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Abstract— This paper presents the characteristics of a 1200 V,
33 A SiC MOSFET and a 1200 V, 60 A SiC schottky barrier
diode (SBD). The switching characteristics of the devices are
tested by a double pulse test (DPT) based on a current-source
structure at voltage levels up to 680 V and current up to 20 A. In
addition, based on these devices, a 7.5 kW, three-phase buck
rectifier for a 400 V. architecture data center power supply is
designed. The total loss of this rectifier is calculated full load.
The results show that the SiC based buck rectifier can obtain
low power loss and smaller weight and volume than a Si based
rectifier.

I. INTRODUCTION

In recent studies, the high-voltage DC (HVDC)
distribution architecture in telecom and data centers was
shown to have superior efficiency and reliability compared
with the traditional AC architecture [1-2]. HVDC bus is
usually set as 380 V4. or 400 V4. For such a power
distribution system, a three-phase buck-type rectifier with 400
Vg output is preferred in the first stage, since a boost-type
rectifier output is too high (typically 700 — 800 V) when
connected to 480 V s line-to-line grid. Compared to the boost
rectifier, a buck rectifier provides a wide output voltage
control range, and allows for current limitation in case of an
output short circuit [3].

High efficiency is important for telecom and data center
power supplies. In order to achieve a high overall efficiency,
all converter stages in the distribution system need to be
realized with the highest possible efficiency. A 95% and a
97% efficiency PFC rectifiers have been reported recently [4-
5]. In order to obtain a high efficiency buck rectifier used in
the first stage of HVDC architecture data center power
supplies, SiC devices are preferred due to their low conduction
and switching losses compared to Si devices. In addition, SiC
devices can be operated at high switching frequency which
helps to reduce passive components’ weight and volume. A
high efficiency 5 kW three-phase buck rectifier based on SiC
schottky barrier diodes (SDBs) and Si MOSFETs is presented
in [6]. The efficiency of it is 98.8%.

This paper presents the characteristics of the 1200 V SiC
MOSFET, CMF20120D, from Cree [7], and a 1200 V SiC
SBD, SDP60S120D, from SemiSouth [8], which will be used
in a 7.5 kW, all-SiC based three-phase buck rectifier for a 400
V. architecture data center power supply. In the converter,
four MOSFETs are connected in parallel, and two SBDs are
paralleled as well, to reduce power device losses and obtain
high efficiency. Switching characteristics are tested by double
pulse test (DPT) based on the current-source structure. Input
and output filters are designed to minimize passive
components’ losses. Power losses of this three-phase buck
rectifier are calculated, and a comparison is done between Si
and SiC based buck rectifiers.

This paper starts with the measurement of SiC MOSFET
and SBD static characteristics in Section II, from 25 °C to 125
°C and 175 °C, respectively. The switching performances of
SiC devices are tested based on current-source structure in
Section III, and the switching energy is calculated based on
test results. In Section IV, the 7.5 kW, all-SiC based three-
phase buck rectifier is designed. The device paralleling
number, switching frequency selection, filter design, and loss
calculation are all included in this section. Finally, Si and SiC
based buck rectifiers with the same power rating are
compared, and the advantages of SiC based converter are
shown.

II. STATIC CHARACTERISTICS

A.  SiC MOSFET On-state Resistance

The on-state resistance of the MOSFET measurement is
based on the slope of the forward characteristic in the linear
region. The forward characteristic of the SiC MOSFET, used
in the high efficiency buck rectifier, is measured by a curve-
tracer and obtained at various temperatures from 25 °C to 125
°C, at the gate-source voltage (V) of 20 V, as shown in Fig.
1. From the datasheet, the current rating is 33 A at 25 °C, and
17 A at 125 °C. In the SiC MOSFET static test, current
increases to 35 A at 25 °C and 50 °C, however, at 100 °C and
125 °C, the test current does not exceed 20 A.



Table I shows MOSFET on-state resistance values at
different temperatures. They are the average values of five test
samples. From Table I, the on-state resistance of the SiC
MOSFET increases with temperature, from 66 mQ at 25 °C to
77 mQ at 125 °C.

30

20

Ids (A)

10

% 1 2 3
Vds (V)
Fig. 1. Forward characteristic of SiC MOSFET.

TABLE L SIC MOSFET ON-STATE RESISTANCE
Test result
(Average value of five samples)
25°C 66 mQ
50 °C 68 mQ
125 °C 77 mQ

B. SiC SBD Static Characteristic

There are two paralleled 1200 V SiC SBDs in
SDP60S120D (TO-247), used in the buck rectifier. Fig. 2
shows the forward characteristic of each leg (one SiC SBD in
SDP60S120D), from the temperature of 25 °C to 175 °C. The
threshold voltage of the diode (Vy) decreases with rising
temperatures due to the schottky barrier height reduction with
increasing temperatures. And the slope of the linear region
becomes shallower with rising temperatures, which means the
series resistance (Rp) in the diode increases.
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Fig. 2. Forward characteristic of SiC SBD (per leg).

