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Battery Cell Equalization via Megahertz
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Abstract—This paper proposes a new battery cell voltage
equalization approach using multiple-receiver wireless power
transfer (WPT) working at megahertz (MHz). Compared with
existing multi-windings transformer, the megahertz multiple-
receiver WPT system is advantageous in terms of saved weight
and space, ease of implementation, and improved safety. In this
paper, the unique operating principle of the WPT-based equal-
ization is first explained, through which equalization currents
are naturally determined by the battery cell voltage distribution.
The currents are also analytically derived. This facilitates the
discussion on power amplifier (PA) design. Performance analysis
is then provided to investigate the influences of system parameters
on the efficiency and equalization ability of the proposed WPT-
based equalization system, and thus guide following design and
implementation. Considering the uncertainty in PA load due to
the random cell voltage distribution, a current-mode Class E
PA is designed that enables approximately constant PA output
current. Experimental results show that the proposed multiple-
receiver WPT-based battery cell equalization system can achieve
high overall system efficiency (above 71%) when equalizing six
lithium-ion battery cells under loosely coupling (k=0.065). A
good match between the experimental and calculation results
also validates the correctness of the theoretical discussion.

I. INTRODUCTION

Lithium-ion batteries are now widely used energy storage
devices in various applications such as electric vehicles and
consumer electronic products thanks to their high energy
density and power density [1]. In real applications, individual
battery cells are usually connected to form a battery pack
in order to provide high output voltage and high power ca-
pacity. Those cells inevitably have slightly different chemical
and electrical characteristics. Thus after repeated charge and
discharge, charge imbalance may occur in the form of unequal
cell voltages. This eventually leads to shorter life-cycle and
lower total capacity of the lithium-ion batteries [2], [3]. For a
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lithium-ion battery pack, it is important to add a cell voltage
equalization system for battery protection purposes [4].

Many battery cell voltage equalization schemes have been
developed with different topologies and algorithms. They can
be largely divided into two categories, passive and active
approaches. In a passive equalization system, the cells with
a higher voltage are discharged through resistors until all
the cells reach the same cell voltage. Nowadays, most of
battery packs, particularly in automotive applications, em-
ploy the passive equalization because it is straightforward to
control and implement. Obviously, this passive approach has
low energy efficiency because the excessive energy during
equalization is simply dissipated. Potential temperature rise
due to the generated heat may also cause other practical
problems in design and implementation. Compared with the
passive approaches, active equalization ones, such as using dc-
dc converters and switched capacitor circuits, are promising to
improve the energy efficiency during equalization [5]–[8]. At
the same time, a large number of required switches complicate
the design and lead to high cost and low reliability. In terms of
reliability improvement, equalization using a multi-windings
transformer is attractive. It uses less switches and thus poten-
tially reduces the system complexity [9], [10]. However, in
real applications, this solution suffers from problems such as
added weight and difficulty in fabrication, particulary when
the number of battery cells is large [11], [12].

In recent years, wireless power transfer (WPT) through
inductive resonance coupling has become increasingly popular
due to the possibility of enabling convenient and safe non-
contacting charging. Especially, WPT working at megahertz
(MHz) is now being widely considered as a promising technol-
ogy for mid-range transfer of a medium amount of power [13],
[14]. It is because a higher operating frequency (such as 6.78
MHz and 13.56 MHz) is usually desirable for building a
more compact and lighter WPT system with a longer transfer
distance. In addition, the increased spatial freedom by having
a higher operating frequency in the MHz band makes it easier
to achieve simultaneous wireless charging of multiple devices.
Comparing with the existing multi-windings transformer, the
multiple-receiver MHz WPT is easier to implement without
the need of iron core. This unique advantage is particularly
useful in case there is a large number of cells in a battery
pack. For example, the transmitting and receiving coils in the
MHz WPT systems can be made using printed circuit boards
(PCBs). Thus the multiple-receiver WPT-based battery cell
equalization system could be much thinner and lighter than
that using the multi-windings transformer. To take a specific
example, the transmitting coil in the final prototype system,
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section V, is 1.6 mm in thickness and weights 73 g. It is
also possible to integrate an individual receiving coil with
a battery cell, which may potentially improve the flexibility
and modularity of the equalization system. Besides, the non-
contacting power transfer between the transmitting side and
receiving side achieves safer equalization. The iron core in
the transformers is not necessary in the multiple-receiver MHz
WPT systems. Thus the possible consequences of core damage
(short circuit, overheating, etc.) are completely eliminated.
This advantage could help to lower the cost and difficulty in
both design and fabrication of the battery cell equalization
systems, particularly when working in harsh environments
(shock, vibration, etc.).

