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Application of Sinusoidal Field Pole in a
Permanent-Magnet Synchronous Machine to Improve
the NVH Behavior Considering the MTPA and
MTPYV Operation Area
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Abstract—In this paper, various approaches to improve the
noise, vibration, and harshness (NVH) behavior of a single-layer
interior permanent-magnet synchronous machine (IPMSM) are
evaluated. The studied machine is used in electric vehicles and has
a maximum output power of 53.6 kW. The acoustic noise of the
electrical machine is mainly generated due to vibration of the sta-
tor yoke, which is caused by the radial forces acting on the stator’s
teeth. The radial force is directly correlated with the flux density in
the air gap. Through modification of the outer frame of the rotor,
the composition of the air-gap field, which consists of the funda-
mental wave and its harmonics, can be modified. The distribution
of the radial force density on the surface of the stator teeth will be
affected and the dominant order of the radial force can be reduced
selectively, which will improve its acoustic behavior.

Index Terms—Acoustic and noise of electrical machines, air-
gap flux, electric vehicles, force densities, permanent-magnet syn-
chronous machine (PMSM), rotor pole shaping, sinusoidal field
pole, torque harmonics.

I. INTRODUCTION

HE role of electric vehicles in individual transportation

has become significant in the recent years. Although
electrical drives are known for the low noise emission when
compared to combustion engine, significant acoustic prob-
lems originated from single tones attract particular attention.
Combustion engines, in contrast to the electric motor, gener-
ate broadband noise. Noise from electric motor has a single
tone characteristic and lies within the sensitive hearing range
of humans, which is generally between 2 and 5 kHz [1]. The
sound radiation is strongly dependent on the housing and the
installation of the machine. The force excitations in an electrical
machines vary with the machine’s speed. If the main natural
frequencies of the structure are excited, the intense vibration
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induces remarkable noise. For a feasible acoustic evaluation,
these aspects have to be considered. Therefore, structural
dynamic and acoustic simulations have to be performed [2].
However, in the case that the dominant frequencies of the
acoustic radiation are known, it is sufficient to analyze the
exciting forces for the improvement of the electrical drive.

The major sources of noise in electrical machines are the
periodic radial and tangential force waves acting on stator and
rotor, respectively. The radial forces acting on the stator lead
to the deformation of the housing. The tangential forces acting
on the rotor leads to torque and torque pulsation. Both result
in unwanted vibration of the machine parts, e.g., shaft, gear-
ing, and differential. In case of a high-speed electrical machine
with high number of poles and stator’s teeth, the torque pul-
sation can also lead to unwanted noise. Since the sum of the
torque depends on the integration of tangential forces and the
axial length, the pulsation can be reduced by skewing the stator
or rotor. The sum of the radial force harmonics on the stator cir-
cumference in a time step is null. In this case, the force densities
distribution have to be analyzed. The force densities are related
to the flux density waves on the air gap. As example in an induc-
tion machine with a squirrel cage rotor, these harmonics can be
reduced by choosing specific numbers of stator and rotor slots
[3]. In a salient-pole synchronous machine, the flux density har-
monics can be reduced by altering the pole shoe shape of the
rotor [4]. In a flux switching motor, the flux distribution can be
influenced through notching the rotor [5].

The objective of this paper is to introduce a systematic
approach to minimize the flux density harmonics of the air
gap to reduce the acoustic radiation. The focus of this work
lies on the improvement of the electromagnetic circuit through
forming the rotor’s surface and thus the shape of the air gap
[4], [6], [7]. The rotor surface alteration methods are compared
among each others and combined to achieve enhanced results.
The stator, housing, and other machine components are not
altered, so the time-consuming structural dynamic and acous-
tic simulations can be avoided. The resulting torque harmonics
(temporal), which represent the sum of tangential force waves
(spatial), and radial force density waves (temporal and spa-
tial) are analyzed. The velocity on the stator surface caused
by the radial force density waves acting on the stator teeth
is evaluated. The proposed method is applied in a nonskewed
single-layer interior permanent-magnet synchronous machine
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TABLE 1
SIMULATION AND MACHINE PARAMETERS OF THE IPMSM

