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Abstract- Careful measurements of the power device
characteristics are necessary to accurately estimate a power
converter’s losses and efficiency. The conventional double-pulse
test (DPT) circuit is a well-known method to implement this
laboratory characterization of power devices and power modules.
However, the switching characteristics of a power device depend
on the power electronics circuit in which it is connected as well as
the power circuit’s physical layout, in addition to the device’s
internal structure. Hence, the conventional DPT circuit
configuration, which is tailored for a standard voltage-source
inverter (VSI), is not well-suited for a current-source inverter
(CSI). This paper demonstrates a previously-proposed CSI-based
DPT measurement technique that is appropriate for normal CSI
operation. The characteristics of SiC MOSFETs and series-
connected SiC Schottky diodes used in a CSI are measured using
this improved technique while taking temperature effects into
account to yield more accurate loss predictions. The CSI losses,
including the switching and conduction losses of SiC MOSFETSs
and SiC Schottky diodes, have been modeled using this approach.
The total CSI losses and efficiency have been estimated based on
the CSI DPT results and loss models.

Keywords — Current-source inverter, double-pulse test, power
loss, wide-bandgap devices, traction application

I. INTRODUCTION

Wide-bandgap (WBG) power semiconductor devices that
use either silicon carbide (SiC) or gallium nitride (GaN) are
appealing for future motor drive systems due to their superior
characteristics, including higher switching speeds, lower on-
state resistance, and higher junction temperatures compared to
conventional silicon (Si) devices [1-3]. However, there are
some drawbacks in standard voltage-source inverters (VSIs)
when conventional Si-based switches are replaced by WBG
switches, including high electromagnetic interference (EMI),
high motor terminal overvoltages, and damaging bearing
current risks [4]. The emergence of wide-bandgap power
devices opens opportunities for the long-ignored current-
source inverter (CSI) to provide a promising alternative drive
configuration for traction applications [5].

The basic CSl-based motor drive, including a dc/dc
converter to provide the necessary input dc voltage-to-current
conversion, is shown in Fig. 1. The CSI replaces the VSI’s dc-
link capacitor (<150 °C) with a high-temperature dc-link
inductor (>200 °C) and three small output ac capacitors,
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Fig. 1. Baseline CSI—balsed motor drive system for traction application
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providing much more sinusoidal output voltage waveforms to
the motor [5]. As shown in Fig. 1, SiC Schottky diodes are
connected in series with the SiC MOSFETs to provide the
reverse-voltage blocking capability for CSI.  They will
eventually be replaced by WBG monolithic bidirectional
switches when they become commercially available [6]. In
addition, the CSI has a natural voltage-boosting feature, which
can be used to improve the overall efficiency of the CSI-based
SPM machine drive system in the constant-power region [7].

To accurately evaluate the performance of WBG devices in
the CSI, the conduction and switching characteristics of the
power devices should be measured. The conventional double-
pulse test (DPT) circuit used with standard VSIs is a well-
known method to evaluate the transient performance metrics
such as the turn-on/turn-off switching losses and the rise/fall
time at different voltage and current levels. However, the
switching characteristics of such devices are not only
dependent on its internal structure, but also on the external
circuit to which it is connected, including its physical layout.

In addition, the conventional DPT circuit configuration is
not appropriate for testing the reverse-voltage blocking
switches that are required in the CSI. Ding, et al. compared
the characteristics of Si IGBTs and SiC MOSFETs using the
VSI DPT circuit considering temperature effects [8]. Dai, et al
examined the performance of WBG-based hybrid switches
intended for CSIs using the conventional DPT circuit [9].
Nevertheless, few researchers have evaluated the device
characteristics for CSI in its final circuit configuration.

A new DPT circuit topology, which is more suitable for
CSlIs, has been proposed by Torres, et al [10]. This paper
presents the result of a project that has implemented this CSI-
tailored DPT circuit to evaluate the performance of WBG



devices for use in a 55 kW (continuous) CSI. Power loss
models for the SiC MOSFETs and SiC Schottky diodes used
in this CSI have been developed based on the DPT results,
including temperature effects.

