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Abstract—The recent emerge of wide band-gap power
devices enables higher switching frequencies in electric
motor drives. The subsequent possibility for higher efficiency and smaller size requires accurate prediction of harmonic losses in motors. Therefore this paper presents an
original analysis of harmonic losses arising in inverter-fed
2-pole slotless permanent-magnet machines with axially
segmented ring magnets. The developed three-dimensional
time-efficient numerical model is successfully validated
under high-speed no-load operation using a silicon-carbide
based three-phase inverter and rotors carrying a broad
range of magnet segment thicknesses (3–12.6 mm). The
model enables harmonic loss prediction capability (including loss separation) with an accuracy of 15 % over a wide
frequency range (8–120 kHz), which is a unique contribution. The sensitivity analysis primarily emphasizes the
importance of taking into account the axial segmentation,
and secondarily the rotor-shaft magneto-elasticity effects
for accurate modeling of harmonic losses. The conducted
case-study demonstrates that wide band-gap transistors
effectively can contribute to eliminating the need for inductive filters in motor drives.
Index Terms—Time-harmonic losses, permanent-magnet
machines, wide band-gap semiconductors.

I. I NTRODUCTION

I

NVERTER-FED slotless permanent-magnet (PM) machines play an important role in high-power density applications such as turbomachinery, compressors, aerospace
applications, flywheels and industrial power tools [1]–[4].
The undesired harmonics generated by the inverter PWM
process increases the motor losses and thereby reduces the
performance [5]. Harmonic losses occur in every conductive
part of the machine, but rotor losses are considered more
challenging due to the poor heat transfer across the air-gap
and winding amalgam of slotless machines [6]. Even though
the issue of harmonic losses is not limited to high-speed
machines, these machines suffer from a higher proportion of
these losses due to their lower inductance [2]. Unfortunately,
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the high demands on rotor dynamics limits the possibilities for
rotor segmentation [7], necessary for suppression of harmonic
eddy-current losses [8]–[10]. Apart from reduced performance,
premature bearing failure and rotor demagnetization [11] are
challenges to be addressed. The conventional solution is to
add a bulky filter to suppress the harmonic currents fed to the
motor, resulting in a more complex system.
However, the recent emerge of wide band-gap (WBG)
transistors enables significantly higher switching frequencies
than their traditional silicon-based counterparts [12]. This
may enable a smaller filter, or its complete elimination [13],
leading to smaller and less complex systems. Subsequently, a
full utilization of WBG-technology in electric drives requires
accurate prediction capability of harmonic losses in the motor
during the design stage [14]. The topic of harmonic rotor
losses in PM-machines has gained considerable attention in
recent years (see [15] and its associated references). Aspects
that require consideration are:
•
•
•
•

Stator structure (slotted or slotless)
Winding type (helical, concentrated or overlapping)
Magnet type (interior, surface inset or surface mount)
Magnet segmentation (circumferential or axial)

While numerical models theoretically provide unlimited accuracy for any given electromagnetic system, analytical models
are preferred due to their lower computational burden. Although the vast majority of available analytical models for
harmonic rotor losses are aimed towards conventional slotted
machinery, several of them emanate from the slotless design
due to its simplicity [15]. Slotting and winding distribution
effects are often incorporated by adequate distribution of a
number of equivalent current sheets [16]. Eddy-current shielding effects can be taken into account by solving the diffusion
equation [17]. Subsequently, several powerful models exist for
the analytical prediction of harmonic rotor losses in slotless
PM machines with ring-shaped magnets of infinite length (see,
e.g., [18], [19]).
Even though several papers demonstrate the importance of
taking into account magnet length for various PM topologies
[20]–[25], no existing harmonic loss model considers ringshaped rotor magnets of finite length. Therefore, this paper
presents a unique model for prediction of time-harmonic losses
in a 2-pole slotless machine with ring-shaped magnets, taking
into account saturation, axial segmentation and eddy-current
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shielding effects. The developed model is experimentally evaluated at no-load for rotors of different magnet segment thickness (3–12.6 mm) over a wide frequency range (8–120 kHz)
using a SiC based three-phase inverter. The developed model
completes the previously developed stator loss model in [13],
enabling harmonic loss prediction capability within 15 %,
including the previously unprecedented separation of harmonic
losses in the complete frequency range. Polarization (due to
rotor magnets) and non-uniform magnetic field (due to skin
effect) in the stator core are considered by deploying the frozen
complex permeability method [26], [27].
The paper is organized as follows. The machine is presented
in Section II. The FEA model is treated in Section III. The
material properties are analysed in Section IV. The experimental method is described in Section V. Results are presented in
Section VI. Finally, conclusions are drawn in Section VII.
II. I NVESTIGATED