III. SWITCHING PERFORMANCES

The static characteristic data are not enough for converter
design and operation. The switching performances of SiC
MOSFET and SBD, used in the buck rectifier, are evaluated
with double pulse test (DPT) based on current-source
structure. In this section, DPT circuit and results will be
shown. The MOSFET switching loss will be calculated based
on test results.

A. Modulation Scheme and Switching Test Circuit

Since the SiC MOSFET will be used in the current source
converter, in which DC current is constant, the DPT circuit
will be different from the circuit shown in [9-11]. In addition,
the buck rectifier will operate with a three-phase 480 V ;s line-
to-line input voltage, and 18.75 A DC output current.

The modulation scheme used for the high efficiency buck
rectifier is the same with the method in [6], which has been
developed in [12-13]. Fig. 3(a) shows the input capacitor
voltages with 12 sectors. The input voltage period is divided
into 12 sectors in order to keep low voltage when changing to
zero vectors, as Fig. 3(b) shows, to reduce switching loss.
During zero vectors, the freewheeling diode conducts in order
to avoid MOSFETs switching. This switching loss optimized
(SLO) modulation scheme has been proved to be able to
obtain the lowest power loss and increase rectifier efficiency
[14-15].
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Fig. 3. Modulation scheme

(b) Current commutates from S1 to

S6 freewheeling diode
p Lﬁ
lac
S$1 S3 S5
a t
— + b
[+
C C

sS4 86182 S 861521

(c) Current commutates from (d) Current commutates from S6 to
freeheeling diode to S1 S2

Fig. 4. Equivalent circuit of the transition in Sector 1.



Fig. 4(a)-(d) show the transition process in Sector 1 (0 ~
30°) (as Fig. 3(a)-(b) show), based on the chosen modulation
method. In Sector 1, commutation happens between S1 and
freewheeling diode (D), or between S2 and S6. According to
the input voltage value, V,, decreases from 680 V to 340 V
when current commutates between S1 and D. Meanwhile, V,,
decreases from 588 V to 340 V, and V, increases from 588 V
to 680 V when current commutates between S2 and S6.

Fig. 5 shows the current source DPT circuit. In the first
test, MOSFET2 is turned off and the double pulse signal is
added to the gate of MOSFET1, current commutates between
MOSFET! and D. V1 increases from 340 V to 680 V. In the
second test, a pulse is added to the gate of MOSFET?2 too. The
overlap time is 1 ps. VI increases from 588 V to 680 V, and
V2 decreases from 588 V to 340 V. Current commutates
between MOSEFT1 and MOSFET2. The load is a 1 mH
inductor.
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Fig. 5. Current source double pulse test circuit.
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Fig. 6. Double pulse test waveforms. (Time: 4 ps/div)

Fig. 6 shows DPT waveforms. The load inductor is
charged to rated current value during the first pulse. When
MOSFET1 is turned off, load current commutates to
freewheeling diode or MOSFET2. The load current
commutates back to MOSFET1 when it is turned on during
the second pulse.

The driver IC of SiC MOSFET is IXDNS514, which is
based on PMOS-NMOS totem-pole structure. The gate
voltage of +20 V is chosen for MOSFET turning on and -3 V
is used for its turning off. The external gate resistance is 5 Q.
Probe Tip Adapter (PTA) is used to measure the gate-source
voltage V,. The drain-source voltage Vg4 is measured by

differential probe. The current probe is used to measure
MOSFET drain current I4. Fig. 7 shows the test setup.
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Fig. 7. Double pulse test setup.

B.  Test Waveforms and Switching Loss
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Fig. 8. MOSFET1 switching waveforms commutating with freewheeling
diode (D). (Time: 40 ns/div)

Fig. 8(a)-(b) are MOSFET1 turn-off and turn-on
waveforms, respectively, when it commutates with
freewheeling diode D. V1 =680 V, I;. =20 A, and MOSFET2
is turned off. The current fall time and rise time during turn-
off and turn-on transient are 40 ns and 14 ns, respectively. The



turn-off time is 40 ns and turn-on time is 55 ns. Here, the turn-
off time is defined from the time the current falls to 90% until
the voltage rises to 90% of V.. Similarly, the turn-on time is
defined as the time from the current rising to 10% of its peak
value until the voltage falls to 10% of V.

