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Abstract- This paper investigates the challenges in designing 

and implementing silicon carbide (SiC) full-bridge inverters that 
operate at multi-MHz multi-kW, aiming at exciting high-power 
capacitive power transfer (CPT) systems. There are three contri-
butions. First, this paper firstly reveals the drain-source current 
and voltage oscillations of a zero-voltage-switched-on (ZVS) full-
bridge inverter caused by the large hard switching-off current of 
MOSFET when working at multi-MHz and multi-kW, which 
emerges as the main challenge that limits the further increase of 
the switching frequency. Second, a methodology to enhance the 
high-frequency switching of a full-bridge inverter is explicated in 
terms of switching device selection, gate-driving circuit design, 
ZVS realization, and inverter layout optimization. Three inverter 
examples are respectively implemented based on three commer-
cial gate driver chips, UCC5390, IXRFD631, and UCC27531D 
with SiC MOSFET C3M0060065K. The implemented inverters 
can work from 1 MHz at 6.59 kW to 5 MHz at 1.09 kW, which 
creates new power and frequency records of a SiC full-bridge 
inverter and points out the ZVS switching limit of 3.5MHz.  
Third, an impressive 3 MHz 4.34 kW capacitive power transfer 
(CPT) system is constructed based on the implemented inverters, 
which achieves a dc-dc efficiency of 94.14% at a distance of 120 
mm, validating the proposed multi-MHz and multi-kW SiC full-
bridge inverter design and boosting the development of CPT 
technology.  

Index Terms— Silicon carbide (SiC) MOSFET, full-bridge in-
verter, capacitive power transfer, multi-kW and multi-MHz 

I. INTRODUCTION 

Recently, capacitive power transfer (CPT) technology has 
shown good potential in applications of medical equipment, 
underwater scenarios, and even railway applications [1]-[4]. 

In a CPT system, the inverter works as the AC power 
source exciting the alternating electric fields for wireless pow-
er transfer (WPT). Considering the proportional relationship 
between the power transfer capability of a CPT system and the 
operating frequency and the coupling capacitance, a multi-
megahertz (multi-MHz) operating frequency is generally nec-
essary to achieve multi-kW power transfer due to the weak 
coupling capacitance (picofarad level) of the capacitive cou-

 
 Manuscript received June 17, 2024; revised Sep. 23, 2024; accepted Dec. 

28, 2024. This work was supported by XXX program. (Corresponding Au-
thor: Hua Zhang) 

Yao Wang is with the School of Electrical and Electronic Engineering, 
Nanyang Technological University, Singapore, 639798, Singapore. (e-mail: 
yao.wang@ntu.edu.sg) 

Shuyan Zhao is with ABB US Research Center, ABB Inc., Raleigh, NC 
27606, USA (e-mail: shuyan.zhao@us.abb.com) 

Fei Lu and Hua Zhang are with the Department of Electrical and Computer 
Engineering, Lehigh University, Bethlehem, PA 18015, USA. (e-mail: 
fel324@lehigh.edu; huz524@lehigh.edu). 

pler in air [5]. Namely, a multi-MHz multi-kW inverter is 
needed in high-power CPT systems. Recently, benefiting from 
wide band-gap (WBG) semiconductors, such as silicon car-
bide (SiC) and gallium nitride (GaN) switching devices, MHz 
high-power AC power sources have become accessible [6]-[7]. 

An AC source can be realized by two approaches: 1) reso-
nant power amplifiers, such as class-D [8]-[21], class-E [22]-
[33], and class-EFn amplifiers [33]-[51]; 2) full-
bridge/multiphase inverter [52]-[82], [83]-[100]. In compari-
son, a resonant power amplifier usually needs fewer switches 
with a simpler topology, smaller parasitic parameters, and less 
complex gate driver circuits. Fig. 1(a) summarizes the perfor-
mance of existing power amplifiers.  

Class-D amplifiers generally use two power switches [8]-
[21]. For example, the voltage-mode class-D (VMCD) ampli-
fier is constructed in a half-bridge structure [8]-[16], which 
has fewer parasitic elements in its power loop than a full-
bridge inverter. However, the output AC voltage is decreased 
by half with the same input DC voltage. Meantime, the high-
side switch of a VMCD amplifier still needs an isolated gate 
driver. The current-mode class-D (CMCD) amplifier consists 
of two low-side switches with two high-side inductors [17]-
[21] which does not require isolated gate drivers. However, 
the voltage stress of switches is 3.14 times the input DC volt-
age [17], which is adverse for high-power applications. Ref. 
[16] has shown a 1.7 kW VMCD amplifier at 13.56 MHz, 
while Ref. [21] demonstrates a 100 MHz CMCD amplifier 
with a low power of 12 W. 

Class-E amplifiers present good simplicity in both circuit 
topology and gate driver design by using only one switch at 
the low side [22]-[33], beneficial to muti-MHz switching. It 
also has the advantages of zero-voltage switching (ZVS) and 
accessible zero-voltage derivative switching (ZVDS) for min-
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(a) resonant power amplifiers              (b) full-bridge/multiphase inverters 

Fig.1. Summary of state-of-the-art designs. (a) Power vs. frequency of existing 
power amplifier designs, referring to [8]-[21], [22]-[33], [34]-[51]; (b) Com-
parison of power vs. frequency for SiC- and GaN-based full-bridge/multiphase 
inverter in a WPT system, referring to [52]-[82], [83]-[100]. 
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imal switching loss. The drawback is that the peak voltage on 
the switch can achieve up to 3.6 times the input DC voltage 
[37], and the optimal ZVS operation depends on its load con-
dition. The single-switch structure also limits its power level. 
Refs. [32] and [33] demonstrated state-of-the-art 1 kW and 
200 W class-E amplifiers working at 13.56 MHz and 40.68 
MHz, respectively. 

Class F amplifiers add resonant LC tanks to the load net-
work [34] to control the harmonics of the drain-source voltage 
and current of the switch. Applying this method to a class-E 
amplifier, a hybrid class-EFn amplifier is derived [35]-[37], 
consisting of a class-E topology and an additional LC network 
paralleled to the switch. The subscript n refers to the harmon-
ics to which the LC resonant network is tuned. The class-EF2 
amplifier, also named Class-Φ2 amplifier [38]-[51], whose 
power switch burdens a peak voltage of 2.2 times the input 
DC voltage [40], has become more attractive than class-E to-
pologies in high-power applications. Ref. [43] presents a 2kW 
single-end class-EF2/Φ2 amplifier working at 13.56MHz. Be-
sides, the push-pull class-EF2/Φ2 amplifier is further proposed 
with a high power capability, and the output power reaches 2.2 
kW at 6.78 MHz [44], [45]. 

Based on Fig. 1(a), power amplifiers with a reduced number 
of switches facilitate high-frequency operation at multi-MHz. 
However, it is challenging to further increase its power level 
because an amplifier usually only contains one or two switch-
es [15], and the voltage stress on the switch may be much 
higher than the input DC voltage. Furthermore, the output 
voltage may not be load-independent, e.g., Class-E/EFn, which 
is unfriendly for users.  Therefore, it is necessary to investi-
gate other alternatives with more switches to enhance the 
power capability [99], and the full-bridge/multiphase inverter 
is a candidate as summarized in Fig. 1(b). 

Fig. 1(b) shows SiC- and GaN-based full-bridge/multiphase 
inverters in WPT systems [52]-[82], [83]-[100]. In comparison, 
a GaN device can switch at high frequency due to its smaller 
parasitic elements and lower driving voltage range. In the mul-
ti-kW and multi-MHz area, GaN-based inverters have been 
adopted [87]-[88], [98]-[99]. However, gallium nitride materi-
al has poorer thermal conductivity than silicon carbide materi-
al and the small package size of GaN switches is also adverse 
for heat dissipation. It means that the SiC devices have better 
thermal management capability. Due to the small package, 
GaN-based inverters require an elaborately designed cooling 
system [88], [99] that increases complexity in a practical im-
plementation. Meanwhile, SiC devices demonstrate higher 
breakdown voltage than GaN devices due to the larger dielec-
tric constant of materials. For example, the voltage rating of a 
commercial SiC device can reach 1200V or 1700V, but a GaN 
device usually operates below 650V. The higher voltage rating 
facilitates higher power conversion capacity [55]. According 
to Fig. 1(b), the existing SiC-based inverters mainly work at 
around 1 MHz or lower frequency, and current applications 
lack attempts at higher frequencies. Investigation on the limi-
tations of a high-frequency high-power full-bridge inverter is 
insufficient, meantime, the switching limit of a SiC full-bridge 
inverter and the boundary between SiC and GaN inverters in 

multi-MHz multi-kW area is still unclear.  
This paper aims to explore the upper limit of the switching 

frequency of a SiC full-bridge inverter when working a multi-
kW applications and reveal the dominant factors that limit the 
further increase of the switching frequency. The main contri-
butions are explicated below. 

First, compared to the existing work generally focusing on 
the oscillations caused by hard-switching, this paper firstly 
reveals the oscillations in a ZVS-operated full-bridge inverter 
caused by large turn-off current IOFF when working at multi-
kW multi-MHz scenarios. The interference of inverter oscilla-
tion on the gate driving signals limits the achievement of the 
higher switching frequency of a ZVS-operated inverter. 

