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Abstract—Charge equalization for series-connected battery converters and magnetic components with tightly controlled
strings has important ramifications on battery life. It enhances parasitics and highly symmetrical transfer characteristics. The

the uniformity of the battery cells and, hence, improves the life - qayia| winding transformer has been demonstrated to have
of the battery as a whole. A new charge equalization technique .
these properties.

for a series string of battery cells has been recently proposed - . . .
by the authors. The basic technique utilizes a simple isolated [N this paper, design considerations for the proposed tech-

dc-to-dc converter with a capacitive output filter along with nique as applied to an EV battery system will be discussed.

a multiwinding transformer. The possibility of integrating the  Experimental data will be provided to verify the concepts
trickle charge function with the charge equalization function presented.

is potentially very attractive, as it can lead to an efficient and
low-cost implementation.

Index Terms—Battery cha}rging,. charge equalization, coaxial Il. SERIES CONNECTED BATTERY MODULES
winding transformers, electric vehicles.

As pointed out earlier, in an EV application, the main
power source is realized using series-connected battery strings.
Hence, individual battery modules are charged serially.

ATTERY LIFE is one of the major factors presently Different schemes and algorithms have been developed to

limiting the realization of economically viable electricachieve this task. One algorithm uses a multistep constant
vehicles (EV’s). In an EV application, the main motive poweturrent charging [2]. The charging process starts with the
source is realized using series-connected battery strings withximum current the charger can deliver to the battery pack
bus voltages in the range of 300-400 V. It has been showahlow state of charge. As the state of charge builds up, the
that battery life, under a normal operating cycle, tends tharging current is reduced in steps. Rest (cooling) periods are
degrade almost exponentially as the battery string lengitso incorporated in the algorithm to minimize temperature
is increased. Series-connected battery strings are pronedifferences between the cold and warm cells. In addition,
dramatic reduction in life and potential damage if high ratequalization charging is applied at low current levels to
charging is continued after the onset of gassing. In order itaprove the battery capacity.
improve battery life, individual cells need to be maintained at A new fast charging algorithm has been recently proposed
an equalized charge level. in [3]. It consists of three operational modes: an active-charge

A new technique for charge equalization of a seriespode, an active-discharge mode, and an inactive rest mode.
connected battery string has been proposed by the author®iming the first mode, positive pulses apply energy to the
[1]. The proposed technique utilizes the property of individudattery. In the second mode, a sharp depolarization pulse of
module voltages having the same value once they have reacheath shorter duration is applied to position the electrolyte
the final state of charge. As a result, it is possible to use orighs away from the plates. Finally, a stabilization/rest period
one power converter to provide charge equalization for all the used to position the ions at an optimum distance from the
modules in the stack. In addition, the trickle charge functioplate surfaces. Battery cell monitoring is used to optimize the
can be integrated with the charge equalizer to yield an efficiestiarging algorithm.
and low-cost implementation. However, the main challenge Other schemes and algorithms have been reported in the
in implementing such a technique is the ability to realizliterature, as well. However, since all of these schemes deal

with the battery pack as a whole, individual cell equaliza-
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In addition, the capacity of the battery in this case will notig. 2. Block diagram of the proposed charging system.
be fully utilized.
In order to prevent the adverse effects of unequalized

charging of battery modules, individual modules need to be o Fuse
maintained at an equalized charge level. One approach to Mr'f;:]:fvo';‘lg'e‘;g C
achieve this task is by using individual cell equalizers (ICE’s) \

across each battery module, as shown in Fig. 1 [4]. The ICE

is a voltage-controlled current shunt which diverts the current
away from the cell during trickle charging. This scheme
prevents fully charged cells from getting overcharged while
undercharged modules can still be trickle charged.

The ICE scheme can be implemented using low-power dc- =
to-dc converters across each battery module [5]. However,
such a scheme is considered to be expensive due to the ;’:;gge T T‘f)
additional hardware and control associated with each battery Wiresg v

Vs
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Fig. 3. Charge equalization af-battery cells.
I1l. PROPOSEDCHARGE EQUALIZATION SCHEME 9 geed Y

A new scheme for charge equalization of a series-connected hed. th b d off. if so desired. Th
battery string has been proposed by the authors in [1]. The nyyeached, the converter can be turned off, It so desired. The

proposed scheme consists of two parts: a bulk/fast chargﬁ'@rge equali;er can be operated in parallel with the bulk
system and a charge equalization system, as shown in Fig? arger to optimally charge the battery stack.

