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AC Component-Based Control and Phase Shift
Applications on Bidirectional Chopper With

Auxiliary Full-Bridge Converter
Ghiffari Aby Malik Nasution , Graduate Student Member, IEEE, and Makoto Hagiwara , Senior Member, IEEE

Abstract—This article proposes the supplementary application
of ac component-based control to a bidirectional chopper with an
auxiliary converter when the dc current flowing in the chopper is
zero. The proposed chopper is composed of a bidirectional chopper
as the main converter, an auxiliary converter with a single full-
bridge converter, and an inductor, where phase shift is additionally
applied to the carrier wave of the auxiliary converter. This setup
is theoretically able to reduce the switching-ripple current to 1/4
of that the conventional bidirectional chopper, which consequently
allows smaller inductor to be used in the chopper. Furthermore,
experimental results using a 2 kW down-scaled model further verify
the theoretical analysis results on the switching-ripple current, and
the validity of the ac component-based control based on the steady-
and transient-state performances of the proposed chopper, along
with its coordination with the conventional dc component-based
control. Finally, theoretical comparison with the conventional bidi-
rectional chopper, three-level flying capacitor converter, and a
bidirectional chopper with an auxiliary converter with no phase
shift is done with respect to the inductor volume, power loss, and
efficiency to verify the benefits of phase shift application in the
proposed chopper.

Index Terms—AC component-based control, battery energy
storage systems, nonisolated DC–DC converters, phase shift.

I. INTRODUCTION

R ECENTLY, battery energy storage system (BESS) utiliza-
tion in electric railways has been gaining momentum due

to its ability to recover the regenerative-braking energy, allow re-
newable applications, shave peak power during acceleration, and
enable catenary-free operation [1], [2], [3], [4]. A conventional
bidirectional chopper (CBC) is traditionally used to convert the
voltage between the power source and the battery with the typical
voltage from 600 V to 3 kV [5], [6], [7]. When BESS is used,
it is imperative to reduce the mass and volume of the chopper
considering its placement in a moving train, which mainly comes
from the inductor [8]. The simplest way to achieve this is by op-
erating the power devices at high switching frequencies, whereas
an upper limit exists at around 1 kHz for high-power choppers
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when power loss is considered [9]. More specifically, at 1.5 kV
catenary voltage, the typical switching frequency for 3.3-kV
silicon-insulated gate bipolar transistors (Si-IGBT) modules and
3.3-kV silicon carbide-metal oxide semiconductor field effect
transistor (SiC-MOSFET) is 600 Hz and 2 kHz, respectively [10],
[11].

To mitigate the frequency limitations, the application of
several multilevel converter topologies to reduce the inductor
volume have been considered. One example is the three-level
flying capacitor (TLFC) dc–dc converter that is capable of
generating three voltage levels: 0, VC , and Vdc1 [12], [13], [14].
The TLFC can function as a multilevel bidirectional chopper
with a voltage level ofVdc1,Vdc1/2, or zero when the dc-capacitor
voltage is set to half of the dc-source voltage (i.e.,VC = Vdc1/2).
Furthermore, if phase shift is applied to the power devices,
the converter is able to produce lower maximum peak-to-peak
current that is 1/4 of that produced by the CBC under the
same switching frequency. While this advantage has prompted
extensive researches into its possible applications in power sys-
tems and electrification of transportation modes, particularly the
railway systems [15], [16], [17], the TLFC is suffering from its
complex control. Specifically, the output voltage and the flying-
capacitor voltage are strongly coupled, which also happens in the
application of flying-capacitor converter with higher levels [18],
[19], [20].

A topology that combines a CBC with multiple full-bridge
converter cells as the auxiliary converter, i.e., the bidirectional
chopper with an auxiliary converter (BCAC), has been reported
in [21], [22], [23], [24], [25], [26], and [27], where the auxiliary
converter functions as an active power filter that absorbs the ac
voltage produced by the main converter. This is done by setting
the switching frequency of the main converter to be equal or
less than that of the auxiliary converter (i.e., fSM ≤ fSA). It
should be noted that only reactive power is processed by the
auxiliary converter, and that increasing fSA will also increase
the ripple frequency. To further ensure the operation of the
auxiliary converter as an active power filter when Vdc1 ≥ Vdc2,
the relationship NVC ≥ Vdc1 must be maintained, where N
represents the number of cells in the auxiliary converter, Vdc1

and Vdc2 are the dc-voltage sources, and VC is the dc-capacitor
voltage connected to the full-bridge cell.

The authors in [21] and [22] showed that the BCAC can
reduce the switching-ripple current to 1/60 of the CBC when
N = 3, fSM = 1

4fSA, and VC ≤ Vdc1
3 . In addition, there are three
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major advantages that the BCAC holds over the CBC and TLFC.
The first one is that the auxiliary converter can function as a
solid-state dc circuit breaker at the low-voltage side. The second
one is that the decouple of controls between the inductor current
and capacitor voltage can be achieved. The third one is that there
is flexibility to place the main and auxiliary converters. The last
two advantages can be achieved because the main and auxiliary
converters work as independent voltage sources. Furthermore,
the BCAC performance under high-frequency operation has
been explained in [23]. In [24], the operation of a noninverting
BCAC under buck, buck-boost, and boost modes has been
described. Meanwhile, the employment of the BCAC in an
interleaved structure has been discussed in [25], [26], and [27],
where inductor mass and volume reductions are achieved by
setting N = 3, M = 3, fSM = 1

4fSA, and VC = Vdc1
3 (M is the

number of subconverters in the interleaved structure). However,
due to the application of multiple cells in the auxiliary converter
in these literatures, the BCAC suffers from increased power loss
and potentially the cost.

The bidirectional chopper with a single-cell auxiliary con-
verter (BCSAC), which operates under fSM = fSA and VC =
Vdc1

2 , has been proposed to reduce the produced power loss [28],
[29]. By setting N = 1, the BCSAC is able to reduce the
switching-ripple current to 4/9 of the CBC, while producing
less power loss, to achieve more efficient performances than
the BCAC. However, the dc-capacitor voltage control in the
BCAC and BCSAC presented in [21], [22], [23], [24], [25], [26],
[27], [28], and [29] cannot be achieved when the dc inductor
current is zero (i.e., no power transfer between Vdc1 and Vdc2).
Consequently, the dc-capacitor voltage and inductor current
cannot be kept at their reference values when there is no power
flowing between the Vdc1 and Vdc2 voltage sides. In addition, the
inductor volume reduction achieved by the BCSAC is limited
compared to the BCAC, which prompted the need for further
reduction.

To solve the control problem, this article proposes the appli-
cation of ac component-based control in the inductor current and
dc-capacitor controls of the BCSAC. It uses the ac component of
the inductor current to regulate the dc-capacitor voltage through
the auxiliary converter, which enables the achievement of the
dc-capacitor voltage control when the dc inductor current is zero.
To minimize the power loss produced in the chopper, the BCSAC
studied in this article operates under similar settings as in [28]
and [29]:

1) The frequencies of the main and auxiliary converters are
the same (fSM = fSA);

2) The dc-capacitor voltage is half of the dc-source voltage
of the high-voltage side (VC = Vdc1

2 ).
In addition, in this article, phase shift is applied to the carriers of
the main and auxiliary converters, which is not the case in [28]
and [29] where the two carriers are in phase. The application
of phase shift is expected to mitigate the limitation on the
inductor volume reduction, by further reducing the produced
switching-ripple current, which consequently enables smaller
inductor volume, without increasing the power loss in the chop-
per. As such, conducting a detailed theoretical analysis of the
switching-ripple current is necessary to prove this point.