MACHINE

TABLE I
M OTOR DATA
Quantity
Peak torque
Max speed
DC bus voltage
Motor active length
Stator outer radius
Stator yoke inner radius
Magnet radius
Shaft radius
Magnet remanent flux density
Shaft resistivity [30]

Value
1.2 Nm
30 krpm
325 V
64.5 mm
15.5 mm
11.6 mm
7.5 mm
2.5 mm
1.3 T
0.47 µΩm

electrical insulation sheets ensure electrical insulation between
the magnets. The resulting main rotor eddy currents (due to
time-harmonics) are schematically illustrated in Fig. 2b.
a)

The investigated machine is used in commercially available
handheld industrial nutrunners. The slotless design enables
low core losses and thereby high rotational speeds and subsequently high power-density. The absence of slots eliminates
cogging torque and provides a practically linear current versus torque relationship [28], with improved position control
capability as consequence. The motor cross-section is shown
in Figure 1. The innermost layer represents the solid steel
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tmag
Fig. 2. Motor radial cross-section: a) geometry; b) eddy-current scetch.
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The typical nutrunner load-profile (see Fig. 3) can be
divided into a rundown, followed by a tightening. The rundown
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Fig. 1. Axial cross-section of the studied motor (id,q = 0 A, i.e., field
lines only due to PMs).

shaft. The shaft carries an axially segmented stack of NdFeB
ring magnets with parallel magnetization. The rotor and stator
are separated by a 0.5 mm air gap. The stator comprises
an axially laminated stator yoke of electrical steel, internally
carrying an overlapping three-phase copper winding fixed by
an impregnation varnish. The laminations are of 0.2 mm
thickness and are supported by 8 axially oriented welding
seams. The stator steel [13], [29] contains 3 % silicon and
0.4 % aluminum per weight unit. The motor phases are Yconnected, and the Y-point is buried inside one of the endwindings. Key motor data is summarized in Table I. The
axial cross-section is shown in Fig. 2a. Perfect insulation is
assumed between the magnet segments and the shaft. Thin
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Fig. 3. The typical load profile: a) rundown; b) tightening.

is represented by high speed and low torque, while the
tightening is characterized by low speed and high torque. The
high dynamic demands of the application requires inverter
connection and rapid speed control. Tightening losses are
dominated by copper conduction losses while rundown losses
mainly consist of magnetic losses, such as eddy-current and
iron losses [31]. Small signal simulations of the investigated
motor show that the inductances decrease less than 2 % at
full load in the complete frequency range (due to the large
effective air-gap [13]). The simulated d and q-axis inductances
at 50 kHz, using a rotor carrying magnet segments of 6.3 mm
thickness, are displayed in Fig. 4 until full load. Subsequently,
harmonic losses during the tightening stage are expected to
behave similarly to the ones during no-load. The motor no-
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dependent machine inductance). Unfortunately, the resulting
harmonic currents only contribute to losses, with reduced
machine performance as consequence. Assuming phase a as
reference phasor, ϕ0x and ϕhx for all phases can be expressed
according to Table II.
TABLE II
P HASE SHIFTS

Fig. 4. Influence of q-axis current on small signal inductance (at 50 kHz)
using a rotor carrying 6.3 mm magnet segments.

