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Abstract—Capacitive parasitic couplings in power electronics
systems are gaining increased attention due to the emergence of
the wide bandgap devices, with the main challenges being faster
switching speeds and increased operating voltage capabilities
causing increased voltage slew rate (dv/dt). The high dv/dt
induces capacitive displacement currents through the channel
of the power semiconductor devices, effectively reducing the
switching speed, resulting in an increase in the Volt-Ampere
integral, incurring surplus switching energy dissipation. This
paper highlights that the parasitic power module gate high side
capacitance should be analyzed in parallel to the high-side gate-
drain capacitance and thus contributing to the "equivalent"
high-side Miller capacitance, slowing down the switching speed
of the high-side device compared to the low-side device in the
half-bridge power module. Effectively this causes an imbalance
in switching energy dissipation between high-side and low-
side devices. A combined physics based and behavioural based
digital twin simulation is used to evaluate high-side and low-
side switching energy dissipation through double pulse testing.
Simulations identify a significant increase in turn-on energy on
the high-side device compared to the low side device, due to the
equivalent high-side Miller capacitance increase. Possible reasons
for why such significant deviation in switching energy dissipation
between the high-side and low-side devices is unprecedented, are
shared from the authors perspectives.

Index Terms—Capacitive couplings; SiC MOSFET; Half-bridge
switching dynamics; Miller capacitance; Switching losses; Power
module modelling; Digital twin simulations

I. INTRODUCTION

CAPACITIVE couplings in Power Electronics Convert-

ers (PECs) have gained increased interest due to the

emergence of the Wide Bandgap (WBG) power semiconductor

devices [1], [2]. The WBG devices are intrinsically supe-

rior to the prevalent Silicon (Si) based power semiconduc-

tor components, with higher breakdown voltage, lower on-

resistance, faster switching speeds and increased operating

temperatures [3]. Because of this, multiple industry segments,

e.g. traction [4]–[6], wind [7]–[9] and induction heating indus-

tries [10]–[12] are exploiting the advantages of the Silicon Car-

bide (SiC) power MOSFETs. In prevalent Si-based PEC sys-

tems, minimizing parasitic inductance has been of main con-

cern due to high di/dt and slow switching speed (dv/dt) [13].

However, with the fast switching speeds of the SiC devices

and the potential to increase operating voltage levels the

design regime of modern power converters is shifting towards

minimizing parasitic capacitive couplings due to high dv/dt
causing high-frequency, high amplitude capacitive displace-

ment currents in the power electronics converter systems [14].

The intrinsic power semiconductor capacitive couplings,

their modelling methods and their impact on device transient

switching performance, including the Miller region switching

dynamics, have been studied in great detail in [15]–[21].

Similarly, the power module layout parasitic capacitive cou-

plings and their impact on the semiconductor switching per-

formance have been studied in [22]–[26]. As these capacitive

couplings are often present in the switching power loop of

the SiC semiconductor devices, the capacitive displacement

currents will be discharging/charging the capacitive couplings

through the channel of the power semiconductor devices,

which causes additional joule heating of the devices from; 1)

An effective reduction in device switching speed which will

results in surplus switching losses from the increase of the

Volt-Ampere integral [27] and 2) the displacement currents

through the channel of the semiconductors, will increase the

switched current amplitude and thus incur surplus switching

and conduction losses [28]. However, in the both industry

and academia the semiconductor switching losses, which are

affected by the capacitive couplings, are assumed identical for

the high-side and low-side power semiconductors in the half-

bridge configured power module [29]–[31].

This paper will show that the high-side and low-side power

semiconductor switching losses are not identical in a 10 kV
SiC half-bridge power module, due to higher operating voltage

levels and switching speeds and the power module para-

sitic capacitive couplings affecting the Miller region charging

dynamics of the high-side SiC MOSFET. This results in

an increase of energy dissipation on the high-side causing

an imbalance in semiconductor switching losses with higher

losses on the high-side device compared to the low-side device.

The paper is organized as follows. In Sec. II the parasitic

capacitive couplings of MOSFET and power module packag-

ing will be modelled, the contributions of different relevant

parasitic capacitive couplings on the SiC MOSFET switching

dynamics will be illustrated and the impact of the defined

"equivalent" Miller capacitance on the MOSFET switching

speed will be analytically derived. Through a simulation case

study of the 10 kV SiC MOSFET power module the difference

Los s  Imbalance 1n SiC Half-Bridge Power Module 

Benjamin F. Kjrersgaard, Thore S. Aunsborg, 

Jannick K. Jorgensen, Dipen N. Dalal, 

Masaki Takahashi, Asger B .  Jorgensen, 

Hongbo Zhao, Stig Munk-Nielsen 
Aalborg University - AA U Energy 

Aalborg, Denmark 

{bfk,jkj,dnd,tsu,mata,abj ,hzh,smn } @ energy.aau.dk 

Bjorn Rannestad 
KK Wind Solutions - Converter 

Ikast, Denmark 

bjran @ kkwindsolutions.com 

Abstract-Capacitive parasitic couplings in power electronics 
systems are gaining increased attention due to the emergence of 
the wide bandgap devices, with the main challenges being faster 
switching speeds and increased operating voltage capabilities 
causing increased voltage slew rate (dv/dt).  The high dvldt 
induces capacitive displacement currents through the channel 
of the power semiconductor devices, effectively reducing the 
switching speed, resulting in an increase in the Volt-Ampere 
integral, incurring surplus switching energy dissipation. This 
paper highlights that the parasitic power module gate high side 
capacitance should be analyzed in parallel to the high-side gate­
drain capacitance and thus contributing to the "equivalent" 
high-side Miller capacitance, slowing down the switching speed 
of the high-side device compared to the low-side device in the 
half-bridge power module. Effectively this causes an imbalance 
in switching energy dissipation between high-side and low­
side devices. A combined physics based and behavioural based 
digital twin simulation is used to evaluate high-side and low­
side switching energy dissipation through double pulse testing. 
Simulations identify a significant increase in turn-on energy on 
the high-side device compared to the low side device, due to the 
equivalent high-side Miller capacitance increase. Possible reasons 
for why such significant deviation in switching energy dissipation 
between the high-side and low-side devices is unprecedented, are 
shared from the authors perspectives. 