Stator outer radius Tgator. o 90 mm
Stator inner radius Tsiqtor. 61 mm
Air gap length § 0.7 mm
Axial length [p, 120 mm
Number of poles / slots 2p/N 12/ 36
Magnet type NdFeB
Winding type Distributed (g = 1)
Battery voltage Uy, 300V
Maximum current (peak value) Iyqq 300 A
Rated torque My 155 Nm at 3300 min !
Rated power Pn 53.6kW

(IPMSM). The simulation and machine parameters are listed
in Table I. The results are analyzed for the entire operating
area, which is defined through maximal torque per ampere
(MTPA) in base speed and maximal through per voltage
(MTPV) in field-weakening operating points [8]. To validate
the proposed approach, structural dynamic and acoustic simu-
lations are performed. The results are presented in [9].

II. METHODOLOGY
A. Analysis of the Radial Force Density Waves

The radial force density waves acting on the stator teeth are
the major reason of the vibration of the stator’s teeth, which
leads to the deformation of the stator yoke. These force density
waves can be traced back to the harmonics of flux densities,
which originate from the rotor or stator. Generally, the flux den-
sity harmonics are caused by permanent magnets, stator slots
and winding, and other effects, such as saturation and eccentric-
ity. The radial force density waves oy.q (v, t) can be calculated
with the simplified equation [10]:

B rad (aa t) 2

2 1o
Bl(OZ7 t)2 +2 Bl (a, t) BQ(OZ, t) + Bg(a, t)2
2 o

where « and ¢ describe the position in the air gap and point in
time. pio, Brad, and By and By are the magnetic constant, sum
of radial flux density in the air gap, and radial flux density from
stator and rotor, respectively. After [11], the force density waves
described in (1) can be decomposed according to its source of
flux density waves. The force densities with m-th spatial order
OYadm OF Trag m» Which occur due to the flux density harmonics
of stator or rotor in combination with itselves, respectively, are
described with the following equations:
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due to the combination of the flux density harmonics of stator
and rotor, are described with the following equation:
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Fig. 1. Deformation of the stator yoke depending on spatial order m.

where BY,; and B! , are the radial flux density v-th order
from stator and p-th order from rotor (spatial), respectively. The
deformation’s amplitude m-th spatial order Y,,, of the stator
yoke, which is caused by these force densities, can be estimated
with the following equations [3]:

Tstator,i Nyoke

Yo=- Orad,0

EFe hyoke '

4 T'stator,i lFe

Yl g hatt \4 Orad,1 (4)

Fe (Lshaft) Lshaft

2
2\/§ Nyoke 1
Ym>:2 = YO ) Orad,m
hyoke m* —1

where dgpap and L. are the diameter of the shaft and the
distance of the bearings, respectively. Assuming that the defor-
mation of the stator is an oscillation in stationary state, the
amplitude of surface velocities Y;,, can be derived from the
deformation amplitude Y,,,:

Ym :27TfmechSYma ()

where fiecnh and s are the mechanical rotation frequency and
temporal order, respectively. The deformation of the stator yoke
depending on spatial order m is illustrated in Fig. 1. A deforma-
tion with spatial order m rotates with the frequency fiech * S
and produces a tone with the same frequency. It is shown in (4)
that the amplitude of the stator deformation Y,,, decreases with
1 /ma. Therefore, the relevant radial force densities, i.e., force
density waves with low spatial order, correspond to the dom-
inant amplitude of the stator deformation and thus its surface
velocity. Hence, it is sufficient to analyze the amplitude of sta-
tor deformation or the surface velocity to determine the force
densities, which are prominent to the acoustic radiation. The
methods to calculate sound pressure level (SPL) from surface
velocities with validated measurements are described in [12].

Through convolution of a radial force density wave, the time
and spatial orders of the flux densities, which have major con-
tribution to the radial force density, can be determined [13]. The
terms in (1) can be two-dimensional (2-D) Fourier transformed
and the equation can be rewritten in:

Bprra(s,v/u) * Borra(s, v/ 1)

6
o (6)

O'DFTQ(Sam) =
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Fig. 2. Average of nodal forces between two neighboring nodes.
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The Fourier transformed force and flux densities (oppr2 and
Bprro, respectively) are dependent on temporal order s and
spatial orders of the following:

1) force density waves m;

2) flux density waves originated from stator v;

3) flux density waves originated from rotor (.

