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Thesis Supervisor: Asst. Prof. Meltem Elitag

Abstract

Electrical machines and electrical drives have a large number of applications in the in-
dustry such as automobile industry, energy equipments, robotics etc. These industries
and research and development institutes, are in constant demand of qualified graduates
who are trained in the respective fields. The academic institutes regularly update the
curricula for training the graduates in line with these demands. Laboratory experi-
ments, being an integral part of the curriculum, also needs regular updates. However,
setting up and upgradation of a laboratory can be a difficult process due to financial
and space constraints. Hence, development of a compact, low cost and easy to operate
laboratory setup is always in demand.

Keeping in view the above needs, work has been carried in this thesis for the upgrada-
tion of an existing Mechatronics lab setup, Mechatro Lab. It is a compact and economi-
cal laboratory setup for the study of electrical machines. It is capable of demonstrating
the working of various AC and DC motors. The setup, although good for performing ba-
sic open loop experiments, lacked closed loop control experiments. Moreover, the drive
circuitry and the controller are obsolete. This setup, if upgraded, had the potential to
be an excellent teaching aid for understanding the basics as well as control techniques
of electrical machines. This thesis aims to replace the obsolete hardware components
and add closed loop speed control experiments to the existing experiments. The closed
loop speed control experiments have been implemented in computer software, hardware

and their results are presented.
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ELEKTRIKLI TAHRIK SISTEMLERI EGITIMI ICIN KOMPAKT BIR DENEY
SETI

Shoaib Imtiyaz Shaikh
ME, Yiiksek Lisans Tezi, 2016

Tez Damismanlar: Yrd.Doc¢.Dr. Meltem Elitag

Ozet

Elektrik makinalari ve elektrikli tahrik sistemleri otomotiv, enerji ve robotik gibi birgok
endiistriyel uygulama alanina sahiptir. Bu alanda caligan sanayi ve aragtirma ku-
ruluslar1 saygin egitime sahip nitelikli mezunlara ihtiya¢ duyarlar. Akademik alanda
¢alisma yapan enstitiiler bu ihtiyaca yonelik diizenli olarak miifredatlarinin yenilenmesi
egiliminde olurlar. Laboratuvar ortamindaki deney setlerinin de niteliklerinin arttiril-
mas1 gerekmektedir. Ancak, bu deney setlerinin yenilenmesi ve niteliklerinin arttirilmasi
finansal ve fiziksel yerlerinin miisait olmamasi gibi nedenlerle oldukca zor bir agamadir.
Bu sebeple ucuz ve kolay uygulanabilir deney seti olugturmaya her zaman gereksinim
duyulmustur.

Yukarida belirtilen ihtiyaclar goz oniine alindiginda, Mekatronik laboratuvarindaki
mevcut deney setinin yenilenmesi bu tez ¢alismasinin konusu olmustur. Bu deney seti
elektrik makinalar igin oldukca kompakt ve ekonomik bir set olup farkli birgok AC ve
DC elektrik makinasii galigtirabilir konumdadir. Mevcut durumda deney seti birgok
acik cevrim kontrolii gergeklestirebilir durumda olmasina ragmen, kapali ¢evrim kon-
trol uygulamalarinda eksikleri mevcuttu. Ayrica siiriicii elektronik devreleri oldukga
eskiydi. Bu sebeple, mevcut deney setinin yenilenmesi elektrik makinalar1 ve kon-
trol tekniklerinin temellerinin anlagilmasi i¢in ¢ok bagarili bir yardimci eleman ola-
cagl diigiiniilmektedir. Bu tez caligmasi mevcut deney setindeki eski donanimlarin
yenilenerek kapali ¢evrim hiz kontrolii deneylerinin de yapilabilir hale getirilmesini
amaclamigtir. Kapali ¢evrim hiz kontrolii deneyleri bilgisayar destekli yazilimlar yardimi-

yla yapilmigtir ve sonuglar ¢alismada gosterilmistir.
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Chapter 1

Introduction

1.1 Introduction

Laboratory experiments play an important role in technical education and research.
Generally, setting up experimental test benches is not feasible due to financial con-
straints, space requirements and technical expertise needed to operate them, especially
in electrical engineering. One of the core areas of electrical and mechatronics engineer-
ing is the study of electrical machines and power electronics. Electrical machines are of
various types based on the construction and the input power supply such as DC motor,
synchronous motor, induction motor and stepper motor to name a few.

The combination of various electrical machines in one trainer setup with less space
requirement and low cost is always in demand. One such product, The Mechatro Lab,
was developed by Showa Dengyosha Co. Ltd. in the early 1990’s. The Mechatro Lab
is a compact mechatronics lab setup which can be used to demonstrate the operation
of various motors. The setup consists of a drive circuitry, motor current and speed
measurement devices and an assembly to build different motors. DC machines, AC
machines (Synchronous and Asynchronous), Stepper motors are a few of the motors
that could be assembled and experimented upon. The drive circuitry included a 3-
phase inverter consisting of Power MOSFET’s. These MOSFET’s are driven by a
PWM signal from a micro-controller.

Although this is a compact and economical setup, it is limited to test the motors in



open loop only. In other words, it lacks the closed loop control experiments of the mo-
tors. Additionally, the micro-controller used is based on the 8080, 8086 micro-processors
which are no longer available in the market. The MOSFETSs and other circuitry is also
obsolete. In case any of these components malfunctioned, it would be difficult to find an
exact replacement. Hence, the drive circuitry needed a complete overhaul. This trainer,
if improved, can work as an excellent training module for understanding the basics as

well as the implementation of various control techniques on electrical machines.

1.2 Literature Review

The study of electrical machines and power electronics is an integral part of electrical
engineering. Due to its broad range of applications in the industry, it is mandatory that
the students graduated with electrical engineering degrees should have understanding
of them. This is possible if the students are trained in such a way that they have
hands on experience while mastering the theoretical concepts. Since, these courses are
difficult to understand if some practical experiments are not included in the course,
laboratories are used as an aid to the classroom education. In [1], the authors were
able to restructure the electric drives course by integrating power electronics, electric
machinery and control in a single course. A DSP based laboratory was also built to
be used in under-graduate as well as advanced level courses. Numerous approaches
have been tried to develop and teach these courses so that students are trained to
meet the needs of the industry and research institutions. These approaches include the
traditional laboratories approach, computer based simulations and remote lab approach
[2].

In the traditional laboratory approach, students perform experiments in small groups
on existing setups available in a laboratory. In this approach, a commonly utilized
method in the course and lab work is the building blocks method[3][4]. In this method
the course topics are broken down into modules which are sequenced appropriately.
Each module has its own set of experiments. This way the whole course content is

covered in class leading to a better understanding.



The laboratory setup of power electronics and electric machinery requires the in-
corporation of gate driver circuits, supply isolation and controller circuitry. Making a
working setup of these circuitry may take a considerable amount of time. This problem
can be addressed by using a black box approach in which pre-built circuits can be inter-
connected to obtain a full working circuit in less time. A drawback of this approach
is that if the inner circuit is not accessible it may lead to incomplete understanding
of the experiments. An alternative to this approach is the blue box approach|5][6]. In
this approach the pre-built circuitry is studied before they are implemented in the ex-
periments. As the course progresses the students have a better understanding of these
circuits and are equipped with the knowledge to build it themselves.

Project based learning in the laboratory is another approach which has been adopted
[7-9]. In a traditional laboratory setting, students are expected to follow a set of
instructions to perform an experiment. This way of teaching usually fails to create
enthusiasm for learning. Whereas if the students were given real world projects based
on the theory covered in the lectures, it would increase their motivation and enhance
their learning [10]. A project may need knowledge of other related fields and it would
motivate the students to learn about them and enhance their learning. L Goel, et al. in
[11] suggested modifying the course content to be fully project based. In this approach,
more emphasis is given on the practical implementation with the related theory being
covered in class.

Some equipment in a physical lab may have a high cost, space constraints or safety
concerns. In such a situation computer based simulations are the best solution. Sim-
ulations in electric machinery are helpful in understanding the dynamic behavior and
analyzing its performance which may be unclear after reading the theory. It also pro-
vides us with the opportunity to test the machine response for unfavorable conditions
without physically creating those conditions. This saves time and money and gives a
glimpse of the machine response beforehand. Moreover, students can work using their
own personal computers at a time and place convenient to them|[12-14].

The computer programs such as MATLAB/Simulink, LabVIEW, Multisim, PSPICE

are some of software’s that have been integrated in the teaching methodology and are



widely used in the universities. In|[15], the authors discuss the PSPICE and MATLAB/
Simulink applications in power electronics and electric drive system. As an exam-
ple they implemented a DC—AC inverter circuit and a buck—boost converter using
PSPICE and vector control of induction motor in Simulink. In [16], the authors recom-
mend the utilization of Multisim to study and simulate power electronics circuits like
power converters, frequency converters etc. They base their recommendation on the
presence of numerous relevant libraries and built in data processing tools. In this thesis,
MATLAB/Simulink is selected as the simulation tool due to its ease of availability and
presence of relevant inbuilt libraries [15][17]. Although computer based simulations are
advantageous, there are concerns about excessive reliance on them, which could lead to
a disconnection between the real and simulated world. Moreover, simulations involve a
simplification of the actual model, which needs to be considered while interpreting the
results [14],[18-20].

A third approach that is being used in the power electronics and electrical machine
labs is that of a remote laboratory|21]. The students are connected to the lab via
the internet and can perform the experiments in real time. A camera is also used to
display the real time status of the lab while performing the experiments. The students
can change the parameters of the experiment, observe the results as well as download
data. The students have access to the lab 24x7, unlike the traditional labs which are
available at fixed times and physical presence is necessary. A number of experiments
have been carried out in this regard[22][23|. In|24] the authors implemented experiments
on a dc motor via remote access. The users can control the speed of the DC motor
using a PID controller. They can vary the parameters, change the reference speed and
store and download the speed response of a motor. Additionally experiments were also
performed on coupled tanks|25], helicopter|26], ball and beam|27], dc-dc converter|[21],
inverted pendulum|28] to name a few.

Remote labs can be considered as an intermediary between the simulations approach
and the traditional labs. This approach is favorable when lab space is limited or there is
a requirement of distance learning. Distance learning is helpful for students belonging

to institutes which do not have the required lab setup. Such institutes can collaborate



with a remote facility and provide the benefits of a regular lab to their students.

Taking into account the above three approaches, work has been carried out in this
thesis to develop a compact lab setup for the study of electric drives by senior under-
graduate and graduate electrical engineering students. It is a combination of the com-
puter simulation and the traditional laboratories approach and can also be extended to
accommodate the remote laboratory approach.

Finally, a short literature review of power converter is given here, without which
the realization of modern applications may not be possible. Electric drives require a
power converter between the source and the machine which connects and controls the
power flow between the sources and the machine [29][30]. The type of power which
operates the machine and the source may not be of the same type. In such a case
power converters are used to perform the necessary conversions. As the converters are
the link between the sources and the machines, they must be designed in such a way
that they consume very little amount energy as possible[31]. The energy consumed
by the converter reduces the efficiency of the conversion, hence they must be highly
efficient. The use of modern control techniques especially sliding mode control has
brought the converter technology much forward to be used in modern applications such

as wind energy, motion control, robotics to name a few[32][33].



Chapter 2

System components and Thesis

objectives

Laboratories generally need a large amount of space and are also in need of regular
modernization, to keep pace with the demands of the industry. Establishment as well
as modernization of laboratories also requires sufficient financial resources. Hence, the
development of a compact, economical setup which can be used for performing basic as
well as research oriented experiments will be an important addition for both, research
and education. Due to these needs, a Mechatronics lab setup is developed for the study

of electrical machines. Its components are discussed in this chapter.

2.1 Current Mechatro Lab Structure

The current Mechatro Lab setup consists of:

1. Power Supply unit (KENTAC-2202P-1): The power supply unit consists of two

power supplies

(a) DC 60V Power Supply 0-60V Approx, 0-4A Approx.

(b) DC 18V Power Supply 0-18V Approx, 0-2A Approx.

