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Abstract—Soft-switching power converters based on wide-
band-gap (WBG) transistors offer superior efficiency and
power density advantages. However, at high frequencies, loss
behavior varies significantly between different WBG
technologies. This includes losses related to conduction and
dynamic  ON-resistance  (Rpsion))  degradation, also
charging/discharging of input capacitance (Ciss) and output
capacitance (Coss). As datasheets lack such important
information, we present measurement techniques and
evaluation methods for soft-switching losses in WBG transistors
which enable a detailed loss-breakdown analysis. We estimate
the gate loss under soft-switching conditions using a simple
small-signal measurement. Next, we use Sawyer-Tower (ST)
and Nonlinear Resonance (NR) methods to measure large-
signal Coss energy losses up to 40 MHz. Finally, we investigate
the dependence of dynamic Rpsoon) degradation on OFF-state
voltage using pulsed-IV measurements. We demonstrate an
insightful comparison of soft-switching losses for various
normally-OFF Gallium-Nitride (GaN) and Silicon-Carbide
(SiC) devices. A p-GaN-gated device exhibits the most severe
Rpson) degradation and the lowest gate loss. Cascode
arrangement increases threshold voltage for GaN devices and
reduces gate losses in SiC transistors; however, it leads to higher
Coss losses. The study facilitates the evaluation of system losses
and selection of efficient WBG devices based on the trade-offs
between various sources of losses at high frequencies.

Index Terms—Soft-switching, GaN, SiC, WBG technology, gate
loss, output capacitance loss, Coss, dynamic Rpson) degradation,
Sawyer-Tower, nonlinear resonance, Cascode, GIT.

I. INTRODUCTION

HE reduced input capacitance (Ciss) and ON Resistance

(Rpsony) in wide-band-gap (WBG) transistors enable their
efficient operation at high frequencies [1], [2], for instance,
high-power-density dc-dc conversion [3]-[6], wireless power
transfer and radio-frequency amplification [7], [8]. At such
frequencies, soft-switched topologies, especially those
designed for zero-voltage switching (ZVS), can potentially
achieve high efficiencies [5], [9]-[11]. To that end, low levels
of electromagnetic interference (EMI) and proper design of
passive components, especially the magnetics, become crucial
[51, [12], [13]. Furthermore, conduction losses (Pcon), Output-
capacitance (Coss) losses (Po) and gate losses (Pg) reduce the
system efficiency and expose the devices to thermal runaway
[1], [14]-[17]. Hence, it is important to adhere to accurate
methods to extract these losses in different device technologies
such as Gallium Nitride (GaN) and Silicon Carbide (SiC).
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Fig. 1. Major sources of loss in a soft-switched WBG device. Various WBG
technologies exhibit significantly different loss behaviors, that are

comprehensively analyzed in this letter.

In this letter we demonstrate straightforward measurement
methods to compare and break down soft-switching losses in
various WBG technologies, as illustrated in Fig. 1. Commercial
devices with similar current and voltage ratings (see TABLE I)
are compared and their various losses are evaluated up to 40
MHz.

One of the main challenges in loss estimation is the lack of
sufficient information from manufacturer datasheets to
determine the soft-switching behavior of the devices at high
frequencies. For instance, standard methods used in datasheets
to report gate-charge (Qg) are based on hard-switching tests,
and using those values for soft-switched transistors may result
in large errors in high frequencies [17]-[19]. In Section II, we
demonstrate a simple method based on small-signal Ciss
measurement to evaluate gate losses and further verify its
accuracy with large-signal power measurements.