To determine the origin of the flux density waves, finite-element
(FE) simulations of rotor with magnetic ideal slotless stator or
stator with magnetic ideal rotor (¢, — oo or Neumann bound-
ary condition) need to be performed. As a result, the source of
flux density harmonics in the air gap can be separated.

B. Analysis of the Tangential Force Density Waves

According to [14] based on eggshell method [15], the sum of
the forces Fj on every node k (nodal force) multiplied by its
distance to the origin of the rotor r; represent the torque 7" in
one point in time. It is described with the following equation:

T:ETkXFk. (7)

Due to the cross product, only the tangential nodal forces have
influence on the torque. Through implementation of (7) for
multiple time steps up to one rotation of the rotor, the mean
torque and torque harmonics can be calculated. Through ana-
lyzing the time-dependent torque, the effect of the tangential
force densities wave can be studied.

C. Implementation

The first step of the approach is to perform FE simulations to
determine the nodal forces on the air-gap side of the stator’s sur-
face. The force density waves acting on the stator are calculated
through averaging two neighboring nodal forces (Fig. 2) and
dividing its value by the distance between the two nodes and
the axial length of the machine. The force densities should be
decomposed in radial and tangential components. Through 2-D
Fourier transformation, the force densities can be decomposed
in temporal and spatial order. As shown in Fig. 2, the average
of nodal forces and thus the force density waves point mainly
in radial direction. The value of the force densities in radial
direction is greater than its value in the tangential direction.
The acoustic noise, which is emitted from the stator, is induced
by the radial force densities. The tangential forces excite struc-
tures, which are attached to the rotor. The noise emitted from
the attached structures, e.g., gear, can be suppressed through
minimizing the torque ripple.
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The next step is to determine the radial force density waves
that have major contribution to the acoustic radiation. It can be
determined through measurement of SPL or estimated through
simulation. By measuring the SPL, the dominant temporal
orders of the acoustic radiation can be determined. Due to the
high sound radiation, the lowest spatial order of these tem-
poral orders should be chosen for further study [16]. Without
measurement results or coupled 2-D electromagnetic and 3-D
structural dynamic simulations [17], the dominant excitation of
the acoustic radiation can only be estimated. Generally, the pair
of dominant torque harmonics and the dominant force density
waves with low temporal and spatial order should be analyzed.

The chosen force density waves are convoluted to identify
the flux density waves, which have major contribution to these
force densities. Depending on the result, the rotor and stator
geometry or its winding can be altered to minimize the flux
density harmonics in the air gap. This paper focuses on the flux
density originated from the rotor and the alteration is performed
on the outer surface of the rotor.

III. ALTERATION OF ROTOR’S SURFACE

In this section, two approaches to reduce flux density har-
monics by alternating the outer surface of the rotor will be
introduced. The first approach is using the sinusoidal rotor
field poles calculated with inverse cosine formula. The second
approach is the notching of rotor’s surface in d- or g-axis. The
method to evaluate the influence of rotor’s alteration on the
air-gap flux density is described at the end of this section.

A. Sinusoidal Rotor Field Poles

Through methods introduced in [4], the harmonics of air-gap
flux densities can be reduced and sinusoidal rotor field can be
reached. The alteration of the rotor’s surface is defined with the
following equations:

6(8) = ST )]
cos (%ﬁ)
741rot01r,0(6) = Trotor,o + 5d - 6(5)» (9)

where dg4 is the air-gap length in the d-axis, 7, is the pole pitch,
B is the angle relative to d-axis of the rotor, and 6(f3) and
Trotor,o () are the air-gap length and rotor outer radius depen-
dent on f3, respectively. In Fig. 3, a half of a rotor pole is shown
and the parameters in (8) and (9) are illustrated. According to
the previous equations, the rotor outside the radius should fol-
low the dashed contour pointed by 7yotor,0(/3). This parameter
is limited with the rotor minimal outside radius 7rotor,0,min and
hence the air-gap length in the g-axis d,. The ratio of the air-
gap length in ¢- and d-axes % /5 , 1s varied through augmenting
the air gap in g-axis J, and its influence on the flux density
composition is evaluated.