Index Terms-Capacitive couplings; SiC MOSFET; Half-bridge 
switching dynamics; Miller capacitance; Switching losses; Power 
module modelling; Digital twin simulations 

I .  INTRODUCTION 

C APACITIVE couplings in Power Electronics Convert­

ers (PECs) have gained increased interest due to the 

emergence of the Wide Bandgap (WBG) power semiconductor 

devices [ 1 ] ,  [2] . The WBG devices are intrinsically supe­

rior to the prevalent Silicon (Si) based power semiconduc­

tor components, with higher breakdown voltage, lower on­

resistance, faster switching speeds and increased operating 

temperatures [3] .  Because of this, multiple industry segments, 

e.g. traction [4]-[6] , wind [7]-[9] and induction heating indus­

tries [ 10]-[12] are exploiting the advantages of the Silicon Car­

bide (SiC) power MOSFETs . In prevalent Si-based PEC sys­

tems, minimizing parasitic inductance has been of main con­

cern due to high di/dt and slow switching speed (dv/dt) [ 13 ] .  
However, with the fast switching speeds o f  the SiC devices 

and the potential to increase operating voltage levels the 

design regime of modern power converters is shifting towards 
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minimizing parasitic capacitive couplings due to high dv/dt 

causing high-frequency, high amplitude capacitive displace­

ment currents in the power electronics converter systems [ 14] . 
The intrinsic power semiconductor capacitive couplings, 

their modelling methods and their impact on device transient 

switching performance, including the Miller region switching 

dynamics, have been studied in great detail in [ 15]-[21 ] .  
Similarly, the power module layout parasitic capacitive cou­

plings and their impact on the semiconductor switching per­

formance have been studied in [22]-[26] . As these capacitive 

couplings are often present in the switching power loop of 

the SiC semiconductor devices, the capacitive displacement 

currents will be discharging/charging the capacitive couplings 

through the channel of the power semiconductor devices, 

which causes additional joule heating of the devices from; 1) 
An effective reduction in device switching speed which will 

results in surplus switching losses from the increase of the 

Volt-Ampere integral [27] and 2) the displacement currents 

through the channel of the semiconductors, will increase the 

switched current amplitude and thus incur surplus switching 

and conduction losses [28] . However, in the both industry 

and academia the semiconductor switching losses, which are 

affected by the capacitive couplings, are assumed identical for 

the high-side and low-side power semiconductors in the half­

bridge configured power module [29]-[3 1 ] .  
This paper will show that the high-side and low-side power 

semiconductor switching losses are not identical in a 10 kV 

SiC half-bridge power module, due to higher operating voltage 

levels and switching speeds and the power module para­

sitic capacitive couplings affecting the Miller region charging 

dynamics of the high-side SiC MOSFET. This results in 

an increase of energy dissipation on the high-side causing 

an imbalance in semiconductor switching losses with higher 

losses on the high-side device compared to the low-side device. 

The paper is organized as follows. In Sec. II the parasitic 

capacitive couplings of MOSFET and power module packag­

ing will be modelled, the contributions of different relevant 

parasitic capacitive couplings on the SiC MOSFET switching 

dynamics will be illustrated and the impact of the defined 

"equivalent" Miller capacitance on the MOSFET switching 

speed will be analytically derived. Through a simulation case 

study of the 10 kV SiC MOSFET power module the difference 
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between high-side and low-side equivalent Miller capacitance

will be highlighted in Sec. III, where physics based FEM

extractions are used for a digital twin model of the 10 kV SiC

MOSFET power module. To validate the hypothesis of a turn-

on energy dissipation imbalance between high-side and low-

side MOSFET caused by the shown difference in equivalent

Miller capacitance, a sensitivity analysis is presented where

the turn-on energy increase is related to the increase in the

equivalent high-side Miller capacitance, by sweeping the gate-

high capacitance.

II. HALF-BRIDGE SIC MOSFET POWER MODULE

MODELLING

A. Power MOSFET Modelling

The capacitive couplings of a power MOSFET can be

modelled using the intrinsic capacitance model, as illustrated

in Fig. 1a. The capacitances CGD and CDS are typically

modelled as being voltage dependent and CGS is assumed

constant. The charging dynamics of the MOSFET is governed

by these three capacitances. During turn-on, the Miller region

charging dynamics for the MOSFET is being governed by the

charging of the gate-drain capacitance which is also referred

to as the Miller capacitance. In the Miller region a stationary

condition is reached where the gate-source voltage is clamped

to the Miller voltage level Vmil and the Miller capacitance is

charged through the gate. The gate current IG is thus limited

by the gate resistance RG, yielding a constant gate current as

illustrated in (1).

IG =
VG − Vmil

RG

(1)

During the Miller region CGD and CDS are considered in

parallel and thus Kirchhoff’s current law dictates that the

charging of the drain-source capacitance is forced to follow
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Fig. 2: Power module layout illustrating the DBC islands,

the layering of the DBC and the baseplate including a cross-

sectional view of the layering illustrating the OUT, DC+ and

gate-high parasitic capacitive couplings to the baseplate.

the charging of the gate-drain capacitance yielding an approx-

imately constant dv/dt on the drain-source voltage until the

on-state forward voltage is reached [15].

B. Half-bridge Power Module Modelling

In a typical half-bridge power module the isolating ceramic

substrate of the Direct Bonded Copper (DBC) results in

parasitic capacitive couplings between the baseplate and the

top copper islands, as depicted by the cross-sectional view

in Fig. 2. The circuit representation of the power module

capacitive couplings is given in Fig. 1b. The baseplate is

assumed grounded, as is the case in most practical setups.

The capacitances CσDC+, CσDC− and CσGL are referred be-

tween two approximately constant potentials during switching

transition and can thus be analyzed as being fully charged

yielding an open-circuit connection in a DC analysis. In
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Fig. 1 :  (a) MOSFET intrinsic capacitive couplings [20] . (b) Half-bridge power module parasitic capacitive counJ;- [25] . (c) 

Equivalent MOSFET and half-bridge power module capacitive couplings. 

between high-side and low-side equivalent Miller capacitance 

will be highlighted in Sec. III, where physics based FEM 

extractions are used for a digital twin model of the 10 k V SV' 

MOSFET power module. To validate the hypothesis of a turn 

on energy dissipation imbalance between high-side and low­

side MOSFET caused by the shown difference in equivalent 

Miller capacitance, a sensitivity analysis is presented where 

the turn-on energy increase is related to the increase in the 

equivalent high-side Miller capacitance, by sweeping the gate­

high capacitance. 

