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This paper investigates the efficiency benefits of replacing the Silicon
diodes of a commercial IGBT module for the main inverter applica-
tion of an electric vehicle with Silicon Carbide diodes, leaving the pack-
age, operating conditions and the system unchanged. This ensures that
the comparison is directly between the chip technologies without any
scope for discrepancies arising out of differences in the packaging, gate-
driver circuit etc. A behavioral power loss calculation model is used
to investigate the performance of the two modules for various drive cy-
cles (Artemis, WLTP, NEDC). The behavioral power loss model is ex-
perimentally validated using two independent measurement methods,
namely, power analyser based electrical input output method, and a
calorimetric method which was developed especially for the low lossy
light load condition. Furthermore, it is shown that the electrical method
has close to 30% inaccuracy making it unsuitable for the main inverter
applications, especially for comparing two different chip technologies,
e.g., Silicon versus Silicon Carbide. The developed calorimetric method
in contrast offers lower than 3% uncertainty.

1 Introduction

This paper investigates the efficiency benefits of
replacing a Si IGBT based power module of an
automotive traction inverter with a SiC Hybrid mod-
ule, for public mission profiles such as NEDC, WLTP
and Artemis. This paper is an extension of the work
presented in [1] and [2], where the hybrid-Silicon
Carbide (SiC) module was characterized and mis-
sion profile analysis was performed for public mis-
sion profiles. In this work, additionally, the inverter
power loss model used for analysis will be experi-
mentally validated using two independent methods,
firstly with the input-output based electrical method,
and secondly with the calorimetric method presented
in [3], suitable for automotive main inverters which
operate at light load conditions, i.e., less than a quar-
ter of the nominal current more than 90% of the time.

2 Review of Literature and Moti-
vation

A vast number of papers have been published in the
last two decades investigating the advantages of SiC in
automotive converters, especially by car makers like
Toyota [4] and Ford [5] among others. While a vast
majority of the publications have been on dc-dc ap-
plications with high switching frequency, one can find
only a few papers addressing the traction inverter ap-
plication which is generally a low switching frequency
application (8 to 20 kHz). These papers that address
the topic of SiC for automotive traction inverters often
have one or more of the following drawbacks:

1. The considered switching frequencies are far
higher than typical application requirements,
e.g., [6] presents a full-SiC automotive in-
verter, but the switching frequency considered
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is 50 kHz.

2. The considered devices are rated for low cur-
rents, in the range of 4 to 20 A, e.g., [7, 8, 9]. The
resulting inverters are quite far from the typi-
cal application requirements of the traction in-
verter (above 100 A).

3. An impractical number of smaller devices are
considered connected in parallel to meet the
power ratings of a high power Insulated Gate
Bipolar Transistor (IGBT) module. For exam-
ple, [10] provides a comparison of SiC Junction
gate Field Effect Transistors (JFETs) against Sil-
icon (Si) IGBTs in traction inverter application
for typical mission profiles. But in order to com-
pare the 5 A SiC JFETs against a 300 A Si IGBT
module, it is assumed that 60 JFETs are con-
nected in parallel, which makes it an impractical
and unfair comparison!

4. The devices and/or packages chosen for compar-
ison are not suitable for mass production, but
merely design studies, e.g., [11]. The constraints
for a mass produced module can be quite differ-
ent than for a design study module.

5. The compared Si and SiC chips are in com-
pletely different packages or application condi-
tions, e.g., [12, 13, 14]. This makes it difficult to
evaluate if the reported benefits of SiC are really
coming from the advantages offered by the tech-
nology itself or simply due to the difference in
package/operating conditions.

In short, a clear investigation of the efficiency benefits
of using SiC as a direct replacement for a commer-
cial Si- IGBT module at various boundary conditions,
without giving any scope for discrepancies arising out
of differences in the package, system, gate-driver cir-
cuit etc., is still missing in literature. This paper inves-
tigates the benefits of replacing a commercial Si IGBT
module with a prototype Hybrid SiC module, as a first
step, leaving the other components of the package and
the system unchanged.

