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Abstract—This paper presents a modular equalization system
integrating module- and cell-level voltage equalizers for energy
storage systems consisting of series-connected modules, each
comprising multiple cells connected in series. Star-connected
phase-shift switched capacitor converters (PS-SCCs) and tapped-
inductor-based resonant voltage multiplier (TI-RVM) are
employed as a module- and cell-level equalizers, respectively. The
module- and cell-level equalizers are integrated with sharing
active switches, hence halving the total switch count and achieving
reduced system cost and complexity in comparison with
conventional systems. In addition, equalization currents in both
the PS-SCC and TI-RVM can be inherently constant regardless of
voltage imbalance conditions, offering intrinsic current limitation
capability at both the module and cell levels. An experimental
equalization test was performed using the prototype for five
electric double-layer capacitor (EDLC) modules, each containing
six cells connected in series. Module and cell voltages were
equalized at different rates, and voltage imbalance was eventually
eliminated even during cycling, demonstrating the equalization
performance of the proposed modular equalization system.

Keywords—Electric  double-layer  capacitor  (EDLC),
modularization, phase-shift switched capacitor converter (PS-SCC),
voltage equalization.

1. INTRODUCTION

The advent of renewable energy sources has ignited the rapid
expansion of applications and energy capacity of energy storage
systems based on lithium-ion batteries and electric double-layer
capacitors (EDLCs). Nowadays, such energy storage devices
can be found anywhere from small portable electric devices to
large-scale systems, including electric vehicles and utility-scale
energy storage systems. Multiple energy storage cells are
connected in series to meet voltage requirements of loads, but a
variety of challenges originate from a characteristic mismatch
of series-connected cells.

This paper is an extension of a conference paper entitled “Simple modular
equalization system with reduced switch count and constant current
characteristics for series-connected EDLC modules” at /[EEE Int. Conf.
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In a voltage-mismatched energy storage module consisting
of series-connected cells, some cells with higher/lower voltages
might be over-charged/-discharged during cycling. Charging
and discharging cells beyond safety boundaries (i.e., upper and
lower voltage limits) would cause not only premature
irreversible degradation but also hazardous consequences such
as fire or, in the worst case, explosion. Hence, charging and
discharging of the energy storage module as a whole must be
halted before any cells reach safety boundaries, but cells in the
module can no longer be fully charged nor discharged. To fully
exploit life performance and to utilize stored energies of such
energy storage systems, individual voltages of series-connected
cells need to be balanced.

Various kinds of cell voltage equalizers have been developed
and commercialized [1], [2]. Adjacent cell-to-cell equalizers,
such as bidirectional PWM converters [3]-[5] and switched
capacitor converters (SCCs) [6]-[11], transfer energies
between adjacent two cells. These equalizers can be flexibly
applied to any number of cells without redesigning, but power
conversion losses are prone to collectively soar because the
power transfer is limited only between adjacent cells. Pack-to-
cell equalizers that are essentially a single-input—-multi-output
converter can drastically simplify the circuit because their
switch count can be a few regardless of the number of cells
[12]-[24]. However, the poor design flexibility is cited as their
drawback because these pack-to-cell equalizers need to be
redesigned to be applied to a different number of cells.

Equalizers with selection switches have been developed
mainly for automotive applications where several tens of cells
are connected in series [25]-[34]. The number of converters as
well as passive elements can be greatly reduced, realizing
reduced circuit volume. However, numerous bidirectional
switches are necessary, unavoidably resulting in increased
circuit complexity. Cascaded equalization systems, in which
each cell is equipped with a bidirectional converter, are fully
extendable and offer operational redundancy [35]-[38]. In spite
of their good modularity, the circuit complexity and cost are
expected to soar as each cell essentially requires a bidirectional
converter.

For large-scale energy storage systems, modular design has
become mainstream as it can improve the scalability and
facilitate the system assembly. Such systems consist of multiple
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series- and parallel-connected modules, each comprising
several cells connected in series or parallel. In such modular
energy storage systems, not only individual cell voltages in
each module but also module voltages need to be balanced to
unify all cell voltages in the systems. Different equalizer
topologies can be employed for module- and cell-level
equalizers, depending on applications and requirements. In
large-scale systems, for example, temperature mismatch among
modules tends to be relatively significant due to their large
geometry [55], [56], and therefore, equalizers capable of
relatively large equalization currents would be necessary for
module-level equalization—Ilarge temperature mismatch leads
to nonuniform self-discharge of modules, exacerbating voltage
imbalance among modules. Meanwhile, cell temperatures in
each module can easily be uniform thanks to their small
geometries, thus equalizers with small equalization currents
would be sufficient for cell-level equalization.

Equalization architectures for modular systems have been
proposed [39]-[47]. Cell- and module-level equalizers are
separately used in ordinary modular systems, as illustrated in
Fig. 1, hence increasing the system complexity and cost. These
modular systems also have an issue of the collective power
conversion loss because of adjacent module-level equalizers—
power transfer is limited only between adjacent modules.
Furthermore, since energy storage cells are essentially a voltage
source, both the module- and cell-level equalizers should
desirably exhibit constant current characteristics without
feedback control in order to avoid excessive currents.

In our previous study [48], the modular equalization system
integrating the cell- and module-level equalizers with inherent
constant current characteristics have been proposed for EDLCs.
This paper presents the fully developed work of [48]. The
proposed modular equalization system consists of star-
connected phase-shift (PS) SCC-based module equalizers and
tapped-inductor resonant voltage multiplier (TI-RVM)-based
cell-level equalizers. Not only can any modules transfer power
directly but also currents in both PS-SCC and TI-RVM can be
automatically limited due to inherent constant current
characteristics.
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Fig. 1. Conventional modular equalization systems with separate module
and cell equalizers. (a) Adjacent module-to-module and adjacent cell-to-
cell equalizers. (b) Adjacent module-to-module and module-to-cell
equalizers.

