ESTIMATION OF ROTOR FLUX OF AN INDUCTION MACHINE

Chapter 1 Introduction

1.1 Background

The design and construction of AC machines is quite simple and it's an
electromechanical energy conversion. Generally, majority of the induction machines
(IM) are squirrel-cage rotor type because of many advantages i.e. rotor is
inaccessible; there is no moving contact, such as commutators and brushes unlike in
dc machines where the risk is more. An IM not only reduces the risk of sparking, but
also reduces the atmospheric explosion. There is no wiring in the rotor windings
which increases the ruggedness of the machines. These machines can run at high
speeds and withstand heavy electrical and mechanical loads. In adjustable-speed
drives (ASDs), the low electric time constant speeds up the dynamic response to
control commands (Trzynadlowski, 2001).

The study of IM can be explained in two ways either by evaluation of design or by
analysis of machine operation. The first method is based on empirical rules which
make us to think about various questions such as what is the dimension, how to
construct so on and so forth. Where as the second one is based on function and
control of IM i.e. mathematical tools, variables and parameters are largely used.
Although our project is emphasises mainly on second aspect i.e. the equivalent
circuits of IM which consists of stator and rotor resistance, R; and Ry, stator and
rotor phase leakage inductance L; and L, and the principal of inductance of the
stator phases L, An as an auxiliary parameter related to the principal inductance,

namely the magnetising inductance, Lo, (Amin, 2002).

In general, IMs are significant to torque reserve characteristics. The rarely used
wound-rotor induction motors are used in some special cases, the impact of
accessibility of the rotor winding is an advantage. The winding can be reached via
brushes on the stator that ride atop slip rings on the rotor. The motor current can be
reduced by adjusting resistors which are connected to the winding during start-up of
the drive system. As soon as the motor reached the operating speed windings, the

terminals are short circuited. Wound rotor motors are cascaded which draws an
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excess power to control the speed unlike in squirrel-cage induction motor. The
operating principles of induction motors remain unchanged. From the past three
decades, the research on the motors has been significantly changed i.e. motors were
designed smaller, lighter, more reliable and efficient. This motor is so-called high-
efficiency motors, which are quite expensive, when compared to other motors.
Practically, the average life span of an induction motor can be assumed to be about
12 years (Trzynadlowski, 2001).

Nowadays, AC machines are easily available in the market. AC machines plays an
important role in the industry for instance, large size AC motors drive pumps and
cranes in production plants where as small size AC motors are used in domestic
purposes such as fans, clocks so on. Generally AC motors are available in different
sizes and shapes which is designed to use both single and three phase power
(Humphries, 1998).

1.2 Electric Energy of an Induction Machine (IM)

(Mendrela et al., 2003) Induction motors are commonly applied to machines in
electric drive systems. Consider, a squirrel cage induction motor (Boldea, 2001)
these motors have been traditionally fed directly from the three phase AC electric
power grid through electromagnetic power switches with adequate protection.
(Boldea, 2001) Today in developed countries there are more than 3 kW of electric
motors per person are induction motors. And 10% of all induction motor power is
converted into variable speed drives which have been 9% in the last decade while the
electric motor markets showed an average annual growth rate of 4% in the same time.
Variable speed drives with induction motors are used in pumps, machine tools,

robotics, washing machines etc.

The prediction for the future is such that 50% of all the electric motors will be fed
through power electronics with induction motors covering 60 to 70% of these new
markets (Mendrela et al., 2003). However, there is a large group of linear motors
available in the market; rotating motors are predominant among IMs. After 1885, the
impact of the induction motor came like juggernaut, presently in all industries and in

home applications; the IM is ready to make the electric starter/generator system
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aboard the hybrid vehicles of the near future. The important points to be considered
in modelling and optimization design in the era of finite element methods are its
control as a motor and generator for even better performance when supplied from
PWM converters (Mendrela et al., 2003).

1.3 Overview of the thesis

The objective of this dissertation is to estimate rotor flux of an IM. Some of the
material is focused on the functional block of the IM i.e. Torque estimator, Speed
estimator etc. while a subsequent part deals with estimation of rotor flux. The

dissertation is organized as follows:

Chapter 1 describes background information of the machines then it focuses on the
methodology how on to approach the task on a particular time with the help of Gantt
chart.

Chapter 2 presents the basic principals of rotating magnetic field of the IM and
asserts brief overview of the AC machines. Later it talks about different kinds of IM
rotors suggesting which one is good. It is crucial to start with good and appropriate
reviews which were verified by numerous journals. Literature review is presented by
analysing the previous work. (Busawan et al., 2001) summarises that a nonlinear
observers for the estimation of the rotor flux and the load torque in an induction
motor. The observers are designed on the basis of the standard o - B Park’'s model.
Finally, fuzzy logic is mentioned in more detailed way and Membership functions

were also discussed

Chapter 3 explains the dynamic model of induction machine plant and the model was
presented. Then the model is analysed, developed in MATLAB-SIMULINK which
was discussed in Chapter 4. By considering following assumptions, dynamic model
is implemented i.e. it should be symmetrical two-pole, three phase windings. Slotting
effects are neglected, Permeability of the iron part is infinite, and iron losses are
neglected. Dynamic d-q model and Axes transformation is implemented on

stationary reference frame (a-b-c). Lastly torque equation is derived.
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Chapter 4 is the heart of this project by scrutinizing the model thoroughly and by
introducing fuzzy controller logic using MATLAB-SIMULINK; simulations are
performed to estimate the functional block such as torque, speed, flux, resistance
with and without fuzzy logic. Results were obtained for different blocks and the m-
file, DTC, Flux table were obtained and presented in the Appendixes.

Chapter 5 concludes the simulation results and concentrates mainly on the future

direction what more can be done to improve the platform in a more efficient manner.

1.4 Methodology

The methodology is focussed on the steps to achieve the research objective i.e. the
aim of this project is to design a non-linear observer for the estimation of rotor flux

variables that are normally not measurable in an induction motor system.
Stepl Familiarity with the standard mathematical model of induction motors.
Step2 Study of a newly developed non-linear observer design technique.
Step3 Design of an observer for the rotor flux estimation.

Step4 Setting-up of MATLAB-SIMULINK simulation platform.

Step5 Simulation and analysis of the designed rotor flux estimator.
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Chapter 2 Rotating magnetic field

Rotating magnetic field is defined as a field which changes its direction at a constant
angular rate. All the AC current motors work on this principle. In general, both AC
and DC motors produces Torque by the interaction of stator and rotor separated by a
small air gap. For a wound-field DC motor the current flows in only one direction
through the rotor windings which in turn produces torque unlike in Synchronous and
induction motor (Humphries, 1998).

The basic principle to understand the concept of rotating field is shown in figure
2.1.Consider two permanent magnets; one is placed at the middle named as
permanent-magnet rotor and the other magnet which rotates around the rotor
electronically. The influential of the field in turn pulls the rotor magnet in the same
direction. In general, any motor has two elements i.e. one rotating part called the
Rotor and stationary part called Stator. Even though stator is not made to rotate
physically but it could be made to rotate magnetically. This phenomenon is termed
as Rotating magnetic field (Humphries, 1998). The number of pole pairs should be
similar with phases in the applied voltage and also stator poles must also be
physically displayed from each other by an angle equal to the phase angle between

the individual phases of the applied voltage (Humphries, 1998).
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Figure 2.1 two rotating fields (Humphries, 1998)
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(Humphries, 1998) The voltages applied to phase AA' and BB' are 90° out of phase,
the current flow in AA" and BB' are 90° out of phase. The magnetic fields created in
the coils are in phase with the currents, the magnetic fields are also 90° out of phase
with each other. The combination of two out-of-phase magnetic fields forms a single
total field. For every AC cycle this total field rotates one complete revolution
(Humphries, 1998). The current has a phase difference of 90°. For this case if the
current is negative, it states that current is flowing in one direction but when the

current is positive, direction of the flow is in opposite direction.
Case 1

lo is zero at time tp in the AA' winding where as current Iy is maximum in the BB'
winding. From the Fleming’s left-hand thumb rule we can state the position of the
stator which is in north-south field as shown in figure 2.2 (a) (Humphries, 1998).
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Figure 2.2 Two-Phase rotating fields (Humphries, 1998)
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Case 2

At time t3, Ig has decreased but I is positive at this instant both amplitudes are
similar. The current in the winding BB’ has decreased, but the field is in the same
direction. As shown in figure 2.2 (b) the flux due to AA' and BB' are right angles to
each other. North Pole of the resultant field has moved to 45° clock wise direction
(Humphries, 1998).