II. HALF-BRIDGE SIC MOSFET POWER MODULE 

MODELLING 

A. Power MOSFET Modelling 

The capacitive couplings of a power MOSFET can be 

modelled using the intrinsic capacitance model, as illustrated 

in Fig. la. The capacitances CoD and CDs are typically 

modelled as being voltage dependent and Cos is assumed 

constant. The charging dynamics of the MOSFET is governed 

by these three capacitances. During turn-on, the Miller region 

charging dynamics for the MOSFET is being governed by the 

charging of the gate-drain capacitance which is also referred 

to as the Miller capacitance. In the Miller region a stationary 

condition is reached where the gate-source voltage is clamped 

to the Miller voltage level Vmil and the Miller capacitance is 

charged through the gate. The gate current J0 is thus limited 

by the gate resistance Ro, yielding a constant gate current as 

illustrated in (1) .  

L _ Vo - Vmil 
0 - Ro (1)  

During the Miller region CoD and CDs are considered in 

parallel and thus Kirchhoff's current law dictates that the 

charging of the drain-source capacitance is forced to follow 

Fig. 2: Power module layout illustrating the DBC islands, 

the layering of the DBC and the baseplate including a cross­

sectional view of the layering illustrating the OUT, DC+ and 

gate-high parasitic capacitive couplings to the baseplate. 

the charging of the gate-drain capacitance yielding an approx­

imately constant dv/dt on the drain-source voltage until the 

on-state forward voltage is reached [ 15 ] .  

B. Half-bridge Power Module Modelling 

In a typical half-bridge power module the isolating ceramic 

substrate of the Direct Bonded Copper (DBC) results in 

parasitic capacitive couplings between the baseplate and the 

top copper islands, as depicted by the cross-sectional view 

in Fig. 2. The circuit representation of the power module 

capacitive couplings is given in Fig. lb. The baseplate is 

assumed grounded, as is the case in most practical setups. 

The capacitances Ca-DC+ , Ca-DC- and Ca-oL are referred be­

tween two approximately constant potentials during switching 

transition and can thus be analyzed as being fully charged 

yielding an open-circuit connection in a DC analysis. In 
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Fig. 1: (a) MOSFET intrinsic capacitive couplings [20]. (b) Half-bridge power module parasitic capacitive couplings [25]. (c) 
Equivalent MOSFET and half-bridge power module capacitive couplings.



contrast the capacitances CσGH and CσOUT will be subject to

a high dv/dt during switching transitions as the potential of

the half-bridge output terminal is changing between DC- and

DC+ during each switching commutation [28].

C. Miller Capacitance Modelling

As the majority of the power module parasitic capacitive

couplings are referred between constant potentials, the model

in Fig. 1a is simplified and combined with the MOSFET model

from Fig. 1b yielding the equivalent MOSFET and power

module parasitic capacitive couplings of the half-bridge, as

illustrated in Fig. 1c. From the model in Fig. 1c a difference

can be observed in capacitive couplings between the gate-high

and gate-low terminals due to the inclusion of the gate-high

power module capacitance CσGH on the high-side MOSFET.

The gate voltage VGH to ground will govern the capacitive

displacement current of the gate-high capacitance CσGH. As

for the high-side MOSFET gate-drain capacitance CGDH the

voltage governing the capacitive displacement current will

be the gate-drain voltage vGDH. From Kirchoff’s voltage law

in (2) and (3) are derived under the assumption that the

gate-source voltage bias is negligible. The respective voltages

in (2) and (3) are defined in Fig. 1c, which likewise depicts

the polarity conventions used for the derivation.

vGH = VGSH − vDSH + V +
DC ≈ −vDSH + V +

DC (2)

vGDH = vGH − vDH = −vDSH + V +
DC − V +

DC = −vDSH (3)

The difference in subjected voltage in (2) and (3) is the DC+

bias on the voltage of the gate-high capacitance. With V +
DC

being a constant voltage, the dv/dt of the drain-source voltage

vDSH will be governing the capacitive displacement currents of

both of the capacitances CσGH and CGDH, thus allowing to con-

sider these as being in parallel. Effectively this will impact the

Miller region of the high-side MOSFET QH compared to the

low-side MOSFET QL, which is why the "equivalent" Miller

capacitance Ceqmil,H of the high-side is defined a combination

of the gate-high capacitance and the gate-drain capacitances,

whereas the low-side Miller capacitance will only be CGD, as

shown in (4), under the assumption that CGDH = CGDL = CGD.

Ceqmil,H = CσGH + CGD > Ceqmil,L = CGD (4)

iG = Ceqmil,H · ΔvDSH

Δtmil,H

iG = Ceqmil,L · ΔvDSL

Δtmil,L

}
Δtmil,H > Δtmil,L (5)

As was explained previously in (1), the charging current of

the Miller capacitance during the Miller region is limited by

the gate resistor, thus with a fixed gate current amplitude and

a fixed DC voltage yielding a fixed change in drain-source

voltage (VDC = ΔVDS), the increase in equivalent Miller

capacitance will directly impact the Δtmil (duration of the

Miller region) and thus the slope of the drain-source voltage,

which is given in (5). This will cause an imbalance in the

switching dynamics of the two MOSFETs with the high-side

MOSFET QH turning on slower than QL and thus incurring

additional losses on the high-side device which can impact

life-time and reliability of the half-bridge power module.

Fig. 3: Case study, SiC MOSFET power module populated

with 3rd generation Wolfspeed 10 kV / 17A dies [25].

To validate the analytically derived analysis of the gate-

high capacitance CσGH impact on the Miller region charging

dynamics, the following section presents the simulation study

for these charging dynamics using a digital twin model of a

laboratory DPT setup.

III. DIGITAL TWIN SIMULATIONS

For the the simulations of this paper the 10 kV SiC MOS-

FET power module shown in Fig. 3 will be used as a case

study. In [32] a digital twin simulation model of power module

from Fig. 3 has been constructed from a combined physics

based power module model and a behavioural based MOSFET

and diode model. The digital twin SPICE simulation model

was validated through comparison between experimental and

simulated Double Pulse Test (DPT) utilizing the low-side

device of the half-bridge 10 kV SiC MOSFET power module.

Further details of the experimental setup, testing procedures

and loss analysis are found in [32]. In this paper, the validated

SPICE model is utilized to highlight the impact of the gate-

high capacitance on the Miller region charging dynamics.

In addition, a high-side DPT simulation model is further

developed, as illustrated from the schematic in Fig. 4, with

both models having a split DC-midpoint. Simulation param-

eters are given in Table I. The piece-wise-linear models of

the MOSFET intrinsic capacitances CISS, COSS, CRSS and the

external JBS diode intrinsic capacitance CT are depicted by

the dashed lines in Fig. 5. Where the capacitance conversion

from the capacitances in Fig. 5 to the switching device intrinsic

capacitances defined in Table I and Fig. 4 are given as;

CDS = COSS−CRSS+CT, CGS = CISS−CRSS and CGD = CRSS.