The rest of this paper is organized as follows. Section II
describes the proposed modular equalization system and its
major benefits. Detailed operation analyses for the TI-RVM and
star-connected PS-SCC will be performed separately in Section
II1, in which the star-connected PS-SCC is transformed into a
delta-connected one in order to simplify the analysis. Section
IV discusses the control strategy, followed by the design
example in Section V. Section VI derives a dc equivalent circuit
of the modular equalization system and presents its equalization
profiles. The results of experimental verification tests using a
prototype for five EDLC modules, each comprising six cells,
will be presented in Section VII. Section VIII presents the
quantitative  comparison between the proposed and
conventional equalization systems from the viewpoint of
component counts and reported efficiency.

II. PROPOSED MODULAR EQUALIZATION SYSTEM

A. Key Elements for Proposed Modular Equalizer

The proposed modular equalization system comprises two
key elements shown in Figs. 2(a) and (b).

The TI-RVM, shown in Fig. 2(a), is a single-input—multi-
output converter that functions as a cell-level equalizer. Cy is a
dc blocking capacitor. A bias resistor Ryias 1s used to stabilize
voltages of the resonant capacitor C, and coupling capacitors
Ci—C4. Switches Qu and Qp alternately conduct in a
complementary manner with a fixed duty cycle of 0.5. A square
wave voltage generated by the switching leg is divided by the
TI, by which the voltage multiplier is driven. The TI’s leakage
inductance L; resonates with C;, and output currents of the TI-
RVM can be inherently constant when resonant currents are
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Fig. 2. Key circuit elements for modular equalization system: (a) Tapped-
inductor resonant voltage multiplier. (b) Star-connected phase-shift SCC.
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discontinuous, as will be detailed in Section III-C.

The star-connected PS-SCC, shown in Fig. 2(b), operates as
a module-level equalizer. PS angles of all switching legs are
individually manipulated to transfer power among modules
depending on voltage imbalance conditions. All LC tanks are
connected to the common node of X, through which any
modules can transfer power directly. The detailed operation
analysis for the PS-SCC will be performed in Section III.

B. Modular Equalization System

The proposed modular equalization system for three EDLC
modules, each consisting of four cells connected in series, is
shown in Fig. 3. Switches are shared by TI-RVM-based cell-
level equalizers and PS-SCC-based module-level equalizers.
As switches are driven, both cell and module equalizers operate
simultaneously. All switches are driven with a fixed duty cycle
of 0.5, and all cell voltages are automatically balanced by cell-
level equalizers. Meanwhile, PS angles of switching legs need
to be properly manipulated to balance module voltages
depending on module voltage imbalance. The control strategy
will be discussed in Section IV.

C. Features

In comparison with the conventional modular system having
a cell- and module-level equalizers separately (Fig. 1), the total
switch count can be halved thanks to the integration of switches,
achieving the simplified circuit.

The TI-RVM can be applied to any number of cells by
adjusting the configuration of the voltage multiplier. The
module count in the proposed modular equalization system can
be arbitrarily extended with simply adding LC tanks in the

----------- B:uIijV; 4\
Cm3 Lm3 Cell-Level 53-3IJV3 3
Equalizer 3 B3.2 jVa 5 Vs
53.11'}1@ ;
t
B2.4 ITVE 4\
__C{mf_#\“f_ Cell-Level B“IjVs 0
Equalizer 2 B2.2 sz: ax
132.13:__j1/3 E
Cell-Level c4 D8k i B4
o Equalizer 1 — lF]E = MT Vs
QH1 S J_ B1.3
ot NN, 1 6 —|Vis
ml Lm Clbk Lr ’E’k.’.\q DSJEb °T -
[ A l}—r;"—NT‘M‘ 2 ook L o Ml
aL1 v ( cr T lgli ol T/
)Vou T c
£ ) ;_' a DZ]ETiD-w L B1.1
Module & L la =i
Equalizer Vi ( o iinDi DT

Fig. 3. Proposed modular equalization system with PS-SCC-based module
equalizer and TI-RVM-based cell equalizer.

module-level equalizer. The voltage stresses of switches are
equal to a module voltage (Vi) and are independent on module
numbers. Hence, the system can be scaled up without increasing
the switch voltage stress.

Since EDLCs are a voltage source, currents in equalizers
must be properly limited in order to protect the circuits. Both
the TI-RVM and PS-SCC exhibit inherent constant current
characteristics even with open-loop control. Hence, currents in
equalizers can be limited below desired levels even when
voltages are severely mismatched, offering intrinsic tolerance
against excessive currents.

The reliability of the proposed equalization system is
considered superior to conventional ones, thanks to the reduced
switch count. In general, reliability is closely dependent on
circuit component counts. Reducing the switch count is the
most effective way to reduce the total component count in
switching power converters because each switch requires
numerous auxiliary circuit components, including a gate driver
IC and its power supply. The inherent constant current
characteristics of the TI-RVM and PS-SCC are also the
prominent feature that improves the reliability—this feature
realizes an intrinsic tolerance against excessive currents
without employing any protection circuits nor current sensors.

The direct power transfer among modules is also an
advantage over conventional systems. Since the module-level
equalizer, the star-connected PS-SCC, can directly transfer
power through the common node, module voltages can be
equalized faster and more efficiently than the conventional
systems.