2. Power converter unit and micro-controller: The DC - AC converter is standard 3

phase bridge interconnected to a Z8080 microcontroller board suitable for open



loop operation of different machines. The Z8080 board is not operational thus
the converter cannot be used and speed control experiments of only DC machines

can be operated.

3. Motor housing unit: It consists of stator and rotor assemblies as shown in Figure

2.1

#m@*®" MECHATRO
A

A

KENTAC-22(

SHOWA DENG

Figure 2.1: a) AC stator, b) 6-coil concentrated stator ¢) permanent magnet field stator

(a) Stator assembly: It consists of 4,8 pole distributed winding stator, 6-coil

concentrated winding stator and permanent magnet field stator

(b) Rotor assembly: It consists of squirrel cage (copper and brass) rotor, reluc-
tance rotor, hysteresis rotor, eddy current rotor, VR-type stepping rotor, 2

and 4 pole permanent magnet rotor and a commutator rotor.

AC stator: The AC stator has the option of having either 4 or 8 poles. The three phase

terminals are available to connect them in either star or delta fashion.



6 coil concentrated stator: This stator can be used for the three phase stepper motor.
Permanent magnet field stator: This stator is used for DC motor. The stator houses a
ferrite type permanent magnet and has one pole pair. The rotor is fixed in the stator

and should not be removed to maintain high efficiency.

2.2 Objective of the Thesis

The focus of this thesis is the up-grade of the Mechatronics trainer - Mechatro Lab.
The main objective is to augment structure and equipment and allow application of the
contemporary control techniques on electrical machines and in later stage on the power
electronics converters.

The current structure should be augmented to allow extensive experimental work in
closed loop electrical machines control. The overall structure of the desired laboratory

structure can be described as in Figure 2.2.

Power Supply
y
Computer- Micro- Power Motor
Graphical o controller > converter > hOUSing
user board board
interface
A
Current v Speed v
feedback feedback

Figure 2.2: Overall structure of Mechatro Lab




1. Power converter board: Operated from the available sources up to 200V supply
and able pass a highest current of 5A at room temperature. It also needs an
optocoupler IC which isolates the micro-controller board from the high currents

in the board.

2. Filter circuit: The LC filter circuit can be connected to the output of the power
converter in different configurations allowing the experimentation with DC-to-DC

and DC-to AC converters.

3. Measurement Unit: The setup also requires a current sensor and a rotary encoder

to measure the current and speed/position respectively.

4. Control Unit: The control unit consists of the microcontroller board. The micro-
controller board is needed for performing all the control operations on the motors

by generating control signals for the power converter board.

5. Graphical user interface: A graphical user interface to enable users to observe and

change certain variable data.

From the changes in the structure of the augmented Mechatrolab, follows the main

objective of the thesis:

e Develop and implement necessary components and subsystems to augment the
Mechatro Lab so that it can perform closed loop experiments on the electrical

machines and later in development the power converters.

e Develop new power converter capable of supplying existing machines and suitable

for further augmentation to include power electronics experiments in the setup.
e Incorporate affordable DSP based control equipment into the setup.

e Implement control of the DC and AC machines as an illustration of the system

capability.



Chapter 3

Components and their Models

In this chapter the basic operation and the dynamic properties of the DC and AC
machines are studied. The principle of energy conservation is applied to the electrical
machine and a relation between the torque, current and angular displacement of the
machine is derived. A general mathematical expression for electromagnetically coupled
systems is also derived. The different type of converter topologies are also studied. The
benefits of reference frame transformation are studied and also applied to the DC and

AC machines.

3.1 Power Converters - Topology and operations

Power converter are used to connect two electrical energy sources and to control
the power flow between them. Both sources can play a role of either electrical power

generators or electrical power consumers [34].

10
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Source 1 ‘ Source 2

Figure 3.1: The connecting role of a switching converter

The power converter acts as a link between the power sources and power sinks.
The state of an electric power source Z; or electric power sink Z, can be characterized
by voltage u, current i and frequency f on its terminals Z = (u,, f). Not all three
variables could be set independent for one source. The sources can be classified as either
voltage or current sources. A voltage source, Z,, = (u, f), can have independent voltage
while its current is determined by the electric circuitry connected to its terminals. A
current source, Z. = (i, f), has independent current while voltage across its terminals
is determined by the electric circuitry connected to its terminals.

Consider a polyphase voltage source Z, = (uy, f,) and an electric power sink rep-
resented as a polyphase current source, Z; = (is, fs). Transformation H acts upon the
independent variables. Let the transformation H be defined by the matrix M, so the

relation between the sources and sinks can be written as:

us = Mu, (3.1)
where ug = [ugr Uga - .. Ugn]”, Ug = [Us1 Usa - . Usp) T

The power generated by source and the power consumed by the load can be written as:
P, =ug"ig (3.2)

P, = u ] iy = (Mug) iy = ug"M7ig (3.3)

where ig == [igl igg .. .fign]T, is == [isl i52 ce isn]T.

From the assumption that the transformation is lossless and from equations 3.2 and 3.3

11



follows that the transformation acts upon independent variables of the load according

to the following expression:

P, =P, (3.4)
u,"ig = ug’ Mg (3.5)
ig = M7ig (3.6)

Transformation acts upon independent variables of both the source and the sink. The
independent variables of the source and sink were arbitrarily selected, hence it implies

that the role of source and sink can be interchanged.

3.1.1 Switching Matrix

Power converters should be designed in a way that they can connect any type of
input and output sources together. The use of switches as a structural element of the
converters offers the opportunity to consider a converter as the switching matrix as is
shown in Figure 3.2.

Whenever a switch turns on, the corresponding input and outputs lines are connected.
There are some conditions of the switches which cause a short circuit of the input
voltages for a voltage source and an open circuit for a current source. Such conditions
violate the Kirchoff’s voltage and current laws and are considered as invalid.

Let us analyse the behavior of the switching matrix in Figure 3.2 with n input voltage
sources, defined by the vector ug = [ug Uy ... ug,)"T and m current sinks, defined by
the vector i, = [l1 %62 - - - iom]” - To satisfy the Kirchoff’s laws only one switch which
connects one of the n input lines to y-th (y € [1,...,m]) output line can be closed in
any time interval. This requirement can be mathematically defined using the function

Suy(t),x € [1,2,..,n], given by:

D sy(t) =1,y € [1,2,.m)] (3.7)
Equation 3.7 can be extended on the matrix M in the form:
Me =e (3.8)
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Input Source/Sink

y .
Output lines e R | Output Source/Sink
'Lsﬂm 'Lsim Qnm "
Switching
Matrix
Input lines

Figure 3.2: Structure of n-input m-output converter

where e = [11 ...1]7.
Equation 3.7 implies that the switches are operated in a way that the short circuit of the
voltage sources or open circuit of the current sources do not occur. Other implication

is that the y-th output voltage can be calculated as:

n

Uy (t) = Z Spyllgy = SZ’T,ug (3.9)

=1
where y € [1,2,..m] and sy = [s1, Sa, ... Sny]7. The output voltage is a weighted sum
of the inputs. Combining all m outputs into one output vector

Uo = [Uo1 Ug - - - Uom]T the equation 3.9 can be rewritten as:
U, (t) = M(t)ug(t) (3.10)

Elements of the matrix M(t) are the switching functions s,,(t), which define the states

of switches in the switching matrix:

13



Szy(t) = 1 with switch S, ON

Suy(t) = 0 with switch S, OFF

The transformation of the currents, defined by the sinks connected to the output lines
can be determined in the same way. The sinks being independent current sources cannot
be left in open circuit, so constraints of equation 3.7 are applicable here as well. The

current in the x-th input line is given by:

Zgz(t) = Z Swyioy - Sgia (311)

y=1
where z € [1,2,..n]

This expression can be combined in matrix equation:
ig() = M(t) io(t) (3.12)

where M(t)T is the transposed matrix M. This result is in agreement with equation
3.4-3.6 obtained for general transformation.

We can now calculate the output voltages and input currents using the input voltages,
output currents and the switching method of the switches.

The selection of the switching method or switching function s,,(t) is the calculation
of the time duration for which switch S,, () is ON (s.,(t) = 1) or OFF (s,,(t) = 0).
The switching period T is defined as the time period between two consecutive switching
ON’s. If T is short in comparison with frequency of sources and sinks then the time
duration for which the switch S,,(t) is switched ON (to% = lgy), is equal to the

average value of the function s,,(t) over the period T:

1 [T tonson —torrsorr
wlt) = = dt 3.13

If M is the matrix consisting of elements /i, (t), then the converter’s operation can be

described as:

u,(t) = Mu, (3.14)
ig(t) = MTi, (3.15)
Me = e (3.16)



3.1.2 The interaction between sources and switches

A power converter is defined as a device for interconnecting two sources. To obtain
control over the power flow, switches must be able to control their turn-ON and turn-
OFF time, or both. In this section we will assume that switches are ideal and they can
control both: turn-ON and turn-OFF time without restriction on the time intervals
being switched ON or OFF. The switch can be regarded as ideal short circuit when
they are ON and ideal open circuit when they are OFF.

Voltage Source Converters

The basic structure of a converter with a voltage source at input and a current
source on output could be represented as in Figure 3.3. The switching matrix in Figure

3.3 consists of two switches connected in series.

Ug
Output circuit
Sty \
Switching Yo i
Input circuit matrix
821 \
Common line Return path

Figure 3.3: Structure of single input single output converter

The operation of the structure is described by the following equations:

Uy = Uy (3.17)

iy = i (3.18)
for 511 = ON and Sgl =OFF

U, =10 (3.19)



ig =0 (3.20)

for SH = OFF and 521 =ON.
Selecting variable s(t) such that it has value s(t) = 1 for S;; = ON and Sy = OFF
and s(t) = 0 for S;; = OFF and Ss; = ON, the dependent variables on the output u,

and on the input 7, can be derived as:
Uy = UgS (3.21)

iy = i0S (3.22)

The variable s(t), is the control, as it defines the connection of the switches in the
converter. Replacing the discontinuous function s(t) with its average value u € [0, 1] as
shown in equation 3.13, the range of change of the dependent variables can be calculated
as:

0 <wu, <uy, (3.23)
0<i, <ig (3.24)

This structure is known as the DC-to-DC buck converter.
The structure of the switching matrix in converters with one input and two output lines

is illustrated in Figure 3.4 The output voltage can have three different values depending

E

Output circuit
St \ S12 \

Input circuit Switching Uo io
matrix

Return path

S21 \ Sy, \

Common line

Figure 3.4: Structure of single input two output converter

on the state of the switches Sj; to Sas:
U, = ug with S7p and Ssy switched ON;
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u, = 0 with S7; and S15 or Ss; and Sy switched ON;

U, = —uy with Sy and Sy switched ON;

The switches S7; and Sa; or S1o and Sss, cannot be switched ON or OFF simultaneously.
The operation of the voltage source converter can be described as:

s.(t) = 1 with switch S;, ON and Sy, OFF

s.(t) = 0 with switch S;, OFF and S;, ON

r=1,2.