load losses at inverter supply were measured over a broad
speed range in [32]. Using the loss experimental data, cycle
losses were estimated. The results show that around 95 %
of the harmonic losses are generated during rundown, mainly
associated to the high-speed operation (i.e., high modulation
index [5]) and long time duration.
Utilization of wide band-gap devices leads to steeper voltage
slopes, which may increase the winding insulation stress.
While voltage overshoots at the motor terminals can be mitigated by using short cables, also the increasingly non-uniform
winding inter-turn voltage distribution requires consideration
[33]. For a 50 ns rise-time, the latter effect is insignificant in
the considered machine [34]. However, faster rise-times may
cause complications but is out of the scope for this paper.
Improved motor control techniques enable higher tightening
speeds, with reduced tightening losses as consequence. Therefore, minimization of rundown losses is gaining emphasis for
improved nutrunner performance. The rundown losses can be
approximated by the no-load losses [13]. The no-load losses
are comprised of fundamental (P0 ) and harmonic losses (Ph )
according to Pno-load = P0 + Ph . While the fundamental
losses are independent of the converter, the harmonic ones
depend on both converter topology and switching frequency.
The studied 2-level PWM process uses a phase-advanced,
symmetrically sampled reference with a triangular carrier and
1/6 third harmonic injection. The phase to neutral voltages
{vaz , vbz , vcz } in a symmetric three-phase system for such a
PWM scheme can be expressed as [5]:
Fundamental component

X X


Vh sin [m+n] π2 cos ([mω0 n+ωsw ]t+ϕhx )
|
{z
}
n=1 m=−
Carrier sideband harmonics
(1)
8

+

8

8

z
}|
{
vxz = V0 cos (ω0 t+ϕ0x )

where V0 and Vh are the fundamental and harmonic voltage
amplitudes, respectively. Here, ω0 is the fundamental angular
speed and ωsw is the angular speed of the carrier waveform.
The carrier index n is a positive integer while the fundamental
index m is an integer. ϕ0x and ϕhx are the offset phasors for
the fundamental and the carrier waveform, respectively. The
undesired harmonic voltage components Vh generate currents
Vh
according to Ih = jωL(ω)
(where L(ω) is the frequency

a

b

c

ϕ0x

0

− 2π
3

ϕhx

0

2π
3
2π
m
3

− 2π
m
3

Using Eq. (1), it can be demonstrated that the following
combinations of n and m are eliminated [5]:
• Harmonics with even combinations of m ± n are elimi
nated within each phase leg by the sin [m+n] π2 factor.
• Triplen sideband harmonic currents (m = 0, 3, 6...) eliminate due to common mode (see Table II).
Furthermore, sidebands of order m > 7 are insignificant and
can therefore neglected [5]. Subsequently, harmonics appear
at sideband frequencies fh around multiples of the switching
frequency fsw according to:
fh = f{n,m} = n · fsw + m · f0

(2)

where f0 is the fundamental frequency. Significant harmonics appear at the combinations of n and m summarized in
Table III.
TABLE III
H ARMONIC

SIDEBAND LOCATIONS

odd n

even n

m = {−4, −2, 2, 4}

m = {−5, −1, 1, 5}

Due to the rapid decay of harmonic content beyond the
second multiple of the switching frequency, this study has
been limited to studying the first three harmonic sideband
groups, n = {1, 2, 3}, using a conventional 2-level three-phase
converter. Fig. 5 shows the measured phase-to-neutral voltage
and current waveforms using 8 and 20 kHz under 30 krpm noload operation. The resulting current spectrum for the 8 kHz
case, considering the first 3 sideband groups, is shown in
Fig. 6. To simplify the calculations and reduce computational
time, the RMS-values of each sideband group Ieq (see Fig. 6)
are used as FEA input. These are computed according to:
s
X
2
odd n : Ieq =
I{n,m}
(3)
m={−4,−2,2,4}
s
X
2
even n : Ieq =
I{n,m}
.
(4)
m={−5,−1,1,5}
A typical silicon-based inverter uses a switching frequency in
the range 5–15 kHz while its WBG-based counterpart could
use a switching frequency of 20–100 kHz. In order to cover
both technologies, the investigated frequency range is chosen
to 8-120 kHz in this study.
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Fig. 7. Flowchart of the analysis process
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phase-to-phase connection in Fig. 8e is determined via an ACsimulation (see Fig. 8d). The FEA model is shown in Fig. 9.
1.25

Fig. 5. Measured phase-to-neutral voltage and current at f0 = 500 Hz
and no-load, using a) fsw = 8 kHz; b) fsw = 20 kHz.
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b)

|B0 |

|µr,e |

y

0

250

0

x
B−
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0.02

c) Iˆ
+

e)
Fig. 6. Harmonic phase current spectrum at f0 = 500 Hz) no-load, using
fsw = 8 kHz.

