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Zheng Zeng, Member, IEEE, Xin Zhang, Member, IEEE, Frede Blaabjerg, Fellow, IEEE, and Linjing Miao

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 is targeting 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 combining device with probes
are proposed. Furthermore, an assessment methodology and root
locus analysis are presented to demonstrate the transient stability
schemes and the stable boundaries 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—SiC  MOSFET, transient
measurement probes, impedance modeling.

instability,

I. INTRODUCTION

Benefit from the high electron velocity, wide bandgap, and
strengthened breakdown field, silicon carbide is an advanced
power semiconductor material for next-generation power
electronic devices [1], [2]. Due to the high-frequency, high-
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temperature, and high-voltage capabilities, SiC MOSFETSs are
growingly concerned and implemented in the industrial 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 higher di/dt and
dv/dt [5], [6]. As a result, SIC MOSFET is much more sensitive
to parasitics than Si counterparts. Introducing by bonding wires
of the device package, power traces of the circuit layouts, and
detection circuits of the measurement probes [7], inevitable
parasitics lead to switching ringing and overshooting, which
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 operation of SiC MOSFET.

Recently, some researches attempt to address the parasitic-
dependent stability of SiC MOSFET influenced by parasitics in
device, circuit, and probe levels. In the device level, concerning
the Miller capacitance of SiC MOSFET, direct through of phase
leg caused by crosstalk 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 proposed to minimize the
parasitics by using creative planar package, 3D stacked package,
flex thin film package, etc [17]-[18]. In the circuit level, the
parasitics in the gate loop have been considered in [19]-[22], and
the instability of SiC MOSFET is modeled by Nyquist theorem.
By using the state-space approach, the small-signal model is
proposed to analyze the transient stability of SiC MOSFET
considering the parasitic inductances of the PCB layout. The
Lyapunov energy function is defined as a criterion to justify
stability [23]. Multiple degrees of freedom of the gate driver are
demonstrated to immunize 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 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
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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
parasitics 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 complex 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 unstable 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 considering 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. Mathematical modeling and mechanism
analyzing are crucially needed to illustrate the emerging
instability issues of the SiC devices.

This paper is targeting to reveal the transient instability
mechanism of SIiC 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 1I, the instability of SiC MOSFET caused by
measurement is described. In Section I, considering the
parasitics, mathematical and circuit models are created to
characterize the impedance and response principles of probes.
In Section 1V, in terms of the impedance, the general model is
proposed to reveal the stability mechanism of SiC MOSFET
intruded 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
snubber circuits. In Section VI, experimental results are
presented to demonstrate the proposed models and analyses.
Finally, Section VII summarizes the paper.

Il. 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 SIiC MOSFET affected
by probes, an inductor-clamped double pulse test bench is
employed, as shown in Fig. 1. Variables in Fig. 1 are listed in
TABLE I. S; and S; are SiC MOSFET devices under test (DUT).

In Fig. 1, some measurement probes are implemented, as
summarized in TABLE IlI. A high-impedance passive voltage

2

(HIPV) probe is used to measure voltage vy of S;, while a
differential voltage (DV) probe is used to observe the drain-
source voltage vgs. A Rogowski coil is utilized to capture the
drain current ig. These probes are individually connected to the
analog channels of the digital oscilloscope by cables. Input
channels of the oscilloscope are commonly grounded.

|
|
\
i

M h 0 O

Passive -

Vd c

Voltag( Probe ceillose
C+> L v S, Oscilloscope
Vds g
Gat CJ_@ ‘
D are Differential
river
Voltage Probe

—

Rogowski Coil

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

Variables Descriptions Variables Descriptions
Ve DC-link voltage Ree External gate resistance
Cac DC-link capacitance Vg Output voltage of gate driver
L Load inductor Vs Drain-source voltage
i Load current iq Drain current
S1,S;  Devices under test ig Gate current
TABLEIl. TYPICAL PROBES IN TEST BENCH
Peak Bandwidth ~ Rise Time .
Instrument Value (MH2) (ns) Variable Appearance
HIPV 400 V 100-500 0.7-2.35 Vs
probe
DV probe  1.5kV 70-200 1.75-5 Vs
Rogowski 654 10200 2-7 i

coil

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

According to the commercialized products of leading
companies like Tektronix [40], Keysight [41], Lecroy [42], and
Cal Test [43], the state-of-the-art of HIPV probes are 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 input capacitance can be modeled as

9C,, =k 19 [, +C,y 1)
where Ci, and f. are the input capacitance and bandwidth of
the probe. k. and Cin are capacitance coefficient and
fundamental capacitance of the HIPV probe, respectively.
According to (1) and the samples in Fig. 2(a), the constants k¢
and Cino are estimated as k. =-0.43 and Cino =2.07.

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

19 Pipy = kpmpv lg f, + Po urpv (2
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where PHIPV is the price of the HIPV probe. kp'H|pV and Po,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 Ko nipv =0.7 and po,ripv = 0.42.

