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An LLC-Based Highly Efficient S2M and C2C
Hybrid Hierarchical Battery Equalizer

Faxiang Peng

Abstract—In battery equalization systems, string-to-cell (S2C)
and cell-to-cell (C2C) structures each has its unique advantages
and disadvantages regarding efficiency, components count, energy-
flow-path length, and circuit extendibility. In this article, a novel
hybrid battery equalizer combining the advantages of both S2C and
C2C structures is proposed. The proposed hierarchical equalizer
is based on half-bridge LLC resonant converter in the string-
to-module layer and buck-boost converter in the two-level C2C
layer. The characteristics of LLC converter are analyzed to fit the
voltage equalization applications. The design considerations of LLC
converter and buck-boost converter are addressed to ensure zero-
voltage-switching among all MOSFETs and the optimal operation of
each layer. Therefore, high conversion efficiency can be achieved
in both layers. Comparing with other equalization techniques, the
proposed hybrid structure achieves a good compromise among
efficiency, components count, energy-flow-path length, and circuit
extendibility. To validate the concept, a high switching frequency
experimental platform is designed and tested to balance eight
series-connected batteries. The experimental results well validate
the theoretical analysis and the proposed design methodology.

Index Terms—Battery equalizer, buck-boost converter, LLC
converter, zero-voltage-switching (ZVS).

I. INTRODUCTION

OW-VOLTAGE lithium-ion battery cells are typically
L series-connected to meet the voltage and power require-
ments of specific applications, such as electric vehicles and
energy storage systems [1]. In the battery string, cell variance
might incur mismatch issues during charging and discharging
processes: certain cells may be overcharged or depleted [2].
Therefore, battery equalizers are required to mitigate this mis-
match issue. Generally, efficiency, components count, energy-
flow-path length, and circuit extendibility are the figure of merits
to evaluate the performance of battery equalizers.

Conventional dissipative equalizers suffer from zero effi-
ciency and heat management issues [2]. To improve, non-
dissipative equalizers have been developed. Fig. 1(a) showcases
a mainstream cell-to-cell (C2C) equalization structure. The
equalizer unit (EU) transfers energy between two adjacent cells.
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Fig. 1. Energy flow of non-dissipative equalization techniques. (a) Bidirec-
tional cell-to-cell (C2C). (b) Bidirectional string-to-cell (S2C). (c) Modularized
equalization structure.

To realize this EU, buck—boost converter [3], [4] and switched
capacitor [5], [6] have been employed. The energy flow path
of the C2C structure is determined by the distance between
two cells. Therefore, both equalization speed and conversion
efficiency degrade with the increase of energy-flow-path length.
To reduce the average energy-flow-path length between cells,
multiwinding transformer [7], double-tied switched capacitor
[8], and star-structured switched capacitor [9] are introduced.
However, the equalization speed of switched capacitor-based
equalizers is extremely slow when the cell voltage difference
is trivial. Generally, those C2C structures own the benefit of
good circuit extensibility. However, it typically comes with long
energy-flow length, especially for the long string scenarios.
Fig. 1(b) showcases a bidirectional string-to-cell (S2C) equal-
ization structure. The energy can be transferred from the entire
string to a single cell. In [10]-[13], a multiplex network is
implemented to select a specific energy transfer path. However,
the switch count in this multiplex network is typically high.
In [14] and [15], a multiwinding transformer is introduced to
reduce the switch count. However, the design complexity of
the transformer scales up rapidly with the increase of string
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Fig. 2. Proposed hybrid equalization structure with n cell modules.

length. Moreover, the transformer leakage inductance incurs
transients issue, which deteriorates the equalizing performance.
Similarly, in [16]-[18], voltage multipliers (VMs) composed of
diodes and capacitors are introduced to reduce the switch count.
However, the diode forward voltage drop counts a considerable
portion of the cell voltage. Thus, the conversion efficiency is low.
Generally, those S2C structures own the benefits of direct energy
transfer path and shared EU. However, a multiplex network with
high switch count is typically required. Moreover, in the worst
scenario with only one cell overcharged, the equalization speed
becomes extremely slow.