This paper, for the first time, proposes a multiple-receiver
WPT-based battery cell voltage equalization system working
at MHz. The operating principle of the proposed WPT-based
equalization is discussed based on the analytically derived
equalization current. System performance analysis is then
conducted to investigate the influences of system parameters
on the efficiency and equalization ability of the proposed
system. This analysis is important to guide following system
design and implementation. The design of a current mode
Class E PA is also discussed and developed that makes the
proposed equalization system robust against a varying PA
load caused by the random distribution of cell voltages. The
experimental results validate the functionality and operating
principle of the proposed system, and the theoretical discus-
sions. In experiments, the prototype WPT-based equalization
system achieves high system efficiency above 71% under a
loosely coupled coupling (k=0.065) and with six receiving
coils and six rectifiers. Note that Ref. [15] proposes a selective
WPT design using a resonator-coupled two-pole band pass
filter model and a dynamic capacitor network. The design
exclusively delivers power to only one designated receiver
through separating the resonant frequencies of the receivers.
As explained in the following sections, this paper develops a
unique multiple-receiver WPT-based battery cell equalization
mechanism, through which equalization currents are naturally
determined by the cell voltage distribution. The proposed
scheme does not require active control and corresponding
hardware and design. And different amounts of power are
simultaneously transferred to the respective receivers with the
same resonant frequency, i.e., 6.78 MHz here.

II. OPERATING PRINCIPLE

A. Circuit Configuration

Fig. 1 shows the circuit configuration of proposed multiple-
receiver WPT-based battery cell voltage equalization system.
As discussed in the introduction, it is a unique advantage of
the MHz WPT systems, such as ones working at 6.78 MHz,
to achieve simultaneous one-to-multiple wireless charging of
battery cells. A current-mode Class E PA is introduced and
designed due to 1) its high efficiency when operating at
MHz, and 2) almost constant output current under a varying
load. This PA consists of a classical Class E PA and an
impedance transformation network, as shown in the figure. The
classical Class E PA includes a switch Q, dc filter inductor

Ldc, series connected L0-C0 matching network, and shunt
capacitor Cs. The inductor Ldc should be sufficiently large
such that only dc current can flow through it. Impedance Z0

is the input impedance seen by the classical Class E PA. The
impedance transformation network is further added to achieve
approximately constant output current of the PA when PA
load varies, i.e., different combination of states of cells, as
discussed in section IV. This network consists of one series
inductor Lit and two parallel capacitors Cit,l and Cit,r.
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Fig. 1. Circuit configuration of the proposed WPT-based battery cell voltage
equalization system.

In the above system, coupling coils are key components
to transfer the charging power for cell equalization in a
non-contacting manner. There are one transmitting coil and
multiple receiving coils. Lt, Ct, and rt are the self-inductance,
compensation capacitor, and equivalent series resistance (ESR)
of the transmitting coil, respectively. Similarly, Lr,i, Cr,i,
and ri (i = 1, . . . , n) are the self-inductance, compensation
capacitor, and ESR of the i-th receiving coil, respectively. ki is
the mutual inductance coefficient between the transmitting coil
Lt and i-th receiving coil. Note that in this specific application,
all the receiving coils and their couplings with the transmitting
coil, i.e., ki’s, are expected to be identical.

In Fig. 1, Pin and PZin
are the input power and output

power of the current-mode Class E PA. Prec,i is the output
power of the i-th receiving coil. Pbat,i is the output power of
the i-th rectifier. Zin is the input impedance of the coupling
coils seen by the PA, and Zrec,i is the input impedance of the
i-th rectifier. Vbat,i and Ibat,i are the voltage and equalization
current of the i-th battery cell. Rbat,i is the i-th cell equivalent
resistance. Note that fundamentally different with the existing
equalization using the multi-windings transformer, the receiv-
ing coils in the proposed WPT-based equalization system can
not provide a constant output voltage under different input
impedances of the rectifiers, Zrec,i. Detailed discussions on
its unique operating principle and performance analysis are
given as follows.