III.  OPERATION ANALYSIS

Although the TI-RVM and PS-SCC are integrated with
sharing switches in the proposed equalization system, these two
kinds of equalizers can be analyzed separately. To simplify the
analysis, all the circuit elements are assumed ideal unless
otherwise noted.

A. Operation Modes of TI-RVM

The theoretical operation waveforms and operation modes
are shown in Figs. 4 and 5, respectively. High- and low-side
switches, Qu and Qr, operate with a fixed duty cycle of 0.5 in a
complementary mode. Current flow paths vary depending on
voltage imbalance conditions. In the following, the voltage
imbalance condition where B; is the least charged cell with the
lowest voltage in the module is analyzed as a representative
case, but operations under other imbalanced conditions can be
analyzed similarly.

The switching and resonant frequencies, f; and f;, need to be
determined so that one switching cycle contains two resonant
periods, as

fr > 2fs (1)

L, 2)
NS

where f; is given by
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Fig. 4. Theoretical waveforms of TI-RVM when V/; is the lowest.

where L, is the resonant inductance, C, is the resonant
capacitance, and N (= N,/N:) is the turn ratio of the TI.

Depending on the current flow direction of C,, ic, the
operation can be divided into six modes.

Mode 1 (0 <t<T,/2) [Fig. 5(a )]: Qnu is turned on, and the
voltage of Qr, vor, becomes as high as the module voltage of
Vu. An input current, or a current of Qu, is supplied by the
module consisting of series-connected cells B;—Bs. Sinusoidal
resonant current ic, flows toward the voltage multiplier (VM).
The high-side diode D,, which is connected to the least charge
cell By, conducts, and the input voltage of the VM, vy, is at a
high level. This mode lasts until ic, reaches zero.

Mode 2 (T,/2 <t < T;) [Fig. 5(b)]: Qu is still conducting, but
current flow directions are opposite to those in Mode 1. The
low-side diode D; starts conducting as the direction of ic, is
reversed, and vy drops to the low level. When i¢, reaches zero
again, this mode ends.

Mode 3 (T < t < Ts/2) [not shown]: This mode is unique to
the discontinuous conduction mode. No current flows in the TI-
RVM, except for smoothing capacitors.

Mode 4 [Ty/2 <t < (T, + T;)/2] [Fig. 5(c)]: Qu is turned on,
and its voltage vor becomes zero. Current flow directions of the
resonant tank and VM are identical to those in Mode 2. This
mode ends as the direction of i¢;, is reversed.

Mode 5 [(T, + Ty)/2 < t < (T, + T/2)] [Fig. 5(d)]: Qu is still
conducting, but current flow directions are opposite to those in
Mode 4.

Mode 6 [(7, + Ty/2) <t < T§] [not shown]: Similar to Mode 3,
no current flows in the entire circuit, except for smoothing
capacitors.

In summary, D; and D, that are connected to the least
charged cell By conduct, whereas other diodes do not. An
average current flowing toward B, is equal to that of D; or D,
because an average current of C; must be zero under steady-
state conditions. Hence, B receives an equalization current
from the TI-RVM, while other cells discharge to the input of
the TI-RVM-based cell equalizer. Based on this operation, the

I'\[ D14 (701

h
|
=
“nv - TCo4 ) 4
Q_IiE) C3 Doy B3
N;: N, {1 — ZIjVJ
Cbk Lr D5 Co3

_H_un_./ AE
o Lo

(d)
Fig. 5. Current flow paths of TI-RVM in (a) Mode 1, (b) Mode 2, (c)
Mode 4, and (d) Mode 5.

voltage of Bj, V), increases by receiving the equalization
current, while other cell voltages V-V, decrease by supplying
the input current for the TI-RVM. This power redistribution
eventually unifies all the cell voltages. The detailed voltage
equalization mechanism by the VM can be found elsewhere
[15]-17].
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B. Operation Condition of TI-RVM

The average voltage at the node a [see Figs. 2(a) and 5] is
V1/2 because conduction periods of D; and D, are identical.
Meanwhile, the average voltage at node c is equal to that of
node b (i.e., V; + V) due to Ruiss [see Fig. 2(a)]. Hence, the
voltage of C; is expressed as

1

VCl = Vbias - E

where Vyigs 1s the voltage at node b (i.e., Viias = Vi + V).
From the current flow directions in Fig. 5, vy at its high-
and low-levels are expressed as

4 3

Vv,
Ver + Vi + Vs = Viigs + 71 + Vs (Mode 1,5)
Vym = A 4
VCI - Vf = Vbias - ? - Vf (Mode 2,4)

where V7 is the forward voltage drop of diodes. This equation
can be generalized as

V:
Vpias + 7 + Vs (Mode 1,5)
Vym = (5)

V.
Viias — 71 — Vs (Mode 2,4)

where V; (i = 1...n, where n is the number of cells in a module)
is the voltage of the least charged cell in a module.

As mentioned in Section II-A, the VM is driven by the square
wave voltage generated across N;. In order for the VM to
operate, the peak-to-peak voltage across N> must be greater than
that of vyy. The peak-to-peak voltage of vya, Vyapy can be
obtained from (5), as

VVM.pp =V + 2Vf (6)

For the TI-RVM to operate, the following condition must be
satisfied

The left-hand side of the inequality represents the peak-to-peak
voltage across N,. This equation suggests that N needs to be

determined by taking into account the relationship between Vi
and V.