3 The Compared Modules

Infineon HybridPACK Drive [15] FS820R08A6P2B
is chosen as the Si-IGBT module owing to its
best-in-class low stray inductance (LsCE=8nH) which
makes it suitable for very fast switching applications.
FS820R08A6P2 is an automotive qualified B6 bridge
power module based on the new EDT2 Micro-pattern
Trench-Field-Stop technology, with an implemented
current rating of 820A per phase, and a blocking volt-
age rating of 750V. It has three IGBTs of 100 mm2

each in parallel per switch (in total, AI = 300 mm2

per switch) and three anti-parallel diodes of 50 mm2

each in parallel per diode (in total, AD = 150 mm2

per switch). Figure 1(a) shows an IGBT-diode pair of
one switch. It comes with a Pin-Fin baseplate which is

suitable for direct water cooling, and can operate up
to Tj=175°C. It has one NTC per-phase integrated di-
rectly on the DCB which can be used for temperature
sensing. For brevity, this module shall be referred to
simply as “HPD” in this paper.

(a) With Si diode (b) With SiC
diodes

Figure 1: An IGBT-diode pair of HybridPACK Drive
Module

For the purpose of evaluating the benefits of SiC,
a prototype SiC Hybrid module has been produced
by replacing the Si diodes of HPD with Generation-
5 650V SiC Schottky diodes from Infineon [16]. The
SiC diodes have a die size of 7.12 mm2 and a nominal
current rating of 40A. Each of the 50 mm2 Si diodes
are replaced by a parallel connection of six SiC diodes
as seen from figure 1(b), leaving the remaining con-
struction of the module as it is, for a direct evaluation
of the SiC diodes vis-a-vis the Si diodes. This module
shall be referred to as “HPD-Hyb-SiC” in this paper.

3.1 Inverter Power Loss Calculation
Model

For a good comparison of the power loss performance
of different chip technologies, it is imperative to have
an accurate inverter power loss model. This model
should offer an uncertainty significantly lower than
the performance difference between the technologies
compared. For example, it is meaningless to com-
pare two different technologies which differ in loss
performance by 20% with a model which suffers from
15% uncertainty, because it is not possible to ascer-
tain if the apparent difference between the technolo-
gies is indeed because the technology is better than
the other, or if it is merely due to the high uncertainty
of the model used. Since this paper would compare Si
and SiC technologies which usually differ by 10 to 20
percent, a model with an uncertainty of < ±5% pre-
sented in [17, 18] is used and the parameters A11- E43
are determined for both the modules. The parameters
for HPD can be found in [17, 18], and those for HPD-
Hyb-SiC in [2].

4 Mission Profile Analysis

The model discussed in the previous section is used
to compare the performance of the two modules
for 5 different mission profiles, viz., Artemis-Urban,
Artemis-Highway, Artemis-Rural, WLTP and NEDC.
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For the mission profile investigation, a typical mid
size sedan similar to Volkswagen Golf presented in [2]
is chosen as the reference vehicle. The results at 8kHz
are given in figure 2.

(a)

(b)

(c)

Figure 2: Results of Mission Profile Analysis for the
modules

As a result of the higher average driving speed,
the overall losses are the highest for Artemis High-
way driving Cycle. Artemis Urban on the contrary,
has the least average losses due to its low average
speed. HPD-Hyb-SiC has about 10-20% lower losses
compared to HPD-Si. The reduction in the losses is
the highest for the Artemis Urban cycle, where the in-
verter operates in the low current regime. This is be-

cause, at low currents the switching losses (which are
significantly lesser in the SiC diode compared to the Si
diode) dominate over the conduction losses (which are
higher in the SiC diodes than the Si diodes). Next, the
study is repeated at different switching frequencies,
8-15kHz. The improvement in efficiency of the SiC
module over the Si module is summarized in figure
3. Again, the highest benefit of increasing fsw is for
the Artemis Urban drive cycle, which sees more than
1.2% improvement in efficiency at 15kHz compared
to about 0.7% at 8kHz. Artemis Rural and Artemis
Highway cycles too are not far behind. This is be-
cause in all the artemis cycles, the switching losses
dominate over the conduction losses, and the scope
for improvement with SiC diodes is high. The NEDC
and WLTP cycles are mostly dominated by conduction
losses, and as a result the benefit of using SiC diodes
is not high.

Figure 3: Mission Profile analysis at different fsw

5 Experimental Validation of the
Behavioral Power Loss Calcula-
tion Model

To have a good confidence level in the behavioral
power loss calculation model used for mission profile
analysis and to verify it experimentally, it is impor-
tant to measure the inverter power losses at various
operating points, preferably with two independent
methods. Firstly, power loss measurements are per-
formed at various inverter operating points with the
power-analyser based input-output electrical method,
which, being relatively easier to perform, is the most
commonly used method for such applications. The
sources of uncertainty are thoroughly analysed and it
will be shown that this method has high uncertainty
due to the switched nature of the output voltage wave-
form. A common solution to this problem is to add a
sine output filter. However, the results include also
the losses in the filter leading to wrong results, as will
be shown in this paper. Thus, it is necessary to re-
sort to the calorimetric method proposed in [3], which
is nearly as easy to perform as the electrical method
and is particularly suitable for low-lossy conditions.
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This method does not require the use of an expensive
calorimeter.

