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Bidirectional PWM Converter Integrating Cell
Voltage Equalizer Using Series-Resonant
Voltage Multiplier for Series-Connected Energy
Storage Cells

Masatoshi Uno, Member, IEEE, and Akio Kukita

Abstract—In conventional energy storage systems using
series-connected energy storage cells such as lithium-ion battery
cells and supercapacitors (SCs), an interface bidirectional
converter and cell voltage equalizer are separately required to
manage charging/discharging and ensure years of safe operation.
In this paper, a bidirectional PWM converter integrating cell
voltage equalizer is proposed. This proposed integrated converter
can be derived by combining a traditional bidirectional PWM
converter and series-resonant voltage multiplier (SRVM) that
functionally operates as an equalizer and is driven by asymmetric
square wave voltage generated at the switching node of the
converter. The converter and equalizer can be integrated into a
single unit without increasing the switch count, achieving not only
system-level but also circuit-level simplifications. Open-loop
control is feasible for the SRVM when operated in discontinuous
conduction mode (DCM), meaning the proposed integrated
converter can operate similarly to conventional bidirectional
converters. An experimental charge-discharge cycling test for six
SCs connected in series was performed using the proposed
integrated converter. The cell voltage imbalance was gradually
eliminated by the SRVM while series-connected SCs were cycled
by the bidirectional converter. All the cell voltages were eventually
unified, demonstrating the integrated functions of the proposed
converter.

Index Terms— Battery, equalizer, integrated -converter,
series-resonant voltage multiplier, supercapacitor, voltage
imbalance.

1. INTRODUCTION

Secondary battery-based energy storage plays an important
role in various electrical systems, from small-scale portable
electronic devices to large-scale systems, including electric
vehicles and grid-connected applications. Lithium-ion batteries
are among the most promising secondary battery technologies
because of their superior energy density to other traditional
battery chemistries. Supercapacitors (SCs) are also key
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emerging electrical energy storage devices, which offer
excellent cycle life performance as well as high power
capability, since their energy storage mechanism is not
dependent on chemical reactions. SC applications have been
expanding from hybrid energy storage systems, which involve
SCs operating as high-power energy buffers, to alternative
energy storage sources to conventional secondary batteries [1].
Although their inferior energy density performance is
considered a disadvantage, their performance has been steadily
increasing. In addition, the commercialization of lithium-ion
capacitors (LICs), a hybrid SC combining features of
lithium-ion batteries and conventional SCs to achieve both
high-power capability and higher energy density [2], [3], has
been launched, driving expectations of the penetration of SC
technologies used in various applications.

In general, energy storage cells/modules (hereafter, simply
‘cells”) need to be connected in series to form a string to meet
system voltage requirements. The voltages of individual
series-connected cells gradually become imbalanced due to
characteristic mismatches in terms of capacity/capacitance,
self-discharge rate, and internal impedance. The temperature
gradient in energy storage modules/systems comprising
numerous cells connected in series is another major cause of
voltage imbalance, because the self-discharge rate is
significantly temperature-dependent. If cell voltages are
mismatched, some cells with higher (or lower) voltages might
be over-charged (or over-discharged) during the charging (or
discharging) process because cells are charged (or discharged)
in series. Energy storage cells, particularly lithium-ion cells,
must be operated within a safety boundary to ensure years of
safe operation otherwise resulting in accelerated aging and
increased risks of hazardous consequences triggering an
explosion in the worst case scenario. Accordingly, for energy
storage modules/systems to operate safely and properly, cell
voltage equalization techniques to eliminate and/or preclude
cell voltage imbalance are crucial.

Various kinds of voltage equalization techniques and
architectures have been proposed and demonstrated for
series-connected lithium-ion cells and SCs. Two representative
equalization architectures, cell-to-cell and string-to-cell, are
shown in Fig. 1. The cell-to-cell equalization architecture
shown in Fig. 1(a) is the most straightforward approach using
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multiple cell-to-cell equalizers that are basically bidirectional
converters, such as buck-boost converters [4]-[9] and switched
capacitor converters [10]-[18], via which power is transferred
between adjacent cells for equalization. However, these
equalizers are prone to complexity because the numbers of
switches and converters grow with the number of cells
connected in series. Furthermore, since the power transfer is
limited only between adjacent cells, the energy of cells may
have to traverse several converters and cells if the string
comprises numerous cells connected in series, collectively
resulting in a significant power conversion loss.

In string-to-cell architecture, the whole string energy is
directly transferred to the least charged cell with the lowest
voltage to effectively equalize cell voltages. Equalizers using a
single isolated converter with selection switches [19]-[22] are
categorized into this architecture, and can dramatically reduce
passive component counts. However, not only is the required
switch count still proportional to the number of cells, an
intelligent management system is also indispensable to
determine and select the target cell with the lowest voltage in the
string. Another major string-to-cell equalizer is a forward or
flyback converter with a multi-winding transformer [23]-[26].
Although the switch count can be reduced to one or two, the
strict parameter-matching requirement for multiple secondary
windings is considered a design hurdle and impairs the
modularity (or extendibility) [27], [28]. Many other
equalization topologies using multiple converters [29], [30],
multiphase converters [31], transformers [32]-[34] and
multi-winding transformers [35], etc. [27], [28] have been
proposed, but still face common issues of the increased switch
count and/or the existence of a multi-winding transformer.

Single-switch equalizers using multi-stacked buck-boost
converters can be built without a multi-winding transformer and
provide both simple circuitry and good modularity [36].
However, the disadvantage is that the inductor count is
proportional to the number of cells connected in series, likely
resulting in increased volume and cost, particularly for
large-scale systems comprising numerous cells. Meanwhile,
voltage equalizers using an inverter with voltage multipliers can
be configured with neither a multi-winding transformer nor
multiple inductors [37], [38]. In addition to the reduced
magnetic component count, two-switch topologies are feasible,
thus achieving simplified circuitry, good modularity, and
miniaturized design.

