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Abstract: The initial sizing of permanent magnet synchronous machines for general power
and torque can be carried out using simple analytical methods. Low complexity finite
element models can be used to control the calculation and refine the results. Fine
parameters of the motor like cogging torque however are difficult to predict with high
accuracy. This is especially true for machines designed with saturated magnetic circuit.
Cogging has a nonlinear behavior and may vary significantly even if the input parameters
undergo very small changes. The resolution of the finite element model’s mesh is one these
parameters. This study will investigate how the calculated cogging torque of a permanent
magnet machine depends on the finite element mesh
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1. Introduction

Permanent magnet synchronous motors (PMSM) have a couple of advantage that
make them the favored motor type for more and more applications. They can be
designed for high power densities which makes them suitable for products with a
mass limit e.g. motors in drones and electric motor assisted gliders and planes but
also for products which require high power for short periods of time e.g. servo
drives, motor assisted vehicles. PMSM drives utilize electronic commutation
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which ensures a long lifetime due to the reduced mechanical wear. They are
relatively easy to control both for speed and torque with basic drive units therefore
the motor dynamics can be adjusted as required. When the use of a rotor position
sensor is not an option PMSM drives can also be implemented in sensor-less
control.

One major drawback however is that they have an undesired cogging torque, due
to the interaction of the rotor magnets and the stator slotting. Its reduction is
commonly a design objective since it is often related to user discomfort and
elevated noise levels. [1] Therefore this specific property of the PMSM is usually
treated with special care.

Finite element method (FEM) is often utilized to obtain a machine design’s torque
waveform since a pure analytical calculation might be limited by geometry. The
goal of the FEM analysis is usually to forecast the cogging torque waveform of a
design and support the optimization of the geometry for a preferably minimal
cogging torque. These goals require the modeling method to be reliable, precise
and fast at the same time, since the optimization process usually needs several
iterations to complete.

There are humerous techniques to reduce the time required for solving the FEM
model on a given hardware e.g. taking advantage of symmetries, simplifying the
geometry and of course choosing an appropriate finite element mesh resolution.
The resolution of the mesh may have a significant effect on the calculated cogging
torque, since cogging is greatly influenced by changes in geometry. Depending on
the mesh resolution the calculated cogging of an electrical machine may change
significantly. However the sensitivity of the model is design dependent, which
means it is influenced by the geometry and materials.

2. Materials and Methods

This study uses two very similar motor models to demonstrate the calculated
cogging torque’s sensitivity to mesh resolution. They have the same overall
dimensions and materials but have slightly different poles shape. The design
parameters are described in Table 1 and an overview is presented in Fig. 1.
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Table 1

Model parameters
Parameter Value
Motor type IPM spoke magnet
Phase number 3
Topology 10 pole, 30 slot
Rotor diameter 39 mm
Stator diameter 60 mm
Air gap 0.5mm
Active length 20 mm
Stacking factor 95%
Core material 35-M235
Magnet material NdFeB
Magnet coercivity 500 000 A/m

Figure 1

Overview of the motor with symmetry lines
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2.1. The FEM Models

To reduce computation cost, the simulation is carried out for a 20" model for both
models: Motor 1 (Fig. 2) and Motor 2 (Fig. 3).

Figure 2

20th model for FEM simulation, 36° slice of the whole motor (Motor 1) demonstrating the pole shape

Figure 3

20th model for FEM simulation, 36° slice of the whole motor (Motor 2) demonstrating the pole shape

Exploiting model symmetries of course has drawbacks e.g does not allow the
investiagtion of non-symmetric effects as manufacturing errors, individual pole or
tooth damage, eccentricity and other misalignments.




Acta Polytechnica Hungarica

However the goal of this study is to show the effect of mesh size and distibution
on the outcome of the simulation. For this a set of mesh parameters are chosen and
are varied within a given range. These parameters are:

= Overall element size: the global element size of the model
= Radial divisions of the air gap: number of layers of air in the gap

= Angular divisions of the air gap: number of elements along air gap in
circumferential direction

The investigated values of these parameters are listed in Table 2.