More specifically, in the existing voltage equalization sys-
tems using the multi-windings transformer, the output voltages
of the secondary windings are solely determined by the turning
ratio between the primary winding and secondary winding and
the input voltage of the transformer. Thus it is straightforward
to achieve equal and constant output voltages despite the
varying input impedances of the rectifiers due to the different
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cell voltages. The battery cell equalization current is simply
determined by the cell voltage and leakage inductance of
the transformer’s secondary windings. On the other hand, the
output voltages of the receiving coils in the proposed WPT-
based equalization system, Vrec,i, depend on the values of the
rectifier input impedance, mutual inductance coefficients, and
PA output current. Thus, different with the existing solution us-
ing the multi-windings transformer, a comprehensive system-
level analysis is important to explain the operating principle
of the proposed multiple-receiver WPT-based equalization
system.

B. Analytical Derivations

Fig. 2(a) shows the equivalent circuit of the proposed
WPT-based battery cell voltage equalization system, in which
the rectifiers are represented using their input impedances,
Zrec,i’s. Here Lr, Cr, and r are the self-inductance, compensa-
tion capacitor, and ESR of the identical receiving coils. Again,
k is the identical mutual inductance coefficient between each
receiving coil and the transmitting coil. iZin is the sinusoidal
output current of the PA. From [16], the circuit model given in
Fig. 2(a) is equivalent to a circuit shown in Fig. 2(b), in which
all the receiving coils and their corresponding rectifier input
impedances, Zrec,i’s, are represented by reflected impedances,
Zin,i’s,

Zin,i=Rin,i + jXin,i, (1)

where

Rin,i =
ω2k2LtLr(Rrec,i+r)

(Rrec,i+r)
2
+ (ωLr − 1

ωCr
+Xrec,i)

2 , (2)

Xin,i = −
ω2k2LtLr(ωLr − 1

ωCr
+Xrec,i)

(Rrec,i+r)
2
+ (ωLr − 1

ωCr
+Xrec,i)

2 , (3)

and ω is the operating frequency of the WPT system. Rrec,i

and Xrec,i are the resistance and reactance of Zrec,i, namely
the input impedance of the i-th rectifier. Under the resonance,
i.e.,

jωLt +
1

jωCt
= 0, (4)

jωLr +
1

jωCr
+ jXrec,i = 0. (5)

Zin,i can be simplified as

Zin,i=
ω2k2LtLr

Rrec,i + r
, (6)

namely pure resistive. Thus the power transferred from the
transmitting coil to the i-th receiving coil can be derived as

PZin,i =
I2Zin

2
Zin,i =

I2Zin
ω2k2LtLr

2(Rrec,i + r)
, (7)

where IZin is the amplitude of iZin . Considering the power
loss occurs on r, the ESR of a receiving coil, the output power
of the i-th receiving coil, Prec,i, can be expressed as

Prec,i = PZin,i ·
Rrec,i

Rrec,i + r
=

I2Zin
ω2k2LtLr

2(Rrec,i + r)
· Rrec,i

Rrec,i + r
.

(8)

Assuming the efficiency of the i-th rectifier is ηrec,i, the
charing power for the i-th battery cell is

Pbat,i =
I2Zin

ω2k2LtLrRrec,i

2(Rrec,i + r)
2 ηrec,i. (9)

Thus the equalization current is

Ibat,i =
I2Zin

ω2k2LtLrRrec,iηrec,i

2(R2
rec,i + 2Rrec,ir + r2)Vbat,i

. (10)

Because r2 is usually much smaller than R2
rec,i (about 0.008

times in the following final experiments), (10) can be further
simplified as

Ibat,i =
I2Zin

ω2k2LtLrηrec,i

2(Rrec,i + 2r)Vbat,i
. (11)

Note that in the above equation, Rrec,i and ηrec,i change with
different Vbat,i.

