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This document presents the results of the project ”Efficiency of Motor and Drive with SiC
transistors” within SiC Power Center. The project was conducted between 2015-06-01 - 2016-
06-30. The purpose of the study is to point out potential system benefits of using SiC Power
MOSFET:s instead of conventional IGBT:s in nutrunner systems. The study can conclude that
the total motor-drive system weight can be more than halved by using SiC technology. The study
also shows that blanking time and motor inductance are important parameters for optimal use
of SiC Power MOSFET:s in electrical nutrunner systems. The project was partly funded by the
Swedish Energy Agency, Energimyndigheten and Sweden’s innovation agency, Vinnova.

1 Introduction

In recent years, the SiC Power MOSFET has emerged as a viable candidate to the conventional Insulated
Gate Bipolar Transistor (IGBT) in the medium power range. A previous project within the SiC Power
Center has shown that the inverter losses during the tightening stage of an electrical nutrunner can be
reduced by up to 60% by SiC technology1. Besides having better static loss properties, the SiC Power
MOSFET also has better dynamic properties, enabling the use of higher switching frequency. Figure 1
shows a schematic overview of a typical nutrunner system.

This study focuses on the reduction of total system size by using higher switching frequency, enabled by
SiC Mosfet technology. The work is divided into two packages, WP1 and WP2:

• WP1: Design of a measurement setup for power losses in three-phase motor systems with an accuracy
of 10 % at 100 kHz and power factor 0.3.

• WP2: Evaluation and empirical quantification of harmonic motor power losses at different switching
frequencies using both an IGBT and a SiC MOSFET based inverter. A comparison of motor harmonic
losses between IGBT, and SiC MOSFET power supply is also included.

The study was made using the previously developed test platform within SiC Power Center by Elektronikkonsult1.
The document is divided as follows. Section 1.1 describes the investigated system. Chapter 2 describes the

device used for power measurements. Chapter 3 presents the harmonic motor power loss measurements using
different rotors for different switching frequencies. Chapter 4 presents the inverter power loss measurement
results for the different inverters used. The conclusions are drawn in chapter 5.

1Lägre förluster med SiC-transistorer i motorslutsteg, diarienummer 2013-04769



1 Introduction

Figure 1: Schematic overview of an eletrical nutrunner system

1.1 Investigated system

The sub-components of the investigated system are illustrated in figure 2. The inverter comprises a 2-level,
three-phase bridge. The purpose of the inductive filter is to suppress the inverter harmonics. The ultimate
objective of this study is to eliminate the need of the filter. The motor has a 2-pole slotless design as
illustrated in figure 3, with a top speed of 40 krpm. The rotor comprises a steel shaft carrying a set of
ring-shaped permanent magnets. The magnet segments are electrically isolated from each other in the axial
direction.

Figure 2: System sub-components
Figure 3: Motor cross-section

The inverter supplies the motor with electric power. Ideally, the inverter output voltage is purely si-
nusoidal. However, the inverter output voltage waveform contains a significant amount of high frequency
harmonics as well apart from the desired fundamental voltage (see figure 4). These harmonics generate
additional losses in the motor. In order to prevent premature failure due to overheating of the motor, an
inductive filter is necessary in a conventional IGBT based system.
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2 Measurement system

Figure 4: Pulse Width Modulation in a) time domain, b) frequency domain

2 Measurement system

As a part of this project, a power meter for three-phase inverter-fed motor systems was aquired. The
distinguishing characteristic of this power meter model, the Lecroy MDA 803, is the high resolution in both
vertical and horizontal direction which improves accuracy for high frequency harmonic power measurements.
The device is shown in figure 5 and its main specifications are stated in table 1.