Second, this paper is the first to comprehensively analyze, 
design, and implement SiC H-bridge inverters aiming at multi-
kW multi-MHz. The work explicates the methodology to en-
hance high-speed switching of a full-bridge inverter by device 
selection, driving circuit design, ZVS realization, and parasitic 
inductance minimization via PCB layout design, which signif-
icantly extends the achievable power and frequency records of 
SiC inverter with 6.59 kW at 1MHz and 1.09 kW at 5MHz, as 
shown in Fig. 1 (b). A ZVS switching limit of 3.5MHz of the 
SiC full-bridge inverter is pointed out.  

Third, the implemented inverter is adopted to energize a ca-
pacitive power transfer (CPT) prototype, which achieves a 
record-breaking 4.34 kW power transfer capability at 3MHz 
with 94.14% DC-DC efficiency. 

II. OSCILLATION ANALYSIS OF ZVS-OPERATED FULL-BRIDGE 
INVERTER 

A high-frequency high-power full-bridge inverter is gener-
ally required to work with zero-voltage switching-on (ZVS) 
operation. Apart from reducing switching-on loss, compared 
to hard switching-on, ZVS operation can eliminate the rush 
charging and discharging currents of the Coss at turn-on transi-
ents (mitigate di/dt and dv/dt), suppressing drain-source cur-
rent and voltage oscillations of MOSFETs, as shown in Fig.2, 
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Fig.2. working waveforms of a (a) hard-switched-on inverter; (b) zero-
voltage-switched-on inverter. 
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consequently contributing to clean gate-driving signals and 
safe operation of the inverter.  

However, it is also noted that in a full-bridge inverter, the 
ZVS turn-on is always accompanied by a hard switching-off in 
which a positive turn-off current IOFF of MOSFET exists, as 
shown in Fig.2 (b). When working at a low frequency, e.g. 
100kHz, a long dead time Tdead can be utilized and a small 
turn-off current IOFF works well for achieving ZVS, which 
does not bring about big issues. However, as the switching 
frequency increases to multi-MHz, the dead time Tdead has to 
reduce accordingly. In this case, a large turn-off current IOFF is 
inevitable in a ZVS-operated inverter. The increased IOFF 
means high di/dt in the parasitic inductance during the turn-off 
transient, meantime, a large IOFF will charge and discharge Coss 
faster, causing high dv/dt. The large di/dt and dv/dt caused by 
IOFF jointly aggravate the inverter oscillations despite the ZVS 
operation, which will significantly endanger the reliability of 
gate driving signals, emerging as the critical limitation of mul-
ti-MHz and multi-kW inverter. 
A. High-Frequency Modeling of Full-Bridge Inverter 

Fig. 3 shows the high-frequency circuit model of a full-
bridge inverter, including four switches S1~S4. Ldc1~Ldc4 are 
parasitic inductances at the DC side, and LD1~LD4 and LS1~LS4 
are parasitic inductances attributed to device leads and circuit 
traces. Cgd, Cgs, and Cds are junction capacitances, and LD(int), 
LS(int), and RG(int) are respectively the internal parasitic induct-
ance and resistance. Vdrive is the voltage supply for the driver 
circuit, and LG is the total parasitic inductance in the driving 
loop. RG(ext) is an externally added driving resistance. 

In Fig.3, when a switching device works at multi-MHz, par-
asitic parameters are not negligible. RG(int) and Cgs slow down 
the tun-on/off speed and also induce driving power loss. Cds 
causes difficulty in achieving ZVS in high-frequency opera-
tion, resulting in a larger turn-off current. Cgd and LS(int) can 
cause coupling between the control and power sides, inducing 
interference to gate drivers when high dv/dt and di/dt occur.  
B. ZVS Turn-on and Hard-Switching-off Analysis 
(1) Switching Transient Analysis 

To achieve ZVS, an inductive load is a prerequisite and the 
inverter MOSFETs will turn off at a positive drain-source cur-
rent IOFF (namely, hard switching-off), which can fully dis-
charge the output capacitance Coss of the other MOSFET of 

the same bridge leg that needs to be turned on [4]. 
Fig.4 shows the conceptual transient waveforms of zero-

voltage-switched-on S1 and S3 accompanied by hard-switched-
off S2 and S4 as an example. Fig.5 shows the working condi-
tion of the inverter at each switching transient while Fig.6 and 
Fig.7 respectively demonstrate the states of zero-voltage-
switched-on S1 and hard-switched-off S2. 

1) t0-t1: At the initial steady-state condition, S2 and S4 are 
conducting while S1 and S3 are off-state, shown in Fig.5(a), 
Fig.6 (a) and Fig.7(a). 

2) t1-t2: At t1, S2 and S4 start to turn off with a positive cur-
rent IOFF due to an inductive load, namely hard switching-off. 
S1 and S3 are still off-state, and the inverter enters dead-time 
duration. Then, IOFF starts to discharge Coss1 and Coss3 and 
charge Coss2 and Coss4, as shown in Figs.5 (b), 6 (b) and 7(b). 
At t1, iCoss1=iCoss3=0 and iCoss2=iCoss4=IOFF are achieved. 

 
Fig.4. Transient waveforms of ZVS turn-on for S1 and S3 and hard switching 
off for S2 and S4. 
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Fig.3. Equivalent circuit model of a full-bridge inverter at high frequency, considering parasitic parameters of circuit components and PCB layout. The dc side 
inductances Ldc1 and Ldc2, bridge-leg inductances Lb1 and Lb2, and lead inductances LD1~LD4, LS1~LS4 should be paid attention to for high-frequency operation. 
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                   (a) t0-t1                                          (b) t1-t2                                       (c) t2-t3                                    (d) t3-t4                                            (e) t4-t5 
Fig.5. ZVS turn-on transient analysis of S1 and S3; (a) On-state S2 and S4 and off-state S1 and S3. (b) Deadtime duration: S2 and S4 turn off with Coss2 and Coss4 
charged and Coss1 and Coss3 discharged; (c) Deadtime duration: body diodes of S1 and S3 conduct with fully discharged Coss1 and Coss3; (d) ZVS turn-on of S1 and S3 
and current commutes from body diode to drain-source channel; (e) Forward conducting S1 and S3, and off-state S2 and S4. 
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Fig.6 State of MOSFET S1 during zero-voltage-switching-on transients 
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Fig.7 State of MOSFET S2 during hard-switching-off transients 
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Fig.8. Equivalent charging/discharging circuit of output capacitance during ZVS turn on of S1, (a) interval t1-t2; (b) t2-t5, considering parasitic parameters. 
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Fig.9. Conceptual waveforms of oscillations in currents i1 and i2 during ZVS turn-on transient of S1, (a) interval t1-t2; (b) t2-t5, considering parasitic parameters. 
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Fig.8 (a) shows the equivalent circuit of Coss1~Coss4 during 
t1-t2. R1~R4 represents the parasitic resistances. The inductive 
load is considered a current source IOFF. At t1, i1=i3=0 and 
i2=i4=IOFF are initiated. Assuming that the inverter has identi-
cal parasitic parameters for each device, it is straightforward 
to derive the steady state of the circuit in Fig.8 (a): 

1 2 3 4 2OFFi i i i I= = = =                         (1) 
Fig.9 (a) shows the conceptual curves of i1 and i2 during t1-

t2. R1~R4 are very small, therefore, the currents will experience 
attenuated oscillations before stabilizing at IOFF/2. 

3) t2-t3: As shown in Fig.5, at moment of t2, Coss1 and Coss3 
fully discharge. Afterward, body diodes of S1 and S3 are forced 
on, and the charging current of Coss1 and Coss3 commutes to 
body diodes, as shown in Figs.5(c), 6(c) and 7(c). During t2-t3, 
S1 and S3 voltages are clamped by the forward voltage of body 
diodes, creating a ZVS turn-on condition for S1 and S3. 

Fig.8 (b) shows the equivalent circuit of Coss2 and Coss4 dur-
ing t2-t5. The conducting body diodes of S1 and S3 deactivate 
Coss1 and Coss3. The steady state of Fig.8 (b) satisfies (2). Simi-
larly, due to small parasitic resistances, i1~i4 will oscillate to 
the steady state, as shown in the conceptual curves in Fig.9 (b). 

1 3 2 4, 0OFFi i I i i= = = =                            (2) 
4) t3-t4: According to Fig.4, at the moment of t3, S1 and S3 

start to turn on. During the turn-on transient, the drain-source 
voltage is clamped to 0V by their body diodes, achieving ZVS 
turn-on. Then, the current commutes to the drain-source chan-
nel from body diodes, as shown in Figs.5 (d) and 6 (d). Figs.8 
(b) and 9 (b) show the equivalent circuit and current oscilla-
tions during t3-t4. 

5) t4-t5: At t4, i2 reduces to 0 and starts to increase in the re-
verse direction. S1 and S3 are on, while S2 and S4 are off. In 
this interval, i2 and i4 gradually attenuate to zero after multiple 
oscillations, and vds2 and vds4 reach the steady value of Vdc. 

Fig.10 shows the drain-source voltages of S1  and S2. During 
t1-t2, vds1 and vds2 monotonously decrease and increase, respec-
tively. After t2, vds1 is kept at 0V, while vds2 has oscillations. S3 
and S4 experience the same condition as S1 and S2. 
(2) Zero-Voltage Switching-on Realization 

To achieve ZVS of S1 and S3, S2 and S4 have to work with 
hard switching-off, and the IOFF should fully discharge Coss1 
and Coss3, and charge Coss2 and Coss4 during dead time Tdead, 
then, turn on body diodes of S1 and S3, as shown in Fig.4, 
which can be described in (3).  

