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probes, from signal offsets and amplitude errors, from limited
bandwidths of the passive or active probes, or from any other
measurement distortion such as common mode. In addition,
also the post-processing of the measured waveforms is very
crucial, e.g. the selection of the proper interval in which the
measured power has to be integrated in order to extract the
correct loss energy. In contrast to electrical measurements, with
a calorimetric measurement setup the semiconductor losses, i.e.
the sum of the switching and conduction losses, are determined
by measuring the dissipated heat of the device under test
(DUT) in continuous operation and, since no fast switching
transients have to be measured, typically a higher measurement
accuracy can be achieved. Unfortunately, due to the large
thermal time constants, calorimetric measurements consume
a considerable amount of time until the thermal equilibrium
I. I NTRODUCTION
is reached. Furthermore, in order to obtain the pure switching
Soft-switching techniques are widely utilized in power losses, the conduction losses have to be subtracted from the
electronic converters for the reduction of switching losses, total measured semiconductor losses after the data acquisition.
especially in DC/DC applications [1]–[3] and also in TCM The conduction losses can be calculated based on the DUT’s onoperated AC/DC applications [4], [5]. Although Wide Band- state resistance RDS,on given in the manufacturer’s datasheet.
Gap (WBG) devices such as SiC MOSFETs offer superior The on-state resistance of the examined 10 kV SiC MOSFETs,
switching behaviour compared to Silicon devices [6]–[9], the however, is strongly depending on the device current, the
soft-switching losses of these devices (especially in case of chip temperature, the current direction (above approximately
high blocking voltage devices in the range of 10 kV) are not 10 A, the anti-parallel diode chip starts to conduct due to
negligible, as will be shown in this paper. Therefore, it is very the flatter characteristic compared to the MOSFET) and even
important to consider the soft-switching losses during the design deviates from device to device for more than 20 % because the
process. However, most of the device datasheets only provide MOSFETs at hand are prototype devices.
measurement data for hard-switching losses which means that
As can be noticed, both types of measurement methods
it is necessary to measure the soft-switching losses of the show certain disadvantages in terms of accuracy and separation
particular devices. Since soft-switching losses are typically of switching and conduction losses. However, there is no
small compared to hard-switching and conduction losses, it quantitative comparison of the measurement accuracy of
is challenging to measure soft-switching losses accurately different measurement methods so far. Therefore, in Section II
under different operating conditions such as different chip of this paper, a short overview of electrical and calorimetric
temperatures and independently of external factors such as measurement methods is given. Based on the performed error
the PCB-layout and parasitic inductances of e.g the DC-link analysis it becomes clear that electrical measurement methods
capacitors.
known up to now could lead to tremendously wrong results
There are basically two types of switching loss measure- and thus are not suited for soft-switching loss measurements.
ment methods, namely electrical measurement methods and On the other hand, the accuracy achieved with calorimetric
calorimetric measurement methods. Electrical methods, such measurements strongly depends on the accurate determination
as the well-known double pulse test, feature the advantage of the conduction losses. Therefore, in Section III a novel
that the measurement time is rather short, since only pulse calorimetric measurement method is presented, which also
measurements have to be performed. Furthermore, with the eliminates the problem of the switching and conduction
same measurement setup both, the hard- and soft-switching loss separation and thus results in a superior measurement
losses can be directly determined at different chip temperatures accuracy. In section IV, this method is applied to 10 kV SiC
by electrically measuring the device voltage and current during MOSFETs. The obtained soft-switching losses for different
a turn-on and turn-off transient. However, due to the fast DC-link voltages, currents and gate resistors are presented and
switching transients, the accuracy of the measured waveforms can be utilized for the design of medium-voltage converters
and thus the measured switching losses suffers e.g. from such as DC/DC stages in Solid-State Transformers [10], among
improper deskew and jitter between the current and voltage others. Section V finally provides a conclusion and an outlook.

Abstract—The characterization of soft-switching losses of modern high-voltage SiC MOSFETs is a difficult but necessary task
in order to accurately model converter systems such as mediumvoltage-connected Solid-State Transformers (SSTs), where softswitching techniques are employed for an increased efficiency.
Usually, switching losses in general are measured with the wellknown double pulse method. However, in case of soft-switching
loss measurements, this method is very sensitive to several
effects such as probe skew and limited measurement accuracy,
among others, and thus unsuitable for the characterization of
fast switching high-voltage MOSFETs. This paper presents an
accurate and reliable calorimetric method for the measurement of
soft-switching losses using the example of 10 kV SiC MOSFETs.
Finally, measured soft-switching loss curves of these 10 kV SiC
MOSFETs are presented for different DC-link voltages, currents
and gate resistors.
