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Abstract—This paper presents the paralleling operation of
three-phase current-source rectifiers (CSRs) as the front-end
power conversion stage of data center power supply systems based
on 400-Vdc power delivery architecture, which has been proven to
have higher efficiency than traditional ac architectures. A control
algorithm of paralleled three-phase CSRs is introduced to achieve
balanced outputs and individual rectifier module hot swap, which
are required by power supply systems. By using silicon carbide
(SiC) power semiconductors, SiC MOSFETs, and Schottky diodes,
the power losses of the front-end stage are reduced, and the power
supply system efficiency can be further increased. The prototype
of a 19-kW front-end rectifier to convert 480 Vac,rms to 400 Vdc,
based on three paralleled three-phase CSRs, is developed. Each
CSR is an all-SiC converter and designed for high efficiency, and
the front-end stage full-load efficiency is greater than 98% from
experimental tests. The balanced outputs and individual converter
hot swap are realized in the hardware prototype too.

Index Terms—Data center power supply, high efficiency, paral-
leled current-source rectifiers (CSRs), silicon carbide (SiC).

I. INTRODUCTION

DATA centers have become a major energy consumer due
to the widespread use of information and communication

technology equipment. However, in a typical data center, less
than half of the power for data centers is delivered to the
computing load, and the rest of the power is lost in power
conversion, distribution, and cooling systems [1]. Therefore,
reduction in electricity consumption in telecommunication and
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Fig. 1. Power distribution architecture of 400 Vdc for data centers.

information industry is an important issue. A 400-Vdc power
distribution architecture for data center power supplies, as
shown in Fig. 1, has been presented to have superior efficiency
than traditional ac architectures [1], [2].

The front-end stage power electronics in such a power dis-
tribution system needs to provide 400-Vdc output voltage. The
three-phase current-source rectifier (CSR), a buck-type rectifier,
is a promising solution when connected to 480-Vac,rms line-
to-line voltage grid. Silicon carbide (SiC) power semiconduc-
tors are expected to replace traditional silicon (Si) devices in
some applications to further improve the performance of power
converters due to their characteristics of high breakdown volt-
age, fast switching, low on-state resistance, high temperature
tolerance, etc. The low power losses of SiC power devices
provide new opportunities to implement ultrahigh-efficiency
CSRs [3], [4].

Paralleling of power converters is a common method to
achieve higher output power. Compared with an individual
high power converter, paralleled converters will bring system
redundancy through (N + 1) configuration for power supply
systems, as well as easy implementation of converter power
management, which are all necessary features of power sup-
plies. However, related issues need to be solved in paralleled
converters in power supply systems, such as the schemes of out-
put power sharing among converter modules and the realization
of converter module hot swap.

Most existing techniques of output power distribution for
paralleled converters in power supply systems are based on
voltage source converters [5]–[10]. Although [11]–[13] deal
with the operation of paralleled current source converters, some
system features required by power supplies such as system
redundancy and hot swap are not discussed and realized. In
addition, all-SiC paralleled three-phase current source convert-
ers for higher efficiency have not been implemented, although
the individual all-SiC three-phase current source converter has
been developed in several publications with high switching
frequency targeted for high power densities [14]–[16].

In this paper, paralleling operation of three-phase CSRs is
presented as the front-end power conversion stage of data
center power supply systems. First, the front-end rectifier
stage for data center power supplies based on 400-Vdc power
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Fig. 2. Front-end stage of data center power supplies. (a) Front-end stage
schematic. (b) Circuit of rectifier module.

distribution architecture and the required features of it are
described. Considering these requirements, the control algo-
rithm for three-phase CSR paralleling operation is introduced
to achieve balanced outputs and individual rectifier module
hot swap. Then, a modular designed individual three-phase
CSR is implemented using SiC power devices to achieve high
efficiency. Finally, the prototype of a 19-kW front-end rectifier
to convert 480 Vac,rms to 400 Vdc, based on three paralleled all-
SiC three-phase CSRs, is developed with system redundancy.
High-efficiency and paralleling features are demonstrated in the
experimental prototype.

II. FRONT-END RECTIFIER IN DATA

CENTER POWER SUPPLIES

The front-end rectifier in the system in Fig. 1 operates
with 480-Vac,rms input line-to-line voltage and 400-Vdc output
voltage, which can be achieved with a single power conversion
stage using a three-phase CSR. The paralleling operation of
converters brings system redundancy and the possibility of
converter power management.