1 1 2 1 20

deadT

OFF Coss D on Coss rr Cossi dt Q Q Q Q Q− + + = +       (3) 

QCoss1 and QCoss2 are the charge stored in Coss1 and Coss2, re-

spectively, given below: 
1 1 2 2,Coss dc oss Coss dc ossQ V C Q V C=  =               (4) 

QD1-on is the required charge to achieve the forward voltage 
of body diode of S1. Qrr1 represents the reverse recovery 
charge of the body diode of S1, which is the sum of QD1-on and 
QCoss1 and can be obtained from the device datasheet.  

The average current during dead time is defined as IOFF, avg. 
If four devices have identical Qrr and QCoss, IOFF,avg should sat-
isfy (5) to achieve ZVS operation. 

, ( )OFF avg rr Coss deadI Q Q T +                         (5) 
It shows that when working at a low frequency, a large dead 

time enables a small turn-off current IOFF for ZVS while the 
dead time reduces as the switching frequency increases, in 
which the turn-off current IOFF will multiply. For example, for 
C3M0060065K at 400V, according to [101], Qrr and QCoss are 
151nC and 32nC, respectively. If the frequency is set to 
300kHz with a dead time of 200ns, and 3MHz with a dead 
time of 20ns, IOFF,avg respectively need to achieve 0.915A and 
9.15A. The large turn-off current IOFF at high-frequency 
switching is the main challenge of a ZVS-operated inverter. 
C. Analysis of the Oscillations Caused by Large IOFF 

In a ZVS-operated inverter, the MOSFET switches on at a 
drain-source voltage of zero and switches off at a non-zero 
drain-source current IOFF. The hard switching-off current IOFF 
is the root cause of inverter oscillations under ZVS operation. 
Fig.8 shows the oscillation loops of a full-bridge inverter dur-
ing t1-t2 and t2-t5. The oscillation loop for Coss1 (Coss2) is ana-
lyzed as an example. To simplify the circuit analysis, (6) is 
introduced. 

1 1 1 1 2 2 2 2

3 3 3 3 4 4 4 4

1 2 3 4

,
,

D S dc D S dc

D S dc D S dc

oss oss oss oss oss

L L L L L L L L
L L L L L L L L
C C C C C

+ + = + + =


+ + = + + =
 = = = =

             (6) 

(1) Current Oscillation During Interval t1-t2 
During t1-t2, the Coss2 oscillation loop is described below. 
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Fig.10. Conceptual waveforms of drain-source voltage of S1 and S2 during 
ZVS turn-on transient of S1, showing oscillation in S2 voltage due to parasitic 
parameters. 

Table I. Properties of a 2nd-order dynamic system to model oscillations. 
Property Description 

2nd-order system 
2

2
( ) ( ) ( )d f x df xA Bf x C

d x dx
+ + =  

Undamped oscil-
lation frequency n B =  
Damping coeffi-

cient 2 n

A



=  

Characteristic 
roots 

2

1 2
4,

2
A A Br r −  −

=  

Solution 
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( ) 1 2
1 2

r x r xCf x K e K e
B

 = + +  ( 1  ) 
No  

oscillation 

2. Critically damped 

( ) 1
1 2( ) r xCf x K K x e

B

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No  
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( ) 1 2

2

( cos sin )

4, (0 1)
2 2
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d d

d

Cf x e K x K x
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1 1

1 2
1 1 1 1 2 2 2 2

1 1t t

t t
oss oss

di diL i dt i R L i dt i R
dt C dt C

+ + = + +    (7) 

At t1, currents i1 and i2 satisfy:  
1 2 OFFi i I+ =                                     (8) 

During t1-t2, i2 satisfies a 2nd-order dynamic system. 
2

2 1 2 2
22

1 2 1 2 1 2

2
( ) ( )

OFF

oss oss

Id i R R di i
L L dt L L C L L Cd t

+
+ + =

+ + +
   (9) 

The properties of a typical 2nd-order system are summarized 
in Table I. The undamped oscillation frequency ω1 and damp-
ing coefficient ζ1 are defined in (10). 

1 2
1 1

1 21 2

( )1 ,
2 2( )( ) 2

oss

oss

CR R
L LL L C

 
+

= =
++

    (10) 

Parasitic resistances R1~R4 are small, capacitance Coss is 
about 100pF (95pF for C3M0065065K), and parasitic induct-
ance is in tens of nanohenry (nH), resulting in a damping coef-
ficient ζ1 below 1.0 as an underdamped system. 

According to Table I, in an underdamped condition during 
t1-t2, the current i2 is expressed below. 

1 1( )
2 1 1 1 2 1 1( ) [ cos ( ) sin ( )]

2
t tOFF

d d
I

i t e K t t K t t  −  −= +  − + − (11) 

The attenuation coefficient α1 and oscillating frequency ωd1 
are given as follows. 

21 2
1 1 1 1

1 2

, 1
2( ) d

R R
L L

   
+

= = −
+

                (12) 

Coefficient K1 and K2 are determined by the initial condi-
tion of i2=IOFF and di2/dt=0 at t1, given below: 

1
1 2

1

,
2 2

OFF OFF

d

I I
K K 


= =                      (13) 

According to (8), during t1-t2, i1 is expressed as: 
1 1( )

1 1 1 1 2 1 1( ) [ cos ( ) sin ( )]
2

t tOFF
d d

I
i t e K t t K t t  −  −= −  − + − (14) 

During t1-t2, i1 and i2 respectively oscillate with an initial 
value of 0A and IOFF at t1, and both aim to stabilize at IOFF/2. i3 
and i4 experience the same situation with i1 and i2. 

Considering (5), (13), and (14), there is a conflict: (5) shows 
that a large IOFF helps to achieve ZVS, however, (13) and (14) 
show that IOFF also contributes to current oscillation. Mean-
time, (12) indicates that the reduction of L1 and L2 helps the 
attenuation coefficient α1, resulting in a fast attenuation speed. 

In addition, Fig. 9 shows that, during t1-t2, i1 and i2 are al-
ways positive. Therefore, there is no drain-source voltage os-
cillation across Coss1 and Coss2 during t1-t2. 
(2) Current Oscillation During Interval t2-t5 

During t2-t5, Coss1 is deactivated. The oscillation of Coss2 is 
described below. 

1

1 2
1 1 1 2 2 2 2

1 t

dc t
oss

di diL i R V L i dt i R
dt dt C

+ + = + +             (15) 

According to (8) and (15), the 2nd-order equation of i2 is:  
2

2 1 2 2
22

1 2 1 2

1 0
( ) oss

d i R R di i
L L dt L L Cd t

+
+  + =

+ +
             (16) 

The undamped oscillating frequency ω2 and damping coef-
ficient ζ2 during t2-t5 are defined below. 

1 2
2 2

1 21 2

( )1 ,
2( )

oss

oss

CR R
L LL L C

 
+

= =
++

      (17) 

From Table I, when ζ2 is below 1.0, i2 is expressed in (18), 
showing attenuated oscillation around a steady value of 0A. 

2 2( )
2 3 2 2 4 2 2( ) [ cos ( ) sin ( )]t t

d di t e K t t K t t  −  −
=  − + −   (18) 

The attenuation coefficient α2 and oscillating frequency ωd2 
during t2-t5 are given as follows. 

21 2
2 2 2 2

1 2

, 1
2( ) d

R R
L L

   
+

= = −
+

              (19) 

Coefficient K3 and K4 are determined by the initial condi-
tion of current i2 at t2, given below. 

2

2
3 2 2 4 2 2 2 2( ), [( ( )] d

t t

diK i t K i t
dt

 
=

= = +             (20) 

From (8) and (18), during t2-t5, current i1 is expressed as: 
2 2( )

1 3 2 2 4 2 2( ) [ cos ( ) sin ( )]t t
OFF d di t I e K t t K t t  −  −= −  − + −  (21) 

Compared to (10), during t2-t5, i1 and i2 have a larger damp-
ing coefficient ζ2 and a lower oscillating frequency ωd2. 

In (18) and (21), K3 and K4 are determined by the initial 
condition current i2 at t2, which have high uncertainty and vary 
with load. However, the maximum achievable K3 and K4 are 
positively related to the turn-off current IOFF. Namely, a small 
IOFF helps to suppress current oscillation. Meantime, the re-
duction of parasitic inductances L1 and L2 contribute to a large 
attenuation coefficient α2, achieving a fast attenuation speed. 

During t2-t5, i2 oscillates around its steady-state value of 0A. 
It periodically changes its direction, meaning Coss2 is frequent-
ly charged and discharged, causing the drain-source voltage 
oscillation on S2. A similar condition also applies to S4.  
(3) Drain-Source Voltage Oscillation During Interval t2-t5 

During t2-t5, the drain-source voltage vds2 is expressed in 
(22). According to (22), the voltage oscillation is positively 
related to parasitic inductance and coefficients K3 and K4 
(namely, turn-off current IOFF). Increasing Coss can reduce the 
oscillation amplitude of vds2. However, a large Coss is adverse 
for ZVS operation and requires a high IOFF, which increases 
coefficients K3 and K4, deteriorating the oscillation.  