10° 104

o o Tektronix o Tektronix
e O Keysight O Keysight
8 Lecroy Lecroy
510 * Cal Test * Cal Test
= — Modeling — Modeling
i
<
O 10
5
=
I P
10 10? 10° 10! 10 102 10° 10*
Bandwidth (MHz) Bandwidth (MHz)

a b
Fig. 2. The survey(eci high-impedance passive voltage(grobes. (@) Input
capacitance versus bandwidth and (b) price versus bandwidth.

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
bandwidth; 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
capacitance) decreases with the bandwidth of the DV probe. The
input impedance performance of the DV probe can be modeled as

Ig Z;, =k, Ig Ji + 2 (3)
where Zi, is the complex impedance index of the DV probe. k,
and Zip are the impedance coefficient and fundamental
complex 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 Ziyn=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

9 ppy = k})‘,DV g f, +Popv 4)
where ppv is the price of the DV probe. kypv and popv 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,pv=0.66 and po,pv =1.83.

/L,_r_«‘lf)3 10*

—
o

— Modeling | 10? |[— Modeling

—
=
o

= o Tektronix o Tektronix
= O Keysight O Keysight
® Lecroy Lecroy 1
8 )

= 102| * Cal Test L pes _103|* Cal Test
5 % Yokogawa [ O%§ % @ % Yokogawa
z Pico \,\;\ 8 Pico

5 ® Testec '*n*“OXB L‘u: ® Testec

>§ * o o

2

T

—

10 10% 10% 1 10 10% 103
Bandwidth (MHz) Bandwidth (MHz)

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

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

3

concurrently pursue high-bandwidth and high-capacity current
probe. The statistical principle of the current probe can be
modeled as

Ig([llpRC) = kpn Igf; +ppn ’ (5)
where I, and pre 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 kon=-1.14 and ppn=7.6.

Few producers provide the impedance information of the
current 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

Lo = \/(Z’TfLRC)Z +RI2{C ) (6)

where Lrc and Rgc are the inserted inductance and resistance
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).

108 102
o Tektronix -8 TCP312A
—~ 7 O Keysight 10|~ TCP303
& 10 Lecroy | _. |-o TCP404XL
g — Modeling [ 1| =€ TCPOO0 | |
8106 g ¥ TCPO150A
& 5101 :
5100 g L8
g 2102
o 10t o 10°3 p
103 10 !
1 10 102 108 102 100 1 10 10* 10
Bandwidth (MHz) Frequency (MHz)
(a) (b)

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

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.

C. Measurement Accuracy of SiC MOSFET Degraded by Probes

The probes influence the accurate measurement of SiC
MOSFET’s on-off trajectories. It can be summarized as

t,o=\Jth, +t2 +t?

ms pb Sp

.35

o

t

I

T

=

0

'“WW , ()
W = pb " sp

ms [ 2 2
th + I/Vsp

tq =ty 1

dsp

where ty, tms, tob, and tsp are the rise time of the observed signal,
the original signal under test, the probe, and the oscilloscope,
respectively. Wms, Wpo, and Wy, are the bandwidths of the
measurement path, the probe, and the oscilloscope,
respectively. tq, tapn, and tgsp are the propagation delay of the
measurement path, the probe, and the oscilloscope,
respectively [54]-[56]. It can be seen that the probes slow
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down the test signal, reduce the channel bandwidth, and
introduce the propagation delay.

According to (7), Fig. 5 illustrates the rise time of the
measured signal affected by the probe. The relative deviation &
is defined as ems = (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.
2 100

102 103
ts (13)
@ (b)
Fig. 5. Calculated rise time of measured signal influenced by measurement
probes. (a) 3D distribution of relative deviation and (b) its 2D map.

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 than 5 times of the bandwidth of signal under
test to guarantee accurate measurement.

100

90
70§
BB
S

30

108
80 ~— 10 1
103

1 2
10 &xﬁ%\ 0y 10 102
Wee W,,, (MHz)
(@) (0)
Fig. 6. Calculated bandwidth of measured signal influenced by measurement
probes. (a) 3D distribution of measurement bandwidth and (b) its 2D map.
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D. Transient Stability of SiC MOSFET Intruded by Probes

Except for the measurement accuracy, the probes also
influence 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),
respectively. 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
intruded 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
mechanism of SiC MOSFET intruded by probes, some issues
should be addressed.

4

(i) Issue 1: How to create mathematical and circuit models
of probes considering the parasitics, impedance, and
bandwidth issues.

(ii) Issue 2: How to model the mechanism of device-probe
interaction and reveal its stability principles concerning the
influences of multiple factors.

Turn-off

Turn-on

st (200 V/div]

Time: [560ns/div]

i@t [10 A /div]

1

@

Turn-on

Turn-off

(

vds: [200 V/div]

Time: [50ns/div]

it [10 A/div]

v
%{r
1

Fig. 7. Experimental results of SiC MOSFET transient trajectories. (a) Stable
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.

