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Abstract—Due to the low cost, small size, and easy control, the
switched-capacitor (SC) equalizer is promising among all types of
active cell balancing methods. However, the balancing speed is gen-
erally slow and the balancing efficiency is seriously low when the
SC equalizer is applied into a long battery string. Therefore, an
automatic switched-coupling-capacitor equalizer (SCCE) is pro-
posed, which can realize the any-cells-to-any-cells equalization for
a battery string. Only two switches and one capacitor are required
for each battery cell. All MOSFETs are controlled by one pair of
complementary pulse width modulation signals, and energy can
be automatically and directly delivered from any higher voltage
cells to any lower voltage ones without the need of cell monitoring
circuits, leading to a high balancing efficiency and speed indepen-
dent of the cell number and the initial cell voltages. Contrary to
the conventional equalizers using additional components for the
equalization among modules, the proposed equalizer shares a sin-
gle converter for the equalization among cells and modules, result-
ing in smaller size and lower cost. A prototype for four lithium
battery cells is implemented, and an experimental comparison be-
tween the proposed SCCE and the conventional SC equalizer is
presented. Experimental results show the proposed topology ex-
hibits a substantially improved balancing performance, and the
measured peak efficiency is 92.7%.

Index Terms—Battery equalizers, battery management sys-
tems, electric vehicles (EVs), modularization, switched coupling
capacitors (SCCs).
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I. INTRODUCTION

OWADAYS, rechargeable batteries are widely applied in
N uninterruptible power supplies, artificial satellites, and
electric vehicles as energy storage systems [1]. Due to the high
energy density, low self-discharge rate, and no memory effect,
lithium battery (i.e., lithium-ion, lithium polymer, or lithium
iron phosphate (LiFePO,) battery) has been regarded as one
of the most attractive rechargeable batteries [2]. However, the
terminal voltage of a single lithium battery cell is usually low,
e.g., 3-4.2 V for lithium-ion battery cells and 2-3.65 V for
LiFePO, battery cells [3]-[4]. Generally, in order to meet the
load voltage and power requirements, lithium battery cells are
usually connected in parallel and series to construct a battery
pack [5]-[6]. Nevertheless, there are slight differences in terms
of capacity, internal resistance, and voltage among cells, which
will be enlarged as the battery pack ages [7]. Lithium batteries
cannot be overcharged, which may lead to explosion or fire, and
cannot be overdischarged, which may degrade the characteris-
tics of batteries [7]. As a result, charging or discharging must be
interrupted when any cell in the battery pack reaches its cutoff
voltage, which does not utilize efficiently the energy storage
potential of the battery pack [7]. Therefore, battery balancing is
mandatory for series-connected battery packs to maximize the
available operating range and to extend the battery life.

Many balancing circuits have been proposed during the last
few years, which can be classified into two groups: the passive
equalizers [7]-[8] and the active ones [7], [9]-[28]. The pas-
sive methods employ a resistor connected as a shunt for each
cell to drain excess energy from the high-voltage cells [7]-[8].
Small size, low cost, and easy implementation are the outstand-
ing advantages of this method. However, energy dissipation and
heat problems are their critical disadvantages [7]. To overcome
these drawbacks, active cell balancing circuits utilizing capac-
itors [9]-[18], inductors [19]-[21], or transformers [22]-[28]
have been studied. Active balancing methods employ nondis-
sipative energy-shuttling elements to move energy from strong
cells to weak ones [7], [17], [18]. Among these active cell bal-
ancing methods, the switched-capacitor (SC)-based equalizers
are promising due to the small size, ease of control, and ease
of implementation [9]-[18], [29]-[30]. As shown in Fig. 1(a),
for the classical SC equalizer, one capacitor is employed to shift
energy between two adjacent cells [9]. Fig. 1(b) and (c) shows
the two operation states of the classical SC equalizer. By switch-
ing the capacitors back and forth, the equalizer brings the cell
voltages to an almost equal value [9]. However, energy is only
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Fig. 1. Classical SC equalizer for four battery cells [9]. (a) Schematic diagram.
(b) Operation state 1. (c) Operation state II. (d) Balancing paths under the
assumption of Vg11 > V12 > V13 > V1.

transferred from one cell to its adjacent cell through one capaci-
tor during one switching cycle [9]. Fig. 1(d) shows the balancing
paths under the assumption of Vz11 > V1o > Vpi3 > Vpig.
Particularly, when the high-voltage cell and the low-voltage one
are on the opposite ends of the battery string, it will take a long
time and many steps to balance the cell voltages. Moreover,
the balancing energy would have to travel through all the cells
and capacitors, resulting in a severe penalty on the balancing
efficiency and balancing speed.