From another perspective, at the switching-off moment of 
S2, the energy E stored in the parasitic inductances is given by 
(23). Energy E oscillates between the parasitic inductance and 
the Coss2 of off-state S2 during dead time with a very low 
damping coefficient (small resistance), causing drain-source 
current and voltage oscillations (di/dt and dv/dt). The oscilla-
tions because significant at multi-MHz due to a large IOFF for 

2 2

2

2 2

( )
2 2 2 2 1 2 3 2 4 2 2 2 4 2 3 2 2 2

( )2 2 1 2 3 2 4 2
3 4 2 2 2 2 2 2

3 4 2 2

1( ) ( ) ( ) ( ) [( )cos ( ) ( )sin ( )]
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( )( )

t
t t

ds ds dc d d d d
oss t

t t d
dc d

oss d

v t V t i t dt V L L e K K t t K K t t
C

L L K KV K K e t t
C K K





     

 
  
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− −
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ZVS operation. 
2

2 2 2 2 2
1 ( )
2 OFF D S dcE L I L L L L= = + +             (23) 

The large parasitic inductance L2, increased turn-off current 
IOFF for high-frequency zero-voltage switching-on, and the 
very small damping of the oscillation circuit jointly aggravate 
the oscillation of a multi-kW and multi-MHz inverter. There-
fore, the most effective method to suppress drain-source volt-
age oscillation is to minimize parasitic inductances of the in-
verter loop and select the switching device with as small a Coss 
as possible for reducing IOFF during ZVS. 

D. Simulation of Inverter Oscillation 
To demonstrate the impact of parasitic inductance of the in-

verter loop and the turn-off current IOFF on inverter oscillation, 
LTspice simulation is conducted for a full-bridge inverter with 
a series RLC resonant network working at 3MHz. Simulation 
parameters are provided in Table II. 

Fig.11 (a) shows simulated voltage and current waveforms 
at different parasitic inductances and a fixed turn-off current 
of IOFF=12A. In an ideal condition of zero parasitic inductance 
in case I, the inverter voltage has no oscillation. In cases II-IV, 
as the inductance increases, the drain-source voltage oscilla-
tions show reduced oscillation frequency, prolonged attenua-

tion process, and aggravated oscillation amplitude. 
Fig.11 (b) shows the simulated inverter voltage and current 

at different turn-off current IOFF with parasitic inductances of 
Ldc1~Ldc4=5nH, LD1~LD4=5nH, and LS1~LS4=5nH. It shows that 
increasing IOFF can deteriorate the oscillation by aggravating 
amplitude and prolonging attenuation duration. 
E. Impact of Inverter Oscillations on Driving Signals 

The inverter current and voltage oscillations, namely high 
di/dt, and dv/dt will also induce oscillation in the gate driving 
signal via parasitic capacitance Cgd, LS(int) which may mistak-
enly trigger the MOSFETs of the same bridge legs during the 
dead time and leads to short-circuit failure. Both the inverter 
oscillations and its interference on the gate driving signal will 
deteriorate as the frequency increases, which limits the 
achievement of a higher operating frequency of the inverter.  

Fig.12 (a) shows the impact of current oscillation (di/dt) on 
the gate signal during the turn-off transient of S2. ZG (ωd) rep-
resents the driving loop impedance. The current oscillation 

Table II. LTspice simulation of an C3M0060065K-based full-bridge inverter 

Parameter Value Parameter Value 
Vdc 550V f 3MHz 

Dead time 20ns Coss (C3M0060065K) 95pF 
IOFF 12.0A~15.0A L 10μH 
R 25Ω~30Ω C 0.28nF~0.33nF 
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                                       (a) parasitic inductance impact                                                                                    (b) turn-off current IOFF impact 
Fig 11. LTspice-simulated inverter oscillation at (a) different parasitic inductances; (b) different turn-off current IOFF, even when ZVS condition is satisfied. 
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induces a voltage VL on the internal parasitic LS(int). VL can 
excite a current iL to charge and discharge the gate capacitance 
Cgs. The gate voltage fluctuation caused by LS(int) is given by 
(24), which is linearly related to i2. It also shows that a small 
LS(int) and a large ZG (ωd) help to suppress Δvgs,Ls(int). 

(int)
1

(int)
, 2

1 [ ( ) ]
( )S

t s
gs L L OFFt

gs gs G d

L
v i dt i t I

C C Z 
 = = −

             (24) 

Fig.12 (b) shows the impact of voltage oscillation (dv/dt) on 
the gate signal. The drain-source voltage oscillation during 
turn-off can induce an oscillating current iC via Cgd. The gate 
voltage fluctuation caused by Cgd is given by (25), which is 
linearly related to vds2. It indicates that a small Cgd and a small 
ZG (ωd) help suppress Δvgs,Cgd. 

1
, 2

( ) ( )1 ( )
( ) 1 ( ) 1gd

t gdG d C G d
gs C dst

gs gsG d d gs G d d gs

CZ i Zv dt v t
C CZ j C Z j C

 

   


 = =

+ +
  (25) 

Based on the theoretical analysis above, to achieve a high-
frequency full-bridge inverter and reduce the impact of invert-
er oscillations on gate signals, four design guidances should be 
followed. 

1. Select the switching device with as small parasitic ele-
ments as possible, such as small RG(int) and Ciss for fast switch-

ing on and off, small LS(int) and Cgd, to reduce the coupling 
between the gate and drain-source side, and small Coss and low 
reverse recovery charge Qrr to allow a low IOFF for ZVS. 

2. Select the specialized high-speed SiC gate driver with 
high current driving capability and low propagation delays, 
which is important for multi-MHz switching. 

3. Minimize the parasitic inductance of the inverter loop to 
suppress the current and voltage oscillation of the inverter. 

4. Achieve a high ZG (ωd) in the charging path of Cgs and a 
low ZG (ωd) in the discharging path. The failure of a full-
bridge inverter is usually caused by the false trigger of turn-on 
during dead-time duration. A high ZG (ωd) in the charging path 
of Cgs can attenuate the charging current while a low ZG (ωd) 
in the discharging path allows a high discharging current, 
which can respectively suppress the impact of di/dt, and dv/dt.  
F. Switching Limit of ZVS-Operated Full-Bridge Inverter 

According to the abovementioned theoretical analysis, the 
steps of investigating the upper limit of the switching frequen-
cy of a ZVS-operated full-bridge inverter as well as the factors 
that limit the further increase of the switching frequency are 
summarized in Fig.13 and elaborated below.  

In a full-bridge inverter with a specified switching frequen-
cy fs, DC input voltage Vdc, and SiC switching MOSFET 
(Ciss/Crss/Coss), the dead time Tdead is generally 2%~10% of the 
switching period Ts. The turn-off current IOFF is determined by 
the requirement for zero-voltage switching-on realization 
specified in (5). When the inverter aims to work at a higher 
frequency, which means a shorter switching period Ts. Then, 
the dead time Tdead needs to be reduced accordingly, which 
will cause the increase of turn-off current IOFF to satisfy the 
ZVS operation. The increased turn-off current IOFF means high 
di/dt in the parasitic inductance during the turn-off transient, 
meantime, a large IOFF will charge and discharge Coss faster, 
causing high dv/dt. The large di/dt and dv/dt caused by IOFF 
jointly aggravate the inverter oscillations despite the ZVS op-
eration, which may endanger the control signals of gate driv-
ers, limiting the further increase of the switching frequency of 
the ZVS-operated inverter.  

III. MULTI-MHZ MULTI-KW ORIENTED SIC FULL-BRIDGE 
INVERTER DESIGN AND IMPLEMENTATION  

To achieve reliable operation of a full-bridge inverter at 
multi-MHz and multi-kW, it is important to minimize the in-
verter oscillation to guarantee clean and reliable gate driving 
signals. The inverter implementation should focus on high-
speed switching device selection, high-current driving circuit 
design, and inverter printed circuit board (PCB) design to min-
imize parasitic inductance.  

A. Switching Device Selection 
When selecting the optimal switching devices, two factors 

are mainly considered: 1) high-speed switching capability; 2) 
ZVS achievability. 

High-speed switching capability aims at short rising/falling 
time of driving signals. In Fig.3, Vdrive charges and discharges 
the gate capacitance Ciss, and the driving circuit parameters 
(LG, RG(ext), RG(int), and Ciss) affect switching speed. With min-
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Fig.12. Impact of (a) current oscillation (di/dt); (b) voltage oscillation (dv/dt) 
on driving signals during the turn-off transient of S2. 
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Fig.13 Flowchart of investigating the upper limit of the switching frequency 
of a ZVS-operated full-bridge inverter. 
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imized external parameters LG and RG(ext) by the PCB layout, 
the switching speed is mainly determined by RG(int) and Ciss. 

The charging process of Ciss during turn-on transient is de-
scribed by (26). vgs is the transient gate-source voltage and tr is 
the rising time during the turn-on transient. It shows that RG(int) 
and total gate charge Qg dominate the turn-on/off speed. 

(int)0 0
(int)

( )r rt tdrive gs
g drive gs g G

G

V v
dt Q V v dt Q R

R
−

=  − =     (26) 

At ZVS operation, Coss needs to be fully discharged, and the 
body diode is forced on, clamping the drain-source voltage at 
0V. Hence, a small Coss and a fast recovery body diode are 
preferred. Qrr represented the reverse recovery charge of the 
body diode and the charge stored in Coss. A low Qrr contributes 
to high ZVS achievability.  

Based on the discussion above, two figure-of-merits (FOMs) 
are derived to select the SiC switch devices for high-frequency 
switching operation, provided in (27), which respectively rep-
resents the switching speed and the ZVS achievability. 

