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Interleaved Bidirectional Chopper With Auxiliary
Converters for DC Electric Railways

Hamzeh J. Ahmad , Student Member, IEEE, and Makoto Hagiwara , Senior Member, IEEE

Abstract—This article presents an interleaved bidirectional
chopper with auxiliary converters for onboard energy storage
systems that is capable of achieving a significant reduction in
the mass and volume of the current-smoothing inductors. The
proposed chopper consists of multiple interleaved subconverters,
where each subconverter consists of a bidirectional chopper cell, a
current-smoothing inductor at the low-voltage side, and an auxil-
iary converter that is formed by the cascade connection of multiple
full-bridge cells. Each auxiliary converter is connected in series
with its respective inductor to suppress the ac voltage component
that produces ripple current in the inductor of each subconverter;
hence, a smaller inductor can be used to meet the ripple current
requirement when compared with the conventional bidirectional
chopper. In addition, auxiliary converters can be used as dc-circuit
breakers to protect the low-voltage side against faults in the power
devices of the bidirectional chopper cells. This article discusses the
operating principles and control method of the proposed chopper,
followed by experiments using a downscaled experimental model.

Index Terms—Battery energy storage system, dc circuit breaker,
dc–dc converter.

I. INTRODUCTION

ENERGY storage systems that are based on lithium ion
batteries, nickel-metal hydride batteries, electric double

layer capacitors, fuel cells, and flywheels are used in dc electric
railways as power sources [1]–[10]. In particular, battery energy
storage systems (BESS) that are placed inside the dc electric
railways (i.e., onboard storage systems) allow the regenerative
energy to be stored during breaking and reused when it is
required [11]–[13]. Further, the catenary voltage drop during
acceleration can be limited, because the onboard BESS can be
used to supply the peak power [11]. Meanwhile, the onboard
BESS can supply power when there is a break in the overhead
lines or when the train is running on a nonelectrified section.
Catenary-free operation may be required when there is a limita-
tion on the level of visual intrusion, or when the infrastructure
of the overhead electrification is not economically feasible [14].
However, the onboard BESS adds to the mass and volume of the
moving railway vehicle [15].
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Fig. 1. Circuit configuration of a conventional interleaved bidirectional chop-
per for dc electric railways.

Typically, dc electrification systems with voltages ranging
from 600 V to 3 kV are adopted in dc electric railways [16],
[17]. A bidirectional chopper is required for voltage conversion
between the voltage level of the catenary and that of the battery,
and for allowing the regenerative braking energy to be stored
in the battery. It is noteworthy that the capacity of a bidirec-
tional chopper can be as high as 500 kW [3]. Fig. 1 shows the
circuit configuration of a conventional interleaved bidirectional
chopper which is formed by interleaving multiple subconverters,
where each subconverter consists of a bidirectional chopper
cell and a current-smoothing inductor. vdc1 is the dc voltage
at the high-voltage side which corresponds to a dc catenary
voltage, and vdc2 is the dc voltage at the low-voltage side
which corresponds to the BESS voltage. CBh and CBl are the
high-voltage side and the low-voltage side dc-circuit breakers
which are installed for protecting the system from short-circuit
faults in the power devices [3], [10], [18]–[20].

High-power choppers suffer from bulky and heavy magnetics,
since the operating switching frequencies are limited because
of the limitation of the power losses in the power devices.
For example, the switching frequency of 3.3-kV Si-IGBTs is
typically set to less than one kilohertz for reducing switching
loss. It is required to reduce the mass and volume of the onboard
bidirectional chopper since the mass affects the driving range
while the volume affects the flexibility of the vehicle design
[21]. The mass and volume of the chopper strongly depend on
those of the high-power inductor which can be the single bulkiest
and heaviest component in the converter system [22].
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Fig. 2. Interleaved bidirectional chopper with auxiliary converters. (a) Overall
configuration. (b) Bridge cell.

This article proposes an interleaved bidirectional chopper
with auxiliary converters that is intended for its application to
onboard BESS in dc electric railways. The proposed chopper
is capable of achieving the same peak-to-peak ripple current
as that produced by the conventional interleaved chopper using
smaller current-smoothing inductors. A smoother high-voltage-
side current can be obtained as a result of interleaving, which
further reduces the mass and volume of the magnetics required
for current smoothing. Moreover, the proposed chopper can in-
terrupt fault currents at the low-voltage side. Hence, mechanical
circuit breakers at the low-voltage side can be removed. There is
no paper in the past works with a focus on the interleaved bidi-
rectional chopper with auxiliary converters with experimental
verification.

The rest of this article is organized as follows: Section II
presents the proposed circuit configuration. Section III and IV
discuss the principles of operation and control method of the
proposed chopper. Section V presents the experimental verifica-
tion using a down-scaled experimental model. In Section VI, the
proposed chopper and the conventional chopper are compared
in terms of volume, mass, and efficiency. Finally, the article is
concluded in Section VII.

II. CIRCUIT CONFIGURATION

Fig. 2(a) shows the circuit configuration of an interleaved
bidirectional chopper with auxiliary converters (IBCAC). A
parallel connection of n subconverters forms the IBCAC, where

each subconverter consists of a bidirectional chopper cell, a cas-
cade connection of m full-bridge cells, and a current-smoothing
inductor, Lj (j: 1–n). In each subconverter, the bidirectional
chopper cell is called a main converter, while a cascade con-
nection of m full-bridge cells is called an auxiliary converter.
Fig. 2(a) is equivalent to a conventional interleaved bidirectional
chopper if the auxiliary converters are eliminated.