C. Modeling of TI-RVM

As can be seen in Fig. 4, ic, in Modes 1 and 2 are symmetric
to that in Modes 4 and 5, respectively. ic- in each mode can be
expressed as

Tr
f Uyt W+ DVe'T
lert = ~lera = Zo(N+ DA + 675 e Visinw, t
o ®)
_ DV -Vye'T
i = —i = e Sin.
Vlerz = Tlers =z V¥ DA + e 7™ “r

where icy isic,in Mode x (x=1, 2,4, 5), T, is the resonant period,
Zy s the characteristic impedance, yis the damping factor, and @,
is the resonant angular frequency that are given by
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Zy = 4(: u o Y= — (9)
(N +1) 2L,

J 1:1:1:1:1
Iin ) D, R D 5
eqd —_
GD 7 ¢ H P V4
) " Dy Rys D ——5
eq 5 fleg 5 BT Vs
Q A
i 3 Teq 4 83T Vs
"D, Reg D, —-—5
1 q 2 e VI
|

Fig. 6. DC equivalent circuit of TI-RVM [15].

o = (N+1)2_ 5
r “Ic Y

where R is the total resistance in the resonant current path.

Since an average current of C; must be zero under steady-
state conditions, an equalization current supplied to B, is equal
to an average current of Dy or D,. The current of Dy, ips, in
Modes 1 and 5 is equal to icr, and therefore, the equalization
current, /., is expressed as

L I,
2 2
leq = i(fo icrpdt +f0 lCrSdt>

= ©sOr (10)
2nZy(N + 1)(1 + e 77) (w2 +v?)

T, 2
X {(e_y? + 1) Vi + (N + 1) (e — 1)Vi}

where @; is the angular switching frequency. By assuming R is
ideally small and y= 0, (10) can be simplified to be
wS

nZyw,(N + 1) Vi an
This equation suggests that /., is independent of cell voltages
and can ideally be constant at a given V.

An average input current /;,, which corresponds to an
average current of Qp, is expressed as

1 I, I,

2 lerm 2 lcr2
I, = — ——dt + ——dt
" fo N+1 fo N+1

leg =

Ty
WsWy (e_y7 + 1) (12)
T 2nZo(N + D2(1 + e ") (w0, 2 + 12)
T\ 2
x {(1 - e‘V7) Vy + (N + 1)(1 + e—VTr)V,-}

In the previous work, a dc equivalent circuit of a VM-based
cell voltage equalizer has been derived [15]. The TI-RVM can
also be expressed in the identical equivalent circuit, though its
current characteristics are totally different. The dc equivalent
circuit of the TI-RVM is shown in Fig. 6. All cells supply an
input current in the form of [, for the input, whereas an
equalization current /., is redistributed to cells through an ideal
multi-winding transformer. Since all cells are connected to the
multi-winding transformer through an equivalent resistor Req
and two diodes, /., automatically flows toward the least charged
cell(s) having the lowest voltage in the module. Characteristics
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of the current sources of /., and /;, correspond to (10) and (12),
respectively, while R.,; is given by [23]
R ! + 2fr 13
N Al (13)
where C; is the capacitance of C;, and r is the collective
resistance of the current path of the TI-RVM.

D. Transformation from Star- to A-Connected PS-SCCs

Each LC tank in the star-connected PS-SCC, shown in Fig.
2(b), is connected between each node and the common node X,
and therefore, operations of three LC tanks are mutually
dependent. For example, the voltage across the LC tank tied to
node A is dependent on the voltages at both nodes B and C (i.e.,
vz and vgsr). It implies that currents of LC tanks, iz;—iz3, are
dependent on all node voltages, vori—vor3, making the analysis
complex. The degree of complexity soars as the number of LC
tanks or modules grows, rendering the analysis impractical. In
this section, the star-connected PS-SCC is transformed into a A-
connected circuit in order to simplify the analysis.

In general, a star-connected or Y-connected circuit can be
transformed into a A-connected one, as shown in Fig. 7(a).
Branch impedances Z in the star-connected circuit containing
three input nodes A—C are equivalently transformed to be 3Z in
the A-connected circuit. For the case of & branches, the
transformed equivalent impedance will be k times that of the
original impedance Z. The case of k = 5, for example, is shown
in Fig. 7(b), in which all nodes are individually connected
through an equivalent impedance of 5Z.

()
Fig. 7. Transformation from star- to A-connected circuits. (a) Three
impedance branches. (b) Five impedance branches. (b) PS-SCC for three
modules.

LC tanks in the star-connected PS-SCC can similarly be
transformed into the A-connected version, as shown in Fig. 7(c),
in which the PS-SCC for three modules is illustrated as a
representative case. The inductance L,, and capacitance C, in
the star-connected PS-SCC for three modules are transformed
to be 3L,, and 1/3C,, in the A-connected PS-SCC. Each LC tank
in the A-connected PS-SCC is directly connected between two
out of three nodes A’—C’, and therefore, currents of the LC
tanks (izer2, ire23, and ize3;) can be determined in a similar way
as a basic PS-SCC [49]. Although the PS-SCC for three
modules (i.e., £ = 3) only is illustrated as a representative case,
the transformation from the star- to A-connected PS-SCC can
be applied to any integer value of k.

E. Modeling of Basic PS-SCC

This subsection presents the theoretical model of the basic
PS-SCC for two modules. Operation waveforms and current
flow paths in the case of Vs > Vi (power transfer from M; to
M) are shown in Figs. 8 and 9, respectively. The operation is
roughly divided into four modes, Modes I-IV. Dead time
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Fig. 8. Theoretical waveforms of PS-SCC in the case of Vi > Vi
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Fig. 9. Current flow paths in PS-SCC in (a) Mode I, (b) Mode II, (c) Mode
111, and (d) Mode IV.
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periods are omitted to save page length.

