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A Compact High-Power Noninverting Bidirectional
Buck—Boost Chopper for Onboard Battery
Energy Storage Systems

Hamzeh J. Ahmad

Abstract—This article proposes a noninverting bidirectional
buck-boost chopper accompanied by an auxiliary converter for
battery storage that is installed in a light rail vehicle. The pro-
posed chopper is composed of two half-bridge cells called the main
converter, an auxiliary converter consisting of many full-bridge
converters connected in cascade, and a small-sized inductor. It is
controlled such that the capacitors of the auxiliary converter store
and release most of the chopper energy instead of relying solely on a
bulky and heavy inductor. As a result, it is lighter and smaller than
the four-switch noninverting buck—boost chopper. The operation,
as well as the control of the proposed chopper, are experimentally
tested using a down-scaled prototype. Furthermore, a comparison
with the four-switch noninverting buck—boost chopper with respect
to mass, volume, and efficiency is made to verify the efficacy of the
proposed chopper.

Index Terms—Choppers, onboard energy storage, railway
electrification.

I. INTRODUCTION

ECENTLY, considerable attention has been paid to on-

board energy storage systems as a result of an increased
interest in the applications that utilize them, including electric
vehicles, electrified railway vehicles, electric ships, electric
boats, and electric aircrafts [1]-[7]. The building blocks of these
energy storage systems can be battery cells, ultracapacitors, fuel
cells, flywheels, or a combination of them.

Urban rail transit, such as light rail vehicles, is commonly
powered by overhead catenary lines with different dc electrifica-
tion systems that have voltage levels ranging from 600 V to 3 kV,
and there are proposals to extend this range up to 9 kV [8], [9].
Powering railway vehicles by overhead lines has negative conse-
quences such as the installation of overhead lines in urban areas,
reliance on the grid for the absorption of peak power demands,
and dissipation of the regenerative braking energy [10], [11].
To solve these problems, onboard energy storage systems are
utilized. In particular, onboard battery energy storage systems
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Fig. 1. Four-switch noninverting bidirectional buck—boost chopper (NIBB).

(BESSs) can be used for storing regenerative braking energy
and supplying it when required, limiting the catenary voltage
drop during acceleration, and allowing driving autonomy during
emergencies or during the absence of electrification [2], [12].

When BESSs are installed on the board of dc electric railways,
the mass and volume of the bidirectional chopper become more
important because the mass of the onboard chopper influences
the driving range, and the volume imposes restrictions on the
vehicle design [13]. High-power choppers usually have bulky
and heavy magnetics associated with them, where the volume
and mass of the chopper are essentially determined by the
volume and mass of the energy storage elements required for
voltage conversion. In high-power choppers, the dominant bur-
den is the volume and mass of the inductor [14]. To downsize
the magnetics, it is required to operate the switching devices
at high switching frequencies. However, the switching losses
of silicon insulated-gate bipolar transistor (Si-IGBTS) restrict
the switching frequency of the high-power choppers to about 1
kHz [15]. Specifically, a typical switching frequency for 3.3 kV
Si-IGBTs is set to 600 Hz, according to [16]. Furthermore, it
is set to less than 2 kHz even when 3.3 kV silicon carbide
MOSFETs are used, according to [17].

If the BESS operates at voltages that go above and below the
catenary voltage, (it becomes mandatory to utilize a chopper that
can step up and step down the voltage), such as the four-switch
noninverting bidirectional buck—boost chopper (NIBB) [18]-
[21]. Fig. 1 shows the circuit diagram of the NIBB, which is
utilized in applications such as the battery-powered light rail
vehicle called SWIMO, where its catenary and BESS voltage
levels are 600 and 576 V, respectively [21]. Si, So, S3, and
S, are the switching devices of the NIBB, v4.; represents a dc
catenary voltage, 4.1 denotes the dc current sourced from vq.1,
v4dc2 denotes the voltage that corresponds to a BESS voltage, 74


https://orcid.org/0000-0003-1047-4181
https://orcid.org/0000-0001-6272-0503
mailto:ahmad.h.ab@m.titech.ac.jp
mailto:hagiwara@ee.e.titech.ac.jp
https://doi.org/10.1109/TPEL.2021.3106240

AHMAD AND HAGIWARA: COMPACT HIGH-POWER NONINVERTING BIDIRECTIONAL BUCK-BOOST CHOPPER

denotes the current that flows to vq.2, L denotes the inductor, vy,
denotes the inductor voltage, and ¢, denotes the current flowing
through the inductor. In the NIBB, a heavy and bulky inductor
is used as an energy storage element for voltage conversion.

An interleaved bidirectional chopper that is accompanied by
auxiliary converters has been previously proposed by the authors
of this article in [22] for reducing the mass and volume of the
inductor, where an auxiliary converter comprising many full-
bridge cells connected in cascade is applied to the conventional
bidirectional chopper. It is characterized by the use of capacitors
employed in full-bridge cells to store and release most of the
chopper energy instead of relying solely on a bulky and heavy
inductor. Because the energy density of capacitors is generally
greater than that of inductors, the chopper can be downsized.

The chopper presented in [22] can only operate when the
relation vge1 > vgco 1S satisfied. If this relation is not satis-
fied, the chopper for the onboard BESS is required to achieve
multimode operation including buck mode (vqc1 > vdc2), boost
mode (vgc1 < Vdcez), and buck-boost mode (vqe1 > vgea Or
Vde1 < Vdez)- In addition, the control method presented in [22]
does not work for the proposed chopper when it operates in
boost and buck—boost modes. Therefore, it has to be modified
as described later in this article. To the best knowledge of the
authors of this article, no study has focused on a noninverting
bidirectional buck—boost chopper with an auxiliary converter
capable of multimode operation, including experimental verifi-
cation.

This article aims to demonstrate the validity and effectiveness
of the noninverting bidirectional buck—boost chopper with an
auxiliary converter, which features multimode operation and a
downsized chopper. A down-scaled prototype is used to verify
the operation as well as the effectiveness of the control system
of the chopper, where experimental waveforms with different
modes of operation are shown. To further confirm the validity
of the proposed chopper, a comparison with other noninverting
bidirectional buck—boost choppers with respect to mass, volume,
and efficiency is made.

