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Abstract—The Noise, Vibration and Harshness (NVH) perfor-
mance of an electric motor is a crucial aspect in the design and
analysis of an electric powertrain. Different motor solutions can
lead to different NVH figures, since the fundamental frequency
of the NVH sources is intimately related to the motor type and
geometry. Moreover, the NVH performance of a powertrain is
related to the entire drive train and not just the electric motor.
For this reason, two electric motors for traction application are
compared in terms of both electromagnetic and NVH perfor-
mance, considering the complete driveline. Furthermore, a review
on the computation of electromagnetic forces at the base of the
electric-induced NVH (e-NVH) problem is reported.

Index Terms—Electric Motor, NVH analysis, Traction Electric
Motor

I. INTRODUCTION

In recent years, the growth of electrical vehicle push the
research on the design and optimization of electric motors
and inverters, to be adopted for traction purposes. In the
first instance, the designers focused on pure electromechanical
performance and efficiency. However, in the last years, the
aspect of Noise, Vibration and Harshness (NVH) performance
becomes more and more important [1], [2], [3], aiming of
a higher comfort of the passengers. Replacing the internal
combustion engine with an e-drive unit removed the mask-
ing noise from it, highlighting all secondary noises such as
those coming from the gearbox and adding new ones, as the
electromagnetic tonal ones [4]. There are several sources of
vibrations in electrical vehicles [5] and the electromagnetic
forces (radial and tangential forces acting on the stator teeth
and torque ripple) are the one of interest in the following.
For the electromagnetic-induced NVH (e-NVH) problem, the
electric motor acts as the source of vibrations, but to capture
the system response it is necessary to consider the complete
electromechanical system [6]. In this paper, the NVH prob-
lem is considered at e-powertrain level, assuming a single-
gear ratio gearbox and comparing two different traction e-
motors. Before the comparison, the analysis flowchart and the
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computation are reviewed, with a focus on the NVH sources
computation by means of Finite Element Analysis (FEA).
Furthermore, the two motors are compared in terms of NVH
sources and vibroacoustic response.

II. ELECTRIC POWERTRAIN MODEL

The target application is a 50 kW, 120 Nm curve, with
a maximum speed of 12000 rpm. Besides the torque-speed
domain, the NVH analysis will be focused on some critical
operating points, that are indicated in the folliwing figures.
The first point, labeled as avg refers to an average situation
for NVH analysis, so average speed and relatively low torque,
close to the average point of a hypothetical driving cycle.
The second, third and fourth points lie on the constant speed
characteristic at 50, 90 and 130 km/h. The last test point is the
peak torque at base speed. The first 4 test points are typically
operating conditions kept for long period from the motor,
while the last point is not steady-state operative points, so
less important from a NVH analysis. Furthermore, an extended
analysis at constant torque and complete range of speed will
be also conducted.

A. Electric Motors Selection

For comparison purposes, two electric motors are selected
from scientific literature [7], [8], having common target elec-
tromagnetic performance figures, in order to ease the compar-
ison. The ratings of the two benchmark motors are reported
in Table. I, while their cross-sections are shown in Fig. 1.

The two motors have the same number of pole pairs p and
the same ratings (compatible with the selected application),
simplifying the comparison and providing a common base
for the two candidates. Dealing with the motor structure, the
first benchmark is an Interior Permanent Magnet (IPM) motor
with Distributed Windings (DW), while the second benchmark
is a Surface-mounted Permanent Magnet (SPM) motor with
Concentrated Windings (CW).
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Fig. 1. Cross sections of the two benchmark motors: a) DW-IPM and b)
CW-SPM
DW-IPM CW-SPM
Reference [7] [8]
Stator outer diameter (mm) 216 216
Rotor diameter (mm) 104.4 103
Stack length (mm) 170 170
Number of pole pairs 2 2
Number of stator slots 48 6
Rated torque (Nm) 120 120
Base speed (rpm) 4000 4000
Rated power kW) 50 50
Maximum speed (rpm) 12000 12000
DC link voltage (Vdc) 300 300
Peak phase current (Apk) 360 360
TABLE 1

SPEC. OF THE TWO BENCHMARK MOTORS.

B. e-Powertrain Model

The e-powertrain gearbox is assumed the same for the two
selected e-motors, making a common base for the comparison
of the two structures. The powertrain is modeled in Romax
[9] and a dual-stage single-speed transmission is chosen as
reference. It has an overall transmission ratio of 9 and it is
taken from the Romax tutorials [10]. Furthermore, the models
of the electric motors were defined with a parametric geometry
of the components, using the Electric Machine Modeling tool
in the software. A representation of the gearbox with and
without the housing is reported in Fig. 2.