In general, all the aforementioned equalizers are externally
added to the string, as illustrated in Fig. 1, and the bidirectional
converter and equalizer(s) operate individually and
independently. In other words, conventional energy storage
systems require two functional components of the bidirectional
converter and equalizer(s) to manage the string. If these two
functional components can be integrated into a single unit,
energy storage systems would be simplified by reducing the
number of components. An equalization charger capable of not
only charging but also equalizing cell voltages has been
proposed for small-scale energy storage systems [39]. Although

the energy storage system can be simplified by integrating a
charger and equalizer into a single unit, this equalization
charger cannot be used for discharging the string because it is
basically a charger or unidirectional converter. Bidirectional
converters with an equalization function have been proposed
[40], whereby the filter inductor in conventional converters is
replaced with a multi-winding transformer having multiple
secondary windings tied to individual cells for equalization.
Although this converter can handle both charging/discharging
and equalization, the existence of the multi-winding transformer
would considerably hinder design flexibility and modularity,
like conventional equalizers [27], [28].

In this paper, a bidirectional PWM converter integrating
voltage equalizer for series-connected energy storage cells is
proposed. The proposed integrated converter can be derived by
combining a traditional bidirectional PWM converter and a
series-resonant voltage multiplier (SRVM) that functionally
operates as a voltage equalizer and is driven by an asymmetric
square wave voltage generated at a switching node of the PWM
converter. The bidirectional converter and voltage equalizer can
be integrated into a single unit without increasing switch count,
thus realizing not only system-level but also circuit-level
simplifications. The rest of this paper is organized as follows.
Section II outlines the key elements required for the proposed
integrated converter, followed by the derivation procedure and a
discussion of major benefits of the integrated converter. Section
IIT presents a detailed operational analysis, including the
establishment of operational criteria and the derivation of dc
equivalent circuits of the SRVM and integrated converter to
explain the voltage equalization mechanism. In Section IV, the
experimental results of a charge/discharge cycling test using a
prototype of the integrated converter performed for six SCs
connected in series are presented to demonstrate the efficacy of
the proposed concept.
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(b) String-to-cell equalization.
Fig. 1.  Representative equalization architectures with interface
bidirectional converter: (a) cell-to-cell and (b) string-to-cell equalization
architectures
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II. INTEGRATED CONVERTER

A. Architecture of Integrated Converter

The schematic architecture of the proposed integrated
converter is depicted in Fig. 2. Similar to the conventional
equalization architecture using a string-to-cell equalizer shown
in Fig. 1(b), the proposed integrated converter comprises two
functional elements of the bidirectional converter and
string-to-cell equalizer. The major difference is that some key
circuit components are shared by the two functional elements
without increasing the total circuit component count, and their
operations in the proposed integrated converter are
interdependent, as will be discussed in detail later. Conventional
equalization architectures shown in Fig. 1, conversely, require a
bidirectional converter and equalizer(s) separately, meaning
that equalizers are physically and functionally independent of
the bidirectional converter. This contrast suggests potential
system-level simplification by integrating two functional
elements into a single unit.

B. Key Elements for Integrated Converter

The proposed integrated bidirectional converter can be
derived by combining a traditional PWM converter and
series-resonant voltage multiplier (SRVM) as shown in Figs. 3
and 4, respectively. Although Fig. 3 depicts unidirectional
PWM converters using a diode, these can be readily modified to
bidirectional converters by replacing the diode with a switch.
The SRVM functionally operates as a voltage equalizer, while
all traditional PWM converters can be used as bidirectional
converters.

The SRVM is basically a combination of a series-resonant
tank and voltage multiplier, and is driven by a square wave
voltage vgy. Sinusoidal current i;, flows in the series-resonant
tank, whereupon this current is transferred to the secondary side
(iyp) and rectified in the voltage multiplier. When an ac
current/voltage wave is applied to the voltage multiplier,
voltages of smoothing capacitors C,,;—C,us are automatically
unified. The detailed voltage equalization mechanism of the
voltage multiplier will be explained in Section III-E.

Resonant tanks, not only series-resonant but also other
resonant tanks, are generally driven by a symmetric square wave
voltage generated by half- or full-bridge inverters. Meanwhile,
as shown in the insets of Fig. 3, asymmetric square wave
voltages are generated at switching nodes of traditional PWM
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Fig. 2. Architecture of proposed integrated converter.

converters. In the proposed integrated converters, the
asymmetric square wave voltage produced at a switching node
of a PWM converter is exploited as vgy (designated in Fig. 3) to
drive the SRVM so that the PWM converter and SRVM can be
integrated without increasing the switch count. There are two
switching nodes in the SEPIC, Zeta, and Cuk converters, and
either can be used. Although only nonisolated PWM converters
are treated in this paper, any other converters, including isolated
and resonant types, would also be usable, provided that there is
a switching node producing an asymmetric square wave voltage.

C. Derived Integrated Converter

A derived integrated converter based on a PWM buck
converter with the SRVM is shown in Fig. 5, as a representative
topology for four cells B,—B,; connected in series. The
unidirectional buck converter shown in Fig. 3(a) is modified to
be a bidirectional synchronous converter by replacing the diode
with a switch Qp. The PWM synchronous converter operates in
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Fig. 4. Series-resonant voltage multiplier (SRVM).

step-down and -up modes during charging and discharging,
respectively. Meanwhile, the SRVM is connected to the
switching node of the synchronous converter, and the
asymmetric square wave voltage generated at the switching
node is utilized to drive the SRVM. The smoothing capacitors
Cout1—Couts iIn the SRVM are connected to B|—B, in parallel to
equalize cell voltages.

