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Abstract—Due to their manufacturing process arc segment magnets for the use in permanent-magnet synchronous machines
(PMSM) may show deviations from their intended ideal magnetization. Using magnets with unfavourable error constellations
in one rotor of a PMSM will result in a spatial unsymmetric air gap field, causing undesired parasitic effects as e.g. torque
pulsations. Most manufacturer information only contain the mean values of the magnetization as well as certain guaranteed
error bounds, not stating if (and how) the magnetization will vary spatial over a set of magnets. In order to allow an
accurate consideration of these deviations in the machine simulation, the emitted radial field of a set of magnets has been
measured and compared to their assumed magnetisation using finite element method (FEM). As a result, the measured
deviations can be quantified and the influence of magnet deviations can be estimated using e.g. stochastic collocation
methods in combination with the FEM.

Index Terms—finite element method, magnetization errors, measurements, stochastics variations

I. INTRODUCTION

The simulation of an electrical machine employing

the finite element method (FEM) requires the exact

knowledge of the machine’s geometry, its excitations and

its material properties. For machines which are manufac-

tured in mass production, the material or geometry of

one specific instance of the designed machine may vary

from its specified targets [1], leading in the worst case

to a non-fulfilment of the rated machine’s data.

For geometry variations a typical cause is the abra-

sion of the punching tools. Varying material properties

may be caused e.g. by a stochastic jitter in the orien-

tation of the punched stator lamination sheets, which

can be tainted with anisotropy. Causes for variations

in excitations can either arise from the converter or –

in case of a permanent-magnet synchronous machines

(PMSM) – from magnet deviations [2] with respect to

their intended ideal magnetization [3]. Using magnets

with unfavourable error constellations in one rotor of a

PMSM will result in a spatial unsymmetric air gap field,

causing undesired parasitic effects as torque pulsation [4],

[5].

Most manufacturer information only contain the mean

values of the magnetization as well as certain guaranteed

error bounds, not stating if (and how) the magnetization

will vary spatial over a set of magnets. The goal of

this publication hence is to improve the simulation of

electrical machines by reducing the described epistemic

uncertainty of magnet variations. Therefore, a magnet

test-bench has been created, in order to measure the

emitted radial field of a set of magnets. From this, the

modality and probability distribution of the occurring

variations have been deduced.

The comparison of the magnets’ FEM-simulations

with their measurements may allow the calculation of

improved simulation parameters for complete machine

simulations. For the measured magnets, which were

diametrally magnetized, three error-types have been iden-

tified: A general variation of the flux-density’s strength

of up to 11.6%, a maximal local, angle deviation at the

magnet’s outer borders of 8◦ and local errors of up to

9.1%.

II. MAGNETIZATION MEASUREMENT TEST-BENCH

In order to obtain reliable data about possible magneti-

sation errors, a test bench for the evaluation of surface

magnets has been built. In the following the sensor

selection (sec. II-A) and the test-bench construction (sec.

II-B) are described.

A. Sensor selection

Typical methods to measure the magnetic flux-density

are Hall-sensors and Helmholtz-coils. In this paper, a

Hall-sensor as depicted in fig. 1 has been selected, due

to the following reasoning:

For best results, both methods require that the mea-

sured magnetic field is oriented perpendicular to the

measuring coil respectively Hall-sensor. This can be

easier accomplished for larger sensors than for very small
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devices. Hall-sensors can be miniaturized due to the fact

that an interaction with a given current is measured.

Therefore the concomitant reduction of the Hall-constant

CH , being a consequence of a reduction in material

volume, can be compensated to certain extents with an

increase in the measurement current (fig. 1). This allows

to measure field components nearly pointwise.
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Fig. 1. Hall-sensor and its distinctive input sizes.

Helmholtz-coil configurations – in contrast to Hall-

sensors – always measure the the overall magnetic flux-

density. Due to this integration over the magnet’s surface

flux-density, however, a pointwise selective resolution of

the magnetic field is no longer possible. Global angle

offsets in the magnetization can be detected with both

measurement methods by either using multiple sensors

respectively coils or by turning the magnet under test.

