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ABSTRACT

AC induction motor-drive systems are the backbone for numerous industrial
applications, such as aerospace, medical equipment, and nuclear power plants.
The control performance of electric drives is sensitive to several uncontrollable
disturbances from changes in ambient conditions in the form of machine parameter
variations such as: magnetizing inductance (L,,), and rotor resistance (R,). Such
variations may trigger instability because of mismatch between the reference and
desired conditions. The most common techniques to solve the issue are: (a) gain
adaptation that requires instrumentation to monitor system, (b) nonlinear control
methods, such as sliding mode, feedback linearization, and (c) robust control method,
such as H,, and p-analysis to account for motor uncertainties. Despite the prevalence
of PID controllers, a systematic method to tune their parameters to ensure robustness
remains an open problem.

In this dissertation, a systematic method to tune PI controllers while factoring
uncertainties is developed. Two major design methods are proposed: (a) based on
Kharitonov’s theorem and (b) based on fractional order controllers. In (a), the
control design problem for AC drives can be cast into as a set of interval polynomials
that can be analyzed via Kharitonov’s theorem. Also proposed a method to solve
the resulting polynomials, which then yield the controller coefficients. In (b), we
show how fractional order controllers (FrOC)-a generalization of PID that consider
fractional values for the integral and derivative coefficients can be designed to achieve
our main objectives. A unique advantage of such controllers is the so-called iso-
damping property (constant phase) and robustness. The performance of controllers is
assessed by comparing them with two well established techniques: traditional method
based on gain/phase margin requirements, and symmetric optimum techniques an

industrially popular technique that requires constant gain over a desired bandwidth.
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While both these techniques use reduced order models, the proposed methods are
advantageous because they can handle the full model of the machine. The simulation
results suggest that the proposed controllers remain robust against the chosen
uncertainties while both traditionally designed controllers succumb to instability. The
work paves a novel way for the design and tuning of robust PID controllers in electric

drives.
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CHAPTER 1. INTRODUCTION

High performance drive refers to an electric drive with ability to offer precise
control, rapid dynamic and a good steady state response. High performance drives are
indispensable in safety critical applications due to their precision of control. Since the
inception of AC machines, several techniques have evolved to control speed, torque,
and position of machines. The basic control inputs are the voltage and frequency of
the applied voltage/current to the motor. Since, the grid supply voltage and frequency
are fixed, power electronic converters are used as an interface between the grid supply
and the electric motor. It is well-known that variable speed drive offers significant
energy savings in industrial applications.

Numerous control strategies employing inverter provide decent steady state but
poor dynamic response. The dynamic response signifies that the poor performance
arises due to deviation of air gap flux linkages from their set values. The discrepancy
in flux linkages have to be controlled by the magnitude and frequency of the stator and
rotor phase currents. The oscillations in the air gap flux linkages result in fluctuations
in electromagnetic torque and in speed. This is detrimental in many high performance
applications, such as, robotic actuators, centrifuges, servos, metal-rolling mills, and
process drives. All of the aforesaid mentioned applications require high precision, fast
positioning, or speed control. Such requirements will not be met with the sluggishness
of control due to the flux oscillations. Moreover, air gap flux variations result in large
digression of stator currents, requiring large peak converter and inverter ratings to
meet dynamics.

The control of a separately excited dc drive is simple and requires control of
flux and torque separately. Likewise, the independent control of flux and torque is
possible in ac drives. The stator current phasor can be resolved, along the stator

flux linkages. The component along the rotor flux linkages is the field producing



current, but this requires the position of the rotor flux linkages at every instant. The
requirement of phase, frequency, and magnitude control of the current and the flux
phasor is achieved by inverter control. The control is achieved in field coordinates
and hence known as field oriented control, also sometimes known as vector control,
because it relates to the phasor control of rotor flux linkages.

The rest of the chapter discusses the parameter mismatch and its effects on
drive performance. Brief motivation and contribution of the thesis are also presented
later in the chapter.

1.1. Tuning of Vector Controller and Parameter Sensitivity

The tuning of the vector control requires the exact values of rotor resistance,
mutual inductance, and rotor self inductance of the induction machine. The tuning
task is simple if the motor parameters remain constant. The fact that the rotor
resistance and magnetizing inductance changes with temperature and frequency and
the leakage inductance changes with the magnitude of the stator currents complicates
the tuning problem.

A mismatch between the vector controller and induction motor occurs as a
result of either the motor parameters changes with operating conditions, such as
temperature rise and saturation or of the wrong instrumentation of the parameters
in the vector controller. The later phenomenon is controllable, but the former is
dependent on the operating conditions of the motor drive and hence is uncontrollable.
The mismatch produces a coupling between the flux and torque resulting in channels

production in the machine. This has the following consequences:
1. Rotor flux linkages diverges from the commanded (reference) value.

2. Electromagnetic torque diverges from commanded (reference) value producing

a nonlinear relation between the actual torque and its commanded value.



3. During torque transients, an oscillation is caused both in the rotor flux linkages
and in torque responses, with a settling time equal to the rotor time constant.

The rotor time constant is large on the order of 0.5 second or greater.

In a torque drive, above mentioned consequences 2 and 3 are most undesirable.
Although, in speed controlled drive the nonlinear torque-to-torque command will not
have a detrimental effect on the steady state operation, its effect is considerable during
the transients. The torque excursions can be smoothened, so they may not appear as
speed ripples with load and motor inertia.

Several techniques have been worked out to address the parameter sensitivity
in indirect field oriented control. Most of them are parameter adaptation techniques

based on the following strategies.
1. Direct monitoring of flux and torque producing stator current components.

2. Continuous measurement of instantaneous rotor and stator resistances [1], [2],

3], [4], [5], (6], [7].

These techniques are classified as direct scheme for parameter adaptation. Most
of the parameter adaptation algorithms are themselves parameter dependent. This
particular aspect can cause significant error in the computation of the variables used
in parameter compensation techniques.

The parametric variations of the induction motor, if not properly taken care
of, can cause performance degradation of electric drives tremendously [1], [2], [3],
[8] and serve as the root cause in the development of robust control strategies for
improved performance of electric drives. Robust control techniques have also been
developed for rotor time constant [4] using model reference adaptive system (MRAS)
to estimate speed and current through fuzzy logic. Robust, indirect vector control

using the third order model of induction motor, to estimate electromagnetic torque is



given in [5]. The robust controller using H., loop shaping cascaded with already well
tuned PI controller is designed by authors in [9], which improved the performance of
the controller with rotor resistance uncertainty. Robust indirect field oriented control
using a slip frequency calculation in feedback loop is presented in [5], where the
controller is dependent on the machine parameters. The auto disturbance rejection
controllers, are employed to overcome disturbances and parameter variations [10].
The plugin robust controller for already well tuned PI controller is presented in [9].
1.2. Motivation

The challenges in designing the high performance electric drives are multi-
faceted. There is stringent requirement of high precision in speed, torque, and position
control of electric drives. Moreover, the controller design under parametric uncer-
tainty for electric drives sets new challenges for the control engineers. Furthermore,
the parametric inconsistency generates the mismatch between the induction motor
and vector controller.

The parametric inconsistency causes the coupling between the flux and torque
producing channels in the machine that generates the torque and speed oscillations.
A flurry of controllers exists to reduce the effects of parametric uncertainty. The most
commonly used in electric drives and motion industry is PI controller. Its application
is adequate for wide control problems with modest performance requirements. Al-
though PI is simple in structure and easy to implement, but still tuning of PI controller
for particular performance metrics is an open problem. The controller tuning is always
an important factor to obtain the required optimal speed, torque o position tracking.
Since, it is hard to achieve the robust optimal tracking without a controller. The
robust tuning of controller are required to reject the external disturbances like load

torque variations and machine parametric variations.



This thesis proposed two techniques to tune the PI controller. The proposed

techniques are:

1. Synthesis of PI controller using Kharitonov theorem: Kharitonov theorem is an
analysis tool to verify the robust stability of the system with characteristic
equation having unknown coefficients, used to synthesize the PI controller
including all parametric uncertainty. Since the theorem produces four corner
polynomial of controller parameters. Each polynomial is solved to obtain the

controller parameters numerically.

2. Fractional Order PI controller: The fractional order PI controller that provides
an extra degree of freedom to tune the controller is the order of integral.
The extra degree of freedom from the use of fractional order integrator and
differentiator made it possible to further improve the performance of traditional
PID controllers. Unlike a conventional PI controller, there is no systematic and

yet rigorous design or tuning method existing for a fractional PI controller.

The PI tuned with the proposed technique will be robust to parametric and
load torque perturbations. The proposed techniques are novel techniques to design
the integer order PI and fractional order PI.

1.3. Contribution of Dissertation

In the previous section we mainly highlighted the parameter uncertainty and
their effects on the performance of the drive system. The dissertation proposes the
robust control strategies for the indirect field oriented control of induction motor. The
proposed techniques are advantageous, since full dynamics of the induction machine
are considered instead of using reduced order model. Synthesis of PI controller using
Kharitonov’s theorem and fractional order PI controller are proposed in this thesis

to design the robust controller for electric drives.



Kharitonov theorem is used to check the stability of the system with charac-
teristic equation having unknown coefficients. The coefficients are only needed to be
defined in the interval. The theorem generates the four corner polynomials and the
stability of each polynomial guarantees the robust stability of the system. The thesis
exploited four corner polynomials to synthesize the controller gains Kp and K7, such
that the system is stable under all perturbation.

The fractional order control uses fractional integral and not as integer order
integral. The fractional order integral has the property to behave as infinite length
linear filter which also exhibits the iso-damping property. The fractional order integral
is implemented using Oustaloup approximation techniques, since, we can generate
third order controller with the proposed technique.

1.4. Dissertation Organization

The dissertation is organized in six chapters. The general introduction about
drives and parameter sensitivity is presented in the first chapter. The second chapter
focuses on the literature review about drives and robust control techniques. The
third chapter details the Kharitonov theorem and its applications for the synthesis of
the PI controller for vector controlled induction motor. The fourth chapter proposes
fractional order controller as an alternate solution to the PI controller as a robust

controller.



CHAPTER 2. LITERATURE REVIEW ON DRIVES AND
ROBUST CONTROL

High performance drive refers to an electric drive with ability to offer precise
control, rapid dynamic and a good steady state response. High performance drives are
indispensable in safety critical applications due to their precision of control. Since the
inception of AC machines, several techniques have evolved to control speed, torque,
and position of machines. The basic control inputs are the voltage and frequency of
the applied voltage/current to the motor. Since, the grid supply voltage and frequency
are fixed, power electronic converters are used as an interface between the grid supply
and the electric motor. It is well-known that variable speed drive offers significant
energy savings in industrial applications.

Numerous control strategies employing inverter provide decent steady state but
poor dynamic response. The dynamic response signifies that the poor performance
arises due to deviation of air gap flux linkages from their set values. The discrepancy
in flux linkages have to be controlled by the magnitude and frequency of the stator and
rotor phase currents. The oscillations in the air gap flux linkages result in fluctuations
in electromagnetic torque, and if overlooked results in speed oscillations. This in detri-
mental in many high performance applications, such as, robotic actuators, centrifuges,
servos, metal-rolling mills, and process drives. All of the aforesaid applications require
high precision, fast positioning, or speed control. Such requirements will not be met
with the sluggishness of control due to the flux oscillations. Moreover, air gap flux
variations result in large digression of stator currents, requiring large peak converter
and inverter ratings to meet dynamics.

The control of a separately excited dc drive is simple and requires control of
flux and torque separately. Likewise, the independent control of flux and torque is

possible in ac drives. The stator current phasor can be resolved, along the stator



flux linkages. The component along the rotor flux linkages is the field producing
current, but this requires the position of the rotor flux linkages at every instant. The
requirement of phase, frequency, and magnitude control of the current and the flux
phasor is achieved by inverter control. The control is achieved in field coordinates
and hence known as field oriented control, also sometimes known as vector control,
because it relates to the phasor control of rotor flux linkages.

In this chapter, we describe the brief history of the AC drives with the machine
classifications. The perturbation effects and parameter sensitivity to the temperature
variations. The proposed research and motivation to establish the research techniques
is discussed at the end.

2.1. Introduction

AC drive motor systems are predominantly used in different industries, like steel
mills, traction drives, in electric hybrid vehicles. Variable speed AC drives became
popular with the birth of vector control which uses the separate control of direct and
quadrature components of stator current. The d and q components can be used to
control the inverter magnitude, frequency and phase angle of output voltage. The
vector control was first proposed in 1968 in Germany by K. Hasse [11], based on the
concept of speed and torque control without direct measurement of flux, called indirect
field oriented control. The direct field oriented control, based on the concept of direct
measurement of flux was introduced by F. Blaschke in 1971 [12]. The introduction
of vector control was inspired by the development of dynamic model of induction
machine [13] in 1959, using the concept of Park’s transformation [14]. Direct self
control (DSC) [15] by Depenbrok, and direct torque control (DTC) [16] by Takahashi
and Noguchi proposed control strategies where transformations are not required and
are therefore scalar techniques. The DSC and DTC removed the dependency of

current loops and directly controlled the torque and flux using hysteresis control.



2.2. A Brief History of the AC Drives

Electric drive is an integral part of speed control of motors, such as DC motors,
induction motors, synchronous motors, permanent magnet synchronous motors, and
switch reluctance motors. The drives are used for the soft starting, stopping and
gentle speed variations giving the four quadrant operation. The drives are used to
limit the currents for meticulous torque control. They help to run the motor beyond
their rated maximum speed, which is represented in torque speed curve as a constant
power region in Figure 1.
2.3. Motor Types

The AC motor used could either be induction motor or permanent magnet
synchronous motor depending on the requirements. AC machines can be classified
broadly as Synchronous Machines (SM) and Asynchronous Machine (ASM) also
called Induction Machine(IM) and electronically commutated machine [17]. The brief
classification of AC machines is shown in Figure 2.
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Figure 1. Torque speed curve.



2.4. Stability of Drives

The stability of the machine is important factor while working under variable
loads and speeds. The drive is in state of equilibrium when load torque and developed
torque becomes equal. If disturbance occurs in equilibrium position, the drive tries to
bring the speed of motor back to operating speed. If the operating speed is achieved
back then the machine is in stable equilibrium. If machine hits unstable equilibrium,
it either comes to rest or runs at a very high speed. The steady-state stability and
dynamic or transient stability points are important for AC drives.

The stability of drive at fixed speed is perturbed either by load torque variation
or due to the motor increased temperature over a prolonged period of operation. The
high temperature excursions generates the deviation of machine parameters from
their nominal values. Most of controller schemes described in Table 1 are parameter

dependent, which make them sensitive to parameter variations and disturbances.

AC Machines
{ Y
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Figure 2. AC machine classifications.

10



A pog NI M ednm || x| A W A x) A X k43
/N X NI || sowg X x || N Wl x| x| x X rel
X q1og N X X x| N NI X || X X X [og]
/S 09 INd/INI /S Wy M4 | A X x| X [6¢]
X pod || INYS/INd/INI /S W < x JmNmd | A AL AN [8¢]
S 09 NI /S W A x I A X x| X [L2]
A x| INUS/INd/INT X X |ox % X x o x X [92]
/¥ || ssoptosuag INSINA MM1019A | M X fImd | A x| x| A [td
S X dIN NI X XX X N || x| x|l x| X d
X X NI S 10| x| A I > x| x| X €2]
X_|| ssoptosuag NI X OLA | M| X [[IMd || x| x| x| A [4d
X || polosuag OUAS/INT X 10097 || x || N W x| N x X [12]
X X DA/ NI X X A NI x| x X X [0g]
X || petosuag || ouks/H/INT A Dodr | x| A I A X x| X [61]
X || polosuag NI A 10 x| N W x| x| x X [ST]
1Y LS LIN | DD SO | Od || o1 LI || Id || U || PV || DY || 9ous1050y

‘sodA} 1030 pUR AN[IQRIOI ‘OINIONI)S IO[[OIPUOD ‘SOUWDYDS [OIJU0D
o) Surpraoxd sAoAIns 4Ie oY) JO 9)RIS DLIGUSS SWOS JO Arewruung T 9[(r],

11



2.5. Drive Control Schemes

The implementation of control techniques require the setup of machines and
inverter under different control schemes. The different control schemes used for the
AC machine can be classified either as open loop or closed loop control.

The open loop control is used when exact, precise control is not required. The
speed can be varied by just varying the voltage, frequency or both simultaneously.
Closed loop control is used when accurate or precise torque or speed control is
required. The closed loop control schemes can be further classified into, scalar control
and vector control.

2.6. Scalar Control

Scalar control methods provide an easy, cheap, and coarse control of torque
and speed. They are simple to implement and do not require sophisticated instru-
mentation. However, performance of this control scheme degrades during transients.
The degradation occurs due to inherit coupling between torque and field producing
current components of motor current. The most widely used scalar control techniques
are shown in Figure 3.

2.7. Field Oriented Control

The control of a separately excited dc drive is simple and requires control of
flux and torque separately. Likewise, the independent control of flux and torque is
possible in ac drives. The stator current phasor can be resolved, along the stator
flux linkages. The component along the rotor flux linkages is the field producing
current, but this requires the position of the rotor flux linkages at every instant. The
requirement of phase, frequency, and magnitude control of the current and the flux
phasor is achieved by inverter control. The control is achieved in field coordinates
and hence known as field oriented control, also sometimes known as vector control,

because it relates to the phasor control of rotor flux linkages.
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The field oriented control (vector control) is a high performance control scheme
for AC drives. This is the most common control scheme used in industry for high
precision control of speed, torque, and position. The scheme gives better speed
tracking in dynamic and steady state operations compared to scalar control. The
field oriented control are is normally implemented either in direct field oriented or

indirect field oriented control scheme.

AC Motor Control

v v
| Open Loop Control | ICIosed Loop Controll
|
V/f E/f Voltage || Frequency
Y
Scalar Control Vector Control
|
Y y Y Y
V/if E/f SRS DTC
Y Y Y
. Direct Self Direct Vector
Switching Table Control Modulation
D-FOC I-FOC
l |
y Y y
Rotor Flux Stator Flux Air gap Flux
Oriented Oriented Oriented

Figure 3. AC machine control schemes.
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2.7.1. Direct Field Oriented Control

This method relies on direct measurement of flux and does not require flux
estimation. The schemes is called ‘direct’ because of the haul effect sensors used
to measure the flux directly. The control scheme can also be used as sensor-less
drive. The sensor-less schemes requires estimation of speed through direct current
measurements.
2.7.2. Indirect Field Oriented Control

This scheme does not require hall effect sensors and hence the name indirect.
The tuning of the vector control requires the exact values of rotor resistance, mutual
inductance, and rotor self inductance of the induction machine. The tuning task is
simple if the motor parameters remain constant. The fact that the rotor resistance
and magnetizing inductance changes with temperature and frequency and the leakage
inductance changes with the magnitude of the stator currents complicates the tuning

problem.

~.

~.
SO

i abc-dq
transformation

AAA

~.

c
dg-abc > sv-PwM - Induction
transformation Inverter =\ Motor
ref _ref _ref M
Va 2 Vb o Vc
0 0 L
mech h
didt |- O

Figure 4. Indirect field oriented control.

