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Abstract

This project aimed to study different torque control techniques for a multi-phase
PMSM with an emphasis on minimising the torque ripple. Where torque ripple refers
to noise in the torque, mainly due to inverter steps and sensor noise. Multiple Field
Oriented Control (FOC) approaches, including Linear Quadratic Regulator (LQR),
Gain Scheduled Controller (GSC), and Model Predictive Control (MPC), were tested
in a simulation environment created in Simulink. The simulations showed similar
performance for all controllers with the MPC having a slightly better performance.
Different filter setups were also tested for their effect on the torque ripple. As the
sensors equipped to measure angle and current had inherent noise, given sufficient
computational power model-based filtering might improve the estimation of these
variables. When tested in simulation, the angle filter and the current filter showed a
large reduction of torque ripple, while filtering the angular velocity did not decrease
the torque ripple by any significant margin. Some key factors contributing to the
torque ripple were identified, e.g.: motor inductance, switching frequency, sensor
accuracy, and possible improvements to these factors were discussed thoroughly in
the concluding part of this thesis. Finally, one of the developed controllers was
tested on the real motor, the behaviour was similar to the simulations, with very
small torque ripple and responsive torque tracking.

Keywords: Six-Phase Permanent Magnet Synchronous Motor, Dual Three-Phase
Motor, Torque Control, Torque ripple minimisation, Simulation and Hardware, Field
Oriented Control, Linear Quadratic Regulator, Gain Scheduled Controller, Model
Predictive Control, Kalman Filter.
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Introduction

1.1 Background

Recently, multi-phase PMSMs have received more attention due to their higher
torque and power density compared to their three-phase counterparts, as well as
their redundancy aspects. Redundancy is vital for safety-critical products as in the
case of a failure, the system can still operate and ensure the safety of the user. Thus,
this project will create, evaluate, and compare control algorithms for multi-phase
PMSM to investigate the capabilities that these types of motors could bring for
the future. This thesis aims to study a dual three-phase (six-phase) PMSM with
zero-degree phase shift.

The thesis will control the six-phase PMSM to a given torque reference. When
creating a controller, it is important to evaluate its response time but also its abil-
ity to track the reference. However, there is a large difference between controlling
torque and controlling speed or position. Such controllers are, in some sense, easier
to develop, as integral action on the axle dynamics makes the desired dynamics
smooth. This is not the case for torque controllers, as the developed torque is di-
rectly proportional to the motor’s current, and therefore it is more susceptible to
noise. Thereby, one of the major factors in evaluating a torque controller is to reduce
the high-frequency noise, also known as torque ripple.

The motor will be used in a dynamic context. Therefore, feedback control will
be used to control the motor. Specifically, different Field Oriented Control (FOC)
approaches will be investigated. FOC works by controlling the orientation of the
magnetic field generated by the windings in the stator. The magnetic field is depen-
dent on the current flow in each winding, i.e., it is possible to control the field by
controlling the phase currents. As there are 3 phases (3 dimensions) in a 2D space, it
is also possible to use the Park transform to convert the 3 phases to two (direct and
quadrature). Then, different types of ordinary feedback controllers can be inserted,
such as Linear Quadratic Regulators (LQRs), Gain Scheduled Controllers (GSCs),
and Model Predictive Controllers (MPCs), to control the direct and quadrature
currents. These controllers generate a desired input voltage, which is sent to an
inverter, where the appropriate phase voltages are created. This is the complete
feedback loop.
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The most used controller structure embedded in the FOC feedback loop is a simple
PID controller, e.g. [1][2][3]. The PID is frequently used due to the simplicity of
implementation and the non-linearities in the PMSM model. This has caused the
PID controller to be a standard for motor control, research has been done on how
to make them better and more reliable. With added cushioning, for example, with
fuzzy controllers like in [1], or multiple degrees of freedom like in [2], PID controllers
can be implemented with real efficiency.

Recent developments within PMSM control have generated a lot of new types of
controllers, which linearise in specific regions and create a set of controllers. The
active controller changes depending on the current state space vector [4]. GSCs work
similarly, however a state in the state-space is parameterised, making the state-space
linear but also dependent on the parameter. From this, a controller can be calcu-
lated dependent on the parameterised state [5]. Another popular approach is MPC
which instead calculates the optimal control input given a certain receding horizon,
the added benefit of MPC is that constraints on the input voltage to the motor can
be explicitly stated to the optimiser [6]. Another important aspect in some applica-
tions is robustness, to perform well in the presence of some disturbance, this gives
rise to various robust controllers [7]. Finally, the redundant aspects of multi-phase
machines facilitate the possibility of operating smoothly even when some phases ex-
perience failure. Detecting the failure and updating the controller fast is vital, and
special fault-tolerant controllers have been developed to handle this situation [8].
This project aims to implement some of these more sophisticated control strategies
and create necessary filtering to minimise the apparent torque ripple in the produced
torque.

1.2 Purpose and Goal

The purpose of this thesis is to evaluate torque tracking controllers for a six-phase
PMSM. To achieve this purpose the goal for this thesis is to first create a realis-
tic simulation environment. The simulation environment will be constructed using
Simulink. Secondly, different controllers will be developed, tuned, tested, and com-
pared to each other in the simulation environment. Thirdly, filters for decreasing
sensor noise will be developed, integrated, and investigated for their performance
benefits in the control system. The control systems have to be both fast but also be
able to compensate for the torque ripple. The torque controllers will then be com-
pared and analysed on their relative performance, advantages and disadvantages.
Finally, one of the controllers will be implemented on real hardware and tested for
deviations from the simulated behaviour.

1.3 Research Questions

The research questions which the project aims to answer are:
1. Which control strategy gives the best torque tracking performance according
to the step response, Hy and H,, norm?
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2. What are the main hardware and software factors contributing to torque ripple,
and what techniques exist to minimise these factors?

1.4 Limitations

The Project will be limited to:
o Modelling and control of a zero-degree offset six-phase PMSM.
o The given sensor setup is an angle sensor for the rotor and phase current

Sensors.
o The project will be created in Matlab R2018b.

1.5 Thesis outline

1. Introduction: A preamble stating the purpose, goal, and scope of the thesis
project.

2. Theory: Giving a short overview of the different methods and techniques used
in the project.

3. Method: A summary of what has been developed in the project. Derivation
of models, controllers, filters, PWM techniques and their implementation into

Simulink are discussed.

4. Results: Different performance measures on the final systems are stated and
shortly discussed.

5. Discussion: A deeper discussion on the results.

6. Conclusion: The main insights from the project are stated, and suggestions
for further work are given.
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Theory

To study motor control methods some prerequisites on motor geometry, PWM
strategies and control needs to be known. This chapter aims to give a short in-
troduction to some of the core concepts used in this project.

2.1 Six-phase PMSM

The motor studied in this project is a multi-phase PMSM with six phases. As for
all electrical motors, the PMSM consists of two parts: the rotor and stator. The
rotor is the rotating axis in the motor with permanent magnets attached to the
surface. The stator is the static shell around the rotor where the phase windings are
wound. A PMSM works on the principle of induction. The phase currents induce
a magnetic field in the air gap between the rotor and stator, which will cause the
permanent magnet in the rotor to align itself with this induced magnetic field [9].
The field produced by one phase is determined by the current and the inductance
of the phase winding.

Rotor
Stator

Winding
Permanent Magnets

Figure 2.1: A simplified sketch of a PMSM.
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2.1.1 Rotor Configuration

Circular rotor configurations can be categorised into two distinct categories: Surface-
mounted Permanent Magnet Sychronous Motor (SPMSM) and Interior Permanent
Magnet Sychronous Motor (IPMSM). The difference is the placement of the rotor
magnets, which are adhered symmetrically to the surface in an SPMSM while they
are built into the core of an IPMSM.

Generally, SPMSMs are made symmetrical, giving equal inductance over the whole
surface. This makes operation smooth as the torque ripple is kept low. However,
as the magnets are only adhered with glue to the rotor, this configuration is not
suitable for high-speed operation when the centrifugal forces overcome the adhesive,
resulting in dislodged magnets.

Conversely, IPMSMs offer safer high-speed operation. However, as the magnets
are mounted inside the rotor, a symmetrical placement is hard to realise. This
makes the magnetic field asymmetrical and can cause high torque ripple, resulting
in worse torque tracking performance [10]. The motor considered in this project is

an SPMSM.

2.1.2 Configurations of Phases

Multi-phase PMSMs with a number of phases divisible by 3 can be classified as
multi-three-phase systems (MTP). MTP motors can be modelled as independent
three-phase systems with some mutual inductance between the different three-phase
systems. This gives the added benefit of redundancy, as the systems can be con-
trolled separately.

The most common configuration for six-phase MTP is 0° and 30° between the two
three-phase systems [11]. There are benefits for both types, which can be seen in
the Table (2.1).

6



2. Theory

B.Y

cZ AX

i

(a) 0 °phase shift (b) 30 °phase shift

Figure 2.2: The two most common dual three-phase layouts.

0° | 30°
More freedom in winding layouts Higher torque density
Lower torque ripple under healthy conditons
Cancellation of sixth harmonic

Table 2.1: Benefits with the different angle displacements, [11] and [12].

Furthermore, it is commonly stated that when using two separate controllers while
having a phase shift might lead to instability issues. This can be solved by having
a lower mutual coupling between the two sets of three-phase windings[12]. Mutual
coupling is the electromagnetic field between the two sets of three-phase windings,
and it is directly dependent on the physical characteristics of the motor.

2.1.3 Fault Compensation Techniques

Fault compensation techniques within multi-phase PMSM can be divided into two
categories: fault-tolerant and redundant PMSM. Fault-tolerant PMSM will continue
working with all operational phases even though one phase has failed. Conversely,
the redundant PMSM works by having multiple sets of three-phase systems. Then,
if a winding gets damaged, it will not use any of the phases in the faulty three-phase
set. The performances of both methods are very similar, and both are used regularly
[13].

2.1.4 Clarke and Park Transformations

For a three-phase system, the motor contains three currents, which are controlled
with the three-phase voltages. However, as the rotational area is two-dimensional, a
more intuitive understanding of PMSM can be gained by converting the phasors to

7
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the two-dimensional space also known as the dg - reference frame. In the dg-axes,
currents and voltages have a more direct coupling to the behaviour of the motor
than in the three-phase currents. To derive this transformation, we study the three-
phase symmetrical Y-connected motor in Figure 2.3a with phase currents 7., i, and
le-

Firstly, the three-phase current vectors need to be decomposed into orthogonal vec-
tors. This subspace is called the af - reference frame and the transformation is
called the Clarke transformation. By transforming these currents into joint orthog-
onal vectors in the af - plane, the sum of the currents and, hence, the induced
magnetic field can be studied with more ease. The transformation can be found
with simple trigonometry from Figure 2.3a:

|f,;J| _ [003(0) cos(2m/3) cos(47r/3)] i,“ _ [1
ig sin(0) sin(2r/3) sin(4x/3)| | °

& ZC

With the Clarke transformation the joint action of the phases can more readily be
studied. However, in an SPMSM, the torque produced is proportional to the cur-
rent perpendicular to the rotor position. To further simplify the complex workings
of the motor, the currents can thus be projected onto a rotating reference frame
with axes parallel and perpendicular to the rotor’s position; these are called direct
and quadrature axes, respectively (dg-axes). The transformation called the Park
transformation, can be easily obtained from the a-space by a rotation matrix with
the rotor’s position. An illustration of the transformation is given in Fig. 2.3b. By
adding the fact that the three-phase currents will sum to zero due to Kirchhoff’s
current law, and a coefficient to make the scaling factor between the phasors equal
to 1, the transformation can be made invertible. The full transformation between
abc and dq can be obtained as

o | cos 0) cos(d — 2 cos(0 + &
T(0) = 3 —sin(0) —sin(0 —27) —sin(0 + %) (2.2)
P 5
such that ige0 = T(0)iape, (2.3)

where 0 is the angle between the rotor and phase a. The inverse of T is also
obtainable and can be written as

cos () —sin () 1
T710) = |cos(0 —3F) —sin(0 —2) 1]. (2.4)
cos(0 +2) —sin(0+ %) 1
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s q -
\ / d
AT; ‘u ‘AT‘
¢ / ¢ /
(a) Clarke transformation (b) Park transformation

Figure 2.3: Space vector transformations.

2.2 Typical Control Methods

Electrical motors can be controlled in multiple ways. By creating a feedback loop
from an angle and current sensor, the speed, position, torque and current in the
motor can be controlled to some specific value or trajectory. Typically, electric
motor control algorithms can be classified into two different groups, scalar control
and vector control [14].