6 The Electrical Input-Output-
based Method

6.1 Test Setup

A test platform is built as per the schematic in figure
4. The inverter (described in section 7) is connected to
a 3-phase inductive load. The input dc current Idc and
output rms currents Irms are sensed using high accu-
racy closed loop current transducers IT 200-S ULTRA-
STAB [19] and LF 510-S [20] respectively, which are
then fed into a state-of-the-art precision Power Anal-
yser WT1800 [21]. WT1800 has a high sampling fre-
quency of 2 MHz with 16-bit resolution and a band-
width of 5 MHz. It is also equipped with a digital line
filter which can be set for frequencies from 100 Hz to
100 kHz. The impact of using this line filter on the ac-
curacy will be also discussed later in this paper. The
inverter is run in open-loop mode, and the desired
output voltage is requested by setting the modulation
index accordingly. The power analyser measures the
input dc power Pdc and the output ac power Pac, and
the difference is equal to the power loss Ploss, from the
basic definition, as per equation 1.

Ploss = Pdc − Pac (1)

Figure 4: Schematic for measurement of power losses
with the electrical method

6.2 Sources of Uncertainty

Uncertainties occur in this method, on account of
the delays introduced by the probes and unintended
phase-shifts between the different measured signals.
In this section, the uncertainty involved in this

method will be systematically derived. Out of the
scope of this work are the errors introduced on ac-
count of the Radio Frequency Interference (RFI) and
Electro Magnetic Interference (EMI) emanating from
the high di/dt and dv/dt prevailing in hard switched
power converters.

The uncertainty in the measurement of the power
loss ∆Ploss from equation 1 can be derived using the
Gaussian law of error propagation.

∆Ploss

Ploss
=

√(
∆Pdc

Pdc

)2

+
(
∆Pac

Pac

)2

(2)

Equation 2 gives the uncertainty with a confidence
value of about 68%. This will simply be referred to as
uncertainty in the rest of this work. The upper bound
for the uncertainty ∆Ploss,max can be simply calculated
as

∆Ploss,max

Ploss
=
∆Pdc

Pdc
+
∆Pac

Pac
(3)

This will hence be referred to as the maximum un-
certainty.

6.2.1 Uncertainty in Pdc

To calculate ∆Pdc, we have to go back to the funda-
mental equation of dc power, i.e.,

Pdc = Vdc · Idc (4)

and the uncertainty can again be calculated by the
Gaussian law described above as:

∆Pdc

Pdc
=

√(
∆Vdc

Vdc

)2

+
(
∆Idc

Idc

)2

(5)

and the maximum uncertainty as:

∆Pdc,max

Pdc
=
∆Vdc

Vdc
+
∆Idc

Idc
(6)

From the reference manual of the power analyser
[21], the uncertainties for the dc voltage measurement
are given as a function of the set range Vdc,range and
the reading itself as follows

∆Vdc = 0.0005 ·Vdc + 0.001 ·Vdc,range [V ] (7)

Additionally, it must be remembered that there
is also a ripple in Vdc consisting mainly of a second
harmonic of the fundamental frequency, and small
magnitudes of harmonics of the switching frequency.
These harmonics also contribute to the uncertainty, as
will be covered in section 6.2.2. But, as the magnitude
of this ripple is quite small, their contribution to the
uncertainty can be neglected.

The uncertainties for the measurement of Idc are
similarly given as

∆Idc,analyser = 0.0005·Idc+0.001·Idc,range [A] (8)

∆Idc,analyser, however, is the uncertainty of just the
power analyser and since we are using an external
LEM current transducer, we also have to take its un-
certainty into account. From [19], the uncertainty
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for the LEM transducer on the secondary side can be
given as:

∆Idc,LEM,max,sec = IOE+εL ·Ipry,range ·KN [A] (9)

and

∆Idc,LEM,sec =
√
I2
OE + (εL · Ipry,range ·KN)2 (10)

where, IOE = 80 · 10−6A is the electrical off-
set current, εL = 3 · 10−6A is the linearity error,
Ipry,range=200A is range on the primary side and
KN=0.001 is the turns ratio. It is to be noted that, the
effects due to self heating in the current transducer
are neglected and it is assumed that the transducer is
at a constant temperature of 25 ◦C. Since we are in-
terested in the primary current for calculating Pdc, the
absolute uncertainties get divided by the turns ratio
as follows:

