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Plant model and control algorithm development for torque ripple compensation of
PMSMs
Xudong Wang
Department of Electric Power Engineering
Chalmers University of Technology

Abstract
This thesis investigates torque ripple in a permanent-magnet synchronous motor
(PMSM). Firstly, a PMSM model is developed with spatial harmonics and satura-
tion, which is based on Finite Element Method (FEM) with the help of a Python
based open-source software PYLEECAN. Then the results are converted into look-
up tables and applied to an existing electric drive system in Simulink. The existing
controller performances will be evaluated. Finally, a torque ripple compensation is
realized and its effectiveness is evaluated.
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1
Introduction

1.1 Motivation and background

Permanent magnet synchronous motors (PMSMs) are of high demand for electric
vehicles due their good dynamic performance, high efficiency and high power den-
sity. In PMSMs, torque ripple, which leads to acoustic noise, mechanical vibrations
and reduces the machine life time, is a critical issue[1]. Therefore, a good torque-
ripple reduction strategy can improve the driving experience and the lifetime of an
electric vehicle significantly

Torque ripple reduction can be realized during either the machine design or ma-
chine drive control. For a machine design approach, researchers optimize the shape
and structure of PMSMs with skewing, magnet sizing or adjusting slots per poles
ratio[2][3][4]. However, even if a PMSM is well designed, the torque ripple is still
inevitable due to different operation and imperfect manufacturing. Thus this thesis
focus on the drive control compensation development from a provided machine.

It is vital to include the torque ripple harmonic information in the PMSM model to
develop the compensation control algorithm. The modeling and understanding of a
high fidelity model can both facilitate the design and validation of the torque ripple
reduction control. There are several ways to build such a plant model and a nu-
merical analysis method of finite-element-method (FEM) has drawn much attention.

However, the FEM algorithm is complicated to implement for solving a partial dif-
ferential equation. It is even more difficult when dealing with the complex machine
geometry and multiple materials inside. Several FEM softwares have been devel-
oped for machine modelling. Some of them are user unfriendly and time consuming.
Some other are commercial software and not an open-source tool.

When it comes to the PMSM drive system, the field-oriented-control (FOC) is
adopted, which treats the PMSM plant model as a decoupled first order system
in a dq coordinate system. However, the existing FOC control system is unable to
handle the torque harmonics, and a compensation algorithm needs to be developed
to optimize the control performance.

Therefore in this thesis, a Python-based FEM simulation approach is developed,
which make it convenient to set up the machine and operation points. The FEM
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1. Introduction

results can also be import to the PMSM drive system as a plant model in Simulink.
Based on the developed plant model, the compensation algorithm is added to the
conventional FOC system to reduce the torque ripples.

1.2 Previous work

1.2.1 PMSM modeling approach
The linear model of PMSM can be built in Simulink using transfer function. It’s
beneficial for its easier implementation. However, the linear model misses some
information like the spatial harmonic. The linear model also assumes the PMSM
inductance as constant, which is inaccurate due to the flux saturation.

Thus, many researchers develop the PMSM model in FEM using some commercial
software of Ansys Maxwell. An open-source software of Finite Element Method
Magnetics (FEMM) is also adopted in some companies. The FEMM can build the
model manually or programmed using Lua, which is a lightweight programming lan-
guage primarily for embedded applications.

1.2.2 Torque compensation method
Based on the prvious analysis, the current references in the current loop need to be
designed to compensate the torque harmonics.

Conventionally, the PMSM drive system uses FOC with cascaded PI control loops.
However, traditional PI controller has bandwidth limitation to track relatively high-
frequency components in the torque ripple, which increases with speed[5]. From the
1990’s, several methods have been proposed to solve this problem.

A group of papers introduce different control methods for a high control bandwidth.
In [5] and [6], the authors adds additional repetitive control(REP) and Iterative
learning control (ILC) block to a PI controller, utilizing the inherently periodicity
of torque-ripple disturbance. [7] uses a combination of a deadbeat current con-
troller and a current predictor appears as an appropriate approach to deal with the
bandwidth limitation. These methods involve heavy computations, so their applica-
bility is limited in transient state because it is difficult to timely update the stator
current[8].

Another group of papers treat it as an optimization problem, i.e. by solving the
optimum reference current with respect to the minimum torque ripples. In [8], the
authors derive an analytical model of torque ripples, then construct an objective
function of minimal torque ripples and losses to obtain the optimal reference cur-
rent problem. In [1], model predictive control (MPC) is adopted to reduce the
electromagnetic torque and feed-forward compensation used for cogging torque. In
[9], multiple reference frame (MRF) analysis is used to obtain optimal currents and
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1. Introduction

adaptive notch filter (ANF) is used to extract harmonics from currents. For these
methods, the parameter variation should be considered because they can cause errors
in the optimization problem.

