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Abstract—In this paper, a novel critical-conduction-mode
(CRM)-based soft-switching modulation is applied into three-
phase rectifier application. With this modulation, zero-voltage-
switching (ZVS) soft switching turn-on is achieved and the
efficiency of the rectifier is improved, especially for high
frequency operation with SiC MOSFETs, whose turn-on energy
is large while the turn-off energy is negligible. In three-phase
electric vehicle (EV) charging station applications, by operating
at above 300 kHz switching frequency, system power density is
estimated to be at least five times higher than commercial
products, while efficiency is estimated to be 98% ~ 99% with soft
switching. Non-zero-voltage-switching (Non-ZVS) issue and
instability issue are solved and good performance of the proposed
modulation under rectifier mode operation is verified with
simulation analysis. A 25kW SiC-based three-phase bi-
directional AC/DC converter prototype is built with 80W/in?
power density. All the control functions are digitally
implemented and experimentally verified on this prototype, and
99% peak efficiency is achieved for both inverter mode and
rectifier mode operations at above 300 kHz high switching
frequency.

Keywords—critical conduction mode (CRM); soft switching;
three-phase rectifier; silicon carbide MOSFET; digital control

L INTRODUCTION

Three-phase rectifiers are widely used in the AC/DC stage
of electric vehicle (EV) charging station applications. From the
survey results of existing EV charging stations, the efficiency
of the AC/DC stage is usually 96% ~ 97%, and the power
density is usually up to 10 ~ 15 W/in? [1-5]. However, there is
limited room for improvement in both the efficiency and the
power density, because Si IGBT semiconductor devices are
usually used in these systems and the operating switching
frequency is around 20 kHz, which is already close to the
frequency limit of Si IGBT devices.

With SiC MOSFET semiconductor devices, switching
frequency can be pushed higher and good performance is still
achievable, because SiC MOSFET devices have better figure-
of-merit (FOM), which means smaller device loss compared
with Si IGBT devices under the same operating condition.
With more than ten times higher switching frequency, size
reduction of passive components, such as inductors, harmonic
and EMI filters, is achieved [6-7], and at least five times power
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density improvement compared with the existing EV charging
station systems is expected.

For SiC MOSFET devices, the turn-on energy is relatively
large while the turn-off energy is negligible [8-10]. In order to
achieve high efficiency at several hundred of kHz high
switching frequency operation, critical conduction mode
(CRM) becomes the preferred operation mode for SiC
MOSFET devices. This is because with CRM operation, zero-
voltage-switching (ZVS) soft switching turn-on is achievable,
which eliminates the relatively high turn-on loss, while only
small price is paid on the turn-off loss and conduction loss due
to the increase of inductor current ripple. With soft switching,
the switching loss of the devices becomes small and high
efficiency is achieved, even when the system is operating at
hundreds of kHz high switching frequency.

Therefore, soft switching is the key to achieve high
efficiency at high frequency operation, CRM operation is the
simplest way to achieve soft switching without adding physical
complexity to the system, and ZVS turn-on is beneficial to SiC
MOSFET devices, whose turn-on energy is relatively large but
the turn-off energy is negligible.

In [10-12], high-frequency CRM control is proposed to
achieve soft switching and good power factor for a single-
phase bi-directional AC/DC converter. With inductor current
zero-crossing-detection (ZCD) and programmed off-time
extension, whole-line ZVS soft switching is achieved to reduce
switching loss and improve efficiency. With average current
mode control, good power factor and low total-harmonic-
distortion (THD) are achieved. Experiment results show that
with this high-frequency CRM control, 98.5% peak efficiency
is achieved for bi-directional operation with switching
frequency above 300 kHz.

Therefore, in single-phase AC/DC converters, CRM soft
switching is beneficial for high switching frequency operation.
Then the question is whether CRM soft switching can be
implemented in three-phase AC/DC converters with good
performance at high switching frequency operation as well.