A. Switching Loss Imbalance

The impact of the gate-high capacitance on the switching

dynamics of the high-side device, compared to the low-side

device will be illustrated from simulations in this section.

The 2nd turn-on switching waveforms for the two DPT’s

are shown in Fig. 6 and depicts how the gate-high capacitance

CσGH extends the Miller region of the high-side MOSFET

turn-on, compared to the low-side MOSFET turn-on. This

contrast the capacitances Ca-oH and Ca-om will be subject to 

a high dv/dt during switching transitions as the potential of 

the half-bridge output terminal is changing between DC- and 

DC+ during each switching commutation [28] .  

C. Miller Capacitance Modelling 

As the majority of the power module parasitic capacitive 

couplings are referred between constant potentials, the model 

in Fig. 1a is simplified and combined with the MOSFET model 

from Fig. 1b yielding the equivalent MOSFET and power 

module parasitic capacitive couplings of the half-bridge, as 

illustrated in Fig. 1c. From the model in Fig. 1c a difference 

can be observed in capacitive couplings between the gate-high 

and gate-low terminals due to the inclusion of the gate-high 

power module capacitance Ca-oH on the high-side MOSFET. 

The gate voltage VoH to ground will govern the capacitive 

displacement current of the gate-high capacitance Ca-OH · As 

for the high-side MOSFET gate-drain capacitance CoDH the 

voltage governing the capacitive displacement current will 

be the gate-drain voltage voDH · From Kirchoff's voltage law 

in (2) and (3) are derived under the assumption that the 

gate-source voltage bias is negligible. The respective voltages 

in (2) and (3) are defined in Fig. 1c, which likewise depicts 

the polarity conventions used for the derivation. 

voH = VosH - VDsH + VD� � -vDsH + VD� (2) 

VODH = VoH - VDH = -VDSH + VD� - VD� = -VDSH (3) 

The difference in subjected voltage in (2) and (3) is the DC+ 

bias on the voltage of the gate-high capacitance. With VD� 
being a constant voltage, the dv/dt of the drain-source voltage 

VDsH will be governing the capacitive displacement currents of 

both of the capacitances Ca-oH and CoDH , thus allowing to con­

sider these as being in parallel. Effectively this will impact the 

Miller region of the high-side MOSFET Q8 compared to the 

low-side MOSFET QL , which is why the "equivalent" Miller 

capacitance Ceqrnil,H of the high-side is defined a combination 

of the gate-high capacitance and the gate-drain capacitances, 

whereas the low-side Miller capacitance will only be CoD, as 

shown in (4), under the assumption that CoDH = CoDL = CoD·  

Ceqrnil,H = Ca-oH + CoD > Ceqmil,L = CoD (4) 

io = Ceqrnil,H · ����� } 
� � 

i _ C . 1  L . L'l.vnsL tmil,H > tmil,L 
0 - eqiill ' L'l.tmii.L 

(5) 

As was explained previously in (1), the charging current of 

the Miller capacitance during the Miller region is limited by 

the gate resistor, thus with a fixed gate current amplitude and 

a fixed DC voltage yielding a fixed change in drain-source 

voltage (VDc = � VDs), the increase in equivalent Miller 

capacitance will directly impact the �tmil (duration of the 

Miller region) and thus the slope of the drain-source voltage, 

which is given in (5). This will cause an imbalance in the 

switching dynamics of the two MOSFETs with the high-side 

MOSFET Q8 turning on slower than QL and thus incurring 

additional losses on the high-side device which can impact 

life-time and reliability of the half-bridge power module. 

Fig. 3: Case study, SiC MOSFET power module populated 

with 3rct generation Wolfspeed 10 kV I 17 A dies [25] . 

To validate the analytically derived analysis of the gate­

high capacitance Ca-oH impact on the Miller region charging 

dynamics, the following section presents the simulation study 

for these charging dynamics using a digital twin model of a 

laboratory DPT setup. 

Ill.  DIGITAL TWIN S IMULATIONS 

For the the simulations of this paper the 10 kV SiC MOS­

FET power module shown in Fig. 3 will be used as a case 

study. In [32] a digital twin simulation model of power module 

from Fig. 3 has been constructed from a combined physics 

based power module model and a behavioural based MOSFET 

and diode model. The digital twin SPICE simulation model 

was validated through comparison between experimental and 

simulated Double Pulse Test (DPT) utilizing the low-side 

device of the half-bridge 10 kV SiC MOSFET power module. 

Further details of the experimental setup, testing procedures 

and loss analysis are found in [32] . In this paper, the validated 

SPICE model is utilized to highlight the impact of the gate­

high capacitance on the Miller region charging dynamics.  

In addition, a high-side DPT simulation model is further 

developed, as illustrated from the schematic in Fig. 4, with 

both models having a split DC-midpoint. Simulation param­

eters are given in Table I. The piece-wise-linear models of 

the MOSFET intrinsic capacitances C1ss , Coss , CRss and the 

external JBS diode intrinsic capacitance CT are depicted by 

the dashed lines in Fig. 5 .  Where the capacitance conversion 

from the capacitances in Fig. 5 to the switching device intrinsic 

capacitances defined in Table I and Fig. 4 are given as; 

CDs = Coss -CRss +CT, Cos = qss -CRss and CoD = CRss .  

A .  Switching Loss Imbalance 

The impact of the gate-high capacitance on the switching 

dynamics of the high-side device, compared to the low-side 

device will be illustrated from simulations in this section. 

The 2nd turn-on switching waveforms for the two DPT's 

are shown in Fig. 6 and depicts how the gate-high capacitance 

Ca-oH extends the Miller region of the high-side MOSFET 

tum-on, compared to the low-side MOSFET tum-on. This 
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Fig. 4: Circuit schematic illustrating parasitic impedances

included in the digital twin model of the DPT setup.

TABLE I: Double pulse test setup simulation parameters.