The contributions of this article can, thus, be summarized as
follows.

1) Improving the stability in the BCSAC operation, espe-
cially when there is no power flowing between the voltage
sources, by proposing the application of ac component-
based control as a supplement to the dc component-based
control. It uses the ac component of the inductor current to
enable the achievement of the dc-capacitor voltage control
when the dc inductor current is zero. The performances of
the proposed control method under steady and transient
states, along with its coordination with the conventional
dc component-based control, are confirmed through ex-
periments using a 2 kW down-scaled model.

2) Achieving further reductions on the switching-ripple cur-
rent, inductor volume, and power loss, and increasing the
efficiency of the BCSAC, by applying phase shift to the
carriers of the main and auxiliary converters. Theoretical
analysis is done on the switching-ripple current, and the
results are verified through experiments. In addition, the
benefits of applying phase shift in the BCSAC are vali-
dated through comparisons on the switching-ripple cur-
rent, inductor volume, power loss, and efficiency between
the BCSAC with phase shift (i.e., BCSAC-PS), CBC,
TLFC-PS, and BCSAC with no phase shift (BCSAC-
NPS).

The rest of this article is organized as follows. Section II
explains the proposed chopper topology and operating princi-
ples. Section III describes the control methods, i.e., dc and ac
component-based controls, applied to the main and auxiliary
converters. Section IV details the theoretical analysis and com-
parison results on the switching-ripple current, inductor volume,
and power loss and efficiency between the proposed chopper,
CBC, TLFC-PS, and BCSAC-NPS. Section V presents the
steady- and transient-state experimental results of the proposed
chopper with the applied controls. Finally, Section VI concludes
this article.

II. CIRCUIT CONFIGURATION AND OPERATING PRINCIPLES

A. Circuit Configuration

The circuit configuration of a bidirectional chopper with a
single-cell auxiliary converter (BCSAC) is given in Fig. 1(a).
The BCSAC is formed by a CBC as the main converter, a
full-bridge cell equipped with a floating dc-capacitor as the
auxiliary converter, and an inductor. The main converter is linked
to two dc-voltage sources, Vdc1 and Vdc2, where the former
shows the high-voltage-side voltage and the latter shows the
low-voltage-side voltage, while vM shows the low-voltage-side
voltage of the main converter. S1 and S2 show the upper and
lower switching devices of the main converter, respectively. The
auxiliary converter is connected in series with the main converter
and the inductor. vA shows the auxiliary converter voltage
and vC shows the dc-capacitor voltage, where the relationship
VC = Vdc1

2 holds for its dc component to reduce the voltage
rating of the power devices used in the auxiliary converter, which
consequently reduces the produced conduction loss. vL shows
the inductor voltage and iL shows the inductor current. S3 and
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Fig. 1. Proposed bidirectional chopper with single-cell auxiliary converter.
(a) Circuit configuration. (b) Carrier waveforms.

S4 show the upper and lower switching devices of one leg of
the auxiliary converter that is connected to the main converter,
respectively, and vA1 shows the low-voltage-side voltage of the
leg. Meanwhile, S5 and m6 show those of another leg that is
connected to the inductor, and vA2 shows the low-voltage-side
voltage of the leg. It should be noted that the parameters of the
BCSAC are designed for BESS application in electric railways
in this article, i.e., they are applicable for LVDC or MVDC
systems.

The triangular carrier waveforms applied to the main and
auxiliary converters, triM and triA, respectively, are given in
Fig. 1(b), where triA leads triM by 90◦. Meanwhile, the rela-
tionship fSM = fSA is held to minimize the produced switching
loss, where fSM shows the frequency of triM, while fSA shows
that of triA. In the auxiliary converter, the equivalent switching
frequency of vA is 2fSA, as the result of the application of
unipolar pulsewidth modulation (PWM).

B. Operating Principles

Fig. 2 shows an example of the ideal voltage and current
waveforms of the BCSAC. When the deadtime in the main
converter (i.e., brief time interval where both S1 and S2 are
OFF) is zero, vM is given by

vM =

{
Vdc1 (S1: ON, S2: OFF)
0 (S1: OFF, S2: ON).

(1)

Furthermore, vM has both the dc component, (vM )dc, and the
ac component, (vM )ac, which can be determined by

(vM )dc = dMVdc1 (2)

Fig. 2. Example of the ideal voltage and current waveforms of the BCSAC.

(vM )ac =

{
(1− dM )Vdc1 (S1: ON, S2: OFF)
−dMVdc1 (S1: OFF, S2: ON)

(3)

where dM is the duty ratio of S1. Meanwhile, when the dead-
times in the auxiliary converter (i.e., brief time intervals where
both S3 and S4 (S5 and S6) are OFF) are zero, vA1 and vA2 are
given by

vA1 =

{
VC (S3: ON, S4: OFF)
0 (S3: OFF, S4: ON)

(4)

vA2 =

{
VC (S5: ON, S6: OFF)
0 (S5: OFF, S6: ON)

(5)

where vA = vA1 − vA2.
In the BCSAC, the role of the auxiliary converter is to produce

the ac component, (vA)ac, that is equivalent to that of the main
converter (i.e., (vA)ac = (vM )ac), so that the ac component in
the inductor can be reduced to zero. From (3), (vM )ac has the
maximum value of Vdc1 and the minimum value of −Vdc1.
Consequently, (vA)ac has the same maximum and minimum
values as (vM )ac, where the relationship VC ≥ Vdc1 should be
satisfied so that the auxiliary converter is able to work as an active
power filter under all conditions when Vdc1 ≥ Vdc2. On the other
hand, the dc-capacitor voltage is set to VC = Vdc1

2 in this article
because of the reasons mentioned in the previous section. As a
result, a dc component may occur in vA if the auxiliary converter
attempts to produce the ac voltage (vM )ac given in (3), due to
overmodulation in the converter.

To solve this problem, normalization should be applied to
(vA)ac, where its maximum and minimum values should be
limited to 0.5Vdc1 and −0.5Vdc1, respectively. For example, the
relationship (vM )ac ≥ 0.5Vdc1 always holds under 0 ≤ dM <
0.5, when S1 is ON and S2 is OFF. Thus, the value of (vA)ac

is set to 0.5Vdc1 under the said condition. Furthermore, in a
single switching period, (vA)ac should average zero. Under these
considerations, (vA)ac when 0 ≤ dM < 0.5 can be determined
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Fig. 3. Block diagram of the main converter control using DC component-
based control.

by

(vA)ac =

⎧⎨
⎩
0.5Vdc1 (S1: ON, S2: OFF)
−dMVdc1

+dM
2−0.5dM

dM−1 Vdc1 (S1: OFF, S2: ON).
(6)

Similarly, (vA)ac when 0.5 ≤ dM ≤ 1 can be determined by

(vA)ac =

⎧⎨
⎩
(1− dM )Vdc1

+dM
2−1.5dM+0.5

dM
Vdc1 (S1: ON, S2: OFF)

−0.5Vdc1 (S1: OFF, S2: ON).