Figure 5: Lecroy MDA803

Model Lecroy MDA803

Sampling frequency 2.5 Gs/s

Number of channels 8

Vertical resolution 12 bits

Bandwidth 350 MHz

Table 1: Lecroy MDA803 specifications

The harmonic power losses are characterized by close to inductive load conditions. This elevates the
demand on determining the systematic phase-error between voltage and current measurement. The mea-
surement probes and their main features are summarized in table 2. The relative phase error is mainly related
to non-ideal behaviour of the current probe, but dynamic behaviour and delays in the whole measurement
setup influence. The characterization was made using a low inductive, 50Ω power resistor (MP915-50-1).
The power resistor was mounted on a cooling plate and fed with 12-15 V sinusoidal voltage of different fre-
quencies using a waveform generator connected to a linear amplifier (AE Techtron 7224). The results were
transformed into frequency domain using fast fourier transform and averaged over 5 consecutive periods.
The systematic phase angle error was determined using equation 1:
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3 Motor harmonic loss measurements

∆φerror = arctan
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The obtained relative error between the current and voltage measurement is shown in figure 6 together with
a curvefit. In the following sections, the presented power loss curves are obtained from measured values
corrected with the curvefit from the characterization results.

Model Range Bandwidth

Current CP031 0-50 A 100 MHz
Voltage HVD3106 0-1 kV 120 MHz

Table 2: Probe specifications

Figure 6: Characterization results

3 Motor harmonic loss measurements

3.1 Motor losses using locked rotor at different fundamental frequency

Adolfo Garcia showed in his master thesis 2 that the different frequency components of the inverter output
can be treated separately in slotless electric machines from rotor magnet loss point of view. Further, a single
phase voltage source can be used with locked rotor for simplified empirical determination of harmonic motor
losses in slotless machines3 according to figure 7. In this study, the motor losses at 50 V input voltage in
the frequency range 10-100 kHz were measured using rotors with different magnet segment thickness. The
rotor was mechanically locked to prevent rotation. The sampling frequency was set to 2.5 Gs/s.

Figure 7: Single phase measurement setup

2A. Garcia, Magnet Losses in Inverter-Fed High-Speed PM Machines,MSc thesis, KTH, Stockholm, 2015.
3J. Millinger, Influence of Shaft Relative Permeability on Rotor Losses in 2-pole Slotless High-Speed Motor, accepted for

conference ICEM 2016, 4th-7th of September
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3 Motor harmonic loss measurements
The power loss measurements are shown in figure 8 and inductance results are shown in figure 9.

Figure 8: Total motor power losses Figure 9: Phase-to-phase inductance

Impact of frequency on losses The harmonic losses show a decrease with increased frequency. For the
nominal rotor magnet segment thickness (4.5 mm), the losses at 50 and 100 kHz are 53 and 64 % lower than
the losses at 10 kHz respectively.

Estimating rotor loss share Since the nominal rotor (4.5 mm magnet segments) only reduces the losses by
13 % compared to the case of no rotor inserted at 100 kHz, we can assume the stator losses are similar for
the two cases over the whole examined frequency range. Based on this assumption, we can determine the
rotor losses at 10, 50 and 100 kHz to constitute 64, 84 and 85 % respectively of the total motor harmonic
losses at these frequencies. This means that the rotor is subject to the majority of the harmonic losses in
the nominal case.

Impact of magnet segment thickness on losses The results show that magnet segment thickness has
a significant impact on the level of harmonic motor losses. Thinner magnets reduce the motor harmonic
losses. A reduction in magnet segment thickness from 4.5 mm to 3 mm reduces rotor harmonic losses by 40
% at 50 kHz, and 37 % at 100 kHz.

Impact of magnet segment thickness on inductance Figure 9 shows that the inductance decreases with
thicker magnets for frequencies above 40 kHz. At 50 kHz, the 12.6 mm magnet segment rotor reduces the
inductance by 21 % compared to the nominal 4.5 mm segment rotor. The same reduction in inductance at
100 kHz is 26 %. This means that a certain voltage harmonic will create a current of higher amplitude (and
thus more stator losses) for a rotor with thicker magnets.
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3 Motor harmonic loss measurements
3.2 No load motor operation

The motor drive system specifications are summarized in table 4.

