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Abstract—While the very high switching speed of the gallium
nitride devices can easily enable power electronics converters to
operate at multi megahertz, it also brings huge challenges to
switching current measurement, which is very important for the
evaluation of switching performance. The conventional switching
current measurement methods either have low bandwidth or have
influence on layout inductance. To address these issues, this article
proposes a high-bandwidth and easy-to-integrate switching current
measurement method, with almost no influence on power loop
layout. The proposed method utilizes the power loop trace from
the source terminal of bottom switch to circuit ground as the
sensing trace. By measuring the sensing voltage and considering
the frequency-dependent parasitic inductance and resistance of the
sensing trace, the switching current is derived based on the Fourier
series theory. The simulation verification is firstly performed by
using LTspice, and shows consistent results. Then, to accurately
measure the sensing voltage, the used voltage probe TPP1000 is
carefully modeled for measurement compensation and correction.
Finally, two double pulse test (DPT) boards are designed, one with
coaxial current shunt and the other without coaxial current shunt.
Through DPT experiment, the accuracy of the proposed method
with almost no insertion inductance is verified.

Index Terms—Double pulse test (DPT), Fourier series theory,
gallium nitride high electron mobility transistors (GaN HEMTs),
parasitics-based switching current measurement.

1. INTRODUCTION

HE demand for higher efficiency and power density is the
driving force for the development of power electronics
technologies [1], [2]. Due to having been approaching to the
theoretical limit of material, the conventional silicon (Si) de-
vices have been unable to meet the future demand for higher
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TABLE I
COMMERCIAL HIGH-BANDWIDTH PASSIVE VOLTAGE PROBES

Bandwidth . Maximum Input Syst?m input
Model (MHz) input voltage ~ capacitance resistance
(Vrums) (pF) MQ)
TPP1000 1000 300 39 10
TPP0850 850 1000 1.8 40

efficiency and power density [3], [4], [5]. The emergence of
wide bandgap semiconductor devices, especially gallium nitride
(GaN) devices, shows great potential to change this situation,
though still at the preliminary stage of development. This is due
to the superior material properties than Si material, e.g., higher
electron mobility, higher saturated electron velocity, and higher
electric breakdown field, enabling higher switching speed and
smaller ON-state resistance to GaN devices [2], [6], [7]. By using
GaN devices, the switching frequency can be easily pushed up to
multi megahertz without increasing power loss, thus the higher
efficiency and power density can be achieved [8], [9]. However,
with the increase of switching frequency, the switching loss
starts to dominate the total power loss. It is very necessary for
fast GaN devices to accurately evaluate the switching loss, of
which the key is to accurately measure the switching waveforms
including the switching voltage and current.

To accurately capture the fast switching transient waveforms
of GaN devices (only a few ns), the measurement system is
required to have enough high bandwidth [10], [11], [12], [13],
[14], [15]. For a typical rise/fall edge time (Teqge) Of 2 ns, the
measurement system should have a bandwidth of at least (3—
5) x 175 MHz [16], [17], according to (1). Therefore, for the
measurement of switching voltage, the passive voltage probes
TPP1000 or TPPO850 can satisfy the requirement, as listed in
Table I

035

BW .
Tedge

ey

However, as for the measurement of switching current, it
is more challenging, because it also requires small inser-
tion impedance besides high bandwidth [10], [11], [17], [18],
[19]. Among the available commercial current probes, neither
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TABLE II
DIFFERENT TYPES OF CURRENT PROBES WITH THE HIGHEST BANDWIDTH

Bandwidth Current rating
Type Model (MHz) (A)
Current shunt SDN-414-10 2000 NA
Rogowski coil TRCP0300 30 300
Hall effect TCP0030A 120 30
current probe
Vs
-+
AN
No magnetic Iil Copper
field area
48 mm D 10 mm 6.96 mm
J { { l 4.48 mm §i
JI Manganin
t1
(a) (®) ()

Fig. 1. (a) Cross-sectional view of coaxial current shunt. (b) Figure of coaxial
current shunt SDN-414-10. (c¢) Figure of GaN HEMTs GS66508T.

Coaxial
current shunt

Fig.2. Comparison of power loop area between the GaN half bridge (a) with
and (b) without coaxial current shunt.

