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Measurement of Circuit Parasitics of S1IC MOSFET
in a Half-Bridge Configuration

Shamibrota Kishore Roy

Abstract—Fast switching transient of SiC MOSFET reduces
switching loss. However, it excites device and circuit parasitics
resulting in prolonged oscillation, high device stress, spurious turn
ON, EMI related issues, and higher switching loss. Behavioral or
analytical models are used to estimate switching loss (dv/dt),
(di/dt) rates, etc., and it requires the value of circuit parasitics
as input. Measurement is the only way to accurately estimate
some device package-dependent circuit parasitics when the internal
package geometry is unknown. Hence, measurement of circuit
parasitic is essential for optimal design. This article presents a
set of simple experimental measurement techniques to determine
circuit parasitic inductance and capacitances relevant for switching
transient study of SiC MOSFET in a half-bridge configuration. The
accuracy of the proposed technique is verified through simulation
and experimental results of the hard turn OFFand capacitor assisted
soft turn-OFF dynamics of SiC MOSFET over a range of operating
conditions for two 1.2-kV discrete SiC MOSFET of different current
ratings and two different PCB layouts. Furthermore, the proposed
technique is also validated with the existing frequency response
analysis-based impedance measurement.

Index Terms—Dead-time, double pulse test, hard switching,
modeling, parasitic measurement, SiC MOSFET, ZVS.

1. INTRODUCTION

AST switching dynamics of SiC MOSFET reduces switching
loss. However, it excites device and circuit parasitics that
may result in prolonged oscillation, high device stress, spurious
turn ON, EMlI-related issues, and higher switching loss [1], [2].
The influence of parasitic also results in a mismatch between
actual switching loss and experimentally measured loss [3].
Device parasitics are contributed by the internal capacitances
of the SiC MOSFET (i.e., output capacitance) and their values as
a function of voltage are given in the device datasheet [3]. On
the other hand, circuit parasitic inductances are dependent on
both device package (device lead, wire bond, etc.) and circuit
layout (PCB layout) whereas circuit parasitic capacitances are
contributed solely by the circuit layout and the values are not
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available from device datasheet [1], [3]. This article is concerned
with measuring circuit parasitics of SiC MOSFET in a half-bridge
configuration.

A. Importance of Experimental Estimation of Circuit
Farasitics

Fig. 1(a) gives an overview of power converter design. One
of the significant parts of converter development is the design
of the power stack, which consists of power devices, dc bus
capacitor, gate driver circuit, gate, and power circuit layout.
In the design process, the power stack is first designed and
validated. This process helps to select suitable power device for a
given application. It is also useful to accurately obtain switching
transition time, loss, (dv/dt), (di/dt), and transient over voltage
for a wide range of operating conditions. The obtained switching
loss is used to select the switching frequency, which further
dictates the design of heatsink and differential mode filter. On
the other hand, obtained (dv/dt), (di/dt) values are used to
design the common mode filter. Converter design also includes
the design of embedded controller and sensor circuitry. An
iterative process is followed until all the design requirements are
satisfied.

Steps of power stack design are given in Fig. 1(b). The design
stage starts with the topology and device selection followed
by gate driver design, dc bus capacitor selection and gate and
power circuit layout design. Simulation or analytical approaches
are used in this stage to extract the circuit parasitics [4]. The
extracted values are then used in switching transient models
(behavioral models like Spice simulation or analytical model) to
compute transition time, (dv/dt), (di/dt) rates, loss etc., where
the device and gate driver parameters are obtained from the
datasheet [1]. The initial design (for example, gate and power
circuit layouts) are optimized using these estimated results to
keep (dv/dt), (di/dt) rates, loss, etc., within specified limits.

However, the design cannot be finalized in this stage as the
simulation or analytical approaches for parasitic estimation have
the following limitations:

1) Simulation approaches are based on finite element analysis
(FEA) [4], [5] or partial element equivalent circuit (PEEC)
method [6]. Though accurate, this approach requires ex-
pensive software tools, long computation time, and may
suffer from the convergence problem when the physical
structure is complex. Also, the estimated parasitics are
functions of frequency and there is ambiguity about the
selection of frequency.
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2) The analytical approach relies on the closed-form ex-
pressions of parasitic inductance and capacitances for an
approximate simplified geometry of a complex struc-
ture [7]. Though it requires less computation time, the
estimated parasitics are less accurate when the geometry
is complex.

Both of the simulation and analytical approaches require
the proprietary information of the internal geometrical
structure of the device package (i.e., wire bond structure,
the dielectric material used, etc.) that may not be available
to a converter designer [5].

After the initial design stage, a double pulse test (DPT) setup
is designed and fabricated to validate the design experimentally.
The circuit parasitics are measured and compared with the
parasitic values obtained in the preliminary design stage using
simulation or analytical approach. Please note, measurement
is the only way to estimate some device package-dependent
circuit parasitics accurately when the internal package ge-
ometry is unknown. Also, the switching transient waveforms
are captured for different operating conditions and validated
using the waveforms obtained from the switching transient
models with experimentally measured circuit parasitic values.
The design is finalized if the results match closely. Other-
wise, the initial design is modified accordingly to meet the
requirements. The usefulness of the measured parasitic val-
ues in accordance with the switching transient model is given
below:

1) Fast switching transient of SiC MOSFET makes it chal-
lenging to design the gate and power circuit layout and it
may lead to sustained oscillation, spurious turn ON, high
device stress [1], [2], etc. Switching transient model along
with the measured circuit parasitics will help to mitigate
the problem through better layout design, optimal gate
resistance selection [8] or snubber circuit design, etc. [9].
This is well established that the experimentally measured
switching loss is different from the actual switching loss
and there can be significant difference between actual and
experimental losses for SiC MOSFET [8]. Behavioral model
along with the measured parasitics help in estimating

3)

2)

Finalize
design

(a) Overall steps of power converter design. (b) Steps of power stack design.

actual switching loss which is important, especially for
soft switched converter design [10].

Often it is difficult to measure all the required waveforms
accurately due to the limitations of the measurement
probes. For example, accurate measurement of gate source
and drain source voltages of the high side device in a
half-bridge configuration is difficult as the differential
probes connected across the respective nodes experience
high-frequency common mode voltage. Generally, the
common mode rejection ratio of differential probe reduces
with frequency [11] and it leads to measurement error.
Generally, the experimental switching transient wave-
forms can be captured for a limited number of operat-
ing conditions. However, in practical scenarios, power
converter may encounter a wider operating range due to
the line and load variations. To understand the switch-
ing transient performance for a wider range of operating
conditions (for example, load current, temperature, etc.),
switching transient model in accordance with circuit par-
asitics are important.

Switching transient model in accordance with measured
circuit parasitics can help in designing active gate driv-
ing schemes to optimize switching transition time, loss,
(dv/dt), (di/dt), transient over voltage, etc., [12].

3)

4)

5)

B. Literature on Measurement of Circuit Parasitics

The experimental approach of measuring circuit parasitics
can be conventionally divided into two categories: time domain
reflectometry (TDR) and frequency response analysis (FRA).
TDR measurement is based on transmission line theory [13].
Though accurate, it requires expensive measurement equipment
and software. Also, TDR measurement method is generally
developed for 50 €2 connector impedance and suffers from a
lack of accuracy when the characteristic impedance of the device
under test (DUT) deviates significantly from 50 €2 [14].

FRA based measurement can be divided into one port
[15]-[17] or two port [14] measurement. In one port mea-
surement, the impedance between two ports are measured as
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a function of frequency using an impedance analyzer. On the
contrary, two port measurement requires vector network ana-
lyzer (VNA) where two ports of the DUT are connected to two
excitation sources and the third node is connected to the refer-
ence. Z-parameter or S-parameter measurements are performed
to obtain the parasitic inductance and capacitances. However,
FRA based measurement techniques suffer from the following
challenges/limitations:

1) The parasitics impact the switching transient of SiC MOS-
FET are of small values (inductances in the range of
few nHs to 10’s of nHs and capacitance in the range
of 10-100 pF). In general, the DUT is connected to the
VNA/impedance analyzer with basic cable type connec-
tors and it may severely affect the measurement accu-
racy at higher frequencies; especially the measurement
of inductances. There are special fixtures provided by
the manufacturer to measure low value inductances at
higher frequencies (for example, IAI kelvin fixture is
available with an impedance analyzer PSM3750 from
Newtons4th). However, these fixtures are not suitable
to measure PCB layout dependent parasitic inductances
due to difficulty in connections. To solve this problem,
a special PCB structure is made in [4] to connect the
DUT with VNA/impedance analyzer. This may help in
the accurate measurement of PCB related inductances but
requires specially designed PCBs.