III. 3D FEA

MODEL

Previous studies have shown an almost perfect decoupling
of the d and q-axis for the machine under consideration [35],
as well as a near linear flux-linkage to current relationship
due to its large magnetic air-gap [13]. Therefore, a 3D model
with pulsating input and locked-rotor has been developed. The
proposed analysis process is described in Fig. 7 and illustrated
in Fig. 8. The pulsating input enables quarter symmetry
reduction of the numerical model with significant improvement
of the computational efficiency [35]. The magnetization of
the stator yoke due to rotor magnets and the non-uniform
flux density (due to skin effect arising in the laminations at
high frequencies) are taken into account by using the complex
frozen permeability method [26], [36].
First, flux density distribution due to the permanent magnets
is determined (Fig. 8a) by a DC-simulation. Next, the minorloop frozen-permeability map is determined (Fig. 8b) using
material data from [13]. Finally, the harmonic flux density
distribution due to a pulsating input current according to the

d)

I

0

Protor (Eq. 7)

A
U
C
+

|Bh |

B +
NC

Pstator (Eq. 6)

Pmeasured = U I cos ϕ

Fig. 8. Model description: a) DC-bias flux; b) Minor-loop frozen permeability map; c) Geometry; d) Harmonic flux density distribution for
Iˆ = 1A; e) pulsating input connection.

The applied boundary conditions, illustrated in Fig. 10, enable
a reduction to 1/8 of the original (due to symmetries). The
mesh size is set to one third of the skin depth in the magnet
and shaft surface. The number of total mesh elements and
resulting simulation times for two cases of material settings
(see Table V) are summarized in Table IV using a 3.4 GHz
CPU with 6 cores and 512 GB RAM.
A. Power losses
The harmonic fields give uprise to eddy-currents in all
conductive parts of the motor, which in turn generate harmonic
power losses (Ph ) in the stator (Pstator ) and rotor (Protor )
according to:
Ph = Pstator + Protor .
(5)
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Fig. 11. Low frequency eddy current patterns and normalized current
densities using puslating input for the a) shaft; b) permanent magnets.
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ZZZ
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2
Protor = ρshaft
J 2 dV
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Vmag
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{z
} |
|
{z
}

Fig. 9. 3D FEA model.

Pshaft

~ =0
~n × B

z

(7)

Pmagnet

where J is the current density, V denominates volume and ρ
is the material resistivity.

~=0
~n × A

B. Rotating to pulsating current input

y

x

Modeling of harmonic losses with rotating input requires
conversion of the rotating current into a pulsating one. The
conversion is only valid under the assumption of linear material properties. A pulsating current ipuls according to the
connection in Fig. 8 can be expressed in αβ-components
according to:

~=0
~n × A
Fig. 10. 3D FEA model boundary conditions.

1) Stator losses: The stator losses comprise of stator lamination iron losses Plam and copper winding losses Pw [13]:
2
Pstator = C(f )Blam
f 2 + kskin RDC I 2 + kprox Hw2
|
{z
} |
{z
}
Plam

(6)

Pw

where C(f ) is the empirically determined frequency dependent steinmetz coefficient [13], Blam is the lamination RMS
flux density and f is the frequency. I is the RMS value
of the stator current and Hw is the winding region RMS
magnetic field. RDC is the stator winding DC-resistance. Here,
kskin and kprox are the skin and proximity effect factors [13],
respectively.
2) Rotor losses: The rotor eddy-currents are simulated with
3D FEA for accurate modeling of the magnet segmentation.
The resulting low-frequency rotor eddy-current pattern (i.e., no
skin effect present) is illustrated in Fig. 11. As can be seen,
the shaft eddy-currents are solely axially oriented, while the
currents in the magnets exhibit the classical loop-shape.
The rotor losses, constituting the shaft (Pshaft ) and magnet