Table 3: Motor drive data

Dc-bus voltage UDC 325 V

Swtching freq. fsw 8, 20 and 40 kHz

Magnet thickness tm 3 and 4.5 mm

The motor power was measured using the 3-phase/3-wire method, in which 2 phase-to-phase voltages, and
2 currents are measured. The power converter was supplied with a DC-voltage. The converter input current
was measured using a 1Ω low-inductance, temperature-stable power-film shunt resistor (MP-930-1-1). The
measurement setup is illustrated in figure 19. The sampling frequency was set to 25 Ms/s.

Figure 10: No load power measurement connection

Kirchoff’s law gives Ic = −(Ia+Ib). The point-to-neutral voltages were calculated according to equations
2-4:

Uan =
2 · Uac − Ubc

3
(2)

Ubn =
2 · Ubc − Uac

3
(3)

Ucn = −Uac + Ubc

3
(4)

Further, the input and output power, PDC and Pmotor, were calculated according to equations 5-7:

PDC = UDC · IDC (5)

Pmotor =

∫ T

0
(Uan · Ia + Ubn · Ib + Ucn · Ic) · dt (6)

The harmonic motor losses Pharmonic were calculated according to:

Pharmonic =
130kHz∑
f=7·f0

( ∑
x=a,b,c

F(Uxn) · F(Ix) · cos
(

arctan
F(Uxn)

F(Ix)
−∆Φerror

))
(7)

where ∆Φerror is the cubic interpolation curve of the characterization results shown in figure 6.
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3 Motor harmonic loss measurements
3.3 Modulation index impact on motor harmonic losses

The influence of modulation index on harmonic losses was examined by running the motor at different
no-load speeds between 6-40 krpm using the IGBT-based converter. The higher the speed, the higher the
applied fundamental voltage to the motor which leads to a higher modulation index. Figure 11 shows the
total harmonic losses at the switching frequency fsw = 20kHz for a no load speed of 6-40 krpm. The results
presented are the average value for the periods within a 200 ms measurement time frame. The error bars
show the maximum and minimum obtained values during this time frame. The losses show a peak at 30
krpm.

Figure 11: Total harmonic losses vs speed.

The power spectral distribution at 20, 30 and 40 krpm are shown in figures 12-14. The reason to the
power loss dependency of modulation index is related to a redistribution of the power spectrum. Up to 20
krpm, the sidebands to the second multiple of the switching frequency are predominant. When the speed
increases, mainly the sidebands to the first multiple of the switching frequency start to increase in magnitude
while the ones to the second multiple start to decrease. At 40 krpm, the sidebands to the first multiple of
the switching frequency are predominant.

Figure 12: Power spectr. M=0.45 Figure 13: Power spectr. M=0.67 Figure 14: Power spectr. M=0.89
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3 Motor harmonic loss measurements
3.4 Switching frequency impact on motor harmonic losses

The fundamental motor speed in this section was chosen to 30 krpm due to the peak in harmonic motor
losses observed in figure 11. The power spectral distribution at 8, 20 and 40 kHz using the IGBT-based
converter are shown in figures 16-18. The sidebands to the second multiple of the switching frequency
are the predominant harmonic loss components for all 3 cases. The total harmonic losses decreases with
increased switching frequency. Compared to 8 kHz, harmonic losses reduce by 34 and 55 % by increasing
the switching frequency to 20 and 40 kHz, respectively.

Figure 15: Motor harmonic losses

Figure 15 shows the total harmonic motor losses for 3 different configurations. The total amount of
harmonic losses decrease with increased switching frequency and by using thinner magnets. The results also
show that the total harmonic motor losses at 40 kHz switching frequency using 3 mm magnet segments
approach the loss level for the nominal case (8 kHz, 4.5 mm magnets and filter).

Figure 16: Power spectr. 8 kHz Figure 17: Power spectr. 20 kHz Figure 18: Power spectr. 40 kHz

Table 4 shows a comparison between the total harmonic motor losses of an IGBT-based and a SiC Power
MOSFET-based inverter. The results are very similar.
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4 Inverter losses

Table 4: Motor harmonic losses comparison

Switch type 8 kHz 20 kHz 40kHz

IGBT 30.4 W 20.1 W 13.7 W

SiC MOSFET 31.8 W 19.3 W 14 W

∆ +4.6% -4% +2.2%

4 Inverter losses

Figure 19 shows the total converter box losses minus the idle losses (8.8 W) for 3 different converter con-
figurations. The total amount of converter box losses benefit from removing the filter, and from using SiC
MOSFET:s instead of IGBT:s for 8 and 20 kHz switching frequency. At 40 kHz the losses are similar for
the IGBT and SiC MOSFET case.