A mismatch between the vector controller and induction motor occurs as a
result of either the motor parameters changing with operating conditions, such as
temperature rise, saturation, or wrong instrumentation of the parameters in the vector
controller. The later phenomenon is controllable, but the former is dependent on the

operating conditions of the motor drive and hence is uncontrollable.
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The most affected parameters are the rotor resistance R,, magnetizing induc-
tance L, and rotor self inductance (L,) [2]. The parameter variations caused by
temperature and magnetic saturation causes a mismatch of plant from controller in
both steady state and transients. Several solutions for removing parameter sensitivity
from field oriented control are presented in [33], [34].

2.8. Direct Torque Control

The scheme takes the advantage of controlling the stator flux and torque directly
and uses the hysteresis control structure for flux and torque. This method uses
feedback control of torque and stator flux, which are computed from the measured
stator voltages and currents. As the method does not use a position or speed sensor to
control the machine and uses its own electrical output currents and resulting terminal
voltages, this is also referred as a direct self-control scheme. The method uses a
stator reference model of the induction motor for its implementation, thereby avoiding
the trigonometric operations in the coordinate transformations of the synchronous
reference frames. This is one of the key advantages of the control scheme. The scheme
depends only on stator resistance and no other parameters. The implementation
of the scheme requires flux linkages and torque computations, plus generation of
switching states through a feedback control of the torque and flux directly without
inner currents loops. The torque and flux feedback loops contain no PI controller(or
any other controller) so, tuning of PI controller is therefore not a problem. Rather it is
a problem of choosing the best method to control inverter switching table. Improved
estimation techniques to estimate torque and flux also enhances the performance
of DTC. The main disadvantages of direct torque control are, variable switching
frequency, chattering at low speed, direct control of current is absent, and high ripples

in current and torque.
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2.9. Flux Weakening

The flux weakening operation allows the speed of the motor go beyond the base
speed usually two to three times of the rated speed. The flux weakening region is
also known as the constant power operation, since power is kept constant and torque
is reduces as shown in Figure 1. The field weakening region requires proper dq-
current distributions for the torque capabilities [35]. The optimal strategies used for
the torque maximization are either the calculations of i4s and 7,5 based on motor
parameters or selection of ¢45 and ¢4 using flux and voltage regulators.
2.10. Issues in AC Drives

The low voltage AC drives usually ranging from 0 to 2.3 KV and have applica-
tions in home appliances and very small industries. The medium voltage AC drives
ranging from 2.3 — 13.8 K’V are mostly used in industries such as, rolling, milling, oil
and gas, cement, and metal industry. The medium voltage drives constitute only 3%
of variable speed drives in different applications [36]. The electric drives for these
applications can reduce the overall energy losses and cost. Energy efficiency is a

trade-off and the most common challenges and problems that arises for drives are:

1. Switching devices problems, which includes, switching losses, maximum rated

current, voltage, and switching frequency.

2. Motor side problems, such as fl—;’, puts stress on insulation of motor winding,

shaft vibration and common mode voltage generated by PWM inverter.

3. Line side problems for example, power factor problem arises due to distorted
currents at source, power quality which depends on converter topology, and

resonance of LC filters.

Switching losses occur due to AC-DC conversion and then DC-AC conversion

within semiconductor switching devices. The maximum voltage from AC mains is
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lower at the terminals of AC machine. The switching also generates losses and
chattering in current and voltage. The sine wave quality of output voltage is very low.
The patterns of PWM signals in inverter usually give rise to common mode voltage.
The common mode voltage generated between neutral point of inverter and ground
acts as a source and causes problem.

2.10.1. Low Speed Operation Issues

The applications of high torque and low speed operation of the induction
motor is critical to control for variable speed drive. For example, hybrid vehicles
or electric vehicles have major requirement of high torque at low speed. The design
of cruise control acting on brake pedals and throttle of autonomous Citron C3 vehicle
using fractional order controller is designed to setup robustness against un-modeled
parameters and change in parameters [37].

The removal of speed dependent terms in estimator help to design a drive that
can operate even at very low speed [38]. The sliding mode observer can remove the
dependency on the speed dependent terms for parameter estimation. The model
reference adaptive control (MRAC) can be used to estimate the speed and other
control variables based on measured currents also gives the robustness to parameter
variations and low speed operation [39].

2.10.2. Flux Weakening Operation Issues

The induction motor runs at the maximum speed (rated speed) of synchronous
27 f

speed N, = The synchronous speed is attained at no load condition. The
maximum attainable speed depends on load torque and hence slip. The normal
mode of operation with the slip greater than unity causes the speed go beyond rated
speed. The induction motor above rated speed behaves like generator. The maximum

speed is also dependent on f, the supple frequency. The increase in f,, beyond

rated value reduces the stator flux linkages. The reduction in flux linkages arises due
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to fixed DC bus voltage. The increase in speed beyond rated speed speed reduces
flux, consequently reducing the torque. The flux weakening region is also known as
constant power region since, torque producing component remains constant.

The motoring operation beyond the rated speed can be attained using the flux

weakening operation mode. The flux weakening operation can be obtained using:
e Stator Flux Linkages controlled (Direct Scheme)
e Rotor Flux Linkages controlled (Indirect Scheme)

The stator flux linkages controlled is obtained by considering the stator dq-
voltages. The resistive drop can be eliminated and assuming the steady state

operation:

‘/qs :p>‘qs _'_WS)\ds (21)
‘/;ls — p>\ds - WS)\qs (22)

with

Vs = \/qus‘i‘vdzs
Vo = we /A8 4 A (2.3)

(2.4)

Sl=

The direct vector control scheme assumes that Ay is aligned with the stator
flux linkages phasor. The alignment of axis causes the g-axis flux linkages ;s go to

Zero.

As = 0 (2.5)
s = A, (2.6)
T, = g, (2.7)
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The air-gap power then reduces to:
P, =T.ws = Viigs (2.8)

The constant i, in flux weakening region therefore gives constant power. The
rotor flux linkages (indirect scheme) simply can be implemented as a function of rotor
speed as:

Wy

)\:ef - Ay, Twp < fw, £ Wr(maz) (2.9)

|Wr‘

The basic control scheme for flux weakening is not enough to obtain the
maximum possible speed (beyond rated speed). The rotor flux is not a linear function
of stator flux. The change in rotor flux linkages produces big change in stator flux
linkages. The change of stator lux may demand more voltages than the rated values.
The DC-link is fixed and limited, and high demand sets constraints on constant
power operation. The implementation of flux weakening requires in rotor flux linkages
controlled operation requires much attention [40].

2.10.3. Perturbation Effects

The perturbation in the form of load, voltages, and frequency variations
produces undesired operations in steady state and dynamic response of the induction
motor. The sudden load variation tends to vary the stator currents accordingly. The
increase in load demands the high generated torque from the motor. The high demand
of the torque require high stator currents. The supply voltage variations also sets the
constraint on inverter. The inverter that can compensate the variations in frequency
and voltage requires high cost. The low frequency harmonics can be eliminated
by choosing appropriate switching frequency. The high frequency harmonics are

attenuated using the LC-filters.
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2.11. Detuning of Controller

The controller tuning requires known parameters of the induction motor. The
parameters of induction motor do not remain constant over the operation of drive.
The parameter variations arises due to ambient temperature of the induction motor
causes the performance degradation of field oriented control scheme. The parameter
variations produces the detuning effect. The variation in machine parameter arises
due to the ambient temperature variations and operating conditions. The rotor time

constant (7, = I ) depends on rotor resistance (R,) and rotor inductance (L,). The
magnetizing indJctance (L) and stator resistance (Rs) also varies with ambient
temperature. The detuning of controller produces inconsistency in commanded and
desired signals.

2.12. Control Methodologies

The adaptive control, Model Reference Adaptive System (MRAS), self tuning
adaptive regulators are proposed in literature to overcome the performance issues
of electric drives discussed in previous sections [10]. The artificial intelligent control
techniques based on self-learning and self-adaptation to have a robust control, despite
of perturbation are a major control methodologies used for electric drives.

The robust control techniques such as H,,, Youla parameterization [9] gives
the robustness in a certain interval of parameter variations. The new emerging
control technique based on Fractional Order Controller (FrOC) is making its place
in the field of robust controllers. Fractional order calculus is an area of mathematics
that deals with the derivatives and integrals from non-integer order. The fractional
order proportional, integral, and derivative (FrOPID) controllers have achieved a
significant interest in the last few decades. In fact, FrOPID provides more flexibility

in controller design procedure than standard integer order PID controllers, because

FrOPID provides five degrees of freedom. The fractional order calculus theory is used
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to design the PI controller, although the classical PID controller is predominant in
control development. The fractional order controllers (FrOC) provides the isodamping
property which shows constant phase invariant to gain changes. The isodamping
property gives the constant phase at the w.. The tuning of FrOC involves the
approximation techniques, such as Oustaloup approximation [41, 42].

In [43], the authors used a multirate model reference adaptive system to estimate
the rotor time constant for the IFOC which is highly dependent on rotor time
constant. Reference [44] used the adaptive sliding mode controller with recurrent
radial basis function networks to control the speed of the induction motor in IFOC
scheme.

2.12.1. Robust Control Strategies for AC Drives

The electric machine is an integral part of the drive system where the controller
is used to keep the desired performance of motor. The controllers are tuned mostly
offline using the nominal machine parameters at nominal operating conditions. The
online tuning requires a continuous monitoring of the machine parameters, which
in turn increases the controller efficiency at the cost of computational overhead.
Different controller schemes are used to control the machine and all of the schemes
have their own merits and limitations. Each of the control schemes is dependent on
different machine parameters, for example, IFOC depends in R, and L,, while DTC
depends on the R, [45]. Various state of the art robust control strategies are presented

in Table 2 with references and their brief description.
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Table 2: Recent robust control of induction motor.

S. No. | Ref. Techniques Established Loop

01 [46] Adaptive sliding mode control for global position tracking | P
in the presence of uncertainties.

02 [47] A survey presenting sliding mode control strategies for | S, P
induction motor.

03 48] Forth order descriptor type robust Kalman filter used to | S
estimate rotor flux and speed.

04 [49] DTC-SVM offers fast dynamic response and easy to | S
implement with adaptive parameter estimation scheme
for robust speed control.

05 [50] Control of six phase induction motor with combinational | S
concept of predictive control and extended Kalman filter
for robust speed control.

06 [51] A robust control against speed sensors faults using hy- | S
brid fault tolerant control with PI and Hoo controllers.
The second architecture is based on generalized internal
model control.

07 [52] Interfacing multiple model extended Kalman filter is | S

replaced by the extended Kalman filter to reduce the
influence of gross external disturbance and internal es-

timated error.

Continued on next page.
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Table 2 — Continued from previous page.

S. No. | Ref. Techniques Established Loop

08 [53] Speed and torque control for IFOC using Hoo and | S, T
quantitative feedback theory immune to rotor resistance
perturbation.

09 [54] Fault diagnoses robust linear discriminator schemes, | S, P
which can detect broken bar and short circuit of stator
winding.

10 [55] The block control technique quasi continuous sliding | S
mode manifold design and the second order sliding mode
super twisting algorithms is designed to track speed and
flux of single phase induction motor under perturbations.

11 [56] The PI sliding mode control established to increase ro- | S
bustness, efficiency and elimination of chattering.

12 [57] Armature voltage field oriented approach combined with | S
robust linear generalized PI observer based output feed-
back controller for the induction motor.

13 [58] Sliding mode observer based on singular perturbation | S
theory for IFOC, robust to rotor resistance variations.

14 [59] Hybrid robust control using fuzzy logic for position con- | P
trol of induction motor under vector control scheme.

15 [10] Auto disturbance rejection controllers without the need | S

of estimation of rotor flux.

Continued on next page.
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Table 2 — Continued from previous page.

S. No. | Ref. Techniques Established Loop

16 [60] Flux controllers are designed using Lyapunov lineariza- | S
tion approach associated with sliding mode control.
Speed loop is designed using PI controller and Lyapunov
method based on backstepping procedure.

17 61] Online estimation of the rotor resistance with online rotor | S
resistance adaptation (Rs50% and R,100%).

18 62] Ninth order adaptive observer estimates rotor flux and | S
rotor resistance and a third order high gain observer for
speed and acceleration.

19 63] Nonlinear robust feedback control with second order | S
observer for rotor flux and third order high gain observer
for speed and acceleration (R, and Rj).

20 64] MRAS with observing instantaneous reactive power of | S
magnetizing inductance immune to stator and rotor re-
sistance thermal variations.

21 65] Variable structure control for DTC scheme. S

22 66] Variable structure control with an adaptive gain for the | P
indirect vector control.

23 [67] Gain scheduled flux observer subject to parameter vari- | S

ations (R, and Ry & 50%).

Continued on next page.
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Table 2 — Continued from previous page.

S. No. | Ref. Techniques Established Loop

24 68] Novel control strategy for stator active-reactive currents | S, P
of DFIM. Since the rotor currents are not measured
forming the proposed control scheme as output feedback
controller.

25 [69] Field weakening operation of induction motor under vec- | S

tor control scheme with modulation depth control.
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CHAPTER 3. KHARITONOV THEOREM AND
SYNTHESIS OF CONTROLLER

The system will be stable if and only if all roots of the characteristics polynomial
lie in the open left of the complex plane and is known as Hurwitz stable. The
question of robust stability arises when the system depends on uncertain parameters
whose values are unknown but satisfy known bounds. The presence of such uncertain
parameters means that the coefficients of the characteristic polynomial are unknown
but bounded. This then define the family of characteristic polynomials. The system
will be stabilizable if all polynomials in this family are Hurwitz stable. Kharitonov’s
theorem is used to assess the stability of the dynamical system for the family of
polynomials. In this chapter, Kharitonov’s theorem is utilized for the synthesis of the
PI controller for the fifth order model of induction motor for speed loop. The closed
loop characteristics polynomial involving controller unknown coefficients is solved
for stability analysis using Hurwitz matrix, to obtain bounds of the coefficients of
controller. The inner current loops are designed using the classical control techniques.
3.1. Introduction

The demand for high performance electric drives is steadily increasing, given
the growing emphasis for electrification of the transportation industry. In many
similar applications, electric drives are required to perform under tighter control
requirements even when subject to widely varying ambient or operating conditions
[70]. In such cases, the drift introduced in motor parameters due to such variations
typically degrade the control performance, especially, in AC drives using induction
motors. The degradation occurs mainly because, the mismatch between the plant and
controller creates discrepancies between commanded and actual/measured values of
torque and flux, which induce undesirable torque oscillations or even trigger drive

instability [45, 71].
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Research efforts to counteract the effects of parametric variations mainly rely
on tracking drive parameters, either by measurement or observer based methods
[72], [73], [74], and adapting the controller parameters via gain scheduling or using
the nonlinear sliding mode controller [75]. Since PID controllers are widely used in
industrial control systems, the tuning of PID controllers for induction motor drives
are based on well established classical control techniques including the symmetric
optimum technique [76], [45] at nominal conditions.

In contrast, we consider an alternate approach for tuning these controllers
using Kharitonov’s theorem. The theorem [77] provides a necessary and sufficient
conditional test for Hurwitz stability when four variants of the polynomials created
using the upper and the lower bounds on coefficients are strictly stable. Therefore,
an immediate application of the theorem is for robust stability analysis and check the
robust stability of the system in the presence of uncertainties, [78], [79]. Relatively,
the theorem has fewer applications for control synthesis. An example in [80] illustrates
the design of a robust power system stabilizer while [79] presents an application to
CMOS manufacturing under process variations.

In this chapter, we show how Kharitonov’s theorem can be exploited to deter-
mine the controller gains, if the uncertainties in key drive parameters are restricted
to specified intervals. These intervals can be specified given reasonable knowledge
of variations in operating or ambient conditions. For an induction machine drive,
the parameters magnetizing inductance L,, and rotor resistance R, vary in a specific
range with changes in temperature [2], [45]. The resulting interval characteristic
polynomials for the closed loop system obtained with the linearized induction machine
model can be analyzed with Kharitonov’s theorem to compute robust gains for the
controllers. Therefore, the proposed tuning method obviates the need for online

parameter estimation, additional instrumentation, or gain scheduling.
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3.2. Problem Statement

We consider Indirect Field Oriented Control (IFOC), a vector control scheme
for induction motor drives as shown in Figure 5. The scheme has three closed loops,
where two internal loops for the torque producing component are overseen by the outer
(third) speed control loop. The upper and lower limits for each of the controller in
loop is given in Appendix (B). The scheme is sensitive to three parameters namely:
rotor resistance (R,), mutual inductance (L,,), and rotor self-inductance (L,). A
standard dynamic model for induction motor in the synchronously rotating reference
frame [45], [81] is linearized to obtain the transfer function G(s) = % from vy, to wy,
(details in Appendix (B)). The inverter is represented by an averaged model (with a
single time constant and delay) [45]. The inverter transfer function I(s) is noted in

the Appendix (B). With G.(s) denoting the controller, the speed control loop is as

shown in Figure 6.

i abc-dq
4 Transformation

-ref K Iy
— [ P Lot O P o
r | Lre dg-abc SV-PWM

wrd Transformation[ ™ Inverter
SO LA
+ Vector ref ref | ref

—_ Control Block Vo 2 Vy 5 Ve

AAA

Figure 5. Block diagram of vector control with flux

weakening.
wm* W
G (s) > I(s) » G(s) >
Controller Inverter Induction
Motor

Figure 6. Block diagram of speed loop.
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The closed loop transfer function between measured speed and reference speed

“m is denoted by:
wTVL

_ Pcl(s)
ch(s

The specific form of G(s) is described in the Appendix (B). The uncertainties

GCI(S)

(3.1)

~—

in the motor parameters enter both the denominator and numerator of the resulting
closed loop transfer function. The objective is to select the coefficients of the
controller function G.(s) = Kp+ % such that the system is robust to the parametric
uncertainties as shown in Figure 7. Here, point A corresponds to operation with

nominal parameters for rotor resistance and magnetizing inductance denoted by:

A: (R,, Ly,). Similarly, B : (R,,0.8L,,), C: (2R,,0.8L,,), D : (2R,., L,,).

A

WV

Figure 7. Parameter space.
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3.3. Solution with Kharitonov’s Theorem
Kharithonov’s theorem provides a robust stability criterion for interval polyno-

mial of the form:

G(s) = > lar. @ls* k =0,1,2,.....n (3.2)

k=1
The theorem states that the interval polynomial (3.2) are strictly Hurwitz, if
and only if four polynomials, obtained by the arrangement of upper and lower bounds

on coefficients as noted in Eqn.(3.3), are strictly Hurwitz.

Gi(s) = ap + a15 + z8” + a3s° + ass” + ass’
Ga(s) = ag + a15 + azs” +a3s° + ags” + ass’
G3(s) = @g + ars + ags” + azs® + ags” + azs”

Gu(s) = ag+ars + 38 + @53 + %84 +azs° (3.3)

For the system considered in this chapter, the four corner polynomials generated

from Eqn.(B.5) are as follows:

Gi(s) = do+ dis+ dos® + d3s® + dys* + dss®
+d_656 + d_787

Ga(s) = d_o+@s+@sz+d_3s3+d_4$4+%s5
+dgs® + drs”

Gs(s) = do+ dis+ das® + dgs® + dys® + dss°
+dgs® + drs”

Gi(s) = do+ dis+ das® + dys® + dys® + dss°

+dgs® + drs” (3.4)
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The coefficients d . .. d; are functionally noted in Appendix (B). Each polyno-
mial in 3.4 is analyzed for the Hurwitz stability where, the stability test of Hurwitz
matrix generates 28 inequalities with two unknown coefficients.

