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Abstract

Induction motors have found wide application in industry due to its excellent
robustness and low maintenance. A recent application area of Induction motors
Is the rapidly emerging Electric vehicle industry. This dissertation has been
prepared with a view to develop a Robust control strategy for an induction
motor that can drive atractive load such as a single wheel of a 4 wheel driven
electric vehicle driven by battery. Vector Control of Induction motors are prone
to parameter variations that depend on operating conditions. Such variation
poses chalenges in the control mechanism as parametric variation directly
affects system performance. This problem needs to be addressed if a tractive
load is to be driven. This work presents Indirect Field Oriented Control as a
powerful Control technique and identifies it as a cascaded system with two
loops. The outer speed control loop has a Pl controller that processes the error
signal between a reference speed and the actua speed. This PI controller has
been tuned in order to provide efficient and effective tracking of reference
speed. For this purpose Field Oriented Control structure has been presented as a
block diagram and subjected to block diagram techniques and subsequent
Model Order Reduction Techniques to obtain a first order system. To this First
order system, Linear Quadratic Regulator based Optimal Controller is designed.
In order that the motor provides desirable response in spite of parametric
variations, bounded parametric uncertainties are presented as an interval system
and then a Robust Controller is designed for the interval system. Finaly the
entire study is anayzed through credible Real Time simulation using Opal RT
OP 4500.

Keywords:. Induction Motor, Vector Control, Optimal Control, Robust Control, Linear
Quadratic Regulator (LQR), Opal RT OP 4500.
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Chapter 1: Introduction

Chapter 1

Introduction

1.0 Introduction

Induction motors have gained popularity in industrial applications and elsewhere due to
their high reliability, reduced power consumption, lower maintenance cost, reduced
electromagnetic radiation and most importantly, higher efficiency. A host of factors like
nonlinearity arising out of saturation, parametric variation due to factors like temperature
rise and complex dynamics make their application difficult. As a result, control
techniques for induction motors have become increasingly complex while the motor

control industry becomes more and more competitive.

The present dissertation attempts to develop alocal control loop for controlling the speed
of an induction motor driving a tractive load such as a single wheel of a 4 wheel driven
electric vehicle driven by battery. The control scheme assumes load variations which
cause sudden application of torque, for example, while negotiating a bump or a slope. The
need for an optimal controller arises because of the need to restrict the current drawn from
the battery as input to the motor. The relevant established technology modules that can
be used for achieving these goals are first introduced in this dissertation and than verified

through credible real-time simulation.

While established techniques in optimal control produce acceptable solutions [1] that
guarantee acceptable stability robustness, it is equally important to ensure commensurate
parametric robustness. This dissertation explores the feasibility of application of interval
techniques to achieve a control solution that couples the advantages of an optimal

controller with added parametric robustness.
1.1 Literature Survey and Options

Of the various control strategies available, Field Oriented Control provides high
performance control and enables independent control of flux and torque. Field Oriented
Control was first proposed by Technical University Darmstadt's K. Hasse and Siemens F.
Blaschke in the year 1968. In 1970, Hasse proposed Indirect Vector Control and Blaschke
proposed Direct Vector Control. This work was further developed by Technica
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Chapter 1: Introduction

University Braunschweig's Werner Leonhard and as a result, ac drives could now give

competition to dc drives[2].

Previous to Vector Control, other methods that existed for control of asynchronous
machines can be termed collectively as scalar control. Scalar control of induction
machines provided good steady state response, but failed to provide satisfactory dynamic
response [3]. Scalar control uses only the magnitude and frequency of stator phase
current, but does not consider the phase. As aresult, phase and magnitudes of air gap flux
deviate from their set values. Vector Control provides phase, frequency and magnitude
control of currents. As this control is achieved in field coordinates, it is known as Field
Oriented Control. Since this method of control is actually phasor control of flux linkages

pertaining to therotor, it isaso called Vector Control.

The works of Robert H. Park in 1929 (Parks Transformation) enable transformation of a
set of linear differential equations for any electric machine from a time varying
coefficient to a time invariant coefficient. This greatly helped in understanding of the
concepts of Field Oriented Control. Basically Vector Control represents an induction
motor in a manner similar to a dc motor. Here, the field flux and armature flux produced
by the field poles and the armature currents respectively, act orthogonally and therefore
enable control of field flux and torque irrespective of each other i.e. independent control

of field and torque is achieved. Vector Control can be of two types.

1. Direct Vector Control - Here, the desired flux is obtained directly by the use of some
sense coils or, is calculated from voltage and current measurements at the terminals.
Since it is not practicaly possible to directly obtain flux position, the rotor flux
oriented system has to be designed such that it can calculate, compute and estimate
the desired values from a directly sensed signal [4].

2. Indirect Vector Control — This method aims at calculating the flux positions by using
the dlip relation. Here, the rotor position is sensed and the flux and torque commands
are generated. From these commands, the dlip is calculated. Finally the flux position
is obtained from this dlip [4]. Indirect Field Oriented Control can be designed using
any one of the three flux orientations, namely the stator, rotor and the air gap flux.

Out of these the rotor flux orientation is widely accepted dueto its simplicity.
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Chapter 1: Introduction

Indirect Field Oriented Control provides several advantages over Direct Field Oriented
Control (DFOC) and is as follows:

1. It doesnot suffer from inherent low speed problems and thus can be used for all such
purposes where near zero speed operation is essentia [4].

2. This method avoids the requirements of flux acquisition by using known machine
parameters [4].

3.  Minimization of the number of transducers and feedback loops. [5]

The advantages above make Indirect Field Oriented Control simpler and hence it is
widely used over Direct Field Oriented Control.

In order to implement the vector control of induction machines, it is important to first
develop dynamic model of an induction motor in the stationary reference frame. The
works of Edith Clarke (Clarkes Transformation) is used for required transformations that
convert the three phase quantities into two phase stationary quantities. Kron’s Primitive
Model representation, along with Clarkes Transformation and Parks’ Transformation
forms a basis for devel oping the dynamic model of an induction motor. Vector controller
for the machine is developed in synchronously rotating reference frame and all quantities
have to be converted to synchronous frame using suitable transformations. This has been

described extensively in [6]

Block diagram for the entire plant consisting of the induction machine along with the
Field Oriented Controller has been presented in [3]. Field oriented control is a control
structure comprising of two loops. The inner loop is the current control loop and the outer
loop is the speed control loop [7]. The function of the inner current control loop is to
provide efficient tracking of the motor current. The motor current is made to track the
reference current. The outer speed loop provides efficient tracking of speed such that the
motor can track and follow any speed input applied as a reference. The dynamics of the
two loops vary such that the inner loop is much faster than the outer one. Thus while
designing the inner current loop, the dynamics of the speed control loop can be neglected
and suitable controllers for this loop can be designed. But since the inner control loop of
the vector controlled induction machineisaMIMO structure, it becomes quite difficult to
design the controllers for this inner loop with conventional methods [8]. Classical control
strategies that include PI/PID controller tuning has been effectively used in thisregard. L.

Umanand in [8] have presented the induction motor drive system as a linear quadratic

Page| 3



Chapter 1: Introduction

(LQ) tracker problem as an output feedback. In this paper, a current controller is designed
for torque dynamics and for this controller, digital control has been adopted. In [9], the
objective of decoupled controller for high speed operation has been worked upon by
Jinhwan Jung et.al. Debayan Bose in his master’s thesis analysed and designed the inner

current control loop using Relative Gain Array (RGA) [10].

While designing the speed control loop, the conventional Pl controllers are used. The
integral component ensures minimal or zero deviation of the actual speed from the
reference speed. In [11], Speed controller for the outer speed control loop has been
designed with anti-windup scheme using conditional integration method. In [12] adliding
mode controller has been designed for the outer speed control loop for FOC. In order to
implement any control strategy for designing the outer speed loop, the essentia
prerequisite is to develop corresponding suitable dynamic equations that represent the
entire system including the motor and controller. This has been demonstrated in [3] by
which the entire block diagram can be effectively reduced to a second order system.
Design of suitable Pl controllers has aso been demonstrated in the book but such a

controller does not guarantee optimal control of the system.

System order reduction techniques where a system of any order can be reduced to a lower
order system can be found in extensive tutorials on Model Order Reduction. Dr. S.
Janardhanan in his tutorial [13] demonstrates some methods on model order reduction.
Davison method of model order reduction, Chidambara model and his suboptimal control
and Marshall technique are few such methods. Use of aggregation methods in model
order reduction ensures efficient reduction in system order [13]. Aggregation methods
were initially developed in economics literature to address the appropriateness of the
analogy between microeconomic and macroeconomic relationships. It was Aoki who first
proposed aggregation in control systems [13]. Later, modal aggregation techniques were
developed. A more popular method in model order reduction is ‘Aggregation by
continued fraction method’, introduced first by Chen and Shieh. Later this method was

extended by many others.

Induction machines provide many advantages over their dc counterparts but suffer from
one major problem. i.e. bounded uncertainty or parametric sensitivity. Due to various
operating conditions and external factors, parameters of an induction motor are subject to
change. Operating conditions that affect parameters of a machine include temperature rise
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Chapter 1: Introduction

and saturation [3]. External factors include occurrences of inappropriate instrumentation
of parameters in vector controller. Some operating conditions that induce parametric
uncertainties are controllable, but external factors are beyond control. The result is
coupling between the flux and torque components of the machine and a nonlinear
relationship between reference torque and actual torque. Also, a change in machine
parameters affects the total system comprising of the motor and the controller. The
resulting transfer function obtained after suitable block diagram reduction and model
order reduction depends on the machine parameters. Therefore a change in machine
parameters causes a change in the transfer function. The transfer function obtained
represents the entire system and the optimal controller for the outer speed loop is
designed on this mathematical representation. Therefore any change in transfer function
might cause the designed controller to fail to maintain optimal stability of the system.
Therefore the need arises to develop a robust controller that can handle such bounded
uncertainties and maintain optimal control of the outer speed loop. Interval mathematics
has been developed to handle such uncertainties. Ramon E. Moore et. a [14] in their
book present detailed analysis of interva mathematics. Here, upper bounds and lower
bounds are considered for all such parameters which vary. The upper bound denotes the
maximum value with maximum variation, while the lower bound shows the minimum
value with minimum variation. For this purpose, INTLAB [15] has been developed which
can be used as a toolbox with MATLAB. INTLAB performs mathematical calculations
based on intervals and provides results in terms of bounded interval sets. Thus INTLAB

can be effectively used for design of robust controllers.

Design of robust Pl controllers for suspension systems with parametric uncertainty have
been presented by Rahul Mittal in [16]. Here, graphica methods for computing Pl
controller parameters for various gain margin and phase margins have been used. But this
approach does not use interval mathematics for controller design. Milan Hladik et.a in
their work [17] have discussed about symmetric and unsymmetric interval matrices and
deduced theorems for bounds on interval matrices. These results can be applied in control
theory to design robust controllers that can guarantee optimal control over an interval
given by interval matrices. This has been established in [18] where an optima PID
controller has been designed for a PHWR with parametric uncertainties. In [18], a
nominal system isfirst deduced for a PHWR from corresponding dynamic equations and
then an optimal controller has been designed for this nomina system. Next, bounded
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Chapter 1: Introduction

parametric uncertainties have been introduced and the effect of such variations has been
represented in the form of interval matrices. Now, the controller gain for the nominal
system is used and suitable calculations are made to find Q and P matrices according to
LQR method given by J. B. He et. al. [19]. The theorems of [17] are then used to prove

that the controller guarantees optimality throughout the interval.

Since the advent of modern computers, simulation tools have been widely used by
technologists to design, analyse and modify physical systems according to specific
requirements. With the development of high end computing technologies, simulation
tools have seen marked improvement in terms of performance, and have dramatically
decreased in cost. This has increased acceptance of simulation tools as they can now be
used by more and more researchers. Real time simulation has now been devel oped which
provide marked improvement in performance and speed. In offline simulation, the
computation time may be shorter or longer than the fixed time step. [20] A red time
simulator computes the mathematical operations and produces the internal variables and
outputs of the simulation within a similar length of time that would have been produced
by its corresponding physical system. Here, the time required to compute a mathematical
operation needs to be shorter than the actual wall clock duration of the time step. Any idle
time after computation is over for the time step, islost in real time simulation. Finally the
duration of simulation is exactly equal to real wall clock, as would have been given by
the actual process. State of the art ssimulators can perform various type of simulations.
Some such simulation techniques are Hardware In the Loop (HIL), Software In the Loop
(SIL), and Rapid Control Prototyping (RCP). In HIL, aphysical controller is connected to
avirtua plant and the virtua plant is ssmulated in real time simulators. SIL simulation is
carried out by designing both the plant and the controller in the same real time simulator.
SIL provides an advantage over other simulations as here, no inputs and outputs are used
and signal integrity is maintained. RCP simulations consist of a controller simulated in a
real time simulator, and connected to a physica plant. These different types of
simulations provide various advantages. Controllers can be tested without connecting
them to real plants and thus can be designed even before the actual plant has been set up.
This method ensures safety of the plant in case the controller fails to provide desired
response. Plants and controllers both can be simulated and tested before they are
physically built. Various real time simulators have evolved, of which OPAL —RT series

simulators need special mention. OPAL RT OP 4500 comes with a powerful processor
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Chapter 1: Introduction

Intel 4 core CPU and can perform simulations at step size of a few nanoseconds. OPAL

RT red time simulator has several advantages

+ Has an advanced powerful new generation processor that is capable of executing
high performance simulations.

% OPAL RT has FPGA chips that can perform simulations at very small time steps, of
the order of afew nanoseconds.

+« It can be applied for Hardware In the Loop (HIL), Software In the Loop (SIL), and

Rapid Control Prototyping (RCP) simulations.