Fig. 3 shows the circuit model of the full-bridge rectifier
used in the proposed WPT-based equalization system. The
rectifying diodes are modeled by their forward voltage drops,
Vd. The sinusoidal input current of the rectifier, irec,i, can be
expressed as

irec,i = Irec,i sin(ωt) =
π

2
Ibat,i sin(ωt), (12)

where Irec,i is the amplitude of irec,i. Based on the circuit
model, the power loss in the i-th rectifier is

Ploss,i =
1

π

∫ π

0

2irec,iVddωt = 2VdIbat,i, (13)

and the efficiency of the rectifier is

ηrec,i =
Pbat,i

Pbat,i + Ploss,i
=

Vbat,i

Vbat,i + 2Vd
. (14)

It is known that the resistance of the full-bridge rectifier can
be expressed as

Rrec,i =
8

π2
Rbat,i =

8

π2

Vbat,i

Ibat,i
. (15)

Substituting (14)(15) into (11) gives

Ibat,i =
I2Zin

ω2k2LtLr

4r(Vbat,i + 2Vd)
− 4

π2r
Vbat,i. (16)

From (16), it can be seen that in the proposed equalization
scheme, a higher battery cell voltage, Vbat,i, naturally leads to
a lower equalization current. At the same time, the amplitude
of the PA output current, IZin

, should be sufficiently large in
order to avoid an unwanted negative Ibat,i in (16). Thus, the
following relationship must be guaranteed,

IZin
>

4

πωk

√
(Vbat,i + 2Vd)Vbat,i

LtLr
. (17)

This requirement prefers a current-mode Class E PA that
always provides an output current, iZin

, satisfying (17) despite
the varying Vbat,i’s. Section IV gives detailed discussions on
the estimation of the variation range of PA load and design of
the current-mode Class E PA. Note that the mutual inductance
coefficient k varies with different coil relative positions. It can
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Fig. 2. Equivalent circuits of the WPT-based equalization system. (a) Equivalent circuit using Zrec. (b) Equivalent circuit using Zin.
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be either measured or estimated in real applications [17], [18].
For the WPT-based cell equalization, the relative positions
between the transmitting coil and receiving coils are usually
fixed.

The operating principle of the proposed WPT-based battery
cell voltage equalization is summarized as follows. Firstly,
a higher/lower cell voltage leads to a higher/lower input
resistance of the rectifier [refer to (15)]; Then, a specific re-
ceiving coil with a higher/lower input resistance of its rectifier
obtains less/more power from the transmitting coil due to its
lower/higher reflected impedance, namely the reversed rela-
tionship between the input resistance and reflected impedance
explained by (6); Thus the rectifier deliveries less/more power
to the battery cell, which leads to a lower/higher equalization
current [refer to (8)(11)]. Through this mechanism, the equal-
ization currents are naturally determined by the distribution of
the battery cell voltages.

From (12)(16), a lower battery cell voltage Vbat,i leads
to a higher charging current Ibat,i and higher output current
of the receiving coil (i.e., the input current of the rectifier
irec,i). This results in a higher voltage across the receiving
coil assuming identical inductances of receiving coils. Thus
through the multiple-receiver WPT-based equalization the cell
with a lower voltage naturally leads to a higher output voltage
of its corresponding receiving coil, while the existing solution
using the multi-windings transformer provides an equal output
voltage of the secondary windings for all the cells. The
proposed WPT-based equalization can potentially achieve a
higher cell equalization ability. In addition, in the WPT-based
equalization system, with an increasing number of cells the
power loss on the receiving side increase. But power loss
on the transmitting side is actually reduced due to the larger

total reflected resistance of the receivers [refer to Fig. 2 and
(6)]. For the system using the multi-windings transformer, the
power loss on the ESR of the primary winding arises due
to the decreased input impedance of the transformer when
the number of the cells increases. Thanks to the advantage
of possible reduced power loss on the transmitting side, the
proposed WPT-based equalization could yield a comparable
efficiency level even with much weaker coupling of coils,
particularly when the number of battery cells is large.

