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Abstract

Induction motors are often subject to stress caused by repeated fast and short
torque transients. These working conditions could lead to overheating some parts
of the motor, among which the most sensitive are the stator windings. This thesis
deals with the implementation of a temperature estimator of the stator windings
obtained through a first order thermal model.

The first step of the project concerns the development of a model which is
capable to simulate and evaluate the dynamic and magnetic parameters of the
induction motor in different working condition. In particular joule losses, iron
losses and magnetic saturation are taken in account and the reference frames
used to model the motor are: three-phase time-domain (a,b,c), stationary (α,β)
and rotating frame (d,q). Furthermore analysis and validation of the model were
performed in MATLAB/Simulink environment.

Then we moved on to design the torque and speed control of the motor using a
"field oriented control" (FOC) scheme. Induction motor speed control is a process of
manipulating currents in order to regulate speed. Field-oriented control regulates
Id and Iq such that the flux is proportional to Id and the torque is proportional
to Iq. The performance of the control strategy is tested and compared on the
model already developed on MATLAB/Simulink and then on a real induction
motor, in the laboratories of the Politecnico di Torino, comparing the obtained
responses with those provided by dSPACE. The thermal model, based on the first
order system, was implemented inside the drive control and compared with the
temperature values of the windings measured in the laboratories.

vi





Chapter 1

Introduction

1.1 Introduction to Induction Motor

The main function of a motor is to change energy from one form to another like
electrical to mechanical. The classification of motors can be done based on the type
of supply like AC (Alternating current) motors and DC (Direct current) motors.
Induction motor is an AC electrical machine and it is the most common type of
motor used in industrial, commercial and residential settings.

An induction motor consists of two main parts: Stator and Rotor. The stator
is the stationary portion of the motor and delivers a rotating magnetic field to
interact with the rotor. One or more copper windings make up a "pole" within the
stator, and there is always an even number of poles within a motor. The electric
current alternates through the poles, resulting in a rotating magnetic field. The
rotor is the rotating part of the electromagnetic circuit and the central component
of the motor, and is fixed to the shaft. The rotor is generally constructed of copper
or aluminum strips attached at each end to a circular fixture. This configuration
is called a "squirrel-cage rotor" because of its appearance. The magnetic field
generated by the stator induces a current in the rotor, which then creates its own
magnetic field. The interaction of the magnetic fields in the stator and rotor results
in a mechanical torque of the rotor.

Induction motors are classified into two types namely single-phase induction
motor and three-phase induction motor. As their name suggests, a single-phase
induction motor is connected to a single-phase AC power supply whereas the
three-phase induction motor can be connected to a three-phase AC power supply.
In a three-phase motor, there are three single-phase lines through a phase difference
with 120°. So the rotary magnetic field includes a similar phase difference which
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Introduction

will rotate the rotor. For instance, considering a, b and c as three phases once
phase a gets magnetized, then the rotor will shift towards the phase a. In the next
second phase, b will get magnetized, so it will magnetize the rotor and so on for
the phase c. In this way, the rotor will rotate continuously.

Figure 1.1: Stator and Rotor of an Induction motor [1].

1.2 Purpose of the thesis
The analysis of the induction motor failure reasons show that many of them are
caused by prolonged heating of the different parts involved in motor operation.
The most sensitive parts of an induction motor to thermal overloads are the stator
windings. Exceeding the temperature limit results in acceleration of the oxidation
process in insulation materials what eventually leads to motor damage.

Purpose of this thesis is therefore to obtain a thermal model of the stator
windings which is able to predict the thermal trend due to heating in induction
motor working conditions. This model is based on the relationship between motor
power loss and temperature, which can be obtained from experimental data or
computer simulations. Obtaining an accurate estimate of the thermal behavior
also allows us to understand how much it is possible to exploit the motor in certain
conditions without reaching temperatures that could damage the windings and
therefore the motor itself.
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Chapter 2

Simulink Model of an
Induction Motor

This chapter focuses on the step-by-step development of the MATLAB/Simulink
model of the induction motor: the principles on which the motor is based were
studied and explained and subsequently shown how each of these was implemented
on Simulink. In particular, the dynamic model of the motor, the losses generated,
the thermal model and the inverter that powers the motor were examined.

2.1 Dynamic model
The dynamic model of an induction motor is a mathematical representation of the
motor’s behavior that takes into account the time-varying electrical and mechanical
dynamics of the machine. The dynamic model is useful for studying the motor’s
transient and steady-state behavior, and for designing and optimizing motor control
systems.

2.1.1 Space Vectors for a three-phase machine
The space vector representation is a mathematical tool that can be used to analyze
the behavior of electrical quantities in three-phase systems. In a three-phase system,
the electrical quantities (such as voltages, currents, or fluxes) can be represented
by three sinusoidal waves that are 120 degrees out of phase with each other. All
phase space vectors related to a phase winding (current, flux) have a well defined
position depending on the phase magnetic axis.

To represent an electrical quantity using the space vector representation, the
three-phase waveforms are first combined into a complex number. Using for example

3
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the magnetic axes of phase a as real axis, is defined the complex operator ā:

ā = ej 2π
3 = −1

2 + j

√
3

2 (2.1)

ā is a versor with magnitude equal to 1 and phase equal to 2π
3 . If a complex

number is multiplied by ā its module is unchanged while its phase is increased by
2π
3 . In other words ā represents a rotation of 2π

3 .
The general expression of a space vector representing three-phase quantities (where
a,b and c are the three phases) is:

x = 2
3 · (xa + ā · xb + ā2 · xc) (2.2)

In three-phase motor control applications is commonly used the Clarke transfor-
mation to convert the three-phase electrical quantities (such as voltage or current)
into two-phase (αβ) quantities that can be more easily processed. The (α,β)
axes are the real-axis and the imaginary-axis of a complex plane. A three-phase
set (xa, xb, xc) will correspond to a vector x whose projections on the axes are
(xα, xβ), respectively. The Clarke transformation can be written as a 3x2 matrix [T ]:

C
xα

xβ

D
=

è
T

é
·

xa

xb

xc

 (2.3)

è
T

é
= 2

3 ·
C
1 −1

2 −1
2

0
√

3
2 −

√
3

2

D
(2.4)

The Clarke transformation is also a key step in the Park transformation, which is
used to convert the two-phase signals into a rotating reference frame that simplifies
the control of AC motors. Such reference frame is called dq frame. Considering

1. αβ → fixed coordinates;

2. dq → rotating coordinates;

3. θ → position of d axis with respect to the α axis.

the rotation transformation can be written in matrix form ([A(θ)] = direct rotational
matrix): C

xd

xq

D
=

C
cos(θ) sin(θ)

−sin(θ) cos(θ)

D
·

C
xα

xβ

D
=

è
A(θ)

é
·

C
xd

xq

D
(2.5)
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Figure 2.1: Coordinates transformation [2].

2.1.2 Voltage equations
The voltage equation of an induction motor can be derived from its equivalent
circuit by applying Kirchhoff’s laws to the circuit. An equivalent circuit of an
induction motor is a simplified representation of the motor that allows for easy
analysis and calculations of the motor’s electrical and mechanical characteristics.
The equivalent circuit consists of electrical and mechanical components that repre-
sent the various losses and parameters of the motor.

The equivalent circuit of a three-phase induction motor includes the following
components:

1. Stator resistance and leakage reactance: these components represent the
electrical losses in the stator winding and the inductive voltage drop in the
stator windings due to the leakage flux;

2. Rotor resistance and leakage reactance: these components represent the
electrical losses in the rotor winding and the inductive voltage drop in the
rotor windings due to the leakage flux;

3. Magnetizing reactance: this component represents the magnetic field produced
by the stator winding;

4. Core loss resistance: this component represents the losses due to hysteresis
and eddy currents in the motor’s magnetic core;

5. Mechanical load: this component represents the external mechanical load on
the motor.
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The equivalent circuit is usually drawn in the form of a circuit diagram with
the stator and rotor windings shown as inductors, and the magnetizing reactance
and core loss resistance shown as separate components.

Figure 2.2: Equivalent Circuit of induction motor in
(d,q) reference frame [3].