2) In this measurement technique, the circuit elements are
considered constant and independent of the excitation
frequency [14]-[17]. However, in practical scenarios, the
parasitic inductances are strong functions of excitation fre-
quency and generally, the values reduce as the frequency
increases [18]. Also, in reality, some of the internal device
capacitances are highly nonlinear functions of voltage.
So, frequency domain impedance measurement based on
linear circuit theory may give erroneous results if the
excitation voltage amplitude is relatively high. Please
note, nonlinearity of the device capacitance are more
pronounced around the zero bias region.

3) In case of one port impedance measurement, the other
device terminals are kept floating and this may cause
measurement error at higher frequencies if the floating
node is in the vicinity of any external object [14].

4) In case of two port measurement technique proposed
in [14] to extract parasitics of a half bridge configuration,
some of the nodes need to be shorted externally. However,
these external connections may introduce extra parasitics
which will result in measurement error.

5) Careful calibrations are required (open and short) to mea-
sure low values of parasitic inductance and capacitance
measurement [19]. If the measurement setup is not cali-
brated properly, it may lead to measurement error.

However, some of the internal device capacitances are nonlin-

ear functions of voltage, so it is difficult to find circuit parasitic
inductances from frequency domain impedance measurement
as the estimation procedure is based on linear circuit theory.
Also, in the case of one port impedance measurement, generally,
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the other device terminals are kept floating and this may cause
measurement error [14].

There is another experimental approach explicitly developed
for the measurement of circuit parasitic relevant in the switching
dynamic study of power semiconductor devices, [10], [19]-
[21]. This approach does not require specialized expensive
measuring instruments used for TDR or FRA. The measure-
ments are done with the oscilloscope and voltage/current probes,
routinely used for converter development and testing. Trivedi
and Shenai [20] proposed an experimental procedure to extract
parasitic inductances for Si IGBT and it is not directly appli-
cable for SiC MOSFET due to different device characteristics.
Umetani et al. [19] presented a technique to estimate the value
of common source inductance but no test procedure is given to
obtain other circuit parasitics important for switching dynamics.
Similarly, in [21], only the parasitic inductance of the busbar is
estimated from the dominant frequency content of turn-OFF volt-
age oscillation of SiC MOSFET. Note that all the previous litera-
ture does not consider the effect of circuit parasitic capacitances
which plays an important role in switching dynamics [3], [8].
In [10], circuit parasitics related to the switching transient study
of SiC MOSFET and Schottky diode pair are extracted through a
simple measurement technique. However, this technique cannot
be applied directly for SiC MOSFET in a half-bridge configuration
as it ignores the effect of some of the important circuit parasitic
inductance and capacitances relevant for switching transient
study.

C. Contribution

This article presents a set of experimental techniques for para-
sitic measurement of SiC MOSFET in a half-bridge configuration.
A half-bridge configuration is taken as it is a basic building
block of most of the power converters. The proposed technique
is based on the behavioral model of SiC MOSFET. It is especially
useful for designers who do not have the internal architecture
of the packaged device and hence cannot use simulation-based
approaches for extraction of circuit parasitics. Circuit parasitic
inductances (gate, drain, power loop, and common source induc-
tances) and external parasitic capacitances (parasitic capacitance
between gate-drain and drain-source nodes) are estimated using
a series of experiments. The proposed technique is validated
through simulation and experiment results of the hard turn OFF
and capacitor assisted soft turn-OFF dynamics of SiC MOSFET.
Two 1.2-kV SiC MOSFET of different current ratings and two
different PCB layouts are used for validation.

The rest of the article is arranged in the following order. In
Section II, the behavioral model for switching transient study
is discussed. The measurement procedure of circuit parasitics
is given in Section III. Details of the experimental setup are
provided in Section IV and experimental results are given in
Section V. Section VI discusses the verification of the proposed
measurement technique. Comparison between the proposed par-
asitic estimation technique and other exiting methods are given
in Section VII. Section VII draws the conclusion.
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Fig. 2. Circuit configuration for soft turn-OFFswitching transient analysis.
(a) Half-bridge configuration with circuit parasitics. (b) SiC MOSFET model.
(c) High-frequency model of inductive load L.

II. BEHAVIORAL MODEL

To study the switching transient of SiC MOSFET, a half-bridge
configuration is considered [see Fig. 2(a)], where both Q1 and
Q@ g are SiC MOSFETS. Q1 and () g are modeled as three-terminal
devices with terminals gate (g'), drain (d’), and source (s').
Input of the half-bridge pair is connected to a dc voltage source
Vi and output side connected to an inductive load L. During
switching transition, current through L remains almost constant
and hence, it can be modeled as a constant current sink [, [see
Fig. 2(c)]. Also, parasitic capacitance of L (C) affects the
switching transient [4].

The gate of SiC MOSFET is driven by the voltage source
vGe, and it has two levels Vg and Vig, respectively. 1)
represents the external gate resistance and it includes the internal
resistance of the gate driver. L, represents the external gate
inductance contributed by the gate driver IC pin inductance and
the PCB trace inductance connecting the gate and source pins of
the SiC MOSFET to the gate driver. It is considered equal for both
Q7 and @ p as the gate loop for both the MOSFETs are alike.

Cya(ey and Cgg () are the external gate-drain and drain-
source parasitic capacitances contributed by the gate and power
circuit routed in the PCB. Cy 4. affects the switching transient
for both hard and soft switching conditions [8], [22], whereas
Ca(e) impacts the hard switching transient [23]. There are
external parasitic capacitances present across g’ and s’ nodes
of both the MOSFETs. However, its value is small compared to
the internal gate-source capacitance (Cy,) and has a negligible
impact on switching transient. In most of the practical scenarios,
the PCB layout of the power loop is not symmetric with respect
to the midpoint connection (the connection between s/, and

'3). So, the value of Cy () is different for Q7 and Qp and
represented as C’gT,d, () and C’g/ 2(e)- The same is true for Cy (o)
Parasitic capacitance of the inductive load L (C'1) is considered
to be in parallel with C’T,S,(e). Cezt 1s an external capacitor
connected across the d’ and s’ nodes of both the SiC MOSFETS
(Qr and @ g, respectively) to achieve capacitor assisted soft turn
OFFin zero-voltage switching converters [22]. L4. represents
the fraction of parasitic inductance of the power loop, which
excludes the lead inductances of the SiC MOSFET.

A detailed model of SiC MOSFET is given in Fig. 2(b). Ry,
represents the internal gate resistance. Lg(i), Ly, and L, are
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the gate, drain, and source inductances, respectively. These
are contributed by the lead and wire-bond inductance of the
respective pins. Values of Lg(i), L4, and L are considered to be
equal for both @7 and @ . To model i, accurately in ohmic
and saturation regions, detailed nonlinear functions are used as
described in [24]. A single channel approximation is considered
for simplicity. In cut off region, vys < Vi, andicp = 0. Vip is the
threshold voltage of the MOSFET. For vg4s < (vgs — Vin)/Poy
and vgs > Vi, SiC MOSFET is in ohmic region and 4., is
modeled as (1). y is defined as (K /(K; — 0.5P,)). Forvgs >
(vgs — Vin)/Pyyand vgs > Vi, MOSFET is in saturation and 4.y,
is modeled as (2). R4 represents the drift region resistance. This
model does not incorporate the effect of parameter variation
with temperature. Parameters Rq, K, K¢, Vip, 0, and P, ¢ are
obtained from the transfer characteristics (in saturation region)
and output characteristics (in ohmic region) of the SiC MOSFET
for a given temperature (provided in the datasheet). All the
parameters are temperature dependent and these are extracted
for 25°C

Z‘ch
y—1
KPKf (Ugs - Vvth) Vds — ol ('Ugs - Vvth)Qiy 'UZS
h (1+ 0(vgs — Vin))
(1)
2
Ky (vgs — Vin) 2

2(1 + 9(’()95 - V;fh))

Cys, Cgalvag), and Cys(vgs) are the internal device capac-
itances. Cys is considered as constant, whereas Cyq(vqy) and
Caqs(vgs) are nonlinear functions of vgq, (3) and vgs (4), re-
spectively. Input capacitance (Cjss), reverse transfer capacitance
(Cs) and the output capacitance (C,s) as a function of vy is
given in the device datasheet. C'y; = Cj4, for high values of vy,
Cya(vag) = Crgs(vds) as vgg & vg4s during the measurement of
Chrss [31and ¢gs(vas) = (Coss — Crss). Parameters k1 — kg are
obtained through curve fitting using plots given in the datasheet

k
Cozd = é7 Vdg € (—O0,0)
k
! 1/2 5 Udg S [07 ‘/td)
Cya(vag) = (1 + ) gy 3)
)
: /1’ Vdg S [‘/td,OO)
(1 L Vdg ~ th)
ks
k
Cds(vds) - 6 (4)

12"
Vds
1
( - k?)