To further improve the overall performance, various modu-
larized equalization techniques with a combination of module-
equalizer and cell-equalizer have recently been reported.
Fig. 1(c) shows the schematic of a two-layer-based structure
[19]-[23]. As shown, module-equalizer and cell-equalizer are
configured as the outer and inner layers, respectively. Module-
equalizer and cell-equalizer can operate simultaneously, which
facilitate an accelerated equalization. In [24] and [25], a multi-
layer structure is proposed. This structure can effectively shorten
the average energy-flow-path and improve the equalization
speed. In [26]-[28], a multiwinding transformer is introduced
into the modularized equalizer, which improves the circuit ex-
tensibility and equalization speed.

Inspired by the modularized structures, a hybrid hierarchical
equalization structure is proposed in this article. The proposed
hybrid structure is featured with enhanced efficiency and cir-
cuit extensibility. As shown in Fig. 2, this hybrid structure
combines the LLC resonant converter-based string-to-module
(S2M) equalizer and buck—boost converter-based C2C equalizer.
In S2M equalizer, a multiplex network with moderate switch
count is introduced to select the specific energy-flow path. The
LLC-based equalizer is shared among all the modules.

The main contributions of this article are summarized as
follows. First, a novel LLC-based S2M and C2C hybrid hi-
erarchical battery equalizer is proposed. The proposed hybrid
structure achieves a good compromise among efficiency, compo-
nents count, energy-flow-path length, and circuit extendibility.
Second, a comprehensive design methodology is proposed to
guide the design of LLC-based constant-current module equal-
izer. Third, an advanced recovery-effect immune equalization
strategy is proposed to improve the balancing accuracy.
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Fig. 3. Detailed schematic of the proposed battery equalizer with eight cells.

II. OPERATION PRINCIPLES
A. S2M and C2C Hybrid Architecture

Fig. 3 shows the schematic of the proposed hybrid equalizer
with two modules and eight cells. As shown, the input of the
LLC-based module equalizer is connected to the terminal of
the string, while the output is connected to the multiplex net-
work. The multiplex network consists of four polarity-selecting
switches (k,1—kp4) and three module-selecting switches (ki—
ks3). Different equalization paths from the string to module can
be directly established by properly configuring the multiplex net-
work. Thus, the LLC-based module equalizer can be shared by
different modules via the multiplexer. This reduces the required
semiconductor devices count. Within each module, the buck—
boost-based cell equalizer unit serves to equalize each single
cell. By combining the module equalizer and the cell equalizer, a
hybrid hierarchical equalization architecture can be configured.
This architecture inherits the advantages of both equalization
techniques while avoids corresponding disadvantages.

B. LLC-Based Module Equalizer

When Module 1 is undercharged, the string to module equal-
ization is activated. Meanwhile, k,1, k,4 and ki, ko turn ON
and k2, kp3 and k3 turn OFF. Fig. 4 shows the key waveforms
of LLC-based module equalizer when it operates at resonant
frequency. The primary switches (S13 and S14) turn ON and
OFF complementarily with certain dead time ¢,4. The generated
square-wave is fed to the resonant tank (L,, C), and L,,).
Meanwhile, the discharging current of string isiring flows into
the resonant tank via S14. Thus

Ty

1 2
Istring = ?/0 ZLr(t)dt (1)

S

where Igiring 18 the dc value of igiring, T is the switching period,
Ty is the resonant period. As shown in Fig. 4, the resonant
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Fig. 4. Key waveforms of LLC-based module equalizer.
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Fig. 5. Equivalent circuit when Module 1 is undercharged.

inductor current ¢, is sinusoidal and the magnetizing current
11m 1s triangular. On the secondary side, the rectifier diodes (D4
and D») conduct alternatively to establish an energy-flow path.
The difference between ¢y, and %,,,, flows into the rectifier and
charges Module 1. This means
1 7 1,
2

— iLr(t) —ipm(t)]dt = =

7o )| O =il =
where I, is the dc output current, 7 is the turns ratio of the trans-
former. Thus, the string can charge the undercharged Module 1
via the LLC-based module equalizer. Correspondingly, during
one switching period, the dc charging current of Module 1 I/
can be derived as follows:

@)

QﬂlrmS,Lr(Qn — 1)cos(p)
onS

IMl = Io - Istring = (3)
where I, 1. s the rms value of i 1,,., wg is the angular resonant
frequency, ¢ is the initial phase of iy,