In Section III, we measure the non-recoverable energy loss
due to charging and discharging of the output capacitance of a
transistor, which is a major source of loss at high frequencies
[1],[14], [20], [21]. In [14], a thermal approach is used to study
soft-switching output capacitance losses. However, the
existence of additional loss mechanisms and voltage
oscillations could significantly limit the method’s applicability
for high dv/dt values. Sawyer-Tower (ST) circuit employs a
power amplifier and a reference capacitor to extract the large-
signal charge-versus-voltage curve of Coss. The related energy
loss is extracted by calculating the area of the hysteresis
between charging and discharging curves [22]. Despite the
simplicity of the ST method, the limited bandwidth of the power
amplifier and the risk of device thermal runaway hinder its
application in high frequencies and high dv/dt conditions [14],
[16]. Measurement of large-signal Coss losses based on the
nonlinear resonance (NR) between the transistor Coss and a
high-quality-factor inductor has been proposed to overcome the
aforementioned shortcomings [16]. The NR method can extract
Po for large voltages and dv/dt values as high as 100 V/ns,
which are achievable with WBG power transistors [23]. Here,
we employ the ST method to extract Po at low frequencies (<1
MHz) and the NR method to evaluate those losses for higher
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TABLE 1
CHARACTERISTICS OF THE EVALUATED TRANSISTORS
D Part Number VBR [D QG RDS(ON)* COSS**
(Technology) V) (A) (nC) (mQ) (pF)
GS66508T
T, (p-GaN-gated) 650 30 5.8 50 65
T, POA6EOTBA o0 3 s 56 71
(GaN GIT)
TP65HO50WS
T; (GaN Cascode) 650 36 16 50 130
SCT3060AL
Ta (Si0) 650 39 58 60 85
MSC060SMAO070S
Ts (SiC) 700 37 56 60 138
Te UF3C065080K3S 650 3] 5] 30 62

(SiC Cascode)
* Typical value at 25°C

** Reported at 400 V

frequencies (up to 40 MHz).

In Section IV, we compare the dynamic Rpson) degradation
in WBG transistors. Dynamic Rpson) degradation leads to
higher resistance values immediately after a turn-ON transition
[15], [24]. In [15], large discrepancies between the reported
values of dynamic Rps(oon) in the literature are attributed to the
standard double-pulse test (DPT) method. Here, we employ
pulsed-IV measurements to evaluate of the dynamic Rpsoon)
degradation as a function of the OFF-state voltage amplitude.
The OFF-state voltage could be regarded as the most impactful
parameter in dynamic Rpson) degradation [2]. A discussion in
Section V summarizes total loss breakdown from 100 kHz up
to 5 MHz for the evaluated transistors, which is of key
importance for the selection of WBG switches for high
frequency applications.

II. GATELOSS

By modeling the gate as Ciss in series with a gate resistance
and a gate driver resistance, for push-pull gate drivers (i.e. hard
gating), Pg is equal to the total energy used to charge Ciss from
Vorr to Von, multiplied by fsw as

r=9; (VON - VOFF)fsw )
where Qg for soft-switched transistors can be formulated as
4
0, = fVON C(v)dv 2).
OFF

Ciss in (2) is the small-signal capacitance measured versus
voltage using an impedance analyzer, when the drain is shorted
to the source, to emulate ZVS condition. The reported Qg in
datasheets is measured as the device is subjected to a hard turn
ON, and does not represent a soft-switching operation [18],
[19]. In Fig. 2a, Ciss is measured at 1 MHz using an E4990A
impedance analyzer and a 1604 7E test fixture, where the shaded
areas under Ciss-versus-Vgs curves represent the soft-switching
QOc. T is a gate-injection transistor (GIT) whose gate presents
capacitive behavior at low drive voltages and behaves as a diode
with an ON-state current at higher voltages. To verify the small-
signal prediction of gate losses based on (1), we operated the
transistors from 100 kHz up to 5 MHz (at 50% duty cycle) with
the drain shorted to the source. Fig. 2b presents the time-domain
gate-to-source voltages (vgs) at 5 MHz. The real Pg was
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Fig.2.  Gate loss evaluation method using small-signal Ciss measurement. (a)

Small-signal Ciss versus Vgs for T, to T measured at | MHz. The gate in most
of the transistors can be regarded as an RC circuit. Device T, exhibits a
capacitive behavior for low drive voltages and as the voltage increases, it
performs similarly to a diode with an ON-state current, as indicated by the
gradient shading under its Ciss-versus-Vgs curve. (b) Time-domain gate-to-
source voltages for T to Te, driven at 5 MHz with nominal gate conditions. (c)
Measurement of real P versus ffrom 100 kHz to 5 MHz at nominal gate-driver
conditions. (d) The error of using the small-signal Qg from (2) for P evaluation
at 5 MHz. The proposed method shows a consistent error of less than 10%.
Symbol “*’ indicates that the proposed method is not applicable to T, and T; as
their gates cannot be modeled with RC circuits. (e) The frequency dependence
of Ciss. T> and T devices exhibit a strong variation in Ciss, suggesting that their
gate cannot be modeled as RC circuits. T5 shows a resonance at about 6.5 MHz.

extracted from the cross product of the measured current and
voltage of the gate-driver supply (see Fig. 2¢). For T, a constant
current-source driver (AN34092B) recommended by the T,
manufacturer was used. To drive other transistors, we employed
a wide-voltage-range gate driver (SI8271). Fig. 2d presents the
error of using Qg from (2) for Pg evaluation with respect to the

"© 2020 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or
future media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for
resale or redistribution to servers or lists. or reuse of anv coovriahted component of this work in other works."



ajafari
Text Box
"© 2020 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works."