Load & source parameters
VDC ±3 kV CDC 100 μF
VG

+ 20V RG,ext 20.2Ω
VG

− −5V RG,int 2.8Ω
L 49mH RL 6.08Ω

Parasitic capacitances
CGS piece-wise-linear CGD piece-wise-linear
CDS piece-wise-linear

CσDC+ 68.1pF CσDC- 33.91pF
CσGH 12.85pF CσGL 35.6pF
CσOUT 83.1pF CL 12pF

Parasitic inductances Series resistances
LσDC+ 17.9nH RDC+ 21.1mΩ
LσDC- 17.9nH RσDC- 22.6mΩ
LσGH 17.0nH RσGH 121.5mΩ
LσGL 16.3nH RσGL 100.7mΩ

LσOUT,H 18.5nH RσOUT,H 34.7mΩ
LσOUT,L 16.5nH RσOUT,L 28.2mΩ
Lwire,1 50.0nH Rwire,1 12.8mΩ
Lwire,2 49.0nH Rwire,2 12.8mΩ
Lwire,3 560nH Rwire,3 35.2mΩ
Lwire,4 720nH Rwire,4 39.0mΩ

is clearly shown from a comparison between the switch-

ing energy dissipation of the high-side and low-side device,

yielding an increase of 27.1mJ for the high-side MOSFET

corresponding to a percentage increase of 76% in switching

energy dissipation for this specific switching event.

B. Gate-High Capacitance Sensitivity Analysis

The gate-high capacitance CσGH will be varied in the

simulations with steps of ±5 pF from the original value of

12.85 pF, thus the swept range will be from 2.85 pF-22.85 pF,

with the addition of a 0 pF simulation used as a reference. The

Fig. 5: MOSFET and diode intrinsic capacitances [32].
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and high-side DPT’s at a load current level of 14A.

gate-drain capacitance CGD and gate-low capacitance CσGL

will be kept as defined in Table I.

The turn-on switching waveforms from the simulated high-

side DPT’s with varied equivalent high-side Miller capaci-

tances are shown in Fig. 7. The extracted turn-on switching

energy losses for both high-side and low-side DPT’s are

summarized in Table II. From the summarized simulation

data in Table II it is observed that the width of the Miller

region and the high-side turn-on losses are highly affected

for the DPT of the high-side device when varying the high-

side gate capacitance, whereas for the DPT of the low-side

device the width of the Miller region and the turn-on losses
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TABLE I: Double pulse test setup simulation parameters. 

Load & source parameters 
VDc ±3 kV CDc lOO f!F 

vG-r 20 V RG,ext 20.2 0 

VG - 5 V  RG,int 2.8 0 
L 49 mH RL 6.08 0 

Parasitic capacitances 
CGs piece-wise-linear CGD piece-wise-linear 
CDs piece-wise-linear 

C"DC+ 68. 1 pF C"DC- 33.91 pF 
C"GH 1 2 .85 pF C"GL 35.6 pF 

C"OUT 83. 1 pF CL 1 2 pF 

Parasitic inductances Series resistances 
L<TDC+ 17.9 nH RDC+ 2 1 . 1 m0 
L<TDC- 17.9 nH R<TDC- 22.6 m0 
L<TGH 17.0 nH R<TGH 1 2 1 .5 mO 
L<7GL 16.3 nH R<7GL 100.7 m0 

L<70UT,H 18.5 nH R<70UT,H 34. 7 m0 
L<70UT,L 16.5 nH R<70UT,L 28.2 m0 

Lwire, l  50.0 nH Rwire,l 12.8 m0 
Lwire,2 49.0 nH Rwire,2 12.8 m0 
Lwire,3 560 nH Rwire,3 35.2 m0 
Lwire,4 720 nH Rwire,4 39.0 m0 

is clearly shown from a comparison between the switch­

ing energy dissipation of the high-side and low-side device, 

yielding an increase of 27. 1 mJ for the high-side MOSFET 

corresponding to a percentage increase of 76 % in switching 

energy dissipation for this specific switching event. 

B. Gate-High Capacitance Sensitivity Analysis 

The gate-high capacitance Ca-oH will be varied in the 

simulations with steps of ±5 pF from the original value of 

12 .85 pF, thus the swept range will be from 2 .85 pF -22.85 pF, 

with the addition of a 0 pF simulation used as a reference. The 
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Fig. 6: Simulated turn-on switching waveforms for low-side 

and high-side DPT's at a load current level of 14 A. 

gate-drain capacitance CoD and gate-low capacitance Ca-oL 
will be kept as defined in Table I. 

The turn-on switching waveforms from the simulated high­

side DPT's with varied equivalent high-side Miller capaci­

tances are shown in Fig. 7 .  The extracted turn-on switching 

energy losses for both high-side and low-side DPT's are 

summarized in Table II. From the summarized simulation 

data in Table II it is observed that the width of the Miller 

region and the high-side turn-on losses are highly affected 

for the DPT of the high-side device when varying the high­

side gate capacitance, whereas for the DPT of the low-side 

device the width of the Miller region and the turn-on losses 
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DPT’s at 6 kV / 14A, with varied gate-high capacitance CσGH.

TABLE II: Summarized simulated turn-on losses for high-side

and low-side DPT’s with varied gate-high capacitances.

CσGH 0 2.85 7.85 12.85 17.85 22.85 [pF]

Eon,L 34.9 35.1 37.5 35.6 38.2 38.5 [mJ]
Eon,H 34.9 39.9 51.3 62.9 75.8 88.4 [mJ]
Δtmil,L 0.333 0.349 0.383 0.357 0.393 0.398 [μs]
Δtmil,H 0.333 0.490 0.798 1.096 1.416 1.716 [μs]

are nearly not affected by this varying of the high-side gate

capacitance. It is shown that an increase of 5 pF in high-

side gate capacitance corresponds to an increase in high-

side turn-on energy losses of approximately 10mJ and an

increase in duration of the Miller region of approximately

300 ns, for this specific case study and within the defined

sweeping range of high-side gate capacitance. This implies

a linear relationship between increase in equivalent Miller

capacitance and the surplus switching losses incurred. This

trend agrees with the analytically derived theory in (5), which

states that for the same ΔVDS and under the assumption of

a constant gate current, the duration of the Miller region will

be linearly proportional to the equivalent Miller capacitance.

Assuming that the Miller region losses can be considered

as the main contributor to the turn-on switching losses, this

linear proportionality between equivalent Miller capacitance

and duration of the Miller region, will cause a similar linear

proportionality between increase in equivalent Miller capaci-

tance and increase in turn-on switching losses. In addition, it

should be highlighted how the 0 pF high-side gate capacitance

in Table II depicts a fully balanced half-bridge, where the

low-side Miller capacitance is equal to the equivalent high-
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Fig. 8: Simulated turn-on switching waveforms for low-side

DPT’s at 6 kV / 14A, with varied gate-low capacitance CσGL.

side Miller capacitance, and thus achieving identical switching

dynamics and corresponding switching losses.

