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Abstract—The demand for high-power dc fast chargers has in-
creased to reduce electric vehicle charging time, driving the active
adoption of power modules to enhance charger power capacity.
As the power capacity per module increases and the number of
parallel modules decreases, the overall system volume and cost are
reduced. Thus, the development of high-power modules has become
increasingly important. Therefore, this article provides practical
guidelines for implementing a 50 kW three-phase power factor
correction (PFC) converter, commonly used as an ac–dc converter
module in dc fast charger. A quantitative analysis of the volume,
performance, cost, and efficiency of different filter types for a three-
phase PFC designed under identical conditions is conducted, pro-
viding selection criteria based on design priorities. Additionally, a
stable startup method using feedforward compensation is proposed
to regulate the inrush current. The effects of gain variations on
steady-state and dynamic characteristics, along with current total
harmonic distortion (THD), are analyzed. Furthermore, hardware
implementation and thermal design considerations for the reliable
parallel operation of SiC MOSFETS are presented. As a result,
the implemented three-phase PFC converter achieves a maximum
efficiency of 98.65% and an efficiency of 97.10% under full-load
conditions, while maintaining a current THD within 5% in the
primary operating range.

Index Terms—AC–DC converter module, dc fast charging,
electric vehicles (EVs), SiC-MOSFET.
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I. INTRODUCTION

R ECENTLY, as the driving range of electric vehicles (EVs)
has become a critical factor in their widespread adoption,

the demand for high-power dc fast charging system has rapidly
increased [1], [2], [3], [4] In general, to simplify the design
process and facilitate convenient implementation, the output
power of a dc fast charging system is increased by connecting
identical modules in parallel [3]. Depending on the parallel
connection structure, the dc fast charging systems are classified
into ac bus-connected system and dc bus connected system, as
shown in Fig. 1. The ac bus-connected system is structured by
simply increasing the number of parallel modules combined
with power factor correction (PFC) and dc–dc converters, which
facilitates implementation and ensures high stability [2]. In
contrast, the dc bus-connected system integrates a single PFC
converter with multiple dc–dc converters [4]. This structure en-
ables efficient integration with photovoltaic systems and energy
storage systems that generate dc power, allowing for various
charging system configurations [5], [6]. Recently, as the demand
for high-power fast charging systems to reduce charging time has
increased, the development of higher-capacity ac–dc and dc–dc
converter modules has accelerated to accommodate both ac bus-
and dc bus-connected configurations. In general, increasing the
output power of a dc–dc converter adds more challenges to
step-up voltage conversion and magnetic component design,
leading to the use of multiple parallel modules to enhance power
capacity [7], [8]. In contrast, since an ac–dc converter is less
constrained by these issues, it is designed to handle higher power
capacity within feasible limits, with parallel modules applied
when further capacity expansion is required. For this reason, the
application of high-power ac–dc converter design technology
improves the flexibility of fast charging systems regardless of
ac or dc bus configuration while also reducing cost and volume
by minimizing the number of parallel modules.

Moreover, as wide bandgap (WBG) devices, such as SiC
MOSFETS, are increasingly adopted in various systems, their
application in three-phase PFC converters continues to expand.
Compared to conventional Si-based systems, WBG devices en-
able higher switching frequencies, which reduce filter volume
and enhance power density. Additionally, their fast-switching
characteristics and low conduction resistance contribute to an
overall improvement in system efficiency. However, owing to the
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Fig. 1. Parallel connection structure of a DC fast charging system.

Fig. 2. Circuit diagram of three-phase PFC converter.

fast-switching characteristics of WBG devices and the increas-
ing output power, three critical factors should be considered
in PFC converter design: 1) filter design considering system
priorities, 2) stable controller design, and 3) efficient hardware
design and implementation. Therefore, this article presents and
experimentally verifies a practical approach to the design, con-
trol, and implementation of the three aforementioned factors in a
50 kW SiC MOSFET-based three-phase PFC converter, as shown
in Fig. 2, which is widely used as an ac–dc converter module in
fast charging systems.

The filter in a three-phase PFC determines the input current
ripple and prevents switching noise from propagating to the
grid. In particular, the high dv/dt and di/dt of SiC-based systems
intensify noise issues compared to Si-based systems, potentially
affecting multiple power conversion systems on the same grid
and thereby emphasizing the importance of filter design [9]. L,
LC, and LCL filters, which are commonly applied in three-phase
PFCs, have well-established and validated design methods [10],
[11], [12]. For this reason, subsequent studies have focused
on optimizing filter performance through optimal parameter
design [13], [14] and enhancing performance using auxiliary
circuits [15]. However, most studies focus on LCL filters, while
systematic comparisons of L, LC, and LCL filters in terms of
cost, performance, size, and efficiency remain limited. In [16],
L and LCL filters were compared in a 2 kW inverter system.
However, since the design conditions for each filter were not
identical, a fair comparison was challenging, and only a basic

Fig. 3. Single-phase equivalent circuit and phaser diagram of three-phase PFC.

performance evaluation was conducted. In [17], L, LC, and LCL
filters were compared, but the results were inconclusive and
primarily based on simulation data. To address these limitations,
this article presents a fair and objective comparison of L, LC, and
LCL filters designed under equivalent conditions. The filters are
experimentally evaluated in terms of performance, size, and effi-
ciency. The results provide practical guidance for filter selection
based on system priorities and are expected to reduce the design
and implementation time for three-phase PFC systems.