The SRVM can perform equalization during both charging
and discharging, provided the asymmetric square wave voltage
is generated at the switching node. Similar to conventional
voltage equalizers using a voltage multiplier, the equalization
current is preferentially supplied to the least charged cell with
the lowest voltage in the string, and the voltage imbalance is
gradually eliminated as the preferential current supply
progresses [37]-[39]. During the charging period, the string is
mainly charged by the bidirectional converter, while
equalization current is preferentially supplied from the SRVM
to the least charged cell in the string, virtually boosting the
charging rate for the least charged cell. During the discharging
period, conversely, the string is discharged by the bidirectional
converter, while the SRVM still preferentially supplies
equalization current to the least charged cell, decreasing the

discharging rate of the least charged cell. In other words, the
larger the equalization current, the more quickly the cell
voltages can be equalized by virtually increasing/decreasing the
charging/discharging rates.

D. Major Benefits

In the conventional equalization architectures shown in Fig. 1,
a bidirectional converter and equalizer(s) are separately
necessary. Conversely, in the proposed integrated converter
architecture, the bidirectional converter and equalizer can be
integrated into a single unit, allowing system-level
simplification. Circuit-level simplification is also feasible
because no additional switch is required for the integration. The
switch count is considered a good index to represent the circuit
complexity because each switch requires multiple ancillary
components, including a driver IC, auxiliary power supply, and
passive devices. The total switch count collectively required for
the integrated converter is only two—the SRVM itself is
essentially a switchless circuit—, whereas the conventional
systems shown in Fig. 1 require two switches for the
bidirectional converter and at least one switch for even the
simplest equalizer [36]. Furthermore, the required magnetic
component count (including the filter inductor L in the
bidirectional converter) is only a few, allowing more compact
design than conventional equalizers using numerous magnetic
components.

As will be discussed in Section III-C, no control is necessary
to limit currents in the SRVM under a desired current level,
provided it is operated in discontinuous conduction mode
(DCM). Accordingly, the bidirectional converter in the
proposed integrated converter can operate identically to
conventional bidirectional converters; only the duty cycle is
controlled to regulate the charging/discharging current and
string voltage, according to the input-to-output voltage
relationship.
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Fig. 5. Proposed integrated converter based on bidirectional synchronous converter with series-resonant voltage multiplier.
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Table I. Comparison for equalization techniques.

Topology Equalization Architecture | Simplicity* | Volume**| Modularity *** Remark
Buck-Boost Converter [4]{8] Cell-to-Cell P P E Inductor count is o« n
Switched Capacitor Converter [10]-[18] Cell-to-Cell P G E -
Isseolitfiinchﬁrs v[vllgif 2 orSt(rit:;lg-tf-_S(ireilxllg P EorG G Target cell determination is necessary
Multi-Winding Trasformer [23]-[26] String-to-Cell G E P -
Flyback Converter [32], [33] orStéler;lg-t?-_SCtrilig P P G Transformer count is oc n
Single-Switch Multi-Stacked Converters [36] String-to-Cell G P G Inductor count is o n
Double-Switch Voltage Multiplier [37], [38] String-to-Cell G G G -
Single-Switch Voltage Multiplier [39] String-to-Cell (Integrated) E G G Integration feasible for charger only
Multi-Winding Transformer-Integrated String-to-Cell or EorP E p Multi-winding transformer is
Converter [40] Cell-to-String (Integrated) necessary for integration
Proposed Integrated Converter String-to-Cell (Integrated) E G G -

T E: Excellent, G: Good, P: Poor
T n is the number of cells connected in series

*Switch count “in the equalizer

”is E: zero, G:a few, P:oc nn .
**Passive component counts is E: afew, G: oc n capacitors, P: oc n magnetic components.

T Smoothing capacitors are excluded for comparison ***Circuit can be extended with E: modular design, G: minor design change, P: redesi gning multi-winding transformer.

With the proposed integrated converter, cell voltages are
equalized by the SRVM that is driven by an asymmetric square
wave voltage generated at the switching node of the
bidirectional converter, and therefore, voltage equalization
performance is influenced only by the bidirectional converter.
In other words, as long as the bidirectional converter operates
stably and generates the asymmetric square wave voltage at its
switching node, the SRVM can properly perform equalization in
any applications.

In general, the required current for equalization is rather
smaller than charging/discharging currents; in float charging
applications, for example, an equalization current hundred
times smaller than a charging current is considered sufficient to
preclude the occurrence of voltage imbalance [11], [41],
although the optimum equalization current rate would be
dependent on applications. Therefore, the bidirectional
converter and equalizer(s) should be designed separately and
optimally considering their respective power requirements. In a
conventional integrated converter [40], the magnetic
component is shared, which would make it somewhat
cumbersome for the optimum design. In the proposed integrated
converter, conversely, despite the integration, the bidirectional
converter and SRVM can be separately designed, allowing
optimal designs for the respective elements.

Since the SRVM operation is linked to that of the
bidirectional converter, equalization currents are always
supplied to cells in the string, regardless of whether cell voltages
are imbalanced; supplying equalization currents for
voltage-balanced cells is meaningless and results in needless
power conversion loss in the SRVM. The required equalization
currents are generally rather smaller than charging/discharging
currents as mentioned above [11], [41], implying the loss
associated with the SRVM would be very minor. If the minor
loss in the SRVM needs to be eliminated to maximize the
overall system efficiency, it is advisable to insert a relay or
switch to the input of the resonant tank to disable the SRVM.

