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ABSTRACT Energy storage package usually consists of multiple cells. The associated cell equalization
is important for cell package design. An innovative and efficient switched-capacitor balancing circuit is
proposed in this paper to achieve cell voltage balancing for a package of hybrid energy sources. The key
feature is that the balancing is not just restricted to equal cell voltage but is extended to different cell
combinations that will be beneficial for non-sorted cell packages, for different types of Li-ion cells, and for
other applications, such as second-life retired batteries. The topology and operation process of each switching
state for this voltage equalizer are analyzed in detail. The mathematical derivation, software simulation, and
laboratory experiment are conducted to verify the feasibility of this model. This proposed voltage equalizer
is especially useful with the increasing establishment of hybrid systems, which take advantages of different

types of energy sources or energy storage devices.

INDEX TERMS Voltage balancing, hybrid energy sources, supercapacitors.

I. INTRODUCTION

Eco-friendly products become a major player of the global
power and renewable energy industry. Batteries and super-
capacitors (SC) are widely used in electric vehicles, dis-
tributed generation systems, energy storage systems and so
on [1]-[3]. As the power of a single cell of battery or SC
cannot provide sufficient driving force to loads, a series string
of battery or SC units are required to fulfill the voltage
and power requirements for high power applications [4].
However, different batteries and SCs in the same series
have different characteristics such as capacitance, equivalent
series resistance (ESR), equivalent series inductance (ESL)
and self-discharging rate, which may lead to voltage imbal-
ance between each cell in a system [4], [5]. In practice,
although sorting is used before packaging in order to ease
this phenomenon, the imbalance effect becomes more serious
when the energy storage devices get aged. This imbalance
phenomenon is now a well-known problem in series-parallel
connection [1], [4], [6]. Due to unavoidable mismatch of each
cell, the capability of the energy storage system cannot be
fully used. In a charging cycle, the charging current stops
when most or a portion of cells are fully charged while in the
discharging cycle, the energy devices stop when most or a
portion of cells are discharged to a lower limit [7], [8].

Voltage of cells shall be made equal to the required value to
solve these unbalancing problems. The balancing is important
especially when a group of electric vehicles (EV) batteries are
in series connection to make up the high voltage for driving
motor. Balancing for energy storage to the power distribution
and renewable energy storage are in high demand and suitable
technology of balancing is urgently needed for a number
of applications.

A variety of cell voltage equalizers have been presented
which can be classified into three main types, including cell
selection, passive methods and active methods [9]. Integrat-
ing cells with similar performance in one package is the
simplest way, but the accuracy and efficiency during sorting
are proved to be low. Passive method is the most widely used
technology. Resistors in parallel with the cells are switched
on when they have higher state-of-charge (SoC) than oth-
ers or when the cells approach the peak withstanding voltage.
As the energy dissipates into the resistor, additional heating
loss is generated. For energy-saving purpose, the charging
and discharging currents of each cell can be actively con-
trolled to keep the same SoC among all cell units such that
the higher energy can be transferred into the cells with lower
energy using power converter circuit, instead of wasting as the
heat loss. This active method is proved to be more efficient

2169-3536 © 2018 IEEE. Translations and content mining are permitted for academic research only.

34254

Personal use is also permitted, but republication/redistribution requires IEEE permission.

VOLUME 6, 2018

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0003-2615-5169
https://orcid.org/0000-0001-7696-5800

X. Wang et al.: Series—Parallel Switched-Capacitor Balancing Circuit for Hybrid Source Package

IEEE Access

so that many advanced equalizers have been designed based
on it using switched-capacitors, inductors, transformers or
converters [1]-[4], [10]-[21].

