CODEN:LUTEDX/(TEIE-5468)/1-50/(2021)

Torque Ripple Analysis and
Compensation of Servo Drives
for Robot Application

C
0
o+

v

-

O
+—J

D)
]
O

C

©

@)

C
—

)

)
=

@)

C
LL
©

U
.
+—J

U
S
L

August Millgvist

Division of Industrial Electrical Engineering and Automation
Faculty of Engineering, Lund University

Industrial




Contents

1 Introduction

1.1 Background . . . . . . ... e e
1.2 Objectives . . . . . . . . L
1.3 Methodology . . . . . . . . e
1.4 Limitations . . . . . . . . e
2 Theory
2.1 Cogging Torque . . . . . . . . L
2.2 Harmonic Flux . . . . . . . ..
2.3 Drive System and Current Control . . . . . . . . .. ... ... .. ... ... .
2.4 TImpact of Drive System . . . . . . . ... L
2.5 Impact of Mechanical System . . . . .. ... ... .. L 0oL
2.6 Compensation Techniques . . . . . . . . . . . ... ... ... ...
3 Method
3.1 Quasistatic Method . . . . . . . . . . ...
3.2 Static Method . . . . . . . . ..
3.3 Compensation Method . . . . . . . .. ... ..o
4 Experimental Evaluation Platform
4.1 Test Objects . . . . . . . o e
4.2 Test Bench . . . . . . . .
4.3 Measurement Equipment . . . . . .. ..o L
4.4 Software . . . . . .. e

5 Model Based Evaluation Platform

5.1 Driver Modelling . . . . . . . . . . e

52 FEM Analysis. . . . . . . . . . . e
6 Measurement Results

6.1 Quasi Static Tests . . . . . . . ..

6.2 Static Tests . . . . . . . . e

7 Discussion

7.1 Modelling . . . . . .. e
7.2 Measurements . . . . . . ... Lo e e e
7.3 Improvements . . . . . . . ...

8 Conclusion and Future Work

81 What wasdone . . . . . . . . .
8.2 What was concluded . . . . . . . ..
83 Future Work . . . . . . .

References

W NN ==

© 00 00~ O W= i~

11
11
12
12
13

14
14
18

22
22
33

41
41
43
44

46
46
46
46

47



1 Introduction

1.1 Background

Permanent Magnet Synchronous Motors (henceforth referred to as PMSM) are commonly used
in many applications such as power tools, electric vehicles and robotics [1]. These motors are
often implemented in industrial robot servo systems which include a driver and motor, referred
to as servo motors and servo drives.

Robotics is a field of use for servo systems with very high expectations on the system’s per-
formance. In general, industrial robots are controlled with a cascade control structure. Starting
with the fast innermost current loop, which is used to control the torque of an electrical machine,
follow by the speed and position loops. As in any cascade control structure, the inner loops are
added to mitigate disturbances in the controlled variable of the outer loops to improve response
following and speed [2]. Therefore, the torque quality becomes an important factor in the robotics
system’s ability to achieve smooth, precise movement. Since if the torque control following is poor
or slow, the speed and position controllers outside it will reflect this behaviour.
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Figure 1.1: Control structure of a PMSM using field oriented control [3].

Under ideal circumstances the electric torque of the motor is converted to mechanical torque
on the output shaft linearly. This however is never completely achievable in practice. Common
sources of nonlinear behaviour in the torque delivery of the motor are reluctance torque and
cogging torque. To minimise the contribution from these effects, changes are often made to the
design of the machine, the drive system and mechanical setup. In this case however, the existing
non-ideal and non-linear behaviour of the machine are the points of interest. As the main goal
of the thesis is not to redesign the machine but to provide an in-depth analysis of the electrical
machine, this master thesis will evaluate how the delivered torque differs from the demanded
one, and then attempt to formulate a compensation. While high torque quality is required to
precisely control the movement of industrial robots, this is likely to be hampered by cost and
weight optimisation. System effects from friction, quantisation, vibrations, cross resonances and



coupling further complicates matters. Since the robot in general is programmed by the end user,
their specific use case is often not known to the engineers when optimising the robot. It follows
that the trajectories, load cycles and reference values and other process-related conditions are
incomplete or not at all available. All of this in combination means that it is extremely important
for the control system of each motor to accurately follow a given reference torque, for the whole
work range of the robot.

In this particular instance, issues with inconsistencies in the delivered torque of the PMSM
motors gave rise to vibrations in the end use. In order to explain the practical challenges, this
work refers to a positioning example [4], which obviously requires a very precise position control
from the control system. The issues that have been encountered were initially thought to be
caused by cogging effects. After FEM analysis of the motor did not show signs of this being the
case more testing had to be done. Through this testing it has been shown that torque ripple does
appear but that cogging is not the main cause. Instead of the there being only one source of
torque ripple as expected, there are several origins of torque ripple and pulsation that need to be
investigated and analysed first. Thereafter, they can be compensated, where the added current
reference used in this paper is one of the obvious options. However, as the source of the torque
ripple is not that which was expected, time limitations made a thorough enough experimental
evaluation of the origins of the torque ripple and pulsation to implement a proper compensation
for an existing servo drive system unfeasible. As such, no compensation was implemented. A
brief chapter has been included on what an initial attempt at compensation for a well modelled
disturbance could look like.

Initial intention was to carry out investigations on torque ripple caused by cogging. Since the
cogging was not the source of torque pulsation it became apparent that all possible sources
of torque pulsation, starting from drive system, electric machine construction, and mechanical
arrangement need to be explored.

1.2 Objectives

The goal of this thesis is to verify the difference between the demanded and the actual delivered
torque, as well as implementing a compensation outside of the servo drive system’s control loop.
This is done based on the rotors mechanical position to reduce the ripple in the torque, as
the suspected source at the start of the thesis was cogging. Reducing the ripple would result
in a more even acceleration and reduced vibrations during load, improving the performance in
general. The main focus of this work is to explore the variation of static and quasi-static torque
experimentally and explain some origins of torque pulsations when studying the results of models.
However, developing models is not the focus of the work.

1.3 Methodology

Both practical and theoretical methods are used to perform the evaluation. A constructed test
bench is used to perform practical tests on the motor. The motor is tested both statically and
quasi-statically, i.e. running with a fixed torque reference. It is also evaluated numerically using
FEM software. To evaluate possible effects from the servo drive on the torque quality, a model
was implemented. This model was also used to test the possibility to compensate a well known
disturbance.



1.4 Limitations

Hardware limitations to set up a precise test bench for torque measurements were present during
the thesis. This stemmed both from limited access to high-end measurement equipment, and
building materials for the test bench. Parts of the test bench were 3D-printed in PLA (polylactic
acid) plastic, which has less ideal rigidity properties than e.g. aluminium. Most of the data
management of the measurements had to be done manually, as this was not an established process
and therefore no automation was present to reduce the workload and save time. This thesis
was done in collaboration with Cognibotics, which are not the motor manufacturers. The work
is mainly experimental, which means that it was influenced by availability and accessibility of
components and systems needed carrying out the measurements. Moreover, given that the torque
pulsation is a result of time harmonics of the supply and the space harmonics of the machine
construction, participation in power electronic control (EIEN25) and design of electrical machines
(EIEN20) courses would provide a better pre-knowledge for in-depth analysis of electromagnetic
vibration.



2 Theory

The theory of the subjects discussed in this thesis is presented here to help make it easier to
following along with the work done in this thesis. The Clarke and Park transformations, used
to obtain the d, g-reference frame, basic theory of torque production in a PMSM, the cogging
torque effect and different compensations techniques for torque ripple are presented.