I1l.  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 1l, the mathematical and circuit models of SiC
MOSFET, 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
current 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 IlI.

The drain current of SiC MOSFET can be expressed as

] 0 0<y, <V,
i = * , (8)
gm (Ugs - VTH) VTH S Ugs S VMI
where Vry is the threshold voltage. gm is the transconductance.
Vwi is the Miller plateau voltage [21], [57]. The gate-source
voltage vgs can be expressed as
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- Ggs(s)vc7 if Vg < Viyoru >V
’Ugs = V 1‘ ’ (9)
> else
where Von =Rgsonld is the on-state voltage of vgs. Iq 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

1
G (s) = - . (10)
(L, +L,)C,s + (R, +R,+R)C,s+1
7 Package)
Rye | Lg Rg Caa Chip | Ly Ry 1
G o—W—mr-w— i} T —o D
’ : i :
1 : 2
E L | Gy ’ = G| i
o " i E Rds.on : E Vs
: R ’ :
| Les :
| R -
° '\ >0
(@
UG Ugs & vq
Ve -
Vi
MI Vs
Vru
0 N> ¢
VE .
sz L
L/ N,
Uds & Vs
VOll /
0 > ¢
totita 3 4 s & tr ts ty

(b)
Fig. 8. Schematic diagram of SiC MOSFET. (a) Impedance model and (b)
switching trajectory.

TABLE IIl. VARIABLES OF TESTED SIC MOSFET IN FIG. 5

Variables Descriptions
Ly Parasitic inductance of gate loop

Rg and Rge Inner and external gate resistance
Lgand Ry Parasitic inductance and resistance of drain terminal
L and Res Common source parasitic inductance and resistance
Cqs, Cqa, and Cy,  Gate-source, gate-drain, and drain-source capacitances
Ras.on On-resistance
Vgs Voltage on Cgy
Vo Gate voltage provided by the gate driver
Vcand Ve Maximum and minimum voltages of vg

Taking the SiC MOSFET C2M0080120D from Wolfspeed /
Cree as an example, the parameters from its datasheet are given in
TABLE 1V [58]. The parasitic resistances Rq and R¢s are small
enough to be ignored.

TABLE IV. TyPICAL PARAMETERS OF SIC MOSFET DEVICE

Variables Vg, Cy Vo/ Ve
Values

2.6V 8.1S 950pF 59nH 9.2nH 7.5nH 5Q 4.6Q 20/-5V

Ly L, L. R, Rg

2
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B. Impedance Modeling of High-Impedance Voltage Probe
(HIPV)

The HIPV probe is usually used to measure vg, and its
maximum 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.

i Probe Ti BNC
Test Point robe 1ip Coaxial Cable
i =)
Ground Compensator
Lead Chn Oscilloscope
I Coaxial Cable
PN )} ' °
R
m 2 Rcomp 2. L ;‘1/4__
Un Oy L?:: .:,:g:: Q)Z" ot
CmmpT
o ©
Zypy Ln Zurpvi

Fig. 9. Schematic diagram of HIPV probe.

In Fig. 9, L, and L, are parasitic inductances of the test point
and ground lead. C, is the parasitic capacitance of the ground
lead. Rin and Cj, are the input resistance and capacitance of the
probe. Ceaple is parasitic capacitance of the coaxial cable. Reomp
and Ccomp are resistance and capacitance of compensator which
is used to correct the impedance of the probe and avoid 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

1
Zypy = 1
c .+ o+ C
e SCcompRcomp +1 Rscope e ! (11)
_ bls + bo
a232 +as+1
where
a2 = Rscopc comp( cable + Cscopc) comp
al = Rscope( cable + Ccomp + Cscope) + Rcompommp . (12)
b=R,_ R ,
scope” comp — comp
b() = Rscope
The input impedance of the HIPV probe can be written as
, 1
B = a0/
R C s+1 HPvL Cs
ZHIPV2 = (Lp + Ln)s + : (13)

[ D +
RinCinS + 1
Ignoring the very small parasitics of the cable, compensator,
and oscilloscope, (13) can be simplified to

Z HIPV1 + E

gy = (L +L)s+ R, + Rs(-,ope, . 14)
’ ) (Rin + Rs(:ope )CinS + ].

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

v /A
Gy (8) = = = H5 (15)

Uin ZHIPV 2
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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]

L [nH] = O.127l[|n%—1}

.7 (16)
Cc[mF] :2181{1-#[];(1— In 2) +[32|:1+ (]__ In 2)2 _]T.CZ:|}

where parasitic inductance L, is Ly or Ly. | and d, in mm, are the
length and diameter of the ground lead wire. Coefficient A is
defined as A =In(l/d). By using a shortened ground lead with |=
35 mm and d =1.2 mm. The parasitics of ground lead can be
calculated as L;=10nH and C;=0.8pF. The C; is small enough
to be ignored.