The parameters related to channel current 4.5, device internal
capacitance (Cys, Cyq and Cys), and Ry(;) can be obtained
directly from the device datasheet. Parasitic inductances (L (e)»

Lygiys La, Ls, Lac) and capacitances T g (e) Cgf () chB gd(e)
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de
dy
H C(g:s’(e)
Vaa ] S Lde
Vdc(test)C)
B +
d’s’(e) 7)55/

Fig. 3. (a) Circuit configuration. (b) simulation waveforms of Test 1 (SiC
MOSFET C2M0080120D, Vi, (test = 10V, Ry(e) = 3.52).

Cfs,(e)) are layout dependent and has significant impact on
switching transient.

III. CIRCUIT PARASITIC MEASUREMENT

The objective of this section is to obtain the values of circuit
parasitics ((Lg(e)’ Lg(i)’ Lg, Ls, Ly, C?d’(e)’ ngs’(e)’ Cfd’(e)’
C f,s, (e)) through experimental measurement. The experimental
measurement procedure is classified into two parts: 1) parasitic
inductance measurement, 2) layout dependent parasitic capaci-
tance measurement.

A. Parasitic Inductance Measurement

Circuit related parasitic inductances are Lg(e), Lg(i), Ly, L,
Lg4.. The following series of tests are conducted to estimate these
parameters.

1) Test I: To conduct Test 1, the circuit configuration shown
in Fig. 3(a) is used. Both Q7 and ) p are placed in the circuit.
The input side is connected to a dc voltage source V. and output
inductive load is not connected. C.,; is also not present across
any of the devices. Vi is applied across the gate-source of Q1
and it remains in on-state. On the other hand, Vg is applied
across the gate-source of () p initially and it is blocking the dc
bus voltage Ve (zest)-

As Qr is gated, it remains in the ohmic region. Current
through the internal capacitances of the MOSFET Q7 (Cyq (vgg)
and Cy,(v],)) are negligible and it can be modeled as ON-state
resistance R,, in series with the inductance (L4 + L) [see
Fig.4(a)]. R,,, denotes the ON-state resistance of the SiC MOSFET
@vgq = V- As the rate of change of voltage vgjs, is negligible,
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L

g(e) Hg(e)

Fig. 4. (a) Equivalent circuit. (b) approximate equivalent circuit 1 and
(c) approximate equivalent circuit 2 for Test 1.

the equivalent layout dependent parasitic capacitance across d/n
and s/, can be represented as (C§ a(e) C?s,( e)). Applied dc
bus voltage V. (test) (510 V) is small compared to the rated dc
bus voltage (=800 V).

Initially, @ is in OFF state and v, = v, = Vjc(est) [see
Fig. 3(b)]. Single gate pulse of duration T}, is applied across
the gate-source of ()5 and vfs starts increasing from its initial
value Vgg. Until v;i = Vin, ifh = ig. = 0. After Uf; > Vin,
icBh starts increasing. However, due to the presence of parasitic
inductance in the power loop, i4. cannot change fast and i5,
is supported by the discharge of output capacitance of Q. As
the voltage Vi (ses¢) is small and no load is present, the turn ON
transition time of () p is small compared to 7}, [see highlighted
portion of Fig. 3(b)].

After the small transient, vfs approximately settles to Viaa
[see Fig. 3(b)] and () p remains in on-state (ohmic region) for
the rest of the T} ; period. So, similar to Q 1, () 5 can be modeled
as ON-state resistance R,,,(@QVg () in series with the inductance
(Lg+ Ls). Also, using a similar argument as given for Qr,
the equivalent layout dependent parasitic capacitance across d'g
and s’y can be represented as (C 7y .y + Ciy (). Then, the
equivalent circuit of Fig. 4(a) can be reduced to Fig. 4(b). Now,
the total impedance across d/ and s’z of the circuit [see Fig. 4(b)]
is given as Z,, and can be approximated as (5) for practical
values of different parameters. Detailed calculations are given
in the Appendix

Zeq =2 X (Ron, +s(Lqg+ Ly)) . 5)

Using the above-mentioned approximation, equivalent circuit
Fig. 3(b) can be approximated as Fig. 3(c) where L., = (2 x
(Lg+ Ls) + Lge)and Ry = (2 X Roy, + Rgc). Racrepresents
high-frequency resistance of the power loop and it excludes the
ON-state resistance of SiC MOSFETs. The time evolution of i7 ~
14c 18 given by

Vc es _
ige(t) = if (t) = (d;“) (1_6 <Req/Leq>t), ©)
eq

To perform Test 1, values of Tics; and Vie(sesr) need to be
selected properly. The value of T}.s; should be in the order of
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Fig. 5. Measured waveforms of Test 1 (SiC MOSFET C2MO0080120D,
Vie(test =10V, Ry)y =3.5€0): (a) Experimental waveforms (vfs,:
20 V/div, i4.: 10 A/div), (b) Fitted curve.

five times the time constant of RL circuit given in Fig. 4(c). Note,
the steady-state value of if R i is given as (Vye(rest) /Req).
For large values of if ~ i4., ON-state resistance of both Qr
and () g can increase from R,,,. Thus, Vi (sesr) is selected from
the constrain that both ()7 and @ g should remain deep into the
ohmic region with constant ON-state resistance R,,, for idB =
ide € (0, Vic(test)/ Req). Also, in the worst-case scenario, the
entire charge required to build the current ¢,4. will be supplied
from the input dc bus capacitor. Assuming 74, is fully supplied
by the dc bus capacitor Cy., the condition given in (7) needs to
be satisfied
,I‘lssl

/0 Z‘dc (T) dr < Cdc‘/dc(tesl)- (7)

Fig. 5(a) shows a sample experimental result of Test 1. Values
of L.q and R, are estimated by fitting (6) in i4.(t) obtained
from Test 1 [see Fig. 5(b)]. A similar test procedure is used
in [10] for SiC MOSFET and Schottky diode pair in a buck chopper
configuration. It is noteworthy that with the increase in device
temperature, value of R,,, of SiC MOSFET increases. However,
values of device package and layout dependent parasitic induc-
tances should remain invariant with temperature. Hence, with the
increase in temperature, time constant of RL circuit will reduce.
Also, the steady-state value of i4. reduces with the increase in
device temperature.

2) Test 2: This test is conducted to estimate the value of L.
separately. For Test 2, the circuit configuration given in Fig. 6(a)
is used. Both @ and @) p are placed in the circuit. The input
side is connected to a dc voltage source V. and inductive load
is connected at the output and it is modeled as a constant current
sink Ijy. C,,; is connected across drain and source terminals of
both devices. Double pulse test is conducted to obtain the soft
turn-OFFswitching transient waveforms of SiC MOSFET (5.

Initially, @ is in ON state and load current I is flowing
through it. Q7 is reversed biased and it is blocking the entire
dc bus voltage V.. When the gate voltage of Qp (vag) is
changed from Vg to Vg, the circuit configuration given in
Fig. 6(a) goes through a turn OFFtransition called as capacitor
assisted soft turn OFF. The waveforms of this transition obtained
from the behavioral model for low values of Iy and Ry
are given in Fig. 6(b). During the voltage rise period of the
soft turn-OFFswitching transient, channel current of Q)p (igl)
collapses to zero and oscillatory behavior in 7,4, can be observed
[see the highlighted portion of Fig. 6(b)]. As iZ is zero, gate
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Fig. 6. (a) Circuit configuration and (b) Simulation waveforms (SiC MOSFET
C2M0160120D), Ve =800V, I =5 A, Ry(e) = 3.3 Q, Cegr = 470 pF).

80

Fig. 7.
Test 2.

