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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 dischargi
specific batteries without changing the battery positions. The control algorithm is able to automatically select which secondary batteries shouls
preferentially be charged. The control algorithm also continuously adjusts the discharging current of each battery according to its estimate
state-of-charge. This concept is then verified by numerical simulation in the Virtual Test Bed (VTB) environment, which shows that the system
is able to recover most of the energy from several partially spent batteries simultaneously. The effects of the discharge rate of the batteries c
the overall system efficiency and the total discharging time are discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tially spent batteries would be wasted. For example, a person
might have two AA alkaline batteries, each at 25% state-of-
Batteries play a critical role in the propagation and utiliza- charge (SOC), one D size alkaline battery at 30% SOC, and
tion of portable electronic devices such as portable comput- a lithium-ion battery at 20% SOC. None of these batteries
ers, cellular phones, cameras, camcorders, MEMS, CD/MP3can power their respective loads for a full day, yet they do
players and radios, and are now nearly essential in the dailycontain useful energy. A simple way to recover the residual
lives of civilians and military personnfll-3]. For along-term energy is to use the two AA alkaline batteries and the D size
trip or military mission, the people or military personnel may alkaline battery to recharge the lithium-ion battery, thereby
need to carry many batteries to power the many portable elec-consolidating all of the energy into one battery. The objective
tronic devices they use. One of their objectives is to find a of our work, then, is to develop and assess the effectiveness
way to minimize the number of individual batteries that they of an energy recovery system that can automatically reclaim
have to carry to support all of their equipment. Some items of and consolidate energy from partially spent batteries (either
equipment use different batteries than others, and every itemprimary or secondary batteries) into secondary batteries.
discharges the batteries at a differentrate. Soif apersonwants Ideally, the energy recovery system should be able to au-
to minimize the weight for a 1-day mission, they would take tomatically adapt to any type of battery put into the “source”
partially spent batteries out of their equipment and replace side, and any other type of rechargeable battery put into the
them with fresh batteries. But then the energy in the par- “load” side. In general, the initial states of the batteries be-
ing inserted will be considerably differef]. A battery with
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to extract as much energy as possible, the discharge rate will Fig. 1 illustrates the system which is self-powered
have to decrease as the source battery becomes more deepfyom the batteries inserted into it. The system consists of
depleted5]. Therefore, an interesting but difficult partinthe five individual, identical charging/discharging channels
automatic energy recovery system is controlling the current and an integrated controller. Power can flow through any
drawn from the partially depleted batteries so as to extract power converter in either direction. The user can choose
nearly all of the available energy within the shortest period. between charging and discharging their battery by setting
Another point of interest is how to choose which secondary the controller. The high voltage side of each power converter
batteries to charge from the many ones available, based oris connected to a common voltage bus so that all power
the total charge available. State-of-charge is a measure of theconverters have the same voltage at the high voltage side. The
charge remaining in the battery but it is difficult to measure power converters control the charging/discharging currents
directly[6]. Many people have studied methods for state-of- of each battery, and allocate the available power among the
charge estimation. Liu et al. presented two methodgJn batteries. The controller coordinates the individual power
both of which have drawbacks; the ampere-hours method re-converters. The currents and voltages of the batteries are
quires information about the initial state-of-charge, and the sensed and fed into the controller which calculates the
recursive method needs a lot of offline experimental data to reference charging/discharging current for each channel and
obtain the many parameters. In our application, we adopt athe corresponding duty cycle, and then generates the actual
simple and practical approach based on the measured batterf?WM switching signals for the power converters.
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- 3. Control system development
signs for the automatic battery energy recovery system. This
system can put nearly all of the energy from batteries on the  The control system manages the discharging process, se-
“source” side into the rechargeable batteries on the “load” lects which batteries should be charged, regulates the bus
side. The concept is then verified by numerical simulation voltage, and limits the charging currents and voltages. In or-
and the results are presented. The effects of the dischargaler to achieve high system efficiency, a floating bus voltage
rate of the batteries on the overall system efficiency and the strategy is applied. The bus voltage is set at 1.2 times the
total discharging time are discussed. highest voltage of any battery so that the power converters
operate at high efficiency which results from a small voltage
change in the converter. One objective of the power convert-
2. System design ers responsible for charging the batteries is to maintain this
floating bus voltage. If any charging current exceeds the safe
In general, the battery energy recovery system should al-charging limit for a battery, then the power converter is regu-
low to automatically attract energy from multiple partially lated to output a constant current that equals the safe charging
spent batteries and to put the energy into multiple partially limit. If the voltage of any battery being charged exceeds the
spent secondary batteries on a continuous basis, and it shouldfoltage limit, the output voltage of the power converter will
be possible to insert any battery at any time. The case of fivebe kept constant and equal to the voltage limit. Whenever all
bi-directional charging/discharging channels is studied in this Of the charging currents or voltages exceed their safe limits,
paper, which can representthe genera| solution ofmany chanthe controller will reduce the discharge rate of the batteries