(int)1 , 2G g rrFOM R Q FOM Q=  =                (27) 
Aimed at multi-MHz and multi-kW scenarios, SiC 

MOSFETs with TO-247-4 packages and Kelvin source termi-
nal are the main candidates due to the excellent heat dissipation 
capability as well as the minimized common-source parasitic 

inductance LS(int). Fig. 14 shows a detailed study of 3rd-
generation Wolfspeed SiC MOSFETs. A switching device with 
small Qg×R g(int) and Qrr is preferred. 1200V/1000V devices 
tend to have larger Qrr, Qg, and RG(int) than 650V devices. 
Among 650V devices, C3M0060065K and C3M0120065K 
show better high-speed capability than others. C3M0060065K 
is selected as an example for multi-MHz and multi-kW inverter 
demonstration.  
B. Multi-MHz Gate Driver Selection 

Aimed at muti-MHz switching, high-speed SiC gate drivers 
with high current driving capability and low propagation delays 
are preferred.  In a full-bridge inverter, high-side switches need 
to be isolatedly driven. Fig. 15 shows two structures to achieve 
isolated gate driving for a full-bridge inverter based on isolated 
and non-isolated gate drivers, respectively. Particularly, the 
second approach is supported by additional digital isolators at 
the controller side. Non-isolated gate drivers can achieve a 
higher driving current, meaning a fast rising and falling transi-
ent. Examples of state-of-the-art commercially available gate 
drivers are compared in Tables III and IV. 

When selecting a gate driver, the peak current capability is 
important. The isolated gate driver UCC5390 and non-isolated 
gate driver IXRFD 631 can respectively achieve a peak current 
of 10A and 30A. Meanwhile, the non-isolated gate driver 
UCC27531 is selected as a comparison. The digital isolator 
ADuM210N is used together with IXRFD 631 and UCC27531 
to achieve signal isolation. 

C. Parasitic Inductance Reduction of Inverter Layout  
When designing the printed circuit board (PCB) of a multi-

MHz multi-kW inverter, parasitic inductance minimization has 
the highest priority to mitigate the inverter oscillations. Other 
considerations include isolation and installation of heatsinks. 

Fig.16 demonstrates a four-layer PCB layout of the imple-
mented UCC5390-based inverter, which is the optimal invert-
er PCB design after multiple iterations. Key points for the 
PCB layout are summarized below. 

    
            (a) 1200V/1000V series                                  (b) 650V series 
Fig.14. Comparison of state-of-art SiC MOSFETs of Wolfspeed, demonstrat-
ing Qg×R g(int) and Qrr  (small value is preferred) for switching device selection. 
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                                                         (a) isolated gate driver                                                        (b) digital isolator plus non-isolated gate driver 
Fig. 15. Gate driving approaches for a full-bridge inverter, considering both isolated and non-isolated solutions. 

Table III. State-of-art isolated gate drivers 
Isolated driver Brand Supply Isolation Output type Output current Output Rise and Fall Time 
ADum3223 Analog 4.5V~20V Inductive Dual 4.0A 12ns/12ns @VCC=12V, CLoad=2nF 
ACPL-P346 Broadcom 10V~20V Optical Single 2.5A 8ns/8ns @VCC=10V, CLoad=1nF 
Si823H9 Skyworks 5.5V~30V Silicon Single 4.0A 12ns/12ns @VCC=12V, CLoad=200pF 
UCC5390 Texas Instrument 13.2V~33V Capacitive Single 10A 10ns/10ns @VCC=15V, CLoad=1nF 

Table IV. State-of-art non-isolated gate drivers 
Non-isolated driver Brand Supply Output Type Output current Output Rise and Fall Time 
UCC27531 Texas Instrument 10V~35V Single 2.5A (source)/5.0A (sink) 15ns/7ns @VCC=18V, CLoad=1.8nF 
IXRFD631 IXYS 8V~30V Single 30A 5.5ns/5ns @VCC=15V, CLoad=2nF 
IXDD414 IXYS 4.5V~35V Single 14A 25ns/22ns @VCC=18V, CLoad=15nF 
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1) H-Type Compact Configuration. When it comes to min-
imizing parasitic inductances, H-type configuration is straight-
forward, in which the Vdc and GND nets are respectively con-
centrated. Therefore, the dc-side parasitic inductance Ldc~Ldc8 
can be minimized by employing large polygon copper to Vdc 
and GND nets. All TO-247 SiC MOSFETs are tightly and 
vertically mounting of to the PCB board to minimize the lead 
inductance. Two switches in the same bridge leg are closely 
placed at a distance of 1.3mm, as shown in Fig.16 (b). The 
distance between different bridge legs is only 16mm, which is 
used for the heatsink installation. In Fig.16 (a), the circumfer-
ence of the inverter power loop is 101mm, which is the mini-
mum achievable length. Based on the finite element analysis 
(FEA), a low inductance of 35.59nH is achieved in the 
inverter loop.  

2) Distributed DC-Side High-Frequency Filter Capacitors. 
Filter capacitors are useful to cancel parasitic inductances at 
dc side, which are placed as close to bridge legs as possible. 
They are distributed to the double sides and the middle part of 
inverter legs, shown as Cin1, Cin2, and Cin3 in Fig.16. Then, the 
parasitic inductance distribution is provided in Fig.17. Cin2 is 
close to inverter legs to enable a small Ldc2, Ldc3, Ldc6 and Ldc7 
in Fig.17. The Vdc and Ground nets are respectively connected 
in large copper polygons. The filter capacitors have low 
equivalent series resistance (ESR) and equivalent series in-
ductance (ESL), and their self-resonant frequency is far larger 
than the operating frequency.  

3) Large Copper Polygon Pouring. Wide trace routing and 
large copper polygon pouring are helpful to reduce the induct-
ance and resistance of the circuit loop, which also contribute 
to high current capacity. In the implemented PCB, a large 
copper polygon is used in Vdc, Ground (GND), AC output nets 
as well as the driver source of each switch, as shown in Fig.16.  
D. Gate Driver Layout for Driving Capability Optimization 

The gate driver circuit design is shown in Fig.18. The paths 
of source current Isource in the turn-on transient and sink current 
Isink in the turn-off transient are separated by two diodes to 
regulate impedance. Meantime, ferrite beads (FB) are used, 
which aim to dampen high-frequency oscillations [102]. The 
PCB layout of the gate driver circuit is shown in Fig.19, and 

the key points are summarized below.  
1) Short Driving Circuit Loop. To fully enable the peak cur-

rent driving capability, the driving circuit loop is as short as 
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Fig.18. Gate driver circuit design in the implemented inverter. 
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Fig.19. PCB layout of the gate driver circuit. 
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                                                       (a) top view                                                                                                      (b) bottom view 
Fig.16. Implemented inverter PCB layout in (a) top view; (b) bottom view. 
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possible with low resistance and inductance. The distance 
from the output lead of the driver to the gate terminal of the 
switch is minimized to 9.8mm. The returning path is built by 
large copper polygons in the second, third, and bottom layers 
to minimize impedance. 

2) High-Frequency Capacitor as Gate Driver Power Supply. 
The gate driver needs to draw/sink up to tens of amperes of 
current from/in its power supply in several nanoseconds, 
which requires very low impedance between the driver and its 
power supply. To achieve this goal, capacitors with low ESR 
and ESL are used in parallel with the power supply, which are 
shown as C1 and C2 in Fig.18. They should be much larger 
than the parasitic input capacitance Ciss. In the implemented 
inverter, they are mounted in both the top and bottom layers of 
the PCB, including 8 paralleled high-frequency ceramic ca-
pacitors in a small footprint size of 0603 with 3 different val-
ues of 0.1μF, 0.22μF, and 0.47μF to achieve a small imped-
ance, as shown in Figs. 16 and 19. 
E. Anti-Parallel Zero-Recovery Diode for ZVS Achievability 

The body diode plays an important role in ZVS operation. 
However, it has a large reverse recovery charge Qrr, which is 
adverse for ZVS at multi-MHz. Then, zero-recovery SiC di-
odes can be externally anti-paralleled to deactivate the body 
diodes and improve the ZVS achievability. 

When selecting the anti-parallel diode, low reverse recovery 

charge and small parasitic capacitance are preferred. With 
thorough comparison among the state-of-art 6th-and 4th-
generation SiC Schottky diodes manufactured by Wolfspeed 
Inc., finally, E4D02120E [103], which has the minimal junc-
tion capacitance and reverse charge, is selected and compared 
with the body diode of C3M0060065K, as shown in Table V. 
E4D02120E is a majority carrier diode with a low forward 
voltage and zero reverse recovery charge. At a reverse voltage 
of 400V, its parasitic capacitance is only 17pF, and the total 
reverse charge is 10nC, which is much smaller than 151nC of 
the body diode. Meantime, the lower forward voltage of 1.4V 
contributes to deactivating the body diode of C3M0060065K. 

F. Implemented Inverter Prototypes 
Three inverters are implemented with C3M0060065K based 

on isolated gate driver UCC5390 and non-isolated gate drivers 
UCC27531 and IXRFD631, as shown in Figs.20 and 21. 

The H-type inverter PCB layout is optimized to minimize 
the power loop length. Four C3M0060065K are vertically 
mounted at the PCB bottom side with minimum lead length. 
Gate drives are placed as close to the switch as possible. The 
external driving resistance RG(ext) is set at 0 Ω to maximize the 
driving current. High-impedance and low-impedance ferrite 
beads are respectively used in charging and discharging paths. 
E4D02120E is directly mounted to the drain and source termi-
nals of the switch.  