() (b)

Fig. 2. e-Powertrain Romax model

III. E-NVH SOURCES COMPUTATION AND COMPARISON

The electromagnetic analysis is performed in SyR-e [11], so
the two benchmark motors are imported in this environment

and FEA simulations are performed to compute the electro-
magnetic performance.

A. Electromagnetic Computations

The first comparison between the two motor is done in the
electromagnetic environment. The flux and loss maps of the
two motors are computed with a PM temperature of 100°C.
Then, the efficiency maps are computed with the inverter
limits reported in Tab.I and the winding temperature set to
120°C. Further details on the efficiency maps computation are
reported in [12]. The efficiency maps of the two motors are
shown and compared in Fig.3, with the curve of the target
application reported with black dashed line and the NVH test
points highlighted in red.
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Fig. 3. Efficiency maps of the two considered motors at ©¢,, = 120°C and
Opy = 100°C

First of all, it is worth noting that the two motors can easily
fulfill the target application, as expected from [7] and [8].
Dealing with the differences, the DW-IPM motor presents a
high-efficiency area in the low torque / medium-high speed
region, where the NVH test points lays. Conversely, the CW-
SPM motor present high efficiency in the low speed / mid-high
torque, as expected for this kind of motor, that presents a less
efficient field-weakening operation.

During the computation of the efficiency maps, the control
trajectories are identified to maximize the motor efficiency.
These, together with the flux and torque maps in the (i4,7%)
domain, can be exploited to compute the peak-to-peak torque
ripple AT, over the (T',n) domain, that is reported in Fig. 4
for both motors.

This analysis offers an interesting, even if partial, point of
view on the NVH problem. On one side, the torque ripple
of the DW-IPM motor increases almost proportionally with
the torque level, with higher values in the field-weakening
region. Conversely, the CW-SPM motor has more irregular
AT, contours, with a minimum region at medium speed
and low-medium torque. The different AT, contours shapes
reflect in the motor NVH performance, as will be demonstrated
later. In details, the DW-IPM motor will have lower peak-to-
peak torque ripple for almost all the NVH test points, except
the T),4, point, where the torque ripple of the CW-SPM will
be drastically lower (about 40% lower), as also expected from
this (7', n) analysis.
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Fig. 4. Peak-to-peak torque ripple maps of the two considered motors at
O¢y = 120°C and O pps = 100°C

One of the crucial points evident in Fig.4 is the complex
relation between torque and torque ripple. This can be partially
explained by looking at the torque ripple map in the (ig, %)
domain, that are reported in Fig.5 for the two benchmark
motors.
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Fig. 5. Peak-to-peak torque ripple maps of the two considered motors at
Opp = 100°C in the (i4,%q) domain.

Looking at the (iq,iq) planes, the DW-IPM motor torque
ripple increase almost with the current, with a more critical
behavior along the —d axis, where the current is used just
for field-weakening and the harmonic content increase. The
NVH points are reached with lower current, compared to
the CW-SPM motor, resulting in higher efficiency (especially
at high speed) and lower torque ripple. On the other hand,
the CW-SPM motor must spend more current to reach high
speed operation and perform field weakening control, in a
less efficient way. Its torque ripple contours are less regular
than the DW-IPM motor, with a minimum area around -120 A
along the d axis and extended along the ¢ axis. This irregular
behavior could be caused by the higher PM flux linkage and
the peculiar stator-rotor magnetic coupling.

IV. E-NVH SOURCES

The analysis performed with the (7, n) and (i4,%,) planes
can give some insights to the NVH performance of the motor,
but lack of the frequency information. To better assess the
difference between the two motors and to feed the NVH
analysis in Romax, the NVH test points are better investigated,

performing dedicated simulations to compute torque, radial
and tangential tooth waveform function of the rotor position.
The analysis is performed also for several points along the
T = 25 Nm curve, but are not reported here for brevity.

A. Simulation Flowchart and Data Elaboration

The e-NVH sources are computed using the SyR-e environ-
ment and FEMM FEA software [13]. For each operating point,
identified by the dq currents components extracted from the
efficiency maps, a single and detailed simulation is performed
to compute all the information needed for the NVH sources.
To reduce the computational burden, the FEA simulation is
performed on a rotor rotation of 180 electrical degrees and 90
rotor positions, exploiting the symmetry condition. For each
rotor position, the torque is extracted directly from FEMM,
building the torque waveform. In addition, the radial and
tangential magnetic pressure acting on a line close to the stator
bore diameter are extracted. At the end of the FEA simulation,
the results are: one vector, representing the torque waveform
for half electric period rotation and two matrices that represent
the radial and tangential magnetic pressure along the airgap
of the simulated geometry (one or two poles, based on the
machine geometric periodicity) for a rotor rotation of half
electrical period.