In order to reduce the switching loss, a resonant SC equalizer
was proposed in [10]. Based on the classical SC, an inductor
Ly is added to form a resonant LC converter, which operates
alternatively between the charging state and discharging state
with zero-current switching (ZCS) to automatically balance the
cell voltages. However, this method has the same critical disad-
vantages as the classical SC solution, i.e., low balancing speed
and efficiency for a long battery string. To increase the balanc-
ing speed, a double-tiered SC equalizer and a chain-structure
of SC balancing circuit were proposed in [11] and [12]. These
methods can, to a certain extent, improve the balancing speed by
using additional capacitors and MOSFET switches. However, the
balancing speed is still slow and the efficiency is also low as the
increase of the number of the battery cells connected in series.
Particularly, the equalizers are difficult to be modularized [31].
In order to improve these weaknesses, [13] and [14] propose two
series-parallel SC equalizers. The working principles are that the
switched capacitors are first connected in parallel with battery
cells, being charged by or discharged to the battery cells, and
then, all the capacitors are controlled to be connected in parallel,
by which charge can flow from the higher voltage capacitors to
the lower voltage ones [13]-[14]. By operating these two states
alternatively, energy can be transferred from the higher voltage
battery cells to the lower ones directly. This means the balancing
speed could be significantly higher than the conventional one
for a long battery string. However, the main disadvantage is that
the switch number is twice of the classical SC solution. There-
fore, [15] proposes a series of SC cell balancing circuits. With
the same number of switches as the classical one, the methods
achieve a high balancing speed, which does not rely on both of
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Fig. 2. Proposed SCCE for four cells connected in series. (a) Schematic
diagram. (b) Equivalent circuit.

the number of battery cells and initial mismatch distribution of
cell voltages.

Based on these works, the objective of this paper is to
introduce an automatic switched-coupling-capacitor equalizer
(SCCE), which achieves the direct and simultaneous equal-
ization between any two cells in the battery string. Only two
switches and one capacitor are needed for each battery cell, re-
sulting in a small size and low cost. All MOSFETs are controlled
by one pair of complementary pulse width modulation (PWM)
signals, and energy can be automatically and directly delivered
from any cells with higher voltages to any cells with lower volt-
ages without the need of cell monitoring circuits, thereby leading
to a high balancing efficiency and speed independent of the num-
ber of battery cells and the initial cell voltages. Contrary to the
conventional modularized equalizers using additional compo-
nents for the equalization among modules, the proposed SCCE
can achieve the global equalization by connecting the common
nodes of the switched coupling capacitors (SCCs), resulting in
smaller size, lower cost, and higher balancing efficiency. The
control for this system is very simple and the balancing opera-
tion can be carried out regardless of the battery working state of
charging, discharging, or rest.

II. PROPOSED EQUALIZER

In this paper, an automatic SCCE is proposed, which can re-
alize the any-cells-to-any-cells equalization for a battery string,
which is an improvement of the work in [15].

A. Configuration of the Proposed Equalizer

Fig. 2 shows the schematic diagram and the equivalent circuit
of the proposed SCCE applied to a four-cell battery string. Each
battery cell is connected in parallel with two series-connected
MOSFETs. Five capacitor plates (four small plates and one big
plate) are used to form a coupling capacitor to transfer en-
ergy among cells. Each small plate (P;; — Pj4) is connected to
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Fig. 3.

The 3-D views of the proposed SCC for four cells.

the midpoint of the corresponding two series-connected MOS-
FETs. The big plate (P;() is common to the four small plates,
thus materializing the star connection. Fig. 3 shows the three-
dimensional (3-D) views of the proposed SCC for four cells. In
fact, the coupling capacitor can also be applied by four conven-
tional capacitors connected in star.

The critical characteristics of the proposed SCCE are as

follows:

1) Two MOSFET switches and one capacitor are needed for
each cell, thereby leading to a small size and low cost.

2) Only one pair of complementary PWM signals are em-
ployed to control all MOSFET switches, by which automatic
voltage equalization without the need of cell monitoring
is achieved, showing a simple control.

3) Energy can be transferred automatically and directly from
higher voltage cells at any position to lower voltage cells
at any position, leading to a higher balancing efficiency
and speed independent of the number of battery cells and
the initial cell voltages.

4) Accurate voltage equalization is achieved without any re-
quirements for the matching of the coupling capacitor and
MOSFETS.

5) Contrary to the conventional modularized equalizers using
additional components for the equalization among mod-
ules, the proposed method can achieve the equalization
among modules by connecting the common nodes of the
coupling capacitors, leading to smaller size, lower cost,
and reduced loss related to the modularization.

6) The balancing operation can be carried out regardless of
the battery working state of charging, discharging or rest.

7) The proposed SCCE can also be applied for other
rechargeable batteries without any change or recalibra-
tion, such as nickel-cadmium batteries, lead-acid batter-
ies, and nickel-metal-hydride batteries.

B. Operation Principles

The automatic any-cells-to-any-cells equalization among
cells can be obtained by driving the MOSFET switches using
one pair of complementary PWM signals, i.e., PWM+ and
PWM-. The proposed equalizer has two steady working states
in one switching period. Figs. 4 and 5 show the operating
states and theoretical waveforms of the proposed equalizer, re-
spectively. In order to simplify the analysis for the operation
principles, it is assumed that the battery cell voltages follow
VBi1 > V12 > Vi3 > V.
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(b.3)

Fig. 4. Operating states of the proposed SCCE under the assumption of Vg 11
> Vpi12 > Vpi1s > Vpi4. (a) State L. (b) State II.