IV. MULTI-MHZ AND MULTI-KW INVERTER TESTING 
A. Inverter Testing Platform 

Fig. 22 shows an RLC series resonant platform to test the 
multi-MHz and multi-kW inverter. The load resistance R is 
made of multiple 140W/2Ω non-inductive resistors, and a total 
resistance is 30Ω. The inductor is fabricated by 6000-strand 

   

DSP Controller
TMS320F28335

SiC Inverter
C3M0060065K

UCC5390-based Inverter 

    

DSP Controller
TMS320F28335

SiC Inverter 
C3M0060065K

UCC27531D-based Inverter 

        

DSP Controller
TMS320F28335

SiC Inverter
C3M0060065K

IXRFD631-based Inverter 

 
                            (a) UCC5390                                                             (b) UCC27531                                                                   (c) IXRFD631 
Fig.20. 3D view of the implemented inverters based on (a) UCC5390; (b) UCC27531; (c) IXRFD631. 
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Fig.21. Top view of the implemented inverters layout based on (a) UCC5390; (b) UCC27531; (c) IXRFD631. 

Table V. Comparison of E4D02120E and body diode of C3M0060065K 

Parameter Body diode of 
C3M0060065K 

SiC Schottky Diode 
E4D02120E 

Forward voltage 5.1V @25°C  1.4V @25°C  
Continuous forward current 23A @25°C  8A @ 25°C  
Peak reverse voltage 650V 1200V 
Parasitic capacitance 95pF @400V 17pF @400 
Total reverse charge 151nC @400V 10nC @400V 
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0.03mm Litz wire. The resonant capacitance is made up of 
multiple 2.5kV/270pF film capacitors. The inductance and 
capacitance are adjusted to maintain resonance at different 
frequencies [104]. Considering the MHz switching frequency, 
it is challenging to accurately measure the AC output power of 
the inverter. Therefore, this Section will mainly explore the 
power conversion capability, ZVS realization, and inverter 
oscillation of the SiC inverter at multi-MHz range. 
B. Inverter Performance at Different Frequencies 
(1) 3MHz Experiments  

With a switching frequency of 3MHz, the experimental 
waveforms of three inverters under different input dc voltages 
and power levels are provided in Figs.23, 24, and 25. 

Fig.23 shows that the UCC5390-based inverter works well at 
3MHz with achievable ZVS operation and acceptable gate sig-

nals. When the input dc voltage increases to 550V, the output 
power achieves 4.34kW with a turn-off current IOFF of 14.1A, 
while the oscillation in the rising edge of Vin is still relatively 
small, which guarantees clean gate driving signals during dead 
time duration, creating safe working conditions for MOSFETs. 

Fig.24 shows waveforms of a UCC27531D-based inverter. 
Compared to UCC5390, gate signals have much slower rising 
and falling edges due to the lower driving capability of 2.5A 
(source)/5A (sink). The lower driving capability also means 
large impedance ZG(ωd) in the driving loop, which brings about 
three negative impacts: 1) prolonged time of the operation of 
the switch in the saturation region, increasing loss; 2) shorter 
dead time than expected, adverse for ZVS operation. 3) poor 
suppression of the interference of inverter voltage oscillations 
(dv/dt) on gate driving signals according to (25). Therefore, due 
to the reduced dead time, it cannot achieve ZVS turn-on at 
3MHz with the comparable turn-off current IOFF. As shown in 
Fig.24, there are significant high-frequency oscillations (dv/dt) 
in the rising edge of Vin due to the unachieved ZVS turn-on, 
which induces significant oscillation in gate signals Vgs1 and 
Vgs2, as shown in Fig.24 (b) and (c). These oscillations in the 
gate driving signals cause dangerous working conditions, 
which should be avoided. 

Fig. 25 shows waveforms of an IXRFD631-based inverter. It 
has the highest driving current of 30A (source)/30A (sink), 
meaning the shortest rising and falling time, which is validated 
by the driving signals shown in Fig.25. Due to the strong driv-
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Fig. 23. 3MHz experimental waveforms of UCC5390-based inverter at (a) Vdc=350V; (b) Vdc=450V; (c) Vdc=550V. 
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Fig. 24. 3MHz experimental waveforms of UCC27531D-based inverter at (a) Vdc=350V; (b) Vdc=400V; (c) Vdc=450V. 
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Fig. 25. 3MHz experimental waveforms of IXRFD631-based inverter at (a) Vdc=350V; (b) Vdc=450V; (c) Vdc=550V. 
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Fig.22. RLC resonant testing platform for multi-MHz and multi-kW inverter. 
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ing capability, the effective dead time is enhanced. Working at 
3MHz, it can also achieve ZVS turn-on with an input dc volt-
age of up to 550V, a power level of 4.39kW and a lower turn-
off current. However, the high driving capability also means 
the smaller impedance ZG(ωd) in the driving loop of 
IXRFD631, which is adverse for resisting the impact of invert-
er current oscillation (di/dt) according to (24). Therefore, in the 
IXRFD631-based inverter, the oscillations of the gate-driving 
signals are mainly caused by current oscillation (di/dt) and de-
teriorate with an increasing dc voltage and power level, which 
affects the safe operation.  
(2) 4MHz Experiments 

To further investigate the performance of the implemented 
UCC5390 and IXRFD631-based inverters, a 4MHz experiment 
test is conducted, and the experimental waveforms are shown 
in Figs. 26 and 27.  

As shown in Fig. 26, when the implemented UCC5390-
based inverter works at 4MHz, the rising/falling slope of its 
driving signals becomes more significant, causing a shorter 
dead time than expected and ZVS operation is no longer 
achievable. The output voltage is close to a trapezoidal wave, 
and there are spikes at the rising edge of Vin, which induces 
oscillations in gate signals, which limits the further increment 
of the power and frequency. With f=4MHz, the implemented 
UCC5390-based inverter can work with a maximum dc voltage 
of 500V with a power level of 2.82kW.  

Fig. 27 shows the waveforms of the IXRFD631-based in-
verter at 4MHz. Due to the fast rising and falling slope of gate 
signals, ZVS operation is still maintained, and the voltage Vin is 
in a nice square shape. As a non-isolated gate driver, the input 
PWM control signal (0~3.3V) of IXRFD631 shared a com-
mon-source ground with its output driving signals, therefore, 
the interference of the inverter oscillation on gate driving will 
also be coupled to the input PWM signal via the common 
source ground. It may mistakenly trigger the input logic 
threshold of IXRFD631, which accounts for the notch in the 

driving signals, demonstrated in Fig.27, showing the vulnera-
bility of the non-isolated gate driver when implemented at the 
high side of the inverter. When the IXRFD631-based inverter 
works at 4 MHz, it can safely work with an input dc voltage of 
up to 450V with acceptable notches at gate driving signals. 
When a dc voltage of 500V was attempted, the gate signals 
crashed, and two switches in the same bridge leg exploded due 
to a short-circuit failure. 
(3) Comprehensive Comparison of Gate Drivers 

Table VI compares three drivers UCC5390, UCC27531D, 
and IXRFD631. The non-isolated IXRFD631 can achieve the 
fastest driving speed due to its 30A source/sink capability, 
which is good for ZVS but shows drawbacks in resisting the 
inverter current oscillation (di/dt). The non-isolated 
UCC27531D has a low peak driving current of 2.5A 
(source)/5A (sink), causing a slow driving speed and difficulty 
in working at 3MHz or higher switching frequency with ZVS 
operation. Meantime, the low driving capability of 
UCC27531D is cause poor immunity to the inverter voltage 
oscillation (dv/dt). Furthermore, because of the non-isolated 
features, the input-side PWM signal of UCC27531D and 
IXRFD631 can be impacted by high dv/dt and di/dt of 
MOSFET during the switching transient via the common-
source ground with its output driving signal. In comparison, 
UCC5390 has a peak driving current of 10A to support 3MHz 
ZVS operation, which achieves a good balance between the 
driving speed and immunity to dv/dt and di/dt. At 4MHz, de-
spite the unavailable ZVS turn-on, the UCC5390-based invert-
er can still achieve 2.82kW at 500V, showing good reliability, 
which is considered the optimal one. 

It noted that during the high-speed switching operation, the 
gate input capacitance Ciss is periodically charged and 
discharged, in which the resistance of the driving loop causes 
significant power loss. The power consumed by driving 
resistance to turn on and off the device can be estimated as: 
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Fig. 26. 4MHz experimental waveforms of UCC5390-based inverter at (a) Vdc=350V; (b) Vdc=450V; (c) Vdc=550V. 
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                              (a) Vdc=350V                                                                  (b) Vdc=400V                                                                       (c) Vdc=450V 
Fig. 27. 4MHz experimental waveforms of IXRFD631-based inverter at (a) Vdc=350V; (b) Vdc=400V; (c) Vdc=450V. 
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( )(max) (min)0

T

drive s drive drive drive drive g sP f v i dt V V Q f=  = −     (28) 
fs is the switching frequency, T is the switching period, Qg is 

the total gate charge while Vdrive(max) and Vdrive(min) respectively 
represent the steady-state turn-on and -off voltage. The driving 
power Pdrive linearly increases with frequency. For example, for 
the MOSFET C3M0060065K with a driving signal of -4V/15V, 
according to its datasheet, Qg is 46nC and the required driving 
power is calculated as 2.62W at 3MHz and 3.5W at 4MHz, 
respectively. Pdrive is only the power consumed by driving 
resistance. The total power consumption of the driving circuit 
should be higher due to the additional loss of internal 
components and circuits of gate driver chips.  

