered
from the batteries inserted into it. The system consists of
five individual, identical charging/discharging channels
and an integrated controller. Power can flow through any
power converter in either direction. The user can choose
between charging and discharging their battery by setting
the controller. The high voltage side of each power converter
is connected to a common voltage bus so that all power
converters have the same voltage at the high voltage side. The
power converters control the charging/discharging currents
of each battery, and allocate the available power among the
batteries. The controller coordinates the individual power
converters. The currents and voltages of the batteries are
sensed and fed into the controller which calculates the
reference charging/discharging current for each channel and
the corresponding duty cycle, and then generates the actual
PWM switching signals for the power converters.

3. Control system development

The control system manages the discharging process, se-
lects which batteries should be charged, regulates the bus
voltage, and limits the charging currents and voltages. In or-
der to achieve high system efficiency, a floating bus voltage
s s the
h rters
o age
c vert-
e this
fl safe
c gu-
l rging
l the
v will
b er all
o mits,
t ries
b

ate of the batteries on the overall system efficiency an
otal discharging time are discussed.

. System design

In general, the battery energy recovery system shou
ow to automatically attract energy from multiple partia
pent batteries and to put the energy into multiple part
pent secondary batteries on a continuous basis, and it s
e possible to insert any battery at any time. The case o
i-directional charging/discharging channels is studied in
aper, which can represent the general solution of many
els.

Fig. 1. Block diagram of the pr
 automatic energy recovery system.

trategy is applied. The bus voltage is set at 1.2 time
ighest voltage of any battery so that the power conve
perate at high efficiency which results from a small volt
hange in the converter. One objective of the power con
rs responsible for charging the batteries is to maintain
oating bus voltage. If any charging current exceeds the
harging limit for a battery, then the power converter is re
ated to output a constant current that equals the safe cha
imit. If the voltage of any battery being charged exceeds
oltage limit, the output voltage of the power converter
e kept constant and equal to the voltage limit. Whenev
f the charging currents or voltages exceed their safe li

he controller will reduce the discharge rate of the batte
eing discharged.
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3.1. Discharging strategy

Let us first consider a basic relationship between the
charge level of the battery and the discharging current. The
charge of the battery can be expressed as follows[8]:

Cend = Cr SOC0 −
∫ tend

0
I dt (1)

whereCr is the rated capacity of the battery (A h), SOC0 the
initial state-of-charge,I the discharging current in magnitude
(A), tend the total discharging time (h). In Eq.(1), the term
Cr SOC0 represents the initial charge remaining in the bat-
tery. From Eq.(1), it is seen that the remaining charge of the
battery is the integral of the discharging current over the total
discharging time until the battery is fully depleted. If we use
direct currents of the same magnitude to discharge two dif-
ferent batteries, the discharging time will be approximately
(neglecting nonlinearity) proportional to the charge remain-
ing in the battery. This means that the discharging time will
be approximately proportional to the state-of-charge for two
batteries of equal capacity, or proportional to the capacity of
two batteries at the same state-of-charge. If we want all the
batteries to become fully discharged during the same period
of time, the discharging current can be made proportional to
the charge level of the partially spent battery that is equal
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by CHARGESUM) is less than that needed by the least de-
pleted battery (#1), the charging strategy will select this bat-
tery to charge. If the total available charge is more than that
needed by the least depleted battery (#1) but less than that
needed by both #1 and #2, the charging strategy will select
to charge these two batteries. But the charging order depends
on the charge needed by #2. If the charge needed by #2 is
more than the total available charge, the strategy selects to
first charge #1 and then charge #2 so that the first battery will
be ready within the shortest time. Otherwise, both batteries
are charged simultaneously. In this case, both batteries will
have a final charge level at least higher than 50%. This charg-
ing pattern is followed by the rest of the controllers for the
other batteries. The charging strategy is described as follows:

IF CHARGE SUM < CHARGE [1]

Charge battery #1

ELSE IF CHARGESUM < CHARGE [1] + CHARGE [2]

IF CHARGE SUM < CHARGE [2]

Charge #1 and then charge #2 after #1 finished

ELSE

Charge #1 & #2 simultaneously

END
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o the capacity times the state-of-charge. Therefore, the
harging current for the battery can be calculated acco
o

i = kdisckiCr,i SOCi (2)

hereIi is the discharging current of theith battery (A),Cr,i
he rated capacity of theith battery (A h), SOCi the state-of
harge of theith battery,ki a constant specific to the batte
hat represents the state-of-health of the battery, andkdisc
he discharge rate constant that is identical to all batte
he discharging strategy can adjust the discharging cur
ontinuously according to the estimated state-of-charg
ach battery.