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1.05·(1.1 · |Eon |)−0.95·|Eon | = 0.205·|Eon | which compared
to the assumed 0.1 · |Eon | is a relative error of +105 %, i.e.
factor two higher switching losses. In the other case, if Eoff is
measured 5 % too small and |Eon | is measured 5 % too large,
the relative error is −105 %, i.e. energy would be generated in
each switching cycle which clearly is not the case. This shows
that already small measurement errors can lead to tremendously
wrong results, thus the double pulse method and probably also
other electrical measurement methods are not suitable for the
measurement of soft-switching losses of these 10 kV devices.
In order to have a quantitative statement of the achievable
accuracy, a detailed error analysis is performed in the following.

Fig. 1: (a) Circuit diagram for the electrical switching loss measurement.
(b) Measured waveforms and indicated soft-switching energies Eon and Eoff .

Error analysis for electrical soft-switching loss measurement
methods

II. E XISTING SWITCHING LOSS MEASUREMENT METHODS

Figs. 2 (a) & (b) show measurements of the drain-source
voltage uS2 and the drain current iS2 of MOSFET S2 in
Fig. 1 (a) for 8 kV, 10 A soft turn-off and soft turn-on transitions, respectively. In order to analyze the influence of the probe
skew on the measurement accuracy, the originally measured
current waveform iS2 is delayed for tsk , exemplary 8 ns in
the figure for better visualization. Below the waveforms, the
power and the cumulated energy in S2 are shown for both,
the original and the skewed measurements. It can be seen that
the skewed turn-off energy Eoff,sk is larger than the original
energy whereas the absolute value of the skewed turn-on energy
|Eon,sk | is smaller than the original one. In this case, more
energy seems to be dissipated in the turning-off switch whereas
less energy seems to be regained from the turning-on switch,
leading to an increase of the net switching losses. If the delay is
negative, the overlap of voltage and current decreases compared
to its original value, resulting in too low net switching losses.
Fig. 2 (c) shows the relative error of the net switching losses
in dependency of the skew for different DC-link voltages and a
switched current of iSwitched = 10 A (since the effect is almost
independent of the switched current). It can be noted that a
skew of only 2 % of the switching transition’s rise/fall time can
lead to a switching loss error of 30...40 %, depending on the
voltage. In this particular case, where uS2 is in the kV-range,
the skew of the 20 kV voltage probe (PHV 4002 from PMK in
combination with a 12-bit oscilloscope) is mainly a problem
due to the lack of a reference voltage which is necessary for
the deskewing of the probe.
As already mentioned, further sources for measurement errors are possible DC offsets and amplitude errors in the voltage
and current measurements during the switching transitions.
Thereby, especially the 20 kV voltage probe is again causing
problems, because it is not possible to accurately compensate
the probe to a proper low-frequency gain, high-frequency gain
(responsible for overshoots) and zero voltage offset at the
same time. Therefore, a compromise between these factors is
necessary which means that in a certain extent these effects
are always present.
Hence, a similar error analysis to the one in Fig. 2 can be
performed concerning DC offsets and amplitude errors, assuming a certain DC offset difference or amplitude difference in
the voltage measurement between the Eoff and Eon transitions.
Accordingly, if the voltage uS2 is offset free during the turn-on
transition but shows a slight positive offset during the turn-off
transition (which could arise from a non-ideal compensation of

A. Electrical measurement methods
A commonly used electrical method for the measurement
of switching losses is the double pulse test which is originally intended for the measurement of hard-switching losses.
However, by adapting the modulation scheme, this circuit can
also be used for the measurement of soft-switching losses.
Fig. 1 (a) shows the double pulse test circuit which consists
of a half bridge, a split DC-link and an inductor. Furthermore,
in Fig. 1 (b) the inductor current iL , as well as the lowside MOSFET’s drain current iS2 and its drain-source voltage
uS2 are shown for a single measurement pulse obtained with
the adapted modulation scheme. There, S2 performs a soft
turn-off for a positive inductor current and a soft (i.e. under
zero voltage) turn-on for a negative inductor current. For a
given DC-link voltage UDC and inductance value L1 , the pulse
timings and the dead time are adjusted such that the switched
current reaches its desired value and the conduction time of the
body diodes are minimized. In order to obtain the switching
energies, the drain-source voltage and the drain current of
S2 are multiplied and integrated over the particular switching
transitions, leading to Eoff and Eon , as indicated in Fig. 1
(b). The net switching energy loss (per transition) is finally
obtained via ESW = Eoff + Eon due to the fact that in each
switching transition, one of the two MOSFETs stores Eoff
while the other feeds Eon back to the DC-link, because Eon
is negative. Since there are two transitions per cycle, each of
the MOSFETs dissipates the net energy ESW per cycle, such
that the corresponding switching losses per switch are obtained
via PSW = ESW · fSW , where fSW denotes the switching
frequency.