Fig. 5 shows the equivalent circuit when Module 1 is under-
charged. The modules are modeled by an ideal voltage source
(OC'V)y;) with certain internal resistance (7). Here, OC'Vyy;
represents the open-circuit voltage of Module i. In Fig. 5, the
string terminal voltage is applied to the input port of module
equalizer (Vi, = Vi1 + Viure). Meanwhile, V,, charges Mod-
ule 1 via the multiplex network. Thus, V, equals V71 + Vp
by considering the forward voltage drop of rectifier diodes.
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Fig. 6. Key waveforms of buck—boost-based cell equalizer unit.
The output current can be expressed as follows:
- Vo Vurm+Vp
RLeq RLeq
where Rp., is the equivalent load resistance of the mod-

ule equalizer. Combining (1)—(4), the dc charging current of
Module 1 151 can be derived as follows:

1
Iy = (1 _ > Vuri+Vp
2n

RLeq
C. Buck—Boost-Based Cell Equalizer

I, “

®)

Asshown in Fig. 3, in each module, every two adjacent cells or
sub-strings are parallel to a buck—boost-based cell equalizer unit.
This provides a bidirectional and flexible energy flow path. Here,
we focus on basic equalization unit to interpret the operation
principles. Fig. 6 shows the corresponding key waveforms in one
switching period. When the voltage mismatch occurs, the two
MOSFETs (S and S2) turn ON and OFF complementarily following
the buck—boost switching pattern. The excessive charge of the
source cell (indicated by the blue region in Fig. 6) is transferred to
the inductor L; and the stored energy in L is further transferred
to the target cell (indicated by the orange region in Fig. 6).
During the commutation, the body diode of target side MOSFET
S provides the freewheeling path for the inductor current 7.
Therefore, the body diode conducts before the conduction of the
MOSFET channel, which establishes the ZVS turn-ON condition
for So.

On the other hand, to achieve ZVS turn-ON of the source side
MOSFET S1, 77, must be slightly negative before So turns OFF.
This means the cell equalizer must be controlled to operate in
bipolar continuous conduction mode (CCM). The negative iy,
discharges and charges the output capacitance C,ss of S; and
So, respectively. The charge Q transferred from L to those two
Clss 1s expressed as follows:

Q = AVCOSS = 2(VYCS'O'U,'rce + VCTaTget + Vd)coss (6)

where V is the forward voltage drop of the MOSFET body
diode, Vorarget and Vo gource are the terminal voltage of source
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cell (with higher voltage) and target cell (with lower voltage).
Moreover, the dead time #4.,q must be properly designed to
ensure both ZVS turn-ON of §; and a minimized circulating
current. The required minimum charge ¢,;,, (indicated by the
red region in Fig. 6) stored in L is expressed as follows:

+ 1 VCsource

Gmin = 2tdeadiL,min = Qt?ieadT. (7)

Thus, the dead band should be designed as follows:

LCOSS N (8)

4 (VC’Source + VCTarget + Vd)
tdead Z
VCSource

Since 77, decreases to negative before So turn OFF, the con-
strains of duty cycle D can be derived as follows:

D< VC’Target
- VCSource + VCTarget

_ VCTarget - Vd td i (9)
(VCSource + VCTarget) Ts cad.mim

Thus, both the conversion efficiency and a suitable equaliza-
tion speed can be realized by optimizing D and #4e,q. In each
module, the cells can be balanced without considering the oper-
ation condition of module equalizer. This simplifies the control
algorithm of the entire system. The detailed analysis and design
considerations for the bipolar buck—boost-based cell equalizer
have been presented in [25]. Thus, the following section mainly
focuses on the analysis and design of the module equalizer.

III. KEY DESIGN CONSIDERATIONS
A. Design Consideration of the Proposed Hybrid Equalizer

This article proposes a hybrid equalizer that combining the
LLCresonant converter-based string-to-module (S2M) equalizer
and buck—boost converter-based C2C equalizer shown in Fig. 2.
To design such a hybrid and overall optimized equalization
structure, the following considerations should be included.

1) To obtain more energy-flow path, the two-layer buck—
boost C2C equalizer and the LLC-based S2M equalizer
are combined to build the hierarchical structure, which
provide a more available energy-flow path.

