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This paper proposes a control method for a buck-type current unfolding converter, especially operating
under non-unity power factor. The proposed method utilizes discontinuous conduction mode (DCM) to
control the inductor current. DCM enables the converter to drastically reduce its inductors and allows
the current controller to handle step changes in current due to non-unity power factor operations. Fur-
thermore, this method enables the application of a feedforward-based control strategy by utilizing DCM,
thereby eliminating the need for current sensors in the converter. Experimental results demonstrate si-
nusoidal output current waveforms at both unity and zero power factors, achieved without any current
sensors in the converter prototype. These results confirm the effectiveness of the proposed method,
particularly its robust current control capabilities. The proposed method is expected to increase the
switching frequency and reduce the size of the passive components.

1 Introduction

Growing demand for renewable energy acceler-
ates the requirement for improved efficiency and
miniaturization of power converters, leading to a
wide variety of research efforts. Ulilizing new
power device structures and wide-band-gap semi-
conductors can enhance converter performance
due to their fast switching and low on-resistance,
effectively reducing losses and allowing for smaller
cooling components and passive elements [1112].
Moreover, various circuit topologies, such as multi-
level topologies, neutral-point-clamped (NPC) con-
verters, and T-type configurations, have attracted
attention for their ability to achieve higher efficiency
and smaller sizes [3-5]. Discontinuous PWM,
which is a well known-method, reduces the num-
ber of switching to 2/3 by using common-mode
voltage in the three-phase converter. Reference
[6] has proposed one-phase PWM for three-phase
converters which can reduces the number of the
switching to 1/3 and improve its efficiency.

Current unfolding converters separate a current
control unit and a current unfolding unit, enabling
them to reduce the number of switches operating
with high-frequency PWM. As a result, the current
unfolding converters can reduce the total number

of switching and inductors compared to conven-
tional three-phase converters [7,/18]. However, it
may be difficult for the current unfolding converters
to regulate the output currents during leading or
lagging power factor operations due to sudden cur-
rent changes [9]. This is because popular convert-
ers, includes the current unfolding converters, op-
erate in continuous conduction mode (CCM), lead-
ing to delayed and restricted response from the
current controller.

In contrast, the discontinuous conduction mode
(DCM) offers faster current control, zero current
switching, and increased stability by implement-
ing feedforward-based control without accumulat-
ing control errors [10]. The DCM can increase the
switching frequency and contribute to reducing the
size of the inductor [11,12].

This paper proposes a control method utilizing
DCM for the current unfolding converter in order to
enable ultra-low power factor operation. The cur-
rent control using the DCM makes it possible to
follow step change references caused by the non-
unity power factor operations. Since the proposed
control method is based on feedforward control,
the current unfolding converter can eliminate cur-
rent sensors for its feedback control and instability
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problem due to control delay. Experimental veri-
fication using a prototype of the current unfolding
converter clarifies a good current control capability
of the proposed method. The experimental results
exhibit sinusoidal current waveforms at both unity
and zero power factor, even though there is no cur-
rent sensor in the converter. The proposed method
is useful for increasing the switching frequency and
reducing passive components.

2 Circuit Configuration and Operat-
ing Principle
Fig. [l shows the circuit diagram of a buck config-
uration for a current unfolding converter. This con-
verter is divided into two units: a current regula-
tion unit and a current unfolding unit. The current
regulation unit consists of four switches and two in-
ductors, upper and lower choppers, which are con-
nected in a vertically symmetrical manner. This
unit operates with high-frequency PWM, and the
two choppers regulate two intermediate currents,
i+ and i_. Since the sum of the three-phase cur-
rents should be zero, the remaining intermediate
current g is regulated without further modulation
once i, and i_ have been determined. Therefore,
the current regulation unit forms the intermediate
currents i, ig, and i_ as part of the three-phase
currents.
The current unfolding unit consists of a three-
phase T-type NPC converter configuration. How-
ever, this unit operates at the line frequency, and
unfolds and rearranges the three intermediate cur-
rents i, i, and i_. Fig. [2] shows the switching
patterns of the current unfolding unit. The opera-
tion of the current unfolding unit depends on the
magnitude order of the phase voltages of the ac
source.
The phase with the highest voltage is connected
to the upper-side intermediate terminal through
one of the upper-side switches, Su1, Syr, OF Sy .
Similarly, the phase with the lowest voltage is
connected to the lower-side intermediate terminal
through one of the lower side switches, S,_, Sy_,
or Sy_. The other phase, with the middle voltage,
connects to the common terminal through one of
the common-side bidirectional switches, S0, Svo,
or Syo. When the output of the converter is con-
nected to a balanced three-phase ac line, each
switching device operates at the line frequency or
twice the line frequency. The rearranged currents
form the three-phase ac currents iy, iy, and iy.
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Fig. 1: A circuit diagram of the current unfolding con-
verter.
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Fig. 2: Operating principles of the current unfolding
unit.