.2. Charging strategy

As mentioned previously, the control system should
omatically select which of the secondary batteries sh
e charged. The charging strategy aims to select the
epleted secondary batteries to charge first because t

akes less time to fill as many batteries as possible.
harge that is needed to fill each battery is equal to the
ct of the rated capacity and the depth-of-discharge (c

ated as unity minus the state-of-charge). Assume that
reM secondary batteries to be charged. The charge ne
y each battery is arranged in ascending order and de
s CHARGE [k], wherek = 1, 2, . . ., M. The batteries ar

hen numbered from #1 to #M in this order, which mean
hat, among these batteries, battery #1 will need the
harge to become full. If the total available charge (den
t

. .. . .

LSE IF CHARGESUM < CHARGE [1] + CHARGE [2]

+ · · · + CHARGE [M]

IF CHARGE SUM < CHARGE [M]

Charge #1, #2,. . ., #M − 1 simultaneously,

and then charge #M

ELSE

Charge #1, #2,. . ., #M simultaneously

END

LSE

Charge #1, #2,. . ., #M simultaneously

ND

.3. State-of-charge estimation

In the charging and discharging strategies, the disch
ng current varies with the state-of-charge of the battery
he total charge available is calculated based on the sta
harge estimates. Obviously, the state-of-charge is impo
nformation for the control algorithm. Since it is impossi
o measure the state-of-charge directly, a method shou
ound to estimate it from the measured voltage and cu
f the battery. Since there is an approximately fixed no
ar relationship between the state-of-charge and open-c
oltage[9], we estimate the state-of-charge from the ba
oltage according to a piecewise linear relation, as show
ig. 2a. The voltage space is divided into 10 zones and
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Fig. 2. Piecewise-linear fitting between the open-circuit voltage and the
state-of-charge of the battery. (a) Example voltage vs. state-of-charge curve
for a lithium-ion cell; (b) an example of one NiH2 cell.

open-circuit voltages are measured under the conditions that
the state-of-charge is 0, 0.1, 0.2,. . ., 1.0. The voltage versus
state-of-charge relation is then represented by 10 straight-
line segments. When the open-circuit voltage falls within any
zone, the estimate of the state-of-charge is obtained by means
of linear interpolation between the two boundaries. The esti-
mate is described in the following equation:

SOC= v0 − ai

bi

+ ci, vi < v0 < vi+1, i = 0, 1, ..., 10

(3)

wherevi andvi+1 are, respectively, the lower-limit and upper-
limit of the open-circuit voltage within each zone,ai , bi and
ci are constants and they can be easily obtained from val-
uesvi andvi+1, v0 is the battery open-circuit voltage. The
lower-limit (vi) corresponds with the condition that the state-
of-charge is equal toi × 10%. The upper-limit (vi+1) corre-
sponds with the condition that the state-of-charge is equal to
(i + 1) × 10%.

The voltage corresponding to each state-of-charge value,
for instance, 0.1, can be obtained by measuring the open-
circuit voltage when charging the battery to the correspond-
ing charge level (i.e., 10%). The state-of-charge of the battery
is decided using the following approach. Each battery is dis-
charged to full depletion. A constant current is then applied

Fig. 3. Equivalent circuit for estimation of the open-circuit voltage of the
battery.

to charge the battery until it is full and the total charging time
is recorded. After fully depleting this battery, charging this
battery with the same current for a proportion (equal to the
state-of-charge in magnitude) of the total charging time can
obtain a desired state-of-charge. This method ignores aging
issues that cause a battery to have less capacity after many
charge/discharge cycles than it had when new. For different
type of batteries, the voltage versus state-of-charge curves
may be different (for example, seeFig. 2b). It is possible to
obtain a series of parameters for different batteries from some
major manufactures through the same set of experiments.
These parameters can be preset in the controller. When the
users select their battery type, the corresponding parameter
set will be used for the state-of-charge estimation.

In order to estimate the open-circuit voltage, we use a very
simple model of the battery as shown inFig. 3. Although it is
not practical to directly measure the open-circuit voltage of
the battery which is connected to the voltage bus, the internal
potential of the battery is equal to the terminal voltage when
the battery is open, which does not change with the external
voltage being imposed across it at this moment.