∆Idc,LEM =
∆Idc,LEM,sec

KN
(11)

∆Idc,LEM,max =
∆Idc,LEM,max

KN
(12)

Clubbing equations 8, 9 and 11/12, we obtain the
effective uncertainty for Idc as:

∆Idc

Idc
=

√(
∆Idc,analyser

Idc,analyser

)2

+
(
∆Idc,LEM

Idc,LEM

)2

(13)

∆Idc,max

Idc
=
∆Idc,analyser

Idc,analyser
+
∆Idc,LEM,max

Idc,LEM,max
(14)

6.2.2 Uncertainty in Pac

From the fundamental equation for the ac power for a
line-line voltage of Vrms, line current Irms and a power
factor angle φ (in radians),

Pac =
√

3 ·Vrms · Irms · cosφ (15)

and the uncertainty can again be calculated by the
Gaussian law described above as:

∆Pac

Pac
=

√(
∆Vrms

Vrms

)2

+
(
∆Irms

Irms

)2

+ (∆φ · tanφ)2 (16)

When φ is expressed in degrees, we have:

∆Pac

Pac
=

√(
∆Vrms

Vrms

)2

+
(
∆Irms

Irms

)2

+
( π

180
·∆φ · tanφ

)2

(17)
The calculation of uncertainty in the measurement

of Pac is less straightforward than that for Pdc. This
is because, the inverter output voltages and currents
used for determining Pac are not pure sinusoids and
contain a spectrum of various frequencies, and the
uncertainties of the power analyser are differently de-
fined for the spectral components of different fre-
quencies. Moreover, the reference manuals for the

power analyser define the uncertainties only for pure
sine waves and do not explicitly describe how these
spectral components have to be treated. One simpli-
fied approach, commonly adopted in literature, is to
assume that the output voltage spectrum would be
dominated by the fundamental output frequency fo
and then calculate the uncertainty as if the output
voltage were a pure sine wave with fo. However, as
can be expected and as shall be shown later in this pa-
per, such an approach results in a significant discrep-
ancy in the estimation of uncertainty. Therefore, in
this work, we propose the following spectrum-based
approach.

Spectrum-based Approach to Calculating Uncer-
tainty of Non-sinusoidal Signals

Figure 5: Reading- and range-uncertainties for a sum-
mation of signals

To understand how reading- and range- uncertain-
ties should be calculated for a signal that is a com-
bination of several signals, consider figure 5 which
shows three signals, viz. y1(t) at 50 Hz, y2(t) at 350 Hz
and y(t)= y1(t)+y2(t). Lets assume that all the signals
are measured with the same range r. Lets consider
the points (t,y1), (t,y2) and (t,y) on the three signals
respectively. The uncertainties for the three signals
are also shown. The reading uncertainties ∆y1/2,reading
can be calculated as follows:

∆y1,reading = εreading(f )
∣∣∣∣∣
f =50Hz

· y1 (18)

∆y2,reading = εreading(f )
∣∣∣∣∣
f =350Hz

· y2 (19)

where, εreading(f) is the frequency-dependent reading
uncertainty coefficient normally specified in the refer-
ence manual. The range uncertainties ∆y1/2,range can
be calculated as follows:

∆y1,range = ∆y2,range = εrange · r (20)

where, εrange is the uncertainty coefficient for the
range, also specified in the reference manual. As the
dependency of the range uncertainty on the spectral
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components is small, it is assumed that εrange is in-
dependent of f. The reading uncertainty ∆yreading for
the summed signal can be calculated simply by the
sum of the reading uncertainties for the two signals
as follows: The uncertainties for the three signals are
also shown. The range uncertainties ∆yrange can be
calculated as follows:

∆yreading = ∆y1,reading +∆y2,reading (21)