Decoupling Decoupling
GaN  capacitor GaN  capacitor

Lo . oo L

T,

Additional parasitic
inductance

(@) (b)

Hall-effect current probe nor Rogowski coil can be used to mea-
sure the switching current of GaN devices due to the low band-
width. For example, the TCPOO30A with the highest bandwidth
among the commercial Hall effect current probes from Tektronix
only has a bandwidth of 120 MHz, while the TRCP0300 with the
highest bandwidth among the Rogowski coils from Tektronix
only has a bandwidth of 30 MHz, as listed in Table II [20],
[21]. Currently, the widely used switching current measurement
method for GaN devices is the coaxial current shunt, of which
the bandwidth can reach up to 2 GHz benefitting from the
coaxial structure, as shown in Fig. 1(a) [19]. However, the large
size relative to GaN devices will inevitably insert a significant
additional inductance (can be up to several nH) into the power
loop [10], [11], [14], [15], as shown in Figs. 1(b) and (c) and
2. On the one hand, the added insertion impedance can alter the
switching waveforms, thus adversely affecting the measurement
accuracy [12], [17], [19], [22]. On the other hand, as the high
switching speed of GaN devices makes it very susceptible to the
parasitic inductance, only several nH’s parasitic inductance can
cause serious voltage overshoot and ringing, which may break
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Fig. 4. Equivalent circuit schematic of the switching current measurement
method by embedding a single-turn coil [19].

down the device [15]. Therefore, the added insertion inductance
by coaxial shunt is unacceptable for the fast GaN devices.

Great efforts have been made by researchers to reduce the
inserted parasitic inductance brought by current sensors [14],
[18], [19], [23], [24]. In [23], a switching current measurement
method by paralleling large amounts of small footprint resistors
was proposed to reduce the insertion inductance. But the accu-
racy is not satisfactory due to the current sharing problem caused
by the skin effect and proximity effect, and the coupling effect of
the power loop on measurement loop [15], [19]. Yang et al. [24]
also used multiple parallel resistors to measure the switching
current, and then designed an LR compensation network to
eliminate the effect of the parasitic inductance. But the reported
bandwidth is only 85 MHz, which is mainly limited by the
self-resonant frequency of the compensation inductor and not
enough for the GaN devices. By combing the coaxial structure
and the surface mount resistors, Zhang et al. [18] proposed a
surface mount coaxial shunt resistor, as shown in Fig. 3, but
the inserted inductance of about 0.56 nH is still large for GaN
devices. Wang et al. [19] embedded a single-turn coil in printed
circuit board (PCB), as shown in Fig. 4, and utilized the coupling
relationship between the pick-up coil and power loop to derive
the switching current. However, the pick-up coil needs to be
delicately designed, and the postprocessing and correction are
very complicated. Recently, Garrido et al. [14] proposed to
utilize the parasitic inductance of the power loop trace from
the source terminal of bottom switch to ground to estimate the
switching current. But they treated the parasitic inductance as
a constant, which may affect the measurement accuracy. And
only the switching current waveform within a short time period
was estimated.

Different from the above methods, this article will propose
an accurate high bandwidth parasitics-based switching current
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measurement method for the fast GaN devices, which utilizes all
the parasitic parameters of the power loop trace from the source
terminal of bottom switch to the ground of circuit. The proposed
method is easy to integrate and almost has no influence on
power loop layout. In Section II, we will introduce and analyze
the principle of the proposed switching current measurement
method in detail. In Section III, the simulation verification will
be given out. To ensure the accurate measurement, a probe
model will be established for measurement compensation and
correction in Section I'V. Then, in Section V, the double pulse test
(DPT) platform will be built, and the experimental comparison
with the coaxial current shunt will be carried out to verify
the accuracy of the proposed measurement method. A DPT
board without coaxial current shunt will be also established to
verify the small insertion inductance of the proposed switching
current measurement method. Finally, Section VI gives out the
conclusion.

II. PROPOSED PARASITICS-BASED SWITCHING CURRENT
MEASUREMENT METHOD

A. Motivation and Origin

Fig. 4 shows the DPT circuit, which is widely used to assess
the dynamic performance of power devices. In the DPT circuit,
the upper switch Q; is used to provide freewheeling path for
the load current ip (current of the load inductor Lp), whose
gate terminal is always shorted to its source terminal. The lower
switch Qs is the device under test (DUT), which is driven by
two pulses. The first wide pulse is used to drive the load current
io to the desired value, and during the short interval between the
first wide pulse and the second narrow pulse, io flows through
(07 and remains almost constant. The turn-ON and turn-OFF
characteristics at the desired load current can be measured at
the beginning of the second pulse and the end of the first pulse,
respectively.