2.1 Cogging Torque

Cogging torque is defined as the torque produced by the motor while not under load. This is
caused by the attraction between the stator teeth and the magnets in the rotor. The cogging
torque can be calculated using

1 dR
Tcog = _5 f}ap@ (1)

where ¢g4p is the air-gap magnetic flux, % is the reluctance in the air-gap and 6 is the mechanical
position of the rotor. From this equation it can be seen that the cogging torque will vary over the
revolution of the motor, since the reluctance varies with the position. This is caused by variations

in the magnetic path as the magnets on the rotor sit in different positions in relation to the stator
teeth, as seen in figure 2.1. [5]
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Figure 2.1: Visualisation of why the cogging torque varies over a mechanical rotation. a. Rotor
position with symmetric magnetic attraction in both directions. b. Rotor position with non-
symmetric magnetic attraction. [6]

This effect will periodically repeat a certain number of times over the revolution of the motor,
defined by the number of magnetic poles and stator slots. For a motor with identical evenly spaced
magnets along the rotor and teeth evenly spaced along the stator, the periods per mechanical
revolution m, is calculated as

m = LCM{Q, 2p} (2)

where LCM is the least common multiple, Q is the number of stator teeth and p is the number
of pole pairs in the rotor [7],[8]. In figure 2.2 one such period can be seen, observe that this setup
would have four such periods per mechanical revolutions, since LCM {4, 4} = 4.
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Figure 2.2: Picture of a full period of cogging for a simple motor with four stator teeth and one
pole pair. [6]

2.2 Harmonic Flux

The harmonic flux is caused by fluctuations in the magnetic flux density distribution in the air-
gap between the rotor and the stator or irregularities in the stator currents. In this paper the
6th harmonic is of most interest, which is commonly the case, but the equations can be applied
to higher order harmonics as well. In the d, g-reference frame the currents can be expressed



as:
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where I,,4. is the amplitude of the fundamental harmonic, ¢; is the phase shift of the respective
harmonics, hs;, h7; are the amplitudes of the 5th and 7th harmonics respectively and w, is the
electrical speed. [9]

Looking at the equation, it can be seen that both the 5th and 7th harmonics have a frequency
of six times that of the fundamental electrical frequency. This is caused by the Clarke and
Park transformation, presented in more detail in 2.3, transforming the standard a, b, c-reference
frame to the d, g-reference frame. For an intuitive explanation it can be said that when viewing
the system in the d, g-reference frame we are following along with the fundamental frequency,
essentially removing it from view. This expresses itself as reducing the 5th and 7th harmonics
one degree, resulting in the positive and negative 6th harmonic, as the 5th is actually a negative
harmonic.

2.3 Drive System and Current Control

This section presents the theory of how the control of the current is set up and how the motor
currents produce torque.

Clarke and Park Transformations

When talking of the currents running through the motor, they are referred to as the i, and
iq currents. The phase currents usually referred to as the A,B,C-currents are transformed into
alpha,beta-currents using Clarke transformation which are further transformed into the d,q-
currents using Park transformation [10]. After these transformations we are left with this repre-
sentation of the voltages [11]

d
ug = L—iq+ Rig — wLiq +eq

d
Ug = L%iq + Rig —wLig + eq

where L is inductance, i is current, R is resistance, w is rotational speed and e is the back
emf.

Torque Production

The torque produced by a general synchronous motor can be calculated as

T:p'wm'iq"‘(Ld_Lq)'id'iq (5)

where p is the number of poles, 1., is the magnetic flux linkage, ¢, is the quadrature current,
1q is the direct current, L, is the quadrature inductance and Lg is the direct inductance. For a



permanent magnet synchronous motor in particular ¢4 is controlled to zero, as well as the motor
construction aiming for Ly — L, = 0. Assuming that either of these are truly zero 5 can be
simplified as:

T:p'wm'iq (6)

Resulting in a linear relationship between the i,-current and the torque, T". This is then used to
control the torque.

2.4 Impact of Drive System

There are many possible sources of non-ideal behaviour originating from the drive system. Some
of these are presented in

Pulse Width Modulation

To effectively control a voltage, a commonly used technique is pulse width modulation, often
referred to as PWM. Using a source with a set voltage the output can be reduced by using
transistors that switch between being on or off, so that the average voltage reaches a desired
value. This technique however has the inherent effect of causing a ripple in the output, which
can lead to adverse effects on the motor behaviour. This can be mitigated by synchronising the
current sampling to the switch frequency so that the sampling occurs when the average and
actually value coincide. This occurs at the beginning of and at the halfway point of a cycle.
12]

Inverter Dead Time

In ideal inverter bridges the transistor gates are assumed to switch instantaneously and symmet-
rically, i.e. no time difference between turning off one transistor and then on the other in the same
phase leg of a 2-level converter. In practice however this cannot be guaranteed. This can lead to
a short circuit if the transistor that is meant to turn off is slower than the one that is turning on,
as both would be on at the same time. To alleviate this, dead time is added when turning on a
transistor, ensuring that the other has time to turn off. This causes a short time-span where both
transistors are turned off. These effects can lead to excitations of the 5th and 7th harmonics in
the servo system. [13] [14]

2.5 Impact of Mechanical System

A mechanical system, such as the one built to measure the torque of the motor in this thesis,
will always have certain imperfections in its construction in reality. These imperfections can
be described and identified through frequency analysis. The most relevant imperfections in the
context of this thesis are misalignment and mechanical looseness. Connections between axis are
done using couplers to alleviate some of the effects of misalignment, which appear as spikes in
the frequency analysis at twice the rotational speed of the axis. Mechanical looseness is caused
by components not being fastened well enough or a lacking stiffness of the components. These
effects cause spikes correlating to whole or half multiples of the rotational speed, ranging from
two to ten times faster than the rotation. [15]



2.6 Compensation Techniques

This section will discuss different compensation techniques that can be applied to minimise
pulsation in the torque output of a motor. These techniques can be divided into two categories;
motor design based and control based.

Machine Design Based Compensation

There are quite a few adaptions possible in the machine design that affects torque pulsation.
In general though, these techniques focus on minimising the cogging torque of the motor. As
changes to the design of the machine are not within the scope of this thesis, some methods will
be mentioned but not explained in detail. Machine design based techniques include; optimal pole
arc [7][16][17], magnet shifting [7][16], magnet and stator skewing [16][17] and dummy slots and
teeth [16], among others.

Control Based Compensation

Feedforward is implemented to handle any sort of measurable disturbance before it shows up in
the output signal, in this context the torque. By mapping out the pulsations of the torque in
regard to some variable or variables, the inverse of these undesired effects can be applied to the
signal with the goal to cancel them out. These variables could be e.g. position of the rotor, speed
or magnitude of the current [2]. It is also possible to apply the same fundamental idea to more
sophisticated solutions, such as the one purposed by Prof. Ferretti, Dr. Magnani and Dr. Rocco
in [18].

Harmonic injected current is used to minimise periodic pulsation effects in the torque by shaping
the phase current. This is achieved by adding one term to the ¢, current for each harmonic one
wishes to suppress. To calculate the injected current, the following equation is used

QTCm n
Boy=— —cos(6n2pb, + Veog,n) (7)
6pyp

where n signifies the number of the harmonic of the fundamental frequency to be cancelled, T¢, 1,
is the magnitude of the harmonic, p is the number of pole pairs, 1, is the flux-linkages of the
permanent magnet, 6, is the rotors angular position and ¢c.g,, is the phase shift of the cogging
torque.[16][19][20]

Speed loop disturbance rejection uses a fundamentally different approach to the problem. Instead
of attempting to improve upon the quality of the delivered torque, it is left to the speed loop
surrounding the torque loop to handle any irregularities in the torque. This technique is however
only suitable for lower motor speeds where the loop speed of the torque loop falls well within the
bandwidth of the speed loop.[16]



3 Method

This section present the methods used to perform the torque measuring of the system. The intent
is for the work to be repeatable and to allow for assessment of how well chosen the methods are
for the goals of this thesis.

