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Bidirectional Constant Current String-to-Cell Battery
Equalizer Based on L2C3 Resonant Topology
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Abstract—In battery equalization systems, equalization speed,
control complexity, and length of energy flow path are the im-
portant figures of merits. This article presents a novel bidirec-
tional L2C3 resonant converter in a unique equalizer architecture
with constant balancing current and fixed frequency control. The
constant balancing current can be customized to achieve a stable
balancing speed. The common equalizer unit transfers power bidi-
rectionally between the entire string and any single cell. Design
considerations of L2C3-based bidirectional equalizer are analyzed
in detail, which ensures zero-voltage switching among all MOS-
FETS during the equalization process. The circuit is designed with
synchronous rectification using the first harmonics approximation.
The key contributions of this article include: a new bidirectional
resonant topology for battery equalization; bidirectional constant
current balancing with open-loop control; simplified synchronous
rectification. An equalizer prototype with four lithium-ion battery
cells at a balancing current of 500 mA is built and tested. The
L2C3 circuit operates at 200 kHz with a peak efficiency of 89.4%
and 90.1% under two balancing modes. Experimental results show
the proposed scheme exhibits outstanding balancing performance.

Index Terms—Battery equalizers, battery management system
(BMS), electric vehicles (EVs), L2C3 converter, zero-voltage
switching (ZVS).

I. INTRODUCTION

LUG-IN electric vehicles (PEVs) are booming and deemed
P the most promising solution to revolutionize transportation
systems. Lithium-ion rechargeable battery plays the dominant
role in traction battery in PEVs [1]. However, the terminal
voltage of a single lithium-ion cell is low and limited in the range
of 2.4-4.2 V [2]. Therefore, to meet the high power requirement
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of PEV, lithium-ion batteries are usually connected in series [3].
Due to the variations of manufaction, environment, and usage,
such a battery pack usually encounters charge imbalance among
cells [4]. This may lead to low available capacity, short lifetime,
and a high risk of depletion and overcharge for the battery
string [5]. Therefore, battery equalizers are necessary to effec-
tively mitigate cell mismatch issues, and to improve the battery
pack performance [6], [7], [8].

Power electronics intensive active balancing solutions can ef-
fectively mitigate cell mismatch with high energy efficiency [9].
Existing active balancing methods are mainly divided into
five categories: cell-to-cell (C2C) [10], [11], [12], cell-to-
buffer (C2B) [13], [14], [15], hierarchical module equalizer
(HME) [16], [17], [18], cell-to-string (C2S) [19], [20], [21], and
string-to-cell (S2C) [22], [23], [24].

Among them, conventional C2C method transfers charge
between two battery cells. This method is introduced by using
a common storage component, such as capacitor, inductor, or
multiwinding transformer. However, its equalization speed is
usually slow because the voltage gap of two cells is low [25].
C2B method utilizes a low-voltage auxiliary power supply as
the energy buffer. A lead-acid battery is utilized to temporarily
store energy from high-voltage cells and to charge low-voltage
cells [26]. However, the auxiliary power supply is much smaller
than the lithium battery pack, and its major task is to power
the auxiliary loads. Hence, the equalization capacity of the
lead-acid battery is limited. HME usually divides the battery
pack into several submodules to realize the balance between
modules and within submodules. It realizes a flexible charge
flow. However, the multilevel structure requires complex control
algorithms [27].

S2C structure can obtain a high balancing current due to the
large voltage differences between the string and unbalanced
cells [28]. Thus, these structures are suitable in scenarios with
the voltage of a single cell lower than the average voltage of the
cell string. In [24], a multiwinding transformer-based equalizer
is proposed. It utilizes integrated rectifiers to reduce the count
of active components. However, the bridge rectifiers limit the
balancing direction. Each cell requires a dedicated transformer
winding, which increases the transformer volume and degrades
the efficiency. In [29], a half-bridge-converter-based equalizer,
which reduces the switch count and achieves a high balancing
current is proposed. However, one cell needs two inductors to
suppress the current ripple. The equalizer suffers from bulky
magnetics when the number of cells scales up. Nevertheless,
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when the voltage of one cell reaches the upper threshold, charge
needs to be transferred to the cells, which are not fully charged.
C2S structures require the least balancing cycles under this
scenario. Normal S2C balancing structures become complex and
multiple balancing cycles are needed since the charge flow is
unidirectional. More seriously, the cells that need to be charged
and discharged are usually in the same battery string. This means
more balancing cycles of both S2C and C2S are inevitable.