However, in three-phase AC/DC converters, since the
summation of currents in all three phases are always equal to
zero, only two phases among all the three phases are
independent. Therefore, independent CRM control cannot be



achieved for all three phases at the same time, which is the
main challenge of the CRM control in three-phase AC/DC
converters. In order to overcome this challenge, two methods
are proposed and reported in literature [13-14]. In these two
methods, split capacitors are used at DC side and the middle
point is connected to the AC side neutral point to decouple
three phases. Although by this means each phase can be
controlled as CRM independently, in high switching frequency
and high modulation index (the ratio of AC line-to-line peak
voltage to DC voltage) design, switching frequency variation
range over line cycle is extremely wide (from 300 kHz to >6
MHz) when using either of these two methods. Although time-
variant switching frequency is an intrinsic feature for CRM
operation, too wide switching frequency variation range causes
high switching related loss.

Thus, CRM-based soft switching modulation for three-
phase bi-directional AC/DC converters is proposed and applied
in inverter mode applications in [15]. By adopting
discontinuous-pulse-width-modulation (DPWM) as a means of
decoupling, and discontinuous conduction mode (DCM) for
switching frequency synchronization to limit switching
frequency range, 98.9% peak efficiency is achieved with
switching frequency above 300 kHz under inverter mode
operation.

This paper is focused on the implementation of the
proposed modulation into rectifier mode applications. The two
improvements of the implementation in rectifier mode
operation are: (1) programmed off-time extension to solve the
non-ZVS issue and (2) using negative coupled inductors to
ensure stable operation. In this paper, first, bi-directional three-
phase CRM-based soft-switching modulation in [15] is briefly
reviewed in Section II. Then, the non-ZVS issue for rectifier
mode is discussed and the solution is provided in Section III.
After that, the use of negative coupled inductors is discussed in
Section IV. Finally, hardware implementation and experiment
results of the proposed modulation in rectifier mode operation
are shown in Section V.

II.  REVIEW OF THREE-PHASE SOFT-SWITCHING

MODULATION FOR INVERTER/RECTIFIER

Although decoupling among three phases can be achieved
by the connection between the DC side middle point and the
AC side neutral point, it causes wide switching frequency
range. Therefore, alternative method of decoupling among
three phases is necessary.

Therefore in [15], the discontinuous pulse width
modulation (DPWM) is adopted as the method of decoupling,
enabling the other two phases to be independently controlled as
CRM operation. To minimize switching loss, the DPWM
clamping option is determined by the peak and polarity of AC
reference current.

As for the circuit topology, two-level H-bridge structure
shown in Fig. 1 is selected for analysis since this is the simplest
topology for three-phase bi-directional AC/DC converters.
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Fig. 1. Three-phase H-bridge structure.
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However, with one phase clamped and the other two phases
controlled at CRM independently (Refer to [15] for detailed
control diagram), although the switching frequency variation
range is improved to some degree compared with using the two
methods reported in literature, the variation range is still wide.
With minimum switching frequency at 300 kHz, the peak
switching frequency is around 3 MHz. The switching
frequency distribution in half line cycle is shown in Fig. 2. This
wide switching frequency variation range still causes large
switching related loss, which is unacceptable.
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Fig. 2. Three-phase switching frequency distribution in half line cycle with
DPWM-based CRM modulation (The blue/green/red curve is the switching
frequency distribution in phase A/B/C respectively).

From Fig. 2, except for the phase operating at clamping
mode, one phase operates at relatively higher switching
frequency, while the other phase operates at relatively lower
switching frequency. Take the first 30-degree time interval in
the half line cycle as an example. The switching frequency in
phase A is higher than that in phase C. In order to limit the
switching frequency in phase A, the operation mode in phase A
is changed from CRM to discontinuous conduction mode
(DCM). The turn-on instant in phase A is synchronized to that
in phase C and thus the switching frequency in phase A is
synchronized to phase C, which means the turn-on of both
phase A and C are determined by the inductor current zero
crossing of phase C. Taking the inverter mode operation as an
example, the waveforms of gate signals of control switches and
inductor currents in phase A and C are shown in Fig. 3(a).
Apply above analysis to the whole line cycle, and the operation
mode distribution with above modulation (called “DPWM +
CRM + Fs sync” for short) in line cycle is shown in Fig. 3(b).
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Fig. 3. After switching frequency synchronization: (a) Switching-cycle
waveforms (Vgsac: gate signal of the control switch in phase A/C
respectively; I ac: inductor current in phase A/C respectively) (b) Line-cycle
operation mode distribution (Ieramc: AC reference current in phase A/B/C
respectively; Example: for the first 30-degree time interval, phase A/B/C
operate at DCM/CRM/clamping mode respectively).