Fig. 2 shows the front-end rectifier stage for data center
power supplies based on a 400-Vdc bus. The paralleled CSRs
are connected directly in the ac side to the grid with 480-Vac

line-to-line voltage and share one three-phase ac inductor.
They share one dc capacitor and provide common output, with
400 Vdc, as an input for the second power conversion stage

Fig. 3. Individual three-phase CSR control scheme.

in the system. The schematic of the front-end stage is shown
in Fig. 2(a). The circuit of each rectifier module is shown in
Fig. 2(b). Each rectifier module holds its own ac capacitor as
the voltage source in the input side and a split dc inductor
as the current source in the output side. The system operates
with (N + 1) redundancy, where the total number of paralleled
CSRs is (N + 1). This means that system full power Psys can
be provided by N paralleled CSRs when one CSR is removed
from the system. As a result, each CSR will operate with output
power of PCSR,nom = Psys/(N + 1) at normal condition and
with maximum output power of PCSR,max = Psys/N when one
CSR is removed.

III. CONTROL OF THREE-PHASE CSR
PARALLELING OPERATION

A. Individual Three-Phase CSR Control Scheme

The control scheme of an individual CSR is shown in Fig. 3.
The main control loop includes the outer dc voltage control loop
and the inner dc current control loop [17].

In the dc current control loop, the dc current Idc in the
output dc inductor Ldc is fed back to the current compensator
to generate Dd, i.e., the duty cycle on the d-axis. In the outer
dc voltage control loop, the dc voltage Vdc on the dc capacitor
is fed back to generate the dc current reference for the inner dc
current control loop. To compensate the displacement power
factor caused by the input LC filter, an input filter current
compensation unit is introduced to generate the compensation
duty cycles of the d-axis and the q-axis, which would be added
to Dd and Dqref , respectively. Dqref is the duty cycle reference
on the q-axis, which is 0 for a unity power factor rectifier.

B. Paralleled Three-Phase CSRs’ Control Scheme

For the paralleling operation of converters, a current-sharing
scheme is necessary because if one converter outputs most of
the power, it will overheat, and its efficiency and lifetime will
reduce. Moreover, in power supply applications, the control
scheme of paralleled converters should keep the system robust
and flexible. This means that the system has the capability to
keep operating and providing necessary power to the load when
any of the converters is added into or removed from the system.

For paralleled three-phase CSRs used as the front-end
stage in data center power supplies, a master–follower control
scheme is proposed and shown in Fig. 4. IDCj are dc-link
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Fig. 4. Master–follower control for paralleled three-phase CSRs.

currents, respectively, of the jth CSR. One of the rectifiers op-
erates as the master converter, i.e., CSR1, in Fig. 4. The master
converter has both an inner dc current control loop and an outer
dc voltage control loop, which is the same with individual CSR
control scheme. Other rectifiers operate as current followers,
i.e., CSR2–CSR(N+1), in Fig. 4. The followers have only a
dc current loop, and their dc current control loops use the dc
current of the master rectifier as their reference. Coefficients
ki (i=2, . . . , (N+1)) are used considering the possibility of
different rated output power values of paralleled CSRs. ki=
Pi/P1, where P1 is the output of master converter CSR1 and Pi

is the follower converter CSRi expected output power. In most
power supply applications, the same converters are paralleled
and balanced outputs among these converters are expected. As
a result ki=1 (i=2, . . . , (N+1)) are used in this paper. Each
CSR has its own input compensation unit to keep input current
at unity power factor. Any of the converters in the system can
be selected as the master, and the others will be the current
followers.

The outputs of the paralleled CSRs will be balanced when
the dc current of the master converter is matched by each
follower. Meanwhile, hot-swap capability can be realized using
this master–follower control, which means that the rectifier
module can be removed from the system or added into the
system without shutting down the system and keeping other
converter modules running. Figs. 5 and 6 show the simulation
results of the master–follower control, implementing hot swap
in a 19-kW three-paralleled-CSR system with 480-V input line-
to-line voltage and 400-Vdc output voltage. The CSR1 in the
system is the master converter, and the other two converters are
current followers, which means that the dc currents of IDC2

and IDC3 follow IDC1. The control balances the output currents

Fig. 5. Simulation results of master–follower control_CSR removed (time:
10 ms/div). (a) DC currents. (b) AC currents. (c) DC voltage.