Voltage balancing based on the switched-capacitor has
simple  structure and easy  control [14]-[16].
References [17] and [18] are used switched-capacitors;
the series—parallel switched-capacitor voltage equalizer are
presented in [19]; converters applied in [20] to form the
equalizer; induction motor in [21] could get the balancing
function, but these papers mostly emphasize the balancing
of single cells and series-parallel connections are applied for
converters and inverters [23], [24]. Future EVs or distributed
generation systems with hybrid energy systems are promising
which take advantage of both battery and SC. As battery has
high energy density while SC has high power density, they
are combined to provide better performance of acceleration,
emergency response [25] and energy storage [26]. Besides,
integrating retired batteries from aged EVs into grid energy
storage will greatly promote environmental protection and
the re-use concept. However the compatibility issue between
different cell brands imposes restraints on the development
of energy storage system because cells have different back-
ground in age, brand and chemicals.

The technique proposed in this paper is intended to
achieve the voltage balancing of a package of energy sources
with a newly developed switched-capacitor circuit, regard-
less of the source types. Balancing techniques for dif-
ferent voltage ratios should be developed to improve the
existing balancing methods and prepare for future vast
applications of various balancing requirements. The cir-
cuit proposed could balance the voltage ratio not only
1:1 but also any preset ratio. Due to the increasing pop-
ularity of hybrid energy systems, the balancing system
proposed in this paper is practical and useful for further
development.

The rest of this paper is organized as follows. Section II
describes the operation principle and the state analy-
sis of the circuit. The modeling of the circuit will be
obtained in Section III. The simulation and experimental
results will be presented in the fourth and fifth sections,
respectively.

Il. SWITCHED-CAPACITOR VOLTAGE BALANCING
CIRCUIT

A. CIRCUITRY DESCRIPTION AND OPERATION PRINCIPLE
As indicated in Fig.1, the circuitry of the series-parallel
switched-capacitor balancing circuit system consists of a
package of hybrid energy sources and SC. Parameter n is
defined in (1) where Vp is the voltage of the source package
and Vgc is the voltage of SC. Three transistors and two
capacitors form a balancing unit. The operation process of
the proposed balancing system is divided into clock phase ¢,
and clock phase ¢, with different switch positions as shown
in Fig.2. The detailed operation principles of clock phase
@, are shown in Section II.B while the illustration of clock
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FIGURE 1. Voltage balancing circuit of package series-parallel
switched-capacitor.
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FIGURE 2. Control signal of the switches.

phase ¢y is shown in Section II.C.

LW
Vsc
Fig.3 (a) illustrates the circuit in ¢,. When each pole of the

main switch S; is turned to connect a-c position, the source

package is in series connection to the switched-capacitors.

When S; is turned to connect b-d position in ¢, the SC is

in parallel connection to the switched-capacitors as shown in

the Fig.3 (b).

ey

B. STATE ANALYSIS IN CLOCK PHASE ¢q

All the switchesS;, S, and S in Fig. 1 can be implemented
by N-channel MOSFET and controlled by the signals shown
in Fig. 2. Fig. 3(a) shows the connection of the switch S;.
During the clock phase ¢,, S; is in a-c position and capacitors
Ci1, Cy to C, are in series connection to the source pack-
age. If the voltage of source package is higher than that of
switched-capacitors Ci, C> to C,, the switched-capacitors
will be charged from the package. Fig.4 (a) shows the charg-
ing flow between the package and SC.
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FIGURE 3. Working principle of the proposed balancing system. (a) Series to the source package; (b) Parallel to the SC.
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FIGURE 4. Circuit of each state. (a) state of ¢q; (b) state of ¢p.

The voltage relationship in the package is shown in (2).
The voltage of the switched-capacitor v¢ and current of the
switched-capacitoric vary during this state and are given
in (3) and (4), respectively.

Vp = Ve + Vscj — ip (rem + rs¢j) ()
1
vV, —(V, — nV n)e @
e = 2= anJ 3)
V, —nV, in _t
iC ([) — P n Cs_mlne Tta (4)

R,

where Vp is the voltage of the package; Vp,, is the voltage
of the batteries and V¢ is the voltages of the SCs in the
package; ip is the current of the package, given that ip = ic;
rem and rscj are the ESR of the batteries and SCs in the
package respectively; Vs min is the minimum initial voltage
of the switched- c.'il})acnor C, which is one of all the switched-
capacitors when l > Vsc.