(7)

From (3), (6), and (7), when dM = 0.5, the relationship
(vA)ac = (vM )ac is satisfied. As a result, the frequency compo-
nent of fSM contained in (vM )ac is canceled out by the auxiliary
converter so that no frequency component of fSM exists in
the inductor current. On the other hand, when dM �= 0.5, the
relationship (vA)ac = (vM )ac is not satisfied, meaning that there
exists the frequency component of fSM in the inductor current.

III. CONTROL METHOD

Based on the components used, the control method of the
BCSAC-PS can be divided into dc component-based control and
ac component-based control. The dc component-based control,
that has been presented in [21], [22], [23], [24], [25], [26], [27],
[28], and [29], is applied when the dc inductor current is not zero.
Similar to [28], [29], the main converter is responsible for the dc-
capacitor voltage control, while the auxiliary converter is used to
achieve the dc current control, which could improve the current
controllability. On the other hand, the ac component-based
control proposed in this article is used when the dc inductor
current is zero, where the main converter is responsible for the
dc current control and the auxiliary converter is used to achieve
the dc-capacitor voltage control. In addition, this article uses the
average value of the actual dc current in the inductor current
control, that is not the case in [21], [22], [23], [24], [25], [26],
[27], [28], and [29], which would improve the control accuracy
and stability because the effect of switching-ripple component
can be eliminated.

A. DC Component-Based Control

Fig. 3 shows the block diagram of the main converter control
when dc component-based control is used, where the main
converter function is to regulate the dc-capacitor voltage. More
specifically, the traditional PI control is applied to produce the
voltage reference v∗B0 based on the difference between the actual
dc-capacitor voltage, vC , and its reference value,V ∗

C . Depending
on the value of the inductor current, iL, the polarity of v∗B0 can

Fig. 4. Block diagram of the auxiliary converter control using DC component-
based control.

alternate between positive and negative, as shown in Fig. 3. For
example, when V ∗

C > vC , the resulted v∗B is as follows:

v∗B =

{
v∗B0 (iL > 0)
−v∗B0 (iL < 0).

(8)

Furthermore,Vdc2 is added to v∗B as a feedforward control, which
is then normalized by Vdc1. Finally, the duty ratio of S1, dM , is
obtained as

dM =
v∗B + Vdc2

Vdc1
(9)

with a maximum value of +1 and a minimum value of zero.
To clearly illustrate the dc-capacitor voltage control in Fig. 3,

a positive dc inductor current (i.e., iL = IL > 0) is assumed
to flow in the circuit. Based on (2) and (9), the dc power
at the low-voltage side of the main converter is obtained as
(vM )dcIL = dMVdc1IL = (vB + Vdc2)IL. Here, vB is the ac-
tual voltage used in the dc-capacitor voltage control, and the
relationship vB = v∗B is assumed to hold. When V ∗

C = vC , the
dc power at the low-voltage sides of the main converter and
the chopper are the same (i.e., (vM )dcIL = Vdc2IL), because
vB = 0. In this case, there is no power flowing in the auxiliary
converter. Meanwhile, when V ∗

C > vC , a positive v∗B occurs
as given in Fig. 3. Consequently, a positive power is formed
between vB and IL, and it is superimposed on (vM )dcIL. As a
result, the relationship (vM )dcIL > Vdc2IL holds in the circuit,
where this power will be received by the auxiliary converter
through the production of v∗B (given in Fig. 4). Consequently, a
positive power Vdc2IL flows into the auxiliary converter and vC
rises, which means that all the additional power superimposed on
the main converter flows in the auxiliary converter. The decouple
of controls between the dc-capacitor voltage and the dc inductor
current can be achieved because the voltage component v∗B
produced by the main and auxiliary converters cancel each other
out.

Fig. 4 shows the block diagram of the auxiliary converter
control when dc component-based control is used, where the
auxiliary converter control has the following functions: 1) Reg-
ulation of the dc inductor current, and 2) Mitigation of the
ripple current. The traditional PI control is applied in the dc
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inductor current control to produce the voltage command v∗i
based on the difference between its actual dc average value,
(iL)avg, and its reference value, i∗L. (iL)avg is obtained by ap-
plying a moving-average filter with a frequency of fSM to iL,
with the sampling frequency of 4fSM, where the sampling is
done at the peaks and bottoms of triM and triA. It should be
noted that the time delay originating from the moving-average
filter application of 5 kHz (= 200 μs) is much smaller than the
response speed of the dc inductor current control (i.e., more than
a few milliseconds). Thus, the effect of applying moving-average
filter to the stability and dynamic response is negligible as long
as fSM is high enough. Furthermore, (vA)ac, that is obtained
from (6) and (7), and the voltage reference produced by the
main converter control, v∗B , are added to v∗i as a feedforward
control, producing v∗A as the voltage reference of the auxiliary
converter. After the normalization of v∗A by vC , the duty ratio of
S3, dA1, and that of S5, dA2, are obtained with a maximum value
of +1 and a minimum value of −1. Finally, the produced dA1

and dA2 have to be normalized to have a maximum value of +1
and a minimum value of zero. Thus, these values are compared
with triA, which has a maximum value of +1 and a minimum
value of zero.

The traditional PI control is used in both converters, where
the transfer functions in the Laplace domain for the dc-capacitor
voltage and inductor current controls are given as

vC
V ∗
C

=
sKvp-dciL +Kvi-dciL

(vC)dc Cs2 + sKvp-dciL +Kvi-dciL
(10)

iL
i∗L

=
sKip-dc +Kii-dc

Ls2 + sKip-dc +Kii-dc
(11)

where C shows the capacitance value of the dc-capacitor and
(vC)dc shows the dc component of the dc-capacitor voltage.
Kvp-dc and Kvi-dc show the proportional and integral gains of the
dc-capacitor voltage control in the dc component-based control,
whileKip-dc andKii-dc show those of the inductor current control,
and their values are appropriately set. It is evident from (10) that
stable control of the dc-capacitor voltage cannot be achieved
when iL = 0 A.

It is necessary to note the difference between v∗B and v∗i in the
dc component-based control. Assuming that there is no power
loss in the converter, the relationship v∗B = 0 holds under the
steady state. On the other hand, v∗i �= 0 holds under the same
condition. The reason is that an amount of dc voltage occurs in
vA due to the PWM, which should be canceled by v∗i to achieve
the dc current control. In other words, a dc component occurs
in v∗i to make the average value of vA in one switching period
be zero. It should also be noted that the value of v∗i will have
an effect on the switching-ripple current, as will be explained in
the section on theoretical analysis.

B. AC Component-Based Control

Fig. 5 shows the block diagram of the main converter control
when ac component-based control is used, where the main
converter function is to regulate the dc inductor current. The
traditional PI control is applied to produce the voltage command
v∗i based on the difference between the average (i.e., dc) inductor

Fig. 5. Block diagram of the main converter control using AC component-
based control.