2) To achieve a high conversion efficiency, the significant
switching loss in high switching frequency is reduced by
addressing the optimal design considerations of LLC and
buck—boost, which ensure ZVS turn-ON of all MOSFETS.

3) Toreduce the components count of this hybrid method, the
modularized design concept with shared module equalizer
is introduced and a multiplex network with moderate
switch number is utilized to build the direct energy-flow
path of module balancing.

4) To improve the circuit extendibility, the cell equalizer
inherits the merit of traditional C2C structure that easily
increases the equalizer unit when the cell number scales
up.

In long cell string scenarios, following the design considera-

tions, the proposed hybrid hierarchical equalization structure can
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Fig. 7. Electrical profiles of LLC converter based on FHA. (a) Voltage gain.
(b) Output current.

flexibly configure the number of single cells and cell modules
to fit such applications.

B. Constant Current Balancing of Module Equalizer

According to the LLC operation analysis in [29], based on the
first harmonic approximation (FHA) technique, the dc voltage
gain of LLC converter is expressed as follows:

n(Vimr + Vb)
(Varr: + Vare) /2
1

= (10)
SO ) @ (- 2)°

where L, is the inductance ratio (L,, = L,,/L,), f, is the
normalized frequency (f, = fs/fo), fo is the resonant fre-
quency, and (). is the quality factor of the resonant tank
(Qe = m\/L,/C,/8n*Rpcq)-

Correspondingly, the curves of voltage gain versus normal-
ized frequency under different load conditions are depicted in
Fig. 7(a). According to the operation characteristics of the LLC
converter, to enhance the conversion efficiency and achieve the
purpose of module voltage equalization, the LLC-based module

M, =
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equalizer should be designed to operate in the vicinity of res-
onant frequency, as highlighted in Fig. 7(a). Since the output
voltage and conversion efficiency vary during the equalization
process, the voltage gain of the designed module equalizer
should fully cover the potential voltage range.

For the string with two modules, each module voltage is
balanced to half of the string voltage. According to (10), the
transformer turns ratio n can set as unity due to the half-bridge
structure. Meanwhile, when the voltage of every single cell
varies, the potential module voltage can be derived as follows:

)

Vuri,min = MV min + Iariran
V]MTl,max - mVC,max + [erlﬂl

where m is the cell number in each module, Vi 1ax and Vo min
are the maximum and minimum cell voltages, respectively. Thus,
the required voltage gain can be expressed as follows:

M. . = Woumin _ n(mVomintIvirantVp)
g,min Vin/2 (Vmr1i+Var2)/2 (12)
M _ Vomax _ n(mVomaxt+Imiran+Vp)
g,max Vin/2 (VMmr1+Vmr2)/2

As shown in Fig. 7(a), in the beginning phase of the equal-
ization (as the purple curve indicates), if the peak voltage gain
is higher than the required maximum value, the LLC converter
would always operate in the inductive region. This facilitates a
highly efficient equalization process.

According to (4) and (11), when Module 1 is being charged,
the equivalent load resistance Ry, may vary. This means the
operation state of the module equalizer changes accordingly.
This increases the complexity of the parameter design process.
However, if I, is controlled as constant, the charging process is
controllable. By integrating (4) and (10), I, can be derived as
follows:

2n (Virrs + Varr) /72

2 2
L, 1 1 1 1
\/a (@2(”%‘;&%) + (fn— T) >

Based on (13), Fig. 7(b) shows the output current curves
versus normalized frequency under different load conditions.
As shown, for a specific resonant circuit, I, can be regulated by
modulating f correspondingly during the entire charging pro-
cess. This means a controllable module equalization is achiev-
able. In this article, a closed-loop PI controller is introduced
to regulate the output current. This ensures both a controllable
module equalization and a simplified parameters design of the
LLC converter. With constant [, the possible load variation
range is as follows:

Vo,min
I,

Therefore, the possible variation range of (). is as follows:

721,\/L,/C, 72l,\/L,/C,

m = Qe,end < Qe < Qe start = m
15)

As concluded in [30], the attainable peak voltage gain is

affected by the combination of L,, and Q). Thus, by choosing a

1, = . (13)

Vo,max

I,

= RLeq,min < RLeq < RLeq,max = (14)
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Fig. 8. Open circuit voltages with different equalization stages. (a) Without
recovery-eliminating stage. (b) With recovery-eliminating stage.

suitable L,, to meet the (). range, the required voltage gain can
be achieved, as shown in Fig. 7(a).