R, is the total resistance including all the ESR of
the switched-capacitors. nrc and all the ON-resistance
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(n — Drs, + 2rs, of the Sy to Szu—1 and S; in the ¢,, and
the time constant 7, in the ¢, are shown as

2r
rsa + _St)
n

where C, is the capacitance of the series switched-capacitor
string, C, = %

Similarly, during the clock phase ¢,, if the voltage of
source package is lower than that of the switched-capacitors
Cy, Gy to Gy, the switched-capacitors will be discharged.
The variations of the voltage and current during ¢, are given

below

R, &)

(6)

nrc+ M —1)rsq + 2rs;

n—1
tazRaCa=C(rc+

t

V, + (nV, —Vy)e @
ey = 24 e 2 )
Vi -V, _o
ic (1) = ’%e % (8)
a
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where Vcp gy is the maximum initial voltage of the
switched-capacitor Cp, which is one of all the switched-
capacitors when % < Vsc.
C. STATE ANALYSIS IN CLOCK PHASE ¢p,
In the duration of ¢y, S; is changed to b-d position and all
the switched-capacitors are in parallel as shown in Fig.4 (b).
When the voltage of the SC is higher than the voltage of
the switched-capacitors connected in parallel, charge will
transfer from the SC to switched-capacitors. Otherwise, SC
will be charged by the switched-capacitors. v¢;(t) and ic;(t)
are the instantaneous voltage and current of the switched-
capacitors.

Regarding the structure in the circuit,

Wheni =1 orn,

Tpi =71C +1sph
Whenl <i <n,
Tpi =7rc + 2rsp

where i is the range from 1 to n; rp; is the ESR in the ith
branch; rg, is the on-resistance of Sy to Spo,—2.

In the topology analysis, the average resistance of rp ; is
assumed to be equal in all branches in ¢, which is

2n—2

rsh 9)

The time constant 75, in ¢, is dominated by Rj, their
relationship is shown below

Tpi=rc+

szr—c 2n—12

5—rsb + 2rs; (10)
n n

7 = RpCp =C (rc +

2n —

2
rsp + anSt) (11)

where R}, is the sum of all the ESR of the switched-capacitors
and all the ON-resistance of Sp; to Spo,—2 and S;; Cp is
the sum of the capacitance of all the switched-capacitors,
ie. Cp =nC.

During the clock phase ¢, if the switched-capacitor
voltage, Vp, is lower than the voltage of SC, the switched-
capacitors C1, C, to C,, will be charged. The variation of the
voltage and the current is shown below

Vsc = Ve —iscrsc (12)
ve (1) = Vsc — (Vsc — Vep_min) € (13)
Vse — Vi in —L
ic(t) = ME 5 (14)
Ry

where Vs/c is the internal voltage of the SC; igc is the cur-
rent of the SC, given that isc = nic; rsc is the ESR the
SC; Vcp_min 18 the minimum initial voltage of the switched-

capacitor when % < Vse.
IfV¢p, is higher than the voltage of SC, the switched-
capacitors Cq, C; and C,, will be discharged. The variation

of the voltage and current is shown below
_t
ve (1) = Vse + (Ves_max — Vsc) e @ (15)
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VCsfmax - VSC e*é (16)
Ry

ic(t) =
where Vcs max 1s the maximum initial voltage of the
switched-capacitor when % > Vsc.
Ill. MODELING FOR SWITCHED-CAPACITOR VOLTAGE
EQUALIZER
A. EQUIVALENT RESISTANCE ANALYSIS
During the progress of charge and discharge in one cycle,
based on (3) and (15), Vg reaches maximum at the end of
¢, and reduces to minimum at the end of ¢,. Similarly, based
on (7) and (13), V¢, reaches maximum at the end of ¢, and
reduces to a minimum at the end of ¢,. Variation principles
of V¢ are expressed in Table 1.