To satisfy the power demand of the driving circuits working 
at multi-MHz, in the presented inverter design, the positive 
gate driver supply is constructed by an externally connected 4-
series-3-parallel Li-ion battery with a nominal voltage of 14.8 

V (maximum 16.8V), and the negative gate driver supply is 
constructed by a 1-series-4-parallel Li-ion battery with a nomi-
nal voltage of 3.7V (maximum 4.2V). Then, the +14.8V/-3.7V 
gate driver supply is achieved, which can satisfy the power 
requirement as well as achieve high-side isolation.  

Fig. 28 provides the power consumption of the three kinds of 
driving circuits working for a single MOSFET C3M0060065K. 
The power is mainly distributed on the gate driver chip, exter-
nally connected driving resistance, and the internal gate re-
sistance of MOSFET. It indicates that the power consumption 
of the driving circuit almost linearly increases with frequency. 
At the same switching frequency, the driving circuit with high-
er driving capability tends to consume more power. The in-
creased driving power at multi-MHz frequency will cause a 
significant temperature rise of gate driver chips, which may 
affect the functionality of the gate driver and therefore requires 
a proper cooling system.  

In the presented inverter design, To mitigate the thermal is-
sues of gate drivers, two methods are adopted: 1) aluminum 
heatsinks are attached to the surface of the gate driver chip; 2) 
forced air cooling is achieved by a 12V/2.5A fan. With an im-
plemented cooling system, the implemented inverter can work 
reliably under 3MHz. 
C. Achievable Power Conversion Capability 

The UCC5390-based inverter tends to have optimal overall 
performance, considering speed, reliability, and power con-
sumption. Then, the switching limit and power capability are 
explored from 1MHz to 5MHz, as shown in Fig.29. 

The UCC5390-based inverter can still realize ZVS up to 
3.5MHz. With an input dc voltage of 550V, it can achieve 
6.59kW at 1MHz and 3.45kW at 3.5MHz. To maintain safety, 
the voltage reduces to 500V at 4MHz and 450V at 5MHz, and 
the power reaches 2.82kW and 1.09kW, respectively. Overall, 
the inverter power reduces with increasing frequency. 

To achieve ZVS turn-on, an inductive load is needed, in 
which the inductive reactive power Q from the load is utilized 
to cancel the capacitive reactive power of the parasitic drain-
source capacitances of the switch. As the frequency increases, 

Table VI Comparison between UCC5390 and IXRFD631 

Gate Driver UCC5390 UCC27531D IXRFD631 
Type isolated non-isolated non-isolated 

Peak current 10A/10A 2.5A/5A 30A/30A 
Driving speed fair low fast 

Immunity to di/dt medium high low 
Immunity to dv/dt medium low high 

Reliability high fair fair 
Evaluation ★★★ ★ ★★ 
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Fig.28. Power consumption of driving circuits versus frequency. 
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Fig. 29. Experimental waveforms of the implemented multi-kW multi-MHz inverter at (a) 1MHz and 6.59kW; (b) 2MHz and 5.64kW; (c) 3MHz and 4.34kW; (d) 
3.5MHz and 3.45kW; (e) 4MHz and 2.82kW; (f) 5MHz and 1.09kW. (At 5MHz, UCC5390 has overheating issue and IXRFD631-based inverter is used.) 
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the required Q from the load also rises, inducing an increasing 
phase angle θ between inverter current and voltage, as shown 
in Fig.30 (a). The ratio between inductive reactive power Q 
and the real power P in the load network is also provided.  

The comparison between the achieved working region and 
the existing SiC inverters is shown in Figs.30 (b) and (c). The 
previous work focuses on 1MHz or lower frequencies, which 
leaves a large technical gap in the multi-kW and multi-MHz 
areas. Investigation on the limitations of a high-frequency 
high-power full-bridge inverter is insufficient, meantime, the 
switching limit as well as the safe working region of a SiC 
full-bridge inverter in the mult-MHz multi-kW area are un-
clear. This work explored the frequency limit of the SiC in-
verter up to 5MHz. It creates new power and frequency rec-
ords for the SiC full-bridge inverter and further extends its 
safe working region.  
D. Summary and Quantification of Challenge In Multi-MHz 

Multi-kW Inverter  
Based on the presented analysis and experimental work, the 

design challenges in a multi-MHz and multi-kW SiC inverter 
are summarized in Table VII and explained below: 

1) Due to the minimized parasitic input capacitance Ciss of 
switching devices and the high-speed gate driver, the turn-on 
and turn-off transients of the MOSFETs in a multi-MHz in-
verter are significantly shortened, which means a high dv/dt 
and di/dt, posing challenges to the isolated gate driver. 

2) The reduced dead time in multi-MHz switching causes 
difficulty in achieving ZVS, and a large turn-off current IOFF is 
required for ZVS operation.  

3) The large IOFF and uneliminated parasitic inductance 
LLoop of the inverter loop can induce drain-source current and 
voltage oscillations despite achievable ZVS operation, which 
endangers the reliability of the gate driving signals and limits 

the achievement of the higher switching frequency.  
4) The power consumption of gate driving circuits linearly 

increases with switching frequency, posing challenges to iso-
lated gate driver supplies design, and incurring the thermal 
issue of gate drivers. 
E. Recommendations for Higher-Power and Higher-

Frequency Inverter Design 
The paper reveals that the parasitic inductance of the invert-

er loop, parasitic Coss of MOSFET, and the large turn-off cur-
rent IOFF under high-frequency ZVS operation are the root 
causes for inverter drain-source current and voltage oscilla-
tions, which emerge as the critical limitation in the multi-MHz 
and multi-kW switching operation via endangering the relia-
bility of gate driving signals. Prior to this work, although it 
was known that the GaN-based inverter outperforms the SiC 
inverter in higher switching frequency, however, the switching 
limit of SiC inverters is unclear. Based on plenty of experi-
mental tests, this work points out the ZVS switching limit of 
3.5MHz of the SiC full-bridge inverter, and the implemented 
ZVS-operated SiC inverter can achieve 6.59kW at 1MHz and 
4.3kW at 3MHz, which has further extended the working re-
gion of the SiC full-bridge inverter in the multi-MHz and mul-
ti-kW range. Therefore, when a high-frequency and high-
power AC power source is needed and the required switching 
frequency is lower than 3.5MHz, the SiC full-bridge inverter 
is still a competitive solution. due to the better thermal per-
formance and the lower requirement for the cooling system. 

 To further make a breakthrough, the future direction should 
focus on GaN switching device-based inverter design. GaN 
devices have smaller packages, smaller parasitic lead induct-
ance, and junction capacitances than the SiC switching device, 
which contributes to improving the inverter oscillations and 
lowering IOFF for ZVS operation. Meantime, the typical driv-
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Fig.30. (a) Phase angle between inverter voltage and current; (b) Performance of existing SiC inverter; (c) Achieved working region of implemented SiC inverter 

Table VII. Design challenges of a multi-kW multi-MHz full-bridge inverter (Example quantification based on experimental results in Fig. 29) 
Challenges Description Quantification based on Fig.29 Impacts 

1. High dv/dt and di/dt 
dc off

OFF off

dv dt V t
di dt I t

=

=
 dv/dt=550V/10ns=55V/ns 

di/dt=14.1A/10ns=1.41A/ns 
Induce rush current injected into Cgs via Cgd and rush 
voltage on the gate driving loop via LS(int) 

2. Difficulty in ZVS realization , ( )OFF avg rr Coss deadI Q Q T +  , 10 @ 10 =OFF avg deadI A T ns  Require a large IOFF due to short dead time Tdead, aggra-
vating di/dt and inverter oscillation 

3. Oscillation under ZVS operation ( , ) ( , )OFF Loopi v I L    Δvpeak-peak=107V @101MHz Deteriorate gate driving signals by inducing oscillations 

4. High power demand of driving circuit drive driver g sP V Q f=     3.36W @UCC5390 
6.98W @IXRFD631 

Cause difficulty to isolated gate driver supplies design 
and gate driver cooling may be required. 
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ing signal for GaN switching device is -3V/+6V, which is 
much lower than that of a SiC device of -5V/+15V, reducing 
the power requirement of the gate supply and mitigating the 
thermal issue of gate driving circuits. Meantime, it is noted 
that the small package of the GaN device brings about poor 
thermal dissipation performance. Therefore, a GaN-based in-
verter requires an elaborately designed cooling system for 
high-power applications, such as liquid cooling [99], which 
needs to be taken into consideration in practical implementa-
tion. 

V. IMPLEMENTATION OF 3MHZ 4.3KW CPT PROTOTYPE 
A. 3MHz High-Power CPT System Design 

Based on the implemented inverter, a 3MHz CPT system is 
implemented, aiming at achieving record-breaking power and 
efficiency. The adopted CPT circuit is shown in Fig.31, which 
has been analyzed in [105]. It uses double-sided series-parallel 
(SP) IPT links to boost the plate voltage V1 and V2, enabling a 
high power transfer capability. 