Figure 19: Inverter losses

The evolution of losses with frequency for the SiC MOSFET case is not expected. It is rather expected
to show a linear increase with frequency. In section 4.1, the inverter output at 30 krpm at no-load for 8 kHz
switching frequency is investigated. Section 4.2 investigates differences between inverter output at 8 and 20
kHz switching frequency and provides an explanation model for the behaviour related to the commutation
current level. Section 4.3 investigates the commutation transient behaviour and evaluates the validity of the
proposed model. Section 4.4 investigates the impact of blanking time on inverter no-load losses.
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4 Inverter losses
4.1 Analysis of inverter output at 8 kHz

In the following section the behaviour at 20 kHz is compared to the behaviour at 8 kHz.

Figure 20: 8 kHz voltage and current waveforms Figure 21: 8 kHz voltage and current waveforms

The current ripple at the peak of the fundamental at no-load for 8 and 20 kHz are compared in figure
23. The current peaks are significantly lower in the 20 kHz case. This is the major benefit of increased
switched frequency from motor harmonic loss point of view, but obviously seems to introduce some issues
from inverter point of view. The issue is investigated in detail in section 4.3
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4 Inverter losses
4.2 Analysis of inverter output at 20 kHz

Figure 22 shows a comparison of the no-load phase-to-phase output voltage at 8 and 20 kHz switching
frequency. At 20 kHz switching frequency, the output voltage at commutation typically show significantly
larger overshoot than in the 8 kHz case. A closer look at the resulting phase current in figure 23 show
that the voltage ringing at commutation can be detected in the phase current as well. However, not every
commutation seems to cause a ringing for the 20 kHz case. Two such commutation instants are marked
with boxes in figure 23. The current levels at these commutation instants are more than 30 % higher than
for the rest of the instants. This observation indicates that the ringing behaviour could be related to the
level of current at commutation. Above a certain threshold current level the ringing seems to disappear.

Figure 22: No-load output voltage at 8 and 20 kHz Figure 23: No-load phase current

An explanation model to the mentioned commutation behaviour is presented in figure 24. Table 5
desrcibes the commutation pattern.

Figure 24: Transient commutation model

Curr. path Q1 Q2 U1

1 ON OFF −UDC/2

2 OFF OFF −I1 · t/C
3 ON OFF UDC/2

Table 5: Commutation sequence table

The sequencue starts with U1 = −UDC/2. Q1 is off and Q2 is on. The current path is marked with the red
arrow path marked 1. Next, the blanking time is initiated by turning off Q2. The current flowing in phase
1, I1, starts to increase the voltage U1 by capacitive charge-up of the parasitic Drain-Source capacitances
CDS according to current path 2. The blanking time finishes by the turn-on off Q1. If the voltage U1 has
reached the positive rail voltage by the end of the blanking time (U1(tblank) = UDC/2), the turn-on of Q1
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4 Inverter losses
will proceed practically without overshoot and thus cause negligible ringing (so called soft switching). The
voltage at turn-on of Q2 relates to the current as:

U1 =
−I1 ·∆t

C
=
−I1 · tblank

C
(8)

However, if the current level during blanking time is not sufficient for reaching the positive voltage rail,
there will be current rush through Q1 at turn-on which will generate an overshoot and ringing in the voltage
as well as additional losses in mainly Q1 (so called hard switching).

4.3 Estimating the equivalent commutation capacitance C

The commutation transient during the blanking time was measured for two different current levels as shown
in figures 25 and 26. The commution current of figure 26 is 4 times higher than in figure 25. A piece of
undistorted capacitive charge-up during blanking time can be identified and is marked with a box for each
case.