Fig. 5.

Key waveforms of the proposed SCCE.

State I (ty —t1): At ty, mosfets Qq1, Q13, Q15, Q17 are
turned on, and mosfets Q12, Q14, Q16, @15 are turned off. As
shown in Fig. 4(a), the coupling capacitor is connected in par-
allel with the corresponding upper cells (B, — Bj3) through
@11, @13, @15, and Q17. As shown in Fig. 4(a.1)—(a.3), six
discharging paths from battery cells are constructed.

As shown in Fig. 4(a.l), 714 flows from Bj; to P —
Py — P» through @17 and Qi3.i24 flows from B, to
P12 — P10 — P13 thI'Ollgh Q13 and Q15. igA flows from B13 to
Py3 — Py — Py4 through Q15 and Q7. As shown in Fig. 4(a.2),
144 flows from B, and Bjs to Py — Pig — Pi3 through Qu
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and Q15.i5A flows from 312 and Blg to P12 — P10 — P14
through Q13 and QQ17. As shown in Fig. 4(a.3), ig4 flows from
By1, Bys, and By3 to Pj; — Py — Py4 through Q17 and Q7.
During this state, energy in the upper cells By -Bj 3 is transferred
to the coupling capacitor.

If the coupling capacitor and MOSFETSs have identical charac-
teristic, it is possible to assume the following:

ch = Cll = Cl? = CIB = Cl4 (1)
Req = Reqll = Req12 = ReqlB = Req14 (2)

where Cy;, j = 1, 2, 3, 4, represents the equivalent capaci-
tance between the plates P;; and Pyg. Req1j, 7 = 1, 2, 3, 4,
represents the equivalent resistance in each branch. It is specified
that the current flowing into a battery cell is positive, otherwise
is negative.

During State I, the balancing currents across the capacitor
plates can be expressed as

1p11A4 = 414 + a4 + l64

1p124 = d24 — 114 + i54

P124 = l24 — 114+ 3)
ip134 = 134 — 924 — 144

ip1aa = —i34 — 54 — U6A

where ipi;4, j = 1, 2, 3, 4, represents the balancing current
across the plate P;; during State I.

By using Kirchhoff’s voltage law (KVL), the relationship
between the cell voltages and the coupling capacitor voltages
can be expressed as follows:

V11 —vpi1a(to) +vpi24(to)
S
1 . .
= (Req + ,sC’N1> (—ip11a+ipi24)
V12 — vpi2a (to) +vpiza(to)
SN | @)
= (Req + ,sC’N1> (—ip124+ip134)
V13 — vpisa (to) + vpiaa(to)
S
1 . .
= (Req + sC’eq> (—ip13a+ipi4a)

where vpija(to), j = 1, 2, 3, 4, represents the voltage be-
tween P j and Pig atty. Vi, j = 1, 2, 3, 4,isthe cell voltage
of Blj.

By using Kirchhoff’s current law (KCL), the relationship
among the balancing currents across the coupling capacitor can
be expressed as

tp11A +ip124 +ip134 +ip14a = 0. 5)

By solving (4) and (5), the balancing currents across the
coupling capacitor in the frequency domain can be obtained as

ip114(s)

1p124 (s) 1 1
ip134(8) Req s+ ReqCoq
ip144(8)
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where
~3_1_11 Vi1 — vp114(to) + vp1aa(to)
N L4111 B Vii1a —vp12a(to) + vpisa(to) .
L1l Vi13 — vpisa (to) + vp1aa(to)
brrd D

(N
By (6), the balancing currents can be turned into these in the
time domain, given by

ip114(t)

Z:PIQA(t) _ 1 e TaTa ) A LB (8)
ip134(t) Req

ip14a(t)

where t) < t < t;.Based on (8), Fig. 5 presents the theoretical
waveform of the balancing current.

Using (6), the voltages across the coupling capacitor in the
frequency domain can be derived as

vp114(s) ip114(s)
vp124(8) 1 ip124(8)
vpi3a(s)|  s-Ceq |ip13a(s)
vp144(5) ip144(s)

Equation (9) can be turned into these in the time domain,
shown as

vp114(t) vp114 (to)
vrioa(t)| _ (1 3 efm(uu)) A-B+ vp124(to)
vp134(t) vp134(to)
vp144(t) vpia4(to)
(10)

where £y < t < t;. According to (10), Fig. 5 presents the theo-
retical waveform of the coupling capacitor voltage.

At t1, the balancing current drops to 0. Based on KVL, the
relationship among the cell voltages and the coupling capacitor
voltages can be expressed as

vp11a(t1) — vp124(t1) = Vi
vp124(t1) —vp13a(t1) = VB2
vp13A(t1) —vp1aa(t1) = Vpis (11
vpi1a(ti) —vpiza(ti) = Vi1 + Vaio
vp124(t1) — vp1aa(t1) = V1o + Vpis
vp114(t1) —vp1aa(t1) = Vi1 + V12 + Vais.
Equation (11) can be simplified as
vp114(t1) —vp124(t1) = Vi
vp124(t1) —vpisa(t) = Vpio (12)

vp13a(t1) —vpiaa(t1) = VBis.

