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A Bidirectional Integrated Equalizer Based on the
Sepic—Zeta Converter for Hybrid
Energy Storage System
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Huazhong Yang ", Fellow, IEEE, Yongpan Liu

Abstract—In the hybrid energy storage system (HESS), the volt-
ages between the battery cell and the supercapacitor cell are dif-
ferent, increasing the circuit and control complexity of the balance
system. Therefore, a bidirectional integrated equalizer based on
the Sepic—Zeta converter is proposed for the HESS, which realizes
both battery string and supercapacitor string balance during the
energy exchange. The inductors in the Sepic-Zeta converter are
used as the primary side of the balanced multiwinding transformer.
The Sepic—Zeta converter generates the current ripples to drive the
multiwinding transformer. The secondary side generates currents
to balance the HESS, and hence, the equalizer itself is essentially
switchless. Therefore, the proposed circuit can reduce the complex-
ity of the HESS. Experimental and comparative results show that
the proposed equalizer achieves the balance of the HESS.

Index Terms—Battery management system, cell balancing,
current ripple, multiwinding transformer.

1. INTRODUCTION

HE hybrid energy storage system (HESS) generally com-

prises the battery strings and supercapacitor strings [1], [2].
Supercapacitor auxiliary battery work, making the HESS, has
the advantages of high-energy density and high-power density,
and it can prolong the life of the battery string [3]. However,
both the supercapacitor string and battery string consist of
series-connected energy storage monomers, which lead to an
imbalance of cells voltage. However, both the supercapacitor
and battery strings consist of series-connected energy storage
monomers, leading to an imbalance of cell voltage [4], [5].
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Due to “barrel effects,” the actual storage capacity of the energy
storage system (ESS) is determined by the highest voltage cell
and the lowest voltage cell [6]. The unbalance of the HESS may
decrease the capacity and even threaten the safety of the HESS
[7]. Thus, it is necessary to integrate the balance circuit into the
HESS.

The existing equalizers can be mainly divided into passive bal-
ance methods and active balance methods. The passive balance
method uses a resistor in parallel with each battery, and the cur-
rent is bypassed from the cells to balance the cell’s voltages. This
balancing method is low-cost and easy to implement without
any control. However, the passive balance method is inefficient,
and heat dissipation problems occur. Compared with the energy
dissipation methods, the active balance methods use electronic
components to transfer more energy to low-voltage batteries [8].
According to the classification of electronic components, the ac-
tive balance method can be divided into switch-capacitor-based
[9]-[15], inductor-based [16], [17], transformer-based [18]—
[25], voltage multiplier [26]-[31], and switch matrix [32], [33].

Compared with another equalizer, the multiwinding-
transformer-based equalizer has the advantage of electrical iso-
lation and simple control. Chen et al. [18] proposed a balanced
structure based on a forward and flyback transformer. The struc-
ture transfers energy to adjacent batteries through the forward
transformer and transfers the residual magnetism in the magnetic
core to the remaining batteries through the flyback converter.
The circuit structure passes the flyback converter and simplifies
the system complexity. It is worth mentioning that Shang et al.
[19] designed a series of high-efficiency compact equalizers with
simple control based on switched-capacitor or forward—flyback
converters. The equalizer uses a secondary winding to connect
two battery strings, and the energy can be directly flowed from
a high-voltage battery to a low-voltage battery through the
secondary winding to achieve battery balance. At the same
time, this equalizer requires only one switch for each battery
cell. A unitized multiwinding-transformer-based equalization
method is proposed [22]. The forward converter and flyback
converter are realized simultaneously. The forward converter
principle is used to equalize the battery cells in the same subunit,
while the flyback converter principle is applied to equalize the
different subunits. Therefore, fewer metal-oxide-semiconductor
field-effect transistors (MOSFET) and transformer windings are
needed for lower control complexity and lower system cost.
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Fig. 1.
itors.