Up = UgS1 — UgS2 = Ug(S1 — S2) (3.25)
ig = 7;081 - iOSQ = ’iO(Sl — 82) (326)

By selecting s = s; — s5 these equations can be rewritten as:
Up = Ug(s1 — S2) = UyS (3.27)

ig = 1o(51 — S2) = 108 (3.28)

s €[-1,0,1].
The structure of the switching converters with three output lines is represented in Figure

3.5. The components of the control are defined as: s,(t) = 1 with switch S;, ON and

E

ig

Si1 \ Si2 \313 \ " i
P Switching ! 01

Input t -
nput circui matrix 32 o2

|
lo3

S S
2 \ z \323 \ Output circuit

Common line Return path

Figure 3.5: Structure of single input three output converter

Ss, OFF
s;(t) = 0 with switch S;, OFF and S;, ON
z € [1,2,3].
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The voltages on the output lines of the switching matrix and currents in input lines of

the switching matrix can be expressed in the form:
Uy = UySx = U = UyS (3.29)
’ig = 15151 + 20259 + 1,353 = ig = iOTS (330)
where u = [ujusus]’ switching matrix output voltage vector,
io = [io1102103]7 load sources current vector,
s = [s18953]7 control vector,
ug, iy input voltage and current respectively.
The actual arrangement of the load should be taken into account to calculate the

voltages on every phase of the loads. In the case of a symmetrical load, the voltages in

star connection (Figure 3.6) can be expressed in the form:

Up1 2 -1 -1 Uq
1 1 1
U | =5 =1 2 —=1| |us| = sAyu= -Ayugs (3.31)
3 3 3
U3 1 =1 2| |us
[ ]
ig
Output circuit
Siy \ St2 \313 \ u (o |
Input circuit ~ Switching o ,0—1‘ |
matrix 2 o2 Un
B |
S \ S22 \323 \

Common line Return path

Figure 3.6: Converter with star connection on the load side

If a load is connected in delta connection (Figure 3.7) then phase voltages are defined

by the relation:

Up12 1 —1 0 U1
Up23 | — 0 1 —1 Ug | — AAU = AAUgS (332)
Uo31 -1 0 1 U3



S \ Sy \313 \ Output circuit

Input circuit Switching
matrix

S21 \ S22 \823 \

Common line Return path

Figure 3.7: Converter with delta connection on the load side

This converter can also be used as a three phase symmetrical source by projecting the
obtained load voltages into the frame of reference of the three phase symmetrical system.
Let the voltages on a load form a three-phase group u,, up, u. with the basis vectors
€a, €, €. In general case when voltages u,, uy, U, are not symetric u, +up+u. = uy # 0.
If phase voltages are symmetric then u, + up + u. = uy = 0.

Let basis vectors ey, ep, ec in an orthogonal frame of references (a, #) be shifted from

each other for %’T Then:

ea = (1,07 (3.33)
e — [—%,\/;]T (3.34)
ee =I5, —%T (3.35)

Let the load phase voltages u,1, U2, to3 satisfy conditions to form symetric three phase
source with phase voltages denoted as: uy = uq = Ucos(wt), ugy = uy = Ucos(wt+ %),
Ups = U, = Ucos(wt + %”) It is convenient to make further analysis by projecting
original voltages into new frame of references with two orthogonal axes o and 3. The

third component will represent the sum of the phase voltages. New frame of references
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will be denoted as (o, £,0). This transformation can be written as:

Uap0 = (ALY s (3.36)
ul g0 = [Uauguo) (3.37)
ul, . = [uguyu,] (3.38)

In this case transformation matrix should be selected to satisfy conditions (AZ’%C)TAZ”%C
= E; E is is unity matrix. To satisfy given requirements the transformation matrix A

should be selected in the form:

2 A, €a € Ec
(AT =5 b (3.30)
’ S| bT | |b, by b

A v €aa  €ba  Cca y 1 _%7 _% <340)
| cap @p ep| |0 G G
V2V2V/2
b? = [babyb.] = [777] (3.41)

Taking into account expression that relates the switch control variables u; 3.29-3.30 the
switching matrix output variables and load phase voltages, equations 3.31 or 3.32 , the
transformations equations 3.36 - 3.39 could be calculated for different load connections
in the following form:

Unp0 = (AZ’%C)TAYAS (3.42)

AYA = Ay0TA A
For symmetrical load in star connection the transformation equation 3.42 when applied

to the 3.42 has the form:

1 =L _1
2 2
2
uaBOIug\/; 0 \/?g —‘/73 [31 S 33} (3.43)
0 0 0

where s1, $o, s3 stand for the control of the switches in converter phases, and are defined
as in 3.29. The component uy is proportional to the sum of control vector components

and is omitted from the analysis on the ground that average value of the phase voltages
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form a balanced set defined by u, + up + u. = uy = 0, and consequently the average
values of the control vector components must satisfy the same restriction.

For the expression 3.43 averaging technique that was applied for DC-to-DC converters
can be applied. The discontinuous control s,(x = 1,2, 3) will be replaced by its average
value p,. The range of the phase voltages, for selected average values of the control p,
can be easily calculated. On the other hand, if (usuguy) is given, then (s;s253) can also

be determined as the transformation 3.43 is regular [35-37].

3.2 Energy conversion principle

Energy exists in various forms in nature such as heat, tidal, wave etc and can be con-
verted from one form to another form of energy. In electric machines, energy conversion
is between the electrical and mechanical energies. The electrical and mechanical ener-
gies are related to the electrical and mechanical sub systems respectively. The study of
electric machines can be separated into electrical sub-system, mechanical sub-system
and a coupling system. The electrical and mechanical sub-system is connected to exter-
nal world by the electrical and mechanical terminals respectively. These terminals can
act either as a source or a sink. The mechanical motion is a result of the interaction
of the electrical and mechanical energies via the coupling system. The coupling system
consists of the storing components from the electrical and mechanical sub-systems. The
energy transfer from either of the sub-systems is done via the coupling components and
this transfer is governed by the law of conservation of energy. According to law of
energy conservation, the supplied energy should always balance the output energy plus
losses. If the energy conservation principle is applied to an electrical machine, it can
be stated as follows;

We+ W, =Wr+ W, (3.44)

Where W,, W,, are the input electrical and mechanical energies, W, is the energy
dissipated due heat loss in the electrical and the mechanical sub-systems and W; is
the energy stored in the coupling system. If energy is supplied by the source then it

is assigned a positive sign and if energy is supplied to the source then it is assigned a
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u,i i F x .
Electrical sub sytem ————p» Coupling Mechanical sub
System sytem

Figure 3.8: An electromechanical system

negative sign. If the losses are ignored, the energy balance for an electrical machine

with single electrical input and single mechanical output can be written as;
AW, (t) + dW,,(t) = dW(t) (3.45)

P.(t)dt + P, (t)dt = dW((t) (3.46)

where dW,(t), dW,,(t) are the differential input electrical and mechanical energy and
dW;(t) storing energy; P.(t) and P,,(t) are electrical and mechanical power respectively.
Let u,i be the input voltage and current flowing through the electrical sub-system, f
and v the force and the velocity on the mechanical sub-system, then above expressions

can be rewritten as:

w(®)i(t)dt + F(E)u(t)dt = dW(t) (3.47)
w(t)i(t)dt + f(t)dz = dW;(t) (3.48)

Here dx is the displacement during the time increment dt. The mechanical force f(t)
is generated due to the input electrical energy, and is assigned a negative sign, as per

the adopted sign convention. The above equation can be re-arranged as
u(t)i(t)dt — dWy(t) = f(t)dx (3.49)

Using Faradays law, flux can be represented with voltage u as follows

d\
— = u(t) (3.50)

Now, the equation 3.49 can be re-written as
dA(t)i(t) — dW(t) = f(t)dx (3.51)
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The displacement variable dxr completely describes the mechanical system whereas for
the electromechanical system flux dA(t) or current i(t) can be used. If current and
displacement are chosen as the independent variable, the total differential stored energy

and the flux linkage can be written as

. 8de (ZE, Z) 8de (JZ, Z) .
AWy(t) = = = dr + — = di (3.52)
CONw,i) , ON(w,i) .
AN = = dr + = di (3.53)

Substituting equation 3.52 and equation 3.53 in equation 3.49, we get,

. ONx, i) 0dWy(z,i O, i) 9dW,(x,i
F(t)dw = id\(t) — dW;(t) = (i ('(92 D _ aff i) i (af D _ é{f‘” i)

Ydz + ( )di

(3.54)

% can be calculated from the stored energy equation Wy(i,\) = [(i,d)\) = id\ —

J Adi. Therefore,

Z,8)\(516, i) 0dWy(, i)

t)dr = d 3.55
f(pdz = (P 1)y, (3.55)
Using the relation

We(t) + Wiea(t) =X (3.56)
where Wp4(t) is the magnetic co-energy, the force can be written as f(t) = Wfa#x(w’i)

The electromagnetic system is electrically linear if the flux is linearly dependent on

the current, thus A(t) = L(z)i(t) where L(z) is single valued scalar function of the

displacement. The magnetic energy can be written as Wy(t) = w or in vector case

We(t) = w, and it is equal to the magnetic co-energy. Then mechanical force

becomes:
oL , o1
10 = 55" = 502

From the above equation it can be seen that the mechanical force depends on flux and

(3.57)

rate of change of current.

3.3 Dynamics of Electric machines

The dynamic equations of motion for an electric machine can be derived from the

Faraday’s law and Kirchhoff’s law for electrical subsystem and d’Alambert’s principle
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for the mechanical subsystem. The electrical sub-system consists of only sources and
resistive components. The resistor is connected in series with the source and the cou-
pling system. The mechanical sub-system consists of a single cylinder structure which
can rotate about its axis. The rotating motion is a result of the torque generated due
to the interaction of the electrical and mechanical sub-systems.

Consider an electrical machine with an input u, resistance R and flux linkage A

acting as the coupling link, the electrical sub-system can be written as

dM(t
d—i) + Ri=u (3.58)
where 2 ig induced electromotive force at the electric terminal.

dt

The mechanical sub-system behavoir can be written as

do(t)
dJw) o, (3.60)
dt ¢

where 6 is the angular position, w is the angular velocity, J is a moment of inertia of
the rotor, T, is the generated torque and T7, is load torque.

The equations 3.58-3.60 described the behavior of a single electrical input and a single
mechanical output. Electrical machines have a single mechanical output but can have
more than one electrical input. Next we will derive general equations for a machine
with n electrical inputs.

An electrical machine consists of the stationary part, called the stator, and cylindrical
rotating part, referred as the rotor. It consists of two or more sources of magnetic
excitation, which can be an electrical coils or permanent magnets, coupled magnetically
by means of the magnetic circuit. The magnetic circuitry consists of the stator, air gap
and rotor.

The modelling of a motor consisting of n stator and rotor windings is as follows:

dAs .
c;\t = us — Rqig (3.61)
on stator
dA, .
prai u, — R,i, (3.62)



on rotor Agl = [As1 As2 - . Agn] and AT = [Ar1 A2 oo Apn]. It can be expressed as
As = Lggis + Lgpiy and A, = LT i, + Lyyi,

where Lgs, L., are the self inductances matrices of the stator and rotor coils re-
spectively and Lg,. is the mutual inductance matrix between the stator and rotor

coils.il’ = [is1 4s .. .1sy) IS stator current vector, il = [i.1 49 ...y is TotOr current

T

T = usy g - . . ugy] is the stator input voltage vector, ul’ = [ty Upg . . . Uy is

vector, u
the rotor input voltage vector, Rg = diag[R|.x is diagonal stator resistance matrix,
R, = diag[R,],xn is diagonal stator resistance matrix.

In order to use this model, the flux linkage A and the resistance matrix R of the
stator and rotor must be calculated. The flux linkage is equivalent to the calculation
of the total inductance of the stator and rotor coils. The total inductance is a sum of
self and mutual inductances of the coils. Self inductance of a coil is the ratio of the flux
linked by a coil to the current flowing in it, whereas mutual inductance is the ratio of
the flux linked by one coil due to current flowing in a second coil with all other currents
being zero including in the coil for which the flux linkages are being determined.

The self and mutual inductances affect the torque generated in an electrical machine.
The study of the electromagnetic torque generation reveals that the torque generated in
the electrical machines is the result of the change of the self-inductance and/or mutual
inductances as a function of the angular position of the rotor. The configuration of the
magnetic circuitry of electrical machines determines the dependence of the inductances
of the coils, located at the stator and rotor structures, as function of the angular
displacement of the rotor. In a machine having uniform air gap, self inductance of any
coils situated on the stator or the rotor is independent of the rotor angular position.
The mutual inductances between stator and rotor coils depend on the rotor angular

position. The torque generated is given by
T. = K1(Ar X Ag) = Ko(Ayp X ig) = K3(ip X Ag) (3.63)

where K, K5, K3 are torque constants.
The mechanical motion equation is same as equation 3.60.

As the mutual inductances are dependent on the position of the rotor coils with
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respect to the stator coils, it is time dependent. This leads to a complex set of equations
which are difficult to analyze. A transformation of the variables can help simplify these
equations and also removes the time varying inductances. This topic is discussed in the

next section.

3.4 Reference frame transformations

T = [U1U2 Um]

Consider an electric machine having its input voltage vector u
and input current vector, i’ = [iy iy ...%,]. Let A be the matrix which will cause the
variable transformation, given by, u = Au’, i = Ai’ where u’ and i’ represent the new
variables.