B. Notching of Rotor’s Surface

As an alternative to Section III-A, the modifications of rotor
surface on the d- and g-axes are considered. The cogging torque
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Fig. 3. Illustration of sinusoidal field pole and its parameters.

dnotch,q

Fig. 4. Notch on d- and g-axes.

of an IPMSM can be reduced by notching the rotor surface in
the d-axis [6] or g-axis [7]. The notch parameters are shown
in Fig. 4, which are notch angle to d- or g-axes aotch,a/q and
notch depth d,,g¢cn,q/4- The origin of the axes are the center of
the rotor. The influence of both parameters on the flux density
harmonics is evaluated separately.

C. Evaluation of Flux Density Waves

The flux density harmonics originated from rotor are eval-
uated. The stator is treated as an ideal slotless stator, which
is implemented in the FE simulation by applying Neumann
boundary condition on the stator inner radius. With this method,
there is only one time step required for the analysis of the
flux density, since in this case, the flux density is not time
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Fig. 5. Characteristic torque—speed diagram of the 36th harmonic of torque.

dependent. The flux density in the middle of the air gap
75,mid = 60.65 mm is sampled and Fourier transformed (spa-
tial). The total harmonic distortion (THD) is evaluated with the
following equation:

THD = (10)

The objective of the rotor’s surface alteration is to reduce the
spatial flux density harmonics without reducing the fundamen-
tal wave significantly. In addition, the lower harmonics of the
flux density have a major effect on the parasitic effects. Thus,
the reduction in lower harmonics has a higher priority than
reduction in the higher harmonics. Therefore, the evaluation
criteria of the flux density harmonics are as follows:

1) the THD;

2) the value of the flux density’s fundamental wave;

3) the value of the flux density’s harmonics p = 3,5, 7.

IV. APPLICATION ON THE IPMSM

The methods, which are explained in the previous sections,
are applied to the examined IPMSM. First of all, the rele-
vant operating points for the analysis have to be chosen. To
examine the forces acting on the rotor, the torque harmonics
have to be analyzed. The first dominant torque harmonic of
the examined IPMSM is the 36th harmonic, which is the first
slot harmonics. In Fig. 5, the characteristic torque—speed dia-
gram of this harmonic is shown. From the diagram it could
be concluded that the maximum of this harmonic is located
at the maximum torque in the base speed area. The amplitude
is 30 Nm, which represents 20 % of the average torque. The
operating point between base speed and field-weakening area
(n = 3300min~! and M = 155Nm) at the rated operating
point is chosen for further examination.
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Fig. 6. Characteristic torque—speed diagram of the force density wave order
(temporal s, spatial m) = (36, 0).

To examine the radial forces, which cause the deformation of
the housing, the radial force density waves have to be analyzed.
The low spatial orders m with highest value of the force den-
sities have to be chosen. Only the positive temporal orders are
taken into account, because the negative orders only contain
redundant information [18]. According to [11], the dominant
force density orders of the examined machine are (temporal s,
spatial m): (12, 12), (24, —12), and (36, 0). The negative sign
on the spatial order means reverse rotation relative to rotation
direction of the rotor. In Fig. 6, the characteristic torque—speed
diagram for the radial force density order (36, 0) and the ratio of
tangential and radial force density of the same order are shown.
It is shown that the tangential force density amplitudes are only
10 %—60 % of the radial force density amplitudes. To analyze
the noise emission due to stator vibration, it is sufficient to
examine the radial force density. The operating points with the
highest radial force density value are chosen for further exam-
ination. The chosen operating points for the three aforemen-
tioned force density orders are listed in Table II. Calculation
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TABLE I1
OPERATING POINTS FOR CALCULATION OF SURFACE VELOCITIES

Force density orders Speed Torque Current  Control angle
(s, m) (kN/m?) n(min~') M (Nm) ILejg(A) P (°)
oprr2(12,12) = 200 3300 155 210 -30
oprr2(24, —12) = 22.2 8000 30 95 -70
oprr2(36,0) = 36 7400 82.5 200 -70
Surface velocity (mm/s)
o4 = 3300min~! & M = 155 Nm 2
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Fig. 7. Excited surface velocities at two operating points.

of surface velocities will be performed on these operating
points.