III. PERFORMANCE ANALYSIS

Based on the above discussion, the influences of system
parameters over battery cell equalization ability and efficiency
are analyzed as follows. The cell equalization ability, Aequ, is
defined as

Aequ =
Ibat,j − Ibat,i
Vbat,i − Vbat,j

if Vbat,i ̸= Vbat,j , (18)

where subscripts i and j represent the i-th and j-th battery
cells, respectively. To achieve fast cell voltage equalization, it
is expected that the difference in the equalization current (i.e.,
Ibat,j − Ibat,i) is as large as possible when the voltages of the
two cells, Vbat,i and Vbat,j , are not identical, namely a large
Aequ. Substituting (16) into (18) gives

Aequ =
I2Zin

ω2k2LtLr

4r(Vbat,i + 2Vd)(Vbat,j + 2Vd)
+

4

π2r
. (19)

It can be seen that, besides the cell voltages, the system
parameters also affect the equalization ability. As shown
in (19), Aequ is proportional to product of inductances of
the transmitting and receiving coils (LtLr), square of the
operating frequency (ω), amplitude of the PA output current
(IZin ), and mutual inductance coefficient (k), while it is
inversely proportional to the ESR of the receiving coils (r)
and forward voltage drop of the rectifying diodes (Vd). Larger
LtLr, ω, IZin

, and k, similarly smaller r and Vd, help to
improve the equalization ability. From Figs. 1 and 2, the
overall equalization efficiency from the transmitting coil to
rectifiers, ηcoil2rec, is

ηcoil2rec =

n∑
i=1

Pbat,i

PZin

=

n∑
i=1

Vbat,iIbat,i

I2
Zin

2

(
n∑

i=1

Zin,i + rt

) . (20)
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Substituting (6)(15)(16) into (20) gives (21). The parame-
ters, ω, k, Lt, and Lr, are largely pre-determined by the
requirements from a specific application itself such as a
target operating frequency in the ISM band (6.78 MHz here),
required transfer distance, limitations on the available size and
quality factor of the coupling coils. Thus instead of ω, k, Lt,
and Lr, the values of Aequ and ηcoil2rec over various Vd, r, and
IZin are calculated and shown in Fig. 4. A lithium-ion battery
pack with six series connected cells is used as an example,
and the nominal system parameters are listed in table I. The
voltages of the six battery cells are assumed to be distributed
as follows,

[Vbat,1, Vbat,2, Vbat,3, Vbat,4, Vbat,5, Vbat,6] (22)
= [3.5, 3.6, 3.7, 3.8, 3.9, 4.0] (V).

As shown in Fig. 4(a) and (b), higher diode forward voltage
drop (Vd) and larger ESR of the receiving coil (r) result in
lower equalization ability (Aequ) and efficiency (ηcoil2rec).
Aequa is more sensitive to the value of r, while Vd’s influence
on ηcoil2rec is more obvious. Basically small r and Vd help to
improve both the equalization ability and efficiency. Fig. 4(c)
shows that the equalization ability improves with an increasing
IZin

, which is consistent with the above analysis [refer to
(19)]. However, the equalization efficiency, ηcoil2rec, reaches
its peak value at a specific IZin , and then decreases if IZin

further increases. This is due to the variations in Rrec,i and
Zin,i when IZin

changes [refer to (2)(15)]. The PA output
current should be properly chosen to simultaneously achieve
high efficiency and meet the constraint in (17), i.e., its lower
bound.

TABLE I
NOMINAL SYSTEM PARAMETERS.

IZin
ω k Vd

1.5 A 6.78 MHz 0.065 0.3 V
Lt rt Lr r

4.27 µH 1 Ω 0.46 µH 0.35 Ω

In addition, according to (4)(5), ideally the compensation
capacitors, Ct and Cr, should be designed to achieve full
resonance between the transmitting and receiving coils taking
into consideration the non-zero input reactance of the recti-
fiers, Xrec, at MHz [19]. Meanwhile, in the present specific
application, due to the small equivalent resistances of the i-th
battery cell (i.e., Rbat,i), Xrec,i is small and neglectable when
comparing with the reactance of the receiving coils. Thus here
both Ct and Cr are directly determined to resonant with Lt

and Lr, respectively, at the target operating frequency, 6.78
MHz.

