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Abstract—This paper presents a multi-MHz multiport-
wireless-coupled (MWC) battery balancer with the capability
of performing high frequency electrochemical impedance spec-
troscopy (EIS) to monitor the battery state-of-charge (SOC) and
state-of-health (SOH). The proposed MHz MWC architecture
performs EIS measurement as well as battery balancing without
using extra EIS perturbation circuitry. The battery balancer
operates at 13.56 MHz and can perform precise EIS measurement
up to 500 kHz. The high switching frequency also eliminates
the magnetic core, allowing the utilization of flexible PCB air
core magnetics to miniaturize the size of the battery balancer.
A 13.56 MHz MWC battery balancer with a four-port air core
flexible PCB transformer is built and tested with Lithium-ion,
Lithium-polymer and AA-NIMH battery packs. The experimen-
tal results matched well with commercial EIS equipment and
validated the effectiveness of the MWC battery balancer.

Index Terms—multiport wireless-coupled transformer, battery
balancer, electrochemical impedance spectroscopy, power flow
control, battery management system.

I. INTRODUCTION

Electrochemical energy storage became increasingly impor-
tant as the rapid growing of electric vehicles and renewable
energy systems. Individual battery cells are usually connected
in series into battery packs which can offer high output voltage
and high power capacity [1]. After repeated charging and
discharging, the battery cells inevitably have different state
of charge (SOC) and state of health (SOH). Charge imbalance
eventually leads to shorter life-cycle and reduced total battery
capacity [2]. Battery balancers play important roles in moni-
toring battery conditions and extending the battery lifetime.
In order to perform effective battery balancing and energy
management, it is beneficial to identify the SOC and SOH
for each battery cell. The SOC helps to identify the cells need
to be charged or discharged for the battery balancer. The SOH
helps to predict the remaining useful life of the cells [3].

Impedance based estimation methods, e.g., electrochemical
impedance spectroscopy (EIS), are promising approaches to
infer the battery SOC and SOH [4]–[7]. It is known that
some of the battery balancers work as a voltage equalizer
by measuring the battery voltage to estimate the SOC and
balance the batteries [8]. However, the tiny voltage differences
in the discharge period make it difficult to measure an accurate
battery voltage for SOC estimation. The different loading
conditions also highly affect the battery voltages, limiting the
accuracy of the SOC estimation. Electrochemical impedance
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Fig. 1. A typical EIS Nyquist plot of an electrochemical battery cell.

spectroscopy (EIS) is a widely-used impedance based es-
timation method to analyze the battery internal processes
from the external measurements, i.e., the battery voltage and
current [9]–[11]. By using EIS, the various electrochemical
phenomena of battery can be observed and analyzed in the
frequency domain. As shown in Fig. 1, the mass-transport
effects can be observed at a low frequency (mHz-Hz), the
charge transfer in the electrochemical double layer can be
observed in a frequency range from Hz to kHz (medium fre-
quency), and the conductance effects (physical capacitance and
inductance) can be observed in the kHz and higher frequencies.
In case of small batteries, e.g., the lithium batteries, much
higher frequencies (10-100 kHz) are necessary to show the
conductance characteristic [3].

Existing active battery balancers are usually implemented
as multiport dc-link systems which utilizes dc-link capacitors
to transfer energy (Fig. 2) [12]–[14]. In these balancers, the
power flow between two battery cells needs to be processed
by more than one “dc-ac-dc” power conversion stages. Studies
on multiport ac-coupled converters exist, which can process
the differential power of the two battery cells only through
one dc-dc conversion stage [15], but not for frequencies above
MHz. It is known that operating in the MHz range can help to
eliminate the magnetic core, reduce the coil size, and improve
the power density, but the electromagnetic field analysis and
power flow control become challenging. Without a magnetic
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Fig. 2. Block diagrams of the battery balancing topologies. (a) Load-to-load battery balancer; (b) Switched-capacitor battery balancer; (c) Dc-coupled battery
balancer; (d) Multiport wireless-coupled (MWC) battery balancer. The MWC battery balancer offer reduced power conversion stress and low component count.

core, the coupling coefficient of the coils in the MHz multiport
transformer is usually much lower than that of a conventional
transformer. The transformer works more like the inductive
coupling coils in wireless power transfer, namely the multiport
wireless-coupled (MWC) transformer.