(a) Equivalent circuit and (b) approximate equivalent circuit for

of Qp looses its control over power circuit state variables and
hence, gate circuit dynamics can be neglected for the analysis
of the power circuit dynamics [22]. As the channel of both the
devices are OFF(both Q1 and @) ) and the rate of change of gate
source voltage is negligible compared to drain source voltage,
then devices can be modeled as output capacitances C4s (v?{s)
and C,s5(v2), respectively, in series with parasitic inductances
(Lgq + Ls). The equivalent capacitances across d, s% and d'g,
s’z are givenas C' (8) and C'Z (9), respectively. Then, the circuit
configuration of Fig. 6(a) can be reduced to Fig. 7(a)

cl = (ng:d’(e) + Cdrg(e) + Ceat + CL) ®)
CéB == (CgBid/(e) + Cfs’(e) + Ceg;t) . (9)

The impedance between d. and s/, of Fig. 7(a) is given
as Zp (10). The selected value of C,,; is large such that
CI' > Chss(vh)) and Zr can be approximated as (11). Simi-
larly, CP > C\ss(vE) and using the same argument, Zp can
be represented as (12). Also, vgs, R vgs and ”3135 ~ Ufs. Then,
the equivalent circuit of Fig. 7(a) can be reduced to Fig. 7(b) [22].
It can be observed that the effect of lead inductances L4 and L
of both the MOSFETs are negligible during voltage rise period
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Fig. 8. (a) (Cg;HCg])—vgs, plot. (b) (ng (C$1+Cg))-vf,s, plot

for C2M0160120D. (c) Experimental waveforms of Test 2 (SiC MOSFET
C2MO0160120D), V4. =800V, Inp =5 A, Rg(e) =3.3Q, Cext = 470pF).

because of the presence of high-value Cl ¢

1 1
Jr = L L. 1
r (8( t 6”80055@;)) I er (0
1 1
~ T ()T TV ~ (T (T (11
S (Ceq(vds) + Ce ) SCeq (vds)
1 1
VAR = . (12)
BT 5 (CB(wB)+CP) ~ sCE(WE)

Solving the equivalent circuit given in Fig. 7(b), a differential
equation of i4. can be found as given in (13). During most of
the voltage rise period, v?{s and vfs are large compared to the
voltage drop across Lg4. resulting vgs ~ (Vg — vfs). Consid-
ering this fact, (CZ,[|C5) and (CZ /(CL + CE)) are plotted
as a function of vZ in Fig. 8(a) and Fig. 8(b), respectively.
It can be observed that both of these quantities remain almost
constant for most values of v So, (CZ ||CE ) is replaced with a
constant charge related capacitance C, calculated in the range
(0, Vge) (14). Note, C' represents the average capacitance and it
is approximately equal to the flat portion of (CZ||CZ )-v [, plot
in Fig. 8(a). Also, (Cf /(CZ, + CL)) remains almost constant
with v%.. So, (13) can be approximated as a second-order under-
damped equation with oscillation time period T}, = 27/ Lq.Cg

B
Tceq ] ) 1)
CT +CB

T B dzic .
L. (Ceq”Ceq) a2 + ig. = 1o

Ve
Co— — /d (CT||CE) dvE,.
Vdc 0 eq eq s

To estimate the value of L., the oscillation time period of
i4. during the voltage rise period (7},) is obtained experimen-
tally [see Fig. 8(c)]. Then, Lg4. is estimated using the expres-
sion L. = T, /(47°Cq). Cq has terms like CJ oy, Cliyi(oys
Cf 2(e) and Cfs,(e), which are obtained separately using Test
5 and estimated values are used here. It is also noteworthy that
for low values of Iy and R y(.), i}, collapses fast and the voltage
rise period is prolonged with several peaks and valleys in 7.
This results in a better estimation of L,.. Also, the internal
device capacitances and device package and layout dependent
inductance and capacitances are weak functions of temperature,

(14)
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Fig. 9. (a) Circuit configuration and (b) Simulation waveforms

(C2M0080120D, V. = 800V, In = 30 A, Ry(ey = 21 Q) of Test 3.

r (Lac+La+Ls)

idrT
O

B
Ca]i?uu(u) T cd’s’((‘)

Fig. 10.
Test 3.

(a) Equivalent circuit and (b) approximated equivalent circuit of

implying the values of Cg and Lg. are expected to be weak
functions of temperature [25]. Thus, the value of 7;, should not
vary with the change in temperature.

3) Test 3: This test is conducted to estimate the value of L.
Fig. 9(a) represents the circuit configuration of Test 3. Both Q7
and @Qp are placed in the circuit. The input side is connected
to a dc voltage source V.. The inductive load is connected at
the output and it is modeled as a constant current sink /3. No
C.xt 1s present across any of the devices. Double pulse test is
conducted to obtain the turn-ON switching transient waveforms
of SiC MOSFET ) 5.

The hard turn-ON waveforms obtained from the behavioral
simulation for moderately high values of Ry is given in
Fig. 9(b). During the current rise period [see the highlighted
portion of Fig. 9(b)], both ¢4, and ifh are approximately equal
and less than Iy and the rest of the load current is flowing through
the body diode of Q. So, Ly and L of Q can be lumped with
Ly in the power loop. The value of R, is large and the gate
circuit is over damped. So, the effect of L,y and Ly are
negligible. Fig. 10(a) represents the equivalent circuit of Test 3.

KCL at nodes g and ¢’z of Fig. 10(a) results in (15) and (16),
respectively. Also, applying KVL in the loop formed by g5, dp,
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sp and ¢z, dg, s’5, we get (17) and (18). KVL in the gate loop
of () g results in (19)

dvB dvB

-B gs gd
pr— 87 _— 15
ig = Coa—gm + Coa—py (1s)

v,
ig =iy + Claey—" (16)
vfi = vfd + vfs (17)
U?s/ = /Ug?d/ + U(?s’ (18)
B B dif

Vag = ig Ry(e) +ig Ry(i) +vgs + La—mo (19)

It can be observed from Fig. 9(b) that v ~ vd, , and remain
almost constant to V* implies (dvZ /dt) ~ (dvk, /dt) ~ 0. For
most of the current rise penod ige and i3 are approximately
equal. Also, gate current i3 g < ldcimpliesig. ~ de ~ ZB = igl
[3]. V* is close to Vg and the value of C’gd(vdg) <K Oys.
Also, in practical scenarios, the value of C'5 gae) < Cys. As
an example, for C2M0080120D SiC MOSFEET from Wolfspeed
(1200 V, 36 A), Cys = 950 pF and Cyq(v4y) = 7.6 pF Qugy =
800 V. Also, the value of C’fd,(e) ~ 5.5 pF. This implies current
through Cyq(vgy) and Cyr (. are small compared to the current
flowing through Cly;.

Now, replacing the values of iZ and i? from (15) and
(16), respectively, in (19) and using (17), (18) along with
above-mentioned approximations, we obtain (20), where 7, =
(Ry(e) + Ry(i))- As 0(vE — Viy) < 1, 50 (2) can be approxi-
mated as (21). Using (20) and (21), (dig./dt) for SIC MOSFET
during the current rise period can be represented using (22). At
iqc = 1o, the value of vfi, = V,, and it is given by (23). It is well
established that L¢ heavily impacts the current rise period of
turn-ON switching transient of SiC MOSFET [3]

B B

dv di
~ gs B ch

VGG ~ Rgcgs dt + Ugs + Ls dt (20)

B Kp 2 B 3
ien ~ - ((vgs = Van)” = 0(vgs = Vin)”) @n
dige _ Kp(Vag —vgs) (v — Vin) — (30/2) (v — Vin)?)
dt " RyCos + KpLy (0B, — Vin) — (30/2)(0F, — Vin)?)
(22)

Io0 + /(1o0)2 + 21, K.

v, = 0T VIO F 2K, (23)

Ky

Value of L can be estimated such that the slope of i4. at
14c = Io [obtained by replacing vfs = V,,, in (22)] matches with
the experimentally obtained (diq./dt) value [see Fig. 11(a),(b)].
It is noteworthy that unlike internal device capacitances (for
example, Cg,) the device parameters related to transfer and
output characteristics are strong functions of temperature (for
example, K, and 6) [25]. So, the rate of change of 4. reduces
with the increase in temperature.

4) Test 4: This test is performed to measure the gate induc-
tance Ly and L,(;). For measurement, the circuit given in
Fig. 12(a) is used. Q7 is removed and () g is placed in the circuit.
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Fig. 11. Measured waveforms of Test 3 (SiC MOSFET C2M0080120D,
Vie =800V, I =30A, Rg( y =21 Q). (a) Experimental waveforms (w8
200 V/div, ig4.: 10 A/div). (b) Fitted curve.
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Fig.12.  (a) Circuit configuration of Test 5. (b) Approximate equivalent circuits
for low R .). (c) Approximate equivalent circuit for high R ).

No C,,; is present across any of the devices and inductive load
is also removed. Initially voltage v ’is Vg and v} 1. 1s equal to
Zero.
Gate voltage vge of @ p is switched from Vg to Ve and
S starts to rise from its 1n1t1al value Vgpg. For a significant
portlon of turn ON transient, v + > Vi, and the channel is ON
W1th a small ON-state re51stance resulting v ~ 0. So, vfg
v, B and vq > 0 (as Vi, > 0) except for small initial portlon It
implies Cyq = Coqq [see (3)]. Practically, the value of C'y g () is
negligible compared to Cy, and, hence, the effect is neglected
Also, the effect of C’f 2(e) is not considered as the value of

Cf 2(e) is small compared to C.4.