In this article, the proposed chopper topology is presented in
Section II. The working principles of the proposed chopper and
its control system are discussed in Sections III and IV, respec-
tively. In Section V, the proposed chopper is compared with other
noninverting buck—boost choppers. The experimental results are
presented in Section VI. Finally, Section VII concludes this
article.

II. PROPOSED CHOPPER TOPOLOGY

The circuit diagram of a noninverting bidirectional buck-
boost chopper with an auxiliary converter (NIBAC) is shown
in Fig. 2(a). The NIBAC consists of the NIBB, called the
main converter, and an auxiliary converter that comprises many
full-bridge cells connected in cascade. Fig. 2(b) shows the circuit
diagram of a full-bridge cell. v¢1, voo, and vony denote the ca-
pacitor voltages, N denotes the number of full-bridge cells, and
v denotes the voltage produced by the auxiliary converter. vyrg
and vy denote the voltages produced by the half-bridge cells
that are connected to vqc1 and vqc2, respectively. In Fig. 2(b),
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Fig. 2. Noninverting bidirectional buck—boost chopper with an auxiliary con-
verter (NIBAC). (a) Circuit diagram. (b) Full-bridge cell.

Cj (j: 1-N) denotes the dc capacitor, and vc; and v; are the
dc-capacitor voltage and the output voltage, respectively. S,
Saj, S35, and S4; denote the switching devices.

Itis noteworthy that the combination of high- and low-voltage
switching devices applies to the NIBAC. For example, if the
nominal catenary voltage is 1.5 kV, high-voltage switching
devices are used for the main converter, whereas low-voltage
switching devices can be used for the auxiliary converter. The
same combination does not apply to modular multilevel convert-
ers (MMCs) for high-voltage applications where the dc-link is
more than a hundred kilovolts.

The NIBAC can achieve high reliability by placing redundant
cell(s) operating in the standby mode in the auxiliary converter.
For example, it is possible to enhance reliability by forming
each auxiliary converter with three cells operating in the normal
mode and one cell operating in the standby mode. In this case,
the output terminals of the redundant cell are short-circuited by
means of a mechanical switch; hence, no substantial power loss
is produced by the redundant cell, where it is only used when
one of the cells operating in the normal mode fails. A similar
technique is used in the MMCs [28]. This technique applies to
the NIBAC because the operation of each cell in the auxiliary
converter is the same.

III. WORKING PRINCIPLES
A. Operating Modes of the NIBB

The following describes the operating modes of the conven-
tional NIBB shown in Fig. 1, because the operating modes of
the NIBAC as a chopper are identical to those of the NIBB. In
an actual BESS, vg.; corresponds to the dc-grid voltage, v4c2
corresponds to the battery voltage, and the former can be higher
or lower than the latter depending on the operating condition.
Hence, it is necessary to employ a chopper that can both increase
and decrease the voltage. The switching devices S; and S4 of
the NIBB operating in buck—boost mode are typically switched
ON or OFF simultaneously. Furthermore, the switching loss in all
the switching devices occurs in the buck—boost mode.
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To lower the switching losses of the switching devices, the
NIBB can be operated in buck mode when vq.; is sufficiently
higher than v4.2, where this mode is realized by keeping Ss
ON and keeping S, OFF while S; and S, are switched ON and
OFF complementarily. Similarly, when vq.; is sufficiently lower
than vq.2, the NIBB can be operated in boost mode by keeping
S; ON and keeping S, OFF while S3 and Sy are switched ON
and OFF complementarily. The NIBAC should have the ability
to operate in the aforementioned different modes to maintain
the advantage of reduced switching losses obtained from the
multimode operation.

B. Working Principle of the Main Converter

In the following analysis, the switching devices are assumed
to be ideal switches with no loss and zero transition period. When
the auxiliary converter is excluded from the NIBAC, the voltage
across the inductor during buck mode, (v, )by, is given by

Vdecl — Ude2 (Sl : ON, SQ : OFF)

(v = {—vdcz (S:: OFF, 8,: ON). V)

The voltage across the inductor during the buck—boost mode,
(vL)bb, 18 given by

(1} ) o Vdcl (81,841 ON, 82,83: OFF) (2)
LIPb = —pgee (81,84 : OFF, S5,S3: ON).

The voltage across the inductor during the boost mode, (vr,)pt,
is given by

(ve)be = {

Regardless of the mode of operation, the voltage across the
inductor is a rectangular waveform that has a frequency of fqr,
owing to the fact that S; in a buck or buck—boost mode, and
S3 in boost mode, switch at a frequency of fgyr. In high-power
applications, fgyr is limited to low values (e.g., less than 1 kHz)
to reduce the switching loss. As a result, the ripple current that
occurs in 77, becomes substantial.

Vdel — Udce2 (Sg : ON, S4 : OFF) (3)
(S3: OFF, S, : ON).

Vdc1

C. Working Principle of the Auxiliary Converter

The inductor voltage vy, produces a ripple current that flows
through L. To ideally achieve total elimination of the ripple
current, the auxiliary converter should be controlled such that
it produces a voltage v that is equal to vz, when the auxiliary
converter is excluded from the NIBAC as given by (1), (2), or (3)
depending on the mode of operation. Consequently, v, becomes
ideally zero, and 77, becomes ideally pure dc.

The conduction states of the NIBAC operating in buck mode
are shown in Fig. 3. In this mode, S3 is kept ON, and S, is
kept OFF. Fig. 3(a) and (b) shows the conduction states when
17, 1s positive. When S is ON and Ss is OFF, v is regulated to
VUdel — Vde2, Which makes vy, zero. When Sy is OFF and Ss is ON,
va is regulated to —vqc2, which makes vy, zero. Fig. 4 shows
the ideal waveforms of the NIBAC operating in buck mode.