This section will propose a parasitics-based switching current
measurement method for the fast GaN devices based on the
DPT circuit. Note that the proposed method is also applica-
ble to buck, boost, and other bridge converters. During the
switching transient, the switching current of DUT Q2 (ip2)
flows through the power loop, consisting of Q1, Q2, and the
decoupling capacitor Cj,. Due to the presence of the power loop
parasitic parameters, a voltage will be induced across the power
loop parasitic parameters mainly by the high di/dz. There is a
mathematical relationship between the induced voltage and ipo,
based on which we can derive ipo from the measured induced
voltage. Therefore, we can select a section of trace in power
loop to detect the switching current ips. The selected sensing
trace should be the only path for ips, and should have common
ground with the circuit for convenience of measurement. In this
article, the trace from the source terminal of Q5 to the ground of
the circuit was selected as the sensing trace, as shown in Fig. 5.

B. Basic Principle

To improve the measurement accuracy, all the parasitic param-
eters of the sensing trace are considered, including the parasitic
self-inductance Lgense, parasitic resistance Rgepse, and mutual

I:, [ Lo
[
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Fig. 5. Schematic of the proposed switching current measurement method
based on the parasitics of a section of power loop trace.

inductance with the rest power loop trace M. Therefore, there
exists the relationship between the sensing voltage vgense and
iDp2, as follows:
dipa
dt -
From (2), we cannot directly get the expression of ips about
Vsense, and it is also very difficult to solve this first-order non-
homogeneous differential equation, as the function of Vgenge
about 7 is unknown and will be very complicated. To easily,
quickly, and accurately achieve the waveform of ipo from the
measured waveforms of vsense, this article carried out a detailed
derivation based on the Fourier series expansion. According to
the Fourier series theory, a periodic function can be regarded as
a superposition of an infinite series of sine and cosine functions
with different frequencies, i.e., the Fourier series. Hence, the
periodic vgense and ipo can be written as

M) 2

Usense = RsenseiD2 + (Lsense -

Vsense = V0 + Z VkSin(kWt + (ka) 3)
k=1

ipe =To + Y Ipsin(kwt + @) €
k=1

where Vy and I, are the dc quantities, Vj, and I, are the amplitudes
at kw, @, and p;;, are the phases at kw, w = 27 f, and f'is the
fundamental frequency.

By submitting (4) into (2), it can be obtained that

Usense = Flsense

To+ Z Ijsin (kwt+pir)
k=1

o0
+ (Lsense — M) Z kwlIicos (kwt+@ir)
k=1

= RsenseIO + Z Ik \/Rsense2+[kw (Lsense - M)]2
k=1

sin (kwt+p;r) cos@.k
+cos (kwt+p;k) sing .

00
= Rgenselo + Z Zense1;sin (kWt+90ik+<sz) N 6))
k=1
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Due to the skin effect and proximity effect, Lsonse, Rsenses
and M are frequency dependent, which should be considered.
By using different Lsepnse, Rsense, and M at different frequencies,
(5) can be rewritten as

Vsense = Folo+ Z I/ Rk2+(kka)2

k=1

sin (kwt+pix) s,
+cos (kwt+pir) sing

= Roly + Z Z I sin (kwt+<pik+902k) (6)
k=1

where Ry is the dc parasitic resistance of the sens-
ing trace, Ry = Rsense (kf), Lk = Leense (kKf) — M (kf),
Zy, = \/Rk2+(kka)2, and ., = arctan (kﬁ%)

Then, from (3) and (6) shown at the bottom of the next page,
we know that

o.¢]
Vsense = Rolo + Z Zy Ixsin (kWt+<pik+<sz)
k=1
o0
=Vo+ Y Visin(kwt + our). 7)
k=1

Thus, the relationship between the different frequency com-
ponents of vgense and ipo can be obtained, based on which the
switching current ipo can be derived from the measured Vgense

Vo

=R ®)
Vi

2k _ 7

A k )]
Pok — Pik = Pzk- (10)

Note that the frequency components of the measured vgepse
can be easily achieved by Fourier decomposition by using math
software, such as MATLAB. And the frequency dependent
Lgense, Rsense, and M can also be easily achieved by using finite-
element analysis software Ansys Q3D Extractor. Therefore, the
Fourier series of ips can be achieved by combining (3), (4), and
(8)—(10), thus the waveforms of ip» is achieved. The current of
the top switch Q; (ip1) can also be achieved according to ip1
= ips — Ip, in which ip can be easily measured by using a
Hall-effect current probe, e.g., TCPO030A.

