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Abstract: Production deviations have a remarkable effect on the radiated sound of electrical
machines, introducing additional signal components besides the fundamental field waves
which significantly change and enrich the subjectively perceived sound characteristic. In
literature these harmonics are mainly traced back to dynamic eccentricity, which modulates
the fundamental field waves. In this paper a thorough mechanic and electromagnetic analysis
of a modern, well-constructed traction drive (permanent magnet synchronous machine) is
performed to show that for this typical rotor configuration dynamic eccentricity is negligible.
Instead, deviations in the rotor magnetization are shown to be the dominant cause for
vibration harmonics.
Key words: electric machines, electromagnetic fields, NVH, permanent magnet machines,
permanent magnets, production deviations

1. Introduction
The sound spectrum of an electrical machine arises from the magnetic forces acting on rotors
and stators, which themselves arise from the time and space dependent magnetic flux density
waves in the airgap. For an ideal machine the orders of the travelling field waves can be calculated
analytically, as performed for an induction machine in [1]. A good summary of the phenomena is
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given by Gieras in [2]. In the case of a permanent magnet synchronous machine (PMSM) with
an integer-slot winding, only multiples of the pole pair number p are expected as harmonics of
the magnetic rotor flux density distribution b at a given time t:
b(a, t) =

∞
X

B̂k cos(k pa + ωt + ϕk ),

k = 1, 2, 3, . . . .

(1)

k

Herein Bk is the flux density amplitude and ϕk the offset of the k-th harmonic, α the rotation
angle and ω the angular speed at that time. Due to the quadratic dependency between magnetic
stress and magnetic flux density the observed force harmonics over time t at a given angle α (e.g.
at a stator tooth) show twice the frequency of the field waves.
Fig. 1 shows the measured surface acceleration, which is a direct result from the exciting
forces, for the analyzed PMSM with p = 6 pole pairs and N = 36 stator teeth. The harmonics
with the highest amplitude can be seen to be the 12th, 24th, 36th etc., reaching 2 kHz, 4 kHz,
6 kHz etc. at a speed of 10 000 rpm, in accordance with the theory. However, a great number of
harmonics with a smaller amplitude can be observed in between.

Fig. 1. Measured surface acceleration in radial direction on the housing of the analyzed PMSM

Some of these additional orders can arise from dynamic rotor eccentricity, as is shown in [2].
The eccentricity leads to additional field waves, modulating the fundamental wave. For the force,
the additional orders as multiples of the rotation frequency are given by:
!
1
K = p 2k ±
, k = 1, 2, 3, . . . .
(2)
p
In fact many publications can be found on the effects of static and dynamic eccentricity, e.g.
in [3–5] or [6] and the detection of a faulty machine in [7, 8] or [9] due to the typical pattern of
additional field harmonics that can be measured i. a. in the current or surface acceleration.
Deviations in the magnetization of the rotor of a PMSM, e.g. in remanence, in size or in the
position of the magnets in the magnet pockets, cause comparable effects as rotor eccentricity by
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altering the local magnetic flux density in the airgap. Accordingly, some publications can be found
regarding magnetization or assembly faults, with a focus on fault detection in [10] or, e.g. the
influence on the cogging torque in [11] (here in the case of 10% lower remanence in one magnet).
However, the focus of most works is on explicit faults. Since magnet remanence and rotor assembly
are subject to production deviations and statistical scattering, even in a machine referred to as
“healthy”, magnetization deviations are present. A study of the influence of production deviations
on cogging torque can be found in [12].
In this paper it is shown that a typical traction drive motor, which features a comparable
rotor and bearing design as the studied one, exhibits a dynamic eccentricity close to zero. This
is achieved by analyzing the rotor imbalance as well as the bearing clearance, and backed up
by a very extensive modal analysis and elastic multi-body simulation (EMBS) of the complete
drive train including a motor, gearbox, shaft system, housing and frame in operating conditions.
Subsequently, a different explanation for the measured vibration harmonics is presented based
on magnetization deviations of the rotor. Therefore, the relative magnetization deviations of
the rotor poles are measured. Simulations of the tooth force done by finite element analysis
(FEA) for different cases of high and low dynamic eccentricity with ideal magnets as well as
with magnetization deviations according to the measurements are performed. A comparison
to a measurement from search coils wound around stator teeth is presented to show that the
magnetization deviation pattern matches the observed Fig. 1.

