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Abstract
The goal of this degree project was to control an induction machine in real-time with
dSPACE and to compare the performance difference between the real machine and
a simulated test. The work was conducted within a larger cooperation project with
Volvo Cars. The aim was to improve simulation accuracy of induction machines.
The controls and the simulations for this project were created in Simulink. The
performance test was carried out in a laboratory environment using dSPACE to
control the machine in real time. Important findings for the control were that
anti-windup was needed for the PI-regulators and that the flux strongly influenced
the performance. For the performance test it was found that the reactive input
power for the real machine was twice as high at no-load as for the same test in the
simulation. Under load, active input power was two times greater for the simulated
test compared to the measurements on the real induction machine. Torque ripple
was large for the real machine but it was stable in the simulations. The reasons for
the differences between the real machine and the simulations were not investigated
further.

Keywords: Induction machine, Field-oriented control, V/Hz, Simulation, dSPACE,
Simulink, Performance test, Real-time control

v





Acknowledgements
This degree project was conducted by two BSc electrical engineering students over 20
weeks and corresponds to 15 ECTS. Thanks to Meng-Ju for providing the parameters
to the large machine. Thanks to Stefan for providing a lot of practical help and safety
checks in the laboratory. Thanks to Douglas for providing safety checks and helping
during the parameter tests of the small machine. Thanks to Qixuan for explaining
how to use dspace and a lot of helpful tips during our work. Thanks to Joachim
and Volvo Cars for the collaboration. Thanks to our examiner Torbjörn for giving
us the chance to work with this project.

Jonathan Blomqwist and Albin Björfelt, Gothenburg, May 2024

vii





Contents

1 Introduction 1
1.1 Problem background . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Purpose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.3 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2 Theory 3
2.1 Induction Machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.1 T-model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1.2 The Inverse-� model . . . . . . . . . . . . . . . . . . . . . . . 4

2.2 Transformations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2.1 Direct and quadrature-vector . . . . . . . . . . . . . . . . . . 5
2.2.2 Clarke . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2.3 Park . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Control of an induction machine . . . . . . . . . . . . . . . . . . . . . 6
2.4 Programs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.4.1 dSPACE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.4.2 Simulink . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3 Case set-up 9
3.1 Main task . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.2 Work procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.3 Control system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.3.1 V/Hz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.3.2 FOC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.4 Tests and measurements . . . . . . . . . . . . . . . . . . . . . . . . . 10

4 Analysis Part 13
4.1 Volts/Hertz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.2 FOC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.2.1 Current Regulator . . . . . . . . . . . . . . . . . . . . . . . . 15
4.2.2 Flux Observer . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.2.3 Speed Regulator . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.2.4 Current Reference Calculator . . . . . . . . . . . . . . . . . . 17

4.3 PWM signals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.4 Inverter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.5 Small Induction Machine . . . . . . . . . . . . . . . . . . . . . . . . . 19

ix



Contents

4.5.1 DC-test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.5.2 Locked Rotor test . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.5.3 No Load test . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.5.4 Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.5.5 Measurements for parameter tests . . . . . . . . . . . . . . . . 22
4.5.6 Measurements for the dSPACE controller . . . . . . . . . . . . 22

4.5.6.1 Speed Measurement . . . . . . . . . . . . . . . . . . 22
4.5.6.2 Current Measurement . . . . . . . . . . . . . . . . . 23
4.5.6.3 Other measurements . . . . . . . . . . . . . . . . . . 23

4.5.7 Testing the controllers . . . . . . . . . . . . . . . . . . . . . . 23
4.5.7.1 V/Hz . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.5.7.2 FOC . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.6 Large Machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.6.1 Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.6.2 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.6.2.1 Speed Measurements . . . . . . . . . . . . . . . . . . 25
4.6.2.2 Picoscope Measurements . . . . . . . . . . . . . . . . 28
4.6.2.3 Current Measurements for the Controller . . . . . . . 28