Since both, the original and the transformed variables are describing the same set of
equations, the power must be the same regardless of the variables used to describe it.
So we can write:

P =i"u=(Ai)T(AUY) = (i) TATAY (3.64)
E = ATA, E is unitary matrix then the selected transformation keeps the power
invariant in the form.
Substituting this is the general equation, we get,

dLAY

o+ RAY = Au (3.65)

Taking derivatives and multiplying by A~! jwe get

dLi’ oL, db dA
/ e Yook —17 %A 131 oot
L o +[(8¢9)dt+A Ldt]@ +Ri =u (3.66)
with L' = A7'LA
oL/ _,0L
50 = A %A (3.67)
The generated torque can be expressed as:
T. = 0.5(1’)TA12—15A1' = 0.5(1')Tg—19“i' (3.68)

As it can be seen, the torque generated is unaffected by the transformation.
In the mathematical models of the machines presented, the stator variable were pre-

sented in the (a,b,c) co-ordinate frame, stationary with respect to the stator coils and
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the rotor variables were presented in the (a,b,c) co-ordinate frame, stationary with re-
spect to the rotor coils. The two co-ordinate frames are shifted by the rotor angular
position 6.

It would be convenient if all the equations are described in the same co-ordinate system.
To achieve this, the stator or rotor or both set of variables need to be transformed. We
can obtain three types co-ordinate frames using tranformations, i.e. co-ordinate frame
stationary with respect to the stator, co-ordinate frame stationary with respect to the
rotor, co-ordinate frame non-stationary with respect to the stator or rotor. The co-
ordinate frame that is stationary with respect to the rotor frame will be analysed in
this study. This transformation is known as Clark-Park transformation and the new
transformed frame is called the direct-quadrature co-ordinate frame or simply (d,q)
co-ordinate frame. Clark-Park transformation is a two step process involving a Clark
and a Park transform. It is discussed in detail in section 3.6.

In this previous section we derived the force generated and a general dynamical model
of an n input electrical machine. We also discussed reference frame transformations. In
the following sections, the theory and models of permanent magnet DC motor, Perma-

nent Magnet Synchronous Motor(PMSM) and Induction Motor(IM) will be studied.

3.5 DC motor

A brushed DC motor is the simplest of all the motors and has many large and
small scale applications in the industry. These are easy to control and can be used for
a large speed range with high efficiency. Major elements of a DC machine are stator
that carries either permanent magnet or field winding and the rotor with a commutator
which passes the current into the rotor windings are shown in Figure 3.9

The force on the conductor is given by Lorentz force, f
f=1(1xB)=1IBsin(0) (3.69)

Where B is the intensity of the magnetic field, 1 is the length of the conductor, I is the
value of the current flowing in the conductor and 6 is the angle between the conductor

and the magnetic field.
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Figure 3.9: Close up view of DC motor stator and rotor

Commonly there are multiple copper segments with multiple turns of coils between
each of them. When the coils are rotating in the magnetic field, the flux associated
with each coil is also changing. This changing flux causes a voltage to be induced in
the rotor coil. According to Lenz’s law this voltage is in opposition to the voltage that
causes the current flow through the coils and is called back-emf.

The DC motor can be modelled using the following equations

A\,
dt

— K.w — Ry, (3.70)

A\ = L,i, (3.71)

where A, is the rotor flux, L, is the rotor coil inductance, 7, is the current in the rotor
coils, K, is the back emf constant, w is the speed of the rotor, R, is the rotor coil
resistance, and u, is the input voltage at the brushes.

The torque expression for a permanent magnet DC motor can be derived from the
general torque equation 3.57. The stator magnets are responsible for the generation
of the stator flux whereas the current flowing through the rotor coils generates the
rotor flux. The stator and rotor fluxes are always orthogonal to each other due to the
construction of the DC motor. This fact can also be seen in Figure 3.9. The torque is
given by

T, = KpAgi, (3.72)
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The torque experienced by a coil is proportional to the current lowing through it, hence
the presence of multiple turns of coils results in a higher current in a particular slot of
the rotor leading to a higher torque.

The mechanical motion equation is same as that of equation 3.60.

3.6 Permanent Magnet Synchronous Motor

Synchronous motors differ from the DC motors in the construction and input power
supply. Synchronous motors like DC motors consist of stator, rotor with the difference
that the rotor has permanent magnets instead of the stator. Moreover it uses AC power
as opposed to DC for the DC motors.

Synchronous machines are the source of almost all of the electric power generated
in the world so far. They can be operated either as a generator or a motor. It operates
as a motor when a 3-phase supply is given to the stator. The Permanent Magnet
Synchronous Motor (PMSM) has a permanent magnet mounted on the rotor and can
be classified as surface PMSM and interior PMSM based on the way the magnets are
placed on the rotor. This thesis considers Surface mounted PMSM. The rotor of the
PMSM rotates with the same speed as the magnetic field of the stator, hence the name
synchronous motor. The speed of a synchronous motor is dependent on the frequency
of the supply and does not change with changes in the load. Hence it can be used where
constant speed output is required.

Here we will be concentrated on the 3 phase permanent magnet synchronous machine

as sketched in Figure 3.10.
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Figure 3.10: PMSM stator and rotor

The three phase stator coils can be connected in a Y or Delta format and are spaced
120 degrees in the stator. When a sinusoidal current flows through the coil a sinusoidal
magnetomotive force (mmf) is generated in the coil whose amplitude and direction is
dependent on the instantaneous value of the current flowing through the coil. Each of
the three phase coils will generate similar mmf’s but will be shifted by 120 degrees with
respect to each other. The resultant of these mmf’s is vector with constant amplitude
that is rotating at a constant angular velocity. The magnetic flux corresponding to this
mmf will interact with the rotor flux to produce torque. The rotor flux tries to align
itself with the stator flux. Whenever the rotor flux rotates in synchronism with the

stator flux, constant torque is produced. The torque is given by
T. = Ki(Ar X Ag) = Ka(Ay X ig) (3.73)

where where A, is the rotor flux vector due to the permanent magnet, A is the stator
flux vector due to the stator currents, iy and K7, K5 are torque constants.
The velocity with which the rotor rotates is dependent on the number of poles of the
stator and is given by,

2

Wi = 5 We (3.74)

Where P is the number of poles of the stator.
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Similarly the mechanical angle and the electrical angle are also related as follows:
0., = =0, (3.75)

The PMSM can be modelled using the following equations

di, 'R 1 1
e o ettt (3.76)
diy, R 1 1
_dt = —’Lbz - ebz + ubz (377)
di. R 1 1
E = _ZCZ o €CZ + UCZ (378)

where R and L are the coil resistances and inductances of each of the three coils re-
spectively, i, 1y, ¢ and u,, up, u. are the phase currents and voltages respectively. e,,

ep, €. are the induced emf components given by

dAma

= 3.79
d)\mb

= (3.80)
dAme

where A0, Amp, Ame are the flux components generated by the permanent magnet, \,,,

along the three stator coils. They are given A, = A,cos(0.), Ay = Apcos(0. — 2?”),

Ame = Amcos(be + %’r) Now, we can write e, e, €. as follows

eq = —AmWesin(6,) (3.82)
, 2m

ep = —Apwesin(f, — ?) (3.83)
) 2T

ec = —Amwesin(6, + ?) (3.84)

From equations 3.79-3.81, it can be seen that the induced emf in the coils is dependent on
the rotor speed. This implies that the voltage equations 3.76-3.78 are time dependent
and complex to analyze. Hence, to reduce the complexity, the co-ordinate frame is
transformed from a 3-phase (a,b,c) co-ordinate system to a (d,q) co-ordinate frame

which appears stationary with respect to the rotor. This transformation, also called
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as the Clark — Park transformation is a two step process involving a Clark and a Park
transform.

A Clark transform is used to transform a 3-phase stationary frame of reference i.e.
(a,b,c) co-ordinate frame to a 2-phase stationary frame of reference («, ) co-ordinate
frame as shown in Figure 3.11. This frame of reference is then transformed to a 2-phase
rotating frame i.e. (d,q) co-ordinate frame using Park transform. These transformations

require the position of rotor flux to do the transformation accurately.

\/b
4 voelg Rotation
\/q
vd
7
| >
Valpha Va
\V/¢’

Figure 3.11: (d,q) co-ordinate frame with respect to (a,b,c) and («, ) co-ordinate frame
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Clarke Transform:

1 1 G
Ta,b,c Uq _g 1 T2 2 u
o, o 3 3 2
ug| 3|0 g —F y
3

where TZ’E’C is the Clark transformation matrix.
Park transform: The axis stationary co-ordinate system is then transformed to a rotat-

ing co-ordinate system using the Park transform

o Uq cos(f) sin(0)| |ua
Td:q pum— =

Ug —sin(0) cos(0)| |ug

Where 6 is the position of rotor flux and Tz’qﬁ is the Park transformation matrix.
After applying these transformations the time varying inductances become time inde-
pendent i.e. constant. Moreover, it is also helpful in speed control of AC machines.
Its application in speed control of AC machines is discussed after the derivation of the
model in the (d,q) co-ordinate frame as well as in Chapter 5.

Applying Clark transform to the voltage equations of 3.76-3.78 we get

di,, R 1 1
U T e g Tl (3.85)
di;, R 1 1

where e, = =\ wesin(f.) and ez = A\ wecos(0.).

€q, €3 are the induced emf, ¢,, 7 are the stator currents and u,, ug are the stator voltages
in the (o, 8) co-ordinate frame. Now applying the Park transform to equations 3.85,3.86,

we get the motor model in the (d,q) co-ordinate frame.

dig R , 1

G - g vty (580
di R ‘ 1 1
d—z = —Zqz — Welyg — )\mwez + Udz (388)

where iq4, i, are the stator currents, ug, u, are the stator voltages in the (d,q) co-
ordinate systems. The term A, w. = e, is the q component of the induced emf due to

the permanent magnet and d component e; = 0.
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An important point to be noted from equations 3.87,3.88 is that if we make iy = 0, the
equations are the same as that of the permanent magnet DC motor. This feature of
the transformation is used in the speed control applications of AC motors.

The torque equation in the (d,q) co-ordinate frame is given by
T, = Kyi, (3.89)

where K; = 1.5P)\,,, P being the number of poles of the stator. The mechanical motion

equation is the same as equation 3.60.

3.7 Induction Motor

The induction motors are considered the work horses of the motion industry as they
are used in numerous applications. The induction motor can be classified into two
types depending upon the rotor construction as: squirrel cage or wound rotor. The
squirrel cage type is particularly most widely used motor for industrial applications.

In this thesis, experiments are done over the squirrel cage type induction motor. The

Quadrature magnetic
B.(t) Kaxis

c

Rotor magnetic

axis

(a) Induction motor stator and rotor (b) Squirrel cage rotor

Figure 3.12: Induction motor

stator of an induction motor has the same construction as that of a permanent magnet

synchronous motor. The difference between the two is the rotor construction. The
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PMSM rotor has magnets attached to its shaft whereas the squirrel cage rotor is made
up of aluminum or copper bars. These bars are short circuited at the two ends by

aluminum or copper end rings. The torque can be given by
T. = K1(Ar X Ag) = Ka(Ay X ig) (3.90)

where Ag is the stator flux vector, A, is the rotor flux vector and ig is the stator current
vector and K, Ky are torque constants.

The model of the induction motor in the (d,q) co-ordinate system is represented as

follows:
% = —yig + NBAa + Waiy + :Td (3.91)
% = —Yig — WeBAg — Wsig + Uuli (3.92)
% — —pha+ Lt (3.93)
% = w, + nLh;—Z (3.94)

n=fE o =1- g B= oty = (R + 2R
where R, R, are the stator and rotor resistances, L,, L,,L; is the stator, rotor and
manual inductance, i4,i, are the (d,q) axis stator currents, A4 is the d component of
the rotor flux and ugy, u, are the (d,q) axis voltages.
The torque is given by:

L
T, = 1.5PL—h)\diq (3.95)

r

The mechanical motion equation is the same as equation 3.60. The simulation models

of these motors can be found in Appendix - B
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Chapter 4

Mechatro Lab New components

The achievement of the objective set in Chapter 2 requires development of the addi-
tional hardware and software components. In this chapter we will give short description

of these components and their usage in overall system.