The values of Rin, Cin, Reomp, and Ceomp Can be observed from
the datasheet of the probe. Concerning the coaxial cable, the
parasitic capacitance of per meter Ccapie Can be expressed as [62]

2me €
C:able =——r,
¢ In(D /¢)

where D and c are the diameters of the cable and core,
respectively. Constant g is the vacuum permittivity, and
coefficient & = 2.25 is the relative permittivity of dielectric
material polyethylene for cable. Concerning commonly used
CAT Il coaxial cable for HIPV probe, there are D=2mm and ¢
=0.53 mm. Therefore, for a 1.3 m length cable, the Ccapie Of the
HIPV probe can be calculated as 120 pF according to (17).
Besides, the values of Rscope and Cseope Can be found from the
datasheet of employed oscilloscope 715Zi [60].

17)

TABLE V. PARAMETERS of HIPV PROBE PP026 AND OSCILLOSCOPE 715Z1

Ground Lead Probe Tip Cable Compensator Oscilloscope

Variables Lp Ln Rin qln Ccablc Rcomp Ccomp RbCU[)L‘ C;copc

Values 10nH 10nH 9MQ 10pF 120pF 500Q 20pF 1MQ 16pF

According to (14) and (15), considering the influence of L,
and Cin, the characteristics of the probe in the frequency domain
can be calculated, as depicted in Fig. 10 and Fig. 11. Similar
characteristics affected by Rin, Lp, and Rsope 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
MOSFET during transient processes is about 20 to 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
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

6

stable measurements. Additionally, it is proven that the
simplified impedance model Zupy is accurate enough to
characterize the frequency-domain properties of the full-order

model ZHipvao.
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Fig. 10. Calculated characteristics of HIPV probe affected by L, from 1 nH to
100 nH. (a) Transfer function Gppyv and (b) input impedance Zypy (solid line:
full-order model Zypv;, dotted line: reduced-order model Zypy).

| Grrpv]

| Zupv] (MQ)

Phase (°)
Phase (°)

In Fig. 11, the input capacitance Ci, influence on the
magnitude of Guiey 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 Ci,. A
large Ci, reduces the impedance, and it may intrude the
transient stability of SiC device.

102 o 10
- = 1
& O*@K = 108 -
<$ 10° -6
— Increased C, B NE 10 Increased Ci, T{W
106 — 10°
100 100 e
e e i 2 50 i
% 100 el é i ‘s
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Fig. 11. Calculated characteristics of HIPV probe affected by C;, from 1 pF to
100 pF. (a) Transfer function Giey and (b) input impedance Zypy (solid line:
full-order model Zpy,, dotted line: reduced-order model Zypy).

20
10% 103 10* 10° 10° 107 10® 10° 10'°
Frequency (Hz)

C. Impedance Modeling of Differential Voltage Probe

To measure a vgs 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&“y, Lp = Ln, R.C1= R3C3, R, = Rz, Rz = R4, Rs= Re, R;= Rs,
Rg = Rio. Taking the employed DV probe HVD3106 into
account, the values of the variables in Fig. 12 can be identified
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'i» can be derived as

v Bs+ B
GDVI (S) == 3 1 2+ 0 ! (18)
v As' +As +As+ A

in

where
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A =RR(L +L)CC,

A2 = (RICI + RSCE)(L;) —I_ Ln)

A =(L, +L +2RRC +2RRC,) .

19
A, =2R +2R, 19)
B =2R.RC,

B, =2R,

The transfer function from the v', to the output voltage Vou
can be expressed as

G

DV2

R R R
() == 1424 (20)
vin R7 R56 R56
The transfer function of the DV probe can be yielded as
v U/ v
G, (s) = v—‘ = v— X U—,‘ =G, (5)G ., (5) - (21)

in in in

The input impedance of the DV probe can be written as

R R,
Z, =L +L)s+2 +2 . (22)
P " RCs+1 RC;s+1

Since R;>>R3 and R1C; ~ R3Cg, the third term in Zpy; can
be ignored. Therefore, (22) can be simplified to

v ( P n)s R1018+1 ( )

Oscilloscope

C
Ly 1_“—1 : OA1 R
O—— oo™ v + 7
T 2T
C3 > Ry <

' R;
Vin b Uin 2 Rsg R°

0A2 fs Ry

o
2
§ Vout

1T,

Ci= 3R,

Coaxial
Cable Channel

Ground
Lead

Fig. 12. Schematic diagram of DV probe.

Signal Attenuation Oscilloscope

TABLE VI. PARAMETERS OF DV PROBE HVD3106

Ground Lead Attenuation

Variables L, L, R C R G Ry Ry R, Ry

Values 315nH 315nH 5MQ 5pF 0.1 MQ 250 pF 100kQ 470Q 470Q 470Q

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

and C,;, the transfer function and input impedance
characteristics of the DV probe are indicated in Fig. 13 and
Fig. 14.