III. SIMULATION VERIFICATION
A. Design of the Sensing Trace

To demonstrate the proposed switching current measurement
method, the sensing trace was carefully designed based on a half-
bridge circuit for DPT experiment, in which the GaN devices
GS66508T (650 V, 30 A) from GaN Systems Inc. are used [25].
On the one hand, the sensing trace should have enough high
parasitic parameters to ensure enough measurement sensitivity.
On the other hand, as the fast GaN devices are very susceptible to
parasitic inductance, so the sensing trace should have as small
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Fig. 6. Designed PCB for verifying the proposed parasitics-based switching
current measurement method.
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Fig.7. Extracted parasitic parameters of sensing trace by Ansys Q3D Extractor
(Lyest is the parasitic inductance of the rest power loop trace).

insertion impedance into power loop as possible, and cannot
affect the power loop layout. In this article, the vertical loop
layout is employed to reduce the power loop parasitic inductance
due to the smaller power loop area than the lateral loop layout.

Then, a DPT power board with coaxial current shunt is de-
signed, for which the sensing traces are also carefully designed.
Therein, the coaxial current shunt is used for comparing with the
proposed switching current measurement method. As shown in
Fig. 6, the sensing trace in the PCB board with coaxial current
shunt is from the source terminal of the bottom switch to the
terminal of the coaxial current shunt. And the sensing trace is
designed as the only path for the switching current ip2. As men-
tioned in Section II, the sensing trace has frequency-dependent
parasitic parameters, i.e., Rsenses Lsense, and M, which are very
important for the accurate measurement of the switching cur-
rent. Therefore, the three frequency-dependent parameters are
extracted by using Ansys Q3D Extractor, in which the simulation
model is based on the actual PCB layout. The simulation model
was obtained by first exporting the actual PCB layout from
Altium Designer to ODB++- files, and then using Ansys SIwave
to convert the ODB++ files to the files readable by Ansys
Q3D Extractor. The extracted parasitic parameters are shown
in Fig. 7.

B. Thermal Effect on the Parasitic Resistance

Among the above three frequency-dependent parasitic pa-
rameters, i.e., Leense, Rsense,» and M, Rgense 1S also related to
temperature. A temperature change on the sensing trace will
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Fig. 8. Transient thermal simulation of the DPT process by using Ansys
Icepak. (a) Transient temperatures of Q7 and Q2. (b) Thermal distribution at
1 ms.

directly increase Rgense, and if the temperature change is large
enough and not compensated for Ryepse, the accuracy of the pro-
posed switching current measurement method will be affected.
To study the thermal effect on Rgepnse during DPT process, a
transient simulation by using Ansys Icepak was performed. For
the employed GaN devices GS66508T, the current rating is 30
A and the ON-state resistance is 50 mS2, this article will measure
the switching current waveforms up to 20 A, corresponding to
a maximum power loss of 20 W. Generally, the entire DPT
process is within tens of microseconds. To be conservative, this
article sets the power losses of both Q; and Q5 to 20 W for
a 1 ms transient thermal simulation. Besides, the heat transfer
coefficients of both the top and bottom boundaries are set to
20 W/(K-m?), representing natural air cooling. The transient
temperatures of Q1 and Q, are plotted in Fig. 8(a), and the
thermal distribution at 1 ms is shown in Fig. 8(b). As we can
see, the maximum temperature rise at 100 us is only about 0.1
°C, and the maximum temperature rise at 1 ms is also lower
than 1 °C (about 0.84 °C). The maximum temperature of the
sensing trace occurs at the position close to O, which is about
20.3027 °C. According to (9), a 1 °C temperature rise will
increase the resistance of copper conductor by only 4.29%o of the
resistance at 20 °C [26]. Therefore, the temperature effect on the
parasitic resistance of the sensing trace during DPT process can
be ignored. If the proposed method is applied to the converter
applications, the temperature effect on the parasitic resistance
should be considered and compensated as

R = Ry [1+OZ(T_Tref)] (1D

—— Simulation in LTspice - - -Proposed method
4 . — ==

1 Turn-on
| transient

4.5 5

g P

W
B . LI ey ey,

-

4 . .
ol Turn-off !
0 transient

1
1
Turn-on
-4 transient

2 4 6
()

%107

t(s)
(b)

Fig.9. Switching current comparison at the output current of (a) 2 A and (b) 20
A between the proposed parasitics-based method and the simulation in LTspice.

where R is the conductor resistance at temperature 7, R,¢f is the
conductor resistance at reference temperature 7yet (20 °C in this
article), and « is the temperature coefficient of resistance for
copper material, 4.29x 1073 °C~!.