Multi-MHz operation offers smaller size and the capability
of performing high frequency EIS. There are opportunities
to design a multi-MHz battery balancer to support the EIS
measurement from low frequencies (mHz) to high frequen-
cies (100kHz or higher). This paper presents a 13.56 MHz
multiport wireless-coupled (MWC) battery balancer with the
capability of performing EIS up to 500 kHz. The MHz MWC
balancer architecture consists of multiple high frequency cur-
rent mode Class-D inverters and a MWC transformer with
a single “dc-ac-dc” conversion stage between two arbitrary
ports, as shown in Fig. 2(d). By phase shifting the dc-ac
inverters, a small-signal perturbation is created to conduct
the battery EIS measurement without using extra perturbation
circuitry. The multi-MHz operating frequency helps to achieve
the 500 kHz EIS frequency (higher than many state-of-the-art
EIS machines). The MHz frequency also helps to eliminate the
magnetic core and improve the power density. A 13.56 MHz
MWC battery balancer with a four-port MWC transformer is
built and tested to verify the proposed approach.

II. MULTI-MHZ MULTIPORT WIRELESS-COUPLED
(MWC) BATTERY BALANCER

A. Architecture Overview

Fig. 2 shows the block diagrams of a few battery balancer
designs in existing works [16]–[21]. The cell-to-cell balancing
is achieved by processing the differential power among batter-
ies. The battery balancers are usually implemented as multiport
dc-link systems which utilizes dc-link capacitors to transfer
energy. The power flow between two battery cells needs to
be processed by more than one “dc-ac-dc” power conversion
stages. The proposed multiport ac-coupled battery balancer
(Fig. 2(d)) can process the differential power between two
arbitrary ports through a single “dc-ac-dc” power conversion

stage, which helps to improve the efficiency and reduce the
component count of the battery balancer.

Compared to other dc-coupled balancer architectures, the
ac-coupled battery balancer architecture can provide lower
conversion stress, smaller magnetic size, and lower component
count [22]. By increasing the frequency to multi-MHz, the
magnetic core can be eliminated or be replaced by a very
thin magnetic sheet, which will further reduce the transformer
size and improve the converter power density. Furthermore, by
eliminating the solid magnetic-core, the MHz multiport battery
balancer can be implemented on a flexible printed circuit board
(Kapton PCB). Because of the non-ideal coupling coefficient,
the transformer works more like a multi-winding inductive
coupling coil in wireless power transfer applications [23].

The MWC architecture shown in Fig. 2(d) can be interpret-
ed as a multi-input-multi-output (MIMO) system connecting
many sources and loads together through a single wireless-
coupled linkage. In battery management application, the dc-
ac converters function as current sources, which drive the
multiport wireless-coupled transformer with sinusoidal current
at the operation frequency. The power flow in the MWC
transformer can be controlled through phase modulation [22].

B. Current Mode Class-D Inverter Design

Fig. 3 shows an example topology of the MHz MWC
battery balancer. Four active current-mode Class-D invert-
ers are wirelessly coupled through a high frequency MWC
transformer. Push-pull current-mode (CM) Class D inverter is
adopted to implement the dc-ac inverters due to its ground-
referenced switches. Other high frequency or very high fre-
quency inverter topologies, such as Class-E, Class-EF, Class-
Φ, are also applicable. In a CM Class-D inverter, the quality-
factor of the LC parallel resonant tank should be carefully
designed to achieve low voltage/current harmonics and small
circulating current. Fig. 4 shows the simulated waveforms
of the CM Class D inverter under a varying resonance tank
inductance/capacitance. Here Lr/t is the ratio between the
resonant inductance Lr and the transformer coil inductance
Lt, and it is swept from 0.2 to 1 in the simulation. The



Fig. 3. An example implementation of the MHz MWC battery balancer with
four current mode Class-D inverters and an air coupled transformer.

coupling coefficients between the four coils are assumed to be
identical (k=0.9) to simplify the analysis here. It can be seen
that the higher Lr/t (the higher Lr), the higher voltage/current
distortion because of the lower quality factors of the resonant
tank, and the lower Lr/t, the higher circulating current on Lr

because of the lower impedance of the resonant tank. Based
on the simulated waveforms, the inductance ratio Lr/t can
be chosen between 0.2 and 1 to avoid the high voltage/current
distortion and high circulating current. And the capacitors Cr1

- Cr4 are designed to resonate with inductors Lr1 - Lr4 at the
operation frequency.