1.3 Purpose of the thesis
The main purpose of this thesis is to develop a high fidelity PMSM model repre-
senting the torque ripples based on FEM. It’s realized by the Python programming
based on the open-source packages of PYLEECAN and a software of FEMM.

The second purpose is to implement a compensation method based on the developed
model. The FEM results are implemented into Simulink to establish a PMSM plant
model with a FOC drive system. Based on them, a straightforward compensation
method is implemented and verified.
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2
PMSM Plant Models

This chapter describes a PMSM plant model based on FEM, which include a average
rotor position model and a model with spatial harmonics. A Python-based FEM
simulation approach is adopted coupling with several open source software. Then
different operating points are performed and output data is processed. Finally the
models are export in a form of look-up tables.

2.1 Introduction to the PMSM modelling
It’s important to obtain a PMSM model for machine design and control. Based on
the model, it’s possible to investigate the concerned machine properties like torque
and magnetic flux at different operating points. Moreover, the control system can
also be implemented and verified.

2.1.1 Coordinate systems for PMSM modelling
The PMSM works in the ABC three-phase coordinate system with modulated volt-
ages, making it hard to analyze and model. It can be simplified by converting the
stationary three-phase coordinate system to a rotating two-phase frame. An DQz
transformation is applied to model the system in the dq-frame, which is a two-phase
system rotating in a counter-clockwise direction.

The DQz transformation is performed by multiplying a transformation matrix P to
the variables in the ABC-frame, given asDQ

Z

 = P

AB
C

 (2.1)

The matrix P is given by

P = K

cos(θ) cos(θ − 2π
3 ) cos(θ + 2π

3 )
sin(θ) sin(θ − 2π

3 ) sin(θ + 2π
3 )

1
2

1
2

1
2

 (2.2)

where coefficient K determines transformed variable amplitude. K is
√

2
3 for the

power invariant and is 2
3 for the amplitude invariant transformation. For the matrix

P in (2.2), the d-axis is in alignment with phase A after transformation.
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2. PMSM Plant Models

2.1.2 Models with different fidelity levels
Three different fidelity levels of a PMSM model are considered in this thesis. The
first level is an analytical model, which has a linear characteristic because induc-
tance is assumed constant without considering saturation in different current levels
and temperatures.

The second and the third level models adopt a numerical method of FEM. The
second level takes the magnetic nonlinear saturation into consideration and the flux
has a nonlinear relationship with the currents. The third level also considers the
spatial harmonics, which results from the stator tooth and the rotor positions.

In the following sections, an analytical model is first developed, and then the gen-
eral FEM process for a PMSM is introduced. Finally a detailed programming-based
FEM approach is described to build the second and the third level models.

2.2 Analytical model of PMSM

2.2.1 General analytical model derivation
The ideal working principle for a PMSM is that the the stator currents generate a
rotating magnetic flux field with a constant amplitude, which attracts the permanent
magnets in the rotor to rotate accordingly. The key to generate such a rotating
magnetic flux is to create a rotating stator currents. It can be realized by three-
phase balanced sinusoidal voltages va, vb, vc with a phase shift of 2π/3,

va = Vosin(ωt)
vb = Vosin(ωt− 2π/3)
vc = Vosin(ωt+ 2π/3)

(2.3)

where ω is the PMSM rotor electrical angular speed, and Vo is the input voltage
peak value.

The three phase windings ABC also need to be distributed individually around the
stator circumference with a 2π/3 electrical space interval. The phase B winding
needs to be counterclockwise away from phase A to make sure that the field is
rotating in the positive direction. Thus, the sum of the three-phase input voltage
vs is given as

vs = va + vbe
j2π/3 + vce

−j2π/3

= Vo

2 [(ejωt + e−jωt) + (ejωt−2π/3 + e−jωt−2π/3)ej2π/3 + (ejωt+2π/3 + e−jωt+2π/3)e−j2π/3]

= 3Vo

2 ejωt

(2.4)
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2. PMSM Plant Models

The result indicates that vs is a rotating vector with the electrical speed and the 3
2

times amplitude. In the abc-frame, the voltage equation is given asva

vb

vc

 = Rs

iaib
ic

 + d

Ψa

Ψb

Ψc

 /dt (2.5)

where ia, ib, ic are the stator three-phase currents, Rs is the stator resistance, and
Ψa,Ψb,Ψc are the flux linkages in the windings. The three-phase flux linkages are
complex to calculate due to the mutual inductance between each phase. It can be
simplified by treating the fields as a rotating space vector. Thus, the stator voltage
is described by the vector

vs = K
3Vo

2 ej(ωt+θv) (2.6)

where K is the coefficient factor, and θv is the voltage vector initial angle. The
space vector can be expressed in a two-dimension coordinate system according to
the Euler’s formula, which is the reason to use the Clarke transformation. Thus,
the voltage in the αβ-frame is denoted as uα, uβ. K is equal to 2