nels. being discharged.
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Fig. 1. Block diagram of the proposed automatic energy recovery system.
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3.1. Discharging strategy by CHARGE SUM) is less than that needed by the least de-

pleted battery (#1), the charging strategy will select this bat-

Let us first consider a basic relationship between the tery to charge. If the total available charge is more than that
charge level of the battery and the discharging current. The needed by the least depleted battery (#1) but less than that

charge of the battery can be expressed as fol[8Ns needed by both #1 and #2, the charging strategy will select
fond to charge these two batteries. But the charging order depends

Cend= Cr SOG — / Idt (1) on the charge needed by #2. If the charge needed by #2 is
0 more than the total available charge, the strategy selects to

whereC; is the rated capacity of the battery (A h), SeGe first charge.#ll and then charg_e #2 so that t.he first battery \{vill
initial state-of-chargd,the discharging current in magnitude be ready W'th'_n the shortest tlme.'OtherW|se, both bqtterlgs
(A), teng the total discharging time (h). In E€L), the term are cha_rged simultaneously. In tr_ns case, both batte_rles will
C: SOG, represents the initial charge remaining in the bat- _have afinal _charge level at least higher than 50%. This charg-
tery. From Eq(L), it is seen that the remaining charge of the ing pattern is followed by_the rest of the cont_rollers for the
battery is the integral of the discharging current over the total Other batteries. The charging strategy is described as follows:
discharging time until the battery is fully depleted. If we use
direct currents of the same magnitude to discharge two dif- IF CHARGE.SUM < CHARGE [1]

ferent batteries, the discharging time will be approximately Charge battery #1

_(negletcr:mg r:?nlmt_ar?pty) propotrélotntil t%.thehcha'rget_remaw.]”- ELSE IF CHARGESUM < CHARGE [1] + CHARGE [2]
ing in the battery. This means that the discharging time wi
be approximately proportional to the state-of-charge for two IF CHARGE.SUM < CHARGE [2]

batteries of equal capacity, or proportional to the capacity of Charge #1 and then charge #2 after #1 finished
two batteries at the same state-of-charge. If we want all the ELSE

batFeries to b_ecome _fuIIy discharged during the same period Charge #1 & #2 simultaneously
of time, the discharging current can be made proportional to

the charge level of the partially spent battery that is equal END

to the capacity times the state-of-charge. Therefore, the dis-- - - - -

charging current for the battery can be calculated according ELSE IF CHARGESUM < CHARGE [1] + CHARGE [2]

0 +...+ CHARGE M|
I; = kqisckiCr,i SOG 2) IF CHARGE.SUM < CHARGE M]
Charge #1, #2,. ., #M — 1 simultaneously,

wherel; is the discharging current of thith battery (A),C

the rated capacity of thi¢h battery (A h), SOCthe state-of- and then chargeM
charge of theth batteryk; a constant specific to the battery ELSE
that represents the state-of-health of the battery, kard Charge #1, #2,. ., #M simultaneously
the discharge rate constant that is identical to all batteries.
; ; : ) . END
The discharging strategy can adjust the discharging currents
continuously according to the estimated state-of-charge of ELSE
each battery. Charge #1, #2,. ., #M simultaneously
END