C. Gate-Low Capacitance Sensitivity Analysis

To further clarify the difference in sensitivity between gate-

high and gate-low parasitic capacitances, the gate-low capaci-

tance CσGL will be varied in the simulations. The swept range

for the gate-low capacitance will be identical to the previous

section with steps of ±5 pF from 12.85 pF, yielding 2.85 pF-

22.85 pF and a 0 pF simulation as a reference. The gate-drain

capacitance CGD and gate-high capacitance CσGH will be kept

as defined in Table I. The turn-on switching waveforms from

the simulated low-side DPT’s with varied low-side parasitic

gate capacitance are shown in Fig. 8. The identical waveforms

for the sweep in gate-low capacitance verifies that the gate-

low capacitance will not impact the duration of the low-side

device Miller region. As was similarly explained in Section II

this is due to the parasitic gate-low capacitance being referred

to the constant DC- potential, and thus not experiencing the

high dv/dt from the switching transition, whereas the parasitic

gate-high capacitance is referred to the OUT potential and thus

experiences the full dv/dt during switching transition.

The turn-on switching energy dissipation during these low-

side DPT simulations are extracted to be between 35.7 and

35.8mJ, which is similar to the low-side DPT turn-on energy

of 35.6mJ documented in Table II for CσGH =12.85 pF, as

the gate-high capacitance in the simulations in Fig. 8 are kept

constant at exactly 12.85 pF. The minor deviations are caused

by the computational variations in the numerical integration

of the Power waveforms.
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TABLE II: Summarized simulated turn-on losses for high-side 

and low-side DPT's with varied gate-high capacitances. 

OucH 0 2.85 7.85 12.85 1 7.85 22.85 [pF] 

Ean,L 34.9 35.1  37.5 35.6 38.2 38.5 [mJ] 
Ean,H 34.9 39.9 5 1 .3 62.9 75.8 88.4 [mJ] 
6.trnil ,L 0.333 0.349 0.383 0.357 0.393 0.398 [f!s] 
6.trnil H 0.333 0.490 0.798 1.096 1 .416 1 .7 1 6  [f!s] 

are nearly not affected by this varying of the high-side gate 

capacitance. It is shown that an increase of 5 pF in high­

side gate capacitance corresponds to an increase in high­

side turn-on energy losses of approximately 10 mJ and an 

increase in duration of the Miller region of approximately 

300 ns, for this specific case study and within the defined 

sweeping range of high-side gate capacitance. This implies 

a linear relationship between increase in equivalent Miller 

capacitance and the surplus switching losses incurred. This 

trend agrees with the analytically derived theory in (5), which 

states that for the same ,0. VDs and under the assumption of 

a constant gate current, the duration of the Miller region will 

be linearly proportional to the equivalent Miller capacitance. 

Assuming that the Miller region losses can be considered 

as the main contributor to the turn-on switching losses, this 

linear proportionality between equivalent Miller capacitance 

and duration of the Miller region, will cause a similar linear 

proportionality between increase in equivalent Miller capaci­

tance and increase in turn-on switching losses. In addition, it 

should be highlighted how the 0 pF high-side gate capacitance 

in Table II depicts a fully balanced half-bridge, where the 

low-side Miller capacitance is equal to the equivalent high-
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Fig. 8: Simulated turn-on switching waveforms for low-side 

DPT's at 6 kV I 14 A, with varied gate-low capacitance CO"GL ·  

side Miller capacitance, and thus achieving identical switching 

dynamics and corresponding switching losses. 

C. Gate-Low Capacitance Sensitivity Analysis 

To further clarify the difference in sensitivity between gate­

high and gate-low parasitic capacitances, the gate-low capaci­

tance CO"GL will be varied in the simulations . The swept range 

for the gate-low capacitance will be identical to the previous 

section with steps of ±5 pF from 12 .85 pF, yielding 2.85 pF-
22 .85 pF and a 0 pF simulation as a reference. The gate-drain 

capacitance CoD and gate-high capacitance CO"GH will be kept 

as defined in Table I. The turn-on switching waveforms from 

the simulated low-side DPT's with varied low-side parasitic 

gate capacitance are shown in Fig. 8 .  The identical waveforms 

for the sweep in gate-low capacitance verifies that the gate­

low capacitance will not impact the duration of the low-side 

device Miller region. As was similarly explained in Section II 

this is due to the parasitic gate-low capacitance being referred 

to the constant DC- potential, and thus not experiencing the 

high dvldt from the switching transition, whereas the parasitic 

gate-high capacitance is referred to the OUT potential and thus 

experiences the full dvldt during switching transition. 

The turn-on switching energy dissipation during these low­

side DPT simulations are extracted to be between 35.7 and 

35 .8  mJ, which is similar to the low-side DPT turn-on energy 

of 35.6 mJ documented in Table II for CO"GH =12.85 pF, as 

the gate-high capacitance in the simulations in Fig. 8 are kept 

constant at exactly 12 .85 pF. The minor deviations are caused 

by the computational variations in the numerical integration 

of the Power waveforms. 
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IV. PERSPECTIVES

The derived model of this paper is generally valid for

both Si IGBT and SiC MOSFET based half-bridge configured

power modules. However, to the knowledge of the authors

the phenomenon of increased equivalent Miller capacitance

on the high-side device has not been documented in literature,

despite the large impact on the medium voltage power module

switching performance demonstrated here. Possible reasons

are shared from the authors perspectives:

1) As the active surface area of an Si IGBT die is larger

compared to the active area of the SiC MOSFET die the

physical size of the gate-drain/collector capacitance is larger

for the Si IGBTs. Thus, the relative increase in high-side

equivalent Miller capacitance compared to the low-side Miller

capacitance for IGBTs is small and thus prevalent research has

not been concerned with the discussed phenomenon.

2) The state-of-the-art literature on power device loss

characterization are heavily populated by behavioural based

Si IGBT loss models with the existing SiC MOSFET loss

models being derived from the behavioural based Si IGBT loss

models. Thus, as existing loss models are behavioural based

black-box models, the physics based phenomenon defined in

this paper has not been identified.

3) Double pulse testing is a widely recognised method

for determining semiconductor switching energy. Historically

DPT has been performed on the low-side device, due to the

the exclusion of high-side driver isolation requirements and the

convenience of accessibility to the DC- terminal for passive

probing. Thus, without characterizing the high-side energy the

imbalance observed in this paper has not identified.

4) The increase in operating voltage capabilities of the

WBG devices (ΔVDS) have caused in increase in the Miller

region switching energy contribution to the overall switching

energy dissipation of the SiC power module, which is why the

impact of the gate-high capacitance is magnified at higher bus

voltages.