3.1 Quasistatic Method

Two different measurement methods are used to evaluate the torque ripple of the motor. In the
first set of measurements the motor is allowed to spin freely in a torque control configuration
with different torque references. Eight different torque references are used in this method, 64,
70.4, 76.8, 80, 83.2, 86.4, 89.6 and 92.8 Nmm. The lowest reference was chosen since it is the
least amount of demanded torque that made the motor spin reliably. The highest was chosen as
to not risk damaging the motor or test bench. The step size between these originates from how
the references are referred to in the code, where per mille of rated torque is used. The references
in per mille are 100, 110, 120, 125, 130, 135, 140, 145. Initially the intention was to use a step
size of 10 per mille, but this was deemed too large since the speed of the motor do not increase
linearly with the reference torque. The purpose of these measurements is to identify any possible
variations of the torque over the electric revolution of the motor. This is done by plotting the
torque over the mechanical angle of the rotor.

3.2 Static Method

In the second measurement method, the motor is instead fixed in different positions and the
torque reference varied in these positions. The same test bench is used in both configurations,
with the exception of the part used to lock the motor in position that is used in the second
test. Position, torque, currents (I, and I) are measured, and the speed is calculated. The torque
reference as well as the torque calculated by the controller are also recorded. The positions
used are based on the motor’s encoder, using the zero point of the encoder as position zero
for the measurements. Measurements are then taken at 10 mechanical degree increments, up
to 90 degrees. The measurement positions are referred to as “P” followed by its increment
numeral, counting from position 0 at 0 degrees (P0), up to position 9 at 90 degrees (P9). These
measurements are made to confirm that any potential torque variations observed with the motor
rotating are indeed due to the rotors position at that instant and not some other underlying
reason.

3.3 Compensation Method

To compensate the irregularities in the torque output, a suitable technique needs to be chosen.
Among the ones presented in the theory section, only a feed forward solution is fitting within
the constraints of the thesis. As mentioned before, design changes to the motor is not of interest,
meaning the most commonly applied solutions to cogging torque issues are not applicable. The
driver is not redesign-able either, excluding the harmonic current injection technique. Lastly
because of the motors intended use in a robotic arm it is not feasible to assume that the speed
loop can be left to take care of any issues in torque delivery.
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4 Experimental Evaluation Platform

The specifications of the motor, driver and measurement equipment is presented here. It is also
explained how the test bench that was used to perform the tests is set up and what software was

used in the context of recording the measurements.

4.1 Test Objects

The motor is the main object of review in this thesis, but since the drive unit is an important

part of its behaviour it too is included. Their specifications are presented here.

Motor

The motor being evaluated is an AC PMSM servo motor. The specifications of the motor are

presented in table 4.1, along with measured inductances in table 4.2.

Table 4.1: Shows the specifications of the tested motor.

RPM

Power

Torque

Current

Voltage

Frequency

3000

0.2 kW

0.64 Nm

1.9 A

AC 200 V, 3~

200 Hz

Table 4.2: The measured inductances of the tested motor.

Connection 1-2 2-3 1-3 1-23 | 3-12 | 2-13
Inductance at

0.2 Hz [mH] 12.7 | 12.7 | 12.7 | 9.49 | 943 | 9.52

1-2 1.23
1 L

Z12 Zy23
I, 2 2
—

3 3

Figure 4.1: Picture showing two examples of how the measurements in table 4.2 were taken.

Driver

The specifications of the servo drive unit can be seen in table 4.3.

Table 4.3: Shows the specifications of the driver used.

AC-input | AC-output
Voltage 200-230 V 0-200 V
Frequency | 50/60 Hz 0-300 Hz
Current 3.7TA 2.8 A
Power N/A 0.4 kW

11




4.2 Test Bench

The test bench was constructed by attaching the different components to a rectangular piece of
aluminium with the dimensions 120x500 mm. The components used for the measurements are,
listed in order from left to right, the motor, a torque transducer and an inertia element. For the
static test a locking mechanism at the end of the inertia element is also used. The components
are attached to each other using Oldham styled couplings. These are chosen because of their
competitive price, accessibility and small size. There are other types, such as disk couplers,
that would provide a better torque transmission but with the limited magnitude of the torques
involved and the more prohibiting size of solutions using off the shelf components, the Oldham
couplings were deemed sufficient [21].

Mg - Examined motor

TT - Torque transducer
Wj - Intertia wheel

Figure 4.3: Photo of the test bench. This photo was taken to compare sizes and positioning, the
order used for the actual testing is shown in figure 4.2.

4.3 Measurement Equipment

The motor position is measured using an encoder with a 32 bit resolution that is then recalculated
to the motors absolute position in radians. The final resulting resolution is about 1.46 - 1077

12



radians.

The torque is measured using a torque transducer with a measuring range of 1 Nm, called 0170
MS 1 RAU of the brand Dr. Staiger Mohilo. The output voltage is then digitised using an EL3002,
Beckhoff unit, with 12-bit resolution.

For the i, and ¢y currents the internal measurements of the servo system are used, which are
implemented using resistive current measurement. The current measurement components used
by the manufacturer are not know in detail, making an evaluation of the reliability of these
measurements not possible.

4.4 Software

For the torque and the position measurements, as well as the calculations of the velocity, Twin-
CAT is used. For this thesis the motor is run in torque control mode using the manufacturers
implemented control. The software used to record the current measurements is made by the
servo manufacturer themselves. It is limited to recording 1000 samples at a time on two to four
channels, depending on what is being measured. The data is the handled in Matlab, which is
used for presentation and processing.

13



5 Model Based Evaluation Platform

In this chapter the model based work is presented. This work is done to evaluate the effects
of the driver, cogging as well as the magnetic properties of the motor and their effects. First a
simulation of the ideal case is run and analysed, then a disturbance is introduced, which is then
compensated for. The worst case scenario of using the same compensation method is also included
as a cautionary tale. In the magnetisation simulations two possible issues are evaluated, the effects
of different rotor magnetisations and an imperfection in the stator manufacturing.

5.1 Driver Modelling

For modelling of the drive system of the test setup a slightly modified version of a modelled
used in the course Power Electronics (EIEN25) is utilised [22]. The model is constructed using
Simulink and is shown in figure 5.1.

Visualize

mog

LTl
ST

. &
1 - sab
ey 3 phase 2 level menuam‘ 3 phase 2 level Inverter

Sampled Current Controller

g
=

N -

DCC

Ioad

Figure 5.1: Overview of the Simulink model used.

In the model a few constants needs to be defined to run the simulation, these constants, their
values and their meaning are as follows; Rs = 2.4 the stator resistance, p = 8 the number of poles,
Lsx = Lsy = 6.4 - 1073 the inductance in the x- and y-directions respectively, Psim = 0.0572
the magnetic flux linkage, Udc = 200 the direct voltage, J = 0.2 - 1072 the inertia of the rotor,
di = 0.2, Ts = 1/25-103 the switching time, Ismaz = 3.2 the maximum stator current, Igref =
0.8112 the reference for the ¢, current and n0 = 1000 the initial speed of the motor.

Ideal Motor

The first step in the modelling is to model the behaviour of the motor and drive in ideal conditions.
The results of this simulation can be seen in figure 5.2, 5.3 and 5.4.The time-frame of the torque
measurement is chosen to show the switching behaviour seen in the model, this is matched in
the second further zoomed in current figure. The time-frame of the first picture of the current
simulation is about one electric revolution.

14



Ideal Model Mechanics

9965

Rotational speed [rpm]

9945

50
0.028 0.0281 0.0282 0.0283 0.0284 0.0285
Time [5]

Figure 5.2: Torque (blue) and rpm (orange) of the ideal simulated motor and driver.