3.2. Charging strategy

As mentioned previously, the control system should au- 3.3. State-of-charge estimation
tomatically select which of the secondary batteries should
be charged. The charging strategy aims to select the less In the charging and discharging strategies, the discharg-
depleted secondary batteries to charge first because then iing current varies with the state-of-charge of the battery, and
takes less time to fill as many batteries as possible. Thethe total charge available is calculated based on the state-of-
charge that is needed to fill each battery is equal to the prod-charge estimates. Obviously, the state-of-charge is important
uct of the rated capacity and the depth-of-discharge (calcu-information for the control algorithm. Since it is impossible
lated as unity minus the state-of-charge). Assume that thereto measure the state-of-charge directly, a method should be
areM secondary batteries to be charged. The charge neededound to estimate it from the measured voltage and current
by each battery is arranged in ascending order and denotedf the battery. Since there is an approximately fixed nonlin-
as CHARGE K], wherek =1, 2,..., M. The batteries are  ear relationship between the state-of-charge and open-circuit
then numbered from #1 toM¢ in this order, which means  voltage[9], we estimate the state-of-charge from the battery
that, among these batteries, battery #1 will need the leastvoltage according to a piecewise linear relation, as shown in
charge to become full. If the total available charge (denoted Fig. 2a. The voltage space is divided into 10 zones and the
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_ to charge the battery until it is full and the total charging time
% is recorded. After fully depleting this battery, charging this
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‘é MM obtain a desired state-of-charge. This method ignores aging
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g charge/discharge cycles than it had when new. For different
o type of batteries, the voltage versus state-of-charge curves
may be different (for example, s&dg. 2b). It is possible to
— Fitting curve obtain a series of parameters for different batteries from some
- , ‘ 9 ispalhed point st major manufactures through the same set of experiments.
0 02 0.4 06 08 1 These parameters can be preset in the controller. When the
(b) State-of-charge

users select their battery type, the corresponding parameter
Fig. 2. Piecewise-linear fitting between the open-circuit voltage and the set will be used for the State-Of-Charge estimation.
state-of-charge of the battery. (a) Example voltage vs. state-of-charge curve In order to estimate the open-circuit voltage, we use a very
for a lithium-ion cell; (b) an example of one NiHtell. simple model of the battery as showrfig. 3. Although itis

not practical to directly measure the open-circuit voltage of
open-circuit voltages are measured under the conditions thatthe battery which is connected to the voltage bus, the internal
the state-of-charge is 0, 0.1, 0.2,, 1.0. The voltage versus  potential of the battery is equal to the terminal voltage when
state-of-charge relation is then represented by 10 straight-the battery is open, which does not change with the external
line segments. When the open-circuit voltage falls within any voltage being imposed across it at this moment.
zone, the estimate of the state-of-charge is obtained by means FromFig. 3, it is clear that the open-circuit voltage of the
of linear interpolation between the two boundaries. The esti- battery,vg, can be estimated from the following equation:

mate is described in the following equation: .
vo=v—ir 4)
vo — a;

SOC= +ci, vi<wvo<viy1,i=0,1,..10 wherev andi are the measured battery voltage and charging

3) current, respectively;the equivalent series resistance (ESR)
of the battery. This current correction term is important to

wherev; andv;1 are, respectively, the lower-limitand upper- the state-of-charge estimate when the initial conditions of

limit of the open-circuit voltage within each zore, b; and the batteries are widely disparate.

¢ are constants and they can be easily obtained from val-

uesv; andv; 1, v is the battery open-circuit voltage. The 3.4. Control implementation

lower-limit (v;) corresponds with the condition that the state-

i

of-charge is equal tox 10%. The upper-limit; 1) corre- The control algorithm is then coded and modeled in
sponds with the condition that the state-of-charge is equal tothe VTB. The main functional modules include the state-
(i+1) x 10%. of-charge estimation module, the charging pattern select

The voltage corresponding to each state-of-charge value,module, the discharging current strategy module, the cur-
for instance, 0.1, can be obtained by measuring the open-rent/voltage regulation module, and the discharging/charging
circuit voltage when charging the battery to the correspond- termination decision module, as showrFig. 4.
ing charge level (i.e., 10%). The state-of-charge of the battery  In the charging pattern select module, the batteries to be
is decided using the following approach. Each battery is dis- charged are selected with the objective of appropriately allo-
charged to full depletion. A constant current is then applied cating the total available charge that is calculated according
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Fig. 4. Flow chart of the control algorithm.

to the estimated state-of-charge and the capacity that is inputof the secondary battery are formulated in §@3.and(8),
by the user. (This could be automated if each battery pre- respectively:
sented a battery identification code at its connection port.) X
The discha'rging cqrrent strategy modyle is to calculate the g — g4 + ki (Iret — 1) + ki; /(Iref —I)dt (7)
reference discharging currents according to the proposed cur-
rent sharing algorithm, which is shown in E&). The cur- .
rent and voltage regulation modules are used to compute the? = doid + kpu(Vret — V) + kiy /(Vref —V)dt (8)
duty cycles to the power converters according to the reference
currents and voltages, respectively. The proportional-integralwherel, V are the charging current and voltage of the battery,
approach is used to regulate the currents and voltages. Theespectively] et andV;es the reference charging current and
regulation of the discharging current is formulated in the fol- voltage of the battery, respectiveli;, kii, andkp,, ki, the
lowing equation: 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.