TABLE 1. Variation principles of V.

4 v,
> Vsc —< Vsc
L I
yo e w)e™ agy |, Bt (e Y)e ™ (1)
Cs_max n Cp_min n
X 5
Ve min =Vse H (Ve =Vic ) 2 U8) | Vo =V =(Vee =V )¢ (20)

where Ty = ]%, f is the switching frequency of the switch.
The difference between Vg max and Vg min, by subtract-
ing (17) by (18), when “2 > Vgc, is then

Vp —nVsc =n (VCs_max - VCs_min)
| — e Fae T
X 21

1 1

1 _ 1 [
1l—e 2l —e 20 + e Zule 2uf
Vp—nVSC
1

When (21) is substituted into (22), given that I = gf
and the quantity of electric charge in this cycle is
q = C(V¢_max — Vcs_min), the equivalent resistance R, could
be further expressed as

Req = (22)

1 1
| — ¢ %l o T
n e e (23)

Req:C— I _ L
S e mg — e T +e Te T

Similarly, when % < Vsc, by subtracting (20) from (19),
R.4 can be obtained to be the same as (23).

B. ENERGY CONVERSION LOSS ANALYSIS

After the balancing progress, all the quantity of electric
charge Q transfers between source package and SC, from the
higher voltage source to lower voltage source. In the end of
the progress, total source package voltage is equal to n times
voltage of SC which V,,, represents the equilibrium voltage
value during the transition process between ¢, and ¢p.
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Vavg can be expressed as

0 nQ
Vavg = VP__ Zn(VSC+_)
C c

VpCp + VscC
_ n@mVpCp + VscCsc) 24)
n%Cp + Csc
Energy stored in the SC and source package before
balancing is:

1 1
E(0) = 5Csc Vi + 3 pVE (25)

Energy stored in the SC and source package after the
process is:

1 Csc
B0 = 5V, (G + )

1 (nVpCp + VscCsc)?

= 26
2 nsz + Csc (26)
The energy conversion loss is:
1 CscCp (nVsc — Vp)?
Eloss = E(0) —E(00) = 5 (27

2 n2Cp + Csc

As it is shown in (27), the initial voltage and voltage ratio
are the parameters that will affect energy conversion loss,
instead of the capacitance and the ESR of the switched-
capacitors or the switching frequency.

Vsc =

FIGURE 5. Model of the Balance circuit.

C. BALANCING DURATION ANALYSIS

As it is shown in Fig. 5, the source package and SC can be
formulated to be charged or discharged between each other
with a current conversion ratio, n. The voltage of the SC, V¢,
and source package Vp and the current of the source package
Ip could be illustrated as:

Vse(t) = Vsc(0) — CLSC / Ipdt (28)
1

Vp() = Vr(O) + - / Ipd (29)
P
_ nVsc —Vp

Ip = T (30)

By substituting (30) and solving (28-29) with Laplace
Transform, the voltage difference AV = nVgc-Vp during the
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FIGURE 6. The experimental application for hybrid source electric vehicle.

balancing process can be expressed as

AV _ (e ) k)
AV (0)

Therefore, by setting a termination voltage difference
AV (end), the duration of the balancing process can be
derived from (31) and given as

P 1 In AV (end) (32)

a2 1) (L AV (0)
(¢ ) (&)

The balancing duration is mainly decided by the capacity
of the source package, SC and also the equivalent resistance

of the equalizer. If ¢ is large enough, both nVsc and Vp would
be very close to V,,, when AV approaches zero.