V. CONCLUSION

This paper highlights a difference in equivalent Miller

capacitance between high-side and low-side SiC MOSFET in

a half-bridge power module, which during the turn-on Miller

region charging dynamics causes an increase in the high-

side switching energy dissipation. An equivalent circuit repre-

sentation including MOSFET and half-bridge power module

parasitic capacitive couplings is given. The equivalent circuit is

used to derive how the gate-high capacitance CσGH will effec-

tively be coupled in parallel to the gate-drain capacitance CGD,

thus increasing the equivalent high-side Miller capacitance

compared to the low side Miller capacitance. From analytical

derivation of the SiC MOSFET turn-on it is shown how the

increase in equivalent high-side Miller capacitance extends

the Miller region for the high-side MOSFET, thus incurring

additional switching energy dissipation, entailing an imbalance

in the half-bridge switching energy distribution between high-

side and low-side device. From combined physics based and

behavioural based digital twin simulations it is verified how

the influence of the equivalent high-side Miller capacitance

drastically increases the high-side device switching energy

dissipation compared to the low side device. A turn-on energy

deviation of 27.1mJ corresponding to 76% increase of the

high-side switching energy dissipation is shown in a simulated

DPT configuration for a specific MV SiC-based MOSFET

power module. A sensitivity analysis with varying parasitic

high-side gate capacitance shows an approximately linear

increase in high-side turn-on losses with the increase in equiva-

lent high-side Miller capacitance. These results highlights the

importance of considering the power module parasitic gate-

high capacitance in the design and loss estimation of MV

SiC-based power modules, as this otherwise could negatively

impact efficiency, performance estimates and reliability of

the designed power module. Due to the significance of the

simulated results shown in this paper, the increases equivalent

Miller capacitance phenomenon should be experimentally val-

idated for WBG enabled MV half-bridge power modules in

future research.
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IV. PERSPECTIVES 

The derived model of this paper is generally valid for 

both Si IGBT and SiC MOSFET based half-bridge configured 

power modules.  However, to the knowledge of the authors 

the phenomenon of increased equivalent Miller capacitance 

on the high-side device has not been documented in literature, 

despite the large impact on the medium voltage power module 

switching performance demonstrated here. Possible reasons 

are shared from the authors perspectives:  

1) As the active surface area of an Si IGBT die is larger 

compared to the active area of the SiC MOSFET die the 

physical size of the gate-drain/collector capacitance is larger 

for the Si IGBTs. Thus, the relative increase in high-side 

equivalent Miller capacitance compared to the low-side Miller 

capacitance for IGBTs is small and thus prevalent research has 

not been concerned with the discussed phenomenon. 

2) The state-of-the-art literature on power device loss 

characterization are heavily populated by behavioural based 

Si IGBT loss models with the existing SiC MOSFET loss 

models being derived from the behavioural based Si IGBT loss 

models.  Thus, as existing loss models are behavioural based 

black-box models, the physics based phenomenon defined in 

this paper has not been identified. 

3) Double pulse testing is a widely recognised method 

for determining semiconductor switching energy. Historically 

DPT has been performed on the low-side device, due to the 

the exclusion of high-side driver isolation requirements and the 

convenience of accessibility to the DC- terminal for passive 

probing. Thus, without characterizing the high-side energy the 

imbalance observed in this paper has not identified. 

4) The increase in operating voltage capabilities of the 

WBG devices (,0. VDs) have caused in increase in the Miller 

region switching energy contribution to the overall switching 

energy dissipation of the SiC power module, which is why the 

impact of the gate-high capacitance is magnified at higher bus 

voltages. 

V. CONCLUSION 

This paper highlights a difference in equivalent Miller 

capacitance between high-side and low-side SiC MOSFET in 

a half-bridge power module, which during the turn-on Miller 

region charging dynamics causes an increase in the high­

side switching energy dissipation. An equivalent circuit repre­

sentation including MOSFET and half-bridge power module 

parasitic capacitive couplings is given. The equivalent circuit is 

used to derive how the gate-high capacitance Ca-oH will effec­

tively be coupled in parallel to the gate-drain capacitance CoD, 
thus increasing the equivalent high-side Miller capacitance 

compared to the low side Miller capacitance. From analytical 

derivation of the SiC MOSFET turn-on it is shown how the 

increase in equivalent high-side Miller capacitance extends 

the Miller region for the high-side MOSFET, thus incurring 

additional switching energy dissipation, entailing an imbalance 

in the half-bridge switching energy distribution between high­

side and low-side device. From combined physics based and 

behavioural based digital twin simulations it is verified how 

the influence of the equivalent high-side Miller capacitance 

drastically increases the high-side device switching energy 

dissipation compared to the low side device. A turn-on energy 

deviation of 27.1 mJ corresponding to 76 % increase of the 

high-side switching energy dissipation is shown in a simulated 

DPT configuration for a specific MV SiC-based MOSFET 

power module. A sensitivity analysis with varying parasitic 

high-side gate capacitance shows an approximately linear 

increase in high-side turn-on losses with the increase in equiva­

lent high-side Miller capacitance. These results highlights the 

importance of considering the power module parasitic gate­

high capacitance in the design and loss estimation of MV 

SiC-based power modules, as this otherwise could negatively 

impact efficiency, performance estimates and reliability of 

the designed power module. Due to the significance of the 

simulated results shown in this paper, the increases equivalent 

Miller capacitance phenomenon should be experimentally val­

idated for WBG enabled MV half-bridge power modules in 

future research. 

ACKNOWLEDGMENTS 

This work is supported by the MVolt project which is co­

funded by AAU Energy, Innovation Fund Denmark, Siemens 

Gamesa Renewable Energy, Vestas Wind System, and KK 
wind solutions. 

REFERENCES 

[1] B. Zhang and S. Wang, "A survey of emi research in power electronics 
systems with wide-bandgap semiconductor devices," IEEE Journal of 
Emerging and Selected Topics in Power Electronics, vol. 8, no. 1 ,  pp. 
626-643, 2020. 

[2] J. Chen, X. Du, Q. Luo, X. Zhang, P. Sun, and L. Zhou, "A review of 
switching oscillations of wide bandgap semiconductor devices," IEEE 
Transactions on Power Electronics, vol. 35,  no. 12, pp. 13 1 82-13 199, 
2020. 

[3] B. Baliga, "Semiconductors for high-voltage, vertical channel field­
effect transistors," Journal of Applied Physics, vol. 53, no. 3, pp. 
1759-1764, 1982. [Online]. Available: https:l!doi.orgl10. 1063/1 .33 1646 

[4] D. Cittanti, E. Vico, and I. R. Bojoi, "New fom-based performance 
evaluation of 600/650 v sic and gan semiconductors for next-generation 
ev drives," IEEE Access, vol. 10, pp. 51 693-51 707, 2022. 