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

As indicated in Fig. 14, the large C: increases the low-
frequency gain and decreases the high-frequency impedance

0885-8993 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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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.
‘ creased L,
\Y%

102 I 10

TS 10! ,UL

S o

Increased L,

g 0 g 0=
57100 5 50

20?02 10% 10* 10° 106 107 108 10° 1010 (102 10° 10* 10° 10° 107 108 10 1010
Frequency (Hz) Frequency (Hz)
@) ©)
Fig. 13. Calculated characteristics of DV probe affected by L, from 10 nH to
1 uH. (a) Transfer function Gpy and (b) input impedance Zpy (solid line: full-
order model Zpy;, dotted line: reduced-order model Zpy).
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Fig. 14. Calculated characteristics of DV probe affected by C, from 1 pF to
100 pF. (a) Transfer function Gpy and (b) input impedance Zpy (solid line:
full-order model Zp\;, dotted line: reduced-order model Zpy).
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D. Impedance Modeling of Current Probe

To measure the high-frequency current of SiC MOSFET,
current 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. C. and C, are parasitic
capacitances of the coil. L. and R are self-inductance and
parasitic resistance of the coil. Ry is damping resistance to
suppress the possible LC resonance of the coil. R, and C, are
the resistance and capacitance of the passive integrator. R; and
C; are the resistance and capacitance of active integrator. In
general, the passive and active integrators satisfy R,C, =RiCi.

; N G

i Il

LR, ._D 3
Yi i C“]' LER | ous

l - +—o
Coil Passive Active

Integrator Integrator
Fig. 15. Schematic diagram of current probe.

According to Fig. 15, the equivalent impedances Zgc: and
Zgrc» can be derived as
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1
Zy = — (24)
C s 4+ — 4 —o
P R, RCs+1
1
Ly = 1 (25)
Cs+——
¢ Ls+R
The input impedance of the Rogowski coil can be written as
s — (ZRCI + ZRC2 )Ms . (26)
MS Jr ZRC] Jr ZRCQ

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

Z =—
Re MCs* +1

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

G, (s) = —— = My —2nc L 9

out ZRC] + ZRCQ ROOOS + 1
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

and C. are calculated, as demonstrated in Fig. 16 and Fig. 17.

(27)

TABLE VII. PARAMETERS OF CURRENT PROBE CP9006S

Colil Integrator
Variables M L. R, C, C, Ry R, (R) C,(C)
10nH 21puH 4.4Q 0.09pF 2.6pF 0.2MQ 0.1MQ 100 pF

Values

In Fig. 16, it can be found that the bandwidth of the
Rogowski coil is approximate to 10 MHz. The gain of Gre(S)
and input impedance Zgrcs 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 C.. Additionally, it is proven that the simplified
impedance model Zgc is precise enough to characterize the
coil.

In Fig. 17, the influence of coil capacitance is demonstrated.
Large coil capacitance C. improve the high-frequency gain of
Gre, Which is undesired for noise rejection. Besides, the high-
frequency impedance of Zgc is decreased by large Cc, which

8

may interfere in the transient behavior of SiC MOSFET device
under test.
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Fig. 16. Calculated characteristics of Rogowski coil affected by M from 1 nH
to 100 nH. (a) Transfer function Ggc and (b) input impedance Zgc (solid line:
full-order model Zgcs, dotted line: reduced model Zgc).
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Fig. 17. Calculated characteristics of Rogowski coil affected by C. from 0.1
pF to 10 pF. (a) Transfer function Ggc and (b) input impedance Zg¢ (solid line:
full-order model Zgcs, dotted line: reduced model Zgc).

Frequency (Hz)

IV. SYNTHESIS MODEL AND STABILITY MECHANISM OF
CouprLED SIC MOSFET AND MEASUREMENT PROBES

Focusing on the issue 2 in Section I, to reveal the stability
mechanism and interaction principles between SiC MOSFET
and probes, the circuit and mathematical models are
established in this Section. A methodology is proposed to
assess the stability boundaries 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. Lioop i the parasitic
inductance in power loop caused by circuit traces. Cioop is the
parasitic capacitance in power loop caused by load inductor
and freewheeling diode of S,. Concerning the influence of
snubber circuit, Ry, and Cs, are resistance and capacitance of
the snubber circuit.
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Fig. 18. Synthesized impedance model of SiC MOSFET including the probes.

To reveal the stability mechanism of SiC MOSFET intruded N Gy T TTTTTTTTTTTTTTT 5
by measurement probes, the probes in Fig. 18 can be replaced ' !
by impedances Zuipv, Zov, and Zgc. Therefore, the model in i
Fig. 18 can be simplified to the one in Fig. 19(a). Lioop§ i

L1010 Vds '
LLoop l ZAL ’—"}SZ aoop" :
COO H‘ 1
oo L H Zre i
Zep|| Cu
Uds [] Zpv 1q * - Uds [] Zns

Cds

(d)
- Fig. 19. Impedance-based model of SiC MOSFET intruded by measurement
t probes. (a) Impedance-oriented circuit of test bench, (b) simplified equivalent
Zre circuit, (b) small-signal circuit model, and (c) star-delta transferred circuit
model.