C. Modeling and Control of the MIMO Power Flow

It is known that an n-port cantilever model would capture
the full behavior of an n-port multi-winding transformer [24],
[25] by representing a n×n impedance matrix. However, due
to its topological complexity, the full-order cantilever model
is not suitable to modeling and control the MIMO power flow
in a MWC architecture. An alternative way to model the n-
port MWC transformer is to simplify the cantilever model into
an inductive coupled model, where all ports are driven by
sinusoidal current source inverters. Fig. 5 shows the simplified
model of a MWC transformer. The coupling between any
two arbitrary coils is described by their mutual inductance.
Here Li is the self-inductance of the ith coil and Li,j is the
mutual inductance between the ith and jth coils. Based on
this simplified cantilever model [24], the impedance matrix of
the MWC transformer can be expressed as follows:

V1

V2

·
Vn

 =


jωL1,1 jωL1,2 · · · jωL1,n

jωL2,1 jωL2,2 · · · jωL2,n

· · · · · ·
jωLn,1 jωLn,2 · · · jωLn,n



i1
i2
·
in

 . (1)
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Fig. 4. Simulated waveforms of - (a) the switch drain-source voltages; and
(b) the inductor circulating current - of the CM Class-D inverters.

Note Li,j equals to Lj,i in the matrix. Based on the inductive
coupled model in Fig. 5 and the impedance matrix in Eq. (1),
the active power feeding into port k is:

Pk = Vk × i∗k =
1

2

n∑
q=1,q ̸=k

ωLk,qIkIqsinθqk. (2)

Here i∗k is the conjugate current of ik. Ik and Iq are the
magnitudes of the currents at port k and q, respectively. ϕqk

is the phase difference between the currents of port k and q.
Eq. (2) indicates that the multi-way bidirectional power flow in
the multiport wireless-coupled transformer can be controlled
by modulating the magnitudes and phases of all ports.

D. Modeling of the MHz MWC Transformer

As mentioned above, the coupling coefficient of the MHz
MWC transformer is usually much lower than that of a
conventional transformer, which affects the efficiency and
power transfer capability of the battery balancer. According
to Eq. (2), the power flow at a specific port k is determined
by the mutual inductance between two arbitrary ports, the
current amplitudes of each port, and the current phase dif-
ferences between port k and all other ports. Therefore, the
mutual inductance of the MWC transformer should be large
enough to meet the required power transfer capability of the
battery balancer. For example, in a four-port MWC battery
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Fig. 5. Simplified lumped circuit model of the MWC transformer.
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Fig. 6. 3D finite element model of an example four-port 13.56 MHz MWC
transformer in ANSYS HFSS.

balancer design, the expected power flow from one Port (e.g.,
Port #1) to the other Port (e.g., Port #2) is about 10 W (P12),
and Port #3 and Port #4 are open circuited to emulate the
working scenario when these ports were not used. The required
mutual inductance between Port #1 and Port #2 (L12) can be
calculated by using Eq. (2), as shown in table I. Here the input
and output currents of the Port #1 and Port #2, I1 and I2, are
1 A, and the phase different θ12 is 90°, respectively. It can
be seen that for delivering 10 W from Port #1 to Port #2 the
mutual inductance L12 should be no less than 230 nH.

Therefore, the MWC transformer should be carefully de-
signed to achieve the required mutual inductance and the op-
timized coil ESR at the operation frequency, e.g., 13.56 MHz.
Fig. 6 shows a finite element model (in ANSYS HFSS) of