For this purpose, coils are preferable, because their

orientation is better adjustable and an integration over

all local values for a single angle value is implemented

intrinsic in the coil. Local angle errors however cannot

be detected using such a setup. Lastly, coil measurements

are less noise sensitive because the integration already

smoothes some measurement noise.
The decisive factor for Hall-sensors was the interest

in local magnet variations, since most publications until

now focus only on global magnet variations [6], [7] in

electrical machines. Furthermore, this selection allows

the analysis of possible locational misalignments of the

magnets and will enable a later use of the measured

variations in conformal mapping Ansatz functions [8],

[9].

B. Test-bench construction
For the construction of the magnet test bench, Hall-

sensors of the type HE-244 [10] were selected. Table II-B

summarizes the main features of the selected sensor:

TABLE I
PROPERTIES OF THE USED HALL SENSOR.

value unit
supply current up to 10 mA

sensitivity 90 to 190 V / (A · T)

linearity
hall voltage typical ≤ 0.2 %

Three sensors for the measurement of the magnetic

field components Bx, By and Bz are located on an index

arm with predefined 90 degree edges, in order to achieve

a good positioning. The sensors are positioned directly

on adjacent edges to measure the field at approximately

one point as depicted in fig. 2.
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z

Fig. 2. Positions and labelling of the used Hall-sensors on the
measurement anchor.

The index arm itself is mounted on a gibbet, which

is constructed in such a way, that it allows a position

adjustment in all three dimensions. Below the index arm

the magnets under test can be mounted upon a cylindric

shaft which rotates around its symmetry-axis (fig. 3, 4).
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Fig. 3. Schematic scetch of the created test bench for magnet
measurements.

This allows the use of a connected stepper-motor to

measure the field along a circular line over the magnet’s

surface. To avoid field distortion by flux guidance all

relevant test bench components have been constructed

from aluminium. Data acquisition and the stepper-motor

control are implemented using a dSpace-system in com-

bination with a PC.

III. RESULTS

In this study 52 magnets with diametral magnetization

and a field strength of Br = 1.04T were analysed,

consisting of two equally sized groups with either north-

or south-pole on the outer magnet circumference. For

each magnet, the Hall-voltage of the radial outwards

pointing flux-density was measured 1.5mm above the

magnet’s surface. The magnet’s dimensions are given in

fig. 5.

A. Simulations

In the simulations, the magnet (as depicted in fig. 5)

is surrounded by an air layer which measures ten times
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Fig. 4. Photograph of the constructed magnet test bench.

15mm
3mm

Br = 1.04T

Fig. 5. Dimensions of the measured magnets.

the magnet’s height in every direction [11]. The applied

solver implements the magnetic vector-potential formula-

tion. All boundaries were set as Neumann conditions. The

radial flux-density was sampled along a circumference of

1.5mm above the magnet.

B. Measurements

1) Repetition measurements:
Repetitive measurements were executed to determine the

test-bench’s measurement reproducibility. The average

error between two arbitrary measurements of the same

magnet is below 0.5% and mainly caused by very small

positioning errors of the magnet in the tangential di-

rection of the measurement shaft. Fig. 6 depicts five

repetitive measurements of magnet #7.

2) Post-processing of measurements:
For data acquisition, every magnet is inserted, measured,

and removed from the test-bench five times (fig. 6).

Afterwards, the repetitive data of each magnet data are

scanned for obvious misplacement errors. If they exist,

the worst deviating measurement is removed. Thereafter,
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Fig. 6. Five repetitive measurements of magnet #7, showing the test-
bench’s reproduction quality.

the repetitive measurements are aligned to have their

outer minima centred at around fixed value. Ultimately,

the remaining, centred flux-density values of the magnet

are averaged. Fig. 7 shows – for the purpose of demon-

stration exaggerated – examples of the described process.

raw measurements

delete errors

x-align measurements

average

Fig. 7. Post-processing of measured flux-density curves.