During fast/bulk charging, each individual battery module,

or a stack of modules, is monitored for overcharging via IV. MULTIWINDING TRANSEORMERS

the yoltage-sensmg WIres. !f any of these stacks reac_hesﬁis stated earlier, the proposed scheme utilizes a multiwind-
nominal voltage, or if gassing is detected, bulk charging I8

hut off and ch lization i bled. Th : ‘ﬁgtransformer to equalize individual modules independently.
shut ol and charge equalization 1S enabled. 1he Sensing Witge, 5in challenge is to realize a transformer structure with
are also used by the charge equalization circuitry.

o . . . . controlled parasitics and highly symmetrical transfer charac-
The charge equalization technique utilizes a simple isolat P ghly sy

fEtistics.
dc-to-dc converter with a capacitive output filter along with

a multiwinding transformer, as shown in Fig. 3. The coaxial .

transformer is known for its properties of low and controlle@ Multicircuit Transformer Theory

leakage inductance and accurate control of all fluxes [6], Multicircuit transformer theory has been discussed in detail

[7]. These properties form the basis for realizing a fully8], [9]. Fig. 4 shows a transformer having windings all

symmetrical circuit. placed on a common core. In this analysis, the currents taken
The transformer and converter design need to be optimizeyl the transformer capacitances are negligibly small except at

so that the full converter rating can be used to charge the weakry high frequencies and, hence, are neglected. As a result,

est module (stack of modules), and will gradually phase battke broken-line ground connection assumed in Fig. 4 will not

into equal charging currents for all modules as the individualter the relations among the terminal voltages of the various

module voltages equalize. Once the final equalization voltagéndings.
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Fig. 5. Equivalent circuit of a four-circuit transformer.

Fig. 7. Three-output CWT structure.

The n-circuit transformer can be analyzed using node-
current equations with each node magnetically coupled to h#en demonstrated to have these properties [7], [8]. A cross
other nodes. The steady-state vector current equations cars@etion of a 1:1 CWT is shown in Fig. 6.
written as A multioutput CWT structure for this implementation has
been proposed in [1]. Fig. 7 shows a cross-sectional view
I=Y.V (1) of the winding structure for a three-output CWT. As shown

wherel is the vector winding current¥] is the vector terminal N Fig. 7, the transformer winding is a bundle of shielded

voltage of the windings, an¥ is the complex self and mutual O coaxial cables wound around a magnetic core. The cross

admittances of the nodes. In (I, is the self-admittance of Section of the winding shows a bundle of three coaxial cables

nodei, while Y;; is the mutual admittance of nodesnd;. where the outer conductors, connected in parallel, form the
In order to represent am-circuit transformer with an primary winding, while each of the inner conductors forms

equivalent circuit, the equivalent circuit must have the san@®€ of the secondary windings.

number of free terminals, i.e2n terminals. However, if the

currents taken by transformer capacitances are neglected, ag. Equivalent Circuit of a Multioutput CWT

circuit transformer can be represented by an equivalent circui

with n+1 terminals. Fig. 5(a) shows an equivalent circuit of

four-circuit transformer. The equivalent circuit of Fig. 5(a) cal

be further simplified if the magnetizing currents are very smd

compared to the winding currents. In this case, the excitati

LI'he equivalent circuit of a multiwinding transformer has

een shown earlier in Fig. 5. However, for a multioutput CWT,
e equivalent circuit can be further simplified. This is due to
e fact that the leakage field between the primary winding and
admittanceg,, can be omitted. The equivalent circuit reducegaCh of the secc_)nd_a_ry windings is domlnat_ed by the spacing
to that shown in Fig. 5(b). e_tween each m@wdual secpndary gnq its corresponding

The values of the branch admittances of Fig. 5 can tEélmary tube. At high frequencies, proximity effects for.ce .the
determined experimentally by a number of tests where o 8"( 9f thg retljlm.curre_nt of each of .the secondgry windings

of the windings is excited with all others short circuited. 10 exist primarily n their correspondlpg outgr primary twbe.
Since the inner winding is totally enclosed by the outéor‘s_a_ resuit, very I|ttIe_Iea_1kage cqupllng exists between the
individual secondary windings. This phenomenon can be seen

winding, all the flux produced by the outer winding will link . feld sis f f the windi
the inner one. In addition, the leakage field can only existin t}p o(;\?;r¥;n?:igu:3a leld analysis for one of the windings, as

winding space between the inner and the outer windings. AS . .
g sb g he problem of Fig. 8 can be solved using Maxwell's

result, the leakage inductance can be controlled by controllinguations in cylindrical coordinates. The resulting current

. - e
the interwinding space. . L2 o .
gsp density distribution within the inner conductdt; and outer

B. Multioutput Coaxial Winding Transformer the conductor/-, are given by

As pointed out earlier, the challenge in implementing the RIT,(kr)
proposed charge equalization technique lies in realizing a mul-  J.;(r) = ———-—— 2)
tiwinding transformer with symmetrical and tightly controlled 2aro i (kro)
parasitics. Yet, the transformer structure needs to be simple J.o(r) kI Ki(kro)I,(kr) + I (kro)K,(kr) 3)

and inexpensive. The coaxial winding transformer (CWT) has —~~ 2mr1 Li(kri) Ky (kra) — Iy (kra) K (kry)
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Fig. 10. Equivalent circuit of the multioutput CWT.
Fig. 8. A cross section of a CWT winding.