This paper is organized as follows. Section II introduces and
compares the conventional VSI-type DPT and the new DPT
topology that is suitable for evaluating the characteristics of
switches in CSI. In Section III, the characteristics of the SiC
MOSFETs and SiC Schottky diodes are measured using the
CSI DPT. In Section IV, the switching losses and conduction
losses of the WBG devices are modeled based on the CSI DPT
results, considering temperature effects. Concluding
statements are presented in Section V.
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Fig. 2. (a) Conventional VSI DPT circuit; (b) Proposed CSI DPT circuit;
(c) Basic 3-phase CSI topology (the dotted lines highlight the circuit paths
that corresponds to the CSI DPT)

II. DOUBLE-PULSE TEST FOR CSI

The VSI DPT and CSI DPT power circuit diagrams are very
similar since both methods evaluate the switch state transition
of a power device at a given current and voltage levels. The
conventional VSI DPT is a simpler circuit topology to evaluate
the switching performance of the power devices in VSI.
However, the existing VSI DPT is not appropriate to measure
reverse voltage blocking switches that are needed for CSI. In
addition, since the external circuit layout can have a significant
influence on the transient performance, and the topologies
have different switch implementations, it is desirable to
execute the DPT test using the circuit that corresponds to the
adopted inverter topology. By taking this approach, the
switching conditions will be as close as possible to the real
operation of the current source inverter.

The conventional VSI DPT is well-known and shown in Fig.
2(a). The CSI DPT [10] is a dual topology of the conventional
VSI DPT, as shown in Fig. 2(b). The operating principles of
both of these circuits are explained in [10]. The voltage
source in VSI DPT can be transformed into a current source in
CSI DPT by replacing the inductor L of VSI DPT by a
capacitor C for CSI DPT, and making the switches in the CSI
DPT in parallel instead of switches in series in VSI DPT. An
external resistor R with a switch is connected in parallel with
the capacitor to discharge after the DPT operation for safety
reasons. It can be observed from Fig. 2 (b) and (c), the CSI
DPT is derived from the three-phase CSI topology. The
switches S¢q, Sc3 and S, in the CSI DPT represent S;, S3
and S, in the 3-phase CSI circuit. The CSI DPT corresponds
to the commutation between S; and S; (blue in Fig. 2(c)) of
the 3-phase CSI, where S5, S¢ and S, are always off, and
S, (red in Fig. 2(c)) is always on. The single output capacitor
in CSI DPT is equivalent to the series-connected ac filter
capacitor in the CSI during active states. It should be
mentioned that as the switch S, of CSI is always ON at this
special condition, and S, in the CSI DPT is replaced by a
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Fig. 3. (a) Typical VSI DPT waveforms; (b) CSI DPT waveforms;
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Fig. 4. (a) First condition when S, is turned off for CSI DPT; (b) Second condition when S, is turned on for CSI DPT; (c) Circuit paths of 3-phase CSI
that correspond to first condition of CSI DPT (active state); (d) Circuit paths of 3-phase CSI that correspond to second condition of CSI DPT (zero state).

short circuit (ON state). This is shown in the CSI DPT circuit
in Fig. 2b as grayed out to illustrate the fact that S., of CSI
DPT corresponds to the S, in CSI topology which is in ON
state.

The key waveforms of the VSI DPT are shown in Fig. 3(a).
The double pulse of CSI DPT is the dual of VSI DPT, as shown
in Fig. 3(b). It can be observed that the switch S ; is always
ON, and the signal of S.; is inverse in polarity from S,, in
Fig. 3(a). There are two conditions for CSI DPT, as shown in
Fig 4, and the devices S, and D., are replaced by a short
circuit. The first condition when S, is off and S.; is on
represents the active state of 3-phase CSI, as shown in Fig 4
(c). The second condition when S, is on represents the zero
state of 3-phase CSI, as shown in Fig 4 (d). There are five
intervals for CSI DPT, as explained below:

Interval 1 (prior to ty,): Both S.; and S.; are turned on.
In this initial interval, there is no voltage across the output
capacitor. All of the currents are flowing through S.;, while
there is no current through S.;.