E. Comparison with Conventional Equalizers

Proposed integrated converter and  representative
conventional equalizers are compared and arbitrary rated from
the perspectives of equalization architecture, circuit simplicity,
volume, and modularity (or extendibility), as shown in Table I;
rating criterion are specified at the bottom of the table.
Cell-to-cell equalization architectures offer the best modularity,
though ratings in other aspects are relatively low. Equalization
techniques utilizing a multi-winding transformer would
potentially be compact, but the existence of a multi-winding
transformer is likely to be a serious issue in terms of the
modularity and design difficulty, as mentioned in Section I,
especially for applications requiring numerous cells connected
in series. Meanwhile, the integrated architectures would offer
not only the system-level simplification thanks to the integration
but also the simplest circuitries at reasonable volume. Although
there is no one-fits-all solution, the proposed integrated
converter is considered to be an attractive easy-to-design
solution as it achieves system-level and circuit-level
simplifications at reasonable volume with no need for a
multi-winding transformer.

1. OPERATING ANALYSIS

In this section, the proposed integrated converter is analyzed
for charging direction only, but the operation during
discharging can be understood and analyzed similarly. For
clarity, the overall operation of the integrated converter is
analyzed first, followed by detailed analysis of the SRVM.
Finally, the DCM operational criteria for the whole integrated
converter are discussed.

A. Consideration of Operation Mode of Series-Resonant
Voltage Multiplier

As discussed in the previous section, the SRVM is driven by
the asymmetric square wave voltage generated at a switching
node of the PWM converter. In general, the duty cycle in PWM
converters varies according to the relationship between input
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and output voltages, indicating that the duty cycle of the
asymmetric square wave voltage for the SRVM also varies.
Accordingly, the operation of the SRVM should desirably be
independent on duty cycle variations. In addition, since outputs
of the SRVM are connected to energy storage cells that are
basically constant voltage sources, currents in the SRVM need
to be controlled or limited to within desired levels.

In the proposed integrated converter, the SRVM is designed
to operate in discontinuous conduction mode (DCM), whereby
currents can be kept nearly constant, even with open-loop
control, as will be mathematically revealed in Section III-C. In
addition to the inherent constant current characteristic, DCM
operation can be ensured even with an asymmetric square wave
voltage containing duty cycle variations, rendering it optimal
for the proposed integrated converter.

B. Overall Operation

The analysis and discussion performed hereafter are based on
the premise that the magnetizing inductance of the transformer
is large enough so that a magnetizing current can be ignored to
simplify the operation analysis. The key operation waveforms
and current flow directions during charging when the voltage of
By, V}, is the lowest in the string are shown in Figs. 6 and 7,
respectively, while the current flow paths in Fig. 7 are illustrated
assuming currents in the voltage multiplier are buffered by
smoothing capacitors C,,;—C,uy4. There are six operation modes
provided the SRVM operates in DCM, whereby no currents
flow in Modes 3 and 6. As specified in Fig. 6, waveforms can be
classified into two groups of converter-related and
SRVM-related waveforms, allowing separate analyses for the
bidirectional converter and SRVM. The operation of the
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Fig. 6. Operation waveforms of proposed integrated converter during

charging when V; is the lowest in the string.
bidirectional converter in the proposed integrated converter is
almost identical to that of a traditional buck converter. Hence, in
the following sections, the operational analysis is performed
mainly focusing on the SRVM.

Before detailing each operation mode, the major parameters
are defined as follows: the characteristic impedance of the
resonant tank Z,, the characteristic angular frequency w,, and
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Fig. 7. Operation modes during charging when ¥ is the lowest.
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resonant angular frequency w, are given by

L 2
Z,=.|—", o, = ! o, =\, -y . (D)

0 Cr > 0 \/ﬁ > r
where L, is the inductance of L, and C, is the capacitance of C,,
and

_ R
2L
R is the sum of the resistive components in the current flow path
(i.e. resistances of the series-resonant tank, primary and
secondary transformer windings, and components in the voltage
multiplier).

i) Mode 1 (T)<t<T)):

The first mode, Mode 1, begins as the upper switch Qy is
turned on, and the voltage of the switching node vgy is at a high
level equal to the input voltage of V. The filter inductor current
i; linearly increases while the sinusoidal current of the resonant
inductor L,, i;,, starts flowing through the resonant tank and is
superimposed on the current of the upper switch ipy. if,. is
transferred to the secondary side, whereupon Dy, a lower diode
connected to the least charged cell of B, conducts to charge C,
in the voltage multiplier.

i;, and v¢, in Mode 1, i;,.; and v, ;, are expressed as

y ; @)

i, ()= we-ﬂ sina (3)
Vera (t) = (Vm - VP)_ (Vm - Vc;-fo - VP )e_ﬂ cosat, (4)

where Vp is the primary winding voltage that will be expressed
by (27) in Section III-E. At ¢t =T}, v¢, is

v () = (Vm - VP)+ (Vm Voo =V, )eiﬂ}'/z =Veo - (5)
where T, is the resonant period.
ii) Mode 2 (T; <t <T)):

The integrated converter starts operating in Mode 2, as the
direction of i, is reversed. Current paths in the converter are
identical to those in Mode 1, and i, is still linearly increasing.
Meanwhile, C; in the voltage multiplier is being discharged
through D,, an upper diode connected to B;. The polarity of the
transformer primary winding voltage is also reversed, but its
amplitude is the same as that in Mode 1 because of the
operational symmetry of the voltage multiplier. i;, and v¢, in
Mode 2, i;,., and v,.,, are

V. -V. +V,
iLr—Z (t) _ Uin Cr-t P e-V("T])
Zn

Ve, )=, +V,) =V, =V, V)" Weosw,(t-T).  (7)
Att="T,, v¢, is

Vo )=, + V)V, =V + Ve ™2 =V, (®)
iii) Mode 3 (T; <t <Tj3):