Battery Charge eq. Battery Charge eq.
= 15 Bulk/ —] ]/ Trickle
= . :
= Trickle : I\ charger
é 1.0 charger ) Bulk
[} B
] - =i B 4 |
£ 05 Ve L |4 Vae Ve [ | Vye
t: -
=) :

Q N
E) 0.0 L4 ||
o
E .05
]
z @ (b)
'1'00 27 4 6 8 10 12 14 16 Fig. 11. System-level implementation with trickle charge.
Ly ]
Normalized conductor radius (1/8) A. System-Level Design
Fig. 9. Current density distribution of a CWT winding. A battery charging system has three fundamental modes to

fully charge a battery stack: bulk charging, trickle charging,

where I, and K, are the modified Bessel functions of firstand charge equalization. The trickle charge function can be

. ... . performed by either stage of the proposed charging scheme
and second kind of order zerd; and K, are the modified ;_. . T
Bessel functions of the first anclj seconél kind of order dne (Fig. 2). It the trickle charge function is assumed by the bulk

. e C T o . charger, the charge equalizer can be directly fed off the battery
is the total current within the windings, whikeis defined as so as to redistribute charge within the stack [Fig. 11(a)].
o (14 5) 5 — 2 4 However, the bulk charger is normally not optimized for trickle
-5 “Vopo (4) charge operation. On the other hand, if the charge equalizer
_ ) ~ of Fig. 2 is operated after the termination of bulk charging,
where ¢ is the skin depth. The current density distributiony must assume both the charge equalization function as well
within the winding is shown in Fig. 9. In this figure, the ags the trickle charge function. This is rather a more optimal
current density has been normalized to the value correspondigtion, since the charge equalizer is optimized for low-power
to a uniform current density distribution over one skin deptiyperation. In this case, both the bulk charger and the charge
In this case, the thickness of the outer shield is assumedetghanzer will be fed from the same ac line [Fig. 11(b)].
be 36, while the inner winding radius is assumed to 1. The charge equalization converter can be operated simulta-
These are typical dimensions at high frequencies. neously with bulk charging to optimally charge the battery

As shown in Fig. 9, due to proximity effects, the bulk Ofktack. These different modes of operation will impact the
current is concentrated near the winding space between Myrge equalizer power ratings.

inner and outer windings, which is the high field region.

This justifies the assumption that, at high frequencies, vegy converter Ratings

little leakage coupling exists between the separate secondar¥ . o

windings. The equivalent circuit of a multioutput CWT is he power ratings of the Char@!e equahzaﬂopl co_nvertgr
shown in Fig. 10, which is obtained by omitting the secondar)()—ep_end mainly on the battery rating and 'speC|f|cat|ons'|n
to-secondary coupling admittance links in Fig. 5(b) (Ndte: addition to the battery state of charge after high rate charging

is the self-inductance of each winding). is terminated. )
As an example, the battery capacity of the GM Impact

EV is in the range of 13 kWh. Assuming that the battery
state of charge after high rate charging is 90% and, since the

The proposed charge equalization scheme consists of a dtarge equalizer assumes both trickle and charge equalization
to-dc converter, a multiwinding transformer, and capacitieinctions, the charge equalization stage has to supply the
output filters. The implementation of the proposed scheme, additional 10%. As a result, the charge equalization converter
applied to an EV battery system, and the ratings of the differematting will be 1300 Wh. If charge equalization is set to take
components are discussed in this section. about 4 h, a 300-W converter will be needed.