The conduction states of the NIBAC operating in buck—boost
mode are shown in Fig. 5. In this mode, S; and Sy are switched
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Fig. 3. Four conduction states of the NIBAC operating in buck mode where
S3 is kept ON and Sy is kept OFFwhen (a) Sy is ON, and 77, > 0, (b) Sg is ON,
and iy, > 0,(c) SgisON,and ¢r, < 0, (d) Sy isON,and ¢y, < 0.
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Fig. 4. Ideal waveforms of the NIBAC operating in buck mode.

ON and OFF simultaneously, and S, and S5 are switched simul-
taneously in a switching state opposite to that of S; and Sy. It
should be noted that the switching frequencies of S; and S, can
be different from those of S3 and S,. However, the advantage
of using different switching frequencies is little because vqc is
close to v4c2 in the buck—boost mode. Fig. 5(a) and (b) shows
the conduction states when iy, is positive. When S; and S, are
ON, and S5 and S3 are OFF, vy is regulated to vq.1, which makes
vy, zero. When S and S, are OFF, and So and S3 are ON, v, is
regulated to —vq.2, which makes vy, zero. Fig. 6 shows the ideal
waveforms of the NIBAC operating in buck—boost mode.

The conduction states of the NIBAC operating in boost mode
are shown in Fig. 7. In this mode, S; is kept ON, and S; is
kept OFF. Fig. 7(a) and (b) shows the conduction states when
17, 1s positive. When S, is ON and S3 is OFF, v, is regulated to
Vde1, Which makes vy, zero. When S, is OFF and S3 is ON, va
is regulated to v4c1 — v4c2, Which makes vy, zero. Fig. 8 shows
the ideal waveforms of the NIBAC operating in boost mode.
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Fig. 5. Four conduction states of the NIBAC operating in buck—boost mode
when (a) S; and S4 are ON, and iy, > 0, (b) S and S3 are ON, and iy, > 0,
(c) Sg and S3 are ON, and i7, < 0, (d) S; and S4 are ON, and i, < 0.
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Ideal waveforms of the NIBAC operating in buck—boost mode.

Fig. 6.

The ac voltage component that needs to be produced by the
auxiliary converter, v , in each mode can be given as

(vr)pk buck mode
(v )b buck—boost mode 4)
(vr)pe boost mode.

Consequently, pure dc current flows through L. However, in
an actual realization of the chopper, the auxiliary converter
produces a voltage that contains two ac voltage components: one
is added to the positive voltage level, and the other is added to the
negative voltage level. For example, v, in Fig. 4 has a positive
voltage level with a dc component of v4c1 — vqc2. In the actual
operation of the auxiliary converter, this voltage contains an
additional ac voltage component that has a frequency of 2N fsa
and a voltage step of vc; because a phase-shifted pulsewidth
modulation (PSPWM) is utilized [23]. This ac voltage compo-
nent generates a ripple current in ¢ ;. However, this ripple current
can be attenuated with a much smaller inductor.
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S1 is kept ON and So is kept OFF when (a) S4 is ON, and i, > 0, (b) S3 is ON,
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Fig. 8.  Ideal waveforms of the NIBAC operating in boost mode.
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IV. CHOPPER CONTROL

The control system of the NIBAC consists of two subsystems,
one for the main converter and the other for the auxiliary con-
verter. The main converter control regulates the average value of
all capacitor voltages, whereas, the auxiliary converter control
regulates iy, balances the capacitor voltages, and produces

('UA)ao

A. Main Converter Control

The block diagram that represents the control subsystem of
the main converter is shown in Fig. 9. The average-voltage
control loop regulates the average value of all capacitor voltages,
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(Vavg )de to its reference v§,, where v,y is given by

1 N
Vavg = N ]; Clef (5)

where (vayvg )dc is computed by utilizing a moving-average filter
that has a frequency of fsyr. The polarity of the output of the
PI controller of the average-voltage control should be changed
according to that of i 1. vgy 1 is used as a feedforward control sig-
nal, where the sum of vgy,1 and the output of the PI controller of
the average-voltage control after adjusting its polarity is divided
by vy, producing dyg, which is fed to a pulsewidth modulator
(PWM) . Here, vgy1 and vy are feedforward signals that are
given by (6) and (7), respectively, where the feedforward signals
are changed depending on the mode of operation

Vdc2 buck mode

Vw1l = § Vdc2 buck—boost mode (6)
Vde2 — Vde1 boost mode
Vdcl buck mode

Vw2 = { Udcl + Vde2 buck—boost mode )
Vdc2 boost mode.

The quotient vgy1 /vry2 is added to accelerate the conver-
gence of the control loops, where it gives the duty ratio re-
quired to ensure power balance between v4.; and v4ce. The
auxiliary converter does not affect the power balance since it
neither consumes nor supplies average active power. Assum-
ing ideal components and constant vq.1 and vqc2, the average
power supplied/consumed by v4.1 equals the average power
supplied/consumed by vq.2, Where this power balance can be
described by

vdcl(idcl)avg = VUdc2 (idc2)avg (8)

where (idc1)ave and (7de2)ave are the average values of iqcq
and igco, respectively. For buck mode, (idci)ave = dMirL,
(tdc2)ave = i1, where dyr is the duty ratio of S;. For boost
mode, (idci)avg = L, (tde2)ave = (1 — da)iz, where dy is
the duty ratio of S4. For buck—boost mode, (idci1)avg = dmir,
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Fig. 11. Block diagram for the generation of the switching states of the
switching devices of (a) full-bridge cells and (b) half-bridge cells.

(tdc2)ave = (1 — dm)iz, where dyy is the duty ratio of S1 and S.
Substituting (idci1)avg and (Zdc2)ave in (8), large-signal diyr can
be found which is defined as vgy1 /vtw2. In an actual converter
operation, an additional component is added to vgy1 /Uy by the
control system to account for losses.