Fig. 6. Auxiliary converter control using AC component-based control: (a)
Block diagram, and (b) ideal waveforms when V ∗

C > vC and only frequency
component fSM is assumed in (iL)ac.

current value, (iL)avg, and its reference value, i∗L. The voltage
command v∗i and Vdc2 are summed up, and normalized by Vdc1 to
obtain dM with a maximum value of +1 and a minimum value
of zero

dM =
v∗i + Vdc2

Vdc1
. (12)

Fig. 6(a) shows the block diagram of the auxiliary converter
control when ac component-based control is used, where it
differs from Fig. 3 in that the ac inductor current with a frequency
of fSM is intentionally controlled to achieve the dc-capacitor
voltage control. Fig. 6(b) shows the ideal waveforms when
V ∗
C > vC , where (iL)ac is the ac current included in iL with only

fSM frequency component that is produced by v∗B . In Fig. 6(a),
the traditional PI control is used to produce voltage reference
v∗B0 based on the difference between the actual dc-capacitor
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voltage, vC , and its reference value, V ∗
C , where the polarity

of v∗B is changed based on the triangular carrier waveform of
the auxiliary converter, triA. It is further normalized by vC ,
producing dA1 and dA2 with a maximum value of +1 and
a minimum value of −1. Similarly, dA1 and dA2 are again
normalized to have a maximum value of +1 and a minimum
value of zero, followed by the comparison with triA.

Meanwhile, the transfer functions in the Laplace domain for
the dc-capacitor voltage and inductor current controls using ac
component-based control are given as

iL
i∗L

=
sKip-ac +Kii-ac

Ls2 + sKip-ac +Kii-ac
(13)

vC
V ∗
C

=
sKvp-acY +Kvi-acY

(vC)dc Cs2 + sKvp-acY +Kvi-acY
(14)

where C shows the capacitance value of the dc-capacitor, Y
shows a constant produced from (vA)ac and (iL)ac, and (vC)dc

shows the dc component of the dc-capacitor voltage. Kvp-ac

and Kvi-ac show the proportional and integral gains of the dc-
capacitor voltage control in the ac component-based control,
whileKip-ac andKii-ac show those of the inductor current control.
It is evident from (14) that the dc-capacitor voltage control can be
achieved regardless of the value of iL. Thus, the supplementary
application of ac component-based control can contribute to the
stability improvement of the BCSAC operation when iL = 0 A.

To give a clearer image on v∗B polarity, let SC given in Fig. 6(b)
be the PWM signal produced from the comparison of triA with a
duty ratio dC = 0.5. Specifically, SC = 1 when triA < dC and
SC = 0 when triA ≥ dC . Based on SC , v∗B is given by

v∗B =

{−v∗B0 (SC: 1)
v∗B0 (SC: 0)

(15)

where v∗B0 is the output of the PI control, and summed by the
(vA)ac obtained from (6) and (7) to produce the voltage reference
v∗A. From Fig. 6(b) and (15), v∗A can be determined by

v∗A =

{−v∗B + (vA)ac (triA < dC)
v∗B + (vA)ac (triA ≥ dC).

(16)

In Fig. 6(b), (iL)ac is a triangular waveform with a frequency
component of fSM that is produced by v∗B . It should be noted
that (iL)ac can be either in phase or out of phase with (vA)ac,
depending on the relationship between V ∗

C and vC .
To further explain the dc-capacitor voltage control, the rela-

tionship V ∗
C > vC is assumed in the auxiliary converter. Based

on Fig. 6(a), a positive v∗B0 is generated, leading to the produc-
tion of (iL)ac that is in phase with (vA)ac, as shown in Fig. 6(b).
As a result, a positive power (vA)ac(iL)ac is formed, which flows
into the capacitor and increases vC .

IV. THEORETICAL ANALYSIS AND COMPARISON

The objective in applying phase shift to the BCSAC is to
further reduce the switching-ripple current, which will cor-
respondingly reduce the inductor volume and potentially the
power loss in the converter. To evaluate the achievement of
that objective, theoretical comparisons on the switching-ripple

Fig. 7. Circuit configuration of (a) CBC, and (b) TLFC DC–DC converter.

current, inductor volume, power loss, and efficiency are carried
out between the BCSAC-PS (i.e., BCSAC-PS), CBC, TLFC-PS,
and BCSAC without phase shift (i.e., BCSAC-NPS). The circuit
configurations of the CBC and TLFC-PS are given in Fig. 7(a)
and (b), respectively. It should be noted, however, that cost
comparison falls outside the scope of this article, and should
be deferred for future research.

A. Switching-Ripple Current

Theoretical analysis on the switching-ripple current of the
BCSAC-PS is conducted using similar approaches as in [29],
where the following assumptions are applied in the analysis.

1) Steady-state operation with no power loss is considered,
meaning that the voltage reference used in the dc-capacitor
voltage control is zero (v∗B = 0).

2) There is no deadtime in the main and auxiliary converters,
which is valid when the switching period of the chopper
is sufficiently longer than the deadtime period. Deadtime
here is defined as the brief intervals where complementary
switches (i.e., S1 and S2, S3, and S4, and S5 and S6) are
OFF.

3) The dc-capacitor voltage is set to VC = Vdc1
2 and its ac

component is zero.
Under the second condition, the value of dM is determined by

dM =
Vdc2

Vdc1
. (17)

The theoretical analysis is conducted under two different
ranges of dM , i.e., 0 ≤ dM < 0.5 and 0.5 ≤ dM ≤ 1, where the
analysis under 0 ≤ dM < 0.5 is given in the Appendix. Based
on the analysis results, the switching-ripple current, Iripple, under
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Fig. 8. Theoretical waveforms of switching-ripple current.

0 ≤ dM < 0.5 is given by

Iripple =
Vdc1

2fSML
(1− 2dM )dM (18)

while Iripple under 0.5 ≤ dM ≤ 1 is given by

Iripple =
Vdc1

2fSML
(2dM − 1)(1− dM ). (19)

Based on (18) and (19), the maximum value of Iripple can be
obtained when dM = 1/4 and dM = 3/4, respectively, as

(Iripple)max =
Vdc1

16fSML
. (20)

Meanwhile, (Iripple)max for the BCSAC-NPS can be obtained
from [28], [29] as

(Iripple)max =
Vdc1

9fSML
(21)

Furthermore, (Iripple)max for the CBC can be obtained as

(Iripple)max =
Vdc1

4fSML
. (22)

Based on (20) and (22), the BCSAC-PS is able to reduce the
switching-ripple current to 1/4 of the CBC. This is significantly
lower than that produced by the BCSAC-NPS, that is 4/9 of
the CBC [from (21) and (22)]. The theoretical waveforms of
the ripple current are given in Fig. 8, where the horizontal
axis shows the value of dM and the vertical axis shows Iripple.
The switching-ripple currents of the CBC, BCSAC-NPS, and
BCSAC-PS are shown by the blue, purple, and gold lines,
respectively. Fig. 8 shows that there is a symmetry between
the switching-ripple current of the BCSAC-PS under dM < 0.5
and dM > 0.5, similar to that of the BCSAC-NPS, and that the
advantage of BCSAC-PS over the CBC is especially apparent
when the operating duty ratio is around dM = 0.5.

Fig. 9. Dimensions of (a) air-core inductor, and (b) rectangular cross-section.

TABLE I
PARAMETERS OF THE AIR-CORE INDUCTORS

B. Inductor Volume

Theoretical analysis on inductor volume of the four choppers
is conducted based on the method described in [29] and [30],
where the following assumptions are used in the analysis.