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

Zl = Zg + ZHIPVRge/(ZHIPV + Rge)

Z2 = Z(‘s y (29)
Z3 :Zd +Z[I)V(Z +ZRC)/(ZL001)+Z[I)V+ZRC)

(b) where

UG

Znpv
—
—

Loop
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Z =Ls+R,

Zy =L+ R,

Z =L s+ R_

Z(/b —2 Z / Z Z ) (30)
DV~ “DVTsn ( DV + sn)

sn sn

Z = Lloops + 1/(Cloop8)

loop

Z, =R, +1/(C,s)

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 = (ZIZ2 + ZIZ‘i + ZZZ’%)/Z‘i
Z, =(22,+ 227, + Zng)/ZZ . (31)
ZDS = (ZIZQ + ZIZ3 + ZZZS )/Zl
The transfer function model from ig to vgs can be expressed as
7
Z(/H) + Z(I}S + ZJ;S
where F(s) is the gain of the feedback path. The impedances
associated with parallel capacitances can be expressed as
Z(/;s = ZGS/(CGSSZGS +1)
Z(/}D = ZGD/(CGDSZGD +1). (33)
ZL/)S = ZDS/(CDSSZL)S +1)

According to the block diagram in Fig. 20, the model of the
SiC MOSFET intruded by the probes can be expressed as
A
i, = G(s)v, = ¢v
£ 1—-A(s)F(s) ®
— gm (Z(/}D + Z(/?S + ZI;S) v
Z(/}D + ch,s + Z];S B ng(/}SZI/)S ‘
where A(s) is the gain in the forward path. According to (8), it
can be expressed as

v = F(s)i, =

gs

Z i (32)

GS'd’

. (34)

Als)=—+=g_. (35)

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

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

A(s):H(sfpi)zo. (36)
Concerning either pole p; of A(S), it can be written as
p, =0, +jw, =0, + j27f, (37)

where gi and w; are real and imaginary parts of the pole. f; is the
resonance frequency. The damping ratio & can be defined as

g g.

{=—F7——="", (38)

2 2
,[Ui + W, Wy,
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where wg; is the damped resonant frequency. The real part of
the pole oi determines the stability of the test system. Positive
oi means negative damping and unstable mode of the transient
measurement. Negative ¢; 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. It can be seen that the procedure 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.

A. Test Conditions
4 DC Voltage

U Load Current

U Temperature

O Test Topology

Q Accuracy

\ ‘w

D. Probe Selection

B. Test Variables

O Drain-Source Voltage vgs
Q Drain Current iq

O Gate-Source Voltage vy
Q Gate Current i,

Q Forward Current i

C. Circuit Selection
QO Inductive Clamped or Resistive Q Voltage Probes
O Double-Pulses or Multi-Pulses Q Current Probes

F. Impedance Model

E. Circuit Model {

[ G. Synthesis Impedance Model ]

1

H. Stability Boundary and Limitation
Q Root Locus Analysis
Q Small-Signal Stability Analysis

Fig. 21. Methodology of SiC MOSFET transient stability assessment
concerning probes.

V. CASE STUDY: TRANSIENT STABILITY OF DEVICE-PROBE
INTERACTION INFLUENCED BY MULTIPLE FACTORS

According to the parameters of the test bench in Section |11
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 MHz 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
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poles may move across the imaginary axis to the unstable area,
which will lead to the transient instability of the SiC
MOSFET.
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Fig. 22. Calculated poles of interaction model between SiC MOSFET and
probes. (a) Pole distribution and (b) zoom in.

Taking the parasitic capacitance Ci, and inductance L, into
account, Fig. 23 demonstrates the influence of HIPV probe.
As seen, large Ci, degrades the stability of SiC MOSFET.
HIPV probe leads to instability in the condition of Ci,>47 pF.
The large parasitic inductance L, caused by long ground lead
drives two pairs of conjugate poles close to the imaginary axis,
which reduces the damping ratio and the stability margin.
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Fig. 23. Calculated root locus of SiC MOSFET influenced by HIPV probe
parasitics (a) Ci, from 1 pF to 100 pF and (b) L, from 50 nH to 300 nH.

Concerning the impact of DV probe, Fig. 24 indicates the
trajectories of poles with different input capacitance C; and
inductance L, Caused by low bandwidth probe and long
ground lead, the increased C; and L, drive a pair of poles to
the imaginary axis, which decreases the damping ratio and
degrades the stability margin.
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Fig. 24. Calculated root locus of SiC MOSFET influenced by DV probe
parasitics (a) C, from 1 pF to 100 pF and (b) L, from 50 nH to 300 nH.

Fig. 25 demonstrates the influence of the Rogowski coil. The
mutual inductance M hardly degrades the stability of device-probe

11

coupling system. Nevertheless, the capacitance of the current probe

can lead to instability when C. is changed from 5 pF to 20 pF.
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Fig. 25. Calculated root locus of SiC MOSFET influenced by Rogowski coil
parasitics (a) M from 1 nH to 100 nH and C. from 0.01pF to 100 pF.