However, this method is subject to large measurement errors
due to the fact that the soft-switching losses only consist of a
small portion of Eon and Eoff , e.g. for this particular type of
MOSFET (10 kV, 30 A from Wolfspeed), ESW is in the range
of 10 % of the returned energy |Eon |, i.e. ESW ≈ 0.1 · |Eon |.
This means that small errors in the measurement of Eoff and
Eon can lead to large errors in ESW , as the following example
shows. Assuming that Eoff ≈ 1.1 · |Eon | and both, Eon and
Eoff contain a measurement error of ±5 % (which would be
already very accurate, having in mind that Eon and Eoff arise
from the integration of a multiplication of a voltage and a
current measurement), the measured worst case switching loss
energy would result in ESW,meas = 1.05 · Eoff − 0.95 · |Eon | ≈
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Fig. 2: (a) & (b) Measured turn-off and turn-on waveforms together with the power and the switching energies for both, the original and the skewed case. (c)
Relative switching loss error due to the skew between uS2 and iS2 for a switched current of 10 A and different DC-link voltages.
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datasheet), it turns out that the measured and reconstructed
waveforms
(voltage rise times in the range of 100 ns) are
Fig. 3: (a) Relative switching loss error due to an offset difference in the uS2
drain-source voltage measurements for the determination of Eoff and Eon . virtually identical apart from a slight skew which has to
(b) Relative switching loss error due to a voltage amplitude difference in the
be compensated experimentally in order not to cause large
uS2 drain-source voltage measurements.
switching loss measurement errors, as explained above. Aside
from the skew, the bandwidths of the utilized voltage probe and
the voltage probe), the integration will lead to an increased turn- current transformer (with a bandwidth > 100 MHz) seem to be
off energy Eoff , whereas the turn-on energy Eon is assumed to high enough for this application. However, if the measurement
be measured correctly for this analysis. Since the net switching bandwidth is reduced, for the measurements at hand the signal
loss energy is again only in the range of 10 % of Eon , the quality starts to suffer if the bandwidth falls below 70 MHz
error in the measurement of Eon and Eoff is strongly amplified which in this case is considered as the lower bandwidth limit.
which leads to large switching loss errors in ESW as shown The reader should note that for the switching loss measurement
in Fig. 3 (a). Depending on the switched current, an offset of e.g. 600 V GaN switches which can reach voltage rise
difference of only 1 % of the DC-link voltage can lead to a times between 10 ns and 20 ns, the probe (and oscilloscope)
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Fig. 4: Exemplary measured 7 kV, 15 A turn-off transition together with the the bridge-leg. Thus, in contrast to the double pulse method,
power PS2 and the energy ES2 for the illustration of the influence of the where a transient MOSFET current is multiplied with a transient
integration limits on the measured soft-switching losses. Due to the oscillations,
MOSFET voltage, with the method proposed in [11], the input
the choice of the end of the integration is not clear. t0 denotes the start of
the integration, whereas tA and tB are two options to select the end of the power is found by multiplying the MOSFET current with the
integration.
constant DC-link voltage and the output power is calculated
by multiplying the drain-source voltage of the MOSFET with
bandwidths have to be higher than 350 MHz to 700 MHz for the constant output current. Consequently, the skew between
a sufficient accuracy, respectively.
the measured MOSFET voltage and current transients is no
Besides the described measurement errors, further errors longer a problem. Nevertheless, the remaining measurement
can be introduced in the post-processing of the measured data. errors as well as the integration problem still exist. Furthermore,
For example the proper selection of the time interval in which the output current is only constant if hard-switching losses
the switching losses are integrated is aggravated by possible are measured; for the measurement of soft-switching losses, a
ringing, which in consequence results in wrong turn-on and triangular current waveform as shown in Fig. 1 (b) is needed.
In [12] and [13], switching losses have been measured
turn-off switching energies. This is also shown in Figs. 2 (a)
& (b), where the current iS2 exhibits certain oscillations at based on the opposition method, where in contrast to the
the end of each switching transient. In case of the turn-on described pulsed measurements, a full-bridge is operated
transition, these current oscillations are, in order to obtain the continuously with an inductive load. Similar to [11], the
power PS2 , multiplied with uS2 which has already decayed semiconductor losses are obtained by electrically measuring
to zero at that time. Hence, these oscillations vanish in the the DC input power and subtracting the calculated ohmic
power calculation, resulting in a smooth waveform and it is losses of the inductor based on the inductor’s AC-resistance
clear where to set the integration limits. However, for the and the measured inductor current. Thus, the AC-resistance
turn-off transition, the current oscillations are multiplied with of the inductor has to be well-characterized in terms of its
the full DC-link voltage, leading also to large oscillations in frequency and temperature dependency in order to achieve a
the calculated power waveform and thus making the proper sufficiently accurate measurement of the semiconductor losses.