Then, the dedicated elaboration routine implemented in
SyR-e extends the simulated waveform to one electrical pe-
riod rotation and to the whole airgap circumference (for the
magnetic pressures).

Dealing with torque waveform, the extension to the whole
electrical period rotation is quite easy and it is displayed
in Fig.6. The black points represents the torque results for
each rotor position, while the blue waveform is the complete
waveform. The extension to the whole period is done by
replicating the torque vector for the rotor position from 180
to 360 electrical degrees.

simulated
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Fig. 6. Torque waveform of DW-IPM motor in the Ti,q, point: complete
waveform in blue and FEA-simulated points in black.

Dealing with the magnetic pressure at the airgap (needed
to compute the force), the process is slightly more complex,
since the waveform of radial and tangential magnetic pressure
along the airgap is extracted for each rotor position. The
complete radial pressure map p,(6,,04q,) for the DW-IPM
motor in the T),,, operating point is reported in Fig.7a for
reference. The portion of the map included in the black dashed
rectangle are the results from the FEA simulation, while the
rest of the map is obtained by replication of this rectangle.
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Fig. 7. Radial magnetic pressure at the airgap for the DW-IPM motor in
the Tynaq Operating point: a) magnetic pressure map, b) magnetic pressure
waveform function of the rotor position and ¢) magnetic pressure waveform
along the airgap.

A simulation of the complete motor and full electric period
rotation is performed to validate the extension result. The two
axes of this plot represents the rotor position 6, (expressed in
electrical degrees) and the airgap coordinate 6g,,, expressed
in mechanical degrees. The horizontal yellow lines (index of
low magnetic pressures), appear at the slot opening, where
the magnetic field is lower. To better understand this plot,
additional waveform are extracted from the pressure map and
reported in Fig. 7.

The first two waveform extracted are reported in Fig.7b
and show the radial magnetic pressure function of the rotor
position and for two given airgap coordinates (selected at one
tooth and one slot opening). These two waveform are obtained
by extracting two different horizontal lines from the pressure
map of Fig.7a. It is worth noting that there are two main
harmonic components, the second harmonic (because of the
two poles in one period) and the 20*" harmonic, related to
the number of equivalent rotor slots (i.e. the edges of the flux
barriers). Dealing with the pressure value in the two selected
points, the level of magnetic pressure over one tooth (blue line)
is higher than the magnetic pressure over the slot opening
(red line), as expected. Moreover, the magnetic pressure on
the slot opening not null, because of the flux leakage path.
A similar analysis is performed in the other pressure map
direction, and it is reported in Fig.7c. There, the magnetic
pressure is reported function of the airgap coordinate, for two
rotor positions. This is equivalent to extract vertical lines from
the pressure maps and just 90 mechanical degrees are plotted
here for clarity. The slot opening are clearly visible in this plot,
since the magnetic pressure is almost zero in that area and
these holes in the waveform are static with the rotor position.
While, the rotor rotation is visible in this framework from the
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Fig. 8. Tooth radial force for the DW-IPM motor in the 77,44 Operating point:
a) tooth radial force function of the rotor position and the tooth number,
b) radial force waveform function of the rotor position and c) radial force
waveform along the airgap.

peak value of the magnetic pressure, that is shifted in space.

After the FEA simulations and the related post-processing,
the torque waveform over one electrical period is computed,
as well as the radial and tangential tooth forces for each stator
tooth and for the rotor rotation of one electrical period. As
example, Fig. 8 reports the radial tooth force map for the 7},
point of the DW-IPM motor.

Please, note this map is in a discrete form along the y-
axis: each horizontal line represent the force on one stator
tooth, function of the rotor position. To better understand
how the map is built, the first two lines (representing the
first two tooth) are extracted and plotted in Fig.8b. Here is
evident that the force acting on one tooth is very similar to
the force acting on the other teeth, with a delay, due to the
angular displacement between the two teeth. Dealing with the
harmonic content, the comments done for the radial pressure
hold, with the main harmonics orders related to the poles
(second harmonic) and the number of barrier edges (20" for
this motor). Fig. 8c shows the radial force of all the stator tooth
for two different rotor positions and it is equivalent to extract
two separate columns from the force map shown in Fig. 8a.
The two selected rotor positions have half period delay, and
it is evident that the peak force moves among the tooth, as a
periodic waveform sampled from the stator tooth.