Structure of the proposed equalizer for four batteries and supercapac-

Any-cell-to-any-cell equalizer based on coupled half-bridge
converters is proposed [25], which reduces the transformer
windings by half and achieves a compact size and low cost.
Furthermore, realizing the automatic any-cell-to-any-cell
equalization speeds up the equalization process.

The methods mentioned above are externally added to the
ESS, and the dc—dc converter and equalizer operate individually.
It means that the ESS needs the functional components of the
dc—dc converter and equalizer, respectively [28]. An integrated
charging equalizer based on the buck—boost converter ICEBC)
is proposed [24]. The current ripple drives the multiwinding
transformer to balance the battery string. The ICEBC can realize
the automatic equalization without extra switches. A tapped in-
ductor (TT)-based single magnetic bidirectional PWM converter
integrating a voltage equalizer for series-connected supercapac-
itors is proposed [29]. The TI plays three roles in the proposed
integrated converter. Magnetizing and leakage inductances are
utilized as filter inductors and sonant inductors, respectively.
The resonant voltage multiplier is driven by the square wave
voltage generated by the TI. However, all balancing current will
flow through the battery closest to the negative pole, resulting
in a large current on the cell. Therefore, the TI-based voltage
equalizer is more suitable for supercapacitor strings as voltage
equalization. In the HESS, due to the different voltages of the
battery cells and the supercapacitor cells, at least two sets of
equalization devices are required, resulting in extra electronic
components and high costs.

Therefore, a charging equalizer based on the bidirectional
Sepic—Zeta converter is proposed for the HESS, which realizes
the balance function of the HESS in the process of energy
exchange. The inductances in the Sepic—Zeta converter are used
as the primary side of the multiwinding transformers. And
the current ripple drives the multiwinding transformer, so the
equalizer itself is essentially switchless. The proposed circuit
can reduce the complexity of the HESS. Finally, a series of
experiments are conducted to confirm the effectiveness of the
proposed topology.

II. PROPOSED EQUALIZER

A. Configuration of the Equalizer

As shown in Fig. 1, the proposed topology includes the bidi-
rectional Sepic—Zeta converter and multiwilding transformers.
When the supercapacitor string charges the battery string, the
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Fig. 2.  Operating state of the proposed equalizer in the SSC state I.

inductor L; works to balance the supercapacitor string, and the
inductor Ly works to balance the supercapacitor string. When
the battery string charges the supercapacitor string, the inductor
L; works to balance the battery string, and the inductor Ly
works to balance the supercapacitor string. The voltage of the
supercapacitor is Vg and the voltage of the battery string is V.

In order to simplify the circuit analysis, the parameters in the

circuit are assumed as follows:

1) Li,, represents the magnetizing inductances of the L;.
L represents the leakage inductance of the primary
side. Lp_; and Lp_;; (i = 1, 2, 3, 4) represent the
magnetizing inductance and the leakage inductances on
a secondary winding for battery string, respectively. Lg_;
and Lg_;; are the magnetizing inductance and the leakage
inductances on a secondary winding for supercapacitor
string, respectively. Dp_; and Dg_; are the diodes on a
secondary winding, and the diode forward voltage drops
of the Dp_; and Dg_; are Vpp and Vpg, respectively.
And the multiwinding transformer can be seen as an ideal
transformer.

2) Njp1 and Ny represent the turns of the primary windings
and the secondary windings in the transformer 7. Ny
is the turn ratio of the transformer, expressed as Ny =
N11/N1s2. N2y and Noo represent the turns of the primary
windings and the secondary windings in the transformer
Ts, respectively. N is the turn ratio of the transformer,
expressed as No = No1/Noo. Assume that T and Ty
are ideal transformers. The current flowing through the
transformer 77 is i 71, and the current flowing through the
transformer 75 is i 2. The switching frequency is f .

3) The relationship among the battery cell voltages is VB_1
> VB_2 > VB_3 > VB_4. And the supercapacitor cell
voltages are VS_1 > VSC_2 > VSC_3 > VSC_4.