Some bidirectional equalizers are proposed to realize S2C and
C2S balancing. Qi et al. [30] proposed an integrated cascade
structure, which is equivalent to the cascade of a bidirectional
buck-boost converter and a bidirectional bridge converter. This
method achieves a high voltage conversion ratio with a low
transformer turn ratio. However, the control complexity of the
cascade system is high. Thus, the robustness is unsatisfactory.
Lu et al. [31] proposed a quasiresonant bidirectional equalizer,
which can achieve ZVS in both boost and buck modes through
a quasiresonance operation. However, it can be observed that
its efficiency performance and components count is unsatisfac-
tory. Uno et al. [32] proposed a modular equalizer based on
a DPS-controlled capacitively-isolated-dual-active-bridge con-
verter, which uses a multilevel structure to achieve a flexible en-
ergy flow with low component count. This structure also reduces
the voltage stress of MOSFETS, which is related to the number of
modules. However, the charge can only be transferred between
submodules, not inside modules, and the number of selection
switches is high. Hannan et al. [31] proposed a bidirectional
flyback converter-based equalizer, which is featured with low
components count and low control complexity. However, this
method has large current fluctuations, which cause an increase
in the conduction loss.

To resolve these problems, this article proposes a novel
equalizer based on a bidirectional L2C3 resonant converter. The
attractive features include the following.

1) Anovel bidirectional isolated converter is proposed, which
is suitable for battery equalizer systems. The circuit is
properly designed for the system, and the design method-
ology is analyzed and detailed.

2) The proposed bidirectional equalizer achieves bidirec-
tional charge transfer between the entire cell string and
any single cell. Therefore, compared with conventional
S2C and C2S structures, this equalizer offers more flexible
charge flow paths to reduce the balancing cycles.

3) Due to the output characteristic of L2C3 resonant topol-
ogy, bidirectional constant balancing current can be
achieved with open-loop control. Only a pair of comple-
mentary driving signals with fixed switching frequency is
required. This simplifies the circuit design and reduces the
control complexity.

4) All MOSFETS are turned-ON with ZVS and the imple-
mentation of the synchronous rectification can reduce the
conduction loss.

The rest of this article is organized as follows. The balancing
operation and control strategy of the L2C3-based equalizer
architecture are introduced in Section II. Design methodology
and balancing efficiency are given in Section III. Synchronous
rectification in S2C and C2S mode is analyzed in Section IV.
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Fig. 1. Schematic of the proposed L2C3-based S2C equalizer.

Section V provides the design of the prototype and experimental
results. Section VI compares various equalizers comprehen-
sively. Finally, Section VII concludes this article.

II. PROPOSED EQUALIZER AND OPERATION PRINCIPLES
A. Operating Principles

The schematic of the proposed equalizer to balance four
series-connected batteries is plotted in Fig. 1. As shown, it is
based on a shared bidirectional L2C3 resonant converter. The
constant current balancing between cell and battery string can
be automatically obtained by driving the MOSFET switches using
two pairs of complementary PWM signals with a fixed frequency
and duty cycle. The transformer turns ratio (n) is 1, and the
detailed analysis is performed in Section III. When the equalizer
operates in S2C mode, ()1 and ()5 function as inverter, and ()3
and ()4 function as synchronous rectification. The battery string
can be seen as input voltage source (Vin,soc = Vigring = N Veen),
and the target cell is the load.

When the equalizer operates in C2S mode, the functions of
the primary and secondary side switches are interchanged. The
single cell whose voltage is higher than that of the other cells
can be seen as input voltage source (Viy cos = Vcen), and the cell
string is the load.

B. Control Strategy of the Proposed Equalizer

The control flowchart is plotted in Fig. 2. As shown, the
control unit measures the voltage of each cell and estimates
the open circuit voltage (OCV). When OCV,, of one cell is
lower than OCV,,; (OCV,, < OCV,,), the system should work
in S2C mode. For example, the selected cell is Cell;, relay %
and ki, are turned-ON, where n is the number of cells in
battery string. Then, the MOSFETS @1 — ()2 and Q3 — ()4 are
driven with 50% duty cycle in a complementary manner while
the phase shift 1 between ()1 — @2 and Q3 — ()4 is regulated
to achieve synchronous rectification. Then, AOCVgc need to
be calculated by

AOCVgyc = OCV,or — OCV iy (1)

where OCV,,; is the OCV of the normal cell. When the voltage
mismatch is lower than 5 mV, equalization accuracy is reached,
but the equalization needs to be extended for tgyc. It is related
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Fig. 2. Control strategy of the bidirectional equalization.

to the recovery effect of the battery. The calculation method of
tsoc 1s analyzed in detail in the [22].