3 for the amplitude
invariant transformation because the vector’s amplitude becomes 3

2 times of Vo af-
ter the transformation. Similarly, the stator current and flux linkage can also be
expressed in vectors of is,Ψs with amplitude invariant as

is = I0e
j(ωt+θi)

Ψs = Ψ0e
j(ωt+θΨ) (2.7)

where θi and θΨ are the initial angles for current and flux linkage. Using these
vectors, the flux linkage derivative is simplified in the voltage equation as

vs = Rsis + dΨs

dt
= Rsis + jωΨs (2.8)

To calculate the power in the αβ-frame, a coefficient Kp is added to make it equiv-
alent to the power in the abc-frame

Kp

[
uα

uβ

]T [
iα
iβ

]
=

ua

ub

uc


T iaib

ic

 (2.9)

Kp is solved as 3
2 after applying the Clarke transformation.

Thus the active power Pe is given by

Pe = KpRe{vs · i∗
s}

= 3
2Re{jωeΨs · i∗

s}

= 3
2Re{jωeΨ0I0e

j(θP si−θi)}

= −3
2ωeΨ0I0sin(θP si − θi)

= 3
2ωeIm{Ψ∗

s · is}

(2.10)
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2. PMSM Plant Models

where the resisitive loss is neglected. Thus, the electromagnetic torque Te is given
as

Te = 3
2
Pe

ωn

= 3
2p · Im{Ψ∗

s · is} (2.11)

where p is the machine pole pair number, ωn is the mechanical speed.

The αβ-frame model is intuitive to understand but is inconvenient for calculations.
To deal with it, the stationary coordinate system is transformed to a frame rotating
with the same speed as the one of the field vector. The stationary direct axis
is beneficial to align with the rotor magnet because the rotor permanent magnet
is an independent magnetic source. Thus the dq-frame is adopted using the DQ
transformation and vs,Ψs, is are expressed as vd + jvq,Ψd + jΨq, id + jiq. The
voltage equation is rewritten as

vd + jvq = Rs(id + jiq) + jω(Ψd + jΨq)
= Rsid − ωΨq + j(Rsiq + ωΨd)

(2.12)

The torque in (2.11) is expressed as

Te = 3
2pIm[(Ψd + jΨq) ∗ (id + jiq)]

= 3
2p(Ψdiq − Ψqid)

(2.13)

The dq-frame inductance Ld, Lq are constant in the linear model and the dq fluxes
are expressed as

Ψd = Ψm + Ldid

Ψq = Lqiq
(2.14)

where Ψm is the no-load flux linkage from the rotor permanent magnets. Thus, the
dq voltages are

vd = Rsid − ωLqiq

vq = Rsiq + ω(Ψm + Ldid)
(2.15)

The torque is

Te = 3
2p[(Ψm + Ldid)iq − Lqiqid]

= 3
2p[Ψmiq + (Ld − Lq)idiq]

(2.16)

2.2.2 Torque ripple analysis
There are multiple reasons causing the torque ripple like harmonics in magnetic flux,
cogging torque, inductance variation due to magnetic saturation, and the current
measurement errors[8][10]. This thesis focuses on the flux harmonics and the cogging
torque.

8



2. PMSM Plant Models

2.2.2.1 Flux harmonics

Considering the flux harmonics Ψdhar,Ψqhar in the dq-axis fluxes Ψd,Ψq

Ψd = Ψm + Ldid + Ψdhar

Ψq = Lqiq + Ψqhar

(2.17)

The electromagnetic torque Te in (2.16) is rewritten as

Tem = 3P
4 (Ψdiq − Ψqid)

= 3P
4 {Ψmiq + (Ld − Lq)idiq + (Ψdhariq − Ψqharid)}

(2.18)

By applying Fourier analysis, the flux in the abc frame contains only the odd order
harmonics, due to its symmetry property in the machine mechanical space. Addi-
tionally, the 3rd and its multiples harmonics don’t exist since they are eliminated
in the three-balanced machine system. After the DQz transformation, the fluxes in
the dq frame contain the harmonics orders of the multiples of six, such as the 6th
and the 12th, which are represented by the 5th, 7th, 11th and 13th harmonics in
the abc frame.

2.2.2.2 Cooging torque

The cogging torque comes from the existence of the slots in the stator of the ma-
chine. It is the result of the interaction of the permanent magnets in the rotor
and the changing of the stator reluctance[8]. It could be obtained from both an-
alytical calculation and FEM simulations. The cogging torque can be obtained
both from theory and the numerical method of FEM. By setting the input current
ia = ib = ic = 0 in the FEM software, the output torque result is the cogging torque.

2.3 The high-fidelity model in this thesis
This thesis utilizes a combination of Simulink and FEM to build the PMSM model,
where FEM reflects the nonlinear characteristic parts of the machine. The FEM
results are converted to look-up tables and imported into Simulink.