Fig. 6. Simulation results of master–follower control_CSR added (time:
10 ms/div). (a) DC currents. (b) AC currents. (c) DC voltage.

before and after the transients of removing (see Fig. 5) and
adding (see Fig. 6) the individual rectifier CSR3 without inter-
rupting system operation. The system output power of 19 kW
is maintained after a short transient.
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Fig. 7. Three-phase CSR with input and output filters.

TABLE I
SPECIFICATIONS OF INDIVIDUAL THREE-PHASE CSR IN

HIGH-EFFICIENCY DATA CENTER POWER SUPPLIES

IV. MODULAR DESIGNED THREE-PHASE ALL-SiC
CSR WITH LOSS MINIMIZATION

For the front-end rectifier stage based on paralleled three-
phase CSRs in high-efficiency power supplies, each CSR shown
in Fig. 7 needs to be designed with loss minimization.

A. Loss Minimization of Three-Phase CSR

The specifications of the CSR designed in this paper are
listed in Table I. Considering a need to supply 19 kW from three
paralleled CSRs with system redundancy, the maximum output
power of each CSR is 9.5 kW. However, the high-efficiency de-
sign of an individual CSR considers the output power of 6.4 kW
because the full power of each CSR is 6.4 kW during the normal
operation of the front-end system.

To reduce the switching losses of power devices, the switch-
ing loss optimized modulation scheme, which has been proven
to achieve the lowest switching loss of devices in a three-phase
CSR [18], [19], is selected. It is a symmetric space-vector
pulsewidth modulation (PWM) with 12 sectors, as shown in
Fig. 8. Zero vector I0 is realized by conducting freewheeling
diode D instead of the phase leg to reduce the devices’ con-
duction loss. To reduce the device switching loss, the active
power devices switch at the voltage with the lowest absolute
value. For example, in Section I, vector I1 is used instead of
I2 to commutate with I0 because the absolute value of Vab is
lower than Vac in sector 1. Fig. 8(c) shows gate signals in one
switching period TS in sector 1.

In the CSR, SiC MOSFETs (1200 V, CMF20120D) and
Schottky diodes (1200 V, SDP60S120D) are used to replace
Si power devices to minimize power losses. To further reduce
conduction losses of power devices, paralleled devices are used
in each switching element in the CSR. Considering that de-
vice paralleling may increase switching losses, the paralleling
numbers are optimized by minimizing total losses, as shown

Fig. 8. Front-end stage of data center power supplies. (a) Input phase voltage
waveforms with 12 sectors. (b) Space vectors. (c) Sequence of switching state
vectors in sector 1.

Fig. 9. SiC MOSFET and Schottky diode losses versus parallel number in
individual three-phase CSR.

in Fig. 9. In Fig. 9, loss values are obtained from device tests
[4]. The paralleling numbers of SiC MOSFETs and diodes are
selected to be four and two, respectively, based on Fig. 9.
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Fig. 10. DC inductor.

Fig. 11. Loss of individual all-SiC three-phase CSR versus switching
frequency.

TABLE II
DESIGN RESULTS OF INDIVIDUAL THREE-PHASE CSR

The passive components are designed considering input cur-
rent total harmonic distortion (THD) and output current ripple
specifications in Table I. The dc inductor, which contributes
significant loss in current source converters, is optimized using
nanocrystalline cut core with low core loss and is shown
in Fig. 10.

Switching frequency is an important factor for converter
efficiency. It is advantageous to select a switching frequency
fsw such that the nth harmonic is placed well below 150 kHz,
the lower limit of the frequency range of electromagnetic com-
patibility (EMC) standard EN55022 Class B. This means that
the nth harmonic does not contribute to the measured result that
has noise components [20]. Hence, the losses of the individual
three-phase CSR are compared at the switching frequencies of
1/n of 140 kHz in Fig. 11. These losses include power devices’
losses, passive components’ losses, and auxiliary circuit losses
of 16 W, which is from controllers’ power supplies, protection
circuits, and voltage and current sensors.

The design results of an individual three-phase all-SiC CSR
are listed in Table II. Fig. 12 shows the converter loss distri-
bution at 6.4-kW output power. In Fig. 12, the losses from
power devices are the most significant part, which is 65% of
the converter total loss. The calculated converter total loss of

Fig. 12. Loss distribution of individual all-SiC three-phase CSR at 6.4-kW
output power.

Fig. 13. Comparison of three-phase CSRs based on different power devices.