Next, the inrush current during the startup of the three-phase
PFC should be considered. As shown in Fig. 3, immediately after
PWM control starts, the lower pole voltage Vxo relative to the
grid voltage Vg induces a high voltage across the filter inductor,
resulting in excessive inrush current [18]. Therefore, duty-cycle
soft-start control, which linearly increases the duty cycle during
startup, was proposed in [19] and [20]. In addition, a ramp-based
reference control method that gradually increases the reference
value was proposed in [21]. However, these methods have an
inherent limitation in that reducing the inrush current requires
extending the soft-start duration, which inevitably increases the
overall startup time. In [22] and [23], the relationship between
input/output voltage and duty cycle was used to derive the
feedforward compensation components, which was added to the
controller output. These methods demonstrated improvements
in current total harmonic distortion (THD) and power factor;
however, the reduction in inrush current was not verified. In
[24], a nonlinear voltage controller that incorporates the square
of the error in an integral controller was proposed to improve
the control response, reducing both inrush current and settling
time compared to the conventional PI controller. However, since
the proposed control method is error-based, its response char-
acteristics may be slightly inferior to those achieved through
feedforward compensation.

Therefore, the proposed controller employs feedforward com-
pensation components to enhance startup responsiveness. How-
ever, since these components are derived from sensing values
and directly influence the control output, sensing errors, par-
ticularly those induced by switching noise, can compromise
system stability. To mitigate this issue, a startup control method
is proposed to reduce the impact of noise-induced errors in the
feedforward components. Experimental results confirm that the
proposed method achieves both fast startup and effective inrush
current suppression. Additionally, the three-phase PFC applied
to the ac–dc converter module in the fast charger should maintain
a stable dc link voltage even under no-load conditions, thereby
enabling an immediate response to various load connections.
Therefore, this article validates the suitability of the proposed
controller for the fast charger through no-load startup perfor-
mance and load connection experiments.
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In this article, a conventional PI controller is used for feed-
back control, excluding the feedforward compensation. Various
methods for determining PI controller gains have been described
in numerous studies [25], [26], [28]. These studies have derived
optimal gains based on mathematical formulations [25], [26]
or have selected gains for several cases and then determined
the optimal gain by analyzing system response characteristics
through bode plots and simulations [27], [28]. These methods are
expected to enable optimal gain selection when accurate system
modeling is ensured and to allow the actual system response
to match the simulation results. However, in practical systems,
parasitic elements vary depending on hardware, PCB design,
and overall system configuration, which limits the accuracy of
system modeling. Additionally, simulations have limitations in
accurately reflecting minor delays and sensing errors, making
it difficult to accurately evaluate controller responsiveness. As
a result, the gains derived solely from simulations or mathe-
matical formulations may not be directly applicable in practice,
necessitating experimental tuning. For this reason, this article
presents a practical gain tuning guideline based on experimen-
tal observations, detailing the impact of PI gain variation on
current waveforms and THD. This approach enables designers
to optimize controller parameters without relying on complex
system modeling, thereby facilitating efficient implementation
in practical applications.

Commonly, high-power PFCs use power modules with high
current ratings. However, since these modules are more expen-
sive than discrete devices and may also have limitations in adopt-
ing high-rated WBG devices, this article implements the PFC
hardware using three parallel-connected discrete SiC MOSFETS.
When driving devices in parallel, it is essential to consider the
temperature and current imbalance between the devices. In par-
ticular, SiC MOSFETS exhibit an increase in turn-ON delay time at
high temperatures, and their temperature-dependent variations
in I-V characteristics are more pronounced than those of Si
devices. As a result, temperature imbalances between parallel-
connected devices can lead to current imbalances [29], [30],
[31]. Therefore, this article proposes a hardware implementation
method that includes a detailed PCB layout and liquid-cooled
thermal design suitable for high-power systems, aiming to
mitigate temperature and current imbalances between parallel-
connected switches. The effectiveness of the proposed approach
is experimentally validated through temperature saturation tests,
confirming balanced thermal behavior under full-load operation.

Consequently, based on the aforementioned considerations,
this article presents the design, control, and hardware imple-
mentation strategies of a 50 kW three-phase PFC as follows.

1) In Section II, L, LC, and LCL filters are designed under
identical conditions, and their cost, volume, and efficiency
are compared through experimental results.

2) In Section III, a control strategy for limiting inrush current
in the three-phase PFC converter is described, and the
effects of PI gain on system characteristics are evaluated.

