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Impedance-Oriented Transient Instability Modeling
of SiC MOSFET Intruded by Measurement Probes
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Abstract—Due to the breakneck switching speed, SiC MOSFET is
extremely sensitive to parasitics in the power device, circuit layout,
and also measurement probe. It is not clear how the parasitics of
measurement probes affect the transient stability of SiC MOSFET,
and it poses an unsolved challenge for the industrial field. This
paper focuses to uncover the transient instability mechanism of
SiC MOSFET intruded by probes. Mathematical and circuit models
of voltage and current probes are created, by considering the
parasitics, input impedance, and bandwidth issues. To reveal the
stability principles of SiC MOSFET associated with probes,
impedance-oriented and heterogeneity-synthesized models com-
bining device with probes are proposed. Furthermore, an
assessment methodology and root locus analysis are presented to
demonstrate the transient stability schemes and the stable bound-
aries of SiC MOSFET influenced by multiple factors, including
probe parasitics, device parameters, gate resistances, and snubber
circuits. Comparative experiments are presented to confirm the
transient behaviors of SiC MOSFET intruded by probe parasitics
and regulated by control circuits. It is proven that, because of
low bandwidth specifications, the large input capacitance of the
voltage probe and coil inductance of the current probe degrade
the transient stability of SiC MOSFET. Due to the deteriorated
stability margin of SiC MOSFET intruded by the inserted parasitics
of probes, instability may also be activated by using the small
gate resistance. The snubber circuit is helpful to enhance the
transient stability. Advanced probes with high bandwidth and
high impedance are crucially needed for stable measurement of
wide bandgap power devices like SiC MOSFET.

Index Terms—Impedance modeling, measurement probes, SiC
MOSFET, transient instability.

I. INTRODUCTION

B ENEFITTING from the high electron velocity, wide
bandgap, and strengthened breakdown field, silicon
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carbide is an advanced power semiconductor material for next-
generation power electronic devices [1], [2]. Due to the high-
frequency, high-temperature, and high-voltage capabilities, SiC
MOSFETs are growingly concerned and implemented in the in-
dustrial fields, like electrified transportation, renewable energy,
and also the utility [3], [4]. Compared with Si counterparts, due
to the smaller chip size and junction capacitances, SiC MOSFET

performs faster switching speed, as well as shows higher di/dt
and dv/dt [5], [6]. As a result, SiC MOSFET is much more sensi-
tive to parasitics than Si counterparts. Due to the bonding wires
of the device package, power traces of the circuit layouts, and
detection circuits of the measurement probes [7], inevitable par-
asitics lead to switching ringing and overshooting. These issues
degrade the transient stability of SiC MOSFET and even damage
the device [8], [9]. Therefore, transient stability deteriorated by
multiscale parasitics poses unsolved challenges for the safe op-
eration of SiC MOSFET.

Recently, some researches attempted to address the parasitic-
dependent stability of SiC MOSFET influenced by parasitics in de-
vice, circuit, and probe levels. In the device level, direct through
of phase leg caused by Miller capacitance of SiC MOSFET is
modeled, tested, confirmed, and suppressed in [10]–[12]. Taking
the parasitic inductances of the package into account, by using
the classical transfer function theorem, detailed mathematical
models are proposed to characterize the switching ringing of
SiC MOSFET [13], [14]. Snubber capacitor is integrated into the
power module package to suppress the influence of parasitics
[15], [16]. Thanks to the canceled magnetic field and shortened
power loop in SiC device, advanced package concepts are pro-
posed to minimize the parasitics by using creative planar pack-
age, 3D stacked package, flex thin-film package, etc. [17], [18].
In the circuit level, the parasitics in the gate loop have been con-
sidered in [19]–[22], and the instability of SiC MOSFET is mod-
eled by Nyquist theorem. By using the state-space approach, the
small-signal model is proposed to analyze the transient stabil-
ity of SiC MOSFET considering the parasitic inductances of the
printed circuit board (PCB) layout. The Lyapunov energy func-
tion is defined as a criterion to justify stability [23]. Multiple
degrees of freedom of the gate driver are demonstrated to im-
munize the transient instability of SiC MOSFET caused by circuit
parasitics [24]. By using adjustable gate voltage, gate current,
or gate resistance, the ingenious active gate drivers are proposed
to enhance the transient stability and reduce the switching loss
of SiC MOSFET [25]–[27]. In the probe level, the propagation
delay of the probes is modeled and confirmed in [28], focusing
on the high-frequency transient measurement of semiconductor
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devices. Due to the very short switching time, it is proven that
propagation delay caused by the parasitics of probes profoundly
challenges the accurate measurement of the switching loss [29].
Besides, targeting at high-precise measurement, some current
probes with different bandwidths are compared in [30]. By using
novel structures and optimized designs, some innovative probes
with smaller parasitics and higher bandwidth are proposed [31]–
[35]. With respect to the parasitics caused by measurement, some
general methodologies are proposed for the high-speed and high-
precise measurement of SiC device [36]–[39].

The transient behavior of SiC MOSFET is affected by the para-
sitics of power devices, layout circuits, and measurement probes.
The impedance of the power device is capacitive. Interacting
with the inductive parasitics of package, circuit, and probes, the
transient instability of SiC MOSFET may be activated by com-
plex LC resonances. The parasitics of probes not only amplify
the measurement error but also intrude the transient stability of
SiC MOSFET, which interferes in the safe operation of the SiC
device. Field experience shows that the SiC device may be un-
stable and even damaged if the probes are not properly utilized.
However, parasitics introduced by the measurement probes are
usually ignored in the industrial field. The ON–OFF trajectories
of SiC MOSFET intruded by probes are also neglected. In the test
bench, the mathematical or circuit models of probes consider-
ing parasitics are not highlighted. The parasitic-dependent input
impedance and bandwidth of probes are not addressed either.
How probes intrude the power loop and influence the transient
stability of SiC MOSFET is also poorly understood. Mathemati-
cal modeling and mechanism analyzing are crucially needed to
illustrate the emerging instability issues of the SiC devices.