In Fig. 7, the calculated surface velocities on the stator sur-
face are shown. In all the studied operating points, the surface
velocity reaches its maximum at temporal order s = 36 and
spatial order m = 0. The next dominant orders are (s,m) =
(72, 0) and (s, m) = (12, 12). It is shown that the values of the
force densities are not directly correlated with the surface veloc-
ities, and therefore the acoustic radiation. The acoustic radiation
is strongly dependent on the temporal and spatial orders of the
force excitations. The frequencies of the noise excited from
the force density order (s,m) = (36,0) between the speed
n = 3300—8000 min—! lie between f = 1980 and 4800 Hz.
These frequencies are located in the area of the human sensitive
hearing range. To improve the acoustic behavior of the [PMSM,
this force density order has to be reduced. The operating point
n = 7400 min~! and M = 82.5 Nm shows the highest surface
velocity order (36, 0), when compared to the other operating
points. This radial force density order in the correspondent
operating point will be convoluted to determine the contributing
flux densities.

In Fig. 8, the decomposition of the radial force density order
(36, 0) (oprr2(36, 0)) into its constructing force densities (num-
bered arrows) is shown. The vectors are sorted in descending
order after their absolute value. The pairs of the flux den-
sity orders, which build each force density vectors, are listed
in Table III. The flux densities originated from rotor can be
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Fig. 8. Space-vector convolution of the force density order (36,0) at operating
point n = 7400 min—! and M = 82.5 Nm.

TABLE III
CONTRIBUTING FLUX DENSITY ORDERS

Vector Flux density pair

number Bprra(s,v/p) Bprra(s,v/p)
1land2 6,6 30,-6
3and 4 42, 42 6,-42
Sand 6 6,-6 42,6

7 and 8 30, 30 6,-30

9and 10 18, 18 18,-18
Kand L 18,-18 54, 18

M and N 54, 54 18,-54

identified through the similar temporal and spatial orders: (6, 6),
(18, 18), (30, 30), (42, 42), and (54, 54). The normed orders
(after pole pair p and simulation of a time step) are first, third,
fifth, seventh, and ninth, respectively. The fundamental wave is
the order (6, 6) or the first order. The value of the higher har-
monics has to be reduced, to improve the acoustic behavior. The
objective is to alter the rotor flux density of the IPMSM into a
sinusoidal form, as shown in Fig. 9. In the following sections,
the rotor alteration will be performed and its effect on the flux
density will be examined.

A. Sinusoidal Rotor Field Poles

Simulations of rotors with varied air-gap ratio d,/d; = 1—3
with an increment of 0.25 are performed. The minimum width
of the bridge between the magnet and rotor outside contour is
set to 0.3 mm. To meet this condition, the position of the mag-
nets relative to rotor outside contour will be changed and their
geometry are kept constant. The results are shown in Table IV.
It is shown that the THD of the air-gap flux density decreases
significantly until the air-gap ratio ¢,/d4 = 2 is reached. The
harmonics sink remarkably until the air-gap ratio o, /dq = 1.75.
The fundamental wave of the flux density increases and reaches
its maximum between d,/d; = 2—2.75. In Fig. 9, the spatial
distribution of the flux densities for d,/dq = 2 and 2.25 are
shown. They are compared to the flux density of the original
IPMSM and a sine function. It is shown in the distribution that
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Fig. 9. Air-gap flux density of IPMSM rotor with and without sinusoidal field
poles.

TABLE IV
VARIATION IN AIR-GAP RATIO 04/d4

Air gap ratio THD Flux density order (T)

8q/0a (%) 1 3 5 7 9
1 (original) 2438 075 015 001 006 0.07
1.25 1773 077 0.09 0.02 0.05 0.07
1.5 11.81  0.80 0.04 0.01 0.03 0.06
1.75 8.54 0.84  0.01 0 0.03  0.04
2 6.91 0.86  0.01 0.02 0.03 0.03
2.25 6.42 086 0.02 002 003 0.03
25 6.23 086 0.02 003 0.03 002
2.75 5.98 086 0.02 003 0.03 002
3 5.53 085 0.02 002 002 002

the flux densities sampled at £10° from d-axis follow the sine
function thoroughly. The difference between the two sinusoidal
poles are insignificant. Due to the wider range of the similarity
to the sine function, the rotor with air-gap ratio §, /64 = 2.25 is
chosen for further examination.

