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Abstract—This article presents a dual frequency hierarchical
modular multilayer balancer (MMB) architecture capable of per-
forming electrochemical impedance spectroscopy (EIS) and self-
heating for battery systems. The MMB comprises two layers of
balancing circuits: a cell-level balancer operates at a few MHz
with miniaturized size; and a string-level balancer operates at
a few hundred kHz to achieve high efficiency and rapid balanc-
ing. By reusing the balancer circuitry, the cell-level balancer can
perform EIS, and the string-level balancer can perform battery
self-heating. The key contributions of this article include: first,
the circuit topology and multi-input-multi-output (MIMO) power
flow control of the dual frequency hierarchical balancer; second, a
miniaturized common-mode (CM) Class-D based 4-port cell-level
balancer for wide bandwidth EIS; and third, a high efficiency
multiactive-bridge (MAB) based 12-port string-level balancer for
self-heating. A MMB prototype with a 12-port 200 kHz string-level
balancer and four 4-port 13.56 MHz cell-level balancers is built
and tested with a battery string comprising sixteen Li-ion battery
cells. The MMB is capable of performing EIS up to 100 kHz and
self-heating across a wide frequency range (100 Hz-18 kHz). The
100-W 12-port string-level balancer achieves 93% peak efficiency.
The 30-W 4-port cell-level balancer achieves 74% peak efficiency.
Experimental results validated the performance and functionality
of the MMB system.

Index Terms—Battery management system (BMS), common-
mode class-d converter, electrochemical impedance spectroscopy
(EIS), multiactive-bridge (MAB) converter, multi-input-multi-
output (MIMO), multiport power electronics, power flow control,
self-heating.

1. INTRODUCTION

LECTROCHEMICAL energy storage are becoming in-
creasingly important as the rapid development of electric
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vehicles and renewable energy [1]-[4]. Battery systems need
higher density, higher efficiency, and longer lifetime. High per-
formance Li-ion battery systems usually comprise strings of
battery cells to achieve high output voltage and high power
rating [5], [6]. After repeated charging and discharging, the
numerous battery cells inevitably have different state-of-charge
(SOC) and state-of-health (SOH). The charge imbalance among
the battery cells limits the life-cycle and energy capacity of the
full battery system [7], [8]. Battery management systems (BMS)
can monitor the SOC and SOH of the batteries and extend the
battery lifetime [9]-[11]. They are important building blocks of
electric vehicles and grid scale energy storage systems.

Impedance based estimation methods such as electrochemical
impedance spectroscopy (EIS) are promising techniques to infer
the battery SOC and SOH [12]-[18]. By using EIS, the various
electrochemical phenomena of the battery can be observed and
analyzed in the frequency domain. Fig. 1(a) shows the measured
Nyquist curves of a Li-ion battery LIR2032 with different SOC.
The low frequency (<1 Hz) patterns of the Nyquist curve re-
flects the mass-transport effects; the medium frequency (1 Hz
to 1 kHz) patterns reflects the charge-transfer effects; and the
high frequency range (> 1 kHz) patterns reflects the conductance
effects. EIS results across the entire frequency range are valuable
for SOC and SOH estimation. Fig. 1(b) shows the Nyquist plot
of a lithium-ion battery ICR18650 in different temperatures.
It shows that the battery impedance changes with the varying
temperatures.

Li-ion batteries can rapidly degrade if heavily operated in low
temperature, due to the reduced electrolyte conductivity [19], re-
duced solid-state Li-ion diffusivity [20], and the sluggish kinet-
ics of charge transfer [21]. Preheating the battery before heavy
operation in cold temperature is necessary to improve the perfor-
mance and extend the lifetime of batteries. There are two general
ways of preheating Li-ion batteries: first, passive preheating;
and second, active preheating. In passive preheating, heat is
generated by an external source and mechanically propagates
through batteries. Passive preheating is simple to implement, but
requires additional infrastructure and cannot guarantee uniform
temperature raise in batteries. Active preheating, as an additional
function of the BMS, can smoothly heat the battery by the
ohmic-loss and electrochemical heat. Different active heating
strategies have been investigated to increase the heating speed
with less impact on the battery performance [22]-[25]. A 10
to 20 kHz ac current active heater for hybrid EV battery was
introduced in [26], where a half-bridge inverter powered by the
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Fig. 1. (a) Measured Nyquist curves of a Li-ion rechargeable coin battery