B. Supercapacitor String Charging (SSC) Mode

The supercapacitor string charges the battery string. In one
cycle period, the proposed circuit has two states.

State I (to — t1): At ty, the S; turns ON, and the supercapacitor
string charges the inductor L, through S;. The current i 7 rises
and the secondary side of 77 generates current to balance the
battery cells. The transfer capacitor C transfers the energy to Ly
through S;. The current iy 5, is opposite the transformer 75, so
T does not work. In state I, the operating state of the proposed
circuit is shown in Fig. 2.
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Fig. 3. Operating state of the proposed equalizer in the SSC state II.

The equivalent resistance of the supercapacitor string and L;
can be derived as

Rsc1 = Rsc + R (L

where Rgc is the internal resistance of the supercapacitor string.
R is the internal resistance of L.
The voltages of inductor L ,, is

dile
dt

where V1, is the voltage of L1 ,,. L1, is the leakage induc-
tance of Ly ,,. Rg is the internal resistance of S .

When the voltage of the secondary winding Lp_; is Vip_i,
which is higher than battery voltage Vp_;, the balance current
will be formed in the secondary loop. The relationship between
ViB_iand ip_; can be derived as

Vle = ‘/SC - lek : - (RSCI + RS) . Z'le (2)

dip )
Vipi=Vp.i+Lp k- 7,1 +Vpe+Rpi-igi ()
where Rp_; respects the internal resistance in the secondary
winding loop. ip_; is the balance current of B;.
The relationship between the voltage on the primary winding
and the voltage on the secondary winding satisfies
Viim — Nu

BN R N 4
Vi  Nio ! @

The battery balance current i p_; satisfies

inlt) = Vipi—Ve.i—VpB

Tor (t—to). (5)

From (5), the factors that determine the balance current ig_;
include the voltage of supercapacitor string, turns ratio Ny, and
V_;. Due to the winding ratio of the secondary windings of the
multiwinding transformer is the same, the equalizing current of
the low-voltage battery is larger and the equalizing current of
the high-voltage battery is smaller.

State I (11 — t2): At t1, the Sy turns OFF. The supercapacitor
string and the inductor L; charge the transfer capacitor C and
the battery string through the body diode of Ss. The inductor
L, releases the energy, which can demagnetize. The inductor
Ly charges the battery string through the body diode of S». The
current i 7o rises and the secondary side of 75 generates current
to balance the supercapacitor cells. In state II, the operating state
of the proposed circuit is shown in Fig. 3.
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Fig. 4. Key waveforms of the proposed equalizer.

The equivalent resistance of the battery string and S2 can be
derived as

Rp, = Rsp + Rp (6)

where Rgp is the internal resistance of So’s body diode. Rp is
the internal resistance of the battery string.

The terminal voltage of the primary winding of the ideal
transformer satisfies

dirom .
Viom = VB + Lomyi - % + (Rp1+ Rr2) - irom (1)

where Ry is the internal resistance of L.
The relationship between Vi s_; and i_gc; can be expressed
as

disc_;
Visi = Vsci+ Ls ik - =
LS_ scitLs ik di

where R_gc; respects the internal resistance in secondary wind-
ing loop. i_gc; respects the balance current of SC;. Vi g_; is the
voltage of the Lg_;.

The relationship between the voltage on the primary winding

and the voltage on the secondary winding satisfies

Viom N

Lam _ 21 _ N, )
Visi Nz

The battery balance current i_gc; satisfies

+ Vps + Rsc_i -isci  (8)

Vis.i —Vsci — Vs

isc_i(t) (t—ty). (10)

Ls ik

The key waveforms of the proposed equalizer are shown in
Fig. 4. Due to Vp_3 > Vp_4, ip_3 is smaller than ip_4, and
V_scs > V_scu, i_scs is smaller than i_gc4. It proves that the

voltage equalizer can balance the HESS by transformers.