C. Simulation Comparison

In order to preliminarily verify the effectiveness of the pro-
posed switching current measurement method, the DPT sim-
ulation was carried out by using LTspice. As the frequency
dependency of the parasitic parameters cannot be simulated
in LTspice, so this article uses the values at the frequency
of 100 MHz (comparable to the high-frequency oscillations
of the switching waveforms) for simulation comparison. As
mentioned in Section II, it is first required to measure the voltage
across the sensing trace vgense, then based on the method in
Section II, the switching current of DUT ips can be derived
by using MATLAB. The switching current waveforms at the
current of 2 and 20 A are compared in Fig. 9(a) and (b), and
the enlarged switching current waveforms during turn-ON and
turn-OFF process are plotted in Fig. 10(a) and (b). It can be seen
that, at the load current of no matter 2 or 20 A, the obtained
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Fig.10.  Enlarged switching current comparison at the output current of (a) 2 A
and (b) 20 A between the proposed parasitics-based method and the simulation
in LTspice.

switching current waveforms by the proposed parasitics-based
measurement method have good consistency with the switching
current waveforms by simulation in LTspice. Therefore, it can
be preliminarily verified that the proposed switching current
measurement method can accurately measure both small and
large switching current.

IV. MEASUREMENT COMPENSATION AND CORRECTION

As mentioned in Section II, the key to accurately measure the
switching current by using the proposed method is the accurate
measurement of Vgense. Although the 1 GHz high-bandwidth
passive voltage probe TPP1000 is used for experimental mea-
surement, it is not enough to ensure the measurement accuracy.
Special attentions should be paid to the effects of the voltage
probe on the measurement accuracy, including the load effect
and the effect of probe bandwidth.

A. Modeling of Voltage Probe

To understand the effects of voltage probe, it is very essential
to accurately model the voltage probe. As Azpurua et al. [27]
have made great deal of work on the probe modeling, so this
article will make a modification to the probe model to improve
the accuracy. Fig. 11 shows the equivalent circuit model of the
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TABLE III
OBTAINED MODEL PARAMETERS OF TPP1000

Parameters Value Parameters Value
R 25Q Rpy 135Q
L 2.5nH Ryim 225Q
G 0.1 nS Reomp 72Q
C 0.058 pF Ceomp 19.44 pF
n 20 Rsi 50Q

probe-oscilloscope system connected to the test point. As we
can see, the passive voltage probe consists of four parts, i.e.,
probe tip, coaxial cable, compensation box, and ground wire.
The probe tip is modeled by the parallel circuit of the probe
series resistance Rp, and the probe input capacitance Cp in
series with the resistance Rp1, in which Rp and Cp are 9 MS)
and 3.9 pF, respectively [28]. The coaxial cable, which is lossy
transmission line, can be modeled by a sequence of line elements
(R, L, G, C) [29], [30]. The compensation box is modeled by
Ririms Reomps and Ceomp. Rs and Cs are the input resistance and
capacitance of the oscilloscope (MSO64 6-BW-1000A), and Rg
is a series resistance with Cg, in which Rg and Cg are 1 M2 and
14.5 pF, respectively [31]. The ground inductance Lp is related
to the grounding technology, which are about 10 and 150 nH,
respectively, for the 1/2" ground spring and 6" ground wire [32].
In the model, the parameters Rp1, R, L, G, C, Rrim, Reomps
Ceomp, and Rg are still unknown, and cannot be obtained from
the datasheet of probes. To achieve them, a parametric sweep
ac analysis was performed by using Saber software to make the
impedance characteristics of the proposed model well match
with that of TPP1000 [27], [28]. During the parametric sweep
simulation, the relationship should be satisfied as follows:

@ o Ceable+ C(comp‘|' Cs
Rs Cp
where Ceaple equals to C times the number of (R, L, G, C) cells
n. Through careful parametric sweep simulation, the impedance
characteristics of the proposed probe-oscilloscope system model
well matches with that of TPP1000, as shown in Fig. 12(a), and

the obtained parameters are listed in Table III.