IV. CURRENT-MODE CLASS E PA

The classical Class E PA is usually optimally designed,
namely Cs and C0, targeting a single fixed load. However,
in a practical battery cell equalization system, the random
voltage distribution in the cells causes a varying load seen
by the Class E PA, Zin here. This makes the design of CS

and C0 challenging. The varying Zin may significantly affect

the efficiency and output current of the Class E PA, and
thus leads to low system efficiency and undesired equalization
current [refer to (16)]. For the present application, a high
efficiency current-mode Class E PA, i.e., with approximately
constant PA output current, is preferred. According to [20],
if the variation range of the PA load, Zin, is predictable, a
high efficiency current-mode Class E PA can be achieved
through an impedance transformation network and load-pull
simulation in Advanced Design System (ADS), well-known ra-
dio frequency (RF) circuit simulation software from Keysight
Technologies. In this paper, the design of the current-mode
Class E PA is further developed for its specific application in
battery cell equalization. First from (16), Rbat,i, the equivalent
resistance of the i-th battery cell, can be expressed as

Rbat,i =
Vbat,i

Ibat,i
=

32rVbat,i(Vbat,i + 2Vd)

π2I2Zin
ω2k2LtLr − 16Vbat,i(Vbat,i + 2Vd)

,

(23)
According to (6)(15)(23), it can be seen that a higher battery
voltage Vbat,i leads to a higher Rbat,i and thus lower Zin,i

and Zin [refer to Fig. 2(b)]. Theoretically, the maximum and
minimum values of Zin, Zmin

in and Zmax
in , occur when all

the battery cell voltages reach their upper or lower bounds,
V upper
bat and V lower

bat . Again from (6)(15), the variation range
of Zin can be determined as

Zin ∈ (Zmin
in , Zmax

in ), (24)

where

Zmin
in =

nπ2ω2k2LtLr

32nπ2rV upper
bat (V upper

bat +2Vd)

π2I2
Zin

ω2k2LtLr−16V upper
bat (V upper

bat +2Vd)
+ π2r

+ rt,

(25)
and

Zmax
in =

nπ2ω2k2LtLr

32nπ2rV lower
bat (V lower

bat +2Vd)

π2I2
Zin

ω2k2LtLr−16V lower
bat (V lower

bat +2Vd)
+ π2r

+ rt.

(26)
The upper and lower bounds of the voltage of example battery
cell in the following final experiments, SANYO UR18650A,
are 3.5 V and 4.2 V, respectively. With the system parameters
listed in Table I, the variation range of Zin is derived as

Zin ∈ (4.7 Ω, 48 Ω). (27)

For a classical Class E PA, it is known that CS and C0 can
be determined using the following equations, in which a fixed
target load, Zin, is assumed [21],

CS =
0.1836

ωZin
, (28)

C0 =
1

ω2L0 − 1.1525ωZin
. (29)

Here an intermediate Zin (=25 Ω) within the range in (27) is
chosen as a target load. The design parameters, CS and C0,
are then calculated as 170 pF and 680 pF, respectively. Based
on the circuit model of the classical Class E PA in Fig. 5(a)
and parameters listed in Table II, the PA load-pull simulation
is carried out and results are given in Fig. 5(b). Here rLdc

and
rL0

are the ESRs of the dc filter inductor Ldc and ac series
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ηcoil2rec =

2
n∑

i=1

[
Vbat,iI

2
Zin

ω2k2LtLr

4r(Vbat,i+2Vd)
− 4

π2rV
2
bat,i

]
I2Zin

{
n∑

i=1

π2ω2k2LtLr[I2
Zin

ω2k2LtLrπ2r−16rVbat,n(Vbat,i+2Vd)]

16π2r2Vbat,i(Vbat,i+2Vd)+I2
Zin

ω2k2LtLrπ2r
+ rt

} . (21)
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Fig. 4. Equalization ability (Aequ) and efficiency (ηcoil2rec) over various
parameters. (a) Vd. (b) r. (c) IZin

.

inductor L0, respectively. In Fig. 5(b), i.e., the Smith chart,
the blue contours are for the constant output power, and the
red contours show constant PA efficiencies. The two contours
provide an overview of the PA performance under the different
loads [20]. The brown dash line represents the varying load
Zin from 4.7 to 48 Ω [refer to (27)]. It goes through the
high PA efficiency region and extends to the low efficiency
one [refer to red contours]. Meanwhile, with the increasing