LIR2032 with different SOC. (b) Measured Nyquist curves of a Li-ion recharge-
able battery ICR18650 under different temperatures using a Gamry Reference
600 Analyzer.

onboard generator is used as the active heater. Shang et al. [27]
proposed a buck—boost converter based active heater by using the
battery pack to power the heater itself. Shang ef al.[28] discussed
an integrated heater-equalizer which achieves the internal and
external combined heating as well as passive equalization for
battery strings. A half-bridge active heater with soft switching
operation and a resonant switched-capacitor heater with com-
pact structure were presented for the battery active preheating
applications in [29] and [30].

Existing battery balancer circuits are usually implemented
as multiport dc-link systems, which utilize dc-link capacitors to
transfer energy [31]-[33]. As shown in Fig. 2(a) and (b), the load
to load balancer and the switched-capacitor balancer are ladder
converters, and they can only process the differential power
between two neighboring battery cells in one switching-cycle.
Fig. 2(c) shows the block diagrams of a dc-coupled battery
balancer, which transfers power directly between two arbitrary
battery cells through two “dc—ac—dc” conversion stages. In these
balancers, the power flow between two battery cells needs to be
processed by more than one “dc—ac—dc” power stages. Fig. 2(d)
shows a MAC (multiwinding transformer) converters, which

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 3, MARCH 2021

can process the differential power of the two battery cells only
through one “dc—ac—dc” conversion stage [34]. This converter
can provide reduced power conversion stress and low compo-
nent count for battery balancing operation, but the control is
complicated because all of the cells are coupled via one MAC
transformer, especially with a large number of battery cells.

This article presents a dual frequency multilayer battery
balancer architecture with multi-input-multi-output (MIMO)
power flow control. This is the first demonstration of a multilayer
battery balancer system with EIS and self-heating functions by
reusing the battery balancer circuitry. It comprises a 13.56 MHz
miniaturized common-mode (CM) Class-D based cell-level bal-
ancer for wide bandwidth EIS; and a 200 kHz high efficiency
multiactive-bridge (MAB) based string-level balancer for rapid
balancing and self-heating. Compared to other existing work on
hierarchical multilayer battery balancer [35]-[39], the proposed
dual frequency approach offers: first, miniaturized magnetic size
of the cell-level balancer due to the high frequency operation
(13.56 MHz) and air coupling; second, improved efficiency of
the string-level balancer benefiting from the MAB topology;
third, EIS measurement and self-heating capabilities enabled
by the MAC topology and MIMO power flow control. The
proposed architecture is capable of performing many battery
management functions at the same time. For example, based on
the EIS estimation of the SOC and SOH of battery cells, one can
determine the optimal power flow control strategy to balance the
SOC and SOH of the battery cells while performing self-heating
with minimum battery degradation.

The remainder of this article is organized as follows. Section I
provides an overview of the MMB architecture. Section III-A
discusses the balancing operation of the MMB architecture and
the multiway MIMO power flow. Section IV discusses the multi-
winding transformers design of the kHz MAB-based string-level
balancer and the MHz CM Class-D based cell-level balancer.
Section V discusses the implementation details of the EIS and
the battery self-heating functions. Section VI shows the design
of the prototype and experimental results, and demonstrates
the functions of multilayer battery balancing, battery EIS, and
self-heating. Finally, Section VII concludes this article.

II. ARCHITECTURE AND TOPOLOGY OVERVIEW

Fig. 3 shows the key principles of the MMB architecture.
Multiple battery cells are grouped into multiple series-connected
battery strings. Multiple battery strings are connected in series
to create battery packs. Cell-to-cell and string-to-string power
flow co-exist in the balancing process. There are many ways
of implementing the MAC converters [40]-[43]. The example
topology in Fig. 3 consists of two layers of MAC converters, i.e.,
a cell-level balancer and a string-level balancer. The string-level
balancer switches at a few hundred kHz and performs string-
level self-heating. The cell-level balancer switches at a few MHz
and performs cell-level EIS. One inverter topology works at a
few hundred kHz and drives a kHz multiwinding transformer
as the string-level balancer. Another inverter topology works at
a few MHz and drives a MHz multiwinding transformer (air-
coupled for miniaturized size) as the cell-level balancer.
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The benefits of the MMB architecture include: first, the battery Lo TG - —4=v, ’
strings are grouped into multiple layers, e.g., the string-level 45316 Il
layer and the cell-level layer, which eliminates the coupling