B. Notching of Rotor’s Surface

The variation in the notch parameters (angle c,o¢cn, and depth
dnotch) in d- and g-axis are performed. The minimum width of
the bridges is kept at 0.3 mm and the magnets’ position is not
changed. In Fig.10, the spatial distribution of the flux densities
with notch in d- or g-axis is shown. The notch in d-axis causes a
drop of the flux density in the position of the notch. The notch in
g-axis induces a smoother transition of the flux density between
the poles. The simulation results are listed in Tables V and VI.
It is shown that the notch in the d-axis induces a lower funda-
mental wave of flux densities when compared to a rotor with
a notch in g-axis. In both cases, the THD of the flux densities
are higher than the original model. The notch in d-axis induces
in general higher THD than notch in g-axis. The value of the
seventh harmonic order can be lowered with both notch’s posi-
tion. The ninth harmonic order is additionally lowered in case
of a notch in g-axis. The gray rows mark the geometry with



2286

0.8 ‘ ‘ ‘ ‘ ‘
0.6
04
)
Q0.2
2
2 0
Q
k<]
502
—
-0.4
—— Original
_0.6l — Notch in d-axis||
’ —— Notch in g-axis
0.8 - - — — Sine function
%0 10 20 30 40 50 60

Mechanical angle (°)

Fig. 10. Air-gap flux density of IPMSM rotor with and without notch in d- or
g-axes.

TABLE V
VARIATION IN NOTCH PARAMETERS Qtyyotch AND dpoten IN d-AXIS

Angle Depth THD Flux density order (T)

Qnoteh (7)  duoren (mm) (%) 1 3 5 7 9
0.9 0.25 2663 0.74 0.16 0.02 005 0.09
0.9 2 2947 074  0.18 0.04 004 0.10
0.5 0.5 2573 075 015 001 006 0.07
2 0.5 3248  0.73 0.2 0.06  0.02 0.1
1.5 0.5 30.11 074 019 0.04 003 0.01
2.5 1 3822 072 025 009 001 0.12
4 1.5 49.44 068 034 013 003 0.08
5 1.75 55.64 066 039 0.13 008 0.04

TABLE VI

VARIATION IN NOTCH PARAMETERS a0l AND dyoteh IN g-AXIS

Angle Depth THD Flux density order (T)

Anoten (7) dpoten (Mm) (%) 1 3 5 7 9
0.9 0.5 2338 075 015 0.01 0.06 0.07
0.9 4 2373 076  0.17 0.02 0.03 0.04
0.5 2.5 2425 075 0.5 0 0.06  0.07
1 2.5 28.84  0.81 0.2 0.08  0.01 0.02
0.5 1.5 2437 075 0.5 001 0.06 0.07
1 2.5 2390 075 0.15 0 0.05  0.06
1.5 4 26,67 079 020 007 0.01 0.01
2 35 29.78 081 023 009 0.03 0

highest reduction the seventh harmonic order, which has vast
contribution to the flux density order (36, 0) at n = 7400 min—*
and M = 82.5 Nm (Table III). These geometries are chosen for
further examination.

C. Combination of Presented Approaches

As shown in Figs. 9 and 10, the combination of sinusoidal
field poles and notches in g-axis show the most promising
results. Through the sinusoidal field pole, the flux density near
d-axis follow the shape of a sine function. The notch in g-axis
leads to a smoother transition between the poles. The chosen
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TABLE VII
SIMULATION RESULTS I = 200 A AND ¢p = —70°
Rotor alteration oprT2(36,0) Y(36,0) Mpcan %:’n"(’z’z (%)
(kN/m?) (mm/s) (Nm) 36 72
Original 36 3.1 834 300 49
Sinusoidal field pole (SFP) 20 1.7 763 252 1.3
Notch in d-axis 34 29 782  39.1 5.8
Notch in g-axis 17 1.5 66.0 11.0 40
Combination SFP and g-notch 14 1.2 704 133 1.3
. 02 MTPA at I, = 300 A (peak)
g . ; ; =
>
2018}
~ 016} o
= SFP + g-notch
S 014! q
=
= 0.12}
Tj!
¢ 01}
>
Z 0.08 1 4-notch SEP
S 006} o o
8 0.04} o 2
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- 0.02 ¢
= 0 ; ; ;
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Fig. 11. Inverse of force density o,.,q (36, 0)71 to torque at max. current Imax
and optimal control angle ¢opt (MTPA).