Ideal Model Currents

oAl
Current, i, [mA]

Current, i

-50
0.02 0.025 0.03 0.035
Time [s]

Figure 5.3: i, current (blue) and ¢4 current (orange) of the ideal simulated motor and driver.

Ideal Model Currents Zoomed

q
Current, |, [mA]

Current, i_ (mA]

-50
0.028 0.0281 0.0282 0.0283 0.0284 0.0285
Time [s]

Figure 5.4: i, current (blue) and iy current (orange) of the ideal simulated motor and drive,
further zoomed in on the time axis, to show the effect of switching.

Real Motor

A disturbance is introduced to the system, in the form of a sinusoidal signal added to the torque,
with a frequency of six times per electrical revolution, or 24 per mechanical. The simulation
results of this is shown in figure 5.5 and 5.6. Observe that the time-frame of the figure showing
the mechanical simulation results is significantly longer than that of figure 5.2.

15



Real Model Mechanics

Rotational speed [rpm]

50
0005 001 0015 0.02 0025 003 0035 004 0.045 005
Time [s]

Figure 5.5: Torque (blue) and rpm (orange) of the simulated motor and driver with introduced
disturbance.

Real Model Currents

Current, | [mA]

Current, i

-50
0.02 0.025 0.03 0.035
Time [s]

Figure 5.6: i, current (blue) and ¢4 current (orange) of the simulation with introduce disturbance.

Compensated Motor

Then an attempt to compensated for the introduced disturbance is made by applying the cor-
responding ¢, current to cancel out the effect. This is done using the same frequency as the
disturbance, and the magnitude of the current is calculated using equation 6.

Compensated Model Mechanics

Rotational speed [rpm]

50
0005 001 0015 0.02 0025 003 0035 004 0045 005
Time [s]

Figure 5.7: Torque (blue) and rpm (orange) of the simulated motor and driver with the distur-
bance compensated for.
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Compensated Model Currents

q
Current, |, [mA]

Current, i_ (mA]

” 20

” 30

40

0.02 0.025 el 0.03 0.0 JgD
Figure 5.8: iy current (blue) and ¢4 current (orange) of the simulation with the disturbance
compensated for.

Worst Case Compensation

Using such a rudimentary approach to solving the issue might seem straight forward and sim-
ple, which it is in theory. Another simulation was therefore made to show the risks of such an
approach. In figures 5.9 and 5.10 results are shown of simulation where the compensation is mis-
placed by 7 radians, or simply with the incorrect sign, which would be the worst case scenario
for this approach.

Worst Case Model Mechanics

9965

Torque [Nmm]
Rotational speed [rpm]

9945

50
0005 001 0015 002 0025 0.03 0.035 004 0045 005
Time [s]

Figure 5.9: Torque (blue) and rpm (orange) of the simulated motor and driver where the com-
pensation causes the worst case scenario.

Worst Case Model Currents

&

q
Current, i, [mA]

Current, i, [mA]
3

8

50
0.02 0.025 0.03 0.035
Time [s]

Figure 5.10: ¢4 current (blue) and i4 current (orange) of the simulation motor where the com-
pensation causes the worst case scenario.
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5.2 FEM Analysis

This section presents the FEM analysis made of the motor, which is done to analyse the cogging
torque and the magnetic properties. The FEM analysis is made using two different software tools,
FEMM and Ansys. FEMM uses a static model and is here used to simulate the effects of different
magnetisations of the rotor. Ansys is a transient model used to analyse cogging torque and the
torque ripple due to iron losses with and without a stator gap.

In figures 5.11-5.14 two different kinds of magnetisation techniques of the rotor magnets are
shown, both are simulated when the motor is unloaded and loaded (iq = 0 and different i, values
tested, see figure 5.17). These are diametrically magnetised (DM) and radially magnetised (RM).
This simulation is run such that the motor is tested statically in different positions.

Figure 5.11: No load applied, diamet- Figure 5.12: Load applied, diametri-
rically magnetised magnets. cally magnetised magnets.

Figure 5.13: No load applied, radially Figure 5.14: Load applied, radially
magnetised magnets. magnetised magnets.

The two rotor configurations in figures 5.11-5.14 are then implemented in a simulation that shows
the effects of the stator current on the torque output, in different rotor positions. The motor is
simulated to be static in these positions. The results of these simulations can be seen in figures
5.15-5.17. Observe that although left out because of limited space, the convention of line showing
RM and ”dashed and plus-sign” corresponding to the DM still holds in figure 5.17. As the cogging
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torque is defined as the torque variation at zero current, it can be seen in these figures that it

should be as low as 1 Nmm.

T(RM)
— + —T(DM)

— AT(RM)
— AT(DM))

T, [Nm]

K 4 o 2 nm e s o o N

T(RM)
— + —T(OM)

— AT(RM)
— AT(DM))

1 1A]

Figure 5.15: Comparison of the torque pro-

duced with radially and diametrically magne-  ation at 0 A

tised rotor magnets.
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Figure 5.16: More zoomed in to show the vari-
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Figure 5.17: Shows how the torque ripple varies with electrical position as well as current.

In figures 5.19-5.22 the effects of a potential air gap in the stator is simulated. This is usually
caused by imperfect manufacturing. Figure 5.18 Shows a close up of the gap simulated. The gap
is locked between the two stator pieces marked in pink.
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[

Figure 5.18: 0.25 mm stator gap.

Figure 5.19: Flux density without sta-
tor gap. tor gap.

Figure 5.21: Flux density with stator Figure 5.22: Loss density with stator
gap. gap.

The impact of the flux and loss density shown in figures 5.19-5.22 are then simulated over one
electric revolution, using the program Ansys. In figure 5.23 a fluctuation in torque can be seen
with a period of two per electrical rotation. In figure 5.24 to large loss spikes can be seen, also
twice per rotation.
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Figure 5.23: Simulated torque over an electri-  Figure 5.24: Simulated core losses over an elec-
cal revolution, with and without a stator-gap  trical revolution, with and without a stator-
present. gap present.

An overview of the effects shown on the torque by the FEM analysis is also produced to make
comparing them easier. It can be seen in table 5.1.

Table 5.1: Overview of FEM torque results.

Amplitude Frequency per Frequency per
[Nmm] electric revolution | mechanical revolution
Magnetic
saturation, + 10 6 24
figure 5.17
Flux density
no gap, +5 18 72
figure 5.23
Flux density
with gap, + 40 2 8
figure 5.23
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6 Measurement Results

In this section the different measurement results are presented. The first sub-chapter presents the
results from the quasi static tests. Both raw measurements and spectral analyses are included,
as well as some explanations of the results. The second sub-chapter shows the results from the
static tests also including spectral analyses and explanations. The sub-chapters themselves are
further divided into torque and current measurements.

6.1 Quasi Static Tests

The first measurements are obtained using the quasi static method. A schematic overview of the
test set up can be seen in 6.1. In this figure T;.. ¢ is the torque reference, Tt is the electromagnetic
torque, Pjyss is the power loss, w,; is the rotational speed in the electrical reference frame, TT
is the torque transducer, J is the inertia of the fly wheel, s is the Laplace variable, b is the
dampening of the rotation and w, is the speed of the mechanical rotation.

T -
e Ton (1) TT 1 i

l - -

Fags (we ) b
ey

Figure 6.1: Schematic of the quasi static test set up.

In table 6.1 a summary of the measurement results from the quasi static tests is presented. 1.y is
the reference torque used for that test, I, is the quadrature current, fe; is the number of electrical
rotations per second, Ti,eqs is the torque measured by the torque transducer, 7., is the ideal
torque calculated as calculated by the driver supplier, w,, is the mechanical rotational speed
of the motor and P is calculated as (Trer — |Timeas|) - Wm. The values following the +-signs
are calculated as half the difference between the maximum and the minimum of the relevant
measurement, e.g. +(maxz(l;) — min(I;)). All other values in the table are mean values.