Mode I (0 <t<d,T;) [Fig. 9(a)]: Qir and Quy are turned on.
The voltage applied to the LC tank, vic, is equal to Vi + V.
The LC tank stores the energy as its current iz increases.

Mode II (doTs <t < 0.5T;) [Fig. 9(b)]: Qar and Qzp are turned
on and off, respectively, and the LC tank is charged by M. v.c
is equal to Vi, and the increase rate of i becomes gentler than
that in Mode L.

Mode III [0.5Ts < t £ (0.5 + dy)T;] [Fig. 9(c)]: Qin is turned
on, and the LC tank is short-circuited. i; steeply decreases, and
its polarity is reversed.

Mode IV [(0.5 + dp)Ts < t < Ti] [Fig. 9(d)]: Qzr and Quy are
turned off and on, respectively. v;c is equal to Vs, and the LC
tank discharges to M.

ir at the end of Modes I-1V, /-1y, are expressed as

1
(II = _II” = 8fL{VM2 + (4d(p - 1)VM1}
S

i

1
VII =—Iy = 8f—L{VM1 + (4d(p - 1)VM2}
S

where d, (= @/n) is the PS duty cycle. Average currents of M,
and My, Iz and i, are yielded as

(14)

|{IM1 _ d<p(1_2|d<p|) ”
4 4fL (15)
| _ _d¢(1_2|d¢|)
UMz _—4fL M1
S

This equation dictates the current relationship between
adjacent two modules. Accordingly, a dc equivalent circuit of
the basic PS-SCC can be obtained as shown in Fig. 10(a).

F. Modeling of A-Connected PS-SCC

The A-connected PS-SCC, shown in Fig. 7(c), consists of
three basic PS-SCCs. Hence, a dc equivalent circuit of the A-
connected PS-SCC is an extended version of the basic topology,
as shown in Fig. 10(b). From this dc equivalent circuit, average
currents of Modules Mi—Ms, ly;—Ius3, are given by

Iy1 = leyz + Less
{IMZ = lez1 + Le23 (16)
Iyz = lez1 + o3z

In a system consisting of m modules, a current of i-th module

M; (i = 1...m), I, can be generalized as

I
L.z (m, M3M3_._5VM3
Lip AR
IMZ{ L — A @ @ T Vi

W o Ll

(@) (b)
Fig. 10. DC equivalent circuit of (a) basic PS-SCC and (b) A-connected PS-
SCC for three modules.

m
Iy = Z Leij 17)
=

where L. is an average current flowing from j-th module M; to
M. According to (15), L.; is generalized as

dpii(1—2|dy;;
o =20dl) o)
4mfiL
where d,; is the PS duty cycle between M; and M; with respect
to M/ (i.e., d(p[/' = d(p[ - dgo/' = _d(g/,').

IV. CONTROL STRATEGY FOR STAR-CONNECTED PS-SCC

The TI-RVM is a unidirectional converter with an inherent
constant current characteristic (see Section III-C), and all cell
voltages in each module are automatically equalized without
feedback control. Meanwhile, the PS-SCC is a bidirectional
converter, and its power flow needs to be controlled based on
voltage imbalance conditions.

d, for the proposed PS-SCC is determined based on AV,
the voltage difference between the average module voltage
Vave and individual module voltage Vig.

AVrmi = Viypave — Vmi (19)
dy for M, dy;, is determined to obey the following condition
(see Fig. 11)

I( d'y (Ven < AViyy)
-
Aoi = 7, AVt (SVen < Mot < V) (20)
th
k —d'y (AVy; < Vi)

where Vi, is the threshold voltage. When AV)y; is beyond £V,
and module voltages are imbalanced, dy; is fixed to be +d'y so
that currents among modules can be a constant value [see (18)].

V. DESIGN EXAMPLE

As mentioned in Section I, the module voltages in practical
use would be more prone to be imbalanced than cell voltages
because the larger geometries of modules lead to larger
temperature mismatch. Given this situation, the module-level
equalizers are designed capable of a larger equalization current
than cell-level equalizers in this section.

A. Granularity Level

There is no clear guideline on the optimal granularity level
the system is divided into modules, but the number of cells in
each module should be determined based on a tradeoff between
the switch count and voltage stresses of circuit elements.

! I/’I’ AVMI
7/ —d"

4

Fig. 11. Relationship between phase-shift duty cycle d, and voltage
difference AV
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The coarser the granularity level, the less will be the switch
count. However, voltage stresses of circuit components are
prone to soar because the number of cells as well as the module
voltage increases as the granularity level becomes coarse. It is
recommended to determine the granularity level based on the
acceptable voltage stresses of circuit elements.

For example, outer coupling capacitors, C; and C, (n being
the number of cells in each module), are exposed to the highest
voltage stress in each module, and their stresses are
approximately 0.5nxV,.;. The voltage stresses of switches are
equal to the module voltage of Vi (= nxVe). Modules
containing a moderate number of cells allow low-voltage circuit
components to be used. Modules comprising less than twelve
cells connected in series, for example, allow 25-V ceramic
capacitors and 100-V MOSFETS to be used.

B. Cell-Level Equalizer (TI-RVM)

The design target is an EDLC-based energy storage system
consisting of five modules (m = 5), each containing six cells (n
= 6). Component values of the TI-RVM are determined so that
1, =0.6 Aat V)y=15V and f; = 100 kHz. Given the component
availability, a TI with N = 1.0 is selected.