This paper focuses to reveal the transient instability mecha-
nism of SiC MOSFET intruded by measurement instruments, from
the perspective of impedance; general mathematical models of
measurement probes and probe–device interaction are proposed,
analyzed, and confirmed by experiments. The rest of this paper is
organized as follows. In Section II, the instability of SiC MOSFET

caused by measurement is described. In Section III, considering
the parasitics, mathematical and circuit models are created to
characterize the impedance and response principles of probes.
In Section IV, in terms of the impedance, the general model is
proposed to reveal the stability mechanism of SiC MOSFET in-
truded by probes. In Section V, by using root locus analysis, a
case study is presented to show the stability schemes of device–
probe coupling system influenced by multiple factors, including
probe parasitics, device parameters, gate resistances, and snub-
ber circuits. In Section VI, experimental results are presented
to demonstrate the proposed models and analyses. Finally, Sec-
tion VII summarizes the paper.

II. MEASUREMENT INACCURACY AND TRANSIENT

INSTABILITY OF SiC MOSFET INFLUENCED BY PROBES

A. Test Bench for Transient Measurement of SiC MOSFET

To understand the transient behavior of SiC MOSFET affected
by probes, an inductor-clamped double pulse test bench is em-
ployed, as shown in Fig. 1. Variables in Fig. 1 are listed in Table I.
S1 and S2 are SiC MOSFET devices under test (DUT).

Fig. 1. Schematic of SiC device under test associated with measurement
probes.

TABLE I
VARIABLES IN A DOUBLE PULSE TEST BENCH SHOWN IN FIG. 1

TABLE II
TYPICAL PROBES IN TEST BENCH

In Fig. 1, some measurement probes are implemented, as sum-
marized in Table II. A high-impedance passive voltage (HIPV)
probe is used to measure voltage vg of S1, while a differential
voltage (DV) probe is used to observe the drain–source volt-
age vds. A Rogowski coil is utilized to capture the drain current
id. These probes are individually connected to the analog chan-
nels of the digital oscilloscope by cables. Input channels of the
oscilloscope are commonly grounded.

B. State-of-the-Art of Voltage and Current Probes

According to the commercialized products of leading compa-
nies like Tektronix [40], Keysight [41], Lecroy [42], and Cal Test
[43], the state-of-the-art of HIPV probes is surveyed, as shown
in Fig. 2. It is found that the input capacitance of the HIPV probe
decreases with the bandwidth. The input capacitance of HIPV
probe arranges from several pF to several hundred pF within
bandwidth 15 MHz to 1.5 GHz. The bandwidth-dependent in-
put capacitance can be modeled as

lgCin = kc lg fc + Cin0 (1)
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Fig. 2. The surveyed high-impedance passive voltage probes. (a) Input capac-
itance versus bandwidth. (b) Price versus bandwidth.

Fig. 3. The surveyed differential voltage probes. (a) Input impedance versus
bandwidth. (b) Price versus bandwidth.

where Cin and fc are the input capacitance and bandwidth of
the probe. kc and Cin0 are capacitance coefficient and funda-
mental capacitance of the HIPV probe, respectively. According
to (1) and the samples in Fig. 2(a), the constants kc and Cin0 are
estimated as kc = −0.43 and Cin0 = 2.07.

As indicated in Fig. 2(b), the price of HIPV probe increases
with the bandwidth. The bandwidth-dependent price can be writ-
ten as

lg pHIPV = kp,HIPV lg fc + p0,HIPV (2)

where pHIPV is the price of the HIPV probe. kp,HIPV and
p0,HIPV are the price coefficient and fundamental price of the
HIPV probe. According to (2) and the samples in Fig. 2(b), the
constants can be identified as kp,HIPV = 0.7 and p0,HIPV =
0.42.

Similarly, the available DV probes from Tektronix [44],
Keysight [45], Lecroy [46], Cal Test [47], Yokogawa [48], Pico
[49], and Testec [50] are surveyed, as shown in Fig. 3. As seen,
the input impedance of the DV probe decreases with the band-
width; whereas its price increases with the bandwidth.

As shown in Fig. 3(a), it can be seen that the complex
impedance index (input impedance multiplying input capaci-
tance) decreases with the bandwidth of the DV probe. The input
impedance performance of the DV probe can be modeled as

lgZin = kZ lg fc + Zin0 (3)

Fig. 4. The surveyed current probes. (a) Current rating versus bandwidth.
(b) Impedance versus bandwidth of current probe from Tektronix.

where Zin is the complex impedance index of the DV probe. kz
and Zin0 are the impedance coefficient and fundamental com-
plex impedance index, respectively. According to (3) and the
samples in Fig. 3(a), the coefficients in (3) can be estimated as
kZ = −0.16 and Zin0 = 1.76.

Similarly, the price of the DV probe is also dependent on its
bandwidth, as presented in Fig. 3(b). As seen, the price of the
DV probe increases with the bandwidth. The price-bandwidth
principle of the DV probe can be modeled as

lg pDV = kp,DV lg fc + p0,DV (4)

where pDV is the price of the DV probe. kp,DV and p0,DV are
the price coefficient and fundamental price of the DV probe.
According to the samples in Fig. 3(b), the constants in (4) are
identified as kp,DV = 0.66 and p0,DV = 1.83.

Concerning the current probe, the state-of-the-art of current
probes from Tektronix [51], Keysight [52], and Lecroy [53] are
overviewed in Fig. 4(a). As seen, there is a tradeoff to concur-
rently pursue high-bandwidth and high-capacity current probe.
The statistical principle of the current probe can be modeled as

lg(InpRC) = kpn lg fc + ppn (5)

where In and pRC are the current rating and price of the current
probe, respectively. kpn and ppn are coefficients. According to
(5) and the samples in Fig. 4(a), the coefficients can be estimated
as kpn = −1.14 and ppn = 7.6.