3D

IV. SIMULATION RESULTS OF THE
SWITCHED-CAPACITOR VOLTAGE EQUALIZER
The proposed circuit is simulated by PSIM software which
all the components are made ideal. The circuit topologies of
voltage ratio n = 2, 3, 4 are built in the simulation interface.
Assume the source package is composed of the SCs with
the same capacitance 1F. For the switched-capacitors two
parameters C = 100uF and 220uF are used in simulation
while f = 10 kHz and 30 kHz of the control signal are used
to operate the circuit. The above configuration is only used for
case study. In practical application, the composition of source
energy storage package can be scaled to one’s requirement
and the parameters of C and f can be optimized accordingly.
In the simulation analysis, all the components are assumed
to be ideal, given that 7, = 7, = 0, the equivalent resis-
tance R, in (23) could be further expressed as

n
¢

Table 2 illustrates the comparison of the waveforms in
the simulation varied with capacitance C, switching fre-
quency f and n. It is observed that both Vg¢ and % finally
converge to the same voltage level in all circumstances.
When C is larger, the balancing duration is comparatively
shorter because the charging/discharging capacity during one
switch cycle is higher. Whenf is larger, the switching speed is
faster that accelerates the equalization process. The balancing
phenomenon conforms the principles in (32).

Rog = (33)
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TABLE 2. Simulation results of the switched-capacitor voltage equalizer.

V;’;ttf‘fe C=100yF, f~10kHz C=200yF, f~10kHz C=100yF, f=30kHz
Vp/2 Vsc Vpi2 Vsc Vp/2 Vsc
n=2
n=3
n=4
0 1 2 0 1 2 0 1 2
X: Time(s); Y: Voltage(V)

SCs == &J%§
I

SC ==
StJé} Sbi |

S1JE_§ G T | Sb2

SCi1 ==

&Jﬁ#

FIGURE 7. Double voltage ratio equalizer built in laboratory.

V. EXPERIMENTAL RESULTS OF THE
SWITCHED-CAPACITOR VOLTAGE EQUALIZER
The proposed circuit has the capability of performing balanc-
ing for different voltage ratios and it is highly suitable for
energy storage cell package where different cell voltage units
are integrated into an energy storage package. To verify the
validity of mathematical derivation and software simulation,
a double voltage ratio balancing circuit is built in the labora-
tory which is shown in Fig.6, it is the energy storage package
for a hybrid electric vehicle with different voltage levels.
Two SCs are combined to simulate the performance of the
energy source package. Topology of the equalizer is shown
in Fig. 7 and the list of components is recorded in Table 3.
The voltage balancing process of the experiment is shown
in Fig.8. The initial voltages of the source package and

VOLUME 6, 2018

TABLE 3. Parameters in the experiment.

Units Quantity
Supercapacitor 3
(DRL357S0TQ60SC)
Capacitance of SCs 350F
ESR of SCs 20mQ
MOSFET 7
(IRFR3607PBF)
ON-resistance of MOSFETs 7.34 mQ
Switched-capacitor )
(EEHZA1HI101P)
Capacitance qf Switched- 1004F, 200F
capacitors
ESR of Switched-capacitors 28 mQ
Switch frequency 10kHz, 30kHz

SC are 5.2V and 2.3V, resg)/ectively. After the voltage bal-
ancing is conducted, both 7" and V¢ are balanced to the
same voltage magnitude, which coincides with the results
of theoretical analysis. The voltage after balance operation
is 4.96V and 2.49V. The initial energy stored in the package
source and SC is 3291.8J, and energy stored after balance is
3237.7]. The energy conversion loss during the experiment
is 54.1J which is close to the results calculated by (27) and
the efficiency is 98.4%. Fig. 9 depicts the voltage and current
variations of switched-capacitors during different frequencies
(C=100uF, f=10 kHz; C=100uF, f=30 kHz) and phases
defined in Fig. 2. In the field test, voltage variation follows
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FIGURE 8. The balancing waveform from the experiment in the laboratory (a) C=100.F, f=10 kHz; (b) C=200xF, f=10 kHz; (c) C=100.F, f=30kHz.
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FIGURE 9. The voltage V¢ and current Ic waveform of switched-capacitor C; during the balancing progress (a) C=100y.F, f=10 kHz; (b) C=100uF, f=30kHz.

the functions (3) and (15) while current variation conforms
to (4) and (16). The experiment results demonstrate that the
variation of both voltage and current is conformed to the
charging/discharging principles in each phase.