Lo, is expressed by (10), but the damping factor yis unknown
at the design stage. Assuming y = 0, component values are
determined using (11) with anticipating 10—15% decrease in I,
due to the neglected y. Substituting I, = 0.7 A (= 0.6 A/1.15)
into (11) yields

Zowr =C,=467%x107% > C. = 470 nF (21
According to (1), the resonant frequency f. must be greater
than twice the switching frequency f;. Given the component
tolerance and ageing over time, L, is determined from (9) with
applying f- > 3f;, as
L <24%x107% > L, =2.1uH (22)
The resonant operation, as well as 7, of the TI-RVM, is
sensitive to capacitance in the resonant current path. Coupling
capacitors C; (i =1...6) is connected in series with C,, as shown
in Fig. 5. Hence, the capacitance of coupling capacitors C;
should be determined so that C; has no influence on /. To this
end, C; must be rather larger than C,, and is determined to be

1:1:1:1:1:1:1

1651 105.7 1&73 165/

Ay ’ D, Regs D 1
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r
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Module Equalizer
Fig. 12. DC equivalent circuit of modular equalization system for five
EDLC modules, each consisting of six cells.

Cell-Level Equalizer 1

100 times greater than C, (i.e., C; = 47 uF).

C. Module-Level Equalizer (PS-SCC)

The design target is [y; = 1.0 A at V)y=15 V and ¢ = 45° (or
(d, = 0.25). Substituting m = 5 into (17) and (18) yields

L, =469%x107% > L, =47 uH (23)

The capacitance of C,, needs to be determined so that the
resonance between L, and Cy, has little impact on the operation
of'the PS-SCC. An LC tank with a resonant frequency one-tenth
of f; is sufficient;

1 fs
= (24)
2n/L,,C,, 10
Substituting L, = 47 uH into (24) yields
'm = 53.9%107% > C,,, = 47 uF (25)

VI. EQUALIZATION SIMULATION BASED ON DC
EQUIVALENT CIRCUIT

In Section IV, dc equivalent circuits of the TI-RVM and PS-
SCC were derived, as shown in Figs. 6 and 10. Based on the
combination of these two equivalent circuits, a dc equivalent
circuit of the proposed modular equalization system as a whole
can be obtained, as shown in Fig. 12. This figure illustrates the
system having five modules M|—M; in series, each comprising
six cells. It should be noted that the equivalent circuit for the
cell-level equalizer (or TI-RVM) for M only is depicted in the
inset while others are not shown for the sake of clarity.

In general, equalization processes take a long stretch of time
ranging from several ten minutes to hours or even days whereas
equalizers operate at a frequency higher than several ten
kilohertz. In other words, simulation-based equalization tests

— 021 d
= 0.0
~ -0 dy dy
20 ;
{ Vg Vs 1
% Modules |
=V Er—

Cells in Module 5 1

E‘ﬁ[aﬂff ;

\‘Vm

Cells in Module 4 1

Cells in Module 3 1

Cells in Module 2

[V] Voltage [V] Voltage [V] Voltage [V] Voltage [V] Voltage [V]
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= £ L | —
0 20 40 60 80 100
Elapsed Time [min]
Fig. 13. Simulated equalization profiles of module voltages and cell

voltages in each module.
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using an actual circuit (e.g., Fig. 3) will result in impractically
huge simulation burden and time. The derived dc equivalent
circuit, on the other hand, does not contain switching devices
operating at a high frequency, and therefore simulation burden
and time can be drastically reduced.

An equalization test based on the dc equivalent circuit shown
in Fig. 12 was performed using PSIM software. Component
values used for the prototype (see Table I in Section VII) were
applied, and values of R.,; were determined to be 2.478 Q at f;
=100 kHz and f; = 248 kHz. Current sources of /o4, fin, and L;;
were modeled using simplified C-blocks to obey (10), (12), and
(18), respectively. Vy and d’» were set to be 0.5 V and 0.125,
respectively.

The resultant equalization profiles are shown in Fig. 13. At
the beginning of the equalization, Vi and Vi were lower than
the average module voltage, and therefore, dy; and dy; were
clumped to be —0.125. Meanwhile, dy3—dps were clumped to be
0.125 as Vis—Vus were higher than the average module voltage.
Thanks to the constant current characteristics of the PS-SCC
[see (18)], module voltages, Vis—Vus, linearly changed and
converged to 9.0 V.

On the other hand, cell voltages in each module exhibited
different tendencies because cells were equalized by TI-RVMs
while module voltages were also changing at the same time. In
M,, for example, all of V; ;—V; ¢ increased as Vi, increased due
to the module-level equalization by the PS-SCC, while cell
voltage imbalance in M; gradually disappeared thanks to the
cell-level equalization by the TI-RVM. Cell voltages in each
module were gradually equalized by the energy redistribution
through TI-RVMs, and all cell voltages were eventually unified

100 Frusss

Fig. 14. Photographs of EDLC module comprising six cells.

Table I
COMPONENT LIST
Component Value
Qu, Qu Dual MOSFET, IRF7341, R, = 50 mQ
Tapped MSD1514-273MEB, N;:N, = 1:1
Inductor Ly =10pH L,, =272 pH
L. 2.1 uH
Chk Ceramic Capacitor, 9.4 pF
Cr Film Capacitor, 470 nF
C1—Cs Ceramic Capacitor, 47 pF
Diode Schottky Barrier Diode, RB496EA, V, = 0.4 V
Co1—Cos Ceramic Capacitor, 660 pF
Lini—Lns 4.7 pH
Cni—Cn3 Ceramic Capacitor, 47 pF
Gate Driver IRS2184S

tobe1.5V.