State II (t; — t5): At t;, MOSFETS le, Q14, Qu;, ng are
turned ON, and MOSFETS Q11, @13, @15, Q17 are turned OFF.



7698
B“ State I Bll B"
State I
State I
State IT
By E, B
State I 1 ‘
State IT
313 State IT BIS ‘
State I
State IT
B 14 State Il B 14
(@) (W] (©)
Fig. 6. Directed graphs of the proposed balancing methods under the assump-

tion of Vg11 > V12 > V13 > Vpi4. (a) Balancing between adjacent two
cells. (b) Balancing between every other cells. (c) Balancing between the first
cell and last one. Note: E; -Eg represent the corresponding capacitor plates in
the coupling capacitor as above.

As shown in Fig. 4(b), the coupling capacitor is connected in
parallel with the corresponding lower cells (B2 — B14) through
@12, Q14, Q16, and Q5. As shown in Fig. 4(b.1)-(b.3), six
charging paths to battery cells are constructed.

As shown in Fig. 4(b.1), i1 flows from P;; — Pg —
Pj5 to By through @12 and ()14, which achieves the en-
ergy transfer from Bj; to Bys. i1op flows from Py — Py —
Py3to By through Q14 and @14, which achieves the en-
ergy transfer from Bjs to Bis. i3p flows from Py — Py —
Py, to By4 through Q14 and @15, which achieves the energy
transfer from Bj3 to B)4. Fig. 6(a) gives the directed graph of
the energy transfer shown in Figs. 4(a.1) and (b.1), demon-
strating that the proposed SCCE can achieve the conventional
adjacent-cell-to-adjacent-cell equalization.

As shown in Fig. 4(b.2), iyp flows from P;; — Py —
Pi5to Bys and Byj through Q)15 and 14, which achieves the
energy transfer from By to Bys. i5p flows from Pjs — Py —
P4 to Bz and Byy through Q14 and D15, which achieves the
energy transfer from Bj, to B4. Fig. 6(b) gives the directed
graph of the energy transfer shown in Fig. 4(a.2) and (b.2),
demonstrating that the proposed SCCE achieves the equaliza-
tion between every other cells.

As shown in Fig. 4(b.3), isp flows from P;; — Py — P4 to
By, Bys, and By through (19 and (Q1s, which achieves the
energy transfer from Bj; to By4. Fig. 6(c) gives the directed
graph of the energy transfer shown in Fig. 4(a.3) and (b.3),
proving that the proposed SCCE achieves the direct equalization
between the first cell and last one in a battery string.

It can be seen that the proposed equalizer can transfer energy
directly between any two cells in a battery string.

During State II, the balancing current across the capacitor
plates can be expressed as

ip11B = 1B + 4B + 6B

ip12B = —41B + 2B + 5B (13)
ip13p = —lap+izp — 4B
1p14B = —13B — 5B — 6B
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where ipi;p, j = 1, 2, 3, 4, represents the balancing current
across Py ; during State II.

By using KVL, the relationship among the cell voltages and
the coupling capacitor voltages can be expressed as

vp11(t1) — Vei2a —vpi2p(t1)

s
1 . )
= | Reg + (tp11B — iP12B)
5 Ceq
vp12(t1) — Veis — vpi3s(t1)
N (14)
= | Req + (tp12B — iP13B)
5 Ceq
vp13p(t1) — Veia — vp1ap (t1)
s

1
= (R, ipiag — 4
( ¢ T 5. C’Eq) (ip13B —ip14B)

where vpi;p(t1), j = 1, 2, 3, 4, represents the voltage be-
tween P1j and P at ty.

By using KCL, the relationship among the balancing currents
across the coupling capacitor can be expressed as

tp11B +ip12B +ip13B +ip1ap = 0. (15)

By solving (14) and (15), the balancing currents in the fre-
quency domain can be obtained as

ir115(s)
) s 1 1
.P12B( ) _ 710D (16)
ip13B(S) Reg s+ RegCoq
ip1ap(S)
where
3 1 1 1
4 2 44 vpi1g(ti) — Vei2 — vpi2p(t1)
11 1 1
c| f? T po vpi2p(t1) — Veis —vpi3p(th)
11 o1 1 — — .
1111 vp13p (t1) — V14 — vp1ap (t1)
1 1 _31 0
1792 i1

a7
By (16), the balancing currents can be transferred into these
in the time domain, given by

tp11B (¢
tp12B(t
t

1 (4=
S RN oI »)
Req

(t)
1
: ) (18)
ip135 (t)
ip14p(t)
where t; < t < to. Using (16), the voltages across the coupling
capacitor in the frequency domain can be achieved as

vp11B(S)
S

= 1—;1 -C-D (19
S s+ "o, O

Vpi14B (S

(s)
Up13B (S)
(s)
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Fig. 7. Simplified SCCE for four cells connected in series.