VI. CONCLUSION

In this paper, series-parallel circuit configuration and oper-
ation principles of the innovative switched-capacitor volt-
age equalizer are demonstrated to effectively promote the
use of hybrid source package composed of different cells.
The equivalent circuit of the balancing model is described
to show the process of voltage balancing. The key of the
model is the use of an equivalent resistor which corresponds
to the switching frequency and capacitance. The switching
frequency and capacitance can be further adjusted to obtain
the desired operation performance. An equalizer prototype
for a package of energy sources with double voltage ratio
is built in practical experiment to substantiate the validity
of theoretical analysis. This innovative voltage equalizer is
proved to be efficient and practical for industrial application.
With the coming high demand in energy storage for mobil-
ity and renewable energy, the proposed technology provides
a future development tool for non-equal cell integration.
The components used in balancing is low-cost and of high
efficiency.

REFERENCES

[1] F. Ju, W. Deng, and J. Li, “Performance evaluation of modularized global
equalization system for lithium-ion battery packs,” IEEE Trans. Automat.
Sci. Eng., vol. 13, no. 2, pp. 986-996, Apr. 2016.

34260

[2]

3

[l

[4

=

[5]

[6

—

[7

—

[8]

[9]

[10]

(11]

[12]

A. Xu, S. Xie, and X. Liu, “Dynamic voltage equalization for series
connected ultracapacitors in EV/HEV applications,” IEEE Trans. Veh.
Technol., vol. 58, no. 8, pp. 3981-3987, Oct. 2009.

A. Choudhury, P. Pillay, and S. S. Williamson, *“Comparative analysis
between two-level and three-level DC/AC electric vehicle traction inverters
using a novel DC-link voltage balancing algorithm,” IEEE J. Emerg. Sel.
Topics Power Electron., vol. 2, no. 3, pp. 529-540, Sep. 2014.

S. Shili, A. Hijazi, A. Sari, X. Lin-Shi, and P. Venet, “‘Balancing circuit new
control for supercapacitor storage system lifetime maximization,” IEEE
Trans. Power Electron., vol. 32, no. 6, pp. 4939-4948, Jun. 2017.

E. Chemali, M. Preindl, P. Malysz, and A. Emadi, “Electrochemical and
electrostatic energy storage and management systems for electric drive
vehicles: State-of-the-art review and future trends,” IEEE J. Emerg. Sel.
Topics Power Electron., vol. 4, no. 3, pp. 1117-1134, Sep. 2016.

C. Schaef and J. T. Stauth, ““A highly integrated series—parallel switched-
capacitor converter with 12 V input and quasi-resonant voltage-mode
regulation,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 6, no. 2,
pp. 456464, Jun. 2017.

L. Xinghua and Z. Mingkun, “Research on high-precision survey of super-
capacitor ESR,” in Proc. Int. Conf. Electron., Commun. Control (ICECC),
2011, pp. 1627-1630.

F. Baronti, G. Fantechi, R. Roncella, and R. Saletti, “High-efficiency
digitally controlled charge equalizer for series-connected cells based on
switching converter and super-capacitor,” IEEE Trans. Ind. Informat.,
vol. 9, no. 2, pp. 1139-1147, May 2013.

J. Gallardo-Lozano, E. Romero-Cadaval, M. I. Milanes-Montero, and
M. A. Guerrero-Martinez, ‘‘Battery equalization active methods,” J. Power
Sources, vol. 246, pp. 934-949, Jan. 2014.

M. Uno and K. Tanaka, “‘Single-switch multioutput charger using voltage
multiplier for series-connected lithium-ion battery/supercapacitor equal-
ization,” IEEE Trans. Ind. Electron., vol. 60, no. 8, pp. 3227-3239,
Aug. 2013.