2.2.1 V/f- Control (Scalar Control)

Scalar control is a simple solution to the control problem which aims to control an
average performance measure of the motor such as speed or torque. A well-studied
technique of scalar motor control is V/f control. The ratio of phase voltage and
the stator frequency is proportional to the developed torque in the motor, thus
by controlling this ratio, a steady-state behaviour can be achieved. This technique
works well for applications which do not require accurate dynamics and only operate
in steady-state, however if transient behaviour is important V/f control cannot be
used [10].

2.2.2 Field Oriented Control

Field-oriented control is a vector control method. The method utilises a transfor-
mation of phasors (e.g., currents and voltages) to the direct and quadrature axis
(dg-axis) of the rotor. In dgq variables, the following non-linear state-space model
can be given for the motor dynamics, according to [15]:

dig  uqg R, nprqZ_q’ (2.5)

@t L, L, I,
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dig _ug B, mpwha, M
L

q

it L, L," L
where ug, uq, i4, iq are voltages and currents along the d-and g-axis respectively. Ly,
L, inductances for the d and ¢ equivalent circuit with R, resistance, n, the number
of pole pairs in the rotor, v, the permanent magnet field flux and finally w is the
rotor’s angular velocity. The torque produced from a PMSM in dq variables can be
derived from the total power input to the system

w, (2.6)

: 3, . :
Pin = ulyiabe = §(udzd + uyly). (2.7)
Transforming it to dg and substituting the state-space equations (2.5) and (2.6)
gives

dig di

3
Py = ~(Ry(i3+142) + (Lq y7 Qg+ anzq) +npw(Lg — Lg)igiq + npwimiy). (2.8)

2
The first term of (2.8) refers to resistive losses in the machine, the second to losses
in the production of the magnetic torque, and lastly, the last two terms correspond
to the produced torque. Dividing these terms with the angular velocity will solve
for the produced electromagnetic torque T,

3y,

T,=""
2

(Ymiq + (La — Ly)iaiy). (2.9)
For an SPMSM, [10], L; = L, and the expression simplifies to

3
T, = %zﬂmiq. (2.10)

Hence, to control the torque, speed, or position of the motor, only the quadrature
current should be non-zero as current in the direct axis does not contribute to the
produced torque and can be seen as a loss. The goal of FOC is then to control the
d and ¢ axis currents to obtain the desired dynamics. For an SPMSM, this means
that the inner control loop for the currents has the following two objectives:

1. Keep the current vector parallel to the g-axis

2. Make the g-axis component of the current vector of the desired magnitude.
An example would be a torque controller, which has some reference torque T,.
Through (2.10) the reference ¢ current is i, = ﬁT - and the reference d current
is 0 as this current does not produce any torque. The advantage of FOC is the
decoupling of the currents, which makes the controller much easier to implement.
The closed-loop can be seen in Figure 2.4, where a simple overview of the system
can be seen.

2.2.3 PID

A PID controller works on the basis of a control error e. The error can be found
as e = r — y where r is a reference value that the system should operate at and
y is a measurement taken on the same quantity. A P-controller can be devised by
assigning a proportional gain K, making the input signal to the system u = Ke.

10
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@ a a d
b—'@—b PID(s) Vg Clarke and Park Vb B Vb PMSM Ig
e fc et

Figure 2.4: Example of closed-loop for torque control.

By increasing this gain, the response of the system will be faster. However, it could
also become unstable depending on the system.

To suppress steady-state errors in the presence of some disturbance a integral gain
K, and a term can be added such that w = K,e+ K; [ e. This makes a PI controller.
By adding yet another term for the derivative of the control error with gain Ky, a
PID controller can be formed u = Kye + K; [ e + Kd%e.

2.2.4 Linear Quadratic Regulator

A Linear Quadratic regulator (LQR) is a model-based controller [16]. It requires a
system with linear dynamics in the form

i = Az + Bu
y=Cz+ Du,

where A,B,C, and D are matrices describing the rate of change of the system states
x and output y as a function of x and the input u. The goal of LQR is to minimise
the cost function

t
J:/x%n+ﬁﬁuﬁ
0

with weighting matrices () and R. By tuning these matrices, more importance can
be given to minimise state, input usage, or a combination of states or inputs. If
(A, B) is stabilisable, and all states are observable, there exists a state feedback law

u = —Kx that minimises the cost function J. The feedback gain K can be found
using the Riccati equation
AP+ PA" +Q+ PBR'BTPT = 0. (2.11)

Solving the Riccati equation for P, the controller gain is given as K = R~!BTP.

2.2.5 LPV Models and Scheduled Controllers

Linear Parametrically Varying (LPV) models are an extension of Linear Time In-
variant (LTT) models, where for a given parameter p, the LPV model evaluates to
an LTT model,

i = A(p)r + B(p)u,

y = C(p)r+ D(p)u. (212)

11
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Therefore, such a model can be used to handle some non-linearities in the system by
reassigning some state to be a parameter. Through the same analysis that leads to
LQR for LTI systems, K (p), can be created that takes the scheduling parameter p
as input, i.e., it schedules the controller based on the parameter p, a so-called GSC.

2.2.6 Model Predictive Control

Model Predictive Control or MPC for short, is also a model-based controller, [17].
It uses the model to simulate the system a set number of samples into the future,
and evaluates what inputs minimises a given cost function. This results in an op-
timisation problem, finding the inputs which result in the lowest cost given some
current state and the state-space model.

As the motor will be controlled by an inverter, only a finite number of phase volt-
age combinations can be achieved for a single sample time. This means that it is
possible to implement a Finite Set-Model Predictive Control (FS-MPC) algorithm.
It tests all possible input combinations in a predictive model and compares them
with a given cost function. Similar methods have been tested in [17],[18] and [19].

The benefit of MPC compared to LQR is faster performance, as the controller can
plan for eventual changes in advance. MPC also offers the ability to explicitly set
constraints on inputs and states to the optimiser. Conversely, LQR offers no guaran-
tees on constraints and can only be tuned to be within some bounds for a predefined
trajectory.

However, predicting far into the future is computationally heavy and problems can
arise with delayed control signals. That is, the controller takes too much time to
find the solution. Using MPCs with a large horizon also creates a new problem,
finding a suitable reference signal for values far into the future. This can be an
impossible challenge for some systems as some reference signals cannot be modelled
and require information not obtained yet.

2.3 Observers

The ability to measure all states of a given system is not usual, and to apply a state
feedback controller, the full state vector must be available. The problem can then
be formulated as: Given the input to the system, the previous state, the state-space
model and some measured signal, what is the current state?. For linear systems, the
Kalman filter offers the estimate that minimises the given variation of the estimation
erTor.

2.3.1 Kalman filter

Kalman filter is a type of linear filtering, see e.g., [20] and [21]. The Kalman filter
assumes:
o A linear discrete state space model.

12
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o That the noise is zero mean Gaussian distributed.
It works by first defining the discrete state space model representing the system

Ty = Axp_1 + up—1 + q,

yr = Hrxy, + 1y, (2.13)

where xj, is the state, y, is the measurement, u, is the input, A is the transition
matrix, H is the measurement model, g, ~ N(0,Q) is the process noise and 75 ~
N(0, R) is the measurement noise. Kalman filters are an iterative process, where
in each time step a prediction and update is done. The iterative process can be
seen in Figure 2.5. The prediction step uses the previous state estimation to make
a prediction of the current state using the process model. The state estimation is
assumed to be normally distributed, and as the process model is linear, the prediction
is also Gaussian. The prediction forms the prior to the current estimate. Based on
the prior, a likelihood of making the measurement can be found. By combining
the information of the prior and likelihood, a new estimate called the posterior is
achieved through the relationship

posterior o« prior X likelihood.

This posterior is then fed to the prediction step for the next time sample.

(x_kly_1:K)
px_kly_1:k) »x_Kik

Y Update Step

pl_Kly_1:k-1) plx_k-1ly_1:k-1)

Frediction Step |«

Figure 2.5: Kalman filters iterative process.

2.3.2 Extended Kalman filter

The Extended Kalman filter (EKF) works in a similar manner to the regular Kalman
filter. Except that it handles nonlinear models. The Extended Kalman filter as-
sumes:

o That the noise is zero mean Gaussian distributed.
It works in a similar way as the Kalman filter by first defining the model

xp = f(@p_1, uk—1) + Qk,
2.14
yr = h(xy) + 7, (2.14)

where xy, is the state, yy is the measurement, uy is the input, f(z,u) is the non-
linear process model, h(x) is the non-linear measurement model, ¢ ~ N(0,Q) is
the process noise and 7, ~ N(0, R) is the measurement noise. As the model is not
linear, the EKF solves this by linearising in each step and based on the linearised
model, creates a new A/H for that step [21].

13
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2.3.3 Cubature Kalman filter

The Cubature Kalman filter (CKF) is also an extension of the Kalman filter. It is
computationally heavier than EKF and can, therefore, be unsuitable to implement
in time-sensitive use cases. However, it handles highly non-linear systems better
than the EKF which can become unstable in some parts of the state-space. The
CKF assumes that:

o The predictive density of the joint state-measurement random variable is Gaus-

sian.

The model is defined the same as in the EKF, (2.14). The CKF works by, in each
step, sampling points surrounding the current state (sigma points). Then, it uses
sampling variance, sampling covariance and mean to calculate the prediction and
update step [21].

14
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2.4 Inverter

To control AC powered motors during variable speed operation a DC-AC link, which
transforms the battery voltage to the desired AC waveforms is needed. This is done
by controlling an inverter circuit such as a Voltage Source Inverter (VSI) [22].

The most common device to achieve this is the MOSFET as it can achieve a very
high switching frequency. Commonly a VSI consists of multiple MOSFETSs con-
nected like in Figure 2.6. By controlling the gating signals G1 — 6, the output
phases can take a value between —Vp /2 and Vpe/2, e.g., by keeping G1 closed and
(G2 open phase A will become Vpo/2. Each parallel system in Figure 2.6 controls
a phase and is also known as a inverter leg. The inverter shown in the figure is
the most common type of VSI, and it is called the two-level VSI due to the fact
that each inverter leg has two possible voltages. Other more complicated inverter
structures exist, such as three or four-level inverters [10].
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Figure 2.6: Three - Phase VSI.

2.5 PWM - Pulse Width Modulation

PWM is the technique used to convert a desired input voltage phasor from the
controller to the actual gating signals in the inverter. This is done by finding an
appropriate translation in terms of on and off switches for the inverter legs during a
short time period. There are many different PWM methods, for example, SVPWM
and SPWM [23]. The only PWM method evaluated in this project is SVPWM.
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2.5.1 Space Vector Pulse Width Modulation

Space Vector Pulse Width Modulation (SVPWM) is a type of PWM that divides the
af-plane into sectors, and then, based on the sector, it calculates the time (width) of
each PWM signal. This method is commonly used for torque control. The SVPWM
method can be summarised in 3 steps.

1. Calculate sector

2. Calculate the switch time

3. Generate PWM signals from switch time
The rotational area of the motor can be subdivided into 6 equally sized sectors,
where each dividing vector is a Voltage vector for a MOSFET combination in the
inverter, as in Figure 2.7.

Beta

Seclor 2

Sector 3 Sector 1

Alpha

‘;"‘f-ﬁ; -
Sector 4 Sector 6

Sector 5

Figure 2.7: Sectors partition in SVPWM 2-level.

The next step is to calculate the switching times for each MOSFET. The switching
time, or the duty time, is the duration that each switch should be on to recreate
Vres. The problem is further simplified as there are only 6 predefined voltage vectors
V1-V6. Using the projection of V,..; onto the voltage vectors, the duration spent on
each one can be deduced. An example of this is shown in Figure 2.8.

V4TI

il
4

_-\._‘..*l:____;'
Sector 4

Figure 2.8: SVPWM time calculation.
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The final transformation from the desired voltage to the gating signals is to convert
the duration on each predefined voltage vector to binary values for each MOSFET.
To create these values, any of the triangle waveforms in Figure 2.9 can be used.
These waveforms, known as left-aligned, right-aligned, centre-aligned, and right-
left-aligned, can be compared to the value P = PW M __Period — Duty_Time like
in Figure 2.10. If the current value of the waveform is larger than P, the resulting
binary value will be 1, and the switch should be closed. Otherwise, the value will
be 0, and the switch should be open.
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\ \ / / / /
1.5 \ \ 1.5 / / / /
\ /
1 \‘ \ 1 / ]
\ t'\ll / / /
0.5f \ 0.5} / / J,/
\ '.‘ I|IJn' / JII.I
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0 2 4 B 8 0 2 4 6 8
%107 x10™
4 4
2 =10 2 =10
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Figure 2.9: The four different triangle waveforms for SVPWM (Top left:
left-aligned, Top right: right-aligned, Bottom left: centre-aligned, and Bottom
right: right-left-aligned).
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Figure 2.10: Conversion from duty time to a binary that is on for that time.
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Implementing the triangle waveforms from Figure 2.9 on three different duty times
results in the pulses in Figure 2.11, [24].
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Figure 2.11: Example of the PWM signals for the four different triangle
waveforms. It has the same order as in Figure 2.9.