influence among the cells in different strings and highly reduces
the complicity and control of a fully coupled battery balancer
architecture where all battery cells are directly coupled [42]; sec-
ond, it enables different balancing frequencies at different layers.
The cell-level balancer switches at a few MHz for reduced size
and miniaturized packaging. The string-level balancer switches
at a few hundred kHz for improved efficiency and faster bal-
ancing; third the dual frequency multiway MIMO power flow
enables cell-level EIS and string-level self-heating by reusing
the battery balancer circuitry.

Fig. 4 shows the topology of an example MMB. A 2-port
MAB converter is used for string-to-string balancing. It consists

Fig. 4. Topology of an example dual frequency MMB with two 4-port
13.56 MHz cell-level balancers with EIS capability; and one 2-port 200 kHz
string-level balancer with self-heating capability.

of two half-bridge inverters and a 2-winding transformer. Each
battery string comprises four battery cells. In the MAB converter,
energy is delivered from one port to another, or from multiple
input ports to multiple output ports through phase shift. The
MAB converter was designed to operated at a few hundred
kHz. Other MAC topologies (e.g., LLC, DAB) are also appli-
cable. The cell-level balancers are implemented as two 4-port
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Fig. 5. Operation principles of the kHz string-level balancer when the power

is transferred from battery string #1 to battery string #2: (a) State L. (b) State IL.
(c) State III. (d) State IV.

common-mode (CM) Class-D converters. The two switches in
one CM Class-D inverter are working 180° out of phase with
50% duty cycle. The cell-level balancer was designed to switch at
afew MHz to minimize the size of the multiwinding transformer.
The example MMB can be easily extended for a large scale of
batteries balancing application by using a multiport kHz MAB
converter and multiple MHz CM Class-D converters.

III. OPERATION PRINCIPLE AND POWER FLOW CONTROL

The MMB architecture processes multilayer, multiway, mul-
tifrequency, and MIMO power flow. Here, we introduce the op-
eration principles and power flow control of the kHz string-level
balancer and the MHz cell-level balancer.

A. Operation of the kHz String-Level Balancer

Fig. 5 shows the operation principles of the string-level bal-
ancer when power is transferred from string #1 to string #2. Fig. 6
shows the key operation waveforms of the string-level balancer.
Similar to a MAB converter, the switching cycle is divided into
four intervals based on the inductor current waveform and phase
shift between the voltages across the transformer. In State I
(to—t1), switches @, and ()4 are turned ON and the inductor
current 47,1 is changed from negative to positive during this
state. In State II (¢1—t2), switches @), and Q). are turned ON and
the inductor current 7y,,.q continues to flow into the transformer,
discharging battery string #1 and charging battery string #2. In
State III (to—t3), switches @, and (). are turned ON and the
inductor current ¢, is changed from positive to negative. In
State IV (t3—t4), switches ), and ()4 are turned ON and the
inductor current iz, is circulating through switches @, and Q4
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Fig. 6. Key waveforms of the kHz string-level balancer operating at 200 kHz.
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Fig. 7. (a) Lumped circuit model of the n-port kHz string-level balancer with
a Star model of the multiwinding transformer. (b) Lumped circuit model of
the n-port string-level balancer with the cantilever model of the multiwinding
transformer and multiple square wave voltage sources.

on the primary and secondary sides. The current waveforms are
trapezoidal.

The string-level balancer functions as an MAB converter.
It can be modeled as an n-port (n-winding) transformer with
n square wave voltage sources, as shown in Fig. 7(a). Each
winding has N turns. The series-connected blocking capacitors
are large enough and are neglected in the analysis. L,1—L,4
are represented as the normalized inductance per-turn (L,.; /N 2)
in the star model and L,, is the magnetizing inductance. The
Star model can be converted into an equivalent delta model or
a cantilever model to simplify the power flow analysis [43], as
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shown in Fig. 7(b). The n half-bridge inverters are modeled as
n square wave voltage sources Vye(1)~Vic(n). Based on Fig. 7,
the power fed into an arbitrary port k is

Vac(q) Pk
WLy 2 <1 s ) '
ey
The multiway power flow in the MAB converter can be
controlled to implement the MIMO balancing operation by
modulating the voltage phase shift of all ports, i.e., the phases of
Vac(1)=Vac(n)- As demonstrated in [40], a dedicated distributed
phase shift controller can be implemented at each port to modu-

late the power processed by each port without a central control
command.