Y. Shang, C. Zhang, N. Cui, and J. M. Guerrero, “A cell-to-cell battery
equalizer with zero-current switching and zero-voltage gap based on quasi-
resonant LC converter and boost converter,” IEEE Trans. Power Electron.,
vol. 30, no. 7, pp. 3731-3747, Jul. 2015.

T. Ohno, T. Suzuki, and H. Koizumi, ‘“Modularized LC resonant switched
capacitor cell voltage equalizer,” in Proc. 40th Annu. Conf. IEEE Ind.
Electron. Soc., Oct./Nov. 2014, pp. 3156-3162.

VOLUME 6, 2018



X. Wang et al.: Series—Parallel Switched-Capacitor Balancing Circuit for Hybrid Source Package

IEEE Access

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Y.-S. Lee and M.-W. Cheng, “Intelligent control battery equalization for
series connected lithium-ion battery strings,” IEEE Trans. Ind. Electron.,
vol. 52, no. 5, pp. 1297-1307, Oct. 2005.

Y. Ye, K. W. E. Cheng, J. Liu, and K. Ding, “A step-up switched-capacitor
multilevel inverter with self-voltage balancing,” IEEE Trans. Ind. Elec-
tron., vol. 61, no. 12, pp. 6672-6680, Dec. 2014.

R. Barzegarkhoo, H. M. Kojabadi, E. Zamiry, N. Vosoughi, and L. Chang,
“Generalized structure for a single phase switched-capacitor multilevel
inverter using a new multiple DC link producer with reduced number of
switches,” IEEE Trans. Power Electron., vol. 31, no. 8, pp. 5604-5617,
Aug. 2016.

A. C. Baughman and M. Ferdowsi, “Double-tiered switched-capacitor
battery charge equalization technique,” IEEE Trans. Ind. Electron., vol. 55,
no. 6, pp. 2277-2285, Jun. 2008.

Y. Yuanmao, K. W. E. Cheng, and Y. P. B. Yeung, ‘““Zero-current switch-
ing switched-capacitor zero-voltage-gap automatic equalization system
for series battery string,” IEEE Trans. Power Electron., vol. 27, no. 7,
pp. 3234-3242, Jul. 2012.

M.-Y. Kim, C.-H. Kim, J.-H. Kim, and G.-W. Moon, “A chain structure
of switched capacitor for improved cell balancing speed of lithium-ion
batteries,” IEEE Trans. Ind. Electron., vol. 61, no. 8, pp. 3989-3999,
Aug. 2014.

Y. Ye and K. W. E. Cheng, “Modeling and analysis of series—parallel
switched-capacitor voltage equalizer for battery/supercapacitor strings,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 3, no. 4, pp. 977-983,
Dec. 2015.

K. Wang, Y. Li, Z. Zheng, and L. Xu, “Voltage balancing and fluctuation-
suppression methods of floating capacitors in a new modular multilevel
converter,” IEEE Trans. Ind. Electron., vol. 60, no. 5, pp. 1943-1954,
May 2013.

P. N. Tekwani, R. S. Kanchan, and K. Gopakumar, “A dual five-level
inverter-fed induction motor drive with common-mode voltage elimina-
tion and DC-link capacitor voltage balancing using only the switching-
state redundancy—Part II,” IEEE Trans. Ind. Electron., vol. 54, no. 5,
pp. 2609-2617, Oct. 2007.

M. Shousha, T. McRae, A. Prodic, V. Marten, and J. Milios, “Design and
implementation of high power density assisting step-up converter with
integrated battery balancing feature,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 5, no. 3, pp. 1068-1077, Sep. 2017.

Y. Beck, S. Singer, and L. Martinez-Salamero, ‘“Modular realization
of capacitive converters based on general transposed series—parallel
and derived topologies,” IEEE Trans. Ind. Electron., vol. 61, no. 3,
pp. 1622-1631, Mar. 2014.

Y. C. Fong, Y. Ye, S. R. Raman, and K. W. E. Cheng, “A hybrid
multilevel inverter employing series-parallel switched-capacitor unit,”
in Proc. IEEE Appl. Power Electron. Conf. Expo. (APEC), Mar. 2017,
pp. 2565-2570.