Similarly, when OCV,, of one cell is higher than OCV,,
(OCV,, > OCV,), the system should work in C2S mode.
AOCV ;s can be calculated by

AOCV s = OCVpax — OCV ;. 2)
If the battery state in the battery string requires two equaliza-
tion modes, the equalizer first operates in S2C mode and then

switches to C2S mode.

C. S2C Mode

According to the control principle of charge equalization,
when a single cell is undercharged, equalization is activated. In
this case, charge is transferred from the battery string to the un-
balanced cell, and the equalizer operates in the S2C mode. Fig. 3
demonstrates the corresponding key waveforms in one switching
cycle in S2C mode. The operation of the equalization unit can be
divided into six modes. Their equivalent circuits of four batteries
are illustrated in Fig. 4. Each mode can be described briefly as
follows.
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Fig. 3. Key steady-state waveforms in S2C mode.

Fig. 4. Equalization equivalent circuits of an undercharged cell in S2C mode.
(a) Mode 1 (tg — t1]. (b) Mode 2 (t1 — t2]. (c) Mode 3 (t2 — t3]. (d) Mode 4
(tz — t4]. (e) Mode 5 (t4 — t5]. (f) Mode 6 (t5 — t6].

Mode 1, t € [tg,t1), @1 is turned-ON with ZVS, and Q2
remains OFF. In this mode, 77,; does not return to zero, and the
resonant tank releases charge to the battery string through Q1.

Mode I, t € [t1,t2), the body diode of @4 is reversely biased
and the body diode of )5 conducts. Parallel resonant capacitor
(C)p) begins to be discharged, the terminal voltage of C}, (V¢p)
decreases.
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t0, t1,t2, t3’ t4, t5l t6, t7, t8,

Fig. 5. Key steady-state waveforms in C2S mode.

Mode 11, ¢ € [ta,t3), Q1 is turned-OFF. Cig starts to be
charged, while Cio starts to be discharged. During the dead
band, iy, commutates to )2 and flows through its body diode.
This means that the body diode conducts before Q2 turns-ON,
which creates a ZVS condition for Q5.

From t3, the resonant converter enters the second half cycle,
which is similar to the first half cycle.

D. C2S§ Mode

When a single cell is detected to be in an overcharged state,
the extra energy is transferred from the overcharged cell to
the battery string. In this case, the proposed equalizer operates
in C2S mode. According to the operating waveforms shown
in Fig. 5, the converter has eight stages in one switching cycle
in the C2S mode. Fig. 6 shows the specific working process.

Mode L, t € [tg, t}), the negative i1, discharges and charges
the output capacitance Cy of Q3 and (4, respectively. Thus,
()3 is turned-ON with ZVS. At this instant, 7, returns to zero,
and the direction of 1, is to the right.

Mode 11, ¢ € [t},t), Q3 remains ON. The parallel resonant
capacitor C), is charged, and Cy2 resonate with L. Meanwhile,
the body diode of Q1 conducts.

Modelll, t € [t5,14), i1, decreases and ()3 remains ON. In this
mode, (1 is turned-ON with ZVS, and synchronous rectification
is activated.

Mode 1V, t € [th, 1)), Q3 is turned-OFF, Coyg3 starts to be
charged, while Cyy starts to be discharged. During the dead
band, ir, commutates to ()4 and flows through its body diode,

(2 (h)

Fig. 6. Equalization equivalent circuits of an undercharged cell in C2S mode.
(a) Mode 1 (&, — ¢} 1. (b) Mode 2 (¢ — t5]. (c) Mode 3 (t, — t5]. (d) Mode 4
(th — t)1. (e) Mode 5 (, — t]. (f) Mode 6 (5 — tg]. (g) Mode 7 (t; — t-].
(h) Mode 8 (t7, — tg].

Fig. 7. Equivalent circuit when Celly is underbalanced.

which means that the body diode conducts before ()4 turns-ON.
This creates the ZVS condition for Q4.

From ¢/, the resonant converter enters the second half cycle,
which is similar to the first half cycle.

III. DESIGN CONSIDERATIONS
A. Current Gain

First harmonics approximation (FHA) method is used to
analyze the circuit [33], [34], [35]. Fig. 7 shows the simplified
equivalent circuit of L2C3 resonant converter. Because the anal-
ysis of two modes is identical, only S2C mode is analyzed as an
example. The current gain of the resonant converter is shown as

L" — 1 . Zp )
Vin  (Za+ Req)//Zp+Z1 Zp+ Zs + Req

Gr =
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Fig. 8. Current gain curves versus normalized f,,.