3 Non-unity Power Factor Opera-
tion

Fig. [3 shows schematic waveforms of the current
unfolding converters. Fig. [3al represents the oper-
ation under the unity power factor condition. Each
intermediate current exhibits a continuous wave-
form because the crossing point of the output cur-
rent coincides with the commutation timing of the
current unfolding unit.

On the other hand, Fig. shows the waveforms
of non-unity power factor operation. The output
current is shifted according to the power factor, and
the intermediate current waveforms exhibit jumps
at the point of commutation in the unfolding unit.
In this case, the current unfolding unit swaps two
current paths that have different amplitudes, due
to the phase difference between the voltage and
current.

3.1 Operating with Continuous Conduc-
tion Mode (CCM)

Since the inductor current in CCM requires feed-
back for current control, the current regulation unit
employs proportional control with a feedback gain
Kc. Additionally, integral or resonant control may



Fig. 3: A schematic waveforms of intermediate cur-
rents in [(a)] the unity power factor and [(b)] the
low power factor.
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Fig. 4: Operation principles of current control in DCM
when([(@)]i*. > 0 and[(b)% < 0.

sometimes enhance the feedback characteristics
in steady states. In non-unity power factor oper-
ation, the current controller must be able to track
step changes in the current waveforms. Increasing
the feedback gain extends the control bandwidth;
however, it can also induce stability problems. A
higher switching frequency and/or a smaller ac in-
ductor have the potential to achieve a wider control
bandwidth. Nevertheless, the actual system can-
not reduce the control delay, which is due to the
sensors used for feedback and the calculations in
DSPs. Since control delay is the most critical fac-
tor inducing instability in the feedback control, the
current control bandwidth is limited, making it im-
possible for CCM operation to exceed these limits.

3.2 Operating with Discontinuous Con-
duction Mode (DCM)

The current regulation unit operating in discontin-
uous conduction mode (DCM) may improve cur-

rent control performance because DCM does not
require feedback control and can operate using
feedforward-based control. Fig. 4] shows the op-
eration principles of the current regulation unit with
DCM. When the operating power factor is close to
unity, the upper- and lower-side chopper operate in
uni-direction, with ity > 0 and ir,_ > 0, due to the
operation in the current unfolding unit. Conversely,
when the output power factor is low, both the upper-
and lower-side choppers require bi-directional op-
eration in the fundamental cycle of ac mains.
Focusing on the upper-side chopper, which regu-
lates the upper-side intermediate current i, when
the direction of the intermediate current is i, > 0,
only the switch S,y operates with PWM and the
other one S, 1, remains turned off. Assuming that
the average of the upper-side inductor current iy, 4
corresponds to the intermediate current i, the
duty ratio of the switch Sy is given by

2 fowliIt, 100
-D+H — f +4L+Vo+ (1)
Vet (Ve — Vot )

where v, is the output voltage of the chopper and
ve is the voltage of the upper-side capacitor ',
which serves as the input voltage of the chopper,
and f is the switching frequency of the chopper.
On the other hand, when the intermediate current
has the opposite direction, iy < 0, only the switch
S.1, operates with PWM, and S,y remains turned
off. Similarly, the duty ratio for S, is given by

Dor — \/2fswL+IL+(Uo+ — Ucy)
L =
Vo4 Vet

: 2)

In the same manner, the lower-side chopper regu-
lates the lower-side intermediate current i_. The
direction of i_ also determines which switch oper-
ates with PWM: S_g when i_ > 0 and S_;, when
i— > 0. lts duty ratios D_y and D_j, are also cal-
culated by

b, - \/ 2 fowL_ 11, vo_ @
Ve (Vo — Vo)

where v,_ is the output voltage of the chopper and
v.— is the voltage of the lower-side capacitor C_.
Here, the phase difference between the output cur-
rent and ac line voltage is defined as ¢. When
|¢| > /6, the choppers switch the operating mode
with PWM according to the phase angle.
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Fig. 5: Experimental waveforms of the proposed current unfolding converter operating under (@) unity power factor

cos ¢ = 1 and|(b)] ultra-low power factor cos ¢ = 0.