Figure 25: Commutation transient 1 Figure 26: Commutation transient 2

The equivalent capacitance can be estimated according to equation 9.

C =
−I1 ·∆t

∆U1
(9)

Using the voltage slope starting at U1 = 20 V and ending at U2 = 40 V, the equivalent capacitance was
estimated for the two cases. The results are presented in table 6.
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4 Inverter losses
The component datasheet capacitance specification is shown in figure 274. Coss = CDS + Crss ≈ CDS

since the gate-drain capacitance Crss is negligible in relation to CDS . Each phase leg switch of the SiC
based inverter comprises two paralleled C2M0025120D MOSFET:s. At U1 ≈ 30 V, the voltage over the
drain-source of the upper switches is around 300 V. For the lower switches the voltage is around 30 V. An
estimation of the total equivalent capacitance is made in equation 10.

Ceq ≈ 2 · Coss(30V ) + 2 · Coss(300V ) ≈ 2 · 0.8nF + 2 · 0.3nF = 2.2nF (10)

Figure 27: SiC MOSFET capacitance specification

I=-0.35 A I=-1.33 A

C 3.5 nF 2.9 nF

Table 6: Equivalent capacitance

The estimated capacitances of table 6, and the datasheet estimation in equation 10 are in the same range.
The phase-to-phase cable capacitance was measured to around 0.5 nF and is probably the main reason to
the discrepancy. The assumption that the commutation voltage overshoot mainly is related to the parasitic
capacitance CDS is supported by these estimations.

4Datasheet C2M0025120D Rev. B, 10-2015, Cree
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4 Inverter losses
4.4 Impact of blanking time

The phase leg voltage by the end of the blanking time follows equation 8. Since it is very hard to suppress
the parisitic capacitance CDS , the blanking time seems to be the natural parameter for adjustments. The
effect on phase-to-phase output voltage of using tblank = 1.65 µs was compared with the nominal blanking
tblank = 0.65 µs time at 20 kHz switching frequency in figure 28. The commutation voltage overshoot is
significantly lower for tblank =1.65 µs.

Figure 28: Half fundamental period output voltage for fsw = 20 kHz using different blanking times

The effect of blanking time on inverter losses is compared in figure 29. The inverter losses at 20 kHz are
reduced by 20 %, and the losses at 40 kHz are reduced by 25 % by the increase in blanking time. However,
increased blanking time reduces maximum motor speed and thus system performance. For tblank = 1.65 µs,
the maximum speed is already reduced by of 6.6 % at 40 kHz switching frequency.

Figure 29: Inverter losses for two different blanking times
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5 Conclusion
5 Conclusion

The main findings in this study is that an increase in switching frequency from 8 to 40 kHz in combination
with thinner rotor magnets eliminates the need for the inductive filter of the investigated system. The power
loss comparison of the nominal system and the suggested system is provided in figure 30.

Figure 30: System comparison

The systems in the comparison have the following specifications:

• Conventional system: IGBT inverter with filter operating at 8 kHz, 4.5 mm magnet segments

• SiC MOSFET inverter without filter opertaing at 40 kHz, 3 mm magnet segments

The elimination of the filter would reduce total system weight by more than half. This means a large
step closer to integration of the inverter and motor. However, the study has left out the impact of increased
switching frequency on EMI. To our surprise, the parasitic drain-source capacitance CDS of the investigated
SiC Power MOSFET:s has a significant impact on both output voltage ringing and inverter power loss at
no-load operation. The use of SiC Power MOSFET:s in nutrunner systems requires both increased blanking
time for use at higher switching frequencies, as well as motor design opting for minimal inductance in order
to minimize EMI and inverter power losses.

This study has shown that the introduction of SiC Power MOSFET:s in nutrunner systems not only
reduces the losses during tightening, but also has the potential to significantly reduce total system weight
and complexity by removing the inductive filter

15



5 Conclusion
Acknowledgment

This study has been conducted by Atlas Copco Industrial Technique AB (ACIT), Elektronikkonsult AB
(EK) and the department of Electrical Power Engineering (EPE) at KTH. The work has been partly funded
by SiC Power Center.
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