4.6.3 Testing of controllers . . . . . . . . . . . . . . . . . . . . . . . 28
4.6.3.1 V/Hz . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.6.3.2 FOC . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.6.4 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.6.4.1 DC-machine . . . . . . . . . . . . . . . . . . . . . . . 29
4.6.4.2 Simulations . . . . . . . . . . . . . . . . . . . . . . . 29
4.6.4.3 Results of the test . . . . . . . . . . . . . . . . . . . 30

5 Discussion 37
5.1 Control systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

5.1.1 Small machine . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.1.1.1 V/Hz . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.1.1.2 FOC . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

5.1.2 Large machine . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.1.2.1 V/Hz . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.1.2.2 FOC . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5.2 Performance test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
5.3 Sustainability, ethical and environmental perspective . . . . . . . . . 40

6 Conclusion 41
6.1 Current work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

6.1.1 Controllers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.1.1.1 V/Hz . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.1.1.2 FOC . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

6.1.2 The Performance test . . . . . . . . . . . . . . . . . . . . . . . 41
6.1.2.1 Power . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.1.2.2 Flux and Speed . . . . . . . . . . . . . . . . . . . . . 41
6.1.2.3 Currents . . . . . . . . . . . . . . . . . . . . . . . . . 42
6.1.2.4 Voltages . . . . . . . . . . . . . . . . . . . . . . . . . 42

x



Contents

6.1.2.5 Torque . . . . . . . . . . . . . . . . . . . . . . . . . . 42
6.1.3 Performance of the machine . . . . . . . . . . . . . . . . . . . 42

6.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

Bibliography 43

A Appendix I

xi



Contents

xii



1
Introduction

1.1 Problem background

The transition to fully electric vehicles (EVs) places great demands on the develop-
ment and simulation of electric machines. Today the most widely used electric ma-
chine for electric vehicles is the permanent magnet synchronous machine (PMSM).
However, the capabilities of the vehicle can be improved by introducing a second
electrical machine, the asynchronous machine (AM), also called induction machine
(IM). The IM and the PMSM can work great together by complementing each other.
However the induction machine is lagging behind in case of simulation and mod-
elling. It would thus be of great advantage for the improvement of EV capabilities
to further investigate simulation and modelling accuracy of the IM. [1]

1.2 Purpose

The purpose of this project is to increase the simulation and modelling accuracy of
induction machines. Using �eld-oriented control an induction machine will be tested
and then simulated in Simulink. By analysing the di�erences in real measurements
and simulated measurements the goal is to identify the underlying causes of the dif-
ferences. This work can therefore help to facilitate the implementation of induction
machines in the vehicle industry and other applications.

1.3 Limitations

The primary part of this project will focus on the actual creation and implementation
of the IM control and conducting tests. The simulation of the machine will not be
built from scratch in this project. A Simulink toolbox model for an IM will be used
for the simulation.

1
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2
Theory

2.1 Induction Machine

The IM is an asynchronous AC-machine. Unlike synchronous machines (SMs), for
example the PMSM, the IM is magnetized from the stator. Through a supply of
three-phase voltages to the windings in the stator a rotating electromagnetic �eld
is created. The speed that this �ux is rotating with is controlled by the supply
frequency and is called thesynchronous speed(! 1). When the rotor is rotating at
the same speed as the synchronous speed, no torque will be generated in the rotor.
However, when the rotor rotates at a di�erent speed, forces generated in the rotor
windings will try to restore the rotational speed of the rotor to the synchronous
speed. According to Lenz' law a current will be induced in the rotor windings if the
rotor is lagging behind the synchronous speed of the stator �eld. A current in an
electromagnetic �eld creates force, which gives theelectrical torque. [2]

2.1.1 T-model

The most widely used model for the induction machine is the T-model. In this
model, shown in �gure 2.1,Rs represents the winding resistance of the stator.L s�

and L r� represents the leakage inductances of the stator and rotor.Lm is the mutual
inductance between the stator and the rotor. The voltage source in series with the
rotor resistanceRr , is called the rotor emf. It is the rotor emf that represents the
conversion from electrical power to mechanical power. [2]

3



2. Theory

Figure 2.1: The T-model representation of an IM whereUs, I s, I m , I r and s are
the stator voltage, stator current, magnetising current, rotor current and the slip,
respectively.