3) In Section IV, hardware implementation methods, includ-
ing PCB layout design for stable SiC MOSFET operation
and thermal management for efficient heat dissipation, are
explained.

Fig. 4. Commonly applied filter types for three-phase PFC.

4) In Section V, experimental results and key design consid-
erations are summarized.

II. EFFECTIVE FILTER SELECTION BASED ON FILTER DESIGN

AND PERFORMANCE COMPARISON

A. L, LC, and LCL Filters Design

The filter inductor Lc shown in Fig. 4 is a critical parameter
in determining the current ripple. Its value is defined by the

Lc =
Vdc

6fswΔIin,max
(1)

fc =
1

2π
√
LcCf

(2)

Lg =

√
1
k2
a
+ 1

Cf (2πfsw)
2 (3)

Lg = γLc (4)

10fg < fref < 0.5fsw (5)

voltage-current relationship of the inductor, as expressed in (1)
[10]. In (1), Vdc represents the maximum output voltage of the
PFC, fsw is the switching frequency, and Iin,max is the maxi-
mum input current. In addition, ΔIin,max denotes the maximum
allowable current ripple, which is limited to 10% of Iin,max in
this article. Next, the filter capacitor Cf is designed based on
the cutoff frequency fc, as expressed in (2). In this article, fc
is set to approximately 1/10 of the fsw. The grid-side inductor
Lg is calculated using (3) and can be expressed as a fixed ratio
γ of Lc, as shown in (4) [10], and [11]. In (4), ka represents
the harmonic current ratio between the input and output of the
filter. As ka decreases, the harmonic attenuation performance
of the filter improves, while a larger Lg is required, which
negatively impacts power density. Unlike L and LC filters, the
LCL filter allows for various design parameters by adjusting the
ratio betweenLg andLc while maintaining similar performance.
Therefore, this article determines the optimal parameters by
comparing the volume and cost of various LCL filter design
cases and then evaluates the final selected LCL filter against the
previously designed L and LC filters in terms of cost, volume,
and efficiency.

Table I provides filter design conditions, while Table II
presents the design parameters for each filter type, calculated
using (1)–(4). Additionally, Cf is fixed at 4.8 μF for all filter
types, corresponding to the design requirements of (2) for the
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TABLE I
FILTER DESIGN CONDITIONS

TABLE II
DESIGN PARAMETERS OF FILTER INDUCTORS

Fig. 5. Bode plot of designed L, LC, and LCL filters (LCL filter corresponds
to case 1).

LC filter and (5) for the LCL filter. To compare the performance
of different filter types under identical conditions, each filter
is designed with the same maximum current ripple and similar
attenuation performance near the switching frequency, as shown
in Fig. 5. Since both the L and LC filters use a single filter
inductor, the value of Lc required to satisfy the maximum
allowable current ripple remains consistent. However, in the case
of LCL filter, the addition of Lg allows the maximum allowable
current ripple to be satisfied with a smallerLc compared to other
filters. Moreover, Fig. 6 presents four LCL filter design cases
with different ka and γ that satisfy the same design conditions.

B. Hardware Design of L, LC, and LCL Filters

Inductor hardware design should consider the reduction in
inductance caused by dc bias. Neglecting this effect may re-
sult in current distortion from saturation, which, in extreme
cases, can lead to system failure caused by a short circuit [32],
[33]. Therefore, this article follows the design guidelines pro-
vided below for hardware implementation, based on empirical
principles.

1) The inductance should meet the design value at 50% of
the maximum current.

Fig. 6. LCL filter design cases according to ka and γ values.

TABLE III
HARDWARE INFORMATION OF Lc

TABLE IV
HARDWARE INFORMATION OF Lg

Fig. 7. Comparison of hardware volume and cost for different filter types.

2) At the maximum current, the inductance should retain at
least 30% of the design value.

Tables III and IV present the inductor hardware details im-
plemented in this article. For the relatively large inductance of
Lc, a block core is employed, whereas a toroidal core is used
for Lg . The comparison results of the volume and cost of each
filter are shown in Fig. 7. The volume and cost of the L filter
are set as reference values of 100, while those of the other
filters are calculated as relative values to facilitate comparison.



1184 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 1, JANUARY 2026

Fig. 8. Experimental setup and hardware of three-phase PFC. (a) Experimental
Setup. (b) Hardware.

From this result, a tradeoff is observed as the cost decreases
while the volume increases from Case 1 to Case 4. Considering
these trends, Case 2 is selected as the optimal parameter for
the LCL filter, as it demonstrates a relatively smaller volume
increase compared to the significant cost reduction. Therefore,
the following sections present the comparison results of the L
and LC filters along with Case 2 of the LCL filter.