Few producers provide the impedance information of the cur-
rent probe. The impedance of the current probe from Tecktronix
is shown in Fig. 4(b). The inserted impedance of the current
probe can be expressed as

ZRC =

√
(2πfLRC)

2 +R2
RC (6)

where LRC and RRC are the inserted inductance and resis-
tance of the current probe. According to (6) and the samples
in Fig. 4(b), the parasitics of the probes can be estimated. In
Fig. 4(b), the marker points are the samples from Tektronix, and
the solid lines are the fitting data according to the model in (6).

In summary, according to the state-of-the-art of probes, the
specifications of probes highly depend on the bandwidth. A high-
level probe having wide bandwidth also means expensive. Low-
cost probe usually induces large parasitics into the tested bench.
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Fig. 5. Calculated rise time of measured signal influenced by measurement
probes. (a) 3D distribution of relative deviation and (b) its 2D map.

Fig. 6. Calculated bandwidth of measured signal influenced by measurement
probes. (a) 3D distribution of measurement bandwidth and (b) its 2D map.

C. Measurement Accuracy of SiC MOSFET Degraded by Probes

The probes influence the accurate measurement of SiC MOS-
FET’s ON–OFF trajectories. It can be summarized as

⎧
⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

tr =
√

t2ms + t2pb + t2sp

tr ∼= 0.35
Wms

Wms =
WpbWsp√
W 2

pb+W 2
sp

td = tdpb + tdsp

(7)

where tr, tms, tpb, and tsp are the rise time of the observed
signal, the original signal under test, the probe, and the oscil-
loscope, respectively. Wms, Wpb, and Wsp are the bandwidths
of the measurement path, the probe, and the oscilloscope, re-
spectively. td, tdpb, and tdsp are the propagation delay of the
measurement path, the probe, and the oscilloscope, respectively
[54]–[56]. It can be seen that the probes slow down the test
signal, reduce the channel bandwidth, and introduce the propa-
gation delay.

According to (7), Fig. 5 illustrates the rise time of the mea-
sured signal affected by the probe. The relative deviation εt is
defined as εms = (tr − tms)/tms. When the rise time of the
signal under test decreases, the rise time of the probe should be
correspondingly minimized to ensure an accurate measurement.

According to (7), Fig. 6 depicts the bandwidth of the measured
signal affected by the probe. Generally, the bandwidth of the
probe is narrower than that of the oscilloscope. The bandwidth
of the measured signal is mainly limited by the bandwidth of the
probe. Generally, the bandwidth of the probes should be more

Fig. 7. Experimental results of SiC MOSFET transient trajectories. (a) Sta-
ble mode in condition of high-bandwidth HIPV probe and short ground lead.
(b) Unstable mode activated by low-bandwidth HIPV probe and long ground
lead.

than five times of the bandwidth of signal under test to guarantee
accurate measurement.

D. Transient Stability of SiC MOSFET Intruded by Probes

Except for the measurement accuracy, the probes also influ-
ence the transient stability of SiC MOSFET. According to the
double-pulse test bench in Fig. 1, the experimental results in
stable and unstable modes are shown in Fig. 7(a) and (b), re-
spectively. By using a low bandwidth HIPV probe and a long
ground lead, the activated unstable switching ringing damages
the SiC MOSFET, as depicted in Fig. 7(b).

It is observed that the probes may introduce extra parasitics
and reshape the impedance of the test circuit. The parasitics in-
truded by improper probes may change the transient trajectories
of SiC devices, which causes severe instability and even damage
the device.

E. Technique Bottlenecks of Transient Instability of SiC
MOSFET Intruded by Probes

To obtain an insightful understanding of the stability mecha-
nism of SiC MOSFET intruded by probes, some issues should be
addressed.

1) Issue 1: How to create mathematical and circuit models
of probes considering the parasitics, impedance, and bandwidth
issues.
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Fig. 8. Schematic diagram of SiC MOSFET. (a) Impedance model. (b) Switch-
ing trajectory.

2) Issue 2: How to model the mechanism of device–probe
interaction and reveal its stability principles concerning the in-
fluences of multiple factors.

III. IMPEDANCE-ORIENTED MODELING OF SiC MOSFET AND

MEASUREMENT PROBES

Based on the test bench in Fig. 1 and focusing on the issue 1
in Section II, the mathematical and circuit models of SiC MOS-
FET, HIPV probe, DV probe, and current probe are created in
this Section. Also, concerning the stability and accuracy of the
measurements, the impedance and bandwidth of the probes are
addressed.

A. Impedance Modeling of SiC MOSFET

The SiC MOSFET can be modeled as a voltage-controlled cur-
rent source, as shown in Fig. 8(a). Switching trajectory of SiC
MOSFET is illustrated in Fig. 8(b). Variables of the tested SiC
MOSFET in Fig. 8 are listed in Table III.

The drain current of SiC MOSFET can be expressed as

id =

{
0 0 ≤ vgs < VTH

gm(vgs − VTH) VTH ≤ vgs ≤ VMI

(8)

where VTH is the threshold voltage. gm is the transconductance.
VMI is the Miller plateau voltage [21], [57]. The gate–source
voltage vgs can be expressed as

vgs =

{
Ggs(s)vG, if vgs < VMI or vds ≥ Von

VMI, else
(9)

TABLE III
VARIABLES OF TESTED SiC MOSFET IN FIG. 5

TABLE IV
TYPICAL PARAMETERS OF SiC MOSFET DEVICE

Fig. 9. Schematic diagram of HIPV probe.

where Von = Rds,onId is the ON-state voltage of vds. Id is the
load current in steady state. According to Fig. 8, the transfer
function model Ggs(s) from vG to vgs can be expressed as

Ggs(s) =
1

(Lg + Lcs)Cgss2 + (Rge +RG +Rcs)Cgss+ 1
.