Table 6.1: Overview of the measurements from the quasi static tests.

Tref Iref Iq fel Tineas Teate W, Ploss (w)
[Nmm] | [mA] [mA] [Hz] [Nmm)| [Nmm)| [rpm)] (W]
Test 1 64.0 280.0 | 281.6 £41.25 | 5.0 | 3.7 £104 | 644+ 94 74.5 £ 4.3 0.47
Test 2 70.4 307.5 | 305.9 £43.75 | 10.1 | 6.5 8.5 | 699 £10.0 | 1514 £ 6.4 1.01
Test 3 76.8 335.0 | 335.3 £36.25 | 182 | 9.5 £6.1 76.7 £ 83 | 272.9 £ 10.5 1.92
Test 4 80.0 350.0 | 349.4 £40.0 | 223 | 11.0 £6.7 | 799 £9.1 | 3348 £ 17.0 2.42
Test 5 83.2 365.0 | 365.0 £45.0 | 294 | 13.3 £ 5.6 | 83.5 £10.3 | 440.5 £ 5.6 3.23
Test 6 86.4 377.5 | 377.8 £47.50 | 37.0 | 15.3 £5.9 | 86.4 £ 10.9 | 554.2 £ 6.7 4.13
Test 7 89.6 392.5 | 391.8 £ 53.75 | 45.9 | 17.5 £ 6.2 | 89.6 £ 12.3 | 688.1 £+ 16.9 5.19
Test 8 92.8 405.0 | 404.9 £ 38.75 | 56.0 | 19.7 £ 5.3 | 926 £8.9 | 839.2 £ 19.1 6.42

Torque Measurements

Torque measurements using the quasi static method. In figures 6.2 and 6.3 the measurements
can be seen with no post-processing applied other than assigning the appropriate units to the
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axis.
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Figure 6.2: Variation in torque output of the motor for the whole measuring duration for torque
references of 64, 70.4, 76.8 and 80 Nmm.
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Figure 6.3: Variation in torque output of the motor for the whole measuring duration for torque
references of 83.2, 86.4, 89.6 and 92.8 Nmm.

To aid in analysing the data is presented with some post-processing applied. The left halves
of figures 6.4-6.11 show the measured torque periodized over the mechanical rotation, with the
intent to relate variations in torque to the position of the rotor. On the right, a custom spectral
analysis of the torque from the same test can be seen. The x-axis has been rescaled to ”per
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revolution” instead of the standard unit of Hz. This is done by dividing the frequency values
of the x-axis with the speed of the measurement, in radian per second. This is done to make
it easier to compare the different measurements. The x-axis of the spectral analyses is done in
the logarithmic scale to fit more information and starts at 0.03 times per revolution. For finding
spikes in the FFTs the Matlab function ”findpeaks” is used with ”MinPeakHeight” set to 1/2
Nmm for the first two measurements then to 1/3 Nmm and ”MinPeakDistance” set to 50. Spikes
found in this way are marked with an x in the spectra. The minimum peak height used to
trigger a spike detection is set higher for the first two, as their spectra are significantly more
noisy. This reduced the amount of spikes registered, avoiding many which could be classified as
false positives. The setting of 50, used in ”MinPeakDistance” refers to samples, for reference the
FFT of the first measurement includes 94433 samples. This value is chosen somewhat arbitrarily
through trial and error.

Torque over mechanical revolution Spectral analysis
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-10 1 L L
0 2 4 6 07 10" ' 0% 10°
Pasition [rad] Per revalution

Figure 6.4: Variation in torque output of the motor over a mechanical rotation, for a reference
torque of 64 Nmm, as well as the rescaled FFT of the same measurement.
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Figure 6.5: Variation in torque output of the motor over a mechanical rotation, for a reference
torque of 70.4 Nmm, as well as the rescaled FFT of the same measurement.
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Figure 6.6: Variation in torque output of the motor over a mechanical rotation, for a reference
torque of 76.8 Nmm, as well as the rescaled FFT of the same measurement.
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Figure 6.7: Variation in torque output of the motor over a mechanical rotation, for a reference
torque of 80 Nmm, as well as the rescaled FFT of the same measurement.
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Figure 6.8: Variation in torque output of the motor over a mechanical rotation, for a reference
torque of 83.2 Nmm, as well as the rescaled FFT of the same measurement.
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Figure 6.9: Variation in torque output of the motor over a mechanical rotation, for a reference
torque of 86.4 Nmm, as well as the rescaled FFT of the same measurement.

Torque over mechanical revolution Spectral analysis

25 2
_ _15
E E
E 20 E
= Z
o v 1
=] =]
= =
o 15 o
. Fos [

10 . , \ N A P alut i

o 24 6 w1 et e? 10f
Position [rad] Per revolution

Figure 6.10: Variation in torque output of the motor over a mechanical rotation, for a reference
torque of 89.6 Nmm, as well as the rescaled FFT of the same measurement.
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Figure 6.11: Variation in torque output of the motor over a mechanical rotation, for a reference
torque of 92.8 Nmm, as well as the rescaled FFT of the same measurement.
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An overview of the different spikes that corresponds to a certain number of repetitions per
rotation found in the spectral analyses is presented in 6.2. Here the spikes corresponding to one,
two, four, eight and twenty-four repetitions are presented, as they were deemed to be of the
most interest. Even though they are not significant for all measurements, they are included for
comparison.

Table 6.2: Overview comparing the different torque values from spikes repeated over the mechan-
ical revolution.

64 Nmm | 70.4 Nmm | 76.8 Nmm | 80 Nmm | 83.2 Nmm | 86.4 Nmm | 89.6 Nmm | 92.8 Nmm
reference | reference reference | reference | reference reference reference reference
Once per 1711 1.768 1.612 1.136 1.929 2.002 1.856 1.491
revolution [Nmm]
Twice per 1.031 0.958 0.797 0.557 0.824 0.761 0.686 0.385
revolution [Nmm]
Four times per 1.251 0.970 0.763 0.452 0.592 0.255 0.092 0.08
revolution [Nmm]
Eight times per 1.730 1.097 0.406 0.096 0.213 0.306 0.124 0.122
revolution [Nmm]
Twenty-four times per | 0.240 0.084 0.091 0.142 0.190 0.449 0.293
revolution [Nmm]

In table 6.3 an overview of spikes in Hz is presented. Some of the spikes are marked with an
asterisk (*), these are not registered by the ”findpeaks” function, but were deemed interesting
and distinct nonetheless. Many of the measurements also show spikes at very low frequencies
(<0.025 Hz) these are not included as they are assumed to be part of the 0 Hz spike which is
not of interest.

Table 6.3: Overview of the spectral analysis results. Average rotational speed during each mea-
surement is included for comparison.

64 Nmm | 70.4 Nmm | 76.8 Nmm | 80 Nmm | 83.2 Nmm | 86.4 Nmm | 89.6 Nmm | 92.8 Nmm
reference | reference reference | reference | reference reference reference reference
Mechanical
Rotation 1.24 2.52 4.55 5.58 7.43 9.24 11.47 13.99
[Hez]
SI[)II;(Z 1 1.25 2.53 4.53 5.61 7.34 9.25 11.47 14.04
SI[’;‘Z 2 2.48 5.047 9.05 11.01 14.65 18.52 22.97 28.07
SI[)II;(;] 3 4.96 10.11 18.09 22.01 29.35 37.0 * 45.9 * 56.1 *
S‘[’I‘g‘] 4 10.06 20.25 36.2 * 44.0 * 58.8 * N/A 275.60 N/A
Sf[’I‘i‘Z 5 20.33 N/A N/A N/A N/A N/A N/A N/A

Looking at the data presented in table 6.3 it can be seen that there is a spike matching one, two
and four multiples of the mechanical frequency for every measurement. For a few there is also a
spike matching the 8th multiple. There are two outliers as well, one from the 64 Nmm reference,
with a spike at 29.33 Hz and one from the 89.6 Nmm reference at 275.6 Nmm. Both of these
match-up with 24 repetitions per rotation.