" # " ˆ
#
" #
" #
ia
I cos(ωt)
Iˆ
iα
0
ipuls = ib =
→
= −Iˆ cos(ωt) (8)
√
iβ
3
ic
−Iˆ cos(ωt)
puls
A symmetric three-phase current with the same input amplitude Iˆ can be expressed in αβ-components as:
irot

" # " Iˆ cos(ωt) #
#
" #
"
ia
ˆ cos(ωt)
i
I
α
2π
= ib = Iˆ cos(ωt+ 3 ) →
(9)
= ˆ
iβ
I sin(ωt)
2π
ˆ
ic
rot
I cos(ωt− )
3

The resulting current vectors for the inputs suggested in
equations (8)–(9) are illustrated in Fig. 12. The RMS relation
of pulsating and rotating current inputs can be expressed:
r
|irot,RMS |
3
=
,
(10)
|ipuls,RMS |
2
enabling the proposed pulsating input approach for modeling
of harmonic losses (under the assumption of linear material
properties). Subsequently, the equivalent current component
of each sideband group Ieq , using equations (3)–(4),
q can be
inserted in the proposed FEA model using Ipuls =

TABLE IV
TOTAL

SIMULATION TIME AT

tmag
XXX
X
X

XXX

Quantity

Mesh elements
Sim. time (case 1)
Sim. time (case 3)

100 K H Z

3 mm

6.3 mm

12.6 mm

15 685
48 s
106 s

27 043
90 s
164 s

47 107
112 s
285 s

IV. M ATERIAL

3
2 Ieq .

PROPERTIES

This section details the investigations run to determine important material properties influence in the simulation model.
The influence of the shaft material is investigated in Section IV-A. Next, the influence of magnet material and stator
yoke properties are analyzed in Section IV-B.
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irot
30◦
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Fig. 12. Comparison of pulsating and rotating current input.
Fig. 14. Influence of the shaft permeability µr,shaft on modeled losses for
a rotor carrying magnet segments of 3 mm thickness.

A. Shaft material
As reported in [35], the shaft relative permeability has
a significant impact on total rotor losses. Therefore, the
shaft material minor loop behavior was characterized using
a Lakeshore 480 Fluxmeter. The ring-core sample and the
results are shown in Fig. 13, demonstrating approximately
linear (and reversible) minor loops with permeabilities in the
region {20 < µr,shaft < 40} throughout the complete DC-bias
range. However, the massive tensile stress (σ > 500 MPa)

The influence of such assumptions are investigated in the
following. Case 1 assumes linear and isotropic material properties. Case 2 takes into account magnetization of the stator
core (using the frozen permeability method [13]). Finally,
Case 3 takes into account polarization of the stator core as
well as anisotropic magnet properties according to [41], [42].

B [T]

TABLE V
FEA

a)
N2 =52

N1 =10
46 mm
30 mm

1

H [A/m]
b)

6 mm

0

Fig. 13.
results.

1000

Case 2

µr,e

Case 3

µr,e

ρmagk

ρmag⊥

µr,magk

1.5 µΩm
1.5 µΩm
1.5 µΩm

1.3 µΩm

µr,mag⊥
1.05
1.05

1.03

1.12

c)
-1

-3000

µr,lam
Case 1

MODEL SETTINGS

0

3000

Shaft material characterization: a–b) ring-core sample c)

in the axial direction of the rotor shaft aligns the magnetic
domains in the parallel direction of force [37], subsequently
causing a demagnetization in the perpendicular direction [37],
[38] (in which the harmonic field is predominantly oriented).
The influence of different rotor shaft permeability settings on
power losses (for a rotor carrying 3 mm magnets) are shown in
Fig. 14. The overall best resemblance, considering the whole
frequency range, is achieved for shaft permeabilities within
µr,shaft = 1–2, indicating almost complete demagnetization in
the radial direction of the shaft.