2.1.2 The Inverse- � model

To simplify the T-model the inverse-� model can be used. It has less parameters and
is therefore more desirable when designing a controller for the induction machine.
The inverse-� model is shown in �gure 2.2. [2]

Figure 2.2: The inverse-� model representation of an IM whereUS, I S, I M and
I R are the stator voltage, stator current, magnetising current and rotor current,
respectively. RS, L � , LM and RR are the stator resistance, total leakage inductance,
mutual inductance and rotor resistance denoted with capital letters to underscore
that they are in inverse-� representation.
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2. Theory

2.2 Transformations

2.2.1 Direct and quadrature-vector

When talking about motor control there is three di�erent frames or "perspectives"
of voltage and currents. There is the normal "real" frame in three-phase, the "alpha
and beta" stationary frame in two-phase and the "direct and quadrature" rotating
frame.

Due to the fact that balanced three-phase quantities always add to zero (called
zero-sequence) at any given time no information is lost when transforming to a two
phase system. The two phases in the stationary frame called alpha and beta can be
further transformed. This is done by removing the rotation and therefore viewing
the two phases as DC values instead of AC values. The two phases in this rotating
frame is called direct and quadrature vectors (d and q vectors). When discussing
currents in an induction motor it is preferable to align the d-current vector with the
rotor �ux and q-current vector shifted 90 degrees from the d-current vector. This
way the rotor �ux, or magnetisation of the machine, can be controlled purely by
controlling the d-current. The q-current becomes a representation of the torque in
the motor and can also be controlled individually. [3]

2.2.2 Clarke

The Clarke transformation is a transformation used for identifying the real and
imaginary part of a current or voltage. In this project it is used for transforming
three-phase voltages and currents to two-phase. This two-phase representation is
called alpha-beta frame or stationary frame. The following equations explain the
Clarke transformation for three-phase currents but can also be used for voltages [2]

i � =
2
3

i a �
1
3

(i b + i c) (2.1)

i � =
2

p
3

(i b � i c) (2.2)
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p
3

�
1

p
3

3

7
7
7
5

�
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i a

i b
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This can also be done the opposite direction, from two-phase stationary frame to
three-phase signals, using the Inverse Clarke transformation

i a = i � (2.4)

i b =
� i � +

p
3i �

2
(2.5)

i c =
� i � �

p
3i �

2
(2.6)
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2.2.3 Park

It can sometimes be bene�cial to use real-valued vectors instead of complex space
vectors. This can be done by transforming two-phase currents or voltages into a
rotating reference frame, also called direct- and quadrature frame (dq-frame), using
the Park transformation [2]

i d = i � cos(� ) + i � sin(� ) (2.8)

i q = i � cos(� ) � i � sin(� ) (2.9)

or,
"
i d

i q

#

=

"
cos(� ) sin(� )

� sin(� ) cos(� )

# "
i �

i �

#

(2.10)

Similarly, the reverse transformation, from rotating reference frame to stationary,
can be done using the Inverse Park transformation

i � = i dcos(� ) � i qsin(� ) (2.11)

i � = i qcos(� ) + i dsin(� ) (2.12)

or,
"
i �

i �

#

=

"
cos(� ) � sin(� )
sin(� ) cos(� )

# "
i d

i q

#

(2.13)

2.3 Control of an induction machine

To control the operation of an IM the voltage supplied to the stator needs to be
regulated and controlled in a manner that satis�es the implemented control. There
are many di�erent methods for controlling an IM, with some being very simple and
some quite complex. Here two control methods will be explained.

Volts by Hertz (V/Hz) is a simple control program that proportionally changes
supplied voltage amplitude depending on the requested frequency. In this way the
speed can be controlled, but the torque cannot. This control is typically open-loop,
i.e there is no feedback in the system.

6



2. Theory

Figure 2.3: The dSPACE DS1104 controller board with connections.

Field-oriented control (FOC) is a more complex method that relies on individually
controlling the d- and q-currents to steer the machines operation. This control is
typically closed-loop, i.e some variable outputs are fed back as inputs to the program.

In the analysis part of the report these control methods will be explained in more
detail.