C. Performance Comparison and Analysis Based on Filter
Types

Fig. 8 shows the experimental setup and hardware configu-
ration used to measure current THD for each filter type. The
experimental conditions are identical to Table I, and the current
THD measurement results under load variation are shown in
Fig. 9. To satisfy the hardware design guidelines described in
Section II-B, the filter inductor exhibits a higher inductance than
the designed value under light-load conditions. As a result, the
current THD is lower when applying L and LC filters (1322 μH
to 574μH) compared to the LCL filter (338μH to 229μH). How-
ever, as the load increases, the difference in current THD across
the three filter types decreases, and the target of 5% current THD
is achieved at one-third of the rated power, confirming that they
are designed to deliver similar performance. As shown in Fig. 10,
the experimental waveforms for each filter type under the 18 kW
load condition are presented. As shown in Fig. 9, the current
waveforms in Fig. 10(a) and (b) are similar. In contrast, Fig. 10(a)
shows that applying the L filter introduces a significant amount
of high frequency noise in the line-to-line voltage. The observed
waveforms indicate that switching noise from the switching leg

Fig. 9. Comparison results of current THD for different filter types.

is directly propagated to the grid side. This switching noise can
adversely affect multiple power conversion devices connected
to the same grid, necessitating mitigation through the addition
of filter capacitors, as shown in Fig. 10(b) and (c). In actual
systems, the addition of an EMI filter reduces noise on the
grid even when using an L filter; however, the design burden
of the EMI filter increases compared to LC and LCL filters with
filter capacitors. Considering the ongoing trend of increasing
switching frequencies with the use of WBG devices, relying
exclusively on an L filter may present challenges.

Next, Fig. 11 represents the efficiency comparison of the
overall system for each filter type. Previous experimental re-
sults have demonstrated that the L filter is difficult to apply
in high-frequency systems. Additionally, since its efficiency is
nearly identical to that of the LC filter, the analysis focuses on
the efficiency difference between the LC and LCL filters. For the
LC filter, the maximum efficiency ηmax˙LC is 98.65% at a 12 kW
load, and the full-load efficiency ηfull˙LC is 97.10% at a 50 kW
load. For the LCL filter, the maximum efficiency, ηmax˙LCL is
98.53% at a 15 kW load, and the full-load efficiency ηfull˙LCL

is 97.08% at a 50 kW load. Consequently, the system efficiency
is higher when the LC filter is applied under all load conditions,
with the maximum efficiency difference Δηmax observed to be
0.34% p in the main operating range.

In summary of the previous experimental results, when mini-
mizing system volume is the primary consideration in the design
of a three-phase PFC converter, applying an LCL filter is more
effective. On the other hand, when cost reduction, efficiency
maximization, and low current THD over a wide load range are
prioritized, applying an LC filter is more effective. Considering
this tradeoff, the system implemented in this article selects
the LC filter. Therefore, all experimental data presented in the
following sections reflect the results obtained with the LC filter.

III. PRACTICAL IMPLEMENTATION STRATEGIES FOR A STABLE

THREE-PHASE PFC CONTROLLER

A. Control Method for Inrush Current Reduction and Fast
Startup

Fig. 12 presents the inrush current waveforms during startup
without feedforward control. Since excessive inrush current
causes hardware damage, experiments are conducted under low



LEE et al.: EXPERIMENTAL INVESTIGATION-BASED PRACTICAL DESIGN GUIDELINE OF 50 KW THREE-PHASE AC/DC CONVERTER 1185

Fig. 10. Experimental waveforms at 18 kW for different filter types. (a) L
filter. (b) LC filter. (c) LCL filter.

input and output conditions (VLL : 220 Vrms, Vdc : 400 V, Po :
3 kW) to ensure that the hardware remains undamaged during
inrush events. As a result, the inrush current is measured at
approximately 100 A, which occurs because of the significantly
low pole voltage Vxo at startup compared to

Vd,ref =

(
kd,p +

kd,i
s

)
(id − id,ref ) + Vd (6)

Vq,ref =

(
kq,p +

kq,i
s

)
(iq − iq,ref ) + Vq (7)

the grid voltage Vg, as shown in Fig. 3. For this reason, the con-
ventional feedforward compensation method involves adding
the grid voltage magnitude Vd and phase Vq information to the
controller output, as shown in (6) and (7). As shown in Fig. 13,
this method increases the pole voltageVxo of each phase to match
the magnitude and phase of the grid voltage Vg when the PWM
control is initiated, thereby significantly reducing the magnitude
of the input current IL. In this process, the relationship among

Fig. 11. Efficiency comparison results based on filter types.

Fig. 12. Experimental waveform without feedforward control (VLL:
220 Vrms, Vdc: 400 V, Po: 3 kW).

Fig. 13. Single-phase equivalent circuit and phaser of three-phase PFC.

Fig. 14. Control block diagram of three-phase PFC.

the pole voltage, the modulation index ma, and the dc-link
voltage Vdc is considered, and a data scaling process is applied
to match the actual duty ratio. The control algorithm block
diagram reflecting this process is shown in Fig. 14, where the
overall controller performs DQ transformation using the phase
information θPLL obtained based on synchronous reference
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Fig. 15. Control algorithm for limiting inrush current of three-phase PFC.

frame – phase-locked loop (SRF-PLL) control. Additionally, the
composition of the controller includes voltage/current control
and feedforward compensation components.