Case 3

At time ty, 1a is maximum and lg is zero. The maximum current is flowing in AA'
winding and there is no flow in BB' and the resultant field is shown in the figure 2.2
(c) Each time the phase of the currents leads 45°electrical, the resultant magnetic
field rotates 45° mechanical (Humphries, 1998).

Case 4

At time t3, both currents are positive and equal in amplitude. The direction of the
currents in windings BB' is the reverse of that in figure 2.2 (a) and (b). The magnetic
fields caused by the currents in two windings combine to form a vertical resultant
field, as shown in figure 2.2 (d). If we continue this process from t, to tg the field
continues to move in a clock wise direction as soon as the resultant field back in it is
original positions as shown in figure 2.2 (a). For every single cycle of AC, the
resultant field has rotated one complete revolution. The speed of the rotating field is

equal to the supply frequency (Hertz) (Humphries, 1998).

Low-power FHP machines are available in single-phase, but poly-phase (three-phase)
machines are used more often in variable-speed drives (Bose, 2002). Figure 2.3
shows an idealized three-phase, two-pole induction motor where each phase winding
in the stator and rotor is represented by concentrated coil. The three-phase windings,
connected in wye or delta form, are distributed sinusoidally and embedded in slots.
In a wound-rotor machine, the rotor winding is similar to that of the stator but in a
cage machine, the rotor has a squirrel cage-like structure with shorted end rings.
Basically, the machine can be looked upon as a three-phase transformer with a

rotating and short-circuited secondary. Both stator and rotor cores are made with
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laminated ferromagnetic steel sheets. The air gap in the machine is practically

uniform (non-salient pole) (Bose, 2002).

A sinosoidally balanced power supply in three-phase stator winding creates a

synchronously rotating magnetic field (Bose, 2002).

Stator
as axis

Rotor A
ar axis

Stator

Figure 2.3 Idealized three-phase, two-pole induction motor (Bose, 2002)

Consider that three-phase sinusoidal currents are impressed in the three-phase stator
windings,

as shown in figure 2.4.



ESTIMATION OF ROTOR FLUX OF AN INDUCTION MACHINE
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Figure 2.4 MMF distribution in three winding of stator (Bose, 2002)

Each phase winding  will independently produce a sinusoidally distributed

mageneto-motive force (mmf) wave, which revolves around it’s own axes. Figure

2.4 shows the mmf waves at time t=0 when i, =1_ i, =-1/2 i,=-1_1/2

At spatial angle 0, the instantaneous MMF expressions can be given as

F,(€) = Ni_ coséd (1.4)
F, (6) = Ni, cos(e—z—”j
3 (15)
i ( 27[)
F.(6) = Ni_ cos| 6 + —
3 (16)
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Where
N = Number of turns in a phase windings.
Magneto motive force (MMF) waves are phase-shifted in space by 2m/3 angle.
. . 2 . 27
F(0) = F,(0)+F,(0) + F.(6) = Ni, cos(d) + Ni, cos(e—?j + Ni, cos(9+ ?j
(1.7)

Substituting Equations (1.1) through (1.3) in (1.7) gives

F(6,t) = NI [cosw,tcosd + cos(a)et - 2—”} cos[@ - z—ﬂj + cos[a)et + 2—”) 005(0 + 2—”)]
3 3 3 (1.8)

Simplifying Equation (1.8), the F(&,t) expression can be written as

F(0,t) = 3 NI, cos(a,t —0)
2 (1.9)

Equation (1.9) indicates that a sinusoidally distributed MMF wave of peak value

3 s .
> NI, rotating in air gap at synchronous speed @, . In a two-pole machine, F(6,t)
makes one revolution per cycle of current variation. This means for a P-pole machine,

the rotational speed can be given as (Bose, 2002).

N, 120
P (1.10)

Where

N, = synchronous speed in rpm
And f_= stator frequency in hertz (Hz)

2.1 AC Machines

AC motor is an Electric motor that is driven by an alternating current. AC motor is

divided into two parts

a) Stator having coils supplied with AC to produce a rotating magnetic field.
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b) Rotor attached to the output shaft that is given a torque by the rotating field.
The magnetic field on the rotor is created either by permanent magnet or current
delivered through slip rings. On the other hand, magnetic field on the rotor is created

by induced current.

The Electrical machine which converts electrical energy to mechanical energy, is the
workhorse in a drive system. Electric drive systems are widely used in applications
such as pumps, fans, paper and textile mills, home appliances, wind generation
systems, etc. Even though the principal of IMs were discussed long back ago by
gullible people, still people are finding the better ways to estimate or implement the
design of the IMs it is something like drop in the ocean. To design a high-
performance drive system following points has to be kept in mind i.e. machine
performance, dynamic model, and parameter variations. Industrial drive applications
are generally classified into constant-speed and variable-speed drives. AC machines
with a constant frequency sinusoidal power supply have been used in constant-speed
applications, where as dc machines prefer Variable-speed drives. Commutators and
brushes, in addition, limit the machine speed and peak current, cause EMI
(Electromagnetic Induction) problems, and do not permit a machine to operate in
dirty and explosive environments. Although dc machine drive converters and

controls are simple, torque response is very fast (Bose, 2002).

AC machines are generally classified as follows

1) Induction Machines
Cage or wound rotor (doubly-fed)
Rotating or linear

2) Synchronous machines
Rotating or linear
Reluctance
Wound field or permanent magnet
Radial or axial gap (disk)
Surface magnet or interior (buried) magnet
Sinusoidal or trapezoidal

3) Variable Reluctance machines

Switched reluctance

11
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Stepper

2.2 Induction Machines (IMs)

(Sakae, 1986)Induction Machine is widely used in domestic and industry purposes.
IM rotor gets its power by Faradays law of electromagnetic induction; AC voltages
are induced in the rotor by the rotating magnetic field in the stator Humphries (1998).
The stator can be considered as the primary, while the rotor acts a rotating secondary.
The production scale of induction is more compared to other motors. However, its
applications are limited to those that do not require a high level of control of speed,
torque so on. The induction motor is an AC motor fed by an AC power supply. AC
power systems are widely used throughout the world and are essentially fixed-
voltage, fixed-frequency system. The induction motor has remained essentially a
constant-speed motor, and its control capabilities have been markedly inferior to
those of the DC motor Sakae (1986). The induction motor has begun to replace dc
motors as a spindle motor of the lather is going to replace dc motor in the steel
industry, as drive motors in steel mills and conveyor rolls; and is being tried as a

primary motor in railway locomotives and electric trains.

The performance of an induction motor is dependent on power supply and control
method used. When the power supply is fixed Voltage, fixed frequency, its
performance is rather limited and it is inferior in control performance to the dc
motor. When the power supply is of variable frequency, variable voltage, its
performance is enhanced and its control performance becomes superior (Sakae,
1986).

A machine with only amortisseur windings is called an IM because the rotor voltage
(generates the rotor current, magnetic field) is induced in the rotor windings rather
than being physically connected to wires. The important feature of an induction
motor is that no dc field current is required to run the machine. Induction machines
can be used as both generators and motors but in most cases it’s often called motor

because induction generator has lot of drawbacks (Stephen, 2005).

12
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2.3 Design Method of Operation

The rotor of IM is connected in two ways

(a) Slip ring rotor

(b) Squirrel-cage rotor

2.3 (a) Slip ring rotor

IMs with slip-ring rotor consist of three-phase windings similar to stator with a
number of phases m,=3. Terminal windings are outside the cylindrical cage
connected to slip rings. Where as rotor windings are short-circuited by two ways
either directly or via brushes using a starting resistor or can be supplied by external
voltage.

2.3 (b) Squirrel-cage rotors

Squirrel-cage rotors comprises of rotor bars to form a cylindrical cage. Terminal
windings are short circuited by using short-circuit-rings. The total number of phases
m, = Na. It is designed in such a way that rotor windings does not have any access
while operating, which results in a missing opportunity to directly influence the

operational behaviour as shown in figure 2.5 (a).

end windings short-circuit ring

slip-nings
+ brushes

three-phase winding o rotor bars

starting resistor

Figure 2.5 (a) Induction machine, rotor type overview (Henneberger, 2002)

Stator slots of a three phase symmetric winding are placed such that they are
connected in star or delta-connection. Similarly rotor slots also contain the same
connection which is short circuited. The windings of the machines is designed with

number of pole pairs greater than one (p>1) distributed on more than one slot g>1.

13
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The best example is 6 stator slots per pole pair (Henneberger, 2002).When the IM is
bypassed by three-phase networks of frequency fi, this produces balance currents to
create the rotating field when the motor starts rotating with synchronous speed n;.
This field induces a current of frequency f, inside the conductors of the rotor
windings. When the induction machine are supplied by three-phase networks of
frequency fi, produces balanced currents. To generate a rotating field inside the air
gap between stator and rotor revolving with synchronous rotational speed of n;.