Interval 2 (from t, to t;): In this interval, S;; is turned
off. S.3 and D.; conducts the current I;. in the forward
direction in order to charge the capacitor to the desired voltage,
as shown in Fig. 4 (a).

Interval 3 (from t; to t,): At t;, S.q isturned on, and the
current in the loop is commutated from S.; to S.; (Fig. 4(a)
to (b)), which represents the real commutation of the three-
phase CSI from active state to zero state (Fig. 4(c) to (d)). The

S¢1 turn-on transients can be evaluated. Since S.; is always
ON, the diode D.; becomes reversed biased by the capacitor
voltage. Thus, the capacitor is open-circuited and no longer
charged. It should be mentioned that this interval should be
short to minimize the voltage drop of the output capacitor due
to any parasitic current, but long enough to stabilize the
switching transients.

Interval 4 (from t, to t3): At t,, S¢q is turned off again.
The current I;,. is commutated from S.; to S.; (Fig. 4(b)to
(a)), which represents the commutation of the three-phase CSI
from zero state to active state (Fig. 4(d) to (c)). The S.; turn-
off transition can be evaluated. This interval should also be
short to avoid further charging of the capacitor, but long
enough to stabilize the switching transients [10].

Interval 5 (from t; to end): From t3, S.; turns on, which
is the last interval of the CSI DPT. The external switch is
turned on, so that the resistor is connected in parallel with the
capacitor to discharge.

III. POWER DEVICE CHARACTERIZATION USING CSI DPT

The CSI DPT circuits have been built to experimentally
characterize the switching characteristics of the SiC MOSFET
and SiC Schottky diodes. A single CSI switch includes 3
paralleled discrete SiC MOSFETs (C3M0016120K from
CREE) and 3 paralleled SiC Schottky diodes (GC50MPS12-
247 from GeneSiC) in series with the MOSFETS to handle the
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Fig. 5. CSIDPT prototype for power devices characterization

current required for this traction drive application, as shown in
Fig. 5. The measured CSI DPT experimental test results for the
operating point with 15A current for each device and a
capacitor voltage of 250 V are shown in Fig. 6.

The turn-on and turn-off switching waveforms of the SiC
MOSFET S.; witha 10 Q turn-on resistance in the gate drive
are shown in Fig. 6(a) and (b). It can be observed that the rise
time of SiC MOSFET is 46.4 ns, and the fall time is 31.2 ns at
the 15 A, 250V operating point. The current resonance during
the SiC MOSFET turn-on transient has little effect on the turn-
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on energy loss of the SIC MOSFET. The SiC MOSFET turn-
on and turn-off instantaneous power with 10 Q turn-on
resistance are provided in Fig. 6(c) and (d). The peak
instantaneous power values of 0.95 kW and 1.38 kW are
dissipated in the MOSFET during turn-on and turn-off,
respectively. Based on the SiC MOSFET instantaneous power,
the turn-on energy is calculated to be 0.0476 mJ, and the turn-
off energy is 0.0396 mJ. In addition, the temperatures of
devices are recorded by the thermal camera. Fig. 7 shows the
temperature of the paralleled device topology during 250V
15A steady-state operation without any forced cooling. The
SiC Schottky diodes have the highest temperature of 92.8°C at
the operation point. The on-state resistance of the SiC
MOSFET and SiC Schottky diode and forward voltage of the
diode are measured at the operating condition, as shown in
TABLE L.
TABLE [

MEASURED ON-STATE RESISTANCE AND FORWARD VOLTAGE OF SIC
MOSFET AND SCHOTTKY DIODE

On-state Built-in voltage

resistance (mQ) drop (V)
SiC MOSFET 19.7 -
SiC Schottky diode 17.5 0.866
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Fig. 6. (a) Measured SiC MOSFET turn-on waveform; (b) Measured SiC MOSFET turn-off waveform;
(c) Measured SiC MOSFET turn-on instantaneous power; (d) Measured SiC MOSFET turn-off instantaneous power.
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Fig. 7. Measured thermal results without cooling

IV. CSI POWER LOSS MODLE

The power loss of CSI consists of the switching loss and
conduction loss in the SiC MOSFET, and conduction loss in
the Schottky diode [7]. The Schottky diode switching loss is
very small as the SiC Schottky diode has almost zero reverse
recovery current. Thus, the diode switching loss is neglected in
this analysis.