However, this feedforward compensation method heavily
depends on sensing performance to obtain the Vd and Vq , in
addition to the Vdc information for data scaling. Therefore,
when accurate sensing performance is not provided, effective
inrush current limiting cannot be achieved, potentially leading to
system instability and divergence. The main factors that degrade
sensing performance are switching noise caused by high dv/dt
and di/dt. Although this noise may not present significant issues
at actual power levels, its impact on sensing circuits dealing with
small signals within 5 V can be dominant. Particularly, in WBG
device-based systems with high-speed switching characteristics,
the impact of switching noise is greater compared to conven-
tional systems, which necessitates considering the distortion of
the feedforward compensation components.

Therefore, this article proposes the control algorithm shown
in Fig. 15. All components required for feedforward compensa-
tion are derived during the precharging operation before PWM
control starts, ensuring high control stability that is unaffected
by switching noise. During the precharging operation, Vd and
Vq are derived through SRF-PLL control based on grid volt-
age sensing and are input as constant values to the controller.
As a result, stable feedforward components can be input to
the controller without the influence of switching noise before
PWM control begins. During PWM control, the feedforward
components maintain the constant values (corresponding to No.
1 in Fig. 15). To prevent inrush current caused by a large error
when directly applying the target reference voltage Vdc,target,
which is approximately 280 V higher than Vdc at startup, Vdc,ref

is defined as Vdc + α at the precharging operation OFF point
(The explanation for selecting α is presented in the following

paragraph.). After startup, Vdc,ref increases linearly until it
reaches Vdc,target (corresponding to No. 2 in Fig. 15). Further-
more, applying a soft start is essential to effectively suppress in-
rush current, but this should be accompanied by the appropriate
incorporation of the previously derived feedforward components
into the controller output. Thus, accurate data scaling is crucial.
The data scaling value is determined by the ratio of the Vdc to
the carrier peak voltage Vtri,peak. However, inaccurate sensing
of Vdc may lead to instability in feedforward compensation.
Therefore, in this study, Vdc is set to the Vdc,ref , which is
not affected by sensing accuracy, ensuring a stable controller
implementation (corresponding to No. 3 in Fig. 15). For this
reason, the data scaling value increases linearly as Vdc,ref rises
during startup. AfterVdc,ref is fixed atVdc,target, the data scaling
value remains constant (corresponding to No. 4 in Fig. 15).
As a result, using Vdc,ref instead of Vdc,target for data scaling
allows the scaling value to be influenced by the soft start during
startup, effectively suppressing inrush current while maintaining
a constant value after startup.

The three-phase PFC used in ac–dc converter module is
required to maintain a stable dc link voltage even under no-load
conditions, ensuring immediate response to load connections.
Therefore, to validate the effectiveness of inrush current limita-
tion and no-load control performance, operational verification
is performed, as shown in Fig. 16(a). The PFC reaches the target
Vdc under no-load conditions approximately 30 ms after startup.
Subsequently, as the load is connected, the PFC begins supplying
10 kW to the load. Fig. 16(b) and (c) represents the transient
response characteristics during no-load control and load con-
nection, respectively. Fig. 16(b) confirms that the inrush current
is eliminated, and the initial current at startup is approximately
10 A by applying the proposed control algorithm. Additionally,
Fig. 16(c) confirms that the designed system operates stably even
when a 10 kW load is connected.

Next, the reason for selecting α is explained. When α is
set to zero at startup, meaning that Vdc,ref is equal to Vdc

at the precharging operation OFF point, the startup waveforms
correspond to Fig. 17(a). Additionally, when Vdc,ref is initially
set to Vdc,target, the startup waveforms correspond to Fig. 17(b).
As a result, when α is set to zero, Vdc experiences difficulty in
rising due to the low Vdc,ref , leading to an extended startup
time. However, since accurate data scaling values are provided
at startup when the feedforward component is applied, the initial
current remains similar to that in Fig. 16. On the other hand,
when Vdc,ref is fixed at Vdc,target during startup, the startup
time is observed to be similar to that shown in Fig. 16. However,
inaccurate data scaling leads to an increase in the initial current
to approximately 35 A. Consequently, setting Vdc,ref slightly
higher than Vdc at the precharging operation OFF point is advan-
tageous for reducing startup time and limiting inrush current,
resulting in the selection of α as 20.

B. Experimental Investigation-Based PI Gain Tuning
Guidelines

This article analyzes waveform variations based on controller
gains through experimental verification to provide guidelines for
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Fig. 16. Experimental waveforms of no-load startup and load connection.
(a) No-load startup and load connection. (b) Transient response characteristics
during no-load startup. (c) Transient response characteristics during load con-
nection.

gain tuning. As shown in Fig. 14, the three-phase PFC consists
of a voltage controller, a d-axis current controller responsible for
current magnitude, and a q-axis current controller responsible
for current phase. Each controller is implemented using a PI
controller, resulting in three pairs of PI gains in total.