V) <
N2

q=1,q#k

\%4 -k
Pk = Vac(k) X 1, =

B. Operation Principles of the MHz Cell-Level Balancer

Fig. 8 shows the operation principles of the MHz cell-level
balancer when the power is transferred from cell #1 to cell #2.
The working state is divided into four intervals based on the
switching patterns: switches ()1 and 4 conduct in State I
(to—t1); switches Q1 and QX3 conductin State IT (¢1—t2); switches
Q2 and ()3 conduct at State III (to—t3); switches Q2 and Q4
conduct in State IV (t3—t4). Fig. 9 shows the key waveforms
of the MHz cell-level balancer. The gate drive voltage and
drain-source voltage waveforms of switch ()2 and )4 are not
shown in Fig. 9 and their waveforms are same as the wave-
forms of Q1 and QY3 with an 180° phase shift because of the
complementary switching. Note the parallel inductors L,,; and
L, can be absorbed into the transformer winding with a proper
parameter selection. As shown in Figs. 8 and 9, with a phase
shift ¢, the output current of battery Cell #1 flows through the
parallel resonant tank L,; — C}p1, which shapes the sinusoidal
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Fig. 9. Key waveforms of the cell-level balancer operating at 13.56 MHz.

waveform of V,.(1) and provides a sinusoidal current into the
transformer and deliver power to cell #2.

The MHz CM Class-D inverters function as current sources
instead of voltage sources. The full-order cantilever model is not
suitable to model and control the multiway MIMO power flow.
An alternative way to model the n-port current-source driven
multiwinding transformer is to simplify the cantilever model
into an inductive coupled model, where all ports are driven by
sinusoidal current source inverters. Thus, a CM Class-D balancer
with n battery cells is modeled as an n-port inductive coupled
model with n sinusoidal current sources to analyze its multiway
balancing operation, as shown in Fig. 10. The coupling between
any two arbitrary coils is described by their mutual inductance.
Here, L; is the self-inductance of the ith coil and L;; is the
mutual inductance between the ith and jth coils. Based on this
simplified cantilever model, the power fed into port k is

1
Pl=Vv; xij ==

2 Z WquIac(k:)Iac(q)Sind)qk 2)

q=1,q#k

where 7}, is the conjugate current of ig. I,c(x) and I,(q) are the
magnitudes of the currents at port k£ and port g, respectively.
¢qr 1s the phase difference between the current of port ¢ and
port k. Equation (2) indicates that the multiway power flow
in the current source driven multiwinding transformer can be
controlled in a similar way as the power flow in a voltage source
driven multiwinding transformer, with a different set of power
flow equations. Note the multiway balancing operation analysis
above can be also applied to other balancers with a multiwinding
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Fig. 11.  FEM of the 200 kHz 12-winding transformer implemented on three
FR4 PCBs.

transformer and multiple inverters which function as current
sources.

IV. MULTIWINDING TRANSFORMER DESIGN

In the MMB architecture, power is routed on the string-
level through the kHz MAB converter, and on the cell-level
through the MHz CM Class-D inverters. The performance of
the multiwinding transformer determines the efficiency and
power transfer capability of both balancers. Fig. 11 shows the
finite-element-model (FEM) of a 12-port 200 kHz multiwind-
ing transformer. The transformer consists of a magnetic core
and three vertical-stacked printed circuit boards (PCBs) each
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TABLE I
PARAMETERS OF THE kHz MULTIWINDING TRANSFORMER

Transformer Parameters (200 kHz) Description
Number of turns (N) 1
Trace width (w) 7.5 mm
Trace thickness 70 pm
Magnetic core Ferroxcube-EQ/PLT30/3F3
L; (i=1-12) 9.8-9.81 uH
r; (i=1-12) 2.8-2.98 m$2
L;j (1,j=1-12) 9.78-9.8 uH
Volume 6420 mm?