d = doid + kpidisc(Idiscref — Idisc)
+ ki,idisc/(’discref — lyisc) O 5)

whered anddyq are the current and previous duty cycles used
to control the power convertelgisc the discharging current

of the battery| gisc refthe reference discharging current of the
battery;kpyidisc: Kijidisc the proportional and integral gains for
discharging current regulation, respectively. The bus voltage
regulation is formulated as follows:

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

d = doid + kpvbus(Vousref — Vbus) in the previous section. The models for batteries and power
converters are briefly described below.
~+ ki vbus / (Vousref — Vous) dt (6) Various types of batteries can be used in this system. The

objective of modeling the batteries is to replicate the elec-
wherel, V are the charging current and voltage of the battery, trical and thermal properties of the batteries as they interact
respectively Vpys refthe reference bus voltagk; vbus Kivbus with the external circuit. In this application, all electrochemi-
the proportional and integral gains for bus voltage regulation, cal reactions are considered uniform throughout each porous
respectively. The charging current and voltage regulations electrode and all spatial variations of chemical concentrations
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- Fig. 6. Diagram of the bi-directional dc/dc converter (left: high voltage side,
right: low voltage side).

Fig. 5. Equivalent circuit of lithium-ion battery based on experimental data. Fig. 6 schematically shows the circuit diagram of a bi-
directional dc/dc converter. The power converter consists
and potentials are ignored. The models are obtained by fit- mainly of a high side switc®, and acomplementary low side
ting the data from manufacturers’ data sheets or independensWitchQz (operating as a synchronous rectifier for the buck
measurements. Here, we take the lithium-ion battery model converter mode or as a main switch for the boost converter
as an examp|e to exp|ain how to model the many types of bat- mOde). This Configuration is chosen due to the SlmpIICIty and
teries. The equivalent electrical schematic of the lithium-ion high efficiency. The power inductarstores energy and filters
battery model is shown iRig. 5. the ripple in the current. The capacitd€s andC, smooth
The equivalent model comprises three components: anthe ripple in the input or output voltage.
equilibrium potentiaE, an internal resistance that is divided ~ Since the goal of the system-level simulation is to investi-
into two componentR; andR,, and an effective capacitance 9ate the current sharing in the energy system and to monitor
Cthat represents localized storage of chemical energy within the main parameters of the system, the simulation time step
the porous electrodes. The equilibrium potential of the bat- ¢an be long, for example, higher than 100 ms. In this case,
tery depends on the temperature and the amount of activean average-value model of the power converter is used and
material available in the electrodes, which can be specified the switching transients are neglectédj. 7 illustrates the

in terms of depth of discharge. The potenffathe terminal switching-average model of the bi-directional dc/dc converter
voltagev and the depth of discharge (DOD) are related by accounting for the power loss. The power loss (including con-
the following equations: duction loss and switching loss) in the power converter is
represented by a loss resistor that consumes the same energy
i(t) = i[v(,) — E[i(t), T(t), 1] — Rai(t)] + Cﬂ[v(t) as that lost in the operation during each switching period.
R2 dr To get the power loss, efficiencies of the power converter at
— E[i(t), T(2), t] — R1i(?)] (9) different power outputs can be measured. The loss resistance
is expressed in the following equation:
¥ | Ron= S IIIH _ (g 12)
v[i(r), T(2), ] = ch DOD/[i(z), T(t), f] + AE[T(1)] I In
j=0 (10) wheren is the efficiency of the power converter under the

condition that the high side voltage is constant at 20Y;
andV|_ are the average voltages on the high voltage side and
1 low voltage side of the converter, respectivdly;the mag-
DODi(¢), T(t), f] = 7/ a[i(0)]B[T(1)]i(r) dr (11) nitude of the current flowing into or out of the high voltage