[5] X. Ding, M. Du, T. Zhou, H. Guo, and C. Zhang, "Comprehensive 
comparison between silicon carbide mosfets and silicon igbts based 
traction systems for electric vehicles," Applied Energy, vol. 194, pp. 
626-634, 2017. [Online]. Available: https:l!www.sciencedirect.com/ 
science/article/pii/S0306261916306560 

[6] S. Jahdi, 0. Alatise, C. Fisher, L. Ran, and P. Mawby, "An evaluation 
of silicon carbide unipolar technologies for electric vehicle drive-trains," 
IEEE Journal of Emerging and Selected Topics in Power Electronics, 

vol. 2, no. 3, pp. 517-528, 2014. 
[7] C. Dincan, P. Kjrer, and L. Helle, "Cost of energy assessment of wind 

turbine configurations," in 2020 22nd European Conference on Power 

Electronics and Applications (EPE'20 ECCE Europe), 2020, pp. 1-8. 
[8] J. Jacobsen, B. F. Kjrersgaard, D. N. Dalal, H. Zhao, Z. Yan, M. M. Bech, 

S. Munk-Nielsen, and B. Rannestad, "Test platform for comparative 
evaluation of 690 v - 4160 v power electronic converters," in 2022 IEEE 

13th International Symposium on Power Electronics for Distributed 
Generation Systems (PEDG '22), 2022, pp. 1-8. 

[9] Y. Wu, K. Choksi, Mustafeez-Ul-Hassan, and F. Luo, "An application 
analysis of wide-bandgap device for medium voltage wind energy 
conversion system," in 2022 IEEE 13th International Symposium on 
Power Electronics for Distributed Generation Systems (PEDG), 2022, 
pp. 1-6. 

3252 



[10] J. D. Meinert, B. F. Kjærsgaard, T. S. Aunsborg, S. D. Bro, A. B.
Jørgensen, and S. Munk-Nielsen, “Class-e push-pull resonance converter
with load variation robustness for industrial induction heating,” in
2022 24th European Conference on Power Electronics and Applications
(EPE’22 ECCE Europe), 2022, pp. 1–8.

[11] T. S. Aunsborg, S. B. Duun, S. Munk-Nielsen, and C. Uhrenfeldt,
“Development of a current source resonant inverter for high current
mhz induction heating,” IET Power Electronics, vol. 15, no. 1, pp. 1–
10, 2022.

[12] F. Ahmad, A. B. Jørgensen, and S. Munk-Nielsen, “Modeling and op-
eration of series-parallel resonant load in industrial rf dielectric heating
application,” IEEE Transactions on Industry Applications, accepted,
2023.

[13] R. Wu, L. Smirnova, H. Wang, F. Iannuzzo, and F. Blaabjerg, “Compre-
hensive investigation on current imbalance among parallel chips inside
mw-scale igbt power modules,” in 2015 9th International Conference
on Power Electronics and ECCE Asia (ICPE-ECCE Asia), 2015, pp.
850–856.

[14] H. Zhao, D. Dalal, J. K. Jørgensen, M. M. Bech, X. Wang, and
S. Munk-Nielsen, “Behavioral modeling and analysis of ground current
in medium-voltage inductors,” IEEE Transactions on Power Electronics,
vol. 36, no. 2, pp. 1236–1241, 2021.

[15] D. Cittanti, F. Iannuzzo, E. Hoene, and K. Klein, “Role of parasitic
capacitances in power mosfet turn-on switching speed limits: A sic
case study,” in 2017 IEEE Energy Conversion Congress and Exposition
(ECCE), 2017, pp. 1387–1394.

[16] J. Wang, H. S.-h. Chung, and R. T.-h. Li, “Characterization and Experi-
mental Assessment of the Effects of Parasitic Elements on the MOSFET
Switching Performance,” IEEE Transactions on Power Electronics,
vol. 28, no. 1, pp. 573–590, 2013.

[17] M. Borga, K. Mukherjee, C. D. Santi, S. Stoffels, K. Geens, S. You,
B. Bakeroot, S. Decoutere, G. Meneghesso, E. Zanoni, and M. Menegh-
ini, “Modeling of gate capacitance of GaN-based trench-gate vertical
metal-oxide-semiconductor devices,” Applied Physics Express, vol. 13,
no. 2, p. 024006, 2020.

[18] B. Zhang and S. Wang, “Miller capacitance cancellation to improve sic
mosfet’s performance in a phase-leg configuration,” IEEE Transactions
on Power Electronics, vol. 36, no. 12, pp. 14 195–14 206, 2021.

[19] X. Huang, S. Ji, J. Palmer, L. Zhang, L. M. Tolbert, and F. Wang,
“Parasitic capacitors’ impact on switching performance in a 10 kv sic
mosfet based converter,” in 2018 IEEE 6th Workshop on Wide Bandgap
Power Devices and Applications (WiPDA), 2018, pp. 311–318.

[20] V. Barkhordarian et al., “Power mosfet basics,” Powerconversion and
Intelligent Motion-English Edition, vol. 22, no. 6, pp. 2–8, 1996.

[21] G. L. Rødal, Y. V. Pushpalatha, D. A. Philipps, and D. Peftitsis,
“Capacitance variations and gate voltage hysteresis effects on the turn-
on switching transients modelling of high-voltage sic mosfets,” IEEE
Transactions on Power Electronics, pp. 1–16, 2023.

[22] C. M. DiMarino, B. Mouawad, C. M. Johnson, D. Boroyevich, and
R. Burgos, “10-kV SiC MOSFET Power Module With Reduced
Common-Mode Noise and Electric Field,” IEEE Transactions on Power
Electronics, vol. 35, no. 6, pp. 6050–6060, 2020.

[23] C. DiMarino, M. Johnson, B. Mouawad, J. Li, D. Boroyevich, R. Burgos,
G.-Q. Lu, and M. Wang, “Design of a novel, high-density, high-speed 10
kV SiC MOSFET module,” in 2017 IEEE Energy Conversion Congress
and Exposition (ECCE), 2017, pp. 4003–4010.

[24] A. Deshpande and F. Luo, “Practical Design Considerations for a Si
IGBT + SiC MOSFET Hybrid Switch: Parasitic Interconnect Influences,
Cost, and Current Ratio Optimization,” IEEE Transactions on Power
Electronics, vol. 34, no. 1, pp. 724–737, 2019.

[25] A. B. Jørgensen, N. Christensen, D. N. Dalal, S. D. Sønderskov,
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