In Fig. 2(a), vdc1 and Cdc are the voltage source and dc-link
capacitor at the high-voltage side. Suj and Slj are the upper and
lower power devices of each main converter. At the high-voltage
side, idc1 is the dc current sourced from vdc1, iM is the total
current flowing to the main converters, iMj is the current flowing
to each main converter, and vMj is the voltage produced by
each main converter. Meanwhile, vdc2 is the voltage source
at the low-voltage side, iLj is the inductor current of each
subconverter, and idc2 is the current flowing to vdc2. vAj is the
sum of the individual cell voltages produced by each full-bridge
cell. Fig. 2(b) shows the circuit configuration of the full-bridge
cell forming the auxiliary converter, where vCij (i: 1–m) denotes
the dc-capacitor voltage, vij is the ac output voltage, S1ij , S2ij ,
S3ij , and S4ij are the power devices.

A dc circuit breaker, CBh, should be installed in series with
vdc1 as shown in Fig. 2(a) to protect the system from short-circuit
faults in the power devices of the main converters. In the con-
ventional interleaved bidirectional chopper, another dc circuit
breaker should be installed in series with vdc2 for protecting
the system from the short-circuit fault. However, this additional
dc circuit breaker is unnecessary to be installed in Fig. 2(a)
because the auxiliary converters can work as solid-state dc circuit
breakers, which will be verified experimentally later on.

III. PRINCIPLES OF OPERATION

The main advantages of the IBCAC can be summarized as
follows.

1) A much smaller Lj can be used compared with the con-
ventional interleaved bidirectional chopper to achieve the
same peak-to-peak ripple current in idc2.

2) The auxiliary converters can work as solid-state dc circuit
breakers during the fault.

3) iM can be a much smoother wave by interleaving multiple
subconverters, although this feature is also achievable by
the conventional interleaved chopper.

A. Principles of Operation of the Main Converters

The dead-time period, where Suj and Slj are simultaneously
OFF is assumed to be zero in the following analysis. Similar to
Fig. 1, the voltage produced by each main converter, vMj , is
given by

vMj =

{
vdc1 (Suj : ON, Slj : OFF)
0 (Suj : OFF, Slj : ON).

(1)

vMj can be divided into a dc component, (vMj)dc, and an ac
component, (vMj)ac, where the former is given by

(vMj)dc = dMjvdc1 (2)
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Fig. 3. Circuit configuration of a subconverter of the IBCAC. (a) Su1 is ON,
and iL1 is positive. (b) Sl1 is ON, and iL1 is positive. (c) Sl1 is ON, and iL1 is
negative. (d) Su1 is ON, and iL1 is negative.

where dMj is the instantaneous duty ratio of Suj . (vMj)ac is a
square wave with a frequency of fSM, which is the switching
frequency of the main converters, and it is given by

(vMj)ac =

{
(1− dMj)vdc1 (Suj : ON, Slj : OFF)
−dMjvdc1 (Suj : OFF, Slj : ON).

(3)

B. Principles of Operation of the Auxiliary Converters

The primary function of the auxiliary converter in each sub-
converter is to produce an ac voltage (vAj)ac that is equal to
(vMj)ac to cancel out the ac voltage component that produces
the ripple current. (vAj)ac is given by

(vAj)ac =

{
(1− dMj)vdc1 (Suj : ON, Slj : OFF)
−dMjvdc1 (Suj : OFF, Slj : ON).

(4)

Consequently, no ac component is superimposed on the inductor,
Lj , and each inductor current, iLj , produces no switching-ripple
currents ideally. In an actual system, a switching-ripple cur-
rent stemming from the phase-shifted pulse width modulation
(PWM) applied to each auxiliary converter occurs in iLj . How-
ever, this switching-ripple current is much smaller and easier
to mitigate owing to the high equivalent switching frequency
of the auxiliary converter [23]–[25]. Specifically, the equivalent
switching frequency when the phase-shifted PWM is applied
is 2mfSA, where m is the bridge-cell count and fSA is the
switching frequency of each cell. In addition, the amplitude
of the switching-ripple voltage can be smaller than that of the
conventional chopper owing to a good effect of the phase-shifted
PWM.

Fig. 3 shows the current-flow path and the conducting power
devices of a subconverter of the IBCAC during each state of
normal operation, where the current-flow path and the conduct-
ing power devices are marked in red. Fig. 3(a) shows the circuit
configuration of a subconverter of the IBCAC when Su1 is ON,
Sl1 is OFF, and iL1 is positive. In this case, vM1 equals vdc1,
and vA1 is controlled to equal (1− dM1)vdc1. Fig. 3(b) shows
the circuit configuration when Su1 is OFF, Sl1 is ON, and iL1 is
positive. In this case, vM1 equals zero, and vA1 is controlled to
equal−dM1vdc1. Hence, the voltage difference between the vM1

Fig. 4. Ideal voltage and current waveforms of a subconverter of the IBCAC.

and vA1 (i.e., vM1 − vA1) equals (vMj)dc, which ideally equals
vdc2. As a result, the voltage across the inductor becomes zero
and a pure dc current flows through it, where iM1 equals zero
when Su1 is OFF and equals iL1 when Su1 is ON. The ideal
voltage and current waveforms of a subconverter of the IBCAC
are shown in Fig. 4. Another attractive function of the auxiliary
converters is that they can work as solid-state dc circuit breakers
disconnecting vdc2 from the rest of the converter system when
a short-circuit fault occurs in the power device(s) of the main
converters. This function can be realized by turning OFF all the
power devices of the auxiliary converters. Consequently, the
low-voltage-side dc circuit breaker that should be installed in
the conventional bidirectional chopper can be removed. As a
result, the mass, volume, and cost of the system can be reduced.
However, the high-voltage-side dc circuit breaker, CBh, is in-
dispensable.