Zin, the PA output power (
I2
Zin

Zin

2 ), i.e., blue contours, does

not increase proportionally, which indicates decreasing PA
output current. As shown in Fig. 5(b), for an efficient operation
of the Class E PA, it is preferred that the PA load varies
within the high efficiency region, which is represented by the
red contours in the figure. With the properly tuned impedance
transformation network (i.e., Cit,l and Cit,r) in Fig. 1, the
trajectory of the PA load can be approximatively transformed
from the brown dash line Zin to the green target line Z0. The
new trajectory of Z0 locates in the high efficiency region and
is almost perpendicular to the power contours. Thus the output
power of the PA proportionally increases with an increasing
Z0. This enables close-to-constant output PA current. The
target line of Z0 is determined by the amplitude of iZin

and
variation range of Zin. Assuming the amplitude of iZin

is
chosen as 1.5 A (as same as in the final experiments), the
target range of the PA output power at the lower and upper
bounds of Zin, 4.7 Ω and 48 Ω, is between 5.3 W and 54 W.
Z0 should also vary within the high efficiency range. The final
designs of Cit,l and Cit,r are listed in Table II.

TABLE II
PARAMETERS OF CLASS E PA AND IMPEDANCE TRANSFORMATION

NETWORK.

Vdc Ldc rLdc
L0 rL0

35 V 12 µH 0.1 Ω 1.465 µH 0.2 Ω

Cs C0 Lit Cit,l Cit,r

170 pF 680 pF 330 nH 330 pF 390 pF

Vdc

Ldc

Q

VG

C0 L0

Cs

Pin

rL0rLdc

Zin

(a)

89.1%

97.7%

51 W

36 W

21 W

4.9 W

Zin

Z0

(b)

Fig. 5. Load-pull simulation of the classical Class E PA. (a) Circuit model.
(b) Results.

V. EXPERIMENTAL VERIFICATION

A prototype 6.78-MHz multiple-receiver WPT system is
built up to verify the proposed concept of WPT-based battery
cell equalization. The experimental setup is shown in Fig. 6.
Its configuration is as same as that in Fig. 1, which includes
a current-mode Class E PA, a transmitting coil, six receiving
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coils, six rectifiers, and a lithium-ion battery pack (six SANYO
UR18650A cells connected in series). All the six receiving
coils and rectifiers are identical and implemented on the same
printed circuit board (PCB). Note that during the design of the
coupling coils, the trace thickness on PCB should be carefully
selected as well as the shape, turns, trace width, and trace
spacing of the coils to reduce the skin and proximity losses
at a high operating frequency such as 6.78 MHz here. The
trace thickness in the present prototype WPT system is 35µm.
Schottky diodes, DFLS240L, and MOSFET, SUD15N15, work
as rectifying diodes and switch in Class E PA, respectively.
The parameters listed in Tables I and II are applied in
the experiments. The air gap between the transmitting coil
and receiving coils are 30 mm (k=0.065). The compensation
capacitors, Ct and Cr,i’s, are calculated to let the transmitting
coil and receiving coils resonant at 6.78 MHz (130 pF and
1225 pF, respectively). The PA output current is chosen as
1.5 A that meets the requirement in (17).

Fig. 6. The experimental setup of the prototype multiple-receiver WPT based
battery equalization system.

Fig. 7 gives the voltages of the battery cells during the
entire equalization process. The initial voltages of the cells
are different emulating a realistic case that requires the cell
equalization. It can be seen that all the cell voltages naturally
converge to the same level without any active control of the
input voltage and current. In this specific experiment and setup
of the system, the voltage differences among the cells are less
than 50 mV after about 110 mins.

Fig. 8 shows the output current of the designed current-
model Class E PA. The PA output current is almost constant
around the target value, 1.5 A, with the varying battery cell
voltages in Fig. 7. This experimental result validates the
derivations of variation range of Zin and design of the current-
mode Class E PA. The theoretical lower bound of the required
PA output current, the dash line, is also shown in this figure.
The value, 1.47 A, is calculated by using (17) when Vbat,i =

Time  (min)

V
b
at

,i 
 (

V
)

Fig. 7. Battery cell voltages in experiments.

4.2 V , i.e., the upper bound of the cell voltage. The actual PA
output current satisfies the requirement in (17).

Time  (min)

IZ
in

  
(A

)

1.47 A

Fig. 8. Output current of the current-model Class E PA in experiments.