The impedance of each element of the resonant tank can be
expressed as

Zy = jwsly + Jl&)g;Cl

Z2 = jwng + _jUJleQ (4)
_ 1

Z, =l

According to (1) and (2), the current gain of the resonant
converter can be derived as (3), where w; is angular switching
frequency.(5) shown at bottom of this page, According to (3),
the current gain is independent of load when the (4) is satified

1 -
wsCr wsCy
1

[r  CiCp

Ll Cq +C€p
The curves of current gain versus normalized frequency under
different load conditions are depicted in Fig. 8. As shown, the
curves converge at f,, = fs/fr = 1. Thus, when the converter is
designed to operate near the resonant frequency, in the balancing

process, the range of balancing current change caused by the
change of equivalent load is trivial.

6)

wslq —

(N

Wsg = Wy =

B. Parameters Design

To design the resonant tank, there are six parameters to be
identified. They are resonant inductance L1, leakage inductance
L4, resonant capacitances C, C', and C), and transformer turns
ratio n. Symmetrical design is expected, which helps reduce the
design complexity. In addition, conduction loss is the dominant
power loss. Thus, to improve the efficiency of both balancing
modes (S2C and C2S), n is set to 1.

1) Resonant Inductance (L) and Leakage Inductance (L ):
To minimize the switching loss, all MOSFETS should be turned-
ON with ZVS. Therefore, the resonant parameters design should
be considered. The imaginary part of Z;, can be expressed as

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 1, JANUARY 2023

15 T T T T T T
I I * —ouH ! I I
1 /1 | | |
e et S O O O N
| “
< ;5 j \
E
&
N A O
= I
25 !
E | } C%pacitive}region i i
-10 i : 1 j | 1 :
I | | | | |
I I I I I I
_15 | I I I | | 1 | I
075 080 085 090 095 1.00 1.05 110 115 120 1.25
Normalized Frequency [fi/f;]
(@
15 - —— — — . — - :
l l l l l l
10,,,‘,,,‘,,,,,,‘,,‘,,,‘ ,,,,,,,, !
} } Inductive region } }
— I I I I I
S 5 I I I I I =
< I L=2uH I I | }
B | | | |
Bl /eSS o
= 0 T I ] I
£ I I I
2 I I I I
0.5 I I I | 4
E } } Capaciﬂive region }
= | L=I18uH | | I
-10 - I e B T T T Tl T T T — =
I
‘ ‘ l l l l
15 | | I | | |
075 0.80 0.85 0.90 0.95 1.00 1.05 1.10 115 1.20 1.25
Normalized Frequency [f/f;]
(b)
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C5C) Reqw?
_ 2Vp eqws (8)
01
where
01 = (~CaCyLyw? + Ca + Cp)° + Co2C,2R2W2. (9)

Meanwhile, the equations of C2S balancing process can be de-
rived similarly. The imaginary parts of resonant tank impedance
(b1 and bs) of S2C and C2S are plotted in Fig. 9. As shown in
Fig. 9(a), when f, is lower than f,., the MOSFETS ()1 and @)2)
turn-ON with ZVS. As shown in Fig. 9(b), when f is higher than
fr, the MOSFETS (@3 and (Q4) turn-ON with ZVS. However, f;
needs to be close to f,. to maintain a constant balancing current in
the equalization process. Meanwhile, the inductance cannot be
too large since the current gain varies sharply with the increase
of series inductance. This leads to a significant attenuation of
equalization current. Therefore, series resonant inductance (L)
and leakage inductance (L) should be designed between 7 and
8uH, which affects current gain and ZVS condition.

2) Resonant Capacitances (Cy, and C1 2): According to the
equivalent circuit of equalizer, the fundamental component of
Vab (Vgp1) 1s expressed as

b _ L . — g=s pP—g=s p o String .
! 1 Clrwg + Ws01 Vapl = Vin = ———— sin(wst). (10)
1
GI - 1 1 - (L 1 L 1 2 L L 1 (5)
wst {(_wsLl + 5.0 + _wst) Req +7 (C_; T CiCpw? + C—i Tl T wsLng + C—‘i + C_; M)}
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The output current 4.q; is expressed as

1
feql = 720 sin(wst + 0).
n

(11)
Thus, combining with (8) and (9), the resonant parallel ca-
pacitance can be derived as

wl,

C,=——F—.
b 4nvstringfs

(12)
Resonant angular frequency of L2C3 converter can be shown

as
4 +Cp
Wy = 4 | ——=.
L,C\C,

Combining (10) and (11), the series capacitance can be ex-
pressed as

(13)