As i, reaches zero, the operation shifts to Mode 3, whereby
no currents flow in the SRVM, although the input voltage
remains at the high level of V;,. As can be seen in Fig. 7(c), this
operation mode is exactly identical to the on-period of a
traditional buck converter.

iv) Mode 4 (T3 <t < T,):
By turning off Qy, Mode 4 begins, and i; starts linearly

sino,(t-T)), (6)

1

decreasing and flowing through the freewheeling diode of Dy or
the synchronous switch Q, similar to an off-period of a
traditional buck converter. vgy in this mode is at a low level of
nearly zero, and 7;, flows back toward the switching node and is
superimposed on the current of the lower switch ig,. In the
voltage multiplier, C, is being discharged through D,, similar to
Mode 2. i;, and v, in Mode 4, i;,., and v, are expressed as

—V.,+V,

ZO

Vo () =V, =(=V,,+V,)e " P cosw (t-T,).
veratt=Ty1s

v (T) =V, +(=V, ,+V,)e ™ =V, ,. (11)
v) Mode 5 (T, <t<Ts):

In Mode 5, i;, becomes positive, and D; in the voltage
multiplier conducts to charge C;. The current flow paths in the
converter are identical to those in Mode 4, and i; keeps linearly
decreasing. Similar to previous operation modes, i;, and v¢, in
Mode 5, i;,.5 and v¢,.s, are

i ()= e sine (t-T,), 9)

(10)

i, (=" grtetigin g (- 1)), (12)
ZO
Vo )=V, (V. =V )" Weoso (t-T,).  (13)
At t=Ts, v, equals to V.o and is expressed as
Vo (T) =V, + (Vo =V, )e ™ =V, . (14)

vi) Mode 6 (Ts < t < Ty):

The last mode, Mode 6, is identical to the off-period of a
traditional buck converter; i; keeps linearly declining while no
currents flow in the SRVM.

The converter-related waveforms resemble those of a
traditional PWM buck converter, and can be divided into two;
Modes 1-3 and 4-6, which represent on- and off-periods,
respectively. Although the discontinuous sinusoidal current
wave of i, is superimposed on the waveforms of iy, and ip;, the
inductor current i; remains purely triangular, indicating that the
voltage conversion ratio of a traditional buck converter (i.e.
Vi = DV, for charging) holds even in the integrated
converter.

Meanwhile, in the voltage multiplier, currents flow through
only C;, Dy, and D,, which are connected to the least charged
cell of By, whereas no currents flow through other components.
The average diode current of D, or D, is equal to an equalization
current supplied to B, because the average current of C; must be
zero under a steady-state condition. This tendency can be
generalized; an equalization current flows toward the least
charged cell(s) only. The voltage multiplier is analyzed in detail
in Section III-E.

C. Modeling for Current Characteristic of Series-Resonant
Voltage Multiplier
From the operational symmetry between Modes 1-3 and 4-6,
Vo +Ve =V, +V,, =V, . (15)
Substitution of (15) into (5), (8), (11), and (14) produces
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Vc:»n = 1+ e,;,ry. {(Vm - VP )efyT, _2Vpe P - VP}
A U’+VkMV+V;%+U’—V)
ol T g in P in in P . (16)
1 Ay %
VCr—z = 1+ efyT, VPe + 2VPe + (Vm + VP)
1 7y %
v, .= Lo Ve -V.e?* +V,
By substituting (16) into (3), (6), (9), (12),
i o,
ierl (t) = _iLr—A (t) = = i, Vm + 2V1’e > |[sin a)rt
Z\l+e7r (17)
. . e’ i .
i, (t) = —er*S(t) = W(_ V.e? + 2V,,Jsm .t

These equations verify that i;, in Modes 1-2 is symmetrical to
that in Modes 4-5.

i, is transferred to the secondary side in the form of iy,
whereupon iy, is rectified in the voltage multiplier and supplied
to cells as a dc current. The rectified i;y,, 1734, can be obtained by
integrating i}, over the switching period of T, as

| R
[VM = F."nlv N|lLr (tldt
N
, N (18)
_ Noo, V. (l +e )2 -2, (l —e )
IZ'Zn(j/z +a)r2) l+e7™
where N is the transformer turns ratio, and wg is the angular
switching frequency. This equation implies that 7y, declines
slightly with increasing Vp. If R is negligible and y can be
considered zero in the ideal case, (18) can be simplified to
2NV,
I, ~——" 19
N (19)

This equation verifies that /,, under a given condition in the
ideal case is constant, even at a fixed frequency, and is
independent of Vp or cell voltages. Thus, by designing the
SRVM based on (18) and (19), currents in the SRVM can
automatically be limited to within desired levels, even without
feedback control.

D. DCM Operation Criteria for Series-Resonant Voltage
Multiplier

For each operation mode to exist, i;, in Modes 1 and 5 must
be positive, and vice versa in Modes 2 and 4. From (3), (6), (9),
and (12),

V=Veo=V.>0 (Model)
V,-V,,+V,<0 (Mode2)

noT . (20)
-V,,+V,<0 (Mode4)
-V,.=-V,>0 (Mode5)

If these criteria are violated, no currents in the SRVM flow in
each mode, similar to Modes 3 and 6—in a practical case, a little
current flows through the magnetizing inductance of the
transformer, which has been ignored for the sake of simplicity,
even when these criteria are violated. Meanwhile, currents in the
voltage multiplier must be blocked in Mode 3 and 6. To this end,
Vp must exceed vgy + v, in Modes 3 and 6;