2.6 Dynamometer

The axle of the motor will be coupled to a dynamometer (a DC motor) to make simu-
lations more realistic and reliable. If no connection is made the PMSM motor would
be able to spin freely during simulations. As the aim of the project is to create and
evaluate torque tracking controllers, a freely spinning rotor could create problems,
e.g., given torque, the angular velocity will increase until it reaches the endpoint
of the motor load curve. This will severely affect the torque tracking performance.
Thus it is clear to see that a dynamometer is justified to get reasonable performance
from a torque tracking controller. As mentioned above, the dynamometer will be
implemented as a DC motor with a simple LQR controller to control the axle to
maintain a certain angle. The thesis will describe this motor and its controller.
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Method

The method for completing this project can be briefly summarised as:
1. Make a state-space model of the PMSM from first principle to simulate its
behaviour.
Create the PWM logic that determines the inverter configuration.
Develop different model-based control strategies for torque control of the PMSM.
Implement improvements for different sources of noise in the produced torque.
5. Test final solution on hardware.
This chapter will thoroughly examine how all these steps were fulfilled. Showcasing
the complete methodology for the produced simulation models and the wiring of
the hardware rig. In Figures 3.1-3.3, the three types of feedback loops that were
developed in the project are shown, and each of the elements in these sketches will
be explained in the following chapter.

Lo
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3.1 Modelling of a Six-Phase PMSM
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Figure 3.4: PMSM in the system.

The motor contained six phases a,b,c,d,e, f. Where a,b,c made a symmetrical
three-phase system and d, e, f another three-phase system, with zero degree off-
set between the two systems. Under the assumption of sinusoidal back emf, an
absence of Eddy currents, and no saturation of the system. The phase currents
1= {ia Wy e g e if],the phase voltages u = {ua Uy Ue Ug Ue Uf:| and the
phase resistances R obeyed the relationship
. dy

u= Ri+ o (3.1)
where ¢ was the magnetic field flux of the motor. ¥ was compromised of both an
induced field due to currents in the stator windings and the permanent magnet in
the rotor. This could then be written as

_Laa Lab Lac Lad Lae Laf_ [ ¢m005(96) ]

Lya Lay Lye Lpa Lpe Ly Vmcos(fe — %ﬂ)

_ Lca ch Lcc Lcd Lce ch Z/JmCOS(ee + 2{)
¢ N Lio Lay Lagc Laa Lae Ldf T ¢mCOS (96) ’ (3'2)

Lea Leb Lec Led Lee Lef 1/1m005( e 2%)

[Lfa Ly Lge Lya Lye Lyr]l  [mcos(fe + 5F))

where 1), was the permanent magnet magnetic field flux and 6. was the electrical
angle. Assuming a symmetrical arrangement and equal phase inductances, the self-
inductance could be simplified to L1 = Lo, = Ly = .... As the systems were
not magnetically isolated, phase a had a strong magnetic coupling with d and vice
versa. Thus Ly = Lyg = Lgy, = Lye = .... Lastly, all other inductances, such as Ly,
produced a negative flux in the i, direction when a positive phase current i, was
applied, therefore the mutual inductance Ly = —L,, = —Lpy = —Lg. = .... This
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meant ¢ could be simplified to

[ Ll —L3 —Lg L2 —L3 —Lg_ ¢m008<96)
—Lg L1 —L3 —L3 L2 —L3 ¢m008<96 — 2%)
o —L3 —L3 Ll —L3 —Lg L2 . @ZJmCOS(ee + 2%)
VS L Ly Ly L Ly —Ls| T | wcos(d.) (3:3)
—Ly Ly —L3 —Ly Ly —L3 Ymcos(0 — %ﬂ)
\—Ls —Ls3 Ly —Ls —L3 Ly | [Pmcos (0. + 5]

With the three-phase currents ¢, + ¢, + ¢, = 0 and 74 + ¢, + 75 = 0 summing to zero,
the expression in (3.3) could be simplified further. As Lsi, = —Lgi, — L3i. this
implied that Lqi, — Lgiy — L3i. = (L1 + L3)i,. Substituting into (3.3) gave

-Ll + L3 0 0 L2 + L3 0 0 i meOS(ee)
0 L1 + L3 0 0 L2 + L3 0 ¢m008(06 — 2%)
o 0 0 L1 + Lg 0 0 L2 + L3 . @Z)mCOS(Qe + 2%)
L P S 0 Li+Ly 0 0 | " cos(6.)
0 L2 + L3 0 0 L1 + Lg 0 meOS(ee — 2%)
0 0 Ly+ Ly 0 0 L+ Ls]  |[¥mcos(0 + %))
(3.4)
Transforming (3.1) to the as-subspace using the Clarke Transform yielded
= Ri*+ dis, (3.5)
where uf = {uil uf] and the uf! and u%? were complex valued, as were the

currents. The magnetic field ¢ could then be described as

S

1/)5_ L1+L3 L2+L3 .5 wmejee
L2+L3 L1 +L3 s 1/}m€j95

Now the motor equations (3.1) and (3.5) could be transformed into a rotating ref-
erence frame using the Park transformation via a rotation in the complex plane
/% . The voltage in this plane denoted u? = u e/’ the current i¥ = i,e/% and the
magnetic field 1% = 1,e/%. This yielded the motor equations in the dg-subspace

e
d,lvbse 6_306 — PLZS + d%

us = fis + —5 dt

+ Jwebs. (3.6)

Finally, by expanding and assigning the real part of the equation above to the d-axis,
and the imaginary component to the g-axis, the state-space for the motor could be
found in dg-variables.

b = [Ll + Ly Ly +L3] M N Vm] _ [Ll + Ly Lo +L3] lz’iﬂr jz’ﬂ N [qpm] |

Lo+ Ly Li+ Ls| |1 VYm Lo+ Ly Ly + Ls)| |ig + ji7 Ym
(3.7)
1, a1 1
ug + Jug| _ p it iyl dYs 3.8
lu§+ju§] [Z§+jlg + dt +jw677b8' ( : )
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Combining these equations and separating the real and imaginary components thus
yielded

, di}, di> . :
uy = Riy + (L + Lg)d—;’ + (Lo + Lg)d—d we((L1 + Ls)iy + (Lo + L3)iz),  (3.9)
-1 dZ2
uy = Ri, + (Ly + Lg)d—; + (Ly + L?,)E +we((Ly + L3)ig + (Ly + L3)i3) + wWetbm,
(3.10)
_ di} di> , .
uf = Ri3+ (Ly + Lg)d—; + (Ly + Lg)d—; — we((La + Ls)iy + (L1 + L3)iz),  (3.11)
) \ di’ di? N \
u, = Rij + (Ly + Lg)d—q + (L1 + Lg)d—tq +we((Lo + L3)ig + (L1 4 L3)i3) + weln,.

(3.12)

Getting the above motor equations on a state-space form required expressing dd in
terms of and then substituting it into the second subsystem d-current equation.

1
This gave an expression of df in terms of the currents, voltages and the electrical
angular velocity without any dependency on other current derivatives. A similar
derivation for the g-currents was done. With some simplifications this gave the

state-space equations below.

Ci;f - LiiL%(LAu}i — Lpu} + LpRij — LaRi}) + weiy, (3.13)
CZE - iLQB ( Lauy — Lpu? — LoRi} + LBRig) — Well — I Jlr LBwe@bm, (3.14)

d’lé 1 2 1 -1 -2 -2

= M(Lwd — Lpuy+ LpRiy — LaRi3) + w.i?, (3.15)
dig 1 (LAu2 — Lpul — LyRi® + LBRz'l) Y S Urm. (3.16)
dt L34 — L% I I 9 1 “d L4+ Lg T

With LA = (L] + Lg) and LB = (LQ + Lg)

The produced torque was found by studying the power flow in the motor,

. 3 7.
Pin = ugbcdeflabcdef = §Uqu2dq- (317)

As mentioned in section 2.2.2, the power can be simplified to three terms: the copper
losses (3.18), the production of the magnetic field (3.19), and the mechanical output
power (3.20).

3 . . . .
Peopper_toss = 5 R((1a)” + (ia)” + (ig)” + (5)*), (3.18)
3 dil di? dil diQ
Pmagnetic_field_loss 2L ( d: 3[ + d: Z?[ + ?;Z; + — dt q)+
(3.19)
3 diy ., di} A dz di;
: +—dih+ =1

Nb) PTACEREPT

FTACEEPT il
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3 PR
_Rm::§M¢%@;+z@, (3.20)

Pin = Lout + Pmagneticifieldiloss + Pcopperiloss‘ (321)

By dividing the mechanical output power with the angular velocity of the shaft, the
produced motor torque 7T, was found,

3 '
ﬂ:i%mmymﬁ (3.22)

where n, was the number of pole pairs in the rotor.

3.1.1 Simplified Model for Control Schemes

Assuming perfect isolation between the different phases, Lo and L3z could be set to
zero. Inserting this into (3.13)-(3.16) gave a simplified model of the system, which
could easily be integrated into various control schemes. The simplified state-space
model could then be written as

ditli Ly L 4 1

% = flud — flRld + Welq, (323)
dii 1 1
2 - ——R i — — Wt 3.24
dt Llu Ll Z —w Zd Llw ¢ Y ( )

dig 1 5, 1, 2

E = flud — ERZd + Welq, (325)
di? 1
T _ —u — —R@ — Weis — weq/)m (3.26)

dt Ly Ly
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3.2 DC Motor

| didt
Torgue
PMSM
A
|_omega_true
Voltage b :
e Angle DC Motor ¢ ) LQR Angle ref Angle Ref
sensor Contraller theta true Generator
Torque
DC [
Current

v

Figure 3.5: Dynamometer in the system.

Due to the reasons discussed in Section 2.6, the PMSM was connected to a dy-
namometer. The proposed solution was to couple the rotor shaft of the PMSM to a
DC motor with an unlimited current and voltage supply. This DC motor used LQR
to control the angle of the shaft according to a given reference trajectory. With this
setup the produced torque in the PMSM could be decoupled from the motor shaft
angular velocity and angle. From the perspective of the DCmotor, this torque was
a disturbance which changed its direction and magnitude depending on the current
state of the axle.

To ensure that the DC motor control system did not limit the capabilities of the
PMSM system torque controller, the DC motor was modelled without any realistic
power supply, i.e., it got whatever voltage it required. The motor was modelled with
the axle dynamics and viewed the torque produced in the PMSM as a disturbance,
this can be seen in Figure 3.6.

DC Motor

Axle dynamics

FIMSM J B

T_PMSM

Figure 3.6: An overview of how the losses are modelled in the system.
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The space vector which defined the motor and the axle was

0
z=1"1. (3.27)
ipC

/o

The axle-related equations were summarised in (3.28) - (3.30). Derivative relation-
ships were given for the angle 6, angular velocity w, and the integral state [ 6 and
torque equilibrium defined the angular acceleration w.

0= w, (3.28)

/9:9, (3.29)

o Tpc  Tpusu  Bw _ Kpipc  Tpusm  Bw (3.30)
J J J J J J’ '

where ipc was the current to the DC motor, Tpe was the produced torque by the
DC motor, Tprysy was the produced torque by the PMSM motor, K,, was the
motor torque constant, J was the moment of inertia of the axle, B was the motor
viscous friction constant, R was the electrical resistance in the DC motor and L
was the electric inductance. Finally, the current in the motor obeyed the following
differential equation

. ipcR Kew
ipc = — I - I )

(3.31)

where K, was the electromotive force constant of the motor. The model was linear
and can be transformed into state-space form:

01 0 0][¢6 0 0
0 2 £ o w 0 Leagen
P = L . Voo — | 7 3.32
=1, K. % 0l lipe 1| Vpe 0 (3.32)
1 0 0 0]Lfo 0 0

As the system was linear, it was also possible to control the DC motor using LQR.
The controller was tuned with an emphasis on minimising deviations of the angle
and the integral state. While disregarding the angular velocity and current usage as
the power supplied was assumed to be infinite. This was done to ensure good angle
tracking performance.
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3.3 Modelling of SVPWM and Inverters

Angle Angle Angle
v v v
Id1 | Valpha SA VA Vi
Ll Lal ’ Cal
Scheduled Ig1 Park to Clark . SB VB Park Va1
» . SVPWM = Inverier >
Contoller “ITransformation Transform
101 N Vbeta N 5C VC N Vi g
g
5 PMSM
Id2 | Valpha SD VD V2 =
» » > a
Scheduled g2 Park to Clark ) SE VE Park Vg2 -
> . SVPWM | —» Inverier »
Contoller “ITransformation Transform
102 > Vbeta 5 SF VF V02
A F Y *
Angle Angle Angle

Figure 3.7: SVPWM and inverter in the system.