TABLE I
REQUIRED MUTUAL INDUCTANCE FOR A 10 W RATED POWER

P12 θ12 I1 I2 ω L12

10 W 90° 1 A 1 A 13.56 MHz 230 nH

TABLE II
THE FOUR-PORT MWC TRANSFORMER PARAMETERS

n w g L12 L13 L14

3 0.75 mm 0.25 mm 321 nH 307 nH 298 nH

an example four-port MWC transformer with a 15 mm outer
diameter. It consists of four coils, eight vias, and two magnetic
sheets attached on top and bottom of the coil stack. The
transformer can be easily implemented on flexible Kapton
printed circuit board. To achieve the enough mutual inductance
with a limited size (Outer diameter = 15 mm), a magnetic
sheet from TDK, i.e., IBF15-100DD125X125, is used to
shield the electromagnetic field. The thickness of the magnetic
sheet is 0.1 mm and its relative permeability is about 150 at
13.56 MHz. By designing the number of turns (n), the trace
width (w), and the trace gap (g), the coil parameters of the
transformer are selected as listed in Table II. A three-turn
coil with the aforementioned magnetic sheets can meet the
required mutual inductance in Table I. Note a higher coil turns
may cause a deceasing quality factor of the transformer. The
impedance matrix of the MWC transformer with and without
the soft magnetic sheets, Zcored and Zair are listed in Eq. (3)
and (4). As expected, adding the soft magnetic sheets can
significantly increase the inductance and coupling coefficient,
and increase the mutual inductances between coils.

Zcored =


29.5 jΩ 27.4 jΩ 26.2 jΩ 25.4 jΩ
27.4 jΩ 28.4 jΩ 26.9 jΩ 26.7 jΩ
26.2 jΩ 26.9 jΩ 28.3 jΩ 27.2 jΩ
25.4 jΩ 26.7 jΩ 27.2 jΩ 28.9 jΩ

 (3)

Zair =


12.5 jΩ 10.9 jΩ 9.92 jΩ 9.11 jΩ
10.9 jΩ 12.3 jΩ 10.9 jΩ 9.92 jΩ
9.92 jΩ 10.9 jΩ 12.3 jΩ 10.9 jΩ
9.11 jΩ 9.92 jΩ 10.9 jΩ 12.3 jΩ

 (4)

Fig. 7 shows the simulated current distribution on the four
coils of the MWC transformer. The current of each coil is
evenly distributed on the surface of the coil trace. The current
difference among different ports are caused by the different
mutual inductances among coils.

III. HIGH FREQUENCY ONLINE ELECTROCHEMICAL
IMPEDANCE SPECTROSCOPY

One unique feature of the 13.56 MHz battery balancer
system is that the proposed MWC circuit can be reused to
perform online electrochemical impedance spectroscopy while
perform battery balancing. By modulating the phase shift at
a lower frequency, a sinusoidal perturbation can be generated
to conduct the battery EIS measurement without using extra
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Fig. 7. Current distribution on the four coils of the MHz MWC transformer
with magnetic sheets on top and bottom (simulated with ANSYS HFSS).

Fig. 8. Block diagram of the EIS function units in the MWC battery balancer.

power circuitry. The operation principles of the perturbation
generation in the proposed battery balancer is shown in Fig. 8.
For example, if battery cell #1 and battery cell #i are the
targets for EIS measurement. By sweeping the difference
between ϕ1 and ϕi properly, a sinusoidal current can be
synthesized at a range of frequencies. A commercial phase
delay chip “DS1023-25” from Maxim Integrated is used to
implement the phase-shift control in the balancer. A lookup
table of the phase-shift values is built in a micro controller
“TMDX28069USB to generate the sinusoidal perturbation at
different frequencies. The desired phase-shift values are send
to the multiple phase delay chips by the SPI bus.

We also developed a simple high frequency phase pertur-
bation circuit for EIS measurement. The schematic of this
simple circuit is shown in Fig. 9. The circuit consists of a
crystal oscillator, a buffer, a phase perturbation circuit, and
a buffer / gate driver. The oscillator provides a 13.56 MHz
signal and the buffer amplifies the signal to drive the phase

Crystal

Oscillator 
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Buffer

/Driver

Qs

fO=13.56 MHz
Rf

Cf

Ct

Phase
Perturbation

fQs=mHz~MHz

Fig. 9. A simple high frequency phase perturbation circuit for EIS.