FromFig. 3, it is clear that the open-circuit voltage of the
battery,v0, can be estimated from the following equation:

v0 = v − ir (4)
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herev andi are the measured battery voltage and char
urrent, respectively;r the equivalent series resistance (E
f the battery. This current correction term is importan

he state-of-charge estimate when the initial condition
he batteries are widely disparate.

.4. Control implementation

The control algorithm is then coded and modeled
he VTB. The main functional modules include the st
f-charge estimation module, the charging pattern s
odule, the discharging current strategy module, the

ent/voltage regulation module, and the discharging/cha
ermination decision module, as shown inFig. 4.

In the charging pattern select module, the batteries
harged are selected with the objective of appropriately
ating the total available charge that is calculated acco
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Fig. 4. Flow chart of the control algorithm.

to the estimated state-of-charge and the capacity that is input
by the user. (This could be automated if each battery pre-
sented a battery identification code at its connection port.)
The discharging current strategy module is to calculate the
reference discharging currents according to the proposed cur-
rent sharing algorithm, which is shown in Eq.(2). The cur-
rent and voltage regulation modules are used to compute the
duty cycles to the power converters according to the reference
currents and voltages, respectively. The proportional–integral
approach is used to regulate the currents and voltages. The
regulation of the discharging current is formulated in the fol-
lowing equation:

d = dold + kp,idisc(Idisc,ref − Idisc)

+ ki,idisc

∫
(Idisc,ref − Idisc) dt (5)

wheredanddold are the current and previous duty cycles used
to control the power converter;Idisc the discharging current
of the battery;Idisc,refthe reference discharging current of the
battery;kp,idisc, ki,idisc the proportional and integral gains for
discharging current regulation, respectively. The bus voltage
regulation is formulated as follows:

d = dold + kp,vbus(Vbus,ref − Vbus)∫

w tery,
r
t tion,
r tions

of the secondary battery are formulated in Eqs.(7) and(8),
respectively:

d = dold + kpi(Iref − I) + kii

∫
(Iref − I) dt (7)

d = dold + kpv(Vref − V ) + kiv

∫
(Vref − V ) dt (8)

whereI,Vare the charging current and voltage of the battery,
respectively;Iref andVref the reference charging current and
voltage of the battery, respectively;kpi , kii , andkpv, kiv the
proportional and integral gains for battery current and voltage
regulations, respectively.

The discharging/charging termination decision module
determines when the discharging/charging process should
stop.

4. System modeling and simulation

A simulation model of the automatic battery energy re-
covery system was built in the Virtual Test Bed (VTB) en-
vironment[10]. The control algorithm has been discussed
in the previous section. The models for batteries and power
converters are briefly described below.

. The
o lec-
t eract
w mi-
c orous
e tions
+ ki,vbus (Vbus,ref − Vbus) dt (6)

hereI,Vare the charging current and voltage of the bat
espectively;Vbus,refthe reference bus voltage;kp,vbus, ki,vbus
he proportional and integral gains for bus voltage regula
espectively. The charging current and voltage regula
Various types of batteries can be used in this system
bjective of modeling the batteries is to replicate the e

rical and thermal properties of the batteries as they int
ith the external circuit. In this application, all electroche
al reactions are considered uniform throughout each p
lectrode and all spatial variations of chemical concentra
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Fig. 5. Equivalent circuit of lithium-ion battery based on experimental data.

and potentials are ignored. The models are obtained by fit-
ting the data from manufacturers’ data sheets or independent
measurements. Here, we take the lithium-ion battery model
as an example to explain how to model the many types of bat-
teries. The equivalent electrical schematic of the lithium-ion
battery model is shown inFig. 5.

The equivalent model comprises three components: an
equilibrium potentialE, an internal resistance that is divided
into two componentsR1 andR2, and an effective capacitance
C that represents localized storage of chemical energy within
the porous electrodes. The equilibrium potential of the bat-
tery depends on the temperature and the amount of active
material available in the electrodes, which can be specified
in terms of depth of discharge. The potentialE, the terminal
voltagev and the depth of discharge (DOD) are related by
the following equations:

i(t) = 1

R2
[v(t) − E[i(t), T (t), t] − R1i(t)] + C

d

dt
[v(t)

− E[i(t), T (t), t] − R1i(t)] (9)

v[i(t), T (t), t] =
N∑

j=0

cj DODj[i(t), T (t), t] + �E[T (t)]

(10)
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Fig. 6. Diagram of the bi-directional dc/dc converter (left: high voltage side,
right: low voltage side).