(10)
Taking the SiC MOSFET C2M0080120D from Wolfspeed/Cree

as an example, the parameters from its datasheet are given in
Table IV [58]. The parasitic resistances Rd and Rcs are small
enough to be ignored.

B. Impedance Modeling of High-Impedance Voltage Probe
(HIPV)

The HIPV probe is usually used to measure vgs, and its maxi-
mum input voltage is generally limited to 400 V. The commonly
used HIPV probe can be generally modeled by the circuit, as
illustrated in Fig. 9.

In Fig. 9, Lp and Ln are parasitic inductances of the test point
and ground lead. Cσ is the parasitic capacitance of the ground
lead. Rin and Cin are the input resistance and capacitance of
the probe. Ccable is parasitic capacitance of the coaxial cable.
Rcomp andCcomp are resistance and capacitance of compensator
which is used to correct the impedance of the probe and avoid
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TABLE V
PARAMETERS OF HIPV PROBE PP026 AND OSCILLOSCOPE 715ZI

the distortion of the measurement. Rscope and Cscope are input
resistance and capacitance of the digital oscilloscope.

According to Fig. 9, the total equivalent impedance of the
cable, compensator, and oscilloscope can be derived as

ZHIPV1 =
1

sCcable +
sCcomp

sCcompRcomp+1 + 1
Rscope

+ sCscope

=
b1s+ b0

a2s2 + a1s+ 1
(11)

where⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

a2 = RscopeRcomp(Ccable + Cscope)Ccomp

a1 = Rscope(Ccable + Ccomp + Cscope) +RcompCcomp

b1 = RscopeRcompCcomp

b0 = Rscope.
(12)

The input impedance of the HIPV probe can be written as

ZHIPV2 = (Lp + Ln)s+

(
Rin

RinCins+1 + ZHIPV1

)
1

Cσs

Rin

RinCins+1 + ZHIPV1 +
1

Cσs

. (13)

Ignoring the very small parasitics of the cable, compensator,
and oscilloscope, (13) can be simplified to

ZHIPV = (Lp + Ln)s+
Rin +Rscope

(Rin +Rscope)Cins+ 1
. (14)

The transfer function from the test voltage vin to the measured
voltage vout can be derived as

GHIPV(s) =
vout
vin

=
ZHIPV1

ZHIPV2
. (15)

According to the datasheets of utilized HIPV probe PP026
and oscilloscope 715Zi from Lecroy [59], [60], the parameters
of models in (11)–(15) are listed in Table V.

The parasitics of ground lead can be estimated by using the
long wire model, which can be expressed as [39], [61]

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Lσ[nH] = 0.127l
[
ln 4l

d − 1
]

Cσ[mF] = 2πεl
Λ

{
1 + 1

Λ (1− ln 2)

+ 1
Λ2

[
1 + (1− ln 2)2 − π2

12

]} (16)

where parasitic inductance Lσ is Lp or Ln. l and d, in mm, are
the length and diameter of the ground lead wire. Coefficient Λ is
defined as Λ = ln(l/d). By using a shortened ground lead with
l = 35mm and d = 1.2mm, the parasitics of ground lead can
be calculated as Lσ = 10 nH and Cσ = 0.8 pF. The Cσ is small
enough to be ignored.

The values of Rin, Cin, Rcomp, and Ccomp can be observed
from the datasheet of the probe. Concerning the coaxial cable,

Fig. 10. Calculated characteristics of HIPV probe affected by Ln from 1 to
100 nH. (a) Transfer function GHIPV and (b) input impedance ZHIPV (solid
line: full-order model ZHIPV2; dotted line: reduced-order model ZHIPV).

Fig. 11. Calculated characteristics of HIPV probe affected by Cin from 1 to
100 pF. (a) Transfer function GHIPV and (b) input impedance ZHIPV (solid
line: full-order model ZHIPV2; dotted line: reduced-order model ZHIPV).

the parasitic capacitance of per meter Ccable can be expressed
as [62]

Ccable =
2πε0εr
ln(D/c)

(17)

where D and c are the diameters of the cable and core,
respectively. Constant ε0 is the vacuum permittivity, and co-
efficient εr = 2.25 is the relative permittivity of dielectric mate-
rial polyethylene for cable. Concerning commonly used CAT
II coaxial cable for HIPV probe, there are D = 2mm and
c = 0.53mm. Therefore, for a 1.3-m length cable, the Ccable

of the HIPV probe can be calculated as 120 pF according to
(17). Besides, the values of Rscope and Cscope can be found
from the datasheet of employed oscilloscope 715Zi [60].

According to (14) and (15), considering the influence of Ln

andCin, the characteristics of the probe in the frequency domain
can be calculated, as depicted in Figs. 10 and 11. Similar charac-
teristics affected by Rin, Lp, and Rscope can also be obtained.

In Fig. 10, the bandwidth of the HIPV probe can be found
above 100 MHz. The input impedance is resistive, capacitive,
and inductive in low-, medium-, and high-frequency segments,
respectively. Generally, the resonance frequency of SiC MOS-
FET during transient processes is about 20–40 MHz. The high-
frequency impedance of the HIPV probe in this frequency range
is not large enough to be ignored. The inserted impedance of
the HIPV probe might affect the transient stability of the SiC
MOSFET device.

Moreover, the cut-off frequency of the HIPV probe decreases
with the increasing parasitic inductance, which further degrades
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Fig. 12. Schematic diagram of DV probe.

