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Abstract—This paper presents a dual frequency hierarchical
Modular Multilayer Balancer (MMB) architecture capable of
performing 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 balancing.
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 paper include: 1) the
circuit topology and multi-input-multi-output (MIMO) power
flow control of the dual frequency hierarchical balancer; 2) a
miniaturized common-mode (CM) Class-D based 4-port cell-level
balancer for wide bandwidth EIS; and 3) a high efficiency multi-
active-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, multi-input multi-
output, power flow control, multi-active-bridge converter,
common-mode Class-D converter, electrochemical impedance
spectroscopy, self-heating, multiport power electronics.

I. INTRODUCTION

Electrochemical energy storage are becoming increasingly
important as the rapid development of electric vehicles and
renewable energy [1]–[4]. Battery systems need higher density,
higher efficiency, and longer lifetime. High performance 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
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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
rechargeable battery ICR18650 under different temperatures using a Gamry
Reference 600 Analyzer.

battery lifetime [9]–[11]. They are important building blocks
of electric vehicles and grid scale energy storage systems.

Impedance based estimation methods such as electrochem-
ical 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. 1a shows
the measured Nyquist curves of a Li-ion battery LIR2032
with different SOC. The low frequency (<1 Hz) patterns
of the Nyquist curve reflects the mass-transport effects; the
medium frequency (1 Hz to 1 kHz) patterns reflects the
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Fig. 2. Block diagrams of a few battery balancer topologies [3]: (a) Load-to-load battery balancer; (b) Switched-capacitor battery balancer; (c) Dc-coupled
battery balancer; (d) Multiport-ac-coupled battery balancer. The multiport-ac-coupled battery balancer is attractive due to the reduced power conversion stress.
There is only one “dc-ac-dc” power conversion stage between two arbitrary battery cells.

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. 1b 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 conductiv-
ity [19], reduced solid-state Li-ion diffusivity [20], and the
sluggish kinetics of charge transfer [21]. Pre-heating the bat-
tery before heavy operation in cold temperature is necessary to
improve the performance and extend the lifetime of batteries.
There are two general ways of preheating Li-ion batteries:
1) passive pre-heating and 2) active pre-heating. In passive
pre-heating, heat is generated by an external source and
mechanically propagates through batteries. Passive pre-heating
is simple to implement, but requires additional infrastructure
and cannot guarantee uniform temperature raise in batteries.
Active pre-heating, as an additional function of the battery
management system (BMS), can smoothly heat the battery by
the ohmic-loss and electrochemical heat. Different active heat-
ing strategies have been investigated to increase the heating
speed with less impact on the battery performance [22]–[25].
A 10 kHz to 20 kHz ac current active heater for hybrid EV
battery was introduced in [26], where a half bridge inverter
powered by the onboard generator is used as the active heater.
[27] proposed a buck-boost converter based active heater by
using the battery pack to power the heater itself. [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 compact structure were presented for the battery active
pre-heating applications in [29], [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. 2a-b, the load to

Fig. 3. The dual frequency modular multilayer balancer (MMB) architecture
comprises two types of balancing circuits operating at two frequencies: one
at high frequency (MHz) performs cell-level balancing and EIS, and the other
at low frequency (kHz) performs self-heating and string-level balancing.

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. 2c 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. 2d shows a multiport-ac-coupled (multiwinding
transformer) converters, which 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 component count for battery
balancing operation, but the control is complicated because
all of the cells are coupled via one multiport-ac-coupled
transformer, especially with a large number of battery cells.

This paper presents a dual frequency multilayer battery
balancer architecture with multi-input-multi-output (MIMO)
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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 balancer for wide bandwidth EIS; and a 200 kHz
high efficiency multi-active-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: 1)
miniaturized magnetic size of the cell-level balancer due to
the high frequency operation (13.56 MHz) and air coupling;
2) improved efficiency of the string-level balancer benefiting
from the MAB topology; 3) EIS measurement and self-heating
capabilities enabled by the multiport-ac-coupled 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 paper is organized as follows:
Section II provides an overview of the MMB architecture.
Section III discusses the balancing operation of the MMB
architecture and the multi-way MIMO power flow. Section IV
discusses the multiwinding transformers design of the kHz
MAB based string-level balancer and the MHz CM Class-D
based cell-level balancer. Section V discusses the implementa-
tion details of the electrochemical impedance spectroscopy 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 paper.

II. ARCHITECTURE AND TOPOLOGY OVERVIEW

Fig. 3 shows the key principles of the MMB architec-
ture. Multiple battery cells are grouped into multiple series-
connected battery strings. Multiple battery strings are con-
nected 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 multiport-ac-coupled
(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.

The benefits of the MMB architecture include: 1) the battery
strings are grouped into multiple layers, e.g., the string-level
layer and the cell-level layer, which eliminates the coupling in-
fluence 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];

Fig. 4. Topology of an example dual frequency modular multilayer balancer
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.

2) 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
balancing; 3) the dual frequency multi-way 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 multi-active-bridge (MAB) converter is used for string-to-
string balancing. It consists 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 de-
signed to operated at a few hundred kHz. Other multiport-ac-
coupled topologies (e.g., LLC, DAB) are also applicable. The
cell-level balancers are implemented as two 4-port 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 a few
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 multi-layer, multi-way,
multi-frequency, multi-input multi-output power flow. Here we