2.4 Programs

2.4.1 dSPACE

dSPACE DS1104 is a R&D controller board. Together with the program dSPACE
controldesk it is used to send and receive signals, ultimately realising real-time
operation. In this project it is used as a platform for the control programs created
in Simulink to be able to use them for real control and measurements. A picture of
the board used for this project is shown in �gure 2.3.

2.4.2 Simulink

Simulink is an extension of MATLAB with a block diagram environment. It is used
for designing the control programs and also for simulating operation of an IM with
the control programs.

7
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3
Case set-up

3.1 Main task

The main task and goal of this project was to be able to control and evaluate the
IM. To control the machine and be able to run it in di�erent operational points a
control program is needed. The control program was created in Simulink. dSPACE
was used to link the program in real-time to the physical IM. Using an inverter,
an IM, a control system and some measurement tools the machine was operated in
some speci�c operation modes. During this performance test measurements were
taken in order to evaluate the machine's torque ripple and losses. The performance
test was also simulated in Simulink and the results were compared with the real
measured results.

3.2 Work procedure

The work began with a study of the theory behind the control systems that were
created in this project. With the acquired knowledge a goal was set to successfully
control the d and q currents with the FOC in Simulink. Simultaneously the V/Hz
control was developed and tested through simulations in Simulink.

With the controllers mostly �nished and ready for real life testing the focus was
switched to the parameterization of a smaller machine. The thought was to use a
small 2-pole induction machine of 370 W to carry out primary testing and evalua-
tion of the newly created control programs. The parameters were acquired and the
controls were tested which led to the discovery of some �aws and inconsistencies
within the control programs. The controls were changed and developed accordingly
until they were safe and stable enough to be used on a larger machine.

With updated control programs the goal was to successfully control the speed of
a large induction machine. This machine, which throughout the report will be
called "large machine", was already parameterized and therefore most of the param-
eters were given. The V/Hz and FOC programs were implemented in dSPACE and
eventually successfully used to control the machines operation. The large machine
was then loaded with a DC-machine during a performance test and the results were
recorded. The performance test was also simulated in Simulink, which had the goal
of being as identical to the real test as possible. With the recorded measurements
of stator voltages, currents, speed, torque and estimated rotor �ux the performance

9



3. Case set-up

as well as losses of the motor were discussed. The di�erences between measured and
simulated results were also discussed.

3.3 Control system

For this project two control systems for an induction machine were created. V/Hz
control, which is one of the most simple control methods, was primarily used in the
beginning of testing the machine. For the "main" test with the large machine FOC
was used.

3.3.1 V/Hz

The V/Hz control was done as an open-loop control. The control has speed reference
as an input. Depending on the speed reference the control will decide the frequency
and the amplitude of the stator voltages. In turn the switch signals sent to the
inverter will be generated.

3.3.2 FOC

The FOC was done as a closed-loop control. The FOC's main objective is to control
the stator voltages to achieve the requested speed of the motor. This should be
done in a manner that satis�es the requested d and q currents. The program will
have two PI-regulators of the �rst order. One for the torque reference and one
for the voltage reference. With the input of speed reference the control should
calculate the torque reference for the motor. The torque reference is then used
for generating the appropriate d and q current references. The d and q current
references is then used for generating the corresponding d and q voltage references,
which through transformations is transformed to three-phase voltage references. The
voltage references is then used to generate the correct signals to be sent to the
inverter switches and thus the inverter will generate the requested voltage supply.
As this control is closed-loop the speed and currents should be fed back and used in
the control.

3.4 Tests and measurements

The small machine that was used as a testing and development platform for the
controllers was present in two parts of the project, with the �rst one being param-
eterization of the small machine. During this part a no load test, locked rotor test
and a "DC-test" resistance measurement were conducted. These tests were done in
a lab environment with access to a coupling desk and precon�gured measurement
connections for measuring voltage, current and power. As a result the parameters
of the machine could be estimated and then used in the control programs and for
simulations.

10



3. Case set-up

The other testing and measurement part, during which the small machine was used,
was for testing of the V/Hz and FOC controls. These tests were conducted in
another lab environment where more connections had to be done manually. The
inverter, dSPACE I/O connection board, the small machine and measurement tools
had to be connected.