3.3.1. Tuning Procedure

The four polynomials given in Eqn. 3.3 with coefficients a;s depends on the

machine parameters R, and L, for every j. The min(a;s) and max(a;s) are attained

at corner points of the parameter square given in Figure 7. The values of a;s is given

in the table 3:

Table 3. Lower and upper bounds of a;s.

Lower Bound | Upper Bound
Qo 0 0
ay | 4.139e8 1.619€9
as | 1.498e7 3.018e7
ag | 1.574e5 1.739e5
ay | 242 349.3
Qs 1 1

The numerator in the transfer function given in Eqn. B.5 has the upper and

lower bound given in table 4 are given to compute the d; coefficients.

Table 4. Lower and upper bounds of b;s.

Lower Bound | Upper Bound
by | 9.049e8 1.803e9
by | 9.56€6 1.084e7
by | 4.189eH 6.139e8
bs | 3450 3459
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Based on the values of ajs we can find the coefficients of four equations given

in Eqn. 3.4. The coefficients are functions of controller parameters Kp and K.

Ty
n3
n2
ny
No
dr

de

K1 (Kpbs)

K (K1bs + K,by)

K (Kby + K,by)

K (Kb + Kpbo)

Kby

1

(Ky+ ayq)

(a4 Ky + a3)

(Ksas + as + K K pbs)
(Kaas + ar + Krbs + Kpby)
(Ksay + ag + Kb + Kpby)
(as Ko + Kby + Kpby)

K]bo

(3.5)
(3.6)
(3.7)
(3.8)
(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

The stability of four polynomial obtained in Kharitonov’s theorem guarantees

the stability of the system with arbitrary R, and L,, from square given in Figure 7.

The lower and upper bounds on d;s obtained are given in table 5.

The Hurwitz matrix is generated for all of the four polynomials given in Eqn.

3.4 and the matrix is function of controller parameters Kp and K;. The principle

minors are obtained from Hurwitz matrix, which produces the 28 polynomials as a

function of controller parameters.
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Table 5. Lower and upper bounds of d;s.

Lower Bound Upper Bound
do | 6.7e13 1.3e14
dy | 6.3e849.5e6 K;+9.04e8 K p 1.2e1141.1K;+1.8e79Kp
dy | 1.6e12+4.2e5K; +9.56e6Kp | 6.5e12+6.1e8K;+1.1e7TKp
ds | 6.0e10+3450K;+4.2e5Kp 1.2e11 +3459K;+6.1e8Kp
dy | 6.4€94-3450K K p 7.3e9+3459K K p
ds | 1.12e6 1.57e6
dg | 4242.9 4394.3
d; | 1 1

By using the optimization procedure the values of Kp and K are obtained for
which all the 28 polynomials are positive. The values obtained for the Kp and K

are then:

Kp=0.8 (3.18)

Kr =29 (3.19)

3.4. Tuning of PI Controller Using Classical Approach

Motion control systems often must respond to large changes in the reference
values of the speed, torque, and position. For large changes, the overall system is
usually nonlinear. The nonlinearity occurs due to mechanical load which is often
highly nonlinear. Additional nonlinearity is introduced by voltage and current limits
imposed by inverter and main supply and motor itself. The classical PI controller
tuning therefore requires that the input reference change and load disturbances are
small around steady-state operating point. Therefore, the system can be assumed
linear around the steady-state operating point, so that the basic concepts of linear
control theory can be applied. For controller design a cascade control structure shown
in Figure 8 is used. The cascade control structure is commonly used for motor drives

because of its flexibility. It consists of distinct control loops; the innermost current
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(torque) loop is followed the speed loop. If position needs to be controlled accurately,
the outer most position loop is superimposed on the speed loop. Cascade control
requires that the bandwidth (speed of response) increases towards the inner loop,
with the torque loop being the fastest, and the position loop being the slowest. The
two loops are tuned for bandwidth of 250rad/s and 25rad/s respectively with a phase
margin of 60° for indirect field oriented controlled induction motor drive. Since, the
parameters or gains of PI controller are based on machine parameters, the parameters
of PI are calculated while assuming the estimation of all the machine parameters is
perfect . This assumption is good, because it can create parametric mismatch between
controller and induction motor under operation for detailed insight of the effect of
parametric mismatch.
3.4.1. Speed Controller

In vector control block diagram shown in Figure 5 the two reference currents
i) and ise! are inputs to the flux linkage and torque controllers. The d-winding
reference current igflf controls the rotor flux linkage \,4, where the g-winding current
z’ggf controls the electromagnetic torque T,,, developed by the motor. The reference
dq winding currents (the outputs of the proportional-integral PI controllers) are
converted into v;“;f and v;";f voltage references. The dg-abc transformation produces
the three voltage reference signals v7¢/, vzef , and v"¢/ for the inverter. The voltage

controlled inverter can deliver the desired currents to the induction motor.

Position Speed Torque Electrical Mech s
. controller N controller controller system system
+
) Torque (current)

Speed

Position

Figure 8. Cascade control of motor drive.
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The outer speed loop is designed assuming unity feedback, while inner current
(torque) loop is considered ideal having the gain of unity as shown in Figure 9.
Since the system is assumed in steady state, and under indirect field oriented control
the rotor d-axis current becomes zero(because d-axis is aligned along the rotor flux
linkage) i.e., i, = 0 and i, is at rated value and is a constant. The d-axis flux linkage

equation can be written as:

>\rd - Lrird_'_Lmisd

Md = Lpisg (3.20)
by using 7,4 = 0 and 4,, = _%isq the electromagnetic torque equation:
P , .
Tem - E(Arqlrd - Ardqu)
p L,

Tem - §L—rt3disq

T = kis (3.21)

L2 . . . .
where k = £7™i,4 is a constant. The open loop transfer function is:

koo o1
Goa = (kp+;)k‘(sjeq)
Gy = Mg i)k (3.22)
s i sseq

So for given cutoff frequency (w.) and phase margin ¢py,, the k, and k; can be

calculated such that:
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?r|3“| »

1+ %
(@;)( 52 ) - (3:23)
s=jwe

ki) (P
ya (Jeq) 2 | = —180°+ ¢pm (3.24)
s=jwe

The bandwidth can be found using the closed loop transfer function G, given

as:
o Gol
G =1 o (3.25)
.ref
o iwls)__T, 0,(s)
w_+(>S) kﬁ% > K > ijeqT

Figure 9. Block diagram of speed loop.

3.4.2. Current Control Design
Similarly the current loop shown in Figure 10 is designed for the given cutoff
frequency and phase margin. Under vector control conditions and steady state

operation the vy, and v;, can be written as:

*
Vgq = Vsd + Usd,compensated (326)

*
Usq = Usq + Usq,compensated (327)

where the stator d-axis and g-axis voltages are:

di,

Veg = Rsigq + oLy 20 (3.28)
dt
_ diy,

Vsq = RSigq + 0L o (3.29)
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The Laplace transform of the equation vyy and v, is given as:

1

Ry + solLg Vsd(5)
1

Ry + soLg Usa((s)

isa(s) = (3.30)

(3.31)

isq(s) =

Since the controller parameters are calculated based on the ideal conditions
and disturbance can be avoided therefore, it is assumed that the vsg compensatea and
Usq,compensated are disturbance terms and can be set to zero. The open loop transfer

function for the current loop shown in Figure 10 is:

k, + &
Gol - i £
R, + sol,
1+ 4
Gy = kj—— 22— (3.32)

B Z'<5’2ULS + sR,

—>
-+ R A+soL,

Figure 10. Block diagram of current loop.

The parameters for PI controllers for both d-axis and g-axis can be found from:

Gotlj, = 1 (3.33)

4Gol‘s:jwc - _1800+¢PM (334)
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3.5. Tuning of PI Controller Using Symmetric Optimum

The magnitude and symmetric optimization techniques are two related methods
for designing “optimal” linear control systems in the frequency domain. The technique
is most commonly used in industries to tune the PID controller. In magnitude
optimum technique the main objective is to maintain the magnitude response curve
as flat as close to unity for as large bandwidth as possible for the given plant and
controller. The magnitude optimum is an optimization technique to find the best
controller coefficients for a given controller configuration that previously had been
determined [45].
3.6. Block Diagram and its Reduction

The block diagram of the indirect vector controlled induction motor is produced
by developing transfer functions of different components of the drive system shown in
Figure 11. The block diagram shows the overlap between the torque current feedback
loop and induced emf feedback loop. The overlap can be removed by using the block

reduction techniques.

=]

Inverter
Speed Controller —>

Electrical

e

Mechanical

Figure 11. Block diagram of vector control induction
motor with constant rotor flux.

3.6.1. Indirect Vector Controlled Induction Machine
The indirect vector controlled induction motor drive is obtained with the key

assumptions of constant rotor flux linkages:

A, = a constant (3.35)
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A =0 (3.36)

where p is derivative operator. The stator equations of the induction motor are then
obtained as:

Vgs = (Rs + Lp)ig, + wsLids® + Ly, pig, + wsLiig, (3.37)
Vg, = —ws Lyt + (Rs + Lsp)ig, — wsLiiqre + Lypig, (3.38)

since by vector controller, we have:

Ly, .
lgr = = las (3.39)
. A Ly,
lir = 7 s (3.40)
substituting the rotor currents in to stator voltage equations yields:

e e -e Lm
vy = (Rs + 0 Lsp)ig, + 0 Lywsig, + wsL—)\T (3.41)

(& . e . e Lm
v, = (Rs + 0 Lgp)ids® — o Lgwgids® + 7 DA, (3.42)

where ¢ is the leakage coefficient. The flux producing component of the stator current
which is d axis stator current in the synchronous frames is constant in steady state

and hence its derivative is also zero.

i o= i (3.43)

pis, = 0 (3.44)

The torque producing component of the stator current is the ¢ axis current in

the synchronous frames, given by:
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ir = i, (3.45)

by plugging into ¢ axis voltage equation gives:

L,
qus = (RS + O-LspﬁT + wsLawsif + wsL—)\r (346)

where L, is defined as:

L2
L,=0L,= (LS - L—m) (3.47)

substituting A, = L,,is gives the ¢ axis stator voltage in synchronous reference frame:

L2
v, = (Rs + 0 Lp)ir + wsLawsiy + wsL—mif = Ry + Lypir + wsLgiy (3.48)

The second stator equation is not required, the solution of either will yield
17, which is the variable under control in the system. Now the stator frequency is

represented as:

ir, R,
s — Wr —\7 A4
s = + () (3.49)
substituting wy in Eqn. 3.48 gives:
e T’LS . .
qu - (RS + L + Lap)ZT + erst (350)

From which the torque producing component of the stator current is derived as:

e .
qs - wTLSZf o Ka(vqse_w'r'[/sif)

:RS+R£—fS+Lap_ 14+ sTa

v

(3.51)

ir
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where

Ly

Ro = R+ R

1
K, = =

R,

L
T, = °

R,

The electromagnetic torque is given as:

3PL2

T =2
29 L. "7

The load dynamics can be represented, given the electromagnetic torque and a

load torque that is considered to be frictional for this particular case, as:

dwp, .
J%%+&%:ﬂ—ﬂ:mw—&w (3.53)

and hence the transfer function between the speed and the torque producing current

is derived as:

[T(S) Km
= 3.54
wr(s) 1+ 8T, (3:54)
where
P K,
K, = —— )
"= 35 (3.55)
B, = B+ B (3.56)
J
T, = — 3.57
- (357)

3.6.2. Inverter
The stator ¢ axis voltage is delivered by the inverter with a command input that

is the error between the torque-current feedback. The gain of the current controller
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is considered unity. The inverter is modeled as a gain, K;n with a time lag of Tin.
The gain is obtained from dc-link voltage to the inverter, V., and maximum control

voltage, V., as:
Ve
Vem

K = 0.65 (3.58)

The term 0.65 is introduced to account for the maximum peak fundamental
voltage obtainable from the inverter with a given dc-link voltage. The time lag in
the inverter is equal to the carrier switching-cycle time, which half the period, and is

given in terms of PWM switching frequency as:

1
=7

Tin (3.59)

3.6.3. Speed Controller
A PI controller is used to process the speed-reference and filtered speed feedback

signals. The PI controller is given as:
Gy(s) = ——H—= (3.60)

where K and T are the gain and time constants of the speed controller respectively.
The feedback for the current signal is G.(s) = H...
3.6.4. Speed Feedback

The speed feedback signal is processed through first order filter given by:

Wrm () H,
Gw p— f—
(5) Wy 1+ sT,,

(3.61)

Using the pickoff point for the electrical system can be moved to the iz point

which further can be simplified where the current loop transfer function is given by:
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K K;,(1+ sT,,)

CNils) = AT+ s T T 5To) T Kl + AR+ 5T)) 62

where emf constant is given by K, = K, Lgiy.
3.6.5. Simplified Current Loop Transfer Function

The third order current transfer function IZ{T—;”, can be approximated to a first
e

order transfer function as follows. T;, is usually negligible compared to 77,75, and

T,, and in the vicinity of crossover frequency, the following approximation are valid:

1+sT;, ~ 1

(L+sT)(1+ 8T, ~ 1+s(Ty,+Tiy) =~ 1+ sTy, (3.63)

where T,,. = T, + Tj,. Substituting these into G;(s) results in:

KaKm(l + STm)

(s) (14 sTo ) (1 + sTy,) + Ko Ky + H K K (1 + sT,) (3:64)
which can written in compact form as:
o TlTQKaKZ‘n (1 + STm)
Gl = = T AT sm)(+ 5Ty (3.65)
where
1 1 —b+ Vb2 —4
R - (3.66)
T1 T2 2a
a = Tu,T, (3.67)
b = Ty, +1T,+HKK;T, (3.68)
c = 1+ K, Ky + HK K;, (3.69)
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The transfer function G;(s) is simplified by using the fact that T3 < To < T,
and near the vicinity of the crossover frequency, the following approximations are

valid:

1+ T, ~ sTp (3.70)

14Ty ~ sT (3.71)

substituting these into G;(s) yields:

K KT 1 K, (3.72)
T, (1+sT)  (1+sT)) '

GZ(S)

where K; and T} are the gain and time constant of the simplified current loop transfer

function, given by:

KaKinTl
K, = ——— .
i (3.73)
T, = T+1 (3.74)

The model reduction of the current loop is necessary to synthesize the speed
controller. The loop transfer function of the speed is given then by the substitution
of this simplified transfer function of the current loop.

3.6.6. Speed Controller Design

The transfer function of the speed loop is given by:

GH(s) ~ Lo, LT

T, 20 + 5T,) (3:75)

where approximation 1+ s7,, ~ sT,, is made and the current loop time constant and

speed filter time constant are combined into an equivalent time constant:
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H

Ky = Kifnz® (3.77)

The transfer function of the speed to its command is derived as:

we(s) 1 1+ T, 378)
w* n Hw ]_ + sT + Ts 32 + TSTomegai 83 :
5 KgKs KoKs

By equating the coefficient of the denominator polynomial to the coefficient of

the symmetric optimum function, K, and T can be evaluated:

1,7

L+ (L) + (2T2)s + (5T2)s7

(3.79)

The symmetric optimum function found is for a damping ratio of 0.707. From

which the speed controller constants are derived as:

T, = 6T, (3.80)

4 1
K, =- 3.81
9 K,T,; (3:81)

The proportional and integral gains of the speed controller are, respectively,

then obtained as:

4 1
K,=K;,=— .82
P * 9K,T, (3.82)
K 2 1
K, ==—=" (3.83)

T, 27TK,T2

The symmetric optimum controller gains for the motor given parameter are:



The constant gain as expected can be observed in the Figure 12.

K, =028

K; =16.715

Bode Diagram

Magnitude (dB)

Phase (deg)
]
A
o

1
©
o

-135
10

Figure 12. Symmetric optimum speed controller.

3.7. Results

Frequency (rad/sec)

(3.84)

(3.85)

We consider a 3 phase induction motor drive system with parameters (from [71])

as noted in Appendix (B).

We consider variations in two key parameters namely:

rotor resistance R, and mutual inductance (L,,) as noted earlier, in Figure (7). The

speed controller tuned via Kharitonov’s theorem is compared with a standard tuning

procedure - the Symmetric Optimum [76] popularly used in industrial drives and the

classical method. The controller settings obtained with these three approaches are

shown in Table. 6.
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Table 6. Controller parameters for different tuning techniques.

K, | K;
Classical PI 0.24 | 3.53
Symmetric Optimum | 0.28 | 16.715
Kharitonov Theorem | 0.8 | 2.9

3.7.1. Small Signal Analysis

The eigenvalues of the drive system at rated values are given in Table 7, while
Table 8 shows eigenvalues for L,, at 80% and R, at 200%. The induction machine
contributes to five eigenvalues whereas the inverter and controller contribute to one
eigenvalue each. The first pair of eigenvalues correspond to the electromechanical
oscillatory mode associated with the rotor. The last eigenvalue corresponds to the
fast acting inverter dynamics. From the eigenvalue results, it can be noted that the
dynamics are well damped with nominal values, for all three control settings. At
condition C', the symmetric optimum based controller is poorly damped compared to
settings with the classical and proposed methods. The actual dynamic performance

with these controllers is verified with dynamic simulations described in the next

section.
Table 7. Poles location for classical PI and proposed PI
(Kharitonov theorem) at rated values.
A || Classical Method || Symmetric Optimum || Kharitonov Theorem
1 || -65.86+4j388.27 -40.892+j383.49 -60.176+j431.87
2 || -65.86-j388.27 -40.892-j383.49 -60.176-j431.87
3| -2.86+j12.43 -50.112+j52.455 -10.646+j25.06
4 || -2.86-j12.43 -50.112-j52.455 -10.646-j25.06
5 || -66.04 -53.422 -84.206
6 || -35.43 -3.3976 -4.0825
7 || -4004 -4004 -4013
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Table 8. Poles location for classical PI and proposed PI
(Kharitonov theorem) for L,, at 80% and R, at 200%.

A || Classical Method || Symmetric Optimum || Kharitonov Theorem
1 || -66.894j380.09 -64.016+j382.78 -66.433+j425.66

2 || -66.89+j380.09 -64.016-j382.78 -66.433-j425.66

3 || -2.044j8.45 -107.84+j8.396 -21.331

4 | -2.04+j8.45 -107.84-j8.396 -5.0693

5 || -120.98 -0.51098+-j17.782 -143.28

6 || -86.413 -0.51098+-j17.782 -33.576

7 1| -4004 -4004 -4013

3.7.2. Small Signal Disturbance Dynamic Response

The small signal analysis can be compared with the following simulation setup:

e The simulation starts with full load and machine parameters R, at 200% and

L,, at 80% of the rated values.
e The small load torque change is applied at 4 seconds.

e The load torque is set back to full load torque.

The simulation results shows that the with small disturbance and the with L,,
at 80% and R, at 200% the drive is still stable and small disturbance does not make
system unstable.

3.7.3. Dynamic Simulations

To assess control performance, dynamic simulations are conducted on the full
system with the 5th order nonlinear induction motor model [82], with machine
parameters as described in Appendix (B).

Control saturation is represented for all

the controllers as shown in Figure 6. The simulations are configured as follows:

1. First, the motor starts with full load torque and attains steady state.

2. At 3 sec, the load torque is reduced to % while retaining nominal parameters.
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10% reduced load torque at 4 and reset at 6 to rated load torque
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Figure 13. Torque and speed response.
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Figure 14.

Torque and speed response.
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3. At 5 sec, parameter variations (noted earlier in Sec. 3.2) are introduced as
a step-input, while parameter drifts occur gradually in practice, a harsh step

change is considered to assess the dynamic performance as a worst case scenario.