Gy

Cp=Cy=—=>2
LT 2L, -1

(14)

C. Balancing Power and Efficiency

Power is transferred from the primary side (cell string) to the
secondary side (single cell) in S2C mode and it flows back to the
cell string from single in C2S mode. The converter can be seen as
a constant current source. Therefore, the balancing current can
be maintained at the design value, while the change of battery
voltage can be regarded as approximately linear. The balancing
power in S2C mode can be calculated as

Veen + Vend
2

where V.4 is the cell voltage after equalization.
In C2S mode, the cell string is connected to the output side.
The balancing power in C2S mode can be calculated as

4‘/end + Zi:l VCell
2

The design value of the balancing current is 500 mA, and
the cell and string voltage is 3.65-3.75 V and 15.15-15.20 V,
respectively. Therefore, when the system equalizes one battery
cell, the transferred power is about 1.85 W in S2C mode and
1.90 W in C2S mode.

The loss calculation method of the converter in the two
equalization modes is the same, so we take S2C as an example.
The balancing loss mainly consists of four parts, the switching
loss, transformer loss, inductor loss, and capacitor loss.

1) Switching Loss: The proposed equalizer can achieve ZVS
turn-ON. Thus, the turn-ON loss of MOSFET is negligible, the
switching loss mainly attributes to the MOSFET turn-OFF loss. and
conduction loss. The turn-OFF loss of the MOSFETS of primary
side and secondary side can be expressed as, respectively

Py soc = 1, soc (15)

Pycos = I, cos- (16)

1 1
Pofﬂp = <2VvStringIoffT0ff - QCOSS‘/SQtring> fs

1 1
Poff,s = <2VCeHIoffToff - 2OOSSV(32e11> fs

where I is the MOSFET current at the turn-OFF. 7o is the
turn-OFF time and can be estimated from the datasheet. The
conduction loss of MOSFETS 5715 can be expressed as

Pcon = Ron-[2

rms

where R,, is the on resistance of MOSFETS, and I, is the rms
current of resonant tank. Therefore, the switching loss can be
shown as

Psw = Loff,p + Poff,s + 2I)con~

2) Transformer Loss: The transformer loss includes core loss
and coil loss. Steinmetz’s equation is used to estimate the core
loss

Pcore - ch;XABﬁ

where K., o, and 3 are provided from the datasheet and AB is
the variation of the magnetic flux of the balancing transformer,
and it can be calculated based on the Faraday law of electromag-
netic induction. The coil loss of equalization transformer (Po;;)
is a part of conduction loss. It can be calculated as follows:

Peoit = pw%Iers
where, py, l,, and A, are the parameters of the conductors
and I is the rms current. It should be noted that Litz wire
and interleaved winding help to mitigate the skin effect and
proximity effect. Thus, the transformer loss can be calculated
as follows:

]Dtrans = Icore + P, coil -

3) Inductor Loss: The calculation method of series con-
nected inductor loss is the same as that of transformer. Only
one extra inductor (L) on the primary side is added. Thus, the
inductor loss can be calculated as follows:

PLl - PL_core + PL_coi1~

4) Capacitor Loss: The capacitor loss can be calculated as
follows:

Pr =ESR - I?

rms

where ESR was measured experimentally. Since the turns ratio
of transformer, the power loss of C'; is equal to C. Rms current
value of parallel and series connected capacitor can be calculated
by simulation.

IV. SYNCHRONOUS RECTIFICATION ANALYSIS

Synchronous rectification can improve the efficiency during
the balancing process due to less voltage drop on the MOSFET
channel than the body diode [36]. This section analyzes the SR
method in S2C mode and C2S mode.

Fig. 10(a) demonstrates the SR gating signals in the S2C
mode. At ty, ir, reaches zero and goes to positive. It charges
Coss of the MOSFET ((Q4) and discharges Cl of the MOSFETS
(@3). At to, body diodes of switch (Q)3) conduct. Therefore, Q3
achieve ZVS turning-ON. At t3, 1,4 reaches zero. Thus, MOSFET
(Q3) is turned-OFF with ZCS.
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Fig. 10. SR waveforms. (a) S2C mode. (b) C2S mode.

Fig. 10(b) demonstrates the SR gating signals in C2S mode.
During t}—t}, Ly resonates with Cos. The body diode of Q
conduct, with a proper dead band, ZVS can be achieved in the

half-bridge.
The half-bridge can be seen as voltage multiplier
2k Veen .
Veqr = ——c sin(wst) 17)
™

where veq; is the fundamental frequency components of vq.
k1 ={1,2,3} is the number of cells. When multiple adjacent
cells are balanced in S2C mode, k1 > 1

k1 Vi

Rsac.eq = ;Sz—f“ (18)
Vv .