With these approximations, the gate loop of QQp forms a
series RLC circuit with Ry = (Rg(e) + Ryi)), L = (L) +
Ly(ey + L), and C = (Cys + Copa) [see Fig. 12(b)]. Along
with L.y and L), C' is also unknown as the value of Coq
is not directly available from device datasheet. Measurement of
gate inductances L ;) and L) is divided into two parts, Test
4.1 and Test 4.2, respectively.

a) Test 4.1: This test is conducted to estimate the value
of C' = (Cys + Cora). A moderately high value of Ry (in
range of 10 — 100 £2) is used such that the damping factor of
the RLC circuit (R,/2)/C/L > 1 and it makes the circuit
highly overdamped. Then, the response can be approximated
by a series RC circuit. Fig. 12(c) represents the equivalent
circuit of this mode. Gate voltage vge of Qp is switched
from Vg to Ve and vy B (t) is measured. Note, vg¢ changes
from Vg to Ve with- rlse time 7;.. T}, can be obtained from
the gate driver datasheet and/or experiment. R, ;) is known
from the device datasheet. The value of equivalent capacitance
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Fig. 13. Measured waveforms of Test 4 for SiC MOSFET C2M0160120D.
(a) Fitted curve for Ry () = 21 Q. (b) Fitted curve for Ry =35 Q.

C = (Cys + Coza) is adjusted such that the simulated vfs, from
equivalent circuit given in Fig. 12(c) matches closely with the
experimental result [see Fig. 13(a)].

a) Test 4.2: After obtaining the value of C, this test is
conducted to estimate the values of L) and L ;). In this step,
a small value of R is selected such that the damping factor

of the RLC circuit (R;/2)/C/L is low and the effect of L,
is dominant. Fig. 12(b) represents the equivalent circuit for this
test. Values of Ry ) and R,(; are known and the estimated
value of C' from Test 4.1 is used. Rise time of vgg (T5.) is also
considered. Similar to Test 4.1, values of Ly and Ly ar
adjusted in simulation such that v g'y waveform obtained from
the experiment matches with simulation result [see Fig. 13(b)].
Two different Ry are used to confirm the accuracy of the
estimated Lg(.) and Lg(;). It is noteworthy that the values of
Ly(e) and L ;) do not vary with temperature.

After Test 1 to Test 4, Lg(c), Ly(i)> La, Ls, and Lg, are ob-
tained in the following way: L., and L4, are obtained from Test
1 and Test 2, respectively. The (Ly + Ls) = (Leq — Lac)/2- Ls
is directly estimated from Test 3 and then L, can be separated.
Gate loop inductances L.y and L ;) are obtained from Test 4.

B. Layout Dependent Parasitic Capacitance Measurement

The objective of this section is to measure the layout de-
pendent external parasitic capacitances important for switching
transient study. These parasitic capacitances are contributed
primarily by the PCB layout. Values of these capacitances are
in the order of pico-farads and difficult to measure using a basic
hand-held LCR meter. There are three parasitic capacitances
associated with each of the SiC MOSFETs, namely Cy g (c),
Cya(e)» and Cy g (. (superscript T and B are used for QT and
Q B> respecnvely). C’dc(par) represents the parasitic capacitance
of the dc bus [see Fig. 14(a)]. Please note, unlike internal
device capacitances of SiC MOSFET, these PCB layout dependent
parasitic capacitances are not functions of applied voltage.

Among the capacitance shown in Fig. 14(a), Cyy () has a
negligible impact in switching dynamics of SiC MOSFET as in-
ternal MOSFET gate-source capacitance C; is large compared to
Cys(e)- Cga(e) impacts both hard and soft switching dynamics
of SiC MOSFET [8], [22]. On the other hand, Cd/sf(e) influences
the hard switching dynamics [23]. However, it has less impact
on soft switching dynamics as the practical values of Cjg g () is
small compared to the externally connected C.,; [22].

1) Test 5: For this measurement, a bare PCB is used. No
components are placed in the PCB and the inductive load is
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p
Cg’d’(E) 7
A

Fig. 14.  Circuit configuration and equivalent circuits for parasitic capacitance
measurement: (a) Circuit configuration, (b) Equivalent circuit of measurement
set-up, (c) Circuit configuration for Test 5.1 and Test 5.2, (d) Test 5.3, (e) Test
5.4, (f) Test 5.5, (g) Test 5.6, (h) Test 5.7 (Red line indicates the nodes of the PCB
shorted externally and blue colored capacitors are excited during measurement).

disconnected. The circuit configuration is given in Fig. 14(a).
The technique adopted to measure the capacitances of pico-farad
range is described hereafter where the circuit configuration of
Fig. 14(b) is used. The circuit consists of a step voltage source V'
in series with a resistor . V' is selected in the range of 5-10 V
and the value of R is in the range of R ~ 100k 2 — 500k (.
A voltage probe is connected across the nodes a and k. C),
represents the equivalent capacitance contributed by the input
capacitance of the voltage probe and the parasitic capacitance
of the resistor pad.

This circuit is connected externally in series with the acces-
sible nodes in the PCB across which the capacitance has to be
measured [i.e., ¢z and s’z nodes of the PCB in Fig. 14(c)]. This
forms a series RLC circuit with externally connected resistance,
wire, and the lead inductance of the resistor (L) and equivalent
capacitance (C + Ceq(i)). Ceq(i) represents the equivalent par-
asitic capacitance to be measured where i € (1,7) corresponds
to test 5.1 to 5.7, respectively. A step voltage is applied to
this RLC circuit and the voltage v, is measured. Now the
external resistance is selected to be large such that the damping
ratio (R/2)y/Ceq(iy/L > 1 and the circuit response can be
approximated by a first-order RC circuit with a time constant
T = (1/R(Cyqiy + Cp)). As the circuit is highly overdamped,
the effect of parasitic inductances due to the PCB layout (e.g.
L) and the external connections can also be neglected.

Value of C), is estimated from the RC response without
connecting it to the PCB nodes. After estimating C),, PCB nodes
are connected across a and k and C,4(;) can be evaluated from
the time constant (7) of the RC circuit. Note the measured
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Fig. 15. Measurement of parasitic capacitance. (a) Equivalent circuit.

(b) Experimental waveforms.

equivalent capacitance is (Cq(;) + Cp) and estimated C, is
subtracted from the obtained result to get the value of Ceg;

The following tests are conducted to estimate the values of the
four capacitances, namely C’gT,d,(e), C’fd,(e) s Cgs,(e), and C’d,s e)
from the set of seven different capacitances.

a) Test 5.1: For Test 5.1, nodes d/, sz and d’z, s’z of
Fig. 14(a) are shorted externally and the equivalent parasitic
capacitance across g’z and s’ is measured [see Fig. 14(c)]. The
value of equivalent parasitic capacitance across ¢z and s’ node
is given as (24). To measure this capacitance, R = 100k 2 is
connected in series with the ¢/; and s’5 pads accessible in the
PCB [see Fig. 15(a)]. Ceq(1) can be estimated from the time
constant (7) of the RC circuit [see Fig. 15(b)]. Note, the measured
equivalent capacitance is (Ceq(1) + Cp) and estimated C, is
subtracted from the obtained result to get the value of Cey(1).

b) Test 5.2: For this test, the same circuit configuration
of Test 5.1 is used [see Fig. 14(c)]. The equivalent parasitic
capacitance across ¢4 and s is measured using the same
technique and it is equal to (24).

¢) Test5.3: For this test, Nodes d., s’ and ¢/, s/p and ¢/,
d'y are shorted externally and the capacitance across d’z and s’
is measured [see Fig. 14(d)]. The equivalent capacitance across
d's and s is given by (26).

d) Test 5.4: For this test, Nodes d'., sz and g/, d7. and
g, d'y are shorted and the capacitance across d’z and s'5 is
measured [see Fig. 14(e)]. The equivalent capacitance across
d's and s is given by (27).

e) Test5.5: For Test 5.5, Nodes d'y., s'5 and ¢/, d- and ¢/,
sy are shorted and the capacitance across d’; and s'; is measured
[see Fig. 14(f)]. The equivalent capacitance across d’z and s’ is
given by (28).

f) Test 5.6: For this test, circuit configuration given in
Fig. 14(g) is used. Nodes d’z, s’z and d'y., g/ are shorted and
The equivalent capacitance across d/ and s’z is measured. The
equivalent capacitance is given by (29).

g) Test 5.7: For this test, circuit configuration given in
Fig. 14(h) is used. Nodes d/, ¢/ and d'g, s are shorted and
The equivalent capacitance across d/» and s’z is measured. The
equivalent capacitance is given by (30).