V. SCHEME IMPLEMENTATION AND DESIGN CONSIDERATIONS
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In the above example, if the battery state of charge aftéig- 13. Input voltage control for charge tapering.
high rate charging is less than 90%, a higher converter rating

will be needed. Alternatively, the same proposed converternqiner possible topology for charge equalization is the

can be used if the charge equalizer/trickle charger is allowgd b0k Converter. The Flyback Converter ideally transfers
to take a longer time. In addition, the converter rating can kéespecific amount of energy to the lowest voltage module
further lowered if charge equalization is enabled before t'%?/ery switching cycle. A simple input voltage feedforward
termination of bulk charging. This will preferentially pUMP.ynirol scheme is needed to regulate the input energy per
more power into the weakest modules, resulting in & highgfcle The transfer of energy to the lowest voltage module
battery state of charge when bulk charging is terminated. g 5ccomplished via a well-coupled multiwinding transformer.
However, if the secondary-to-secondary coupling is weak, the
C. Converter Topologies stored energy will be distributed over many modules rather

The specific choice of a multiple output dc/dc convertdp@n just the weakest one.

topology impacts the simplicity and control of the charge
equalization scheme. The charge equalization function is to ) ) )
direct charge from a source to the weakest modules in the b3t Transformer Design Considerations
tery stack. The weakest modules tend to have lower voltageAs pointed out earlier, the implementation of the pro-
relative to the fully charged ones, assuming the temperatyresed charge equalization scheme requires transformers with
and age of all the modules are the same. Two simple topologsgssnmetrical characteristics, low and controlled leakage induc-
which transfer current (charge) to the lowest voltage outputnces with multiple outputs to achieve a quick and well-
are the Capacitive Output Forward Converter and the Flybals&lanced equalization scheme. The coaxial wound transformer
Converter. was shown to be an excellent choice for the Capacitive
The application of the Capacitive Output Forward Convert&utput Forward Converter scheme. A conventional foil wound
for charge equalization using the CWT was shown in [1]. Fdaransformer can also be used, but the relative equalization rate
this implementation, the charging rate of a given module Between modules will no longer be linear with module voltage.
dictated by the input voltag®, the battery module voltage To take advantage of the CWT’'s characteristics, a 1:1
Vi, and the transformer leakage inductardgg, as shown in turns ratio results between each of the primary and secondary
Fig. 12. windings (Fig. 7). This would require a low-voltage source
The transformer and converter design need to be designeldich is approximately equal to the module rated voltage.
so that the full converter rating can be used to charge tBénce the charge equalizer is supplied by a high-voltage dc
weakest module and gradually phase back into equal chargsayrce (Fig. 11), a step-down stage is needed. In addition, in
currents for all modules as their voltages equalize. By usimgder to provide control to direct charge to the weakest module
a preregulator stage, the input voltage can be controlled wathin the stack, an additional preregulator stage is required.
coincide with the voltage of the weakest module within th€hese two stages can be either combined or a step-down
stack and then increased slowly to charge other modules,t@nsformer with a simple preregulator can be used.
shown in Fig. 13. In this figure, the ascending order subscriptsThe charge equalization scheme must assume that one
refer to the weakest modules’ order. module may demand a high percentage of the equalization
A conventional wound transformer could also be used wittharge every cycle. Using the 300-W converter rating proposed
the forward converter topology. However, due to the presenearlier, the worst case winding current is nearly 24 A for a
of leakage-to-leakage coupling between windings, directii@.5-V module voltage. This worst case scenario dictates that
charge to the weakest module within the stack is not asch output winding must be rated for a large portion of the
straightforward. The charging currents would be directed tated current. However, such a current is rather high for charge
both weak modules and low leakage windings. As a resuiqualization purposes. In practice, the windings are sized for
the charging process will not be optimal compared with the portion of the rated current. A scaling factéf,, can be
coaxial transformer winding where the charging current is onlysed to define the maximum winding current as a percentage
directed to weak modules due to the absence of leakagedbthe rated current. For the above example, a scaling factor
leakage coupling and the fact that the leakage inductanceoff25% can be used to design the windings for a current to
all windings is symmetrical. 6 A maximum.
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The Flyback topology, unlike the Forward topology, does
not benefit significantly from the CWT technology. This is due
to the fact that the Flyback topology transfers stored enerfig- 15. Recorded module voltages with the forward topology.
in the transformer’s magnetizing inductance, rather than the
primary side, to the secondary side. _ disconnect the low-voltage module while continuing to provide

When a conventional foil wound transformer with stepaqyalization for the rest of the stack.
down turns ratio is used, a high-voltage bus can be useds gimple protection scheme for the above-mentioned failure
to feed the converter. Attention must be paid to minimizg,,qe can be implemented using fuses in series with each
the leakage inductances between secondaries and core { qne secondary windings, as shown earlier in Fig. 3. If a
Flyback topology is used. An example of a (4:1:1:1) winding,oqje voltage falls below a certain threshold, the controller
structure for a Flyback implementation is shown in Fig. 14. 4¢t0n will be such that the fuse of its corresponding winding

N . ] is cleared. This can be achieved by raising the input voltage so
E. Capacitive Filter Ratings as to cause a current higher than the fuse rating. Once the fuse

The capacitive output filters are needed to filter out thdears, the failed module is disconnected from the equalizer
high-frequency ripple supplied by the converter in additioand charge equalization can proceed for the rest of the stack.
to decoupling the unequal lead inductances between the trafige main control unit would then inform the user about the
former secondaries and the individual battery modules.  faulty modules so they can be repaired or replaced.