C. ZVS Conditions for Module Equalizer

Asanalyzed in [30], to achieve a high conversion efficiency by
considering both conduction loss and switching loss for module
equalizer, L,, should be optimized to both ensure ZVS and to
minimize the circulating current. Thus

Toty
= . 16
16Coss ( )
Meanwhile, L,,, can be derived as follows:
4 2L’ﬂ € €
L = 2 LnQelireq. a7)
73 fo

This equation indicates that for a designed L,,, the product
of L,, and Q). is fixed. This means once (). is chosen, L,, can be
calculated correspondingly. Therefore, by integrating (15)—(17),
Ly, Q.,and L,, can be designed to meet the module equalization
requirement. Moreover, with the predesigned fj, the resonant
parameters (L,,, L,, and C,) can be designed based on the
calculated L,, and Q..

D. Recovery Effect Immune Equalization Strategy

Lithium-ion batteries are featured with the recovery effect
[31]. When the battery is charged/discharged and then stays
idle for a while, the battery state-of-charge resumes to a certain
saturation value. This recovery effect can be clearly observed
in the measured results as shown in Fig. 8(a). The open-circuit
voltages of two cells converge at the end of equalization stage (I)
and then diverges in idle stage (I). It incurs error to the judgment
of equalization ending point.

In order to improve the equalization accuracy and to resist
the battery recovery effect, in this article, a recovery-effect
immune equalization strategy is proposed. The main idea is to
utilize the recovery effect to reduce the voltage mismatch in the
idle stage. As shown in Fig. 8(b), a recovery-eliminating stage
[stage ITin Fig. 8(b)] is enforced between equalizing stage (I) and
idle stage (IIT). After certain redundancy, the equalizer switches
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TABLE I
DESIGN PARAMETERS

MOSFETs BSCO16NO6NS
Magnetizing Inductor L,:9.09 uH
Resonant Inductor L;:2.14 uH
Module Equalizer| Resonant Capacitors C,:296 nF
(LLC) Resonant Frequency 200 kHz
Turns ratio 1:1:1
Relays SRD-05VDC
Diodes STPS5L60S
MOSFETs BSC010N04LS
L,:10.02 uH; L,: 10.15 uH
tnductors | "Y1 [T1,10.03 ub: L 10.12 uHl
Cell equalizer Level 2 L3:16.30 uH; Le: 16.23uH
(Buck-Boost) Switching Frequency 100 kHz
Monitor IC BQ76PL536
Controller TMS320F28379
Battery NCR18650PF

to the idle mode, OC'V; converge automatically. Comparing
to Fig. 8(a), the proposed recovery-effect immune equalization
strategy facilitates an improved equalization accuracy.

IV. EXPERIMENT EVALUATION
A. Experiment Setup

To verify the theoretical analysis, a laboratory prototype is
built and tested to balance eight series-connected cells. Fig. 9
shows the test bench. The detailed schematic has been de-
picted in Fig. 3. The design parameters are listed in Table L.
NCR18650PF lithium-ion cells are employed. Meanwhile, the
module multiplex network is implemented by relays (SRD-
05VDC). As discussed in Section III, the proposed closed-loop
PI control for LLC converter and optimal design methodology
for buck—boost converter is realized in a DSP (TMS320F28379).
Moreover, to improve the conversion efficiency of LLC-based
module equalizer, the power Schottky diodes (STPS5L60S) with
low forward voltage are utilized. In order to reduce the complex-
ity of the voltage sensing circuit, a monitor IC (BQ76PL536) is
utilized to detect every cell voltage.