As rea time simulation is executed according to real physical clock, complex and
rigorous simulations can be carried out much faster

1.2 Objective of the Thesis:

Field oriented control is an effective and widely accepted vector control strategy of
induction machine. Such control is essentially a cascaded control where there are two
loops -The inner current loop and the outer speed loop. The inner current loop is much
faster in dynamics than the outer speed loop and therefore the current loop can be
designed without considering the speed loop. The design of controllers for the inner
speed loop has been taken up in [10]. The design of the PI controllers for the outer speed
loop has been given by various other researchers. Some of them ensure robust control

with parametric sensitivity.

The objective of this thesis is to design Pl controllers for the outer speed loop such that

two aims are achieved.

s First, the controller should ensure efficient tracking of the reference speed by the
actual speed.

« Secondly, the controller should guarantee optimal performance throughout the
interval of bounded parametric uncertainties. i.e. the controller should be robust, such

that parametric uncertainties can be handled by it.
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The conditions of maximum temperature rise and operating zones of the machine have
been considered here and the effects of these two on the machine parameters have been
represented by interval mathematics. Next, a robust optimal controller using Linear
Quadratic Regulator (LQR) technique has been taken up for the controller design. The
final outcome is an optimal controller that is robust throughout the range of the interval

matrix for parametric uncertainty

1.3 Outline of thethesis:

The thesis consists of 5 chapters. Results and Discussion have been provided with each
chapter and section as deemed necessary. Therefore this dissertation does not contain a

separate chapter on results and discussions:

¢+ Chapter 1: This chapter introduces the dissertation and provides extensive discussion
on the literature survey as a prerequisite to this work. Literature survey is followed

by objective of the thesis where the aim of thiswork is presented.

s Chapter 2: Second chapter of the thesis deals with dynamic modelling of an
induction machine and discusses some elementary related concepts. This chapter is

subdivided into two sections.

2.0 Thefirst section introduces local loop control of induction machines.

2.1  The second section discusses the basic enabling concepts that are a pre-requisite
for Field Oriented Control and thereafter, demonstrates the dynamic modelling of
an induction motor in the stationary reference frame and presents the response
curves of the various peformance parameters through the use of
MATLAB/Simulink. Mathematical relations are also derived and presented.

s Chapter 3: Third chapter of this thesis introduces Field Oriented Control and
extensively discusses implementation of IFOC in induction machines. Finally with
the help of Block Diagram Reduction and Model Order Reduction techniques, a
corresponding first order system is obtained that represent the IFOC structure.

3.0 Thissection introduces Field oriented Control.
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31

3.2

3.3

34

3.5

X/

The second section of this chapter presents Theory and Structure of IFOC. All
necessary mathematical derivations are explained and discussed.

Third section of the third chapter briefly presents Pulse Width Modulation (PWM)
and Sinusoidal PWM technique

Fourth section of this chapter presents Simulation of IFOC, produces the results
obtained and offers a discussion on the results.

The entire IFOC structure is identified as an integrated Block diagram and
thereafter, Block Diagram Reduction Techniques are applied and finally this
section presents a reduced form of the entire IFOC structure as a second order
system.

The last section of the third chapter discusses Model Order Reduction techniques
and applies such techniques to obtain the IFOC structure as a reduced first order
system.

s Chapter 4: This chapter presents the design of an Optimal Controller for the nominal

system. Optimal Control concepts are presented and then design and implementation

of the controller is discussed. This chapter has the following sections:

4.1
4.2

4.3

4.4

The first section introduces Optimal control.

This section discusses Optimal Control and the LQR problem. Basic theory on
performance indices and Algebraic Ricatti Equation are presented.

Controller design is discussed in this section of the third chapter. Using the
concepts and theory of the previous section, an Optima Controller is designed
using LQP technique. Derivations and implementation is presented and finally,
the controller gains are obtained through the use of MATLAB/Simulink.

This section concludes chapter 3 and presents the MATLAB Simulations and
discusses the results obtained. For this purpose, the designed controller is added to
the first order nominal system and responses are studied. Later, the controller is
added to the original simulation and the results are studied. This is followed by a

discussion

s Chapter 5: Parametric Robustness is studied in this chapter and the entire IFOC

system is identified as an Interval system. Thereafter, INTLAB is introduced and an

interval system is obtained. This chapter has the following sections:
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5.0

5.1

5.2

5.3

5.4

X/

The first section introduces bounded parametric uncertainties and robust control
along with discussions on Interval Laboratory.

The second section presents theories on bounded parametric uncertainties and
discusses the types of bounded parametric uncertainties- temperature rise and
saturation as has been considered in this dissertation.

This section provides theories and concepts on Interval mathematics and
INTLAB, a toolbox that can be used with MATLAB. Finally a reduced order
transfer function considering parametric variation is presented.

Design of a robust control is presented in this section. First the theory of robust
control is discussed and then the results of implementation of such a controller
with the use of INTLAB/MATLAB are provided. Finally robustness of the
designed controller is verified.

Results of using the Robust controller with the IFOC structure is studied through
Matlab and discussions are presented on the results.

< Chapter 6: The 5" chapter presents an overview of Real Time Simulation using Opal

Rt OP 4500. This chapter has the following sections:

K/

6.0 Anoverview of Real Time Simulation is presented in this section

6.1 An overview of Real Time Simulation is presented in this section

6.2 Various types of simulation like RCP, HIL and SIL are discussed in
this section of chapter 5.

6.3 The third section of the 5" chapter provides a brief description of the
state of the art Real Time Simulator Opal Rt OP 4500.

6.4 Simulation using Opa Rt OP 4500 is presented in this section aong
with the results.

6.5 The last section of thisthesis presents discussion on the results obtained

« Chapter 7: The last chapter of the dissertation provides concluding remarks for the

entire dissertation along with scope of future work.
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CHAPTER 2

Enabling Concepts and Modeling

In this Chapter the basic enabling concepts associated with control of an Induction Motor for
a variable speed-torque scenario are first introduced . These concepts are then used to present

amoded of an Indcution Motor which is verified with credible simulation.
2.0 Introduction:

In 1920 Park formulated a change of variables concept, which brought revolutionary changes
in electric machine analysis. Parks Transformation has a unique property of removing al time
varying inductances that are present in voltage equation of synchronous machines. Such time
varying inductances occur dueto

1. Relative motion of electric circuits.

2. Variable magnetic reluctance of electric circuits. [21]

In 1930s, H.C. Stanley formulated a change of variables for analysis of induction machines.
He concluded that all time varying inductances could be effectively eliminated by
transforming the variables associated with the rotor windings, to variables that are associated
with any fictitious stationary winding. According to Stanley, the rotor variables are
transformer transformed to frame that is fixed on the rotor. Later, Kron introduced a change of
variables by which all stator and rotor variables could be transformed to areference frame that
rotates with synchronous speed with the rotating magnetic field. Thisis commonly known as
the “synchronous reference frame”. This work was in reference to symmetrical induction

machines [21].

Later, D.S. Brereton formulated another scheme of change of variables by which all stator
variables could be transformed along a reference frame fixed to the rotor. This was Parks

Transformation applied to induction machines.

Brereton, Kron and Clarkes work laid the path to study dynamic equations of induction
machines. A dynamic model of induction machine is useful to study dynamic response of
induction machines, can be used as a teaching tool in electric machine and power electronic

courses and can be used in various motor control techniques [22]. In this work, a D-Q or

Page| 11



Chapter 2: Enabling Concepts and Modeling

dynamic model of an induction motor in the stationary reference frame has been made and

necessary assumptions are made.

2.1 D-Q modelling of Induction motor and simulation:

The ssimplified per phase equivalent circuit representation of Induction machines is helpful in
the analysis of steady state response, but fails to provide effective insight into dynamic
response. Therefore in order to study dynamic analysis of machines, a dynamic model is a

necessity.

Now, as we transform balanced three phase currents to balanced two phase currents, tit is seen
that the mmf produced by both the systems is identical. Also, the transformations are made
such that per phase impedances are also same. Thus, the constants per phase for an equivalent
2 phase induction machine can be obtained from the study and conducted on three phase
induction machine. Therefore it can be concluded that a three phase induction machine can
be studied on a two phase induction machine and can be transformed back to a three phase
induction machine [4]. Before this transformation is carried out, a discussion on reference

frame transformation is presented.

2.2 a) Reference Frame Theory and Transfor mations:

Dynamic modelling of induction motor can carried out in a synchronously rotating reference
frame (as proposed by Park), or in stationary reference frame as proposed by Stanley, or in a
reference frame that rotates at any arbitrary speed, i.e. the arbitrary reference frame as
proposed by Krause [21]. Therefore before a dynamic model and its derivations and
calculations are presented, it is essential to have discussions on the various Transformations.

1. Clarkes’ Transformation (( dS— qS) Transform):

Clarkes Transform converts al quantities in three phase reference frames to quantities in two
axis orthogonal reference frame as shown in figure 1. Here a 3 phase system of currents have
been represented as phases a, b and c that are 120 degrees apart from each other. This
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stationary three phase system on the left is transformed to a stationary two phase reference

frame (dS—qS). Here, |

3 is considered to be aligned aongly. |3and Ia are of same

magnitude. The relation between the two reference frames that follow is valid for both

voltages and currents.

= gub
" - [

(=1

Voltage [ p.u. }
=
R

T

=
A

120°

120°

axis

Figure 1) Clarkes Transform from three phase to two phase.

R

| =phase a voliage
| ——phasc b veltags |
|~ phase ¢ voltage

3 4 5 fi f | 4 9 10
Time | in scconds )

Figure 2. a) Three phase voltage wavefor ms
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—d axis voltsge
— g amis voliage

AW

Valtage { p.u )
=
1
e
————

Time ( i seconds )

Figure- 2. b) Two phase voltage wavefor ms

The transformation of three phase balanced system of currents to a two phase system can be
obtained with the following relation-

1 1
1 -= -=
s 2 2 A
Val_ 2 0 V3 B Vv 21
vs|731% 7 2 || (21)
Vool 11 |lve
2 2 2

Transformation from atwo phase system to a three phase system can be carried out by having

inverse of the transformation matrix and the final relation can be obtained as:

1 0 1 VS

_ s

Ve L ﬁ 1 Yo
2 2

Here, V, = %(Va+ Vb+ V) which isthe zero sequence component of voltage.
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2. Park’s Transformation ((d€- %) transform:

Parks Transformation transforms three phase quantities lying in a stationary reference frame
(a b, c) to two phase quantities in a rotating reference frame (de-qe). The equations that lead

to Parks Transformation are given as.

2n 21
c0Bp Cc0S(Ba-—) cos(Ba+—
vg :g -sinfg -sin(ee-%") -sin(ee+%ﬂ) vy (2.3)
Vo 1/2 1/2 1/2 Ve

Here, geis the angle between the two reference frames. i.e. the rotating reference frame makes

an angleggWwith the stationary reference frame at each instant.

Inverse of Parks transform converts a two phase rotating system to a three phase system and

the corresponding equation is:

A coseez -smeez 1 Vde
Vp |= cos(ee-?n) -sin(ee-?n) 1| vé (2.4)
Ve 21 . 2m Voe

cos(6e+?) -5|n(ee+?) 1

The figure above in 3 shows Parks Transformation. The component V, is the same as that

used for Clarkes Transform.
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[ Pl

Figure 3- Parks Transfor mation (Three phase to Two phase Rotating Refer ence Frame)

2.2b Dynamic M odelling of Induction motor:

Before a dynamic model for an induction motor is presented n detail, it is necessary discuss
some of the assumptions that have been used for the derivations [6].

i.  Mmf distribution along periphery of air gap is assumed to be sinusoidal. Thus space
harmonics are efffectively neglected. The effects of space harmonics on torque and
induced voltages are therefore not taken into consideration.

ii. Hysterisis and saturation are not considered. Therefore, the concept of linear coupled
circuit theory is considered valid.

iii.  We have assumed the mutual inductances to be equal.
iv. There is no consideration of slots causing variation of inductances with relative
movement between stator and rotor. Therefore to conclude, the self and mutual

inductances vary sinusoidally as the rotor rotates.

Considering the above assumptions, dynamic modelling has been caried out for an induction

motor and has been presented in the subsequent section.
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Aleck W. Leedy in [20] has presented a dynamic model of an induction motor in the rotating
reference frame. But for this thesis, a stationary reference frame has been chosen to represent
the dynamic equations of the machine.

The voltage equations for the Stator d and g axis has been given by [4]:

_ d s
ds RSIds d_wds (2.5)
And,
VS = RgiSs+ Lys 2.6
gs = Rslgs* Ugs (2.6)

Similarly the voltage equations for the rotor d and q axis have been given by [4] asfollows:

d
VdSr - erdr dt Lpgr +“’r”’3r (2.7)
And,
Vo = RS +il]JS “wrP S 28
qr rigr ¥ g var ~Or¥qr (2.8)

Now, for an induction machine with squirrel cage rotor, the rotor bars are short circuited and
hence the rotor voltages become zero.