The block diagram for the generation of the switching states
of the switching devices of the half-bridge cells is shown in
Fig. 11(a), where dy; is compared with a triangular carrier, and
the switching states of the switching devices are determined
depending on the mode of operation, which is selected based on
the relation between v4.1 and v4c2 as demonstrated in Section I11.
The carrier of the main converter, Cy(t), as a function of time, ¢,
is a triangular carrier that has a frequency of fg) as described
by (9), where the frac function is defined as frac(z) = © — |z,
| ] is the floor of x, and @y is the initial phase of the carrier in
radians

(€]

2
Cum(t)=1- ‘2frac (W) — 1’ .
bis

B. Auxiliary Converter Control

The block diagram that represents the control subsystem of
the auxiliary converter is shown in Fig. 10. The power flow
between vq.1 and vqc2 can be indirectly controlled by controlling
i1, where the inductor-current control loop regulates iy, to its
reference 77 . The voltage-balancing control loop regulates each
capacitor voltage, vcj, to its v,yg, Where the dc component of
Vavg 18 controlled by the main converter control to equal v(..
The ripple current can be attenuated by generating a voltage
vy given by (4), where vqc1, vdac2, and the switching states
of the switching devices of the half-bridge cells are used as
feedforward inputs, where each full-bridge cell generates an ac
voltage of (va )ac/N. Finally, the duty ratios of the full-bridge
cells, daj, are fed to pulsewidth modulators (PWM) Aj» Where
a PSPWM is applied. Fig. 11(b) shows the block diagram for
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the generation of the switching states of the switching devices
of the auxiliary converter.

For the auxiliary converter to be able to generate the ac voltage
that is given by (4), the following relation should be satisfied:

—Nvg; <va < Nugj. (10)

From (4) and (10), vc; should satisfy the following conditions:

Vdc1

N
Vdc2

N

The capacitance of each full-bridge cell capacitor should be
selected such that the capacitor ripple voltage is maintained
within a certain limit. For buck mode, the capacitor ripple
voltage, (Ve )ripples Can be given as

< vgy

Y

< vgj-

dni(Vde1 — Vde2)ir
NCjfsm(veg)ae

For boost and buck—boost modes, the capacitor ripple voltage,
(vej)ripple, can be given as

(UCj)ripple = (12)

dmvactir
(UCj)rlpple NOijM (UCj)dc (13)
where (vc;)dc is the value of the dec component of v¢;.

The carriers of the full-bridge cells are triangular carriers that
have a frequency of fsa and are phase-shifted by (7 /N) relative
to each other, where the following equations describe the carriers
and the phase-shift between the carriers

27rfSAt+9Aj> _2‘ (14)

2

Caj(t)y=1—- ’4frac (

(7 —1
HA]‘ZGM—F%

where Ca;(t) is the carrier associated with the jth full-bridge
cell and 64 is the initial phase of the jth carrier in radians.

To illustrate the working principle of the PSPWM that is ap-
plied to the NIBAC, an auxiliary converter with two full-bridge
cells is used as an example as shown in Fig. 12(a). Fig. 12(b)—(k)
shows the different conduction states of the two full-bridge
cells when the NIBAC operates in buck—boost mode. Fig. 13
shows the ideal waveforms of the circuit shown in Fig. 12(a),
where vy and veo are assumed constant and the effect of the
capacitor-voltage ripple is ignored. The letters b to k indicate the
operating conduction state during each period. It can be shown
from Fig. 13 that v has a low-frequency ac voltage component
with a frequency of fsy, and a high-frequency ac voltage
component with a frequency of 2N fga. When vyg = vger,
vr, switches between vgc.1 — vo1 — Vo2 and vge1 — ver1 Wwith
a frequency of 2N fsa. Assuming that vep = vee, the voltage
step of the inductor voltage is v ;. Similarly, when vy = 0, vr,
switches between —vgco — Vo1 — Vo2 and —vge — vop With a
frequency of 2NV fsa and a voltage step of vc;. Consequently,
only the high-frequency component appears across L and gen-
erates ripple current.

The minimum equivalent switching frequency of the auxil-
iary converter should be equal to or higher than the switching

15)
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Va1 T T Vae2

Fig. 12.  TIllustration of the conduction states of the main and auxiliary convert-
ers when the NIBAC operates in buck—boost mode. (a) Circuit configuration.
(b) to (k) are the conduction states.

frequency of the main converter. However, to cancel out the
ac component of vy;; — vypo that has a frequency of fgy, the
equivalent switching frequency of the auxiliary converter should
be high enough. As a practical value, it is advised to be ten times
of fgu or more.

It should be noted that for the NIBAC to commence its
operation, all full-bridge cell capacitors need to have an initial
voltage of ve. It is possible to achieve the initial charging
without additional circuits. For example, a method based on
the sequential charging presented in [22] can be applied to the
NIBAC to charge its capacitors from vq.; with Sg turned OFF and
S,4 turned ON. Because the initial charging method of capacitors
is not the main focus of this article, the initial charging will not
be further described in the following.
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Fig. 13. Ideal waveforms of the NIBAC shown in Fig. 12(a) operating in

buck—boost mode.

V. COMPARISON

It has been stated earlier in this article that the NIBAC relies
on the capacitors that are attached to the full-bridge cells to
store and release the energy of the chopper during voltage
conversion. It has been argued that because the energy density of
the capacitors is generally greater than that of the inductors, it is
possible to downsize the chopper. To demonstrate the strength
of this argument, a comparison between the NIBAC and two
other noninverting buck—boost choppers with respect to mass
and volume is carried out. The cost comparison is beyond the
scope of this article and left for future work. These choppers are
the NIBB thatis shown in Fig. 1, and the three-level noninverting
buck—boost chopper (TL-NIBB) that is shown in Fig. 14 [24].

TL-NIBB is formed by replacing the two-level leg of the
NIBB (i.e., S; and S5, in Fig. 1) by a three-level flying capacitor
leg (S1, S2, S3, S4, and a flying capacitor, Cy, in Fig. 14). The
switching frequency of the switching devices of the three-level
leg, fr1, should be half the switching frequency of the switching
devices of the two-level leg, fgn. Besides, the voltage of the
flying capacitor is controlled to be v4c1/2.