The resulting equations describe the voltages induced in the stator and rotor
windings as a result of the time-varying magnetic flux in the motor. The stator
voltage equation referred to the stationary (α,β) frame is given by:C

vs,α

vs,β

D
= Rs ·

C
is,α

is,β

D
+ d

dt
·

C
λs,α

λs,β

D
(2.6)

vs,αβ = Rs · is,αβ + d

dt
· λs,αβ (2.7)

The rotor voltage equation referred to the stator (α,β) frame is instead given by:C
vr,α

vr,β

D
=

C
0
0

D
= Rr ·

C
ir,α

ir,β

D
+ d

dt
·

C
λr,α

λr,β

D
− jωr ·

C
λr,α

λr,β

D
(2.8)

vr,αβ = 0r,αβ = Rr · ir,αβ + d

dt
· λr,αβ − jωr · λr,αβ (2.9)

Passing from the stationary (α,β) to the rotating (d,q) reference system, the voltage
equations can be written in the form:
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vs,dq = Rs · is,dq + d

dt
· λs,dq + jω · λs,dq (2.10)

vr,dq = 0r,dq = Rr · ir,dq + d

dt
· λr,dq + j(ω − ωr) · λr,dq (2.11)

1. vs is the stator voltage;

2. vr is the rotor voltage;

3. is is the stator current;

4. ir is the rotor current;

5. λs is the stator flux linkage with the stator windings;

6. λr is the rotor flux linkage with the stator windings;

7. ωr is the electrical rotor speed;

8. ωslip = (ω − ωr) is the electrical slip speed.

2.1.3 Magnetic model
In an induction motor, the magnetic flux and current are closely related. The flow
of current through the stator windings produces a magnetic field which rotates,
producing a rotating magnetic flux. This rotating magnetic flux induces an alter-
nating current in the rotor windings, which in turn produces a magnetic field that
interacts with the stator magnetic field to produce torque and rotation.

The magnetic model of an induction motor describes the relationship between
the magnetic field, the magnetic flux, and the magnetic forces that are generated
as a result of the interaction between the stator and rotor magnetic fields [4]. This
model can be represented by the following equations:

λs,αβ = Ls · is,αβ + Lm · ir,αβ (2.12)

λr,αβ = Lm · is,αβ + Lr · ir,αβ (2.13)

The model expression does not depend on the reference frame:

λs,dq = Ls · is,dq + Lm · ir,dq (2.14)
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λr,dq = Lm · is,dq + Lr · ir,dq (2.15)

Where:

1. Ls is the stator inductance of an induction motor which is a parameter that
characterizes the electrical behavior of the stator winding. It is related to the
motor’s ability to produce a magnetic field and to the amount of voltage that
is induced in the stator winding due to the rotation of the magnetic field. The
stator inductance can be calculated from the physical dimensions of the motor,
such as the number of turns in the stator winding, the length and diameter of
the winding, and the permeability of the core.

2. Lr is the rotor inductance and it is the inductance of the rotor winding. It is
a measure of the ability of the rotor to store energy in the form of a magnetic
field. The rotor inductance is a function of the motor’s physical dimensions
just like the stator inductance.

3. Lm is the magnetizing inductance of an induction motor which is a parameter
that affects the motor’s performance. It is a measure of the motor’s ability to
store and release energy in the form of magnetic flux, and it is related to the
amount of current required to establish a magnetic field in the motor’s core.

These inductances are related to each other through the following relationship:

Ls = Lm + Lls (2.16)

Lr = Lm + Llr (2.17)

Where:

1. Lls is the stator leakage inductance. It represents the portion of the stator
inductance that is due to the magnetic flux that does not link with the rotor,
but instead leaks out of the stator winding and returns to the stator through
the air gap.

2. Llr is the rotor leakage inductance. It refers to the inductance associated
with the flux leakage between the rotor winding and the stator winding. This
leakage inductance results in a delay of the current flowing through the rotor,
which in turn affects the motor’s performance.
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Denoted λm = im · Lm as magnetizing flux and im = is + ir as magnetizing current
it is possible to represent the magnetic model with the following equations:

λs = Ls · is + Lm · ir

= (Lm + Lls) · is + Lm · ir

= Lls · is + Lm · (is + ir)
= Lls · is + Lm · im

= Lls · is + λm

(2.18)

λr = Lr · ir + Lm · is

= (Lm + Llr) · ir + Lm · is

= Llr · ir + Lm · (is + ir)
= Llr · ir + Lm · im

= Llr · ir + λm

(2.19)

For the model developed on Simulink these last two equations were used.

However, as the current in the stator winding increases, the magnetic saturation
of the motor’s core increases, which limits the amount of flux that can be produced.
At a certain point, increasing the current further will not result in a proportional
increase in torque. This is why induction motors are typically designed to operate
at a specific voltage and frequency, which limits the amount of current that can
flow through the stator winding to avoid saturating the motor’s core.

2.1.4 Speed and Torque estimation
The electromagnetic torque in an induction motor is generated due to the interaction
between the magnetic field produced by the stator and the induced currents. This
torque is produced due to the principle of electromagnetic induction, which states
that when a conductor is moved in a magnetic field, a voltage is induced across
the conductor, and if the conductor is part of a closed circuit, a current will flow
through it:

Te = 3
2 · p · (λα · iβ − λβ · iα) (2.20)

Te = 3
2 · p · (λd · iq − λq · id) (2.21)

9
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Te = 3
2 · p · (λs ∧ is) (2.22)

The speed of an induction motor can be computed from the electromagnetic torque
and inertia moment using the following formula:

ω = 1
J

·
Ú

(Te − TL) (2.23)

Where p is the pole-pairs number, J is the moment of inertia and TL is the load
torque. In this case p = 2 and J = 0.05. The moment of inertia of the motor can
be determined by measuring the mass distribution and geometry of the rotating
components, such as the rotor and shaft. The formula is based on the conservation
of energy principle, which states that the energy supplied to the motor in the form
of electromagnetic torque is converted into kinetic energy, which is proportional to
the moment of inertia and the square of the motor speed.

2.2 Losses of an Induction Motor
Some of the main losses in an Induction Motor are:

1. Stator and Rotor joule Losses: these losses occur in the stator and rotor
winding due to the flow of current in the winding.

2. Iron losses: these losses occur in the iron core of the stator and rotor due
to the alternating magnetic field. The losses are caused by hysteresis and
eddy current effects and are dependent on the frequency and the magnetic
properties of the core material.

3. Mechanical Losses: these losses occur due to friction and windage in the motor.
Friction losses occur in the bearings and other moving parts, while windage
losses occur due to the movement of air around the rotor and stator.

All of these losses contribute to the overall efficiency of the motor. In the model
developed for the purpose of this thesis only the stator and rotor Joule losses and
the iron losses have been considered and implemented.

2.2.1 Iron losses
Iron losses in an induction motor refer to the energy losses that occur in the iron
core of the motor due to the flow of magnetic flux. Iron losses in an induction
motor are generally caused by two phenomena: hysteresis loss and eddy current loss.
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Hysteresis losses occur as a result of the magnetic reversal of the iron core in
the motor. This results in the energy loss due to the reorientation of the magnetic
domains in the iron core.

Eddy current losses occur due to the presence of circulating currents in the iron
core. These circulating currents are induced as a result of the changing magnetic
field in the motor.

It is possible to provides an estimation of iron losses using the iron resistance
and iron current of the motor. The iron resistance is the resistance of the iron core
to the flow of magnetic flux, and the iron current is the current flowing through
the iron core of the motor. The iron resistance of the motor can be determined
experimentally by measuring the resistance of the stator winding when the rotor is
locked, or by measuring the voltage drop across the stator winding and the current
flowing through it. In the model developed on MATLAB/Simulink, the value of
the iron resistance was set to 1KΩ. Once the iron resistance is known, the iron
losses can be estimated using the following formula:

Pfe = Rfe · ife
2 = 3

2 · Rfe · (ife,α
2 + ife,β

2) (2.24)

The iron current is the current flowing through the iron core of the motor, and
it can be measured by subtracting the stator current from the total current flowing
through the motor.