(a) A fundamental period of Vac in time domain

(b) Spectral components

(c) Reading uncertainty for the spectral components

Figure 6: Measured output line-line voltage Vac of a
hard-switched inverter

The range uncertainty ∆yrange, however, could be
expected to be the same for ∆y as for ∆y1/2 as we are
using the same range. This means that, unlike in the
case of the reading uncertainty, the range uncertainty
for the sum of two signals is not equal to the sum of

the range uncertainties for the two signals. Therefore,
∆yrange is equal to that calculated by equation 20.
Let us now consider a practical example. Figure 6(a)
shows one fundamental period of the measured wave-
form of a typical hard-switched inverter output line-
line voltage Vac. First, the measured voltage wave-
form is subject to a fourier transformation to decom-
pose it into its spectral components, as shown in fig-
ure 6(b). It can be seen that apart from the funda-
mental frequency 50Hz, there is significant contribu-
tion at the switching frequency 8kHz and multiples
thereof. The reading uncertainties for the different
components are calculated using the respective equa-
tions in table 1, as defined by the reference manual.
Figure 6(c) shows the calculated reading uncertainty,
both absolute and percentage, as a function of the
spectral frequency. The original spectrum taking into
account the uncertainties is now transformed back
into the time domain. The range uncertainty is cal-
culated as described previously and is added to this
time-domain signal to yield the required Vac +∆Vac.

Table 1: Definition of Uncertainty for different Spec-
tral Components

DC ∆Vrms = 0.0005 ·Vrms + 0.001 ·Vrms,range

0.1-10 Hz ∆Vrms = 0.001 ·Vrms + 0.002 ·Vrms,range

10-45 Hz ∆Vrms = 0.001 ·Vrms + 0.001 ·Vrms,range

45-66 Hz ∆Vrms = 0.001 ·Vrms + 0.0005 ·Vrms,range

66-1000 Hz ∆Vrms = 0.001 ·Vrms + 0.001 ·Vrms,range

1-50 kHz ∆Vrms = 0.003 ·Vrms + 0.001 ·Vrms,range

50-100 kHz ∆Vrms = 0.006 ·Vrms + 0.002 ·Vrms,range

100-500 kHz ∆Vrms = (0.00006 ∗ f ) ·Vrms + 0.005 ·Vrms,range

500-1000 kHz ∆Vrms = (0.00022 ∗ f − 0.08) ·Vrms + 0.01 ·Vrms,range

This spectrum-based approach is also used to cal-
culate the uncertainty for the current Iac. The mea-
sured waveform is shown in figure 7(a). It can be seen
that, unlike Vac, Iac is nearly sinusoidal which is on ac-
count of the inductance of the load. This can also be
verified from the frequency spectrum shown in figure
7(b) where it can be seen that most of the energy is
concentrated at the fundamental frequency. The con-
tribution of the harmonics of the fundamental and
the switching frequency is significantly lesser than in
the case of Vac. The calculated uncertainty as a func-
tion of the frequency spectrum is shown in figure 7(c).

The total uncertainties thus calculated for the rms
values of Vac and Iac are tabulated in table 21. The
approximate approach underestimates the uncer-
tainty in Vac by a factor of three compared to the
spectrum-based approach, due to the abundance of
high-frequency content in the waveforms. For Iac,
on the other hand, both approaches result in nearly
the same value, owing to the current waveform being
nearly sinusoidal. Therefore, it can be summarized
that the approximated approach is sufficient for cal-
culating uncertainty in Iac, but it is necessary to go to

1As with Idc, we are using an external LEM current transducer for measurement and therefore, we must separately calculate the
uncertainties ∆Irms,analyser and Irms,LEM for the power analyser and the LEM transducer [20] respectively.
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the more exact spectrum-based approach for calculat-
ing uncertainty in Vac. Moreover, in applications with
a higher switching frequency or a higher operating
dc-link voltage Vdc, which is typical for a Silicon-
Carbide-based application, the uncertainty in Vac is
higher respectively due to a wider distribution in the
spectrum and a higher range that has to be chosen. In
such applications, a higher deviation can be expected
between the approximate and the spectrum-based
approach which makes it more meaningful to use the
spectrum-based approach.

(a) A fundamental period of Iac in the time-domain

(b) Frequency spectrum

(c) Reading uncertainty for the spectral components

Figure 7: Measured line current Iac

The uncertainty contribution due to the current trans-
ducer ∆Irms,LEM can be calculated as follows:

∆Irms,LEM = 0.005 · Irms,nom (22)

where, the nominal current Irms,nom=500A for the

device used. The uncertainty ∆Irms can be now writ-
ten as

Table 2: Calculated measurement uncertainty for Vrms
and Irms

Vrms
∆Vrms

Approximate Spectrum-based

185.39 V 0.39 V (0.2 %) 1.11 V (0.6 %)

Irms
∆Irms,analyser

Approximate Spectrum-based

106.158 A 0.181 A (0.17%) 0.203 A (0.19%)

∆Irms

Irms
=

√(
∆Irms,analyser

Irms,analyser

)2

+
(
∆Irms,LEM

Irms,LEM

)2

(23)

and the maximum uncertainty as

∆Irms,max

Irms
=
∆Irms,analyser

Irms,analyser
+
∆Irms,LEM

Irms,LEM
(24)

For WT-1800, ∆φ is given as

∆φ =
(∣∣∣∣∣φ − cos−1

( λ
1.002

)∣∣∣∣∣)+ sin−1 (0.001 ·Vrms · Irms)

(25)
where λ is the power factor. Lastly, it has to be re-

membered that the uncertainty of the power analyser
depreciates over the passage of time from its recent
calibration. For WT-1800, the uncertainty at one year
is 1.5 times that at 6 months.