For a fair comparison, the choppers are designed as follows.
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Fig. 14.  Three-level noninverting buck—boost chopper (TL-NIBB).
TABLE I
PARAMETERS OF THE CHOPPERS FOR COMPARISON
Power rating P 75 kW
Voltage source 2 Vdc2 1.0 kV
Inductance (NIBB) L 44.0 mH
Inductance (TL-NIBB) L 22.5 mH
Inductance (NIBAC) L 0.75 mH
Full-bridge count N 3
Voltage of the full-bridge cell capacitor Ve 0.5 kV
Full-bridge cell capacitor C; 2.46 mF
Flying capacitor Cay | 2.44 mF
Carrier frequency (half-bridge) fsm 900 Hz
Carrier frequency (three-level leg) frn 450 Hz
Carrier frequency (full-bridge) fsa 3.6 kHz

1) For all choppers, P =75 kW, v4c.2 = 1.0 kV, and
fsm = 900 Hz. For the three-level leg of the TL-NIBB,
frL = 450 Hz which makes the equivalent switching
frequency fsm, and Chy = 2.44 mF. For the NIBAC,
Cj = 2.46 mF.

2) wvgc1 has arange from 0.5 to 1.5 kV.

3) All choppers operate in boost mode when vg.1 < 0.9kV,
in buck-boost mode when 0.9 kV< v4.1 < 1.1kV, and in
buck mode when vgq.; > 1.1 kV.

4) The maximum peak-to-peak ripple current is approx-
imately 13 A for all choppers. This value occurs at
Vac1 = 1.23kV with L = 0.75 mH for the NIBAC, vg4.1 =
1.10kV with L = 22.5 mH for the TL-NIBB, and vgq.; =
1.10 kV with L = 44 mH for the NIBB.

Table I summarizes the parameters of all choppers that are
used for the comparison. After their parameters were set, their
components were selected. Air-core inductors were selected
because they are widely employed in choppers for railways [25].
The three inductors obey the Brooks coil geometry, which was
adopted because it gives the highest possible inductance for
a given length of wire [26]. The parameters of the designed
inductors are summarized in Table II, where the definitions of
the symbols of the parameters are provided in the Appendix.

For the NIBAC, a 700 V, 0.82 mF dc film capacitor (E50.N15-
824NTO0) was selected for the full-bridge cells, where a par-
allel connection of three capacitors was utilized, which gives
an equivalent capacitance of 2.46 mF. For the TL-NIBB, a
parallel connection of four 900 V, 0.61 mF dc film capacitors
(E50.N15-614NTO0) was selected, which makes the capacitance
of the flying capacitor 2.44 mF. The specifications of the selected
capacitors can be found in [31].

The IGBT power module, MBM250H33E3 (Si-IGBT, 2-in-1,
3.3kV), was selected for all choppers, where two modules were
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TABLE I
PARAMETERS OF THE AIR-CORE INDUCTORS
Parameter NIBB TL-NIBB NIBAC

L 44.0 mH 22.5 mH 0.75 mH
a 28.06 cm 23.94 cm 13.32 cm

b 19.28 cm 17.01 cm 7.94 cm

c 20.41 cm 18.14 cm 9.07 cm
d 10.4 mm 10.4 mm 10.4 mm
d; 11.3 mm 11.3 mm 11.3 mm
n; 18 16 8

nt 17 15 7

n 306 240 56
Mir 410.69 kg 274.78 kg 35.67 kg
Vi 88.70 dm?® | 58.24 dm® | 7.95 dm?
Rac 109.3 mS2 73.10 mS) 9.5 mf)

used for the NIBB, two modules were used for the main converter
of the NIBAC, and one module was used for the two-level leg of
the TL-NIBB. The IGBT power module, 2MBI200XAA120-50
(Si-IGBT, 2-in-1, 1.2 KV), was selected for the NIBAC and the
TL-NIBB, where six modules were used for the full-bridge cells
of the NIBAC and two modules were used to form the three-level
leg of the TL-NIBB. The specifications of MBM250H33E3 and
2MBI200XAA120 are given in [29] and [30], respectively.

The worst-case losses of the switching devices which occur at
vae1 = 0.9 kV, were estimated based on the loss characteristics
obtained from their datasheets, where the loss characteristics for
each power device were scaled based on the voltage, current, and
junction temperature that was estimated by establishing thermal
resistance networks that describe the heat distribution in the
switching devices. The method for estimating the power losses is
conventional and well-known in the literature. Fig. 15 shows the
thermal resistance networks that were used for the calculation
of the junction temperatures.

The cooling systems of the NIBB, main converter of the
NIBAC, and the two-level leg of the TL-NIBB were designed
such that each MBM250H33E3 module is mounted on a single
heatsink as depicted in Fig. 15(a), where Pq; and Pp; are
the power losses of the upper IGBT and the upper diode of
the module, respectively. Pgo and Ppy are the power losses
of the lower IGBT and the lower diode of the module, respec-
tively. Tjq1, Tip1, Tiq2. and Tjpo are the junction temperatures
of the upper IGBT, upper diode, lower IGBT, and lower diode,
respectively. (Rjc)q and (Rjc)p are the junction-to-case thermal
resistances of the IGBT and diode, respectively. T is the case
temperature. R s is the case-to-sink thermal resistance, where
this parameter is given for the whole module in [29]. T} is
the heatsink temperature. Rg, is the sink-to-ambient thermal
resistance. T, is the ambient temperature.