B. Torque ripple comparison

The first quantity that is studied is the torque waveform
in the five operating points reported in Fig.4. The torque
waveform and the torque ripple FFT are reported in Fig.9
for the two benchmark motors. Besides the torque ripple
amplitude (coherent with the previous analysis), and the fact
that all the torque harmonic are multiple of 6 (as expected



for three-phase motors) this simulation highlights also the
deep differences in the spectra of the two machines. The
DW-IPM motor presents in general lower values of torque
ripple, but at higher frequency compared to the CW-SPM
motor. This difference has two main sources: the winding
configuration and the rotor structure. Dealing with the winding
configuration, the distributed winding typically induces the slot
harmonic, related to the number of slots per pole pair ng,
that for this motor is 24. Indeed, the 24** harmonic (in the
electric angle domain) is the main harmonic for most of the
operating points. On the other side, the concentrated winding
induce the 6" harmonic and all the multiples. On the rotor
side, the two motors are quite different: for DW-IPM machine,
the 4-barrier design is adopted, with an equivalent number of
rotor slots per pole pair equal to 20. This is obtained with
a correct placement of the flux barriers edges and the torque
ripple harmonic is the closest multiple of 6 to this number
(i.e. 18" harmonic order), while the magnet of the CW-SPM
motor induces all the even harmonic orders. Another critical
behavior, that makes the NVH analysis complex is the fact that
the amplitude of each harmonic order change with both torque
and speed. This happens because, above the base speed, the
operating point in the (iy4,?,) domain change, changing the
local magnetic behaviors of the motor, as shown in Fig. 5.

C. Tooth forces comparison

The comparison is extended to the forces acting on the stator
tooth of the two motors. The first tooth force considered is
the radial force and the forces of the first tooth and their FFT
are reported in Fig. 10 for the 5 operating points and the two
reference machines.

Besides the amplitude difference, due to the different num-
ber of tooth (y axis limits are 10 times bigger for the CW-SPM
motor), there are some other details between the two motors
that can be critical for NVH performance. First of all, the radial
force for the DW-IPM motor increase with the flux linkage
(i.e. with torque and no field weakening), while is almost
constant for the CW-SPM motor. This is probably due to the
magnetic properties of the two machines: for the former, the
rotor is mainly magnetized from the g-axis stator current, while
the latter relies mainly on the PM flux linkage to magnetize
the motor, that is not variable with load. A second crucial
difference for the NVH analysis is the harmonic content of the
two machines. The DW-IPM motor presents higher harmonic
content (18" and 20" electrical order harmonics), related to
the equivalent rotor slotting. These high-order harmonics are
null for the CW-SPM motor, playing a crucial role in the high-
speed analysis, as will be demonstrated later. Furthermore, the
amplitudes of each harmonic order change with the speed, as
happens for torque ripple. Another interesting feature, related
to the type of winding, is the fact that for DW, the radial
forces became null for 2 times at electrical period, while this
is not true for the CW winding. This features is caused by the
different periodicity of the stator and rotor: for DW there are
an integer number of slots for one rotor pole, while this is not
true for the CW arrangement.
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Fig. 9. Torque ripple details on the selected operating points: torque waveform
function of the rotor position and torque ripple FFT.

The tooth force analysis is performed also in the tangential
direction. The results (waveform for one tooth function of
the rotor position and FFT) are reported in Fig. 11 for the
two motors and the 5 operating points. The comments done
for torque ripple and tooth radial force are still valid for
the tangential forces. The tangential force spectra is even
more critical than the radial force spectra, because of the
higher variation of the components with load. Furthermore,
in the spectra of the tangential forces of the DW-IPM motor,
the relative amplitude of the slot harmonics (18" and 20*"
harmonic) is higher compared to the radial force spectra and
the CW-SPM motor, with possible side effects on the NVH
performance.