Equation (19) can be turned into these in the time domain,
shown as

vp11(t) vpnig(t)
vp125(t) :<1 3 e—ml—m(t-m) C.D4+ vp125(t1)
vpi3p(t) vpi3g(t)
vp14p (1) vp14p (t1)
(20)

where t; <t < 5.

At to, the balancing current drops to 0. Based on KVL, the
relationship among the cell voltages and the coupling capacitor
voltages can be expressed as

vp11B(t2) —vp12B(t2) = VB12
vp12B(t2) —vp13B(t2) = VB1s
vpi3p(ta) —vp1ap(t2) = VB4 21
vp11B(t2) —vp13B(t2) = VBi2 + V13
vp12B(t2) —vp1aB(t2) = VBis + VBus
vp11B(t2) —vp1ap (t2) = V12 + VB1s + Vp1a.
Equation (21) can be simplified as
vp11B(t2) —vp12B(t2) = VBio
vpiap(ta) —vpi3p(ta) = Vpis (22)
vp13B (t2) — vp1ap (t2) = VBi4.

It is important to note that the solutions for (12) and (22) are
not unique, indicating the uncertainty of the capacitor voltages
and the floating potential of Pj. This is because there are more
capacitors than needed. In another word, one capacitor can be
removed from the switched-coupling capacitor, and the simpli-
fied topology is shown in Fig. 7. In fact, the redundant capacitor
only affects the balancing currents, not the final cell voltages.
This simplified equalization circuit has the same operation prin-
ciples as the structure shown in Fig. 2, thereby not described in
detail here.
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TABLE I
BALANCING PATHS BETWEEN ANY TwO CELLS

Paths across

the SCC Bi1 Bis Byj By

By - Py1-P1o-P12 Py1-Pig-P13 P11-Pio-P1y
By P11-P1g-Pi2 - P12-P1g-P13  P1a-P1o-P14
Bis Py1-Pig-Pig P12-Pro-Pi3 - Pi3-P1o-P14
By Py1-Pig-P1y Pi9-P1o-P1y Py3-P1o-P1y -

Table I summarizes the balancing paths between any two
cells. It can be seen that due to the proposed coupling capacitor,
energy can be directly transferred from higher voltage cells at
any position to lower voltage cells at any position, leading to a
high balancing efficiency and speed.

C. Equalizing Power and Efficiency
The balancing power of each cell can be calculated as

Pp1j = Vg1 - I (23)

where j = 1, 2, 3, 4. Vpy; is the cell voltage of the battery cell
By;. I, is the RMS balancing current flowing out of or into
By, which can be expressed as

T
1 [7 . 1 (T
Ipy; :\/T/o lip; () dt or Ip; :\/T/T lip1; (1)) dt
2

(24
where T is the switching period. i1 (t) is the AC balancing
current flowing out of or into B ;.

The balancing efficiency is obtained as

ijllF(PBlj > 0)

x 100% (25)
‘Zrl (Pp1j <0)
where
Pp1;, when Pgy; <0
IF(Pgy; <0)=4 "V -

0, when PBI7’ > 0
‘ (26)

PBL]7 when PBlj >0

07 whenPBlj SO '

IF(PBU > O) = {

It can be seen that the balancing efficiency is determined by
the cell charge power and the cell discharge power.

D. Modularization of the Proposed SCCE

As shown in Fig. 8, a modularization concept of the pro-
posed SCCE is applied to an eight-cell series-connected battery
string, which is divided into two separate four-cell modules. It
can be seen that the global equalization among cells is achieved
through the connection of the common nodes of the two coupling
capacitors CCy and CC,. Contrary to the conventional modular-
ized equalizers using additional components for the equalization
among modules, the proposed modularization method shares a
single equalizer for the equalization among cells and modules,
leading to smaller size, lower cost, and reduced loss with respect
to the modularization.
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Fig. 8. Modularized structure of the proposed SCCE for an eight-cell battery
string, which is divided into two separate modules.

E. Comparison With Conventional Battery Equalizers

As shown in Figs. 1 and 2, the proposed SCCE has the same
number of MOSFETs as the conventional topology, and needs
n capacitors compared with the conventional method with the
requirement of n — 1 capacitors. Thus, it can be concluded that
the MOSFET and capacitor numbers of the presented solution are
comparable to the existing SC method. Moreover, all switches
employed in the two methods withstand the same voltage stress.