As shown in Fig. 4, keeping the minimum switching
frequency the same as 300 kHz, the switching frequency range
after frequency synchronization (in multicolor) is significantly
reduced (only from 300 kHz to 500 kHz) compared with the
frequency range before frequency synchronization (in gray),
thus reducing switching related loss. Based on this modulation,
simulation in [15] shows that total device related loss is 0.5%
of total power, and the peak efficiency is projected to be
around 99%.
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Fig. 4. Comparison of switching frequency distributions before and after
switching frequency synchronization (Gray: switching frequency range before
frequency synchronization; Blue/Green/Red: switching frequency range after
frequency synchronization).

This “DPWM + CRM + Fs sync” modulation is applicable
to both inverter mode and rectifier mode operations. It is
discussed in detail for PV inverter application, and the basic
control functions have been experimentally verified in [15].
This paper focuses on the implementation of this modulation
into rectifier mode applications. The two improvements of the
implementation in rectifier mode operation will be discussed
below. The first one is programmed off-time extension to solve
the non-ZVS issue, and the second one is using negative
coupled inductors to ensure stable operation.

III.  OFF-TIME EXTENSION FOR ZERO-VOLTAGE-

SWITCHING (ZVS) IN RECTIFIER MODE

ZVS turn-on is an important aspect of the good
performance with the “DPWM + CRM + Fs sync” modulation.
Take the first 30-degree interval as an example, when phase A
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and C are operating at DCM and CRM, respectively. The
negative current due to LC resonance (L: inductor; C: junction
capacitor, Cs of devices) after inductor current zero crossing
is beneficial for achieving ZVS. With this modulation, the
simulation results in [15] have shown that under inverter mode
operation at typical condition (Vpc =800 V, Vac @-L, rms) = 480
V), ZVS is achieved naturally during CRM operation, and
although ZVS is not necessarily achieved during DCM
operation, valley switching can be achieved by slight turn-on
delay during DCM operation to minimize DCM turn-on loss.

However, in rectifier mode, under the same operating
condition, ZVS turn-on cannot be achieved naturally during
CRM operation. Simulation in Fig. 5(a) shows switching-cycle
waveforms, including gate signal, inductor current and drain-
source voltage of control switch, at arbitrarily selected two
instants during CRM operation. At each instant, drain-source
voltage cannot reach zero during LC resonance, which
indicates that ZVS cannot be achieved naturally in rectifier
mode.

Insufficient negative current is the reason for non-ZVS in
rectifier mode. To provide more negative current, after
inductor current zero crossing happens, off-time is extended by
making the synchronous rectifier (SR) conduct for an extra
period of time [10, 16-19]. Fig. 5(b) shows switching cycle
waveforms with off-time extension (highlighted in yellow
color) at the same instant as in Fig. 5(a). From Fig. 5(b), at
each instant, drain-source voltage reaches zero during LC
resonance, which means ZVS is achieved. Thus, off-time
extension is required in rectifier mode operation for ZVS.

DCM  CRM Clamping
Iref V—\
04 . '
) e L. 90° 180°
Veo {1 M Vas
Vessey i 1 Vessw

~
~

@

:
=i
enr

~

(b

Fig. 5. Switching-cycle waveforms in rectifier mode during CRM (a) without
extension (non-ZVS) (b) with extension (ZVS) (I AC reference current; for
all the switching-cycle waveforms, Vgs: gate signal of the control switch;
Vs sr: gate signal of the synchronous rectifier, SR; I : inductor current; Vps:
drain-source voltage of the control switch).



Then the remaining issue is how to determine the required
period of time for off-time extension (the period of time
highlighted in yellow color in Fig. 5(b)). Since phase A
operates at DCM and phase C operates at CRM, after the
inductor current zero crossing happens in phase C, both phase
A and C are participating the LC resonance, and the equivalent
circuit becomes a 4"-order LC circuit, which is hard to find
analytical solutions compared with the equivalent 2"-order LC
circuit in single-phase AC/DC converters [10].