After completing Test 5.1 to Test 5.7, the algebraic equa-
tions are written in the form given in (31) and the individual
values of the parasitic capacitances are obtained by solving
(31). It is noteworthy that these layout dependent capacitance
are weak functions of temperature

B B
Ceq(l) - (Cg’d’(e) + Cg’s’(e)) (24)
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Fig. 16.  Double pulse test setup: (a) L1, (b) L2.
Ceatr = (Cer + Cior) 25)
eq(3 ( / ’(e + Cd’ / + Cg’ﬂd’(e) + Cgsl(e)) (26)
eq(4 - (C ! /(e + Cd/ /(6) + C / /(e) + Cd/ /(e ) (27)
eq(5 = (Cg/ /(e) + Cd’s’(e) + C ’d’(e) + Cd/s (e)> (28)
eq(6 (05 "(e) + Cd’ "(e) + Cdc(p(n’)) (29)
Ceq(7) (C 's'(e) + Ca 's'(e) + CdC(PaT)) (30)
0001 10 0\[Cluy Ceq(r)
T
110000 0f[Chae Ceq(2)
T
O 1 1 1 O 1 0 Cd’ ’(e Oeq(S)
1 01 1 0 1 0 Cg 5! (€) = Ceq(4)
1Lo1o11o0(|CE, Ceq(s)
000101 1]|ch, Ceq(6)
1 01 0 0 0 1 Cdc(paT’) Oeq(?)
(€29)

IV. EXPERIMENTAL SETUP

To validate the circuit parasitic extraction procedures de-
scribed in Section III through experiment, a half-bridge con-
figuration with two different layouts are considered, as shown
in Fig. 16(a) and (b), respectively. For each of these layouts,
two different SiC MOSFETSs are used, S1: C2M0160120D (19 A
@25°) and S2: C2M0080120D (36 A @25°). Device related
parameters are extracted from the datasheet @25° and given in
Table 1.

Double pulse test (DPT) setup is designed for 800 V dc bus
voltage and 50 A load current. Air core inductor with 150 uH
is used as the inductive load. The parasitic capacitance of the
inductive load C7, is measured using PSM 3750 from New-
tons4th Ltd and the value is 17.5 pF. Opto-isolator IX3180GS
followed by a current booster IXDN609SI is used as gate driver.
Parameters related to gate driver are given in Table II and it is
common for both devices. Ry (on) and Ry (o) are the ON and
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TABLE I
DEVICE PARAMETERS EXTRACTED FROM DATASHEET (S1: C2M0160120D AND S2: C2M0080120D)
Vin Kp2 e 0 P Ry Ryuy Cgs k1 k2 ks Via  ka ks ke kr ks kg
V) (AVH) FoaNvy Y@ @ @) @B (V) V) @FH V) @) (V) @F) (V)
N 4.6 1.3 1.54 0.03 0.33  0.03 6.5 0.53 0.8 0.2 1.24 12 0.06 0.02 043 55 075 221
S2 5.6 1.6 2.19 0.01 0.4 0.01 4.6 1.1 095 035 071 12 0.12 0.025 079 55 1.3 2.34
TABLE II [—Ea;perim(intal — Flitted curve ]
DRIVER PARAMETERS " (Vite(testy = 5V, Rg(ey) = 3.5Q) (Vite(testy = 10V, Ry(e) = 3.5Q)
Ver V) Vae V) Raron) ) Rapiopp) 0 Tr () T (ns) . Lyc = 4955nH | | 20
< Rig = 0450 _
-5 20 1 0.8 3 3 < <
o~ N F 10
’rl,ﬁﬁl, EES{
. . . 0 ; e 0
OFF state resistances of the gate driver. T’ and T are the rise | 0 ey 1200 0 0o 1200 |
and the fall times of the gate driver. ()

The accuracy of the estimated parasitics are strongly corre- (Vae(testy = 5V, Ry(e) = 3.50) (Vie(tesyy = 10V, Ry(e) = 3.5Q)
lated with the accuracy of the measurement of high frequency 16 30 .
waveforms (voltage and current). To measure these signals . Rey = 0290 o Reg = 0.310
correctly, high bandwidth oscilloscope, voltage and current e 3

. . . 10
probes are required. Oscilloscope MDO3104 from Tektronix 4 T o
with 1 GHz bandwidth is used. Passive probe TPP1000 of 1 GHz % w0 s w0 0 o s 1200
bandwidth and high voltage single-ended probe P5100 A with | ) o) a
500 MHz bandwidth (both from Tektronix) are used for volt-
age measurement. To measure device current, coaxial current  Fig. 17. Experimental results of Test 1.

shunt SSDN-10 from T&M research is used. BNC connector
is placed on the board to measure gate source (vfs,) and drain
source voltage (vflfs,) accurately. This reduces the ground loop
inductance, EMI related issues and results in accurate mea-
surement of the concerning signals. Also, the coaxial current
shunt used for power loop current measurement is connected
to the oscilloscope with a shielded BNC cable. Matching of
propagation delay between voltage and current signals are done
using a delay matching instrument available from Tektronix
(067-1686-00, Power Measurement De-skew and Calibration
Fixture). Amplitude and time scales of the oscilloscope are
adjusted properly to measure the voltage and current waveforms
with less quantization and sampling errors.

MATLAB/Simulink is used to simulate the behavioral model
used for switching transient analysis. All the experiments are
performed at room temperature (== 25 °C).

V. EXPERIMENTAL MEASUREMENT OF CIRCUIT PARASITICS

Experimental measurement of circuit parasitics are catego-
rized into two parts: 1) parasitic inductance measurement, 2)
parasitic capacitance measurement.

A. Parasitic Inductance Measurement

The parasitic inductances are Lg, L, Lg(e), Lg(i), and L.
Experiments are conducted on two different layouts L1 and L2.
For each layout, two different devices S1 and S2 are consid-
ered. This totally means four different combinations: (L1,S1),
(L1,S2), (L2,S1), and (L2,S2), respectively. Test 1 to Test 4 are
conducted to estimate the values of parasitic inductances.

1) Test I: Test 1 is conducted to estimate the values of L.,
and R, (see Test 1 of Section III). Ve(sessy Of 5 and 10 V

TABLE III

Leg AND R¢q ESTIMATION

Vdc(test) =5V

Vdc(test) =10V

Leq(nH) Req(Q) ‘ Leq(nH) Req(Q)
(L1,S1) 49.55 0.45 51.47 0.49
(L1,S2) 50.78 0.3 52.52 0.32
(L2,S1) 50.81 0.45 50.5 0.49
(L2,S2) 49.71 0.29 51.22 0.31

are used alongwith Ry (.) = 3.5¢2. The experiment is conducted
for four different combinations (L1,S1), (L1,S2), (L2,S1), and
(L2,S2). Tiest =~ 1us is used for measurement. 7,4, waveforms
obtained through experiment are fitted using (6) to estimate L,
and IZ., and the overlapped plots are given in Fig. 17 for (L1,S1)
and (L2,S2). Also, the estimated values of L., and R, [using
(6)] are tabulated in Table III for all four different combinations.

2) Test 2: Test 2 is conducted to estimate the values of
Lg. separately (see Test 2 of Section III). For that, soft
turn-OFF waveforms (vffs,, 14c) are captured for V. = 800V,
Ryey = 3.39Q, Ceyy = 470pF, Iy = 5 A, 10 A for ST and [y =
10A,20 A for S2. The time period of oscillation in %4, (17,)
is measured from 7,4, waveform during the voltage rise period.
Fig. 18 provides result for two different combinations, (L1,S1)
and (L2,S2). The experimentally obtained 7T, values are tab-
ulated in Table IV for (L1,S1), (L1,S2), (L2,S1), and (L.2,S2).
Also, the values of C'g are calculated. Then, using the expression
Lg.=T2/ (47r2C’Q), L. is estimated (see Table IV). Note, 1%
tolerance C..,; with NPO dielectric is used to estimate the values
of L4, accurately.
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Fig. 18.  Experimental results of Test 2.

TABLE IV
L 4. ESTIMATION

Io(A)  Tn(ns) CqF)  Lgc(nH)
(L1,S1) 5,10 145 0.2881 18.50
(L1,S2) 1020 146 03145 17.19
2,81 5,10 147 0.2898 18.91
(L2,82) 10,20 15 0.3162 18.04

[ Experimental — Fitted curve ‘
(800V, 10A, 21Q) (800V, 15A, 2102)

L. = 7.9nH 15

‘ 0 4 8

8
t(ns) t(ns)

(800V, 20A, 212)

(800V, 304, 210)

t(ns)

Fig. 19. Experimental results of Test 3.

3) Test 3: Test 3 is conducted to estimate the values of L
(see Test 3 of Section III). Ry(.) = 16 €2 and 21 (2 are used
and the value of L, is estimated from the slope of the current
rise using (22). The experimental results are given in Fig. 19 for
Ry = 21 Qand (L1,S1), (L2,S2). Also, the estimated values
of L, are given in Table V for (L1,S1), (L1,S2), (L2,S1) and
(L2,S2).