6.2.3 A Common Measurement Mistake while ap-
plying Line Filters in Power Analysers

Most state-of-the-art power analysers come equipped
with digital line filters which can be used to attenu-
ate spectral components in the measured signals with
a frequency higher than a certain cut-off frequency
(generally programmable individually for each input
channels). These filters are meant to be used on mea-
surement signals where there is high frequency noise
due to the limitation of the measuring equipment. Let
us suppose that such a filter is used on the Iac signal
with a cut-off fequency of, say, 1kHz. The high fre-
quency components in Iac are predominantly due to
measurement noise as can be seen from figure 7(b)
and table 2, and using such a filter would help in
attenuating this noise, thereby making the measure-
ments more meaningful. However, suppose we use
the same filter, either intentionally or accidentally,
on Vac which inherently has a high-frequency content
(see figure 6(b) and table 2), other than measurement
noise. In such a case, the filter would attenuate not
only the noise, but also these high frequency compo-
nents. This would, in turn, result in a lower-than-
real measured value for Pac and therefore, a higher
Ploss. Therefore, the line filter should be used only on
signals which do not inherently have high frequency
components, like Vdc, Idc and Iac, but not on signals
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like Vac which have a high frequency content. This is a
common mistake while performing measurements in-
corporating such line filters, and will be demonstrated
in the next section 6.3.

6.3 Measurement Results

Figures 8-12 show the power losses measured with the
electrical method for different application conditions.
The uncertainties calculated for each of the measure-
ments, using the spectrum-based approach described
in the previous section, are shown as bars around the
measurement points. Also shown are the simulated
results based on the behavioral model discussed pre-
viously, and the relative deviation of the measured
values from the simulation.

Figure 8(a) and 9(a) show Ploss measured for dif-
ferent output rms currents, Irms, at Vdc=100V and
300V respectively. Across the entire range of the mea-
sured current, it can be seen that the simulations are
within the tolerance of this state-of-the-art electri-
cal input-output measurement approach, thereby val-
idating the behavioral power loss calculation model.

In figures 10(a) and 11(a), the results are shown
for different values of the gate resistances Rg,on and
switching frequencies fsw. It can again be seen that
the simulations are within the tolerance of this state-
of-the-art input-output measurement approach.

(a) Ploss

(b) Relative Deviation (%)

Figure 8: Comparison of the electrical method with
simulations: Ploss vs. Irms at Vdc=100V

(a) Ploss

(b) Relative Deviation (%)

Figure 9: Comparison of the electrical method with
simulations: Ploss vs. Irms at Vdc=300V

(a) Ploss

(b) Relative Deviation (%)

Figure 10: Comparison of the electrical method with
simulations: Ploss vs. Rg,on
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Lastly, figure 12 shows the measurements per-
formed with the line filter (cut-off frequency=1kHz)
enabled for the output ac voltage Vac, and compares
them with the measurements without the filter. As
explained in section 6.2.3, it can be seen that the
losses measured are higher without the line filter be-
cause the measured Pac is lower-than-real. This shows
that enabling the line filter on Vac can lead to wrong
measurements. Overall, it must be observed that the
electrical input-output based method has nearly 30%
uncertainty in the light-load condition, making this
method unsuitable for the main inverter application,
especially when comparing different chip generations.

(a) Ploss

(b) Relative Deviation (%)

Figure 11: Comparison of the electrical method with
simulations: Ploss vs. fsw

Figure 12: Comparison of the electrical method with
simulations: Effect of Line Filter