It is noteworthy that the dc capacitors of each cell should be
initially charged and kept to an initial voltage of vCij for the
startup operation. A method for charging the capacitors will be
described and verified experimentally later on.

C. Design Considerations

Each auxiliary converter produces an ac voltage, (vAj)ac,
and an amount of switching-ripple voltage that mainly stems
from the PWM operation, turn-ON and turn-OFF times of the
power devices, and the effect of dead time. The switching-
ripple voltage produces a ripple current in iLj that should be
attenuated to maintain this ripple within a specified design
limit. As mentioned above, the amount of the switching-ripple
voltage can be mitigated by applying the phase-shifted PWM to
each bridge cell, where an initial phase of each carrier wave is
phase-shifted by (180◦/m) each other, which makes the voltage
step and the switching-ripple frequency of vAj become vCj and
2mfSA, respectively, wherevCj is the voltage of each full-bridge
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capacitor, assuming that all full-bridge cell capacitor voltages are
equal (i.e., vCij = vCj). The switching-ripple voltage in vAj ,
(vAj)ripple, can be expressed as

(vAj)ripple =

{ vCj

2 (0 < t ≤ 1
4mfSA

)

− vCj

2 ( 1
4mfSA

< t < 1
2mfSA

).
(5)

Here, a period of time when a positive voltage is produced and the
one when a negative voltage is produced are assumed equal for
the sake of simplifying analysis. The amplitude of the switching-
ripple current, (iLj)ripple, is determined from (5) as

(iLj)ripple =
1

Lj

∫ 1
4mfSA

0

vCj

2
dt =

vCj

8LjmfSA
. (6)

When the auxiliary converters are not used, the peak-to-peak
value of the switching-ripple current, (iLj)ripple, can be given
as

(iLj)ripple =
vdc1

LjfSM
dMj(1− dMj). (7)

Equations (6) and (7) give the amplitude ratio iw//iw/o as

iw/

iw/o
=

vCjfSM
8mvdc1fSAdMj(1− dMj)

(8)

where iw/ is (iLj)ripple with the auxiliary converter, and iw/o

is (iLj)ripple without the auxiliary converter. The following
relation exists between vCj , m, and vAj as

−mvCj ≤ vAj ≤ mvCj . (9)

From (4) and (9), vCj should satisfy the following conditions:{
(1−dMj)vdc1

m ≤ vCj
dMjvdc1

m ≤ vCj .
(10)

Here, dMj is produced by the control system of the converter,
where it mainly depends on the catenary voltage and battery
voltage. Besides, m and vCj can be used as design variables that
can be freely selected as long as (10) is satisfied. Equation (10)
implies that vCj can be decreased by increasing m, producing
less switching-ripple current under the same frequencies of fSM
and fSA as can be inferred from (8). However, the increase in
the bridge-cells count may result in an eventual rise in cost.
fSM is determined by the voltage rating of power device used.

For example, it is set from 500 to 1 kHz for 3.3-kV IGBTs and
set to more than 1 kHz for 1.2-kV IGBTs. Besides, fSA should
be higher than fSM for enabling each bridge cell to produce
a square wave with a frequency of fSM. The voltage rating of
power devices used in the auxiliary converter is determined by
the maximum value of vCj . For example, it is calculated from
(10) as 500 V when vdc1 = 1500 V and m = 3. In this case,
1.2-kV IGBTs or 1.2-kV SiC-MOSFETs can be used as power
devices.

IV. CONVERTER CONTROL

The control system of the IBCAC can be divided into two
parts: The main converters control and the auxiliary converters
control. The control system of the main converters is responsible
for controlling power flow between vdc1 and vdc2. Meanwhile,

Fig. 5. Control block diagram of the main converters.

Fig. 6. Control block diagram of the auxiliary converters.

the control system of the auxiliary converters is responsible for
mitigating the ripple current included in iLj , regulating vCij ,
and protecting the system by working as solid-state dc-circuit
breakers in case of short-circuit faults. It is noteworthy that
the control of each main/auxiliary converter is identical and
independent of each other.

A. Control of the Main Converters

Fig. 5 shows the control block diagram of the main converters,
where the current control loop forces the inductor current of
each subconverter, iLj , to follow a reference current, i∗dc2/n,
such that each inductor current is independently controlled to
carry 1/n of idc2. vdc2 and the reference voltage produced by
each auxiliary converter for the dc-capacitor voltage control
(as described later), v∗Bj , are used as feedforward control to
decouple each main converter and the corresponding auxiliary
converter in terms of control. The instantaneous duty ratio of
each main converter,dMj , is fed to a pulsewidth modulator where
the phase-shift between the carriers equals 360◦/n.