The following section will explain the implementation of SVPWM and inverters.
The implementation can be divided into 6 parts.

1.
2.

Calculation of which sector the Vs lies in (Sector calculation)

Calculation of the duty times for the two vectors that enclose the sector such
that the V,.; can be recreated (Calculation of sector duty times)

. Normalisation of duty times such that the sum of T'1 + T2 does not exceed

the PWM period (Normalisation of duty times)

Converts the sector duty times to phase duty times (Conversion from sector
to phase duty times)

Calculate binary switches based on the duty times and the PWM period (Cal-
culation of binary switches)

Calculate the phase voltages depending on the switch configuration (Calcula-
tion from binary switches to voltages)

3.3.1 Sector Calculation

The SVPWM was created firstly by dividing the circle into 6 different sectors. The
sectors were defined as every Z. Such that the first sector was defined as 0 < a < %
and the second was defined as § < «a < %’r, where each dividing line was a possible
voltage vector from a inverter switch combination. The sectors can be seen in Figure

3.8.
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Beta

Sector 3 Sector 1

> Alpha

2
Sector 4 Sector 6

Sector 5

Figure 3.8: SVPWM sector partition.

Finding which sector the voltage reference lied in could be achieved by first checking
for the quadrant, this could easily be read from V,, and Vj

B,:V,>0, (3.33)
Quadrant | B, Bg

1 11

2 0 1

3 0 0

4 1 0

Table 3.1: Binary combinations to determine Quadrant of V..

Then, to distinguish which sector in the quadrant the reference vector lay, another
computation was necessary. In the first quadrant, it was 7/3 between the a-axis and

the dividing line of the two sectors. Projecting onto the a and § axes, cos(f) = &

2
and sin(%) = ? With this information, the sector could be found:

3
Va
Vie = —=v = 2Va, (3.35)
cos(%)
2
V=2 -2V (3.36)
sin(5) V3
2V,
2V, = 75 (3.37)
Vs
V, = 2. 3.38
7 (3.38)
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This meant that if V, > % the Vies lied in sector 1 and otherwise in sector 2. To
convert this to all the quadrants, it was possible to compare the lengths of both

HVal > | . (3.39)
\/_

Now, it was possible to calculate all six sectors based on the 3 binary values. The

combination matrix and its resulting output have been summarised in Table 3.2.

The implementation into Simulink is shown in Figure 3.9.

Sector | Quadrant | B, Bg Bag
2 1 1 1 0
2 2 0 1 0
5 3 0 0 0
5 4 1 0 0
1 1 1 1 1
3 2 0 1 1
4 3 0 0 1
6 4 10 1

Table 3.2: Binary combination to determine the sector of V,.;.

O—p—

—— .
g ——
; % R

GZE&@—

w

"l" Y l
e

h 4

‘l"

v

v

Figure 3.9: Simulink implementation that determines the sector of V..

3.3.2 Calculation of Sector Duty Times

The switching times, also known as duty time, was the duration that each switch
should be on to recreate the V,.s vector. All sector times were calculated in the
same way, but to make it easier to follow, sector 4 has arbitrarily been chosen, in
Figure 3.10 a decomposition of the basis vectors in this sector has been shown.
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V44T

i,
Tl

Sector 4

Figure 3.10: SVPWM time calculation.

The sub vector V,¢r, . pointed in the same direction as the voltage vector V5 and
the angle between V4 and V..., . was I, which with some trigonometry resulted in
the following equations for V.. .,

$in(0s)|Vres|

Vieguns = Vieslcos(05)=Viest = [Vielcos(8s)— — V] (aosws)—

tan(%) V3
(3.40)
where g =0, — (71—31)7?7 (3.41)

where s was the angle inside of a sector, 6, was the mechanical angle, and n was
the sector number. The calculation for V,.y, ,. was done in a similar way,

Vo osite Sln(GS)
refouss = P = Vyep| (3.42)
sin (%) sin (%)
Then, the duty times could be calculated as
2
Vmax = 5%0, (343)
T1
7Vma$ = Vrefsupar (344)
which yielded
sin(fs)\ T
T1 = |V,er|| cos(6g) — . 3.45
Ve (contos) = 22 ) (3.5
Simplifying the expression gave
2sin(%)cos(0s) — sin(0s)\ T
T1 = |V, 3 ) 3.46
vl (G - (3.40

Utilising sum identities for the trigonometric functions simplified the expression
further

T1 = |Vieg|

<2(sm(§ — Og) — sin(—0s)cos(3)) — sin(95)> T (3.47)

2sin(%) 2Vae'
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2(sin(Z — 40 1sin(0sg)) — sin(6 T
T1= |V (sin(3 s) + 2317:( s)) — sin(fs) T (3.48)
2sin(%) Ve
sin(Z — 95)) T
T1= Ve 3 . 3.49
vl M) 40
Then, T2 could be calculated by
T2
?Vmax = ‘/r"efsubS’ (350)
sin(fs) T
T2 = |Vief|—— , 3.51
Vel ) 27 (351)
and lastly, the off-time was the remaining time of the period T
T0=T-T1—-T2. (3.52)
The implementation of the T1 and T2 calculations in Simulink can be seen in Figure
3.11
W:_ > sin
»|
et
pil3 . > sin
: X > [resJ1]|
Co—
[Vref| —|_.

Pwm_period :
Vdc »>

\Y

X p< [res_t2) |

A 4

> X
> |
pil3 P sin

Figure 3.11: Simulink implementation of the time calculation.
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3.3.3 Normalisation of Duty Times

To make sure that T1+7T2 < T, a normalisation was used. This made sure that the
vectors could not be longer than what was physically possible. The normalisation
worked as follows:

T1 ifT1+T7T2<T

Tlnorm = { ,171 1 N _ ) (353)
T2, FTI4+T2<T

T2norm = {2 , . (3.54)

The full implementation of the duty time calculations into Simulink can be seen in
Figure 3.12.

TITZ

Figure 3.12: SVPWM 2-level time calculation.
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3.3.4 Conversion from Sector to Phase Duty Times

The duty times were then converted to the three-phase system depending on the
sector of V,.s. This was implemented with a table that determined the switching
order, as can be seen in table 3.3. For example, in sector one, to recreate V1, the
switch configuration was [1,0,0], and for V2, it was [1,1,0]. Therefore, TA had to
be on for T1 + T2 and half of the dead time, while TB should have only be on for
T2 and half of the dead time. The implementation into Simulink can be seen in

Figure 3.13.

Sector TA B TC
1 [T1+T2+ 12+ 0 5
2 T1+20  T14+72+ 2 5
3 g Ti+T2+%2 T2+ 7%
4 70 1+  T1+T2+ %0
5 T2+ 2 I T1+T2+ 2
6 |[T1+T7T2+ 2 . T1+ %

Table 3.3: Table of the phase duty times dependent on sector.

[l

[T}

[mm

-ﬁ::-mu—n: e

]

Figure 3.13: Simulink implementation of the phase duty times.
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3.3.5 Calculation of Binary Switches

The next step was to convert the times TA, TB and TC to a boolean signal that
was on for the duration of the given time. This conversion was implemented by
choosing a triangle waveform for the boolean. As mentioned in Section 2.5.1, there
are four types of triangle waveforms, left-aligned, right-aligned, centre-aligned and
right-left-aligned. The project chose to use the centre-aligned triangle waveform
because it did not periodically switch between the two off states. Which can be seen
in Figure 3.14.

=10

0.8 r
081 / \
0.4 -

02t/ \

%10

Figure 3.14: Centre-aligned triangle waveform.

As mentioned before, it should output a one during the given duty time and zero
otherwise. This was solved by knowing that the waveform had the equation y =
for the first half of the period and y = T — x for the second half. However, the
waveform could only reach half of the PWM period as the slope was equal to 1 or
—1, which meant that the duty times and period had to be divided by two. Then,
because x = y it was possible to compare y and z. There are multiple ways to
do this, but in this project, the off time was calculated and then compared to the
waveform such that if the y of the waveform was greater than the off time, then it
was on, and otherwise, it was off.

SA > Ywave form Z (Thalf - TAhalf)u (355)
SB > Ywaveform 2 (Thalf - TBhalf)a (356)
SC . ywaveform Z (Thalf - TChalf)- (357>

When implementing (3.55) - (3.57) it looked similar to Figure 3.15 where the different
lines were the ABC binaries shifted in y direction such that it was easier to see.
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1| 1]

7 8
%107

N SSMERIEN ST SRS MRS

Figure 3.15: Example of PWM output given centre-aligned triangle waveform.

3.3.6 Calculation from Binary switches to Voltages (Inverter)

These signals are then sent to the inverter. The 8 different combinations generated
different voltage outputs on the phases. All the combinations and the corresponding
phase voltages can be seen in Table 3.4.

State | S4 S S¢ | Voltage in phase A Voltage in phase B Voltage in phase C
Vo 0O 0 O 0 0 0
i [1 0 0 2% e .
Va 1 1 0 %C V%C —2‘/%0
Vi [0 10 ez 2%k T
DC DC DC
Vi, |0 1 1 275 o3¢ 3¢
S e e
S ot 5l
Vz 1 1 1 0 0 0

Table 3.4: Table of the output phase voltages given the binary combinations of
the PWM signals.

The phase voltages could also be expressed as functions of the gating signals

Vi = Vgc(wA — Sp — Sc), (3.58)
_ Vbe

Vg = ?<—SA + 255 — Sc>, (359)
_ Vbe

Vo = —=(=584 = 55 +25¢). (3.60)

The full implementation of the system in Simulink from V,.; to V4, Vi, Ve can be

seen in Figure 3.16.
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e
i
] i
; 13
i
T T i

Figure 3.16: Implementation of the SVPWM and inverters.
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3.4 Control of a Six-Phase PMSM

The objective of the controller is to generate a torque that resembles a given refer-
ence. Measurements of the phase currents and the rotor angle are given. Multiple
controllers were developed, implemented, and tested. These were LQR, GSC, and
two types of MPC, where each controller was tested with both the full state space
model and the simplified model. This section will cover the derivation of all these
controllers, a total of 7 different controllers.

Currents Speed
v v
FeedForward
[
= | =
Sy Sy Sy
u_d1 | u_d1
Torquetoq |l g1 _ref u_gl | u_q1} | Park to Clark
current Lar uwol + u_o1 | [fransformation
u_d2 | u_d2
Torquetoq |l _g2 ref LOR u_g2 | + u_g2 } | Park to Clark
current w02 | u_02 | [fransformation
[y TATIRTA
= = =
FeedForward
A A
Currents Speed

Figure 3.17: Linear quadratic control in the system.

Due to the non-linearities in the state-space models listed in Section 3.1, an LQR
could not be developed. By separating the state-space equations into linear and
non-linear terms a feedforward network could be used to compensate for the non-
linear behaviour. The non-linear terms are the cross-couplings between the electrical
velocity and the currents as well as for the back electromotive force. This left a linear
state space, which was used to create an LQR feedback controller.
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3.4.1.1 Simplified Model LQR

The simplified state-space, (3.23)-(3.26), consisted of a linear part and a non-linear
part, which could be rewritten as

i —L% 0 0 0 i L% 0 0 0] qu}
d |l 0o -2 0 0 || 0+ 0 0f |u}
— |4 = ! R g1+ L gl +
i 0o 0 0 =&l 0 0 0 £ Ly :
a | 1 (3.61)
q (2] Ug
_chl_%wm il Ul
+ w, L =A|4|+B| % +N.
Uy 1y Uy
) 1 -2 2
—zd—L—qwm i uy

The input could then be split into two terms, one compensating for the cross-
couplings and back-emf, the other: the control input from the LQR,

- o 1 1
(2] (] Ugq Ugo

d |t il ul ul

— |4l =A% +B| ¢ +B| | +N ,where v’ =ul, +u’,. (3.62)
1 i U U

dt |y d d1 a2
) 9 2 2
ty ly Uqt Uga

T
The compensation in u}, could be calculated by setting B [u}ﬂ u;Q u, ng] +
NT = 0 which yield the expressions

u(ll,/2 = —Llweié,
U;Z = Llweicll + we¢m7 (3 63)

u32 = —Llweié,
ugz = Llweié + Wl -
By making this compensation, the system could now be viewed as linear. Further-

more, integral states for all the currents were added into the process matrix A.onirol
and the control input matrix Beontrol

-&£ 0 0 0 0000 = 0 0 0
1 1

0 —L—Rl 0 0 0000 0 L% 0 0

0 0 —% 0 0000 0 0 L% 0

R 1

Acontrol - 0 0 0 L 0000 5 Bcontrol = 0 0 0 Ly

1 0 0 0 0000 0 0 0 O

0 1 0 0 0000 0 0 0 O

0 0 1 0 0000 0 0 0 0

0 0 0 1 00 0 0 0 0 0 0

(3.64)

With weighting matrices () and R, the LQR controller gain could be found for the
system by solving the control algebraic Riccati equation (2.11). This controller will
hence be referred to as S-LQR.
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3.4.1.2

Full Model LQR

A similar LQR controller to the one above could be developed with the full state-
space model stated in (3.13) - (3.16). The model was split into two parts: a linear
part and a non-linear part. The control input was separated into a feedforward
compensation term and a feedback term. The feedforward compensation terms u},

were

1 1 .
Ugy = —LAwezq — Lpw,i

1

2
q’

1 D)
= Lawciy; + Lpweiy + Welm,

2 2 5l
Uy = —LAwezq — LBwezq,

2 2 1
Uy = Lawety + Lpweiy + wetbm,.