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2020.2990628, IEEE

Transactions on Power Electronics

real measured gate losses at 5 MHz. A consistent error of less
than 10% was observed for transistors T, T4, Ts and T, whose
gates can be modeled as RC circuits. T, and T3 exhibited a
frequency-dependent Ciss, as shown in Fig. 2e. The excessive
increase of Ciss with Vs in T at higher driving voltages (see
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and intervals (%, t1) and (1, t2) correspond to the charging and  Fig. 3. Evaluation of large-signal Coss losses. (a) Test setup for ST

discharging of the Coss, respectively, By applying the two
methods, we measured Episs over a wide frequency range from
100 kHz up to 40 MHz, as illustrated in Fig. 3e. The ST results
correspond to the measurements for /< 1 MHz and the NR
method was employed for measurements above 1 MHz.

GaN device T; exhibited an exponential increase of Episs,
with negligible energy losses at low frequencies. Episs values

experiment comprised of a DUT, a high-frequency step-up transformer, a
WMA-300 power amplifier and a 33600A function generator. (b) NR test board
including a gate drive and a high-quality-factor inductor in series with the DUT.
(c) Vps-versus-Q results based on ST measurement for T, to T at 100 kHz and
400 V. (d) Time-domain vps for T; to Te using NR method at two distant
frequencies. The dashed curves are the mirrored of the rising half of the
generated pulse. A higher deviation from the solid curve indicates higher Epygs.
(e) Episs versus frequency for T, to Ts measured using ST (< 1 MHz) and NR
(> 1 MHz) methods.
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from [21] are also presented in Fig. 3e for transistor T; for
different packages at 5 and 10 MHz. Despite the exponential
increase of Episs in Ty and T» (for T, the trend starts after about
5 MHz), the cascode device T3 has large Episs values at low
frequencies which tend to increase slightly at higher
frequencies. Datasheets provide Coss stored energy (Eoss)
which could be useful for evaluation of hard-switching losses;
however, Episs information for soft-switching applications is
missing. Hence, the presented results are of great significance
for soft-switched VHF designs based on WBG technology and
in specific GaN-based applications where the devices can
potentially switch at tens of MHz.

IV. CONDUCTION LOSS

Dynamic Rpsony in GaN devices is susceptible to
degradation right after a turn-ON transition [15], [24], [25]. It
leads to extra power dissipation referred here as dynamic losses
(Ppyn). The OFF-state voltage has the highest impact on the
dynamic Rpsoon) behavior of soft-switched GaN transistors [2].
To measure this dependency, we used the pulsed-IV system
(AMCAD), where the DUT was subjected to Vgs (using gate-
probe iTest AM213) and Vps (using 1kV/30A drain-probe PIV
AM241) excitations as shown in Fig. 4a, with a 5-ps ON time
and 15-ps OFF time. Time-domain Rpsoon) measurements for
the device T are presented in Fig. 4b for V'ps=0V, 100 V and
400 V. To capture the actual Rpson) and minimize the effect of
noise, we averaged the resistance values over a 1-us interval,
after the settling time of the measurement tool had reached (i.e.
2.5 us after the device was turned ON, as indicated by the

measurement windows in Figs. 4a, b ). Rpsion) was measured at
(a) Drain Probe 500 6 (b) 0.3
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Fig. 4. Dynamic Rpson) measurement using pulsed-IV method. (a) The DUT

is subjected to Vs and Vps pulses and the resistance was measured after the
settling time of the setup was reached. (b) Rps(ony variation for T, at OFF-state
Vps 0of 0 V (no voltage stress), 100 V and 400 V. (c) Normalized dynamic Rpson)
at different Vps values for transistors T, to Te. Rpson)-versus-Vps pattern varies
between GaN devices. SiC transistors exhibit a negligible increase of Rpgon)-
Devices are subjected to 20% of their nominal current. Rpsony Was captured 2.5
us after the DUT turns ON, and was averaged over a 1-us interval to reject noise.
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Fig. 5.  Soft-switching loss components versus frequency for transistors T to
Ts at nominal Vs when transistors are subjected to a V'ps of 400 V and 20% of
their nominal current. The comparison is of great significance for selection of

WBG devices, efficiency optimization and proper design of cooling systems.