7 Calorimetric Measurement of
Power Losses

A more accurate approach, compared to the electrical
method, is to measure power losses with a calorime-

ter [22]. For applications such as the automotive
main inverter which operate at less than a quarter of
the inverter nominal current more than 90% of the
time[17], the light-load low-lossy condition is of in-
terest. With traditional calorimetric methods, how-
ever, a sufficient rise in the fluid temperature is hard
to obtain at these conditions. To overcome this prob-
lem, without compromising on the accuracy, the in-
verter is subjected to a calorimetric method particu-
larly suitable for low-lossy conditions. This method
does not require the use of an expensive calorimeter
and is presented in detail in [3]. A requirement for
the test is that all the energy losses in the module
must ideally go into heating up the baseplate, with
no convection. Therefore, the module baseplate is
thermally insulated with a layer of polystyrene as can
be seen in figure 13. EVAL-6ED100HPDRIVE-AS, a
6-channel gate-driver board based on the EiceDriver
1EDI2001AS from Infineon, is connected on the top
of the module. The gate-driver board is controlled by
a micro-controller logic board connected on top of it.
The logic board is connected to a computer through a
CAN bus, and the parameters such as fsw, m, fout can
also be controlled by software, in open loop or closed
loop modes. Moreover, it is also possible to read the
temperatures sensed by the NTCs and log them. The
complete inverter system is shown in figure 14. This
method comprises the following two stages.

Figure 13: The DUT with the Thermal Package for the
Calorimetric Test Bench

Figure 14: The Complete Inverter System in the
Calorimetric Test Bench with the Thermally Isolated
Baseplate

7.1 Calibration Stage

In this stage, the inverter system is connected to a
dc source (with opposite polarity) with voltage sense
pins capable of serving as a constant power source.
The output ac terminals are disconnected as shown
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in the schematic in figure 15(a). A known amount
of constant power Pcal is injected into the module
through the diodes. As there is no output power, all
the injected power is dissipated in the module as heat,
which is trapped in the heatsink on account of the
thermal insulation, as seen in figure 15(b). As the
temperature of the diode increases, its voltage drop
changes and the dc source must be capable of suit-
ably adjusting the current to maintain the power con-
stant. Due to the thermal insulation, and the absence
of convection, almost all the heat is trapped in the ca-
pacitance of the baseplate, and goes on to increase its
temperature exponentially as shown in figure 16(a).

(a) Schematic Diagram

(b) Thermal Stack

Figure 15: Calibration Setup

There is a small amount of heat that is radiated
into the ambient, or leaves the modules through any
surface other than the heatsink. However, this effect
will be cancelled out and have no impact on the accu-
racy of this method if the test setup during the cal-
ibration and measurement stages is identical. The
temperature sensed by the NTCs is recorded until it
rises from T1 = 50°C to T2 = 90°C2, after which the
dc source is switched off and the system is let to cool
down to the ambient temperature. In order to filter
out measurement noise, an exponential curve is fitted
to the measurement. From this fitted curve, the time
taken for the temperature to reach T1 from T2 is taken
as the rise time tr. The temperature slew rate sr is cal-
culated as

sr =
T2 − T1

tr
(26)

This experiment is repeated at different values of in-
jected power and Pcal is plotted against sr as shown

in figure 16(b) for both the modules and first order
curves are now fitted to the two curves respectively,
and the equations of the fitted curves are given below:

Ploss = 249.68·sr +48.655 [HPD Module] (27)

Ploss = 258.15 · sr + 45.905 [HPD-Hyb-SiC Module]
(28)

As seen in figure 16(b), the calibration curves for
the two modules match very closely, owing to the sim-
ilar construction of the module. This is in line with
the objective of this work to have minimum discrep-
ancies arising out of differences in the packaging, for
a fair comparison of Si and SiC. The slight difference
seen between the curves can be attributed to the dif-
ference in the NTCs and the temperature measure-
ment tolerances, which are cancelled out due to this
method.

(a) NTC temperature at Pcal =100W

(b) Calibration Curve

Figure 16: Calibration

7.2 Measurement Stage

In this stage, the inverter is connected to a dc voltage-
source (with normal polarity). Care must be taken to
see that the setup, particularly the thermal insulation,
is not disturbed between this stage and the calibra-
tion stage. The output ac terminals are connected to
a three-phase star-connected passive load as shown in

2The choice of T1 = 50°C and T2 = 90°C is based on the observation that between these temperatures, the exponential curve is nearly
linear. However, a different set of values may be chosen, provided that the temperature rise curve is nearly linear in this interval. But it
must be ensured that the temperature limits chosen during calibration and measurement stages are the same.
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figure 17 and the inverter is run in open-loop mode.
A suitable rms current Irms is established in the load,
by adjusting m appropriately. As with the calibration
stage, sr is determined.