1. Measurement Unit: The current and mechanical co-ordinate measurement (posi-

tion and velocity) are added to the setup.

(a) Current measurement: The current measurements are done using LTS 6 NP.
It can measure DC, AC, pulsed currents with isolation between the high
power and electronic circuitry. The range of operation can also be changed
to 2A or 3A by changing the way in which its pins are connected. The current
sensor gives an analog output between 0-5V depending on the current flowing
through it. The analog output is given to the Analog to digital converter
of the micro-controller. The current sensors are integrated inside the power

converter board.
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Characteristics Value
Primary current (rms) 6A

Load resistance > 2k

Accuracy +0.2%
Supply voltage 5V

Table 4.1: Characteristics of LTS6-NP current sensor

(b) Rotary Encoder: WDG 50B encoder is used for position and speed measure-
ments. It is an optical rotary incremental encoder with a resolution of 1024
pulses per revolution. It’s output is given to the Quadrature Encoder unit

of the microcontroller.

Characteristics Value
Max. pulses per revolution(PPR) 2500
Max. operating speed 12000rpm
Channels AB, ABN, inverted AB

Table 4.2: Characteristics of rotary encoder

4.1 TMS320F28335 controller

The TMS320F28335 is selected as the core device enabling control and data pro-
cessing in the Mechatro Lab. The microcontroller, TMS320F28335 is part of the C2000
Delfino 32-bit microcontroller series. This series of microcontrollers are designed for
advanced closed loop control applications.

TMS320F28335 is a 32-bit Digital Signal Controller with processor speeds up to 150MHz.
It is based on 32-bit fixed point architecture but also includes a single precision floating
point unit. It has 256Kw of on-chip flash memory and a code security module to pre-

vent reverse engineering of the control system. The following features of the controller
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Figure 4.1: TMS320F28335 micro controller

will be utilized in this study.

ePWM: The Enhanced Pulse Width Modulation module can be used to generate
independent as well as complementary PWM signals. This module can be operated in
two modes 1) Standard 16 bit mode and 2) 24-bit high resolution mode. The ePWM
registers are supported by DMA to reduce the overhead for servicing this peripheral.

32-bit CPU timers: The controller consists of three 32-bit timers. Timer 0 and 1
are for general purpose use whereas timer 2 is reserved for Real Time OS applications.
The timers consist of 32 bit registers which count down from a set value and generate
an interrupt when the count value reaches zero. The timer register are reloaded with
the count value automatically on reaching zero.

ADC: The controller also consists of a 12-bit ADC with conversion time of 80ns.
There are 16 channels which can be converted using two sample and hold circuits in
simultaneous or cascaded modes. The ADC registers are also supported by the DMA
to reduce the overhead for servicing this peripheral.

eQEP: The Enhanced Quadrature Encoder Module is used to measure the position,
direction and speed of a rotating machine. It supports both high and low speed mea-
surements using a 32-bit timer. For low speed measurement the intervals between two
consecutive encoder pulses is measured by counting the number of clock pulses, hence

providing accurate low speed measurements.
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4.1.1 Programming environment

The implementation of the control algorithms is done using Texas Instruments(TT)
software. The software is called Code Composer Studio, CCStudio or CCS. Code Com-
poser Studio is an integrated development environment (IDE) and is used to develop
and debug applications for the TT’s embedded processors. The coding can be done in
C/C++ and Assembly language. It can be used for all families and variations of the
TT’s digital signal processors. The software is used in the initial phase in which there are
frequent changes to the software. Once the testing was complete the code was stored

in flash memory so that it operates directly on power on.

4.2 Power converter board

The three phase DC to AC converter is a core power conversion unit of the Mechatro

Lab. It design enables the usage as
1. Power electronic device with LC filter

(a) DC-DC converter
(b) Single phase DC to AC converter

(¢) Three phase DC to AC converter
2. Converter to supply DC or AC (single or three phase)machine

The structure of the converter is shown in Figure 4.2.
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Figure 4.2: Structure of the converter

The three branches are the same and are designed using the following components:

1. MOSFET: IRF630 is used as the switches. Its characteristics are as shown below:

2. Diode: SR5100 is used as the flyback diode.

below:

Characteristics

Value

Drain-Source voltage

Gate-Source voltage

Continuous drain current

Max Power dissipation

200V
+20V
9A
T4W

Table 4.3: Characteristics of IRF630 MOSFET
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Characteristics Value

Max recurrent peak reverse voltage 100V
Max DC blocking voltage 100V

Max average forward rectified current ~ 5A

Table 4.4: Characteristics of SR5100 Diode

3. Motor driver IC: It provides driving signals for each branch

Characteristics Value

High side floating supply offset voltage 600V

Turn-on propagation delay 680ns
Turn-off propagation delay 150ns
Gate drive supply range 10-20V
Deadtime 520ns

Table 4.5: Characteristics of IR2104 half bridge driver

4. Optocoupler: It is used for isolating the controller board from the converter board.

Characteristics Value

Max Input power dissipation 45mW
Average input current 25mA

Input forward voltage 1.5V

Table 4.6: Characteristics of opto-coupler

The prototype converter is shown in Figure 4.3.
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Figure 4.3: Power converter board layout

1 - DC Bus voltage (0-60V), 2 - Current sensor supply voltage - 5V, 3 - 60V to
15V DC-DC converter, 4 - Power supply for the optocoupler and the half bridge driver
IC (5V and 15V respectively), 5 - Connections between the micro-controller and the
board through a DB9 cable, 6 - Optocoupler 1C, 7 - Half bridge driver IC, 8 - MOSFET
switch, 9 - Current Sensor, 10 - DB9 connector having the 3 phase lines and a board
ground line.

The basic technical characteristic of the converter are:
1. Supply voltage 200V DC
2. Per phase Current capacity of 9A.

3. Galvanic isolation.
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4.3 Graphical user interface

Any user PC with MATLAB installed on it can be used for overall control of the
Mechatro Lab and establish a GUI that allows:

1. Running simulation with own or prepared models
2. Access to DSP microcontroller and execution of its own or predefined algorithms
3. Change parameters and collect measurement data

The users can interact with the micro-controller using the user interface developed in
MATLAB. The GUI is developed using the GUIDE(Graphical user interface develop-
ment environment) feature of MATLAB. The GUI interacts with the micro-controller
using serial communication.

The motor selection is performed in the main GUI window. The motor specific interface

can be opened by clicking on the push buttons having the motor name.

Motor Se ko] = |

Hardware experiments

Select Motor

Synchronous Motor

Induction Motor

DC Motor

Figure 4.4: Main GUI window
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In these interfaces, the users can enter different reference speed inputs and observe
the speed and current response. The users can also enter the PID gain parameters in

the boxes and observer the its effect on the speed and current response.

Bocvoe o [

Reference Speed (rad/s) +100
DC Motor
Enter new reference +00100
speed
Speed Current (mA +200
(radis) S (mA)
Current Kp +100 Speed Kp +1000
Enter new | +00100 Enter new +01000
Current ki +50 Speed Ki +20
Enter new Ki  +00050 EnternewKi  +00020
Current Kd +1 Speed Kd +10
Enternew  +00001 Enter new +00010
l Start ]

Figure 4.5: DC Motor GUI
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Chapter 5

Electric Machine Control Design and

Simulation

In this chapter we will be showing the basic algorithms developed for control of
DC and AC machines as examples on how basic operation of Mechatro lab with new
DSP controller can be used. The work shown in this chapter is a background for
the development of the DSP code and experimentation on velocity control of different
electrical machines.

The Speed control techniques of DC and AC motors are discussed in the following
sections. There are various techniques which are applied to the DC and AC motors.
The most simple control technique which can be applied to a DC motor is the PID
controller [38]. The PID controllers are used extensively in industries for speed control
of DC motor [39][40]. PID controllers are popular mainly due to its simplicity. It
requires the knowledge of the parameters of the system to calculate the proportional-

integral-derivative gains. However, it is not suitable if the system is non-linear[41|[42].

5.1 Speed control of DC motor

In a permanent magnet DC motor the stator and rotor fluxes are orthogonal by
machine construction thus for permanent magnet machine with constant stator field

the torque can be controlled by changing the rotor current.
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A block diagram used in speed control of DC motor is shown in Figure 5.1

Reference Ref Current

+
Speed ( ) Speed PI +( ) Current PI »| DC motor >
Input / control control

A -

Current
Measurement

A

Speed ¥
Measurement

Figure 5.1: Speed Control block diagram of a DC motor

The outer speed PI controller generates a reference current depending upon the differ-
ence in the actual and reference speed. This reference current is responsible to generate
the necessary torque to achieve the desired speed. The reference current is then com-
pared with the motor current and a controller is applied to the error between them.
The output of this PI controller is the voltage applied to the terminals of the DC motor.
This control technique is called cascaded control technique

An important feature of the current control loop is that we can put a saturation
limit to the reference current, which is the maximum rated current of the motor. If the
reference speed is changed in such a way that the reference current goes beyond the
rated current, the saturation condition will maintain the reference current within the
maximum current rating of the motor.
In the following section, the PI controller is designed and the gains obtained are used
in the Simulink simulation. The control system is designed on the model of equations
3.60, 3.70-3.72 developed in Chapter 3.
The Laplace transform taking u as a control input and K.w as disturbance leads to an
open loop transfer function as

i(s) 1

u(s)  (Ls+R) (5.1)
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Selecting PI controller as
K

Cy = K, + ? (5.2)
leads to closed loop transfer function as
C117-‘02'
T,=—"— 5.3
(1+C1Ty) (5:3)

Let a(s) represent the characteristic polynomial of the above transfer function. It is

given by
a(s) =1+ ClToi (54)
Simplifying Equation 5.4, we get
R+ K
a(s) = s> + (+—Lp)s + K, (5.5)

Substituting the parameters of the motor, the characteristic equation can be written as

, (112+K,)

a(s) = 0.023

+ K; (5.6)

Applying the Routh’s Stability criterion We get K; > 0 and K, > —11.2.
Using these equations the values of K, = 100 and K; = 10 were used in the simulation.

The outer control loop implemented as below

Load torque

. -

Wref Iref . Wm
Pl speed Pl-i Vin_ | 1 i Kt Te 1
contoller contoller T ResiL sJ
+ . +

Figure 5.2: Outer control loop: DC motor Speed Control

The PI controller for the outer loop can be written as

K

Cy = K, + ? (5.7)
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o C2TciKt

Tow <7 (5.8)
T,
T = —22 .

The characteristic equation is given as below

a(s) = s*(100L K, K;)+5*(100RK, K;+100LK; K;+10L K, K;,)+s(10RK, K;+10L K, K,)+10RK; K,
(5.10)

Substituting the motor parameters, the equation can be simplified as below
a(s) = s*(9K,) + s*(356 K, + 9K; + 3LK,) + s(3K, + 0028 K;) + 35K; (5.11)

Applying the Routh’s Stability criterion

We get the conditions as K; > 0.028K), and 12250K5 +31.5K,K; — 31K, < 0.

Using these equations, the values of K, = 0.1 and K; = 0.5 gave good results in the
simulation.

The results of using these gains are shown in the speed and current response in Figure

5.3. It can be seen that the speed and current follow their references within 50ms.

Speed response 0.8 Current response
40 ‘ ‘ ' — Motor Current
0.6 — Reference Current
» 30 —
= <
T — 04
=20 o
3 5 02
B 10/ ! °
—Motor speed o
— Reference speed
0 : : : : -0.2 : : :
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time (s) Time (s)
(a) Speed Response (b) Current Response

Figure 5.3: DC Motor Simulation Speed reference : 0 to 30 rad/s

5.2 Speed Control of AC motors

The control algorithms of the AC motors are much more complicated than that of

DC motors. The most popular and widely used speed control technique for AC motors
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is Vector control or Field oriented control. It was introduced by Blaschke.F in early
1970’s[43]. Inorder to implement this technique, rotor flux estimates are required. The
rotor flux can be measured directly using a flux meter or can be estimated from the
stator currents. These two separate methods lead to the classification as direct and
indirect field oriented control respectively.