12)

B. Load Effect of Voltage Probe

When the voltage probe is connected to the circuit to measure
the voltage of the sensing trace, it will act as a load to draw
current from the circuit, which will affect the operation of circuit
and further the measurement results. To minimize the load effect,
the impedance of probe-oscilloscope system |Zp (s)| should be
much higher than that of the sensing trace |Zsepnse ()|, in which

ZLsense (5) =S (Lsense - M) + Rense- (13)

In Fig. 12(b), |Zsense ()| is compared with |Zp (s)| at Lp =
10 and 150 nH. It can be seen that |Zp (s)| remains over 100
times higher than |Zscpse (s)| within the frequency range from
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Fig. 11.  Equivalent circuit model of the probe-oscilloscope system connecting to circuit.
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2 100 1Z, ()] (L, = 150 nH) the gain from probe tip to oscilloscope input keeps flat until
£ about 20 MHz, after which it starts to gradually drop to 3
107 1 dB at 1 GHz. Meanwhile, when the frequency is higher than
about 10 MHz, a phase difference starts to appear between the
-6 . . . . .
10 1o 106 108 signal at probe tip and the signal at oscilloscope input. For the
Frequency (Hz) high-frequency GaN devices, the frequency of oscillation during
(b) switching transient usually can be higher than 100 MHz, so the
measured waveforms will be distorted. Importantly, the ground
Fig. 12.  (a) Impedance characteristics of TPP1000 (solid line: curve fitting

from datasheet, dash line: proposed model). (b) Impedance comparison between
the probe-oscilloscope system and sensing trace.

1 kHz to 1 GHz. Therefore, due to the very small parasitic
capacitance of TPP1000, the load effect of passive voltage probe
on measurement can be ignored regardless of ground inductance.

C. Effect of Bandwidth on Measurement

Besides the requirement of weak loading effect, the probe
circuit from probe tip to oscilloscope input should also have as
small attenuation and phase shift as possible to ensure enough
high signal fidelity, which depends on the bandwidth of probe
[16]. Based on the obtained probe model of TPP1000 in Saber

inductance has effect on the bandwidth of probe. The 1-GHz
bandwidth of TPP1000 is measured when the 1/2” spring ground
is used. If the 6” ground wire is used which has about 150
nH parasitic inductance, the bandwidth will be further reduced,
as shown in Fig. 13. To achieve a faithful measurement of the
sensing voltage vgense, Which is very important for the accurate
derivation of the switching current ipo, it is recommended to
use the ground spring as the ground method. More importantly,
the measured sensing voltage vsme’ still should be compensated
and corrected.

D. Measurement Compensation and Correction

As mentioned above, due to the bandwidth limit, there are
some differences in the amplitudes and phases of vsense/ and
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Vsense, SO 1t 1S very necessary to correct and compensate the
measured vsense/ to achieve the actual vgense. Both vsense' and
Vsense Can be regarded as the superposition of an infinite series
of sine and cosine functions with different frequencies, as shown
in (3) and in the following equation:
o0
vene = Vo' + 3 Vi'sin (kwt + pu). (14)
k=1
Assuming the probe-oscilloscope system is linear time-
invariant, there is

Usense/ (J(.d)
Usense (J )
where G (jw) is the complex value transfer function of the probe,
w is the angular frequency, and G (jw) can be easily obtained
from Fig. 13, according to (15). From (3), (14), and (15), we can
get

=G (jw)= |G (jw) |£G(w)  (15)

!

Vo
Vo = 0 16
° = 1GGo) (10
Vi
Vie Tk 17
T a7
ok = Pok — LG (jkw). (18)

Therefore, the measured vsense/ can be compensated to achieve
the actual vgense, based on which the switching current ipo can
be accurately derived.

V. EXPERIMENTAL VERIFICATION
A. Establishment of the DPT Platform

To verify the accuracy of the proposed switching current
measurement method, a DPT board was designed in which
a 2-GHz bandwidth coaxial current shunt SDN-414-10 was
installed as a comparison benchmark for the proposed switch-
ing current measurement method, as shown in Fig. 14(a). To
extend the measurement frequency range as much as possible,
this article reduces the gate resistance as much as possible to
increase the dv/dr and di/dz. However, the gate resistance cannot
be infinitely reduced; otherwise, an enough high gate-source
overshoot voltage will be caused to break down the gate-source
electrode of GaN devices. To ensure the gate-source overshoot
voltage smaller than 0.5 V with sufficient safety margin, the
damping coefficient of the driving loop ¢ as shown in (19) should
be greater than 0.62, according to (20) [33], [34]

LGon
Reon = 204 =—2 19
Gon C CISS ( )
__gm
OvershootVoltage = V - e Vi-¢? (20)

where Lgoy 1S the parasitic inductance of turn-ON loop (about
7.63 nH by simulation in Ansys Q3D Extractor), Cigg is the
input capacitance of GS66508T (242 pF), and V, is the driving
voltage (6 V is recommended). Therefore, the turn-ON gate
resistance should be larger than 6.96 2. As the isolated half-
bridge driver Si8273GBD-IS1 is employed in this article, its
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Fig. 14. (a) Prototype of DPT board with coaxial current shunt. (b) DPT
experimental platform.

internal turn-ON resistance is 2.7 €2, and the internal gate resis-
tance of GS66508T is 1.1 . Therefore, the calculated minimum
external gate resistance is 3.16 €). In this article, the external
turn-ON gate resistance was selected as 3.3 €2, and the external
turn-OFF resistance was selected as 0 2.