Therefore, Vdr = Vqsr =0

Hence, eq (7) becomes

0= RiS + S¢S +oryd (2.9)
dr gt dr - rEQr :

And eg (8) becomes

0= Rrig 9SS 2.10
ar dt qar rYdr (2.10)

The equations for the various flux linkages for the stator and rotor are as follows:

_ .S .S
l“ds I‘Is'ds,“LI‘m('ds“L'dr) (2.11)
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Wgs = Ligigs * Lm(igs *igr ) 2.12)
Lpgr = I‘Iric?r * Lm(i§s+ igr ) (2.13)
llJar = L|ri(§r + I—m(ias“L iar )

(2.14)

The flux linkage for air gap flux is given by:

Wim = tm(igs*ig, ) (2.15)
llJam = Lm(ias"' iar ) (2.16)

2 2
Um=y¥gm *¥gm

Inductances for the stator and rotor can be calculated as:
5= bg*Lm
Ly =Ly +Lm

3

Where, Lm= E Lhs

Putting the values (11) - (14) in equations (5), (6), (9) and (10) we get:
Vo?s: Rsigs (Lls ds* I‘m('ds dr )
: d . :
=Rigs 5 (Gt Lm)igs* Ly )
. d, . :
VdSs= RS'SSJ’E(LS'dSer I‘m'dsr )

d s d s

Rslds+ LSd ds Lma'dr (2.17)

And,
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. d . . .
Vc?s: R5'35+E(L15'83+ Lm('as‘”ar )
. d . .
Vqss: Rs'as”a(('js” |—m)'as+ I—m'ar )
s_o:s,d s s
Vos = Relgs* -, (g Ly )

d. d.
Vqs Rs'qs+ LSd 'qs+ Lmd 'qr (2.18)

And, we have the rotor equations as :
_n:s.d, s 'S ;S 'S 'S S
0=Rrlgy +a(l‘lr'dr * I‘m('ds-lr 'ar N+ oy (Llr'qf *+Lm(igs*igr ))

. d, . . . .
Vi = Rrige *+ o (g * Limigs)* 0r (Lrigy + L)
0= Ri> +L, dis o198 oo LiS o LS
dr rdtdf My ds “rar rHmigs

d. . . d. .
0= Lmalgs+u)eras+Rr|§r+Lr&|§r+wr Lriy (2.19)

Also,

0=R r qr (LII' qr m CIS qr )) ® (LII’ dr +Lm(i38+i§|’ ))

0= F%’iar"’ rqr+Lm'qs) W (er +L 'ds)

0=Ri°S + dis 4| dls-wLiS-les
rgr rdtqr Mgt gs r rdr r mds

s d.s d.s
= 0= "0, Lm'ds+ Lmalqs o8 Lr dr Rr'qr+|‘ra'qr (2.20)

The equations (17), (18), (19) and (20) give the relations according to which the simulation
for dynamic modelling of an induction machine is carried out in MATLAB. These equations

can be represented in the form of a matrix by the following relation:
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Vas
Vas |-
0
0

Rs+ Lsp 0 Lmp 0
0 Rs+Lsp 0 Lmp
Lmp  orlm  Re+lrp  orly
-orlm Lmp -orly Re+Lep

iS
ds
.S
iS
dr
'S

(2.21)

The torque equation is devel oped by the interaction of two fluxesi.e. the air gap flux and the

rotor mmf. Thusin stationary reference frame, the torque equations appear as.

o=
o 7=
= Te:%(
o 1=

P . .
EJ(wSm'af ) ‘“3m'§r )

N | o

J5iSs-wimiss)
(W 3aids - Vsigs)

Lm(igs'r ~Tdsidr )

NIT N
N— N

4.h)

(2.22)

(2.23)

(2.24)

(2.25)

Figure4.a) qS circuit and 4.b) d° circuit of equivalent stationary reference frame model of induction

machine
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The electromechanical equation for an induction motor is given by the following relation:
2( . dwy

Te=T +=| J—+Bw 2.26

e P( dt rj (2.26)
Figure 4 represents the ssmplified dynamic model of an induction motion.
2.2c Simulation and results:
The machine was simulated using MATLAB and corresponding torque, speed and flux
responses were seen. For simulation of induction motor, the various parameters that were used

are tabulated as follows:

Table 1- Parametersof IM used for ssimulation

Parameter of the motor Symbol Values chosen
Voltage per phase Vm (volts) 40 volts (peak)
Frequency F (Hz) 69 hertz
Per phase Stator resistance R, (ohms) 1.627 e-3
Per phase Rotor resistance R, (ohms) 13643

Stator leakage inductance per
phase L, 19.42 e6 H

Rotor leakage inductance per
phase L, 1942 e6H

Air gap leakage inductance
(magnetising) per phase L 320e-6 H

No. of poles P 4
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Moment of Inertia J (kg-m?) 0.03
Frictional Coefficient B (N-m-9) 0.07
Simulation step size Sec leb

The MATLAB simulation for dynamic modelling of an induction motor is shown in figure 5.

A 3 phase sinusoidal voltage is given as input which is then converted to a two phase system

of voltages in the stationary reference frame by using Clarkes Transform. After this,
simulating the equations (17), (18),(19),(20), the currents have been derived. From the

currents, the corresponding fluxes have been derived by smulating equations
(11),(12),(13),(14). From the currents that were obtained, the electromagnetic torque is

obtained by simulating equation (25). From the electromechanical relation of the motor, the

speed of the machine is derived by simulating equation (26). Finaly the d and q axis currents

are transformed to three phase stator and rotor currents using inverse of Clarkes transform.

Results of ssmulation of induction machinein MATLAB Simulink:

Case 1- when the machine runs at no load:

The machine is run without any external Load and the various responses are noted.
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Electromagnetic torque of IM at no load
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Figure 5. Electromagnetic tor que of the machine at no load (in Nm)
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Figure 6. Electrical speed of the machine at No-L oad (in Rad/sec)
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Three phase stator currents of IM at no load

Three phase stator cuwrrents (in amps)
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Figure7. Three phase Stator currentsof the machine at no load. (in amps)
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Figure 8. Stator, rotor and Air gap magnetising fluxesfor the machine at noload (in Wb)

Page | 24



Chapter 2: Enabling Concepts and Modeling

> Case 2- when aload torque of 35Nm is applied at 1 second:

The machineis madeto runinitialy at no load and then after 1 second, aload torque of 35Nm

is applied. The various responses are then noted.

Flectromagnetic torque at a load torque of 35 Nm applicd at 1 sccond
=0 T | | | T |

100 ; : E

|

Electromagnetic torgue { in MNm)
L=

| | | | | | |
0 0.2 04 0.6 0.8 1 L2 14 LG 18 1

Time (i seconds)

Figure 9. Electromagnetic tor que of the machine at a load tor que of 35Nm applied at 1 second (in Nm)
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electrical specd (in radfsee)
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Three phase Stator currents (in amps)

5

Electrical speed for IM when a load torque of 35Nm has been applied at 1 sccond
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Figure 10. Electrical speed of the machine at a Load torque of 35Nm applied at 1 second (in Rad/sec)
3 phase stator currents of IM when a load of 35 Nm 15 applied at | second
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Figure 11. Three phase Stator currents of the machine at load tor que of 35Nm applied at 1 second
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Stator, rotor and air gap Maxes for Induction metor when torque of 35Nm 15 applied at | sccond
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Figure 12. Stator, rotor and Air gap magnetising fluxesfor the machine at aload torque of 35 Nm
applied at 1 second (in Wh)

Discussions on results:
> Case 1- when the machineruns at no load

The ssimulation is first made to run with no load and the responses of corresponding currents,
fluxes, electromagnetic torque and speed are seen. It is observed that the speed increases from
zero to about 430 Rad/sec and settles in about 0.45 seconds after an initial overshoot. The
torque initially rises to 225 Nm and settles to about 15 Nm at 0.5 seconds. Now as the speed
of the machine increases, the torque increases rapidly and oscillates. During this period the
torque is oscillating. As the speed of the motor reaches a steady value, the torque reduces and
becomes almost stable. The 15 Nm steady state electromagnetic torque provides the motor
with the frictional and windage torque. This frictional component has been introduced in the

simulation as B.

> Case 2- when aload torque of 35 Nm is applied at 1 second

The ssmulation is made to run initially without the application of external load. After 1 second

into the motor operation, an external load of 35 Nm is applied. Initially the speed of the motor
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increases from zero to about 430 Rad/sec and settles in about 0.4 seconds. Initial overshoot is
present. As speed increases, we find that the torque increases and becomes oscillatory. As the
speed settles, torque also becomes steady at about 14 Nm. Now with the application of
external load, there is a speed transient for 0.2 seconds and after this the speed falls by 2 rpm.
Electromagnetic torque rises to meet the external applied torque and finaly settles to a value
of 50 Nm. The current response in this case increases dlightly after load torque is applied,
because now the electromagnetic torque has to increase to meet the new total torque demand.

We find from the flux responses that the rotor magnetic flux is less than the stator magnetic

flux. Air gap magnetising flux is more than rotor flux but less than stator flux.
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Chapter 3

Field Oriented Control

3.0 Introduction:

Field oriented or vector control is a technique in which a separately excited dc motor like
approach is adopted. In a dc motor, the field flux is perpendicular to the armature flux and
these phasors are orthogonal to each other and stationary in space. This implies that when
armature current is controlled to control torque of the machine, the flux remains unaffected.
Also, then field flux is varied, it does not affect the armature flux. Thisinherent decoupling of
torque and flux provides fast transient response in dc machines. An induction machine suffers
from a coupling effect and therefore high transient performance is difficult to achieve [21].
Such an approach as is practical with a dc machine can be extended to an induction machine
by considering all the quantities of the induction motor in a synchronously rotating reference

frame. Such a frame ensures that the sinusoidal variables appear as dc quantities. Here the
. : e o :
stator current is transformed into two axes, the 0 . and the O axes i.e. |§S and 'Ss

These are the direct axis and quadrature axis currents and are orthogonal to each other. Vector

control ensures that the icejs component is similar to the field current i, of a dc motor, and

f

igs issimilar to armature current iy of adc motor. Therefore the torque can be expressed as:

This dc machine like analysis is possible only if igs is directed along the flux component and

igsis in quadrature to it. Here, igs isthe flux component and iSS is the torque component.

3.1 Theory and structure of Indirect Field Oriented Control:

A. THEORY:

Field Oriented Control can be of two types.
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1. Direct Field Oriented Control (DFOC)
2. Indirect Field Oriented Control (IFOC)

Due to various advantages over DFOC, IFOC is preferred as a control technique for an

induction motor. These advantages include:

1. It does not suffer from inherent low speed problems and thus can be used for all such
purposes where near zero speed operation is essential [4].
2. This method avoids the requirements of flux acquisition by using known machine

parameters [4].

In this work, Indirect Field Oriented Control has been adopted and therefore it will now be
discussed in detail. To explain IFOC, a phasor diagram representing the control technique is

givenin figure 13 below.

Figure 13- Indirect Field Oriented Control Phasor

In the above figure, the (de — qe) frameisrotating at synchronous speed of wg . The

(ds-qs) Axisis fixed on the stator. The (dr -qr ) axisis fixed to the rotor and rotates at a
speed of wy . The synchronously rotating axis rotate ahead of the rotor axis by a positive dip

angleof 0 g which correspondsto dlip frequency Wy - From figure 13, we can see that:
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We =Wy +Wy (3.2

.'.qe:jwedtzj(wr+wSI )dtzqr +0g (3.3
Now, for decoupling control, the flux component of stator current i.e. i ds must be aligned

along d® axis and the torque component iqS must be aligned along the qe axis.

In order to explain the theory of Indirect Field Oriented Control, the following figure of a
simplified representation of an induction motor in the synchronous reference frame is

presented.

Figure-14 Synchronous Reference Frame

The rotor circuit equations can be written from figure 14 as:

dy ©

dtdr + I:\’riedr —~We-wr)y %gr =0 (34)
VAT

dtq + Rr'eqr +(We—Wr)yedr :0 (35)
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Therotor flux linkages expression can be given as:

e _ e e
UWar = brTgr +bmi s (36)

W = Lri®r +Lmi s 3.7
From above equations, we can infer:

e _1 e Lme (39)

Lm
I’

The rotor equations of (3.4) and (3.5) can be rewritten using (3.8) and (3.9) as:

dy®
dr Rr I—m e _
G LY Rei g 0g ¥ or =0 (3.10)

e
dy @, Roye Lmg
a L T

We know dlip frequency= synchronous frequency — Rotor frequency

Now, indirect field oriented control ensures decoupled control of torque and flux. Hence the

entire rotor magnetic flux is directed along the dg axis. i.e. Yy isdirected along dg axis.

Therefore:

o OUgr
qur:O which implies o =0 (3.12)

Substituting these valuesin (3.10) and (3.11) we get:

dyr . Ry
L R i
dt Lr LL'I' r ds

Lr dor

. +r = Liigg (3.13)
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) . d
Now, asisthe usual case, rotor flux is constant. Hence ﬁ =0

Hence at steady state,
Therefore we can conclude that the rotor flux is directly proportional to current i ds -

Also, we have

Lm
WyWy, = L ~Rrigs

—mTY .
Wy = igs (3.15)
7 gLy
The slip speed is added to the rotor speed to obtain the synchronous speed as
We :Wr +W§
We see from equation (3.13), in laplace domain, the equation becomes:
Py [% S+ 1] =Lmi ds Wheres= Laplace transform of derivative term
Ly L
_ _Mds _ Mds
= or = 3.16
Vr 1+ 1S dr o 1+71s (3.16)
Where 1= Ed isthe rotor time constant.
The electromagnetic torque can be shown as:
_ 3(P .§.S .S.S .
Te= o2 Lm(lqsldr -igdlar ) T from equation (2.25)
Putting the values of equations (3.8) and (3.9) into equation (2.25), we have:
3(P)\L
Te= 5£5J MG, -igdar) (3.17)
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Now, we have ngr =y, and L|J8r =0

Te= g( Zj Lm( iGsvr ) (3.18)

Therefore from equation (3.18) it can be seen that Electromagnetic torque is directly

proportional to the torque component of stator current igs provided the rotor flux is

considered to be constant. Again, from equation (3.14) we see that the rotor flux is

proportional to the flux component of stator current igs' Therefore we find that the flux and

the torque can be varied independently without any coupling effect.

Figure 15 below shows the schematics of the control structure for Indirect Field Oriented

Control. In order to implement IFOC, it is necessary to generate the reference current

components for torque and flux i.e. ias and it;ls respectively.