Fig. 12.

FEM of the 13.56 MHz 4-winding transformer implemented on a four
layer flexible PCB. The simulated current distribution on the four coils are also
shown.

comprising four identical windings. Table I lists the parameters
of the 200 kHz multiwinding transformer. L; and r; are the self-
inductance and equivalent series resistance (ESR) at 200 kHz.
L;; is the inductance between port ¢ and port j.

Switching at a few MHz enables air coupling with miniatur-
ized size for the cell-level balancer. The air-coupled windings
should be designed carefully to achieve the required mutual
inductance with low ac winding resistance. Fig. 12 shows the
ANSYS model of a4-port 13.56-MHz multiwinding transformer
which is built with four vertical-stacked coils. The transformer
outer diameter is 15 mm and the overall thickness of the trans-
former is around 0.4 mm. The transformer can be implemented
on flexible Kapton PCB.

The simulated current distribution on the four coils of the
13.56 MHz multiwinding transformer is also shown in Fig. 12.
The current of each coil is evenly distributed on the surface
of the coil trace, which helps reduce the ac winding resistance
of the MHz transformer. Table II lists the key parameters of
the MHz multiwinding transformer. Flexible magnetic sheets
can be attached to the top and bottom layers of the transformer
windings to shield the electromagnetic field and improve the
mutual inductance if needed. It can be seen from Table II
that the volume of the MHz multiwinding transformer is very
small (71 mm?®) compared with that of the kHz transformer
(6420 mm?) due to its thin thickness (magnetic core free). The
small volume of the MHz multiwinding transformer enables the
compact integration between the MHz cell-level balancers and
battery cells. The magnetic-free design improves robustness.



LIU et al.: DUAL FREQUENCY HIERARCHICAL MODULAR MULTILAYER BATTERY BALANCER ARCHITECTURE

TABLE II
PARAMETERS OF THE MHz MULTIWINDING TRANSFORMER

Transformer Parameters (13.56 MHz)  Description

Number of turns (N) 3

Trace width (w) 0.75 mm
Trace gap (g) 0.25 mm
Trace thickness 35 pum
L; (i=1-4) 144-147 nH
r; (i=1-4) 0.3-0.34 Q
L;j (i,j=1-4) 107-128 nH
Volume 71 mm3
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Fig. 13.  Principles of the EIS function of the cell-level balancer.

V. EIS AND SELF-HEATING MECHANISMS

A unique feature of the dual frequency MMB architecture
is its capabilities of performing EIS at high frequencies on the
cell-level and performing battery self-heating at low frequencies
on the string-level. We explain the operation mechanisms of the
EIS and self-heating functions in detail.

A. Cell-Level EIS Measurement

Fig. 13 illustrates the principles of the EIS function of the
cell-level balancer. By changing the phase difference between
two MHz inverters/rectifiers periodically, e.g., the phase differ-
ence between ¢; and ¢;, a sinusoidal perturbation current is
synthesized between two battery cell #1 and cell #¢, as shown
in Fig. 13. By changing the periods of the phase difference, the
frequency and amplitude of the sinusoidal perturbation current
can be modulated. We adopted a commercial phase delay IC
DS1023-25 to implement the phase shift control in the MHz
range. A crystal oscillator (SG-210STF 13.5600 M from Epson
Timing) was used to provide the 13.56 MHz signal for the phase
delay IC to drive the MHz inverters/rectifiers. A lookup table
of the phase shift values was implemented in a microcontroller
TMDX28069USB to generate the sinusoidal perturbation at dif-
ferent frequencies. The desired phase shift values are send to the
multiple phase delay chips by the I2C bus. In most of the existing
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Fig. 14.  Principles of the self-heating operation of the string-level balancer.

work [14]-[17], an external power supply is required to generate
the current perturbation with a limited bandwidth. The MHz
cell-level balancer in the MMB architecture can generate the
sinusoidal perturbation current with a wide range of frequencies,
benefiting from the high switching frequency (i.e., 13.56 MHz).