System characteristics variations with respect to controller
gains can be examined by categorizing them into steady-state
and dynamic characteristics. First, the steady-state character-
istics are compared by observing waveform variations while
Vdc remains constant, indicating that the output of the voltage
controller is in a steady state. Therefore, with the PI gains of
the voltage controller fixed at 0.1 and 2, the waveform and
current THD variations are analyzed by classifying the cases
into three types: increasing only the PI gain of the d-axis current
controller, increasing only the PI gain of the q-axis current
controller, and increasing the PI gains of both current controllers.
The experimental conditions are shown in Table V, and the
experimental results for gain variations under an 18 kW load

Fig. 17. Experimental waveforms of startup according to Vdc,ref variation.
(a) Vdc,ref being equal to Vdc. (b) Vdc,ref being equal to Vdc,target.

TABLE V
GAIN TUNNING TEST CONDITIONS

condition are presented in Table VI and Fig. 18. Additionally,
for specific cases in which current variations are prominent in the
current THD graph of Fig. 18, the corresponding waveforms are
presented in Fig. 19. In Case I, where the d-axis and q-axis cur-
rent controllers have small gains, a significant current imbalance
is observed, as shown in Fig. 19(a). The effect of increasing only
the d-axis gain while keeping the q-axis gain fixed is analyzed
by evaluating current THD and waveforms. The results indicate
that the current imbalance remains unresolved, while current
oscillations intensify, leading to an increase in current THD.
Specifically, when the d-axis P gain becomes excessively high,
irregular current oscillations intensify, as shown in Fig. 19(b).
Next, with the d-axis gain set to its initial value, the q-axis gain
is increased to examine its effect. The results indicate that as
the q-axis P gain increases, the current imbalance improves,
as shown in Fig. 19(c). However, when the I gain becomes
excessively high, the current THD increases, as observed in Case
XI. With the q-axis gain from Case X, which exhibits the lowest
current THD, the d-axis gain is further increased as in Cases XII
and XIII to examine changes in current THD and waveforms.
As a result, current THD slightly improves as the d-axis gain
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Fig. 18. Experimentally measured current THD according to gain variation under an 18 kW load condition.

TABLE VI
GAIN TUNNING TEST RESULTS AT 18 KW LOAD

increases. For this reason, this article selects the gain from Case
XIII, and Fig. 10(b) shows the experimental waveforms with this
gain applied.

Next, the current THD variation according to gain is investi-
gated under increasing load conditions. Since previous experi-
ments confirmed that increasing the gain of the q-axis current
controller does not improve the waveform once the current
imbalance issue is resolved, the current THD variation under
different load conditions is examined only for Case X and Case
XIII. In Fig. 20, the application of the gain in Case X causes
the current THD to increase as the load increases. In contrast,
the application of the gain in Case XIII results in a negligible
change in current THD with increasing load, maintaining current
THD within 5% up to an output of 50 kW. Moreover, Fig. 21
presents the experimental waveforms under 40 kW and 50 kW
load conditions with Case X and Case XIII. A comparison of
experimental waveforms clearly verifies the improvement in
current THD achieved through the application of the gain in
Case XIII. Consequently, these results indicate that even if the
target current THD is achieved at an intermediate load level,
current distortion may occur as the load increases, which can be
mitigated by increasing the d-axis current gain.

Fig. 19. Experimental waveforms according to gain variation under an 18 kW
load condition. (a) Case I. (b) Case VI. (c) Case X.

Finally, the dynamic characteristics are evaluated when ap-
plying the final selected Case XIII. The dynamic characteristics
exhibit noticeable changes depending on the voltage controller
gain. As commonly understood, increasing the voltage controller
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Fig. 20. Experimental waveforms according to gain variation.

gain enhances the response speed. Fig. 22 illustrates the system
response characteristics during the transition from no load to
an 18 kW load with the application of Case XIII. During this
transition, the dc output current increases at a rate of 2 A/μs.
The voltage controller is configured with the same PI gains as
in the previous experiment, set to 0.1 and 2, respectively. As a
result, Vdc requires approximately 1.28 s to recover to 800 V
immediately after the 18 kW load connection. Considering that
typical dc chargers are designed with a maximum charging
current slew rate of 20 A/s or higher and a response time within
1 s, this result sufficiently ensures fast transient performance.
Consequently, reducing the voltage controller gain only slows
the response speed without causing other problems. In contrast,
increasing the gain initially enhances the response speed but
eventually leads to voltage controller oscillations in the steady
state, resulting in current distortion, as shown in Fig. 23.

Based on the experimentally validated waveform variations
according to the controller gain, the following gain tuning guide-
lines are proposed. First, steady-state current imbalance can be
mitigated by increasing the q-axis current controller gain, while
increasing the d-axis current controller gain helps reduce current
distortion. After resolving the current phase imbalance through
q-axis current controller gain tuning, the tuned gain remains
effective regardless of load variations.