selection of the integration time more difficult. As an example, Beneficially, the inductor is realized as an air core inductor
Fig. 4 shows a 7 kV, 15 A turn-off transition together with the (without magnetic material) in order to not include additional
calculated power and the resulting switching energy, where errors due to core losses into the measurement. Furthermore, the
t0 denotes the beginning of the integration interval. As can pure switching losses are obtained by subtracting the conduction
be noted, due to the appearing oscillations in the power losses (calculated based on the on-state resistance RDS,on ) from
calculation, the determination of the integration interval’s end the measured total semiconductor losses. However, as already
is not clear any more. There are basically two reasonable mentioned, since the RDS,on shows a certain dependency on
possibilities to select this integration limit as denoted with the temperature, current and current direction - especially for
tA and tB . tA corresponds to the first zero crossing of the the examined 10 kV SiC MOSFETs - significant measurement
current and tB is selected such that both, the HF and the LF errors can be introduced. Thus this method is not suitable for
oscillations have decayed. Accordingly, the obtained turn-off the underlying application.
energies are Eoff,A = 2.83 mJ and Eoff,B = 3.19 mJ, whereas
For the sake of completeness, as a combination of electrical
the corresponding turn-on energy is Eon = −2.45 mJ. The and calorimetric switching loss measurement methods, the
associated soft-switching losses are thus ESW,A = 380 µJ and inductor losses in the opposition method can also be measured
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switch S1 . In the following it is assumed that S0 is connected
in series to the high-side switch S1 , since the cooling pad is
connected to the drain potential of the MOSFET and thus in
this configuration is fixed to a stable voltage. Furthermore, the
MOSFET module S0 is mounted on top of a 50×50×100 mm
B. Calorimetric measurement methods
brass block, which absorbs the dissipated semiconductor losses
Instead of measuring the input and output power in a circuit, a and acts as a thermal capacitance CTh . Brass is selected as heat
more direct way of measuring switching losses is to exclusively sink material due to its high thermal capacitance per volume.
measure the power dissipation of the switches in a calorimetric In addition, the brass block is isolated with thermal insulation
manner.
material in order to minimize the heat transfer to the ambient.
In [15], a half-bridge as part of a synchronous buck converter Consequently, assuming a constant power dissipation in the
is operated continuously, whereby the two switches, their semiconductor device S0 (DUT), the temperature of the brass
gate drivers and the DC-link capacitor are enclosed in a block linearly increases with time, whereas the temperature
calorimeter in order to measure the power dissipation. In slope is proportional to the dissipated power of S0 . Hence, the
this method, the power dissipation of the gate drives (which power dissipation of S0 can be calculated as
are additionally measured electrically) have to be subtracted
CTh · ∆ϑ
,
(1)
P =
from the total power in the calorimeter in order to obtain the
∆τ
semiconductor losses. In [16], a similar calorimetric method is
where ∆ϑ denotes the temperature difference and ∆τ equals
presented. Thereby, a metal block is attached to the switches
the measurement time. Based on (1), the dissipated power
of a half-bridge circuit which is continuously operated. The
of S0 can be determined now by measuring the time which
metal block acts as a thermal capacitance CTh which is heated
is required to heat the insulated brass block from e.g. 30 ◦C
up by the dissipated power of the switches resulting in a
to 40 ◦C while the system is continuously operated with a
certain temperature increase ∆ϑ. Based on the given thermal
triangular inductor current, as already shown in Fig. 1 (b). A
capacitance CTh in combination with the time required to heat
picture of the corresponding 10 kV SiC hardware setup with
up the metal block, the dissipated power can be calculated. The
the thermally insulated MOSFET is shown in Fig. 6 (a). The
advantage of this method is that the gate driver losses etc. do
reader should note that the MOSFETs S1 and S2 are also
not influence the measurement due to the thermal decoupling.
mounted on separate brass blocks instead of heat sinks in order
Still, the challenge for these methods is the separation of the
not to influence the measured temperature of the insulated
conduction and switching losses.
In order to separate these losses directly in the measurement brass block with any air stream.
Now, in order to separate the switching and conduction
instead of calculating the conduction losses (with errorlosses,
two different measurements M1 and M2 have to be
prone RDS,on values) and subtracting them from the total
performed
at the same operating point, i.e. the same switched
semiconductor losses, a novel calorimetric soft-switching loss
measurement method featuring a high accuracy is proposed in current. In the first measurement M1 , S0 and S2 are switching
with a 50 % duty-cycle, while S1 is always turned on. In
the following section.
this case, S0 generates both, switching and conduction losses
III. F UNCTIONAL P RINCIPLE OF THE P ROPOSED
(PS0 = PCond + PSW ), which is measured calorimetrically
M EASUREMENT M ETHOD
as described above. After the system has cooled down, in
The basic idea of the proposed method for the measurement the second measurement M2 the MOSFETs S0 and S1 swap
of soft-switching losses is on the one hand to measure the their roles such that S0 is now permanently on and S1 is
semiconductor losses calorimetrically and on the other hand to switching together with S2 at exactly the same conditions as
measure switching and conduction losses separately. Therefore, in the first measurement, i.e. equal switching frequency, dead
as shown in Fig. 5 (a), a third MOSFET S0 has to be inserted time, inductance value and DC-link voltage. In this case, S0
in series to either the low-side switch S2 or the high-side generates conduction losses only, namely exactly the same
calorimetrically [14]. On the one hand, this leads to more
accurate results and on the other hand, a magnetic core material
can be used. Nevertheless, the switching and conduction losses
still have to be separated.