As shown in Fig. 13, when the current perturbation is gen-
erated and applied on the cell #1 and cell #i, the voltage
perturbations are excited correspondingly on the two battery
cells, namely the battery ac voltages. Then, the waveforms of
the current perturbations and the battery ac voltages of the two
battery cells can be sampled by the voltage and current sampling
circuits, and the sampling results are send to a processor or a
microcontroller for the battery ac impedance calculation. To
prove the concept, the waveforms of the sinusoidal current
perturbation and battery ac voltage are captured by an oscil-
loscope. The battery ac impedances are calculated by applying
fast Fourier transformation (FFT) to the measured voltage and
current waveforms.

B. String-Level Self-Heating

Fig. 14 illustrates the principles using battery string #1 and
battery string #: to perform the self-heating function. A micro-
controller TMDX28069USB was used to create the PWM gate
driving signals and modulate the phase shift of the driving singles
for the kHz string-level balancer to perform the self-heating
operation as well as balancing the battery strings. A sinusoidal
current for the self-heating can be generated between string #1
and string #i by modulating the phase difference of the gate
driving signals between two kHz inverters/rectifiers periodically,
e.g., the phase difference between ¢; and ¢;. A lookup table of
the phase shift values was implemented in the microcontroller to
generate the sinusoidal heating current across a frequency range.

From time O to time ¢, string #: discharges. Current flows
through the kHz MAB converter to charge string #1. During
time ¢ to time to, string #1 discharges. Current flows through
the kHz MAB converter to charge String #i. The ac heating
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Fig. 15. Prototype dual frequency hierarchical MMB with EIS and
self-heating.

current is circulating between string #1 and string #¢ to heat up
each other. During one switching cycle, each battery string dis-
charges on one half-cycle and is charged on the other half-cycle.
Due to the discharging and charging operation, the two battery
strings equally share the energy consumption for heating and
will maintain equal SOC. If the balancing current waveform
is pure ac without dc bias, the self-heating process consumes
balanced energy on both strings and leads to similar SOC change.
If the current has dc bias or is asymmetry, the self-heating
process leads to unbalanced SOC change. The battery balancing
process can be integrated together with self-heating and EIS
measurement functions.

VI. EXPERIMENTAL RESULTS

Fig. 15 shows an MMB prototype with one 200-kHz 12-port
MAB converter and four 13.56-MHz 4-port CM Class-D con-
verters. The circuit topology is shown in Fig. 4. The balancer
supports 16 battery cells which are grouped into four strings.
The 200-kHz MAB converter balances the four battery strings.
Four 13.56 MHz CM Class-D converters perform cell-to-cell
balancing. The balancers are co-packaged together with the
batteries.

Fig. 16(a) shows the 4-port 13.56-MHz CM Class-D con-
verter. It consists of four active CM Class-D inverters, a 4-port
air-core multiwinding transformer, the control and gate drive
circuits. The power rating of the Class-D converter is 30 W.
Eight GaN transistors, GS61004B, are used as the switches of
the four Class-D inverters. The CM Class-D converter was built
on a flexible PCB, as shown in Fig. 16(a), benefiting from the
high switching frequency and air-coupled windings. A crystal
oscillator (SG-210STF 13.5600 M from Epson Timing) was
used to create the 13.56 MHz clock for the phase delay IC to
drive the MHz inverters/rectifiers. The circuit performs cell-level
balancing and high frequency current perturbation for EIS. The
transformer parameters, e.g., number of turns N, trace width
w, trace gap g, and trace thickness, are the same as listed in
Table II. Fig. 16(b) shows a 200-kHz 12-port MAB converter. It
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Fig. 16. Converters used in the MMB balancer. (a) 13.56-MHz 4-port CM
Class-D converter. (b) 200-kHz 12-port MAB converter.

consists of 12 half-bridge inverters and a 12-port multiwinding
transformer with 3 vertical stacked PCBs. The MAB converter
can balance up to 12 battery strings and the power rating of the
converter is 300 W. Twelve 24-V DrMOSs, BQ500101, are used
as the switches of the half-bridge inverters. Table I listed the key
parameters of the 200-kHz transformer.