For the classical SC topology, the maximum voltage stress of
capacitors is the cell voltage, i.e., V. The capacitance of each
capacitor is C,q, which is in the range of 20 — 1000 pF [9]. The
proposed coupling capacitor can be applied by four capacitors
connected in star, as shown in Fig. 2. In each balancing path,
there are two capacitors connected in series. Therefore, the ca-
pacitance of each capacitor is required to be 2C,, to achieve
the same balancing capacitance as the classical SC topology. As
shown in Fig. 4, during each operating state, the first and last
capacitors of the coupling capacitor are connected in parallel
with n-1 cells. Thus, the voltage stress for these two capaci-
tors is (n — 1) - Vp /2. n is the number of cells connected in
series in the battery string. It can be observed that the voltage
stress and capacitance of capacitors in the proposed equalizer
are higher and larger than the classical solution. Nonetheless,
the cost of the balancing circuits depends mainly on the MOS-
FETs, gate drivers, isolated power supplies, and the controllers.
The capacitors only accounts for a fraction of the cost of the
balancing circuits. Thus, the implementation cost of the pro-
posed method is slightly higher than that of the conventional
approach. The extra cost is due to the required higher break-
down voltage and twice capacitance of capacitors. However,
the number of the switches and the control complexity remain
the same.

If the source cell is separated from the target cell by several
other cells, it takes several balancing steps for the classical SC
method to transfer charge between the two cells. Shang et al.
[17] gives the average balancing step to complete the charge

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 10, OCTOBER 2017

transportation as follows:

n(n—1)(n+1)
3

n + 1
Stepavg = o = 3

27)

where 7 is the number of cells connected in series in the battery
string. Equation (27) shows the balancing speed will decline
along with the increase of the number of battery cells.

Consequently, the average balancing efficiency of the classi-
cal SC method is obtained by

n+1

= 776 3

Tavg (28)

where 7, is the balancing efficiency between adjacent two cells.
Equation (28) shows the average balancing efficiency is enor-
mously attenuated by the one-by-one energy transfer path in
spite of the higher balancing efficiency between adjacent two
cells.

For the proposed solution, energy can be transferred directly
from higher voltage cells at any position to lower voltage cells
at any position. Theoretically, it only takes one balancing step
for the proposed solution to complete the charge transportation
from the source cell to the target one without intermediate steps.
Therefore, the balancing efficiency and speed of the proposed
method are independent of the number of battery cells and the
initial cell voltages.

According to the above analysis, Table II gives the compari-
son of the proposed equalizer with the classical SC solution in
terms of the cost, balancing speed, and efficiency.

In order to evaluate the proposed topology quantitatively
and systematically, Table III illustrates the comparison of the
proposed equalizer with conventional ones under the assump-
tion of a series-connected battery string consisting of n cells.
The comparison focuses on the components used in equalizers
and the balancing performances. “Components” consists of the
numbers of switches (SW), resistors (R), inductors (L), capac-
itors (C), diodes (D), and transformers (T). Twelve parameters
are employed to evaluate the balancing performances. Each
parameter is fuzzified into five fuzzy scales, for which “17, “2”,
“37, “4” and “5” represent the worst, bad, neutral, good, and
best performances, respectively. The balancing performance
parameters are cost (S;), efficiency (Sq), automatic balancing
capability (S3), bidirectional balancing capability (S,), energy
flow (1: adjacent cell to cell, 5: any cells to any cells) (Ss),
speed (S¢), implementation possibility (S7), complexity (Sg),
size (Sg), modularization (S;), switch voltage stress (S11), and
switch current stress (S12). By applying a large weight (i.e., 1.5)
to cost and efficiency, and a small weight (i.e., 1) to the other pa-
rameters, an average score Sy, is obtained in the last column of
Table III, by which a quantitative comparison can be intuitively
carried out. It can be observed that the proposed equalizer has
the highest average score, and has the advantages of low cost,
low size, high efficiency, high speed, low voltage stress, and easy
modularization, making the proposed topology suitable to be
applied to a long series-connected battery string. However, it is
important to note that the parameter weights should be modified
according to the practical application, which is helpful to select a
suitable balancing topology depending on different applications.
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TABLE II
COMPARISON OF THE PROPOSED EQUALIZER WITH THE CLASSICAL SC SOLUTION IN TERMS OF THE COST, BALANCING SPEED, AND EFFICIENCY

Equalizers Number of ~ Number of  Breakdown voltage  Capacitance of capacitors Cost Balancing speed ~ Balancing
MOSFETS capacitors of capacitors capacitors (Stepavg) efficiency
1 nt1
The classic SC 2n n—1 Vi Ceq Low el e 3
The proposed SCCE n n D Vp 2Ceq Slightly high 1 e