Scalar control or Volts per Hertz control is another control technique which can
be applied to AC machines. In this technique the magnitude of the 3 phase voltage
given to the motor is varied in proportion to the output speed required. It is a much
simpler control technique than vector control. A comparative study of the scalar and
vector control was done by Jisha et al[44|. They concluded that the transient behavior
in vector control is better than that in scalar control. Although Vector control is
more complex, its performance is much better than scalar control. Texas Instruments
published documents on FOC of PMSM and IM, explaining the theory and a step by
step implementation of the control technique[45][46].

The block diagram of field oriented control is shown in Figure 5.4. Projecting the
dynamics of AC machines (Synchronous and IM) into the frame of reference with d-
axis oriented along the rotor flux vector leads to dynamic decoupling of the machine
dynamics similar as in DC machines. Then d-axis current controls the rotor magnetizing
flux whereas the g-axis current controls the torque. They are then controlled separately

as shown in Figure 5.4.
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Reference

Speed Speed Flux
troll
Input 4+ con rr Iqrefy controll Vq Tnverse Va N
- . Clark-Park | Vb _ PWM
. A »
PI Transform | V¢ | Inverter
O—+— —
] Torque A
controller
Id
Forward :Ia -
Iq Clark-Park :Ib Current <
Transform |  I¢ |Measurement| P
A
Position
Position and
Sposd Speed AC Motor
Measurement

Figure 5.4: Field Oriented Control - Block Diagram

The outer PI loop generates i,4,.; depending upon the difference in the reference and
actual speed. The ¢4 and i, values are then compared with i4..; and ig..r values. In
the PMSM, ig,¢¢r = 0, as the rotor magnets generate the magnetizing flux, hence there
is no need to create a magnetizing flux from the stator flux. The torque depends only
upon the g-axis current. Whereas in the case of induction machine, ig.s is decided
based on the speed. Its torque is dependent upon the rotor flux as well as the g-axis
current. A linear relation between the torque and the g-axis current can be established
by maintaining a constant value of rotor flux. In this way, the torque can be controlled

by controlling the g-axis current.

5.2.1 PMSM Control system design
The control system for PMSM is designed using equations 3.87-3.89 and 3.60. The
inner control loop for the d and q axis currents is designed as follows

did Ud Rid .
—d_d_d_ 12
e L L W (5.12)
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diq  uy Rig , WeAm
— = = = — — Wlg —

dt L L L

(5.13)

The non-linear terms in both the equations, namely w.i, and w.iy can be considered

as disturbance, to be compensated by the controller.

Let wgq = ug — weiq and ugy = Uy — Welg + “’EL)"“.
Therefore
did Udd Rld
a_ Tda | Tha 14
dt L L (5.14)
dig  uqq Rig
il U 1
dt L L (5.15)
Taking Laplace transform
, Ugq(s R
SM@:(%)—EM (5.16)
(sL + R)ig(s) = uqa(s) (5.17)
1
Ty=—— 5.18
‘T SL+R ( )
Similarly we can write
(sL + R)ig(s) = ugq(s) (5.19)
iq(s) 1
= 5.20
Ug(s)  sL+R (5.20)
1
T, = 21
" sL+R (5:21)
Substituting the motor parameters, we get,
T,y = L =T, (5.22)
T 045416 '

Applying PI controller to the 7,4 and Ty, we get,
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Idref + Vvdd Id
— Pl contoller ———m» Tod >
lgref —— Iq
—» Pl contoller — Toq >
Figure 5.5: d and q axis current control loop: PMSM Speed Control
The closed loop transfer function is given by
C’liTod
Ty=—"——— 5.23
I+ O (523)
Where, Cy = K, + K?
The characteristic polynomial of the above transfer function is given by
CL(S) =1+ ClTod (524)
Substituting the values of €} and T,4, we get,
16 + K, K;
2 P 7
= 2
als) = s 0.4 0.4 (5.25)
Applying the Routh’s Stability criterion, we get K; > 0 and K, > —16.
The inner loop works satisfactorily for K, = 100 and K; = 100.
The same gains can be applied to 7, .
The controller design for the outer speed loop is done as below
CoTo 1.5P A,
Ty = —-00 2 2m (5.26)
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Load torque

Wref lgref + l B Wm

Pl speed Pllq Vaq | To lqg | 3*P*ux | Te 1
contoller contoller g q 2 sJ
-+ T - +

\

Figure 5.6: Speed control loop: PMSM Speed Control

where the PI speed controller is given by Cy = K, + K?

T., = 5.27
14 Tow (5:27)

The characteristic equation is given by
a(s) =1+ Ty, (5.28)

Substituting 7,,,, we get,

a(s) = Js*4290Js%+(250J+150 P\, K, ) s> 4+1.5 P, 100( K, + K;)s+150PA,,, K; (5.29)
Substituting the motor parameters, we get,

a(s) = 9.6e — 4s* +0.27845% + (0.24 + 22.77K,))s* + 22.77(K, + K;)s + 22.77TK; (5.30)

Applying the Rouths stability criterion , we get, k; > 0 and 6.603K; + 2277(K},)? +
1776 K, K; + 2277K, + 1776 K, > 0.
The K; = 100 and K, = 10 values gave satisfactory results. The results of applying

these gains are shown in Figure 5.7,5.8:
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Figure 5.7: PMSM Simulation Speed Response: 0 to 50 rad/s

q - axis current response

d — axis current response
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(a) PMSM Quadrature axis current response (b) PMSM Direct axis current response

Figure 5.8: PMSM Speed Reference: 0 to 50 rad/s

It can be seen in Figure 5.7,5.8 that the speed and dq axis currents follow their
references in steady state. However, there is about 4% overshoot in the speed response.
One of the possible reasons for this overshoot could be the unavailability of the exact
motor parameters and unmodelled dynamics. The motor parameters were estimated

using the hardware experiments but may be inaccurate due to a limitation of the current

sensor used in the experiment.

5.2.2 IM Control system design

The inner control loop for the flux and torque is designed using equation 3.91-3.95.

They are as follows:
di u
d_;i = —’}/id + Uﬂ)\d + wez’q + d

—= 5.31
oL (5.31)
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di ) . U
d_tq = —Yig — WePBYq — Weiqg + Uqu (5.32)
dA )
=~ + 0 Lnia (5.3)
t
Ly . .
T. = L5P7" A, (5.34)

r

In order to control the flux and the torque, we need them in terms of the input variables

uq and u,. To get that, we differentiate equation 5.33 and 5.34 with respect to time,

d?)\; dMg d)g
= —n— Ly,— 5.35
gz~ a1y (5:35)
Substituting 7,4 from equation 5.31 we get
d2>\d d)\d Uq
—_— = —n— Ly(—ni A olg + —— 5.36
) 0+ nLn(=nia +np d+wlq+0LS) (5.36)
EDW d)g 9
= —p—— Ly B\ .
72 N 1 hBAd + Udd (5.37)
Where, wgq = nLp(—7yiqwei, + aqu)
Taking Laplace transform
82/\d = —nAgs + nQLhﬁ)\d “+ Ugq (538)
A 1
SA T,y (5.39)

Ugg  S2+ns —n2Lyf B

Applying PI controller to this loop, the closed loop transfer function can be written as

Flux ref+ Vvdd Flux
Pl contoller ——» Tof >

Figure 5.9: Flux control loop: IM Speed Control

O\ T,
T, = ——-%

=——2 5.40
1+ OlTOf ( )
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Where, C} = K, + K? is the PI controller for the flux.

The characteristic equation for the above transfer function is
a(s) =14 C1 Ty (5.41)
Substituting the C) and T,f, we get,
a(s) = s* +ns* + (K, — > Lpp)s + K; (5.42)
Substituting the motor parameters,
a(s) = s* +8.585% + (K, — 3122)s + K; (5.43)

The Rouths Stability criterion gives us K4 > 0 and K, > 3122+ K;/8.5
The simulation works satisfactorily for K,= 4000 and K;=100
Similarly for the torque loop, the relation between the torque and the input u, can be

found by differentiating the torque equation

L
T, = 1.5PL—h)\diq (5.44)

.
Since the flux is dependent on the speed and is constant for a speed, its derivative with

respect to time is zero. Therefore,

dT, Ly di
S =15P—= )\ 5.45
dt L, " dt (5.45)
dT, Ly, . . U
= = 1.5PL—T/\d(—'yzq — WeSNG — Welg + 0[1) (5.46)
dTe Lh . Lh
Where, u,, = —weBA\g — Weiq + U"Tq
dT,
= =T, 4 Cuy, (5.48)
dt
Where, C' = 1.5P# ),
Taking laplace transform,
sT. = =T, + Cuy, (5.49)
T, C
= =Ty (5.50)
Ugq s+y
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Figure 5.10: Torque control loop: IM Speed Control

The closed loop transfer function is given by,

C2 Tot

Tp=—""—
" 14 Ty,

Where, Cy = K, + £i i5 the PI controller for torque

S

The characteristic equation for the above transfer function is
a(s) =1+ CyTy
Substitutint Cy and T,
a(s) = s + (K,C +7)s + K;C
Substituting the motor parameters, we get,
a(s) = s> + (0.122K,, + 48.4)s + 0.122K;

Appying the Rouths Stability criterion, K; > 0 and K, > —400
The simulation works satisfactorily for K, = 100 and K; = 1000

The outer speed control loop is as shown in Figure 5.11.

CsT41.5P
sJ
Where, C3 = K, + Ki is the speed PI controller

S

Tow =

The closed loop transfer function can be written as

Tow
1+ Tow
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Figure 5.11: Speed control loop: IM Speed Control

The characteristic equation for the above transfer function is
a(s) =14+ Ty, (5.57)
Substituting T, we get,

a(s) = (1 4+ K,CJ) + s*(y + 100C + 1000CK,,J + 100CK;.J) + s(1000K,C.J + 1000)
(5.58)

Substituting the motor parameters, we get,
a(s) = s*(1 4+ 1.17e — 4K,) + s*(170 + 0.11K, + 0.011K;) + s(0.11K; + 1000) (5.59)

Applying the Rouths Stability criterion we get, 0.11K; 4+ 1000 > 0 And 170 +0.11K, +
0.11K; >0
The simulation works satisfactorily for K}, = 0.1 and K; =5

The results of these simulations are shown in Figure 5.12-5.13
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Figure 5.12: IM Simulation Speed Response:0 rad/s to 40 rad/s
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Figure 5.13: IM Simulation Speed reference: 0 to 40 rad/s

It can be seen in Figure 5.12-5.13 that the speed, flux and torque follow their
references in steady state. The flux and torque are following their references within 0.2
seconds. In the speed response, there is about 7% overshoot. This overshoot is similar
to the one found in the PMSM simulation could also be due to the unavailability of

motor parameters and unmodelled dynamics.
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Chapter 6

Experimental results

The setup is used to perform speed control algorithms on DC and AC motors. The
connections and procedure to perform these experiments are discussed in the following

sections along with experimental results.

6.1 DC motor

The speed control experiment on a Permanent magnet DC motor is implemented in

this section.

6.1.1 Components

The components that will be used in this experiment are PMDC Stator, DC 60V and

18V Power supplies, Microcontroller, Power converter board, DB9 connecting cables.

6.1.2 Connections

1. Connect a power supply to the DC bus voltage point and set it to 60V, 3A
maximum current. Set the second power supply to 5V and connect it to the

current sensor power supply point on the board.

2. Connect the power converter board to the micro-controller and the rotor terminals

using the two DB9 cables.
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Encoder cable

Computer <’\:

Power Supply ‘ ’\
R & i 1]
Encoder u
input OO0 0O
DC 60V DC 18V
Red —
PWM — PWM PWM —[\ Blue |
Output | —— input Output ‘l/ + _
Green
DB9 Cable
DB9 Cable Black PM DC
motor
ADC — Analog current terminals
input | sensors
Micro- .
controller Motor driver Stator board

board

Figure 6.1: Setup connections for DC motor speed control experiment

3. The cable from the converter board has 4 connections points, of which only two

will be required. Connect the red cable to the positive terminal on the motor

housing board and the blue cable to the negative terminal.