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amount as before, if the dead time interval is neglected for
the moment (i.e. PS0 = PCond ). Subtracting the two measured
powers from each other and dividing the difference by the
switching frequency results in the net soft-switching losses
of one switch. It should be noted that effects such as the
dependency of the RDS,on on the drain current and the current
direction don’t influence the measured results due to the fact
that both measurements are performed at the same conditions,
i.e. exactly equal current waveforms, and thus cancel out when
the two powers are subtracted. The only parameter which is
slightly different in the two measurements is the average chip
temperature. Although in both measurements the temperature
range from 30 ◦C to 40 ◦C is equal, the thermal resistance RJB
between junction and brass block causes a slight difference of
the chip temperature, because the power is not the same in the
two measurements. However, assuming a thermal resistance of
RJB = 0.5 K/W (obtained from a finite element simulation)
and a maximum power difference of around 20 W, the worst
case chip temperature difference is 10 K which has a negligible
effect on the conduction and the switching losses [17]–[19].
In order to keep this error small for all measured operating
points, the power difference is limited to 20 W by adapting
the switching frequency and the inductance value as well as
utilizing a modified modulation scheme, as described below.
The problem of measuring only conduction losses is that
for small switched currents the conduction losses are in the
range of 1...2 W, whereby the optimum power range for the
built setup is between 20 W and 40 W in order to keep the
influence of the heat transfer to the ambient to a minimum and
thus to still obtain a linear increase in temperature. In Figs. 6
(b)-(e), the temperature profiles of the insulated brass block for
different thermal calibration measurements at different power
ratings are shown. For these calibration measurements, the
same hardware configuration (including the copper busbar to
the DC-link, the gate drive, etc.) is used and constant DC-power

is fed into the MOSFET module, which is permanently turnedon, by driving a controlled current through the MOSFET such
that the constant power levels of 10 W, 20 W, 40 W and 60 W
are reached. It can be seen that the measurements for 20 W
and 40 W are nicely linear between 30 ◦C and 40 ◦C, whereas
for the 10 W measurement, the heat transfer to the ambient
has a significant effect on the temperature profile because the
steady state temperature of the thermally insulated brass block
decreases with decreasing power dissipation which causes the
temperature slope to flatten already at around 35 ◦C. On the
other hand, the 60 W measurement suffers from a nonlinear
behaviour in the lower temperature range due to certain effects
of the heat propagation. Thus, all measurements are performed
in the range of 20 W to 40 W. Furthermore, as indicated in the
figure, the linearized thermal capacitance CTh is not constant
for the selected power range. Therefore, the thermal capacitance
is interpolated iteratively from the calibration measurements
for the purpose of obtaining the correct power dissipation.
In order to overcome the problem that the measurement M2 ,
in which only the conduction losses are measured, generates too
low thermal power feed-in for the brass block to be operated
in its linear region, the modulation scheme is modified as
indicated in Fig. 5 (b). Instead of permanently turning on S0
in this measurement, S0 and S1 share the switching losses
among each other. The share of the switching cycles which are
actively switched by S0 is defined as the switching cycle share
k. A value of k = 1 means that S0 is switching continuously
while S1 is permanently turned on. As an example, in Fig. 5 (b),
k is equal to 0.5 which means that both, S0 and S1 are actively
switching 50 % of the switching cycles and are turned on for the
other 50 % of the switching cycles. For practical reasons in the
case of the 10 kV SiC MOSFETs, S0 and S1 are alternatingly
switched for 100 cycles. Hence, with this modulation scheme,
the dissipated power of S0 can be brought into the mentioned
power range of 20 W to 40 W resulting in a linear temperature
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Fig. 7: (a) Current and voltage waveforms as well as the gate signals of the three switches and the corresponding share of losses in each time interval. (b)
Schematic diagrams showing the current path during the specific time intervals. Shaded symbols do not conduct current.