The dynamic response with nominal parameters is shown in Figure 15. The
response is well damped with all three controllers as corroborated with the eigenvalue
results in Table. 7. Doubling the rotor resistance while keeping all other parameters
fixed, produces the dynamic response as shown in Figure 16. While the response is
stable and damped with all three control settings, the proposed controller displays
superior dynamic performance via reduced overshoots in torque and speed with faster
settling time. Dropping the magnetizing inductance to 80 % of its nominal value
while keeping all other parameters fixed, produces the dynamic response as shown in
Figure 17. Here, the dynamic performance is considerably degraded for controllers
tuned traditionally and via symmetric optimum, as shown by the oscillatory response.
However, the response is well damped with the proposed controller in terms of
overshoot and settling time. Dropping the magnetizing inductance to 80 % and
doubling the rotor resistance produces the dynamic response as shown in Figure 18.
In this case, the dynamic performance of the proposed controller is superior to the
classical PI and symmetric optimum as in the previous cases.

The selection of parameters of the PI controller parameter are further verified
by random selection of rotor resistance and magnetizing inductance within the shaded
region of parametric space shown in Figure 7. The dynamic response for these
selection of controller parameters is shown in Figure 19. The dynamic response with
proposed and classical PI controller shows the stable response having more damping

than classical PI. The response becomes unstable by using symmetric optimum.
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Figure 15. Torque and speed response.
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Figure 16. Torque and speed response for D.
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Figure 17. Torque and speed response for B.
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Figure 18. Torque and speed response for C.
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Magnetizing Inductance (Lm) 89% and Rotor Resistance (Rr) 120%
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Figure 19. Torque and speed response at 89% rated value
of L,, and 120% rated value of R,., corresponding to point
inside shaded region.

Figure 22 shows input power and air gap power and corresponding efficiency of
controller tuned using classical PI and Kharitonov’s theorem. The efficiency of the
motor is approximately same as before the introduction of parameter mismatch as
disturbance. Figures 20 and 21 shows the unstable response and hence efficiency can
not be obtained.

3.7.4. Quantitative Analysis of Dynamic Simulation

From previous section we can conclude that the controller synthesis using
Kharitonov’s theorem produces the better results and are verified with in the
parametric space shown in Figure 7. The simulations results for the stable case
are considered to produce the quantitative analysis for the controller. The results
for classical PI and PI synthesized using Kharitonov’s theorem are presented in the

Figures 23, 24, 25, and 26.
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Input and airgap power with Lm at 80% with classical Pl
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Figure 20. Input and airgap power with magnetizing in-
ductance reduced to 80% of the rated value with classical
PI control configuration.

Input and airgap power with Symmetric Optimum (Lm 80%)
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Figure 21. Input and airgap power with magnetizing
inductance reduced to 80% of the rated value with sym-
metric optimum PI control configuration.
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Input and airgap power with Kharitonov Theorem (Lm 80%)
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Figure 22. Input and airgap power with magnetizing
inductance reduced to 80% of the rated value with
Kharitonov theorem PI control configuration.

Rated Values
15 T

T
——Classical PI
- = =Kharitonov Theorem

Torque [Nm]

210

200

<F 190

180

170 I I I I
3 4 5 6 7 8

Time

Figure 23. Torque and speed response at nominal values
of R, and L,, (Point A).
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Table 9. Quantitative analysis at rated values with step
change in load torque.

Settling Time | Overshoot | Rise Time
Torque (PI) | 1.4s 14.3% 1.2s
Torque (KT) | 0.2 0% 0.2s
Speed (PI) 1.4s 9% 1.4s
Speed (KT) | 0.9s 4.8% 0.06s
Rotor Resistance (R )200%
15 : :
—— Classical PI

101

Torque [Nm]

- = =Kharitonov Theorem

3 4 5 6 7 8
210
200f :
oF 190t .
180f :
170 L L L
3 4 5 6 7 8
Time

Figure 24. Torque and speed response at 200% rated
value of R, and nominal L,,, (point D).

Table 10. Quantitative analysis at rated values with R,
as step change.

Settling Time | Overshoot | Rise Time
Torque (PI) | 1.25s 43.6% 1.17s
Torque (KT) | 0.5s 26.9% 0.3s
Speed (PI) 1.25s 4.6% 1.27s
Speed (KT) | 1.25s 1.7% 0.72s
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Magnetizing inductance (Lm)80% and rotor resistance (Rr)200%
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Figure 25. Torque and speed response at 80% rated value

of L,, and 200% rated value of R,, (point C').

Table 11. Quantitative analysis at rated values with 80%
rated value of L,, and 200% rated value of R,.

Settling Time | Overshoot | Rise Time
Torque (PI) | 3s 68.3% 0.17s
Torque (KT) | 0.74s 54.3% 0.14s
Speed (PI) 3s 8.7% 1.3s
Speed (KT) | 0.8s 3.6% 0.22s
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Magnetizing inductance (Lm)95% and rotor resistance (Rr)150%
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Figure 26. Torque and speed response at 95% rated value
of L,, and 150% rated value of R,, corresponding to point
inside shaded region.

Table 12. Quantitative analysis at rated values with R,
and L,, as step change.

Settling Time | Overshoot | Rise Time
Torque (PI) | 2s 34.12% 0.25s
Torque (KT) | 0.5s 19.8% 0.12s
Speed (PI) 2s 4.26% 0.25s
Speed (KT) | 1s 1.5% 0.12s
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3.8. Parameter Mismatch Reference and Generated Signals Analysis

All simulations consider the machine under full (rated) load torque (assumed
as a constant torque load). The sensitivity of the system is evaluated with respect
to two parameters: rotor resistance (R,) and magnetization (L,,) which will drift
with temperature variations. The eigenvalue results for “local” stability and dynamic
simulations with the nonlinear model show that the performance of the drive system
is most sensitive to L,,.

The mismatch between reference and generated torques at nominal parameters
and when L,, = 80% of nominal are shown for a PI controller: (a) tuned traditionally,
(b) tuned with symmetric optimum and (c) tuned with the proposed method. All
the results are shown in the Figures from 27-38. The simulation results clearly show
a pronounced mismatch when L,, = 80% of its nominal value.

Comparison of Reference and Generated Currents at Rated Values
using Classical PI
T

2.5

1<

<

5 —

O 2t i
S

I

%)
o 150 ,
Z - Reference Current
5 === Generated Current

1 1 1 1 T T
2 3 4 5 6 7 8

1=

ol

5

O

S

]

n

R

x

h

©

2 1 1 1 1 1
2 3 4 5 6 7 8

Time

Figure 27. dg-axis reference stator currents classical PI.
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Comparison of Reference and Generated Currents at rated values
using KT PI Tuning
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Figure 28. dg-axis reference stator currents Kharitonov
theorem PI.

Comparison of Reference and Generated Currents at rated values
using SO PI Tuning
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Figure 29. dq-axis reference stator currents symmetric
optimum PI.
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Comparison of Reference and Generated Torque at Rated Values
using classical Pl
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Figure 30. Torque reference classical PI.
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Figure 31. Torque reference Kharitonov theorem PI.
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Comparison of Reference and Generated Torque at rated values
using SO PI Tuning
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Figure 32. Torque reference symmetric optimum PI.

Comparison of Reference and Generated Currents with L, at80%
using classical Pl
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Figure 33. dg-axis reference stator currents classical PI
with L, at 80%.
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Comparison of Reterence and Generated Currents with L at 80%
using KT PI Tuning
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Figure 34. dg-axis reference stator currents Kharitonov
theorem PI with L,, at 80%.
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Figure 35. dq-axis reference stator currents symmetric
optimum PI with L,, at 80%.
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Comparison of Reference and Generated Torque with L at80%

using classical Pl
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Figure 36. Torque reference classical PI with L,, at 80%.

Comparison of Reference and Generated Torque with Lm at 80%
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Figure 37. Torque reference Kharitonov theorem PI with
L,, at 80%.
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Comparison of Reference and Generated Torque with L at80%

using SO PI Tuning
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Figure 38. Torque reference symmetric optimum PI with
L., at 80%.

3.9. Performance at Low Speed

Simulation results are shown for speeds at 10%, 20% and 50% of rated speeds.
The parameter Lm is considered at nominal and 80% of nominal at each of these
speeds. The results show that the control performance is not adversely affected at low
speeds. This is because our method does not rely on speed as an explicit or implicit

input unlike in sensorless control applications which rely on parameter estimation.
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Speed reduced to 10% with L at rated values
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Figure 39. Speed reduced to 10% at rated values.
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Figure 40. Speed reduced to 10% with L,, at 80%.
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Speed Reduced to 50% at Rated Values
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Figure 41. Speed reduced to 50% at rated values.
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Figure 42. Speed reduced to 50% with L, at 80%.
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3.10. Root Locus of Linearized Model at Different Speeds

The root locus captures the behavior of the poles with the variation in certain
parameters. The root locus is generated to have insight in small signal analysis for
different set of variable combinations, such as speed (w,,), magnetizing inductance
(L,,), and rotor resistance (R,). Following are the different set-up of parameter

combinations are established to find out controller performance:

e Rated speed, L,, fixed, and vary R, from rated to 200% using classical PI
(Figure 43), symmetric optimum (Figure 44), and Kharitonov’s theorem (Figure

45) and corresponding poles are shown in tab;e 13.

e Rated speed, R, fixed, and vary L,, from rated to 70% using classical PI (Figure
46), symmetric optimum (Figure 47), and Kharitonov’s theorem (Figure 48) and

corresponding poles are shown in table 14.

Root locus with Lm fixed and Rr variable with at rated speed

with classical PI
80 T \

Rated Rr
40 B

20 :
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o
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-105 -100 -95 -90 -85 -80 -75 -70
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Figure 43. Root locus with L,, fixed and varying R, with
classical PI at rated speed.
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Poles root locus with Lrn fixed and Rr variable with at rated speed

with symmetric optimum
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60 :
Rated Rr
401 J

201 200% Rr : .
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Figure 44. Root locus with L,, fixed and varying R, with
symmetric optimum at rated speed.

Poles root locus with Lm fixed and Rr variable with at rated speed

with Kharitonov theorem
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Figure 45. Root locus with L,, fixed and varying R, with
Kharitonov theorem at rated speed.
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Poles root locus with Rr fixed and Lm variable with at rated speed

with classical Pl
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Figure 46. Root locus with R, fixed and varying L,,, with
classical PI at rated speed.

Table 13. Dominant poles with L,, fixed and varying R,.

Rated | 1.2R, 1.4R, 1.6R, 1.8R, 2R,
PI | -72471j | -78+£67] | -85+62j | -91£56j | -98+50j | 104+44;
SO | -72469j | -79£65] | -85+60j | -92£54j | -99+49j | -105+43j
KT | -62£78j | -67£73j | -73£66j | -79£59j | -85£52j | -92+43]

70




Poles root locus with Rr fixed and Lm variable with at rated speed with symmetric optimum
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Figure 47. Root locus with R, fixed and varying L,,, with
symmetric optimum at rated speed.

Poles root locus with Rr fixed and Lm variable with at rated speed

with Kharitonov Theorem
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Figure 48. Root locus with R, fixed and varying L,, with
Kharitonov theorem at rated speed.
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Table 14. Dominant poles with R, fixed and varying L,,.

Rated | 0.95L,, | 0.90L,, | 0.80L,, | 0.78L,, | 0.74L,, | 0.72L,,
PI | -72+71j | -23+43] | -11£30j | 2£19j | -0.6=18j | 0.7£16 | 1.2415
SO | -72469j | -24536j | 3£28] | 7£23] | 7£22] | 7£20j | 719
KT | -62+78j | -1552j | -5£39] | 0.2427j | 0.7426] | 1.4223j | 1.74222]

3.10.1. Discussion on Linear Analysis

The root locus for the above mentioned cases shows that the drive system is
sensitive to L,,. The drive reaches the instability with L,, below 79% of the rated
value, while the root locus is insensitive to rotor resistance R,.

3.11. Conclusion

A method to determine PI controller parameters of an induction motor drive
system (employing indirect field oriented control) based on Kharitonov’s theorem
is presented in this chapter. Variations in two parameters: namely R, and L,, are
specified in a priori ranges and the controller gains are selected to ensure the stability
the corner polynomials corresponding to the parametric square. An eigenvalue
analysis indicates excellent damping for all the modes with control settings obtained
with the proposed method. Dynamic simulations with the full nonlinear model
considering control saturation confirm the robustness and superior damping benefits
with the proposed controller compared to traditional and symmetric optimum based
tuning methods.

The proposed method thus provides a systematic approach to robustify control
settings that arise in several drive systems subject to similar parametric variations.
The proposed method provided with the better result than the classical PI and
symmetric optimum tuned PI, because the proposed scheme utilized the fifth order

model while the other two techniques used reduced order pant model.
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CHAPTER 4. FRACTIONAL ORDER CALCULUS AND
DERIVATION OF FRACTIONAL CONTROLLER

It is known that the nth order derivative of a function f(¢) can be mathe-
dr 1

matically described by T With this notation, one may ask “What does n = 3
mean in the notation?” Actually, this was the question asked in a letter by the
French mathematician Guillaume Francois Antoine L’Hopital to one of the inventors
of calculus, the French mathematician Gottrfied Wilhelm Leibnitz said: “It will lead
to a paradox, from which one day useful consequences will be drawn.” This marks
the beginning of the fractional calculus. In the field of control it is more desirable to
have fractional order controller instead of fractional order systems. This is due to the
fact that the plant model may have already been obtained as an integer order model
in classical sense. In most cases, the objective is to improve the performance of the
system using fractional order controller.

In AC drive systems, the speed, torque and/or position of machines are
controlled using some type of device, for example, hydraulic pump, linear actuator,
or an electric motor, generally a servo. Speed control is a typical task in AC drive
systems. In this chapter, the speed control of AC drive system in vector controlled
closed loop mode of operation are focused. The fractional order PI controller is
generalized for speed control of induction motor. For simplification, the gains of PI
controller are obtained using classical control strategy with integral order assumed to
be unity. In order to improve the control performance of AC drive systems with integer
order mathematical model fractional order PI controller is proposed and designed in
this chapter.

4.1. Introduction

Fractional order calculus is an area of mathematics that deals with the deriva-

tives and integrals from non-integer order. The fractional order proportional, integral,
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and derivative (FrOPID) controllers have achieved a significant interest in the last
few decades. In fact, FrOPID provides more flexibility in controller design procedure
than standard integer order PID controllers, because FrOPID provides five degrees
of freedom. The fractional order calculus theory is used to design the PI controller,
although the classical PID controller is predominant in control development. The
fractional order controllers (FrOC) provides the isodamping property which shows
constant phase invariant to gain changes. The isodamping property gives the constant

phase at the w,, i.e.:
dZG(s)

dS S:jwc

~0 (4.1)

where w, is critical frequency. Also G(s) is the open loop transfer function containing
both plant P(s) and controller K (s).

Applications of fractional calculus in control are numerous. The fractional
order control (FrOC) scheme [83] and [84] gives the simulation results for permanent
magnet DC motor and proposed hardware realization using fractance circuit and with
microprocessor. The authors in [85] discussed the use of FrOC for Buck converter
and verified the results with simulations and experiments. In [86] the relay feedback
with artificial delay is used to tune the fractional order PID.

The reset of chapter is organized as follows: In section 4.2 classical definition of
fractional operator is introduced. Section 4.3 introduces about the fractional order
controller and approximation technique for implementation of FrOC. Section 4.4
includes the simulation results for DC motor showing the iso-damping property. The
relation between overshoot and phase margin is given in section 4.5. The simulation
and tuning of fractional order controller for AC drive under indirect field oriented
control is presented in section 4.6 and 4.8. The conclusion is presented in section

4.10.
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4.2. Fractional Calculus

Fractional calculus defines the branch of calculus where derivatives and integrals
are classified as noninteger. Fractional Calculus came into existence nearly at the
same time as integerorder calculus and is generalization of integerorder calculus. The

differentiation and integrals can be defined as:

4 dr
e R(r) >0
oDy =141 R(r) =1 (4.2)
\ [rd(r)™ R(r)<0

where ,D; is non-integer fractional-order operator with a and ¢ as the limits of
operation, and r is the order of operation.
4.3. Fractional Order Controller

The fractional order controller (FrOC) forms a class of controllers based on the
fractional calculus. The most common form of a fractional order PID controller is the
PI*D° [87], involving an integrator of order A and a differentiator of order §, where
A and § € R. The transfer function of the fractional order PI*D° controller is of the

form:
U(s)

C(s) = F0s)

= K, + Kis ™+ Ks° (4.3)

where (A, 0 > 0). If A = 1 and § = 1 the classical PID is obtained. Similarly as in
classical control theory, PI*, PD° PI*D? controllers can be obtained by keeping any
of the values to zero, depending upon the requirements of the plant or process. The
fractional order controller PI*D? enhances the performance because it behaves like

an infinite dimensional linear filter, due to noninteger integrator and differentiation.
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4.3.1. Continuous Approximation of FrOC

To implement fractional order control an infinite memory is required, it is
necessary to obtain an approximate band limited controller. The band should be
carefully selected so that all frequencies of interest stay in range. The Oustaloups
recursion algorithm [88] and [89] is proposed for simulation purposes as it gives the
frequency response more closely like ideal bode. The approximation is based on
selection of band limits for the system. The transfer function of the type can be used

to find the approximation of fractional order transfer function:

H(s)=s",reRre|[-1:1] (4.4)

The band limit (w;, wy,) is defined, where
wy is low frequency limit
wy, is high frequency limit

The Oustaloup’s approximation is then given as:

N /
- s+w
H(s)=Co ] " k (4.5)
s+ w
k=—N k
where the gains, poles, and zeros are defined as:
wh k+N+0.5(1—r
w;{z — wl(— 2N+1
Wi
wh k+N+0.5(1+r
wk — wl(— 2N+1
Wi
w Ly w
hy o k
Co = (U) 2 11 o (4.6)
! k=—N "k

The implementation of Oustaloups in MATLab is given as function orafoc()

by [18]. The approximate transfer function using w; = .01 and w, = 1000 and
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_ —1
selecting the transfer function as H(s) = s% with N =5 and r = ER The bode
plot of the approximate transfer function is shown in figure 49. The bode plot of
the approximated transfer function closely matches the ideal bode transfer function

k
G(s) = —. The step response is also shown in figure 50.
Sa
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Figure 49. Frequency response of approximated frac-
tional order transfer function.
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Figure 50. Step response of approximated fractional
order transfer function.
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4.4. Simulation Results of DC Motor and AC Motor

The DC motor is used to test the fractional controller for isodamping property
by changing the variation in parameters of the DC- motor. Block diagram of the DC
motor in closed loop with fractional order control is shown in figure 3. The transfer

function obtained for the dc motor is given as:

0(s) K,
Va(s)  s[(Ls+ R)(Js+ K;) + KK,

GDC’M(S) = (47)

Assuming time constant of the DC motor armature negligible, above model can

be simplified as:

_0(s) Ko,
Gmmg_m@_th+mwmmﬂ (4.8)

0(s)  Kn/RK;+ KK,
Va(s) s(ts+1)
9(8) KDCM

Gpem(s) = Vi(s) 75+ 5) (4.10)

GDCM(S) =

(4.9)

The rated values of the machine parameters are R = 69, K,, = K;, = 0.1, Ky =
0.2Nms, J = 0.01kgm?/s* The transfer function of DC motor becomes:
0(s) 0.08

Gpem(s) = V.(s) = (0,055 £ 1) (4.11)

The controller used is of the form D*I°. The A and ¢ are selected based on ideal
bode with phase margin ¢,, = m(1 + r)7/2 and remains constant showing the ISO

damping property. For constant phase margin the controller has the following form

90] and [83].
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K28+1

Sr
where Ky = 1/Kpcy and Ky = /7. The constant phase margin obtained from
controller is:
qu = arg[C(jw)GDCM(jw)] + (413)
which yields to
Om=1—(14+r)7/2 (4.14)
For r = —1/3 the phase margin obtained is
1
Om=m—(1— g)ﬂ/2: 150 (4.15)
so from 4.12 the controller gets the form as:
Cls) = —— 054 L (4.16)
Kpewm Kpens®®
hence
12.5
C(s) = 0.625d"° + —— (4.17)

05

For Kpcyr = 0.08 and 7 = 0.05, the r is the slope of the ideal bode. The step
response for variation in parameter R from 50% to 150% of its rated value is shown
in figure 51. The isodamping property can be clearly observed in the bode plot of
the DC motor by visualizing the constant phase over the desired frequency range in
figure 52.