2.3.1 FEM introduction
In reality, the PMSM flux linkage has a nonlinear relationship with the currents
due to the inductance varies for different currents. The variations can be obtained
by FEM simulations. The FEM is a numerical analysis method to solve differen-
tial equations like Maxwell’s equations, and is widely used in electric machine design.

The general FEM process usually include the geometry modeling, boundary condi-
tions, meshing, material conditions, excitation and initial conditions. FEM can be

9



2. PMSM Plant Models

realized with the help of softwares like Ansys, MATLAB and FEMM.

The machine geometry is defined including dimensions and winding. Different ma-
terials are applied to the corresponding parts in the machine and their properties
are defined. The operating points are set for the feasible dq-axis currents and rotor
positions. The discretization steps are also picked in considerations of accuracy and
calculation cost. The above settings are configured in programming scripts, making
it easier to check, modify and set up a batch of simulations for different inputs.

2.3.2 Plant model overview
Figure 2.1 shows a discrete PMSM plant model in the dq-frame without rotor po-
sition dependence.The input to the electro-magnetic part of the model are voltages
and rotor angular frequency, the internal states are fluxes and the output are cur-
rents. The input to the mechanical part of the model is the torque from the EM
and an external load torque and the output is the electrical angular frequency. The
fluxes in the dq-frame are calculated from integration of the induced voltages and
the resistive voltage drop as

ψd[n] = ψd[n− 1] + Ts(vd[n] −Rsid[n− 1] + ω[n− 1]ψq[n− 1]) (2.19)

ψq[n] = ψq[n− 1] + Ts(vq[n] −Rsiq[n− 1] + ω[n− 1]ψd[n− 1]) (2.20)

where p is the number of pole pairs. The fluxes are fed to lookup tables and the
stator current is obtained. The elnectro-magnetic torque, Te, is calculated as

Te[n] = 3p
2 (ψd[n]iq[n] − ψq[n]id[n]) (2.21)

The mechanical speed, ωm, is calculated according to

ωm[n] = ωm[n− 1] + Ts
1
J

(Te[n] − TL[n] −Bωm[n− 1]) (2.22)

where J and B are the inertia and friction damping constant, respectively. When
considering rotor position, an additional dimension of rotor position will be added
to the dq current lookup tables. If temperature is also included, the lookup tables
have four dimensions in total. The torque in the scheme can also be obtained from
a three-dimensional lookup tables instead of equations.

The discrete equations are implemented in Simulink. The nonlinear relationships of
flux to current and the torque to current are realized by the lookup tables, which
are generated by FEM.The later section introduces the method to perform FEM
and obtain needed lookup tables with and without spatial harmonics. The look-up
tables have three dimensions of id, iq and the rotor position, where the rotor position
is considered to reflect the spatial harmonics.

10



2. PMSM Plant Models

Figure 2.1: Overview of a PMSM plant model scheme with rotor sweeping

2.3.3 Workflow and platform for modeling
There are several approaches and software to perform FEM simulations for PMSMs.
This thesis adopts an open source FEM software - FEMM; a Python based package
- PYLEECAN; and a Python distribution - Anaconda.

FEMM is a software to solve the low frequency electromagnetic problems [11].
PYLEECAN provides a user-friendly and flexible simulation framework for the de-
sign of electrical machines and drives[12]. The coupling between PYLEECAN and
FEMM enables a convenient, user-friendly and automatic way of carrying out FEM
simulations through python scripts. Anaconda is a distribution of the Python pro-
gramming languages for scientific computing, to simplify package management[13].
Python is coded on the Anaconda platform using the Spyder software.

The workflow to generate a model is shown in Figure 2.2. The FEM configuration
and the machine definition is implemented in Python via PYLEECAN. PYLEECAN
handles the connection to FEMM and carries out the FEM-calculations according
to defined operating points. With FEM results from PYLEECAN, lookup tables
are generated using the Python package and later applied into Simulink.

Figure 2.2: Workflow to generate PMSM model on FEM
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2. PMSM Plant Models

2.4 A programming-based FEM approach

2.4.1 Machine definition

The machine dimensions and material selection are adopted from [14]. The dimen-
sions are slightly revised using the PYLEECAN. The properties for the steel and
magnet material are obtained from datasheets. The materials are temperature de-
pendent and the magnet properties are shown in Figure 2.3 [15].

Figure 2.3: Vacodym 863 TP magnet characteristics with intrinsic and normal
BH-curves for different temperatures

In PYLEECAN, a machine is constructed as an object from a pre-defined Python
class, including different machine typologies like PMSM and induction machine. The
lamination and the magnets are defined using either script templates or a graphical
user interface (GUI). An example of what the GUI looks like can be seen in Figure
2.4. The defined machine can be saved in .json file, which can be imported from
PYLEECAN directly for later use.