Fig 2.5 (b) Sketch of cage rotors (Stephen, 2005)

Conductor
shorting

Figure 2.5 (c) A Typical cage Rotor (Courtesy of General Electric company)
(Stephen, 2005)

Later these field induces currents of frequency f, inside the rotor conductors and also
creates another field which is revolving with different speed n; relatively towards the
rotor speed n and relatively towards the stator field with ny=n+n,, Due to Lenz’s Law

(is defined as an induced current is always in such a direction as to oppose the

14
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motion or change causing it), rotor currents counteract their origin, which is based on
relative motion between rotor and stator. Thus rotor currents and stator field revolves
with synchronous speed which ultimately generates torque in the direction of the

stator field and try to match speed with stator field.

short-circuited ring bearing

cage rotar

P

stator wind Qo= enclosure
Figure 2.6 Induction machine, general design (Henneberger, 2002)

If the relative motion between stator and rotor field is not up to the mark induction
effect may disappear in that case rotor will not reach stator field. At that point rotor
show slips against the stator field which is termed as asynchronous. Torque is
directly proportional to slip (Henneberger, 2002). The general design of an IM is

shown in figure 2.6
Synchronous speed  n;=fi/p

Rotor speed n

Slip s= ny-n/n =f,/f;

15
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2.4 Different types of Induction Machine (IM)

The similarity of synchronous machine and induction machine is both have same
physical stator with different rotor winding respectively Stephen (2005). As we
discussed above that there are two different types of IM rotors which is inscribed in
the stator as shown in figure 2.7.and different pars of rotor is shown in the figure 2.8

===V
a_ N \ 3

¥) ,||| 'lﬁ
- »
VIR

\

il =

Fig. 2.7 high-voltage induction motor, power: 300 kW (Siemens) - case with
shaft (upper left), stator (upper right), slip-ring rotor (lower left), squirrel-cage
rotor (lower right (Henneberger, 2002)
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Figure 2.8 Induction machine unassembled parts (Henneberger, 2002)

2.4 (a) Wound rotor Induction Machine (IM)

The second type is wound rotor IM. The windings of the stator and rotor is similar
to each other.In general, the 3-phases windings of the rotor are star connected and at
the ends of the three rotor wires are tied to slip rings on the rotor’s shaft. The
windings of the rotor are shorted through riding on the slip rings.( Humphries, 1988)
The wound-rotor induction motorhas a stator essentially the as a squirrel cage
inductionmotor as shown in figure 2.9. The difference is in the rotor, the Torque-
speed charactecristics of the motor can be improved by adding extra resistance
which is inserted into the rotor circuit.

Wound Rotor induction motor is rarely used because it’s more expensive compare to

cage rotor and requires lot of maintaines.

17
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Fig 2.9 Parts of Wound-Rotor motor (Walter, 2001)

2.5 Literature Review

(Bose, 1998) From the past two decades many researchers published papers to
explain various method of estimation of rotor flux, speed, and torque so on. In
general, estimation can be done by implementing Fuzzy logic or by Luenberger
observer, the model reference adaptive scheme, and the extended kalman filter
(EKF). Fuzzy logic is a part of our project, which helps us to a wide extent to
achieve our simulation. According to Bose describes a quasi-fuzzy method
estimation stator-resistance of an induction motor, stator-resistance value can be
derived from winding temperature estimation as a function of frequency and stator
current by designing a mathematical model of the machine. Sensor less vector
control of induction motor plays an important role in our project, the estimation of
flux vector, speed and frequency for both stator and rotor oriented vector control
methods, which are based on voltage model because of variation in stator resistance
the computation of voltage control method is not accurate. At zero frequency (i.e.,

speed) the error is incompatible to solve Bose (1998). This inaccurate flux vector

18
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gives error in both magnitude and phase of flux of an induction motor drive. The
impact of the error crosses the limit by affecting the direct torque control (DTC). The
stator-flux-oriented direct vector control can be solved because it is directly

proportional to stator resistance variation.

(Busawan et al., 2001) summarises that a nonlinear observers for the estimation of
the rotor flux and the load torque in an induction motor. The observers are designed
on the basis of the standard a - B Park's model (Busawan et al., 2001). Where as
(Holtz, 2003) explains about the performance of sensor less controlled induction
motor is poor at very low speed. To overcome this drawback, a pure integrator is
employed for stator flux estimation. The time-variable dc offset voltage is estimated
from the flux drift in a parallel stator model. Vector controlled induction motor
without speed has taken an advantage. The absence of the mechanical speed reduces
cost and volume of the drive motor. This can be achieved using only sensor cable
which increases the reliability of the overall system. Even though there is a problem
to achieve robust sensor less control at very low speed at zero stator frequency. In
general, all the estimation methods are one ways are the other related rotor induced
voltage which makes a stator frequency reduces to zero. This problem can be
eliminated by subjecting continuous high-frequency signal into the stator winding or
else by exploiting the transient excitation caused by the switching of the PWM
inverter. Many researches have been done to improve the fundamental model for
flux estimation. The phase angle vector is also termed as field angle 8. The field
angle enables the transformation of the stator current vector into field coordinates,
thus making the electromagnetic torque and the flux of the machine independently
controllable (Holtz, 2003).

(Robyns et, al., 1998) illustrates the indirect field control to reduce its sensitivity to
parameter uncertainties can be done by applying a simple fuzzy logic block to ensure
the field orientation. Generally for the high performance motion control induction
actuators requires control the flux and current producing the torque. While
measuring the flux in an induction actuator has following drawbacks i.e. flux is often
indirectly controlled by controlling and intermediate variable, which is along d-axis
of the stator current and the rotor flux along the g-axis which is equals to zero. Since

it’s dependent on the actuator model, the flux control method is sensitive to electrical
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parameter uncertainties. Fuzzy logic is used to reduce the sensitivity of the flux
orientation to the parameter uncertainties and also for the variation purpose in the
indirect field oriented control strategy. Fuzzy logic is used for determining the flux
orientation by adding two different methods. The design of the fuzzylogic block
emphasizes on a theoretical analysis of the flux control sensitivity to parameter
uncertainties (Robyns et, al., 1998).

(Rehman, 2008) explains about direct field-orientation motor drive system by
considering two aspects i.e. SMVMFO (Sliding mode voltage mode flux observer)
and FMRLV (Fuzzy model Reference learning controller). The speed of the
induction motor is regulated using an FMRLYV and the rotor flux estimation for the
direct field orientation (DFO) is analyses by SMVMFO. The field-oriented control
of AC machines provides a high performance torque control. Field-oriented control
can be explained by two ways i.e. direct field orientation (DFO) and indirect field
orientation (IFO). DFO is a closed-loop feedback system based on the rotor flux
estimation where as IFO is an open-loop feedback system based on the rotor slip
calculation. In some special cases DFO is preferred over IFO because it is less
sensitive to rotor time constant. Terminal quantities-based flux observers designed in
the past is sensitivity to electrical parameter uncertainties. Rehman (2008) various
techniques have been launched to improve the rotor flux estimation such as
luenberger observer, Model reference scheme and EKF. Model reference adaptive
schemes are proposed in where one of the flux estimators acts as a reference model,

and the other acts as the adaptive estimator.

Furthermore, (Wang et al., 2008) highlights that Speed sensor less field-oriented
vector control of induction motor depends on effective estimation of rotor flux. In
the voltage model based flux estimation, a low pass filter (LPF) is normally used to
replace the pure integrator to avoid integration drift and saturation problems.
However, the LPF estimator may introduce magnitude and phase errors, and results
in degraded estimation performance at low operating frequency. The flux estimation
error is compensated according to feedback signal of the estimated flux. To achieve
the compromise, an improved programmable LPF rotor flux estimator with a
compensator for dc drift restraint is introduced. (Bartolo et al., 2008) explains

general principles of saliency tracking in AC machines. Special attention is given to
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pulse type injection for the extraction of a rotor or flux position signal. The saliency
is tracked by measuring the current derivative resulting from voltage 'test' vector
application. (Hakiki et al., 2007) A nonlinear sliding flux was proposed for an
induction motor. Its dynamic observation errors converge asymptotically to zero,
independently from the inputs. The dynamic performance of this sliding observer
was compared to that of Verghese observer via a simulation of an IM driven by U/F
control in open loop. Lian (2006) describes the fuzzy observer of the induction motor
is simply constructed to estimate the immeasurable states of rotor speed and rotor
flux, where the estimation gains are obtained by solving a set of linear matrix

inequalities.