B. Experiment Results

1) Key Waveforms: Figs 10(a) and (b) shows the critical
switching waveforms of the first level and the second level for
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Fig. 10. Key waveforms of the two-level buck—boost-based cell equalizer.
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cell equalizer, respectively. It can be seen that all the MOSFETS
vq4s drop to zero before the corresponding gate signal v, is
applied in terms of the waveforms of Sy, So, S5, and Sg. This
indicates a clear ZVS turn-ON of all the MOSFETs. Meanwhile,
the current waveforms of L; and L3 decrease to a negative value
slightly, validating the proposed bipolar CCM operation of the
cell equalizer. When both switches turn ON and OFF alternatively,
the charge of cell; transfers to the inductor (L) and the stored
energy in L; further transfers to cell, when 772 decreases. This
establishes the energy flow path between those two cells.

Fig. 11 presents the key waveforms of module equalizer when
the equalization starts and ends. Both primary switches (Si3
and S14) realize and maintain ZVS turn-ON during the entire
equalization process, according to the waveforms of v4s and vy,
in Fig. 11. Typically, the output current I, of the module equal-
izer keeps a constant value (1 A) when the switching frequency
fs decreases. This validates the proposed design of LLC-based
constant-current module equalizer in Section III.

2) Measured Efficiency: To evaluate the conversion effi-
ciency of the proposed equalizer, the measured efficiency curves
of cell equalizer and module equalizer are plotted in Figs. 12—14.
When the output voltage of one basic buck—boost unit in the
first level varies from 3.0 to 4.2 V and that in the second level
varies from 6.0 and 8.4 V, the corresponding average efficiency
5 92.48% and 95.59%. Due to ZVS turn-ON of all MOSFETs and
minimized circulating current, a general high overall efficiency



5934

Vet | i 10 V/div_f
ey ) y — i
Vas13 \ | 10 V/idiv |

u | J I

o 20 V/div .

2 Aldiv”
S I

e e —

Ves13
~ \

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 6, JUNE 2020

fi=201.6kHz

1 us/div_

Vds14 ‘ 10 V/div 4
iz " 10 V/div
L Ep— 20 Vidiv .
// \\\ yd - \\\

o iy N S 2 A/div

(b)

94.5
94
X
= 935 A
% "'_,""
3 93
5 —A— R, =15Q —— R, =12Q
92.5 —H— R, =16Q —¥— R, =13 Q|
—e—RL=168Q RL=14Q
92 I I I I I
170 180 190 200 210 220 230
Frequency [kHz]
Fig. 13. Measured efficiency of the LLC-based module equalizer versus fs in

different load conditions.
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during balancing process.

is achieved on both two levels. In low power application, the
wire induced conduction loss is more substantial in low voltage
scenarios. Therefore, the first level with lower voltage exhibits
a relatively lower efficiency, as shown in Fig. 12.

Fig. 13 presents the conversion efficiency of LLC-based mod-
ule equalizer for the different load when f; varies around f. As
shown, for every equivalent load when the input voltage equals
30 V, the module equalizer always exhibits a peak efficiency
when f, is matched to fy. Meanwhile, the average efficiency
at each load condition falls into the range of 93.5% to 93.8%.
When the output current is regulated to 1 A, the corresponding
conversion efficiency and switching frequency f; are presented
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Fig. 14. Measured efficiency of the LLC-based module equalizer with I, =

1 A during balancing process.

in Fig. 14. When load resistance increases, the output voltage
increases with constant output current. Thus, fs decreases corre-
spondingly. This validates the theoretical analysis in Fig. 7(b).
During the entire load variation range (assuming cell voltage
varies from 3.0 to 4.2 V), the module equalizer exhibits 93.8%
peak efficiency and overall good efficiency performance.

3) Voltage of Cells and Modules: For the eight series-
connected lithium-ion cell string with different initial cell volt-
ages, Figs. 15 and 16 show the experimental terminal voltages
(Vrs) and open-circuit voltage (OC'V) of every single cell and
module, respectively. The voltage data are recorded by Keysight
34972 A. As shown in Fig. 15, the initial voltages are 3.654,
3.585, 3.578, 3.504, 3.80, 3.737, 3.737, and 3.686 V. In each
module, every two cells or strings with two series-connected
cells are equalized by the hierarchical cell equalizer, and their
voltages converge to the average value correspondingly. As
highlighted in Fig. 15(a), the proposed recovery-effect immune
equalization strategy is applied to eliminate the voltage mis-
match by utilizing the battery recovery effect. This helps to
improve the equalization accuracy effectively. Meanwhile, each
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module voltage converges (in Fig. 16) when the module equal-
izer is activated. After the total equalization process of 109 min,
the differences of OCV, and OCV) 4 converges from 294 to
14 mV and from 635 to 10 mV, respectively. This validates the
theoretical analysis and battery equalizer design.