Reaseq = ﬁ (19)

where ks = {1,2,3} is the cell number in C2S mode. In this
mode, the output current is proportional to the number of bat-
teries at the input port. The primary-side and secondary-side
equivalent ac load resistance (R2c2s,ac, sac,ac) can be derived
as

2R
Rsac e = —3 (20)
i
2R
Reos ac = %. 21

FHA method is used to calculate the phase shift (¢)

Z
= angle P >
ot g (Zp(ZQ"‘V_RSZC}aC)+Z]_Zp+Zl<Z2 + Rs2C ac)

(22)
= angle ( Zy )
72 g Zp(Z1+Reasac)+ ZoZy+ Zo(Z1 4 Reasac) )
(23)
The SR delay in S2C and C2S modes is as follows:
¥1 ¥1
t1—to = = 24
! 0 Ws1 27Tfsl ( )
t—ty =2 = 22 (25)

Ws2 B 27Tfs2 .

In S2C mode, the duration of conduction time Ts>¢ sr in ()3 and

Q4 is

TsocsrR = t3 —ta = tq. (26)

2fsl a
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Fig. 11.  (a) Experimental setup. (b) Designed bidirectional L2C3 equalizer
prototype.

To achieve ZVS turning-ON, ¢, is derived as

1
{arccos| fs1 Coss| Zsac| + cos(1)] — o1} < ta < 22T,

Ws1 2w

(27)

In C2S mode, the duration of conduction time T¢s sr in 1 and
Q2 is

1
2f32

where t/; can be regarded as half of the Ly and Clog resonance
period. Therefore, tii can be derived as

th =ty —t] = m\/2L1 Coss.

V. EXPERIMENTAL RESULTS

Teassr < Uy —th = t (28)

(29)

In order to validate the analysis and design of the proposed
bidirectional equalizer, as shown in Fig. 11, a prototype of
four lithium-ion cells is implemented and tested. The circuit
parameters are summarized in Table I. Four 2900 mAh Pana-
sonic NCR18650PF lithium-ion cells are employed in the pro-
totype. The module multiplex network is implemented by relays
(SRDO5VDC). Fig. 12(a) and (b) shows the key waveforms of
S2C balancing and C2S balancing, respectively. It can be seen
that all the MOSFETS are turned-ON with ZVS, which verifies
the theoretical analysis. It can be observed that the balancing
current under S2C mode with f; = 196.0 kHz is 500 mA, and
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Fig. 12.  Key waveforms of the L2C3-based bidirectional equalizer. (a) Gate
drive signal vgs1, drain source voltage vgs1 of Q1, inductor current 7, , and
output current i,1 in S2C mode. (b) Gate drive signal vg3, drain source voltage
vgs3 of @3, leakage inductor current 7, o and output current 7,2 in C2S mode.
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Fig. 13.  Key waveforms of synchronous rectification. (a) Gate drive signal
of primary side vgs2 of Q2, gate drive signal of synchronous rectifier vgs3 of
Q3, Q3 current i3, and Q4 current g4 in S2C mode. (b) Gate drive signal of
synchronous rectifier vgs1 of Q1, vgs2 of Q2, Q1 current iy, and Q2 current
iQ2 in C2S mode.
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TABLE I
CRITICAL DESIGN PARAMETERS
Component Type Parameters
Microcontroller TMS320F28379
MOSFET BSC052NO3LS
MOSFET driver ACPL-W343
Relay SRD-05VDC
Relay driver TDB62083AFWG
Battery NCRI18650PF
S2C switching frequency(fs1) 196.0 kHz
C2S switching frequency(fs2) 204.1 kHz
Turns ratio(n) 12:12
Series inductor (L1) 7.54 pH
Leakage inductor (Lg) 7.70 pH
Series capacitor (C1) 235.01 nF
Series capacitor (C'2) 221.85 nF
Parallel capacitor (Cp) 130.9 nF
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Fig. 14.  Experimentally measured output current of the L2C3-based equalizer

versus equivalent load. (a) S2C mode. (b) C2S mode.

the current under C2S mode with f, = 204.1kHz is 125 mA.
Fig. 13 shows the experimental waveforms of the synchronous
rectification.