Current Measurements

The current measurements taken during the quasi static tests are presented here. In figures 6.12-
6.19 the raw quadrature current plot can be seen on the left and the spectral analysis on the
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right, using a logarithmic x-axis. The spikes mark with X’s are presented in the overview of
the data shown in table 6.4. As before in the spectral analysis of the torque measurement, the
Matlab function ”findpeaks” is used with the options " MinPeakHeight” and ” MinPeakDistance”
activated. This time using 4 mA and 1 sample respectively. Observe that in this case there is
only 1000 samples and because of this they have not been plotted against the position as the

torque measurement are. To compare this data with the torque measurements the data presented
in table 6.3 is useful.
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Figure 6.12: Measurement of the quadrature current at 64 Nmm reference torque, as well as the
FFT of the same measurement.
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Figure 6.13: Measurement of the quadrature current at 70.4 Nmm reference torque, as well as
the FFT of the same measurement.
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Figure 6.14: Measurement of the quadrature current at 76.8 Nmm reference torque, as well as
the FFT of the same measurement.
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Figure 6.15: Measurement of the quadrature current at 80 Nmm reference torque, as well as the
FFT of the same measurement.
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lq measurement FFT of Iq measurement
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Figure 6.16: Measurement of the quadrature current at 83.2 Nmm reference torque, as well as
the FFT of the same measurement.
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Figure 6.17: Measurement of the quadrature current at 86.4 Nmm reference torque, as well as
the FFT of the same measurement.
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Figure 6.18: Measurement of the quadrature current at 89.6 Nmm reference torque, as well as
the FFT of the same measurement.
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Figure 6.19: Measurement of the quadrature current at 92.8 Nmm reference torque, as well as
the FFT of the same measurement.

Following the convention from the previous table, the manually added spikes are marked with

asterisks in table 6.3. The electrical rotation speed is calculated as we = wy, - pp, where pp is the
number of pole pairs, which is equal to 4 in this case.
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Table 6.4: Overview of the results regarding spectral analysis of the quadrature current.

64 Nmm | 70.4 Nmm | 76.8 Nmm | 80 Nmm | 83.2 Nmm | 86.4 Nmm | 89.6 Nmm | 92.8 Nmm
reference | reference reference | reference | reference reference reference reference
Electrical
Rotation 4.97 10.09 18.20 22.32 29.37 36.95 45.87 55.95
[Hz|
DC
Component 284.8 314.2 337.1 350.0 365.2 377.6 392.3 404.8
[mA]
Spike 1 40 70 130 30 40 50 60 70
[Hz]
Spike 2 130 120 N/A 120 80 90 110 140
[Hz]
SI[’Ili(Ze] 3 N/A N/A N/A 170 120 130 340 420
SIE;‘:] 4 N/A N/A N/A 250 * 220 280 390 N/A
SI[’I‘i‘Ze] 5 N/A N/A N/A 330 * N/A 410 * N/A N/A

Looking at the overview it can be seen that the resolution is quite poor at 10 Hz. This is caused
by the software used to record the current measurement, which is limited to 1000 samples, which
at the sampling frequency results in the FFT bins of 10 Hz [23]. A possible common spike between
120 and 130 Hz, with references 89.6 Nmm and 92.8 Nmm being the outliers showing a spike
at 110 and 140 Hz, respectively. In an effort to clarify the relationship between these spikes the
spectra are re-plotted together in figure 6.20.
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Figure 6.20: FFT of the I, current of all quasistatic measurements. References are given in Nmm.

Viewing the data like this a common spike seems to be present around 125 Hz. It can be seen
that although the peaks of the spikes do not line up perfectly at 125 Hz, they are all wide enough
to overlap at this frequency.

In figure 6.21 the FFT of the same data can be seen, but with the x-axis rescaled to use per rev-
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olution instead of frequency per second. This is done similarly to the spectra in 6.12-6.19.
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Figure 6.21: FFT of the I, current of all quasi static measurements. References are given in
Nmm.

When viewing the data like this a cluster of spikes can be observed around thirty times per
revolution. This spike is present for all reference torques.

6.2 Static Tests

This section presents the results of the static tests. The positions tested are presented here as ”P”
followed by a number between 0 and 9. The number represents multiples of 10°, e.g. 0 represents
0 degrees and 1 represents 10 degrees. These degrees refer to mechanical position, which relates
to the electrical as 6,, = 6./4. This means that one whole electrical rotation is completed in the
tests. In table 6.5 an overview of the static measurements can be seen.
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Table 6.5: An overview of the measurement results of the static test, as well as the calculated
ideal torque, given the measured i, values.

Tmeas Tcalc iq id
[Nmm] [Nmm) [mA] [mA]
64 Nmm o 1y 04 | 641497 | 280.1 + 4250 | -0.04 + 27.5
Reference
96 Nmm |0 1 4 173 | 96,1489 | 4200 £ 38.75 | 0.04 £ 23.75
Reference
128 Nmm |57 1 4 99 | 1287 + 6.6 | 5625 + 28.75 | 0.02 + 30.00
Reference
160 Nmm |60 1 4 169 | 1607 + 6.6 | 702.6 + 28.75 | 0.11 + 32.5
Reference
192 Nmm |00 0 4 93 | 1033 4+ 6.3 | 845.0 + 27.50 | -0.02 + 32.5
Reference
224 Nmm | )00 | 159 | 2254 4+ 5.1 | 985.3 + 2250 | -0.01 + 27.5
Reference
256 Nmm | oo 7y g6 | 958.0 4 5.4 | 1127.7 £ 23.75 | 0.01 £ 28.75
Reference
288 Nmun | 515 5 4 103 | 200.0 = 6.0 | 1267.5 + 26.25 | 0.04 % 26.5
Reference
320 Nmm | 5000 4 114 | 322.6 + 6.3 | 1410.0 + 27.50 | 0.00 = 27.5
Reference

Torque Measurements

Figures 6.22 - 6.30 show how the torque output varies with the position of the rotor, each figure
shows one particular reference torque in all measured positions.

Static measurement at torque reference 64 Nmm
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Figure 6.22: Torque output from the motor with a reference torque of 64 Nmm.
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Static measurement at torque reference 96 Nmm
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Figure 6.23: Torque output from the motor with a reference torque of 96 Nmm.
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Figure 6.24: Torque output from the motor with a reference torque of 128 Nmm.
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Static measurement at torque reference 160 Nmm
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Figure 6.25: Torque output from the motor with a reference torque of 160 Nmm.

210 Static measurement at torque reference 192 Nmm
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Figure 6.26: Torque output from the motor with a reference torque of 192 Nmm.
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265 ¢ Static measurement at torque reference 224 Nmm
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Figure 6.27: Torque output from the motor with a reference torque of 224 Nmm.

Static measurement at torque reference 256 Nmm
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Figure 6.28: Torque output from the motor with a reference torque of 256 Nmm.
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330 ¢ Static measurement at torque reference 288 Nmm
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Figure 6.29: Torque output from the motor with a reference torque of 288 Nmm.