4. Connect the encoder cable coming from the motor to the eQEP module pins of

the micro-controller.

5. Now, connect the micro-controller to the PC and turn the switch on the controller

to ON position.

6.1.3 Procedure

1. Launch MATLAB and 'Run’ the main.m file.

2. Click on the DC motor push button to open the DC motor user interface.

3. Set the reference speed at the top of the window by entering a signed 5 digit
number. Incase the number is two or one digit, enter 0’s before the number to
make it 5 digit. For example, if you want to set the reference speed to 3 rad/s,

enter: +00003 in the specified box. Similarly for a reference of -30 rad/s, enter:

-00030.
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4. Click on the ’Start’ push button to start the motor operation and observer the

speed and current waveforms.

5. The PID controller gains are changed by entering values in the respective boxes.
Enter a signed 5 digit value in the boxes next to the name of the controller gain.
Similar to the case of reference speed, if the value has less than 5 digits, add zeros

at the beginning to make a total 5 digits.

6. The effect of change of the PID controller gains can be seen in the speed and

current response.

7. Enter different reference speed and observer the speed and current response.

6.1.4 Results

To support the simulated results, the same experiments are performed using the
setup described in the previous chapter. The tuning of PI controllers is done by trial
and error method. In this method the integral gain, K; is set to zero. Then, the
proportional gain, K, is increased until the output is close to the set reference value.
If there is a steady state error, the integral gain Kj; is increased from zero till the error
is removed.
1st reference speed: A step reference of 0 to 30 rad/s is given to the motor. Its current

and speed responses are as shown in Figure 6.2.
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Speed response

40
— 30’ v‘—VA\/Vv A A g AV A Vo s V|
“
8 20t
ks
3 10f
Q.
w
0 oo — Measured speed
10 — Reference speed
0 2 4 6 8 10
Time (s)

(a) Speed Response

Current (A)

Current response

— 2 Current
— Reference Current
4 6 8 10
Time (s)

(b) Current Response

Figure 6.2: DC Motor Experimental positive Speed reference : 0 to 30 rad/s

It can be seen that the steady state motor speed is nearly the same as the reference
speed. However, if the motor current goes below 20mA then the motor speed does not
follow the reference speed accurately. The reason for this behavior is the limitation in
the resolution of the current sensor. Since the sensor we used has a resolution of 20mA,
it was unable to detect the motor current below 20mA resulting in addition of noise

in the current measurement, thereby effecting the control action and the causing the

speed to deviate from the reference.

2nd reference speed: A step reference of 0 to -30 rad/s is given to the motor. Its current

and speed responses are as shown in Figure 6.3.

Speed Response
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(a) Speed Response
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Current response
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o | 4
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-0.2 ‘ : :

0 4 6 8 10
Time (s)

(b) Current Response

Figure 6.3: DC Motor Experimental negative Speed reference : 0 to -30 rad/s

63



The transient and steady state response is similar to the type 1 reference speed
response. This shows that the controller is working for both positive and negative

references.

6.2 PMSM speed control

The speed control experiment on PMSM is implemented in this section.

6.2.1 Components

The components that will be used in this experiment are AC Stator,2/4 pole perma-
nent magnet rotor, DC 60V and 18V Power supplies, Microcontroller, Power converter

board, DB9 connecting cables.

6.2.2 Connections

Encoder cable

\
‘ ‘ ‘ Power Supply ‘
Encoder
input oo OO0
DC 60V DC 18V
Red —
PWM — PWM PWM —[\ Blue
Output | —— input Output W
Green —
Computer B9 Cable
—— DBS Cable Black
ADC — Analog current
input B sensors
Micro- .
controller Motor driver Stator board

board

Figure 6.4: Setup connections for PMSM speed control experiment

1. The power supply connections are the same as done in the DC motor experiment.

2. The difference is in the cable connections between the motor driver board and the

stator board.
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3. The red, blue and green cables represent the three phase input to the stator and
are connected to the U, V and W points in the stator board.

4. The AC stator can be used with multiple rotors. Unscrew the stator bracket and
insert the 2/4 pole permanent magnet rotor in the stator. Close the bracket and

ensure the rotor is connected properly by rotating it by hand.

5. The stator can be made up of either 4 or 8 poles connected in a star or a delta

fashion.
6. A star connection of the 4 pole stator is shown in Figure 6.4.

7. Connect the micro-controller to the PC and turn it on.

6.2.3 Procedure

1. Launch MATLAB and ’Run’ the main.m file.
2. Click on the PM synchronous motor push button to open its user interface.

3. Set the reference speed at the top of the window by entering a signed 5 digit
number. Similar to the case of DC motor, if the reference speed has one or two

digits, add zeros to make it a 5 digit number.

4. The rotor flux of the PMSM needs to be aligned with the d-axis to accurately
perform the Clark-Park transformation. This is done using the ’Align’ text box.
When the ’Align’ value is +1, the rotor is positioned in a way to align the rotor

flux with the d-axis. By default the "Align’ value is set to +1.

5. Click on ’Start’ push button and enter +-00002 in the ’Align’ text box to start to

start the motor operation after flux alignment with d-axis.
6. The motor speed and the dq axis currents can also be observed in the interface.

7. The effect of change of the PID controller gains of the three PI loops can be

seen by editing its value. Similar to the case of DC motor, enter a signed 5 digit
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value in the boxes next to the controller gains and observe the speed and current

respomnse.

8. Enter different reference speeds and observer the speed and current response.

6.2.4 Results

1st reference speed: A step reference of 0 to 50 rad/s is given to the motor at t=0
sec. Its current and speed responses are as shown in Figure 6.5-6.6.
The steady state motor speed is same as that of the reference. The d-axis current is

Speed response

— Measured speed
— Reference speed

1 1?5 2 25
Time (s)

Figure 6.5: PMSM Experimental Speed Response: 0 to 50 rad/s
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(a) Direct axis current response (b) Quadrature axis current response

Figure 6.6: PMSM Experimental positive Speed reference: 0 to 50 rad/s

within 8-14mA range for a reference of OmA. The g-axis current is also following its
reference although with a small steady state error of 10-15 mA.

2nd reference speed: A step reference of 0 to -50 rad/s is given to the motor at t=0 sec.
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Its current and speed responses are as shown in Figure 6.7-6.8.
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Figure 6.7: PMSM Experimental Speed Response: 0 to -50 rad/s
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Figure 6.8: PMSM Experimental negative Speed reference: 0 to -50 rad/s

Similar to the 1st reference input, the steady state motor speed is same as that of the
reference. The speed of the motor deviates from the reference if the current is near or
below 20mA. The d-axis current is within 5-10mA range for a reference of OmA. The
g-axis current is also following its reference although with a small steady state error

of 25 mA. This shows that the controller performance is same for both positive and

negative references.
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6.3 IM speed control

The speed control experiment on induction motor is implemented in this section.

6.3.1 Components

The components that will be used in this experiment are AC Stator,Squirrel cage
copper/ brass rotor, DC 60V and 18V Power supplies, Microcontroller, Power converter

board, DB9 connecting cables.

6.3.2 Connections

Encoder cable

‘ ‘ ‘ Power Supply ‘

Encoder

input OO 00

DC 60V DC 18V
PWM — PWM PWM
Output — input Output
Computer |(t—— DBY Cable |
ADC — Analog current
input | — sensors

Micro-

controller Motor driver Stator board

board

Figure 6.9: Setup connections of IM speed controller experiment

1. The connections are exactly same as that for the PMSM but with only difference

of the rotor.

2. Connect the brass/copper squirrel cage rotor in the AC stator. After placing it

inside ensure that the rotor is connected properly by giving it a spin.

3. Similar to the PMSM, the AC stator can be made up of either 4 or 8 poles and

connected in a star or a delta fashion.
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4. A star connection of the 4 pole stator is shown in Figure 6.9.

5. Connect the micro-controller to the PC and turn it on.

6.3.3 Procedure

1. The experiment procedure is similar to the PMSM with the difference of the rotor

alignment. In case of IM, the motor does not need to be aligned with the d-axis.
2. Launch MATLAB and 'Run’ the main.m file.
3. Click on the induction motor push button to open its user interface.

4. Set the reference speed at the top of the window by entering a signed 5 digit

number. Similar to the case of DC motor, add zeros to make it a 5 digit number.

5. The motor speed and the dq axis currents can also be observed in the user inter-

face.

6. The effect of change of the PID controller gains of the three PI loops can be
seen by editing its value. Similar to the case of DC motor, enter a signed 5 digit
value in the boxes next to the controller gains and observe the speed and current

respomnse.

7. Enter different reference speeds and observer the speed and current response.

6.3.4 Results

1st reference speed: A step reference of 0 to 40 rad/s is given to the motor. Its flux,

torque and speed responses are as shown in Figure 6.10-6.11.
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Figure 6.10: IM Experimental Speed Response:0 rad/s to 40 rad/s

Flux response Torque response

0.02 T T
—flux —Torque

015 : — Reference flux 0015 — Reference Torque
0.01 al

0.005

—-0.005
-0.01 . . U

-0.015

Torque (Nm)

I I I I I I I I I I I
7 8 9 10 1 2 3 4 6 7 8 9 10

Y I I I
0 1 2 3

4 5 6 5
Time (s) Time (s)

(a) Flux response (b) Torque response

Figure 6.11: IM Experimental positive Speed reference: 0 to 40 rad/s

The steady state motor speed is same as that of the reference. Similar to the
experimental results of DC motor and PMSM, the deviation of the motor speed from
the reference is due to the lowering of the current consumption below 20mA. The flux
and torque responses are also following their respective references.
2nd reference speed: A step reference of 0 to -40 rad/s is given to the motor. Its current

and speed responses are as shown in Figure 6.12-6.13.
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Flux response Torque response
017 T T T T T 0.02 T
—flux
016 ' — Reference flux 0015¢
0.151 o 0.011
3 0.141 . . . o § 0.005
S 013 s g of- .
é 0.12 g ‘ ‘ { !
= o2 1 S -0.005-
]\< ] x
0111 B B B B -0.01H
0.1 -0.015 _Torque
/v W V\,K‘M — Reference Torque
009 1 2 3 7 10 002, 1 2 3 s 6 7 s 9 10
“Time (s) Time (s)
(a) Flux response (b) Torque response

Figure 6.13: IM Experimental negative Speed reference: 0 to -40 rad/s

It can be seen that the steady state speed and torque responses are similar to the
1st reference with the difference of the opposite sign. This shows that the controller is
working for both the positive and negative speed references. The flux is maintained at

the same value hence has the same response as 1st reference input.
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Chapter 7

Conclusion

In this thesis, a compact laboratory setup has been built to act as a teaching aid for
understanding the basics as well as control techniques of electrical machines. It is ca-
pable of implementing speed control techniques on electrical machines. Field Oriented
Control and cascaded PI controllers were used for implementing the speed control of AC
and DC motors respectively. A power converter board driven from a low cost and fast
digital signal processor is also added. A GUI is also developed for easy interaction with
the DSP. This setup can be used for performing advanced control techniques like Sliding
mode control, Optimal control, Fuzzy logic and Neural network based controllers. Ad-
vanced switching techniques like Space Vector PWM can also be used to generate the
3-phase AC signal. The future work of this thesis can include the application of control
techniques to other machines such as Stepper motor. It can also include extending this

setup to include a web based remote laboratory.
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Appendix A

Micro-controller programming

The steps involved in programming the controller using CCS is as follows:

Launch CCS version 5 or later. The main window of the CCS is as shown in Fig A.1

¥ CCS Edit - MotorControl/pmsm.c - Code Composer Studio = B
File Edit Vieg lladget Run Scripts Window Help

rBuild A iEis Quick Access & | [E CC5 Edt | %5 CCS Debug
[ Project Explorer 53 Débiig © = O | pmsme 2 [[dime  [g) maine = ]

» 4 Example_2833x5ci_Echoback

» § F28335_example_nonBIOS flash

> 75 Labla

» S Labb P

» 5 Labd 70 £loat scalar

» [ MotorControl [Active - Debug] 71 float offset
72 float gain

DP->Der_Pr = (1/(3°T))*((2*Input)-(2*DP->Input_Pr)+(T* DP->Der Pr)); 7
DP->Input_Pr = Input;
return DP->Der_Pr;

/ no change required for current
75 float scalar2
76 float offset2
77 float gain2

" 1.8A Code Editor

79// add 5@
. e 3@ float scalar3
Project Window 51 float offset3

a2 float gain3

/conmon varaibles

loat adc,adc2,adc3;

ouble P0s@-0,Pos1-0,Vela=8,Vell=8,Vel2=9,FPos8=8, FPos1=0, FVela=0, Fvell=0;
57 unsigned int p_new=8,p_old=a;

35 double t1=8;

59 loat d1-0,d2-0,d3=0,t=6,7=10,i=0;

90

91//DC motor variables
92 float dKp=10000.8,dKi = 12.0,dKd= 28.0;//30
93 float dkp_vel=5000.0,dki vel=0.00, dkd_vel=7.0; =

&) Console i3 S~ [ - = B [ Problems 3 ) Advice {8 Scripting Console 47 Search S
No consoles to display at this time. Oitems

Description ° Resource Path

4 i R

Wiitable Smartlnsert | 277:1 & Free License

Figure A.1: Code composer studio: Window in Edit mode

This window is the edit mode of the CCS, where we can edit code and build projects.
The coding is done in the editor window and is built and checked for errors using the
build icon. The project explorer/window allows us to access multiple projects, which
are activated by clicking on the project name. The code is downloaded into the con-

troller using the Debug icon.
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To create a new project
1. Click on File-New-CCS project

2. Enter Target-2833x and select TMS320F28335 from the adjoining drop down list.

Enter a project name (MotorControl) and click on Finish.