The rating of the capacitive filter elements depends on the
converter topology and rating. Since both the forward and VI

flyback topologies have triangular current waveforms, the rms ) ] )
capacitor current is nearly the same as the average outpuf? Order to verify the concepts presented in this paper,

current. In addition, the voltage rating of these capacitors @40 100-W prototype charge equalization converters using the
the rated module voltage. Forward and Flyback topologies were built in the laboratory.
For the 300-W converter rating proposed earlier, and assum£Or the Forward Converter implementation, a three-winding
ing a maximum average winding current of 6 A, a 15-v/6-A0axial winding transformer was built in the laboratory. The
capacitor is needed. The value of capacitance is a functionderating frequency was selected to be 50 kHz. The 4:4
the switching frequency and the lead inductance between ffxial windings were constructed using an AWG-14 round

transformer secondaries and the individual battery moduld& Wwire threaded through an AWG-14 braided litz. The
The minimum capacitance needed is given by selected core was an E55-3C85 from Phillips. The resultant

leakage inductances for each windihg and the transformer

Time (minutes)

. EXPERIMENTAL VERIFICATION

1 .
C S 5) magnetizing inductancé,,, were measured to be
/ > 47r2f52L1ead ( ) J d
where f, is the switching frequency and,..q is the lead L,, =170 uH, L¢1 = 320nH
inductance. At 100 kHz, and assuming a minimum of 40 Lo =320 nH, L.us = 310 nH.

of lead inductance, a minimum of 2,8 capacitor is needed.

Three Titan 12-V deep cycle gel-cell batteries from Exide
were used in series. Their full charge voltage was 13.6 V,

The most serious failure mode during charge equalizatiamd they can be discharged down to 9.5 V. These modules
is having a low-voltage cell or a dead cell within a modulevere charged/discharged individually to have different initial
As a result, the charging current of this module may be quistates of charge. The initial value of the battery voltages were
high. Such a module would continue accepting a high rat2.37, 13.07, and 13.39, from top to bottom, respectively.
charging current without affecting its terminal voltage. A lowThe charge equalization converter was enabled for 3.5 h, and
voltage module can be detected using the voltage sensing wittes individual cell voltages were recorded every 6 min. The
across it. This can be achieved by comparing the measuredulting cell voltages were plotted, as shown in Fig. 15. It
voltage with a preset lower threshold below which a contrid clear from this figure that the individual cells charge to the
action is taken. If this condition is detected, it is desirable ame nominal value at the end of the charge equalization mode.

F. Protection
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Fig. 17. Recorded module voltages with the Flyback topology.

end of charge equalization are shown in Fig. 18(a) and (b),
respectively.

As in the previous case, the individual cells charge to the
same nominal value at the end of the charge equalization
mode. However, with the Flyback implementation, the charge
cannot be directed to the weakest cell due to the secondary-
to-secondary coupling.

VII.

In this paper, design considerations for charge equaliza-
tion of an EV battery system were discussed. The proposed
scheme utilizes a simple isolated dc-to-dc converter with
a multiwinding transformer. The proposed scheme provides
a simple converter topology serving both trickle charging
and charge equalization functions. It utilizes transformers
with highly symmetrical transfer characteristics (CWT). In
addition, it utilizes the sensing wires for monitoring and
charge equalization. The proposed scheme offers a low-cost
implementation and improved battery stack life.

CONCLUSIONS

The secondary current waveforms at the beginning and
end of charge equalization are shown in Fig. 16(a) and (b),
respectively. Note here that the weakest cell draws morg!
current than the other cells [Fig. 16(a)]. As that cell charges,
the charging current decreases, as shown in Fig. 16(b). (2]

For the Flyback implementation, a 3:1:1 conventional
foil wound transformer was built for this purpose. The switch-[3]
ing frequency was chosen to be 50 kHz and the duty cyclﬁ
of the transistor was set to 45% to guarantee the reset ot]
the magnetizing energy. The same battery modules were USE’
with the same initial state of charge. The charge equalizatio
converter was enabled for 2 h, and the individual cell voltages
were recorded every 6 min. The resulting cell voltages wer
plotted, as shown in Fig. 17.
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