C. Battery String Charging (BSC) Mode

The battery string charges the supercapacitor string. In one
cycle period, the proposed circuit has two states.

State I (tg — t1): At tg, the So turns ON. The battery string
charges the inductor Ly through S5. The current ir9 rises and
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the secondary side of T, generates current to balance the super-
capacitor cells. The battery string and the transfer capacitor C
charge the inductor L, and the supercapacitor string through So.
In state I, the operating state of the proposed circuit is shown
Fig. 5.

The equivalent resistance of the S5 and battery string can be
derived as

Rpy = Rs + Rp (11)

where Ry is the internal resistance of Ss.
The voltage V2., can be expressed as

diLQm
dt

The relationship between V_gc; and i_gc; can be expressed
as

VL2m - VB - LQnLk, : - (RBQ + RLQ) : iLQm- (12)

disc ; .
Vis.i = Vsci + Ls ik - % + Vps + Rsc_i - isc_i- (13)
The battery balance current i g_; satisfies
Visi—Vsci—V;
ip (t) 2 5C IDS gy (14)

Ls i1,

The relationship between the voltage on the primary winding
and the voltage on the secondary winding satisfies

Viom N
ton _ Ny,

Vis: Na

State Il (t1 — t3): At t1, the Sy turns OFF. The inductor Lo
charges the transfer capacitor C through the body diode of §;.
The inductor Ly charges the supercapacitor string through the
body diode of S;. The current i; rises and the secondary side
of T generates current to balance the battery cells. In state II,
the operating state of the proposed circuit is shown Fig. 6.
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Fig. 7. Key waveforms of the proposed equalizer.

The voltage V1., can be expressed as

dirim
dt

Viim = Vsc + Limik - + (Rsc1 + Rsp) - ipim (16)

where Rgp is the internal resistance of S;’s body diode.
The relationship between Vp_; and ip_; can be derived as

dip ; .
Vipi=VB.i+ Lp_i - % +Vpp+ Rp_i-ipi. (A7)
The battery balance current i g_; satisfies
Viei—Vsi—V]
ip (t) BB DBy, (18)

Lp i

The key waveforms of the proposed equalizer are shown in
Fig. 7. Due to Vp_3 > Vp_4, ip_s is smaller than ip_4, and
V_sc3 > V_gcu, i_scs 1s smaller than i_gcy4. It proves that the

voltage equalizer can balance the HESS by transformers.

III. DESIGN OF THE SYSTEM
A. Design the Turn Ratio

1) In SSC Mode: Turn ratio N;: The actual current Ip;
flowing through the battery B; can be expressed as

Ipi i =1Ip i+ 1Ip (19)

where Ip_; is the average balancing current of the B, and I is
the charging current of the battery string.
From (5), Ip_; can be derived as

1 /DT t- <7V1L\/11’" — V- VDB) p
—— t
T Jo Lp ik

2f - Lp_ i

where T is the time of one switching cycle.

Ip ;

(20)
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From (20), the minimum value of turn ratio N; can be ex-
pressed as

Viim
N, > L1

> T 2D
W +Vb.i+Vap

where Ip_;_max 18 the maximum value of balance current.

The battery balancing currents mainly depend on the volt-
age of supercapacitor string Vsc, duty cycle D, and operating
frequency f.

To ensure that the proposed circuit has the balancing func-
tion.The maximum value of turn ratio N1 can be expressed as

Vle

NN < —7"7"7-——
VB_i_min + VBD

(22)
where Vp_;_min is the minimum voltage of battery cell.

Turn ratio No:

From (10), the average balancing current /_gc; can be ex-
pressed as

; 1 [DPTt- (V]LVQZ’" — Vsci — VDS) i
i t
T /o Ls ik

B Yiam — Voe i — Vs D
2f - Ls_ik '
Due to the high-power density of supercapacitors, there is no
need to consider the current threshold. The winding range of N
is

(23)

Viom

Noy=—+—"—
Vsc i max + Vbs

(24)
When the battery voltage V12, is maximum, the voltage of
supercapacitor is cell equal to threshold.
2) InBSC Mode: The design method of turn ratio is the same
as the SSC mode.