As shown in Fig. 14(a), in S2C mode when the proposed
equalizer output voltage is equal to the change of load in
the actual process of single cell battery balancing, the output
balancing current is 504 mA. When the load range is equal to
three batteries, the output current varies from 504 to 487 mA.
Fig. 14(b) shows the balancing current in C2S mode varies from
130 to 105 mA. These indicate that the proposed bidirectional
equalizer exhibits a good open-loop constant current behavior.
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(a) Initial OCVs (OCV,) are 3.914, 3.814, 3.811, and 3.723 V. (b) Initial
OCVs (OCVe) are 3.818, 3.735, 3.732, and 3.632 V.

Fig. 15(a) and (b) shows the experimental results for four
battery cells. The voltage data are recorded by a data logger
(Keysight 34972 A). As shown in Fig. 15(a), when the voltage
of a certain battery is lower than the threshold voltage, the
equalization circuit reduces the voltage difference from 151 to
7 mV in 2910 s. In Fig. 15(b), when the voltage of a certain
battery is higher than the threshold voltage, the equalization
circuitreduces the voltage difference from 158 to6mVin3110s.

In order to further verify the performance of the proposed
bidirectional equalizer, the experimental results are captured in
Fig. 16(a) and (b). The balancing process can be divided into two
stages (S2C and C2S). At first, the entire battery string transfers
charge to the battery cell with the lowest voltage (Celly). Then,
the battery cell with the highest voltage releases its charge to
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Fig. 17. Experimentally measured conversion efficiency versus equivalent
load. (a) S2C mode. (b) C2S mode.

the entire battery string. In Fig. 16(a), the initial voltages of
series-connected batteries are 3.914, 3.814, 3.811, and 3.723 V,
respectively. As shown, the equalization circuit reduces the
voltage difference from 191 to 9 mV in 3450 s. As shown in
Fig. 17(a), the conversion efficiency in S2C mode is measured
as 89.4%. In Fig. 16(b), the initial voltages of series-connected
batteries are 3.818, 3.735, 3.732, and 3.632 V, respectively. The
equalization circuit reduces the voltage difference from 186
to 15 mV in 3610 s. As shown in Fig. 17(b), the conversion
efficiency in the C2S mode is measured as 90.1%.

VI. COMPARISON WITH EXISTING BATTERY EQUALIZERS

A systematic comparison of the proposed scheme with tra-
ditional equalization systems is given in Tables II and III.
Table II compares main components count, and voltage stress
of switches, including MOSFETS, drivers, diodes, inductors, ca-
pacitors, transformers, and selection switches. Table III com-
pares the performance of these equalizers, including “energy
flow types,” “frequency,” “open-loop current control,” “constant
speed,” “current sensor,” “efficiency,” and “size & weight.”
Among them, open-loop current control algorithm is imple-
mented that is denoted by “Yes (Y),” whereas “No (N)” is not
used. Similarly, constant speed and current sensor can be denoted
by binary criteria (Yes or No).

s

A. Component Number Comparison

Compared with other unidirectional equalizers, the proposed
equalizer only adds two active switches to achieve a bidirec-
tional charge transfer path. Moreover, the L2C3 converter has
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TABLE II
COMPARISON OF DIFFERENT EQUALIZERS IN TERMS OF THE COMPONENT NUMBER

Topologies Switches SW stress Diodes  Capacitors  Inductors  Transformers Selection
and drivers (turns ratio) switches

Half-bridge converter [29] 2 NV, 2N 2(N +1) 2N 1(12:15) 0

LCC converter [22] 2 NV, 2 2 1 1(14:7) 2N

Flyback converter [21] 2(N —1) NV, 2N —1 0 0 1(7:21) 0

Multi winding transformer [20] N Ve % 0 0 %(1:1) 0

Class-D and multi active-bridge [17] 2N + % 4V, 0 N 2N N(1)+%(3) 0

LLC and buck-boost [16] 6m + 2 NV, 2 2 3m 13) m—+5

Cascade DAB [30] 8 NV, 0 2 2 1(5 : 20) N +1

Quasi resonant [31] 8 NV, 2 2 1 1(5 : 30) N+1

Capacitively isolated DAB [32] N+1 (N/m)Ve 0 4m — 2 dm —1 0 m(N + 2)

Bidirectional flyback [37] 2 NV, 2 0 0 2(80: 35) 2N

This work 4 NV, 0 1 1(12:12) 2N

The cell voltage is assumed equal to V.. m and N is the number of cell modules and single cells, respectively.