profile. In Fig. 5 (c), measured temperature profiles at UDC = power in MOSFET S0 is given as
8 kV and a switched current of 7.5 A (cf. Fig. 1 (b)) are shown
PM2 = k · PSW + PCond + (1 − k) PDT
for different values of k. As can be noticed, the measurements
= k · PM1 + (1 − k) (PCond + PDT ) ,
(4)
follow a linear characteristic which means that the thermal
setup is operated in its linear region as desired. Furthermore, in whereby PSW = PM1 − PCond is used. Since with k > 0 only
Fig. 7 (a) the ideal (simulated) waveforms of the three switches, two linear independent measurements M1 and M2 but three
together with their gate signals and the power dissipation unknowns (PSW , PCond and PDT ) exist, a further relation
during the different time intervals are given. The shown section between PCond and PDT is required in order to solve the
corresponds to a moment in time in which S0 is turned on system of equations consisting of (3) and (4). Therefore, it
permanently whereas S1 and S2 are switching alternatingly. is assumed that the conduction losses during the dead time
The switched current is chosen rather small in order to illustrate interval [0, t1 ] and the conduction interval [t1 , t2 ] (within one
that the dead time interval, in which the output capacitances half-cycle (HC) [0, t2 ]) arise from an ohmic behaviour of the
of the switches have to be charged/discharged, can occupy a MOSFET and can be described by Pohm = RDS,on · i2 if the
significant share of a switching period. Actually, since S0 is dependency of the RDS,on on the value and direction of the
connected in series to S1 , S0 should only generate conduction drain current is neglected at the moment (the resulting error
losses during the on-state interval of S1 . However, as shown is negligible as will be shown in the error analysis, since the
in Fig. 7 (b) during the dead time intervals [0, t1 ] and [t3 , t4 ], current exhibits a similar and quasi triangular shape with equal
the switched current of S1 , which flows through the nonlinear peak value in both time intervals). Hence, based on the average
output capacitance of S1 , also flows through the MOSFET conduction losses during the dead time and the conduction
channel of S0 , generating additional conduction losses PDT1 interval referred to one half-cycle, (cf. (5) and (6), respectively),
and PDT2 in S0 . Due to the symmetric current excitation, the the proportionality factor hP of both contributions is introduced
losses in both dead times are equal (PDT1 = PDT2 ). As soon as additional equation, cf. (7).
as S0 and S1 swap their roles, i.e. when S0 is switching and S1
Zt1
PDT
2
is turned on, the current through both switches stays exactly the
PDT,HC =
= · RDS,on · i2S0 · dt
(5)
2
T
same with the difference that the switched current now flows
0
through the nonlinear capacitance of S0 instead of flowing
Zt2
through the MOSFET channel, generating switching losses
PCond
2
P
=
=
·
RDS,on · i2S0 · dt (6)
PSW,on and PSW,off , respectively. Averaging these losses over
Cond,HC
2
T
time and considering the switching cycle share k, the dissipated
t1
power of the MOSFET S0 can be calculated as
Rt1 2
iS0 · dt
PS0 = k (PSW + PCond ) + (1 − k) (PDT + PCond )
PDT,HC
PDT
0
hP =
= t
=
(7)
= k · PSW + PCond + (1 − k) PDT ,
(2)
R2 2
PCond,HC
PCond
i
·
dt
S0
where PSW = PSW,on + PSW,off and PDT = PDT1 + PDT2 . In
t1
the first measurement M1 where k = 1, the power dissipated
Due to the symmetry of the current iS0 within one switching
in S0 is
cycle, the proportionality factor of one switching cycle remains
PM1 = PS0 (k = 1) = PSW + PCond .
(3)
the same as the one of a half-cycle, as indicated in (7). Since
In the second measurement M2 where k < 1, the dissipated hP is independent of the RDS,on of the device, hP can be

obtained by measuring the drain current and by solving the
Since the measurement method includes a measurement of
given integrals in (7). The system of equations can now be a rather small temperature difference ∆ϑ of e.g. 10 K, as in
solved, whereby the conduction losses are given by
this case, the accuracy of the temperature measurement is
the most critical parameter. Assuming a measurement error
PM2 − k · PM1
PCond =
,
(8) of ∆ϑ = ±0.1 K (which corresponds to a relative error of
1 − k + (1 − k) · hP
±1 %), a ±2 % error in the thermal capacitance CTh and a
and the dead time losses as well as the switching losses are
perfect time measurement (since time can be measured very
calculated as
precisely), the worst case error of a single power measurement
PDT = hP · PCond and
(9) is ±3 % (cf. (1), 102% · 101% ≈ 103%). Hence, as a worst
PSW = PM1 − PCond ,
(10) case estimation, if PM1 is measured 3 % too high and PM2 is
measured 3 % too low, the relative errors in the switching losses
respectively. Finally, the switching energy per MOSFET can
are 5.8 % for the 7 kV, 2.5 A case and 15.5 % for the 7 kV,
be determined as
15 A case, whereby measured values for PM1 , PM2 and hP (cf.
ESW = PSW /fSW .