Fig. 17(a) shows the balancing process when the four 13.56-
MHz CM Class-D inverters are balancing four battery cells. The
initial voltages of the cells are different. The phase shift of the
four active Class-D inverters is used to control the power flow
among the battery cells. A CompactDAQ system controlled by
Labview is used to capture the voltage data during the balancing
process. All cell voltages converge after about 33 mins.
Fig. 17(b) shows the balancing process when the 200 kHz MAB
converter is balancing four battery strings. All cell voltages
converge after about 65 mins by using the phase shift based
power flow control. Fig. 18 shows the end to end efficiencies of
the 13.56-MHz CM Class-D converter and the 200-kHz MAB
converter. The peak cell-to-cell efficiency of the 13.56-MHz
balancer is 74%. The peak string-to-string efficiency of the
200-kHz MAB balancer is 93%. In the balancing experiments,
the battery cell and string voltages are used as the feedback for
the balancing operation and the phase shifts of the cell-level and
string-level balancers are modulated to control the multiway
MIMO power flow for the cell-level and string-level balancing.

The 13.56-MHz cell-level balancer was used to perform EIS
on a ICR18650 Li-ion battery cell. By sweeping the phase differ-
ence among the multiple inverters, the impedance of the battery
cell is measured across a wide range of frequencies. Fig. 19(a)
shows a 10 kHz sinusoidal current generated by the 13.56-MHz
balancer. By applying FFT to the measured waveforms, the
fundamental components of the battery ac voltage and current
can be extracted to infer the battery impedance. Fig. 19(b)
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Fig. 17. Experimental results of the balancing operation. (a) Battery cells
balancing operation using the 13.56-MHz CM Class-D converter. (b) Battery
strings balancing operation using the 200-kHz MAB converter.
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Fig. 18. End-to-end measured efficiency of the 13.56-MHz CM Class-D

converter (cell balancer) and the 200-kHz MAB converter (string balancer).

compares the Nyquist plots illustrating the EIS measurement
results from the prototype and a commercial instrument, where
good match was found.

Similarly, the 200-kHz string-level balancer can perform self-
heating across a wide range of frequencies. Two battery strings
are used to heat each other. Each battery string comprises four
series-connected Li-ion battery cells. Fig. 20 shows the current
waveforms for self-heating at 100 Hz, 4.8 kHz, and 18 kHz,
respectively. These waveforms are measured when the battery
temperatures all start from 0°C. The battery string voltage and
the cell voltage before heating are about 16 and 4 V, respectively.
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D converter for EIS measurement. (b) EIS measurement results of the prototype
and a commercial instrument (Gamry Reference 600).

The amplitude of the sinusoidal voltage perturbation of the
battery string, AV, is set at 0.8 V (peak to peak 1.6 V) to
guarantee upper safe operation voltages (16.8 and 4.2 V) and
lower safe operation voltages (12 and 3 V) for the battery strings
and cells. Fig. 21 shows the measured battery temperature
during a battery heating process with a room temperature of
15°C, which validates the self-heating capability of the MMB
balancer. With the same AV, a smaller battery resistance (R) will
lead to a high input heating power for the battery, which explains
the fast heating speed at 4.8 kHz. Note the tested battery has a
lower resistance at 4.8 kHz than those of 18 kHz and 100 Hz
according to the EIS measurement results in Fig. 19. Itis reported
in [44]-[48] that heating the battery at high frequency (i.e., pure
ohmic resistive frequency), such as 4.8 kHz, can reduce the
battery degradation because of the reduced faradic current during
the self-heating process. Note if a constant current is applied for
the self-heating at the three frequencies, the low frequency, e.g.,
100 Hz, will achieve a high heating speed due to the high heating
power caused by the higher battery resistance.

Table III compares the proposed MMB architecture against a
few existing hierarchical multilayer battery balancer techniques.
To the best of our knowledge, this is the first work that explored
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TABLE III
FEW EXISTING HIERARCHICAL MULTILAYER BATTERY BALANCER ARCHITECTURES

Publication | [35] [36] [37] [38] 391 | This work
Cell-level balancing Yes Yes Yes Yes Yes MIMO cells balancing
String-level balancing Yes Yes Yes Yes Yes MIMO strings balancing
Operating frequency 100 kHz to 120 kHz N/A 10 kHz 250 kHz 100 kHz 200 kHz & 13.56 MHz
Peak efficiency 90.4% N/A N/A 93.5% 89.4% 93% (string-level balancing)
EIS measurement No No No No No Yes (Bandwidth: 0.1 Hz to 100 kHz)
Self-heating No No No No No Yes (Bandwidth: 100 Hz to 18 kHz)
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