TABLE VI
PARAMETERS OF DV PROBE HVD3106

the bandwidth and affects the transient behavior of DUTs.
Thanks to the improved measurement bandwidth and reduced
high-frequency impedance, reducing the parasitic inductance
caused by the measurement probe is helpful for accurate and sta-
ble measurements. Additionally, it is proven that the simplified
impedance model ZHIPV is accurate enough to characterize the
frequency-domain properties of the full-order model ZHIPV2.

In Fig. 11, the input capacitance Cin influence on the magni-
tude of GHIPV can be seen, which may deteriorate the accuracy
of the measurement and degrade the bandwidth of the probe.
The mismatched magnitude can be calibrated by regulating the
capacitance of the compensator. Besides, the input impedance
of the probe is also determined by the Cin. A large Cin reduces
the impedance, and it may intrude the transient stability of SiC
device.

C. Impedance Modeling of Differential Voltage Probe

To measure a vds larger than 400 V having galvanic isolation
considerations, the DV probe is needed [63]. According to the
existing models of DV probe, a general equivalent circuit for the
DV probe is proposed, as illustrated in Fig. 12 [64]–[66]. Usu-
ally, Lp = Ln, R1C1 = R3C3, R1 = R2, R3 = R4, R5 = R6,
R7 = R8,R9 = R10. Taking the employed DV probe HVD3106
into account, the values of the variables in Fig. 12 can be iden-
tified by using the datasheet [67], as listed in Table VI.

According to Fig. 12, the transfer function from the detected
input voltage vin to the input voltage of the isolated operational
amplifier (OA) v′in can be derived as

GDV1(s) =
v′in
vin

=
B1s+B0

A3s3 +A2s2 +A1s+A0
(18)

Fig. 13. Calculated characteristics of DV probe affected by Ln from 10 nH
to 1 µH. (a) Transfer function GDV and (b) input impedance ZDV (solid line:
full-order model ZDV1; dotted line: reduced-order model ZDV).

where
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A3 = R1R3(Lp + Ln)C1C3

A2 = (R1C1 +R3C3)(Lp + Ln)

A1 = (Lp + Ln + 2R3R1C1 + 2R1R3C3)

A0 = 2R1 + 2R3

B1 = 2R3R1C1

B0 = 2R3.

(19)

The transfer function from the v′in to the output voltage vout
can be expressed as

GDV2(s) =
vout
v′in

=
R9

R7

(
1 +

R5

R56
+

R6

R56

)
. (20)

The transfer function of the DV probe can be yielded as

GDV(s) =
vout
vin

=
v′in
vin

× vout
v′in

= GDV1(s)GDV2(s). (21)

The input impedance of the DV probe can be written as

ZDV1 = (Lp + Ln)s+ 2
R1

R1C1s+ 1
+ 2

R3

R3C3s+ 1
. (22)

Since R1 >> R3 and R1C1 ≈ R3C3, the third term in
ZDV 1 can be ignored. Therefore, (22) can be simplified to

ZDV = (Lp + Ln)s+ 2
R1

R1C1s+ 1
. (23)

According to (21) and (23), considering the influence of Ln

andC1, the transfer function and input impedance characteristics
of the DV probe are indicated in Figs. 13 and 14.

As seen in Fig. 13, the bandwidth of DV probe approximates to
100 MHz. A long power loop of test points increases the parasitic
inductance Ln, which reduces the measurement bandwidth and
increases the high-frequency impedance. It is also found that
the simplified impedance model ZDV is accurate to characterize
ZDV1.

As indicated in Fig. 14, the large C1 increases the low-
frequency gain and decreases the high-frequency impedance of
the DV probe. Furthermore, the impedance of the probe is not
large enough to decouple the probe from the test circuit. The
degraded impedance might affect the transient behavior of DUT
in the frequency range of 20–40 MHz.
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Fig. 14. Calculated characteristics of DV probe affected by C1 from 1 to
100 pF. (a) Transfer function GDV and (b) input impedance ZDV (solid line:
full-order model ZDV1; dotted line: reduced-order model ZDV).

Fig. 15. Schematic diagram of current probe.

D. Impedance Modeling of Current Probe

To measure the high-frequency current of SiC MOSFET, cur-
rent probes based on Hall Effect or Rogowski coil are mostly
used. These probes implement magnetic coupling principle and
have similar circuit models. Taking the Rogowski coil as an
example, its schematic configuration and equivalent circuit are
demonstrated in Fig. 15 [68]–[70]. M is the mutual inductance of
the coil. Cc and Cp are parasitic capacitances of the coil. Lc and
Rc are self-inductance and parasitic resistance of the coil. Rd is
the damping resistance to suppress the possible LC resonance
of the coil. Ro and Co are the resistance and capacitance of the
passive integrator. Ri and Ci are the resistance and capacitance
of active integrator. In general, the passive and active integrators
satisfy RoCo = RiCi.

According to Fig. 15, the equivalent impedances ZRC1 and
ZRC2 can be derived as

ZRC1 =
1

Cps+
1
Rd

+ Cos
RoCos+1

(24)

ZRC2 =
1

Ccs+
1

Lcs+Rc

. (25)

The input impedance of the Rogowski coil can be written as

ZRC3 =
(ZRC1 + ZRC2)Ms

Ms+ ZRC1 + ZRC2
. (26)

Ignoring the very small parasitics, the input impedance in (26)
can be simplified to

ZRC =
Ms

MCcs2 + 1
. (27)

TABLE VII
PARAMETERS OF CURRENT PROBE CP9006S

Fig. 16. Calculated characteristics of Rogowski coil affected by M from 1 to
100 nH. (a) Transfer function GRC and (b) input impedance ZRC (solid line:
full-order model ZRC3; dotted line: reduced model ZRC).

Fig. 17. Calculated characteristics of Rogowski coil affected by Cc from 0.1
to 10 pF. (a) Transfer function GRC and (b) input impedance ZRC (solid line:
full-order model ZRC3; dotted line: reduced model ZRC).