1) Air-core inductors are used.
2) Brooks coil geometry is adopted in the inductors.
3) The inductors have a maximum current capacity, Imax,

of 1000 A and a maximum current density, Jmax, of
2× 106 A/m2.

4) Under the same switching frequency, the same amount of
ripple current should be produced by all choppers.

Air-core inductors are employed because they are widely
used in chopper for electric railways due to their characteristics
that show better size reduction in higher operating frequencies,
nonexistent core saturation, and produce no iron loss [31],
[32], [33]. In addition, Brooks coil geometry is assumed in the
inductors to attain the maximum achievable inductance value for
a specified length of wire [30]. The air-core inductor dimensions
with its rectangular cross-section are given in Fig. 9, where a
is the distance between the axis of the winding and that of the
inductor, b is the width of the winding cross-section, c is the
height of the winding cross-section, d is the diameter of the wire
without the insulation coating, di is the diameter of the wire
with the insulation coating, nl is the number of layers, nt is the
number of turns per layer, and n is the number of turns.

Based on the assumed Imax and Jmax, the other parameters
of the inductor are calculated by following the same calcula-
tion methods as those described in [29], where the simplified
flowchart of the calculation process is shown in Fig. 10. The
resulted parameters of the air-core inductors used in the four
choppers are given in Table I. The inductance value for each
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Fig. 10. Simplified flowchart of the inductor volume calculation process.

chopper is set toL = 0.9mH for the CBC,L = 0.225mH for the
TFLC and BCSAC-PS, and L = 0.4 mH for the BCSAC, where
the values are determined by considering the fourth condition set
in the analysis and the theoretical results of the switching-ripple
current analysis. Based on the results, the BCSAC-PS is able
to reduce the inductor volume by 62.3% compared to that of
the CBC. The achieved reduction is comparably larger than that
achieved by the BCSAC-NPS (i.e., 38.4%). Furthermore, this
reduction is comparable to that achieved by the TLFC-PS.

To further confirm the significance of the inductor volume
reduction achieved by the BCSAC-PS related to its additional
components, theoretical analysis on the total chopper volume
is conducted. In the analysis, the dc film capacitor E50.N15-
323NT0 from Electronicon (C = 32μF, Imax = 50A) is chosen,
where a parallel connection of twenty capacitors is used in
the auxiliary converter to account for the assumed Imax in the
inductor volume analysis, giving an equivalent capacitance value
of 0.64 mF. Furthermore, based on the required voltage ratings in
actual applications, the insulated gate bipolar transistors (IGBT)
power module 1MBI1000UG-330 from Fuji Electric (Si-IGBT,
1-in-1, 3.3 kV) is selected, and two modules are used in each of
the CBC, TLFC-PS, and the main converter of the BCSAC-
NPS and BCSAC-PS. In addition, the IGBT power module
CM1000DX-24T from Mitsubishi Electric (Si-IGBT, 1-in-1,
1.2 kV) is selected for the TLFC-PS, BCSAC, and BCSAC-PS.
The TLFC-PS uses two modules, while each of the BCSAC-NPS
and BCSAC-PS uses four modules in their full-bridge auxiliary
converter. The volume of these components is estimated based
on the dimensions provided in [34], [35], and [36].

Fig. 11. Volume breakdown of the four choppers.

TABLE II
PARAMETERS USED IN THE POWER LOSS AND EFFICIENCY ANALYSIS

The volume breakdown of the four choppers, which consists
of the inductor, and the capacitor and power devices in both the
main and auxiliary converters, is given in Fig. 11. The results
show that the total volume of the BCSAC-PS is 34.4% lower
than that of the CBC. This is because the achieved inductor
volume reduction (41.15 dm3) is significantly higher than the
combined volume of the additional components that come with
the auxiliary converter, i.e., the capacitors (17.02 dm3) and the
power devices (1.04 dm3). Furthermore, the total volume of the
BCSAC-PS is similar to that the TLFC-PS.

C. Power Loss and Efficiency

Theoretical analysis of the power loss and efficiency con-
ducted on the four choppers is done under the following settings,
which are listed in Table II.

1) For all choppers, the rated power is set to P = 1.5 MW,
where the high-voltage-side voltage is set to Vdc1 =
1.5 kV, which is within the typical range of dc voltage
supply of electric railway systems [37].

2) The low-voltage-side voltage, Vdc2, is alternated between
0.45 and 1.05 kV to change the value of dM based on (17).
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3) For all choppers, the switching frequency is set at fSM =
fSA = fTLFC = 5 kHz. It should be noted that the equiv-
alent switching frequency of the TLFC-PS is 2fTLFC, due
to the application of phase shift.

4) The inductance values are set to be the same as in the
inductor volume analysis, i.e., L = 0.9 mH for the CBC,
L = 0.225 mH for the TFLC and BCSAC-PS, and L =
0.4 mH for the BCSAC-NPS.

5) For the TLFC-PS, BCSAC-NPS, and BCSAC-PS, the
dc-capacitor voltage is set to be half of Vdc1 (i.e., VC =
0.75 kV).

Furthermore, the analysis considers the conduction losses, the
switching loss, and the reverse recovery loss of the IGBT and
free-wheeling diode, and the inductor loss, where the formula
can be commonly found in [38], [39], [40], and [41], while the
loss and efficiency calculations follow the same methods as those
described in [29]. Based on the required voltage rating, the same
power devices as that in the inductor volume analysis are used,
and the losses are calculated using approximations based on the
specifications of both IGBT modules listed in [35] and [36].

The power losses breakdown of the four choppers under
dM = 0.3 and dM = 0.7 are given in Fig. 12. Under the max-
imum power rating, the CBC produces around 7.7 kW of
power loss in average. The largest contributor is the conduction
loss with 3.1 kW, followed by inductor loss at 2.6 kW and
switching loss at 2 kW. Comparatively, both the TLFC-PS
and BCSAC-NPS produce larger power losses. The TLFC-PS
power loss is around 8.9 kW, where the majority similarly
comes from the conduction loss at 5.3 kW and switching loss
at 2.5 kW, while the inductor loss gives 1.1 kW. Meanwhile,
the BCSAC-NPS loses around 11.7 kW of power. The total
losses in the main and auxiliary converters are similar, where
the former produces 5.1 kW and the latter produces 5 kW.
On the other hand, the BCSAC-PS has around 11.04 kW of
power loss, which is comparatively larger than the CBC and
TLFC-PS, but less than the BCSAC-NPS. The loss reduction
comes from the smaller inductor loss and the switching loss of
the auxiliary converter (i.e., 1.1 kW and 0.4 kW, respectively),
compared with those produced by the BCSAC-NPS (i.e., 1.6 kW
and 0.6 kW, respectively). In general, the common biggest
power loss contributor across the four choppers is the conductor
loss.