The cooling systems of the full-bridge cells of the NIBAC
and the three-level leg of the TL-NIBB were designed such
that every two 2MBI200XAA120-50 modules are mounted on
a single heatsink as depicted in Fig. 15(b), where Pq1, Pp1,
Pq2, and Ppy are the power losses of the first module, and Pqs,
Pp3, Pqy, and Ppy are the power losses of the second module.
Tiq1, Tip1, Tiq2, and Tipy are the junction temperatures of the
switching devices of the first module, and Tiq3, Tip3, Tjq4, and
T}p4 are the junction temperatures of the switching devices of the

1729

(b)

Fig. 15. Thermal resistance networks used for temperature calculations.
(a) Single heatsink for one MBM250H33E3 module. (b) Single heatsink for
two 2MBI200XAA 120-50 modules.
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Fig. 16. Comparison of choppers with respect to (a) volume and (b) mass.

second module. T¢1, T2, Te3, and T4 are the case temperatures
above each IGBT/diode. R is given for half module (one IGBT
and one diode) in [30].

For an ambient temperature of 40°C, the cooling sys-
tem was designed to keep the maximum junction tempera-
ture of the switching devices less than or equal to 125°C.
After that, the volume of the heatsinks was calculated by
assuming that the cooling system performance index (CSPI) is
7.0 [27]. To obtain an approximate estimate of the mass of the
heatsinks, their density is assumed to be two-third the density
of aluminum.

The mass of each chopper was estimated by calculating the
sum of the masses of its components, and the volume of each
chopper was estimated in a similar way. As can be shown in
Fig. 16, a reduction of the chopper volume by 59% and a
reduction of the chopper mass by 79% can be achieved when
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the NIBB is replaced by the NIBAC. Besides, a reduction of the
chopper volume by 41% and a reduction of the chopper mass
by 69% can be achieved when the TL-NIBB is replaced by the
NIBAC. The volumetric power density of the NIBB, TL-NIBB,
and the NIBAC are 0.75, 1.10, and 1.84 kW / dm?, respectively.
The mass power density of the NIBB, TL-NIBB, and the NIBAC
are 0.17, 0.26, and 0.83 kW /kg, respectively.

The inductors of all choppers were designed to handle the
maximum current which occurs when the rated power is de-
livered when v4.1 = 0.9 kV and vgco = 1.0 kV. Similarly, the
highest power losses in the switching devices of the main and
auxiliary converters occur at this point as can be inferred from
Fig. 17. Therefore, the heatsinks were designed at this point.

A very fair comparison between the choppers in terms of
volume and mass requires them to have all of their characteristics
other than the mass and volume to be the same. For example,
the efficiency curves of all choppers should be identical and
their costs should be the same. However, it is very difficult to
satisfy these conditions because the three choppers are different
in their components and working principles. However, at the
operating point that determines the mass and volume of both
choppers (i.e., when v4c.1 = 0.9 kV, vgc2 = 1.0 kV, and rated
power is delivered), their efficiencies are close to each other.
In other words, even if the losses of the NIBB and TL-NIBB
are lower than those of the NIBAC in operating conditions
other than the operating condition at which the highest power
losses occur, it does not mean that the volume and mass of
the other converters can be significantly reduced. Therefore,
the comparison performed in this section can be regarded as
a fair comparison because both choppers are designed to handle
a comparable amount of worst-case losses.

The power losses of the choppers are estimated to compare
them in terms of efficiency. The loss of the switching devices
and the copper loss of the inductors are considered. Fig. 17
shows the loss breakdown of the choppers for different modes
of operation. The efficiency of the NIBAC is predicted to be less
than that of the other choppers because the former has a higher
count of switching devices. Fig. 18 shows the efficiency curves
of the choppers for different modes of operation.

It can be concluded from Figs. 16 and 18 that the small
reduction in the efficiency of the chopper is insignificant when
the significant downsizing of the chopper is taken into account.
In addition, the downsizing of the chopper reduces the energy
required to move the vehicle, which can eventually improve the
overall energy efficiency of the vehicle.

VI. EXPERIMENTAL RESULTS
A. Experimental Verification

To validate the NIBAC operation along with its control sys-
tem, a down-scaled experimental prototype was built. Fig. 19
shows the experimental setup, where parts of the setup were used
to build the prototype. In other words, one auxiliary converter,
one inductor, one current sensor, five voltage sensors, three sets
of capacitors, two bidirectional chopper cells, and the control
board that combines field-programmable gate array (FPGA),
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Fig. 17. Loss breakdown of (a) NIBAC when vq.1 = 0.5kV. (b) NIBAC
when vgc1 = 0.9kV. (¢) NIBAC when vge; = 1.0kV. (d) NIBAC when
v4e1 = 1.5kV. (e) NIBB when vq.1 = 0.5kV. (f) NIBB when v4.1 = 0.9kV.
(g) NIBB when v4c; = 1.0kV. (h) NIBB when vq.1 = 1.5kV. (i) TL-NIBB
when vqc1 = 0.5kV. (j) TL-NIBB when v4q.1 = 0.9kV. (k) TL-NIBB when
vge1 = 1.0kV. (1) TL-NIBB when vge; = 1.5kV.
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Fig. 19.  Photograph of the experimental setup.

digital signal processor (DSP), and analog-to-digital (A/D) con-
verters, were used, whereas the remaining parts were not used.
The experimental parameters are summarized in Table III. The
following experiments were carried out.

1) Steady-state behavior in buck mode with vq.; = 150 V,
Va2 = 100V, and 77 = 10 A.

2) Steady-state behavior in buck—boost mode with v4c1 =
100 V, v4c2 = 100 V, and @7 = 20 A.

3) Steady-state behavior in boost mode with vg.; = 50 'V,
Va2 = 100V, and 77 = 20 A.

4) Transient-state behavior in buck—boost mode with vg.; =
100V, vge2 = 100 V, and 7}, was increased from —20 A
to 20 A in 300 ms.

5) Transient-state behavior in buck—boost mode with i;, =
20 A, vge2 = 100V, and a step change in v4.; from 90 to
110 V.

TABLE III
PARAMETERS OF THE PROTOTYPE
Voltage source 1 Vdel 150 V, 100 V, 50 V
Voltage source 2 Vdc2 100 V
Inductance at 0 Hz L (0 Hz) 0.75 mH
Inductance at 21.6 kHz L (21.6 kHz) 0.32 mH
Full-bridge count N 3
Voltage of the dc capacitor Ve 50 V
Full-bridge cell capacitor C; 2.5 mF
Carrier frequency (half-bridge) fsm 900 Hz
Carrier frequency (full-bridge) fsa 3.6 kHz

In addition, the experimental conditions were as follows.