B. Control of the Auxiliary Converters

Fig. 6 shows the control block diagram of the auxiliary
converters. It consists of the ripple current mitigation and the
dc-capacitor voltage control. The function as a solid-state dc
circuit breaker is not included in Fig. 6. The ac voltage (vAj)ac
expressed in (4) should be produced by each auxiliary converter
to mitigate the ripple current in the inductor current. For this pur-
pose, vdc1,dMj , and the switching signals of each main converter
are given as input signals. Each bridge cell in the corresponding
auxiliary converter produces an ac voltage (vAj)ac/m.

The dc-capacitor voltage control forces the arithmetic aver-
age value of each dc-capacitor voltage (vCij)dc to follow its
reference voltage, v∗Cij , and produces the reference voltage for
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TABLE I
SWITCHING MODES FOR THE INITIAL CHARGING OF THE

AUXILIARY CONVERTERS

the dc-capacitor voltage control, v∗Bij . The sum of v∗Bij of each
auxiliary converter, v∗Bj , is given by

v∗Bj =
m∑
i=1

v∗Bij (11)

where vBj (= v∗Bj) is a dc quantity that may interfere with the
main converters in terms of current control. Therefore, v∗Bj is
provided to the main converters control as a feedforward signal
to achieve decoupling of control.

In Fig. 6, (vCij)dc is obtained by applying a moving-average
filter with a frequency of fSM to vCij . When the product of vBij

and iLj (i.e., vBijiLj) is positive, a positive active power flows
into the capacitor and (vCij)dc increases. When the product is
negative, a negative active power flows into the capacitor and
(vCij)dc decreases. Therefore, the polarity of v∗Bij should be
changed depending on the direction of iLj . Finally, the reference
voltages v∗ij are fed to pulsewidth modulators, where the phase-
shifted PWM is applied to each auxiliary converter. The phase-
shift between carriers of each full-bridge cell equals 180◦/m.

C. Converter Startup

The dc capacitors of each cell should be initially charged using
either vdc1 or vdc2. The relation iLj ≥ 0 always holds when vdc1
is used, whereas the relation iLj ≤ 0 always holds when vdc2 is
used. The switching states of the power devices in the main and
auxiliary converters are adjusted, such that the initial charging
of the capacitors is accomplished. Hence, no additional circuits
are required for the initial charging.

When vdc1 is used for the initial charging, Suj is the active
switch that controls the charging process and Slj is kept OFF.
Meanwhile, when vdc2 is used for the initial charging, Slj is
the active switch and Suj is kept OFF. The capacitors of each
subconverter are charged sequentially in a process that can be
called “sequential charging,” such that one capacitor is charged
at a time. Table I summarizes the switching modes for the initial
charging of the auxiliary converters. In each subconverter, a
certain cell of the auxiliary converter is operated in the “charging
mode” while the remaining cells are operated in the “short-
circuit mode.” When the charging process of one capacitor is
completed, the cell is operated in the short-circuit mode, and
the next cell is operated in the charging mode. The process is
repeated until all capacitors are charged. When a certain bridge
cell is operated in the charging mode and the relation iLj ≥ 0
holds, S1ij and S4ij are ON whereas S2ij and S3ij are OFF. In
this case, the relation vij = vCij holds in Fig. 2(b) and a positive
current flows into the capacitor. Consequently, the capacitor

voltage increases. The duty ratio of the main converter, dMj , is
different for each capacitor charging process, and it is given by
the feedback control of the dc-capacitor voltage in the charging
process. For example, when vC1j is being charged, dMj is given
by

dMj = Kp(v
∗
C1j − vC1j) +Ki

∫
(v∗C1j − vC1j)dt (12)

where Kp is the proportional gain, and Ki is the integral gain,
v∗C1j is its reference. When a certain bridge cell is operated in the
charging mode and the relation iLj ≤ 0 holds, S2ij and S3ij are
ON while S1ij and S4ij are OFF. The short-circuit mode can be
realized in two ways; a short-circuit mode 1 and a short-circuit
mode 2 as defined in Table I. In the short-circuit mode 1, the
power devices of the positive-side arms are ON and those of
the negative-side arms are OFF. In the short-circuit mode 2, the
power devices of the positive-side arms are OFF and those of the
negative-side arms are ON. In both modes, the relation vij = 0
holds and no current flows into the capacitor. Consequently, the
capacitor voltage is unchanged during these modes.

D. Circuit Breaker Operation

When a short-circuit occurs in any or both of the power devices
of the main converters, the inductor current, iLj , may increase
or decrease, causing an undesirable overcurrent to the system.
For protecting the system from the overcurrent, it is necessary to
install dc circuit breakers in both high- and low-voltage sides in
Fig. 1. Meanwhile, the auxiliary converters have the function of
working as solid-state dc circuit breakers that can interrupt the
inductor current as mentioned in the previous section. Hence, a
dc circuit breaker at the low-voltage side can be removed.

The auxiliary converters can interrupt the inductor current
during the fault much faster than mechanical dc circuit breakers,
where the fault-current interruption takes typically less than one
millisecond. Since no arc occurs in the auxiliary converters, an
arc extinguishing mechanism required for the mechanical dc
circuit breakers is not required, and the high reliability of the
system can be realized.

The IBCAC can detect a short-circuit fault by monitoring
iLj . Specifically, the circuit breaker operation is triggered when
it reaches a specified threshold value. The measurement of iLj

is also required for control purposes; therefore, no additional
sensors are required for the circuit breaker operation.