114.3 W yields 98.22% efficiency at 6.4-kW output power for
this particular design.

B. Loss Comparison of Different Power Device Strategies

Other combinations of power devices are considered for
three-phase CSRs for the same application, including the all-Si
rectifier, which is based on Si insulated-gate bipolar transistors
(IGBTs) and Si diodes, and the hybrid rectifier, which is based
on Si IGBTs and SiC Schottky diodes. The losses of these
rectifiers are calculated and compared with the all-SiC design
presented above at 6.4 kW. Considering the 680-V amplitude
of input line-to-line voltage across switches and the voltage
overshoot during a switching transient, only 1200-V power
devices are investigated. The power devices and the paralleling
numbers in each rectifier are selected based on the principle of
rectifier total loss minimization.

The switching frequency selection and comparison range
is the same with the all-SiC rectifier. To avoid large passive
loss and large dc inductor in this current source converter, low
switching frequencies are not considered. From calculation,
20 kHz is used for these two rectifiers due to the high switching
loss of Si IGBTs, which increases the total loss at higher
switching frequencies.

Fig. 13 shows the power loss distribution and comparison
of three-phase CSRs based on different power switch com-
binations. Other loss in Fig. 13 includes device driving loss,
passive loss, and auxiliary circuit loss. In Fig. 13, the all-
Si rectifier, which uses 1200-V IGBT IKW40N120T2 with
paralleling number 2 and 1200-V diode RHRG75120 with
paralleling number 2, has mostly IGBT switching loss. The
conduction losses of diodes and IGBTs of this design are large
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Fig. 14. All-SiC three-phase CSR prototype.

Fig. 15. Switching element module in a three-phase CSR. (a) Front view.
(b) Back view.

too, which cannot be significantly reduced by paralleling due
to the built-in voltage. As a result, all-Si rectifier has 301.1-W
total loss and 95.5% efficiency at 6.4 kW.

By replacing Si diodes with SiC Schottky diodes, the hybrid
rectifier, which uses 1200-V IGBT IKW40N120T2 with par-
alleling number 2 and 1200-V Schottky diode SDP60S120D
with paralleling number 2, has total loss of 206.8 W at 6.4 kW
with 96.9% efficiency. Compared with the all-Si design, the
hybrid design has lower diode conduction. The IGBT switching
loss is also reduced because of negligible reverse recovery of
SiC Schottky diode. In the all-SiC rectifier, power losses of
active switches are much lower than those of other Si active
switches. The switching loss considerably decreases by using
SiC MOSFETs, and the series diode conduction loss becomes
the dominant portion of the total loss. Thus, the all-SiC rectifier
will be more efficient at light-load conditions.

C. Modular Designed All-SiC Three-Phase CSR

Fig. 14 shows a prototype of an individual three-phase CSR.
Since there are several discrete power devices in parallel in each
switching element, the switching element module is prepared
to simplify the development of the converter, which is shown in
Fig. 15. Each module includes four paralleled SiC MOSFETs,
two paralleled SiC Schottky diodes, MOSFETs’ gate drives and
their power supplies, power connectors, and signal connectors
to receive PWM signals and related power supplies from the
controller. Only a switching element module needs to be re-
placed when any failure of power device or gate drive happens.

Fig. 16. All-SiC three-phase CSR structure.

Fig. 17. All-SiC three-phase CSR waveforms at 9.5 kW.

Fig. 16 shows the structure of an individual three-phase CSR.
Each switching element module is under the main board and
connected to the main board through a dc bus connector and
an ac bus connector. This will simplify the dc and ac buses’
layout on the main board to reduce the overlap area between any
two power buses in order to reduce the parasitic capacitance.
The interface board and the controller board are attached on
the top of the main board. The functions of the interface board
include signal processing, hardware protection, and providing
power supplies for the gate drives and sensors.

The controller is a Texas Instruments’ eZdspTM F28335
evaluation board. The main board holds ac capacitors, current
and voltage sensors, and protection circuits. There are two dc
current sensors; one is arranged in the positive dc link, and
another one is arranged in the negative dc link. With two dc cur-
rent sensors, the circulating current can be sensed when several
rectifiers are operated in parallel. The ac and dc side currents
and voltages are measured by sensors and sent to the controller
for calculation after processing on the interface board. The
controller outputs PWM signals through the interface board
and the main board to drive power devices on each switching
element module. The converter is liquid cooled, and all power
devices are placed on the top surface of a cold plate.