12



2. PMSM Plant Models

Figure 2.4: PYLEECAN GUI interface

2.4.2 Current and rotor sweeping configuration

Based on the defined machine, different operating points can be set with specific in-
put current references and rotor speed. The default input currents are RMS values
from the amplitude invariant Direct-quadrature-zero(DQZ) transformation.

PYLEECAN can automatically perform FEM for different operating points, by
defining a group of desired input current references and a specific speed in a matrix.
In this thesis, input currents are defined in a rectangular range as shown in Figure
2.5. D axis and q axis current references are selected from -500A to 0A and 0A to
500A for peak value with current steps of 10A, by considering the designed operating
range from paper [14].

Rotor sweeping is defined by rotor speed. The angle in degree could be obtained
through simulation time t in seconds and rotor speed N0 in rpm as

θ = t ·N0

60 360 (2.23)
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2. PMSM Plant Models

Figure 2.5: Rectangular current input

The desired outputs are the fluxes in three phase ψA, ψB, ψC , the electromagnetic
torque Tem and the rotor angle θ. They are calculated from FEM and stored in a
data structure using the ScidataTool python package. This package is beneficial for
storing data in a structural way with multiple dimensions, which is convenient to
plot and perform fast Fourier transform(FFT).

2.4.3 Descritization step and mesh setting
To perform FEM on PMSM, partial differential equations are solved by splitting
spaces into meshes and discretizing time and circumferential space of air gap. They
are optimized for a more accurate FEM model.

Meshes near the air gap are set to the smaller size because in this tiny space the
flux varies more than other places in PMSM. Machine periodicity and harmonic
frequency are considered for discretization. Taking the advantage of the PMSM
periodicity of pole pairs can help to save much simulation time. Thus, Time and
spacial steps are set to a multiple of three due to total three pole pairs in the ma-
chine. With a specific speed of 2000rpm and the dominate 6th order flux harmonics,
the number of spatial discretization steps also takes the Nyquist frequency of the
harmonics into account.

2.4.4 Data post processing
The FEM simulations can be performed on the software platform with the above
machine definition and configurations. The results of it give a group of data lists,
which are the flux and torque values in ABC-frame for different combinations of
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temperatures, ABC currents and rotor positions.

After the DQz transformations, it’s important to consider the input and output data
scaling to prevent unmatched obtained data. PYLEECAN takes the RMS value with
amplitude-invariant for input current by default. Thus, flux is also subjected to the
amplitude-invariant correspondingly and input dq currents are scaled with

√
2 for

peak values.

2.5 FEM results

2.5.1 Average results without spatial harmonics

Figure 2.7, 2.6 and 2.8 show the FEM results without taking the rotor positions into
account by calculating the average values over all the rotor positions. As indicated
in the figures, torque and dq-fluxes saturates when dq-currents are high enough,
caused by the material permeance saturation.

The d-axis flux increases as id decreases in negative, because the negative id gen-
erates an opposing flux to the rotor permanent magnet magnetic flux. The d-axis
flux also changes with iq due to the cross-saturation phenomena. The q-axis flux
increases as iq increases and the saturation appears as iq goes higher. The torque
contour also indicates the nonlinear characteristic due to the flux saturation.

Figure 2.6: D-axis flux for different dq-currents
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Figure 2.7: Q-axis flux for different operating points

Figure 2.8: Torque for different operating points

2.5.2 Spatial harmonics at one operating point
The spatial harmonics in flux and torque are simulated at a specific operating point
and compared between a high and low simulation resolution. The operating point
is Id = −223A, Iq = 389A and the temperature is 20◦C. The low resolution uses 96
time steps of the whole simulation period while the high resolution uses 1800 time
steps.
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Figure 2.9, 2.10 and 2.11 show the spatial harmonic waveform in time domain for
the dq-axis flux and torque respectively. High and low resolution results are also
compared in the figures. It can seen that the low resolution has some data points
missing when representing the ripples, which is worse for torque ripples.

Figure 2.9: D-axis flux comparison between high and low resolution simulation

Figure 2.10: Q-axis flux comparison between high and low resolution simulation
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Figure 2.11: Torque harmonics comparison between high and low resolution sim-
ulation

D-axis flux FFT results are shown in Figure 2.12 and 2.13. The dominating spatial
harmonic order is the 6th, as well as some other even harmonics like the 12th and
18th. The even harmonics come from the DQz transformation of the odd harmonics
in the ABC frame such as the 5th, 7th and 11th etc. The low resolution FFT
results exhibit almost the same magnitude for the fundamental, the 6th and the
12th harmonics but is unable to represent the higher order harmonics due to fewer
sampling points.

Figure 2.12: FFT for D-axis flux with high resolution
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Figure 2.13: FFT for D-axis flux with low resolution

FFT results for q-axis flux are shown in Figure 2.14 and 2.15. The q-axis funda-
mental flux magnitude is more than 10 times of that of the d-axis at this operating
point while the 6th harmonics is only the half. The 6th order harmonic is also the
dominant order. The 12th, 18th and 24th harmonics are also observed. The low
resolution result shows higher magnitudes for 8th and 14th harmonics compared to
the high resolution since only 16 points can be calculated in the low resolution FFT.