V. EXPERIMENTAL RESULTS

A. Experimental Conditions

Table II summarizes the circuit parameters, and Fig. 7 shows
a photograph of the down-scaled model used in experiments. In
the down-scaled model, the voltage at the high-voltage side was
set to vdc1 = 150 V, and the voltage at the low-voltage side was
set to either vdc2 = 50 V or vdc2 = 75 V. The reference current
was set to either i∗dc2 = +30 A or i∗dc2 = −30 A.

Each voltage and current waveform corresponds to those in
Fig. 2, whereas only the representative waveforms are shown
since the remaining waveforms are similar. For example, vM1

is shown, whereas vM2 and vM3 are not shown since they are
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TABLE II
CIRCUIT PARAMETERS USED IN EXPERIMENTS

Fig. 7. Photograph of the down-scaled model used in experiments.

similar to vM1 in shape except that the phase-shift of 120◦

(= 360◦/3) exists between them.
The carrier frequency of the IGBTs used in the main con-

verters was set to fSM = 900 Hz, and the carrier frequency of
the power MOSFETs used in the auxiliary converters was set to
fSA = 3.6 kHz. The bridge-cell count in each auxiliary con-
verter was set to m = 3 which makes the equivalent switching
frequency of each auxiliary converter become 21.6 kHz (=
2mfSA). The capacitance of each full-bridge capacitor was set
to 2.5 mF, and the voltage reference of each dc-capacitor voltage
was set to v∗Cij = 50 V. The chopper-cell count was set to n = 3
which makes the equivalent switching frequency of the main
converters become 2.7 kHz (= nfSM). The high-voltage-side
capacitor was set to Cdc = 4.8 mF, where the capacitor and
parasitic impedance of the voltage source work as a passive filter
to mitigate the ripple current in idc1. Each inductor presents
the inductance of 0.75 mH at 0 Hz; however, it is reduced to
0.32 mH at 21.6 kHz (i.e., the equivalent switching frequency of
the auxiliary converter) owing to its frequency characteristics.

The high- and low-voltage sides are connected to dc power
supplies (NF DP030RS), and each dc capacitor was kept at an
initial voltage of 50 V prior to the start of the experiments.

Fig. 8. Experimental waveforms of the IBCAC when i∗dc2 = 30 A, and vdc2
= 50 V.

For Figs. 8 to 10, the experimental waveforms of vM1 and
vA1 were taken by the Tektronix oscilloscope DPO4034B with
a frequency band of 350 MHz. The experimental waveforms of
idc1, idc2, iM, and iL1 were taken by the Tektronix oscilloscope
MDO4104C with a frequency band of 1 GHz. The experimental
waveforms of vC11, vC12, and vC13 were taken by the Tektronix
oscilloscope DPO3054 with a frequency band of 500 MHz. The
Tektronix current probes TCP0150, TCP303, TCP0030A, and
TCP0020 were used for the measurement of idc1, idc2, iM, and
iL1, respectively. The Tektronix voltage probes THDP0200 were
used for the measurement of vC11, vC12, vC13, and vA1, while
the Tektronix voltage probe THDP0100 was used to measure
vM1. For Figs. 11 to 13, the experimental waveforms were
taken by Tektronix oscilloscope DPO4104B-L with a frequency
band of 1 GHz. The Tektronix voltage probes THDP0200
were used for the measurement of vM1, vA1, vC11, vC21, and
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Fig. 9. Experimental waveforms of the IBCAC when i∗dc2 =−30A, and vdc2
= 75 V.

vC31. The Tektronix current probe TCP0030A was used for
the measurement of iL1. The control system consists of a dig-
ital signal processor (DSP) unit using the Texas Instruments
TMS320C6678 and a field-programmable gate array (FPGA)
unit using the Altera Cyclone IV. The FPGA unit including
A/D converters detects the nine dc-capacitor voltages of the full-
bridge converters, the three inductor currents, and the high- and
the low-voltage-side dc voltages. The FPGA unit produces 42
gate signals in total. The sampling and reference update period
of the control system was set to 46.3 µms (= 1/(2mfSA)).

B. Steady-State Operation When idc2 > 0

Fig. 8 shows the experimental waveforms of the IBCAC dur-
ing a steady-state operation when i∗dc2 = 30 A, and vdc2 = 50 V.
The active power is flowing from the high-voltage side to the
low-voltage side, which models the charging operation of BESS

Fig. 10. Experimental waveforms of the IBCAC when vdc2 = 75 V, where
i∗dc2 was changed from −30 to 30 A in 250 ms.

Fig. 11. Experimental waveforms during startup when i∗L = −15 A.

in an actual system. The voltage produced by the main converter,
vM1, is a square wave containing both dc and ac components,
where the frequency of the ac components is 900 Hz. The duty
ratio, dM1, is slightly larger than 0.33 (= vdc2/vdc1), owing to
the additional voltage components stemming from the current
feedback control and v∗B1 shown in Fig. 5.

The voltage produced by the auxiliary converter, vA1, is a
square wave with a dominant frequency of 900 Hz. In addition,
it contains a switching-ripple component with a frequency of
21.6 kHz (= 2mfSA) and a voltage step of 50 V (= vCij)
stemming from the phase-shifted PWM.

The 900-Hz ac components included in vM1 and vA1 cancel
out each other, and no ac voltage appears in the inductor voltage
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Fig. 12. Time-expanded waveforms during the initial charging of vC11.