(3.65)

The linear dynamics with described by the matrices A.oniror and Beoniror Where inte-
gral action was added to compensate for steady-state errors. The controller achieved
by using the A and B matrices below will be referred to as C-LQR.

Acontrol =

B control —

h
S
vl
;| QD OO o O o o O

SO DO o O o o o

SO o O o o o

SO oo O o o o

(3.66)
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3.4.2 GSC
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Figure 3.18: GSC in the system.

The GSC operated using a slightly different method than the feedforward compen-
sation technique discussed in the previous section. Instead of compensating for the
non-linear terms, the GSC took the angular velocity as a parameter and a state. The
parameter decided the controller gain, and the state was coupled to the back-emf
term in the state space.

3.4.2.1 Simplified Model GSC

The states defining the six-phase PMSM were iy, i2, i3, 4., we. The state-space model
shown in (3.23) - (3.26) and the torque equation in (3.22), show the relation between
these variables and the input voltage. The magnetic field flux term contained a
product between the angular velocity w, and a current for every equation, making
the state-space non-linear. By assigning a parameter p(t) = w,, the state-space
model could be expressed in the form of an LPV, see (2.12), with the state vector

42



3. Method

! = [%11 iy iy g we},and the
= »
Ap)=| 0 0
0
3ngwm
i 27
1
Lo
0 1
B(p)=10 0
0 O
0 O

motor inertia J, this model is obtained

0 0 ]

0 —tm

p 0 1,
3n§§§n - Llawm

2J _

(3.67)

A measurement of the phase currents were available through the inverter, with the
angle sensor these currents could be transformed to the dg-reference frame with a
Park transformation. Thus the measurement matrix C' is easily found,

o O O

0
1
0
0

0

0
1
0

0

0
0
1

0

0
0 (3.68)
0

Given a DC source to power the motor, the angular velocity was naturally capped at

some minimum and maximum value, w € [wmm

wmam}, with Wpin = —Wmaz. Lhe

model was evaluated for different angular velocities within the parameter set, and
the LQR gain for all these evaluated models was calculated. The gain was calculated
for many values of p, which made it possible to see that the gain was quadratic in
some terms and linear in others, as can be seen in Figure 3.19.
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Figure 3.19: GSC gain matrix depending on the angular velocity.

As the controller gain included quadratic terms in p, an approximation was done
with piece-wise linear functions evaluated at three values for p, p = Winin, P = Wnaz
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and p = 0. The controller gains found at these values K,,;n, Kpnaer and Ky were then
used to create the GSC of the simplified model. This controller will be referred to
as S-GSC in this project. Thus if p > 0

K(p) = (Kmax KO)CU + KO, (369)
and if p <0
K(p) = (Kpin = Ko) =" + Ko, (3.70)

For the feedback loop, a desired torque was sent as a reference to the control loop by
using (3.22), the reference could be transformed to two equal g-current references,
(3.71), and the reference for d-currents was kept as a constant zero.

1 ) Te,ref
q,ref = Zqzref = 3 !
NpUm

(3.71)

?

A control error could then be calculated between the measured and desired currents
from which the S-GSC decides an appropriate dq voltage.

3.4.2.2 Full Model GSC

An identical approach to the previous section with the complete state-space model
leads to the following A(p) and B(p) matrices

r_ _LaR LR 0 0 7
Fat f R Fa b LpR 0
— — A B __Ym
L ]])% sl g R Al " Fatls
_~Biv _ A
Acontrol = L124_L2B 0 72 LQB P 0 ,
0 LpR _ _ LR Vm
I2-1% D [%-1L% TatLp
3712'(,[}771 3n wm
P P
Lo 2! 0 ! 0 | ERS)
L L
T2 1% 0 ZoI% 0
L L
0 A 0 B
B _ L2 —-L% L% —L%
control Lp 0 Ly 0
T LA-L% L2 -12
0 2LB 2 0 2LA 2
La—-Ly La—-Ly

The controller K(p) was again found as piece-wise linear approximations between
the points p = —Wmin, Wmaee and 0. This controller will be referred to as C-GSC.
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3.4.3 Model Predictive Control

Angle Speed Currents
h 4 h 4 v
SA
»
Torquetoq fl gl ref_ SB. Inverter
current sC, |
5D,
»
Torquetoq f1 g2 ref_ SE. Inverter
current SF,
[ Y Y
Angle Speed Currents

Figure 3.20: Model Predictive Control in the system.

In reality the controller did not have the capability to decide any specific voltage
for a given sample time. From (3.58)-(3.60), each three-phase subsystem only had
8 possible output voltages per sample. The control objective for the controller was
then to minimise the next sample current from some current reference by controlling
the switches in the inverter. Three types of MPC were developed:

1. Separate control of the simplified model (SS-MPC)

2. Additive control of the simplified model (AS-MPC)

3. Additive control of the complex model (AC-MPC)
This can be summarised by the selection of either separate or additive control as
well as simple or complex models. However, the general principle was the same
for all the MPC controllers. The 8 possible switch configurations are illustrated in
Figure 3.21. Note there are only 7 different steps because switching state [1,1, 1]
and [0, 0, 0] generated zero voltage. It can be seen in (3.58)-(3.60).
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Complex Model
T T T

0.765 0.765 -

Torque
Torque

0.755 0.755 -

L L L L L L L L
0.1 02 03 0.4 0.5 0.6 0.7 08 09 1 0 0.1 0.2 0.3 04 05 06 0.7 0.8 0.9 1

Discrete Time Step Discrete Time Step

L L L 0.745 L L L

0.745 . . L
0

(a) The complex models predicted the (b) The simplified models predicted the
next step for each switch combination.  next step for each switch combination.

Figure 3.21: Generated torque given switch configurations for the two models.

The MPC calculated all the possible steps and then took the action that minimised
the deviation from the reference current. The MPC took the following three steps:
1. Calculate all possible switch configuration voltages in a three-phase system
2. Calculate the next current either using the complex or simplified model
3. Take the action that minimises the error according to the additive or separate
method
These steps were repeated every iteration. An example can be seen in Figure 3.22

Additive with Simplified Model

163 —

149 —

0 ) 4 6 8 10 12 14 16 18 20
Discrete Time Step

Figure 3.22: Example of the MPC working principle.
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3.4.3.1 Voltage Calculations

The phase voltages had to be calculated in each iteration because they were angle-
dependent. The calculation was done by first defining all the binary combinations
of the switches as

S:

1110000
100110 0. (3.73)
1010101

o

With all combinations known, it was possible to calculate the phase voltages using
(3.58)-(3.60). Then, the voltages could be transformed to the dg-plane using the
Park transform.

Algorithm 1 Algorithm Voltage calculations
1111000 O]

11001100
10101010
for i = 1:length(S) do
Calculating the phase voltages:
VDC(25(1,1) — S(2,i) — S(3,1))
Vape VPC( S(1,4) +25(2,1) — S(3,4))
vBC(_§(1,i) — §(2,4) +25(3.1))

Transforming to dq voltages: '
c0s(01) cos( el — ) cos (B + 24)

S > All possible configurations

1 Vasc

end for

3.4.3.2 Complex or Simplified Model

The complex model used (3.13)-(3.16). The equations were continuous, which meant

that they had to be discretised to be able to use them in the MPC. The discretisation
2

was done using the forward Euler method, dt (tk) A M Performing this

on the four equations in the state-space yielded

vk +1) = I d 7 (Laui(k) = Lpuj(k) + LpRi3(k) — LaRig(k)) (3.74)
+Twe (k)ig (k) + ig(k),

in(k+1) = LZTL%(LA“W) = Loug(k) = LaRig (k) + Ly iy ) (3.75)
—Tw.(k)il(k) — Mibgwe(k)wm +ig(k),

Bk +1) = LQTL%(LAUZ(k‘) = Lpuy(k) + LpRig(k) = LaRig(k)) (3.76)

+Twe (k)i (k) + i5(k),
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2k+1) = L;L% (Law2(k) — Lipul (k) — LaRi2(K) + L Ril(k)) .
Tl i) — e (B + 2(8)

The simplified system used (3.23)-(3.26). These equations were also continuous,
which meant that they had to be discretised. They were also discretised using the
forward Euler method, which yielded

(k4 1) = Zu}i(k) - LTlR@';(k) - Tu(R)iL (k) + i(h), (3.78)
(k4 1) = zu;(k) _ LTlRi;(k) Tl (R)ib (k) — Zwe<k)¢m ik, (3.79)
P2(k+1) = LTlug(k) - ng(k) - Tun(R)i2(k) + (k). (3.80)
2(k4 1) = Zug(k‘) - LTIRig(m T (R)i2(k) — Llee(k;)wm LRk (381)

Both the simplified and the complex equations were then used in the MPC to predict
the next step of the current given a switch configuration.

3.4.3.3 Separate or Additive Control

Separate control refers to that the two three phase systems were separated such that
they are working without the knowledge of one another. This was beneficial from a
redundancy standpoint because then the systems were totally separated from each
other. Furthermore, it was less computationally heavy as all combinations of the

systems didn’t have to be calculated. The loss function of the separate system was
defined as

Ji = Quiay e — tay (1 +1))° + Qaligyref — iq, (i + 1)), (3.82)
T2 = Qiidyrey = 1ay (0 +1))* + Qa(igyrey — ig (i + 1))%. (3.83)
The additive control used information from both the three-phase systems. With
that information, it took action for both systems that resulted in the lowest total

deviation from the reference. This method thus had a lower torque ripple. The
additive system calculated the loss function as

2
J = Qoligrer —ig(i+1) —ig(i+ 1))+ > Quliag,rer —ia,(i +1))>  (3.84)
n=1
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3.4.3.4 Algorithms of the Three Different MPC

Algorithm 2 Algorithm for separate control of simplified model
1111000 O]

11001100
10101010
for i = 1:length(S) do
Calculating the phase voltages:
VDC(25(1,1) — S(2,i) — S(3,1))
Vase — |YPC(—S(1,i) +25(2,4) — 5(3,1))
vBe(§(1,4) - §(2,4) +25(3,1))

Transforming to dq voltages:
c0s(0e1)  cos(0o — 22 cos(f. + 22)

“wkw—mman —wma-—?>-ﬂm<d+1”]%wc

S > All possible configurations

iy, 1y +Calculate currents according to (3.78)-(3.79)
G(i) « Compare currents according to (3.82)

end for

Index < argmin(Q)

Sout(1 : 3) <= S(:, Index)

Repeat with the other system

Algorithm 3 Algorithm for additive control of simplified model
1111000 O]

11001100
10101010
for i = 1:length(S) do
Calculating the phase voltages:
VDC(25(1,1) — S(2,i) — S(3,1))
Vapc < {VDC( S(1,4) +25(2,4) — S(3,1))
vBe(_§(1,4) — 5(2,i) + 25(3.1))

Transforming to dq voltages:
cos(0, cos(f,q — 2 cos(0.q + 2
Vi | 001 ol ) ol )

—sin(0e1) —sin(fer — ) —sin(fe + L)

cos(02)  cos(0ey — ) cos(Bp + 22)

%ﬁwﬂm%>ﬂM&—%>ﬂM%+%ﬁwm

S > All possible configurations

] Vase

i, 1y, 1g, 2 +Calculate currents according to (3.78)-(3.81)
end for
G(i,j) < Loop through all combinations and compare the currents according to (3.84)
Indexi, Indexj < argmin(QG)
Sout(1 : 6) < [S(:, Indexi); S(:, Indexy)]
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Algorithm 4 Algorithm for additive control of complex model

11110000
S« |1 1001100 > All possible configurations
10101010
for i = 1:length(S) do
Calculating the phase voltages:
VDC(25(1,1) — S(2,i) — S(3,1))
Vape VDC( S(1,4) +25(2,4) — S(3,1))
vBe(_§(1,4) — 5(2,4) +25(3,1))

Transforming to dq voltages: 4
cos(.1)  cos(Bq — 22 cos(B. + 22

Vaan [—sm(ed) —sin(0a — %) —sin(f + m)] Vape

cos(0e2)  cos(0u — ) cos(Beg + 24)
Vigz l—sz’n(@ez) —5in(fes — ) —sin(fes + Z) Vasc
i, 1y, 14, 1 +Calculate currents according to (3.74)-(3.77)
end for

G(i,j) < Loop through all combinations and compare the currents according to (3.84)
Indexi, Indexj < argmin(Q)

Sout(1 : 3) <= S(:, Indexi)

Sout(4 : 6) <= S(:, Indexy)

3.5 Auxiliary functions and disturbances

The system that was explained above was an ideal system without noise and distur-
bances. Therefore, to make the system more realistic a couple of uncertainties had
to be implemented.