Fig. 9(a)-(b) are MOSFET! turn-off and turn-on
waveforms at V1 =680 V, V2 =340V, and I4. =20 A when it
commutates with MOSFET2. The current fall time and rise
time are 36 ns and 18 ns, respectively. The turn-off time is 40
ns and turn-on time is 52 ns.
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(b) Turn-on waveforms

Fig. 9. MOSFET1 switching waveforms commutating with MOSFET2.
(Time: 40 ns/div)

Fig. 10 (a)-(b) show the tested SiC MOSFET switching
loss at different DC voltages in two tests, respectively. The
switching power loss is calculated by the integration of the
instantaneous power waveforms (drain-source voltage
waveform multiplied by drain current waveform). Since the
switching loss of the MOSFET will be used in the calculation
of the current source rectifier efficiency, the values in Fig. 10
are obtained at different DC voltages and constant DC current
I 0f 20 A.
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Fig. 10. Switching losses as a function of DC voltages.

IV. DESIGN OF THE HIGH EFFICIENCY THREE-PHASE BUCK
RECTIFIER

A. Three-Phase Buck Rectifier

A three-phase buck rectifier using the SiC MOSFETs and
SBDs tested above has been designed. The converter operates
at a normal power rating of 7.5 kW with a three-phase 480
Vs line-to-line input voltage, and 400 V. output voltage.
The specifications of it are summarized in the Table II. Fig. 11
shows the topology of the buck rectifier. A two-stage LC-LC
filter is used as the EMI filter to meet the EMC standard
ENS525022 Class B. In the DC side, the inductor is split in two
in order to reduce common mode noise.

To reduce the power losses and obtain high efficiency,
power devices are paralleled. Paralleling devices will reduce
on-state resistance and conduction loss. However, switching
loss will increase. Fig. 12 shows the total losses of MOSFETs
and series diodes for different numbers of devices used in
parallel for each switching element, at switching frequency
fsw of 28 kHz. From Fig. 12, the curves are nearly flat when
MOSFET parallel number ng > 4 and diode parallel number np
> 2. Considering both efficiency and cost, ng = 4 and np = 2
are chosen.
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Fig. 11. Three- phase buck rectifier topology.

TABLE II. THREE-PHASE BUCK RECTIFIER SPECIFICATIONS
Power Rating 7.5kW
Input Voltage Three-Phase 480 V,.
Input Voltage Range +10%
Input Current 9A
Output Voltage 400 Vg
Qutput Current 18.75 A
Input Power Factor >0.99
Input Current Total Harmonic Distortion <5%
Operating Temperature 50°C
EMC Standard EN55022 Class B
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Fig. 12. SiC devices’ total losses vs. paralleled number.
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Fig. 13. Buck rectifier loss vs. switching frequency.

Fig. 13 shows the SiC based three-phase buck rectifier
calculated losses at different switching frequencies. The
switching frequency values are chosen considering EMI filter

design. When fgy = 28 kHz, the buck rectifier obtains the
lowest power loss, so 28 kHz is selected as the switching
frequency.

B.  Filter Design

For passive components design, low power loss is
considered first in order to obtain the high efficiency rectifier.
Ambient temperature in the design is 50 °C.

1) Output filter

The inductors in the input and output filters have important
contribution to the total loss and weight of the whole
converter.

In the DC side of the buck rectifier, the inductor is split in
two in order to reduce common mode noise. The current is
large in the DC side inductor so that the inductor needs to bear
high flux in it. By introducing an air gap, EE cores or cut cores
can reduce the equivalent permeability and achieve high
inductance under large current. Also the powder toroid core
can be used to build DC inductors because it has distributed
air gap in the material.

In order to find a suitable core for the low loss DC
inductor, different materials are compared in Fig. 14. The
design specification is 0.825 mH, 18.75 A DC current and the
switching frequency is 28 kHz. The x axis is the wire gauge
and the y axis is the inductor loss. As shown in Fig. 14, the
inductor loss is different for each material under different wire
gauges, and there exists a minimum point in each curve. As
the wire gauge decreases, the copper loss will increase but the
core loss will decrease because smaller cores can be used.
When the wire gauge increases, the copper loss will decrease
and the core loss will increase due to larger core volume. It is
obvious from Fig. 14 that the inductor using nanocrystalline
core has the lowest loss than other cores.
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Fig. 14. Material comparison for DC inductor design.

To reduce the copper loss, copper foil is used instead of
wires to build the DC inductor. Kapton film is used to isolate
two turns, as Fig. 15 shows. The copper foil windings keep
away from the air gap to avoid additional loss due to the high
temperature around air gap. Table III lists the DC inductor
parameters.

Output capacitors are three 50 pF/450 Vdc film capacitors
in parallel, in order to reduce capacitor loss.