Based on the power loss analysis results, the efficiencies
of all choppers are calculated. Fig. 13 shows the efficiency
comparison, where the CBC is shown in blue line, the TLFC-PS
is shown in green line, the BCSAC-NPS is shown in purple line,
and the BCSAC-PS is shown in gold line. When dM = 0.3,
the BCSAC-PS can achieve an average performance of 98%,
which is lower than the efficiencies of CBC and TLFC-PS at
98.7% and 98.4%, respectively, but slightly higher than the
efficiency of BCSAC-NPS at 97.9%. Similarly, when dM = 0.7,
the BCSAC-PS can achieve an average performance of 99.1%,
which is lower than the efficiencies of CBC and TLFC-PS at
99.4% and 99.3%, respectively, but slightly higher than the
efficiency of BCSAC-NPS at 99%. It should be noted that
the efficiency differences between the four choppers become
smaller as the dM increases. Furthermore, the efficiencies for

Fig. 12. Loss breakdown of (a) CBC when Vdc2 = 0.45 kV, (b) CBC when
Vdc2 = 1.05, kV (c) TLFC-PS when Vdc2 = 0.45 kV, (d) TLFC-PS when
Vdc2 = 1.05 kV, (e) BCSAC-NPS when Vdc2 = 0.45 kV, (f) BCSAC-NPS
when Vdc2 = 1.05 kV, (g) BCSAC-PS when Vdc2 = 0.45 kV, (h) BCSAC-PS
when Vdc2 = 1.05 kV.

all choppers are the highest when the power rating is 75 kW,
where the current is iL = 250 A, for both dM values.

Overall, the BCSAC-PS produces significantly lower
switching-ripple current than the CBC and BCSAC-NPS, which
allows the application of smaller inductor, while also producing
lower power loss than the BCSAC-NPS. Although the BCSAC-
PS efficiency is still lower than those of the CBC and TLFC-PS,
the difference is not significant when the inductor volume reduc-
tion is considered. For example, if the inductor volume reduction
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Fig. 13. Efficiency of the four choppers when (a) Vdc2 = 0.45 kV (dM =
0.3), and (b) Vdc2 = 1.05 kV (dM = 0.7).

is further translated into inductor mass reduction, then the body
mass of the vehicle can be reduced, as has been shown in [24].
In the bigger picture, this could potentially give positive impact
to the energy efficiency of the vehicle by reducing the required
energy to move it. However, mass analysis is outside the scope
of this article.

For example, the inductor volume reduction could reduce
the total energy required to move the vehicle, which could
potentially give positive impact to the energy efficiency of the
vehicle in the bigger picture.

V. EXPERIMENT

A. Experimental Conditions

To validate the performance of the controls (i.e., dc and ac
component-based controls) and operation of the BCSAC-PS, a
2 kW down-scaled experimental model is used, which is given
in Fig. 14. The model is configured as follows.

1) The dc-power supplies KIKUSUI PAT160-50T and
HEADSPRING biATLAS-5D525 are used as the dc-
voltage sources Vdc1 and Vdc2.

2) The reference value of the dc-capacitor voltage is set as
V ∗
C = 75 V.

3) An air-core inductor with linear frequency characteristics
is used. Consequently, the actual inductance values are
LCBC = 0.4 mH for the CBC and LBCSAC-PS = 0.334 mH
for the BCSAC-PS.

4) The reference value of the inductor current, i∗L, can be
either positive or negative, where positive current implies
that the power flows from Vdc1 to Vdc2, while negative
current implies the opposite.

5) A combination of Texas Instruments TMS320C6678 DSP
and Altera Cyclone IV E EP4CE30F29C7 FPGA is used
to control the model. Specifically, the FPGA is used to
generate the triangular carriers, to compare the triangular
carriers with the duty ratios (i.e., dM , dA1, and dA2)
calculated by the DSP, and to generate the PWM signals.

6) The Tektronix oscilloscope DPO4104B-L with a fre-
quency band of 1 GHz is used to record the experimental
waveforms. The current waveform (i.e., iL) is measured
using the Tektronix current probe TCP0020 with a fre-
quency band of 50 MHz, while the voltage waveforms

Fig. 14. Experimental setup using down-scaled model.

TABLE III
PARAMETERS OF THE EXPERIMENTS

(i.e., vM , vA, vL, and vC) are measured using the Tek-
tronix high-voltage differential probes THDP0200 with a
frequency band of 200 MHz.

The following experiments are conducted under both the
dc and ac component-based controls, where the experimental
parameters are listed in Table III.

DC component-based control
1) Experiment to measure ripple current values of the

BCSAC-PS and CBC under Vdc1 = 150 V and i∗L =
−10 A, where vC is initially charged to 75 V.

2) Experiment to observe the operation of BCSAC-PS during
the steady-state under Vdc1 = 150 V, Vdc2 = 65 V, and
i∗L = −10 A, where vC is initially charged to 75 V.

3) Experiment to observe the transient behavior of the
BCSAC-PS during the initial charging of vC from 0 to
75 V, where i∗L = −20 A.
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Fig. 15. Theoretical and experimental ripple currents of CBC and BCSAC-PS
under Vdc1 = 150 V and i∗L = −10 A.

4) Experiment to observe the transient behavior of the
BCSAC-PS during step change of Vdc1 from 150 to 140 V,
where i∗L = −20 A.

AC component-based control
1) Experiment to observe the operation of BCSAC-PS during

the steady-state under Vdc1 = 150 V, Vdc2 = 75 V, and
i∗L = 0 A, where vC is initially charged to 75 V.

2) Experiment to observe the transient behavior of the
BCSAC-PS during the initial charging of vC from 0 to
75 V, where i∗L = 0 A.

3) Experiment to observe the transient behavior of the
BCSAC-PS during the ramp change of vC from 75 to 85 V
and then 85 to 75 V, where i∗L = 0 A.

Coordinated control
1) Experiment to observe the coordinated operation of the ac

and dc component-based controls during the ramp change
of iL from 0 A to −10 A and then −10 A to 0 A.

It should be noted that the down-scaled model used to conduct
the experiments comes with several limitations that could affect
the produced power loss. Thus, experiments to verify power loss
and efficiency of the BCSAC-PS are not done in this article, and
should be deferred for future research.

B. Switching-Ripple Current

The results of the switching-ripple current for the BCSAC-PS
and CBC, based on the theoretical analysis and the experiments
done under negative current using dc component-based control,
are given in Fig. 15. For the CBC, the theoretical result is shown
in blue line and the experimental results are shown in the red
crosses, while those for BCSAC-PS are shown in gold line and
black crosses, respectively. The experiments are done by setting
Vdc1 = 150 V and i∗L = −10 A, while vC is initially charged to
75 V. Meanwhile, dM is progressively changed by setting Vdc2

from 10 to 140 V. Here, the negative current signifies that it flows
from the low-voltage side to the high-voltage side.

Fig. 16. Experimental steady-state waveforms of BCSAC-PS using DC
component-based control for Vdc1 = 150 V, Vdc2 = 65 V, and i∗L = −10 A.

Fig. 17. Experimental steady-state waveforms of BCSAC-PS using AC
component-based control for Vdc1 = 150 V, Vdc2 = 75 V, and i∗L = 0 A.

Fig. 15 shows that there is a consistency between the theo-
retical and experimental results on all choppers, albeit the small
difference seen in the BCSAC-PS. This difference is because
the voltage reference v∗B is assumed to be nonexistent in the
theoretical analysis, which is not the case in the experiments,
and it has some effects on the Iripple calculation. However, the
difference is insignificant compared to the current value, and it
will become smaller in the actual system with higher operating
voltage and current.

It is also shown that the CBC has a maximum ripple current
of 19.2 A, which is obtained when dM = 0.49. Meanwhile, the
BCSAC-PS has a maximum ripple current of around 5.4 A,
which is obtained when dM = 0.24 and 0.74.