The transfer function from the measured current i to the output
voltage vout can be expressed as

GRC(s) =
i

vout
= Ms

ZRC1

ZRC1 + ZRC2

1

RoCos+ 1
. (28)

According to the datasheet of the employed current probe
CP9006S [68]–[70], the values of the proposed model are listed
in Table VII. According to (27) and (28), the frequency-domain
characteristics of the coil influenced by M andCc are calculated,
as demonstrated in Figs. 16 and 17.

In Fig. 16, it can be found that the bandwidth of the Rogowski
coil is approximate to 10 MHz. The gain of GRC(s) and input
impedance ZRC3 increases with mutual inductance M. Due to
the inserted mutual inductance, the input impedance of current
probe is inductive in the low-frequency segment, whereas the
high-frequency impedance is capacitive determined by Cc. Ad-
ditionally, it is proven that the simplified impedance model ZRC

is precise enough to characterize the coil.
In Fig. 17, the influence of coil capacitance is demonstrated.

Large coil capacitance Cc improves the high-frequency gain of
GRC, which is undesired for noise rejection. Besides, the high-
frequency impedance of ZRC is decreased by large Cc, which
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Fig. 18. Synthesized impedance model of SiC MOSFET including the probes.

may interfere in the transient behavior of SiC MOSFET device
under test.

IV. SYNTHESIS MODEL AND STABILITY MECHANISM OF

COUPLED SiC MOSFET AND MEASUREMENT PROBES

Focusing on issue 2 in Section II, to reveal the stability mecha-
nism and interaction principles between SiC MOSFET and probes,
the circuit and mathematical models are established in this Sec-
tion. A methodology is proposed to assess the stability bound-
aries of the coupled device–probe system.

A. Mechanism Modeling of Device–Probe Interaction

According to the impedance models of SiC MOSFET and
probes mentioned before, the schematic circuit in Fig. 1 can
be fully extended, as illustrated in Fig. 18. Lloop is the parasitic
inductance in power loop caused by circuit traces. Cloop is the
parasitic capacitance in power loop caused by load inductor and
freewheeling diode of S2. Concerning the influence of snub-
ber circuit, Rsn and Csn are resistance and capacitance of the
snubber circuit.

To reveal the stability mechanism of SiC MOSFET intruded
by measurement probes, the probes in Fig. 18 can be replaced
by impedances ZHIPV, ZDV, and ZRC. Therefore, the model in
Fig. 18 can be simplified to the one in Fig. 19(a).

Considering the small-signal model, the equivalent circuit in
Fig. 19(b) can be further simplified to Fig. 19(c), where the
impedances in star connection can be expressed as
⎧⎪⎨
⎪⎩

Z1 = Zg + ZHIPVRge/(ZHIPV +Rge)

Z2 = Zcs

Z3 = Zd + Z ′
DV(ZLoop + ZRC)/(ZLoop + Z ′

DV + ZRC)
(29)

where ⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Zg = Lgs+RG

Zd = Lds+Rd

Zcs = Lcss+Rcs

Z ′
DV = ZDVZsn/(ZDV + Zsn)

Zsn = Rsn + 1/(Csns)

Zloop = Lloops+ 1/(Cloops).

(30)

The impedances in star connection can be changed to the ones
in delta connection as shown in Fig. 19(d), which can be written
as ⎧⎪⎨

⎪⎩

ZGS = (Z1Z2 + Z1Z3 + Z2Z3)/Z3

ZGD = (Z1Z2 + Z1Z3 + Z2Z3)/Z2

ZDS = (Z1Z2 + Z1Z3 + Z2Z3)/Z1.

(31)

The transfer function model from id to vgs can be expressed
as

vgs = F (s)id = − Z ′
DS

Z ′
GD + Z ′

GS + Z ′
DS

Z ′
GSid (32)

where F (s) is the gain of the feedback path. The impedances
associated with parallel capacitances can be expressed as

⎧⎪⎨
⎪⎩

Z ′
GS = ZGS/(CGSsZGS + 1)

Z ′
GD = ZGD/(CGDsZGD + 1)

Z ′
DS = ZDS/(CDSsZDS + 1).

(33)

According to the block diagram in Fig. 20, the model of the
SiC MOSFET intruded by the probes can be expressed as

id = G(s)vg =
A(s)

1−A(s)F (s)
vg
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Fig. 19. Impedance-based model of SiC MOSFET intruded by measurement
probes. (a) Impedance-oriented circuit of test bench. (b) Simplified equivalent
circuit. (b) Small-signal circuit model. (c) Star-delta transferred circuit model.

Fig. 20. Block diagram of impedance-based model.

=
gm(Z

′
GD + Z ′

GS + Z ′
DS)

Z ′
GD + Z ′

GS + Z ′
DS − gmZ ′

GSZ ′
DS

vg (34)

where A(s) is the gain in the forward path. According to (8), it
can be expressed as

A(s) =
∂id
∂vgs

= gm. (35)

Fig. 21. Methodology of SiC MOSFET transient stability assessment concern-
ing probes.

To justify the stability of SiC MOSFET intruded by probes, the
characteristic equation in (34) can be expressed as

Δ(s) =
∏
i

(s− pi) = 0. (36)

Concerning either pole pi of Δ(s), it can be written as

pi = σi + jωi = σi + j2πfi (37)

where σi and ωi are real and imaginary parts of the pole. fi is
the resonance frequency. The damping ratio ξi can be defined as

ξi = − σi√
σ2
i + ω2

i

= − σi

ωdi
(38)

where ωdi is the damped resonant frequency. The real part of
the pole σi determines the stability of the test system. Positive
σi means negative damping and unstable mode of the transient
measurement. Negative σi far away from the imaginary axis
means sufficient damping ratio and stable mode.