The same model is used to obtain the step response and frequency response

with classical PI controller shown in figure 53 and 54.
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Step Response
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Figure 51. Step response of DC motor with iso-damping
property.

By comparing the simulation results, with fractional order controller and
classical PI controller, it is clear that constant overshoot is obtained with fractional
order controller exhibiting the isodamping property. The four quadrant operation for
DC motor is shown in figure 55. The simulation of speed tracking for a particular
trajectory is performed using Oustaloups recursive algorithm shown in 55. The system
shows a slight difference in settling time of system, with increased settling time with
npid() function and fast settling time with Oustaloups recursive algorithm, but the
isodamping property with both the algorithms is same and shows the robustness over
the parameter variations.

4.5. Relation Between Overshoot and Phase Margin
Consider a system with transfer function G(s) with a feedback loop as shown

in fig 56. The closed loop gain is given as:

Gor(s) = H%‘Z(S) (4.18)
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Figure 52. Bode plot of DC motor with iso-damping
property.

4.5.1. Phase Margin
The phase margin is a measure of how close the phase of the loop is to —180°,
when the magnitude of the loop gain is one. The phase margin is additional phase

required to bring the phase of the loop gain to —180°.
Phase Margin = Phase of loop gain — 180°

Consider the loop gain has a dominant pole at w,;. The higher order poles can be
represented by an equivalent pole at we,. The system G(s) can then be approximated

as:

G(s) = (4.19)

Since, the frequencies of interest where the loop gain magnitude is close to unity,

Weq > wp1. Therefore, we can approximate G(s) as:

Gls) = 0 (4.20)

Cos(1+ )

Wegq

81



Step Response

1.2}

o
o)

Amplitude

0.6/

0 2 4 6 8 10
Time (seconds)

Figure 53. Step response of DC motor showing variable
overshoot with PI controller.

where

1 1 1
= (4.21)
Weq Wp2 Wp3

Let wy, = Kowpi. For frequencies of interest, close to the unity gain frequency,

G(s) can be written as:
Wta

G(s) = m (4.22)
Plugging Eqn. 4.22 in to Eqn. 4.18, for closed loop system:
7
Gor(s) = —— wmiweq (4.23)

The Eqn. 4.23 is the transfer function for a second order system. The general
form for the response of the second order system, where system properties are

described by its () and resonant frequencies w, is given in Eqn. 4.24.

K
1_'_8_'_82

Qun w2

Gor(s) = (4.24)
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Figure 54. Bode plot of DC motor with PI controller.

By comparing Eqns. 4.23 and 4.24, we can define:

wn, = v/ Kwweq (4.25)

me
Q=4 e (4.26)

The loop gain of the system is defined as the product of the gain of the feed

forward path and gain of feedback path and for the system given in Figure 56 and is

given as:

KG@y_a§$%§- (4.27)

weq
The phase margin is function of the phase of the loop gain at the frequency

where the magnitude of the loop gain is unity.

KG(w) =1 (4.28)
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Figure 55. Reference tracking with Oustaloup approxi-
mation.

r G(s) >~

K [+

Figure 56. Block diagram of a system with feedback.

The wy is the loop unity gain frequency. So, from Eqns. 4.27 and 4.28, we get:

2
K22 = (14 —1) (4.29)
w2,
2
Wta Wt Wi
- 14 <t 4.30
o Kweq( + wgq) (4.30)

From Eqns. 4.25 and 4.29, we can write;

o- i am

Kweq w?,)

(NI
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Figure 57. Frequency plot.

Table 15. Overshoot and phase margin.

PM ww—’; Q %0S
552 | 0.700 | 0.925 | 13.3%
60° | 0.580 | 0.817 | 8.7%

65° | 0.470 | 0.717 | 4.7%

The phase of the loop gain is:

Phaseofloopgain = —90° — tan_l(:}ut ) (4.32)
eq

A well known property of second order systems is that the percent overshoot is

a function of the () and is given by:

08 = ¢ Viei i (4.33)
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Both phase margin 4.31 and () 4.32 are a function of w‘*’—i} This allows us to use
4.33 to create table of percent overshoot as a function of phase margin as given in
Table 15.
4.6. Vector Control and Problem Formulation for Induction Motor

The vector control scheme, as shown in Figure 58 is used for decoupling the
torque and field producing current components, thereby permitting great flexibility
over wide ranges of torque and speed. The induction machine has well established 5th
order nonlinear model [45, 81] that is used for simulations and is given in Appendix A.
This scheme depends on machine parameters to compute reference (or commanded)
values of torque and speed. However, variations in operating/ambient conditions,
cause a mismatch between reference and measured signals which produces undesirable
torque oscillations. The reference values are computed through via PID controllers
represented by dashed boxes in Figure 58. The scheme contains three closed loops,
two internal loops for torque producing components and one for the field producing
component of current. These internal loops are overseen by an outer loop with
a flux-weakening block - for operation beyond rated speed. Each loop contains a
controller which can be switched between either PI or FrOC, indicated by the solid
and dashed boxes in Figure 58 respectively. The reference signals for the current

loops are generated from the vector control block using Eqns. (4.34) and (4.35).

1 L, d
e = (Sl S 4.34
ds Lm(ert r + r ) ( )
yef 4 Trel L,

Ipe = 3PN L, (4.35)

where ig;f is the stator d-axis reference current, ig;f is the stator g-axis reference

current, L,, is magnetizing inductance, L, is rotor inductance, R, is rotor resistance,
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Mel s rotor reference flux linkage, 77/ is reference torque and P is the number of
poles of machine. The speed tracking loop is fed through desired speed trajectory,
while the flux weakening block is a lookup table to generate reference flux A'¢/,
for field producing current component. Instead of adapting control parameters by
constantly tracking machine parameters (and monitoring ambient conditions), we
show next, how a fractional order can compensate for parametric variations without

compromising the dynamic performance.

- abc |7,
Lsq To |« 7
Iy dg_ e l.b
wref, Vm d
lsd '_a> o
=We::(l::1in o M dq v’r’ef ﬂnduction
to [ PWM '\Motor
ref
(O abc
—>(+ > GC(S) Gr_(s) . >
Vector
Control
(Dmech didt

Figure 58. Block diagram of indirect field oriented control
with flux weakening.

4.6.1. Tuning of Fractional Order Controller
The FrOC is tuned using a graphical approach (phase shaping) based on
frequency response of an ideal integrator. The following are the steps required for

tuning the FrOC:

e The gains Kp and K; are obtained based on classical PI controller design

technique.

e The parameter ‘v’ in Eqns. (4.4) and (4.5) is selected such that phase of FrOC

closely matches to ideal integrator.
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e The parameter N defines the order of approximated FrOC in Eqns. (4.4) and
(4.5). The N is selected by number of iteration to match the phase of FrOC to

ideal bode. It gives a trade off between order of the controller and performance.

e The bandwidth is selected on the requirement of system, for speed loop of
induction motor the bandwidth required is 25rad/s. So we can select the lower

frequency w; = .1 and upper frequency wy, = 25 [81].

4.6.2. Selection of N

The selection of N is a trade off between the flatness of the system frequency
response and order of the controller. The lower the order of controller gives the easy
implementation. The frequency response for the N = 1,3,, and 5 is shown in figure
59. The frequency response shows that even with N = 1 the system behaves close
to ideal bode of integral, while increasing N does not significantly flattens the bode.

This iteration suggests the selection of N = 1.

Bode Diagram

50

)
o
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g
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-100 L
=90 T __I_I-----Il__
-135
g
S —180F
?
8 -225r
o Ideal Bode Ny
=270+ ~
_315 71 1 5 1 3
10 10 10

Frequency (rad/sec)

Figure 59. Frequency response with varying N.
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The speed and torque response are shown in the figure 60, where the perfor-
mance is comparable with N = 1. The N can be increased to obtain the better

settling time and overshoot but at the expense of higher order controller.

Response with Different N(number of terms in FrOC)
T T T T T

= = = N=1(Third Order Controller)

1+ N=3(Seventh Order Controller)

= 10- — N=5(Eleventh Order Controller)(

Z

g Do

g v

'9 5r ’ i
| | | |

Mechanical Speed [rad/s]

Time

Figure 60. Torque and speed response with varying N.

4.7. Dynamic Simulation Results

Simulations are carried out for variations in two critical and temperature
sensitive parameters namely the rotor resistance and the magnetizing inductance.
The rotor resistance R, and magnetizing inductance L,, are set to 200 and 80 %
of their nominal values, respectively. After initialization, a speed is increased by
50%, thus activating the flux-weakening mode with a step change in load torque
applied at 3s, followed by parametric changes at 5s. Finally, a further 50% increase in
reference speed is commanded at 7s. The PI controllers are tuned with a bandwidth
of 250 rad/sec for the current loop and 25 rad/sec for the speed controller with a
phase margin of 60 degrees (obtaining dynamic response with no oscillation it is
recommended to select the phase above 45 degree) [81]. The other commonly used

techniques to tune PI controller are the SO explained in previous chapter.
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The dynamic response with both sets of controllers is shown in Figs. 61 - 64
and frequency response in figure 65. It can be observed that the dynamic response
(speed and torque oscillations) is degraded with the PI controller while the FrOC

yields a stable dynamic response.

Torque [Nm]
T

100

Classical Pl with Rr at 200% and Lm at 80%
= = = FrOC with Rr at 200% and Lm at 80%
T T

~100 T T T L 1 1 1
2 3 4 5 6 7 8 9 10

Mechanical Speed [rad/s]
500 T T T

Figure 61. Torque and speed response using FrOC (dot-
ted blue line) and classical PI (solid red line).

Stator d-axis Current [A] Stator g-axis Current [A]
40

Classical Pl with Rr at 200% and Lm at 80%
30} [ = = = FroC with Rr at 200% and Lm at 80%

Figure 62. Stator dg-axis currents using FrOC (dotted
blue line) and classical PI (solid red line).
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Stator d—axis Flux [Wb—t] Stator g—axis Flux [Wh—t]

Classical Pl with Rr at 200% and Lm at 80% m

== == = FrOC with Rr at 200% and Lm at 80%

-4

Figure 63. Stator dg-axes flux using FrOC (dotted blue
line) and classical PI (solid red line).
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4000 T
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Figure 64. dg-axes voltages using FrOC (dotted blue line)
and classical PI (solid red line).
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Figure 65. Frequency response (bode plot) using FrOC
(dotted blue line) and classical PI (solid red line).

The unstable dynamic response occurs because of the mismatch in the reference
signal and generated signals from the plant 58. Since, tuning of PI controller is
tedious process and it is mostly performed for the nominal plant parameters, any
change in the parameters of the plant above certain range degrades the performance
of the PI controller unless it is manually tuned or through supervisory control [91].
The supervisory PI control is a redundant and is expensive option for the parameter
compensation of the drives. The FrOC produces the stable and robust response
because of constant phase response as shown in Fig. 65. But due to highly nonlinear
nature of the induction motor the phase response is almost constant and produces
the ISO-damping property.

The table 16 shows the poles of the drive system with decreasing L,, using
classical PI controller. The behavior of the poles shows that the system reaches

instability with L,, = 78% of the rated value, while the poles of the drive system
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using FrOC shows very slow movement with decreasing L,, towards right half plane

as shown in table 17. Thus, keeping the drive in stable region.

Table 16. Eigenvalues of machine with PI controller.

Ly, A12 A3.4 5.6 A7 A8
Rated | -218.424449.48j | -78+68.6] -1.6£12.7) | -6.6 -4
0.95 -95.4+417.5j -27.6+40.8j -1.4+11.8) | -4.6 -2.7
0.90 -62.8+403.6j -14.8427.45j | -1.58412] -3.264-0.17j | -3.26-0.17j
0.85 -47.6+396.2j -9.1£19.4j -1.7£12.6] | -3.1+0.7j -3.1-0.7j
0.80 -38.9+391.7j -6.91+13.3j -0.6£14.1j | -3.1+0.9j -3.1-0.9j
0.79 -37.5+391j -0.18+14.2j -6.94+12.5] | -3.1140.98j | -3.1-0.98j
0.78 | -36.3£390.3; 0.22414.2] | -6.9%11.8) | -3.141] 3141
0.77 | -35.2+389] 0.58+14.1] | -6.8+11.2] |-3.141j 3141
Table 17. Eigenvalues of machine with FrOC.
L, A2 A3.4 5.6 A7 As | Ag
Rated | -579.1+2773.6j | -621.7+£2391.5j | -7.78+14.45j | -5.9 -4.2 | -857
0.95 -456.34+1845.9j | -539.64+1471.1] | -6.7846.18;j -6.7 | -3.3 | -857
0.90 -416.041501; -526.5 +1127.7j | -5.65+3.9j -8.6 | -2.9 | -857
0.85 -392.941308.3j | -525.94935.36] | -4.89+3.35j -9.8 -2.7 | -857
0.80 -376.6+1181.8j | -527.74808.93] | -4.51+3.18;j -10.1 | -2.6 | -857
0.79 -373.84+1161.4j | -528.44+788.53] | -4.46+3.16j -10.1 | -2.6 | -857
0.78 -371.241142.3j | -529.24769.37] | -4.414+3.15j -10.1 | -2.6 | -857
0.77 -68.6941124.3j | -529.94751.35] | -4.36+3.13j -10.1 | -2.5 | -857

4.7.1. Load Torque as Pulse Disturbance

The small signal analysis can be compared with the following simulation setup:

e The simulation starts with full load and machine parameters R, at 200% and

L,, at 80% of the rated values.

e The small load torque change is applied at four seconds when machine reaches

is in steady state.

e The load torque is set back to full load torque at six seconds.
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Figure 67 shows that with small disturbance of 10% decrease in load torque, the
system stays in stable region. The figure 67 where the large disturbance is created
by reducing load torque to 50% of rated value. The PI controller tuned with classical
technique shows the stable response with decreasing oscillations, while FrOC stabilizes
quickly.

The 68 shows the 10% step reduction in load torque for different values of N.
The dynamic response with 10% reduced load torque and L,, at 78% of the rated
value, in figure 69 shows that the PI controller tuned using classical technique lost the

tracking. The dqg-axis currents and flux are shown in figures 70 and 71 respectively.

10% reduced load torque at 4 and reset at 6 to rated
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Figure 66. Torque and speed response with load torque
reduced by 10% with L,, = 80%, R, = 200%, and N = 1.
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50% reduced load torque at 4 and reset at 6 to rated
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Figure 67. Torque and speed response with load torque
reduced by 50% with L,, = 80% and R, = 200% and
N =1.

10% reduced load torque at 4 seconds
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Figure 68. Torque and speed response with load torque
reduced by 10% with L,, = 80% and R, = 200% for
different N.
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10% reduced load toruque at 4 and reset at 6 to rated
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Figure 69. Torque and speed response with load torque
reduced by 10% with L,, = 75%, R, = 200%, and N = 1.
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Figure 70. dg-currents with load torque reduced by 10%
with L,, = 75%, R, = 200%, and N = 1.
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Figure 71. dg-flux with load torque reduced by 10% with
L,, = 75% R, = 200%, and N = 1.

50% reduced torque at 4 and reset at 6 to rated
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Figure 72. Torque and speed response with load torque
reduced by 50% with L,, = 75%, R, = 200%, and N = 1.
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Figure 73. dg-currents with load torque reduced by 50%
with L,, = 75%, R, = 200%, and N = 1.
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Figure 74. dg-flux with load torque reduced by 50% with
L., = 75%, R, = 200%, and N = 1.
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4.7.2. Quantitative Analysis of Dynamic Simulation

From previous section we can conclude that the controller synthesis using FrOC
produces the excellent results. The Simulations results for the stable cases are
considered for the quantitative analysis for classical PI controller and FrOC of third

order (N = 1). The results for classical PI and FrOC are presented in the Figures 75

and 76 along with the analysis in tables 18 and 19 respectively.

Torque [Nm]
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Figure 75. Torque and speed response at nominal values
of R,, L,,, and FrOC with N = 1.

Table 18. Quantitative analysis at rated values with step
change in load torque.

SettlingTime | Overshoot | RiseTime
Torque (PI) 1.4s 14.3% 1.2s
Torque (FrOC) | 0.2 0% 0.2s
Speed (PI) 1.4s 9.2% 1.3s
Speed (FrOC) | 0.9s 4.6% 0.06s
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Figure 76. Torque and speed response at 200% rated

value of R, and 80% rated value of L,, and FrOC with

N =1.

Table 19. Quantitative analysis at rated values with R,

as step change.

SettlingTime | Overshoot | RiseTime
Torque (PI) 2.3s 68.2% 0.16s
Torque (FrOC) | 0.5s 59.1% 0.06s
Speed (PI) 2.25s 10.21% 0.3s
Speed (FrOC) | 0.75s 3.2% 0.12s
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4.8. Extended Simulation Results

Further Simulations are carried out to examine the validity and robustness of
the FrOC. Different parameter variations introduced are compared for classical PI
controller and FrOC. The parameters in extended simulations are varied in the wide
range to observe the performance of controllers. Also some hypothetical scenarios are
created to put controllers under worst conditions to comprehend the performance of
controllers. The simulations are carried out for the following conditions apart from

mentioned in previous section:
1. R, increased by 100% of its nominal value.
2. L, increased by 20% of its nominal value.

The motor is assumed to run under no load condition, and in each case the
load torque is applied at the 3 seconds as a step change.To create the mismatch
between parameters in indirect field oriented control block and induction motor the
step change in parameters is introduced at 5s.

The case where R, is changed to 200% of its nominal value with step change in
rotor resistance R, is shown in figures 77, 78, 79, and 80.

The step change of rotor resistance R, at 5 seconds does not cause any instability,
but variations in R, has a deep impact on the rotor time constant % Since any
oscillations produced in the torque are damped based on the rotor time constant.
The frequency response is shown in figure 81.