From the figure we can see that a reference value of rotor flux UJS: (or L|J*r) is given an

input. This value is the desired value of rotor flux. From this reference flux, the d axis

*
component of stator current igs is calculated according to the following equation:

er _ I‘m'ds
ar— 1+1s

Now the desired value of electromagnetic torque T"‘e can be obtained from the PI controller

output of the outer speed loop for a chosen value of rotor flux. Then the reference value of q

axis component ia"; can be further calculated as:

* 3(P\Lm/.ex
T e=5£—j—m(lgsw () (3.19)
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Figure 15. Indirect Field Oriented Control Structure

B. INTERNAL STRUCTURE OF INDIRECT FIELD ORIENTED CONTROL :

IFOC consists of two loop:

1. Inner current loop
2. Outer speed loop

The entire structure is an IFOC is cascaded control. i.e. the outer loop of the control structure
generates an output which is used as input for the inner control loop. The Induction motor is
fed through a sine PWM (in our case) which ensures a three phase alternating supply to the
motor. The actual speed of the motor is sensed and sent back to a controller where it is
compared to areference speed and the error is subjected to a Pl controller to produce a torque

command. This controller which produces torque output while having speed error as an input
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is the speed controller. The output from this controller, i.e. the torque command is used to

generate the reference q axis component of stator current according to the equation

S =T 3.20
s 3PLYG, (3:20)

After the q axis current component has been calculated, it is compared to the actua measured

igs and the error signal is passed through a Pl type controller. Output from this Pl controller

is used to generate the necessary voltages to be fed to the PWM inverter.

For the flux component of the stator current, the reference value is calculated from the

eguation :
g
x LmldS
dr ™ 1+1s

In steady state, s=0, hence

*
o _ Yo

'ds (3.21)

= -
The actual value of d axis component of stator current igs is compared to the value of the

reference itzls and the error signal generated is fed to a Pl controller. The output of this PI

controller along with the output of the Pl controller for the g axis component is used to

generate the required voltages for the sinusoidal PWM.

INNER CURRENT LOOP

The inner current loop consists of the d axis and g axis current controllers and is used to
control the torque dynamics of the system. The reference torque as generated by the outer
loop is transformed to actua electromagnetic torque by this loop. The voltage equations of an

induction motor is presented in [23] as
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e e
Vs Rs+Lsp -Wels Lmp -welm 'gs
v(fs | wels Rg+Lgp welm Limp igs 622
0 LmpP (We-r )by Rr+Lrp  -(wg-wy )Ly ider
0 (W -wr )bm Lmp (We-wr )Ly  Rp+Lpp igr
These voltage equations can be written in synchronous reference frame as [ 8] :
vE = Ri€ +0L Ei llJ - 0e0LaiSs - 0 —L|J (3.23)
ds~ Relgs* Obslas* L ot Var ~©edlsigs - We ~Wqr :
Vi +olg i L Lm 3.24
s~ Rdgs ™o Sd_IqS L dt GG -0 sigs~We Lpo|r (3.24)

L2
Where g =| 1-—™

L J is the leakage coefficient. The third term of the two equations can be
rts

neglected as the rotor flux dynamicsis very slow with respect to the current dynamics. Now

when the d axis is aligned with the rotor flux, the q axis flux becomes zero. Therefore

\yar =0 also the entirerotor flux isaligned along the d axis. Therefore from equation (3.16),

_ I‘mids
dr 1+t

As the rotor flux dynamicsis slow compared to the current dynamics, the above equation can

be written as:
Wy = Limige (3.25)
Putting this value in equations (3.23) and (3.24) and equating \llgr =0, we get
d
= Rl dS+ olg— dt ooeoleqS (3.26)
And,
Vs = Relgs+ OLS%iSS - Welsigg (3.27)

OUTER SPEED L OOP:
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The electromechanical equation pertaining to IFOC isgiven by :

To=T, d‘*’tm + Bo (3.28)

L+

Where B is the coefficient of friction and op,isthe mechanical speed of the motor.

If speed is presented as an electrical quantity in rad/sec, the equation becomes:

2( . dw
Te=T, +=| J—+ Bw 3.29
e L P( dt r] (3.29)

The above equation can be represented in the form of ablock diagram by:

* T
(),
; Pl T‘: MIMO e 1 i'-*J_,.
SPHd Inner current _ "'
controller loop + J s+B

Figure 16. Block diagram depicting the outer speed loop

The outer speed loop is much slower than the inner current loop can be treated as a block with
unity gain. Thisis because the electrical time constant of the Inner current controller structure
Is much less than the mechanical time constant of the outer speed loop. i.e. the mechanical

system of the speed loop is much slower compared to the electrical system of the inner speed
loop.
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3.2 Sinusoidal Pulse Width Modulation (SPWM):

Variable speed operation is now popular and desirable for three phase aternating current
machines such as induction machines. For efficient variable speed operation, supply to the
machine should be a balanced set of three phase voltages with variable frequency.
Traditionally the most popular and widely used method for generating such voltages is the
Pulse Width Modulation Technique [24].

Basically the Pulse Width Modulation Technique is a method where the output signals are
constructed through comparison between two control signals- a carrier signd and a
modulation signal. Thisis known as Carrier based PWM. The carrier waveform is essentially
a high frequency triangular waveform while the modulation waveform can be of any shape.
When peak of the modulation signal becomes less than the peak of the carrier signal, the
output waveform follows the shape of the modulation waveform. If instantaneous value of the
modulation waveform is greater than the carrier signa for any interval of time, then for that
time interval, the output gets connected to the positive side of DC link. Else, the output is
connected to the negative terminal of the D C Link [25] .

By using this approach the output waveform can be made to follow any desired wave shape.

Sinusoidal pulse width modulation is a type of carrier based PWM technique. Here, the peak
of the modulation signal is always less than the peak of the carrier signal. Realization of

SPWM is achieved by having a high frequency triangular carrier wave Vi compared with a

sinusoidal reference wave V, of desired frequency. The intersection of the two waveforms

gives the switching instant and commutation of the modulated phase. The two waveforms are
fed to a comparator. During the time period when the modulating sinusoid has a peak value
greater than the triangular carrier wave, the comparator output is high. Else, it is low. When
triangular carrier wave has its peak coincident with zero of the reference sinusoid there are

f : . :
N = ﬁ pulses per half cycle. In case the zero of the triangular wave coincides with the zero

of the reference sinusoid, there are (N-1) pulses per cycle [26].
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———————— Carrier signal

€T-T~~7-71"~~~~—~~ Modulation signal

T — Leg output voltage

k.

Figure 17. 1 phase Sinusoidal Pulse Width M odulation.

M odulation index:

Modulation index is the ratio of the peak magnitude of the modulating waveform and the

carrier waveforms. It relates the inverters dc link voltage and the magnitude of the pole

voltage output by the inverter. If the modulating signal is Vijysin(wt) and the magnitude of

the carrier wave ranges between +V. and -V then the ratio of the peak magnitude of the

modulating signal to the peak magnitude of the carrier waveform is the modulation index.

_VYm

m=
Ve

Normally the modulation index is maintained below 1. i.e. 0< m<1
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OVERMODULATION:

When the modulating waveform has a peak magnitude greater than the peak magnitude of the
carrier wave, i.e. when m>1 the PWM inverter operates under over-modul ation mode. During
over modulation, the fundamental component of pole voltage increases slightly with increase
in modulation index but the linear relation between them no longer exists. Also there is
introduction of lower frequency harmonics in the pole-output waveform. The fact that over-

modulation introduces lower order harmonics makes their use very rare [27].

THREE PHASE SPWM:

Three phase PWM can be used for obtaining a three phase sine modulated pole voltage
pulses. Switches in each of the three poles of the inverters are individually controlled. For a
balanced three-phase output voltage from the inverter poles, the three sinusoidal modulating
signals (one for each pole) must also be balanced three-phase signals. The carrier waveform
for al the three poles may remain identical. The fundamental components of individual pole

output voltages (for 0<<1) will then be proportional to the corresponding modulating signals.

A A T AT
y VA AUA AU
LA LA AR

w

: 1 _[T] | I
e ! T 01O

Figure 18. Three phase Sine Pulse Width M odulation
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3.3 Simulation of IFOC, Results and Discussion on results:

A. Simulation of |FOC:

Simulation of the field oriented control for the induction machine is carried out in MATLAB

Simulink. The machine used is the one for which dynamic modelling was presented in section

2.2b. For the simulation, the equations used are in accordance to the derivations presented in

section 3.2. Tuning of the controller parameters is the main objective of the thesis and it has

been presented in the next chapter. As of now, it is essentia to provide the controller

parameters in order to run the simulation. Therefore here, the control parameters of the Pl

controllers in the speed loop and the current loop have been assigned arbitrary values. All

values that have been taken for the simulation have been presented in table 2.

Table 2. Parametersfor |FOC of I nduction machine

PARAMETER OF THE SYMBOL VALUESCHOSEN

MOTOR

Voltage per phase Vm (volts) 60 volts (peak)

Frequency F (Hz) 69 hertz
Per phase Stator resistance Rg (ohms) 1.627e-3
Per phase Rotor resistance Ry (ohms) 1.364e-3

Stator |eakage inductance per
phase |_|S 19.42e-6 H
Rotor |eakage inductance per phase |_Ir 19.42e-6 H
Air gap leakage inductance
(magnetising) per phase '—ms 320e-6 H
No. of poles P 4
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Moment of Inertia J (kg- ") 0.03
Frictional Coefficient B (N-m-s) 0.07
Rotor flux (reference) Wb 0.075

Upper limit of speed controller +40
Lower limit of speed controller -40
K D of speed controller 10

K of speed controller 100

K pof current controller 150
K of current controller 0.01
Simulation step size Sec le5

A load torque of 35 Nm was applied at 2 seconds as a step input.

B. Resaults:

The ssimulation was run at a time step of 1le-5 seconds and the following responses were
obtained:

1.

o WD

Reference and actual speed of the motor
Zoomed view of the reference and actual speeds
Stator currents of the motor

Electromagnetic torque of the motor

D axis rotor flux i.e. ngr

The responses obtained after running the simulation for 50 seconds have been given bel ow:
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Electrical Speed {in radfsec)

Electrical Speed (in radfsec)

100

an

20

20

Actual and reference electrical speeds for IFOC Induction motor

T T T | T T | |
' ' Actual Speed
= reference speed

] 1 ] l ] 1 1

] L 15 20 25 Ell 15 ] 45 L]
Time [in seconds)

Figure 19- Actual and Reference electrical speedsfor IFOC induction motor

Zoomed view of Actual and reference electrical speeds for IFOC Induction motor

— Actual Speed B
— Reference speed

0.3 1 L5 Z 43
Time {in seconds)

Figure 20- Zoomed view of reference and actual electrical speedsfor IFOC Induction machine
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Zoomed view of Stater carrents of 1FOC IM at load torgue of 35Nm applied at 2 second
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Figure 21- Zoomed view of the stator currentsof IFOC Induction machine when aload torque of 35
Nm isapplied at 2 seconds

Electromagnetic Torque for IFOC Induction motor

m | | | 1 | 1 | | 1
&
Em_...
8
WA e dletsrresaionsssaosmesicissnsssanseninsiansnsassssroafabessmns s smasihesssianessnssiipnnss eosopsuondibnms beppeasssps s somp s amss i -
:
&4 [
1%}
im-. -
e
® 15} :
E
im—- -
E 5. f! -
M e ¢
£ ! | | i i I | | I
0 5 L] 15 20 25 30 38 a0 45 5l
Time {in seconds)

Figure 22- Electromagnetic torque variation for IFOC Induction motor
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d axis and g axis roter Nuxes for [FOC induction machine

[LRL T T T T T T T
g @xls rotor fux |
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=
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L]
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n 0% 1 1.5 2 148 3 1.5 4 45 5
Time (in secands) % 10°

Figure 23- d-axisand g axisrotor flux for IFOC Induction machine wher e reference given is 0.075
Wb

C. Discussion on results:

It can be observed from figure 19 that after an initial overshoot the actual speed of the motor
effectively starts tracking the reference speed input. At 2 seconds a load torque of 35Nm has
been applied. Therefore at 2 seconds the speed of the motor dips by about 2 rpm after which it
again starts tracking the reference speed. The initial overshoot and thereafter settling of the
actual speed to track the reference speed can be observed in figure 20. The same figure shows
the effect of load torque (applied at 2 seconds) on the actual speed of the motor.

After application of load torque, there is an increase in the stator current as the motor now
draws more current from the supply in order to meet the additiona torque. This increase in

current has been observed in figure 21.

The variation of electromagnetic torque can be observed from figure 22. Initially the motor
runs at no load. During this time the torque of the machine should ideally be zero, but the

presence of some friction and windage torque affects the el ectromagnetic torque such that at
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no load, it has some minimal value in order to meet the frictional torque. After the application
of load torque, the electromagnetic torque increases to meet the new torque demand. The
torque response is somewhat oscillatory because of the presence of a varying speed profile.

As speed varies considerably, some variations in torque response is observed.

We find from figure 23 that the d axis flux gradually increases and becomes equal to the
reference flux set at 0.075 Wh. The q axis flux remains zero. This figure shows the two
primary objectives of Field Oriented Control-

1. The entire rotor flux is aligned along axis and the d axis flux exactly tracks
threference rotor flux (set to 0.075 Wb).

2. The g axisrotor flux isequal to zero.

Therefore we can conclude that satisfactory results for an Indirect Field Oriented Control

scheme for an Induction machine have been achieved.