B. Assessment Methodology of Device–Probe Stability

Considering the interaction between device and probes, a
methodology is proposed to assess the stability boundaries and
limitations of SiC MOSFET intruded by measurement probes,
as illustrated in Fig. 21. The proposed assessment procedure
in Fig. 21 is split into two parallel paths to create a synthesis
impedance model combined circuit model with the impedance
model. The circuit model is determined by the desired test
conditions and corresponding test circuit. The impedance
model is determined by the desired measurement variables
and corresponding instruments. Once the synthesis impedance
model is set up, stability boundaries can be identified by using
root locus analysis or small-signal analysis approaches.
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Fig. 22. Calculated poles of interaction model between SiC MOSFET and
probes. (a) Pole distribution and (b) zoom in.

Fig. 23. Calculated root locus of SiC MOSFET influenced by HIPV probe par-
asitics. (a) Cin from 1 to 100 pF. (b) Ln from 50 to 300 nH.

V. CASE STUDY: TRANSIENT STABILITY OF DEVICE–PROBE

INTERACTION INFLUENCED BY MULTIPLE FACTORS

According to the parameters of the test bench in Section III
and the methodology of the stability assessment in Section IV,
the poles of closed-loop model G(s) in (34) are calculated, as
shown in Fig. 22. Due to the complex LC resonances caused by
inductive and capacitive parasitics, the device–probe coupling
system contains more than 40 poles. Among them, there are
two pairs of conjugated poles close to the imaginary axis. The
resonant frequencies and damping ratios approximate 283 and
285 MHz, 0.46% and 0.36%, respectively. Besides, there is a pair
of poles close to the real axis, and its frequency and damping
ratio are 24 MHz and 0.38%. Influenced by the disturbances of
measurement, these poles may move across the imaginary axis
to the unstable area, which will lead to the transient instability
of the SiC MOSFET.

Taking the parasitic capacitance Cin and inductance Ln into
account, Fig. 23 demonstrates the influence of HIPV probe. As
seen, largeCin degrades the stability of SiC MOSFET. HIPV probe
leads to instability in the condition of Cin > 47 pF. The large
parasitic inductance Ln caused by long ground lead drives two
pairs of conjugate poles close to the imaginary axis, which re-
duces the damping ratio and the stability margin.

Concerning the impact of DV probe, Fig. 24 indicates the
trajectories of poles with different input capacitance C1 and in-
ductance Ln. Caused by low bandwidth probe and long ground

Fig. 24. Calculated root locus of SiC MOSFET influenced by DV probe para-
sitics. (a) C1 from 1 to 100 pF. (b) Ln from 50 to 300 nH.

Fig. 25. Calculated root locus of SiC MOSFET influenced by Rogowski coil
parasitics. (a) M from 1 to 100 nH and Cc from 0.01 to 100 pF.

Fig. 26. Calculated root locus of SiC MOSFET influenced by loop parasitics.
(a) Lloop from 10 to 500 nH. (b) CLoop 10 to 500 pF.

lead, the increased C1 and Ln drive a pair of poles to the imag-
inary axis, which decreases the damping ratio and degrades the
stability margin.

Fig. 25 demonstrates the influence of the Rogowski coil. The
mutual inductance M hardly degrades the stability of device–
probe coupling system. Nevertheless, the capacitance of the cur-
rent probe can lead to instability when Cc is changed from 5 to
20 pF.

As shown in Fig. 26, due to the parasitics in the power loop, for
instance,Lloop = 100 nH andCloop = 200 pF, one pair of poles
is driven to the imaginary axis. It is easily unstable suffering from
other disturbances.
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Fig. 27. Calculated root locus of SiC MOSFET influenced by SiC MOSFET par-
asitics. (a) Cgs from 5 pF to 4 nF. (b) Cds from 5 to 400 pF. (c) Cgd from 5 to
100 pF. (d) gm from 1 to 25 S.

Fig. 28. Calculated root locus of SiC MOSFET affected by gate resistance Rge

from 1 to 25 Ω (a) without snubber circuit and (b) with snubber circuit.

The influence of device parameters is indicated in Fig. 27.
Generally, the input impedance is capacitive in the high-
frequency segment. Large parasitic capacitances of device drive
poles to the imaginary axis, which reduces the damping ratio of
switching ringing.

As indicated in Fig. 28(a), by using a large gate resistance,
the stability of the tested system can be enhanced. When the to-
tal gate resistance RG + Rge < 7Ω, the tested system might
be unstable. Additionally, Fig. 28(b) demonstrates the root locus
by using a snubber circuit Rsn = 10Ω and Csn = 220 pF. Com-
pared with Fig. 28(a), it can be found from Fig. 28(b) that the
snubber circuit reshapes the synthesized impedance of device–
probe and eliminates the unstable poles caused by the small gate
resistance.

VI. EXPERIMENTAL RESULTS

To confirm the proposed models and analyses, a double-
pulse test bench is prepared, as shown in Fig. 29. The test

Fig. 29. Configuration of test bench.

TABLE VIII
COMPARATIVELY TESTED HIPV PROBES

Fig. 30. Experimental turn ON–OFF behaviors of SiC MOSFET by using different
HIPV probes as seen in Table VIII.

conditions are selected as Vdc = 600V, Id = 15A, Rge =
10Ω, andVC/VE = 20/− 5V. Digital oscilloscope 715Zi from
LeCroy (bandwidth 1.5 GHz and sample rate 20 GS/s) is em-
ployed to capture the waveforms. The transient stability in-
fluenced by the HIPV probe, DV probe, current probe, gate
resistance, device parasitics, and snubber circuit is compara-
tively studied as follows.