C. Steady-State Operation

The steady-state experimental waveforms of the BCSAC-PS
under Vdc1 = 150 V, Vdc2 = 65 V, and i∗L = −10 A using dc
component-based control are given in Fig. 16, where negative
current signifies that the current flows from the low-voltage side
to the high-voltage side, while the steady-state experimental
waveforms of the BCSAC-PS under Vdc1 = 150 V, Vdc2 = 75 V,
and i∗L = 0 A using ac component-based control are given in
Fig. 17. In both Figs. 16 and 17, the main converter voltage
vM is a rectangular wave with both dc and ac components,
where its value changes between 150 V (=Vdc1) and 0 V, while
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Fig. 18. Experimental waveforms of BCSAC-PS using DC component-based
control forVdc1 = 150V andVdc2 = 85V during the initial charging procedure.

the auxiliary converter voltage vA is a rectangular wave that
alternates between−75V (=−VC), 0 V, and 75 V (=VC). Based
on the displayed ON-period in Fig. 16, the actual value of the
duty ratio is dM = 0.4, which is lower than the theoretical value
of 0.43 obtained from (17). This is due to the existence of the
voltage reference v∗B in the main converter control, as given in
Fig. 3. Similarly, the actual value of the duty ratio in Fig. 17
is dM = 0.48, which is lower than the theoretical value of 0.5
obtained from (17). This is due to the existence of the voltage
command v∗i in the main converter control, as given in Fig. 5.

From Fig. 16, it can be seen that the controls of the dc-
capacitor voltage, vC , and the dc inductor current, (iL)avg, are
achieved without steady-state error. vC can be regulated to 75 V
(=0.5Vdc1), while (iL)avg can be regulated to −10 A with a
ripple current of 4.1 A. Meanwhile, the theoretical value of the
ripple current obtained from (14) is around 3.59 A. Thus, there
is consistency between the experimental and theoretical values
of the ripple current, where the slight difference is due to the
existence of v∗B in the main converter control that affects the
value of dM . Fig. 17 shows that the dc-capacitor voltage and dc
inductor current controls are achieved without steady-state error
when i∗L = 0 A, where vC similarly can be regulated to 75 V
and (iL)avg can be regulated to 0 A.

D. Transient-State Operation

The transient experimental waveforms of the BCSAC-PS dur-
ing the initial charging procedure using the dc component and ac
component-based controls are given in Figs. 18 and 19, respec-
tively. Since Vdc1 is set as the high-voltage side (Vdc1 = 150 V)
and Vdc2 is the low-voltage side, where Vdc2 = 85 V in Fig. 18
and Vdc2 = 75 V in Fig. 19, Vdc1 is used to charge the capacitor.
To send the power fromVdc1 to the capacitor, the full-bridge aux-
iliary converter initially operates in charging mode (i.e., S3 and
S6 are ON, while S4 and S5 are OFF). In the main converter,S2 is
always OFF, while S1 is controlled to change its duty ratio, dM ,
based on the traditional PI control, which is then used for the
feedback control of the vC (under dc component-based control)
and iL (under ac component-based control). From Fig. 18, vC
is charged to 75 V in 400 ms, where the BCSAC-PS then gets
into normal operation, and iL drops into its reference value at

Fig. 19. Experimental waveforms of BCSAC-PS using AC component-based
control forVdc1 = 150V andVdc2 = 75V during the initial charging procedure.

Fig. 20. Experimental waveforms of BCSAC-PS using DC component-based
control for Vdc2 = 10 V and i∗L = −20 A, where there is a step change in Vdc1
from 150 to 140 V.

−20 A in approximately 400 ms. Meanwhile, vC in Fig. 19 is
charged to 75 V in around 450 ms, and the control of iL at 0 A
is achieved. Overall, the initial charging procedure using the dc
component and ac component-based controls can be completed
without any overvoltage or overcurrent problem.

The transient experimental waveforms of the BCSAC-PS
during a step change of Vdc1 using the dc component-based
control done under Vdc2 = 10 V and i∗L = −20 A are given are
Fig. 20. It shows that Vdc1 can be successfully reduced from
150 to 140 V in approximately 40 ms with no undervoltage.
However, a slight jump can be observed in the inductor current
when the step change is started, that is caused by the effect of
the reduction in Vdc1 on vL. Furthermore, it produces higher dM ,
which ultimately results in higher ripple current when the value
of Vdc2 is considered. Meanwhile, dc-capacitor voltage, vC , can
be stably regulated with no error during the transient state.

The transient experimental waveforms of the BCSAC-PS
during a ramp change of vC using the ac component-based
control under Vdc1 = 150 V, Vdc2 = 75 V, and i∗L = 0 V are
given in Fig. 21. It shows that vC is able to rise from 75 to 85 V,
and drop from 85 to 75 V, with no overvoltage and undervoltage,
meaning that the dc-capacitor voltage control based on the ac
component-based control is valid. Furthermore, the inductor
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Fig. 21. Experimental waveforms of BCSAC-PS using AC component-based
control for Vdc1 = 150 V, Vdc2 = 75 V, and i∗L = 0 A, where there is a ramp
change in vC from 75 to 85 V and then from 85 to 75 V.

Fig. 22. Experimental waveforms of coordinated operation between the AC
and DC component-based controls for Vdc1 = 150 V and Vdc2 = 75 V, where
there is a ramp change in iL from 0 to −10 A and then from −10 to 0 A.

current can be stably controlled, with the observed increase in
ripple current. This is caused by the effect of the change in vC
on vL.

E. Coordinated Operation

The transient experimental waveforms of the BCSAC-PS
during a ramp change of iL underVdc1 = 150V andVdc2 = 75V
using a coordination of both ac and dc component-based controls
are shown in Fig. 22, where the ac component-based control is
applied when iL = 0 A and the dc component-based control is
applied when iL �= 0 A. It shows that iL is able to decrease
from 0 A to −10 A in 200 ms, and increase from −10 to 0 A
in 200 ms, with no overcurrent and undercurrent. Furthermore,
the dc-capacitor voltage can be stably regulated using the ac
component-based control when iL = 0 A and dc component-
based control when iL = −10A. This shows that the two control
methods can operated in coordination.

VI. CONCLUSION

This article has proposed the supplementary application of
ac component-based control and the application of phase shift
to a bidirectional chopper with a single auxiliary full-bridge

Fig. 23. Ideal voltage and current waveforms of the BCSAC-PS when dM =
0.25.

converter (BCSAC) that operates under the following condi-
tions: 1) Both the main and auxiliary converters have the same
switching frequencies (fSM = fSA), and 2) The dc-capacitor
voltage is half of the high-voltage-side dc-source voltage (VC =
Vdc1/2). Theoretical analysis show that the BCSAC-PS is able
to reduce the switching-ripple current to 1/4 of that produced
by the CBC, which is more significant compared to the 4/9
reduction achieved by the BCSAC-NPS. Consequently, the
BCSAC-PS enables smaller inductor volume comparable to the
TLFC-PS, that is 62.3% and 38.8% less than those of the CBC
and BCSAC-NPS, respectively. Meanwhile, loss analysis shows
that the BCSAC-PS produces lower losses than the BCSAC-
NPS. Even though the efficiency is slightly lower than the
CBC and TLFC-PS, the BCSAC-PS can achieve high efficiency
performance that is better than the BCSAC-NPS. Finally, exper-
imental results using a 2 kW down-scaled model have shown
consistency with the theoretical results of the switching-ripple
current, and verify the operations and controls of the BCSAC-PS
during the steady and transient states, along with the coordinated
operation of the ac and dc component-based controls, where the
former is used when the dc inductor current is zero and the latter
is used when the dc inductor current is not zero.