{Vm —V, ,~V,<0 (Mode3) o

VootV >0 (Mode6)

E. Operation of Voltage Multiplier and Equalization

Mechanism

The operational analysis of the voltage multiplier is
performed for the case shown in Fig. 7; V; is the lowest in the
string. To simply the analysis, the current C, in each operation
mode is averaged as Ic;, (Where m corresponds to each
operation mode number), as designated in Fig. 6. The voltages
of C, at the end of each mode, V¢;.,,, which are also designated
in Fig. 6, are expressed as

%
Vers :_P_VD _(Vl +V2)_[c171r
> : (22)
VC}-S :_P_VD _(Vl +V2)_Ic‘1-5r
Ve = _£+ Vo=V, +1.,r
I]/v 5 (23)
Verw = _WP+ Vo=V, +1,r

where V; and ¥, are the cell voltages of B; and B,, V}p is the
forward voltage drop of diodes, and  is the collective resistance
of the current path in the voltage multiplier. The voltage
variation of C; over a switching cycle, 4V;, can be yielded by
summing all of V,_,, given by (22) and (23), as

AVCI = VCl—l - Vlez - VC1—4 + VCH

24
=4E—2V,—4V0—2ilmr’ @4
N /.

JSs

where I, is the rectified secondary current of ij,,, expressed as

T
(1C171 + [lel + [ + 1C175 )7’

Cl-4

2
I =
™ T, . 25)
_ A
2f.

This equation means that [, is equal to the rectified /¢,
averaged over a switching period of Ts. AV; can be expressed

differently as

([Cl—l + 1C172 + [Cl—4 + [CI—S )

av, =L L ln (26)
C, 2Cf,

From (24)—(26),

%VP=K+2VD+IVT‘”RW 27
where
= ! +2—f"r . (28)
Y22GS

Although (27) and (28) have been yielded only for B, similar
equations for other cells can be obtained by the same analytical
procedure.

From (27), a dc equivalent circuit of the voltage multiplier
can be obtained as shown in Fig. 8. The derived dc equivalent
circuit of the voltage multiplier in the proposed integrated
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Fig. 8. DC equivalent circuit of voltage multiplier.

converter is identical to that of conventional equalizers using a
voltage multiplier [37], [38]; all cells are connected to the
secondary winding of the ideal transformer with a turn ratio of
N:2 through respective equivalent resistors and diodes, and an
equalization current of [I,,/2 is distributed to cells. The
equalization current preferentially flows toward the least
charged cell having the lowest voltage, and all the cell voltages
eventually become uniform. Despite the similar equivalent
circuit, the value of R,, differs and is dependent on how the
voltage multiplier is driven; the series-resonant inverter
operating in DCM is used in the proposed integrated converter,
while voltage multipliers in conventional equalizers of [37] and
[38] are driven by a half-bridge inverter and
parallel-/series-parallel-resonant inverter, respectively.
Detailed consideration about the impact of parameter mismatch
on equalization performance can be found in the previous work
[38].

F. DC Equivalent Circuit of Integrated Converter

Since the proposed integrated converter is basically the
combination of the PWM converter and SRVM, a dc equivalent
circuit for the proposed integrated converter as a whole can be
derived from (18) with the combination of equivalent circuits of
the PWM converter and SRVM (see Fig. 8), as shown in Fig. 9,
in which an ideal multi-winding transformer with the turn ratio
of N:2:2:2:2 is introduced for the cells to be connected in series.
The PWM converter is equivalently illustrated as an ideal
transformer having the turn ratio of 1:D. The primary winding
ofthe SRVM’s equivalent circuit is tied to the PWM converter’s
input through a current source of [;;,.sgyvy in order to extract the
current of Iy/N.

This dc equivalent circuit contains no high-frequency
switching components, dramatically reducing the simulation
burden and time. Therefore, the derived dc equivalent circuit
would be a powerful tool to briefly investigate the impact of
parameter mismatching, such as component tolerance and
capacitance mismatch, on equalization performance. The result
of simulation-based charge/discharge cycling will be shown and
compared with the experimental result in Section IV.

G. Operation Criterion for Integrated Converter

The resonant and switching frequencies, £, and fs, need to be
determined considering duty cycle variation so that the SRVM
always operates in DCM. Both the on- and off-periods (D7 and
(1 — D)Ty, respectively) must exceed the resonant period 7.
From this relationship, the criterion for D is yielded as

[}

String
—

Fig. 9. DC equivalent circuit of integrated converter as a whole.

1—£>D>£

. 29
I 7 29

IV. EXPERIMENTAL RESULTS

A. Prototype and Experimental Setup

Given that SC modules comprising of six cells connected in
series are readily available on a market, the proposed integrated
converter was designed and built for six SCs in series for the
experimental demonstration. Prototypes of the bidirectional
converter and SRVM were separately built, as shown in Fig. 10,
to measure the individual characteristic of the SRVM. As
discussed in Section II-D, the required equalization current is
generally rather smaller than that for charging/discharging; an
equalization current 1/100 of charging current is considered
sufficient for float charging applications [11], [41]. However, in
order to expedite the experiments, the SRVM was designed so
that the equalization current supplied to each cell under a

SOLEE W oy

b e by meyn Do

(b) Series-resonant voltage multiplier.
Fig. 10. Photographs of (a) bidirectional converter and (b)
series-resonant voltage multiplier for six cells connected in series.
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Table II. Component values used for prototypes.