Then, the DPT experimental platform was established, in
which an air core inductor of about 50 pH is used as the
output inductor to prevent saturation under high current, as
shown in Fig. 14(b). The signal generator DG4062 is used to
generate the double pulse signal for gate driver, the auxiliary
power is used to power the gate driver, and the power supply is
used to provide the dc bus voltage. The 1-GHz high-bandwidth
oscilloscope MSO64 6-BW-1000A was used, equipped with the
1-GHz passive voltage probe TPP1000 to measure the sensing
voltage Vsense, the coaxial cable with BNC connector to measure
the switching current ipy by coaxial current shunt, and the
current probe TCPOO30A to measure the current waveform of
output inductor ip. Note that, in the DPT board with coaxial
current shunt, the current shunt is connected in reverse series in
the power loop, in which the current shunt BNC output case is
connected to the source terminal of Q5 [35].

B. Switching Current Waveforms Comparison

By performing the DPT experiment, the waveforms of vgepse,
ipe, and I, were measured at the output current of about 2, 5, 10,
and 20 A, as shown in Fig. 15(a)—(d). Then, the waveforms were
exported from the oscilloscope for postprocessing. According to
the implementation process of the proposed switching current
measurement method given in Fig. 16, a smooth denoise process
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Fig. 15.  Experimental waveforms at the output current of about (a) 2 A, (b) 5
A, (¢) 10 A, and (d) 20 A.

is first required for the measured sensing voltage vsense', be-
cause the measured waveforms by oscilloscope always contain
noises, which are Gaussian white noise [36]. In this article,
the wavelet signal denoiser toolbox in MATLAB was used to
denoise the waveform of vsense/, as shown in Fig. 17(a). Then,
after the Fourier decomposition of Vsense by using MATLAB, the
compensation and correction was performed on vsense' based on
the established probe model. The waveforms before and after
compensation are compared in Fig. 17(b). It can be clearly
seen that after compensation, the amplitude of the waveform

Design of the
sensing trace

Measure the voltage across
sensing trace

]
[

Smoothing and Denoising

l Modelling of voltage probe

!

Transfer characteristics of
lVoy’ ¥, and g probe
Compensation and correction Gjw)
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Switching current ip,

Fig. 16.  Flowchart of the proposed parasitics-based switching current mea-
surement method.

15 T T -
0.2
ot ©
-0.2
< 6.15 62 6.2
2 s
2
=
o}
=7 0 IL
-5
0 0.2 0.4 0.6 0.8 1
1(s) x107
(a)
20 - - :
5 ——Before compensation
15+ 0 —— After compensation

v
b o
e
e

~ 1075

Z s 6035 6.04 0
AT : i
g x10° \fl‘,

0 0.2 0.4 0.6 08 1
t(s) %107
(b)

Fig. 17.  (a) Denoise of the measured sensing voltage. (b) Compensation based
on the probe-oscilloscope system model.

is magnified and the phase is moved forward. As mentioned
in Section III, the frequency-dependent parasitic parameters of
the sensing trace were extracted by using Ansys Q3D Extractor
based on the actual PCB layout, as shown in Fig. 7. According
to (3), (4), and (7)—(9), the proposed method was implemented
in MATLAB, and thus the switching current ip» was obtained.
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InFigs. 18 -21, the turn-ON and turn-OFF current waveforms at
the output current of about 2, 5, 10, and 20 A are compared with
those measured by coaxial current shunt, respectively. As we
can see, due to the use of the very small turn-ON gate resistance,
the maximum di/d¢ during turn-ON process at the output current
of 2, 5, 10, and 20 A can be as high as about 7.87, 7.85, 8.76,
and 9.5 A/ns, respectively. When measuring such high-speed
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Fig.21. Switching current waveform comparison at the output current of about
20 A. (a) Turn-OFF current waveforms. (b) Turn-ON current waveforms.