Figure 2.14: FFT for Q-axis flux with high resolution and its zoom in
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Figure 2.15: FFT for Q-axis flux with low resolution and its zoom in

Figure 2.16 and 2.17 show that torque has a dominating 6th and also 12th harmonics,
resulting from the flux harmonics. There is little difference for the magnitude of the
fundamental, the 6th and the 12th between the FFT results with low resolution and
high resolution.

Figure 2.16: FFT for torque with high resolution and its zoom in
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Figure 2.17: FFT for torque with low resolution, and its zoom in

2.5.3 Spatial harmonics at different operating points
It’s also meaningful to investigate the 6th and 12th spatial harmonics magnitude
percentage of the fundamental magnet at different operating points, to understand
their distribution characteristics. Figure 2.18 and 2.19 show the 6th and 12th har-
monics contour for d-axis flux.

Figure 2.18: The percentage for d-axis flux 6th harmonic magnitude of the fun-
damental amplitude for different operating points in %
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Figure 2.19: The percentage for d-axis flux 12th harmonic magnitude of the fun-
damental amplitude for different operating points in %

Figure 2.20 and 2.21 shows the 6th and 12th harmonics contour for q-axis flux.

Figure 2.20: The percentage for q-axis flux 6th harmonic magnitude of the fun-
damental amplitude for different operating points in %
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Figure 2.21: The percentage for q-axis flux 12th harmonic magnitude of the fun-
damental amplitude for different operating points in %

Figure 2.22 and 2.23 show the torque 6th harmonic magnitude and its percentage of
the fundamental of the fundamental torque. Most of the torque harmonic magnitude
percentage is between 1%−2%. It can be neglected for the region with a percentage
more than 10% for the base torque magnitude is close to zero so the percentage
isn’t accurate. The figures show the possibility to select an operating region with a
smaller torque ripple harmonic magnitude, which, however, will be at the expense
of the higher stator winding losses due to the deviation from the MTPA operation.

Figure 2.22: Torque 6th harmonic magnitude for different operating points /[Nm]
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Figure 2.23: The percentage for torque 6th harmonic magnitude of the fundamen-
tal amplitude for different operating points in %

Figure 2.24 and 2.25 show torque 12th harmonic magnitude and its percentage of
the fundamental of the fundamental torque. Most of the torque harmonic magnitude
percentage is between 1% − 4% and the region with a percentage of more than 10%
is the also neglected.

Figure 2.24: Torque 12th harmonic magnitude for different operating points /[Nm]
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Figure 2.25: The percentage for torque 12th harmonic magnitude of the funda-
mental amplitude for different operating points in %

2.5.4 Look-up table generation
In this section, the obtained data list will be transferred to a Simulink lookup table
using a given table generating Python package. This package can generate lookup
tables of Maximum Torque per ampere(MTPA) control and the plant model. To
utilize this package, all the FEM output data should be transferred into a specific
Excel form. The output data is first coded to a four-dimensional array, which are
d-current, q-current, temperature and rotor position. Then each dimension is ex-
ported to Excel using the Python Pandas package. Specifically, dq-currents are
stored in Excel rows and columns; temperatures are stored in Excel sheets; rotor
positions are stored in different Excel files.

The MTPA algorithm generates the maximum torque for a given dq current com-
bination. Its look-up table takes in the torque reference and the available flux, and
outputs the desired dq reference current. It’s realized by optimising the minimum
torque for each current and available flux combination, where flux is evaluated by
speed.

2.6 Summary and discussions
This chapter develops the PMSM model considering saturation and spatial harmon-
ics, through the FEM based on PYLEECAN and lookup table generation. This high
fidelity plant model is vital for evaluating and improving the drive control system
in Simulink in the next step.
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There is a trade-off between model accuracy and FEM complicity in this thesis. A
higher accuracy requires more data in current and rotor position sweeping, which
causes higher calculation burden and time cost. This thesis chooses 100 current
references, 96 rotor positions and 3 temperatures, which provides enough accuracy
with acceptable cost.
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3
Electric drive system

performances with FEM plant
models

In this chapter, the plant model developed in the previous chapter is applied in a
PMSM electric drive system. The influence of the new plant model on the control
performances with the existing control system is studied.

3.1 Overview of electric drive system
The existing drive system utilizes the field orientation control(FOC) structure as
in Figure 3.1. Torque references are fed to the torque controller and corresponding
current references are generated by MTPA, which has a PI controller with an active
damping and anti-saturation algorithm.