The methodologies for design of the controllers for the inner and the outer loops are presented

in the next sections.
3.4 Block Diagram Reduction :

Before we continue to block diagram reduction, it is necessary to deduce mathematical
dynamic equations of each of the components of the plant and then form transfer functions of
each of those individual blocks. Figure 24 represents the entire system in the form of a block

diagram.
A. Derivationsfor block diagram representation of IFOC :

For designing speed controller of IFOC induction machines, the primary assumption is

constant rotor flux linkages. Thus the following relation can be presented:

Yr=a (3.30)
d

S —yPr=0 (331
& Wy (3.31)

Now the stator equations of the motor can be written as:

vdeS = -ooSLSiSS+(RS+ Lsp)igS - wsLmigr + meigr (3.32)
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qus = (Rg+ Lgp) igs + OJSLSigS +Lm pigr + ws'—migr (3.33)
From equation (3.6), we have:

And from equation (3.7) we have:
W = Lri®r +Lmi s (335)
As L|Jeqr =0,

. Lm.
We have iy = —L—mlgs
r

Substituting the above equationsin (3.32) and (3.33), we have:

. . L
Vo?s = (Rg+0Lg p)|deS - OLS(*)SISS"'L_m Py (3.36)
r

. . L,
qus: (Rs+olg p)'ce15+0|—s(ﬂs'§s+wsl_—m'~|—'r (3.37)
r

L

L, Lg

Where s isthe leakage coefficient, 0 =1-

We know from Vector Control that the flux producing component of the stator current is

constant (in steady state). As the d axis stator current is the flux producing component,

therefore, it is constant and hence the derivate of this cmponent is zero. i f= igs

d.e _
..auds-o

From FOC, we also know that the g axis component of the stator current is the torque

component. ix =igs

Substituting these in equation for the q axis voltage we have
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. . L
r
Where Ly is: Lg=o0lg (3.39)
12
s Llg=Lg--M (3.40)
Ly

Substituting y = Ly f gives g axis stator voltage as:

2

e . . L4,

= Vgs=Rs+Lapip +Wslsi¢ (3.41)
Now we obtain the frequency as :

[

¢ Ly
Electrical equation of the motor is obtained by substituting for wg. Substituting and
simplifying, we get :

RL
Ly

Vis= (Rs+ S+, pj i+ wr L g (3.42)

From the above equation, iT can be calculated as:

_ Vgs —Wr Lsi ¢
| =
=
RS+RrLS+L p
Ly
= =A{Ve-wLi } (3.43)
T~ (1+sT,) /B S '
Where,
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1. Ryg=Rg+ T Ry (3.44)
r
1
2 Ka=— (3.45)
Ra
3. Te=Kig (3.46)
La
4. Ta=—= (3.47)
Ra
2
3PLm .
5 Ky==—"1 ¢ ... (torque constant) (3.48)
4L,
Also, the electromagnetic torque is represented as :
dwm :
J + B\Nm =Te—T| = KtIT - QWm (349)

In the above equation, converting mechanical speed to electrical speed by multiplying

throughout by a pair of poles, we have

dw P. .
J d—tf+ By == Kiir ~Bwy (3.50)

Therefore the transfer function between the speed and torque producing currentsis given by:

Ir(s) K
T __"\m
wr () 1+STh (351)

PK;
Here, Kmjm=—— (3.52)

2By
B =B+B andTmzé

INVERTER MODEL -

The inverter supplies the g axis voltage to the motor with a command input which is the error

between the torque current reference and the torque current feedback. The inverter is

Page | 50



Chapter 3: Field Oriented Control

modeled asagain K;,, and atimelag T; . The gain is obtained from the dc link voltage to

theinverter VdC and maximum control voltage

V
K, =0.65-0C (3.53)

V,

cm

The factor 0.65 has been introduced such the maximum peak fundamental voltage obtainable
from the inverter with a given dc link voltage is accounted for. Time lag in the inverter is
equal to the average carrier switching cycle time, i.e. half the period. This is expressed in
termsif the PWM switching frequency as:

1
T =— [3
In 2fC []

SPEED CONTROLLER MODEL:

There is a controller that processes the error between the speed reference and actual speed
feedback signal. This is a Pl (Proportional-Integrator) type controller that has a transfer
function of the form:

Gs(s)= Kp+— (3.54)

Where K D is the proportional gain and K; istheintegral gain
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Figure 24. Block diagram representation of the 1FOC Induction Machine system

Block diagram reduction techniques are applied on the above block diagram and finaly a
system is obtained as given in figure 25.

m*rizf T: iqs* iq5 2 Or
K| |1 e i K
J/ t 15Ty

Oy

Figure 25. Reduced Block Diagram of IFOC induction machine

Here, we have G; (s) asisgiven in figure 26:
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14T, I 1+sTy |
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qs | I
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Figure 26. Block Diagram of G, (S) - The Electrical dynamics of the plant

The dotted portion of the block diagram can be represented in transfer function form as:
Ka
(1+5sTy)
i KaKmlsigs
(1+5Tg)(1+STy)

Ka (1+STm)
(1+ STa ) (1+ STm) + KaKmLsigs

Therefore open loop tranfer function Gi ol (s) can be represented as:

KaKin(l"' STm)

1+ sTin)(1+ ST )(1+ STy) + KaKmLSigs(1+ sTin)

(3.55)

Giol (S):(

Hence, the electrica dynamics of the plant can be represented in the form of a transfer

function G; (s) as

G (s)= KaKip (1+ sTm) (356)
(1 ST ) (1# STa) (1+ ST )+ KaKmbsi§o (1+ STy )+ KaKip, (1+ Tm)
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This current transfer function Gi (S) can be approximated to afirst order transfer function as:

Tin isusually negligible compared to T, and in the vicinity of the crossover frequency, the

following approximations are valid [ 3]:

1 1+sT =1 (3.57)
2. (1+5Ty)(1+ ST, ) =1+ 5(Ta+ Ty ) = 1+ STy (3.58)
Where Tgr = Ta + T,

e (s) becomes:

G (s)= KaKin (3.59)
! (1+STar ) (1+STm ) + KaK, + KaKjnSTm + KaKj,

- i€
Where K = Kmlsi g

KaKin(l+ STm)

=
S°TaTm +S(Ta + Tm) +1+ KaK + Kak;,sTm + KaKjp
KgK: . (1+ ST,
o 5 a |n( m)
S“TaTm+ 5[ Ta+ Tm + KaKiTm ]+ | 1+ KaKp, + KaKip |
KaK:
o a ,n{ 21+sTm } (3.60)
Talm [s“+As+B
Ta+ T+ KaKi T,
Where A= -2~ M "27%in'M (3.61)
TaTm
And
1+ KK, + K5K.
B a*h "’ "@7in (3.62)

TaTm
Now, we write the demoninator part of the equation separately as.

s2 4+ As+B= (s+7)(s+T,)
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>+ AstB=s+(T +T,)s+T]T,

Hencewe have A= T1+T2

And B=TT.

12
= T2:E
T
= A=T1+E
T
> AT, =T2 +B
171
> T2_AT, +B=0
1Al

From equation (3.64) we obtain:

_ A+ AZ_4B

Tl >
-8

N
=> T2: 2B

A+~ AZ-4B

(3.63)

(3.64)

(3.65)

(3.66)

Now, putting the above values in equation (3.60), we have:

KaKin (1+ STm)

TaTm (1+ sTl)(1+ sT2)

Gl (S) =

(3.67)

The above transfer function can be simplified using the fact that Tl >1

1+ sTl =~ sTl

(3.68)

Also, near the vicinity of the crossover frequency [3], we have

1+STm=SIm

Thus equation (3.67) can be simplified as:

(3.69)
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6.9 KaKi ST
! TaTmsT1(1+ sT2)
KaK:
5 G9-—— A0
! TaTl(a+ sT2)

Therefore the final ssimplified single order transfer function of G (s) isobtained as:

Q) — [
G (s) Lr ST, (3.70)

Therefore the transfer function of the plant incusing the IFOC controller, the electrical
dynamics of the system, the mechanical dynamics of the system and the Induction motor

(only the speed controller has been left out) taken together can be represented as P(s) by the

the transfer function:

K:Km

P(s) '

- (3.71)
K¢ (1+ST,)(A+5ST)

This second order plant alongwith the speed controller is shown in the figure below.

Figure 27. Final Block diagram of the Second Order Plant and the Controller- IFOC Induction M otor

B. Obtaining the nominal transfer function for IFOC induction motor:
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For obtaining the nominal transfer function for the plant, the values of the parameters given in
table 1 and table 2 are used. The equations presented in the last section were programmed
using MATLAB Simulink and a second order plant was obtained.

Lo

Considering  P(8) = ——— , (3.72)
s +a,S+ bO
Where,
K: K
0= IT ;n , (3.73)
t'2'm
8y =t (3.74)
T2 Tm
1
And by = —— (3.79)
T2Tm
From MATLAB, the results for the above values are obtained as:
L= 27.2,8,= 2741, and by = 0.9521
Thus, we have P(s) =———2 (3.76)
s+ 2.741s+ 0.9521

Thus the final block diagram becomes:

21.2
*+2.7415+0.9521

Figure 28. Nominal second order plant (IFOC induction motor) and controller
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3.5 Model Order Reduction

A. Introduction:

The nomina system for the plant obtained in the previous section is a second order transfer
function. For the speed control loop, the controllers used are PI type. Typically Pl controllers
are best suited for first order systems. Also, use of LQR technique would require augmenting
the system to meet the required states. Therefore it becomes essential to reduce the system to
afirst order transfer function.

One of the popular methods for system order reduction is Aggregation by continued fraction.
This method was first introduced by Chen and Shieh and extended by many others[13].

B. Aqggregation :

The concept of aggregation was first developed for economics literature. Aggregation for
control systemswas first proposed by Aoki. The aggregation processis presented as[13]:

Let alarge scale continuous dynamic system be represented by:
X = Ax+Bu (3.77)
y =Cx (3.78)

Where xe R" isthe state vector.

u=R™M isthe control Input vector
And ye RP isthe output vector.

The matrices A, B, and C are constants with appropriate dimensions and these are completely
controllable and observable. We wish to represent this higher order model by an aggravated
model of lower order given by:

Z=FZ+CGu } (3.79)
w=HZ
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Where ZeR' isthe aggravated state vector

we RP is the aggravated output vector. The aggravated model can be considered to be
satisfactory if for a given class of inputs {u}, the aggravated outputs {w} are good

approximations of the original output y of the original model. The aggravated model has an
order r suchthat m<r <n

C. Aggregation by continued fraction method:

Let us consider a system

X = Ax+ Bu (3.80)
y=CpX (3.81)

Without loss of generality matrix A can be written in companion form as:

0 1 0 0
0 0 1 0
A=| : : : . :
0 0 0 1
8y "9 3 o T

-
B=[00---1] , an[a21 a2 a2n]

The above system can be transformed to an aggravated form using a transformation matrix P
corresponding to its continued fraction expansion:

g=Hg+Ku
V:qu

Where the transformed vector g is
g=Px

And matrix P is obtained through the modified Routh-Hurwitz array:
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] '”l.ﬂ ”111 ”]] 15 =+ fin 1
a3 A Gz ay . oo gy 0
Qg (30 (gq cer ]

X gz - [J

(51

gp-yy 1

9p 1 ()

|

h

The final two rows of the above Routh array are extracted from the n" row of A and

elements of output vectorC,,. The remaining rows are calculated from the Routh Hurwitz

iterative formula as:

& 118 2117 % 1j18 21

N & 11

The matrix P isthen extracted from the table as:

431 839 33 ... 1
0 g By 1
0 0 a 1
p=f N _ (3.82)
0 0 0 .. a1
0 0 0O O 0 1

The system given by equations (3.80) and (3.81) can be represented as:

q=PAP g+ PBU
And so, matrices H and K become:

H=PAP land K =PB

Page | 60



Chapter 3: Field Oriented Control

This process of continued fraction simplification of a higher order system to a lower order

system ( n order) refersto retaining the first | variables of q. Let us call the first |

elementsof q as z. Then we have:
z=Rq

And R=[l, :0] where I, isidentity matrix of order |
Now, .z: R('q

= z= R(Hg+ Ku)

>  z=RHg+RKU
Which, when compared to aggregated system state equation from equation

z=Fz+Gu

>  z=FRq+Gu (3.83)
Therefore FR= RH = RPAP™,

and G=RK = RPB

asq=Pxand z=Rq

Therefore z=RPx

= z=Cx (3.84)
Where C isthe | xn aggregation matrix.
Now arelation can be developed between the aggravated system output matrix C, from the

corresponding equation (w=C, z ) by equating y and w which gives-
C,=CcC

Now using pseudo inverses of matrices R and C, the aggravated system matrix are:
F = RHR'T = RPAPIRT (RR")* (3.85)

G=RPB

3.86
C =CpC"=cpcT(cc)™ ) (386)
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With the aggregation matrix expressed as :

C=RP (3.87)

D. Implementation of aggregation by continued fraction method and results:

We have our plant as:

27.2
P(s)=—
S°+2.741s+0.9521
Therefore, Y(s) _ 272

U(s) s2+2.741s+0.9521

= (s%+2.741s+ 0.9521)Y(s)= 27.2U(9)

Thus, s2Y(s) = 27.2U(s) - 2.741sY(s) - 0.9521Y(s) (3.88)
Let:

qp (t) = y(1)

6, (t) = Yt

Therefore,

Q) =Y(s)
Q,(8) =sY(9)

Thus, Q= SQ(8) = Q,(8) = sY(9)
And, Q, = SQ,(s) = Q,(8) = *Y(9)

o Qy=27.2U(s) - 2.74lsY(s) - 0.9521Y(s)

Therefore state space representation of the plant is as.

Ul [ o LYQ),( 0 g
o | \-ogs21 —2741)(Q, )"\ 27.2

2
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Q
=(10
Y(s)=(1 )(QJ

The above system can be rewritten as:

f(l :[ 0 ! ][Xl}( 0 jU(s) (3.89)

o | osma 7)) 272

Y(s)=(1 0)(‘} (3.90)
X :

Thisis the state space representation of the plant.