The cell equalization currents are shown in Fig. 9. Through
the proposed WPT-based equalization, the cells with higher
initial voltages are naturally charged with smaller currents.
The calculated results are also shown for comparison pur-
poses, which use (16) and the experimental results of IZin

in Fig. 8. Again, a good match between the experimental
(exp.) and calculation (cal.) results validates the operating
principle discussed in section II-B. Generally, the battery cell
equalization system is different with a battery charger. The
purpose of the equalization system is to balance the cell
voltages in a battery pack either during or after repeat charge
and discharge. Usually for the charge of lithium-ion batteries,
a specific profile such as the well-known Constant Current-
Constant Voltage (CC-CV) profile needs to be strictly followed
by the battery charger in order to avoid the deterioration of
the cells.

The efficiency and output power of the prototype multiple-
receiver WPT-based equalization system are given in Fig. 10.
The increasing cell voltages during the equalization result
in higher efficiencies of the receiving coils and rectifiers,
and thus higher system efficiency [refer to (14)]. The overall
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Fig. 9. Battery equalization currents in experiments.

equalization system achieves high system efficiency over 71%
during the entire equalization process and, more importantly,
with loosely coupled coils (k=0.065). On the contrary, the
output power of the equalization system becomes lower with
increased cell voltages. As shown in (25), higher cell voltages
lead to lower input impedance of the coupling coils, Zin.
Meanwhile, the output current of the current-mode Class E
PA is still almost constant, as shown in Fig. 8. Naturally both
the input power of the coupling coils and thus output power
of the overall system become lower during the equalization.

Time  (min)

sy
s

η

P
O

  (W
)

Fig. 10. System efficiency and output power in experiments.

Fig. 11. Improved design of the coupling coils.

For reference purposes, the design of coupling coils (shape,
turns, trace width, and trace spacing) is further optimized,
as shown in Fig. 11. The parameters of the newly designed
coils are given in the figure. With the same outer diameter,
besides the reduced ESRs of the coils, the mutual inductance
coefficient is also improved (0.067) under the same transfer
distance. Table III compares the transmission efficiencies of
the original and improved coupling coils under the same sets
of example cell voltages, ηcoil and η∗coil. The transmission
efficiency is defined as [see Fig. 1],

ηcoil =

∑6
i=1 Prec,i

Pzin

(30)

Due to the complicated multiple-receiver configuration, it is
challenging to accurately measure the total ac output power
of the six receivers. Here the efficiencies of the coupling coils
are obtained based on the measured ηcoil2rec (the efficiency
from transmitting coil to rectifiers defined in (20)) and the
calculated rectifier efficiencies given in (14). It can be seen that
the improved coupling coils can achieve a high transmission
efficiency in the present application of battery cell voltage
equalization, above 92%, namely a comparable efficiency to
that of the multi-windings transformer.

TABLE III
TRANSMISSION EFFICIENCIES OF COUPLING COILS.

Vbat,1 Vbat,2 Vbat,3 Vbat,4 Vbat,5 Vbat,6 ηcoil/η∗coil
3.54 V 3.58 V 3.65 V 3.72 V 3.79 V 3.91 V 85.4/91.8%
3.71 V 3.72 V 3.77 V 3.82 V 3.89 V 3.96 V 86.4/92.3%
3.83 V 3.83 V 3.87 V 3.91 V 3.96 V 4.01 V 87.0/92.5%
3.94 V 3.94 V 3.98 V 3.99 V 4.02 V 4.06 V 87.5/92.6%
4.05 V 4.05 V 4.06 V 4.07 V 4.08 V 4.11 V 87.8/92.7%
4.18 V 4.18 V 4.18 V 4.18 V 4.18 V 4.18 V 88.2/92.8%

VI. CONCLUSIONS

In this paper, the MHz multiple-receiver WPT-based battery
voltage equalization is proposed and investigated through both
analytical derivations and experiments. Its operating principle,
a natural equalization mechanism, and the requirement on
the PA output current are first explained. The discussions
on equalization ability and efficiency are then given that
show the influences of the system parameters and guide the
following design and implementation. In real applications,
there is an uncertainty on the PA load due to the random
cell voltage distribution. In order to maintain the efficiency
and output current of the classical Class E PA, an impedance
transformation network is added and designed to achieve a
current-mode Class E PA. This PA provides approximately
constant output current within the entire equalization process.
Experimental results show that the prototype MHz multiple-
receiver WPT-based equalization system achieves high system
efficiency (above 71%) with loosely coupled coils (k=0.065)
when equalizing six lithium-ion battery cells.
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