B. Design the Parameters of Inductor/Capacitor

1) Design of the Inductor: When the S; turns ON, the value
of inductor L, can be expressed as

~ VscD
Aile.f
where Aip1,, is the current ripple of 11 .

When the S, turns OFF, the value of inductor L; can be derived
as

Ly (25)

Vs (1-D)

Ly=————--
AZL2rrLf

where Aiyo,, is the current ripple of if2 .

2) Design ofthe Stabilizing Capacitor: Ci and Cs are voltage
stabilizing capacitors, and the capacitance value is designed
based on the output current. The charge calculation formula for
the capacitance can be expressed as

IOllt
f

where Q is the electric charge and I, is the output current.

(26)

Q= 27)
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The capacitance of a capacitor can be derived as

_Q
T Au

where Au is the maximum voltage fluctuation.

3) Design of the Transfer Capacitor: C is the transfer ca-
pacitor, and the capacitance value is designed based on the
output current. The voltage ripple AV ¢ of the transfer capacitor
terminal can be expressed as

. AQ . IHV
T AVe AVo-f

C (28)

(29)

where [, is the average current flowing through the transfer
capacitor C in one cycle.

C. Control of Proposed Circuit

The proposed charging equalizer for the HESS is shown in
Fig. 8. The charging pile charges the battery string through dc—
dc. The battery string is directly connected to the dc bus, and the
supercapacitor string is connected to the battery string through
the proposed circuit.

Take the application scenario of electric vehicles (EV) as an
example. When the EV is charging, the battery string charges
the supercapacitor string, as shown in Fig. 9.

When the EV is accelerated, the supercapacitor string charges
the battery string, as shown in Fig. 10.

1) The SSC mode: Upercapacitor string transfers energy to
the battery string. The battery string adopts a constant current
(CC)—constant voltage (CV) charging method. The voltage Vg
and the output current /g are feedbacked to control the duty
cycle of Sy, as shown in Fig. 11.
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2) The BSC mode: The battery string transfers energy to the
supercapacitor string. The supercapacitor string adopts the CC—
CV charging method. The voltage Vsc and the output current
Isc are feedbacked to control the duty cycle of So, as shown in
Fig. 12.

D. Systems’ Efficiency

Generally, the balance systems’ efficiency can be divided into
the SSC mode nsc and the BSC mode np

Vel + 3" 1Ipi VB
m
Vsclsc — >3 Iscj - Vs

VscIsc + 3252 Isc j - Vscj
Velp =331 I Vb
where I is the current of the battery string. Isc is the current
of the supercapacitor string. n and m are the cell number of the

battery and supercapacitor strings, respectively.
The bypass resistance loss Ppa¢ can be expressed as

m n
Puss =D Isc jRsc;+ ) Ip Rpi+ I Rp
(31
where R p is the conduct resistance of the bidirectional converter
circuit.
The diode voltage drop loss Pp can be expressed as

Pp=3 IsciVos+D InVps+InVp (32

Nisc =

np = (30)

where Vp is the diode forward voltage drops of S;’s (S2) body
diode.

The switching loss consists of three sides P., P, and Ppc.
P. is the conducting losses of the switch; Pj is the switching
losses. Ppc is the drive circuit loss. Rpg, E opr, E ox> Upp, ID,
ORrr» Upp, Ip, and Ir_p are some inherent parameters of the
MOSFET, which can be found or fitted in the MOSFET’s datasheet.
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Supercapacitor
String