Now, we proceed with the implementation of aggregation by continued fraction method on
the above state space model. Here, we have

a0 LT[ o 1
\-ay -a,) \-09521 -2.741

And Cn=(ay a5;)=(1 0)

The Routh array to obtain the matrix Pis calculated as:

0.9521 2.741 1
1 8] 0
2.741 1
1
2.741
1
2741 1
Therefore, P = L
And R=[10]

Page | 63



Chapter 3: Field Oriented Control

Now, using MATLAB programming to calculate the values of F, G, and G from equations

(3.85) and (3.86) we have:
F = -0.347307790546172
G = 27.196653072425203

G =0.321941223086278

Thus, our reduced first order system becomes:

This can be written in transfer function form as;

8.756

P(s) = —2
s+0.3473

(3.91)

(3.92)
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Chapter 4

Optimal Controller design

4.0 Introduction:

In order that the induction motor efficiently tracks the reference speed, the error between the
reference and the actual speeds need to be processed with the help of a controller. The type of
controller used here is a Pl controller because of its various advantages and ease of
implementation. Available control strategies that include optimal control, Linear quadratic
Regulator (LQR) technique and concepts of robust control can be found in extensive literature
and therefore these existing control strategies are used in this dissertation. The theory and
concept behind the various control strategies is discussed in this chapter, along with
implementation of such techniques through Matlab.

4.1 Optimal Control and LQR Problem:

The essential element of a control problem is a means of testing the performance of any
proposed control law. Whenever we say that the effectiveness of a given control strategy is
“optimal”, we do so with respect to some numerical index of performance caled the
performance index [28]. We assume that the value of the performance index decreases as the
quality of the given admissible control law increases. The admissible controller that ensures
the completion of the system objective and at the same time minimizes the performance index

is caled an optimal controller for the system.

A. Performance | ndices:

Let us consider asystem
X(t)= AX(t)+But),  X(ty) = X

y(t) = Cx(t)

on afixedinterval [ty,t;]

A suitable performance index to be minimized can be
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3= 5 XV (O)x(t)dt

b
1= .0
ko
(Here, the term * J; minimizes” means components of state vector decrease.)

As J, issmall, state vector norm || x(t) || issmall.

If the objective is to control the system such that the components of the output, y(t) are to be

small, then the performance index may be:

t

fr
Jo =0y (Hy()dt
f
&
3,= 5 x" ®CT oxyet
t
0
b
T
J2: tb X' (t) Qx(t)dt
0

Where the weight matrix Q = CTC is symmetric positive semidefinite.

If we need to control the system such that the input components u(t) are small, then,

J ul () u(t)dt

ts
3=
)

tf .
Or, J3: to u (t)Ru(t)dt
0

Where the weight matrix R is symmetric positive definite.

Now, we cannot simultaneously minimize J, and J, because minimising the state vector

components needs large control signals, while minimizing the output vector components

needs small control signals. To solve this dilemma, we can compromise between the two

objectives by minimizing the performance index that is a convex combination of J; and J,

Page | 66



Chapter 3: Optimal Controller Design

I=13+@-1)Jy

t

5 DX (OX®+(-NuT Ou]dt

Where | isaparameter ranging fromO0to 1.i.e. 1 T[0,]]

A generaized form of Jisthus,

t
3= [T (OOx() +uT (t)Ru(t)]dt

STe —

In some applications, we may wish the final state X(t;) to be as close as possibleto 0. Then a

possible performance measure to be minimized is:

Jg = x! (tf )Fx(t]c ) ,where F isasymmetric positive definite matrix.

Now, we can combine J,,J;, and Jg

L
1=1T (OFX(t, )+ L oxTox() +uT Ru() dt
2 21,

The above performance index is to be used when our control aim isto have the state small, the
. . 1
control not too large and the final state to be as nearly equal to zero as possible. The factor >

is placed to simply subsequent algebraic manipulation. This above problem is called the
Linear Quadratic Regulator problem.

B. Algebraic Ricatti Equation:

Let asystem be[26]:

X(t)= AX()+Bu@®)  X(0)=%, 4.1)
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And its associated performance index is
¥

J=3y (xTQx+ ul Ru)dt
0

Where Q=Q" =0 and R=R">0 our god is to design a stabilizing linear state feedback
controller of the form u = -Kx that minimises the performance index J. such a control law is

denoted by u” .
We now assume that a linear state feedback optimal controller exists such that the optimal

closed loop system  x= (A- BK)x isasymptotically stable.

Thisimplies that thereis alyapunov function V = x! Px for the closed loop system, that is for
some positive definite matrix P, the time derivative ?j—\: evaluated on the trgjectories of the

closed loop system is negative definite.

C. Theorem:

If the state feedback controller u” = -Kx is such that

& dv +xTQx+uTRu9:O ,

¢ ;

For some V = x! Px , then the controller is optimal [28].

Therefore from the above theorem it implies that synthesis of the optimal control law involves
finding an appropriate Lyapunov Function, or equivaently, the matrix P. This P matrix is

found by minimising:
f(u)= Otlj_\t/ + xTQx +ul Ru (4.2

To the above equation we apply the necessary condition for unconstrained minimization,
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laeOl—v+xTQx+uTRu2 =ol °
ﬂug dt Blu=u™

Differentiating, we get:

fadv 1 T

+x Qx+u Ru_—— 2x Px+x Qx+u Ru_
Tug ot g ﬂug )
= ﬂi(ZXTPAX+2XTPBU+XTQX+UTRU)
u
= 2x"PB+2u' R
= OT

Here the optimal control law has the form:
u = -RIBT Px=-Kx (4.3)

Where K = R_lBTP therefore

. 2
‘H_Zae +xTQx+uTRu2:ﬂ—Z(ZXTPAx+2xTPBu+xTQx+uTRu)
8 g qu
> 1(2xT PB+2uT R)
fu
= 2R
= >0

Thus the second order sufficiency condition for u” to minimize equation (4.2) is satisfied.

We now try to find an appropriate P. The optimal closed loop system has the form
=(A-BR'B'P)x, X(0)= X

And our optimal controller satisfies the equation:

v

+ xTQx+ u*T Ru* =0
dt ju=u*

Therefore,  2x] PAx+2x/ PBU” +x'Qx+u TRU =0
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Putting the value of u” from eq (4.3) in above equation, we get
X' (AT P+ PA) x-2x! PBR™IBT Px+ xT Ox+ x PBR™1BT Px=0
Factoring out x gives:
>J(ATP+PA+Q—PBR4BTP)X:0 (4.4)
The above equation holds for any X and for this to be true, we must have
T 1T i
I A'P+PA+Q-PBR™B'P=0
Q ! (4.5)

The above equation is called the Algebraic Ricatti Equation (ARE). Therefore for designing
an optimal controller for the system given in equation (4.1), it is necessary to solve the ARE

given by the above equation (4.5)

4.2 Controller Design and implementation:

A. Controller design

We consider our first order plant to be

b
P(s) = <ra (4.6)
Y. b
U(s) sta
sY(s)+aY(s) =bU (s) 4.7

In time domain,

y(O)+ ay(H)= bu(t (48)
Now, let y(t) = xl(t) (4.9)
Amymzﬁmzﬁm (4.10)
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thus,
Xyt ax = bu(t)

X, (t)+ & (1) = bu(t)

x, (1) = ~ax, +bu(t) (4.12)
Therefore we have:

X, (0] =[-8l + [olu(®) (4.12)
And [y(0)] =[x, (1) (4.13)

Thus, wehave A=[-3a] B =[b] c=[1] and D=[0]

Now for design of a Pl controller, we augment our plant to a second order system:

Let 5y(D)dt = (1) (414)
Thus, x,(t) = y(t) = X (1) (4.15)
And y(t) = x2(t) = X1(t) = Xa(t) (4.16)

Now, from equation (3.70) we have

X2(t) + X, (t) = bu(t)
xa(t) = -a%,(t) + bu(t)
Hence, our augmented systemis:

& )0 " : 5
cxa(t);_20 1oa>q(t)o+a03u(t) (4.17)

gXZ(t);; _80 _aagxz(t)é gbﬂ

0 19 0§
So,wehaveA:a 9 Bzw S
50 -ag ’
Our chosen control law is:

u=-[K][x(t)] (4.18)
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Where K isthe controller gain matrix

Where K; isthe controller integral gain and K isthe controller proportional gain
N\ K=¢K; K, § (4.29
N\ K=¢K; K §= R'B'P
P, PB,§

K:(l)(O b)g 11 122

e P21 Pzzﬂ
(considering R=1)
Therefore K = (bP,, bP,) (4.20)

Thus K, =bR, and K, = bP,,

Now transfer function of the system including the controller and the plant is (OLTF):

3 K; 6
61550 bK, +bK,
P = g —_—p 4.21
aol ( )
s+a s(s+a)

Close loop transfer function (CLTF) for the systemis:

bK pS+* bKi
acl  g(s+a)+bkK pS+bK;
bK ps+bKi

P =

acl — P+s(atbK p)+bKi
A standard second order closed loop system is now chosen as:

2
W

TF.= ncl (4.23)

-2 2
+ +
S 2XWncI S WncI
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Where w__, and x are closed loop frequency and damping factor of the standard second

ncl
order system respectively. For this second order closed loop system, we have:

g O 1 ¢ g 09§ ( )
A=E o Bt o G=(01
§ Wnal 2XWncI g §Vndl 5
We dso have:
2Pq 12O 2Qy 09 _
P= § Q—g 0 .5 R=(1)
2 22121 229

From equation (4.22) we have the characteristic equation of our second order plant and

controller system as:

s%+s(a+bK p) +bi; =0 (4.24)
And we have the characteristic equation of the standard second order system as:

52 + 2XW ncl S+Wr21d 0 (4.25)

Comparing the above two equations, we find:

2 2
w XwS -a

K =—nd (388) and Kp=—" (4.26)

b b
As, K, =bR, and K =bP,
Therefore, comparing the above relations, we have

2
W

R, = —;ZC' (4.27)
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a

and b = 2nd ~ @ (4.28)
272 '

Now, we have the ARE as;
A'P+PA+Q-PBR'B'P=0 (4.29)

We solvefor A'P+ PA:

T ) )
0 16 &8Rq PFp0 2Ry FRy0:0 1
ATP+PA=§ S 12i+§ 11 12i§ 0
0 -ag §Po Pj &Ro Prjé0 -ag
2 0 P.-aBR, §
g 1L (4.30)
Ri-aRy 2R, -2aRyn;
Also, we solvefor PBR'B'P:
8P 1 F50005 &P, Po0
PBR_lBTP:§ 11 12i§ (_)(O b)g 11 12i ........ considering R=1
Ro Prjébs Ao Prj

11 Azl 0 034
(R, Popifb'R. DR

As, K, =bR, and K, =bP,, putting these values in above equation and then solving, we

get:
PLbK: P bK

PBR_lBTPzg 12771 1270P (4.31)
PobKi RobKpj

Putting the values of equation (4.30) and (4.31) in equation (4.29) and then solving, we have:

bK; Ro-Pp*af, 0 2Qy 0O

0
gpzszi -RptaR, PobKp-2R,+2aR,,0 § 0 Qxpj;

Q1 = Ro0K; (4.32)
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Qyp = PypbKp -2R 5 + 23R,
Rp=@+a)R,

Putting the value of P12 and P22 in above eq,

2
_ @+ a)Wn o

A1 2
2
Byl 0
Q,,=¢-_nd +
11 ¢ b *
e g
Wﬁd (4x2 - 2) - a2
Qo =

b2

(4.33)

(4.34)

We now select the values of the closed loop frequency and the damping factor according to

the desired response:
x =0.90

Wncl =10

B. Results of controller design:

All the equations are programmed in MATLAB and the values of aand b were given. Finally

MATLAB calculated the following results:

0%y

_ 823.477994649521548 1.3043330360845309

_£130.4333036084530 0 b
0 1.6157997135841,

_8 1.304333036084530 0.230249997860894;

And the controller gain was obtained as:
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Therefore Proportiona gain K p =2.016068981269987

And integral gain K; = 11.420740063956147

Therefore the optimal values of Pl controller have been obtained which is to be used in the

Speed Control loop of the field oriented control structure for an induction motor.

4.3 RESULTSAND DISCUSSIONS:

A. Results obtained by using the designed controller with the reduced first order
system:

PI controller of the outer speed loop (that is designed using LQR technique) is used with the
nominal reduced order system and the results were observed. Figure 29 shows the simulation

of the said system

The simulation in figure 29 shows a response curve as given in figure 30. For this purpose, a
speed reference in the form of a step signal of magnitude 60 was given as input. The error
signa which is the difference of this reference speed and the actual speed is then fed to the
designed optimal Pl controller. Output from the optimal controller is fed to the first order
system. The response of the output is then observed in figure 30.

I _
ol :I—'E

i . Saes
T NN L
) hegraar "'.*."\- ) |
W
Trangle For
Baln Ta Wodspace

Figure 29 Simulation of Reduced First Order System response with the designed controller
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| ——Speed Response | -

14,1
(=

Speed (in rad/sec)
W A
o o

k3
(=]

uﬂ 0.5 1 1.5

Time (in seconds)

Figure 30 Zoomed view of the response of thefirst order system with the designed optimal controller

It can be stated from figure 30 that the proposed controller provides an overshoot of about 9
rad/sec and settles at about 0.5 seconds. Therefore it can be said that the rise time of the

system is fast and the response is stable. Thus the system provides satisfactory transient
steady state response.

B. MATLAB simulation results:

The proportional and integral gains of the controller obtained above were put in the Pl
controller for speed control loop of IFOC structure for induction motor. The following
response curves were then observed:
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Electrical speeds reference and actual
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=
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Figure 31. Reference speed profile and actual speed of optimal |FOC induction motor.
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Figure 32 Electromagnetic torque of optimal IFOC induction motor.
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reomed view of statar currents

1000 T I ! ' ' ! b ik ==

—— phase b statorcurrents
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™
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Figure 33 Zoomed view of the stator currentsof optimal IFOC induction motor.