The large machine was �rst operated with V/Hz control in order the check the con-
dition of the machine and verify the connections. FOC was then used for the test
which was recorded and analysed. Measurements of voltages, currents and torque
were made through a device called picoscope, whilst speed and estimated rotor �ux
were measured through dSPACE control desk. The test included a magnetisation
period, a speed reference step and a load torque step and was conducted over a 20
second period. An identical test was implemented and simulated in Simulink.

11



3. Case set-up
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4
Analysis Part

Here the work and the obstacles encountered throughout the project is presented.
The results from the tests, explanations of the control programs and how the mea-
surements were taken is displayed in this chapter.

4.1 Volts/Hertz

V/Hz control is a traditional and simple open-loop control technique used for speed
control of inverter-fed induction machines. The main method of V/Hz is to vary
the stator frequency to linearly decide the voltage fed to the IM. The linear relation
between frequency and voltage means that when the frequency is zero the voltage
will be zero, and when the frequency reaches base value (max value) the voltage
also reaches max value. The relation between frequency and voltage comes from
the desire to keep the �ux constant. It is based on the steady-state stator voltage
equation [4]

Us = RsI s + j! 1 s (4.1)

If the voltage drop over the stator resistanceRsI s is neglected in (4.1) we get the
following relation

Us

w1
�  s = CV=Hz (4.2)

which will be called the V/Hz constant CV=Hz throughout the report. In �gure 4.1
a normal V/Hz operation is displayed.

13



4. Analysis Part

Figure 4.1: A graph showing a typical V/Hz control where f , us, umax ,  s and
 sN are the frequency, stator voltage amplitude, maximum voltage of the inverter,
stator �ux amplitude and nominal stator �ux, respectively. It can be seen that the
voltage us and the frequencyf are proportional until base speed is reached (50 Hz).
After that the �eld weakening begins.

By keeping the �ux constant the V/Hz control can provide constant torque up to
base speed. When base speed is reached the maximum voltage is also reached. The
maximum voltage cannot be exceeded but the frequency can still be increased at
the expense of losing some torque capability. This is called �eld weakening.

For the project this has been implemented in Simulink. With the use of the relation
in (4.2) the desired synchronous speed! 1ref (input) is multiplied with the stator
�ux reference  sref (constant) to calculate the reference stator voltage amplitude
usref

usref =  sref ! 1ref (4.3)

The voltage reference is then put in to the stationary frame by giving it a rotation

Us
sref = usref ej� 1 (4.4)

Us
sref = us� + ju s� (4.5)

whereUs
sref is the complex representation of the voltage reference in the stationary

frame. us� and us� are the voltages in alpha and beta direction.� 1 is the rotational
angle which is the integral of the speed reference! 1ref .

After the voltage reference in alpha and beta directions has been made it is trans-
formed to three-phase voltagesusa, usb and usc using the inverse-clarke transform.
It is with these reference phase voltages that the pulse width modulation (PWM)
control signals are created and sent to the inverter, which in turn generates the ac-
tual three-phase voltages fed to the IM. In Simulink the built-in induction machine
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model has been used. The output current of the IM block is in three-phase so this
is transformed to alpha-beta using the clarke transform.

The full Simulink model for V/Hz used in this project can be found in appendix
A.1.

4.2 FOC

The FOC is a closed-loop control. The FOC consists of a number of blocks, each
block in the system has some inputs and provides the requested outputs. The FOC's
main objective is to control the stator voltages to achieve the requested speed of the
motor. This should be done in a manner that satis�es the requested d and q currents.
The full Simulink model for the FOC used in this project can be found in appendix
A.2.