Fig. 13. Experimental waveforms during circuit breaker operation.

except for a small amount of switching-ripple voltage with
a frequency of 21.6 kHz. Consequently, the switching-ripple
current in the inductor current can be mitigated satisfactorily.

The dc-capacitor voltages, vC11, vC12, and vC13, contain a
dc component that is regulated to 50 V without any steady-
state error by the auxiliary converters. In addition, a triangular-
wave ac component with a dominant frequency of 900 Hz exists
in each dc-capacitor voltage. However, this ac component is
less than 1/10 in a peak-to-peak value compared with the dc
component of 50 V.

The total current flowing to the main converters, iM, con-
sists of a dc component of 10 A and an ac component with a
frequency of 2.7 kHz (= nfSM). It is noteworthy that no ac
component would be included in iM when the relations n = 3
and dM1 = dM2 = dM3 = vdc2/vdc1 = 0.33 hold because the
perfect cancellation of the ac components in iM1, iM2, and iM3

occurs in this case. However, each duty ratio is slightly larger
than 0.33 as mentioned above, and an amount of ac component
occurs in iM. Specifically, a surge current with a frequency of
21.6 kHz occurs in iM, and it is attenuated with the passage of
time as shown in Fig. 8. Meanwhile, the dc current sourced from
vdc1, idc1, is a dc current containing no ac component owing to
a good effect of the capacitor, Cdc, and the parasitic inductance
of the dc source working as a passive filter.

The dc current flowing to vdc2, idc2, is controlled indirectly
by controlling the individual inductor currents, iLj , such that
1/n of idc2 flows through each inductor. Fig. 8 shows that iL1

and idc2 are regulated at 10 and 30 A, respectively, without any
steady-state error.

C. Steady-State Operation When idc2 < 0

Fig. 9 shows the experimental waveforms of the IBCAC
during a steady-state operation when i∗dc2 = −30 A, and
vdc2 = 75 V. The active power is flowing from the low-voltage
side to the high-voltage side, which models the discharging
operation of BESS in an actual system. The voltage and current
waveforms are similar to those of Fig. 8 except for the current
polarity changed. Unlike Fig. 8, the duty ratio, dM1, is slightly
smaller than 0.5 (= vdc2/vdc1) owing to v∗B1 changed to a
negative value. This interesting phenomenon occurs because the
polarity of v∗B1 changes according to that of the inductor current
as shown in Fig. 6.

The dc component included in the dc-capacitor voltages vC11,
vC12, and vC13 are regulated to 50 V without any steady-state
error. idc1 is a pure dc current and it is obtained as −14 A,
which is slightly smaller than the theoretical value of −15 A
(= −2.25 kW/150 V) owing to the converter loss. iM is a square
wave with a dominant frequency of 2.7 kHz, and it also contains
a surge current with a frequency of 21.6 kHz similar to Fig. 8.

D. Transient Performance During a Ramp Change in idc2

Fig. 10 shows the experimental waveforms of the IBCAC
during a transient-state operation when vdc2 = 75 V, where
i∗dc2 was changed from −30 to 30 A in 250 ms under a ramp
change. Fig. 10 shows that idc1, iL1, and idc2 changed without
any overcurrent. Carefully looking into Fig. 10 reveals that the
gradient of each current decreases when they approach zero. This
interesting phenomenon occurs owing to the effect of ON-state
voltages of power devices used in the auxiliary converters. This
effect can be mitigated by applying the conventional ON-state
voltage drop compensation method, where the polarity of the
compensation voltage is changed according to the polarity of
the inductor current.

The dc components included in each dc-capacitor voltage
were regulated to 50 V without any error even during the
transient state. Meanwhile, the amplitude of the ac components
included in each dc-capacitor voltage decreased as the inductor
current approached zero, and increased again as the inductor
current approached its reference current of 10 A. This phe-
nomenon occurs because the amplitude of the ac components
is proportional to that of the inductor current.

E. Converter Operation During Startup

The waveforms of one subconverter are shown in the follow-
ing section because the converter operation during startup is
identical among the three subconverters. In addition, the carrier
frequencies were changed to fSM = 450 Hz and fSA = 1.8 kHz
and the inductance value ofL1 was changed from 0.75 to 0.5 mH
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TABLE III
SEQUENCE OF INITIAL CHARGING

for convenience; however, this change does not affect to the
converter operation.

Fig. 11 shows the experimental waveforms of vC11, vC21,
vC31, and iL1 during the converter startup. In this experiment,
the initial charging of the capacitors was realized using vdc1
and the relation iL1 ≥ 0 holds through the charging process.
In this case, Suj is the active switch that controls the charging
process and Slj is kept OFF. Before t0, all capacitor voltages
are set to zero. The charging process starts at t0 according to a
sequence depicted in Table III, where the time instants t1, t2,
and t3 represent the end-of-charging instants of vC31, vC21, and
vC11, respectively.