The hypothetical cased created to examine the worst case performance of the
fractional order controller created by increasing L, by 20% of its rated value. The
results for variation in L, are shown if figures 82, 83, 84, and 85. The bode plot is

shown in figure 86.
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Figure 77. Torque and speed response of induction motor
with R, at 200% of rated value.
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Figure 78. dg-flux for stator and rotor of induction motor
with R, at 200% of rated value.
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Figure 79. dg-currents for stator and rotor of induction
motor with R, at 200% of rated value.
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Figure 80. dg-voltages of induction motor with R, at
200% of rated value.
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Bode Diagram
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Figure 81. Frequency response showing the iso-damping
property R, at 200% of rated value.
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Figure 82

. Torque and speed response of induction motor
with L, at 120% of rated value.
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Figure 83. dg-flux for stator and rotor of induction motor
with L, at 120% of rated value.
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Figure 84. dqg-currents for stator and rotor of induction
motor with R, at 120% of rated value.
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Figure 85. dg-voltages of induction motor with L, at
120% of rated value.
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Figure 86. Frequency response showing the iso-damping
property L, at 120% of rated value.
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4.8.1. Discussion

The results obtained using simulation for induction motor with classical PI
controller and FrOC, with varying L,, and R,, are supported through the damping
ratio analysis. The damping ratio of corresponding mode depicts the damped
oscillatory behavior of the system.

The damping ratio of the induction motor (without any controller) in table 20
clearly shows that, as the magnetizing inductance L,, decreases the damping ratio
corresponding to mode start decreasing. Similarly the rotor resistance R, in table 21,
is varied over 200% to 60% of its rated value shows the similar behavior.

Table 20. Damping ratio variation of induction motor
(with variation in L,).

L,, | Mode 1 | Mode 2 | Mode 3

Low | 027 1 0.19
0.9L,, | 0.15 1 0.05
0.8L,, | 0.11 1 0.03
0.7L,, | 0.09 1 0.02

Table 21. Damping ratio variation of induction motor
(with variation in R,).

R, Mode 1 | Mode 2 | Mode 3
2.0R, 0.56 1 0.19
1.8Rr 0.50 1 0.19
1.6R, 0.44 1 0.19
1.4R, 0.38 1 0.19
1.2R, | 0..32 1 0.19

R,, 0.27 1 0.19
0.8R, 0.21 1 0.19
0.6R, 0.16 1 0.19
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Table 22. Damping ratio variation (with variation in L)
with classical PI controller.

L., Mode 1 | Mode 2 | Mode 3

L 0.75 0.45 0.76
0.9L,, 0.46 0.16 1
0.8L,, 0.35 0.10 1
0.7L,, 0.27 0.08 1

The table 22 show the damping ratios of the indirect field oriented control
with classical PI controller. The decrease in the damping ratio of mode 1 and
mode 2 clearly shows that system under PI controller have more oscillation as the

magnetizing inductance decreases.

Table 23. Damping ratio variation (with variation in L,,)

using FrOC.
L,, | Mode 1 | Mode 2 | Mode 3
Ly 1 1 0.41
0.9L,, 0.99 0.97 0.79
0.8L,, | 0.99 0.89 0.96
0.7L,, | 0.99 0.85 0.99

Similarly table 23 shows the damping ratios using FrOC. The decrease in
magnetizing inductance clearly shows that the damping ratio increases for mode
3, while the decrease in damping ratio for mode 2 is comparatively slow over the
expected variation of magnetizing inductance.

The tables 24, 25, and 26 shows comparisons for FrOC and classical PI for

different parameter variations.
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Table 24. Comparison of damping ratio variation (with
variation in L,, at 80% and R, at 200%) using FrOC.

Mode 1 | Mode 2 | Mode 3
PI 0.61 0.10 1
FrOC 0.99 0.89 1

Table 25. Damping ratio variation (with variation in R,.)
using classical PI controller.

R, Mode 1 | Mode 2 | Mode 3
2.0R, 0.94 0.94 0.49
1.8Rr 0.91 0.92 0.45
1.6R, 0.88 0.88 0.46
14R, 0.85 0.84 0.47
1.2R,. | 0.81 0.80 0.47

R,. 0.76 0.75 0.48
0.5R, 0.63 0.60 0.49

Table 26. Damping ratio variation (with variation in R,.)
using FrOC.

R, Mode 1 | Mode 2 | Mode 3
2.0R, 0.50 0.99 0.40
1.8Rr 0.50 0.99 0.41
1.6R, 0.49 0.99 0.41
14R, 0.49 0.99 0.41
1.2R,. | 0.41 0.99 0.41

R,. 0.49 0.99 0.41
0.5R, 0.50 0.99 0.41

109




4.9. High Order Control (H; and H,, Controllers)

The optimal controllers are known because they minimize a given performance
criterion. This means they achieve the best possible result in what that criterion
is concerned. Of course, should the criterion be poorly chosen the controller’s
performance would probably be unsatisfactory, even though it would still be optimal
in the sense above. Controllers minimizing the Hy or the H,, norm of suitable loop
transfer function involving the plant to control are in use. The idea is to minimize one
of the above norms, ensuring that the input is never amplified to such an extent that
instability will arise. It is usual to choose weights, that is shaping transfer functions,
in the control loop so that control efforts be exerted at those frequencies desired by
control designer. The weights can be found out adequately such that Hy orH,, norm
is minimized for stable and robust controller. These are expected to cause a worse
performance but not instability.

Hy and H,, controllers make use of the control structures of the block diagrams
shown in figure 87, where K is the controller, A, B, C, and are the matrices of the
state space representation of the plant P, and L models how noise affects the states.
Vector w collects all inputs and saves the control actions u. Vector z collects all
variables showing the performance of the control system, namely outputs and control
actions. Weights W; to W are usually transfer functions, and are used to shape the
result by telling the loop in what frequencies control actions, outputs, etc., have to
be large or small.

4.9.1. Plug-in H,, Controller

A plug-in compensator enhances the system robustness without affecting the
nominal tracking performance. In [9] the authors used the H., loop-shaping design
technique, which will be discussed in this theses as a high order controller to compare

with FrOC. Theoretically, this technique is optimal in dealing with unstructured
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uncertainty described by the gap metric or v-metric. Practically it is effective in cases
when the uncertainty has unknown sources and is hard to measure. Comparing to
other H,, controller design methods, such as mixed sensitivity optimization, the loop
shaping design turns the different task of external weighting function selection into
relatively easy choice of loop-shaping functions and eliminates the time consuming
~-iteration, which us required in usual H,, optimization, in the computation of the

optimal controller.

w z
— >
> P —

u
\%
K o S—

Figure 87. Block diagram of H, and H., controller.

Figure 88 shows the linearized block diagram of induction motor. In the diagram
u = T, is the command torque input, y is the system output which speed and d = 77, is
external disturbance, and 77, is assumed to be a constant load torque. The variation
in the parameters J,, and B,, is common in real applications. For instance, the

bearing friction will change after the motor has run for a period of time.

d
u 1 y

J, +B,

Figure 88. Linearized induction motor model.
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4.9.2. Controller Design

Usually the exact plant model is not known for controller design problems. The
control engineer only knows a nominal plant and a simple controller can be designed
to achieve a satisfactory tracking performance for the nominal plant. The plug-in
compensation requires that the controller is already designed and working well under
the nominal operation of the plant. The H., loop shaping technique is used to design
the plug-in compensator without dismantling the existing controller.
4.9.3. Controller Structure

Figure 89 shows a P plant single input single output (SISO) strictly proper
nominal system and K = [K; — K] is a 2DOF controller. Initially we have
already designed controller K = C' = [C] — Cs] with satisfactory nominal tracking
performance, such that transfer function from reference r to output y is satisfactory
and given as:

Y C\P

R~ 1+GyP (4.36)

The C'is already a designed PI controller using the classical tuning technique

discussed in the previous chapter. Let the co-prime factorization of P be given as:

pP= (4.37)

==

where M, N € H,,. Since C' is stablilizing 2DOF controller for P, for any coprime

factorization:
(X1 — X

“="

(4.38)

where X1, X5, and Y, € H,,. The 2DOF stabilizing controller can be parameterized

as:
S — (X + QM)
Y, - QN

Ky — I = (4.39)
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where ) € Hy, and S € H,, are strictly stable systems. The nominal controller
is obtained with ¢ = 0 and S = X;. The transfer function from r to y, which

determines the nominal tracking performance is:

Y NS
RV XN (4.40)

which is independent of (). Therefore, the set of all stabilizing 2DOF controllers

which gives the same nominal tracking performance is given by:

Xy — (Xo 4+ QM)
Y, - QN

(K1 — K] = (4.41)

Figure 89. General 2DOF controller.

The loop property of the feedback system, which depends on K5 and P only,
now depends on () only. For any stable system (), which can even be nonlinear and
time varying, the tracking performance is unaffected and the closed loop stability is
guaranteed.

4.9.4. H,, Plugin Compensator and Simulations

Since the purpose of ) is to improve the loop property of the feedback system,
the tracking issue is not of common in its design. Figure 90 is showing the feedback
loop with the whole system redrawn and can be simplified to Figure 91 with Ky =
(X + QM/Y, - QN).
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The idea in the design of a stable @) is to design a satisfactory K5 and then back

substitute to get ) using:
- KY, - X,

=—— 4.42
M + KN ( )

Q

which is obtained from Eqn. 4.39. All stabilizing K5 are obtained over all stable ()

from:
 Xo+ QM

K, — 22T =7
T Y, +QN

(4.43)

Figure 90. Block diagram for the design of the plug-in
compensator ().

The design of the controller Ky is further divided into two steps. The first
step is to choose a proper pre-filter W, and post filter W5, so that the shaped plant
Py, = W, PW, has a desired open loop frequency response. The H;,f,, optimal robust

controller K3 is found to minimize:

! (I + PK3)™" { I P, ] (4.44)

oo

K
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This can be done using the command ncfsyn of MATLAB p-Analysis and
Synthesis Toolbox. The controller K5 is a combination of per-filter W7, post-filter W,
and the H,, controller K3 as Ky = Wi K3W5. Figure 92 shows the design procedure

of H,, loop-shaping controller. Finally the () can be found from Eqn. 4.42.

d

K, & —

Figure 91. Standard feedback configuration.

4.9.5. Speed Controller Design for the IM

The classical PI controller tuned in the last chapter

[C1(s) = Ca(s)] = é[cms + C11 — (Cyo5 + Coy))] (4.45)

is employed as nominal controller tuned to obtain to track a step reference and reject
a constant external disturbance. For speed control, our plant is SISO strictly proper
stable system. It follows that M(s) = 1 and N(s) = P(s) can be assigned and
P(s) = (1/Jms+ By,) is the nominal plant model. Now the problem reduces to select
the proper pre-filter and post-filter. For a SISO system we can have Ws(s) = 1 and

only put the emphasis on the choice of Wi(s). As a nominal controller Cy(s) has
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already an integrator to reject the constant disturbance, the choice of Wi(s) here
is equal to aCy(s) so that the nominal loop frequency response can be optimized
according to the norm in Eqn. 4.44, and « is constant used to adjust the bandwidth

of the shaped plant. In this design we have:

S

Yo(s) = ————
O(S) Co0S + 0(21)

(4.46)

where ¢y = Kp and ¢y = K.

Figure 92. H., loop-shaping controller design procedure.

0108 -+ Cn
(0208 -+ 021
Xo(s) = 1 (4.48)

(4.47)
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1

P(s) = —In 4.49
(s) i+ (4.49)
Wi(s) — a%% (4.50)

Co0S + 021
(s) = 20T 451

where Py(s) is the shaped plant.

The Cy(s) is defined as the classical PI tuned controller and is given as:

K K
Cy(s) = 2ps B (4.52)
s
where Kp = 0.24 and K; = 3.53.
For the design of block @ defined in Eqn. 4.42, the pre-filter
K K
Wi(s) = a (%) (4.53)

is selected, which is a constant « times PI controller. The constant « is cho-
sen to be 8 so that the crossover should be adequate for torque rejection loop.
By using the command ncfsyn of MATLAB p-Analysis and Synthesis Toolbox
([K,CL,GAM,INFO| = ncfsyn(P,—W1,W2);), Ks(s) found is:

s, _ L1508(s + 10.98)

4.54
° s+ 14.54 (4:54)
which is H., robust controller.
The K5 as given in Figure 92 is Ky = W7 K3W5 and is found to be:
2.2 14.71
096(s + 14.71) (4.55)

s+ 10.98
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In the last @) can then be found from Eqn. 4.42 and after canceling the common

poles and zeros we get () as:

~8.20665(s + 10.54)(s + 0.02942)
Q) = 1 75.32) (5 1 15) (5 1 12.63)

(4.56)

In the following dynamic simulation the results are compared for classical PI,

FrOC, and plug-in robust compensator. The simulation is setup as:

e The simulation starts with full load and at the rated machine parameters.

The simulation starts with full load and machine parameters R, at 200% and

L,, at 80% of the rated values.

The small load torque change is applied at 4 seconds.

The load torque is set back to full load torque.

The above steps are repeated for 10% and 50% load torque reduction as a

disturbance.

The load torque is reduced by 10% of the rated value as an external disturbance
for which the dynamic simulation response are shown in Figure 93 for rated values of
L,, and R,. The simulation results shows that the disturbance tracking is comparable
for the three controller types of controllers tuned. Similarly the load torque reduction
by 50% gives the same intuition. Furthermore, the dynamic simulation results for L,,
at 80% and R, at 200% of the rated values and applying the load torque as external
disturbance produces the stable response and the controller results are almost similar

as shown in Figures 95 and 96.
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Rated parameters torque reduced by 50% at 4 and reset at 6 to rated torque
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Figure 95. Torque and speed response load torque re-
duced by 50%.
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Figure 96. Torque and speed response load torque re-
duced by 50%.
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4.10. Conclusion

Robustness to parameter variations is an important factor that dictates control
performance in electric drives. In this chapter, a third order fractional order controller
implemented with Oustaloup’s approximation [42] was substituted for traditional
PID controllers used in the current and speed control loops of a vector controlled
induction motor drive. Dynamic simulations are presented when the drive system
is subject to variations in two critical parameters - rotor resistance and magnetizing
inductance. Unlike the PI controller, the simulations show that control performance
is not degraded with the proposed fractional controller despite substantial variations
in motor parameters. The results are encouraging and indicate that fractional order
controllers provide a promising alternative for the design of robust controllers in

electric drives applications.
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CHAPTER 5. EXPERIMENTAL RESULTS

The experiments are carried out for the dc motor in speed control loop and
for induction motor for V/f method. The dSpace DS1104 is used for the real time
experiments. There are four major components of the dSpce DSP-based drives, used
for the experiments in the dissertation. They are as follows: 1) Motor coupling
system, 2) Power Electronics Drive Board, 3) DSP based DS1104 research and
development controller card and CP 1104 I/O board and 4) MATLAB Simulink

and Control-desk. The block diagram of the hardware setup is shown in Figure 97.

CP1104 1/O Board

> ADC and DAC interface i
Communication Between Encoder Interface :
Control desk and
Hardware :
I
Digital PC %D O OO0 0O O
With Control Desk 8 5
Matlab/ Simulink > % O Power Electronics Drive
o Board
- | +42V
A1 B1C1 A2 B2 C2
DS1104 R&D @ @ @
Controller Card I 1 L 11
Motor Coupling System

To INC 1/
INC2 on
CP1104

Figure 97. Block diagram for hardware setup.

5.1. Experimental Results for DC Motor

DC motor is setup for the speed control with the cascade control structure with
similar tuning procedure is used to tune the current and speed loops of the DC motor
as discussed in chapter 3. The hardware in loop experimental results are obtained
for the two set of controllers namely: the classical PI tuned controller and and the
fractional order controller (with similar tuning procedure given in chapter 4.

The speed response with both controllers shows that the dc motor has good
reference tracking performance even under load as shown in the Figures 98, 99, 100,

101, 102, and 103.
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DC Motor with Classical Pl Controller in speed and current loops
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Figure 98. DC motor speed using PI controller.

DC Motor with Classical Pl Controller in speed and current loops
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Figure 99. DC motor armature current with PI con-
troller.
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DC Motor with Fractional order Controller in Speed and Current loops
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Figure 100. DC motor speed with fractional order con-
troller.

DC Motor with Fractional order Controller in Speed and Current loops
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Figure 101. DC motor armature current with fractional
order controller.
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DC Motor with Fractional Order Controller in Speed and Current Loop with Under Load
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Figure 102. DC motor speed with fractional order con-
troller under load of 0.1Nm.

DC Motor with Fractional Order Controller in Speed and Current Loop, Under Load
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Figure 103. DC motor armature current with fractional
order controller under load of 0.1 Nm.
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5.2. Experiment Results for Induction Motor

The three phase induction motor is setup for the speed control loop with scalar
control (V/f) scheme using the two sets of controller, the classical tuned PI controller
and fractional order controller. The experimental results shows that at nominal
operation the induction motor with FrOC gives a better reference tracking 104 than

classical PI controller 105.

Induction Motor under V/f control method (with Fractional Controller)
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Figure 104. Induction motor speed V/f method using
fractional order controller four quadrant.
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Figure 105. Induction motor speed V/f method using PI
controller four quadrant.
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CHAPTER 6. CONCLUSION

The thesis constitute of two major techniques to achieve the robustness to
the disturbance for better tracking of speed. The first proposed technique produces
the robust PI controller parameters while the second approach is tuning robust PI
controllers which involves the fractional order integral and hence adding an extra

degree of freedom to tune the controller. The techniques proposed are:

e Kharitonov Theorem

e Fractional order controller

6.1. Major Contributions
The major contribution of the thesis towards the development of robust high

performance electric drives are:

1. Proposed a method to tune PI controller for indirect field oriented control under
parameter uncertainty using Kharitonov theorem. The dynamic simulations
shows the excellent dynamic response compared to traditionally tuned PI
controller. The improvement of 35% in rise time and 46% decrease in overshoot

is obtained in speed response with proposed method.