The total switching loss of the SiC MOSFETs in the CSI
considering temperature effects is estimated as [11,12]

Vllpkldc (1)

_ 3%
Pgy, mosreT = o (Eon(TS) + Eqff (TS)) Vrerle
re re

where E,,(Ts) and E,zf(Ts) are the measured turn-on and
turn-off energy, respectively, at the condition of the reference
voltage V,.r and reference current I,.r, taking thermal

effects into account. Tg is the junction temperature of SiC
MOSFET, I, is the dec-link current of CSI, as shwon in Fig.
1,and f; isthe switching frequency of the SiC MOSFET.

The total conduction loss of the SiC MOSFETs in CSI is
given as

P mosreT = ZIdCZrDS(on) (Ts) @

where Tpgon)(Ts) is the temperature-dependent drain-source
on-state resistance of the SiC MOSFET.

The total conduction loss of the SiC Schottky diodes can be
represented by the following equations

Pe_giodge = 21qc(IacTa(Tp) + Vp(Tp)) )

where T}, is the junction temperature of SiC Schottky diode,
r4(Tp) and Vp(Tp) are the temperature-dependent on-state
resistance and forward voltage of the SiC Schottky diode,
respectively, which can be calculated from [13].

ra(Ty) =axTp2+bxTy+c )

Ve(Tp) =mxTp+n (5)

where

a=238-10"7 (Q/°C?)
b =3.38-1075 (0/°C)

¢ =0.01(Q)
m = —0.00123 (V/°C)
n = 0.995(V)

The inductor loss of the CSI includes the copper loss P.,, in
the winding resistance, and the core loss Pr, due to the
hysteresis and eddy current losses in the magnetic core [7]:

P, =P + P, (6)

The inductor copper loss originates in the inductor winding
resistance 1y, which is defined as

Py = Idcer ™

The core loss of the powered core material can be estimated
in a simplified form as [14]

Pro = kf, OB, DWW, (8)

where B; is the peak magnetic flux density in the inductor
[T], Wise is the core weight [kg], and k, m, n are the
provided coefficients that vary with different core materials.
For High Flux 60 powder cores, k = 2.03 x 1077 [——],

T kg
i =1.23,and j = 2.56.

The total loss of CSI is represented as equation (9) by
combining all the loss components:

Pest = Pow + Pe_mosrer + Pe_diode T P ©)

The estimated CSI loss and efficiency based on the CSI DPT
measurement results and the CSI loss model are shown in
TABLE II. Those estimates are based on the operation point of
55kW. The dc-link voltage is 650V, the dc-link current is
115A, and the switching frequency of the CSI is 50 kHz. The
conduction and switching losses for SiC MOSFETs and SiC
Schottky diodes are extrapolated to 120°C from the measured
temperatures. The results in this table indicate that the
estimated loss of CSI is 1096.6 W, and the efficiency of the
CSI is 98.04% at 55 kW operating point.

TABLEII.  TOTAL CSILOSS ESTIMATION BASED ON CSI DPT RESULTS AT
55 KW OPERATING POINT
Parameter Loss (W)

MOSFET switching loss 177.0
MOSFET conduction loss 200.8

CSI Diode conduction loss 306.8
Inductor loss 412
Total CSI loss 1096.6
Efficiency 98.04%




V. CONCLUSION

This paper has presented a laboratory demonstration of a
promising CSI double-pulse test method [10] which is
appropriate for normal operation of a CSI. The characteristics
of the SiC MOSFET and in-series SiC Schottky diode used in
a 55 kW (cont.) CSI have been measured using this CSI DPT
technique. Models of the switching and conduction losses of
the SiC MOSFET and the conduction losses of the SiC
Schottky diodes have been derived from the CSI DPT
measurement results. The estimated efficiency of the 55 kW
CSI based on the CSI DPT measurement results is 98.04% for
rated continuous power delivery.
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