It is possible to represent the contribution of the iron losses by adding the iron
resistance [5] in the equivalent circuit in Fig. 2.2 as follow:

Figure 2.3: Equivalent Circuit of induction motor with
iron resistance.
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2.2.2 Joule losses
Joule losses are one of the main sources of power losses in an induction motor.
These losses occur due to the resistance of the copper wire used in the construction
of the stator and rotor. When an electric current flows through the stator and
rotor windings of an induction motor, it encounters resistance in the wire. This
resistance results in the generation of heat, which is dissipated into the surrounding
environment. The more energy dissipated, the higher the temperature of the
resistance [6].

To calculate Joule losses in induction motors, it is necessary to know the current
flowing through the stator and rotor windings and the resistance of the copper
wire used. The amount of joule losses in the motor depends on the square of the
current and the resistance of the windings, which can vary with temperature:

Pj,s = Rs · is
2

= Rs · (is,a
2 + is,b

2 + is,c
2)

= 3
2 · Rs · (is,α

2 + is,β
2)

(2.25)

Pj,r = Rr · ir
2

= Rr · (ir,a
2 + ir,b

2 + ir,c
2)

= 3
2 · Rr · (ir,α

2 + ir,β
2)

(2.26)

The variation of the stator and rotor resistance due to the temperature can be
expressed by the following formulas:

Rs(θs) = Rs(θ0) · ks + θs

ks + θ0
(2.27)

Rr(θr) = Rr(θ0) · kr + θr

kr + θ0
(2.28)

Where:

1. ks is the temperature coefficient of resistance for copper (used in the stator)
and its value is approximately 234.5;

2. kr is the temperature coefficient of resistance for aluminum (used in the rotor)
and its value is approximately 225;
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3. θs and θr are the stator and rotor actual resistance temperatures, respectively;

4. θ0 is the ambient temperature (25°C);

5. Rs(θs) and Rs(θ0) are the stator resistances at actual and ambient tempera-
tures, respectively;

6. Rr(θr) and Rr(θ0) are the rotor resistances at actual and ambient temperatures,
respectively.

2.3 Thermal model
An induction motor is a type of AC motor that uses electromagnetic induction to
convert electrical energy into mechanical energy. The operation of an induction
motor involves complex thermal processes, as the motor generates heat due to
various factors such as electrical losses, mechanical losses, and magnetic losses.

The thermal model of an induction motor is a mathematical representation of
the heat transfer processes occurring inside the motor and can be used to optimize
the design of the motor, predict the temperature rise during operation, and estimate
the lifetime of the motor.

2.3.1 Second order model

Figure 2.4: Second order thermal model circuit of the
motor [7].

A second-order thermal model has been chosen. It is a mathematical model that
describes the dynamics of a thermal system using second-order differential equations.
The proposed thermal model is shown in Fig. 2.4, where:

1. Req,w is the equivalent thermal resistance between the winding copper and the
stator lamination.
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2. Ceq,w is the equivalent thermal capacitance of the winding by including copper
and insulation system.

3. Req,sr is the equivalent thermal resistance between the stator lamination and
the ambient.

4. Ceq,sr is the thermal capacitance of stator and rotor without including the
stator winding capacitance.

5. Tw is the temperature of the stator winding.

6. T0 is the ambient temperature.

7. Tsr is the temperature associated with the thermal capacitance Ceq,sr.

8. Pjs are the Joule losses of the stator windings.

9. Pol are the other machine losses (iron and rotor Joule). Pol = Pfe + Pjr.

The parameters of the proposed thermal model can be determined by supplying
the machine with a dc source. The thermal parameters of the winding Req,w and
Ceq,w are computed using the samples belonging to the first minutes of the test like
shown in [7], [8], and [9].

The values considered for the parameters Req,sr and Ceq,sr are those obtained
from [7]. In order to consider the forced convection effects caused by the self-
ventilation, the thermal resistance Req,sr considered in the MATLAB/Simulink
model was calculated as the result of two resistances in parallel, i.e. the real Req,sr

and the thermal resistance of forced convection Rfc.

The values obtained for the parameters of interest are the following:

1. Req,w = 0.0700 K/W

2. Ceq,w = 1708.2 J/K

3. Req,sr = 0.0709 K/W

4. Ceq,sr = 10369.0 J/K

C
Tw

Tsr

D
=

è
A

é
·

C
Tw

Tsr

D
+

è
B

é
·

Pjs

Pol

T0

 (2.29)
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Eq.(2.29) is the representation of the space-state model associated with the
thermal circuit of Fig.2.4 when the motor is supplied with a dc source. Where:

è
A

é
=

C −1
Req,wCeq,w

1
Req,wCeq,w

1
Req,wCeq,sr

− 1
Ceq,sr

( 1
Req,w

+ 1
Req,sr

)

D
(2.30)

è
B

é
=

C 1
Ceq,w

0 0
0 1

Ceq,sr

1
Ceq,srReq,sr

D
(2.31)

2.4 Inverter

An inverter is an electronic device that converts DC power into AC power with
variable frequency and voltage output. In the context of electric motors, an inverter
is commonly used to control the speed and torque of AC induction motors.

A three-phase inverter is a type of inverter that is specifically designed to
work with three-phase AC motors like induction motors. Three-phase motors are
commonly used in industrial applications because of their higher efficiency, better
power factor, and lower torque ripple compared to single-phase motors. When a
three-phase inverter is used to control the speed of an induction motor, it works by
adjusting the frequency and voltage of the AC power supplied to the motor. The
inverter produces a three-phase AC output waveform with variable frequency and
voltage that is applied to the three-phase induction motor.

A three-phase inverter consists of six power switches (usually MOSFETs or
IGBTs) arranged in three pairs, with each pair connected to one of the three phases
of the AC motor. By switching these power switches on and off in a controlled
sequence, the inverter can produce a three-phase AC output with variable frequency
and voltage, allowing for precise control of the motor speed and torque.

The inverter also helps to improve the efficiency of the induction motor by
controlling the flow of current through the motor windings. By controlling the
frequency and voltage of the AC power supplied to the motor, the inverter can
reduce the amount of energy wasted as heat, which can lead to significant energy
savings and lower operating costs.
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Figure 2.5: Circuit diagram of a voltage-source three-phase inverter [10].

2.4.1 Three-phase Inverter Model

The input of a three-phase inverter is typically a DC voltage or current source
that provides the power necessary to drive the inverter circuit. The voltage or
current level of the DC source depends on the rating of the inverter and the load
it is driving, and it must be regulated to ensure the proper operation of the inverter.

The DC source is typically connected to a set of power electronics switches,
such as MOSFETs or IGBTs [11]. The inverter circuit uses pulse-width modulation
(PWM) to control the switching of the power electronics switches, which in turn
generates the desired three-phase AC output waveform.

The command signal of a three-phase inverter is the reference waveform that
is used to generate the desired three-phase AC output waveform, while the duty
cycle is the percentage of time that the power switches (MOSFETs or IGBTs) in
the inverter are turned on during each switching cycle. The duty cycle is adjusted
based on the command signal and other feedback signals, such as the output voltage
and current, to regulate the output waveform and ensure proper operation of the
inverter and the connected load.

In a three-phase inverter, the pulse-width modulation (PWM) voltage laws are
used to determine the switching patterns of the power electronics switches in order
to generate the desired three-phase AC output waveform:
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VaN(τ) = Vdc

3 · [2 · da(τ) − db(τ) − dc(τ)]

VbN(τ) = Vdc

3 · [2 · db(τ) − dc(τ) − da(τ)]

VcN(τ) = Vdc

3 · [2 · dc(τ) − da(τ) − db(τ)]

(2.32)

Where:

1. VxN (x = a, b, c) are the load voltages which represent the quantities that one
is interested in controlling;

2. dx (x = a, b, c) are the duty cycles;

3. qx (x = a, b, c) are the instantaneous command functions;

4. Vdc is the dc-link voltage.

2.5 Simulink representation
Below is shown graphically how the induction motor model, in all the aspects
described in the previous sections, has been implemented on MATLAB/Simulink:

Figure 2.6: Stator resistance as a function of temperature.

17



Simulink Model of an Induction Motor

Figure 2.7: Rotor resistance as a function of temperature.

Figure 2.8: Stator flux computation.
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Figure 2.9: Rotor flux computation.

Figure 2.10: Stator current computation.
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Figure 2.11: Rotor current computation.

Figure 2.12: Magnetizing flux computation.
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Figure 2.13: Adding of the iron resistance.