OrJ o side.Fig. 8shows a measurement of efficiency of the power
wherei is the battery current (A the highest order of the ~ converter as a function of power at the high voltage side under
fitting polynomial of the reference curvg,the coefficientof ~ the condition that the high side voltage is constant at 20 V.
thejth order term in the polynomial representation, @athe

battery capacity referred to the cutoff voltage for the reference Ron

curve (A h),T the battery temperature (Kthe independent VYV +
time variable (s). A potential correction tertnE(T) is used

to compensate for the variation of equilibrium potential thatis Yy Ve VL

induced by the temperature change at the reference rate. The
dependence of the depth of discharge on the rate is accounted -
for by a factora(i). A factor 8(T) is used to account for the dg:1
dependence of the depth of discharge on the temperature. The
detail of how to determine these parameters can be found ingig. 7. switching-average model of the bi-directional dc/dc converter ac-
[11]. counting for the power loss.
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100 . : . ‘ . : . on the high voltage side during a periofl,the switching
period,dy the duty cycle of the PWM switching signal to the
aol ] high side switch.
Fig. 9shows the VTB schematic view of the system illus-
&l ] 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
x 10 (series by parallel connections) array of Zn-air cells,

4 x 2 primary lithium cells, and one LiSfcell (BA5590,

40f

Overall system efficiency (%)

20¢ T 15V/15 Ah), respectively, the secondary batteries axe3!
Li-ion cells and 4x 2 Li-ion cells, respectively. For conve-
0 : - s ‘ s - s nience, the batteries are numbered #1 through #5. The capac-

0 10 20 30 40 50 60 70

Powsr at e high voltags side (W) ities of the batteries are 10 0.4, 2x 1.4, 1x 12,3x 1.5,

and 2x 1.5Ah, respectively. The initial states of charge of
Fig. 8. Efficiency of the power converter as a function of power at the high the primary batteries are 0.45, 0.3, and 0.2, respectively. The
voltage side under the condition that the high side voltage is constant at 20 V. initial states of charge of the secondary batteries are 0.3 and
0.35, respectively. The constdqtin Eq. (2) is, respectively,
The power flow in the power converter is controlled by 1.0, 1.0 and 0.8 for batteries #1 to #3. The discharge rate
adjusting the ON/OFF duty cycle of the switches. The average constankgisc in Eq.(2) is 1.0.
low side voltage and high side voltage of the power converter
is determined by the following equation:

Vi ¢ 5. Results and discussion
Vi = = dn (13)

H The simulation is run for 2 h (7200 s), and the simulation
whereV}, is the ideal voltage on the high voltage side without results are shown ifigs. 10-13Figs. 10 and 1khow the
considering the power los;, the turn-on time of the switch ~ voltages and currents of the batteries, respectively. The state-
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—tm- L] —4m —im
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Fig. 9. VTB schematic view of the automatic energy recovery system for partially spent batteries.
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Fig. 11. Charging currents of the batteries.

the duty cycles of the power converters.

Among these batteries, battery #5 has the highest volt-
age. Itis shown ifFig. 10that the bus voltage is higher than
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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 showrFig. 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 irFig. 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) decredsig. 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
batteries.

System efficiency and discharging time are two parame-
ters of concern to the user. They are dependent on the dis-
charge rates of the batteridsg. 14 shows the effect of the
discharge rate on the overall system efficiency that is a mea-
sure of the ratio of the energy transferred to the secondary
batteries to the energy extracted from the partially depleted
batteries. Itis seenthat a satisfactory overall system efficiency
can be gained when the discharge rate constant is around
1.0 (i.e.,kgisc is between 0.7 and 1.2). When the discharge
rate is extremely high or low, the overall system efficiency
decreases. This is because the power converter efficiency de-
creases when the power transferred is far away from the rated
power at which the power converter is optimized. The best
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100 . | ‘ the user to conveniently choose between charging and dis-
charging specific batteries. The control algorithm is able to

£ sob | automatically select which secondary batteries should pref-

§ erentially be charged. The charging strategy aims to select

2 5 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

2 40t 1 each battery according to its estimated state-of-charge that is
% obtained by estimating the battery open-circuit voltage with
S ol ] current correction and piecewise-linearly fitting between the

o open-circuit voltage and the state-of-charge. The bus voltage
is regulated at a floating level (rather than at a fixed level) to

% 05 1 15 obtain better system efficiency. This concept has been verified

Discharge rate constant k 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

Fig. 14. Effect of the discharge rate on the overall system efficiency.

19 rate on the overall system efficiency and the total discharging
. time have been discussed.
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