air-gap ratio 6,/04 = 2.25 (64 = 1.58 mm and g = 0.7 mm)
and notch angle ay,otcn = 2° are implemented on the rotor. The
chosen angle corresponds to the half of the pole transition angle
in the flux density distribution. The depth of the notch dytch 1S
3.5 mm, which is the maximum depth subjected to the condi-
tion of minimum width of the bridges. In this case, the value
of the fundamental wave is 0.89 T, the THD is 1.69 %, and the
value of the rest of the harmonics are under 0.005 T.

V. RESULTS
A. Analysis of an Operating Point

Simulations for the operating point with significant surface
velocities (I = 200 A and ¢ = —70°) for the chosen geome-
tries are performed. The results are listed in Table VII. It is
shown that sinusoidal field pole and notch in g-axis are effec-
tive to reduce the radial force density oppr2(36,0) and the
related surface velocity Y(36, 0). Thus, the acoustic emission
is likely to be reduced. Due to change of the reluctance, the
effective torque of these variants is reduced, particularly of the
rotor with notch in g-axis. However, the torque harmonics are
also decreased. The notch in d-axis does not have considerable
advantage to torque and noise production. The combination of
sinusoidal field pole and notch in g-axis shows the best noise
emission and proportion of mean torque and its harmonics.

In Fig. 11, a scatter plot of the torque and the inverse of radial
force density order (36, 0) at maximal current with optimal con-
trol angle (MTPA) of the chosen rotor geometries is shown. The
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Fig. 12. Characteristic torque—speed diagram of the (top) 36th torque har-
monic and the (bottom) force density order (temporal s, spatial m) = (36, 0).

objective of the taken measures is to minimize the force exci-
tation. To simplify the analysis, the inverse values of the force
density are utilized. It is shown that the combination of sinu-
soidal field pole and notch in g-axis shows the lowest force
density with acceptable mean torque. When compared to the
original geometry, the mean torque sinks only by 1.3 % but
the radial force density by 72 %. To study the effect of the
taken measures, this geometry will be examined for the entire
operating area defined with MTPA and MTPV control.

B. Analysis of the Entire Operating Area

As mentioned in Section V-A, the reluctance behavior of
the machine is modified due to alteration of the rotor’s sur-
face. Hence, the currents’ and controls’ angle after MTPA and
MTPV control of the operating points (torques and speeds)
are also shifted. In Fig. 12, the characteristic torque—speed
diagram of the 36th torque harmonic and the radial force
density wave order (36, 0) are shown. Due to the change of
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Fig. 13. Characteristic torque—speed diagram of the surface velocity reduction,
calculation based on the dominant harmonics.

reluctance, the maximum torque of the IPMSM is reduced by
2.5 Nm. The 36th torque harmonic at its shifted rated speed
n = 3600 min~"! is 11.27 Nm, which represents 7.4 % of the
mean torque. The maximum value of the radial force density
order (36, 0) is 15 kN/m? at n = 9600 min~' and M = 65 Nm.
In Fig. 13, the reduction in the surface velocity due to the
taken measures is shown. The lower harmonics orders: (12, 12),
(24, -12), (36, 0), (48, 12), (60, -12), and (72, 0) are taken
into account for the calculations. It is shown that the surface
velocities are reduced for the whole operating points.

VI. CONCLUSION

It has been shown that using the proposed method, the noise,
vibration, and harshness (NVH) behavior of the IPMSM can be
improved. Through alteration of the rotor surface, the harmon-
ics of the air-gap flux density can be reduced. This correlates
with the distribution of the force densities acting on the sta-
tor teeth, which are responsible for the noise emission. The
noise reduction is obtained by the reduction in the relevant force
density order and thus the related surface velocities. The com-
bination of sinusoidal field pole and notch in g-axis shows the
most promising results. In this case, the relevant torque har-
monic 36th and radial flux density order (36, 0) are reduced at
least by 58 %. The surface velocity are reduced up to 12 dB.
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