3.5.1 Angle Sensor Noise and Filtering

In real-world scenarios, sensors have imperfections, usually in the form of noise.
A Gaussian noise model was added to the actual signal to imitate this noise. To
compensate for the noise, a Kalman filter with a constant velocity model was im-
plemented. A constant velocity model assumed that the velocity was constant with
some Gaussian distribution. Thereby the model was:

T = Ap_1Tk—1 + Up—1 + k1

Y = Hxp + 1y, ’
AR
e=laa=l 3

where 6, was the electrical angle, w, the electrical angular velocity, T" the sampling
time, gx_1 and r; were Gaussian random variables with zero mean and covariance
@ and R. The first step to implement the Kalman filter is the prediction step. The

(3.85)

- [gl,qk_lwlgl,@ﬂ: [y 0] i~ (0, R),
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filter made a prediction of the next time step based on knowledge about earlier
measurements. This could be described by the following equations:

-1 = Ap—1Tp—1jp—1 + U 3.86
P11 = A1 Pecip1 Al + Q7 (3.86)
0 0
%_%J,

Then, the prediction and the measured value were compared in the update step:

Tpp = Trpp—1 + Koy, 3.87
Pk = Pt — KiK. (3.87)
Ky = Py H' S,
Vi = Y — ka“ﬁ_l . (388)
Sy =HPy-1H" +R
The results from the tuned filter can be seen in Figure 3.23.

(a) Non-filtered and filtered signal. (b) True and filtered signal.

(c) Zoomed in on filter response at (d) Zoomed in on filter response
fast changing trajectory. at slow changing trajectory.

Figure 3.23: Performance of the Kalman angle filter.
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3.5.2 Velocity Filtering

The system did not include a velocity sensor. This means that the velocity had
to be calculated using the angle. A discrete derivative of the angle measurement
would have resulted in a lot of noise, therefore the estimated angle was used. Two
methods could be used to decrease the velocity estimate noise further. Firstly, the
Kalman filter for the angle could be changed such that its angle estimate was less
noisy. However, this would have hampered the responsiveness of the angle estimate.
The second method was to low-pass filter the velocity. This would have induced
a time shift in the velocity. As the motor control was very angle dependent the
latter method was picked. The filtering was done by first calculating the discrete
derivative of the angle using the central difference.

0.(k) — 0.0k — 2)

. = 3.89
w 5T (3.89)
Then, apply a low-pass filter on the signal.
K
G=———. 3.90
KQS —I— K3 ( )

(a) Non-filtered and filtered signal. (b) True and filtered signal.

Figure 3.24: Performance of the low-pass filter.
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3.5.3 Current Sensor Noise and Filtering

Gaussian noise was added to the true current. To be able to compensate for the noise
the project looked at different models to calculate the currents. The tested models
were the discretised simplified PMSM equations (3.78)-(3.81) and the discretised
complex PMSM (3.74)-(3.77). The equations were nonlinear, which meant that a
regular Kalman filter could not be used. Both an EKF and a CKF were developed.
The reason behind trying two different filters was that an EKF is not as computa-
tionally heavy as a CKF. However a EKF generally performs worse compared to the
CKF, the more non-linear the system is. Therefore, by trying both, it was possible
to evaluate if the performance gain was worth the extra computation. The project
also evaluated the performance gain using the two different PMSM models. The
EKF and CKF models were defined as

zr = f(Tr-1,Uk—1) + @1,
3.91
yr = h(xy) + 7, (3:91)
g,
i, Ug, 0 1 000 0
g | ug, N 0 |01 0 0 N 0
xr = idg U = qu y Qk—1 ( 0 7@)7h<xk) — 0010 Tk, Tk ( 0 7R>
igo w1 0 0001 0
L W1 |

(3.92)
Lastly f(xx_1,ur—1) was the process model which were (3.78)-(3.81) or (3.74)-(3.77).
The extended Kalman filter worked by linearising in each step and based of that
linearisation a prediction was made. The prediction step was calculated as

Tppp—1 = f(Th—1jp—1, Ur),
Pue-1 = F' @it ) Peapes [ (Brages, ) + Q, (3.93)
f/('%k—llk—l,’uk) = Vf — [%} )

The update was implemented in the same way as in the Kalman filter, except that
the measurement model was linearised in the current state. The update step was
calculated as
K = Pk\k—lh/(i’k\k—ﬁTS;l
Ve = Yk — h(fuk—ﬂ

Sk = W (Zkjp—1) Pepp—1 7 (Zgp—1) " + R - (3.94)
W (rjp-1) = Vh = [2]

Then it was possible to calculate the state mean 2y, (filtered x) and covariance Prjg.

Tpp = -1 + Krop,

3.95
Pup = Pupr — KnSuK (3.95)

The resulting filter estimate can be seen in Figure 3.25.
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\\\/

(a) (Simplified model) Non-filtered and (b) (Simplified model) True and filtered
filtered signal. signal.

A N\ in
/N
'\ /

(c) (Complex model) Non-filtered and  (d) (Complex model) True and filtered
filtered signal. signal.

Figure 3.25: Performance of the EKF current filter.

The CKF could be divided into two parts a prediction step and a update step. The
prediction was the first step. It was implemented by first defining the sigma points:

. 1 )
iy = Tp—1pp—1 + \/ﬁ(P,f,”k,l), i=1,2,...n

; 1
X = s — V(PR )i = 1,2, m (3.96)

Then the predicted mean Zy;—; and covariance Py;—1 was computed as

Tije—1 & S (X ur-1)W (3.97)
Pije—1 = Q + S (F(X_ 1 wr—1) — Tape—1) (F (X p, wp1) — Tape1) W '

Computing the update step was done by first defining new sigma points:

. i .
)CZ = fk“g_l + \/ﬁ(Pkﬁk—l)ﬂ = 1, 2, ., n

X = Gy — VAP )si = 1,2 (3.98)
W=
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Then the predicted mean g ;—1, predicted covariance of the measurement S and
the cross-covariance of the state and measurement C} could be found as

rr—1 = St h(XOW,
Cr = 27 (X = Eage—1) (R(X) — Gri—a) WV, (3.99)
Sk = R+ (M) = Gri—1) (M) — Gri—a) TV

From these values, the state mean Zy, (filtered x) and covariance Py, was calculated.

Tk = Erpor + CuSy (e — Drpe—1), (3.100)
Py, = Prjp—1 — CrSi ' Sk(CeS T |

The resulting current estimates can be seen in Figure 3.26.

(a) (Simplified model) Non-filtered and  (b) (Simplified model) True and filtered
filtered signal. signal.

Y \/
25—

(c) (Complex model) Non-filtered and  (d) (Complex model) True and filtered
filtered signal. signal.

| \ | 1.\ \ /
T il \/

Figure 3.26: Performance of the CKF current filter.

Comparing Figure 3.25 and 3.26 there was no obvious difference. Thus a perfor-
mance measure needed to be deviced to compare the results. The project chose to
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compare the filter using the Hy-norm on the ¢4 and ¢, currents relative to the true
trajectory.

liiterea = it = J S G pterea(k) — e (F))2 (3.101)
k=1
Method Hy-Norm i, | Hy-Norm 44
No filters 0.5162 0.5163
EKF Simplified model 0.2271 0.1497
EKF Complex model 0.2162 0.1515
CKF Simplified model 0.2273 0.1492
CKF Complex model 0.2172 0.1516

Table 3.5: Hy-norm of ¢4 and i, for each of the filters.

As can be seen in table 3.5, there were very small differences between the EKF
and the CKF. As mentioned earlier CKF is a much more computationally heavy
operation than EKF. In this case, there was a minor benefit of using the CKF, but
it was not enough to compensate for its computational need. Therefore the project
chose the EKF. Comparing the models used in the filter there was a minor difference
in performance (= 5%). The benefit of the simplified model was that it was less
computationally heavy but also that each three-phase system was independent of
each other, which made it possible to create a fully redundant system. The project,
therefore, chose to use the EKF with the simplified model.

3.5.4 Switch Losses

When using an inverter in the real world there are losses when switching between
different inverter configurations. The losses are a consequence of avoiding short-
circuiting the inverter. Short-circuiting will happen if both the upper and lower
switch is on at the same time. To avoid this when switching from the upper side to
the lower side, the inverter needs to have both the upper and lower switch off for a
short period. This can be seen in 3.27.

Switch off upper Switch on lower
(Instant) (delay 10°(-8))

- — '::> p— |::> —

Figure 3.27: An example of where the switch losses comes from

During the time between the last state and the new state, the voltages will be the
same as in the last state[10]. This behaviour could, therefore, be implemented as
a constant delay in the system input. This was implemented by up-sampling the

56



3. Method

system and then delaying it by one time step, then down-sampling it again. The
Simulink implementation can be seen in 3.28

— [H— 77— [

Delay9

Figure 3.28: Simulink implementation of Switch losses.

As the simulation was run in 1 MHz the delay had to be 1 us, usual switching losses
are at the scale of 10 ns.

3.5.5 Cogging Torque

One of the major sources of torque ripple for the PMSM was the cogging torque
which was a consequence of the rotor magnets aligning with the stator teeth. To
illustrate this behaviour Figure (3.29) was generated, an example with 12 stator
teeth. Four significant points of interest were shown in the figure, the stable zero
which occurred when the rotor was aligned with a stator tooth, when the angle
increased the force between the passed tooth and the rotor increased and resulted
in a torque, opposite the way of travel. Once the rotor was some distance away
from the tooth, the amplitude of the cogging torque reached its maximum and then
started to decrease as the next tooth began to influence the rotor. When the rotor
was centred between the two teeth the apparent cogging torque was zero but soon
started to increase when it closed in on the next stator tooth. This process happened
for every stator tooth, and thus, for a full revolution of the rotor, 12 periods were
produced, [25].

Figure 3.29: Cogging torque for a PMSM with 12 stator teeth.
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Due to the periodicity of the disturbance, the cogging torque could be modelled as
the sum

2

Trog Z isin(iM6,.) (3.102)

where M is the number of stator teeth[26]. Assuming the model of the cogging
torque was accurate and a responsive controller coupled to the motor, the distur-
bance could be cancelled. By subtracting the modelled cogging torque for the current
angle from the reference torque the disturbance could almost be perfectly rejected.
This results in a smoother torque tracking performance.

However, finding a perfect representation of the cogging torque is not possible in any
real-world scenario, as the higher-order harmonics are not measurable due to limited
measuring equipment with inherent noise. Still, compensating for lower-order terms
where most of the energy content resides will have a large impact on the torque
ripple, and thus, this project investigated this. To model this, the cogging torque
was added to the output torque of the motor model, and two terms, the fundamental
and one harmonic, were compensated for in the controller.

In a practical setup the cogging torque terms cannot be known perfectly before-
hand. To find a suitable approximation two methods could be used:

1. FEM analysis of the motor.

2. Experimental analysis.
Approach number 1, used in [25], could achieve good results as long as the motor
model used in the FEM analysis was accurate to its real-world counterpart. Method
2 could be realised by spinning the motor with a known speed and measuring the
torque in the axle. All deviations would, in theory, be due to the cogging effect,
and the aforementioned expression for the cogging torque could be interpolated on
this data. However, this method will be limited by the measuring equipment used,
which in reality will be noisy and thus, accurately finding higher-order harmonics
will be impossible.

3.6 Implementation of Non-Essential Sensors

In addition to the developed controllers and filter subsystem, simulations were made
with added angular velocity sensors that were not implemented on the hardware.
This was done to illustrate the potential benefits of adding these sensors to the
system. The angular velocity was a needed quantity in all controllers as it was
used as a scheduling parameter in the GSCs, a state in the state-space equations for
the various MPC controllers, and also a factor in the feedforward terms of the LQRs.

In the base system, no direct measurement of the angular velocity was made. In-
stead, the angle was measured and filtered with the constant velocity model as
described in Section 3.5.1. The angular velocity was then estimated with the Eu-
ler method for discrete derivatives. As the angle estimate was still noisy after the
filtering, this noise was amplified, giving a poor estimate of the angular velocity.
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The underlying model for the filter was almost identical as in (3.85), except for the
measurement model, which now has two outputs as in (3.103).