Static measurement at torque reference 320 Nmm
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Figure 6.30: Torque output from the motor with a reference torque of 320 Nmm.
In an effort to make any potential relationship between torque variations and the position of the
rotor visually discernible, the torque is plotted as a function of the position in figure 6.31. This

figure, in conjunction with 6.32 also serves to show that the position is not varying significantly
during measurements.
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Figure 6.31: Measure torque compared to measure electrical position.

The torque is also plotted over 60 electrical degrees, as this matches the period of the saturation

curve in figure 5.17.
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Figure 6.32: Measure
of a revolution.

torque compared to measure electrical position, but with a period of 1/4

Current Measurements

Figure 6.33 is included to show some examples of the current measurements obtain in the static
tests. No signs of positional dependency in the currents can be seen. The rest of the measurements
are not shown since no interesting information can be obtained from the data.
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Figure 6.33: Raw data of electrical measurements from static tests.

To check for any common frequency components in the i, currents the FFTs of the current
measurements are shown in figure 6.34. All static measurements are presented together, and
both the x- and y-axis are drawn using the logarithmic scale. Looking at the FFT of the static
14 measurements, a similar spike to that in the quasi static measurement can be seen at 130 Hz

here too.

Figure 6.34: The FFTs of all static current measurements.
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7 Discussion

This chapter aims to analyse the results of the thesis, explaining what they mean in this context,
why (or why not) they are relevant, what can be ruled out and what could be improved or
expanded upon.

7.1 Modelling

Drive System

Looking at the modelling in the ideal case we see the effects of the switching clearly, figures 5.2-
5.4, which we were not able to see in the measured results. Since the information is lost as the
switching is typically occurring at frequencies around 5-50 kHz, while the sampling in TwinCAT
is done with a frequency of 4 kHz giving a Nyquist frequency of only 2 kHz [24]. The switching
frequency of the drive unit is not known in this case, making it harder to spot any signs of its
effects, the simulation however was run with a switching frequency of 25 kHz and is not sampled.
However, seeing the switching frequency show up so clearly in the torque (figure 5.2) is unlikely
to happen in practice because of the natural low pass filter properties of a mechanical system.
This, in combination with no sign of a common high frequency signal being aliased to a lowered
frequency in the FFT of the torque signals, suggests that this is a property of the simulation, not
present in the torque of the real system. In the case of the current measurements, the sampling
frequency is 10 kHz, equating to a Nyquist frequency of 5 kHz. While there is a chance for the
switching frequency to be seen for these measurements, if it is low enough but as no spike is seen
at 5 kHz this can be ruled out. As previously mentioned, the only common frequency spike in the
current measurements is seen at 130 Hz, which if caused by aliasing, corresponds to a frequency
of 29.87 kHz, or similarly illogical frequency. This once again points towards it not being cause
by the switching behaviour of the driver.

When adding a disturbance to the system, a sinusoidal effect can be seen on the torque, as
expected. It does however appear as larger in variation than the magnitude of the disturbance
added. Looking at the simulated torque output in figure 5.5 the variation is about £14 Nmm,
while the added disturbance only had an amplitude of 10 Nmm. This might be a property of
the unsophisticated method used to introduce the disturbance, or it could be a property of
the simulation. Looking at the simulated rpm, the rotation seems to be slowing down. This is
assumed to be caused by the short simulation time (0.05 s) not allowing the system to reach
its steady state. It should be noted however that the y-axis showing the rpm is chosen to show
the variations in speed from the disturbance and is quite zoomed in. The largest and smallest
rpm values shown only differ by about one rpm, including the contribution from the disturbance,
and is therefore not seen as significant to the analysis. Comparing the currents seen in figure
5.6 to those seen in figure 5.3 we can see that the currents have not been affected. This is to be
expected as no corrective measure of the current has yet been applied.

For the compensated torque seen in figure 5.7 a significant improvement can be seen when
compared to figure 5.5, in both torque and rpm. It is however not perfectly compensated. One
part of this is the switching of the signal, seen at this scale as the thickness of the torque line, for
which compensation was not attempted. However, even when taking the switching into account,
the disturbance does not seem to be perfectly compensated. The reason for this is assumed to
be the fact that the size of the variation is larger than the introduced sinusoidal’s amplitude, as
the compensation is based on the latter. While some tweaking could probably rectify this, it was
deemed as less important, as the interest was mainly in showing the possibility of compensation
through this method and the real world issues are not well enough documented yet to make a
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definitive choice of compensation method. Looking at the currents in figure 5.8 we can see the
effects of the compensation current added to the system. The variation seen in the 7, current
is a direct result of this and expected. The change in i; current however is caused by the fact
that these currents are just representations of reality to simply control and are in reality both
combinations of the phase currents and therefore intertwined.

In figure 5.9 we see a completely different effect on the torque. In this case, the phase of the
compensation is chosen with the opposite intention as before, to create the worst case scenario for
this compensation method in the tested model. It should be noted that no difference can be seen
when comparing the currents in figures 5.8 and 5.10, making the risk greater. A torque sensor is
an expensive measuring device and not usually used for feedback in the control of servo motors,
meaning that the poor performance of the torque output would not be seen by the controller.
While this situation is fabricated, similar situations can occur in practice caused by e.g. changes
to the motor properties due to age, making incorrect assumptions about the source of the issue
etc.

FEM analysis

Looking at the two simulated magnetisations in figures 5.11-5.14 there are some slight differences
is the magnetic flux density. The diametric magnetisation seems to have a slight lower flux,
mainly seen by the slightly less orange rotor and not quite as bright orange colour in the stator.
When comparing the torque production in relation to the current in figures 5.15-5.16 the DM
rotor actually produces slightly higher torque compared to the radially magnetised rotor. This is
opposite of what would be expected, as a higher magnetic flux should result in higher torque, all
else being equal. This could be caused by magnetic saturation, but the effect was not investigated
enough to say for certain in the context of this thesis. The variation in torque is fairly low, about
one Nmm at zero current as seen in figure 5.16, implying that there should not be significant
cogging in the machine. In figure 5.17, where the position of the rotor is taken into account, the
RM produces the higher torque ripple in general and there does not seem to be any indication
of significant ripple at zero ampere, again indicating low cogging.

Comparing figure 5.19 to 5.21 a pinkish area can be seen at about two o’clock in the latter
figure, co-responding to the area where the gap is located, indicating a lower flux density when
comparing to the yellows and reds seen in this area when no gap is present. In the figures showing
loss density, 5.20 and 5.22, the iron losses appear fairly uniform throughout the stator yoke when
no gap is present. Around the gap the in figure 5.22 the loss density is actually lower than in
the same area without a gap. This might appear counterintuitive, but the reason for this is that
the air gap is a poor magnetic conductor, causing the magnetic flux to choose another path with
less magnetic reluctance, leading to less magnetic loss in the area. This leads to the increase in
loss seen in the areas surrounding the gap as the flux takes this path instead, leading to higher
losses in these areas. The effects of a potential stator gap on the torque output can be seen in
figure 5.23. In the blue line showing the gap-less torque, a ripple occurring 18 times in an electric
revolution can be seen. This is the same as 72 times in a mechanical revolution and matches the
cogging frequency calculated through equation 2. This is not the source of the cogging torque,
but an interesting coincidence nonetheless. The ripple seems to have a magnitude of about 45
Nmm. There is also an offset of about 24 Nmm, the source of which is the magnetic hysteresis
taking place in the stator. Adding a gap creates a larger torque ripple with a frequency of two
times per electrical revolution, eight times per mechanical. Looking carefully at the waveform,
the ripple seen without a gap also seems to be present within the torque ripple for the simulated
gap. This is most evident when looking at the overlap of the two graphs. Figure 5.24 shows how
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the irons losses are related to electrical angle with and without a stator gap. With no gap the
loss is fairly uniform over an electrical revolution, when adding a gap two large spikes can be
seen occurring twitch per revolution.