By using different HIPV probes given in Table VIII, the exper-
imental results are presented in Fig. 30. It is seen that the ringing
amplitude of the vgs by using low-bandwidth HIPV probe is ap-
parently larger than the ones by using high-bandwidth probes.
As indicated in Section III, the HIPV probe having high band-
width also corresponds to small input capacitance Cin. As a
result, the transient instability effect of SiC MOSFET interfered
by the high-bandwidth probe is weaker compared with the low-
bandwidth probe. Moreover, owing to the minimum bandwidth
of the considered HIPV probe, 150 MHz, which is remarkably
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TABLE IX
COMPARATIVELY TESTED DV PROBES

Fig. 31. Experimental ON–OFF trajectories of SiC MOSFET by using different
DV probes as specified in Table IX.

TABLE X
COMPARATIVELY TESTED CURRENT PROBES

larger than the intrinsic frequency of the probe–device coupled
test bench, the interactions among vgs, id, and vds are not ob-
served. The measured id and vds are hardly affected by the tested
HIPV probes.

Considering the influence of DV, different DV probes are com-
pared, as given in Table IX. It can be observed that the input ca-
pacitance determines the bandwidth, as analyzed in Section III.
The DV probe having higher bandwidth performs smaller in-
put capacitance C1. The measured results are shown in Fig. 31.
The DV probes directly affect the accurate measurement of vds.
Besides, the altered propagation delay of id is found by using
DV probes with different bandwidths. Additionally, the transient
behavior of vgs is also intruded by the DV probes.

Different kinds of current probes are comparatively investi-
gated and listed in Table X. As shown in Fig. 32, the current
probes directly intrude the measurement of id, in terms of the
di/dt, propagation delay, resonant frequency, etc. It is seen that
the current probes with different bandwidths introduce inconsis-
tent propagation delay, which will result in inaccurate measure-
ment of power loss as discussed in Section II. Additionally, as the
studied probes have different bandwidths and impedances, the
ringing amplitudes of measured current waveforms are altered.
Moreover, it is confirmed that the measured variables id, vgs,
and vds are coupled with each other, as predicted in the proposed
circuit and mathematical models in Section IV. The inserted

Fig. 32. Experimental ON–OFF trajectories of SiC MOSFET by using different
current probes as specified in Table X.

TABLE XI
COMPARATIVELY TESTED POWER DEVICES

Fig. 33. Experimental ON–OFF trajectories of different devices specified in
Table XI.

impedances by current probes also interfere in the transient be-
haviors of gate-driver loop and power loop.

By using devices from different manufacturers as listed in Ta-
ble XI, the influences of the device specifications are confirmed,
as depicted in Fig. 33. It is seen that the device with smaller RG

and Cgs performs much faster switching speed, which deterio-
rates the stability of probe–device coupling system. With respect
to transient stability, compared to Si IGBT, the SiC MOSFET is
much more sensitive to the parasitics of the test bench and mea-
surement probes.

The influences of the external gate resistance Rge on the
device–probe coupling system are exploited, as indicated in
Fig. 34. In the condition of different Rge between 2.4 Ω and
30 Ω, the stability of the test bench is enhanced by using a large
gate resistance. The damping ratio of the device–probe coupling
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Fig. 34. Experimental ON–OFF trajectories of SiC MOSFET in condition of
different gate resistances.

Fig. 35. Experimental ON–OFF trajectories of SiC MOSFET by using snubber
circuit in condition of different gate resistances.

system increases with gate resistance. However, the switching
loss of the SiC MOSFET also increases.

By using a snubber circuit Rsn = 10 Ω and Csn = 220 pF,
the switching trajectories of SiC MOSFET in the condition of dif-
ferent Rge are demonstrated in Fig. 35. Compared with Fig. 34,
the snubber circuit reduces the switching ringing and overshoot-
ing, and improves the transient stability. However, the snubber
circuit also reduces the di/dt and dv/dt, and the correspond-
ingly increased switching time leads to much more switching
losses. Therefore, there is a tradeoff between transient stability
and switching loss.

Taking the resonant current waveforms in Fig. 34 as an exam-
ple, the resonant frequency and damping ratio of drain current
can be theoretically calculated by the models in (34)–(38), and
these items can also be identified by the experimental results.
By using the matrix pencil method [71]–[73], the experimental
and modeled current waveforms are demonstrated in Fig. 36(a).
It is found that the matrix pencil method can effectively obtain
the resonant modes of the drain current. The extracted resonant
frequency and damping ratio are presented in Fig. 36(b), which
highly agree with the prediction of the proposed models. As
seen, the presented models and analyses are matched with the
experiments.

Fig. 36. Comparison of experimental results and modeling analyses. (a) Com-
parison of waveforms achieved by experiments and models. (b) Comparison of
resonant frequency and damping ratio achieved by models and experiments.

VII. CONCLUSION

Very fast switching speed of SiC MOSFET is a double-edged
sword. On the one hand, it is helpful to reduce switching loss and
elevate switching frequency of SiC MOSFET. On the other hand,
it challenges the transient stability of SiC MOSFET because of the
high di/dt and inevitable parasitics. Targeting at the instability
issues of SiC MOSFET intruded by the parasitics of instruments,
systemic models are proposed to reveal the parasitic-dependent
impedance and bandwidth of the measurement probes. From
the perspective of impedance, the synthesized circuit and math-
ematical models are created to exploit the underlying interaction
principles of the coupling system combining SiC MOSFET with
probes. It is found that the capacitance and inductance of probes
degrade the input impedance and bandwidth, which leads to
measurement inaccuracy and transient instability of SiC MOS-
FET. The parasitic inductance caused by the test point and the
ground lead of probes also degrade the stability of SiC MOS-
FET. Besides, the transient stability may be deteriorated by us-
ing small gate resistance in high-frequency and fast switching
scenarios; however, the snubber circuit is useful to enhance the
transient stability. Compared with Si counterpart, the transient
instability of SiC MOSFET is much more sensitive to the probe
parasitics.
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