APPENDIX

The following theoretical analysis of the switching-ripple
current focuses on 0 ≤ dM < 0.5. Based on the ideal wave-
forms when dM = 0.25 given in Fig. 23, dM intersects triM
at θ1 and θ4, while dA1 and dA2 intersect triA at θ3 and θ2,
respectively. Furthermore, the relationships θ2 ≥ θ1 and θ4 ≥ θ3
are assumed. In the figure, θ1 and θ4 are given by

θ1 = πdM (23)

θ4 = 2π − πdM . (24)

Based on (1), vM is given by

vM =

{
Vdc1 (0 ≤ θ < θ1, θ4 < θ ≤ 2π)
0 (θ1 ≤ θ ≤ θ4).

(25)
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Under the given value of dM , dA1 and dA2 can be determined
based on (6) by

dA1 =

⎧⎪⎨
⎪⎩
− v∗

i

Vdc1
+ 1 (0 ≤ θ < θ1, θ4 < θ ≤ 2π)

− v∗
i

Vdc1
+ 0.5

dM−1

+1 (θ1 ≤ θ ≤ θ4)

(26)

dA2 =

{
v∗
i

Vdc1
(0 ≤ θ < θ1, θ4 < θ ≤ 2π)

v∗
i

Vdc1
− 0.5

dM−1 (θ1 ≤ θ ≤ θ4)
(27)

where their values range between 0 ≤ dA1 ≤ 1 and 0 ≤ dA2 ≤
1.

From Fig. 23, (26), and (27), θ2 and θ3 can be determined by

θ2 = π

(
− v∗i
Vdc1

+
0.5

dM − 1
+

3

2

)
(28)

θ3 = π

(
v∗i
Vdc1

− 0.5

dM − 1
+

1

2

)
. (29)

Furthermore, the value of vA can be expressed as

vA =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

VC (0 ≤ θ ≤ θ1)
0 (θ1 < θ ≤ θ2)
−VC (θ2 < θ ≤ θ3)
0 (θ3 < θ ≤ θ4)
VC (θ4 < θ ≤ 2π).

(30)

In the BCSAC-PS, the power flowing into the auxiliary con-
verter, Paux, is equivalent to Paux = vAiL. When iL is a dc
quantity, the voltage command v∗i in the main converter control
will be regulated to ensure that only ac component exists in vA
under the steady state (see Section III), which makes its average
value in one switching-period to be zero. Consequently, based
on (23), (24), (28), and (29), the voltage command v∗i can be
expressed as

v∗i = Vdc1
dM (2dM − 1)

2(dM − 1)
. (31)

Substituting (31) into (28) and (29) gives

θ2 = π(−dM + 1) (32)

θ3 = π(dM + 1). (33)

Based on (23), (24), (32), and (33), the relationships θ1 ≤ θ2 and
θ3 ≤ θ4 always hold in the range0 ≤ dM < 0.5, which validates
the prior assumptions.

Next, the validity of the assumptions that θ2 and θ3 are
the intersection points between triA with dA2 and dA1 will be
verified. Substituting (31) into (26) and (27) gives

dA1 =

⎧⎨
⎩
−dM
− 1

2(dM−1) +
1
2 (0 ≤ θ < θ1, θ4 < θ ≤ 2π)

−dM + 1
2 (θ1 ≤ θ ≤ θ4)

(34)

dA2 =

⎧⎨
⎩
dM + 1

2(dM−1)

+ 1
2 (0 ≤ θ < θ1, θ4 < θ ≤ 2π)

dM + 1
2 (θ1 ≤ θ ≤ θ4).

(35)

Based on Fig. 23, the values triM at θ1 and θ4 correspond to
dM . Meanwhile, the value of dA2 at θ1 is obtained from (35) as
dM + 1

2 , which always gives higher value than dM in the range

of 0 ≤ dM < 0.5. This signifies that the phase θ2 that satisfies
θ2 ≥ θ1 always exists for dM in the range of 0 ≤ dM < 0.5.
Meanwhile, the value of dA1 at θ4 is obtained from (34) as
−dM + 1

2 , which only gives higher value than dM in the range
of 0 ≤ dM < 0.25. However, when the phase shift applied to
triA is considered, the phase θ3 that satisfies θ3 ≤ θ4 similarly
always exists for dM in the range of 0 ≤ dM < 0.5.

Finally, the inductor voltage can be obtained by KVL, while
considering (25) and (30), as

vL = vM − vA − Vdc2

=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0.5Vdc1 − Vdc2 (0 ≤ θ ≤ θ1)
−Vdc2 (θ1 < θ ≤ θ2)
0.5Vdc1 − Vdc2 (θ2 < θ ≤ θ3)
−Vdc2 (θ3 < θ ≤ θ4)
0.5Vdc1 − Vdc2 (θ4 < θ ≤ 2π)

(36)

where the relationship VC = Vdc1
2 is used. Since dM = Vdc2

Vdc1
<

0.5, the followings occur:
1) iL increases in the period of 0 ≤ θ ≤ θ1 (= Iup1), θ2 <

θ ≤ θ3 (= Iup2), and θ4 < θ ≤ 2π (= Iup3);
2) iL decreases in the period of θ1 < θ ≤ θ2 (= Idown1) and

θ3 < θ ≤ θ4 (= Idown2);
where the increasing and decreasing rates are consistent under

the steady state. From (23) and (36), Iup1 is given by

Iup1 =
1

ωL

∫ θ1

0

(0.5Vdc1 − Vdc2) dθ

=
Vdc1

2fSML

(1− 2dM )dM
2

. (37)

From (23), (32), and (36), Idown1 is given by

Idown1 = − 1

ωL

∫ θ2

θ1

−Vdc2 dθ

=
Vdc1

2fSML
(1− 2dM )(dM ). (38)

From (22), (33), and (36), Iup2 is given by

Iup2 =
1

ωL

∫ θ3

θ2

(0.5Vdc1 − Vdc2) dθ

=
Vdc1

2fSML
(1− 2dM )dM . (39)

From (24), (33), and (36), Idown2 is given by

Idown2 = − 1

ωL

∫ θ4

θ3

−Vdc2 dθ

=
Vdc1

2fSML
(1− 2dM )dM . (40)

From (24) and (36), Iup3 is given by

Iup3 =
1

ωL

∫ 2π

θ4

(0.5Vdc1 − Vdc2) dθ

=
Vdc1

2fSML

(1− 2dM )dM
2

. (41)
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From (37)–(41), the relationship Idown1 = Iup2 = Idown2 >
Iup1 = Iup3 always holds in the range 0 ≤ dM < 0.5. Thus, the
peak-to-peak ripple current, Iripple, when 0 ≤ dM < 0.5 is given
by

Iripple =
Vdc1

2fSML
(1− 2dM )dM . (42)

Similarly, the theoretical analysis when 0.5 ≤ dM ≤ 1 can be
done based on the ideal waveforms when dM is within the range.
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