V. NVH ANALYSIS OF THE POWERTRAIN

Romax Spectrum allows conducting dynamic analysis on
the complete e-powertrain model considering the main e-NVH
sources by importing the electromagnetic forces (radial and
tangential) acting on the single stator tooth and the torque
ripple as a function of the angular coordinate for different



DW-IPM

800

avg 50kmh ———90kmh ———130kmh Tnax
600 F B
Z 400 1
5 200 /
01
0 60 120 180 240 300 360
0, (elt deg)
(2)
CW-SPM
8000
avg 50kmh ——90kmh ——130kmh —— Ty00
6000 F g
Z 4000} 1
0
0 60 120 180 240 300 360
0, (elt deg)
(W)
DW-IPM
300 T
I o9 [ 130kmh
— 200 I 50%mh [ T
zZ I 90k mh

=100
0
0 4 8 12 16 20 24
heit
(©)
CW-SPM
3000 — ; ; .
vy [ 130kmh
~— 2000 I 50kmh [ Trae
Z I 90kmh
= 1000 .
0 ey -l 1 1 1 1
0 4 8 12 16 20 24
heit
(Y]

Fig. 10. Tooth radial forces waveform function of rotor position and its FFT
for the two motors in the selected operating points.

operating speeds of the e-motor. The forces to the FEM
stator model are applied to the tooth surface using a weighted
RBE3 connection. Weighted RBE3 calculates weightings for
each node such that a stator tooth deflection will apply a
uniform pressure over all element faces which are made up
of connected nodes [9]. The torque ripple is applied on the
rotor shaft. The result that is selected as NVH index is the
Equivalent Radiated Power (ERP), computed from vibroacous-
tic analysis, that takes place at a fixed torque over the entire
speed range.

The results of the acoustic analysis in terms of ERP are
reported in Fig.12. The results are reported for a 25 Nm load
case and the whole range of speed, while for the 50kmh, 90kmh
and /30kmh points the specific speed and torque conditions
were considered. For the analysis of this load case, the results
are an interpolation of the response of 5 working points with
different speeds in the range. The harmonics with the greatest
response have been selected and shown in the graph.

Analyzing the results, the CW-SPM motor has an acoustic
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Fig. 11. Tooth tangential forces waveform function of rotor position and its

FFT for the two motors in the selected operating points.

response stronger than the DW-IPM, especially at low rotation
speeds, where the difference in maximum ERP amplitude is
up to 2 orders of magnitude. On the other hand, at high rotor
speeds, the two motors seem to emit a similar sound power
level. Furthermore, for the DW-IPM motor, it is the 24"
harmonic relating to the number of slots per pole pair which
has a predominant contribution over the others and shows a
peak in the acoustic response around 9000 RPM, probably
due to some resonances in the system, which require deeper
investigations. On the contrary, in the CW-SPM motor the
prevailing harmonics are those of lower order, in particular
the 6! has a greater contribution than all the others up to
8000 RPM, then the 2"¢ prevails at high rotation speeds.

The differences in ERP performance between the two mo-
tors can be explained as a combination of several effects: on
the one hand, the CW-SPM motor, which presents a greater
acoustic response compared to the DW-IPM at medium-low
speeds, has tooth forces of one order larger due to the
concentration on a smaller number of teeth. However, the
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size of the teeth is also different, being longer but also wider
than those of the DW-IPM motor. Furthermore, in the CW-
SPM motor, as we have seen in the previous paragraphs, the
harmonics of the electromagnetic forces are concentrated in
the lower orders and these excite the mechanical structure at
lower frequencies, compared to the DW-IPM motor. This can
be critical because the mechanical system acts as a low-pass
filter, attenuating higher-order harmonics but less effectively
filtering out low-frequency excitation.

VI. CONCLUSIONS

In this paper, a process for the analysis of the e-NVH
performance of an electric vehicle powertrain is presented
and the computational steps to obtain the e-NVH sources is
reviewed. The effect of the different motor structures (a 4-layer
IPM motor with distributed winding and a SPM motor with
concentrated winding) is considered both at flux maps level
and at torque-speed map level, including the related optimal
control trajectories. Then, the harmonic content of the two
machines is compared in terms of torque ripple and tooth
forces, highlighting the differences of the two motors. The
DW-IPM solution presents, in general lower torque ripple and
forces amplitude, associated to higher harmonic orders, while
the CW-SPM motor presents higher harmonic amplitudes at
lower orders. These differences in terms of e-NVH sources are
compared at e-powertrain system level using ERP indicators.
The analysis highlights that the CW-SPM motor produces in
general more noise, especially at low speeds, because of the
lower harmonic order involved, while for higher speeds (above
8000 rpm), the two motors preform in a similar way as far
as the ERP index is concerned. These differences between
the two motor, due to the combination of multiple effects,
highlight the need to combine classic e-motor design tools

with advanced simulation tools in the design of electrified
propulsion systems capable of predicting the combined system
behavior.
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