Fig. 17 shows individual three-phase CSR waveforms for
output voltage Vdc, dc-link inductor current Idc, phase A input
current Ia, and line-to-line voltage between phase A and phase
B Vab at 9.5 kW, i.e., the maximum output power, with normal
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input of 480-Vac,rms line-to-line voltage. The measured input
power factor is 0.9996, and the input current total harmonic
distortion is 2.9%, which meets the requirement in Table I.

The three-phase CSR designed above uses discrete SiC
MOSFETs and Schottky diodes with TO-247 package. There
are several 1200-V SiC MOSFET multichip power modules
available in the market. The application of a power module
can increase the integration of the system. Power modules with
direct bond copper (DBC) and baseplate structure or integration
directly with a cold plate have better thermal performance than
using a thermal pad for insulation between the discrete device
and cold plate as designed above.

The discrete SiC MOSFETs used above can be replaced by
1200-V SiC MOSFET power module CAS100H12AM1, con-
sidering the similar current rating in each switching element.
Considering that this power module has an on-state resistance
of 16 mΩ, which is lower than 20 mΩ for four paralleled
discrete MOSFETs shown above, the MOSFET conduction loss
can be expected to be reduced. However, the switching loss
of this module is higher than the previous design, resulting in
about 13-W total loss increase in individual CSR at 6.4 kW.

In addition, no current source structure power modules are
available, and additional discrete SiC Schottky diodes are also
needed when using SiC MOSFET modules. As a result, in-
dividual rectifier power density can only be increased from
1.82 kW/L of the previous design to 1.95 kW/L. An all-SiC
power module based on current source topology is necessary to
further increase the power density of this rectifier.

V. EXPERIMENTAL RESULTS

A. Front-End Rectifier for Data Center Power Supplies

The 19-kW front-end rectifier system with the schematic
shown in Fig. 2(a), based on the three paralleled all-SiC three-
phase CSRs designed in Section IV, is developed for data center
power supplies based on 400-Vdc distribution architecture.
The system control algorithm is the master–follower control
introduced in Section III. A central controller is used to select
the master converter. It communicates with each rectifier using
controller area network (CAN) communication. The IDC of
each rectifier is shared by the other two rectifiers in the system;
thus, any CSR can be selected as the master, and the other two
CSRs will be the current followers.

The prototype of the front-end rectifier system is shown in
Fig. 18. In the test, the input power of the system is from the
grid through a three-phase high-power variac. The load is a
24-kW resistor load bank. The chiller provides 25 ◦C liquid
(50% ethylene glycol, 50% water) with 1.5 GPM (5.68 LPM)
flow rate for cooling of converters. Fig. 19 shows the waveforms
of the front-end power conversion stage with 19-kW output
power, 480-Vac input line-to-line voltage, and 400-Vdc output
voltage. The system dc output current is 47.5 A. Each three-
phase CSR provides 15.83-A output current.

The efficiency values of the three-phase front-end rectifier
stage based on paralleled CSRs are listed in Table III, and its
efficiency curve for different load levels is shown in Fig. 20.
The system efficiency is calculated by measuring currents and
voltages on system input and output sides using a PZ4000

Fig. 18. Front-end rectifier prototype of 19-kW. (a) Side view. (b) Front view.

Fig. 19. Front-end rectifier stage waveforms at 19 kW (time: 100 ms/div).

power analyzer with measurement module P/N 253752 and cur-
rent transducer IT 60-S. The input line currents flowing through
ac inductors and line-to-line voltages before ac inductors are
measured to calculate the input power Pin, as given in (1), and
the measured results show cosϕ1 = cosϕ2 = 0.85. The current
and voltage of the load resistor are used to calculate the output
power Pout, as given in (2). The auxiliary circuit loss Paux of
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TABLE III
EFFICIENCY VALUES OF THE FRONT-END RECTIFIER

STAGE AT DIFFERENT OUTPUT POWER LEVELS

Fig. 20. Efficiency curve of the front-end rectifier stage.

48 W, measured from the output of an auxiliary circuit power
supply, is included in the efficiency calculation. Finally, the
efficiency η of the converter can be calculated by (3) as follows:

Pin = Ia × Vac × cosϕ1 + Ib × Vbc × cosϕ2 (1)
Pout = Idc × Vdc (2)

η =
Pout

Pin + Paux
× 100%. (3)

From the efficiency measurement, it is clear that the losses
of connection cables and auxiliaries are included. In Table III
and Fig. 20, the three-phase front-end rectifier system peak
efficiency of 98.25% appears at 12-kW output power, and the
system full-load efficiency is 98.12%. The system efficiency
is greater than 98% from 1/3 of the full load to the full load,
demonstrating a flat efficiency curve over a wide load range.