C. Performance Comparison

A comprehensive comparative analysis is conducted between
the proposed equalizer and other equalizers. The performances
are evaluated in ten perspectives, which are main components
count, voltage stress of MOSFETs, modularization, energy flow,
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control complexity, efficiency, size, balancing speed, implemen-
tation, and cost. It should be noted that “Modularization’ is based
on the modularization capability. For instance, the modular
structures excel at modularization. “Energy flow” is evaluated by
the number of available equalization path. “Control complexity”
is decided by the number and sort of control signals, monitoring
networks, and the complexity of control algorithms. “Efficiency”
is measured by the conversion efficiency of equalization cir-
cuit and the required number of balancing cycles. “Size” is
determined by the required components count. The bulky mag-
netic components (multiwinding transformer) with large volume
cause poor “size” performance. “Balancing speed” is determined
by the provided balancing current (balancing power) and the
average energy-flow-path length. “Implementation” is evaluated
by the practical application possibility of the equalizer for a long
battery string. “Cost” is the sum of prices of all the components.
Table II details the comparison results of different equalization
techniques.

As shown, in [1], the shunt resistor-based passive equal-
izer exhibits excellent modularization, control complexity, size,
implementation and low cost, which are widely used in the
industrial applications. However, it suffers from zero efficiency
because the cell charge is dissipated by shunt resistor. In [3],
the buck—boost converter-based C2C technique outperforms in
circuit extensibility because the equalizer unit simply scales
up with the increase of cell number. However, it presents low
balancing speed and poor energy flow due to its long energy-
flow-path length. To improve, a chain-structured [6] and a
star-structured [9] switched-capacitor are utilized to reduce the
energy-flow-path length compared to the series-coupled struc-
ture [3]. Both equalizers demonstrate very good energy flow
and excellent implementation. However, the equalization speed
of switched-capacitor-based equalizers is extremely slow when
the cell voltage difference is trivial. In [11], a quasi-resonant
converter-based bidirectional C2S equalizer is proposed, which
shares a two-winding transformer via a multiplex network. This
design shows very good modularization, energy flow, and good
balancing speed. By utilizing the quasi-resonant operation mode
to realize the ZVS turn-ON of MOSFETs, leading to improved
efficiency. However, this requires additional components and
complex control signals, leading to poor control complexity.
Similarly, in [12], abidirectional C2S/S2C equalization structure
based on a shared dual full-bridge converter is designed, which
shows very good energy flow and modularization. However,
the required switch count in the multiples network is large
because every single cell needs to be selected when voltage
mismatch occurs. In [13], a time-shared flyback converter-based
equalizer with low balancing current is introduced, which re-
duces the size. Nevertheless, only one balancing loop with
70% efficiency can operate at one moment, this leads to low
balancing speed and low efficiency. In [14], a multiwingding
transformer-based flyback converter is utilized to realized bidi-
rectional C2S/S2C equalization, which presents good energy
flow. However, this method requires one transformer winding
per cell to build the energy-flow path. This causes a bulky size
and is difficult to implement for long battery string scenarios.
In [16], VMs-based S2C equalizer is proposed to reduce the
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TABLE II
COMPARISON OF DIFFERENT EQUALIZERS
References [] B | 16 [ IR 21 | n4 | e 191 | 1231 | 1271 [This work
Passive
method c2C Cc28 S2C Modular structure
Equalization Chain- Star- . Multiport
methods Shunt | Buck- |structured |structured Quasi- Flyback F}lll_ Flyback | Voltage | converter | Inductor | Forward LLC &
. X X resonant | I1ybac bridge Y0 e X .| Buck-
resistor | Boost | switched- | switched- (Two-winding) (Multi-winding) [multipliers| &Buck- carrier |conversion|
. . converter converter Boost
capacitor | capacitor Boost
l\gLoniFv ]ZrTSS N N 2N 2N [2(N+DH8 2(N-D) 8 Nt 2 | 2vtm-l) oN#6m N 6m+2
SWstress | V. 27 (N-hF. o V2 NV. NVe | (N2)Ve (N+K)V. — NV. Nmyve  (NmVe V. NV
Diodes 0 0 0 0 2 2N-1 0 0 2N 0 0 1 2
No.| Capacitors 0 0 N N-1 5 0 0 0 2N+1 3m 0 0 2
Inductors 0 0 0 0 2 0 0 0 0 N-1 m+1 0 3m
Transformers
(No. o windings 0 N2(2) NH2(3) 0 1(2) 1(2) 1(2) L(N+1) 1(2) 1(m) 0 L(N+2) 1(3)
Relays 0 0 0 0 0 0 N+4 0 0 m 0 0 m+5
Modularization E P S G VG VG VG VG VG E VG G E
Energy flow P P S VG VG G VG VG P G VG VG VG
Control complexity| E VG G G P VG S G E G E VG G
Efficiency P S G VG VG P VG P S G P VG VG
Size E S VG VG G G S P VG P S P S
Balancing speed | P P S S G P VG S S E G G VG
Implementation E E G E G VG S P G G G P G
Low | Medium  High  Medium | Medium Medium Low Low Low High High Low | Medium
Cost N [225N+04 2IN456 22N-02 | IN+134 23N-125|06NH13 12N+LT 0.7N#3.1 | O3 2NEEOME ) 5y oslg 4 8