21tums
Winding

21tums
Winding

Winding

Wad

Nano C core

== Copper Foil
== Kapton Film

—|,> Nano C core

Winding
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TABLE III. DC INDUCTOR DESIGN
Core C core
Type Nanocrystalline
L. 1.65 mH
Turns 42 turns
Loss 6.8 W
Weight 1.943 kg
Volume 479 cm’

2) Input filter

The input filter is a two-stage LC-LC filter to meet the

EMC standard EN525022 Class B, as shown in Fig. 16.
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Fig. 16. Input filter structure.
TABLE IV. AC INDUCTOR DESIGN (THREE-PHASE, ONE STAGE)
Core Toroid
Type Ferrite J
Lem 12.1 mH
Lom 100 uH
Wire AWG #10
Turns 24 turns each phase
Loss 3.04 W
Weight 0.393 kg
Volume 82.6 cm’

The AC inductors in the input filter include the common
mode (CM) inductor and the differential mode (DM)
inductors. The CM inductor Lcy, and Loy can be built with
toroid cores because the CM current is usually pretty small.
The inductor cores with high permeability and low core loss is
suitable in this case. With high permeability, the winding turns
can be less so that the copper loss is small. Ferrite and
nanocrystalline toroid cores are promising candidates. The
DM inductors L, and L, can be integrated with the CM
inductors by taking use of their leakage flux and equivalent
leakage inductors. This integration design can be achieved
well with ferrite cores, but not well with nanocrystalline cores.
Because nanocrystalline cores have larger permeability than
ferrite cores, its winding turns are less, and the leakage
inductance is not enough for the DM inductor. Table IV lists
the three-phase AC inductor parameters of one stage.

DM and CM capacitors are four paralleled 1.5 pF/330 Vac
and a 10 nF/330 Vac film capacitors, respectively.

Fig. 17. SiC based buck rectifier prototype.
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Fig. 18. Loss, weight and volume distribution of three-phase buck rectifier.



C. Design Results

According to the design and loss calculation above, the
total loss of SiC based 7.5 kW three-phase buck rectifier with
28 kHz switching frequency is 69.2 W at full load, which
reaches the 99% efficiency design goal. The weight is 4.4 kg,
and the solid volume is 1416.9 cm®. Fig. 17 shows the
prototype of the SiC based buck rectifier.

Fig. 18(a)-(c) show the loss, weight, and volume
distribution, respectively. Liquid cooling will be used to cool
power devices.

D. Comparison with Si Based Converter

To make a comparison between SiC and Si devices, a Si
based three-phase buck rectifier is designed with
specifications shown in Table II. The design method is the
same with the SiC based rectifier discussed above.

The Si devices selected are 1200 V Si IGBT,
IKW40N120T, from Infineon, and 1200 V diode,
RHRG75120, from Fairchild. The switching frequency chosen
for Si based buck rectifier is 20 kHz in order to reduce power
loss. The Si devices parallel numbers are ng = np = 2. Fig. 19
compares Si and SiC devices’ total losses at different
switching frequencies. It is obvious that SiC devices will have
lower power loss than Si devices in this three-phase buck
rectifier, especially under high switching frequencies due to
the high switching loss of Si IGBT.
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Fig. 19. Power device loss comparison at different switching frequencies.
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Fig. 20. Comparison of Si and SiC based buck rectifier.

The total loss of the Si based rectifier is 241.1 W at full
load. In addition, the weight and volume of the Si based
rectifier is also worse than SiC based rectifier, due to the
larger passive components. Fig. 20 shows the comparison of
these two designed rectifiers. In Fig. 20, the loss, weight and
volume of Si devices based rectifier are normalized to unity.

V. CONCLUSIONS

This paper presents the characterizations of the 1200 V
SiC MOSFET from Cree and 1200 V SiC SBD from
SemiSouth. It has been shown that the SiC MOSFETs have
low conduction and switching losses, and fast switching
speeds. Based on the characterization presented, the 7.5 kW
SiC based three-phase buck rectifier with liquid cooling, used
in 400 V. architecture data center power supply system, is
designed. The switching frequency is 28 kHz which leads to
the lowest total loss of the rectifier. By paralleling four SiC
MOSFETs and two SiC SBDs, power devices’ losses are
reduced. The input filter is two-stage LC-LC filter to meet the
EMC standard EN525022 Class B. DC side inductor is split in
two and uses nanocrystalline core which shows lowest loss.
By special design of filters, passive components’ losses are
minimized. The calculation results show that the power loss of
this 7.5 kW three-phase buck rectifier is only 69.2 W, much
lower than the equivalent Si based rectifier, due to the low
losses of SiC devices, which helps to reach the 99% efficiency
design goal.
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