As shown in Fig. 26, due to the parasitics in the power loop,
for instance, Lioop = 100 nH and Cioop = 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. 26. Calculate root locus of SiC MOSFET influenced by loop parasitics
() Lioop from 10 nH to 500 nH and (b) Cyoep 10 pF to 500 pF.

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 reduce the damping ratio of switching ringing.
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Fig. 27. Calculated root locus of SiC MOSFET influenced by SiC MOSFET
parasitics (a) Cg4s from 5 pF to 4 nF, (b) Cg from 5 pF to 400 pF, (c) Cyq from
5 pF to 100 pF, and (d) g from 1 Sto 25 S.

As indicated in Fig. 28(a), by using a large gate resistance,
the stability of the tested system can be enhanced. When the
total gate resistance Rg + Rge < 7€, the tested system might be
unstable. Additionally, Fig. 28(b) demonstrates the root locus
by using a snubber circuit Ry = 10 Q and Cs = 220 pF.
Compared with Fig. 28(a), it can be found from Fig. 28(b) that
the snubber circuit reshapes the synthesized impedance of
device-probe and eliminate the unstable poles caused by the
small gate resistance.

2.0 2.0
RECK KWK K X
-— -—
= 1.5 e 15
S =
x 1.0 =] x 10 )
Z 05 EE Z 05 £E
£ X X T o = -« x| | o
N 0 er R v T = Q; () JERRIEN 00K X X 13X X o =
2-05 2| 505 L
=i = | g =]
2-1.0 N gf—l.() i
=15 1 =-15
e 15 r—a
2.0 . ; 2.0
8§ -7 6 5-4-3-2-10 1 8§ -7 6 5 -4-3-2-10 1
Real Part (x107) Real Part (x107)

(@) (b)
Fig. 28. Calculated root locus of SiC MOSFET affected by gate resistance Rge
from 1 Q to 25 Q (a) without snubber circuit and (b) with snubber circuit.

VI. EXPERIMENTAL RESULTS

To confirm the proposed models and analyses, a double-pulse
test bench is prepared, as shown in Fig. 29. The test conditions
are selected as Vg =600V, l3=15A, Re=10Q, and Vc/Ve=20/-
5V. Digital oscilloscope 715Zi from LeCroy (bandwidth 1.5 GHz
and sample rate 20 GS/s) is employed to capture the waveforms.
The transient stability influenced by the HIPV probe, DV probe,
current probe, gate resistance, device parasitics, and snubber
circuit are comparatively studied as follows.

Load Inductor DV Probe

Probe

M et |

Pulse Control Board
Fig. 29. Configuration of test bench.

By using different HIPV probes given in TABLE VIII, the
experimental results are presented in Fig. 30. It is seen that the
ringing amplitude of the vy by using low bandwidth HIPV
probe is apparently larger than the ones by using high
bandwidth probes. As indicated in Section Il the HIPV probe
having high bandwidth also corresponds to small input

Power Source Osicilloscope
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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 is 150
MHz which is remarkably larger than the intrinsic frequency of
the probe-device coupled test bench, the interactions among vgs,
ig, and vgs are not observed. The measured ig and vgs are hardly
affected by the tested HIPV probes.

TABLE VIIl. COMPARATIVELY TESTED HIPV PROBES

Manufacturer ~ Probe  Bandwidth (MHz) C;,(pF) Impedance (MQ)
Agilent 10071A 150 15 10
Tektronix ~ TPP0200 200 12 10
Lecroy PP026 500 10 10

Turn-off

N ST :
| ¥ ‘W\ A " Ut [5V/div]
W Y Wivenen
e P N SO o | ig: [5 A/div]
A — 100714, 150 MHz VA NAAAA A

TPP0200, 200 MHz i s

— PP026, 500 Mz APNAAA A

vas [100 V/div

Time: [50 ns/div]

Fig. 30. Experimental turn on-off behaviors of SiC MOSFET by using
different HIPV probes as seen in TABLE VIII.

Considering the influence of DV, different DV probes are
compared, as given in TABLE IX. It can be observed that the
input capacitance determines the bandwidth, as analyzed in
Section Ill. The DV probe having higher bandwidth performs
smaller input capacitance Ci. The measured results are shown in
Fig. 31. The DV probes directly affect the accurate measurement
of vgs. Besides, the altered propagation delay of iy is found by
using DV probes with different bandwidths. Additionally, the
transient behavior of vy is also intruded by the DV probes.

TABLE IX. COMPARATIVELY TESTED DV PROBES

Manufacturer Probe Bandwidth (MHz) C;(pF) Impedance (MQ)
Pico TA044 70 10 10
Lecroy ADP305 100 7 4
Lecroy HVD3106 120 5 5
Cybertek ~ DP6150B 200 4 5
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Fig. 31. Experimental on-off trajectories of SiC MOSFET by using different
DV probes as specified in TABLE IX.