Component Value
23 . L 220 pH
g £5_QuQ N-Ch MOSFET, IR7855, R,, = 15 mQ
E’, ,g § Dy, Dy Schottky Diode, 1 SMQO40N, ¥, = 0.43 V
©»n A Ciy Aluminum Electrolytic Capacitor, 660 pF
. Di-Di2 Schottky Diode, 15MQO40N, V' p = 0.43 V,Rp = 64.6 mQ
§ _i C,—Cq Tantalum Capacitor, 100 pF, 35 mQ
§ E  Cour—Cous Ceramic Capacitor, 200 pF
2 = [ Ceramic Capacitor, 22 nF, 60 mQ
§ & L, 5.6 4F, 19 mQ
\ § N,N, =254,L,, =3.4pH,L,, =722 pH
Transfarmer

Rprimary =560 mQ, R e onaary = 45.9 mQ

Square Wave
Generator

Series-Resonant Voltage Multiplier

: o)

I
n cs D104

Ak e

Ve cs D8/
ey I
< s \T o7

cs 06 4
}—4

c2 044

n 03 4

n c1 02 4

m o1 4

Fig. 11.  Experimental setup for characteristic measurement for

series-resonant voltage multiplier.
voltage-balanced condition—each cell receives one-sixth of
Ind2 (see (19) and (20)) under the voltage-balanced
condition—was approximately one-tenth of the charging
current of 1.0 A (see Section IV-C). The component values used
for the prototypes are listed in Table II.

An experimental setup used for the characteristic
measurement for the SRVM is shown in Fig. 11. Symmetric
square wave voltage was produced at f¢= 100 kHz by the square
wave generator, which was a half-bridge inverter with V;, = 24
V. Energy storage cells were removed, while voltages of V,—V
were sustained by C,,1—Cous alone. Current flow paths under
voltage-balanced and -imbalanced conditions were emulated by
selecting the intermediate tap of X and Y, respectively, through
which an output current /,,, was drawn; with the tap X selected,
currents flow through all the components in the voltage
multiplier, while only C,, Dy, and D, (except for smoothing
capacitors) are in operation when the tap Y is selected,
emulating the voltage-imbalanced condition. As the voltage
multiplier always receives the equalization current of Iy,,/2, as
explained in Section III-E (see Fig 8), [,, under the
voltage-balanced and -imbalanced conditions are 7;,/12 and
In/2, respectively.

B. Characteristic of Series-Resonant Voltage Multiplier

The measured current characteristics and efficiencies of the

80 T T T r
— 70} Vi, = 24V Balanced i
>
> 60 4
2
o 50F 4
RS
= 40t .
w Imbalanced
30 1 1 1 l-
0.6 "QO-GGG@_@_GG ]
ASACIC] .
pacheleiors
< 0.4 i
% O Experiment Imbalanced
3 ---- Calculation Balanced
0.2¢ E
ERCACACATACICACISACATATIT R OSASAS S des
OC 1 1 1 1
0.5 1.0 1.5 2.0 25
VIVl

Fig. 12. Measured characteristics of series-resonant voltage multiplier.

SRVM as a function of V; are shown in Fig. 12, while
theoretical current characteristics calculated based on (18) are
also shown for comparison. Experimental and calculated
current characteristics correlated well, verifying the current
model obtained in Section III-C. The current characteristics
under the voltage-balanced condition were virtually constant,
whereas those under voltage-imbalanced conditions declined
slightly with increasing V;. The non-ideal constant current
characteristics under voltage-imbalanced condition are
attributable to the increased resistance due to current
concentration, as implied by (18) and (19). Currents in the
voltage multiplier uniformly flow through all of C,—C¢ and
D;—Dy; under the voltage-balanced condition, whereas those
under the voltage-imbalanced condition tend to concentrate in
C,, Dy, and D,, virtually increasing the resistance of the voltage
multiplier.

The dominant loss factor is considered diode voltage drops
taking a significant portion of V;—V that were lower than 2.5
V—V Vs correspond to cell voltages in a practical use. The
measured efficiencies consistently increased with V;, as the

1.6
% 0.8F

~ 0.0k . N
— 2F

<

z 1'r\./’L "\/L ﬂ
5, |

T 2

= 1H__WL_H
[¢]

2, . .

s 40F

= 20-"“*‘ "““]

2

> 0

o

i Vo Vs
- 4{& . . x . .
5 0

> 20

Time [5 ps/div.]

Fig. 13. Measured key waveforms at Vryy = 8.0 Vand ;= 0.7 V during
charging.
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portion taken by diode voltage drops decreased. The inferior
efficiency characteristic under the voltage-imbalanced
condition is attributable to the current concentration that caused
an increased Joule loss in the voltage multiplier. This measured
efficiency trend is considered basically independent on main’s
dc voltage (i.e. V;, in Fig. 11 or the input voltage of the
bidirectional converter in a practical use) because the SRVM
outputs for cells and its efficiency is chiefly dependent on a cell
voltage and diode voltage drop. Although not efficient, these
measured efficiencies are considered acceptable in many
applications because a required current for equalization is
generally rather smaller than that for charging/discharging, as
mentioned in Section II-D—the loss associated with the
equalization would be very minor compared with that for the
main converter.

C. Charge-Discharge Cycling Experiment

Six SCs each with a capacitance of 1500 F at a rated charge
voltage of 2.5 V were used for the cycling experiment, and they
were neither brand-new nor screened to minimize any
nonuniformity in cell characteristics. The prototypes shown in
Fig. 10 were combined by cables, and operated at fg = 100 kHz
to perform a charge-discharge cycling test from an
initially-voltage-imbalanced condition, whereby V,—Vs were
imbalanced within the range 0.7-1.6 V. The series-connected
SCs were charged with a constant current—constant voltage
(CC—CV) charging scheme of 1.0 A—15 V (2.5 V/cell) at V;, =
24 V, and were discharged to a 50-Q resistor at a constant
voltage of 22.7 V. Individual cell voltages, the total voltage of
the string V7., and the string current /g, were measured,
while cycling was repeated for three cycles.