4) Test4: Test 4 is conducted to estimate the values of L)
and L ;) (see Test 4 of Section III). It is divided into two parts:
Test 4.1 and Test 4.2. First, in Test 4.1, Rg(e) = 21 Qisused and
the value of C' = (Cys + Cozaq) is estimated. C'is only device
dependent and the values are 1.04 nF and 2.2 nF for S1 and S2,
respectively. Then from Test 4.2, the values of Ly and L)
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TABLE V
L ¢ ESTIMATION

Ry(e) = 1692 Ry(e) = 2192
IO (didc/dt)ezp Ls (didc/dt)exp Ls
(A) (A/ns) (nH) (A/ns) (nH)
10 1.07 78 1 79
(LLSD 5 1 8 0.93 8.2
20 I 6.7 0.93 6.8
(L1S2) | 3 0.92 6.7 0.86 6.7
10 1 8.5 0.92 8.9
(L28D) | 5 0.97 8.3 0.89 8.8
20 1 6.7 0.93 68
(L2.82) | 3 0.93 6.6 0.86 6.7

—Ezxperimental — Simulation

Test 4.1 Ry = 212 Test 4.2 Ry(e) = 19 Test 4.2 Ry = 3.5

10 30 120
t{ns)

160 200 0 20 40 60 A 20 40 60
#(ns) t(ns)

(a)
Test 4.2 Ry =12

Test 4.1 Ry(e) =210 Test 4.2 Ry(e) = 3.52

Fig. 20. Experimental results of Test 4.
TABLE VI
Lg(iy AND L.y ESTIMATION
Rg(e) =1Q Rg(e) = 3.5Q
Lg)@B) Loy | Lg(e)H) Ly (D)
(L1,S1) 17 19 17 21
(L1,S2) 18 10 18 10
(L2,S1) 21 19.5 19 19
(L2,S2) 21 10 18 10
TABLE VII

Lyceys Lg(iys Lias Lis, AND L. ESTIMATION (NH)

Lgey Lgwy La Ls  Lac
LLsh) 17 20 85 798 185
LLS2) 18 10 109 673 172
(L2,S1) 20 19.25 7.2 8.63 18.9
(L2,82) 195 10 99 67 18.04

are estimated using R,y = 12 and 3.5 §2. Fig. 20 provides the
experimental results for (L1,S1) and (L2,S2) with Ry = 1§
and R,y = 3.5 §). The estimated values of L. and L; are
given in Table VI for (L1,S1), (L1,S2), (L2,S1), and (L2,S2).

After conducting Test 1 to Test 4, Lg(e), Lg(i), Ly, L, and
L. are estimated and the values are given in Table VIL. It can
be observed that Lg(i), Lg4, and L, are mostly device dependent
and has a small influence on PCB layout L1 and L2.
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TABLE VIII
EXPERIMENTAL MEASUREMENT OF C7 TO C7 (IN PF)

C1 CQ 03 C4 Cs CG 07
L1 2135 20.1 7044 79.48 68.86 17202 1729.1
L2 1942 205 76.76 8596 7592 17804 1791.2

V =5V, R = 100kQ V =10V, R = 100kQ

S/ e

: /e _
0 I7=R(Ceq1 + Cp) =256pus 0 i 7= R(Ceqr + Cp) = 256us
0 4 8 12 16 20 0 4 8 12 16 2

‘ t(ns) t(ns) ‘

(a)

Fig. 21.  Experimental results of Test 5.1.
TABLE IX
ESTIMATED PARASITIC CAPACITANCES (IN PF)
T T T B B B
Cosie) Coae)y Casiey Cgse Coae) Case
L1 14.6 55 29.6 16 5.4 19.3
L2 14.8 5.7 335 14.7 4.7 229

B. Layout Dependent Parasitic Capacitance Measurement

The following tests are conducted to measure the parasitic
capacitances (see Test 5.1 to Test 5.7 of Section III). These
parasitic capacitances are solely dependent on PCB layout and
different for L1 and L2. SMD resistor of R = 100k €2 is used.
The use of SMD resistor will reduce the pad to ground parasitic
capacitance. Passive voltage probe TPP1000 from Tektronix is
used for voltage measurement. The estimated C), of the mea-
surement setup is ~ 4 pF. Then using the given technique, values
of (' to C7 are estimated (given in Table VIII). Two different
values of input step voltage (V') is used (see Fig. 15) and it is
observed that the values of the estimated parasitic capacitances
remain invariant with applied voltage. Fig. 21 shows one such
example where the experimental result of Test 5.1 is given for
Layout 1 (L1) for input voltage 5 V and 10 V, respectively. It
can be observed that the estimated parasitic capacitance values
remain unchanged with the variation in input step voltage.

After obtaining the values of C to C7, parasitic capacitances
are estimated using (31) and the values are given in Table IX for
both L1 and L2.

VI. VALIDATION OF PROPOSED PARASITIC ESTIMATION
TECHNIQUE WITH DOUBLE PULSE TEST (DPT) AND
BEHAVIORAL SIMULATION

After obtaining the circuit parasitics from the experimental
measurement, these values are used to simulate the behav-
ioral model. Similarly, double pulse test (DPT) is conducted
to capture the hard and soft turn-OFF switching transients of
SiC MOSFET in a half-bridge configuration. vfs,(t), v (1),
and 74.(t) waveforms obtained using behavioal simulation and
experiment are overlapped over each other for different op-

erating conditions (see Fig. 22). For example, four plots of
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Fig. 22(a) represent the turn-OFF waveforms for (L1,S1). The
first two plots are for hard turn-OFF transient whereas the last
two captures the switching dynamics of capacitor assisted soft
turn-OFF conditions. The operating conditions are given at the
top of each plot. For example, the triplet (800 V,10 A,3.3 ©2) in
the first plot of Fig. 22(a) represents V4. =800V, Iy = 10A
and Ry(¢) = 3.3 {2. Similarly, for the third plot of Fig. 22(a), the
quadruple (800 V,10 A,3.3 9,470 pF) represents V. = 800V,
Ip =10A, Ryey) = 3.3 Qand Ceyy = 470 pF.

It can be observed that the experimentally obtained wave-
forms match closely with the simulated results for most of the
operating conditions for both S1 and S2 and layout L1 and L2.
The rise and fall slopes of v, (¢) and i4.(t) are closely matched
and the oscillations in i,4.(t) are predicted with close magnitude
and frequency. However, there are some mismatches observed
between simulated and experimentally obtained waveforms;
especially in vf, - and i4. waveforms for some of the operating
conditions (for example (800 V, 30 A, 3.3 2,470 pF) for (L1,S2)
and (800 V, 30 A, 3.3 Q, 470 pF) for (L2,S2)). This may be
because of the high-frequency resistance provided by the power
loop and this effect is not considered in the behavioral model.
State variables vfs, and 74, are also directly coupled with each
other through L. So, mismatch in i4. will also reflect in ”;];3’3'
waveform.

Despite slight mismatches between simulation and experi-
mental results, behavioral simulation along with the extracted
parasitics can replicate the switching transient fairly well for
most of the operating conditions. To compare the accuracy of the
behavioral model further, transition time (75, ), switching loss
(Eof¢), (dv/dt), and transient over voltage (V) obtained from
experiment and behavioral simulation are compared for different
operating conditions (see Table X). It can be observed that the
values obtained from the simulation agree with the experimental
results fairly well for the entire operating range. This verifies the
correctness of the experimentally obtained circuit parasitics.

VII. VALIDATION OF PROPOSED PARASITIC ESTIMATION
TECHNIQUE WITH FRA BASED MEASUREMENT

This section validates the circuit parasitic inductance and
capacitance values obtained using the proposed technique with
the existing FRA based one port measurement. Experimental
measurement is adopted for validation purposes as the internal
device geometry is unknown and hence, it is not possible to
extract some of the parasitic values from theoretical estimation
techniques like electromagnetic simulation [4], [S]. Using the
impedance analyzer based one port measurement, the device
dependent inductances (L), L4, Ls) and layout dependent
parasitic capacitances are validated. Please note, unlike parasitic
capacitances, parasitic inductance of small values need to be
estimated at higher frequencies and hence, high-frequency mea-
surements are necessary for parasitic inductance estimation. A
special connecting fixture targeted for high-frequency measure-
ment is used for the measurement of Lg(i) , L4, L. On the other
hand, Lg. and L (. are contributed by the PCB layout and circuit
components and special connecting fixture cannot be used. Basic
cable type connection between impedance analyzer/VNA and
PCB may lead to erroneous results at this frequency range. So, it
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Fig.22. Simulation versus experimental waveforms.
TABLE X