TABLE IV
PARAMETERS OF THE FOUR-PORT MWC BATTERY BALANCER

L1 L2 L3 L4 L12 L23

271 nH 262 nH 267 nH 275 nH 243 nH 242 nH

L34 L13 L24 L14 Lr Cr

243 nH 239 nH 240 nH 235 nH 110 nH 1200 pF

perturbation circuit. A switch network comprising Rf , Cf ,
Ct, Qs enables the phase perturbation circuit to offer two
delay options. By switching between the two delay options
at a modulation frequency (e.g., 100kHz), online EIS can
be performed at the modulation frequency. The perturbation
frequency is determined by the switching frequency of Qs

and the duty cycle of the Qs control signal, which is to be
implemented even at very high frequencies.

Table III compares the proposed MWC architecture against
a few existing works for battery online EIS. Most of the
existing works require an external power supply and additional
instrumentation circuit [6]–[11] to perform the online EIS. The
bandwidth of the EIS is usually limited to 10 kHz or lower.
The proposed MHz MWC balancer can control the power
flow between multiple arbitrary ports for battery balancing
and generate the high frequency perturbation for EIS. The
MHz frequency of the battery balancer helps to perform wide
bandwidth EIS from a few mHz to 500 kHz.

IV. EXPERIMENTAL RESULTS

Fig. 10 shows a prototype four-port wireless-coupled bat-
tery balancer with multiport phase-shift control and online
electrochemical impedance spectroscopy. It consists of four
current-mode Class D inverters with the parallel resonant
tank, a four-port MWC transformer with the flexible magnetic
sheets attached on top and bottom layers, and the phase-
shift control and gate drive circuits. The operation frequency
is 13.56 MHz and the power rating of each port is 10 W.
Eight GaN transistors, GS61004B, are used as the switches
of the four CM Class D inverters. The battery balancer is
built on a flexible printed circuit board with two flexible
magnetic sheets on top and bottom. The entire balancer system
is flexible (Fig. 10). The phase-shift and driving circuits work
for both the power flow control of the battery balancing and
the perturbation generation of the battery EIS. The 13.56 MHz
oscillator provides the reference signal for the perturbation
generation circuit and the GaN driving circuit at the same
time. Table IV lists the parameters of the prototype MWC
battery balancer (Fig. 3). The inductance and capacitance of
the resonant tank in the CM Class-D inverters are determined
based on the discussion presented in Section II-B.



TABLE III
OVERVIEW AND COMPARISON WITH EXISTING ONLINE EIS WORKS

Publication [6] [7] [9] [10] [11] This work

Cell Level Perturbation No No No No Yes Yes
Test Cell Capacity 2.6Ah N/A 3Ah 2.3Ah 3.4Ah 3.4Ah/3Ah/2.4Ah
Perturbation Source Load Battery Charger Battery Charger Motor Controller Active Balancer Active Balancer
Perturbation Type Sinusoid Sinusoid Sawtooth Noise/Multisine Sinusoid Sinusoid/Pulse

Perturbation Current 72-750 mA 1 A 2 A 130 mA 160 mA 20-200 mA
Perturbation Bandwidth 10 kHz 100 Hz 5 kHz 2 kHz 8 kHz 500 kHz

Fig. 10. A prototype four-port 13.56 MHz MWC battery balancer with mul-
tiport phase-shift control and online electrochemical impedance spectroscopy.

(a) (b) (c)

Fig. 11. Battery cells for EIS measurement: (a) a 11.1 V Lithium-ion battery
pack (three 3.7 V cells in series); (b) a 11.1 V Lithium-polymer battery pack
(three 3.7 V cells in series); (c) a 9.6 V AA-NIMH battery pack (eight 1.2 V
cells in series). Package impedances are included in the EIS measurements.

Fig. 11 shows three different battery cells that were used
in the EIS measurement. Three 3.7 V lithium-ion battery cells
are series connected into a battery pack with 11.1 V battery
voltage. Three lithium-polymer battery cells are also connected
in series in a battery pack. Eight 1.2 V AA-NIMH cells are
also connected in series to build a high voltage (9.6 V) AA-
NIMH battery cell for the EIS testing.