20% of the rated current (i.e. about 6 A). Fig. 4c shows the
Rpson) normalized by its measured value at Vps = 0. In Ty, we
observed a degradation of 25% at 400 V, and even larger at
lower voltages, whereas T, and Ts exhibited lower
degradations. Rpsoon) degradation was almost absent in SiC
transistors T4to T.

V. DISCUSSION

WBG field-effect transistors based on GaN and SiC enable
fast switching speeds for high frequencies, where the
elimination of switching losses, especially at turn-ON
transients, becomes crucial [9], [23], [26]. Topologies such as
phase-shifted full-bridge (PSFB) [12], dual-active-bridge
(DAB) [5] and soft-switched boost converters [11] take
advantage of ZVS for efficient high-frequency operation. The
presented loss measurements in this letter emulate a ZVS
operating condition, enabling a detailed comparison of the
overall soft-switching losses. Fig. 5 summarizes the soft-
switching losses of devices T to T up to 5 MHz, based on the
loss breakdown described in Fig. 1. The devices were driven at
their respective nominal gate voltages with 50% duty cycle and
20% of their rated currents at Vps = 400 V. The loss due to
conduction is divided into Pcon and Ppyn. Ppyn represents only
the contribution of the dynamic Rpsion) degradation, whereas
Pcon considers the measured value of Rpson) at Vps = 0.
Although Ppyn in GaN devices increases with frequency, the
variation is small and negligible within the presented frequency
range in Fig. 5 [24], [25].

Fig. 5 illustrates that GaN device T has the lowest overall
losses. Despite exhibiting the most severe Rpson) degradation
at 400 V (also see Fig. 4c), due to its low gate and output
capacitance losses, T, is advantageous for VHF applications,
especially those with low duty cycles or small currents.
Relatively higher gate losses and special gate-drive circuitry
impose limitations on high-frequency application of GaN
transistors such as T», whose gate behaves similarly to a diode
at large Vgs values. A cascode arrangement enables higher
threshold voltage in T3 (compared to GaN devices T and T»)
and lower gate loss in T (compared to SiC devices T4 and Ts);
however, higher output-capacitance losses are observed for
these cascode devices, even at low frequencies. Besides, the
observed gate resonance in T3 (see Fig. 2e), together with its
negative resistance behavior [27], could result in large-signal
instabilities [28].
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By combining the estimation methods and measurements
presented in the previous sections, one could extend the loss
evaluation to higher frequencies (even up to 40 MHz).

VI. CONCLUSION

We demonstrated a comprehensive loss-breakdown analysis
for soft-switching operation of wide-band-gap transistors. A
small-signal input-capacitance measurement versus gate-to-
source voltage was used to evaluate gate losses under soft-
switching conditions, and its accuracy was experimentally
verified. By using a combination of ST method (for < 1 MHz)
and NR technique (for 1 MHz < f'< 40 MHz), we demonstrated
the variation of large-signal Coss losses for different
technologies over a wide range of frequency. To obtain an
overall view of the losses, we further compared the degradation
of dynamic Rps(on) and its dependence on the OFF-state voltage
using a standard pulsed-IV method. Three SiC and three GaN
devices were evaluated and compared for their gate losses,
output-capacitance losses and conduction losses up to 5 MHz.
The most severe Rpsion) degradation and the lowest gate losses
were observed in a p-GaN-gated device (T1), which is the best
choice for VHF applications, especially those with low duty
cycles or small currents. The cascode arrangement in SiC and
GaN devices offers advantages such as increased threshold
voltage and reduced gate loss. However, the output-capacitance
losses are aggravated at high frequencies, which limit their
high-frequency operation. The demonstrated measurement
methods are general and can be used to evaluate the soft-
switching losses in other WBG transistors. Given the diversity
of WBG technologies, this work addresses the major trade-offs
in selecting a power device to maximizing the system
efficiency, and to choose a proper thermal design in high-
frequency soft-switching applications. This work is also
insightful for device engineers to design high-performance
power transistors for high-frequency applications.
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