Table 2
The list of investigated mesh parameters and their values

Parameter Value

Overall element size [mm] [10,8,6,5,2.5,1,0.75,0.5, ...
0.35, 0.25, 0.1, 0.05]

Radial division of air gap [4, 8, 16]

Angular divisions of the air gap [36, 72, 144]

A total of 56 were used out of the theoretically possible 108 cases, which would
have been the full factorial approach. The selected value combinations represent
the extrema of each set with a center point between them. Un-meshable models
e.g. ones with very large global element size and high resolution gap and ones
with very small global element size and low resolution gap mesh are also sorted
out of the study.

The study aims to investigate extreme cases, therefore a wide range of mesh
resolutions are simulated. The lowest resolution model is simulated with ~600
elements, and the highest resolution model has over 260.000 elements in its mesh.
Figure 4 demonstrate the number of finite elements in the model for each case
while Figures 5 to 6 give an overview of the meshed models.
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Number of finite elements in the model for each case
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Figure 5

Overview of the mesh - 1
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Figure 6

Overview of the mesh - 2

2.2. Simulation Setup

Based on the topology, the fundamental cogging torque order can be determined.
The fundamental (natural) cogging torque harmonic is the least common multiple
(LCM) of the pole number (p = 10) and the slot number (q = 30).

Vfund.order = VHl = LCM ( p’ q) = 30 (1)

Knowing the investigated harmonic’s order its angular period in mechanical
degrees can be determined.

'9fund.order = ‘9H1 = 36%fund order = 120 (2)

According to the Nyquist-Shannon sampling theorem an angular step size of less
than 6° is required to get an accurate representation of cogging torque signal’s
fundamental.

Since harmonics are also interesting for this study a step size of 1° is chosen
enabling the analysis of cogging torque harmonics from order 0. (DC component)
up to the 5™ harmonic of the fundamental.

The model is only solved for a partial rotation that is the period of the fundamental
cogging torque order (12°). This results in limited spectral resolution of 30 order
steps, so the simulation’s outcomes will be following cogging torque harmonics:

Vior..ns = 10,30,60,90,120,150} -
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3. Results

The simulation of both motor models is carried out for all cases. The refercence
case is chosen to be one with the highest mesh density (Case 56), since it can be
assumed to be most precise model.

The flux density plots of Motor 1 and 2 are shown in Figure 7 and 8 respectively.

Magnetic Flux Density
Contour Plot : T

Figure 7

Flux density plot of Motor 1

Magnetic Flux Density
Contour Plot : T

Figure 8

Flux density plot of Motor 2
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It is worth noticing how the peak flux density values remain constant no matter
the change of pole shape. However the slight change of pole shape influenced the
flux density near the pole (of course) and in the teeth. In case of Motor 2 less flux
loops around in the middle two teeth. Figure 9 gives a detailed view on the
differences between the two models.

enetic Flux Density (Motor2 — Motor1)
Contour Plot : T

Figure 9

Flux density absolute difference plot of Motor 2 — Motor 1
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3.1. Comparison of Reference Models

The induced voltage and cogging torque results of the reference case (Case 56) of
Motor 1 are presented on Figures 10 to 13.

Voltage waveform of Case 56 (reference), Motor 1
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Figure 10

Induced voltage waveform of all phases, @1200 rpm speed, Motor 1

Voltage fft of Case 56 (reference), Motor 1
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Figure 11

Induced voltage spectrum of phase U, @1200 rpm speed, Motor 1
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0 05Cogging torque waveform of Case 56 (reference), Motor 1
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Figure 12

Cogging torque waveform, Motor 1

Cogging torque fft of Case 56 (reference), Motor 1
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Figure 13

Cogging torque spectrum, Motor 1

The induced voltage and cogging torque results of the reference case (Case 56) of
Motor 2 are presented on Figures 14 to 17.
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Voltage waveform of Case 56 (reference), Motor 2
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Figure 14

Induced voltage waveform of all phases, @1200 rpm speed, Motor 2

Voltage fft of Case 56 (reference), Motor 2
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Figure 15

Induced voltage spectrum of phase U, @1200 rpm speed, Motor 2
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0 01Cogging torque waveform of Case 56 (reference), Motor 2
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Figure 16

Cogging torque waveform, Motor 2
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Figure 17