Tab. 1: Circuit parameters used for experiments

DC source voltage Vie 550V
AC line-to-line voltage Vac 200V
AC Line frequency fac 50 Hz
Switching frequency fow 50 kHz
DCM inductor Ly, L_ 30uH
Filter capacitor Ct 4.7 uF
AC Filter inductor L 150 uH

4 Experimental Results

Fig. Bl shows experimental waveforms of the pro-
posed current unfolding converter operating with
DCM. A fabricated prototype of the proposed con-
verter employs SiC-MOSFETs for both the cur-
rent regulation unit and the current unfolding unit.
Since the switching frequency of the current regu-
lation unit was fixed at fiw = 50 kHz, the switching
inductors and the filter capacitors for DCM were
designedas L, = L_ =30 uH and C; = 4.7 uF, re-
spectively. The prototype was connected with a dc
voltage source, whose set voltage was V. = 550 V,
on its high-voltage side of the current regulation
unit though series-connected dc capacitors. The
ac-side of the prototype was also connected to a
three-phase ac voltage source through an addi-
tional three-phase filter inductor. The set voltage

of the ac source was V,. = 200 V and its frequency
was f.. = 50 Hz. In the following experiments, the
ac current reference was set to I}, = 2.8 A, result-
ing in an output of 1 kVA.

Fig. 5al shows measured waveforms operating un-
der a unity power factor cos¢ = 1. The interme-
diate voltages v,+ and v,_ followed the difference
between the highest and middle ac voltages v —wvy
and the lowest and middle ac voltages v_ — vy, re-
spectively. The inductor currents iy, and iy in-
cluded large current ripples due to DCM operation;
however, the intermediate currents i, ip, and i_
were well regulated as rearranged three-phase si-
nusoidal currents. As a result, the ac currents i,
iv, and iy had a sinusoidal current shape. In unity
power factor operation, the peak of inductor cur-
rent was 18 A which is 4.5 times higher than the
ac current.

Fig. is the waveforms when the converter op-
erates under a power factor cos¢ = 0. Its volt-
age waveforms were the same shape as those
in Fig. On the other hand, both inductor cur-
rents ir,4+ and i, exhibited bidirectional output due
to ultra-low power factor operation. Even though
the intermediate currents iy, iy, and i_ included
step changes when the intermediate voltage v, or
v,— became to zero, the currents followed the step
changes well. The ac output currents were some-
times distorted around v, = 0 or v, = 0, but the
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Fig. 6: Measured current THDs of the proposed current
unfolding converter in various operating power
factor.

current waveforms maintained a sinusoidal shape.
Therefore, the DCM enables the proposed con-
verter possible to operate under ultra-low power
factor conditions, even though the current refer-
ence includes step changes.

Fig. [6l shows measured total harmonic distortion
(THD) of the ac current in the proposed converter
under various operating power factors. The current
phase angle ¢ was shifted from 0 to 7#/2. When
the operating point was close to the unity power
factor, the THD reached a minimum value of 2.6%.
On the other hand, the maximum THD was 5.4%
around ¢ = 45° and 90° due to large steps in the
intermediate currents.

Fig. [Zl shows measured conversion losses of
the proposed converter across various operating
power factors. The loss in the current unfolding
unit slightly increased with the increase of phase
angle ¢, however, the loss was less than 10% of
the total loss. Since the current unfolding unit op-
erates at the ac-line frequency or double line fre-
quency, there is almost no switching loss and the
dominant loss is due to conduction. Conversely,
since the current regulation unit operates with high-
frequency PWM at 50 kHz, the predominant losses
of the proposed converter occur in this unit. As the
peak of the inductor current decreased with the in-
crease of phase angle ¢, the loss in the current
regulation unit also decreased.

5 Conclusion

This paper proposed a control method utilizing
DCM for the buck-type current unfolding converter.
The DCM operation enables the current regulator
of the unfolding converter to follow step change
references required by non-unity power factor op-
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Fig. 7: Measured loss of the proposed current unfold-
ing converter in various operating power factor.

erations. In ultra-low power factor operations,
where |¢| > /6, the proposed control method
selects two of the four switches operating at the
high-frequency PWM in the current regulation unit
based on the current direction. Since the proposed
control method is based on feedforward control,
it allows the current unfolding converter to elimi-
nate the need for current sensors for its feedback
control, thus freeing it from instability problems as-
sociated with higher switching frequencies and/or
faster current regulation.

This paper verified the validity of the proposed
method through experiments using a prototype of
the current unfolding converter. The experimental
results demonstrated that the DCM operation suc-
cessfully followed step changes in the intermedi-
ate currents. As a result, the ac current THD of
the proposed method achieved 2.6% at the unity
power factor and 5.4% at the low power factor,
even though the converter operated solely with
feedforward control and without current sensors.
The proposed method is useful for increasing the
switching frequency and reducing passive compo-
nents.
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