Figure 2.14: Iron current computation
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Figure 2.15: Electromagnetic torque computation.

Figure 2.16: Stator Joule losses computation.
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Figure 2.17: Rotor Joule losses computation.

Figure 2.18: Iron losses computation.
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Figure 2.19: Second order thermal model system.
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Chapter 3

Motor control

The control of an induction motor is important to achieve the desired performance
and efficiency for various industrial applications. There are several methods used
for the control of induction motors, including voltage control, frequency control,
vector control and direct torque control.

1. Voltage Control: voltage control is a simple and effective method of controlling
the speed of an induction motor. The speed of the motor is proportional to the
voltage applied to its stator windings. Thus, by varying the voltage applied
to the motor, the speed of the motor can be controlled.

2. Frequency Control: frequency control is another method used to control the
speed of an induction motor. The speed of the motor is directly proportional
to the frequency of the voltage applied to its stator windings. Thus, by varying
the frequency of the voltage applied to the motor, the speed of the motor can
be controlled.

3. Vector Control: vector control, also known as field-oriented control, is a more
advanced method used to control the speed and torque of an induction motor.
It is based on the concept of decoupling the motor’s stator current into two
orthogonal components: one component produces the magnetic field and the
other component produces the torque. The vector control method uses a
complex control algorithm to adjust the magnitude and phase of these two
current components, which results in precise control of the motor speed and
torque.

4. Direct torque control (DTC): is a control strategy used for induction motors
that directly regulates the motor’s torque and flux. It involves the use of
hysteresis comparators to compare the actual and desired values of torque
and flux and select the appropriate voltage vector to be applied to the motor.
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DTC provides fast dynamic response and high accuracy, with the ability to
operate without position sensors.

For the purpose of this thesis, the method used for the control of the motor is
the Vector control and it has been implemented on MATLAB in C code. The motor
control was initially implemented and tested on the previously created Simulink
model through the "S-function" block. In the following, the vector control method
will be introduced and explain in detail how it has been implemented.

3.1 Vector control

Figure 3.1: Block diagram of a motor control unit (MCU) functioning [12].

Vector control, also known as field-oriented control (FOC), is a popular, powerful
and efficient technique for controlling the speed and torque of induction motors,
and is widely used in many industrial applications such as electric vehicles, wind
turbines, and industrial automation. It involves controlling the stator currents of
the motor in a way that produces a rotating magnetic field that is oriented with
respect to the rotor flux.

The basic principle behind vector control for induction motors is to decouple the
torque and flux producing components of the stator current using mathematical
transformations, such as Park’s and Clarke’s transformations, to transform the
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three-phase stator currents into a two-phase stationary reference frame. In this
frame, the torque and flux producing components of the stator current can be
easily controlled independently [13].

The torque producing component of the stator current is controlled by using a
proportional-integral (PI) controller that regulates the torque reference. The flux
is instead obtained through voltage and magnetic models. By controlling these
two components independently, the motor can be operated at any desired speed
and torque. In vector control for induction motors, the motor is controlled with an
external reference torque T ∗ by using feedback signals from sensors that measure
the stator current and rotor speed [14]. These signals are used to calculate the
required voltage vector that needs to be applied to a PWM modulator to obtain
the switching functions of the converter power device in order to allow the motor
to achieve the desired torque and speed.

Figure 3.2: Motor control block diagram [12].

3.2 Speed estimator through PLL observer
As already mentioned previously, in field-oriented control, in order to control the
motor it is necessary to measure the stator current and the rotor speed through
some sensors.

A PLL (Phase-Locked Loop) observer is a technique used in induction motor
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control to estimate the speed and position of the rotor without using physical
sensors. The advantages of using a PLL observer in induction motor control include
lower cost, reduced complexity, and increased reliability since it eliminates the
need for physical sensors to measure rotor speed and position. It is widely used in
applications where sensorless control is required, such as electric vehicles, robotics,
and industrial automation [15].

It involves using a PLL circuit to lock onto the fundamental frequency of the
stator current and then using this frequency to estimate the speed and position
of the rotor. The PLL circuit in the observer generates a signal that is in phase
with the stator current, and the phase difference between this signal and the rotor
position is used to calculate the speed and position of the rotor. The observer
continuously updates the speed and position estimates based on the feedback from
the PLL circuit, and these estimates can then be used in the control algorithm for
the induction motor [16][17].

Figure 3.3: PLL structure [18].

The main steps involved in implementing a PLL observer are:

1. Generate a reference signal: A reference signal is generated at the desired
frequency and phase angle. In this case the frequency is set to 20 Hz while
the phase is set to 60°.

2. Calculate the PLL error: The observer calculates the phase error between
the reference signal and the stator current phase angle. In a PLL control
system, the accuracy of the error estimation is critical to achieving accurate
rotor speed computation. Any error in the estimation will cause the PLL
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to generate an incorrect reference signal, which can lead to reduced motor
performance, instability, or even failure.

3. Filter the PLL error: the error signal is passed through a low-pass filter, which
removes the high-frequency components and provides a smoothed estimate
of the phase difference. The output of the low-pass filter is used to adjust
the frequency and phase of the reference signal to track the phase angle of
the stator current or voltage signal. To ensure accurate error estimation, it is
essential to carefully select the low-pass filter parameters and tune the PLL
control proportional and integral gain (kp and ki).

4. Adjust the frequency and phase of the reference signal: The output of the
low-pass filter is used to adjust the frequency and phase of the reference signal
to track the phase angle of the stator current or voltage signal.

5. Estimate the rotor speed: The output of the PLL provides an estimate of the
rotor speed, which can be used to adjust the control system’s parameters or
drive the motor.

3.2.1 Flux computation
Flux computation is an important aspect of motor control for an induction motor.
In an induction motor, the stator winding produces a rotating magnetic field
that induces a current in the rotor, which produces its own magnetic field. The
interaction of these two magnetic fields produces torque that drives the motor.

The magnetic field produced by the stator winding is proportional to the current
flowing through it. Therefore, controlling the stator current is a key factor in
controlling the motor’s torque and speed [19]. To control the stator current, the
motor control system needs to estimate the motor’s flux, which is the total magnetic
field produced by both the stator and rotor. This estimation is typically done
using a mathematical model of the motor that takes into account the physical
parameters of the motor, such as the stator and rotor resistances, inductances, and
the mechanical load on the motor.

In field-oriented control (FOC) systems, the flux estimation is typically per-
formed using a mathematical model of the motor. The model takes into account
the physical parameters of the motor, such as the stator and rotor resistances,
inductances, and the mechanical load on the motor. The model is used to calculate
the estimated flux and the stator current needed to produce the desired torque and
speed.
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A flux observer is a model-based technique used for estimating the magnetic flux
in the motor control of induction motors. The observer estimates the flux based
on the measured motor currents and voltages and the mathematical model of the
induction motor. The flux observer is particularly useful in sensorless control of
induction motors, where direct measurement of the flux is not possible. Instead, the
observer estimates the flux by solving a set of differential equations that describe
the behavior of the motor. The observer uses the measured stator currents and
voltages to update the state of the motor model and estimate the flux. The observer
typically consists of two parts: a voltage model and a flux model. The voltage
model estimates the stator voltage based on the measured stator currents and
the rotor speed. The flux model estimates the flux based on the estimated stator
voltage and the measured stator currents.

The advantages of the flux observer are that it can provide accurate flux
estimation even at low speeds, it is insensitive to parameter variations, and it can
be used in sensorless control of induction motors. However, the observer requires
a precise motor model, which can be computationally intensive. Additionally,
the observer may suffer from noise and measurement errors, which can affect the
accuracy of the estimated flux.