Cogging torque spectrum, Motor 2

Comparing the voltage and cogging values give a better overview on how Motor 1
and 2 are different from each other. The comparison is presented on Figures 18 —
21.
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0V?:)Itage waveform of Case 56 (reference), Motor 1 & Motor 2
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Figure 18

Induced voltage waveform of phase U, @1200 rpm speed, Motor 1 vs. Motor 2

Voltage fft of Case 56 (reference), Motor 1 & Motor 2
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Figure 19

Induced voltage spectrum of phase U, @1200 rpm speed, Motor 1 vs. Motor 2
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CooggSing torque waveform of Case 56 (reference), Motor 1 & Motor 2
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Figure 20
Cogging torque waveform, Motor 1 vs. Motor 2
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Figure 21

Cogging torque spectrum, Motor 1 vs. Motor 2

Taking a look at the comparison figures it is easy to notice that Motorl and 2 has
almost identical fundamental induced voltage, but the harmonic content is
different.

The difference between the motors’ cogging torque is even higher. Motor 1 has
approximately one magnitude (x10) higher order 30™ content while the amount of
order 60" is almost the same in Motor 1 and 2.
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These differences are the result of the slight modification of the pole shape and
will cause the FEM models to have different sensitivity to mesh resolution.

3.2. Sensitivity Results

The sensitivity analysis is run for the cases detailed in Table 2. Figure 22 shows
how individual cogging torque orders are changing depending on the mesh

resolution corresponding to the case. A converging behaviour of order amplitudes
can be noticed.

Cogging order amplitude vs. mesh resolution, Motor 1
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Figure 22

The cogging order amplitudes at each case, Motor 1

Comparing the calculated values to the reference model with the highest

resoultion (Case 56) the relative errors are obtained. The relative error is shown in
Fig. 23.

Cogging order rel. error vs. mesh resolution, Motor 1
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Figure 23

The cogging order amplitudes’ relative error at each case, Motor 1
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It is worth noticing that the fundamental cogging order (order 30™) reaches a low
error (~ 5%) already at case 37" at approx. 11 300 elements, while order 60"
converges much slower reaching a below 10% error only at case 52 with approx.
60 000 elements. Therefore relatively high resolution is needed to get precise
results with Motor 1. Changes of air gap mesh (changing radial and angular
divisions) resolution has a higher effect in the coarsely meshed models (between
cases 1 to 20), but all-in-all the global mesh size has the highest effect on the
outcome.

Motor 2 however has a different behavior (Fig. 24, 25).

%1072 Cogging order amplitude vs. mesh resolution, Motor 2
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Figure 24

The cogging order amplitudes’ relative error at each case, Motor 2

Cogging order rel. error vs. mesh resolution, Motor 2
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Figure 25

The cogging order amplitudes’ relative error at each case, Motor 2
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In the case of Motor 2 order 30" and 60" move together in terms of relative error,
both reaching a lower than 5% error from case 47 (32 000 elements).

Refinements of air gap mesh has a significant effect on order 30" when the overall
mesh is coarse reducing the relative error below 5% at cases 20 to 30 (3 700 to
6 000 elements), however order 60" can only reach a below 10 % error starting
from case 37 (11 300 elements).

It should be noted, that in case of Motor 1 the dominant order is order 30" with
approx. 10 times higher amplitude than order 60" and the model gives a good
results for order 30" already from case 37 (11 300 elements). In case order 60™
could be neglected due to its relatively low value, a total of 11 300 elements
would be sufficient for the simulation.

Conclusions

The effect of mesh resolution on the calculated cogging torque of permanent
magnet synchronous machines was presented using the example of two similar
motor models. It was shown how a minor change of geometry can affect a FEM
model’s sensitivity to the resolution and distribution of the mesh.

It can be concluded that PMSM with an integer slot/pole ratio which have a high
cogging torque require a very high mesh density to calculate every harmonic
correctly, since lower than required mesh density will result in a false harmonic
spectrum (Fig. 25). However in case higher frequency and lower amplitude
harmonics can be neglected a relatively coarse mesh might be enough.

On the other hand if the motor design has a low cogging torque a medium to high
mesh density might be enough to achieve accurate results and even low resolution
mesh variants may represent the harmonics with less errors than in the previous
case (Fig. 25).
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Low vs. very high density mesh, Motor 1 and Motor 2
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