Different kinds of current probes are comparatively
investigated and listed in TABLE X. As shown in Fig. 32, the
current probes directly intrude the measurement of ig, in terms
of the di/dt, propagation delay, resonant frequency, etc. It is
seen that the current probes with different bandwidths
introduce inconsistent propagation delay, which will result in
inaccurate measurement of power loss as discussed in Section
Il. Additionally, due to 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 iq, Vg, and vgs are
coupled with each other, as predicted in the proposed circuit
and mathematical models in Section 1V. The inserted
impedances by current probes also interfere in the transient
behaviors of gate-driver loop and power loop.

TABLE X. COMPARATIVELY TESTED CURRENT PROBES
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to Si IGBT, the SiC MOSFET is much more sensitive to the
parasitics of the test bench and measurement probes.

TABLE XI. COMPARATIVELY TESTED POWER DEVICES

Rating Res  Cgs

Type Manufacturer Device (@25°C) (Q) (pF)
C2M0080120D Cree SICMOSFET 36 A 46 950
SCH2080KE Rohm SiC MOSFET  40A 6.3 1850
H1M120F060 Hestia SiC MOSFET 41 A 4 1800
LSICIMO120E0080 Littelfuse SiICMOSFET 39A 1 1825
IHW20N120R3 Infineon Si IGBT 40 A 0 1503

Manufacturer Principle Probe  Bandwidth (MHz) Rise Time (ns)
Cybertek  Rogowski Coil CP9006S 30 -
Lecroy Hall Effect AP015 50 7
Lecroy Hall Effect CP030 50 7
Pearson Hall Effect 2877 200 2
Turn-off

Turn-o

s [5 A/div]

> 71— CP9006S, 30 MHz [~
et — APO15, 50 MHz
CP030, 50 MHz -
—2877,200 MHz | ¢
r T r T T

e Time: [50 ns/div]

Fig. 32. Experimental on-off trajectories of SIC MOSFET by using different
current probes as specified in TABLE X.

By using devices from different manufacturers as listed in
TABLE XI, the influences of the device specifications are
confirmed, as depicted in Fig. 33. It is seen that the device
with smaller Rg and Cg performs much faster switching
speed, which deteriorates the stability of probe-device
coupling system. With respect to transient stability, compared

The influences of the external gate resistance Rg on the
device-probe coupling system are exploited, as indicated in
Fig. 34. In the condition of different Ry between 2.4 Q and 30
Q, the stability of the test bench is enhanced by using a large
gate resistance. The damping ratio of the device-probe
coupling system increases with gate resistance. However, the
switching loss of the SiC MOSFET also increases.

ta: [6 A/div]

Turn-off
‘—%‘ — Cree | ‘\
» — Rohm i

Hestia E
— LittelFuse |
— Infineon

——

5V /div]

N

T
st 100V /div]

Fig. 33. Experimental on-off trajectories of different devices specified in
TABLE XI.

Turlfn

Med Damping iat [5 A /div]

» — R=24Q | \mev«m

— Ry =51Q

ime: [50 ns/div]

Turn-off

vy [6V/div]

R,=10Q |
— R, =20Q |
— R =30Q

vgs: [100 V/div]

» ™ Time: [50 ns/div]

Fig. 34. Experimental on-off trajectories of SiC MOSFET in condition of
different gate resistances.

By using a snubber circuit Rgy =10 Q and Cs, =220 pF, the
switching trajectories of SiC MOSFET in the condition of
different Rge is demonstrated in Fig. 35. Compared with Fig.
34, the snubber circuit reduces the switching ringing and
overshooting, and improves the transient stability. However,
the snubber circuit also reduces the di/dt and dv/dt, and the
correspondingly increased switching time leads to much more
switching losses. Therefore, there is a tradeoff between
transient stability and switching loss.
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Fig. 35. Experimental on-off trajectories of SIC MOSFET by using snubber
circuit in condition of different gate resistances.

Taking the resonant current waveforms in Fig. 34 as an
example, 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 is highly agree with the
prediction of proposed models. As seen, the presented models
and analyses are matched with the experiments.

30 50
25 /}\ o
20 M% SE
f 1y |G
15 ‘ { Rt i i = 30 5 il 1
< ) g o
= 0 — Modelling ] f\ i
Experiment [ 5 201 1, Modeling
5 1/ 5 o f, Experiment
0 W/ - 10 — &, Modeling
o ¢&;, Experiment
-5 0
0 100 200 300 400 500 0 10 20 30 40 50
Time (ns) Ry (Q)
_ @ _ (b)
Fig. 36. Comparison of experimental results and modeling analyses. (a)

Comparison 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
mathematical 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
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bandwidth, which lead to measurement inaccuracy and
transient instability of SiC MOSFET. The parasitic inductance
caused by the test point and the ground lead of probes also
degrade the stability of SiC MOSFET. Besides, the transient
stability may be deteriorated by using 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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