2. Determination of dynamic eccentricity
Dynamic eccentricity with regard to the airgap field of electrical machines describes any
movement of the outer rotor contour (approximately a circle) which is no rotation around its
center. There are three possible causes for dynamic eccentricity:
– static geometrical deformations: preexisting deviation between rotation axis and contour
center,
– dynamic geometrical deformations: rotor vibrations,
– additional movement: movement of rotation axis.
While in principle this can be caused by a geometrical deformation (a shift of the outer rotor
contour in one direction), the measurement of the rotor radius for the machine studied shows only
localized deviations with a maximum of ±0.06 mm with no general shift.
2.1. Rotor imbalance
Dynamic geometrical deformations and movement of the rotation axis require a causing force.
While the magnetic forces can and do excite higher order rotor vibrations, due to the circular
structure in the ideal case the resulting force cancels out leaving only shares from non-ideal
behavior as excitation for bending of the rotor or movement of the rotation axis. Therefore, the
main excitation mechanism is the centrifugal force from rotor imbalance.
Electrical machines with shaft height above 80 mm and speed above 950 rpm are typically
balanced to the quality grade G = 2.5 mm/s in accordance with ISO 1940-1 [13], which incorporates most traction drives. The balance quality G is calculated from the speed ω, the imbalance
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mass u referred to the rotor mass m and the radius r at which the imbalance mass rotates:
u
G=
× r × ω.
m

(3)

The centrifugal Fimb is equivalent to the product of the rotating mass u, radius r and square
of the angular speed ω2 .
Fimb = u × t × ω2 .
(4)
With Eq. (3) and Eq. (4) the dependency of the centrifugal force to the balance grade can be
deducted:
G×m
× ω2 = G × m × ω .
(5)
Fimb
ω
The comparison in Fig. 2(a) between the centrifugal force and the gravitational force holding
the rotor in place shows, that up to a speed of about 37 000 rpm the pull from the imbalance alone
is not strong enough to lift the rotor.
Measurement of the rotor imbalance shows, that it indeed achieves balance quality grade
2.5 mm/s, as can be seen in Fig. 2(b).

(a)

(b)
Fig. 2. (a) Ratio of centrifugal to gravitational force for different balance quality grades; (b) Multiple
measurements (blue) of rotor imbalance at the two bearing planes for a mass at 50 mm radius, mean value
of measurements in black
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2.2. Bearing
In reality, dynamic eccentricity can occur at speeds significantly lower than 37 000 rpm due
to vibrations of the rotor and friction in the bearings. The friction causes the rotor to ‘crawl’
up in the bearing and fall back, until the frictional forces, which rise with the speed, are high
enough to result in full dynamic eccentricity. However, this requires the existence of bearing
clearance to give room for movements. Bearing clearance is present in standard ball bearings due
to manufacturing tolerances. It can, e.g. be removed by using an appropriate bearing arrangement
(O or X-arrangement) and preloading it with so-called bearing preload wave springs. These
springs are commonly available [14] and were used in the studied motor with X-arrangement,
leading to a preloaded bearing arrangement, leaving no bearing clearance for dynamic eccentricity.
2.3. Elastic multi-body simulation
To substantiate the hypothesis of negligible dynamic eccentricity, a modal analysis of every
part of the drive train was performed to establish a comprehensive EMBS. This allows to predict
the dynamic movement of the rotor under operational conditions. Exemplarily, in Table 1. some
measured modes of the rotor are shown in comparison to the FEA model which was reduced to
be used in the EMBS.
Table 1. Comparison of rotor model to measurements
Simulation