Yk = l(l) ﬂ [f}j + g, TE~ ([81 , [Z?)I 1221) (3.103)

There were large improvements in both the angle and angular velocity. This was
because when predicting the next angle the velocity was used. Therefore, by having
a better velocity reading, the predictions of the next step became better, which, in
turn, made the filtered angle better. Before, the angular velocity in the Kalman
filter was always zero because it was never updated with a sensor reading. The
result for the angle and angular velocity can be seen in Figure 3.30-3.31

(a) Non-filtered and filtered signal. (b) True and filtered signal.

—— Fitered Angle

(c) Zoomed in on filter response at fast (d) Zoomed in on filter response at slow
changing trajectory. changing trajectory.

Figure 3.30: Performance of the Kalman angle filter.

59



3. Method

250 20—
200 20
150} . 50— o
100l . 00— N
sl 0

[ ]

ol - 50—
100 . 00— |
150 . 10— 4
a0 20
250} . s N

| L | | | | L L | L
0 0s T s 2 2 3 35 s B o o 1 s 2 25 3 35 0 s s

(a) Non-filtered and filtered signal.

=

L
T s s (= e 4z a3 43 34 Sais 3 34 a4

(c) Zoomed in on filter response at fast (d) Zoomed in on filter response at slow
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(e) Zoomed in on filter response at slow changing trajectory compared to the
measured signal.

Figure 3.31: Performance of the Kalman angular velocity filter.
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3.7 Hardware Setup and Calibration

The hardware setup was compromised of the following parts:

1. LAUNCHXL-F28379D
BOOSTXL-DRV8305EVM
DC Power Supply
Six-Phase PMSM
Sin/Cos Encoder

6. Low-Side Current Shunt Sensor
The Texas Instrument board LAUNCHXL - F28379D and the VSI BOOSTXL -
DRV8E305EVM were used to implement the hardware solution. The BOOSTXL
- DRVS305EVM inverter was a three-phase inverter, and thus, two were used in
parallel to control the motor. For redundancy also two LAUNCHXL - F28379D
were used, these two circuit boards were used to run the software. In Figure 3.32 a
picture of the boards can be seen.

A e

Figure 3.32: The two LAUNCHXL-F28379D and BOOSTXL-DRV8305EVM
boards connected to the angle encoders and motor.

The encoder on the motor was a Sin/Cos encoder which could measure the angle
with a network of magnetoresistances. The outputs from the sensors were two sig-
nals the sine and cosine of the rotor angle. To find the angle atan2() was used on
these two signals. The sensor was connected to the LAUNCHXL - F28379D where
the calculations were performed.

The control algorithms require feedback of the dg - currents. To find these the

current shunt sensors on the BOOSTXL - DRVS8305EVM inverter was used. These
shunt sensors provided information about the current leaving the inverter. By using
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the Park transform on these phase currents the correct dgq currents were found and
could be used for feedback.

With all components connected as above, the simple LQR strategy was implemented
and tested. The simple LQR was chosen because the simulations showed that the
controllers performed similarly and that it was the least computationally heavy con-
troller.

3.7.1 Sensor Calibration

Both the Sin/Cos sensors and the current shunt sensors were analogue and needed
calibration to be used. Both of them were able to read negative and positive values;
therefore, they had to be centred around zero. This was achieved by controlling the
motor at a constant speed and finding the mean of each sensor value, which was set to
the offset of the corresponding sensor. The Sin/Cos encoder then needs to be scaled
from -1 to 1, which was accomplished by dividing the sensor value by its peak-to-
peak value (sz_,,)' However, this could not be done for the current sensor. Instead,
the project used the relationship between the torque and the g-currents. However,
as the project did not include a torque sensor it was not possible to measure torque.
To resolve this issue a known torque was applied to the motor, by suspending a
weight from a wheel attached to the rotor like in Figure 3.33. By increasing the
g-current depending on the angle the current measurements which made the motor
reach a steady state could be observed. The corresponding g-current to the applied
torque could be identified with (2.10) and a correct scaling factor for the current
sensors was found.

Wheel

Weight

Figure 3.33: Calibration setup for the Low-Side Current Shunt Sensor.
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Results

Various simulations were done on the system for the different motor controllers
and auxiliary functions. This chapter aims at showcasing the differences of these
controllers to better understand their strengths and weaknesses. Because of the
large number of configurations, most figures were deemed superfluous. However, all
simulated trajectories can be found in the appendix A.

4.1 Step Response

The torque controller should be responsive. A step response analysis was done to
test the responsiveness of each controller. To keep the performance measurements
comparable between the different controllers, the sensor noise was removed from
the test, the angle was kept at zero for the entire simulation, and the torque step
was from 0 Nm to 2 Nm. The simulated developed torque can be found in section
A.1 and the step time in Table 4.1. From the table, it is clear that all controllers
are very responsive, and ultimately, it is not the controller itself that limits the
responsiveness but rather the inverter. The three different MPCs take the fastest
possible route toward the set point and are only limited by the inverter and DC
link. The remaining four controllers take slightly longer due to limitations in the
PWM generation, but this difference is negligible for the overall responsiveness of
these controllers.

Method | Step response time [us]
AS-MPC 410
AC-MPC 410
SS-MPC 410

STQR 137

CLQR 437

S-GSC 437

C-GSC 437

Table 4.1: Step responses from 0 Nm to 2 Nm with zero angular velocity and
zero angle. Measured at 63% of settling value.
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4. Results

4.2 Torque Tracking Capabilities for a Trajectory

The torque tracking capabilities were measured using the Ho-norm (3.101) and H.-
norm:

[Te(t) = Trey (D)oo = max  |Te(t) = Trer(t)] (4.1)

The Hy-norm measures the average absolute deviation while the H,,-norm measures
the max absolute deviation. To make the comparison fair, trajectories for both the
torque and angle reference were picked such that the controllers are evaluated under
different angular velocities, angles and torques. The trajectory can be seen in Figures
4.1 and 4.2, and were intentionally made difficult to challenge the control systems.
In the following tests, the PMSM is decoupled from the axle to be able to measure
the ability to track a torque reference without an outer disturbance. Thereby, the

angle and angular velocity are set to the reference, without the interaction of the
PMSM.

Figure 4.2: The torque reference.
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4. Results

4.2.1 Ideal Case

To be able to compare the different filter and control combinations it is important
to know what is ultimately achievable. The results in Table 4.2 were obtained by
ignoring sensor noise for the angle and current sensors.

Method ‘ Hs-norm ] H.,-norm
MPC
AC-MPC 0.0017 0.0059
AS-MPC 0.0016 0.0061
SS-MPC 0.0043 0.0117
LQR
C-LQR 0.0066 0.0287
S-LQR 0.0066 0.0283
GSC
C-GSC 0.0073 0.0298
S-GSC 0.0073 0.0298

Table 4.2: Simulation results for controllers with no sensor noise.
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4. Results

4.2.2 Control without Filters

To begin comparing the different developed controllers, the system was simulated
once with every type of controller and no added filtering on the sensor measurements.
The angle and angular velocity were assumed to be separated from the PMSM motor
and completely controlled by the angle reference. This made it possible to eliminate
potential resonant behaviour between the PMSM and the dynamometer and study
the developed torque in isolation.

Method ‘ Hsy-norm ’ H_-norm
MPC
AC-MPC 0.0129 0.0640
AS-MPC 0.0115 0.0575
SS-MPC 0.0113 0.0565
LQR
C-LQR 0.0136 0.0659
S-LQR 0.0138 0.0673
GSC
C-GSC 0.0138 0.0628
S-GSC 0.0138 0.0633

Table 4.3: Simulation results for controllers with no filtering on sensor input

The results in Table 4.3 show overall similar and comparable results for all the
different controllers. The maximum deviation from the reference torque is between
56.5 to 67.3 mNm, making the torque ripple 2.8% to 3.4%. The controller with
the best performance is the SS-MPC, and its transient performance can be seen in
Figure 4.3.

T e e e ; -

Figure 4.3: SS-MPC without filters.
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4. Results

4.2.3 Simulation with Angle Filter

For this simulation the angle filter from Section 3.5.1 was added to the system. The
filter reduces the noise on the angle signal and, hence, also the angular velocity.

Method ‘ Hj-norm ’ H_-norm
MPC

AC-MPC 0.0120 0.0636

AS-MPC 0.0117 0.0646

SS-MPC 0.0113 0.0555

LQR
C-LQR 0.0126 0.0634
S-LQR 0.0126 0.0609
GSC

C-GSC 0.0138 0.0653
S-GSC 0.0138 0.0656

Table 4.4: Simulation results with angle filtration

Overall, the improvement compared to Table 4.3 is small. However, a small decrease
can be seen in the LQR and the MPC controllers. The controller with the best
performance is the SS-MPC, and its transient performance is shown in Figure 4.4.

T |

Figure 4.4: SS-MPC with only angle filter.
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4. Results

4.2.4 Simulation with Angle and Angular Velocity Filter

The same angle filter as above was used for this simulation but with an added low
pass filter on the angular velocity, which still is very noisy.

Method ‘ Hj-norm ’ H_-norm
MPC

AC-MPC 0.0120 0.0652

AS-MPC 0.0117 0.0580

SS-MPC 0.0114 0.0595

LQR
C-LQR 0.0126 0.0651
S-LQR 0.0126 0.0636
GSC

C-GSC 0.0138 0.0650
S-GSC 0.0138 0.0622

Table 4.5: Simulation results with angle filter and low passed angular velocity

As can be clearly seen in Table 4.5, the additional low pass filter for the angular
velocity does not contribute to a better performance in either Hy or H,, sense for
any controller compared to the results in Table 4.4. The controller with the best
performance is the SS-MPC, and its transient performance can be seen in Figure
4.5.

Figure 4.5: SS-MPC with angle filter and low-passed angular velocity filter.
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4. Results

4.2.5 Simulation with Angle, Angular Velocity and Current
Filter

Now the last of the developed filters was added, the current EKF. This will reduce
the apparent noise in the current estimations as can be seen in Table 3.5, which has
a direct coupling to the current error and thus the control algorithm.

Method ‘ Hs-norm ’ H_-norm
MPC
AC-MPC 0.0066 0.0321
AS-MPC 0.0065 0.0320
SS-MPC 0.0068 0.0327
LQR
C-LQR 0.0077 0.0398
S-LQR 0.0077 0.0443
GSC
C-GSC 0.0082 0.0414
S-GSC 0.0082 0.0408

Table 4.6: Simulation result with angle filter, low passed angular velocity and
current filter.

There are major improvements for every controller. With all filters added to the
system the torque ripple has been reduced from 2.8 — 3.4% to 1.6 — 2.2%. The
largest improvement was seen with the AC-MPC which nearly halved the torque
ripple with the filters compared to without any filtering. The controller with the
best performance is the AS-MPC, and its transient performance is shown in Figure
4.6.

.

Figure 4.6: AS-MPC with angle filter, low-passed angular velocity filter and
current filter.

69



4. Results

4.2.6 Simulation with Current Filter

Due to the large improvement by adding the current filter, the filter was also tested
by itself. This simulation only filters the currents and takes noisy signals for angle
and angular velocity.

Method ‘ Hs-norm ] H.,-norm
MPC
AC-MPC 0.0099 0.0473
AS-MPC 0.0068 0.0342
SS-MPC 0.0079 0.0380
LQR
C-LQR 0.0109 0.0566
S-LQR 0.0109 0.0548
GSC
C-GSC 0.0082 0.0407
S-GSC 0.0082 0.0444

Table 4.7: Simulation result with only current filter

Comparing Table 4.7 and 4.6, the angle and angular velocity filters clearly contribute
more to the result in Table 4.6 than is readily visible in Table 4.5. This is most likely
due to the various Park transformations used in the controllers, which utilise the
angle to transform the currents and the usage of the angle in the current EKF. An
interesting exception to this behaviour is the GSC controller, which has no difference
in performance, comparing the results in Table 4.7 and 4.6. The controller with the
best performance is the AS-MPC, and its transient performance can be seen in
Figure 4.8.

Ve e e

Figure 4.7: AS-MPC with only current filter
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4. Results

4.2.7 Simulation with Angular Velocity Sensor

To investigate what impact adding an angular velocity sensor would make on the
system this simulation was made. A realistic noise was added to the true angular
velocity and this signal was then filtered with the angle measurement.

Method ‘ Hs-norm ] H.,-norm

MPC
AC-MPC 0.0066 0.0329
AS-MPC 0.0065 0.0321
SS-MPC 0.0068 0.0330
LQR
C-LQR 0.0077 0.0408
S-LQR 0.0077 0.0385
GSC
C-GSC 0.0083 0.0397
S-GSC 0.0082 0.0407

Table 4.8: Simulation result with angular velocity sensor.