7.2 Measurements

In the initial phases of this thesis work, it was assumed that the issues of variations in the output
torque originated from cogging in the motor. This assumption was attained from information
given by the manufacturer. The preliminary FEM work however did not support this hypothesis
and neither do the results from the measurements. This also means that the methods formulated
to test the torque were design to find a connection between the ripple and the position of the
rotor.

Quasi static measurements

Looking at the overview in table 6.1 the calculated ideal torque, T4, based on the i, measure-
ments actually fluctuates more than the measured torque, in all but one case. This would lead
one to believe that a poor following of the reference is enough to explain the variations in torque
output. It should be noted though that the electrical measurements only represent a very short
time span of 0.1 s, because of limitations in the software. There also seems to be a correlation
between the physical angle of the rotor and the torque variations, as seen by the spikes matching
a discrete number of occurrences per revolution in figures 6.4-6.11 and table 6.2. These do not
however line up with the expected frequency of cogging in the machine. The first few multiples of
the base rotations speeds two, four and eight, seem to line up with common mechanical issues in
motors, such as axial misalignment, bearing defects or the couplers effect on the system [15]. The
last spike that is seen in multiple measurements is seen 24 times per revolution. This matches
the period of torque ripple caused by magnetic saturation shown in figure 5.24, as the electrical
period is completed four times per mechanical, and the saturation period is completed 6 times
per electrical period. Another possible source for this behaviour is the phenomenon described in
2.4, under the subchapter Inverter Dead Time.

From the electrical measurements, spikes with a decent match to 130 Hz (figure 6.20) can be seen
for all measurements. When compensating for the speed of the rotation another common spike can
be observed, occurring thirty times per mechanical revolution (fig. 6.21). These observations do
not match up with the ones made from the torque measurements. There are significant limitations
in the current measurements done, as it is only possible to log 1000 samples per measurement in
the software. This means that while the torque measurements spans a time of around 40 seconds,
the current measurements only span 0.1 seconds, making them less reliable. The low number of
samples also greatly limits the resolution in the frequency domain, to 10 Hz.

Static measurements

Looking at the static measurements, the variations seen are larger than those seen in the static
measurements, compare T}, .. in table 6.1 to it in 6.5. This variation does not seem to be linked
to the position of the rotor, however. For instance, ”P5” (turquoise)in figure 6.22 has a lower
value than both the reference and the average, while the same position in figure 6.23 is higher
than both.

Looking at figures 6.31 and 6.32 no link can be found between the electrical period, nor 1/4
of the electrical period (as derived from the magnetic saturation) and the torque either. These
figures also show that no significant drift in position during the measurements is present. No
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answer can be gained from the current measurements either, as seen in figure 6.33, the ¢, and iq4
currents do not vary significantly between different positions.

Other sources that were discussed include temperature and friction. As a motor is running, it
heats up, causing changes in the electrical properties of the motor, as well as in friction and
thermal expansion. This is not seen as a likely cause since each test is less than a minute long
and the motor is not being pushed particularly hard in the majority of tests. The clear difference
in torque measurement between tests and the lack of drifting within each test also goes against
temperature as a source. In addition, the temperature would have an impact on the quasi static
tests as well. In the case of friction, the static or limiting friction would affect the static results
far more than the quasi static, giving some reasoning to the strange behaviour of the torque in
the static tests [25].

7.3 Improvements

Here some possible point of improvements will be presented. A lot of experience was gained in
this process as it was not very typical work for Cognibotics. This naturally means that points
of improvements arouse during the process, some which were possible to act upon immediately
and others which could not be implemented at the time for one reason or another.

Modelling

For the modelling, some parameters are not well known, such as the rotor inertia and the switch-
ing frequency. In addition, due to the human factor, the incorrect values for the inductances of the
motor were used, compare values in 4.2 with those listed in chapter 5.1. By evaluating these and
finding more reliable values, a more trusted model could be set up. From there, different sources
of disturbances could be modelled, to find a suitable match with the measured results.

Test bench improvements

With limited time and access to material and tools, there are a few points of improvements
possible for the measurement bench made for and used in this thesis work. As the base was reused
from old lab equipment, the possible precision was limited and could definitely be improved upon.
The inertia wheel as well as its fastening and bearings were also reused and not rigorously tested.
To fasten the motor and torque transducer to the baseplate, some pieces were 3d-printed in PLA
plastic. These pieces are not very rigid and should be replaced with a more rigid material for
a more reliable result. The axial alignment of the test bench also leaves room for improvement.
Attempts were made to verify the alignment using dial indicators, similarly to what can be seen
in [26]. However, limited time as well as the small physical size of the parts involved made this
too cumbersome.

Measurements

As of now the current measurements used are not independently acquired, instead the manu-
facturer’s built in hardware solutions were used. These should be properly validated if they are
to be relied upon, as it is their product’s performance that is being evaluated. Having access to
direct measurements of the phase currents would also be a good addition to the measurements
taken here. In addition to the hardware limitations, the software used to log the current was
severely limited, only allowing 1000 samples to be logged, with time intervals of multiples of 100
microseconds (100 us, 200 us, 300 us, etc.). Some features were not accessible from the start as
they needed administrator access, which was not obtained until later into the thesis work. Mainly
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the ability to log the position in the manufacturer’s software would have been helpful as to make
connecting the exact current values of a sample to its torque value, logged in TwinCAT.

In addition to this the official proprietary cabling for the torque transducer was not available
making access to the data inconvenient. This coupled with poor documentation of the actually
signal being sent left some decisions up to engineering intuition, which while offering quite good
learning opportunities do not make for the most reliable academic results.
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8 Conclusion and Future Work

In the last chapter of this thesis, a summary of what is done and what is shown from this is
presented.

8.1 What was done

This thesis was done with the goal of identifying and compensating torque ripple effects in
a 200 W permanent magnet synchronous servo motor, being used in robot applications. The
machine design uses 8 poles and 9 teeth. An experimental setup is built to analyse the ripple.
This is done in conjunction with machine and drive system evaluation models to build a better
understanding of the causes of torque ripple. Two methodologies are used when performing the
tests, referred to as quasi static and static. In the quasi static tests, the torque reference of the
controller is unchanged during the test and the motor can rotate freely. In the static test, the
torque reference is still unchanged during the test, but now the motor axis is fixed in place. The
purpose of the quasi-static test is to study the pulsation spectrum of the torque, while static
tests show the change of torque under load in several rotor positions.

8.2 What was concluded

The previously suspected cause, cogging torque, which is inherent to the motor and present at zero
load, is shown not to be the cause. The ripple is shown to be linked to the sixth electric harmonic.
Some lower harmonics are also present throughout the testing, but are likely introduced by the
test setup. The origin of the pulsation is distinguished between mechanical (shaft and related
components), electromagnetic (electrical machine) and drive system (power electronic control
and feedback). From the experiments and analysis of the electrical machine, it can be concluded
that the sixth electrical harmonic is caused by magnetic saturation and core loss. To reduce the
impact on the torque of these effects, harmonic current injection is purposed.

8.3 Future Work

During the whole thesis work, the motor and driver were always run together as a unit, making it
hard to distinguish which was the culprit of the issues. Testing these individually to evaluate their
performance when match with other equipment of good behaviour (or at least well documented)
would be of great interest. Another possibility is to do a separate, more detailed evaluations of
the behaviour of the driver. One point of interest being looking into how the inverter dead time
is being handled, as it is a likely candidate for the ripple.

Better knowledge of when the issues actually appears in practice could also greatly help in
diagnosing the issues. This thesis was structured with the initial impression that the source was
known to be the cogging torque, affecting the planning structure and how the tests were set up.
Looking closer at the mentioned sources for the different disturbances and formulating a test
methodology for these effects specifically should be done to evaluate them properly.
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