Hilairet et al., (2009) illustrates that the methods can be placed into two different
classes. The first method consists of estimating the stator harmonic frequencies
produced by the rotor saliency when the rotor turns digital signal processing (DSP)
estimators retrieve the current which contain the encoded speed. This approach has
been used frequently because of high accuracy estimation in the steady state. But this
method suffers from speed tracking error during transient state and results are poor.
Hilairet et al., (2009) describes the second method is based on the rotor back
electromotive force (EMF) which contains the velocity information. Non-linear state
observers such as extended Luenberger observers can be used to estimate this back
EMF from the stator currents and voltages Hilairet et al., (2009). These observers
depend on parameter variations. The second method gives accurate speed estimation
during both transient and steady states. Computational cost is generally considered
as a major shortcoming of the Kalman filters used for flux and velocity estimation of
AC motors (Hilairet, et al., 2009). Hilairet et al., (2009) presented an effective
implementation of an extended Kalman filter used for the estimation of both rotor
flux and rotor velocity of an induction motor, the problem of estimating the state,
parameters and unknown inputs generally leads to an augmented state system that is
commonly treated with an augmented state Kalman filter, whose implementation is
in practice computationally intensive. To reduce the computational cost, Friedland
(1969) introduced, for the first time a two-stage Kalman estimator. The main idea is
to decouple the Kalman filter into two parallel filters: a full-order filter and another
one for the augmented state. Friedland's filter is devoted to estimating the state of a

linear process in the presence of a constant but unknown bias vector. Related works
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are Hsieh and Chen (1999), Ignagnim (2000), Keller (1997), Keller and Darouach
(1999), Kim, Jee, and Song (2008) and Tanaka (1975).

To implement the control law for induction motors based on rotor flux control
requires estimation of modulus and phase of the rotor flux vector in the stationary
mode. The rotor flux components can be estimated either by the desired frame
Alonge (2007)

1) Open loop observers, such as current and voltage models.

2) Closed loop observers, such as full and reduced order (Alonge, 2007).
Guergazi et al., (2007) asserts that in relation to rotor speed, flux and resistance of
estimation in an induction motors, EKF are widely used rather than linear one.
Because it is a well-known fact that rotational speed and rotor resistance cannot be
estimated simultaneously if the machine is fed through a three-phase sinusoidal
voltage source at the fundamental frequency. (Zhang, 2008) presents a new rotor flux
estimation algorithm using neural network for induction motor, based on the left-
inversion method. Using the standard fifth-order model of the three-phase induction
motor in a stationary two axes reference frame, the flux assumed inherent sensor is
constructed and its left-invertible is validated. The Artificial Neural Network (ANN)
left-inversion flux estimator is composed of two relatively independent parts - a
static ANN used to approximate the complex nonlinear function and several
differentiators used to represent its dynamic behaviours, so that the ANN left-

inversion is a special kind of dynamic ANN in essence.

Jin et al., (2006) explains that an adaptive rotor flux estimator based on model
reference adaptive approach was proposed to accurately estimate the flux of
induction motors in modern high-performance drivers. Using an induction motor as
the reference model and a group of observed data equations as adjustable system, a
model reference adaptive system (MRAS) was established to estimate the rotor flux
of the induction motor and identify the motor parameters online during operation.
The adaptive laws of parameters were designed and the flux estimator was proved
convergent. Blaabjerg et al (2005) outlines alternative methods of estimation. There
are two flux and three rotor speed estimators, which were chosen from the most

promising methods presented in literature. Hemsas et al., (2005) describes the use of
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Artificial Neural Networks and Neuro-Fuzzy Networks for the simultaneous

estimation of the speed, rotor flux and rotor resistance of an induction motor.

Caruana et al., (2003) describes a new approach to the tracking of the flux position
saliency of an induction machine by means of high-frequency (HF) signal injection
in the synchronous rotating frame. A modified scheme is proposed in which a
rotating HF field is established in the d-g rotating reference frame. The scheme
enhances the performance of harmonic elimination methods to reduce the effects of
secondary saliencies. A new harmonic elimination method is introduced based on the
Kalman filter. Medvedev (1994) Design aspects of a flux observer for induction
machines are discussed. By making use of a second-order, complex-valued, state-
space model of the induction machine dynamics, a stability criterion and observer
estimation error bounds are obtained. Macek-Kaminska (1996) states that the
problems connected with the mathematical modeling of the squirrel-cage induction
motors are either high or low power. The most suitable mathematical model for the
simulation of dynamics and statics of that type of machines and the method of the
estimation of the parameters of that model are presented. The elaborated method is
versatile. It enables the calculation of the parameters on the basis of the measured

static characteristics or dynamic runs.

(Zheng, 1999) explains that an adaptive estimator for rotor resistance to
simultaneously estimate fluxes and rotor speed for an induction motor is designed
with the assumption that only stator currents are measurable. The basic idea is to
build up a stable adaptive observer and treat rotor speed and rotor resistance as
slowly varying unknown parameters in the framework of MRAS. Sun et al., (1999)
In order to estimate the rotor flux of an induction motor accurately and to achieve a
high vector control performance, two estimation models based on artificial neural
networks are presented. Two networks are employed in series in one model, and
coupled in the other. Alonge (2007) clarifies simple and effective design criteria of
rotor flux reduced-order observers for motion control systems with induction motors.
While the observer is optimized for rotor and stator resistance variations, a
sensitivity analysis is carried out in the presence of variations of all the motor
parameters by means of either transfer function from true to observed rotor flux or

simulation in a Matlab-simulink environment, assuming the voltages supplying the
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motor to be different from those supplying the observer. The sensitivity analysis
makes it possible to establish design criteria for the observer in question. The
behavior of the proposed reduced order observer is compared with current model and

voltage model observers (Alonge, 2007).

(Kouz et al., 2009) describes the analysis and design of fuzzy SMSO (sliding-mode
speed observer) applied to vector control of an induction motor. By introducing the
FSMO (fuzzy sliding-mode speed observer) gain of the SMO and chattering
phenomenon due to switching surface. The FSMO estimates rotor speed and flux and
retains the membership sets of symmetrical triangular shape. By introducing
dynamic model the main features of the proposed observer are investigated and

compared with SMO.

(Ta-cao, 1996) describes by implementing the fuzzy logic rotor resistance and speed
can be determined in indirect vector-controlled induction motor drive. A model-
reference adaptive scheme is then proposed in which the adaptation mechanism is
executed using fuzzy logic. To achieve decoupling control of torque and flux,

estimator of fuzzy logic rotor resistance is designed.

(Orlowska-Kowalska, 2007) expresses a model reference adaptive control speed
control (MRAC) using on-line trained fuzzy neutral network (FNN) was applied to
the sensor less induction motor drive system. Pl-type fuzzy logic controller is used
as the speed controller. The rotor flux and speed of vector controlled induction motor

was estimated using the full-order state observer and speed estimator.

2.6 Fuzzy Logic

In the present era where number of papers published daily about different topics such
as design and simulation fuzzy was one of them however some of the earlier
controversies regarding the applicability of fuzzy logic have solved, there are still
influential voices which are critical and/or sceptical. Some people trying to prove
that fuzzy logic is wrong (Bose, 2002).The term “fuzzy logic” can be explained in

two ways i.e. wide and narrow. In a narrow sense, fuzzy logic is a logical system,
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which is an extension of multivalued logic. But in a wider sense, which is in
predominant use today, fuzzy logic (FL) is almost synonymous with the theory of
fuzzy sets, a theory which relates to classes of objects with unsharp boundaries in
which membership is a matter of degree which was discussed in chapter 4. What is
important to recognize is that, even in its narrow sense, the agenda of fuzzy logic is
very different both in spirit and substance from the agendas of traditional
multivalued logical systems.(1) fuzzy logic is a broad theory including fuzzy set
theory, fuzzy logic, fuzzy measure so on. Fuzzy set theory is an extension of
conventional set theory. Fuzzy logic is an extention of conventional (binary) logic
(Bose, 2002).

2.7 Fuzzy sets

(Bose, 2002) Fuzzy logic mainly deals with complex issues which are incorporated
with fuzziness or vagueness. Fuzzy logic uses Boolean logic set theory. Fuzzy set
theory based on fuzzy logic, a Particular object has a degree of membership in a
given set that may be anywhere in the range of 0 to 1 because of this reason called as
Multi-valued logic (0 to 1). Form the figure 2.10, describes as fuzzy logic problem
consists of input/output, static, nonlinear mapping problem through a “Black Box”

input space is used to process the input information and send through the output via
black box.