Figure 3.1: FOC scheme

The MTPA control algorithm is widely used in the electric machine control since it
minimizes the stator resistive losses. The MTPA outputs the dq-axis current refer-
ence to generate the minimum stator current magnitude for a given torque reference
input.

Given the PMSM parameters Ld, Lq,Ψm, the torque Te can be expressed by id, iq
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and current angle β as

Te = 3np

2 ΨmImagsin(β) + (Ld − Lq)I2
magsin(β)cos(β) (3.1)

where Imag is the current magnitude. The optimum current angle βop can be ob-
tained by making the first order derivative of maximum torque to zero, assuming
the inductances to be constant.

The MTPA can also be obtained using the optimization functions in MATLAB and
Python, by considering the variations of the inductances. The object function is the
magnitude of stator current. The inequalities constrains are the voltage and current
limits.

3.2 Case setup

The simulation scenario is set up with a machine acceleration process with only its
inertial limiting the speed. The torque reference steps from 0 to 200Nm at the time
of 0 second. The machine speed is rised from 0 to 447 rpm in a 0.2 second time
duration.

3.3 Control performance for plant model without
rotor sweeping

As shown in Figure 3.2, the torque waveform doesn’t have any harmonics. As Fig-
ure 3.3 indicates, there is a 1.1% deviation from the reference. The possible reason
could be the inaccuracy of the plant model, caused by the trade-off between the
FEM simulation cost and the accuracy.
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Figure 3.2: Torque waveform in the existing electric drive system

Figure 3.3: A zoom in of the torque waveform

3.4 Control performance for model with rotor sweep-
ing

In this step, the rotor position is added as the third dimension of the current to
flux lookup table. The sweeping of the rotor introduces the flux harmonics into
the plant model and thus brings ripples into the torque. The The torque result is
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shown in Figure 3.4 and 3.5. The torque harmonics are observed with a frequency
of 86.4Hz at the speed of 289rpm. The harmonic frequency indicates that the 6th
order harmonic is dominating. The harmonic amplitude is 11.8N , which is 3.75%
of the torque fundamental magnitude. The harmonics will cause vibrations at low
speed.

Figure 3.4: Torque waveform with the harmonics

Figure 3.5: A zoom in of torque ripples
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3.5 FEM Torque comparison and discussions
In this step, the torque is calculated from a 3-D lookup table from the FEM sim-
ulation instead of the torque equation in the last section. Figure 3.6 compares the
torque waveform generated from the FEM lookup table and the one from the equa-
tion calculation in (2.8). The cogging torque is introduced from the FEM simulation
and the cogging torque dominant frequency is the 12th according to the waveform.

Figure 3.6: Torque waveform comparison between the FEM lookup table and the
equation calculation

3.6 Torque harmonics mapping with MTPA op-
eration

Figure 3.7 and 3.8 show the 6th and 12th torque harmonic magnitudes in the per-
centage of the fundamental torque magnitude. Fifty different torque-speed points
are selected and the MTPA control is performed in Simulink. The torque is increased
from 20Nm to the maximum torque of 324Nm with a step of 31.4Nm. The speed is
increased from 300rpm to 8000rpm with a step of 1540rpm. At each torque-speed
point, the torque is stored from the simulation results and an FFT is performed to
obtain the 6th and 12th torque harmonic magnitudes.

As the harmonic mapping indicates, the torque harmonics is varied for different
torque-speed situations. The 6th harmonic magnitudes exhibit lower values in the
field-weakening region with the percentage value of 1%. The higher 6th harmonic
magnitudes show up near the base point and the torques below 50Nm. The 12th
harmonic has lower magnitudes before the speed reaches the base point, and it be-
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comes larger as the speed increases and the torque decreases.

The MTPA control algorithm produces the current references id, iq with the specific
torque-speed condition. The generated id, iq map illustrates the torque harmonic
magnitudes as suggested from the FEM simulation results.

Figure 3.7: Torque 6th harmonic magnitude mapping operating in MTPA in %

Figure 3.8: Torque 12th harmonic magnitude mapping operating in MTPA in %
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3.7 Summary
When applying a model at a fixed rotor position, the existing drive system can trace
the torque reference with an acceptable error. After varying the rotor positions,
however, the 6th torque harmonics appear and cause problems at low speed. Thus,
a compensation method is needed and will be discussed in the next chapter.
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4
Compensation method

There are many proposed compensation methods as introduced in the literature
review. In this thesis, the superposition principle is adopted and a compensation
torque reference is added additionally in opposite phase with torque harmonics.

The compensation control scheme is shown in Figure 4.1. The acceleration is used
as feedback and is fed to a high-pass filter to get the ripples. Then the ripples are
fed to a PI controller and the outputs are added with the desired torque reference
T ref to generate the compensated reference Tcomp.