L. Zubieta and R. Bonert, *“Characterization of double-layer capacitors for
power electronics applications,” IEEE Trans. Ind. Appl., vol. 36, no. 1,
pp. 199-205, Jan. 2000.

Z. Cerovsky and P. Mindl, “‘Regenerative braking by electric hybrid vehi-
cles using super capacitor and power splitting generator,” in Proc. Eur.
Conf. Power Electron. Appl., 2005, p. 10.

VOLUME 6, 2018

XIAOLIN WANG received the bachelor’s
degree in electrical engineering and automa-
tion from Three Gorges University, Yichang,
China, in 2012, and the master’s degree in
electrical engineering from The Hong Kong
Polytechnic University, Hong Kong, in 2013,
where she is currently pursuing the Ph.D.

X \ degree with the Department of Electrical
LS . Engineering.
= Her research interests include the supercapaci-

tor balancing system and the battery/supercapacitor hybrid EV.

KA WAI ERIC CHENG (M’90-SM’06) received
the B.Sc. and Ph.D. degrees from the University of
Bath, Bath, U.K., in 1987 and 1990, respectively.
Before joining The Hong Kong Polytechnic Uni-
versity, Hong Kong, in 1997, he was with Lucas
Aerospace, London, U.K., as a Principal Engineer.
He is currently a Professor and the Director of the
Power Electronics Research Centre, Department
of Electrical Engineering, Faculty of Engineering,
The Hong Kong Polytechnic University. He has
authored or co-authored over 250 papers and seven books. His research inter-
ests include all aspects of power electronics, motor drives, electromagnetic
interference, electric vehicles, battery management, and energy saving.

Dr. Cheng was a recipient of the Institution of Electrical Engineers Sebas-
tian Z De Ferranti Premium Award in 1995, the Outstanding Consultancy
Award in 2000, the Faculty Merit Award for Best Teaching in 2003 from
The Hong Kong Polytechnic University, the Faculty Engineering Industrial
and Engineering Services Grant Achievement Award in 2006, the Brussels
Innova Energy Gold Medal with Mention in 2007, the Consumer Product
Design Award in 2008, the Electric Vehicle Team Merit Award of the Faculty
in 2009, the Geneva Invention Expo Silver Medal in 2011, the Eco Star
Award in 2012, the Gold prize at Seoul International Invention Fair in 2015,
and the iCAN Gold Medal at Canada in 2016.

YAT CHI FONG received the B.Eng. degree in
electrical engineering from The Hong Kong Poly-
technic University, Hong Kong, in 2013, where he
is currently pursuing the Ph.D. degree.

In 2013, he joined the Department of Elec-
trical Engineering, The Hong Kong Polytech-
nic University, as a Research Intern, where he
is also a Research Student. His research inter-
ests include dc—dc power converters, multilevel
inverters, switched-capacitor circuits, and battery
management systems.

34261



	INTRODUCTION
	SWITCHED-CAPACITOR VOLTAGE BALANCING CIRCUIT
	CIRCUITRY DESCRIPTION AND OPERATION PRINCIPLE
	STATE ANALYSIS IN CLOCK PHASE a
	STATE ANALYSIS IN CLOCK PHASE b

	MODELING FOR SWITCHED-CAPACITOR VOLTAGE EQUALIZER
	EQUIVALENT RESISTANCE ANALYSIS
	ENERGY CONVERSION LOSS ANALYSIS
	BALANCING DURATION ANALYSIS

	SIMULATION RESULTS OF THE SWITCHED-CAPACITOR VOLTAGE EQUALIZER
	EXPERIMENTAL RESULTS OF THE SWITCHED-CAPACITOR VOLTAGE EQUALIZER
	CONCLUSION
	REFERENCES
	Biographies
	XIAOLIN WANG
	KA WAI ERIC CHENG
	YAT CHI FONG