TABLE III
QUANTITATIVE AND SYSTEMATIC COMPARISON OF THE PROPOSED BATTERY EQUALIZER WITH THE CONVENTIONAL ONES

Balancing performances Components St So S3 Sy S5 S¢ S7 Ss So N Si1 S12 Savg
SW R L C D T
Dissipative equalizer [8] n n 0 0 0 0 5 1 1 1 1 5 1 5 5 3 5 1 2.85
SC[9] 2n 0 0 n—1 0 0 5 3 5 5 1 2 4 5 5 3 5 4 3.92
ZCS SC [10] 2n 0  n-1 n—1 0 0 3 3 5 5 1 2 3 4 3 3 5 5 3.46
Double-tiered SC[11] 2n 0 0 n 0 0 4 3 5 5 2 2 3 4 4 3 5 4 3.65
Chain structure of SC [12] 2n+4 0 0 n+1 0 0 4 4 5 5 2 3 3 4 4 2 5 4 3.77
Series-parallel SC [13] 4n 0 0 n 0 0 3 4 5 5 5 5 3 4 3 3 2 4 3.81
Automatic SC [14] 4n-3 0 0 n 0 0 3 4 5 5 5 5 3 4 3 3 2 4 3.81
Direct ZCS SC [16] 2n+10 0 1 1 0 0 3 4 2 5 2 2 3 2 3 2 1 5 2.88
Wave trap [22] 2 0 n n n n 2 3 1 1 3 3 1 1 2 1 1 5 2.04
Forward conversion [25] n 0 0 n 0 1 3 5 5 5 5 5 5 3 4 5 4 5 4.46
Flyback conversion [26] 2n—2 0 0 0 2n—2 1 3 4 2 1 3 3 2 2 3 3 2 2 2.58
Proposed equalizer 2n 0 0 n 0 0 4 4 5 5 5 5 5 5 5 5 5 4 4.69
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Fig. 9. Photograph of the implemented prototype for the SCCE.
III. EXPERIMENTAL RESULTS
Fig. 9 shows the implemented prototype for eight

1100-mAh LiFePO, cells connected in series. STP220N6F7
MOSFETs with 2.4-m(2 drain-source on-resistance were used for
switches (11 — QQ15. dSPACE was used for the digital control.
The coupling capacitor was applied by the conventional single
capacitors connected in star. The preferred selection principles
of capacitors are summarized as follows:

1) Nonare selected to achieve the bidirectional energy transfer.
2) The breakdown voltage of capacitors should be higher than
(n — 1) . VB / 2.

3) The appropriate capacitances of capacitors will be in the
range of 20 —1000 wF [9]. In this paper, the capacitance is
28.3 pF, and the equivalent resistance is 67 m¢2.

4) The capacitance tolerance of capacitors is allowed. The con-
sistency of the capacitances only affects the balancing cur-
rents, not the final balanced voltage of the battery string. In
another word, precise equalization can be performed with-
out any requirement for the capacitance matching or tight
tolerances.

Fig. 10 shows the experimental waveforms of the balancing
current 7p1; and the capacitor voltage vpi;. A switching
frequency that is too low or too high would bring the balancing
efficiency and speed drop because of the rise in the equivalent
resistance [15]. In order to achieve a higher balancing efficiency
and speed, the coupling capacitor should be fully charged and
fully discharged per switching cycle. The switching frequency
can be selected properly by the balancing current waveform.
Therefore, the proposed prototype is recommended to operate
at about 28.58 kHz to ensure that the MOSFETs are switched
at the near zero-current state. As shown in Fig. 10, when
MOSFETS 11, Q13, Q15, Q17 are turned ON, the balancing
current ip 11 flows from the upper cells to the SCC. The SCC
is charged by the upper cells. So, the voltage across the SCC
begins to increase. When MOSFETS 12, Q14, Q16, Q15 are
turned ON, ip;; flows from the SCC to the corresponding
lower cells. The lower cells are charged by the SCC, so the
voltage across the SCC begins to decrease. The RMS balancing
current is approximately 0.97 A. Compared with the theoretical
waveforms shown in Fig. 5, we can observe that the changes in
the balancing current are resisted, to some extent, by the stray
inductances in circuits, which also causes the voltage spikes in
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the capacitor voltage during the turn-ON and turn-OFF transitions
of the MOSFETs. Overall, the experimental waveforms agree
with the theoretical waveforms shown in Fig. 5.

Based on (25), Fig. 11(a) shows the measured efficiency 7, as
a function of the output power at the frequency of /= 28.58 kHz.
When the output power increases from 0.15 W to 0.875 W, 7, in-
creases from 76.5% to 92.7%. When the output power increases
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from 0.875 to 1.75 W, 7, decreases from 92.7% to 88.2%. The
measured peak efficiency is 92.7% at the output power of 0.875
W. Moreover, the measured efficiency is independent of the
number of battery cells and the initial cell voltages. These re-
sults show that the proposed equalizer can work with a high
efficiency over a wide range of loading conditions. In order to
prove the improvement of the balancing efficiency of the pro-
posed structure, Fig. 11(b) shows the balancing efficiencies of
the classical SC equalizer. It can be observed that the balanc-
ing efficiency between adjacent two cells is comparable to the
proposed SCCE. However, according to (28), the average bal-
ancing efficiency is lower than the proposed SCCE. Moreover,
the average efficiency of the classical SC method will decline
along with the increase of the number of battery cells.

Fig. 12 shows the equalization results for four LiFePO, cells
with different cell permutations at f = 28.58 kHz. The initial
cell voltages are 3.209, 3.160, 3.110, and 2.679 V, respectively.
The maximum initial voltage gap among cells is 0.53 V. From
Fig. 12(a)—(j), it can be observed that under any cell permutation,
the equalization for cells can be well executed by the proposed
SCCE. Table IV illustrates the balancing time, balanced voltage,
and voltage gap among cells after balancing. These results prove
that the proposed balancing operation is independent of the cell
positions in the series-connected battery string, demonstrating
the strong robustness of the proposed equalizer.