3) Variation measurements:
Figure 8 presents the results of the variation measure-
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ments for all magnets which have their north pole located

on the outer side. Two obvious variations can be directly

identified:

• Strength variations in the overall remanence flux-

density per magnet,

• Strong deformations from the expected curve shape

in terms of local variations.
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Fig. 8. Measured radial flux-density 1.5mm above each magnet’s
centre in the magnet group ’north-up’.

Fig. 9 shows accordingly the likelihood of occurrence

for the radial outwards pointing flux-density over the

magnet angle for the opposite magnet group. Due to the

envelope shape of the resulting curve, the strong influence

of the variations is even more obvious.

Fig. 9. Probability of measured magnetisation strength, probabilities
ranging from low (dark) to high (light).

C. Comparison of measurements and simulations

In order to quantify the strength of the occurring

deviations in terms of changes in excitation (in contrast

to changes in the resulting flux-density), the excitation

of each magnet had to be reconstructed from the given

measurements. To solve this inverse problem [12], a

straightforward approach was to compare the measured

radial flux-density component of each magnet to a set

of simulations. In these simulations, the magnet’s re-

manence flux-density Br was varied as parameter ξ1,

applying the simulation conditions presented in section

III-A. However, the resulting shapes did not agree to

the measured curves. The employed magnetisation model

was therefore extended to include a second deviation

parameter ξ2, allowing an angle spread in magnetisation

as given in fig. 10 and yealding the excitation given in

eq. 1:

�B(Δα, ξ1, ξ2) = Br(ξ1) ·

⎛⎝cos(αmid +Δα(ξ2))
sin(αmid +Δα(ξ2))

0

⎞⎠ (1)

Δα

Fig. 10. Determined second deviation parameter ξ2 (grey) from the
ideal, unidirectional magnetisation.

Applying both variation types, the magnet excitation

parameters could be reconstructed sufficiently in most

cases using the least-square minimization from eq. 2 for

parameter determination:

min
ξ1,ξ2

∣∣∣∣∣
310◦∑

α=230◦
[Brad,sim(α, ξ1, ξ2)−Brad,mes(α)]

2

∣∣∣∣∣ (2)

Fig. 11 shows the comparison of the measured radial

flux-density (dashed) in comparison to the best fitting

simulated curve (solid). The divergence of both curves at
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Fig. 11. Measured (dashed) radial outwards pointing flux-density in
comparison to its best fitting siumlation for magnet #1.
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the outer side of both graphs can safely be neglected here,

because they are caused by effects of the 2D-simulation

and are considered as not relevant, as this area is not

above, but beside the magnet.

Figure 12 finally shows the comparison of measured

and simulated radial outwards pointing flux-density for a

magnet having a local magnetisation error. As the graph

clearly shows, this behaviour cannot be reproduced by the

applied model yet. The three identified error-types finally

have been identified to: flux-density’s strength variations

of up to 11.6%, a maximal local, angle deviation at the

magnet’s outer borders of 8◦ and local errors of up to

9.1%
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Fig. 12. Measured (dashed) radial outwards pointing flux-density in
comparison to its best fitting siumlation for magnet #13. Local errors
cannot be reproduced yet.

IV. CONCLUSIONS

The presented methodology allows an accurate deter-

mination of remanence flux-density variations above the

surface of a set of magnets or rotors. A comparison of

the measured curves with the magnet’s simulated and

intended remanence flux-density reveals, in which way

the used FE-magnet-models have to be adopted to be

used in stochastic considerations of parameter variations

in electrical machines. Necessary implementations are a

scalable magnetization strength and an over the magnet

changing deviation angle. Optional, local errors can be

considered as well. The resulting magnet parameters

finally can be used for uncertainty propagation applying

appropriate tools as stochastic collocation [13] or poly-

nomial chaos approaches [14] to propagate the magnet

deviations onto output sizes of interest.
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