Intput space QOutput space

Figure 2.10 Input/output mapping problem (Bose, 2002)
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Generally, mapping can be in dual form i.e. static and dynamic and its characteristic
is similar to black box’s characteristics. The black box plays a vital role in sending

the solution to the output.
2.8 Membership Functions

A membership function (MF) is a curve that defines how each point in the input
space is mapped to a membership value (or degree of membership) between 0 and 1.
The input space is sometimes referred to as the universe of discourse, a fancy name
for a simple concept. A MF can have different shapes, as shown in Fig. 2.11. The
simplest and more commonly used MF is the triangular-type, which can be
symmetrical or asymmetrical in shape. A trapezoidal MF has the shape of a truncated
triangle. Two MFs are built on the Gaussian distribution curve: a simple Gaussian
curve and a two-sided composite of two different Gaussian curves. The bell MF with
a flat top is somewhat different from a Gaussian function. Both the Gaussian and bell
functions are smooth and non-zero at all points. A sigmoidal-type MF can be open to
the right or left. Asymmetrical and closed MFs can be synthesized using two

sigmoidal functions, such as difference sigmoidal and product sigmoidal.

4 6
{a) Triangular (b) Trapezoidal

VaNEIBN

{¢) Gaussian (d) Two-sided Gaussian

Figure 2.11 Different types of Membership functions (Bose, 2002)
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Chapter 3 Dynamic model of the induction machine

In the Previous chapter, we have discussed the basic principals of rotating field of
the 1M, different types of IM and design, working. It is crucial to start with good and
appropriate reviews which were verified by numerous journals. However, (Busawan
et al., 2001) summarises that a nonlinear observers for the estimation of the rotor
flux and the load torque in an induction motor. The observers are designed on the
basis of the standard o - § Park's model.

3.1 Introduction

To understand the design of vector control drives of an induction machine,
dynamic/mathematical model plays an important role. By considering various
assumptions IM can be controlled in a precise/accurate way and dynamic model is
the best example for assumption. Nevertheless, the model should incorporate all the
important dynamic effects occurring during both steady state and transient operations.
In addition to that, the assumptions should make some sense for any changes in the

inverter’s supply for currents and voltages (Bose, 2002).

This kind of dynamic model can be obtained by two ways
(a) Two-axes theory and
(b) Space vector phasor theory.

Despite the compactness and the simplicity of the space phasor theory, both methods
are actually close to each other (Bose, 2002). The following assumptions were made

when the motor is subjected to dynamic model.

(a) Symmetrical two-pole, three phase windings.
(b) The slotting effects are neglected.

(c) The permeability of the iron parts is infinite.
(d) The flux density is radial in the air gap.

(e) Iron losses are neglected.

(f) The stator and the rotor windings are simplified as a single, multi-turn full

pitch coil situated on the two sides of the air gap (Bose, 2002).
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The following points should be kept in mind before constructing dynamic
model of an induction motor.
(a) To control the dynamics of the drive system, dynamic behaviour of
the IM is primary.
(b) Dynamic behavior of IM can be described by using dynamic
model of IM.
(c) Dynamic model increases complexity because of magnetic coupling
between stator and rotor phases.

(d) Coupling coefficient is directly proportional to rotor position which in turn

directly related to time.

(e) Dynamic behaviour of IM can be described by differential equations with
time varying coefficients (Bose, 2002).

3.2 Need for Dynamical modelling of Induction Motor

The per-phase equivalent circuit of the machine is only valid in steady-state condition.
Unlike in transient state, electrical transients are neglected during load changes and
variation in stator frequency when subjected to steady state condition. For adjusting
the speed drive system, the machine is connected with feedback loop, therefore
transient state comes into picture. Besides, high-performance drive control, such as
vector or field-oriented control is based on the dynamic d-g model of the machine.
Therefore, to understand basic principles of vector control, a good understanding of

the d-gq model is necessary (Bose, 2002).

3.3 Dynamic d-g Model

(Bose, 2002) The dynamic performance of an induction and synchronous machine is
difficult to judge because the three-phase rotor windings move with respect to the

stator windings as shown in figure 3.1(a).
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Figure 3.1 (a) Coupling effect in three-phase (Bose, 2002)

Figure 3.1 (b) Equivalent two-phase machine (Bose, 2002)

The three-phase windings of the transformer and induction motor is similar to each
other in which coupling coefficients between the stator and rotor phases change

continuously with the change of rotor position 6.

In general, there are number of methods in which induction machines are presented
the one is through differential equations with time-varying mutual inductances, but
with this method complexity increases. The three-phase machines can be represented
by a two phase machine as shown in figure 3.1(b), where ds-qs correspond to stator
direct and quadrature axes, and d,-q, correspond to rotor direct and quadrature axes
respectively (Bose, 2002).
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In 1920, R.H. Park introduced a new theory to overcome this problem by formulating
a change of variables i.e. current, voltage and flux linkages associated with the stator
windings of the synchronous machine with variables associated with fictitious
windings rotating with rotor at synchronous speed. He shifts the stator variables to a
synchronously rotating reference frame fixed in the rotor. This kind of transformation
iIs named as park’s transformation; he then showed that all the time-varying
inductances that occur due to an electric circuit in relative motion and electric circuits
with varying magnetic reluctances can be eliminated. Bose, (2002) later on, in 1930
Stanley showed that time-varying inductances in the voltage equations of the
induction machine due to electric circuits in relative motion can be eliminated by
transforming the rotor variables to variables associated with fictitious stationary
windings. In this case, the rotor variables are transformed to a stationary reference

frame fixed on the stator.

G.Kron proposed a transformation of both rotor and stator variables to a
synchronously rotating reference frame that moves with the rotating magnetic field.
D.S.Brereton proposed a transformation of stator to a rotating reference frame that is
fixed on the rotor. In fact, it was shown later by Krause and Thomas that time-
varying inductances can be eliminated by referring the stator and rotor variables to a
common reference frame which may rotate at any speed (arbitrary reference frame)
(Bose, 2002).

3.3 (a) Axes transformation

(Bose, 2002) Consider a symmetrical three-phase IM with stationary as-bs-cs axes at
2n/3 angle apart, as shown in figure 3.2. Our aim is to transform the three-phase
stationary reference frame (as-bs-cs) variables into two—phase stationary reference
frame (d*-g°) variables and then these to synchronously rotating reference frame (d®-
g°) and similarly two-phase stationary reference frame can be transform into three-

phase stationary reference frame.

Let us assume that the d°-q° axes are oriented at 8 angle, as shown in figure 3.2. The
voltages vy’ and vqsS can be resolved into as-bs-cs components and can be

represented in matrix form as
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S

bs

Fig. 3.2 Stationary frame a-b-c to d*-g° axes transformation (Bose, 2002).

Vi cos@ sin @ 1] | Vas
Vs | = | cos(6 —120°) sin(@—120°) 1| |Vas® (3.1)
Ves cos(6 +120°) sin(@+120°) 1| |Vos

The corresponding inverse relation is

Voo cos0 cos(0—-120°) cos(®+120°) | r,,

as
v.s|=2]sine sin(0-120°) sin(0+120°) || v, (3.2)
ds 3 S
Y 05 05 05 Ve

Where V,s is added as the zero sequence components. By considering
voltage as variable. Current and flux linkages can be transformed by similar

equations. It is convenient to set © = 0, so that the g*-axis is aligned with the
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as-axis. Ignoring the zero sequence components, the transformation relations

can be simplified as (Bose, 2002).

Vas=V(gss (3.3)
Vbs = - (1/2)Vgss - (V3/2) Vdss (3.4)
Ves = -(1/2) Vgss + (V3/2) Vdss (3.5)
Vqss=(2/3) Vas —(1/3) Vbs — (1/3) Vcs = Vas (3.6)

And inversely Vgss=(2/3) Vas —(1/3) Vbs — (1/3) Vcs = Vas (3.7)

Vdss = -(1/4/3) Vbs +(1/73) Ves (3.8)
F il
:"*"-*
\""-
3 ) e
Vs ="V Sin(0 .+ &) q

5
Vgs =VmCos(Bet ¢) .
L) o)

Uds=_UmSII"I ] )nje

Figure 3.3 Stationary frame d°-g° to synchronously

rotating frame de-ge transformation (Bose, 2002)

Figure 3.3 Shows the synchronously rotating d°-g° axes, which rotates at synchronous
S

speed m. With respect to the d°-g° axes and the angle 0e = wt. Two-phase d°-q
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windings are transformed into the hypothetical windings mounted on the d°®-g°axes.
The voltages on the d*-g° axes can be converted into the d®-g° frame.