(11) TABLE I) are inserted into equations (8) and (10) for the error
It should be mentioned that for the soft-switching loss measure- analysis in order to give practical examples. Compared to the
ments of the 10 kV SiC MOSFETs, a switching cycle share previously analyzed double pulse method, a 10 to 20 times
of k = 0.5 has been chosen for the second and k = 0.75 higher accuracy can be achieved with the proposed calorimetric
for a third (verification) measurement, leading to stable and method. Furthermore, in all of the performed measurements,
the k = 0.5 and the k = 0.75 (reference) measurements match
reproducible results.
within 5 % error which demonstrates that the worst case is
IV. D ISCUSSION AND E XPERIMENTAL R ESULTS
not very likely to occur if the measurements are carried out
The following section analyzes the accuracy of the proposed carefully and indicates that the accuracy of the method is very
soft-switching loss measurement method and discusses possible high.
As can be noticed, the measurement error increases with
limitations and sources of measurement errors. Finally, the
increasing switched currents, thus the switching losses should
measured soft-switching losses are presented and discussed.
hold the largest share of the overall measured power dissipation
A. Error analysis for the proposed soft-switching loss measure- in order to keep the measurement accuracy high. This can
ment method
be managed by choosing a rather high switching frequency,
Although calorimetric measurements are probably the most which however is limited by certain constraints such as the
direct and accurate way of measuring power dissipations, there gate drive power capability, the total generated losses on
are several effects that have to be considered in order to the metal block (which might be too high and result in a
obtain accurate results. First of all, an accurate and EMI robust nonlinear temperature profile at some point) or the fact that with
temperature measurement is required. Depending on the device higher switching frequencies the dead time interval consumes
package, the cooling terminal might be on drain potential of a major part of the overall switching cycle. Another (limited)
the MOSFET (which is the case for the 10 kV SiC MOSFETs possibility to increase the measurement accuracy is to increase
at hand) such that the metal block including the temperature the temperature difference ∆ϑ. However, the temperature
sensor is on (floating) potential and is possibly exposed to high dependency of the MOSFET properties might start playing a
du/dt values which could disturb the temperature measurement. role for higher values of ∆ϑ. Furthermore, in the derivation of
Furthermore, the position of the temperature sensor on the the switching losses from the two measurements M1 and M2 ,
metal block must not change between the calibration and in equations (5)-(7) it is assumed that the on-state resistance
the switching loss measurements. Otherwise, measurement RDS,on is constant. As already mentioned, this is not true for
errors could arise due to a possibly inhomogeneous temperature the 10 kV SiC MOSFETs at hand since there is a dependency
distribution within the metal block. Generally important for this of the RDS,on on temperature as well as on the direction and
measurement method is the thermal decoupling of the DUT the value of the drain current. Hence, the RDS,on doesn’t cancel
and its brass block from the ambient (by applying thermal out in equation (7) and leads to a certain calculation error of
insulation material to the brass block) and especially from hP . However, the sensitivity of the soft-switching losses on
other heat sources contained in the hardware setup (such as calculation errors of hP is very low. On the one hand, for low
the other switches) in order to prevent undesired heat transfers switched currents, the switching frequency is selected rather
to the brass block. This is easily possible for the 10 kV SiC high (cf. TABLE I) in order to increase the switching losses
MOSFETs at hand due to the specific package design and until a total power dissipation between 20 W and 40 W is
the anyway required distances between the switch and other achieved on the brass block for the mentioned reasons. In this
parts of the circuit for the reason of electrical isolation. For case, the dead time consumes a major part of the switching
other device packages and especially lower voltage devices, cycle (hP ≈ 1), thus the corresponding losses PDT are similar
however, the thermal decoupling of the DUT might be a to the conduction losses PCond (cf. TABLE I). Due to the high
problem since a thermal decoupling goes hand in hand with an switching frequency and the low current rating, however, the
increase of the commutation loop inductance which could lead switching losses PSW are orders of magnitudes higher than
to voltage overshoots and ringing. For the employed 10 kV PDT or PCond . Consequently, calculation errors of hP hardly
devices operated with DC-link voltages in the kV-range, the influence the switching losses. E.g. with the values given for
voltage overshoot caused by the additional inductance of the the 7 kV, 2.5 A measurement in TABLE I, the switching loss
third switch is negligible and not even measurable.
error stays below 0.012 %, if for the determination of hP a
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calculation error of ±10% is assumed. On the other hand,
for high switched currents, the charging/discharging of the
MOSFET’s output capacitances occurs much faster such that
the dead time interval is short, i.e. hP ≈ 0. Hence, errors in the
calculation of hP have an negligible impact on the switching
losses. Assuming again an error of ±10% in hP , for the case
of 7 kV, 15 A (cf. TABLE I), the switching loss error is below
0.41 %. This demonstrates the superior numerical conditioning
of the described measurement method and shows that the effect
of errors in hP on the switching loss measurement error is
insignificant.
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Fig. 9: Comparison of switching transitions for different turn-off gate resistors
at UDC = 7 kV for (a) iSwitched = 10 A and (b) iSwitched = 15 A.