C. Discussions on results:;

The speed controller of the IFOC induction motor produced an overshoot for the speed
response as the speed increased from zero to the required value. This overshoot was of the
order of 20-25rpm. Such an overshoot is undesirable for many applications. Therefore it is
necessary to reduce this initial overshoot while maintaining effective tracking of reference
speed by the actual speed. From figure 29 above, it can be observed, that with the use of the
optimal speed controller, the initial overshoot is now gresatly reduced.

The other response curves of torque and stator current were also found to be satisfactory.
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Chapter 5

Parametric Robustness

5.0 Introduction

In this chapter, bounded parametric uncertainties have been considered and their results and
effects have been incorporated into the IFOC induction motor system. These results have
been simulated using interval laboratory and then finally a robust controller has been
designed for the speed control loop of the Vector Controller

5.1 Bounded parametric uncertainties:

Indirect Field Oriented Control requires use of a machine model in order to calculate the field
angle. But, the parameters of the machine model change due to various operating conditions
[5]. A variation of these parameters affects the dynamic response as well as the transient
response of the control scheme. Such a variation of parameters causes a mismatch between
the vector controller and the induction machine. This mismatch results in a coupling between
the flux and the torque producing channels of the machine. This has various consequences
[3]:

+«» Therotor flux linkages deviate from the commanded values

s Therefore the electromagnetic torque deviates from the commanded value thereby

producing a nonlinear relationship between the actua torque and the commanded torque.

+ Oscillations are caused during torque transients, both in the rotor flux linkages and in

torque responses, and have a settling time equal to the rotor time constant.

The above effects make system performance undesirable in various applications. For example
in electric vehicles, deviations in electromagnetic torque and commanded torque and a
nonlinear relationship between them is not acceptable. Therefore the effects of such

parameter variations need to be studied.
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A. Types of bounded parametric uncertainties:

There are primarily three phenomenon for parametric variations of an induction motor. They
are:
% Changing operating conditions like temperature rise

% Changesin operating condition like saturation

% Wrong instrumentation of parametersin Vector Controller.
Of these, the last phenomenon is controllable while the former two are uncontrollable.
Therefore in our study, we consider the two uncontrollable phenomenon that cause parametric

uncertainties.

1. TEMPERATURE RISE:

It has been observed and stated in [3], [5] that the practical temperature excursion of the

motor is approximately 130° above ambient. This increases the rotor resistance by 50% over
its ambient or nominal value. Therefore the rotor resistance can change from their nominal

valueto 1.5 times of the nominal value.

2. SATURATION:

Magnetic saturation can decrease the self-inductance of the motor to 80% of the nominal
value. Again, operation of the induction motor in the linear region of the B-H curve can
increase the self-inductance to 1.2 times the nominal value. Thus self-inductance can change
from 0.8 times of the nomina vaue to 1.2 times of the nominal value. i.e. 80% to 120%

variation is possible in this case.

It is to be noted that the above variations were considered at stator currents not exceeding
twice the rated value. Combining the above two conditions we obtain four operating points of

the motor. They are:

A. When the motor is operating at linear flux region and ambient temperature. Here, R is
equal to nominal value and Ly, is equal to 1.2 times the nominal value. hence R, =Ry,

and Ly =1.2Lpy -
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B. When the motor runs in linear flux region and 130° above ambient temperature. Thus,
we have R, :1.2R;k and Lm=1.2L’;n :

C. When the motor runs in magnetic saturation region and ambient temperature. Hence we
have R =R: and Ly, =0.8Lp, .

D. When the operating conditions are Magnetic saturation region and 130° above ambient

temperature. We have Ry =1.5R’rk and Ly =O.8Li;n

The above conditions incorporate all possible operating conditions for an induction motor

upto 130° above the ambient temperature and any region of flux wave (B-H curve).

5.2 Interval Laboratory:

It is required to obtain the first order reduced model of the plant for each of the above
conditions mentioned in the previous section. Thereafter, the variations of each parameter
will be studied. This is a laborious job is carried out manually as each relation pertaining to
all of the four scenarios needs to be considered independently. Also, the coupling between the
various parameters mean minimum or maximum values of one parameter is greatly dependent
on other parameters. At this juncture, INTLAB, atool which can be used with MATLAB and
has the distinct advantage of providing rigorous bounds for the exact solution [29], provides a
solution to effectively calculate the effects of the variations of parameters to the actual
system.

The concept of interval analysis is to compute with intervals of real numbers in place of real
numbers. An application is when some parameters are not known exactly but are known to lie
within a certain interval; agorithms may be implemented using interval arithmetic with

uncertain parameters as intervals to produce an interval that bounds all possible results.
If the lower and upper bounds of the interval can be rounded (rounded down and rounded up

respectively) then finite precision calculations can be performed using intervals to give an

enclosure of the exact solution [29].
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The idea of bounding rounding errors using Intervals was introduced by several people in the
1950s, but the real interval analysis and its use began with Moore’s book in 1966. Siegfried
M. Rump showed that by expressing intervals by the midpoint and radius, interval arithmetic
can be implemented entirely using Basic Linear Algebra Subroutines (BLAS). Using these
findings, Rump produced the MATLAB toolbox INTLAB.

Notations:
Intervals are represented here with brackets “[]” defined by an upper bound and a lower
bound. Underscores are used to denote lower bounds of intervals and overscores are used to

denote upper bounds.

A. Real Interval Arithmetic:
A redl interval x isanonempty set of real numbers

Xx=[x,X]={xe R: x<x<X}
Where xiscalled theinfimumand X is called the supremum. The set of all intervalsover Ris

denoted by “ Z ” where
7 ={[XX]:x,Xe Ry x<X}

The midpoint of X,
mid(x)= x= %(§+i)
And theradius of X

rad(x) = %(i -X)

Elementary interval arithmetic operations are implemented with:
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X+y=[X+Yy,X+V]
_X]

xx y =[min{ xy, Xy, Xy, Xy} , max{ Xy, Xy, Xy, Xy} ]

X—y=[x-Y¥,X

l=[é,l] if x>00rX <0
X XX
1
X+ Y=XX—
y
[29]

For the elementary interval operations, division by an interval containing zero is not defined.

It is often useful to remove this restriction to give what is called extended interval arithmetic.

Division rulesfor INTLAB using extended interval arithmetic is asfollows:

X/ y¥] if X Vady=0
[¢X/VE[NY¥]  if Xx<Oady<0<y
[¥,%/V] if X<0ady=0

Ea{ VAV if x<0<X

Y e xiy if x>0ady=0
[¢x/YIE[x/y¥]  if x>0ady<0<y
X'y ¥ if x>0ady=0 29

The addition and subtraction of infinite or semi-infinite intervals are the n defined by the

following:
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[X,X]+[—%, Y] =[3%,X+Y]
[ X, X]+[y,¥] =[x+ Y, ¥]
[X,X]+[% ¥] =[¥ ¥]
[X,X] [ ¥] =¥ ¥]
[X,X]-[%¥,V]=[X-V¥,¥]
[ X, X]-[y,¥]=[¥,X-VY]

B. INTLAB toolbox:

Redl intervals in INTLAB are stored by the infimum and supremum, whereas complex
intervals are stored by the midpoint and radius. However, this is not seen by the user.
Intervals may be entered using either representation. For example the interval x= [1;1] is

entered using infimum and supremum as

>> x = infsup(-1,1);

but the same interval could be entered using the midpoint and radius as
>> x = midrad(0,1);

Since complex intervals are stored as a circular region using the midpoint and radius it is
more accurate to input such intervals in this way. For example the circular region with

midpoint at 1 + i and radius 1 is entered using
>>y = midrad(1+i,1);

If a rectangular region is entered using the infimum and supremum then the region is stored
with an overestimation as the smallest circular region enclosing it. The infimum is entered as
the bottom left point of the region and the supremum is the top right point. The region with a
infimum of 1 + i and a supremum of 2 + 2i isentered as

>> 7 = infsup(1+i,2+2i);

However, it is stored by the midpoint and radius notation as

>> midrad(z)

intvalz =
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<1.50000000000000+ 1.50000000000000i,0.70710678118655>

C. Reduced first order transfer functions considering parametric

variation:

The derivation for calculating the reduced order systems and the robust controller design have
been programmed in MATLAB using INTLAB toolbox. The results of reduced first order

transfer function considering parametric variation are:

1. Nominal system is obtained as:

s+0.3412

3. Case-2 When the motor runsin linear flux region and 130° above ambient temperature:

s+ 0.3501

5. Case-4 When the operating conditions are Magnetic saturation region and 130° above

ambient temperature:
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s+ 0.3525

5.3 Robust Controller Design:

We extend the derivations and results of the optimal controller for designing the robust
controller. We consider a 10% variation in the damping factor and the closed loop frequency.

Thus, we have

z =[0.81,0.99] ,
And Wil =[9,11]

Now, it is our aim to replace the nominal system by an interval system and use the optimal
controller already designed such that the controller remains an optimal controller for the

corresponding interval system. For this, we refer to the following theorem [18]:
. — by

Here, the nominal systemisgivenby : Ry(s) = SFay

Whilethe interval system isgiven by:

P:L where ae[g,ﬁ] and bE[Q,B]
S+a

Now, we have b=ghb, andcalculating g from the results of last section, we have

g =[0.9814984,1.0154179]

Form the results of the previous section, we form the intervalsaand b as:

a=[0.3412,0.3525]
b =[8.594,8.891]

And our nominal valuesfor aand b are:
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a=0.3473 and b=8.756

Therefore the range of change in the values can be expressed as:

Aa =[~0.0061,0.0052]

Ab=[-0.162,0.135]

0 1 0
Thus, AA= and AB =
0 Aa Ab

Hence,

A:A0+AA

B:BO+AB

where 'AD and BO are the nominal values of the A and B matrix of the nominal system.

P. R :
Let P= be the solution to the ARE

12 22

T 1 T
Ay’ P+PAy+Qy-PByR, By P=0

Then we have
Ki

1 o

P 0
Ki Kp

by By

Now if P=P+AP be the solution of the equation

ATB+PA+Q-BBR 1BTP=0
Now, if the controller is same for both the systems, then

R1BTA=Kk
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P. P
= (o b0+Ab)L 11 12J—(Ki Kp)
Ao P
Now, we know b, +Ab=gh,

R. R
o (0 o) 21 2o )

> (9bgRp 9bgPa)=(K; Kp)

Hence, gbOP12 =K;

R =i
12~
gby
K
p
P,, =
22
gby

Therefore, P becomes:

potAR,
+ _
R AT
P=
K K
9by by

Now, we calculate AP+ PA

Putting the valuesof A and P in the above equation, we have:

- s
AP+ PA:[~ 0 i
R

+aP,
H.l + aﬁz 2

+2aP,,

And from the ARE,
G=PBR 1BTP_ (AT B+ BA)
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we obtain :
~ P 90K P gbyKp—P—aR, J_[Qn 0 ]
PyygbgKj —F1—ah, PogbgKp-2R,-2aR,, | | 0 Qy
Thus,
4
: = ncl
Wefind Qll_bT
0
K K.
And, @, =Kf-2a—P 21
gby  9by
2 2
sz:(zand—ao) 2a (20w ~2)- ey
by g I

From the above relations, the values of Q are calculated.

The nomina Pl controller designed for the nominal system remains an optimal controller for

the interval plant and it produces a closed loop system with poles in regions of the complex

plane given the intervals of x and Wi if the

convex box of aand b.

condition Q >0 is satisfied over the entire

The positive semi definiteness of the matrix over the entire convex box of a and b can be

tested by using the results established in [15]. It

interval matrix such asQ, if

And OA = 1(@

is established in [15] that for a symmetrical
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Then Qs apositive semi-definite for theinterval [Q~,Q7] if
1in@Q) = r(@Y)
min\~<C/ =

For agiven Q, the matrices Q- and Q* are computed using the functions inf(Q) and sup(Q

respectively using INTLAB
54RESULTS:

A. Matlab Results and proof of robusthess:

The above controller design is programmed in MATLAB using INTLAB to compute the

interval arithmetic involved. The following results were then obtai ned:

<+ (130433 0
i J

0 328652674
_ (130433 0
B 327658343770
&0 130.433
0 32815550

%

0
(o 00497165]

Also,

!nin(Qc) =3281

And

r(0%)=0.0497

Thusthe relation
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1 (Q)=r(@Q) holds

Hence, the optimal controller designed for the nominal system is capable of providing desired

response for the entire convex box of the interval system Pzé where ae[a,a] and
+

be[b,b] and therefore it is a robust controller which can take into account the effects of

bounded parametric uncertainties arising out of operating conditions of the motor.

B. Simulation results using the proposed controller taking into account the maximum

and minimum parameter variations and discussions on results.

For the purpose of study of the performance of the robust controller, out of the four transfer
functions for the four conditions, the minimum and the maximum, i.e. the infimum and the
supremum is selected. Then the response for the nominal system, the infimum system and the
supremum system is observed when the proposed controller is added. The simulation of the

said schemeis givenin figure 34.
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A

Ld E DI

::.Tx:“— H d Sz
O wl | it
= -+ I L
Loyl Sral T Wormzecn |

Feepel

Figure 34 Simulation of the systemswith minimum, zero and maximum parameter variation using the

proposed controller.

The above scheme consists of each of the four transfer functions (for each condition of
paramteric uncertainty considered in previous discussions) and a unity speed feedback with

the proposed optimal Pl controller. The outputs of the responses are then studied and
presented in figure 35..
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Zoomed view of the interval system
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Figure 35 zoomed view of the responses of the interval system to a speed input(step) of 60 rad/sec

The above figure shows that the nominal system response lies in between the infimum and
supremum system responses. All three responses are amost identical, though on
magnification, each can be individually traced. The nature of the responses are same. Rise
time is quite fast and the systems settle at about 0.5seconds. From this figure we can say that
throughout the interval, the system response is fast and stableb

C. Resaults obtained by subjecting the simulink of the IFOC system to paramteric

uncertainties and a brief discussion.