During t0 to t1, the voltage reference for vC31 increased from
zero to 45 V under a ramp change in approximately 0.4 s. Fig. 12
shows the time-expanded waveforms of Fig. 11 during the initial
charging of vC11. In this period, the cell 21 and cell 31 are
operating in the short-circuit mode and the cell 11 is operating
in the charging mode shown in Table I. Meanwhile, the duty ratio
of the main converter,dM1, is determined by the feedback control
of vC11 and its reference voltage, v∗C11. dM1 is proportional to
v∗C11 − vC11, and the inductor current increases linearly with
a gradient of (vdc1 − vdc2)/L1 when Su1 is on. Consequently,
vC11 increases. When Su1 is OFF, the inductor current decreases
linearly with a gradient of−vdc2/L1 via a freewheeling diode in
Sl1, and it becomes zero finally. However, vC11 keeps increasing
during this period since the relation iL1 ≥ 0 holds. After the
inductor current becomes zero, vC11 is kept to a constant value
until Su1 turns ON again. This charging process is repeated every
switching period of the main converter (= 1/fSM = 2.2ms)
until vC11 reaches 45 V. When the initial charging finishes,
power transfer can be initiated. In this experiment, a ramp signal
that decreases from 0 to −15 A in 0.2 s was selected as a
current reference. It can be concluded from Fig. 11 that the
converter startup including the initial charging can be achieved
successfully without any overvoltage or overcurrent.

F. Circuit Breaker Operation

The waveforms of one subconverter are shown in the fol-
lowing section because the circuit breaker operation is identical
among the three subconverters. In addition, the carrier frequen-
cies were changed to fSM = 450 Hz and fSA = 1.8 kHz, and
the inductance value of L1 was changed from 0.75 to 0.5 mH.
In the following, a short-circuit fault is assumed to occur in Su1,
and this fault can be imitated by turning Su1 ON at a certain
time point. Simultaneously, Sl1 is turned OFF for preventing a
short-circuit current from flowing at the high-voltage side. The
relations vdc1 = 60 V, vdc2 = 30 V, vCi1 = 15 V, and iL1 =

−5A hold prior to the fault occurrence. Fig. 13 shows the exper-
imental waveforms during the circuit breaker operation where
the fault occurred at ta. Su1 and Sl1 are kept ON and OFF, respec-
tively, after ta. The following circuit equation holds in Fig. 2(a)
after ta

diL1

dt
=

1

L1
(vdc1 − vdc2 − vA1). (13)

In (13), vA1 is the sum of voltage components produced by the
dc-capacitor voltage control and ripple current mitigation, where
the former is given by (11) and the latter is given by (4), respec-
tively. The relation (vA1)ac � vB1(= v∗B1) holds just after ta
because the relation v∗Cij = (vCij)dc holds before ta. Hence,
the reasonable approximation of vA1 ≈ (vA1)ac can be applied.
Equation (4) means that (vA1)ac can be (1− dM1)vdc1 or
−dM1vdc1 according to the operating conditions. Fig. 13 shows
that the relation (vA1)ac = −dM1vdc1 holds just after ta. Sub-
stituting the relations dM1 ≈ vdc2/vdc1 = 0.5 and vdc1 = 60 V
into (vA1)ac = −dM1vdc1 produces vA1 = (vA1)ac = −30 V.
Substituting the relations vdc1 = 60 V, vdc2 = 30 V, vA1 =
−30 V, and L1 = 0.5 mH into (13) yields diL1/dt = 120 A/s. It
is higher thandiL1/dt = 84.4A/s obtained from Fig. 13 because
vA1 increases from −30 V after ta as shown in Fig. 13 owing
to the effect of the voltage component given by (11). When
iL1 reaches a threshold value of 22 A, all power devices in the
auxiliary converter are turned OFF at tb. Subsequently, iL1 starts
to flow into the cell capacitors via the free-wheeling diodes in
Su1 andSl1. Therefore, the following equation holds in Fig. 2(a):

diL1

dt
=

1

L1

(
vdc1 − vdc2 −

3∑
i=1

vCi1

)
. (14)

Substituting the relations vdc1 = 60 V, vdc2 = 30 V, vC11 +
vC21 + vC31 = 51 V, and L1 = 0.5 mH into (13) yields
diL1/dt = −42 A/s, which agrees well with diL1/dt =
−42.3 A/s obtained from Fig. 13. iL1 reached zero at tc, and
all the electromagnetic energy stored in the circuit was stored
or dissipated at the capacitors or parasitic resistance. After tc,
the relation vA1 = vdc1 − vdc2 holds, and the circuit breaker
operation is completed. The time interval from the fault inception
to fault clearance is 0.84 ms, which is faster than that of the
conventional mechanical circuit breaker shown in Fig. 2(a).

G. Measured Efficiency of the Downscaled
Experimental Model

Fig. 14 (a) shows the measured efficiency of the experimental
downscaled model of the IBCAC with different output power
references. It can be shown that the efficiency of the downscaled
model can reach as high as approximately 95%. Fig. 14 (b) shows
the measured efficiency with different voltage gains, where vdc1
equals 150 V and idc2 equals 30 A. It is worth mentioning that the
design of the downscaled model is not optimized. Therefore, its
efficiency is expected to be lower than that of an actual system.
However, the efficiency measurements are presented to give a
sense of the expected efficiency of the system.
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Fig. 14. Measured efficiency of the IBCAC. (a) With different output power
references. (b) With different voltage gains.

VI. COMPARISON WITH THE CONVENTIONAL

INTERLEAVED CHOPPER

This section compares the IBCAC and the conventional in-
terleaved bidirectional chopper, which is hereinafter referred
to as the conventional chopper, in terms of mass, volume, and
efficiency. The cost comparison is beyond the scope of this article
and left for the future work. For achieving a fair comparison, the
following conditions are assumed.