In order to further verify the validity of the proposed equal-
izer, Fig. 13 shows the equalization results with different initial
voltages. We can observe that the proposed equalizer can gather
simultaneously the cell voltages together under any imbalance
situation of the series-connected string, showing the good per-
formance of the proposed equalizer. Table V summarizes the
balancing performances with different initial voltages.

In order to show the advantages of the proposed equalizer
over the conventional equalizers, Fig. 14 shows the balancing
results of the classical SC method. The initial cell voltages are
the same as shown in Fig. 13. It can be observed that due to
the adjacent-cell-to-cell equalization, some cell voltages first go
down and then go up, which leads to the unnecessary energy
loss. Table VI summarizes the balancing time, balanced voltage,
and voltage gap among cells after balancing. Comparing the
balancing results shown in Table VI with these in Table V, it
can be concluded that the proposed method have advantages
over the conventional one in the balancing speed, efficiency,
and equalization performance.

To verify the validity of the proposed simplified equalizer
shown in Fig. 7 and Fig. 15 shows the equalization result with
the same initial voltages as Fig. 12(a). It can be observed that
the cell equalization is also well executed by the simplified
equalizer. However, the balancing speed for By, is significantly
improved due to the absence of P14 for the coupling capacitor. In
fact, for the simplified equalizer, capacitance C;4 can be deemed
to be infinite. Therefore, this also proves that the consistency
of the capacitances only affects the balancing currents, not the
final balanced voltages of the battery string.

Fig. 16 shows the modularized equalization results for eight
LiFePOy cells, which are divided into two separate four-cell
modules at f = 28.58 kHz. As shown in Fig. 16(a), the initial cell
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Fig. 12.

TABLE IV

Experimental results of the proposed equalizer for four LiFePO, cells with different cell permutations at f = 28.58 kHz.

BALANCING RESULTS OF THE PROPOSED METHOD WITH DIFFERENT CELL PERMUTATIONS

Fig. 12 (a) (b) (©) (d) (e) () (€ (h) ® G
Balancing time (s) 6000 6000 6000 6000 6000 7000 7000 7000 6000 6800
Balanced voltage (V) 3.096  3.106 3.093 3.101  3.089 3.099 3.097 3.099 3.086  3.107
Voltage gap after balancing (mV) 2 3 4 6 6 6 6 4 5 6
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Fig. 13.  Experimental results of the proposed equalizer for four LiFePO4

cells with different initial voltages at f = 28.58 kHz.
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TABLE V
BALANCING RESULTS OF THE PROPOSED METHOD WITH DIFFERENT INITIAL
VOLTAGES
Fig. 13 (a) (b) (©) (d)
Balancing time (s) 7945 5727 6940 9209
Balanced voltage (V) 3.055 3.133 3.084 3.096
Voltage gap after balancing (mV) 5 5 6 4

TABLE VI
BALANCING RESULTS OF THE CLASSICAL SC METHOD WITH DIFFERENT
INITIAL VOLTAGES
Fig. 14 (a) (b) (©) (@)
Balancing time (s) 16270 28880 16340 17500
Balanced voltage (V) 2.997 3.119 3.052 3.085
Voltage gap after balancing (mV) 8 4 9 5
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voltages are 2.669, 2.928, 2.968, 3.038, 3.077, 3.114, 3.165, and
3.200 V, respectively. The initial maximum voltage gap among
cells is 0.531 V. After about 10000 s, a balanced voltage of
3.030 V is achieved, and the voltage gap among cells is 9 mV.
Fig. 16(b) shows the equalization result with different initial
voltages. The initial cell voltages are 3.202, 3.161, 3.107, 3.057,
3.016, 2.963,2.901, and 2.620 V, respectively. The cell voltages
are balanced after about 6500 s with the balanced voltage of
3.029 V and the voltage gap of 6 mV. These experimental results
verify the validity of the proposed modularized equalizer.

IV. CONCLUSION

An automatic any-cells-to-any-cells equalizer based on
switched coupling capacitor is proposed and a prototype for four
cells is implemented. The configuration of the proposed equal-
izer, the operation principles, the modular design, the compari-
son with the conventional SC equalizers, and the cell balancing
performance are presented in this paper. Experimental results
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demonstrate that the proposed circuit has outstanding any-cells-
to-any-cells equalization performance with a simple control,
and the energy transfer efficiency among cells can reach up to
92.7%. The proposed equalizer achieves the automatic voltage
equalization without cell voltage monitoring, obtains the global
equalization for a battery string without the requirement of ad-
ditional equalizers for modules, and has lower voltage stress on
MOSFETs, which ensures the system high reliability and ease of
implementation. In the future, inductors will be considered to
be added in the proposed topology to achieve soft switching and
restrain the large rush current because of the zero initial voltages
of capacitors at the beginning of balancing.
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