Therefore, simulation is used as a numerical method to
derive the required period of time for off-time extension. From
simulation results, under the typical operating condition (Vpc =
800 V, Vac w1, rvs) = 480 V), during the first 30-degree
interval, the required negative current at 0-degree instant is -
9A, and the required negative current at 30-degree instant is -
7A. The required negative current between 0 and 30-degree
instants can be determined by linear interpolation. Based on
these required negative current values and the inductor current
slew rate during the period of off-time extension, the required
period of time for off-time extension can be then determined.

As for ZVS turn-on during DCM operation, similar to the
inverter mode operation, slight turn-on delay is also required to
achieve valley switching turn-on. Still taking the first 30-
degree interval as an example. In Fig. 6, the drain-source
voltage in phase C reaches zero at the beginning of the green
shaded interval. And then, the control switch in phase A is not
turned on until when the drain-source voltage in phase A
reaches valley point (the end of the green shaded interval). It
can be seen that with the turn-on delay in phase A (green
shaded interval), phase A’s drain-source voltage is also
discharged to valley point, which minimizes DCM turn-on
loss. The turn-on delay can be determined by the LC resonance
period in the equivalent 2"-order LC circuit during green
shaded interval.
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Fig. 6. Switching-cycle waveforms in phase A and phase C during the first
30-degree time interval (Vgsac: gate signal of the control switch in phase
A/C; I asc: inductor current in phase A/C; Vpsac: drain-source voltage of the
control switch in phase A/C).
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IV. TwoO-CHANNEL INTERLEAVED RECTIFIER WITH
NEGATIVE COUPLED INDUCTORS

For higher power application, one or more channels (phase
legs) can be added into each phase. Here Fig. 7 shows the
circuit diagram of three-phase H-bridge structure, with two
channels in each phase as an example. What’s more, multi-
channel interleaving control is widely used for current ripple
cancellation to overcome the drawback of large current ripple
in CRM operation, which is beneficial for harmonic and EMI
filter size reduction [20-24]. Here, two-channel interleaving is
applied, which means the two channels in each phase operate
with 180-degree phase-shift in each switching cycle. The open-
loop interleaving control method [20-21], which is more
suitable for the digital controlled system with high switching
frequency operation [24], is applied here for the
implementation of the two-channel interleaving control.
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Fig. 7. Circuit of three-phase AC/DC converter with two legs in each phase.

The control goal of two-channel interleaving is to make the
phase-shift between two channels exactly 180 degrees. In
open-loop interleaving control method, for the two channels in
each phase, one is defined as master, and the other one as
slave. For the master channel, the turn-on instant is determined
by inductor current zero crossing, and the turn-off instant is
determined by average current loop. According to the real-time
measurement of the switching period in master channel, for the
slave channel, the turn-on and the turn-off instants are always
delayed by 180 degrees (one half of the measured switching
period in previous switching cycle) compared with master
channel.

Since here the switching frequency is time-variant during
whole line cycle, change of switching period in master channel
will cause phase error and impact the switching actions in slave
channel, because it always needs some time for interleaving
control to be executed. Also switching actions in one channel
will impact voltage excitation across inductor in the other
channel through AC side common node. The switching action
in slave channel will also impact the inductor volt-second, and
thus the switching period in master channel. Therefore, a new
feedback loop related to interleaving is formed with the
proposed modulation. Instability issue exists when the phase
margin of this feedback loop is insufficient.

Fig. 8 shows the line-cycle and switching-cycle waveforms
in two-channel interleaved rectifier mode operation, including
the master-channel individual inductor current and the total
inductor current in phase A. It can be seen that instability exists
in two-channel interleaved rectifier mode operation. In two-



channel interleaved inverter mode operation, the instability
issue does not exist (Refer to [15] for detailed results).
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Fig. 8. Line-cycle and switching-cycle inductor current waveforms in two-
channel interleaved rectifier mode (I a; is the master-channel individual
inductor current in phase A; I 4 is the total inductor current in phase A).