Switching Losses [µJ]

In order to cover a wide range of applications in which the
analyzed 10 kV SiC MOSFETs could be utilized, soft-switching
loss measurements have been performed for different DC-link
the curves would show an offset even for very low currents
voltages, currents and gate resistors.
which means that there are voltage-dependent residual softFig. 8 shows the net measured switching losses of the
switching losses which cannot be avoided. Future work will
10 kV SiC MOSFETs for DC-link voltages between 4 kV
analyze the source of these residual soft-switching losses in
and 8 kV and switched currents between 2.5 A and 15 A.
more detail in order to gain a better understanding of the
Unless otherwise noted, the gate resistors are Ron = 20 Ω and
underlying loss mechanisms. Compared to the hard-switching
Roff = 10 Ω. It is clearly visible that the soft-switching losses
operation of these 10 kV SiC MOSFETs, cf. [20], factor 100
are mainly depending on the DC-link voltage. The dependency
lower switching losses can be achieved by applying softof the soft-switching losses on the switched current is quasi
switching techniques which allows for much higher switching
linear with a rather flat and voltage-independent slope. It is also
frequencies, efficiencies and power densities. Comparing the
interesting that the switching loss curves would not cross the
three 7 kV curves with different turn-off gate resistors Roff in
origin if they were extrapolated towards zero current. Instead,
Fig. 8, it is evident that a turn-off resistor of Roff = 10 Ω leads
to the lowest soft-switching losses. The reader should note
400
that the turn-on resistor does not or hardly influence the soft350
switching losses. For the case of Roff = 15 Ω, the dependency
8 kV
on the switched current shows a clear trend towards higher
300
losses for higher switched currents which is an indication for
7 kV, 15Ω Roff
250
increased channel losses due to a larger overlapping of the
7 kV, 5Ω Roff
voltage and current transients during turn-off. This behaviour
7 kV
200
can be explained by analyzing the switching transitions given
6 kV
in Fig. 9 (a) for 7 kV, 10 A and in Fig. 9 (b) for 7 kV, 15 A.
150
5 kV
While at 10 A all turn-off gate resistance values Roff result in
100
the same voltage slope, the turn-off transition at 15 A is clearly
slowed down in the beginning if a turn-off gate resistance
4 kV
50
of Roff = 15 Ω is used. Hence, at higher switched currents,
the higher gate resistor leads to a stronger overlapping of the
0
0
2
4
6
8
10
12
14
16
MOSFET voltage and channel current transients and thus to
Current [A]
higher switching losses. On the other hand, a low turn-off
Fig. 8: Calorimetrically measured soft-switching losses of the 10 kV SiC
MOSFETs for different DC-link voltages, switched currents and gate resistors. gate resistance of 5 Ω results in stronger oscillations in the
Unless otherwise noted, the turn-off gate resistor is Roff = 10 Ω.
drain current due to parasitic inductances introduced by the

semiconductor packaging and thus cause higher soft-switching
losses. Consequently, for the 10 kV SiC MOSFETs at hand, the
optimal turn-off gate resistance is Roff = 10 Ω, which could
be probably slightly decreased if another package with lower
parasitic inductances and/or with Kelvin source connection is
used. However, even though the packaging can be improved,
a substantial reduction of the soft-switching losses is not
expected.
V. C ONCLUSION
In this paper, an accurate calorimetric method for the
measurement of soft-switching losses of 10 kV SiC MOSFETs
is presented. It is shown that electrical measurement methods
such as the double pulse test can lead to large measurement
errors and thus are unsuitable for the characterization of
the utilized 10 kV SiC MOSFETs and other fast-switching
devices. On the other hand, with calorimetric measurement
methods, the total semiconductor losses can be measured
accurately. However, the calorimetric methods known up to
now are not able to separate the switching losses from the
conduction losses without calculations which could result again
in certain measurement errors. Therefore, in this paper a
novel calorimetric measurement method is proposed which
eliminates this disadvantage. The proposed method introduces
an additional switch into the well-known double pulse circuit
which in combination with a novel modulation scheme enables
to measure the conduction and switching losses separately
with a high accuracy. The error analysis for the proposed
measurement method shows that the worst case error is 15 %
which is a factor 10 to 20 times more accurate than the
accuracy obtained with the double pulse method. Based on the
proposed measurement method, the soft-switching losses of the
examined 10 kV SiC MOSFETs for different DC-link voltages,
switched currents and gate resistors are presented and analyzed.
Compared to the hard-switching losses of these 10 kV SiC
MOSFETs, the soft-switching losses are around 100 times lower
which allows for a higher system performance. However, the
soft-switching losses are still relevant and have to be considered
in the converter design, especially for applications utilizing
high switching frequencies. In future work, the soft-switching
losses of the 10 kV SiC MOSFETs will be analyzed further in
order to figure out the underlying loss mechanisms.
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