The feedback acceleration aw is expressed as

aw = np
(Te,DC + Te,har) − Tload

J
(4.1)

where Te,DC is the torque DC component, Te,har is the torque harmonic component,
Tload is the load torque, J is the inertia of the machine, and np is the machine
pole pair number. The torque ripples can be obtained from the harmonics in the
acceleration. Thus, a first order high-pass filter is utilized, which is realized by a
transfer function as

HLP (s) = s

s+ ω0
(4.2)

where ω0 is the cut-off frequency. The cut-off frequency is selected according to the
machine speed and the estimated torque harmonic frequency.

Figure 4.1: Compensation scheme

The PI controller parameters are tuned by first settling Ki fixed and tuning Kp; then
Ki is tuned for a specific Kp. Enlarging Kp will better compensate for the intrinsic
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machine ripples; but a too high Kp value will worsen the ripple since the harmonic
reference introduced will become dominating and cause additional harmonics. Ki

also helps compensate but using a too high value will slower the rise time. The
compensation result is shown in Figure 4.2 and 4.3.

Figure 4.2: Torque result in electric drive system

Figure 4.3: Torque result in electric drive system

It could be seen that the 6th order harmonics peaks are compensated from 20.1N to
14.3N at a speed of 289rpm. A drawback is that the torque rise time is prolonged
due to compensation and some higher harmonics are introduced by the compensated
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harmonics in the reference. The feedback signal can also take the machine speed
depended on the application.
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5
Conclusion and Discussions

5.1 Conclusion

This thesis develops a more accurate PMSM model containing spatial harmonics
based on FEM and PYLEECAN. The model exports pre-calculated values to look-
up table in Simulink to evaluate the existing electric drive system. The new model
introduces additional torque harmonics of the dominant 6th and the 12th order.
Then a compensation method is implemented to reduce the harmonics.

A programming based FEM approach is developed for the PMSM modelling to take
the PMSM torque harmonics into consideration. The python programming language
is adopted to define the machine dimensions and materials as well as the input cur-
rent and rotor position sweeping. The fluxes and torque are obtained with different
input current combinations and the results are post-processed.

Two different resolutions of the FEM simulations are used and the results are com-
pared at a same current operation point. The results in the time domain show that
the low resolution FEM simulation misses some peak ripple data compared to the
high resolution FEM simulation. From the FFT analysis in the frequency domain,
the torque magnitude differences between high and low resolutions are 0.03% and
0.3% for the 6th and 12th torque harmonic respectively. The high resolution results
also contain the higher order harmonic information like 18th and 24th.

The look up tables are generated from the FEM results to import to Simulink. The
FEM results are first converted to Excel files. Each Excel file stores the fluxes and
torque data for all the input current operation points at one rotor angle position.
A list of Excels store the data at different rotor positions. Then the fluxes to cur-
rents lookup tables are extracted from the Excel lists. An optimization algorithm
is also performed based on the Excel data to obtain the MPTA control lookup table.

It’s also feasible to develop a torque ripple compensation algorithm based on the
developed PMSM plant model and the FOC drive system. The superposition prin-
ciple is applied to generate the compensation torque. The simulation results show
that 28.9% of the torque ripples are compensated.
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5.2 Future work
Due to the time and scope limitation, some more works can be improved in the
future. The machine could be directly import from .dxf file in PYLEECAN. The
PMSM model with spatial harmonics can be more accurate by applying smaller cur-
rent steps. More sophisticated compensation methods can be applied for the better
control performances. The feedback signal in compensation can also be replaced by
speed to correspond to speed sensor.

5.3 Sustainability and ethics
The European Union has proposed a 2050 long-term strategy to achieve climate-
neutral without greenhouse gas emission by 2050. Developing electric vehicles is a
good way to realize this target. PMSMs play an important role and become at the
top of ac motors in the electric vehicle market.

The traditional combustion vehicles emit greenhouse gases and do harm to the global
climate system. The development of electric vehicles can help in improving the air
quality in cities by producing less carbon dioxide emissions. The popularization
of electric vehicles can also help improving the environment by replacing the fossil
petroleum to the sustainable resources. Electric vehicles reduce air pollution more
during the driving lifetime although the extraction of the rare-earth magnets can
cause some pollution in the mining.

This thesis develops a high fidelity PMSM plant model to analyze the torque ripple
phenomenon. Based on the model, a straightforward compensation strategy is ap-
plied to counteract the ripples. The reduction of ripples help to increase the energy
efficiency and lifetime of the PMSMs. Lower torque ripples also help to improve
the EVs’ drivability and the user experience for drivers. It encourages consumers to
support EV and hybrid vehicles and a brings a more prosper EV market.

The code of ethics have been kept in mind while carrying out the thesis. It’s im-
portant to be honest for the data and figures delivered, such as the FEM simulation
results of PMSM torque and flux data. The confidentiality is also undertaken for
specific information that Volvo GTT requires. For example, the given PMSM model
dimension data and the given Python packages need to be kept confidential. Ac-
knowledgement are also given to all who have offered help to the thesis.
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