1) P , vdc1, vdc2, n, and fSM are common to both converters.
2) Lj is selected such that the same peak-to-peak current

occurs in idc2.
3) Mass and volume of the cooling system and inductors

are considered for estimation of mass and volume of the
conventional chopper. Meanwhile, mass and volume of the
capacitors of the full-bridge cells, inductors, cooling sys-
tems of the main and auxiliary converters are considered
for estimation of mass and volume of the IBCAC.

Further, the following conditions are assumed.
1) Air-core inductors are assumed to be used in both con-

verters because they are typically used in the railway
converters [26], and both inductors are designed based
on [27].

2) The cooling system is designed based on a parameter
called the cooling system performance index (CSPI) [28],
and this value was set to seven which is a little lower than
the value used in [29].

TABLE IV
CIRCUIT PARAMETERS OF AN ACTUAL SYSTEM USED FOR COMPARISON

Fig. 15. Comparison of idc2. (a) For the IBCAC with Lj = 0.75 mH. (b) For
the conventional chopper with Lj = 9.4 mH.

3) The switching and conduction losses of the main convert-
ers and inductor copper loss are considered for calculating
the efficiency of the conventional chopper. Meanwhile, the
switching and conduction losses of the main and auxiliary
converters, and inductor copper loss are considered for
calculating the efficiency of the IBCAC.

Table IV summarizes the circuit parameters of an actual
converter system used for comparison, where the relations
P = 225 kW, vdc1 = 1.5 kV, vdc2 = 0.75 kV,n = 3, and fSM =
900 Hz hold. Further, the bridge-cell count and the carrier fre-
quency of each bridge cell are set to m = 3 and fSA = 3.6 kHz,
respectively. Hence, the number of power devices used in each
subconverter is two in the conventional chopper and 14 (2: High
voltage, 12: Low voltage) in the IBCAC. Fig. 15 shows the
comparison of idc2, where Fig. 15(a) shows the waveform of the
IBCAC and Fig. 15(b) shows that of the conventional chopper.
Both waveforms contain a dc current of 300 A, and a triangular
ac current with a peak-to-peak value of approximately 15 A. It is
noteworthy that the ripple frequency of idc2 is different in both
converters; it is 2.7 kHz (= nfSM) in the conventional chopper
and 21.6 kHz (= 2mfSA) in the IBCAC. This implies that the
mass and volume of a filter for removing this ripple current from
idc2 can be reduced by applying the IBCAC. The inductance
value is set to Lj = 9.4 mH in the conventional chopper, and set
to Lj = 0.75 mH in the IBCAC, where the Brooks inductors are
assumed to be used. Hence, the inductance value can be reduced
by 12.5 times using the auxiliary converters.

The power devices MBM250H33E3T (Si-IGBT, 2-in-1,
3.3 kV) manufactured by Hitachi are assumed to be used in the
main converter, where the device characteristics are provided
in [30]. The power devices 2MBI200XAA120-50 (Si-IGBT,
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Fig. 16. Comparison between the conventional chopper and the IBCAC in
terms of (a) volume and (b) mass.

2-in-1, 1.2 KV) manufactured by Fuji Electric are assumed to be
used in the auxiliary converter, where the device characteristics
are provided in [31]. The following conditions are considered.

1) Conduction loss, turn-ON/OFF switching loss are consid-
ered in IGBTs, and the conduction loss and turn-OFF

switching loss are considered in diodes.
2) Conduction loss and switching loss are calculated based

on voltage, current, loss characteristics that were obtained
from the datasheets of the power devices, where the max-
imum junction temperature was set to 125◦ C and the
ambient temperature was set to 40◦ C.

A 600 V, 2.53 mF dc film capacitor (E50.R18-255NT0)
manufactured by Electronicon is assumed to be used in each
full-bridge cell, where its specifications are provided in [32].
After the converter systems were designed, total power losses
of each converter system were estimated. Further, the mass
and volume of the inductors and the auxiliary converters were
estimated. It should be mentioned that the mass of cooling
system was estimated by assuming that the density of heatsinks
is 2/3 the density of aluminum.

Fig. 16(a) shows a comparison between the total volume
of components of the conventional chopper and the IBCAC.
Similarly, Fig. 16(b) shows the same comparison in terms of
mass. In Fig. 16, the volume is reduced by 40.3% and the mass
is reduced by 64.8%. When the replacement of the low-voltage-
side dc-circuit breaker by the auxiliary converters is taken into

Fig. 17. Efficiency and loss breakdown. (a) IBCAC. (b) The conventional
chopper.

consideration, the reduction of volume and mass of the whole
converter system becomes more significant.

The efficiency of the proposed chopper is expected to be lower
than that of the conventional chopper since more power devices
are employed. Fig. 17 shows the efficiency curves of both the
proposed and conventional choppers where it can be shown that
the reduction in efficiency is not that significant. Meanwhile, the
reduction of the mass of the chopper that is placed in a moving
train car can lead to a reduction in the power that is required to
move the train, which may lead to an improvement in the overall
system efficiency.

VII. CONCLUSION

This article has presented an interleaved bidirectional chopper
topology for high-power applications. The proposed chopper
employs cascaded full-bridge cells as auxiliary converters to
cancel out the undesired ac components produced by the bidi-
rectional chopper cells. It has been shown that the proposed
chopper is significantly smaller in volume and mass than the
conventional interleaved bidirectional chopper. The validity of
the proposed chopper has been confirmed by experiments using
an experimental downscaled model.
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