Fig. 13.  Photograph of the experimental setup and associated instruments.
TABLE I
SPECIFICATIONS OF THE TRANSFORMER
Symbol Parameter Value Unit
f Working Frequency 120 kHz
VB i Battery Voltage 3.2-4.1 A%
Vs The voltage of battery string 12.8-16.4 A%
Vsc i Supercapacitor Voltage 0-7 A%
Vsc The voltage of Supercapacitor string 0-28 A%

Ci- G, Stabilizing capacitor 1000 uF
Vo 1-VbB 4 Voltage Drop 0.35 Vv
Vps 1-Vbs 4 Voltage Drop 0.44 \%

Vsp Voltage Drop 0.7 \%
L, Primary inductance 332 uH
Limk Leakage of L,, 1.7 uH
Ls - Ls 4 Secondary Inductance 6.45 uH
Ls 1 Ls 4 Leakage of L; 0.63 uH
Ly Primary inductance 22.42 1H
Lomk Leakage of L,, 1.1 uH
Lg 1-Lg 4 Secondary Inductance 4.34 uH
Lp - Lp 4 Leakage of ; 0.42 uH
N 7 - -
N, 225 - -
P, and P, can be derived as
P.=I2Rps 33
P Vsl (§ath i gun) g )

When the switch turns OFF, Vg is the voltage on the switch.
And [ opr is the switch current when switching OFF.

IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS

The proposed circuit for four supercapacitors and four batter-
iesis built to verify the balance performance, as shown in Fig. 13.
IRFB7437PBF MOSFETs are used for S; and S5. The capacitor
Cis 20 pF, and the stabilizing capacitor C; and C are 1000 uF
electrolytic capacitor. DSP28335 is used to control the balance
system. Table I illustrates the various parameters of the device
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TABLE II
COMPARISON OF EQUALIZERS IN TERMS OF COMPONENTS

Balance methods Component
MOS  Inductor  Capacitor Diode Transformer Resistor
Dissipative [8] 0 0 0 0 0 8
Star-SC-Based [10] 16 0 6 0 0 0
MW-Transformer-Based [18] 16 0 0 0 2 0
matrix-Transformer-Based [16] 28 0 0 0 1 0
Half bridge-Transformer [25] 8 0 0 0 2 0
ICEBC [24] 4 2 0 20 2 0
BCI-RVM [28] 4 2 12 16 2 0
TI Bidirectional Converter [29] 4 0 12 16 2 0
Proposed equalizer 2 0 3 8 2 0
. 25.0V/ 1.00A/ 1004/ 4 5.650% 28005/ ik
| L
f —

Fig. 14.  Structure of the core.
4.1 | |
% 39 ' '
E | |
S 37 ' '
2 | |
% 35 I I
A | Constant voltage
3.3 {| 4= Constant CUIrent ) : = i
0 20 40 60 80
Time (min)
Fig. 15.  Experiment verification results in the CC—CV mode.

in the circuit. The diode Dg_; chooses VS-30BQ015-M3/9AT
(I5Vand3 A), and the diode Dg_; chooses SBR10U45SP5Q-13
(45 Vand 10 A).

Inductors L, and L, use toroidal core, and the structure of the
core is shown in Fig. 14. The cores are made by PC40.

Due to the small capacity of the supercapacitor, the power
supply auxiliary supercapacitor is used to charge the battery
string. The voltage change of the batteries during charging is
shown in Fig. 15. The battery cells’ initial voltages are 3.828,
3.699, 3.484, and 3.245 V, respectively. After about 84 min
charging balance, the voltages become 4.075, 4.085, 4.063, and
4.051 V. The maximum voltage difference reduces to 0.034 V.
The results show that the voltages gradually tend to be consistent.

The current ripples waveform of the multiwinding trans-
former M, and M, are shown in Fig. 16.

The balance current waveform of the secondary side of the
multiwinding transformer M is shown in Fig. 17(a). The trans-
former works in the forward mode, and the current flowing
in the inductor L,, gradually increases when the switch S; is
connected. The lower the voltage of the battery, the greater
the balance current, which satisfies the theoretical analysis.
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Fig. 16. Experimental waveforms of current ripples.
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Fig. 17. The experimental waveforms of the proposed equalizer at the SSC
mode.