3.2.2 Flux computation for low and high frequency

To obtain robust and accurate flux estimation for an induction motor across the
entire frequency range, a combination of different techniques can be used. At low
frequencies, the flux equation is relatively simple and can be estimated based on
machine voltage, current and eventually rotor position (or speed). From rotor
voltage equation (2.11) and rotor flux equation (2.15):

vr = 0 = Rr · ir + dλr

dt
(3.1)

ir = λr − Lm · is

Lr

(3.2)

From these two equations it is possible to obtain:

0 = Rr

Lr

· λr − Lm

Lr

· Rr · is + dλr

dt
(3.3)

Defining τr = Lr

Rr
as the rotor time constant:
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0 = Rr

Lr

· λr − Lm

Lr

· Rr · is + dλr

dt

= 1
τr

· λr − Lm

Lr

· Rr · is + dλr

dt

(3.4)

τr · Lm

Lr

· Rr · is = λr + τr · dλr

dt
Lr

Rr

· Lm

Lr

· Rr · is = λr + τr · dλr

dt

Lm · is = λr + τr · dλr

dt

(3.5)

The equation of the rotor flux as a function of the stator current is thus obtained:

λr = Lm

1 + sτr

· is (3.6)

Starting from Eq.(2.14) and Eq.(3.2) and given the rotor flux, it is possible to
derive the stator flux through the following steps:

λs = Ls · is + Lm · ir

= Ls · is + Lm

Lr

· (λr − Lm · is)

= (Ls − L2
m

Lr

) · is + Lm

Lr

· λr

= σLs · is + kr · λr

(3.7)

Where σ = (1 − L2
m

LrLs
) is the total leakage factor and kr = Lm

Lr
is the coupling

factor [20].

At high frequencies, the flux equation for an induction motor becomes more
complex due to the presence of eddy currents and other electromagnetic effects.
As a result, it may be necessary to use a more advanced technique to estimate the
flux and achieve robust and accurate motor control. From Eq.(2.10):

vs = Rs · is + dλs

dt
⇒ dλs

dt
= vs − Rs · is (3.8)

Calling λs,l the flux at low frequencies computed before and Gobs the observer
gain, it is possible to adjust the model’s parameters and match the actual motor
behavior through a feedback loop:
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dλs

dt
= vs − Rs · is + Gobs · (λs,l − λs) (3.9)

λs = vs − Rs · is + Gobs · (λs,l − λs)
s

(3.10)

From Eq.(3.7):

λr = λs − σLs · is

kr

(3.11)

3.2.3 PI regulator
In motor control of an induction motor, a PI (proportional-integral) regulator is a
type of control system that is used to regulate the motor’s speed or torque. To
implement a PI regulator in motor control of an induction motor, the motor’s
electrical and mechanical signals, such as the stator currents and voltages, are
measured and fed back to the regulator. The regulator calculates the error between
the desired and actual values and generates a control signal that adjusts the motor’s
input to minimize the error.

The PI regulator consists of two components: a proportional component and an
integral component. The proportional component generates a control signal that
is proportional to the error between the desired and actual values. The integral
component generates a control signal that is proportional to the integral of the
error over time [21]. The output is calculated using the PI controller formula:

Ki + s · Kp

s
(3.12)

Where Kp is the proportional gain and Ki is the integral gain. These gains
determine how the controller responds to changes in the error signal and how it
compensates for any steady-state error. The proportional gain determines the
amount of output change for a given change in the error signal. The integral gain is
used to eliminate steady-state error. It accumulates the error over time and adjusts
the output accordingly. The PI controller gains are calculated through frequency
response of the system.

In a PI regulator with feedforward functioning, the control signal is also influ-
enced by an estimate of the external disturbances that affect the motor’s perfor-
mance. This estimate is generated by a feedforward path that takes into account the
external disturbances based on a model of the system. The feedforward path can
improve the performance of the PI regulator by anticipating the effect of external
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disturbances on the motor and compensating for them in advance. This can result
in faster response times, better disturbance rejection, and more accurate control of
the motor.

In a PI controller with overspeed protection, the controller is designed to limit
the maximum output of the proportional term to prevent the process variable from
exceeding a certain threshold. This is particularly important in systems where
overspeeding can be dangerous or cause damage to equipment. One way to imple-
ment overspeed protection in a PI controller is to add a saturation function to the
proportional term. The saturation function limits the output of the proportional
term to a certain maximum value, which is determined based on the maximum
allowable speed of the system.

The PI regulator is widely used in motor control of an induction motor because
it is simple, robust, and effective. The regulator can be easily tuned to achieve the
desired performance, such as fast response time, low overshoot, and good stability.

3.2.4 Speed control and torque estimation
Like shown in Fig.(3.2) the reference torque is directly related to the stator current
which is the input to a PI regulator that calculates the reference PWM voltage
required to achieve the desired speed. In order to calculate this torque, a speed
control is implemented through another PI regulator.

The PI regulator takes the difference between the desired speed setpoint and the
actual speed of the motor as the error signal and computes the required reference
torque to achieve the desired speed. The desired speed is set from the user in-
terface while the actual speed is the rotor speed estimated through the PLL observer.

The feedforward function is not implemented, while the maximum output of the
proportional term is limited through a saturation function which limit the Torque
to a fixed value equal to 24Nm.

For the temperature tests the reference torque is set manually from the user
interface like the desired speed.

3.2.5 Current control and reference voltage computation
In motor control of an induction motor the desired motor speed is achieved through
the control of the voltage to be applied to a PWM modulator which regulates the
switching functions of the converter power device [22]. A PI (proportional-integral)
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regulator is a commonly used control technique for this purpose. A PI regulator can
be designed to regulate the stator current in order to obtain the desired reference
voltage at the output . We speak of current control due to the fact that the input
variable to the PI to be controlled is a current [23]. Like shown in Fig.(3.4) the
control of the stator current vector is in (dq) coordinates (rotating reference frame)
through two PI regulators: one for the d component and one for the q component.

Figure 3.4: Current control block diagram [12].

Like said before, the regulator calculates the error between the desired (reference)
and actual values. In d-axis the reference current (i∗

d) is set equal to 6.351A, which
is the value of the magnetizing current. In q-axis instead the reference current
i∗
q = T ∗

3
2 ·pkrλr

, where:

1. T ∗ is the reference Torque computed through the speed control discussed
before;

2. p is the pole-pairs number and is equal to 2;

3. λr is the magnitude of the rotor flux vector.

Feedforward is a control strategy in which a system’s output is adjusted in an-
ticipation of a known or expected disturbance or change in input. The feedforward
component (ffw) in current control is given by the motional term of Eq.(2.10)
(ffwd = −ωλq and ffwq = +ωλd). The feedfarward component is also shown in
Fig.(3.4).
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For any drive, every control variable must be limited to work in a safe and
reliable operating range. For this reason the overvoltage protection, which limits
the maximum voltage of the proportional term, is included. By limiting the voltage,
the motor can be protected from excessive speed and associated damage:

1. vd,max = vdc√
3 is the voltage limit set in d-axis;

2. vq,max =
ñ

(vdc√
3 )2 − (v∗

d)2 is the voltage limit set in q-axis;

The current control output is therefore the voltage vector: v∗
dq =

C
v∗

d

v∗
q

D

3.2.6 Duty Cycle computation
To obtain the command signals of PWM from the reference voltage of a motor
control system for an induction motor it is necessary to calculate the instantaneous
duty cycles. The reference voltage vector v∗

dq in rotating reference frame is trans-
formed in v∗

abc in three-phase time-domain in order to compute the duty cycle in
the following way:

da = 1
2 + v∗

a + vcm

vdc

db = 1
2 + v∗

b + vcm

vdc

dc = 1
2 + v∗

c + vcm

vdc

(3.13)

Where vcm is the common mode voltage which depends only on the chosen
modulation technique. The modulation technique used in this case is the "MinMax
modulation" with which the common mode is calculated in order to balance the
positive and negative envelope of the reference voltages [11]:

vcm = −max(v∗
a, v∗

b , v∗
c ) + min(v∗

a, v∗
b , v∗

c )
2 (3.14)

The PWM command signal is generated by comparing the instantaneous duty
cycle to the carrier signal using a comparator circuit. The output of the comparator
is a series of pulses that have a width proportional to the duty cycle. The PWM
signal is then used to control the switching of the power electronics in the inverter,
which generates the three-phase output voltage that drives the induction motor.
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Figure 3.5: MinMax modulation block diagram [10].

3.3 Thermal model and temperature estimation
The purpose of this thesis, as already mentioned, is the implementation of a thermal
model that is able to simulate the thermal behavior of the stator windings. A
temperature "estimator" has also been implemented which is capable of predicting
the temperature reached by the windings after a certain period of time. The
thermal model is a first order model. The values of the model parameters Ceq,w

and Req,w are the same of the second order model implemented on the Simulink
model, and are obtained, like shown in [7], [8] and [9], considering the first minutes
samples.