VII. EXPERIMENTAL RESULTS

A. Prototype

Many of EDLC manufactures provide six-cell modules that
can be an alternative to traditional 12-V lead-acid batteries
[50],[51]. We built six-cell modules consisting of the TI-RVM-
based cell-level equalizer and an LC tank, as shown in Fig. 14.
Six cells, each with a capacitance of 400 F at a rated charge
voltage of 2.5 V, were mounted on the printed circuit board.
The components used for the prototype are listed in Table I. The
resonant frequency f. was 264 kHz, and the prototype was
operated at a switching frequency f; of 100 kHz to satisfy (1).
TMS230F28335 control card (Texas Instruments) was used to
generate gating signals for MOSFETs.

B. Operation Waveforms

Key Operation waveforms of the equalization system for two
modules were measured using the experimental setup shown in
Fig. 15(a). All cells were removed, and a variable resistor Ryar
and an external power supply Ve« were connected instead of
modules.

Measured key operation waveforms are shown in Fig. 16.
Although oscillations due to parasitic capacitances of
MOSFETs and Schottky barrier diodes were observed, these
waveforms matched very well with the theoretical ones in Figs.
4 and 8, verifying the fundamental operation.

C. Characteristics of PS-SCC

Current characteristics of the PS-SCC were measured using
the experimental setup shown in Fig. 15(a). Points Z were
broken so that TI-RVMs did not operate. The current

QH2

= |nou
. )\

v,

Rvar[ | mout

Cm2 Lm2

Cml Lml Cell
Equalizer 1
(TI-RVM)

Col =
(a)
C6 ADI2
" —i 'L
\ . ADI1 |Cob
QPﬁE JVQHI i

Fig. 15. Experimental setup to measure characteristics of (a) PS-SCC and
(b) TLRVM.
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Fig. 16. Measured key waveforms.
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Fig. 17. Measured current characteristic of PS-SCC.

characteristic as a function of @ for Viy.ou = 15 V was measured,
as shown in Fig. 17. The experimental and theoretical
characteristics of (15) matched very well.

The measured currents /... and power conversion
efficiencies as a function of output voltage V. on are shown in
Fig. 18. The loss due to the gate driver and control circuit was
excluded for the efficiency calculation. 7, .. slightly increased
as Vu.our decreased, but no excessive current flowed even when
Viowr Was zero, demonstrating its intrinsic current limitation
capability. The efficiencies monotonically increased with Vi, our,
and the peak efficiency was 90% at V,.ou: = 15 V and ¢ = 45°.

D. Characteristics of TI-F-RVM

The experimental setup shown in Fig. 15(b) was used to
measure the characteristics of the TI-RVM alone under a
voltage-imbalanced and -balanced conditions. All cells were
removed, and a variable resistor Ryar was connected in parallel
with C,; or the series connection of Cy1—Cys through the tap X
or Y, respectively. Closing the tap X and Y can emulate current
flow paths under voltage-imbalanced and -balanced conditions,
respectively. An external power supply with Ve, = 15 V was
connected to the input port of the switching leg.

Power [W] Efficiency [%]

[m.uut [A]
j=]
L2

5
Vm,out [V]
Fig. 18. Measured characteristics of PS-SCC.
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Fig. 19. Measured characteristics of TI-RVM.

Measured characteristics of the TI-RVM alone are shown in
Fig. 19. The output currents, /,,, were constant and independent
on the output voltage, V¢, thus verifying the constant current
characteristic. /. under the imbalanced condition was six times
greater than that under the balanced condition because the
equalization current concentrated to Co,1. The inferior
efficiencies lower than 60% were chiefly due to diode
conduction losses; forward voltage drops of approximately 0.4
V (see Table I) took a significant portion of the output voltage
lower than 2.5 V. However, the poor efficiency performance
would not impair a system efficiency in practical use because
the required power for cell-level equalization is negligibly
small compared to that for charging or discharging power. In
general, an equalization current for cells equivalent to one-
hundredth of charging or discharging current is considered
sufficient to eliminate or preclude cell voltage imbalance [52]—
[54].

E. FEqualization Test

A photograph of the experimental setup for equalization tests
is shown in Fig. 20. Five modules were connected using cables.
Module voltages as well as all cell voltages in each module
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Power |
Supply

Fig. 20. Experimental setup for equalization tests.

were severely imbalanced intentionally. The equalization test
was performed under the same condition as simulation analysis
(d’p=0.125 and V; = 0.5 V).

The resultant equalization profiles are shown in Fig. 21. The
module voltage imbalance was quickly eliminated within 15
min, while cell voltages in each module gradually equalized.
The module voltages and cell voltages were equalized at
different rates. After the module voltages were balanced, d, was
set to be 0 so that the module-level equalizers did not process
power. This implies that the module-level equalizers were
virtually disabled, and the system efficiency was not impaired.
The standard deviation (SD) of cell voltages decreased down to
as low as 27 mV at the end of the equalization test,
demonstrating the equalization performance of the proposed
modular equalization system. These experimental equalization
profiles showed good agreement with simulation results in Fig.
13, verifying the derived mathematical model as well as the dc
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Fig. 21. Resultant equalization profiles of module voltages and cell
voltages in each module.

equivalent circuit.