However, for the d-axis current controller gain, it is essential
to verify whether current distortion occurs as the load increases.
Even with the same gain, an increase in output power may
lead to higher input current, which can cause current waveform
distortion. This issue can be addressed by further increasing the
d-axis current controller gain. Next, for the voltage controller
gain, a higher value improves response speed; however, if set
excessively high, it may induce current oscillations. Therefore,
the voltage controller gain should be gradually increased from
a low value to ensure that the target system achieves the desired
response speed.

IV. PFC HARDWARE IMPLEMENTATION METHOD

Fig. 24 presents the three-phase PFC hardware implemented
in this article. The hardware is divided into two layers and
follows the configuration shown in Fig. 25. The gate driver board
on the upper layer receives PWM signals from the MCU and

Fig. 21. Experimental waveforms according to gain variation under 40 kW
and 50 kW load conditions. (a) Case X under a 40 kW load condition. (b) Case
XIII under a 40 kW load condition. (c) Case X under a 50 kW load condition.
(d) Case XIII under a 50 kW load condition.

delivers them to the gates of the SiC MOSFETS on the lower
layer via an isolated gate driver circuit. Additionally, Fig. 26
illustrates the PCB layout of the gate driver board and power
board corresponding to one leg of the three-phase PFC, with
the components used listed in Table VII. In this article, discrete
type three-parallel SiC MOSFETS are utilized, so the PWM signal
generated from a single gate driver is delivered to three switches.
For this reason, the PCB layout from the gate driver circuit
to the SiC MOSFETS is configured to achieve symmetry and
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Fig. 22. Transient response characteristics under an 18 kW load connection.

Fig. 23. Experimental waveforms of current distortion caused by the increase
in voltage PI gain.

Fig. 24. Hardware implementation of three-leg switching stage in the 50 kW
PFC.

TABLE VII
HARDWARE INFORMATION

consistency, ensuring similar parasitic effects on each switch.
Moreover, as shown in Fig. 26(a), in addition to the gate resistors
directly connected to the gate driver output, gate resistors are
positioned immediately before the gate of each switch, as shown
in Fig. 26(b). With this configuration, switching oscillation
is reduced and current distribution is balanced compared to

Fig. 25. Hardware configuration of three-leg switching stage.

Fig. 26. PCB layout for a single leg of a three-phase PFC. (a) Gate driver
board. (b) Power board.

a configuration in which parallel-connected switches share a
single gate resistor [34], [35].

Since SiC MOSFETS exhibit significant variations in inter-
nal resistance with temperature changes, the temperature of
parallel-connected devices should be consistently maintained
[29], [30], [31]. When a temperature imbalance occurs, the
switch with the lower temperature has reduced internal resis-
tance, leading to current concentration and potential device
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Fig. 27. Thermal dissipation path of three-parallel SiC MOSFETs.

Fig. 28. Temperature measurement results in three-parallel SiC MOSFETs.

failure from exceeding the rated current. Accordingly, this article
implements a liquid cooling channel, as shown in Fig. 27, to
achieve thermal uniformity in the three-parallel SiC MOSFETS.
Since the liquid temperature is relatively lower at the inlet,
effective heat dissipation can be achieved. Therefore, two of the
three parallel switches are positioned along the liquid inlet path,
while the remaining switch is placed along the liquid outlet path.
Consequently, as shown in Fig. 28, the temperature difference
among the parallel-connected switches remains negligible under
all load conditions. Moreover, under a 50 kW load condition,
the switch temperature stabilizes at approximately 75 °C after
operating for 7 min

Tcase = Tcoolant + Ploss(Rth(c−h) +Rth(h−cl)) (8)

Tj = Tcoolant + Ploss(Rth(j−c) +Rth(c−h) +Rth(h−cl)).
(9)

Next, the junction temperature estimation based on the ther-
mal model is used to validate the proposed cooling design and
assess its applicability under extreme temperature conditions.
Assuming a simplified thermal model, the case temperature can
be estimated based on (8). The thermal resistances Rth(c-h)

and Rth(h-cl) represent the heat transfer from the case to the
heatsink and from the heatsink to the coolant, respectively. While
Rth(h-cl) is typically specified in the heatsink datasheet, Rth(c-h)

varies between 0.3 and 0.5 °C/W depending on screw tightening
torque and the contact condition of the insulating pad. To align
with the experimentally measured case temperature of 75 °C,

TABLE VIII
SPECIFICATIONS OF LIQUID COOLING SYSTEM AND THERMAL MODEL

Rth(c-h) is back-calculated. The detailed specifications of the
liquid cooling system and thermal model applied in this study
are summarized in Table VIII. The junction temperature Tj can
be estimated using (9). The junction-to-case thermal resistance
Rth(j-c) is referenced from the datasheet of the employed SiC
MOSFET. As a result, the junction temperature is estimated to
range from a minimum of 84.4 °C to a maximum of 87.2 °C.
Therefore, the proposed cooling system ensures that the de-
vice operates reliably within its maximum allowable junction
temperature. Moreover, these results indicate that the device
can operate reliably without exceeding the 175 °C junction
temperature limit, even when the coolant temperature increases
to around 50–60 °C. Therefore, designers considering operation
under more extreme temperature conditions than those in the
experimental setup of this article can refer to these results.