The IFOC system developed and designed in Matlab/Simulink is subjected to paramteric
uncertainties. The maximum and minimum values of the parameters are put in the simulation

and results are obtained. The responses are then studied.
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Reference and Actual speeds for the Infimum system

100

= =]
=

=)
=

Pt
=
T

1

Electrical Speeds (in radfsec)
2

=
T

| m—Reference speed | |
== Actual speed

5 10 15 20 25 30 35 40 45 S0
Time {in seconds)

-20
0

Figure 36 speed response of the IFOC system with minimum system parameters. i.e. Infimum system
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Figure 37 speed response of the IFOC system with nominal system parameters. i.e. Nominal system
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Reference and Actual speeds for the supremum system
I ! 1 I | | L ] T

1004 : ! — Reference Speed | ™
= Actual Speed

Electrical Speed (in rad/sec)

o~ —
-2} | | | 1 1 1 1 I 1
o 5 10 15 20 25 a0 35 40 45 51

Time {in seconds)

Figure 38. Speed response of the IFOC system with maximum system parameters. i.e. Supremum system

Discussions:

It can be observed and stated from the above responses that the proposed controller is
capable of maintaining optimal stability throughout the interval. As the controller gives
amost identical results for the infimum, the nominal as well as the supremum system, it can
be concluded that the controller can be used effectively throughout the interval, even with the
maximum and minimum parameter variations. Thus, the designed controller is a robust
controller.
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CHAPTER 6

Real Time Simulation

6.0 Introduction :

Since the advent of modern computers, simulation tools have been widely used by
technologists to design, analyse and modify physical systems according to specific
requirements. With the development of high end computing technologies, simulation tools
have seen marked improvement in terms of performance, and have dramatically decreased in
cost. This has increased acceptance of simulation tools as they can now be used by more and
more researchers. Real time simulation has now been developed which provide marked
improvement in performance and speed.

6.1 Real Time Simulation

A rea time simulation is arepresentation of the operation or features of a system through the
use or operation of another. During discrete time simulation, time moves forward in steps of
equal duration. Thisis usualy called fixed step simulation. In offline simulation, the moment
at which a result becomes available is irrelevant. While performing offline ssmulation, the
objective is to obtain results as fast as possible. The system solving speed depends on the
available computation power and the systems mathematical model complexity.
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Computation f(t.) M f(tasa) (ttﬂ'ﬂ \ o Ti
f{t} 1 ] T _—
b ( ¢ (o
Sim. Clock . | 4 4 # Time
th-a t, thsa
(a) Offine simulation: Faster then real-time
Computation f(tn) S f(ths1) ——
F(t) | .
Sim. Clock + * ( + = Time
| Y tn thea
(b) OfMine simulation: Slower then real-time
: f(t.) - f(tns1)
Computation " o " ™, N
(t) \ ! e
R\:
Sim. Clock + \: » Time
th-a t, thsa

{c) Realtime simulation: Synchronized

Figure 39: Real time simulation requisitesand other simulation techniques

The figure above [20] shows a) and b) show two possible ssmulation conditions where the
computation time is either shorter than a fixed time step (shown in @), or the computation time
is longer than the fixed time step. These are cases of offline simulation. But in real time
simulation shown in c) the real time simulator accurately produces the internal variables and
outputs of the simulation within the same length of time that its physical counterpart would.
Moreover, it can stated that the time required to compute the solution at a given time step
must be shorter than the wall clock duration of the time step. Here any idle time preceding or
following the simulator operation is lost and the simulator waits for the next time step to
arrive. If in any case the ssimulator fails to achieve operations within the fixed time step, the
real time simulation becomes erroneous and this phenomenon is termed as OVERRUN [20].

For each time step, the simulator executes a series of operationsis the following order:

1. Readsinputs and generates outputs.
2. Solve model equations.

3. Exchange results with other simulation nodes.
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4. Waitsfor the next step.

Recently, solutions to stability and timing issues have been proposed that include discrete
time compensation techniques. Modern simulators are equipped with cutting edge technology
advanced 1/0 cards that run at a much faster sampling rate than fixed step simulation. They
can read state changes in between simulation steps. Then when the next time step arrives, the
I/O card besides passing state information on to the simulator also passes timing information

as to when the state change occurred. Finally the simulator can compensate for the time error.

6.2 Varioustypes of Real Time simulations:

The various types of simulations that can be performed by modern simulators are:

A. Rapid Control Prototyping (RCP)

In this kind of an application, the plant controller is implemented using areal time simulator
and is connected to a physical plant. Such a controller provides more flexibility, is faster to
implement and easier to debug. Such a technique a controller to be tested even before it is

physically made, thereby making decisions on feasibility of the controller much simpler.

B. Hardwarelntheloop (HIL)

In Hardware in the Loop simulation, there is a physical controller which is to be connected to
avirtua plant, while the virtual plant is executed on areal time simulator. There is absence of
any physical plant. HIL possesses all the advantages of RCP with a few added benefits. HIL
alows early testing of controllers when physical test benches are not available. Moreover
such ta technique provides great flexibility as controllers and plants can be separately
produced and testing of controller is possible with a virtual plant. It also provides for testing

conditions that are unavailable on real physical plants such as extreme testing.
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C. SoftwarelnthelLoop (SIL):

Software in the Loop is a step beyond RCP and HIL. It requires a powerful ssimulator that can
simulate both the controller and the plant. This has great implications on engineering and
scientific domain as no inputs or outputs are used and thus signa integrity is preserved. As
both the plant and the controller operate within the simulator, it can be faster or slower than
real time. Thus an SIL simulation can be made to perform accelerated simulation.

6.3 OPAL RT OP 4500:

OPAL RT OP4500 isarea time simulator manufactured by OPAL RT labs. It is a state of the
art ssimulator, a compact device with 96 fast 1/0 channels with signal conditioning, fast 5-
Ghits fiber optics and is fully integrated with Simulink and SimPowerSystems. The
integration of high end INTEL multi core processors with powerful XILINX Kintex 7FPGA
allows greater simulation power and sub microsecond simulation time steps to maximise
accuracy of fast power electronic systems.

Opa RT has 32 analog inputs and 16 analog output channels . the other specifications are
shown below [30]:

Table3 OPAL RT OP4500 specifications. (source: OP4500 Datasheet, OPAL RT labs)

Power supply Universal input and active power factor correction
FPGA Xilinx Kintex-7 FPGA, 325T, 326000logic cells, 840 DSP dlice
computer SuperMicro, 4GB RAM, One Intel 4 core CPU, 2.5 or 3.3GHz,

solid state hard disk 125 GB

Fast Optical Interface 4 sockets for optional Small Form Factor Pluggable 1 to 2Gbits/s
optical cable pairs

Software Compatibility RT-LAB Multiprocessors Platform, LINUX, Simulink, RTW,

SimPower Systems, SimScape, ARTEMIS, RT-
EVENT,HYPERSIM,and severa third party software compatible
with Simulink.
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FPGA XILINX System Generator for Simulink, RT-LAB XSG, eHS
FPGA €lectrica circuit solvers, library of floating point
functions, resolvers and Finite-Element based motor models and
converters.

Performance Minimum time step of 8 microseconds for model
subsystemsexecuted on the INTEL CPU and 250 nanoseconds for
models executed on the FPGA chips, 100 nanosecond timer
resolution

Dimensions 43.2(W)*27.4(D)*8.9cm(H)

SERIES 100 - ANALOG OUT 0-15 DB37
Module pin Module pin
DRI asslgnment DRY7 assignment
1 +AOUTO0 20 CHASSIS_GND
2 +A0UTO1 21 CHASSIS_GND
3 +ADUTO2 22 CHASSIS_GND +AOUT00_
4 +ADUT03 23 CHASSIS_GND +AOUTOL—2
5 +AOUTO4 24 CHASSIS_GND +AUUT52—-£
+AOUTO3 —
6 +ADUTOS o5 CHASSIS_GND +AOUTOa—RP
7 +ADQUTOB 26 CHASSIS_GND +ADUTUS—£
8 WAOUTO7 |27 |CHASSIS GND HOLI0—
+AOUTO7—
9 TAOUTOB 28 |CHASSIS GND +Ar:}u‘|‘r::3—|fg CHASSIS_GND
10 AOUTOQ 29 CHASSIS_GND +AQUTOS—
: 2 +AOUT10—°
11 +A0UT10 30 CHASSIS _GND +ADUT11—-"'°
12 +AOUT11 31 CHASSIS_GND +A0UT 12—ﬁ
+ADUT13—
13 +AOUT12 32 CGHASSIS_GND -FAGUTlll—"u
14 +ADUT13 33 CHASSIS_GND +ADUT15—:3
15 +AOUT 14 34 CHASSIS GND +12 V4
16 +AOUT15 35  |CHASSIS_GND CHASSIS_GND—©
ey 7
17 +12V 36 CHASSIS_GND
18 a7
19 GHASSIS_GND

Figure 40. Analog output portsand connection diagrams for Opal Rt OP 4500 series 100
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6.4 Simulation and resultsusing OPAL RT OP4500 (on line simulation):

The plant and the controller were designed in Matlab Simulink and was run using OPAL RT
OP 4500. This was basically a Software In the Loop (SIL) simulation as both the plant and
the controller were simulated in the smulator itself. The following responses were observed:

Actual and reference speed
Zoomed view of actual and reference speed

D axis flux component

A WD P

Electromagnetic torque
The results obtained are as follows:
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Figure 41. Reference and Actual electrical speeds of the motor
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Figure 42 Zoomed view of the actual and reference electrical speed of the motor
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Figure 43. d axis flux of the motor

Page | 103



Chapter 5: Real time Software In the Loop Simulation

MBSO 30144, MYS2491320 Thi May 05 202440 2018
y 2008 4 0.0s 5.000s/ Stop £ -250%
<= Agilent
- Bequistion

“Normal
10.0kSads

' Y - Channels

i 10.0:1

Channal 4 Menu
) Coupling [mped B\ Limit Fira Irnvert Proba
L I R L i . Jadi b g

Figure 44. Electromagnetic tor que of the motor

6.5 Discussion on results:

The figures in the previous section show the performance responses of the Indirect Field
Oriented Controlled Induction Motor in terms of tracking a reference speed profile and
maintaining a constant d axis field flux( effectively matching the given reference of
0.075Whb). Finally the electromagnetic torque response is also studied.

Case 1- during initial starting:

It is seen that during the initial starting of the motor, the speed increases from zero to meet the
given reference speed. A small overshoot is observed which is again minimized by the use of
a robust optimal PI controller for the speed control loop of the FOC structure. Initidly the

motor runs at no load. During this time the torque of the machine should ideally be zero, but
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the presence of some friction and windage torque affects the electromagnetic torque such that

at no load, it has some minimal valuein order to meet the frictional torque

Case 2- Motor Speed and torgue response after application of external torque:

After 2 seconds of motor operation, a load torque (applied in the form of a step input of
35Nm) is applied to the motor to study the effects of sudden load torque on stability of the
system. It is observed the system is able to maintain stability and after a very short duration of
decrease in speed, the actual speed again rises to track the reference speed. This dip in the
speed is due to the fact that with the application of load, the electromagnetic torque has to
increase in order to meet the new demand. With application of load, the motor now draws
more current from the supply. As the electromagnetic torque developed increases, it becomes
able to meet the friction torque as well as the externally applied torque, the speed of the motor
rises again to meet the reference speed.

Case 3- Steady state oper ation of the motor:

Even after the electromagnetic torque reaches a steady state and is able to meet the total
torque demand, some oscillations are observed in the torque. This is because of the fact that
the externally applied reference speed profile that the motor has to track is varying in nature.
Thus the electromagnetic torque shows some variations such that the motor efficiently tracks
the reference speed. Hence, Indirect Field Oriented Control of an Induction Motor along with
a Robust Optimal PI controller designed using LQR method and observed using OPAL RT

real time simulator performs satisfactory operation and can handle parametric variations.
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Chapter 7

Conclusion and Scope of Future Work:

7.0 CONCLUSION:

In the present dissertation, the steady and the transient performance of a three phase
squirrel cage induction machine has been studied in offline mode i.e. in Matlab/Simulink
and in real-time scenariosi.e. in Opal RT OP4500. For the purpose of independent control
of torque and flux, the Field Oriented Control has been adopted. The said control strategy
comes with an outer loop speed controller and inner loop coupled current controllers. For
the design of outer loop speed controller, the entire control logic is represented is block
diagram and is then reduced into a second order transfer function. The second order
model is then model order reduced into first order system for the design of PI controllers.
Under the various operating conditions, the motor parameters usually vary and hence
these bounded parametric uncertainties can be represented as an interval system.
Thereafter, a modern optimal control strategy, namely Linear Quadratic Regulator has
been used to design arobust speed tracking controller under the circumstances of bounded
motor parameter uncertainties. The robust controller accomplishes the task of perfect
speed tracking under various operating conditions. The competence of the designed
control strategy has been validated both in Matlab/Simulink based offline simulation and
Opa Rt based real-time simulation platforms.

7.1 SCOPE OF FUTURE WORK:

This work was carried out in view of applications of induction motor in the automotive
industry. Four whedl or two wheel driven vehicles are now much popular which require
individual motor for each wheel or a set of wheels. This work can be extended to a four
wheel or two wheel driven vehicle where it can be used to drive one wheel or a set of two
wheels respectively. Such a scheme would then need proper synchronization between the
motors used. For such an application, CAN communication based DSP control techniques

Page | 106



Chapter 7: Conclusion and Scope of Future Work

can be adopted that can provide synchronization of the motors. Moreover electric vehicles
would need to replace the mechanical differential with electronic differential schemes.
Implementation of such a scheme would mean that the mechanical drives can be replaced
by electrical drives. This will result in efficient use of energy aong with providing a

solution to the emerging global challenge of vehicular pollution.
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Matlab simulation of induction motor



Matlab simulation of induction motor




Appendix-2

Matlab simulation of IFOC Induction Motor
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