4.2.1 Current Regulator

By using a current regulator the idea is to be able to control the torque more pre-
cisely. This is because the torque is a direct result of the armature current. The
starting currents are also kept lower with a current regulator, as the currents are
directly controlled and this causes less tearing of the motor. [2]

The current regulator uses a PI-regulator and the gain constants are selected based
on the parameters of the machine and the required rise time of the process. The idea
of the current regulator is that the closed loop system should be a �rst order low
pass �lter [5] and so the closed loop system with the PI constants can be formulated
as

Fc(s) = kpc +
kic

s
= acL̂ � +

ac(R̂R + R̂S)
s

(4.6)

and that the proportional kpc and integration kic constants are based on the param-
eters of the machine andac which is dependent on the required rise time

ac =
log(9)

Rise T ime [s]
(4.7)

kpc = acL̂ � (4.8)

kic = ac(R̂R + R̂S) (4.9)

Later in the project an anti-windup part was added to the current regulator. This
was done by adding a feedback of the control signal to the input of the I-regulator.

4.2.2 Flux Observer

In order to estimate the �ux in the rotor the current model (CM) was used. The
CM needs a speed sensor to measure the rotor speed of the machine. One very good
property of the CM is that it is the only known �ux estimator that is particularly
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stable for low speed operations [2]. This is extra sought after in this project since
one of the main obstacles might be to get the machine to rotate at all.

The method used in this project is the indirect �eld orientation (IFO) rather than
the direct �eld orientation (DFO) based on the preference to work with constant
quantities in the steady state and thatw1 is an explicit variable in the control sys-
tem for IFO [2].

The created controller for �ux estimation is based on these relations for the induction
machine

^ R = i sd
R̂R

s + R̂R
^L M

(4.10)

ŵ2 =
^RR i sq

^ R

(4.11)

ŵ1 = wr + ŵ2 (4.12)

^� rf = �̂ 1 =
Z

ŵ1dt (4.13)

4.2.3 Speed Regulator

The idea of the speed regulator is to be able to keep the speed constant over time
regardless of external disturbances. The speed regulator works similar to the current
regulator as it utilises a PI-regulator to regulate the error between the requested and
measured speed. The speed regulator compares the requested speed with the mea-
sured speed of the motor and the resulting error is multiplied with a proportional
constant and integrated and multiplied with an integrating constant. The propor-
tional and integrating constants are based on the characteristics of the machine and
are based on the following relations [6]

aw =
log(9)

Rise T ime [s]
(4.14)

kpw = aw Ĵ (4.15)

kiw = awB̂ (4.16)

The resulting output from the speed regulator is the requested torque that the ma-
chine needs to adjust to the correct speed.

An anti windup was also implemented in the speed regulator since if the requested
torque could not be realised because the requested currents became too high, then
the integrator would keep increasing the requested torque so that it became unrea-
sonably high. It would thus take a while for the PI-regulator to wind-down until
it could request reasonable torques again. With the anti windup this problem was
avoided.
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4.2.4 Current Reference Calculator

The idea of the current reference calculator is to calculate the correct currents based
on the requested torque and �ux and the parameters of the machine. The calculator
also takes into account the rated current of the machine and limits the currents ac-
cordingly. If the requested torque is limited, it will be sent back to the anti windup
in the speed regulator.

A �eld weakening calculation is also implemented in this block. If the speed of
the motor is above the speed for �eld weakening the �ux will be decreased propor-
tionally to the speed of the motor.

4.3 PWM signals

A three phase inverter is able to produce six voltage vectors and two zero vectors
but to be able to use any voltage vector inside the hexagon, PWM has to be used.
For linear modulation the maximum magnitude of the voltage vector is the circle
inside the hexagon in �gure 4.2 and the radius of the circle isumax = Udc=

p
3 [7].

Figure 4.2: The switching states of a three phase inverter, six voltage vectors and
two zero vectors. With PWM and linear modulation all voltage vectors inside the
circle can be accessed.

To create PWM signals the idea is to compare the control signals with a triangular
carrier wave to generate the correct switching pattern for the three phase inverter.
To do this the control signals have to be normalised to go between 0 and 1 just like
the carrier signal. By dividing the original sinusoidal voltage waveforms withUDC

the new signal will move between12 and � 1
2 and by adding 1

2 the new signal will go
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between 0 and 1 according to

da =
1
2

+
ua;ref

UDC
(4.17)

db =
1
2

+
ub;ref

UDC
(4.18)

dc =
1
2

+
uc;ref

UDC
(4.19)

This new control signal with a duty cycle from 0 to 1 will then be compared to
the carrier wave. However the problem with this technique is that only 87% of the
radius of the circle inside the hexagon can be used.