Measurement

Rel. error

0.32%
3753 Hz

3741 Hz

–2.56%
3919 Hz

4022 Hz

1.84%
5601 Hz

5500 Hz

To illustrate the simulated drive train, Fig. 3(a) shows its assembly with the electric machine,
the two-stage gearbox (gears colored in green and red), the semi-transparent housing group which
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holds the bearings (blue) for all rotating parts which is itself mounted in the frame (black). The
orange power cables and some red acceleration sensors are also visible.
For the application of the magnetic forces and the modeling of eccentricity, torsion and
bending the rotor is modeled with the multi-slice method, discretizing it in the axial direction in
six slices analogous to the real rotor assembly which is also constructed from six slices.
Throughout this paper, the eccentricity radius is given as percentage of the airgap length,
meaning that 100% eccentricity equals a rotor slice displacement of 0.7 mm for the regarded
machine, resulting in contact between the rotor and stator. In Fig. 3(b) the center position of
the six slices is plotted in cylindrical coordinates for the startup to 4500 rpm under rated load.
It can be seen that, besides the static eccentricity of about 8%, the slice radius (left axis) does
vary less than 1% over time while the slice angle (right axis) varies about 1◦ . This shows that
very little general rotor movement is happening in the simulation, including rotor vibrations and
eccentricity. This backs up the analytical estimations, which predicted a dynamic eccentricity
close to zero.

(a)

(b)
Fig. 3. (a) EMBS model of drive train; (b) Eccentricity of the six rotor slices over the course of the simulated
run-up in cylindrical coordinates with radius in left axis and angle on right axis
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3. Determination of magnetization deviations
The relative magnetization of the rotor poles was measured using a setup with a search coil
without a magnetic core while spinning the rotor. This allows one to measure the flux linkage
relativity between the rotor poles. The absolute flux cannot be measured with this setup.
Assuming the permanent magnet remanence is directly proportional to the measured flux
linkage, and further assuming a normal distribution, this normal distribution around the nominal
data sheet remanence value can be calculated as shown in Fig. 4. The first assumption neglects
the effects of geometrical deviations of the rotor iron, permanent magnet position or more
complex magnetization deviations (e.g. the direction). In this analysis all these effects influence
the calculated distribution of the permanent magnet remanence, widening the distribution to some
extent. To examine the contributions of the different deviations further work is necessary.

Fig. 4. Probability density calculated from measurements of the twelve rotor poles, and concluded probability
density of individual permanent magnets, of which twelve single magnets create a pole

The normal distribution of the single magnet remanence can be calculated from the distribution
of the pole’s remanence, by using the number of permanent magnets which form one rotor pole.
The result in Fig. 4 is in good accordance with the manufacturer data sheet, showing the nominal
minimal and maximal values at about 2.5 σ.

4. Measurement of tooth force
Three search coils around stator teeth were installed in the studied machine, each coil 9 teeth
apart, i.e. 90◦ mechanical for the stator with 36 teeth. For the no load case, a primarily radial flux
direction can be assumed. This allows one to connect the measured voltage, and, by integration
of it, the measured flux, to the flux density and further to the radial tooth force.
The search coil integrates the flux over the length of the machine, which is a function of the
axial length due to the continuously skewed stator. The spectrogram of the measured tooth force
over a no-load startup is shown in Fig. 5(a). As expected, the main harmonics are in accordance
with the theory and the measurement of the surface acceleration in Fig. 1. However, the surface
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acceleration is a superposition of all tooth forces at the 36 stator teeth in interaction with the
structure dynamics response, which leads to the higher amplitude of the 36th and higher orders.
Since in the spectrogram in Fig. 5(a) no significant dependency of the speed is visible, an
optically more precise comparison of the force harmonics at a fixed speed is shown in Fig. 5(b).

(a)

(b)
Fig. 5. (a) Mean radial tooth force from measurement of induced voltage using a search coil, run-up in no
load case; (b) Spectrum of the mean radial tooth force from measurement of induced voltage referenced to
rotational frequency, therefore the 12th harmonic (due to six pole pairs) is the base force frequency

5. Simulation
In the measured tooth force, harmonics besides the fundamental waves are visible. In addition
to the finding, that magnetization deviations are present while dynamic eccentricity is not, the
average tooth force is simulated for a qualitative comparison of the harmonic pattern to the
measurement from the search coils. Therefore, a 2D finite element analysis for different cases of
eccentricity and magnetization deviations is performed. The nodal forces were calculated by using
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the eggshell method [15] and summed up to tooth forces using the method from [16], as shown
in Fig. 6(a). The skew was introduced by averaging the 2D discrete forces over 60 appropriately
rotated slices.
Fig. 6(b) shows the simulated spectrum of radial tooth force in the unrealistic case of 30%
dynamic eccentricity with ideal magnets, to demonstrate its effect. Many additional harmonics
with high amplitude are visible, with the highest harmonic amplitudes next to the fundamental
orders.