Figure 3.6: First order thermal model equivalent circuit [7].
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From Fig.(3.6) is possible to obtain the overtemperature equation of the stator
windings, with respect to the initial temperature, updated after each sampling
instant and therefore the temperature reached after each sampling instant:

∆T = Pjs

Ceq,w

· Ts + ∆T · (1 − Ts

Ceq,wReq,w

) (3.15)

Tw = ∆T + T0 (3.16)

In this way it is also possible to calculate the temperature that the windings
will reach after a given period of time Tfinal chosen by the user interface at the
time of the tests:

Tf = (1 − e−
T imef

τ ) · Pjs · Req,w + T0 (3.17)

Where:

1. ∆T is the overtemperature with respect to the initial temperature T0;

2. Ts is the sampling time: the overtemperature estimation is calculated after
each Ts time interval which is set equal to 0.5 seconds;

3. τ = Ceq,w · Req,w is the thermal time constant.

4. Tf is the temperature that the windings should reach after a period of time
Tfinal

3.4 Motor Control implementation in C code
Here it is shown how the motor control has been implemented in C code in the
various parts explained above.

The PLL observer for calculating the speed has been implemented via a struc-
ture, its parameters are calculated through a function and then used as follows:

PLL observer structure:

1 typede f s t r u c t { double r e f_s in ;
2 double re f_cos ;
3 double p l l_s in ;
4 double p l l_cos ;
5 double e r r o r ;
6 double kp ;
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7 double k i ;
8 double prop ;
9 double i n t e g r a l ;

10 double out ;
11 double f fw ;
12 double ang le ;
13 } Xpl l ;

PLL observer function:

1

2 void PllSpeedCompute ( Xpl l ∗ p l l ) {
3

4 // Compute PLL Error
5 p l l −>e r r o r = p l l −>re f_s in ∗ p l l −>pl l_cos − p l l −>ref_cos ∗ p l l −>

pl l_s in ;
6

7 // Compute Propor t i ona l ( with f fw )
8 p l l −>prop = p l l −>kp ∗ p l l −>e r r o r ;
9

10 // Compute I n t e g r a l
11 p l l −>i n t e g r a l += Ts ∗ p l l −>ki ∗ p l l −>e r r o r ;
12

13 // Compute PLL Speed
14 p l l −>out = p l l −>prop + p l l −>i n t e g r a l + p l l −>ffw ;
15

16 // Compute PLL Angle
17 p l l −>angle += Ts ∗ p l l −>out ;
18

19 // Normal izat ion o f PLL Angle
20 p l l −>angle −= double_pi ∗ f l o o r ( p l l −>angle ∗ 0 .5 ∗ one_over_pi ) ;
21 i f ( p l l −>angle > pi )
22 p l l −>angle −= double_pi ;
23 i f ( p l l −>angle < −pi )
24 p l l −>angle += double_pi ;
25

26 // Compute PLL Angle SinCos
27 p l l −>pl l_s in = s i n ( p l l −>angle ) ;
28 p l l −>pl l_cos = cos ( p l l −>angle ) ;
29

30 }

Mechanical Speed Computation:

1

2 // PLL Execution
3 PllMechSpeed . r e f_s in = SinCosMec . s i n ;
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4 PllMechSpeed . re f_cos = SinCosMec . cos ;
5 PllMechSpeed . kp = Kp_PLL_speed ;
6 PllMechSpeed . k i = Ki_PLL_speed ;
7 PllMechSpeed . f fw = 0 . 0 ;
8 PllSpeedCompute(&PllMechSpeed ) ;
9

10 // Update Mech Speed
11 MotorSpeed = PllMechSpeed . i n t e g r a l ;
12 MotorSpeedAbs = fabs ( MotorSpeed ) ;
13 MotorSpeedRpm = MotorSpeed ∗ rad2rpm ;

The Flux is computed through two functions: one for the low frequency and
another one for the high frequency as explained before.

Flux computation (low frequency):

1

2 void Lambda_low (Xabc ∗Abc) {
3 Xabc Isabc ;
4 I sabc . a = Abc−>a ;
5 I sabc . b = Abc−>b ;
6 I sabc . c = Abc−>c ;
7 Xsc SinCos ;
8 Xalphabeta Ia lphabeta ;
9 Xdq Isdq ;

10

11 SinCos . cos = SinCosElt . cos ;
12 SinCos . s i n = SinCosElt . s i n ;
13

14 DirectClarke00 (&Isabc , &Ia lphabeta ) ;
15 DirectRot_dq(&Ialphabeta , &SinCos , &Isdq ) ;
16

17 Lambda_Rdq . d += ( (Lm∗ Isdq . d − Lambda_Rdq . d) /tau_r ) ∗Ts ;
18 Lambda_Rdq . q += ( (Lm∗ Isdq . q − Lambda_Rdq . q ) /tau_r ) ∗Ts ;
19

20 InverseRot_dq(&Lambda_Rdq , &SinCos , &Lambda_r) ;
21 Lambda_s . alpha = Lambda_r . alpha ∗Kr + s igLs ∗ Ia lphabeta . alpha ;
22 Lambda_s . beta = Lambda_r . beta ∗Kr + s igLs ∗ Ia lphabeta . beta ;
23 }

Flux computation (high frequency):

1

2 void Lambda_high (Xabc ∗dabc , Xabc ∗ Iabc ) {
3 Xabc Isabc ;
4 Xabc Eabc ;
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5 Xabc V_abc ;
6 Xalphabeta Ealphabeta ;
7 Xalphabeta Ia lphabeta ;
8

9 I sabc . a = Iabc−>a ;
10 I sabc . b = Iabc−>b ;
11 I sabc . c = Iabc−>c ;
12 V_abc . a = ( vdc /3) ∗(2∗ dabc−>a − dabc−>b − dabc−>c ) ;
13 V_abc . b = ( vdc /3) ∗(2∗ dabc−>b − dabc−>c − dabc−>a ) ;
14 V_abc . c = ( vdc /3) ∗(2∗ dabc−>c − dabc−>a − dabc−>b) ;
15 Eabc . a = V_abc . a−Rs∗ I sabc . a ;
16 Eabc . b = V_abc . b−Rs∗ I sabc . b ;
17 Eabc . c = V_abc . c−Rs∗ I sabc . c ;
18

19 DirectClarke00 (&Eabc , &Ealphabeta ) ;
20

21 Lambda_sh . alpha = Lambda_sh_next . alpha ;
22 Lambda_sh . beta = Lambda_sh_next . beta ;
23

24 Lambda_sh_next . alpha += ( Ealphabeta . alpha + obs_gain ∗ (Lambda_s .
alpha−Lambda_sh . alpha ) ) ∗Ts ;

25 Lambda_sh_next . beta += ( Ealphabeta . beta + obs_gain ∗ (Lambda_s .
beta−Lambda_sh . beta ) ) ∗Ts ;

26

27 DirectClarke00 (&Isabc , &Ia lphabeta ) ;
28

29 Lambda_rh . alpha = (Lambda_sh . alpha − s i gLs ∗ Ia lphabeta . alpha ) /Kr ;
30 Lambda_rh . beta = (Lambda_sh . beta − s i gLs ∗ Ia lphabeta . beta ) /Kr ;
31 }

Flux computation:

1

2 Lambda_low(&iabc ) ;
3 Lambda_high(&duty ,& iabc ) ;

The desired speed is set from the user interface by changing the value of the
"mech ref" parameter:

Speed setpoint:

1

2 // Saturat ion o f Speed Reference
3 SpeedSetPoint = two_leve l_saturat ion ( mech_ref , SPEED_LIMIT, −

SPEED_LIMIT) ;
4
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5 // Slew Rate o f Speed Reference
6 OmegaRef = s lew_rate_l imit (OmegaRef , ( mech_rate ∗ rpm2rad ∗

Ts) , ( SpeedSetPoint ∗ rpm2rad ) ) ;

The reference torque is calculated through a PI regulator. The PI regulator is
implemented through a structure, its parameters are calculated through a function
and then used in the "main" as already done for the PLL observer:

PI regulator structure:

1

2 typede f s t r u c t { double r e f ;
3 double re f_o ld ;
4 double out ;
5 double ac tua l ;
6 double e r r o r ;
7 double prop ;
8 double i n t e g r a l ;
9 double lim_high ;

10 double lim_low ;
11 double int_lim_high ;
12 double int_lim_low ;
13 double f fw ;
14 double kp ;
15 double k i ;
16 } XPIReg ;

PI regulator function:

1

2 // PI with f fw and ant i wind−up
3 void PIReg (XPIReg ∗Reg) {
4

5 // Compute Error
6 Reg−>e r r o r = Reg−>r e f − Reg−>actua l ;
7

8 // Compute Propor t i ona l ( p lus FFw)
9 Reg−>prop = (Reg−>kp ∗ Reg−>e r r o r ) + Reg−>ffw ;

10

11 // Saturat ion o f Propor t i ona l
12 i f (Reg−>prop > Reg−>lim_high )
13 Reg−>prop = Reg−>lim_high ;
14 i f (Reg−>prop < Reg−>lim_low )
15 Reg−>prop = Reg−>lim_low ;
16

17 // Compute Limits o f I n t e g r a l
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18 Reg−>int_lim_high = Reg−>lim_high − Reg−>prop ;
19 Reg−>int_lim_low = Reg−>lim_low − Reg−>prop ;
20

21 // Compute I n t e g r a l
22 Reg−>i n t e g r a l += Ts ∗ Reg−>ki ∗ Reg−>e r r o r ;
23

24 // Saturat ion o f I n t e g r a l
25 i f (Reg−>i n t e g r a l > Reg−>int_lim_high )
26 Reg−>i n t e g r a l = Reg−>int_lim_high ;
27 i f (Reg−>i n t e g r a l < Reg−>int_lim_low )
28 Reg−>i n t e g r a l = Reg−>int_lim_low ;
29

30 // Compute Unsaturated PI output
31 Reg−>out = Reg−>prop + Reg−>i n t e g r a l ;
32

33 // Saturat ion o f PI output
34 i f (Reg−>out > Reg−>lim_high )
35 Reg−>out = Reg−>lim_high ;
36 i f (Reg−>out < Reg−>lim_low )
37 Reg−>out = Reg−>lim_low ;
38

39 }

Torque reference computation:

1

2 // Set Parameters o f PI Speed
3 speedPI . r e f = OmegaRef ;
4 speedPI . a c tua l = MotorSpeed ;
5 speedPI . kp = Kp_PI_speed ;
6 speedPI . k i = Ki_PI_speed ;
7 speedPI . lim_high = T_max;
8 speedPI . lim_low = −T_max;
9

10 // Star t PI Speed Code
11 PIReg (&speedPI ) ;
12

13 // Load Speed from PI
14 T_ref = speedPI . out ;

As said before the reference torque, for the temperature tests, is set from user
interface, like the desired speed, by changing the value of the "mech rate" parameter:

Torque setpoint:

1
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2 // Saturat ion o f Torque Reference
3 TorqueSetPoint = two_leve l_saturat ion ( mech_ref , T_max, 0 . 0 ) ;
4

5 // Slew Rate o f Torque Reference
6 T_contr = s lew_rate_l imit ( T_contr , ( mech_rate ∗ Ts) , (

TorqueSetPoint ) ) ;

The current control is implemented through the PI regulator shown before and
then used in the "main":

Current control:

1

2 // Current Control Loop
3 // Set PI d Current Control Parameters
4

5 dcur rent reg . r e f = Imagnet ;
6 dcur rent reg . a c tua l = idq . d ;
7 dcur rent reg . kp = Kp;
8 dcur rent reg . k i = Ki ;
9 dcur rent reg . f fw = Rs ∗ idq . d − ( puls_obs ∗ Lambda_sh_dq . q ) ;

10 dcur rent reg . lim_high = vdc∗ sqrt3_inv ;
11 dcur rent reg . lim_low = −dcur rent reg . lim_high ;
12

13 // Star t PI d Control Code
14 PIReg(&dcurrent reg ) ;
15

16 // Load d Reference Voltage
17 vdqRef . d = dcurrent reg . out ;
18

19 // Set PI q Current Control Parameters
20

21 qcur r ent r eg . r e f = T_contr / (1 . 5∗ p∗Lambda_r_abs∗Kr) ;
22 qcur r ent r eg . a c tua l = idq . q ;
23 qcur r ent r eg . kp = Kp;
24 qcur r ent r eg . k i = Ki ;
25 qcur r ent r eg . f fw = Rs ∗ idq . q + ( puls_obs ∗ Lambda_sh_dq . d) ;
26 qcur r ent r eg . lim_high = sq r t (pow( vdc∗ sqrt3_inv , 2 . 0 )−pow( vdqRef

. d , 2 . 0 ) ) ;
27 qcur r ent r eg . lim_low = −qcur r ent r eg . lim_high ;
28

29 // Star t PI q Control Code
30 PIReg(& qcur rent r eg ) ;
31

32 // Load q Reference Voltage
33 vdqRef . q = qcur r ent r eg . out ;
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The duty cycle are computed through a function:

Duty cycle computation:

1

2 void DutyComp(Xabc ∗ VrefInv , Xabc ∗Dutyprova ) {
3 f l o a t Cm;
4 f l o a t max ;
5 f l o a t min ;
6

7 // Common Mode Voltage Computation
8 max=VrefInv−>a ;
9 i f ( VrefInv−>b>max)

10 max=VrefInv−>b ;
11 i f ( VrefInv−>c>max)
12 max=VrefInv−>c ;
13

14 min=VrefInv−>a ;
15 i f ( VrefInv−>b<min)
16 min=VrefInv−>b ;
17 i f ( VrefInv−>c<min)
18 min=VrefInv−>c ;
19

20 Cm = −((max+min ) /2 . 0 ) ;
21 Dutyprova−>a = 0.5 + ( ( VrefInv−>a + Cm) / vdc ) ;
22 Dutyprova−>b = 0.5 + ( ( VrefInv−>b + Cm) / vdc ) ;
23 Dutyprova−>c = 0.5 + ( ( VrefInv−>c + Cm) / vdc ) ;
24

25 // Duty−Cycles Saturat ion
26 i f ( Dutyprova−>a > 1 . 0 )
27 Dutyprova−>a = 1 . 0 ;
28 i f ( Dutyprova−>a < 0 . 0 )
29 Dutyprova−>a = 0 . 0 ;
30

31 i f ( Dutyprova−>b > 1 . 0 )
32 Dutyprova−>b = 1 . 0 ;
33 i f ( Dutyprova−>b < 0 . 0 )
34 Dutyprova−>b = 0 . 0 ;
35

36 i f ( Dutyprova−>c > 1 . 0 )
37 Dutyprova−>c = 1 . 0 ;
38 i f ( Dutyprova−>c < 0 . 0 )
39 Dutyprova−>c = 0 . 0 ;
40 }

Finally the thermal model and the estimation of the final temperature have
been implemented as follows.
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Pjs computation:

1

2 void PJS_function ( Xalphabeta ∗ Iab ) {
3 Rs_T = Rs ∗ ( ( 234 . 5 + ( T_wire − 273 .15) ) / (234 .5 + 25) ) ;
4 IpeakSquare = pow( Iab−>alpha , 2 . 0 )+pow( Iab−>beta , 2 . 0 ) ;
5 Pjs = ( 1 . 5 ) ∗Rs_T∗ IpeakSquare ;
6 Irms = sq r t ( IpeakSquare ) / sq r t2 ;
7 }

Thrmal control:

1

2 TMIS = ( RMISFilt/R0) ∗ (234 .5 + (Ta0−273.15) ) −234.5+273.15;
3 TMIS_MA = (RMIS_MA/R0) ∗ (234 .5 + (Ta0−273.15) ) −234.5+273.15;
4

5 ThresholdIrmsStart = T s e l i v e c t o r ∗ 0 . 1 5 ;
6 i f ( abs ( T s e l i v e c t o r − TselivectorOLD ) < Thres_Tobs && f l a g == 0 &&

abs ( TorqueT40Filt − T s e l i v e c t o r ) < ThresholdIrmsStart )
7 {
8 tau_th = R1∗C1 ;
9 T0 = Ta ;