V. CONCLUSION

This article presents design guidelines for the practical im-
plementation of a 50 kW three-phase PFC converter used in
dc fast charging systems. A quantitative analysis of volume,
performance, cost, and efficiency for different filter types is
conducted to provide selection criteria for designers. Based
on the analysis results and tradeoff considerations, this article
applies an LC filter and achieves a maximum efficiency of
98.65%. Additionally, control strategies based on feedforward
compensation are proposed for stable startup, and experimental
validation confirms that the initial current is limited to approx-
imately 10 A. Moreover, a detailed analysis of waveform and
current THD variations with respect to changes in the controller
gain provides gain tuning guidelines. As a result, optimizing the
controller gain based on the proposed guidelines ensures that
the current THD remains within 5% in the primary operating
region. Additionally, the PCB layout design and liquid-cooled
heat dissipation structure are discussed for preventing current
imbalance and achieving thermal uniformity in three-parallel
SiC MOSFETS. Based on the implemented hardware, temperature
measurement experiments confirm that the temperatures of the
parallel-connected switches remain balanced regardless of load
conditions. Consequently, under the maximum output condition,
the switch temperature saturates at approximately 75 °C after
7 min of operation.
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TABLE IX
DESIGN CONDITIONS OF 22 KW THREE-PHASE PFC

TABLE X
DESIGN PARAMETERS OF LC FILTER

TABLE XI
HARDWARE INFORMATION

APPENDIX A
IMPLEMENTATION AND VALIDATION OF 22 KW

THREE-PHASE PFC

In this section, a three-phase PFC is designed based on the
proposed design guideline to satisfy the specifications listed
in Table IX, and its performance is experimentally validated
through hardware implementation. The results verify the ef-
fectiveness of the proposed guideline and further demonstrate
its applicability at relatively low power levels regardless of the
system capacity.

A. LC Filter Design

The design values of the LC filter obtained from (1) and (2),
along with the hardware implementation results, are summarized
in Table X. ΔIin,max is set to 10 A, which corresponds to 20%
of Iin,max, and fc is selected as 1/10 of fsw. In addition, the
filter inductor is implemented using the same method described
in Section II-B.

B. Hardware Implementation

The components used for the hardware implementation of
the 22 kW three-phase PFC are listed in Table XI, and the
corresponding results are presented in Fig. 29. Considering the
current rating and efficiency, two discrete-type SiC MOSFETS are
connected in parallel. The PCB layout for this configuration is
implemented using the same method described in Section III,
as shown in Fig. 30. However, since the current rating of the

Fig. 29. Hardware implementation of 22 kW three-phase PFC.

Fig. 30. PCB layout of three-phase PFC. (a) Gate driver board. (b) Power
board.

Fig. 31. Experimental waveforms at 15 kW and 22 kW under an output voltage
of 700 V. (a) 15 kW. (b) 22 kW.

TABLE XII
PERFORMANCE COMPARISON OF STARTUP CONTROL
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TABLE XIII
SPECIFICATION AND PERFORMANCE COMPARISON WITH EXISTING STUDIES

Fig. 32. Experimental results of efficiency and current THD.

22 kW system is approximately 50% lower than that of the 50 kW
system designed in the main text, forced-air cooling is employed
instead of liquid cooling, while still ensuring adequate thermal
management.

C. Experimental Validation

Fig. 31 shows the steady-state waveforms of the designed
PFC under the main operating conditions at load levels of
15 kW and 22 kW under an output voltage of 700 V. The con-
troller is implemented based on the design method described in
Section IV, and the gain parameters are also selected according
to the proposed guideline. Fig. 32 presents the measured current
THD and efficiency of the implemented 22 kW PFC under vari-
ous load conditions. The system maintains a current THD below
5% within the main operating range and achieves a maximum
efficiency of 98.75% at 12 kW, as well as a full-load efficiency
of 98.45% at 22 kW.

APPENDIX B
SPECIFICATION AND PERFORMANCE COMPARISON

In Table XII, the startup performance of the proposed method
is compared with that of existing studies. The results confirm that
the proposed method achieves fast startup time and low initial

current, even under the highest output voltage condition. In ad-
dition, Table XIII summarizes the comparison of specifications
and performance between existing studies and the 50 kW and
22 kW three-phase PFCs designed in this article. The results
confirm that the three-phase PFC converters developed based
on the proposed design guidelines achieve competitive per-
formance compared to previously published high-performance
works. Notably, the 50 kW PFC designed in this study features
the highest output power rating among the existing studies.
To support this power level, a three-parallel discrete-type SiC
MOSFET configuration and liquid cooling are employed. These
results demonstrate the effectiveness of the proposed design
guidelines and provide valuable reference for designers aiming
to implement high-power systems.
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