Vs = Vs cosbe - Vs sin Oe (3.9)
Vs = Vs sin Oe + Vgs® cosOe (3.10)

Again, resolving the rotating frame parameters into a stationary frame, the

relations are
V5=V gscos0e + Vs sinfe (3.11)
Vis® = - Vs sin Oe + Vs cosbe (3.12)

3.3 (b) Synchronously rotating reference frame-Dynamic model

(Bose, 2002) For the two-phase machine shown in figure 3.1 (b), we need to
represent both d°-g° and d'-q" circuits and their variables in a synchronously rotating
d®-g°® frame.

Stator equations can be represented as

VqsS = RS iqss + d\Vqss/dt (313)
VdsS = Rs idss + d\Vdss/dt (3.14)
Where

ves and ygs® are g-axis and d-axis stator flux linkages.

When these equations are converted to d°-g° frame, the following equations

can be written
Vqs = Rs iqs + d\lqu/dt + (De\lfds (3.15)
Vds = Rs iqs+ d\lfds/dt = (De\lqu (3.16)

(Bose, 2002) All the variables are in rotating form. The last term in the equations
(3.15) and (3.16) (weyds, weyqs) can be defined as speed EMF due to rotation of the
axis, when we = 0, the equations get back to its stationary form. Note that the flux

linkage in the d®and g° axes induces EMF in the g° and d° axes with n/2 lead angle. If
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the rotor is stationary, o, = O, the rotor equations for a doubly fed wound rotor
machine will be similar to equations (3.15) - (3.16):

Vqr = Rr iqr + d\lfqr/dt + @e\Vdr (317)
Vdr = Rridr+ d\lfdr/dt - (De\Vqr (318)

(Bose, 2002) All the variables and parameters are referred to the stator. Since the
rotor actually moves at speed oy, the d-q axes fixed on the rotor move at a speed e -
oy relative to the synchronously rotating frame. Therefore, in d®-g° frame, the rotor
equations should be modified as

Vqr = Rriqr+d\|]qr/dt + ((De - Or )\Vdr (319)
Vdr = Rridr+der/dt - ((De - (Dr) qu (320)

(Bose, 2002) Figure 3.4 shows the d°®-q° dynamic model equivalent circuits that
satisfy equations (3.15) - (3.16) and (3.19) — (3.20). A plus point of using d°*-g°
dynamic model of the machine is that all the sinusoidal variables in stationary frame
appear as dc quantities in synchronous frame. The flux linkage equations in terms of

currents can be written from figure 3.4 as follows:

ygs = Lls igs + Lm(igs + iqr) (3.21)
Vo= Lir O + Lim(igs + Iqr) (3.22)
Yam= Lm (igs + igr) (3.23)
Wds = Lisidgs + L (ids + lar) (3.24)
War = Lir fgr + Lin (las + 1ar) (3.25)
Wam= Lm (las + lar) (3.26)

Combining the above expressions with (3.15), (3.16), (3.19) and (3.20), the electrical

transient model in terms of voltages and currents can be given in matrix form as

Vs | [R, +SLs wels SLm welm Igs
Vi _|- weLs Rs + SLs —weLm SLm I (3.27)
Vi SLm (we—wr)Lm Rs+SLr (we—wr)Lr | i,
vV, —(we—wr)Lm SLm —(we—wr)Lr  Rr+SLr iy
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dr
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O

Fig 3.4 dynamic d®-g° equivalent circuits of machine (a) q®axis circuit, (b) d°

axis circuit (Bose, 2002)

Where S is the Laplace operator, for a singly-fed machine, such as a cage motor, vq
= vgr = 0. If the speed o, is considered constant (infinite inertia load), the electrical
dynamics of the machine are given by a fourth-order linear system. Then, knowing
the inputs Vs, Vs and e, the currents igs, igs, iar and iqr can be solved from equation
(3.27). If the machine is fed by current source igs, iss and o are independent. Then,
the independent variables Vs, Vs, igr and igr can be solved from equation (3.27). The
speed w, in equation (3.27) cannot be normally treated as a constant. It can be related

to the torques as (Bose, 2002).

Te =T+ Jdon/dt = T_ + (2/P) ] do/dt (3.28)
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Often, for compact representation, the machine model and equivalent
circuits are expressed in complex form. Multiplying Equation (3.16) by —j
and adding with equation (3.15) gives

Vs - JVas = RS(lgs - Jigs) + d(wgs~ jwas)/dt + joe(Wos - jWas) (3.29)
Or
quS = Rsiqu+ d(\lfqu)/dt + jO)e Wads (330)

Where Vggsand iqgs etc. are complex vectors. Similarly, the rotor equations (3.19) —
(3.20) can be combined to represent

qur = Rriqdr +d\qur/dt + J((De — (,l)r) WYadr (331)

Figure 3.5 shows the complex equivalent circuit in rotating frame where vy = 0.
Note that the steady-state equations can be always be derived by substituting the time
derivative components to zero. Therefore from equations (3.30) — (3.31) the steady-

state equations can be derived as

Vs = Ryls + joews (3.32)
0 = (R/S)l; + wew; (3.33)
qur
'qu Lls L|r R

JgYads

Vads Wads

i
Fig 3.5 Complex synchronous frame dgs equivalent circuit (Bose, 2002)

Where the complex vectors have been substituted by the corresponding rms phasors.
These equations satisfy the steady-state equivalent circuit of the induction motor if

the parameter R, is neglected (Bose, 2002).

From equation Te = (3/2)(p/2)y ml:sind, the torque can be generally expressed in the

vector form as(Bose, 2002).
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Te= (3/2)(p/2)\|1m * 1y (334)
Resolving the variables into de-ge components, as shown in figure 3.6

Te=(372)(p/2) (Wamlqr — womlar) (3.35)

Several other torque expressions can be derived easily as follows:

Te = (3/2)(p/2) (Wamlgs — Wamlas) (3.36)
= (3/2)(P/2)(aslgs — Waslas) (3.37)

= (3/2)(p/2) Lm(igrigs —igsigr (3.38)

= (32)(0/2)(Warlgr — Worlar) (3.39)

Figure 3.6 flux and current vectors in d®-g° frame (Bose, 2002)

Equations (3.27), (3.28) and (3.38) give the complete model of the electro-
mechanical dynamics of an induction machine in synchronous frame. The composite

system is of the fifth order and the nonlinearity of the model is evident. Figure 3.7 the
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block diagram of the machine model along with input voltage and output current
transformations (Bimal k bose, 2002).

3.3 (c) Stationary Frame-Dynamic Model

The dynamic machine in stationary frame can be derived simply substituting ®.=0 in
equation (3.27) or in (3.15), (3.16), (3.19) and (3.20). The corresponding stationary
frame equations are given as (Bose, 2002).

Ve = Ry igs + dyieldt (3.40)
Ve = Ry i + dya/dt (3.41)
0=Ryig’ + dyg'/dt — oryg® (3.42)
0=Ryig’ + dyg'/dt — oy (3.43)

Where vy = vg =0. Figure 3.8 shows the corresponding equivalent circuits. As
mentioned before, in the stationary frame, the variables appear as sine waves in
steady state with sinusoidal inputs. The torque equations (3.36) — (3.39) can also be

written with the corresponding variables in stationary frame as (Bose, 2002).

Te = (3/2)(p/2) (Wem'lgr” — Wam'lar) (3.44)
= (3/2)(p/2) (Wam'lgs” — Wam'las’) (3.45)

= (32)(p/2) (as'las” — Wos'los) (3.46)

= (3/2)(p/2)Lm(iqsiar” —iasiar’) (3.47)
= (3/2)(p2)(yer'lar — Wy lar) (3.48)

Equations (3.13) — (3.14) and (3.42) — (3.43) can easily combined to drive the

complex model as
qusS = I:esiqus + d\lfqus/dt) (3.49)

0 = Rr iquS + d\lfqdrsldt _J(,l)r\qu (3.50)
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Figure 3.7 synchronously rotating frame machine model with input voltage and

output current transformations (Bose, 2002)

Where Vgas® = Vgs' — jVas', Wads' = Was - jWds™ lgas’ = lgs — Jidss Waar® = War' - jyar’, €tc.
The complex equivalent circuit in stationary frame is shown in figure 3.9(a). Often,
per phase equivalent circuit with CEMF (wry,) and sinusoidal variables is described
in the form of figure 3.9(b) omitting the parameter L, (Bose, 2002).
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(b) ds ciruit

Fig 3.8 ds-gs equivalent circuits (Bose, 2002)
3.3 (d) Dynamic Model State-Space Equations

The dynamic machine model in state-space form is important for transient analysis,
particularly for computer simulation study. Although the rotating frame model is
generally preferred, the stationery frame model can also be used. The electrical
variables in the model can be chosen as fluxes, currents, or a mixture of both. In this
section, we will derive state-space equations of the machine in rotating frame with

flux linkages as the main variables (Bose, 2002).