10 DeltaT_wire = 0 . 0 ;
11 T_f = (1.0 − exp(−(Time_fin/tau_th ) ) ) ∗ Pjs ∗R1+ T0 ;
12 f l a g = 1 ;
13 counter_th = 0 ;
14 ExecThMod = 0 ;
15 }
16

17 i f ( f l a g == 1 && abs ( T s e l i v e c t o r ) < Thres_Tobs )
18 f l a g = 0 ;
19

20 i f ( f l a g == 1)
21 {
22 counter_th++;
23 i f ( counter_th == ( i n t ) f l o o r (Ts_th∗ f s ) ) {
24 DeltaT_wire = Pjs /C1∗Ts_th + DeltaT_wire ∗ ( 1 . 0 − Ts_th/R1/

C1) ;
25 T_wire = DeltaT_wire+ T0 ;
26 counter_th = 0 ;
27 ExecThMod = 1 ;
28 }
29 e l s e
30 {
31 ExecThMod = 0 ;
32 }
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33 }
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Chapter 4

Results

The motor control was designed by testing it initially on the MATLAB/Simulink
model developed in chapter 2: in this way it was possible to verify that the input
data, such as speed and current, were measured correctly and that, step by step,
each variable behaved as desired and expected. After checking and verifying that
the motor control worked correctly on the motor model, it was finally possible to
perform bench tests and verify that the motor control made was actually able to
control a real induction motor as desired. This chapter will present the results
obtained from the experiments carried out to evaluate the effectiveness of this work.

Figure 4.1: Induction motor.
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Figure 4.2: Block diagram of the motor bench.

The data capturing, visualization and layout designing is done by using the
dSPACE Control Desk which is a system identification toolbox that can be used for
Rapid control prototyping (RCP) and testing purposes. The Real time interfacing
(RTI) is done by using dSPACE controller board and controller panel. In order to
better evaluate the collected measurement data, these are placed in the Measurement
Data Manager and exported in standard formats such as MAT format.

Figure 4.3: dSPACE Control Desk interface.
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4.1 Results validation
The first step to ensure that the tests were carried out correctly, even before
performing the thermal tests on the windings, was to verify that the motor control
was actually able to control the dynamic behavior of the motor in terms of speed
and torque. For this purpose, tests were carried out in which the desired speed
was changed several times from the user interface. The purpose of these tests is
to verify that the speed calculated from the input data through the PLL observer
followed the trend of the manually set speed. The reference torque estimated by
the first PI regulator was also compared with the torque observed from the input
stator current and flux in order to verify that the two parameters had the same
behaviour. This latter torque is obtained from Eq.(2.22):

Te = 3
2 · p · (λs ∧ is) (4.1)

Exploiting αβ reference frame:

Te = 3
2 · p · (λs,α · is,β − λs,β · is,α) (4.2)

Figure 4.4: Speed control test.
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The speeds profile of Fig.(4.4) shows the correct functioning of the speed
controller. In fact the value of the "SpeedSetSoint" parameter is the one set from
the user interface and changes immediately with a step response, followed after a
short time by the value of the desired speed, set directly by the "SpeedSetPoint"
parameter, and by the speed value reached by the motor "MotorSpeedRpm".

Figure 4.5: Stator current (left) and stator flux (right) in αβ reference frame.

Figure 4.6: Comparison of torques behavior.
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Also the trend of the torque of Fig.(4.6) shows a correct operation of the motor
control. In fact the observed torque tracks well the reference torque provided by
the speed controller.

Obtained this data and obtained the confirmation that the motor follows the
desired behavior and set by the motor control, it was possible to continue with the
tests and carry out those relating to the thermal control.

As already mentioned several times, the goal of this thesis is to be able to
reproduce and predict the thermal behavior of the stator windings, which are the
most sensitive part to thermal overloads in the induction motor. For this purpose,
the temperature measurement was obtained in the laboratory using a thermocouple
and compared with the trend estimated by the model implemented in the motor
control and with the final temperature predicted by the same model.

What is expected to obtain are two functions, representing the thermal transient
obtained by measuring the stator windings and the one estimated by the thermal
model, with the same trend and which reach the predicted temperature after the
evaluated time interval. The tests are performed by setting the motor speed to
600 rpm. The load torque is initially set to 0 Nm, data acquisition is started by
changing the load torque value and measurements are acquired for a duration of 10
minutes.

At this point, after some initial tests, the following considerations were made:

1. In the thermal model, the estimate of the temperature that the windings
should reach after 10 minutes is calculated taking into consideration the
initial value of the joule losses of the stator (Pjs), while the calculation of the
temperature of the windings updated every 0.5 seconds takes into consideration
the joule losses of that instant. This implies that as the joule losses vary, the
temperature of the windings increases more or less rapidly and does not reach
the final temperature exactly in the 10 minutes predicted.

2. The equivalent thermal resistance of the thermal model is initially set to 0.07
K/W, however this thermal model is a first order model and does not take into
account some motor cooling factors such as ventilation and forced convention.
For this reason it is decided to lower the value of the thermal resistance to
0.063 K/W.

3. The temperature measurement of the windings was initially acquired through
a thermocouple, however this measurement is not directly on the windings
but on the motor frame. This does not allow a correct measurement of the
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temperature of the windings which is lower than it actually is. To obtain a
more accurate measurement it was decided to proceed with the measurement
through the elettrotest RMIS 30A2 which directly measures the thermal
resistance of the windings and calculates the temperature.

Taking into account the above considerations and making possible modifications
to the measurement system and the thermal model, new tests were performed. By
setting the load torque value to 8 Nm, the results shown in Fig.(4.7) are obtained,
while by setting the value to 26 Nm, the results shown in Fig.(4.8) are obtained.

In Fig.(4.7), as explained above, the thermal transient estimated by the thermal
model reaches the predicted temperature after 2 minutes instead of 10 minutes.
However the measured temperature of the windings reaches the temperature
predicted by the thermal model in exactly 10 minutes, furthermore the value of the
temperature measured at the end of the transient deviates by only 4 degrees from
the temperature estimated from the thermal model at the end of the transient.

Figure 4.7: Thermal model validation with a load torque equal to 8 Nm.
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Figure 4.8: Thermal model validation with a load torque equal to 26 Nm.

In Fig.(4.8) the thermal transient estimated by the thermal model doesn’t reaches
the predicted temperature in 10 minutes. Not even the measured temperature of
the windings reaches the temperature predicted by the thermal model in 10 minutes,
however, at the end of the transient, the value of the measured temperature and
the value of the temperature estimated from the thermal model deviate from each
other by only 1 degree and by about 5 degrees from the value they were predicted
to reach.
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Conclusion

Induction motors are often subject to stress caused by repeated fast and short
torque transients. These working conditions could lead to overheating some parts of
the motor. The most sensitive parts of an induction motor to thermal overloads are
the stator windings. This thesis proposes a thermal model of the stator windings
which is able to simulate the thermal trend due to heating in induction motor
working conditions. A temperature "estimator" has also been implemented which
is capable of predicting the temperature reached by the windings after a certain
period of time. This model is based on the relationship between motor power
loss and temperature, which can be obtained from experimental data or computer
simulations. Obtaining an accurate estimate of the thermal behavior also allows us
to understand how much it is possible to exploit the motor in certain conditions
without reaching temperatures that could damage the windings and therefore the
motor itself.

For this purpose, a first-order thermal model is proposed in this thesis. The
obtained results are shown in Fig.(4.7) and in Fig.(4.8). The expected results should
show the three temperature curves which, at the end of the transient, converge to
the same value. The results obtained from the tests show instead that these three
temperature curves never reach the same precise value. This failure is attributable
to the simplicity of the first order thermal model which does not take into account
some thermal phenomena. However, since at the end of the thermal transient all
three values considered are within a range of a few degrees, the results obtained
are considered acceptable.

In order to make the estimation of the temperature of the stator windings
more accurate, it would have been possible to implement a thermal model of
the second order or higher which also takes into consideration the motor cooling
phenomena. However, implementing an high-order thermal model would have been

54



Conclusion

much more complex and unnecessary for the purposes of this thesis, given that for
the application of an induction motor an uncertainty of a few degrees is considered
acceptable.
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