To solve this problem and to extend all the way out in the circle a new sine wave
is added to the signal with a frequency three times the fundamental frequency [7].
This new sine wave is called the zero sequence,

� = �
min (ua;ref ; ub;ref ; uc;ref ) + max(ua;ref ; ub;ref ; uc;ref )

2
(4.20)

(4.21)

and by adding the zero sequence to the other signals the new duty ratios for the
signals is created

da =
1
2

+
ua;ref +�

UDC
(4.22)

db =
1
2

+
ub;ref +�

UDC
(4.23)

dc =
1
2

+
uc;ref +�

UDC
(4.24)

and with these new duty ratios the whole circle in 4.2 can now be accessed.

4.4 Inverter

It is the inverter that uses the generated duty ratios to generate the real voltage
signals. In real applications this is done by comparing the duty ratio signals to
a triangular carrier wave, which in turn decides when the switches of the inverter
should turn on or o�. The particular sequences of switching as a result of the duty
ratios sent to the inverter will generate a PWM sine voltage wave. In the simulations
a built-in inverter block was used. For the real measurements a real inverter is used.
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4.5 Small Induction Machine

Since the large machine had low resistances there was some concern that the starting
currents might get too high. Too avoid this it was decided that the controls would
be tested on a smaller machine �rst in order to minimise the risk of damaging the
large machine in any way. Before the tests on the small machine could be performed
the parameters had to be measured. The machine nameplate is shown in �gure 4.3.

Figure 4.3: The nameplate of the small induction machine used for testing the
controllers. It has a rated power of 0.37 kW and nominal speed of 2840 rpm when
operated with a 50 Hz voltage source.

4.5.1 DC-test

The DC-test was performed by �rst applying a DC voltage to the machine and
increasing it until rated current was reached. Thereafter a multimeter was used to
measure the voltage drop over two of the stator windings, since the machine was
star-coupled. The resistance of the stator windingsRs was calculated by using the
following formulas

RDC =
UDC

I DC
(4.25)

Rs =
RDC

2
(4.26)

19



4. Analysis Part

4.5.2 Locked Rotor test

The locked rotor test was done using a lower source voltage than the grid due to the
fact that it was preferable to keep the shaft torque reasonably low. Even though
this makes the parameters a little more inaccurate it was necessary to prevent or at
least minimize the risk of damaging any equipment, as the chosen method of locking
the rotor was not the most reliable choice.

First the grid supply was connected to a star-delta connected three-phase trans-
former of 230/130 V giving a line-to-line voltage of 130 V. After the transformer a
variable autotransformator was connected allowing the source to be varied through
turning a knob. Then the motor was connected. The rotor of the IM was locked by
wrenching the motor in place and attaching a metal bar to the rotor keeping it in
place when the rotor starts rotating against the table. This can be seen in �gure 4.4.

The parameters approximated from the locked rotor test were rotor resistanceRr ,
stator leakage inductanceL s� and rotor leakage inductanceL r� . During the test the
voltage was gradually incremented up to about 26 V where the voltages, currents
and powers were recorded. The parameters were then calculated using the following
relations

R0
r =

P3ph;lockedrotor

3I 2
s;lockedrotor

� Rs (4.27)

X s + X 0
r =

Q3ph;lockedrotor

3I 2
s;lockedrotor

(4.28)

X s = X 0
r =

X s + X 0
r

2
(4.29)

L s� = L0
r� =

X s

2�f
(4.30)

4.5.3 No Load test

For the no load test the IM was direct started through a direct connection to the
grid (400 V and 50 Hz) and operated at a speed close to base speed (3000 rpm)
with no torque load. This was done to get a good approximation of the parameter
values. The parameter that could be approximated from the no load test was the
magnetizing inductanceLm . The voltage, current, active power and reactive power
was measured during operation. Magnetizing inductanceLm was then calculated
according to

X m =
Q3ph;noload

3I 2
s;noload

� X s (4.31)

Lm =
X m

2�f
(4.32)
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