Let’s define the flux linkage variables as follows:

Fos= @bygs (3.51)
For = ooyar (3.52)
Fas = wpyds (3.53)
Far= opWar (3.54)
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Figure 3.9(a) Stationary frame complex equivalent circuit (Bose, 2002)

T R5+ R Lis *+ Ly

+

Figure 3.9 (b) Simplified per phase equivalent circuits (Bose, 2002)
Figure 3.9 Complex equivalent circuit with dgs equivalent circuits
Where wp = base frequency of the machine.

Substituting the above relations in equations (3.15), (3.16), (3.19) and (3.20), we can

write

Vs = Rsigs + (1/0p)*dFg5/dt + (0e/cn)Fas (3.55)
Vs = Rigs + (1/0p)*dFad/dt - (0¢/ep)Fos (3.56)
0 = Ryigr + (1/@p)*dFg/dt + ((0e— o) /on)Far (3.57)
0 = Ryigr + (1/p)*dFg/dt - ((0e— o) /oon)Fqr (3.58)

Where it is assumed that vqr = Vgr =0.
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Multiplying equations (3.21) — (3.26) by w, on both sides, the flux linkage

expressions can be written as

Fas = 0pYgs = Xisigs + Xm(igs + iqr) (3.59)
Far= @oWar = Xirlgr + Xim(igs + Iar) (3.60)
Fam= @pWgm = Xm(igs + Iqr) (3.61)
Fas = @pWas = Xisigs + Xm(igs + lar) (3.62)
Far= opyar = Xirlgr + Xm(ids+ Tar) (3.63)
Fam= @pWdm= Xm(igs + iar) (3.64)

Where X|S = (Db||5, X = (Dbllr, Xm = (Dblm, or

Fas = Xislgs + Fgm (3.65)
Far = Xirigr + Fm (3.66)

Fas = Xisids + Fam (3.67)
For= Xir igr + Fam (3.68)

From equations (3.65)-(3.68) the currents can be expressed in terms of the flux

linkages as

los = (Fas — Fam)/Xis (3.69)
lor = (For — Fqm)/Xir (3.70)
las = (Fas — Fam)/Xis (3.71)
lar = (Far — Fam)/Xis (3.72)

Substituting equations (3.69)-(3.72) in (3.65)-(3.66) respectively, the Fqm

expression is given as

Fam = Xmi[ ((Fgs — Fqm)/Xis) + ((For — Fqm)/Xir)] (3.73)
qu = (XmI/XIs)Fqs +(XmI/XIr)qu (3.74)
Where
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Xt = (1 Xm)+(1/ Xis)+(L/ X (3.75)
Similar derivation can be made for Fgym as follows:
Fam = (XmI/XIs)Fds +(XmI/XIr)Fdr (376)

Substituting the current equations (3.69)-(3.72) into the voltage equations (33.55)-
(33.68),

Vs = Rs(Fgs — Faqm)/ Xis + (1/0p)*dFgs/dt + (me/mp) (3.77)
Vs = Rs(Fas — Fam)/ Xis + (1/0p)*dFgs/dt - (@e/p)Fqgs (3.78)
0 = R(Fgr — Fgm)/ Xir + (1/@p)*dFg/dt + ((e— @) /@b)Far (3.79)
0 = Rs(Far — Fam)! Xir + (1/@p)*dFg/dt - ((0e— o) /op)Fgr (3.80)

This can be expressed in state-space form as

dFgs/dt = wp[Vgs - (©e/0b)Fas — (Re/Xis) (Fos — Fam) (3.81)
dFas/dt = wp[Vgs - (@e/ep)Fgs — (Re/Xis) (Fos — Fam) (3.82)
dFgr/dt = -0p[((0e— or)/op)Far — (R/Xir) (Fgr — Fqm)] (3.83)
dFar/dt = o[ - ((0e— or)/op)Fgr — (R/Xir) (Far — Fam)] (3.84)

Finally, from equation (3.37)

Equations (3.81)-(3.85), along with Equation (3.28), describe the complete dynamic
model in state-space form. Fqs, Fas, Fqr, For are the state variables (Bimal k bose,
2002).
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Chapter 4 SIMULATION AND RESULTS

In the previous chapters we have discussed, the dynamic model of IM plant and the
model were presented. In this chapter, using MATLAB-SIMULINK, simulations are
performed to estimate the functional block such as torque, speed, flux, resistance
WITH and WITHOUT fuzzy logic.

4.1 SIMULATION ENVIRONMENT

MATLAB-SIMULINK tools are used for model architecture development and
simulations. This model is detailed enough that it can be used for evaluating the
transient and steady-state response of the IM. Table 4.1 shows the technical
specifications of the IM used for the plant model. The simulation circuits of
functional block diagram i.e. Resistance estimator, Main circuit: DTC and Induction
model are shown in figure 4.1 and 4.2. The membership functions and rules for the
fuzzy duty ratio controller are shown in Fig. 4.3(a) (b) (c) (d). Stator flux estimator
and the flux trajectories are obtained in the figure 4.4(a) (b) (c) (d). The surface
viewer of quasi fuzzy logic is shown in the figure 4.5. Current and voltage
waveforms can be obtained in the figure 4.6(a) (b) (c) and 4.7 (a) (b). Torque
hysteresis, speed estimator have been developed as shown in figure 4.8 (a) (b) (c) 4.9
(@) (b) (c) (d) (e) (f). Voltage Source Inverter (VSI) is analyzed by using MATLAB
S-function and is given in Software. The complete circuit model developed for DTC
without fuzzy logic is shown in figure 4.10 in Chapter 3; a model of the induction
machine controller that uses a fuzzy logic-based d-q control system to accurately

control the dynamic response of the induction machine system is developed.

In order to have an accurate control of the induction machine, the flux linkage of the
Induction machine must be known. It is, however, expensive and difficult to measure
the flux. Instead, the flux can be estimated based on measurements of voltage,
current and angular velocity, torque can be determined. Based on the reliability there
are number of control strategies for the induction machine. Some prefer rotor flux,
while others prefer stator. Throughout this chapter, it is assumed that the rotor

current has different values i.e. it is working on no load and with load.
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SN Induction Machine Predefined

0

Parameters Values
1. Stator Resistance(Rs) 2.7+R
2. Rotor Resistance(R) 2.23
3. Stator Inductance(Ls) 0.3562
4. Rotor Inductance(L,) 0.3362

Mutual
5. 0.3425
Inductance(Lnm)
Friction Coefficient
6. 0.0025
()

7. Number of poles (N) 2

Table 4.1 Simulation of DTC with and without Fuzzy Logic

4.2 Modeling of voltage source inverter (VSI)

The voltage source inverter is modeled in the form of S-function block, contained
in voltage vector selection block. It is written in form of an S-function in the
model, which gives the output of the inverter in terms of three phase voltages as
per the signals received from optimum pulse selector. The S-function is given in

Software. Overall model diagram of DTC realized is shown in Fig. 4.1.

-
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« P fu Pt
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Add1  Goto2

|
Fuzzy Logic ;
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Lookup Table 25

21

Constant1
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Figure 4.1 Estimator of Stator Resistance including temperature effect

45



— ! oy0g)

ESTIMATION OF ROTOR FLUX OF AN INDUCTION MACHINE

Zuad
A0jeLUsapaads
P =
Joia paads
] HA
EVAI (i
Lojac PR |
adoag
_D_l__u____
auyaew uoganpu|
Yoels A
L b 21d
] MHE e b _ SIHd [l
zagous SIHd 4 auin PIREL
m: g = g LY b
- 8= = Lpaads
- _
qoue aaLala)al 1L .ll:.;mm L34 Jalsuel] paads
fale 3> 11 ‘IH L azeydn = 735000 aauaIa)E
__H__ _ v e o %
T GEANd.L
M
EAL Jolapaads

D.IHJ_

Figure 4.2 Main Circuit: DTC and Induction Motor model
46



ESTIMATION OF ROTOR FLUX OF AN INDUCTION MACHINE
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Figure 4.3 (b) Membership funcitions of stator current(Inputl)
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4.3 Modeling of functional Blocks

The DTC scheme uses flux and torque estimators to get the actual values at any
instant. This is compared with the reference values to yield the error values which
serve as the input to the voltage vector selection block. The modeling of various

functional blocks of DTC is shown below:

4.3 (a) Estimator A Flux Model

Flux estimation is done using the equation

Ws_est = \,Tdsz +\quz 4.1)