1% Maw CCS Project . By
€C5 Project e ]
Create a new CC5 Project. f d
Target: 2833x Delfing - lmpms el
Connection: [ . -
B 28K [C2000]

Project name: Metad
] Use default location

D\Users\ SUUSER workspace_vi_1\Motor

Compiler version: [TI\GA.E '] l_ More...

b Advanced settings

= Project templates and examples
i type filter et Creates an empty progect fully initialized for
— 1 the selected device. The project will contaan
# [[7] Empty Projects = | anempty ‘main.c’ source-File.
@ Empty Progect |
& Empty Progect (with main.c)

LN

Figure A.2: Creating a new project

3. Define the size of the C system stack. In the project window, right click at project

"MotorControl" and select "Properties". In category "C/C++ Build", "C2000
Linker", "Basic Options" set the C stack size to 0x400.

74



v+ Properties for MotorControl l | = éJ

type filter text Basic Options b il
> Resource

General =
4 Build Configuration: [Debug [ Active ] 'l IManage Configurations...|

a4 C2000 Compiler
Processor Optiens
Optimization
Include Options Specify output file name (--output_file, -o) "§{ProjName}.out”

K

Performance Advisor

BIE

; Link information (map) listed into <file> (--map_file, -m) "§{ProjName}.map"
» Advanced Options
4 C2000 Linker Heap size for C/C++ dynamic memory allocation (--heap_size, -heap)
Basic Options | : i
File Search Path Set C system stack size (--stack_size, -stack) 0400
. Advanced Options [¥] Warn if an unspecified output section is created (--warn_sections, -w)
C2000 Hex Utility [Disabled]
Debug =
'C?j' Show advanced settings [ OK ] I Cancel

Figure A.3: Size of the C system stack

4. Now, write the C code for the motor in the main.c file

Next, we need to add some initialization files which have been provided by TI

5. In the C/C++ perspective, right click at project "MotorControl" and select "Link
Files to Project".
Go to folder

“C:\tidcs\c28\dsp2833x\v131\DSP2833x_headers\source’’ and link:
DSP2833x_GlobalVariableDefs.c

This file defines all global variable names to access memory mapped peripheral

registers.

6. Repeat the "Link Files to Project" step. From

C:\tidcs\c28\dsp2833x\v131\DSP2833x_common\source add:
DSP2833x_CodeStartBranch.asm

DSP2833x_SysCtrl.c

DSP2833x_ADC_cal.asm

DSP2833x_usDelay.asm
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DSP2833x_Adc.c
DSP2833x_CpuTimers.c
DSP2833x_DefaultIsr.c
DSP2833x_Eqep.c
DSP2833x_GlobalVariableDefs.c
DSP2833x_PieCtrl.c
DSP2833x_PieVect.c

7. From

C:\tidcs\c28\dsp2833x\v131\DSP2833x_headers\cmd link to project
"MotorControl":

DSP2833x_Headers_nonBIOS.cmd

This linker command file will connect all global register variables to their corresponding
physical addresses.

We also have to extend the search path of the C-Compiler for include files. Right click
at project "MotorControl" and select "Properties". Select "C/C++ Build", "C2000
Compiler", "Include Options".

In the box "Add dir to include search path", add the following lines:

Add dir to #Finclude search path (--include_path, -I) = B 54
"$HCG TOOL ROOTVinclude"

"Chtides\ C28\dsp2B33:4w131ND5P2833x_headershinclude”
"Catides\ c28\D5P2833x0w 1310 D5P2833x_commontinclude”

Figure A.4: Add additional paths to include header and common files

C:\tidcs\C28\dsp2833x\v131\DSP2833x_headers\include
C:\tidcs\c28\DSP2833x\v131\DSP2833x_common\include

The code is loaded into the device using the debug icon, indicated in Figure A.1. When
the debugger is launched the CCS switches to the debug mode from the edit mode. The
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window appearance has also changed with some additional features as shown in Figure

ALS.

¥ CCS Debug - MotorControl/flash.c - Code Composer Studio - - T lolEr] =)
Fie Edit View _ProRRuIFools Run ncow-—Help
o | R-ite [ @ B-RODR-SEinD CEE QuickAccess | 5 | B CCs Edit (B CCs Debug
Bxpl Stop 2 & ¥ = O dsDebug 2 ions 53 i Registers g Breakpoints S
5 Bxample 2833¢ci Ed % MotorControl [Code Composer Studio - Device Debugging] B X KRBt -
(5 F28335_example_noni0S flash 4 Texas Instruments XDS100v1. USE Debug Probe_0/C28 (Suspended - HW Breskpoint) e e e, A
> 5 Labld [ El
68 Labs = arge.moin st oge. .2 6338AD3 ik b [ |
> 35 Labd = Cint00 at boot2B.nc:223 B338ASL (the entry point wos reached) docble 2. S
> (5 MotorControl [Active - Debug] o @bata
flost 00 0:0000C01A@Dsts
flost 2045056027 O0000C00E@Dsta
flost 50000 0:0000C02C@Dats
flost 00 00000CH36@Dsts
B i T
Gpmeme  [Sime (9 manc [ flshe 52 =]
void main(void)
{ Code
InitsysCerl();// Initislize the controller settings check more E
memcpy (&Ramfunc sRunst art, &RanfuncsLoadend - &RarfuncsLoadstart);
InitFlash();  // ca i (
nd EDIS are o enable and disable the access to 3 group of protected registers
EALLOW;
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Figure A.5: Code composer studio: Window in Run mode

The watch window is used to observe the variable values and to modify those values if
need be. The gains of the PID controller can be changed and its effect on the speed

and current values can be seen in this window.

(x)= Variables 6% Expressions 52 }{}{ Registers ©g Breakpoints =" =
EE| % X% rict|dp ¥
Expression Type Value Address I_‘
)= off float 0.0 0x0000C026@Data |
(9= FVeld double 0.0 0:0000C086 @Data !
0= ref_vel float 50.0 0x0000C006 @Data !E
6= err_vel float 0.0 0x0000C01A@Data|
)= ia float -2.058578e-27 0x0000C00E@Data |
©9- dKp_vel float 5000.0 0x0000C02C@Datal
(9= dKi_vel float 0.0 0x0000C036@Data
(= dKd_vel float 70 0:0000C00C@Data
0= dl float 0.0 0:0000C02A@Data
0= d2 float 0.0 0:0000C020@Data
()= adc float 0.0141027 00000 C096 @Data
0= ref_vel float 50.0 00000 C006@Data
0= dl float 0.0 0:0000C02A@D0ata -
4 | 1 |

Figure A.6: CCS variable watch window

All the variables used in the code can be added in the watch window. A new variable can
be added by clicking on the '+’ icon next to the ’Add new expression’. The experiments
on the DC and AC machines can be performed by simply writing the code in the main.c

file.
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Appendix B

Simulink models

DC motor model is implemented in Simulink as follows

E‘—»Input vtg E—’ Load torque theta
Input Voltage Load torgue
Current
»w » Current w
Electrical Mechanical
Clock To Workspace

Figure B.1: DC motor Simulink model
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D
Load torque »
w

Figure B.3: DC motor Simulink model: mechanical module

The DC motor paramters are as follows:

R=11.8; L = 0.028; b= 2.4152e-05; J=6*b; Kt = 0.318; Ke= 0.318;

79



PMSM Simulink model

At s

A1

Pg——p

A2

A3

Clock1

I
7 - '
Vq _

vd

»theta

vd

Vq

Clark - Park transform

Electrical

theta_e

Mechanical

To Workspace4

Figure B.4: PMSM Simulink model

The Clark-Park transformation function is as follows:

function [Vd, Vq] = fcn(A,B,C, theta)

Val=A;

Vbt=0.577* (A+2*B) ;

vd

Vq

Val*xcos(theta)+Vbt*sin(theta);

-Valxsin(theta)+Vbt*cos(theta);
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Figure B.5: PMSM Simulink model: Electrical module

Electrical module

lambda pm

Figure B.6: PMSM Simulink model: Mechanical module

Mechanical module

The PMSM paramters are as follows:

Ld= 0.4; Lg= 0.4; R=16; PM=0.0759; K= 0.00153;J= 0.0009645;
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IM Simulink model

oo |
A1 vd
Pt———B
A2 P
it ™
A3 vg—
[rho]>———{theta
From13
Clark-Park Transform

a1 )

flux_d

Mechanical

E?E

i

vd
flux_d
Vq
flux_d
rho

we

wr

Electrical

Clockl To Workspace

Figure B.7: IM Simulink model

The Clark-Park transformation function is as follows:

function [Vd, Vq] = fcn(A,B,C, theta)

Val=A;

Vbt=0.577*(A+2*B) ;

Vd

Vq

Val*cos(theta)+Vbt*sin(theta);

-Val*sin(theta)+Vbt*cos(theta);
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rho
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wr Integrator3 9
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Figure B.8: IM Simulink model: electrical module

The electrical sub-system consists of the equations of Iy, I, flux and position of
the rotor flux. The mechanical sub-system consists of the equations of the torque and

electrical motion.

@D % 1.5*p*(Lh/Lr)*(u(2)*u(3))

‘q Fcn4 —
&> wr
flux_d

Figure B.9: IM Simulink model: mechanical module

The IM paramters are as follows:

Rs=22; Rr=18.4; Lh=0.875; Ls=0.875; Lr=2.143; J=9.645e-4; B=1.5e-3; p=4;
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Appendix C

Speed control flowcharts

DC Motor Speed control

Initialize controller,
PWMs, Timer interrupt,
ADCs and Encoder
registers

}

Start the timer

l

Wait in main for timer
interrupt

A

If timer
interrupt
occurs

Measure motor velocity
and current

}

Calculate current
reference using speed PI
loop

)

Calculate new PWM
values using current Pl
loop and update registers

Figure C.1: DC motor Speed Control flowchart

84



AC motor speed control

Initialize controller,
PWMs, Timer interrupt,
ADCs and Encoder
registers

}

Start the timer

}

Wait in main for timer
interrupt

If timer
interrupt
occurs

Figure C.2: AC motor Speed Control flowchart
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Measure motor velocity/
position and 3 phase
current

}

Calculate q axis current
reference using speed Pl
loop

Calculate rotor flux
position depending upon
the machine

l

Perform Clark and Park
Transform

q axis current and d-axis
current Pl controllers

Inverse Clark-Park
Transform

Update PWM registers
with new values

Figure C.3: AC motor Speed Control: Interrupt subroutine flowchart
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