COMPARISON OF SWITCHING TRANSIENT RELATED QUANTITIES

Toss (ns) Eopr (1) (dv/dt) (Vins) | (di/dt) (A/ns) Voo (V)
Exp Sim Exp Sim Exp Sim Exp Sim Exp Sim
[800V,3.5€2,10A] 31 31.9 32.49 3256 | 53.94 | 52.1 2.21 1.98 896 904
(L1,S1) [800V,8.502,10A] 372 [ 3593 | 37.24 34.1 4971 | 5323 [ 1.10 1.03 920 900
[800V,3.5€2,10A ,470pF] 113 I13.1 | 209.28 | 21723 | 9.37 9.30 0.56 0.53 868 884
[800V,3.5€2,20A] 358 | 35.87 73.4 68 60 63 1.46 1.31 920 896
(L1,S2) [800V,8.5€2,20A] 49.2 49.1 128.12 117 46.22 | 47.51 [ 2.38 2.1 950 932
[800V,3.502,20A,470pF] | 79.8 | 79.67 | 266.14 | 251.60 | 16.39 16.3 0.76 0.84 900 | 916.7
[800V,3.52,10A] 31 31.85 | 32.99 3393 | 51.71 | 53.77 | 2.25 2.02 900 909
(L2,S1) [800V,8.5€2,10A] 374 ] 3677 | 35.64 34.68 | 48.92 | 50.92 | 0.68 0.72 940 910
[800V,3.502,10A,470pF] | 114.8 | 113.9 | 218.58 | 218.83 | 9.28 9.39 0.62 0.6 872 | 885.4
[800V,3.5€2,20A] 36.8 36.7 72.2 65.96 60 6545 | 1.56 1.57 937 948
(L2,S2) [800V,8.5€2,20A] 494 | 4895 | 12843 | 114.80 | 48.73 | 46.16 2.3 2.12 992 966
[800V,3.5€2,20A,470pF] 81 78.4 ] 279.66 | 25633 | 16.41 16.5 1.84 1.13 920 [ 9263

is difficult to measure Lg. and L) accurately from FRA-based

measurement.

The experimental procedure can be divided into two parts:
parasitic inductance measurement and layout dependent para-
sitic capacitance measurement, respectively. Details are given

below.

A. Parasitic Inductance Measurement

(Ron + 8(La + Ls))

Leqg =

_|_

((Ld + LS)CT(Q)SQ + RonCT(e)S +1
(Ron + s(Lg + Ls))

(La + LS)CB(6)82 + RonCheys +1

) . (32)

PSM3750 impedance analyzer from Newtons4th along with IAI
Kelvin Fixture is used for measurement. To measure the device
package related parasitic inductances Ly, Ls, Lg(;), one port
measurement technique given in [15] is used. Please note, here
it is considered that the values of L4, L, and Lg(i) are mostly
device package dependent and same for both layout 1 (L1) and
layout 2 (L2). To describe the measurement process, let us con-
sider a three terminal TO-247 packaged device with terminals
¢'.d',and s’ [see Fig. 23(a)]. Ly(;), L4, and L, are the parasitic
inductances of gate, drain, and source terminals, respectively
and Cgg, Cyq, and Cy, are the internal parasitic capacitances
of the device. Cy is a constant capacitance, whereas Cyq and
Cgs are functions of v, and vgs, respectively. However, as the
amplitude of the voltage excitation is small (= 0.5 V peak),
Cyq and Cy, have been approximated as a constant capacitance.
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Fig.23.  Ly(;), L4 and L measurement through FRA: (a) 3 terminal TO-247
packaged device @, (b) high frequency model of @, (c) equivalent circuit of
Step 1, (d) equivalent circuit of Step 2 and (e) equivalent circuit of Step 3.

Also, vgs < Vi, and channel of () is OFF. Hence, it is not
showninFig. 23(b). Necessary calibrations are performed before
measurement. The following steps are followed to estimate the
values of L ;), Lq, and Ls.

e Step 1 The impedance between ¢’ and s’ nodes are
measured using an impedance analyzer keeping d' node
floating. Then, the equivalent circuit can be a series LC
circuit with equivalent inductance L, = (Lg(;) + Ls) and
capacitance Cy = Cys + (Cyq X Cys/(Cya + Cas)) [see
Fig. 23(c)]. Now, experimentally obtained frequency re-
sponse, values of L, and C, can be estimated.

e Step 2 Similar to Step 1, impedance between ¢’ and d’
nodes are measured keeping s’ node floating and values of
Ly = (Lg(;) + La) and capacitance Cy = Cyq + (Cys ¥
Cas/(Cys + Cas)) are estimated [see Fig. 23(d)].

e Step 3 Similarly, the impedance between d' and s’
nodes are measured keeping ¢’ node floating and values
of L. = (Lq+ L) and capacitance C. = Cgs + (Cys X
Cya/(Cys + Cyq)) are estimated [see Fig. 23(e)].

The experiment is carried out for two TO-247 packaged
SiC MOSFETs available from wolfspeed; C2M0160120D (S1)
and C2M0080120D (S2), respectively. The impedance versus
frequency plots for Step 1 to Step 3 are obtained using the
equivalent circuits [see Fig. 23(c), (d) and (e)] and experiment
are given in Fig. 24 [(a)—(c) for S1 and (d)—(f) for S2]. Small
series resistance is considered for each of the equivalent circuits
of Step 1 to Step 3 that limits the minimum impedance during
resonance.

From the tests, L,, L, and L. can be estimated and the
values can be used to obtain Lg(i), Ly, and L. The estimated
values are compared with the values obtained from the proposed
measurement technique and a good match is observed (see
Table XI).

B. Layout Dependent Parasitic Capacitance Measurement

Similar to parasitic inductance, layout dependent parasitic
capacitances are also measured in LCR meter mode @ 1 MHz
(see Table XII). It can be observed that most of the parasitic
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Fig.24.  Experimental results of L ;), L 4 and L s measurement through FRA.

TABLE XI
COMPARISON OF DEVICE PARASITIC INDUCTANCES (IN NH)

Loty La  Ls

LIS [RR 15 93 95

L1y R 00 oes o8

sy b R Y

1252 [Rb 1005 1005 19
TABLE XII

COMPARISON OF ESTIMATED PARASITIC CAPACITANCES (IN PF)

T T B B
| | Cgaey Cawe) Cowie) Cawie

L | Pop | 55 296 54 193
FRA | 49 293 6.3 259
L | Pop [ 57 335 47 29
FRA | 6.1 369 5.7 16.3

capacitances can be measured accurately using an impedance
analyzer in LCR meter mode.

From the above results, it can be concluded that the proposed
parasitic measurement techniques accurately measure the values
of parasitic inductance (L 4(;), L4 and L) and layout dependent
parasitic capacitances involved in the switching transient study
of SiC MOSFET.

VIII. CONCLUSION

Accurate measurement of circuit parasitic is important for
optimal design of a SiC MOSFET in a half-bridge pair. This
article presents a set of experimental techniques to measure
the parasitic inductance and capacitances involved in switching
transient of SiC MOSFET in a half-bridge configuration. Values
of circuit parasitic inductances (gate, drain, common-source,
and power loop) and capacitances (gate-drain and drain-source)
are measured. Two 1.2-kV SiC MOSFETs of different current
ratings and two different PCB layouts are used to validate
the proposed method. Measured circuit parasitic when used in
switching transient model, correctly predicted both hard turn off
and capacitor assisted soft turn-OFF switching dynamics over a
wide range of operating conditions. Also, the proposed parasitic
measurement technique is validated using FRA based one port
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measurement. It was observed that the values of gate, drain, and
common-source inductances and parasitic capacitances obtained
through two different techniques matched closely.

APPENDIX
A. Calculation of Z., for Test 1

The total impedance across df. and sz of the circuit [see
Fig. 4(b)] is represented as Z., and given by (32) where C'r(.y =
(ngd’(e) + Cg:s,(e)) and CB(e) = (Cfd’(e) + 058,(6)). For
all practical purposes, values of /1/((Lq+ Ls)Cr(c))
and  \/1/((Lq+ Ls)Cp)) > (Ron/(La+ Ly)). Also,
(ROn/Q) CT(e)/(Ld + Ls) and (Ron/Q) CB(@)/(Ld + LS)
< 1 results in complex conjugate poles located close to
\/1/((Ld + LS)CT(e)) and \/1/((Ld + LS)CB(Q)). So, to
capture the average variation of 74., Z., can be approximated
as (5).

As an example, SiC MOSFET C2M0080120D is considered
along with the parameters of Layout 2 (L2). Parameters are
Ron =0.08 Q, Ly =109 nH, Ls;=6.73 nH, CgT,d,(e) =

5.5 pF, OT,S,(E) =29.6pF, CF 7(e) = 5-4DPF, Cgs,(e) -
19.6 pF. V1/((Lq+ Ls)Cre)) = 35.5 x 10° rad/s,

V1/((Lqg + Ls)Cp(e)) = 47.92 x 10° rad/s and (R, /(Lg +

L)) = 4.54 x 10° rad/s. Also, (Ron/2)\/Cr(ey/(La + Ls) =
6.4 x 1075, and (Ron/2)\/Cre)/(La + La) = 4.74 x 1075,
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