2. Proposed a fractional order PI controller for indirect field oriented control under
parameter uncertainty, the dynamic simulations results are encouraging and
indicate that fractional order controllers provide a promising alternative for the
design of robust controllers in electric drives applications. Moreover, as the
fractional order controller gives the high order controllers at implementation
stage, which is compared with high order classical plug-in H,, compenstor
technique. The improvement of 66% in rise time and 68% decrease in overshoot
is attained in speed response with proposed method compared to classical PI

controller.
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6.2. Significance and Future Work

e The dynamic simulations, with the full nonlinear model considering control
saturation, confirm the robustness and superior damping benefits with the

controller synthesized using Kharitonov theorem.

e The fractional order controllers for dynamic simulation, with the full nonlinear
model considering control saturation, outperforms tracking under parametric
uncertainty and load torque variations as an external disturbance than the

classical tuned PI controllers.

e The overall improvement is obtained in the drive system, in the form of reduced

torque pulsation and shaft vibration.

e The proposed methods provides a systematic approach to robustify control set-

tings that arise in several drive systems subject to similar parametric variations.

e The synthesis of controller using Kharitonov theorem can be improved by using

some optimization technique to calculate the best gains of PI controller.

e The proposed method describes only one way to find the PI controller parame-
ters. The process can be reversed by selecting the range of gains and optimize

the damping ratio with verification using Kharitonov theorem.

e The laboratory based induction motor can be established by using certain
material which can be used as a shield between rotor and stator to control the
air gap flux, which in turn can help in controlling the magnetizing inductance

L,, of the induction motor.
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6.3. Limitations

e The magnetizing inductance L,, variation is temperature dependent and can not
be varied to a specific level in lab, which puts the constraints for experimentation
to verify the controller designed. Specialized industrial test system is required,

typically not in University lab hold those equipment.
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APPENDIX A. INDUCTION MOTOR MODEL

The dynamic model of induction motor is well established and is discussed in
literature rigorously (references). This paper uses dynamic model from (Ned Book
reference) in synchronously rotating reference frame. For high performance drives
indirect field oriented control technique is used in this paper. The dynamic model

represented in d and q axis is given below:

d
Vsd = Rsisd + E)\sd - Wd>\sq (A1>
, d
Vsqg = Rylsq + ﬁksq + WaAsd (A.2)
_ d
0= errd + a)\rd - wdA)\rq (AB)
_ d
0= errq + %)\Tq + wdA)\rd (A4)
p . .
Tem - 5()\7%]@7“(1 - )\rdzrq) (A5>

In addition, d-axis (common to stator and rotor) is aligned with the rotor flux
linkage space vector, giving the model in rotor flux orientation. The assumption of
rotor flux orientation works fine even if motor is subjected to line start or used with
scalar speed controller techniques. The benefit of aligning d-axis along rotor flux

linkage causes the g-axis flux linkage component to be zero, A4(t) = 0 and also its

. . . d\y . . .
derivative is —* = 0 The g-axis flux linkage equation becomes

Arg = Lyivg + Linisg (A.6)
becomes
. Ly, .
irg = —L—Tzsq (A.7)
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In squirrel cage induction motor, the rotor is short circuited from the ends which

yields v,y = 0 and v,q = 0. Since v,, = 0 and d;% = 0 the equation A.4 becomes:

0= Rrirq + WaaArd (A8)
Wi = — R, (A.9)
>\rd

By equations A.7, and A.9 we get the instantaneous speed of dg-winding to
rotor A-axis speed:
L, .
WA = ——lgq (A.10)

Tr)\rd
where 7,is defined as rotor time constant and is given as: 7, = %.
Based on the same above assumption of d-axis alignment with rotor flux linkage

space vector, the equation for electromagnetic torque A.5 becomes:
p .
Tem = _5)\rd2rq (Al].)
From equation A.7, the equation A.11 can be written in terms of iy, as:

(A.12)

The simplified block diagram of induction motor under indirect vector control is
shown in Figure 5. The i3, and 7, are the reference values generated from parameter
based vector control block. The feedback currents are sensed from the induction
motor terminals are transformed into direct and quadrature current components, and
compared with the reference currents to generate the reference direct and quadrature
axis voltages, vgs and vy, which are transformed into three phase reference voltages

v, vy and v}, for space vector PWM inverter. The outer speed loop used for variable
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speed drives in which the reference speed is compared with measured speed of motor,
which fed to PI controller to generate reference torque signal. For speed operations
up to rated speed the reference flux is a constant value of the maximum flux, when
the torque produced is zero. Over the rated speed operations the field weakening

technique is used [45].
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APPENDIX B. INDUCTION MOTOR TRANSFER
FUNCTION G(S)

The Transfer function of the induction motor is obtained numerically solved at

the steady state condition and generic form is given as:

G(S) _ Wm _ b333 + 6282 -+ bls + bo (Bl)

Vis  ass® + ags* + azs® + axs? + a15 + ag

where a; and b; are the numerically obtained coefficients of numerator and denomi-
nator of the transfer function.

The inverter transfer function is given by:

Kim)
Vdc
. (B.3)
1
ﬂnv ar B.4
27, .

here, V,,, denotes the maximum control voltage and V., the DC link voltage. The
factor 0.65 is multiplied to obtain maximum fundamental voltage which can be
obtained from DC link [45].

The closed loop transfer function of the induction motor with inverter and

controller is:

n4s4 + n333 + n252 +n1s 4+ nyg

Gu(s) =
l( ) s7 + d686 + d585 + d484 + d383 + d282 + dls + do

(B.5)
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where G is transfer function between measured speed and reference speed 2.
m

ng = K(Kpbs)

ng = Ky(Kbs+ Kyb)

ny = Ki(Kiby+ Kyb)

o = Ky(Kby + Kyb)

ng = Kby

d; = 1

dg = (Ks+ ay)

ds = (asKs+ a3)

dy = (Kyaz+ ay+ K;Kpbs)

d3s = (Ksas+ a1+ Krbs + Kpby)
dy = (Ksay+ag+ Kby + Kpby)
dy = (aoKsy+ Kby + Kpby)

dy = Kby (B.6)

The limits on the outer loop speed controller in block diagram shown in Figure
(6) are: 7'/ = +T; and the limits for inner loops are:‘/'szef = +Vy, Vszef = 4V,
where subscript with zero shows the steady state values at full rated load.

The machine parameters used in all simulations are:
R=1.77 Q, R,=1.34 Q, L,=383 mH
L,=381 mH, L,,=369 mH, J.,=0.025 kg.m?

p=4, Power= 3HP/2.4kW, Voltage=460 V (L-L,rms)
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APPENDIX C. MACHINE PARAMETERS AND
CALCULATION OF INITIAL CONDITIONS

%

% Author: Chaudhry Arshad Mehmood

YA

% Description: Partial Code is obtained from Ned Mohan Book to calculate

% the initial conditions, flux weakening lookup table and

% classical PI controller parameter calculations.

%

A FFFFF  IIIII N N A L

A F I NN N A A L

A FFF I N N N AAAAA L

A F I N NN A A L

A F IIIII N N A A LLLLL

% DDDD IIIII SSS SsS EEEE RRRR TTTTT A TTTTT IIIII 0000 N N
% D D I S S E R R T A A T I 0 0 NN N
% D D I S S EEE RRRR T AAAAA T I 0 0 N N N
% D D I S S E R R T A A T I 0 0 N NN
% DDDD IIIII SSS SsS EEEE R R T A A T IIIII 0000 N N
% ccc 0000 DDDD EEEE

% ¢c 0 0 D D E

% ¢c 0 0 D D EEE

A C 0 0 D D E

A cce 0000 DDDD EEEE

%

% Calculation of Initial Conditions

% Induction Motor Parameters

% Rated Torque is 13.09 N-m

clc;

clear all;

Rs=1.77;

Rr=1.34;

Rrm=1.34;

X1s=5.25;

X1r=4.57;

Xm=139;

Jeq=0.025;

p=4;

% Steady State Operating Condition

f=60; VLLrms= 460; s=0.0172; % phase-a voltage is at its positive peak at t=0
Wsyn=2*pix*f; % synchronous speed in electrical rad/s
Wm=(1-s)*Wsyn; % rotor speed in electrical rad/s

% Phasor Calculations

Va = VLLrms * sqrt(2)/ sqrt(3); % Va phasor

% SpaLsce Vectors at time t=0 with stator a-axis as the reference

Vs_0 = (3/2) * Va; % Vs(0) space vector

Theta_Vs_0 = angle(Vs_0); % angle of Vs(0) space vector

% We will assume that at t=0, d-axis is aligned to the stator a-axis. Therefore, Theta_da_0=0
Theta_da_0 = 0;

Vsd_0 = sqrt(2/3) * abs(Vs_0) * cos(Theta_Vs_O - Theta_da_0);

Vsq_0 = sqrt(2/3) * abs(Vs_0) * sin(Theta_Vs_O - Theta_da_0);

% Calculation of machine inductances
Ls = (X1s + Xm) / (2*pix*f);

Lm = Xm / (2%pixf);

Lr = (X1r + Xm) / (2*pixf);
tau_r=Lr/Rr;

% Calculations of dq-winding currents

A = [Rs -Wsyn*Ls 0 -Wsyn*Lm
Wsyn*Ls Rs Wsyn*Lm 0
0 —-s*Wsyn*Lm Rr —-s*Wsyn*Lr; . % Matrix [A]
s*Wsyn*Lm 0 s*Wsyn*Lr Rrl;

Ainv = inv(A);
V_dq_0=[Vsd_0; Vsq_0; 0; 0];
I_dq_O=Ainv*V_dq_0;
Isd_0=I_dq 0(1);
Isq_0=I_dq_0(2);
Ird_0=I_dq_0(3);
Irq_0=I_dq_0(4);

% Electromagnetic Torque, which equals Load Torque in Initial Steady State

Tem_0 = (p/2) * Lm * (Isq_0 * Ird_0 - Isd_0 * Irq_0);
TL_O0 = Tem_0
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% Wmech = rotor speed in actual rad/s
Wmech_0=(2/p)*Wm;% (2/p)*(1-s)*Wsyn; %(2/p)*Wm % Eq. 3-34

% Inductance matrix M in Eq. 3-61
M=[Ls O LmO ;...

0 Ls O Lmj...

ILm O Lr O ;...

0 Lm O Lrl;

% dq winding Flux Linkages with the d-axis aligned with the stator a-axis

£1.dq_ 0 = M * [Isd_0; Isq_0; Ird_0; Irq_0l; % dq-winding fluxes in vector form
£1_sd_0 = £1_dq_0(1);

£f1_sq_ 0 = f1_dq 0(2) ;

£f1_rd_0 = £1_dq_0(3);

f1_rq_ 0 = £f1_dq_0(4);

[thetar, fl_r_dq_O]=cart2pol(fl_rd_0, fl_rq_0);

[thetas, fl_s_dq_0O]=cart2pol(fl_sd_0, fl_sq_0);

[theta_Is_dq, Is_dq_Ol=cart2pol(Isd_0, Isq_O

[theta_Vs_dq, Vs_dq_Ol=cart2pol(Vsd_0, Vsq_0);

% d-axis is now aligned with the rotor flux which results in the following new values:
f1_rd_0=fl_r_dq 0 ; %£1_rq_0 equals zero

[f1_sd_0, fl_sq_Ol=pol2cart(thetas-thetar, fl_s_dq_0)

[Isd_0, Isq_Ol=pol2cart(theta_Is_dq-thetar, Is_dq_0);

[Vsd_0, Vsq_Ol=pol2cart(theta_Vs_dq-thetar, Vs_dq_0);

% Calculations for the controller.

We=25; % crossover freq in rad/s

k=(p/2) *(Lm*Lm/Lr)*Isd_0;

PM=60*pi/180; % phase margin in rad/s
We_kp_by_ki=tan(PM) ;

ki=WcxWe*Jeq/ (k*sqrt (1+(tan(PM)~2))) ;

kp=ki*Wc_kp_by_ki/Vc;

% check to show that at Wc, GOLmag=1 and GOLang= (-180 degrees + phase margin of 60 degrees)
GOL=(kp+ki/ (j*Wc) ) *k/ (Jeq*j*Wc) ; % open-loop transfer function

GOLmag=abs (GOL) ;

GOLang=angle (GOL)*180/pi;

% PI in current loop

sigma=1-Lm*Lm/ (Ls*Lr) ;

Wci=10*Wc ; % Current-loop bandwidth is gi times that of the speed loop
PMi=PM;

Wci_kpi_by_kii=tan(PMi-pi/2+atan(Wci*Ls*sigma/Rs));

kii=Wci*sqrt (Rs*Rs+(Wci*Ls*sigma)~2)/sqrt (Wei_kpi_by_kii~2+1);
kpi=Wci_kpi_by_kii*kii/Wci;

% check to show that at Wci, GOLimag=1 and GOLiang= (-180 degrees + phase margin of 60 degrees)
GOLi=(kpi+kii/(j*Wci))/(Rs+j*WcixLs*ksigma);

GOLimag=abs (GOLi) ;

GOLiang=angle(GOLi)*180/pi;

load Lookup_table_data.mat

speed= data(:,1);
Lambda_r=data(:,4);
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APPENDIX D. FLUX WEAKENING LOOKUP TABLE

% Author: Chaudhry Arshad Mehmood

% Description: Calculate flux weakening lookup table

% FFFFF  IIIII N

% F I NN

% FFF I N N AAAAA
N A A
N

A A LLLLL

[l ]

N

B
el

I
A F IIIII

Z===2=

% DDDD IIIII SSS SSS EEEE RRRR TTTTT A TTTTT IIIII 0000
%D D I S S E R R T AA T I 0 0
%D D I S S EEE RRRR T T I 0 0
%D D I S S E R R T A A T I 0 0
% DDDD IIIII SSS SsS EEEE R R T T IIIII 0000

=Z===22=
=
=Z===22=

% cce 0000 DDDD EEEE
% c 0 0 D D E

% C D EEE
% C 0 0 D D E

% cce 0000 DDDD EEEE

o
o
o

clc;

clear all;

format compact;

WhlALALAS MAcine Data LAUhLAIALAA
% Induction Motor Parameters
% Rated Torque is 13.09 N-m
Rs=1.77;

Rs=1.77;

Rr=1.34;

Rrm=1.34;

X1s=5.25;

X1r=4.57;

Xm=139;

Jeq=0.025;

VLLrms= 460; s=0.0172; % phase-a voltage is at its positive peak at t=0

Ls = (X1s + Xm) / (2xpixf);

Lm = Xm / (2%pixf);

Lr = (X1r + Xm) / (2*xpixf);

% Steady State Operating Condition

ws=2*pixf; % synchronous speed in electrical rad/s
wm=(1-8) *ws; % rotor speed in electrical rad/s

Vs = VLLrms * sqrt(2)/ sqrt(3);

P_out = 3.25 * 746; Y Rated power of motor

%Base Quantities

wb = 2 % pi *f; /Base Frequency
Vb = sqrt(2 / 3) * Vs; %Base Peak Phase Voltage
Ib = P_out / (3 * Vb); %Base Current

Zb = Vb / Ib;

Lb = Zb / wb;

Rrn = Rr /Zb;

wrn = wm / wb;

Lsn = Ls /Lb;

Lmn = Lm / Lb;

/Lb;

% Synchronous Reference Fram Y

vgs = Vs * sqrt (2/3);
vds = 0;
vqd = [vgs vds 0 0]°;
The steady state flux linkages are evaluated from the steady state
current; they in turn, are found by using the synchronous frame
equations with the substitution of p = 0 and with slip speed being zero.
because the slip speed is zero, the machine does not produce
electromagnetic torque; thus the stator currents are utilized to produce
solely the stator and rotor flux linkages
wsl = 0;
sync_matrix = [Rs ws * Ls 0 ws * Lm;

-ws* Ls Rs -ws * Lm 0;

0 wsl * Lm Rr wsl * Lr;

-wsl * Lm O -wsl * Lr Rrl;

i = sync_matrix \ vqd;

Igs = i(1,1);
Ids = i(2,1);

149



Igr = i(3,1);
Idr = i(4,1);

% Electromagnetic Torque is zero because of condition of wsl = 0
Tem = (3 / 4) * p * Lm * (Igs * Idr - Ids * Igr);
% Rotor Flux Linkages (in Wb - Turn) are

lambda_gr = Lm * Igs + Lr * Igr;
lambda_dr = Lm * Ids + Lr * Idr;

%

Resultant rotor flux (in Wb - Turn) is
lambda_r = sqrt (lambda_qr"2 + lambda_dr~2)

Stator Flux Linkages (in Wb - Turn) are

lambda_qgs = Ls * Igs + Lm * Iqr;
lambda_ds = Ls * Ids + Lr * Idr;

% Resultant rotor flux (in Wb - Turn) is
lambda_s = sqrt (lambda_qs"2 + lambda_ds"2)

% Stator Current Magnitude is

Isl = sqrt (Ids"2 + Igs™2);
If = Isl; % Peak value not rms value

If is equal to the flux producing stator current in the machine. This is
a peak value not the rms value. The friction and windage losses are not
given, so they can be neglected. Therefore, the electromagnetic torque
is equal to shaft torque; its rated value os obtained as

2 ae e e

Te = P_out / (wm *(2/p));
% The torque constant K_te is
K_te = (83 / 4) xp* (Lm / Lr);

% By using rthe torque constant, the torque producing component of the
% stator current and the cuurent phasor are obtained as

It = Te / (K_te * lambda_r);

Isr = sqrt (If"2 + It"2);

theta_t = atan (It/If); % angle is in radians
% The slip speed is verified from the above as

wsl = (Rr * It) / (Lr * If);

% From steady state rotor equations , the rotor currents are found as:

Iqd_r_matrix = [Rr wsl* Lr;
-wsl*Lr Rr];
Igdr = wsl * Lm * inv(Iqd_r_matrix) * [-If It]’;

Igr = Iqdr(1,1);
Idr = Iqdr(2,1);
Irl = sqrt(Igr "2 + Idr ~2);
% The stator voltages are computed from the stator steady-state equation
Vgs = Rs * It + ws * Ls *If + ws * Lm *Idr;
Vds = Rs * If - ws * Ls *It - ws * Lm *Iqr;
Vsr = sqrt ( Vgs "2 + Vds"2);
V = sqrt(3/2) * Vsr;

% Base Values
Ifrn = If /Ib;
Itrn = It /Ib;
Vsn = Vsr / Vb;
Isn = Isr /Ib;
sigma = (1 - (Lmn"2 /(Lrn * Lsn)));
an = sigma * Lsn;
a = sigma;
(1 - (Lmn~2/(Lrn*Lsn)));

% an
wrn =5;
Ks = (Rrn * Itrn) / (wb * Lrn * Ifrn);

dl = (Lsn * Ifrn)~2 - (an * Ifrn)"2;

d2 = -Vsn"2 + 2%Ks*(Lsn * Ifrn)"2 - 2 * Ks * (an * Ifrn)"2 + (an * wrn * Isn)~2;
d3 = (Lsn * Ifrn *Ks)~2 -(an * Ks * Ifrn)"2 + 2%Ks *(an * Isn * wrn)~2;

d4 = (an* Ks * wrn * Isn)"2;

roots ([d1 0 d2 0 d3 0 d4l)
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APPENDIX E. HURWITZ MATRICES SOLUTION

% Author: Chaudhry Arshad Mehmood

% Description: Hurwitz Matrix solution obtained Through Kharitonov Theorem

% FFFFF  IIIII N N L

% F I N N L

% FFF I N N N AAAAA L
N N L
N N

B
el

I
A F IIIII

% DDDD IIIII SSS SSS EEEE RRRR TTTTT A TTTTT IIIII 0000
%D D I S S E R R T AA T I 0 0
%D D I S S EEE RRRR T T I 0 0
%D D I S S E R R T A A T I 0 0
% DDDD IIIII SSS SsS EEEE R R T T IIIII 0000

=Z===22=
=
=Z===22=

% cce 0000 DDDD EEEE
% c 0 0 D D E

% C D EEE
% C 0 0 D D E

% cce 0000 DDDD EEEE
% clear all

close all

clc

o
o
o

e e e e e o e e e o e e e o e e oo e e o e s
%%h%h% Parameters for first Polynomial of Karithonov Theorem%%%%%l
e e e e e o e e e o e e e o o e oo e o o e o s

Kil = symCKi1’);

Kpl = sym(’Kp1’);

a0 = 1.232e9 * Kil;

al 1.328e9 * Kpl + 7.268e7 * Kil;

a2 = 1.604e9 + 2.903e8 * Kpl + 1.893e6 * Kil;

a3 30401000 + 1.893e6 * Kpl + 3450 * Kil;

a4 153371.25 + 63911.25 * Kpi;

ab = 228.275;

a6 1.08695;

a7 = 0.25e-3;

oo TotaTo o oo To o To o ToTo Fo oo Fo o To o foTo To o To o o To o Fo o To o Fo o Fo o To fo o To o Fo o fo o To oo o Fo o Fo Voo To o fo o Yoo To o o o

% Leadi Principal Minors and their determinants of First Karithonov Polynomial %
el e T T o oo o T T o o oo o T s oo o T T T o s oo o T T o s oo o T T T o o s oo T T T T o oo o T T ot oo o

1pll = al; lplid=det(lpll);

1lpi2=[al a3;a0 a2]; lpl2d=det(1pi12);

1pi13=[al a3 ab5;a0 a2 a4;0 al a3]; 1lpl3d=det(1p13);