Fig. 12 shows the power flow control and end to end
efficiency of the battery balancer. The port-to-port power is
controlled by modulating the phase-shift between ports. Here
the current phases of the MWC transformer are controlled
by adjusting the phase of the gate driving signals of the CM
Class-D inverters. In this experiment, Port #1 and Port #2 are
configured as the sources, Port #3 and Port #4 are configured
as loads, the phases of Port #1 and Port #2 are identical
and fixed at 0°, and the phases of Port #3 and Port #4
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Fig. 12. Experimental results of the MWC battery balancer: (a) power flow
control of the battery balancer; (b) end-to-end efficiency of the battery balancer
under the power flow control.

are controlled to validate the power flow control and battery
balancing operation. Here the voltages of Port #1 and Port #2
are set as 11.1 V and the voltages of Port #3 and Port #4
are set as 10 V to emulate the battery balancing scenario. As
shown in Fig. 12 (a), the higher phase-shift ϕ3 (ϕ4), the higher
power transferred to Port #3 (Port #4). For example, when ϕ4

= 42° and ϕ3 = 0°, the load power at Port #4 is 9.7 W and the
load power at Port #3 is 1.9 W. The load powers of Port #4
and Port #3 get close when their phases are approaching each
other. Fig. 12(b) shows the total load power of Port #3 and
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Fig. 13. Current perturbation and battery AC voltage at 2.5 Hz (1s/div).
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Fig. 14. Current perturbation and battery AC voltage at 10 kHz (200µs/div).

Current Perturbation

Battery AC Voltage

Fig. 15. Current perturbation and battery AC voltage at 500 kHz (1µs/div).

Port #4, and the end to end efficiency of the battery balancer.
The peak end to end efficiency is about 70% and the main
power loss is contributed by the MWC transformer due to its
high coil ESRs and core loss (about 0.6 Ω with the magnetic
sheets). The ESRs can be further reduced by optimizing the
coil diameters and adopting better magnetic materials. Note
the proposed MWC converter architecture can be also applied
to multi-input-multi-output (MIMO) wireless power transfer
(WPT) systems with similar modeling and design methods.

To validate the EIS capability of the proposed MWC battery
balancer, the EIS experiments are conducted based on the
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Fig. 16. EIS measurement results with: (a) Lithium-ion battery pack; (b)
Lithium-polymer battery pack; (c) AA-NIMH battery pack.

three battery cells (Fig. 11), i.e., a lithium-ion battery pack, a
lithium-polymer battery pack, and a AA-NIMH battery pack.
Fig. 13, Fig. 14, and Fig. 15 show the waveforms of a 2.5 Hz,



a 10 kHz, and a 500 kHz current perturbations generated
by the MWC battery balancer, respectively. By applying fast
fourier transformation (FFT) to the measured waveforms, the
fundamental components of the voltage and current can be
identified, yield the cell impedance.

The EIS results measured by the MWC balancer were
compared to a commercial EIS instrument, Ivium-n-Stat,
manufactured by Ivium Technologies. In the experiment, the
prototype MWC balancer ran 25 perturbations ranging from
500 mHz to 500 kHz on the lithium-ion battery pack, the
lithium polymer battery pack, and the AA-NIMH battery pack,
respectively. The Ivium-n-Stat ran 22 perturbations ranging
from 500 mHz to 200 kHz on the same batteries. The maxi-
mum EIS measurement frequency of the prototype is 500 kHz.
The maximum EIS measurement frequency of Ivium-n-Stat is
250 kHz. Fig. 16 compares the Nyquist plots of the three
batteries measured by the MWC balancer and the Ivium-n-
Stat, where good match was found. Note the battery packs
used in the EIS experiment were built with series connected
battery cells and the impedance of the connecting wires of the
cells dominated the measured impedance at the high frequency
segment of the Nyquist plots.

V. CONCLUSIONS

This paper presents a multi-MHz MWC battery balancer
with online EIS measurement capability. The MHz MWC
balancer architecture consists of multiple high frequency dc-ac
inverters and a MWC transformer. There is only one “dc-ac-
dc” conversion stage between two arbitrary ports, allowing the
MWC balancer to achieve lower component count and higher
power density than many other battery balancer architectures.
The MHz operation of the battery balancer enables online EIS
measurement for up to 500kHz as well as battery balancing
without using extra power circuitry. The high frequency also
helps to eliminate the magnetic core and reduce the coil size
of the MWC transformer. A 13.56 MHz MWC balancer with
a four-port MWC transformer is built and tested to verify the
proposed approach. The EIS measurement results match well
with the results measured by commertical EIS equipment.
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