Measured key operation waveforms at Vy,,; = 8.0 Vand V; =
0.7 V during charging are shown in Fig. 13. Similar to the
theoretical waveforms shown in Fig. 6, i; was a triangular wave,
while discontinuous sinusoidal current of i;,. flowed as vgy
swung.

The experimental charge-discharge cycling profiles are
shown in Fig. 14. During the first charging period, V,—Vs
uniformly increased, while V; increased more rapidly, implying
that the SRVM preferentially supplied an equalization current
for B; having the lowest voltage in the string. After Vi,
reached the CV charging voltage level of 15 V, Ig;,, was
tapered and V7,,, was maintained at 15 V, whereas some cells
were over-charged beyond 2.5 V because of the cell voltage
imbalance. The voltage imbalance still gradually disappeared,
even during the CV charging period, since the bidirectional
converter was operated in synchronous mode and the string
energy was redistributed to the cells through the SRVM. After
the integrated converter had been switched to discharging, Vry
as well as cell voltages started decreasing. The cells were still
being equalized during discharging, verifying that the SRVM
can properly equalize during both charging and discharging; the
standard deviation of the cell voltages consistently decreased
during both charging and discharging.

The voltage imbalance was further eliminated in the second
and third cycles. The standard deviation bottomed during the

Cell Voltage [V] Standard Deviation [V]

— 2
2‘ —
& 12f : 1's
5 10 o
s 8 ‘ SRRy
6 Total ‘ \ IString "
o4 : : . -2
0 50 100 150 200

Time [min]
Fig. 14. Experimental charge-discharge cycling profiles of six SCs
connected in series cycled by integrated converter.

CV charging period in the third cycle, followed by a slight
increase during the discharging period. This slight increase in
the standard deviation is attributable to a minor mismatch in
capacitance of the SCs, with which SC voltages are naturally
slightly imbalanced as they are charged/discharged—the
capacitance mismatch is one of the major causes of voltage
imbalance, as mentioned in Section I. During the CV charging
period, Ig,:,, Was tapered to be nearly zero, causing no voltage
imbalance originating from the minor capacitance mismatch. In
other words, the SC voltages were simply equalized during the
CV charging period, reducing the standard deviation even with
the existence of the minor capacitance mismatch. In the
subsequent discharging period, on the other hand, SC voltages
tended to be slightly imbalanced due to the minor capacitance
mismatch, resulting in the slight increase in the standard
deviation.

At the end of the cycling experiment, the standard deviation
of cell voltages decreased down to approximately 10 mV,
demonstrating the equalization performance of the proposed
integrated converter.

D. Simulation Verification

A simulation-based charge-discharge cycling using the
derived dc equivalent circuit shown in Fig. 9 was also
performed under the same conditions as the experiments; R,,
was determined to be 364 mQ based on (28). To briefly
investigate the equalization performance under a
capacitance-mismatched condition, the capacitance of B; was
intentionally lowered by 10%—the capacitances of B; was 1350
F while others were still 1500 F.

The simulation cycling profiles are shown in Fig. 15. Even
under the capacitance-mismatched condition, cell voltage
profiles showed a good agreement with those in the experiment
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Fig. 15. Simulation charge-discharge cycling profiles of six SCs
connected in series cycled by integrated converter.

shown in Fig. 14, successfully verifying the derived dc
equivalent circuit. As charging/discharging progressed in the
first cycle, cells received equalization currents one after the
other, and the standard deviation consistently decreased. In the
second and third cycles, on the other hand, all the cells received
equalization currents, and the standard deviation fluctuated due
to the capacitance mismatch. Similar to the experimental result
shown in Fig. 14, the standard deviation increased during
discharging periods as cell voltages tended to be slightly
imbalanced due to the capacitance mismatch. Since the
capacitances of B; was lower than the others, V3 tended to be
higher and lower during charging and discharging periods,
respectively. Accordingly, the equalization current supplied to
Bs, 1.3, differed from others so that all the cell voltages were
equalized during cycling.

In general, the larger the capacitance mismatch and
charge/discharge currents, the greater will be the voltage
imbalanced caused by cycling. Hence, equalizers should be
properly designed with considering capacitance mismatch and
cycling conditions so that cell voltages are adequately balanced
even during cycling. The derived dc equivalent circuit would
help investigating equalization performance under mismatched
conditions and therefore be a useful tool for properly designing
the equalizer.

V. CONCLUSIONS

A bidirectional PWM converter integrating a cell voltage
equalizer has been proposed in this paper. The proposed
integrated converter is basically the combination of a traditional
bidirectional PWM converter and SRVM that functionally
performs cell voltage equalization. An asymmetric square wave

voltage generated at the switching node of a converter is
exploited to drive the SRVM, hence the SRVM itself is a
switchless circuit. The two functional elements (i.e.
bidirectional converter and equalizer) can be integrated into a
single unit without increasing the switch count, hence realizing
system- and circuit-level simplifications.

The operational analysis was mainly performed for the SRVM,
since the fundamental operation of the bidirectional converter in
the proposed integrated converter is basically identical to that of
conventional converters. Detailed operational analysis revealed
the inherent constant current characteristic of the SRVM, and
hence currents in the SRVM can be automatically limited to
within desired levels, even without feedback control.

An experimental charge-discharge cycling test using the
proposed integrated converter was performed for six SCs
connected in series from an initially-voltage-imbalanced
condition. The voltage imbalance was gradually eliminated by
the SRVM during both charging and discharging while the
string was cycled by the bidirectional converter. The cell
voltages were eventually unified at the end of the experimental
cycling, demonstrating the integrated functions of the proposed
converter.
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