B. Hot Swap of Paralleled Three-Phase CSRs

The hot-swap test of paralleled CSRs with master–follower
control is conducted using the hardware prototype of three par-
alleled CSRs developed above. The communication among cen-
tral controller and rectifier controllers is implemented by CAN
communication. The individual rectifiers receive the informa-
tion of master converter selection from the central controller.
They will also communicate with the central controller when
they are enabled or disabled. The controller of an individual
rectifier will be noticed if any protection of this rectifier is
triggered. As a result, the central controller can detect any fault
of each converter by receiving information from the controller
of individual rectifier.

In addition, each rectifier also sends its dc current value,
sensed by its dc current sensor, to the other two rectifiers. Once

the rectifier is selected as the master converter, its dc current
control loop will use the output of its dc voltage control loop as
the reference. If the rectifier is selected as the current follower,
it will use the dc current value of the master converter as the
reference of its dc current control loop. For example, if the
central controller selects CSR1 as the master converter and
CSR2 and CSR3 as the current followers, CSR1 will use its dc
voltage loop in its control, and CSR2 and CSR3 will use IDC1

they receive from CSR1 in their control.
If a current follower, e.g., CSR3, is removed, the voltage

loop output of CSR1 will be automatically increased due to
the variation of system output voltage. As a result, IDC1 will
increase. Then CSR2 will increase IDC2 too due to the increase
in IDC1 it receives. If CSR3 is added, the variation of the system
output voltage will decrease IDC1, and then IDC2 is reduced
too. The added CSR3 will receive the information from the
central controller that CSR1 is the master converter, whose
output current it should follow.

If the master converter CSR1 is removed from the system, the
central controller will receive the CSR1 failure or disable signal
from the CSR1’s controller, and then it selects the next rectifier
CSR2 as the master converter. CSR2 will switch to use the
output of its dc voltage control loop as its dc current reference
when it receives the updated instruction of master converter
selection from the central controller. CSR3 will also change
to use IDC2 as its current reference. If CSR1 is added, it will
work as the current follower since CSR2 has been the master
converter. In the test, the mechanical contactors controlled by
relays are in series in power buses of each CSR to connect or
disconnect the individual converter from the system.

Fig. 21 shows the hot-swap test results. The converter CSR1

is selected as the master converter by the central controller.
CSR2 and CSR3 are current followers. CSR3 is removed from
and added into the system, and the related waveforms are shown
in Fig. 21(a) and (b), respectively. Before CSR3 is removed
from the system, each rectifier outputs 5-A current in Fig. 21(a).
After this, CSR1 increases the output to 7.5 A in order to keep
400-Vdc output voltage, and CSR2 follows it to output 7.5-A dc
current. The output voltage lowest value is 340 Vdc during this
transient. In Fig. 21(b), after adding CSR3, CSR1 and CSR2

reduce their output to 5 A (i.e., CSR2 follows CSR1). Since
CSR3 follows CSR1, its output current is 5 A too. The output
voltage is controlled to 400 Vdc after a transient overshoot with
430-Vdc peak value. The peak current during hot-swap transient
may saturate the dc-link inductor; thus, the dc-link inductor
should be designed to be able to take the peak current without
saturation. In addition, higher current peak introduces higher
power loss during this transient.

VI. CONCLUSION

This paper has presented the paralleling operation of three-
phase CSRs as the front-end power conversion stage of data
center power supply systems based on 400-Vdc power de-
livery architecture. The master–follower control is presented
for paralleled three-phase CSRs to achieve balanced outputs
and individual rectifier module hot swap in order to meet the
requirements of power supply systems.
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Fig. 21. Hot-swap experimental test results of paralleled three-phase CSRs
(time: 100 ms/div). (a) Three-phase CSR is removed from the system.
(b) Three-phase CSR is added into the system.

A 19-kW front-end rectifier converting 480 Vac,rms to
400 Vdc, based on three paralleled three-phase CSRs, is devel-
oped. The master–follower control is used in the system. Each
three-phase CSR, which uses SiC MOSFETs and Schottky
diodes instead of traditional Si power devices, is designed for
the target of loss minimization. The 19-kW all-SiC front-end
rectifier system full-load efficiency of 98.12% and the peak
efficiency of 98.25% are achieved in experiments.
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