For the capacitive coupler, the mutual capacitance CM and 
self-capacitances C1 and C2 satisfy: 

1 2 1 2

1 12 2 34

( )
,

=  +


= + = +

M M M M M

M M

C C C C C
C C C C C C

                 (29) 

The circuit resonance relationship satisfies: 

2 2
1 1 2 21 1 1 2 2 2

1 1 1 1
(1 ) (1 )

 = = = =
− −f f f fL C L CL C k L C k

 (30) 

In the double IPT links, k1 and k2 are coupling coefficients 
and mutual inductance are defined as LM1 and LM2, given as:  

1 1 1 1 2 2 2 2,M f M fL k L L L k L L=  =                  (31) 
According to [103], the output power Pout is given as: 

1 2
1 2

1 2
out out out M in out M

M M

L LP V I VV C V V C
L L

 = = =         (32) 

Table VIII provides the 3MHz CPT system parameters, and 
Fig. 32 shows the CPT prototype. The UCC5390-based invert-
er is used with SiC MOSFET C3M0060065K. The rectifier is 
implemented based SiC diode C4D04065A. All inductors are 
fabricated by 6000-strand 0.03mm Litz wire. For the double-
sided SP IPT links, primary coils (Lf1 and Lf2) are inside the 
secondary ones (L1 and L2), achieving a coupling coefficient of 
0.45. RF ceramic capacitors of Vishay HIFREQ series are used 
to construct Cf1, Cf2, C12, and C34. The capacitive plate has a 
size of 600mm × 600mm. With a transfer distance of 120mm, 
CM is 23pF, and a coupling coefficient of 0.4 is designed.  

Vdc

CM1

CM2

P2 P4

P1 P3

+

Vin

-

Iout

R
ectifier

Inverter

Idc Iin

+

-

Vout RL

+

-

VL

IRL
k1

L1Lf1

Cf1 Cf2

Lf2L2

k2

C12 C34V1

+

-

V2

+

-

SP IPT link SP IPT link
 

Fig.31. Circuit topology of the adopted capacitive power transfer system. 
Table VIII. Parameters of the implemented 3MHz CPT prototype 

Parameter Value Parameter Value 
Vdc 550 V f 3 MHz 

MOSFET C3M060065K Diode C6D04065A 
Lf1 3.34 μH Cf1 2.48nF 
Lf2 3.32 μH Cf2 0.90nF 
L1 48.7 μH L2 48.3 μH 

k1, k2 0.45 LM1, LM2 5.7 μH,  
CM1, CM2 46.0pF C12, C34 35.0pF 

CM 23.0 pF C1, C2 58.0pF 
Air gap 120 mm kC 0.40 
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Fig.32. Implemented 3MHz CPT prototype with the proposed SiC inverter. 
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Fig.33. Experimental waveforms at 3MHz and 4.34kW power transfer.                  
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Fig.34. Measured dc-dc efficiency of the implemented CPT system. 
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Fig.35 Power loss distribution in CPT components at 4.34kW. 
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B. 4.34kW Capacitive Power Transfer 
Fig.33 shows the experimental waveforms at 3MHz and 

4.34kW with a dc input voltage of 550V. The inverter current 
Iin lags Vin by 40.4° to achieve ZVS and the turn-off current 
IOFF achieves 14.5A. The rectifier current Iout slightly leads Vout, 
which is attributed to the parasitic capacitance of rectifier di-
odes. The oscillation of the ac output voltage Vout is the meas-
urement error caused by the parasitic inductance of the exten-
sion wire of the voltage probe.  

Fig. 34 shows the dc-dc efficiency of the CPT system at dif-
ferent input dc voltages and load conditions, which considers 
the power loss in the inverter and rectifier. The dc-dc efficiency 
reaches 94.14% at the highest output power of 4.34kW, and the 
maximum efficiency achieves 94.69% when the DC voltage is 
400V and the power is 1.94kW.  

With f=3MHz, Vdc=550V, and Pout=4.34 kW, the power loss 
distribution among circuit components in the implemented 
CPT system is provided in Fig.35. Particularly, the inverter loss 
takes up 30% of the total power loss, around 81W, which is 
significantly higher than others. The loss on compensation in-
ductors is slightly higher than that in compensation capacitors. 
The coupler plate dissipates 13% and the rectifier accounts for 
12% of the power loss. In this case, the DC-AC efficiency of 
the implemented SiC inverter is estimated to be 98.2%. 
C. Comparison with The State-of-Art CPT Works 

A comparison with existing state-of-art CPT designs in 
terms of power, efficiency, operating frequency, and voltage 
stress, is provided in Table IX and Fig.36.  

The CPT systems presented in [76]-[80], [99] are all devel-
oped from SS CPT compensations with double-sided high-
order circuits. References [76]-[78] presented the early-stage 

high-power CPT design, which achieves a power level of be-
low 3kW and an efficiency of around 90%. Based on these 
works, in 2019, Li et al. improved the LCLC-LCLC CPT sys-
tem and achieved an efficiency of 93.57% at a transferred 
power of 1.41kW [79]. In recent years, high-power CPT sys-
tems over 3kW have been designed. Ref. [99] presents an ex-
cellent CPT system design with a power level of 3.75kW and 
an impressive high working frequency of 13.56MHz benefiting 
from a GaN-based full-bridge inverter. Unfortunately, it 
doesn’t provide a solution for the rectification stage and the 
estimated dc-dc efficiency is only 93%. Meantime, the adopted 
SS CPT topology in [99] burdens the reactive power circula-
tion between the primary and secondary sides [105].  Ref. [80] 
presented the highest capacitive power transfer efficiency of 
95.7% on record. However, the bulky compensation inductors 
used in Ref [80] is almost six times the one used in the pro-
posed design. Besides, the reactive power circulation exists, 
and the voltage stress VC1 is almost 1.5 times that of this work.  

The implemented CPT system is developed from PP CPT 
compensations with double-sided SP IPT links, which achieves 
an impressive power transfer of 4.34kW, and the frequency of 
the implemented CPT system achieves the maximum record of 
3MHz among all the SiC inverter-based CPT designs, as 
shown in Fig. 36 (a), validating the proposed multi-MHz and 
multi-kW inverter. Besides, this work reaches an excellent 
power and efficiency performance of 4.34kW and 94.1%, as 
shown in Fig.36 (b). Meantime, phase angle φ21 between port 
voltages V1 and V2 of the capacitive coupler achieves 90°,  
which maximizes the active power, achieves zero reactive 
power circulation, and minimizes the voltage stress. The pro-
posed design achieves the highest power transfer capability of 

Table IX. Comparison with state-of-art CPT designs. 
Ref. Year Inverter Topology Input Vdc Pout η f CM kC φ21* V1 and V2 
[76] 2015 SiC H-bridge  LCLC-LCLC 265V 2.4kW 90.8% 1MHz 18.35pF 0.155 70° 5.09kV, 5.09kV 
[77] 2016 SiC H-bridge CLLC-CLLC 400V 2.57kW 89.3% 1MHz 14pF 0.097 78° 5.31kV, 6.08kV 
[78] 2017 SiC H-bridge LCL-LCL 270V 1.97kW 91.6% 1MHz 9.91pF 0.081 80° 6.51kV, 6.51kV 
[79] 2019 SiC H-bridge LCLC-LCLC 250V 1.41kW 93.57% 1MHz 12.8pF 0.10 77° 3.99kV, 4.15kV 
[99] 2020 GaN H-bridge SS 430V 3.75kW 93% 13.56MHz 2.7pF 0.097 75° 5.9kV, 3.1kV 
[80] 2021 SiC H-bridge MSS-SS-MSS 500V 3.0kW 95.7% 1MHz 16.33pF 0.25 60° 6.01kV, 6.01kV 

This work 2024 SiC H-bridge MSP-PP-MPS 550V 4.34kW 94.1% 3MHz 23pF 0.40 90° 3.29kV, 4.05kV 
φ21: phase angle between port voltages V1 and V2 of capacitive coupler. 
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0.83kW/kV among existing CPT systems, shown in Fig.36 (c).  

VI. CONCLUSION 

This paper investigated the challenges and explored the 
switching frequency limit of SiC full-bridge inverters, aiming 
at energizing multi-MHz and multi-kW CPT systems. Inverter 
drain-source current and voltage oscillations under zero-
voltage switching-on are investigated, which are mainly at-
tributed to the parasitic inductance of the inverter loop and the 
large turn-off current during ZVS operation. The inverter os-
cillation will induce oscillation in the gate driving signal via 
parasitic capacitance Cgd, LS(int), which deteriorate as the fre-
quency increases, endangering the reliability of gate driving 
signals and emerging as the limit on the achievement of a 
higher operating frequency. Mitigation methods are provided 
to guide the design of multi-MHz and multi-kW full-bridge 
inverters in terms of device selection, gate circuit design, ZVS 
turn-on realization, and PCB layout optimization. 

Based on the presented design methodology, the imple-
mented SiC full-bridge inverters achieve the highest power 
record of 6.59kW at 1MHz, and the highest switching fre-
quency limit of 5MHz with 1.09kW when compared to exist-
ing SiC inverter designs, which further extends the working 
region of the SiC inverter and creates new power and frequen-
cy records. A ZVS switching limit of 3.5MHz of the SiC full-
bridge inverter is pointed out. Based on the implemented SiC 
inverter, a 3MHz CPT prototype is energized, which achieves 
an impressive capacitive power transfer of 4.34kW with a dc-
dc efficiency of 94.14%, validating the presented multi-MHz 
and multi-kW SiC inverter design. To achieve higher-power 
and higher-frequency power inversion, the future direction 
should focus on GaN switching device-based inverter with 
lower parasitic inductance, capacitance, and driving power, 
which contributes to improving the inverter oscillations and 
enables power conversion at higher frequency. 
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