Assumption (a) is evaluated in Fig 15a by comparing 2D
results with measured ones (for a rotor with 3 mm magnet
segment thickness) using linear, isotropic material settings
defined by Case 1 in Table V. The 2D results overestimate
losses with up to 240 % at (10 kHz), which paramounts the
significance of taking into account axial segmentation.
However, all three configurations listed in Table V enable
loss prediction capability within 10 % when modeled in 3D.
Furthermore, the conducted sensitivity analysis shows that the
stator yoke polarization and magnet anisotropy have negligible
impact on simulation results, but clearly emphasizes the need
to accurately take into account the axial segmentation of the
magnets as well as magneto-elasticity effects on the shaft.
While the frozen-permeability method improves the model
predictions for many slotted machine types, it does not make a
significant difference for the investigated slotless machine due
to the large effective air-gap [13]. All simulations hereafter
are conducted in 3D using Case 3 settings.

B. Magnet material and stator yoke
The currently available analytical models for prediction of
harmonic rotor losses in slotless PMSMs [19], [39], [40] all
make the following assumptions:
(a) Axial segmentation of magnets is neglected
(b) Stator core material is linear.
(c) Isotropic magnet permeability and resistivity

V. M ETHOD
This section describes the experimental test procedures
conducted in this paper. Section V-A describes the locked rotor
tests with pulsating input, conducted as a first validation step.
Section V-B finally describes the no-load tests with inverter
supply.
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TABLE VI
E QUIPMENT
Equipment type

Model

Waveform Generator
Power Amplifier
Power Meter
Voltage probe
Current probe
Temperature logger
Resistance meter

Agilent 33500B
AE Techtron 7224
Lecroy MDA 803
HVD 3106
CP031
Agilent 34970A
Fluke 8842A

VI. E XPERIMENTAL

RESULTS

This section is divided into the locked-rotor tests (Section VI-A), and the no-load tests (Section VI-B).
A. Locked rotor tests
The power loss measurements were conducted in the two
rotor positions A–B illustrated in Fig. 16, corresponding to
a pure q-axis and d-axis harmonic field, respectively. Three
a) Position A

b) Position B
250
µr,e
0

Fig. 15.
Influence of material settings on model accuracy for
tmag = 3 mm: a) 2D simulation (Case 1) compared to measured losses;
b) 3D simulations (Cases 1–3) compared to measured losses.

[p.u]
Bh

A. Locked-Rotor Test
The locked rotor tests were conducted by exciting the
slotless stator (depicted in Fig. 17d) with a sinusoidal voltage
according to the connection in Fig. 8e. The voltage was
achieved by cascading a waveform generator with a linear
power amplifier. The voltage and current data were acquired
using a high bandwidth power meter, using the methodology
described in [13]. The average result of 5 consecutive periods
was determined using a sampling frequency of 2.5 Gs/s. Any
thermal effect on power loss variation was minimized by
conducting short measurements (< 5 s) at room temperature
(23 − 25◦ C).
B. No-Load Test
The two-wattmeter method was deployed for power measurement. Exactly 500 consecutive fundamental periods were
recorded using a sampling frequency of 25 Ms/s. The measured currents and voltages of each fundamental period were
transformed into Fourier domain. Next, the obtained current
spectrum was phase-compensated using current-probe characterization data according to [13]. Finally, the active power
spectrum was computed. Similar to the locked-rotor case, the
thermal impact on power losses was minimized by conducting
short measurements at room temperature. The equipment
involved is listed in Table VI.

Fig. 16. Evaluated positions: a) q-axis; b) d-axis pulsating flux.

different rotors were evaluated (see Fig. 17), carrying 12.6;
6.3 and 3 mm magnet segments, respectively. The rotors were
radially centered inside the stator using a few layers of paper
tape at each end of the magnet stack. Alignment of the rotor
in the d-axis position was achieved by applying a 4 A DC
current pulse. The subsequent q-axis alignment was made by
mechanically displacing the rotor with (90 ◦ ). Average losses
a)

b)

c)

tmag = 12.6 mm
tmag = 6.3 mm

tmag = 3 mm

d)