As can be seen by comparing the results in Table 4.6 and Table 4.8, there are no
improvements from implementing an angular velocity sensor. The controller with
the best performance is the AS-MPC, and its transient performance is shown in
Figure 4.8.

S B N BT B S m— p—
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Figure 4.8: AS-MPC with angle filter, angular velocity sensor, angular velocity
filter and current filter.
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4. Results

4.2.8 Simulation with Modelled Cogging Torque and No
Compensation

The cogging model from Section 3.5.5 was used to investigate the impact on the
developed torque and the possibility of compensating for the disturbance. Firstly,
the controllers were simulated with angle, angular velocity, and current filters but
with no compensatory term for the cogging torque.

Method ‘ Hs-norm ] H.,,-norm
MPC
AC-MPC 0.0175 0.0598
AS-MPC 0.0175 0.0560
SS-MPC 0.0176 0.0614
LQR
C-LQR 0.0180 0.0624
S-LQR 0.0180 0.0627
GSC
C-GSC 0.0181 0.0629
S-GSC 0.0182 0.0649

Table 4.9: Simulation result with cogging.

From Table 4.9, we see that the controller performance is roughly equal for all
controllers. This is to be expected as the cogging torque is the largest contributing
factor to deviations from the reference trajectory. For example, the trajectory of the
AS-MPC can be seen below in Figure 4.9.

Figure 4.9: AS-MPC with modelled cogging torque and no compensation term.
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4. Results

4.2.9 Simulation with Modelled Cogging Torque and Added
Compensation

The results below were achieved by adding the compensatory term described in
Section 3.5.5. It can be seen that although not perfectly restoring the performance
to the results in Table 4.6 the compensation still reduce the torque ripple by a large
margin. This can be seen in Figure 4.10 where the compensatory term has been
added to the controller in Figure 4.9.

Method \ Hjy;-Norm ] H_-Norm
MPC
AC-MPC 0.0073 0.0505
AS-MPC 0.0072 0.0505
SS-MPC 0.0075 0.0480
LQR
C-LQR 0.0083 0.0516
S-LQR 0.0083 0.0536
GSC
C-GSC 0.0088 0.0553
S-GSC 0.0088 0.0535

Table 4.10: Simulation result with cogging.

e R e e B B B |
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Figure 4.10: AS-MPC with modelled cogging torque and compensation in the
controller.
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4. Results

4.3 Final system

This simulation includes an angle filter, angular velocity low-pass filter, current filter,
cogging compensation, and most importantly the dynamometer. The simulations
above have the physical system decoupled from the PMSM to see the performance of
each control system without the interference of the dynamometer. This simulation
was made to see how the control systems would react when they have an effect on
the physical system. This meant that forces applied by the PMSM had an effect
on the axle dynamics which the the dynamometer tries to control according to the
angle trajectory. As can be understood the angle trajectory will look a bit different
for all the simulations as their effect on the axle will be different. The coupling also
meant that the angular velocity could not change arbitrarily fast, this makes this
test easier than the rest as the requirement for responsivness in the PMSM is not
instant but instead related to the tardiness of the DC motor control system. This
can be seen in Table 4.11 where the performance measures are consistently better
for all controllers compared to Table 4.10. The best-performing controller in this
test was the AC-MPC, which can be seen in Figure 4.11

Method ‘ Hs-norm ] H.,,-norm
MPC

AC-MPC 0.0066 0.0328

AS-MPC 0.0073 0.0373

SS-MPC 0.0074 0.0426

LQR
C-LQR 0.0080 0.0448
S-LQR 0.0081 0.0434
GSC

C-GSC 0.0083 0.0443
S-GSC 0.0083 0.0385

Table 4.11: Simulations of the final system.

Figure 4.11: AS-MPC with modelled cogging torque and no compensation term.
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4. Results

4.4 Hardware Test

The same trajectory that was used in the simulations, was also used to test the
control system on the hardware. The control system that was tested on hardware
was the LQR. However, due to limitations in the maximum current for the sensor,
it was not possible to control the system to the 2 Nm as in the simulations. The
trajectory was thus scaled to be between —0.5 to 0.5 Nm. Another limitation was
that it was not possible to communicate with both the microcontrollers at the same
time. Therefore, the test was done on one three-phase system. Also, the axle was
locked during the test due to the reasons discussed in Section 2.6. The result can
be seen in Figure 4.12

Offset=0

Figure 4.12: The produced torque from the real PMSM and the reference.

The control system behaved as expected and performed well on the hardware. The
project also tested uploading the code to the hardware so that both microcontrollers
could be run simultaneously. However, as mentioned before, this could not be plot-
ted.

As the code is uploaded, it is difficult to synchronise the trajectory reference between
the controllers. Therefore, to test the joint system, a control loop that requested
more torque depending on the angle of the rotor was made. This was possible to
load to both systems and could be tested without a connection to a computer and
between the microcontrollers. The generated torque had a low torque ripple, and
the systems worked well together.
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Discussion

The purpose of this thesis was to create torque tracking controllers for a six-phase
PMSM. From the results, it is possible to conclude that all the control systems
performed well. The control systems had minimal differences in the response time;
the MPCs were a bit faster than the GSCs/LQRs; this was because the GSC and
LQR were limited by the SVPWM. Otherwise, they would have performed equally
well, as all of the systems were limited by the number of inverter configurations.
However, the control systems have some differences in how well they compensate
for noisy sensor readings, and also their potential if the sensor setup was more ac-
curate. The MPCs have the highest potential while the LQR and GSC are limited
by the SVPWM. This can be seen by comparing the ideal case in Table 4.2 with
the filtered case in Table 4.6. Furthermore, the results showed that the simplified
models performed as well as the complex.

The project also evaluated the performance gain of different types of filters. It
showed that there was a small performance gain by implementing angle filters. The
small gain is due to the high precision sensor used for angle measurement, but also
that the model used does not sufficiently capture the axle dynamics. Furthermore, a
current filter was implemented, which resulted in large reductions in torque ripple.
This was mainly due to the fact that the project used a current sensor with low
precision but also that it used the motor model equations, which are very accurate.
Lastly, velocity filters and sensors were tested, but did not result in any performance
gain. The low-pass filter used induces a time shift, which cancels out any benefits
of using such a filter in this setup. Testing with the added sensor also revealed that
the velocity was not so important for reducing torque ripple, at least in the tested
areas of the state space. The final system containing all filters showed that there
was a minimal performance difference between the controllers as the current sensor
is the limiting factor.

The hardware tests reinforced the validity of the simulations, as the ability to track
the torque reference in Figure 4.12 is very similar to the simulated behaviour in
Figure A.11. The differences can be explained by a higher sampling frequency in
the simulation and the necessity to limit the output torque to —0.5 to 0.5 Nm due
to hardware limitations.
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5. Discussion

As mentioned, the purpose of this project was to create torque controllers and
minimising torque ripple is vital for the performance of such controllers. During
the project, a number of factors to reduce the torque ripple even further have been
identified. Excluding motor geometry, the factors identified are:

1. The inductance of the motor windings
2. The switching frequency of the inverter
3. The accuracy of the current sensor

4. Type of inverter

For an SPMSM the torque ripple is solely dependent on the g-current ripple. Thus,
to minimise torque ripple, the derivative of the g-current should be small. Observing
(3.14) and (3.16) a larger inductance will reduce the ripple in the g-current. But
increasing the inductance also comes at the cost of a less responsive motor, with a
larger power loss in the magnetic field. However, increasing the inductance might
be desirable depending on the importance of low torque ripple. Increasing the in-
ductance is essentially equivalent to giving the physical system low-pass filtering
qualities.

Instead of increasing the inductance the switching frequency of the inverter can
be increased. This is essentially the opposite of the method above and focuses on
increasing the switching frequency so that the step size is lowered instead of lowering
the derivative of the g-current. This will make the inherent inductance in the stator
windings enough to filter some of the switching. Although very effective in simu-
lation this method is ultimately limited by available hardware. The inverter used
in this project has a maximum switching frequency of 200 kHz. To buy MOSFETs
with even higher switching frequencies would be costly.

The two factors above relate to how fast the inverter needs to switch to reduce
the torque ripple. The following factors instead relate to how the inverter switches.
The first factor among these is the accuracy of the current sensor. All controllers in
this project make a decision on the inverter combination given some control error
in the current. This procedure needs an accurate current feedback measurement. If
the switching frequency and inductance are increased, the performance might even-
tually stagnate due to the noise in the sensors, as can be observed from this project.
The different combinations that the motor can choose have then become too small
for the given sensor noise, and the algorithm begins to choose the wrong inverter
combinations. To remedy this behaviour, filters such as the ones implemented in
this project can be created, which introduce some computational costs. The sensor
can also be improved, however yet again this is cost and hardware limited.

Finally, although they are not commercially common the torque ripple can be im-
proved with more advanced inverters. The standard two-level inverter switches the
phase voltage between Vpe/2 and —Vpe/2. Increasing the number of MOSFETS
in the inverter makes switching between more distinct voltage levels possible. This
makes the input to the motor smoother and can thus decrease the ripple in the
currents.
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5. Discussion

5.1 Sustainability aspects

To use electric machines instead of combustion engines provides an opportunity to
decrease carbon emissions. If the electricity used is sourced in a sustainable way, such
as wind or solar, the remaining emissions are related to the manufacturing process.
Thus, investigating and further broadening the knowledge of electric motors will
help electrification. Furthermore, a better control system with minimal noise in
output will decrease the system power loss while also leading to a better product.

79



5. Discussion

80



O

Conclusion

From the gathered results it is clear to see that the simplified model controllers and
the complex controllers perform similarly in all cases. Thus adding this complexity
to the controller is not needed and will only limit the controller when implemented
on real hardware. The complex model controllers also necessitate information about
the second system and thus redundancy is lost. Therefore the added complexity and
loss of redundancy of the true model makes the simplified model the best option for
model-based controllers.

Comparing the controllers, the MPC approach has the potential to reach a lower
torque ripple than the LQR and GSC as they are limited by the SVPWM algorithm.
However, the system has a noisy current reading which in turn becomes the limiting
factor of the MPC algorithm. Thereby, the differences between the three systems are
small. The project, therefore, concludes that the S-LQR was the best choice given
the existing sensor configuration. This solution was implemented on the hardware
and performed similarly to the simulations. However, if a better sensor setup was
used the SS-MPC might become viable even though the increased computational
need.

6.1 Future Work

Firstly, doing a similar study but instead comparing the control systems purely on
hardware might lead to interesting results. Testing the MPC strategies with current
filtering is especially important to see if the small torque ripple simulated in this
project can be achieved on a real motor.

Due to the redundancy qualities of dual three-phase systems, an interesting task
would be to investigate torque control during failure and how the failure state and
following error handling affect the torque tracking ability.

Investigate if adding an approximated cogging compensation would result in a per-
formance benefit. As the cogging torque is a sum of sinusoidal terms, it is possible to
use backpropagation to estimate the torque with the sine as the activation function.

The project found that a variant of the six-step commutation controller could work
as a PWM strategy. It worked by finding the closest voltage vector to V,.s. Then,
it predicted the next current by using the discrete PMSM equations (3.74) - (3.74)
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6. Conclusion

for both the zero vector and the closest voltage vector. The currents were then
compared, and the one closest to the reference was taken. However, due to time
limitations, this was only tested once.

A possible way to improve the angle estimate is to use sensorless control strategies.
This estimate can then be combined with the angle sensor reading in a Kalman
filter. This might improve the validity of the Park transforms used throughout the
feedback loop and thus also improve the torque ripple effect.

Lastly, as the torque ripple is largely caused by the inverter switching its state,

a comparative study using different level inverters and their impact on the torque
ripple might lead to improved results.
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A

Appendix: Complete Simulation
Results

The following appendix aims at completing the results by displaying all obtained
torque trajectories. This can give some insight into how the different combinations
of controllers, sensors and filters operate but was left out of the result due to brevity.

A.1 Step Responses

Figure A.1: AC-MPC



A. Appendix: Complete Simulation Results

Figure A.2: AS-MPC

Figure A.3: SS-MPC

Figure A.4: S-LQR
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A. Appendix: Complete Simulation Results

Figure A.5: C-LQR

Figure A.6: S-GSC

Figure A.7: C-GSC
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A. Appendix: Complete Simulation Results

A.2 Torque Trajectory with No Filter
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A.3 Control with Angle Filter
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A. Appendix: Complete Simulation Results

A.4 Control with Angle and Angular Velocity Fil-
ter
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A.5 Control with Angle, Angular Velocity and
Current Filter
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A.6 Control with Current Filter
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A.7 Control with Added Angular Velocity Sensor
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A.8 Control with Modelled Cogging Torque and
No Compensation
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A.9 Control with Modelled Cogging Torque and
Added Compensation
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A.10 Finalised system with realistic dynamome-
ter
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Figure A.69: S-GSC

Figure A.70: C-GSC
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