Component cost per unit ($): MOSFET (0.2), MOSFET Driver IC (0.8), Diode (0.15), winding (0.2), Transformer Core (0.9), Relay (0.6) [32].
The cell voltage is assumed equal to V... m and N is the number of cell modules and single cells, respectively. & is the turns ratio of the transformer in [14].

E: Excellent, VG: Very Good, G: Good, S: Satisfactory, P: Poor.

required number of active switches. It presents outstanding
control, good implementation performance, small size, and low
cost. However, the voltage drop of rectifier diodes causes a
low conversion efficiency. The two-layer-based modular struc-
ture in [19] performs good energy flow, balancing speed and
modularization, while the required multiwinding transformer
limits its implementation. This two-layer structure requires high
components count, causing high cost for implementation. In
[23], the inductor carrier-based modular structure shows very
good energy flow from any cells/modules to any cells/ modules.
However, it presents low efficiency due to the hard-switching of
power switches. In [27], multiwinding transformer is introduced
into the modularized equalizer based on forward conversion,
which improves the circuit extensibility and equalization speed
to some extent. However, this method also suffers from bulky
size and is difficult to implement for long battery strings. In
the proposed hybrid structure, by introducing basic C2C to
facilitate the circuit extensibility and utilizing hierarchical struc-
ture to improve energy-flow performance. Meanwhile, com-
bining the LLC-based S2M equalizer with the optimal design
of buck—boost-based cell equalizer, both high conversion ef-
ficiency and a shorten energy-flow path can be achieved. To
build the energy-flow path of certain undercharged cell module,
it requires a multiplex network implemented by relays with a
moderate number as presented in Table II. This may increase the
equalizer size to a certain extent. However, considering the other
perspectives, the proposed S2M and C2C hybrid hierarchical
equalization structure achieves a good compromise among effi-
ciency, energy flow, balancing speed, size, modularization, and
cost.

V. CONCLUSION

In this article, a hybrid battery equalizer which combines the
advantages of both S2C and C2C structures is proposed. The
proposed hierarchical equalizer is based on half-bridge LLC
resonant converter in the S2M layer, and buck—boost converter
in the two-level C2C layer. The design considerations of the
LLC converter and buck—boost converter are addressed and ana-
lyzed to ensure ZVS among all MOSFETS. Moreover, a recovery
effect immune equalization strategy is proposed to improve the
equalization accuracy.

As a proof of concept, an experimental platform is designed
and tested to balance eight series-connected batteries. The
switching frequency of the LLC-based module equalizer is con-
strained between 170 and 230 kHz. A 93.8% peak efficiency and
overall good efficiency performance are achieved. The switching
frequency of the two-level buck—boost-based cell equalizer is
set as 100 kHz. The top and bottom levels exhibit 95.59% and
92.48% average efficiency, correspondingly. The experimental
results well validate the theoretical analysis and the proposed
design methodology.
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