1lpi4=[al a3 ab a7;a0 a2 a4 a6;0 al a3 ab;0 a0 a2 a4]; lpl4d=det(lpi4);

1pib=[al a3 ab a7 0;a0 a2 a4 a6 0;0 al a3 ab a7;0 a0 a2 a4 a6;
0 0 al a3 a5];
1pi5d=det (1p15) ;

1lpi6=[al a3 ab a7 0 0;a0 a2 a4 a6 0 0;0 al a3 ab a7 0;0 a0 a2 a4 a6 O;
0 0 al a3 a5 a7;0 0 a0 a2 a4 a6];
1p16d=det (1p16) ;

1pl7=[al a3 ab a7 0 0 0;a0 a2 a4 a6 0 0 0;0
0 0 al a3 ab a7 0;0 0 a0 a2 a4 a6 0;0 O

1p17d=det (1p17) ;

ss112=solve(lplid,lpi2d, Kil, Kpl);
ss123=solve(1lp13d,lpi2d, Kil, Kpl);
ss134=solve(1lp13d,lpi4d, Kil, Kpl);
ss146=solve(1lplbd,1lpl4d, Kil, Kpl);
ss166=solve(1p16d,1p16d, Kil, Kpl);
ss167=solve(1lp16d,1p17d, Kil, Kpl);
ss171=solve(lplid,lp17d, Kil, Kpl);

al a3 ab a7 0 0;0 a0 a2 a4 a6 0 0;
0 al a3 a5 a7l;

ss1=[ss112.Kp1l ss112.Kil; ss123.Kpl ss123.Kil; ss134.Kpl ss134.Kil;
ss145.Kpl ss145.Kil; ss156.Kpl ss156.Kil; ss167.Kpl ss167.Kil;
ss171.Kpl ss171.Kill;
format
ssire=double(ssl);
% figure(1);
i DrawCircle(0,0,max(sslre(:,1)/2),100,°k’);
t hold on
, figure(2);
i DrawCircle(0,0,max(sslre(:,2)/2),100,°k’);
% hold on

B
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e e e e e o e e o e o o e o o o T o o o Tl
%%%h% Parameters for second Polynomial of Karithonov Theorem%%%%%%
e e e e e o e e o e o o o o o o T o s o T

Ki2 = sym(’Ki2’);

Kp2 = sym(’Kp2’);

a0 = 1.712e10 * Ki2;

al = 1.328e9 * Kp2 + 7.268e7 * Ki2;

a2 = 1.122e8 + 7.268e8 * Kp2 + 1.62e6 * Ki2;

a3 = 30401000 + 1.893e6 * Kp2 + 3450 * Ki2;

a4 = 180900 + 63911.25 * Kp2;
ab = 228.275;
a6 = 1.0476;

a7 = 0.25e-3;

Toto TotaTo o oo To o Vo o foTo Fo oo To o To o o To Foto To To o To o oo Fota To Fo o o Fo o o Foto To Fo oo Fo o Fo Vo oo Fo o o Voo To o oo To o Fo o oo

% Leading Principal Minors and their determinants of Second Karithonov Polynomial %
el e T T o oo o T T o oo o o T T s oo o T T T o s oo o T T T s oo o o T T T o s o o T T T o oo s o T T o o oo o

1p21 = al; 1lp21d=det(1p21);

1p22=[al a3;a0 a2]; 1p22d=det(1p22);

1p23=[al a3 ab;a0 a2 a4;0 al a3]; 1p23d=det(1p23);

1p24=[al a3 ab a7;a0 a2 a4 a6;0 al a3 ab;0 a0 a2 a4]; 1lp24d=det(1p24);

1p25=[al a3 ab a7 0;a0 a2 a4 a6 0;0 al a3 ab a7;0 a0 a2 a4 a6;
0 0 al a3 a5];
1p25d=det (1p25) ;

1p26=[al a3 ab a7 0 0;a0 a2 a4 a6 0 0;0 al a3 ab a7 0;0 a0 a2 a4 a6 O;
0 0 al a3 a5 a7;0 0 a0 a2 a4 a6];
1p26d=det (1p26) ;

1p27=[al a3 ab a7 0 0 0;a0 a2 a4 a6 0 0 0;0
0 0 al a3 ab a7 0;0 0 a0 a2 a4 a6 0;0 O

1p27d=det (1p27) ;

al a3 ab a7 0 0;0 a0 a2 a4 a6 0 0;
0 al a3 a5 a7];

ss212=solve(1p21d,1p22d, Ki2, Kp2);
ss223=solve(1p23d,1p22d, Ki2, Kp2);
ss234=solve(1p23d,1p24d, Ki2, Kp2);
ss246=solve(1p25d,1p24d, Ki2, Kp2);
ss266=solve(1p25d,1p26d, Ki2, Kp2);
ss267=solve(1p26d,1p27d, Ki2, Kp2);
ss271=solve(1p21d,1p27d, Ki2, Kp2);

ss2=[ss212.Kp2 55212.Ki2; s5223.Kp2 s5223.Ki2; s5234.Kp2 s5234.Ki2;
55245.Kp2 s55245.Ki2; s5256.Kp2 s5256.Ki2; s5267.Kp2 s5267.Ki2;
ss271.Kp2 ss271.Ki2];
format
ss2re=double(ss2) ;
% figure(1);
% DrawCircle(0,0,max(ss2re(:,1)/2),100,’g’);
% hold on
% figure(2);
% DrawCircle(0,0,max(ss2re(:,2)/2),100,°g’);
% hold on

e T T e o e o o e e o o o e T e T e T o T s T e T s e
%%k’ Parameters for Third Polynomial of Karithonov Theorem’%%%%%
e T T e o e o e o e o o o e T e T e T o T s T e T s e

Ki3 = sym(’Ki3’);

Kp3 = sym(’Kp3’);

a0 = 1.712e10 * Ki3;

al = 1.712e10 * Kp3 + 2.903e8 * Ki3;

a2 = 1.122e8 + 7.268e8 * Kp3 + 1.62e6 * Ki3;

a3 = 7513050 + 1.62e6 * Kp3 + 3450 * Ki3;

a4 = 180900 + 63911.25 * Kp3;

ab = 391.15;

a6 = 1.0476;

a7 = 0.25e-3;

YANAAA
% Leadin,
VANAANNAAA

o T T T o s o T T T o o o s o o T T o o o s o o o T T o s oo o o T T o o oo o T T s oo o T T T o oo T T o
Principal Minors and their determinants of Third Karithonov Polynomial %
oy T T T o s o T T T o o s s o o T T T o o s o o o T T o o oo o o T T o o oo o T T s oo o T T T o s oo T T o o

1p31 = al; 1p3id=det(1p31);

1p32=[al a3;a0 a2]; 1p32d=det(1p32);

1p33=[al a3 ab;a0 a2 a4;0 al a3]; 1p33d=det(1p33);

1p34=[al a3 ab a7;a0 a2 a4 a6;0 al a3 ab;0 a0 a2 a4]; lp34d=det(1p34);
1p35=[al a3 ab a7 0;a0 a2 a4 a6 0;0 al a3 ab a7;0 a0 a2 a4 a6;

0 0 al a3 a5];
1p35d=det (1p35) ;




1p36=[al a3 ab a7 0 0;a0 a2 a4 a6 0 0;0 al a3 a5 a7 0;0 a0 a2 a4 a6 0;
0 0 al a3 a5 a7;0 0 a0 a2 a4 a6];
1p36d=det (1p36) ;

1p37=[al a3 a5 a7 0 0 0;a0 a2 a4 a6 0 0 0;0 al a3 a5 a7 0 0;0 a0 a2 a4 a6 0 0;
0 0 al a3 a5 a7 0;0 0 a0 a2 a4 a6 0;0 0 0 al a3 ab a7];
1p37d=det (1p37) ;

ss312=solve(1p31d,1p32d, Ki3, Kp3);
ss323=solve(1p33d,1p32d, Ki3, Kp3);
ss334=solve(1p33d,1p34d, Ki3, Kp3);
ss346=solve(1p35d,1p34d, Ki3, Kp3);
ss366=solve(1p35d,1p36d, Ki3, Kp3);
ss367=solve(1p36d,1p37d, Ki3, Kp3);
ss371=solve(1p31d,1p37d, Ki3, Kp3);

ss3=[ss312.Kp3 ss312.Ki3; ss323.Kp3 ss5323.Ki3; ss5334.Kp3 ss334.Ki3;
s5345.Kp3 s5s345.Ki3; ss356.Kp3 ss356.Ki3; ss367.Kp3 ss367.Ki3;
ss371.Kp3 ss371.Ki3];
ss3re=double(ss3);
figure(1);
DrawCircle(0,0,max(ss3re(:,1)/2),100,°b’);
hold on
figure(2);
DrawCircle(0,0,max(ss3re(:,2)/2),100,°b’);
hold on

32 5E 5 5E e e

oo T T T T o o oo o o T T o o o oo o T T o o oo o T o o oo T T T o oo o T T o
%%%% Parameters for Fourth Polynomial of Karithonov Theorem
o o T T T T o oo o o T T T o o oo o o T T o o oo o oo T s oo oo T T o oo oo o T oo oo e

Ki4 = sym(’Ki4’);

Kp4d = sym(’Kp4’);

a0 = 1.328e9 * Ki4;

al = 1.712e10 * Kp4 + 2.903e8 * Ki4;

a2 = 1.604e9 + 2.903e8 * Kp4 + 1.893e6 * Kid;

a3 = 7513050 + 1.62e6 * Kpd + 3450 * Ki4;

a4 = 153371.25 + 63911.25 * Kp4;

ab = 391.15;
a6 = 1.08695;
a7 = 0.25e-3;

Toto Tota To o oo To o To o fo o Fo oo To o To o fo o Foto To To o To o oo Fota To fo o o Fo o o Toto To o oo Fo o To Vo fo o Fo o o Yoo To o oo To o Fo o oo

% Leading Principal Minors and their determinants of Fourth Karithonov Polynomial 7%
oo T T T T o s o T T T T T o o oo o T T T o o o oo T T o o oo T T T T o o oo T T o s oo oo T T o s oo o T T o

1p4l = al; lp4ld=det(lp4l);

1p42=[al a3;a0 a2]; lp42d=det(1p42);

1p43=[al a3 ab5;a0 a2 a4;0 al a3]; 1p43d=det(1p43);

1p44=[al a3 ab a7;a0 a2 a4 a6;0 al a3 ab;0 a0 a2 a4]; lp44d=det(1lp4d4);

1p45=[al a3 ab a7 0;a0 a2 a4 a6 0;0 al a3 ab a7;0 a0 a2 a4 a6;
0 0 al a3 a5];
1p45d=det (1p45) ;

1p46=[al a3 ab a7 0 0;a0 a2 a4 a6 0 0;0 al a3 ab a7 0;0 a0 a2 a4 a6 O0;
0 0 al a3 a5 a7;0 0 a0 a2 a4 a6];
1p46d=det (1p46) ;

1p47=[al a3 ab a7 0 0 0;a0 a2 a4 a6 0 0 0;0 al a3 a5 a7 0 0;0 a0 a2 a4 a6 0 0;
0 0 al a3 a5 a7 0;0 0 a0 a2 a4 a6 0;0 0 0 al a3 a5 a7];
1p47d=det (1p47) ;

ss412=solve(lp41d,1p42d, Ki4, Kp4);
ss423=solve(1p43d,1p42d, Ki4, Kp4);
ss434=solve(1p43d,1lp44d, Ki4, Kp4);
ss445=solve(1p45d,1p44d, Ki4, Kp4);
ss456=solve(1p45d,1p46d, Ki4, Kp4);
ss467=solve(1p46d,1p47d, Ki4, Kp4);
ss471=solve(1lp41d,1p47d, Ki4, Kp4);

ss4=[ss412.Kp4 ss412.Ki4; ss423.Kp4d ss423.Ki4; ss434.Kp4 ss434.Ki4;
55445.Kpd ss445.Kid; s5456.Kp4 ss456.Kid; s5467.Kpd s5467.Kid;
ss471.Kp4 ss471.Kidl;
ss4re=double(ss4) ;
% figure(1);

% DrawCircle(0,0,max(ss4re(:,1)/2),100,’r’);
% title(’Proportional Gain’);

% hold on

% figure(2);

% DrawCircle(0,0,max(ss4re(:,2)/2),100,’r’);
% title(’Integral Gain’);

% hold on
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[Kpiimin Kplimax]= minmax(ssire(:
[Kp12min Kpi2max]= minmax(ss2re(:
[Kp13min Kp13max]= minmax(ss3re(:
[Kpl4min Kpl4max]= minmax(ss4re(:

[Killmin Kililmax]= minmax(ssire(:
[Kil2min Kil2max]= minmax(ss2re(:
[Ki13min Kil3max]= minmax(ss3re(:
[Kil4min Kil4max]= minmax(ss4re(:

format compact;
Kpimin =[Kplimin
Kpimax =[Kplimax

Kiimin =[Kilimin
Kilmax =[Killmax

Kp12min Kp13min
Kpl2max Kpl3max

Kil2min Kil3min
Kil2max Kil3max

,1)5
1))
1)
,1)5

,1)5
,1)5
,1);
,1)5

Kp14min]
Kpl4max]

Kildmin]
Kildmax]
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APPENDIX F. LINEARIZED TRANSFER FUNCTIONS

%
% Author: Chaudhry Arshad Mehmood
%

% Description: Transfer Functions Numerically Obtained From Matlab

5
Rr at 50%

3450 s73 + 1.621e006 s"2 + 7.268e007 s + 1.328e009

s”5 + 190.4 s”4 + 1.515e005 s~3 + 7.485e006 s”2 + 1.122e008 s

Rr at 200%

3450 s”3 + 1.893e006 s~2 + 2.903e008 s + 1.712e010

575 + 347.8 s74 + 1.734e005 s7°3 + 3e007 s72 + 1.604e009 s

Lm at 50 %
150.9 s73 + 5.849e004 s~2 + 5.486e005 s + 4.542e006

s”5 + 21.24 s74 + 1.423e005 s~3 + 1.305e006 s~2 + 9.002e006 s

Lm rated

3450 s73 + 1.712e006 s"2 + 1.452e008 s + 4.593e009

s”5 + 242.9 s”4 + 1.574e005 s~3 + 1.498e007 s”2 + 4.139e008 s

Rated
3450 s”3 + 4.189e005 s"2 + 9.56e006 s + 9.049e008

s”5 + 242.9 s74 + 1.574e005 s~3 + 1.498e007 s72 + 4.139e008 s

Lm= 80 and Rr 200
459.3 s73 + 1.49e004 s”2 + 4.07e005 s + 2.132e007

s”5 + 57.89 s74 + 1.432e005 s”3 + 4.97e006 s"2 + 4.992e007 s
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APPENDIX G. SYMMETRIC OPTIMUM PI
CONTROLLER DESIGN

%

% Author: Chaudhry Arshad Mehmood
%

% Description: Calculate Controller parameter for Symmetric Optimum Technique
%

%

clear all

close all

clc;

If = 48;

fc = 2000;

Bt = 0.05;

Hw = .050; % Speed filter Parameter
Tw = 0.002; 7% Speed Filter Parameter

Vem = 10;
J = 0.025;
Vdc = 200;
Hc = 1;%0.333;
Rs = 1.77;
Rr = 1.34;

Lm = 139/ (2%pi*60) ;
Lrl = 4.57/(2*%pi*60);
Lsl = 5.25/(2%pi*60);
Ls = Lm+Lsl1;

Lr = Lm+Lrl;

% for J=.2 x J1: .004: 3.5 *J1

Ra = Rs + Rr*Ls/Lr;

Ka = 1/Ra;

La = Ls - (Lm~2)/Lr;

% La = 0.0037;

Ta = La/Ra;

Tm = J/Bt;

Kt = (3/2)*(p/2)*((Lm~2)*If/Lr);
Km = (p/2)*(Kt/Bt);

Kb = (p/2)*(Kt/Bt)*Ls*If;
Tin = 1/(2%fc);

Kin = 0.65%Vdc/Vcm;

Tar = Ta + Tin;

= 0.00074;

T2 = 0.1173;

=)
_
[

%approximate current loop
% Ki = Kin/Ra;

Ki = 2.8708;

Ti = T1;

%speed controller
Kg = (Ki*Km*Hw)/Tm;

% Kg = 104.1;
Twi = Tw + Ti;
Ts = 6%Twi;

Ks = 4/(9%Kg*Twi); %.5606

Kps = Ks Yproportional gain
Kis = Ks/Ts %integral gain

s = tf(’s’);

Gin = Kin/(1 + s*Tin);

Gl = Ka/(1 + sxTa);

G2 = Kb/ (1 + s*Tm);

G12 = feedback(G1,G2);

%exact current loop transfer function
% Gi = Gin*G12 /(1 + Hc*GinxG12);

Gil = series(Gin, G12);

Gi = feedback(Gil, Hc);

%simplified current loop transfer function

Gis = Ki/(1 + s¥Ti);

figure(1)

bodemag(Gi,Gis)

title(’Simplified and exact current loop frequency response’)
% axis([100 100000 -5 101);

grid;

BIITT I I I T I LI II I LA b I A A hExact  Speed Loophhhhhhhhhhihl
%exact speed loop tf

Gwf = (Km/(1 + s*Tm)) * (Ks*(1 + s*Ts)/(s*Ts))*Gi;

Gw = Hw / (1 + s*Tw);
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% Gwe = Gwf / (1 + GwExGw);

Gwe = feedback(Gwf,Gw);

% title(’Results with Symmetric Optimum’)

%simplified speed loop transfer function

Gf = (Km/(1 + s*Tm)) * (Ks*(1 + sxTs)/(s*Ts)) * (Ki/(1 + sxTi));
% Gws = Gf/(1 + GE*Gw);

Gws = feedback(Gf,Gw);

%hhhsmoothed speed loop tf for exact by introducing a pole of -1/Ts

Gswe = Gwe/(1 + s*Ts);

%%hsmoothed speed loop tf for approximate by introducing a pole of -1/Ts
Gsws = Guws/(1 + s*Ts);

figure(2);

bodemag (Gwe,Gus ,Gswe, Gsws)

title(’Smoothed simplified speed loop frequency response’) ;

axis([10 1000 -20 1001)

grid;
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APPENDIX H. LINEARIZED TRANSFER FUNCTIONS

%
% Author: Chaudhry Arshad Mehmood

%

% Description: Plug-in H-infinity compensator for speed control Matlab Code
% The code requires the mu-Analysis and Synthesis Toolbox

YA
%

clc;

% The parameters from the reference paper (ref number is given in chapter)
% Kp=1.5307;

% Ki=50;

% J = 0.01111;

% Classical PI tuning already tuned in the thesis
Kp=0.24;

Ki=3.53;

J = 0.025;

Bm = 7.355e-4;

w2=1;

Wi=8*(t£ ([Kp Kil,[1 01));

P=t£([1/3],[1 Bn/JD);

% Finding K3 the optimal H-infinity controller
[K,CL,GAM, INFO] =ncfsyn(P,-W1,W2) ;

[b, al=ss2tf(INFO.Ks.a, INFO.Ks.b, INFO.Ks.c, INFO.Ks.d)
K3=tf(b,a);

sys1=zpk(K3)

% Finding Q Plug in robust compensator

X2=1;

K2=W1*K3*W2;

M=1;

N=P;

Yo=tf([1 0], [Kp Kil);
Q=((K2*Y0)-X2) / (M+(K2*N)) ;

sys=zpk(Q) ;
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