The main reason of the instability in two-channel-
interleaved rectifier mode is that the current ramp before
master channel inductor current (Ira;) zero crossing point is
very small, while this current ramp in inverter mode is large.
The small current ramp will make the small signal modulation
gain and bandwidth of the aforementioned feedback loop high,
and thus phase margin is insufficient to maintain stable
operation when there is perturbation (time-variant switching
frequency/period in whole line cycle).

The instability issue in two-channel-interleaved rectifier
mode can be solved by using negative coupled inductor, which
means that in each phase, the two individual inductors in each
channel is inversely coupled with each other. The circuit
diagram with negative coupled inductor is shown in Fig. 9.

DY)

Fig. 9. Three-phase AC/DC converter with negative coupled inductors.

Fig. 10 shows the line-cycle and switching-cycle
waveforms in two-channel interleaved rectifier mode operation
with negative coupled inductors, including the master-channel
individual inductor current and the total inductor current in
phase A. Negative coupling increases the current ramp by
changing equivalent inductance before master channel inductor
current zero crossing point, which can be clearly seen from
Fig. 10 when compared with Fig. 8. Larger current ramp makes
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small signal modulation gain become lower, and thus provides
sufficient phase margin to maintain stability, which is clearly
shown in Fig. 10.

ILA1

Fig. 10. Line-cycle and switching-cycle inductor current waveforms in two-
channel interleaved rectifier mode with negative coupled inductors (I a; is the
master-channel individual inductor current in phase A; Ip4 is the total inductor
current in phase A).

It should also be noted that the negative coupling effect
should be strong enough to totally eliminate the instability
(sub-harmonic oscillation). From simulation, the boundary of
coupling coefficient is about -0.45 under the typical operating
condition (Vpc = 800 V, Vac w1, rus) = 480 V). The negative
coupling coefficient boundary is related to the modulation
index (the ratio of AC line-to-line peak voltage to DC voltage).
Lower modulation index results in smaller absolute value of
negative coupling coefficient boundary. The theoretical
derivation of the negative coupling coefficient boundary will
be included in future publication.

V.

According to the system diagram in Fig. 9, a 25 kW bi-
directional three-phase AC/DC converter prototype is built
with 1.2 kV 25mQ SiC MOSFETs, which is shown in Fig. 11.
The SiC MOSFETs used in this prototype are from GE with
DE-150 package, which is very suitable for hundreds of kHz
high frequency application due to the good decoupling between
the driving loop and the power loop. (Refer to [10] for detailed
device parameters) The power density of this prototype is
80W/in®, including all voltage and current sensors, DC-link
capacitors, LC harmonic filters, and the space reserved for heat
sinks. The inductance value for the converter-side inductors is
designed to make the minimum switching frequency over a
line cycle equal to 300 kHz. For non-interleaved operation, the
required inductance value is 3.5uH. And for two-channel-
interleaved operation, since negative coupled inductors are
required and the negative coupling effect should be strong
enough, the coupling coefficient value is selected as -0.6 and
then the self-inductance value is selected as 6pH. The control
is implemented digitally with one microcontroller (MCU),
TMS320F28075, from TI, and the control cycle, or the
interrupt service routine (ISR) period is 3pus.

EXPERIMENT RESULTS



43.5cm (17.1in)

19.0cm (7.5in)

—
Height: 6.0cm (2.4in)

Fig. 11. Prototype of 25 kW SiC-based bi-directional three-phase AC/DC
converter.

Using the prototype shown in Fig. 11, the experimental
verifications of the implementation of all the control functions
and the capability of power density under inverter mode
operation have been illustrated in [15]. Under non-interleaved
inverter mode operation, the tested peak efficiency is 98.9%.
Under two-channel-interleaved inverter mode operation, the
tested peak efficiency is 99.0%. The slight improvement of
efficiency is due to the reduction of individual inductor current
ripple and thus the reduction of conduction loss and inductor
loss in the two-channel-interleaved operation.