switching current, due to the effect of the probe, the switching
current waveforms directly derived from the measured vgepse has
a relatively larger error, in which the amplitude is smaller than
that of coaxial current shunt, and the phase lags behind that of
the coaxial current shunt. Benefitting from the compensation
by considering the probe model, the amplitude is amplified
and the phase is moved forward. In theory, the effect of probe
on measurement can be minimized, and the measurement will
not be limited by the probe bandwidth, but only related to the
maximum frequency by Fourier decomposition in MATLAB.
As the sampling rate of the oscilloscope decides the maximum
frequency by Fourier decomposition, the 25 GS/s high sampling
rate of the used oscilloscope MSO64 6-BW-1000A can help
to achieve high measurement accuracy. It can be seen from
Figs. 18-21, the corrected switching current waveforms by the
proposed method match better with those by coaxial current
shunt, but there is still an error. Through analysis, there are
mainly two reasons. The first is the PCB fabrication error, which
makes the PCB structure parameters (including copper thickness
and board thickness) used in simulation slightly different from
the actual parameters, thus resulting in simulation error of the
parasitic parameters of the sensing trace. The simulation error
will directly affect the accuracy of the proposed method. The
second reason is that the established probe model may have
error, which will affect the compensation effect. To improve the
accuracy of the proposed method, in our future article, more
in-depth research on the probe modeling will be conducted to
uncover the effect on measurement. Nevertheless, the accuracy
of the proposed switching current measurement method includ-
ing probe-model-based compensation can be verified.

C. Verification of the Small Insertion Inductance

To verify that the proposed switching current measurement
method almost has no insertion inductance to power loop, a DPT
board without coaxial current shunt was designed, as shown
in Fig. 22(a). The frequency-dependent parasitic parameters
were also extracted by using Ansys Q3D Extractor, as shown in
Fig. 22(b). By conducting the DPT experiment, the waveforms
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Fig.26.  Switching waveforms at the output current of about 20 A. (a) Turn-OFF
current waveforms. (b) Turn-ON current waveforms.

of Vgense and the switching voltage vpgo were also measured at
the output current of about 2, 5, 10, and 20 A, respectively. By
implementing the proposed method in MATLAB, the switching
currents ipy were derived. The switching current and voltage
waveforms at the output current of about 2, 5, 10, and 20 A are
plotted in Figs. 23-26, respectively. As we can see, the proposed
method can accurately measure the switching current waveforms
and have a consistent pace with the switching voltage. Moreover,
the oscillation period during switching transient is only about 2.6
ns, as shown in Fig. 26, while the oscillation period of the DPT
board with coaxial current shunt is about 11.2 ns (as shown in
Fig. 21). According to (21), the power loop inductances of the
DPT board with and without coaxial current shunt are about
1.95 and 36.3 nH, respectively. Note that, the large power loop
inductance of the DPT board with coaxial shunt is caused by the
long legs of the coaxial current shunt and the additional power
loop area. The power loop inductance of the DPT board without
coaxial current shunt can be further reduced by optimizing power
loop layout, without affecting the switching current measure-
ment by the proposed method. Therefore, the effectiveness of
the proposed parasitics-based switching current measurement
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method regarding the no insertion inductance is verified

T2
472 Coss

Lloop = (21)
where Cpgg is the output capacitance of the employed GaN
devices GS66508T at 250 V (about 87.6 pF) [25].

VI. CONCLUSION

The fast GaN devices poses huge challenges to the switching
current measurement, and the conventional switching current
measurement method either having low bandwidth or having
influence on the layout inductance cannot meet the measurement
requirement of GaN devices. To address these issues, this article
proposed a high-bandwidth and easy-to-integrate switching cur-
rent measurement method, with almost no influence on power
loop layout. The proposed method utilizes the power loop trace
from the source terminal of bottom switch to circuit ground as the
sensing trace. Based on the Fourier series theory, the relationship
between the parasitic inductance and resistance of the sensing
trace, each frequency components of the sensing voltage and
the switching current was derived. Based on the actual PCB
layout, the parasitic inductance and resistance of the sensing
trace can be extracted by using Ansys Q3D Extractor. Thus,
the switching current can be derived from the measured sensing
voltage. Careful simulation verification was first conducted by
using LTspice, and shows consistent results. Then, to accurately
measure the sensing voltage for experimental verification, which
is very important for the accurate derivation of the switching
current, the used probe TPP1000 was modeled for measurement
compensation and correction. Finally, two DPT boards were
designed based on the 650 V/30 A GaN device GS66508T,
one with coaxial current shunt and the other without coaxial
current shunt. Through the DPT experiment, the accuracy of the
proposed switching current measurement method with almost
no insertion inductance was verified.
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