1) v4c1 and vgqco were connected to programmable power
sources (NF DPO30RS) with a reverse power flow capa-
bility.

2) ver, vo2, and vog were initially charged to 50 V.

3) The control system of the NIBAC was implemented using
a Texas Instruments TMS320C6678 DSP.

4) Altera Cyclone IV FPGA was used to generate the trian-
gular carriers, to compare the duty ratios (i.e., dyy and d a ;)
computed by the DSP and the triangular carriers, to select
the mode of operation, and to generate the 16 gate signals.

5) The A/D converters were used to detect vgc1, Vde2, Vo1,
v, Vo3, and i7,. All A/D converters were connected to
the FPGA and the converted values were handled to the
DSP, where the sampling period of the A/D converters and
the reference update period of the control system were set
t0 46.3 us (: 1/(2NfSA)).

The experimental waveforms were captured as follows.

1) The experimental waveforms of vgc1, ¥m1, VA, and vpro
were captured by the Tektronix oscilloscope DPO4034B,
those of ¢4c1, i1, and ¢q.2 were captured by the Tektronix
oscilloscope MDO4104 C, and those of v, vo2, and v
were captured by the Tektronix oscilloscope DPO3054.

2) The Tektronix voltage probe THDP0100 was used for the
measurement of vy, TMDP0200 to measure va, vno2,
vo1, Voo, and ves, and P5205 A to measure vgcq1. The
Tektronix current probe TCP0150 was used to measure
igc1 and ige2, and TCP0O030 A to measure 7.

B. Steady-State Behavior in Buck Mode

Fig. 20 shows the steady-state behavior of the NIBAC oper-
ating in buck mode, where i; = 10 A and v4.; = 150 V. As
can be seen in Fig. 20, vyp; is a rectangular wave that has an
ac component and an average dc component. The frequency
of the ac component equals fsy (i.e., 900 Hz). It can be
observed that the duty ratio of Si, dy, is slightly larger than
two-third (= v4c2/v4c1) because the average-voltage control
adds a voltage component to the feedforward component given
by (6). vae 1s equal to vy because S3 is kept ON and Sy is kept
OFF during this mode of operation. va, is a rectangular wave
with a principal frequency of 900 Hz. In addition, the PSPWM
generates a voltage ripple component that has a frequency of
21.6 kHz (=2N fga) and a voltage step of 50 V (=v¢;). The
900-Hz ac components contained within vy — vye and v
cancel each other out, and only the 21.6 kHz voltage ripple
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Fig. 20.  Experimental waveforms of the NIBAC operating in buck mode.

remains, which results in a significant attenuation of the inductor
ripple current.

The dc-capacitor voltages, vcy, vo2, and ves, contain a
50-V dc component, and a 900-Hz ac component that has
a peak-to-peak voltage less than one-tenth of the dc component.

The current sourced from vqc1, %dc1, 1S @ rectangular wave
with a principal frequency of 900 Hz (= fsn). Furthermore,
the dc current flowing to vqc2, tdce, is equal to ¢7,. The active
power flow between vq.; and vqce is indirectly controlled by
controlling 7. Fig. 20 shows that ¢, is regulated at 10 A.

C. Steady-State Behavior in Buck—Boost Mode

The steady-state behavior of the NIBAC during buck-boost
operationis showninFig. 21, where i7 =20 A and vgc1 = 100 V.
As can be shown in Fig. 21, vy is a rectangular wave that has an
ac component and an average dc component. The frequency of
the ac component is 900 Hz. It can be observed that the duty ratio
of Sy, du, is slightly larger than half (= vgc2/(vdc1 + Vde2))
because the average-voltage control adds a voltage component
to the feedforward component given by (6). vyre is similar to
vp In its shape, and it has a duty ratio of 1 — dy. The auxil-
iary converter eliminates the 900-Hz ac component contained
within vyr; — vMme, and only the ripple voltage resulting from
the PSPWM contributes to the ripple current generation.

The dc-capacitor voltages, vo1, vos, and veog, have a 50-V de
component, and a 900-Hz ac component that has a peak-to-peak
value that is acceptable, as mentioned above.

The current sourced from wvqc1, ¢dc1, 1S @ rectangular wave
with a principal frequency of 900 Hz. Furthermore, the dc current
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Experimental waveforms of the NIBAC operating in buck—boost

flowing to vqce, 2dc2, 1S similar in shape to ¢4, . It should be noted
that these 900-Hz components can be attenuated by applying
LC filters designed appropriately at the vqc; and vqgeo sides,
which is a well-established method that is also applicable to the
conventional NIBB. The active power flow between vq4.; and
Vde2 1s indirectly controlled by controlling i7,. Fig. 21 shows
that 7, is regulated at 20 A.

D. Steady-State Behavior in Boost Mode

The steady-state behavior of the NIBAC during boost oper-
ation is shown in Fig. 22, where ¢7 = 20 A and vqc; = 50 V.
As can be seen in Fig. 22, vy is equal to vge; because Sq
is kept ON and Ss is kept OFF during this mode of operation.
Meanwhile, vyre is a rectangular wave that has an ac component
and an average dc component. It can be observed that the duty
ratio of Sy, dyy, is slightly less than half (= (vdc2 — vdc1)/Vde2)
because the average-voltage control adds a negative voltage
component to the feedforward component given by (6). The aux-
iliary converter eliminates the 900-Hz ac component contained
within vy — vav2, and only the ripple voltage resulting from
the PSPWM contributes to the ripple-current generation.

The dc-capacitor voltages, vo1, vos, and vog, have a 50-V de
component and a 900-Hz ac component that has a peak-to-peak
value that is acceptable, as mentioned above.