An equalization test during charge-discharge cycling was
also performed. The series-connected modules were charged
with a constant-current—constant-voltage charging scheme of
1.0 A-50 V (10 V/module) and were discharged with a constant
current of 1.0 A. The charge-discharge cycle was repeated for
six cycles. Measured cycling profiles are shown in Fig. 22.
Module voltages were nearly equalized in the first cycle, and all
modules were uniformly charged to 10 V without being over-
charged. Meanwhile, cell voltages in each module gradually
converged, and cell voltage imbalance almost disappeared in
the fourth cycle. The fluctuation in SD after the fourth cycle
was due to a minor mismatch in cell capacity—the mismatch in
capacity naturally led to slight voltage divergence during
cycling. In summary, module and cell voltages were well
equalized even during cycling, demonstrating the equalization
performance of the proposed modular equalization system.

VIII. COMPARISON WITH CONVENTIONAL MODULARIZED

EQUALIZERS

Component counts, efficiency, circuit complexity, cost, size,
balancing speed, etc. vary depending on equalizer topologies
and architectures. The circuit complexity and cost are closely
relevant to the component count, especially the switch count,
because each switch requires an auxiliary circuit including a
gate driver IC and its power supply. The size of the equalizer is
roughly dependent on the number of bulky magnetic
components. Hence, the component count can be a good index
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[*)

S
(SRR
Current [4A]

10 String Voltage Siring Current  Stri
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Resultant equalization profiles of module voltages and cell

voltages in each module during charge-discharge cycling.
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Fig. 22.
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Table 11
COMPARISON BETWEEN PROPOSED AND CONVENTIONAL MODULARIZED EQUALIZERS
Topology Module Equalizer Cell Equalizer Switch L cff D Transformer | Reported Efficiency
[25] Forward Converter Flyback Converter mn+SSR - n mn +m 81.6% (average)
m
126] scc scc 2mn +2m - m(n-1) - -
+m—1)
Multi-Winding m (n Secondary
26 Nee 3 - -1 -
(26] Flyback Converter " " m Windings)
Multidirectional 2m(n—1) 1 (m Secondary
41 PWM Tt —1 2 - .79
(41] Multiport Converter WM Converter +2m m (n=1) " Windings) 89.7% (average)
[40] PWM Converter PWM Converter i”;gn:ll)) T((Z:}; - - - -
[43] Flyback Converter Flyback Converter mn - - - m (n ‘Sec'ondary 89.4% (peak)
Windings)
[45] Forward Converter Forward Converter mn - - 1 m (n 'Segondary 95.6% (peak)
Windings)
Multi-Winding m (n Secondary
4 +2 - -1 .39
[46] Sce Flyback Converter T em " " Windings) 83.3% (average)
m(n+1) Cell: 65.3% (peak)
47 Nee IVD-VM 2m 2] 2] -
[47] " +Hm-1) i Module: 96% (peak)
. m (Inductor) Cell: 60% (peak)
P Phase-Shift TI-R 2 + 2 -
roposed ase-Shift SCC VM m + m (TN) m(n+3) mn Module: 85.6 (peak)

+ Solid-State Relav

to represent the circuit complexity, cost, and size. This section
compares the proposed modular equalization system with
conventional modularized equalizers from the viewpoint of
component counts and reported power conversion efficiency.
Balancing speed or time, on the other hand, is excluded as it
cannot be fairly compared from the reported figures—various
factors, such as initial voltage imbalance, number of cells in
modules, equalization current, cell capacity, etc. influence
balancing speeds.

Table II compares the component counts and power
conversion efficiencies of the proposed and conventional
modularized equalizers. m is the module count, and » is the cell
count in each module. The switch counts of conventional
equalizers, except for [47], are dependent on both m and n,
implying that module- and cell-level equalizers are separately
used and are not integrated. Many of conventional topologies
rely on multi-winding transformers, with which the number of
passive components can be significantly reduced. However, the
design difficulty of multi-winding transformers is often cited as
a top concern because of the requirement of strict parameter
matching among multiple secondary windings [2]—the design
difficulty significantly soars as the number of windings
increases.

Meanwhile, the proposed modular equalization system can
minimize the switch count in addition to the lack of multi-
winding transformers. Although m inductors and m TIs are
necessary, these can be rather smaller than multi-winding
transformers because of their simple structures. The efficiency
of the module-level equalizer is comparable to that of
conventional ones, whereas the power conversion efficiency of
the cell-level equalizer in the proposed system is inferior.
However, as discussed in Section VII-D, the poor efficiency of
the cell-level equalizer would not be a serious problem as the
processed power in the cell-level equalizer in practical use is
even smaller than one-hundredth that of a main charger or
converter [52]-[54].

T+ Smoothing canacitors excluded

IX. CONCLUSIONS

The modular equalization system integrating module- and
cell-level equalizers has been proposed in this paper. Star-
connected PS-SCCs and TI-RVMs are used as a module- and
cell-level equalizers, respectively, and these are integrated with
sharing switches, hence achieving reduced circuit complexity
and cost by halving the total switch count. Furthermore,
equalization currents in both the PS-SCC and TI-RVM can be
inherently constant even when voltages are severely
mismatched, offering intrinsic current limitation capability at
both the module and cell levels.

Detailed operation analyses were separately performed for
the TI-RVM and PS-SCC. Based on the mathematical analysis,
the dc equivalent circuit of the proposed modular equalization
system was derived, with which simulation burden and time can
be drastically reduced thanks to the lack of switching devices
operating at a high frequency. Equalization profiles of the dc
equivalent circuit matched very well with the experimental
results, verifying the analysis and derived equivalent circuit.

The prototype for five EDLC modules, each consisting of six
cells connected in series, was built. The experimental
equalization tests were performed from the voltage-imbalanced
condition. Module and cell voltages were equalized at different
rates, and voltage imbalance was eventually eliminated even
during cycling, demonstrating the equalization performance of
the proposed modular equalization system.
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