The same hardware prototype in Fig. 11 is used for rectifier
mode experimental verifications. For non-interleaved rectifier
mode operation (only one channel per phase is working and the
full power is 12.5 kW), Fig. 12 shows the typical line-cycle
experiment waveforms, including the waveforms of AC line-
to-line voltage, gate signal and drain-source voltage of the
bottom switch, and the inductor current.
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Fig. 12. Line-cycle experiment waveforms under non-interleaved rectifier
mode operation (CH1 is the input AC line-to-line voltage; CH2 is the Vgs of
the bottom switch in phase A; CH3 is the Vps of the bottom switch in phase
A; CH4 is the inductor current in phase A).

Two instants are arbitrarily selected during the time interval
with CRM operation, and the typical switching-cycle
experiment waveforms are shown in Fig. 13. It can be seen that
at each instant, before the bottom switch is turned on, its drain-
source voltage has already reached zero, which verifies that
ZVS is achieved at any instant during CRM operation.
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Fig. 13. Switching-cycle experiment waveforms during CRM mode under
non-interleaved rectifier mode operation (CHI is the input AC line-to-line
voltage; CH2 is the Vgs of the bottom switch in phase A; CH3 is the Vps of
the bottom switch in phase A; CH4 is the inductor current in phase A).

Similarly, two instants are arbitrarily selected during the
time interval with DCM operation, and the typical switching-
cycle experiment waveforms are shown in Fig. 14. It can be
seen that at each instant, before the bottom switch is turned on,
its drain-source voltage has already reached valley point, which
verifies that valley switching is achieved at any instant during
DCM operation and the DCM turn-on loss is minimized.

DCM CRM Clamping

|n(L-L)
(300V/div)

Ves
(20V/div)

E
L,

@D sooviav N B200M @DV 255 ems 4. @» soovian L L
& oviav MO Bu200M  EED200V 25 dme 4, @ wovisw MO G0 EED200V 25 hzme 1
@ 20vian MO By200M D200V 255 tams 4. @ 2oviaw MO g0 @DV 25 t4zms 1
@D onaw N B10M  EEI0OA 255 Ems . @ 0w MO 1M EEDI00A 25s  14zms 1

Fig. 14. Switching-cycle experiment waveforms during DCM mode under
non-interleaved rectifier mode operation (CHI is the input AC line-to-line
voltage; CH2 is the Vgs of the bottom switch in phase A; CH3 is the Vpgs of
the bottom switch in phase A; CH4 is the inductor current in phase A).

The same hardware prototype is used in inverter mode and
rectifier mode test, and the modulation under these two
operations is similar. Both inverter mode and rectifier mode
operations can achieve ZVS soft switching with similar
switching frequency range, so it can be expected that the peak
efficiency for rectifier mode operation is similar to that in
inverter mode operation. The simulated efficiency at rated
voltage under different power levels for rectifier mode



operation is shown in Fig. 15, together with the efficiency test
results for inverter mode operation at rated conditions. Also,
the preliminary efficiency test result at 240Vac -1, rwms),
400Vpc and 3kW condition is 99.0%. The efficiency test under
higher voltage and power conditions for rectifier mode
operation is still in progress. The testing results will be
included in future publication.
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Fig. 15. Comparison between simulated efficiency in rectifier mode operation
and test efficiency in inverter mode operation.

VI. CONCLUSIONS

A novel CRM-based soft-switching modulation (DPWM +
CRM + Fs sync) is proposed for three-phase bi-directional
AC/DC converters, which is able to achieve ZVS soft
switching turn-on and limit switching frequency variation
range to improve efficiency especially at hundreds of kHz high
switching frequency operations. Based on the detailed analysis
in inverter mode operation in [15], this modulation is applied
into rectifier mode application in this paper. Different from
inverter mode operation, two issues exist in rectifier mode
operation and corresponding solutions are provided. Off-time
extension is required for achieving ZVS during CRM
operation. Negative coupled inductors are required to maintain
stable operation in two-channel-interleaved rectifier mode
operation. Simulation results verify the above solutions, and all
the control functions are implemented digitally using
microcontroller on a 25 kW three-phase bi-directional AC/DC
converter prototype with 80 W/in® power density. For both
inverter mode and rectifier mode operation, the peak efficiency
is 99.0% at above 300 kHz switching frequency operation.
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