Fig. 6 schematically shows the circuit diagram of a bi-
directional dc/dc converter. The power converter consists
mainly of a high side switchQ1 and a complementary low side
switchQ2 (operating as a synchronous rectifier for the buck
converter mode or as a main switch for the boost converter
mode). This configuration is chosen due to the simplicity and
high efficiency. The power inductorL stores energy and filters
the ripple in the current. The capacitorsC1 andC2 smooth
the ripple in the input or output voltage.

Since the goal of the system-level simulation is to investi-
gate the current sharing in the energy system and to monitor
the main parameters of the system, the simulation time step
can be long, for example, higher than 100 ms. In this case,
an average-value model of the power converter is used and
the switching transients are neglected.Fig. 7 illustrates the
switching-average model of the bi-directional dc/dc converter
accounting for the power loss. The power loss (including con-
duction loss and switching loss) in the power converter is
represented by a loss resistor that consumes the same energy
as that lost in the operation during each switching period.
To get the power loss, efficiencies of the power converter at
different power outputs can be measured. The loss resistance
is expressed in the following equation:

Ron = (1 − η)VHIH

I2 = (1 − η)
VH

IH
(12)

w the
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F r ac-
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OD[i(t), T (t), t] = 1

Qr

∫ t

0
α[i(τ)]β[T (τ)]i(τ) dτ (11)

herei is the battery current (A),N the highest order of th
tting polynomial of the reference curve,cj the coefficient o
hejth order term in the polynomial representation, andQr the
attery capacity referred to the cutoff voltage for the refere
urve (A h),T the battery temperature (K),t the independen
ime variable (s). A potential correction term�E(T ) is used
o compensate for the variation of equilibrium potential th
nduced by the temperature change at the reference rat
ependence of the depth of discharge on the rate is acco

or by a factorα(i). A factorβ(T ) is used to account for th
ependence of the depth of discharge on the temperatur
etail of how to determine these parameters can be fou

11].
H

hereη is the efficiency of the power converter under
ondition that the high side voltage is constant at 20 VVH
ndVL are the average voltages on the high voltage side

ow voltage side of the converter, respectively;IH the mag
itude of the current flowing into or out of the high volta
ide.Fig. 8shows a measurement of efficiency of the po
onverter as a function of power at the high voltage side u
he condition that the high side voltage is constant at 20

ig. 7. Switching-average model of the bi-directional dc/dc converte
ounting for the power loss.
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Fig. 8. Efficiency of the power converter as a function of power at the high
voltage side under the condition that the high side voltage is constant at 20 V.

The power flow in the power converter is controlled by
adjusting the ON/OFF duty cycle of the switches. The average
low side voltage and high side voltage of the power converter
is determined by the following equation:

VL

V ′
H

= ton

T
= dH (13)

whereV ′
H is the ideal voltage on the high voltage side without

considering the power loss,ton the turn-on time of the switch

on the high voltage side during a period,T the switching
period,dH the duty cycle of the PWM switching signal to the
high side switch.

Fig. 9shows the VTB schematic view of the system illus-
trated inFig. 1. It consists of five channels: the first three for
discharging the primary batteries, the latter two for charging
the secondary batteries. While the primary batteries are 10
× 10 (series by parallel connections) array of Zn-air cells,
4 × 2 primary lithium cells, and one LiSO2 cell (BA5590,
15 V/15 A h), respectively, the secondary batteries are 4× 3
Li-ion cells and 4× 2 Li-ion cells, respectively. For conve-
nience, the batteries are numbered #1 through #5. The capac-
ities of the batteries are 10× 0.4, 2× 1.4, 1× 12, 3× 1.5,
and 2× 1.5 A h, respectively. The initial states of charge of
the primary batteries are 0.45, 0.3, and 0.2, respectively. The
initial states of charge of the secondary batteries are 0.3 and
0.35, respectively. The constantki in Eq.(2) is, respectively,
1.0, 1.0 and 0.8 for batteries #1 to #3. The discharge rate
constantkdisc in Eq.(2) is 1.0.