The current sourced from vqc1, ¢qc1, 1S a rectangular wave
with a principal frequency of 900 Hz. Furthermore, the dc current
flowing to vqc2, tdc2, 1S similar in shape to 74 . The active power
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Fig. 22.  Experimental waveforms of the NIBAC operating in boost mode.
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Fig. 23.  Experimental waveforms of the NIBAC operating in buck—boost
mode during a ramp change in 47 from —20 to 20 A in 300 ms.

flow between vq.1 and vq.2 is indirectly controlled by controlling
ir,. Fig. 22 shows that i, is regulated at 20 A.

E. Transient Behavior During a Ramp Change in iy, in
Buck—Boost Mode

The transient-state behavior of the NIBAC when v4.1 = 100V
and 47 ramps up from —20 to 20 A in 300 ms is depicted in
Fig. 23, which shows that i1, follows its reference value without
overcurrent. Similarly, 7q.; and 742 obey the ramp behavior.
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Fig. 24.  Experimental waveforms of the NIBAC operating in buck—boost
mode during a step change in vqc;1 from 90 to 110 V.

Examination of Fig. 23 shows that the slope of ¢ ;, decreases when
it approaches zero. This decrease in the slope results from the
ON-state voltages of switching devices employed in the auxiliary
converters. This effect can be attenuated by applying the ON-state
voltage drop compensation method. After the end of the transient
period, the dc components contained within each dc-capacitor
voltage regain the values they had prior to the ramp occurrence.

F. Transient Behavior During a Step Change in vqc1 in
Buck—Boost Mode

The transient-state behavior of the NIBAC when v4.o =100V,
i1, = 20 A, and a step change from 90 to 110 V occurs in v4c1
is shown in Fig. 24. vgq.; shown in Fig. 24 deviates from the
step-change manner because of the dc-link capacitance. It can
be shown that vy11 changes according to the change in vq.1, and
the control system has a very fast response as can be observed
from the change in v . The change in the remaining waveforms
is almost unnoticeable indicating a robust control system.

VII. CONCLUSION

This article has proposed a noninverting bidirectional chopper
with an auxiliary converter (NIBAC) that is characterized by
operating in buck, buck—boost, and boost modes and has a signif-
icantly lower mass and volume compared with the four-switch
NIBB and the TL-NIBB, where according to the comparison
made in this study, a reduction in the inductance value by a
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Fig. 25. Cylindrical multilayer air-core inductor with rectangular cross
section. (a) Inductor dimensions. (b) Winding dimensions.

factor of 59 and 30 can be achieved when the NIBAC is used in-
stead of the NIBB and the TL-NIBB, respectively. The loss anal-
ysis of the chopper has shown that high chopper efficiency can
be achieved even though an auxiliary converter is applied. These
conclusions suggest that the proposed chopper shows promise
as a chopper for onboard BESSs. The efficacy of the NIBAC
along with the associated control system has been confirmed by
conducting experiments using a down-scaled prototype.

APPENDIX

To estimate the volume of the inductors used in the candidate
choppers, multilayer air-core inductors were designed. Fig. 25
shows an air-core inductor with a rectangular cross-section,
where a is the distance between the axis of the winding and
the axis of the inductor, b is the width of the winding cross
section, c is the height of the winding cross-section, n; is the
number of layers, n is the number of turns per layer, d is the
wire diameter excluding the insulation coating, and d; is the wire
diameter including the insulation coating. The inductance value
of the inductor shown in Fig. 25 can be given by

2 3
L= AU (16)
ab + 0.9a2 + 0.32bc + 0.84ac

where i is the vacuum permeability, and n is the number of
turns. To obtain maximum inductance for a given length of
wire, Brooks coil geometry is used, where b = ¢, and a = 1.5¢.
The inductance value of the Brooks coil can be given by

L = 2.029upcn?. (17)

To prevent the inductor from overheating, a current density
limit, jyax, should not be exceeded. d can be determined from
Jmax and the maximum rms value of the inductor current,

(iL)maxa as

4(ZL ) max
ﬂjmax

(18)

For the inductors designed in this article, jax 1S set to 2 X
10A /m? as a practical value to avoid inductor overheating [26].
After that, an initial estimate of the number of turns, ng, for a
given inductance value can be calculated if Brooks geometry is
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¥
| Choose a wire with a diameter that satisfies Eq. (18) |
¥
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¥
I Round 7 to the nearest integer, and find /7o ‘
¥
ng = L\/ﬁUJ Ncs ny = /Moy
n=ng+1 ny = n
¥ v
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¥

I Solve Eq. (16) for a, and pick the minimum positive root ‘

Fig. 26.  Flowchart of multilayer air-core inductor design.

assumed, where ng can be given by

"= A\ 2.029000d; )

If \/ng is not an exact root, this means that the condition
b = ¢ cannot be satisfied. Therefore, n; is selected as the floor
of \/ng, | /1o, and additional layer is added. After that, b, ¢, and
n can be recalculated, and a can be found by solving (16) for a.
A flowchart of the multilayer air-core inductor design is shown
in Fig. 26.

The volume of the inductor, v;;, is basically a volume of a
cylinder, and it can be given by

19)

c 2
Uiy = b (a + 5) . (20)
To estimate the mass of the inductor m;, it is assumed that
m;, 1S the mass of the conductor and it can be given by

2

Mir = PUcr

where p is the mass density of the conductor material, and v, is
the volume of the conductor. From the volume of the coil and a
winding packing factor, £, v¢, can be approximated and it can
be given by

(22)

Ver = kpUciC

where £, is the fraction of the volume occupied by the conduc-
tors to the total volume of the coil, and it can be estimated from
the winding area packing factor (i.e., cross-sectional area of the
conductor/cross-sectional area of the the coil = (7/4)(d/d;)?).
The coil volume v is a volume of a hollow cylinder and it can
be given by

Vo = 2mabe. (23)

To estimate the inductor losses, the dc resistance of the inductor
Rg. should be calculated. R4, can be given by

2mn2a

Rae =
97 Fpobe

(24)

where o is the electrical conductivity of the conductor material.
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