(a)

(b)
Fig. 6. (a) Nodal forces from FEA (blue vectors) and resulting tooth forces (red vectors) at no rotational
position; (b) Spectrum of the radial tooth force for 30% dynamic eccentricity

Since the machine analysis in section 2.1 resulted in a dynamic eccentricity close to zero, a
simulation for 3% dynamic eccentricity is shown in Fig. 7(a). As can be seen, the amplitude of
most harmonics dropped below the 0.01 N mark, with only some left with frequencies next to
the fundamental orders. While the spectrogram with 30% eccentricity in Fig. 6(b) shows a lot
of harmonics which could possibly explain the measured surface acceleration (compare Fig. 1),
the expected eccentricity of 3% or less cannot. Further, the pattern of the spectrum from 30%
eccentricity does not match well to the measured force spectrum in Fig. 5.
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Finally, a simulation without dynamic eccentricity but with magnetization deviations is shown
in Fig. 7(b). The remanence of the single permanent magnets is randomly chosen from the normal
distribution in Fig. 4. The spectrogram shows a wide range of harmonics. In contrast to the
dynamic eccentricity cases the orders with the highest amplitudes are not necessarily close to the
fundamental orders. The observed pattern of the harmonics does show good accordance with the
measurement from the search coil in Fig. 5(b), but many harmonics have a lower amplitude than
in the measurement. Despite the deviations in magnet remanence, the simulation is too ideal due
to neglecting any other production deviations.
For comparability a spectrogram of the simulation with magnetization deviations is also given
in Fig. 7(c). The higher orders visible in the measured spectrogram are caused by small deviations
in the magnet’s position or rotor iron geometry, which are not covered by the simulation, wherefore
they are not visible here.

(a)

(b)

Fig. 7. (a) Spectrum of the radial tooth force
for 3% dynamic eccentricity; (b) Spectrum of
the radial tooth force without eccentricity but
with statistically distributed magnet remanence;
(c) Spectrogram over run-up of the radial tooth
force without eccentricity with statistically distributed magnet remanence
(c)

In Fig. 8 additionally the waveform of the measured tooth force from the three search coils is
plotted as well as the simulated tooth force for 30% dynamic eccentricity and the simulation with
magnetization deviations. The simulation, in general, slightly overestimates the force, which can
be caused, e.g. by the modelled magnetization curve for the soft magnetic material being higher
than in reality.
By precisely measuring the remanence of each individual permanent magnet in the rotor as
well as magnetization curve, and modelling each permanent magnet position inside its pocket,
the measured tooth force could be reproduced with very little error for this exact machine.
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Fig. 8. Waveform of the radial tooth force over one full rotation at no load

6. Conclusion
In this paper it is shown that the vibration harmonics which can be measured on the surface
of a typical PMSM drive are caused by rotor magnetization deviations instead of eccentricity. It
is demonstrated that the rotor does not exhibit dynamic eccentricity. To generalize this
– a rotor construction of punched sheet metal, buried magnets and turned shaft,
– balancing according to standards,
– and a classic fixed/free preloaded bearing arrangement
is assumed and analyzed. The magnetization deviations of the rotor poles are measured. By
assuming a normal distribution, the calculated single permanent magnet remanence distribution
shows good accordance with the manufacturer data. FEA simulations of the tooth forces for
cases of high and low dynamic eccentricity as well as magnetization deviations are compared to
measurements of search coils wound around a tooth, which additionally support the hypothesis
that indeed magnetization deviations and not dynamic eccentricity causes force and vibration
harmonics.
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