5. Results and discussion

The simulation is run for 2 h (7200 s), and the simulation
results are shown inFigs. 10–13. Figs. 10 and 11show the
v state-
Fig. 9. VTB schematic view of the automatic ene
oltages and currents of the batteries, respectively. The
rgy recovery system for partially spent batteries.
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Fig. 10. Voltages of the batteries.

Fig. 11. Charging currents of the batteries.

of-charge of each battery is plotted inFig. 12. Fig. 13shows
the duty cycles of the power converters.

Among these batteries, battery #5 has the highest volt-
age. It is shown inFig. 10that the bus voltage is higher than

Fig. 12. State-of-charge of the batteries.

Fig. 13. Duty cycles of the power converters.

the voltages of all batteries and is 20% higher than the volt-
age of battery #5. The duty cycle of the power converter in
series with battery #5 is around 0.8, as shown inFig. 13.
The voltages of batteries #1 through #3 decrease while the
voltages of batteries #4 and #5 increase during the charg-
ing/discharging process. Consequently, the bus voltage in-
creases with the voltage of battery #5, and the duty cycles of
the power converters in the discharging channels decrease,
as shown inFig. 13. It is seen fromFig. 11that the battery
with the highest effective charge (state-of-charge times the
capacity times state-of-health) is discharged at the highest
current. The discharging currents vary with the estimates of
state-of-charge and decrease with the charge of the batter-
ies. The charging currents of the other two batteries decrease
with time because the discharging currents (thus the power to
charge the batteries) decrease.Fig. 12shows that the state-of-
charge increases when the battery is charged and decreases
when the battery is discharged. The state-of-charge of bat-
tery #1 decreases more rapidly than the others because it has
the lowest discharge capacity although its discharge rate is
lower than the others. It is also shown that three discharging
batteries get almost fully discharged after 2 h. At the end, two
rechargeable batteries are charged to 86% and 95% charge
levels, respectively. It is seen from the study that more than
80% of the available energy is recovered from the primary
b

me-
t e dis-
c e
d mea-
s dary
b leted
b iency
c round
1 rge
r ncy
d cy de-
c rated
p best
atteries.
System efficiency and discharging time are two para

ers of concern to the user. They are dependent on th
harge rates of the batteries.Fig. 14shows the effect of th
ischarge rate on the overall system efficiency that is a
ure of the ratio of the energy transferred to the secon
atteries to the energy extracted from the partially dep
atteries. It is seen that a satisfactory overall system effic
an be gained when the discharge rate constant is a
.0 (i.e.,kdisc is between 0.7 and 1.2). When the discha
ate is extremely high or low, the overall system efficie
ecreases. This is because the power converter efficien
reases when the power transferred is far away from the
ower at which the power converter is optimized. The
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Fig. 14. Effect of the discharge rate on the overall system efficiency.

Fig. 15. Effect of the discharge rate on the total discharging time.

system efficiency could be obtained for a specific discharge
rate by optimizing the power converters for the corresponding
operating condition.Fig. 15shows the effect of the discharge
rate on the total discharging time. Obviously, the total dis-
charging time decreases with the discharge rate. However,
more energy could be extracted from the mostly depleted
battery at a lower discharge rate. Tradeoff must be made to
recover as much energy as possible within a limited time
frame.

6. Conclusion

This paper describes the operating characteristics of a sys-
tem for automatic recovery and consolidation of energy from
partially spent batteries. The objectives for this system are
to minimize the daily battery load carried by an individual,
from a battery depot, to run all of the portable electronic
devices necessary to accomplish remote tasks, and further-
more to minimize the stock requirements of the battery de-
pot. This system adapts to various battery types and allows

the user to conveniently choose between charging and dis-
charging specific batteries. The control algorithm is able to
automatically select which secondary batteries should pref-
erentially be charged. The charging strategy aims to select
the less depleted secondary batteries to charge first because
it then takes less time to fill the first batteries. The control al-
gorithm also continuously adjusts the discharging current of
each battery according to its estimated state-of-charge that is
obtained by estimating the battery open-circuit voltage with
current correction and piecewise-linearly fitting between the
open-circuit voltage and the state-of-charge. The bus voltage
is regulated at a floating level (rather than at a fixed level) to
obtain better system efficiency. This concept has been verified
by numerical simulation in the Virtual Test Bed (VTB) envi-
ronment. Simulation results show that the proposed system
is able to recover most of the energy from several partially
spent batteries simultaneously. The effects of the discharge
rate on the overall system efficiency and the total discharging
time have been discussed.
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