The balance current waveform of the secondary side of the
multiwinding transformer M5 is shown in Fig. 17(b). The current
flowing in the battery cells increases when the switch S is turned
OFF. It can be seen that the lower the voltage supercapacitor has,
the greater the balance current.

When the battery string charges the supercapacitor string, the
charging experiment verification results of the supercapacitor
string are shown in Fig. 18. The capacity of the supercapacitor
is 3F. The initial voltages of the battery cells are 2.054, 1.638,
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Fig. 19.  Experimental waveforms of current ripples.

1.118, and 0.687 V, respectively. After about 40 s charging bal-
ance, the voltages become 6.608, 6.560, 6.567, and 6.584 V. The
maximum voltage difference decreased from 1.367 to 0.048 V.
The results show that the voltages gradually tend to be consistent.

The current ripples waveform of the multiwinding trans-
former M; and M5 are shown in Fig. 19.

The balance current waveform of the secondary side of the
multiwinding transformer M> is shown in Fig. 20(a). The trans-
former works in the forward mode, and the balance current
flowing in supercapacitor increases when the switch S5 is turned
ON. The lower the voltage of the supercapacitor, the greater
the balance current, which satisfies the theoretical analysis.
The balance current waveform of the secondary side of the
multiwinding transformer M is shown in Fig. 20(b). The current
flowing in the inductor L,, gradually increases when the switch
S5 turned OFF.

1) In the SSC mode

The input and output power are 18.35 and 16.73 W, respec-
tively; hence, the system efficiency is 91.2%. The proposed
system’s calculated power losses are shown in Fig. 21(a), which
includes internal resistance loss 0.32 W, the diode voltage drop
loss 1.11 W, and switching loss 0.19 W.

2) In the BSC mode

The input and output power are 29.84 and 27.36 W, respec-
tively; hence, the system efficiency is 91.7%. The proposed
system’s calculated power losses include internal resistance loss
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Fig. 21. Power loss distributions. (a) Supercapacitor string charging mode.

(b) Battery string charging mode.

0.51 W, the diode voltage drop loss 1.21 W, and switching loss
0.76 W, as shown in Fig. 21(b).

V. COMPARISON WITH CONVENTIONAL BATTERY EQUALIZERS

Table II compares the proposed equalizer with the previous
balance method regarding the components [12]. It is assumed
that the battery string has four cells and the supercapacitor
string has four cells. The circuit size and cost mainly depend on
the number of components, including MOSFET (MOS), resistor,
inductor, capacitor, diode, and transformer.

Table III employs four indexes to evaluate the balancing per-
formances: balancing efficiency, cell voltage monitor, working
condition, and current stress of cell. “Cell voltage monitor”
refers to if the equalizer needs to collect the battery cell voltage
and control the equalizer. The automatic balancing methods can
achieve balance without the cell voltage monitor. “Cell current
stress” refers to the current flowing through the cell.

In contrast, the proposed circuit can reduce the number of
components when applied to the HESS. The proposed bidi-
rectional equalization circuit can realize balance function in
working conditions (charging or discharging).
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Balance methods Efficiency Cell Voltage Working Condition Cell Current Stress
Monitor
Dissipative [8] 0.0% No Need Charge and Discharge Very low
Star-SC-Based [10] 95.3% No Charge and Discharge Low
MW-Transformer-Based [18] 85.3% Yes Charge and Discharge Medium
matrix-Transformer-Based [16] 80.0% Yes Charge and Discharge Medium
Half bridge-Transformer [25] 95% No Charge and Discharge Medium
ICEBC [24] 92.4% No Charge Medium
BCI-RVM [28] 72% No Charge and Discharge High
TI Bidirectional Converter [29] 92.1% No Charge and Discharge High
Proposed equalizer 91.2% No Charge and Discharge Medium
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