Figure 17: Measurement Stage

(a) Ploss

(b) Relative Deviation (%)

Figure 18: Comparison of the calorimetric method
with simulations: Ploss vs. Irms at Vdc = 200V

Now, the inverter losses can be obtained by sub-
stituting the measured sr in equation 27 and 28 ob-
tained from the calibration stage. The inverter power
losses for different Irms at two different working volt-
ages 200 V and 400 V measured for HPD with the pro-
posed calorimetric method are shown in figures 18(a)
and 19(a). These are compared against simulations

at the respective points. Also shown are the calcu-
lated uncertainties (this topic is described in [3]) for
each of the points as bars around the measurement
points. The relative deviation between the measure-
ments and the simulations, expressed as percentage,
is shown in figures 18(b) and 19(b). Across the en-
tire range of measurement, it can be seen that the
simulations are within the tolerance of the calorimet-
ric approach, again validating the behavioral simula-
tion model. Furthermore, in each of these cases, it
can be seen that the uncertainty is well below 5%, es-
pecially at partial-load which makes the calorimetric
method suitable for automotive main inverter appli-
cations, particularly for comparing chip technologies
whose total power losses may differ in the range of 10-
20%.

(a) Ploss

(b) Relative Deviation (%)

Figure 19: Comparison of the calorimetric method
with simulations: Ploss vs. Irms at Vdc = 400V

Figure 20: Measured Inverter Losses vs Irms at various
Vdc for HPD and HPD-Hyb-SiC
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7.2.1 Comparison of Measured Inverter Losses for
HPD versus HPD-Hyb-SiC

The tests are repeated for different operating points
of Vdc, Irms and fsw for both the modules. Figure 20
shows a summary of the measured losses as a func-
tion of Irms at different dc-link voltages. It can be seen
that at Vdc=100V, the SiC module has almost the same
losses as the Si module, offering no benefit. This is
because at low Vdc, the switching losses do not con-
tribute much to the total losses, and the conduction
losses are dominant. As the conduction losses are
higher in the SiC diodes as can be seen from the static
curves presented in [2], HPD offers better overall per-
formance than HPD-Hyb-SiC. At Vdc=300V, the ben-
efits of SiC become prominent. At Vdc=300V, Irms=75
A, there is about 5% reduction in the total losses. This
gap widens as we increase Vdc as the switching losses
become more dominant, and at Vdc=400V, 75A, we
can see a reduction of around 7%.

8 Conclusions
In this paper, the benefits of replacing the Si diodes
of a commercial automotive IGBT module with SiC
diodes have been investigated for the main inverter
application, maintaining the operating conditions,
package and the rest of the system the same, to en-
sure a fair comparison of the devices without any
external influence. A behavioral power loss model,
suitable for mission profile analysis, is used to com-
pare the performance of the two modules over sev-
eral mission profiles. The highest benefit of using
SiC diodes is seen for the Artemis Urban drive cycle,
where the SiC diodes help reduce the overall losses
by 20% at fsw=8kHz. This translates to a saving of
around 200Wh of battery energy per 100km. The be-
havioral model is experimentally verified by compar-
ing it against two independent measurement meth-
ods, namely, electrical input output method and a
calorimetric method. In each case, the simulation re-
sults are found to be within the tolerance of the mea-
surements, thereby validating the simulation model
used. At Vdc =400V, Irms =75A, the inverter losses
were found to be reduced by over 5% with the SiC
module, due to the absence of reverse recovery in the
unipolar SiC schottky diodes. This reduction is even
better at higher dc-link voltages, due to the switching
losses becoming more prominent.

Figure 21: Scatter Plot of the uncertainties (%) at var-
ious measurement points for the two methods vs Ploss

Further, as summarized in figure 21, it can be
concluded that the commonly used power analyser
based electrical method has an uncertainty of nearly
30% in the light load condition, mainly due to de-
lays and phase-shifts in the probes. It is to be noted
that automotive traction inverters operate most of the
time in the light-load condition, which means that the
electrical method is not suitable for such applications.
The developed calorimetric method outperforms the
standard electrical input-output based method and
achieves, especially in the important light-load re-
gion, a measurement uncertainty of lower than 5%.
Furthermore, as the expensive calorimeter is not re-
quired for this method, it is nearly as easy to perform
as the power-analyser based electrical method. This
makes it ideal for comparing device technologies such
as Si versus SiC in automotive main inverter applica-
tions.

9 Future Work

This work considered the advantages of replacing
only the diodes with SiC. However, for higher bene-
fits, it is desirable to replace the IGBTs with SiC MOS-
FETs, and it would be interesting to investigate the
benefits they bring in terms of higher efficiency for
different mission profiles. This will considered in a
future publication.
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