Fig. 17. Investigated rotors equipped with a) 12.6 mm magnets; b) 6.3
mm magnets; c) 3 mm magnets. d) Rotor inside the stator.
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for the two rotor positions are presented in Fig 18. Note that
the error-bars in this case show the max and min levels of the
two positions (i.e., not accuracy). As can be seen, the model
exhibits loss prediction capability within 10 % for f ≥ 20 kHz
regardless of rotor. The developed model shows that rotor

case. One possible reason is an increased level of leakage field
outside the active length for thicker magnets (due to lower
effective magnet resistivity and thus higher levels of eddycurrent reflection in the magnets), which is not taken into
account by the model.

|B̂h | [p.u]

0.5

0

1

0

|B̂h | [p.u]

z

y

x

z

y

x

b) 100 kHz

a) 1 kHz

Fig. 19. Normalized harmonic flux density distribution in position A for
12.6 mm magnet at a) 1 kHz; b) 100 kHz.

B. No-load tests
In this section, the validity of the proposed model has
been evaluated under rotating input. Two different rotors were
evaluated under no-load operation, equipped with magnets of
3 mm and 4.5 mm thickness, respectively. The machine was

c)

b)
a)
Fig. 20. Investigated motor drive: a) Inverter; b) Motor; c) Power meter.

Fig. 18. Average losses of positions A–B. Error bars show the maximum
and minimum losses for the two positions.

losses constitute 60–80 % of the total harmonic losses. While
the magnet losses are almost independent of the frequency for
the 3 mm magnet case, the 12.6 mm magnet losses are more
than twice as high at 10 kHz compared to 100 kHz. The drop
in magnet losses is explained by an increasing eddy-current
shielding effect with frequency (Fig. 19), reducing the total
levels of harmonic flux. An underestimation of losses can be
observed for frequencies below 30 kHz in the 12.6 mm magnet

fed by a three-phase inverter (see Fig. 20) equipped with two
parallel-connected SiC-MOSFETs (C2M0025120D) in each
phase-leg. A switching frequency of 8; 20 and 40 kHz is
used. The obtained power loss spectrums at 20 and 40 kHz
switching frequency are shown in Fig. 21. As can be seen,
the loss prediction capability is within 15 % for all examined
harmonic components. The difference is mainly explained by
the losses in the metallic parts, such as the rotor parts outside
the active length which are not considered. The superposition
of harmonic loss components in soft magnetic materials such
as the stator yoke and rotor shaft may add to the discrepancy.
However, the results still justify the superposition approach
for fast, yet sufficiently accurate modeling of time-harmonic
losses in the considered machine. The total harmonic losses for
a set of selected cases at 30 krpm and no-load are reported in
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Fig. 22. The results show that harmonic losses at unfiltered
conditions (unfilt.), i.e., without using the inductive motor
filter, can be reduced with two thirds (from 27 W to 9 W)
by using 3 mm instead of 4.5 mm magnets and adopting
a switching frequency of 40 kHz instead of 8 kHz. As a
reference, the losses under nominal, filtered (filt.) conditions,
are also shown.

silicon-carbide based three-phase inverter. Rotors with four
different magnet thicknesses in the range 3–12.6 mm are experimentally evaluated for frequencies in the range 8–120 kHz.
The developed 3D model not only enables loss separation,
but also prediction capability of harmonic losses within 15 %
over the whole frequency range. The conducted sensitivity
analysis primarily emphasizes the importance of taking into
account the axial segmentation of magnets, and secondarily the
rotor-shaft magneto-elasticity effects for accurate modeling.
Whereas 2D models overestimate losses with up to 240 %,
the magneto-elasticity affects loss modeling with up to 30 %
at 10 kHz. The sensitivity analysis also indicates an almost
complete demagnetization in the radial direction of the shaft
(1 < µr,shaft < 2). However, it is found that the stator yoke
polarization and magnet anisotropy have negligible impact on
the modeling accuracy. The results validate the approach of
harmonic superposition under no-load operation and show that
rotor losses comprise 60–80% of the total harmonic losses.
Furthermore, the conducted case study shows that harmonic
losses can be reduced with two-thirds (from 27 W to 9 W) by
deploying thinner magnets and 40 (instead of 8) kHz switching
frequency, thus enabling usage of significantly smaller motor
filters. Future work includes development of analytical models,
evaluation of inverter losses and electric drive optimization.
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