TABLE III
COMPARISON OF DIFFERENT EQUALIZERS IN TERMS OF THE BALANCING PERFORMANCES
Topologies Energy Frequency Open-loop Constant ~ Current Efficiency Size
flow types (Hz) current control speed sensor (%) and weight

Half-bridge converter [29] S2C 200 k N N N ~ 88 small
LCC converter [22] S2C 200 k Y Y N 88.1 mid
Flyback converter [21] C2S 25kand37.5kand 75k N N N 70 ~ 88 small
Multi winding transformer [20] C28 10k N N N - large
Class-D and multi active-bridge [17] HME 200 k and 13.56 M N N Y 74 and 93 small
LLC and buck-boost [16] HME 100 k and 200 k N Y Y 92.48 and 93.5 large
Cascade DAB [30] S2C/C2S 40k N Y Y 85.1 and 84.3 large
Quasi resonant [31] S2C/C2S 20k N Y Y 84.2 and 83.4 small
Capacitively isolated DAB [32] S2C/C2S 100 k N N N 84 and 96 large
Bidirectional flyback [37] S2C/C28 40k N N N 85 and 92 mid
This work S2C/C2S 200 k Y Y N 89.4 and 90.1 small
Y:Yes, N:No.

fewer MOSFETS than DAB converter solutions [30], [32]. Due
to the utilization of multiplexer, most bidirectional equalization
systems need to connect the battery string to the input of the
converter. Therefore, the voltage stress of MOSFETS is N V... Both
the primary and secondary sides of the converter use the active
bridge, and the rectifier diodes are removed. Therefore, syn-
chronous rectification can be implemented to improve efficiency.
Compared with the traditional LCC converter [22], L2C3 con-
verter has an extra capacitor, which realizes bidirectional charge
transfer. In addition, the secondary side leakage inductance of
the transformer is used as the resonant component, which can
reduce a magnetic element and reduce the weight and volume
of the circuit.

Fig. 18 shows the cost comparison of the balancing circuits.
To estimate the cost of the equalizers fairly, the unit cost of
the system should be shared equally among each cell (Cost =
Clota/N). As shown, the cost of the proposed architecture is one
of the lowest in all bidirectional equalizers.

B. Balancing Performance Comparison

“Energy flow types” is determined by the equalization struc-
tures. The HMEs and bidirectional equalizers have more flexible
energy flow. However, HMEs usually utilize multilevel struc-
tures to increase energy path with increased component count
and control complexity. Among all bidirectional equalizers, the
proposed L2C3 converter has the highest switching frequency,
which helps to improve the power density. Thus, the equalization
system has advantages in size. On the other hand, the balancing
circuit uses open-loop control to reduce control complexity.
The constant balancing current and speed are achieved. This
facilitates a simple estimation of battery state, which helps
the controller make judgment on the equalization time. The
equalizer presented in [30] and [31] realizes constant balancing
speed. However, current sensors are required, which increases
the circuit cost and complexity.

In [22], the LCC-based equalizer realizes constant current
without current sensors. However, the circuit can only realize
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Fig. 18.  Cost comparison of unit cost between circuits in the proposed archi-
tecture and other active balancing circuits. Component cost per unit ($): MOSFET
(0.27-0.78), MOSFET Driver IC (1.8), GaN (4.15), Diode (1.06), Capacitor (0.2),
Inductor (0.6), Transformer Core (0.9), winding (0.2), Relay (0.6) [16], [38].

the unidirectional energy flow. The proposed equalizer achieves
good efficiency in S2C and C2S mode as all the MOSFETS can
achieve ZVS turning-ON and synchronous rectification.

In summary, compared with existing methods, the L2C3-
based equalizer operates at fixed-frequency to ensure constant
current balancing and maintain low control complexity. Mean-
while, the circuit size is small, and the cost is one of the lowest
in all referred equalizers. Therefore, the proposed L2C3-based
equalizer exhibits a satisfactory solution for battery equalization
systems.

VII. CONCLUSION

This article proposes a novel bidirectional L2C3 converter
and applies it to the battery equalization system, combining the
advantages of both S2C and C2S structures. The secondary leak-
age inductor of the transformer is used as the resonant inductor
to reduce the weight and volume of the system. Both primary
and secondary sides of the converter adopt an active bridge,
which can realize synchronous rectification to mitigate the con-
duction loss. Compared with existing bidirectional solutions,
the proposed equalizer is featured fewer components, smaller
size, and lower cost. Furthermore, the proposed converter re-
alizes bidirectional constant current output at fixed switching
frequency, which reduces the control complexity. Meanwhile,
constant current ensures the simplicity of battery state estimate
and stable speed. Moreover, ZVS operations are achieved in
both S2C and C2S modes, which reduces the switching loss. A
prototype with 196.0 and 204.1 kHz bidirectional equalizer for
four battery cells is designed and tested to verify the analysis
and the system performance. The measured peak balancing
efficiency is 89.4 % in S2C mode and 90.1 % in C2S mode.
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