The model of flux estimation block is shown in Fig. 4.4

psi_ds
::I_, sqifu[1Fu[1+u[2Ful2]
psi_s_est

psi_q=

Figure 4.4 (a) Stator flux estimator

The development of Flux up to the reference value is shown in figure 4.4 (b), (c) and
(d). With fuzzy logic duty ratio controller flux development is smooth. The reference
value of the flux for the induction motor is taken as 0.9. The corresponding surface

viewer for the fuzzy logic duty ratio controller is shown in figure 4.5 respectively.
4.3 (b) Estimator B Current model and Estimator C VVoltage Model

Three phase currents are shown in Fig. 4.6 (a), (b) and (c) respectively for DTC
without fuzzy logic, and with fuzzy logic and with load 0.9. It is very clear from the

figures the current response is smooth when fuzzy logic applied.
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Figure 4.6(a) Stator current without fuzzy

Figure 4.6 (b) Stator current with fuzzy
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Figure 4.6 (c) Stator current with load

Figure 4.7 (a) Stator voltage without fuzzy
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Figure 4.7 (b) Stator voltage with fuzzy

4.3 (b) Estimator D Torque and Speed Model

Torque estimation is done using following equation:

Test=(3/2) (P/2) (Was Igs — Ws lds) 4.2)
The model of torque estimation block is shown at Fig. 4.5.

psi_ds

S S
0 <>

GrreR)

Figure 4.8(a) Torque Hysteresis
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Figure 4.8 (b) Torque without fuzzy

Figure 4.8 (c) Torque with fuzzy
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Figure 4.9 (a) Speed estimator

Figure 4.9(b) Speed and Reference without fuzzy
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PO HEE O

Figure 4.9 (c) Speed and Reference with fuzzy

Figure 4.9 (d) Speed and Reference with load
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Figure 4.9 (e) Speed Error without fuzzy

Figure 4.9(f) Speed Error with fuzzy
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4.4 Modeling of Induction Motor in MATLAB-SIMULINK
The following assumptions are made for simplification:

1) The magnetic circuit of the machine is linear i.e. saturation effects are
neglected.

2) The air gap of the machine is uniform and electromagnetic field is
sinusoidally distributed i.e. the space harmonics and their effect on torque
and induced voltages are neglected.

3) Parameters of machine remain constant.

4) The damping coefficients with mechanical system are neglected.

The equations of a 3-phase induction motor in stationary reference frame can be
written as (Bose, 2002).

Vas = Rslgs + pyas (4.1)
Vds = Rslgs + pWs 4.2)
Vgr = Rrlgr -0r Yar + pyqr (4.3)
Var = Ry igr +Or Wor + pWar (4.4)
Vs = (Lis + Lm) igs+ Lim igr (4.5)
Was = (Lis + Lm) las+ Lm lar (4.6)
War = Lm igs+ (Lir + Lim) igr (4.7)
War = Lm gs + (Lir + Lm) iar (4.8)

For a squirrel cage rotor induction motor, vy = vgr = 0. The above equation on

further simplification gives:

Yor = lgs (LmRr / (L. + RY)) + yar (Lr @ / (Lr.S + Ry)) (4.9)

War = igs (LmRr / (LS + RY)) — ygr (Lr o / (Lr.S + Ry)) (4.10)
igs = Vas (1/(Lsm.S + Rs)) — (yar / L) (Lm.S / (LsmS + Rs)) (4.11)
igs = Vs (1/(Lsm-S *+ Rs)) — (wqr / L) (Lm.S/ (Lsm-S + Rs) (4.12)

Where, Ls = Ly + Lm; Lt = Ly + Ly and Lgn= Lm + Lis — (Lm?/Ly)
Also, from equation 4.1 and 4.2,
s = J (Vas — Rs igs) dt (4.13)
Wos = [ (Vgs — Rs igs) dt (4.14)

For electromagnetic torque calculation, the following equations are used:
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Tem = (3/2)(P/2) (Lm/Lr) (\Vdr iqs — WYgr ids) (4.15)
Tem — T|oad =] (d(,or/ dt) (416)

The induction motor has been modeled using equations (4.9) to (4.16).

ﬁqua:l_fuzzydtcﬂnducllnn Machine model * | ~lo E|E|E|
File Edit View Simulstion Format Took  Help
DEES R o] » oo foms [Noma JEERS S REE®

Ready 122% odel5s

Figure 4.10 Induction motor model
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Chapter 5 Conclusion

The estimation of rotor flux of an induction is measured indirectly. Direct torque and
flux control was introduced for voltage fed PWM inverters. In the recent year major
companies are showing interest and one of them introduced a scheme which is used
to control the flux and torque. The scheme is to control the torque and stator flux of
drive independently by inverter voltage space vector selection through a lookup table.

As we discuss earlier there are many ways to estimate the modelling functional
blocks of the IM. . Fuzzy logic application in electronic industry is new. The
applications demonstrated the superiority of the fuzzy systems to the conventional
control systems.

The main aim behind this work was to develop a Dynamic model for estimation of
functional blocks in MATLAB. After the implementation it was observed that the
torque is having more ripples. Then while searching the methods to improve the
performance it was found in the literature the duty ratio controller for the switched
reluctance motor was implemented. So it was thought that the duty ratio controller
may improve the performance. The duty ratio controller using fuzzy logic was

implemented.

The models are developed for DTC without and with Fuzzy Logic in MATLAB/
SIMULINK and simulated.

The simulation results show the validation of Fuzzy Logic based DTFC method in

achieving considerable reduction in torque ripple.
Future Direction

This work may be extended to implement Artificial Neural Networks (ANN), Neuro-
Fuzzy system, Fuzzy —Genetic algorithms for the optimization of the scheme. The

matrix converter to achieve DTC can be incorporated.
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Appendix A

[System]

Name="quasi'
Type="mamdani'

Version=2.0

Numlnputs=2

NumOutputs=1
NumRules=72
AndMethod="min’
OrMethod="max’
ImpMethod="min'
AggMethod="max'
DefuzzMethod="centroid'
[Inputl]

Name='statorcurrent'
Range=[0 1]

NumMFs=9
MF1="VS"'trapmf,[-500.1 0.2]
MF2="SS"'trimf',[0.1 0.2 0.3]
MF3="SM"'trimf',[0.2 0.3 0.4]
MF4="SB':'trimf,[0.3 0.4 0.5]
MF5="M":'trimf,[0.4 0.5 0.6]
MF6="MM"'trimf',[0.5 0.6 0.7]
MF7="BS"'trimf',[0.6 0.7 0.8]
MF8="BM"'trimf',[0.7 0.8 0.9]

MF9="VB":'trapmf’,[0.8 0.9 1 1.5]

[Input2]
Name="frequency'
Range=[0 1]
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NumMFs=8
MF1="VS":"trapmf',[-0.5 0 0.05 0.075]
MF2='SS""trimf',[0.05 0.075 0.125]
MF3="SB".'trimf',[0.075 0.125 0.25]
MF4="M""trimf',[0.125 0.25 0.325]
MF5="BS".'trimf',[0.25 0.325 0.4]
MF6="BM"'trimf',[0.325 0.4 0.6]
MF7="BB".'trimf',[0.4 0.6 1]
MF8="VB'"'trapmf,[0.6 1 1.5 1.5]
[Outputl]

Name='"temp'

Range=[0 1]

NumMFs=12
MF1="VVS"'trapmf',[-0.5 -0.5 0.02 0.04]
MF2="VS"'trimf',[0.02 0.04 0.06]
MF3="'SS"'trimf',[0.04 0.06 0.08]
MF4="SM"'trimf',[0.06 0.08 0.1]
MF5="SB":'trimf',[0.08 0.1 0.125]
MF6="M""trimf',[0.1 0.125 0.175]
MF7="MM"'trimf',[0.125 0.175 0.2]
MF8="BS".'trimf',[0.175 0.2 0.35]
MF9="BM"'trimf',[0.2 0.35 0.4]
MF10="BB":"trimf',[0.35 0.4 0.6]
MF11="VB' 'trimf,[0.4 0.6 1]
MF12="VVB'":'trapmf,[0.6 1 1.5 1.5]
[Rules]

11,2(1):1

12,2(1):1

13,1(1):1

14,1(1):1
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15,1(1):
16,1(1):
17,1(1):
18,1(1):
21,3(1):
22,3(1):
23,2(1):
24,2(1):
25,1(1):
26,1(1):
27,1(1):
28,1(1):
31,4(1):
32,4(1):
33,3(1):
34,3(1):
35,2(1):
36,2(1):
37,1(1):
38,1(1):
41,5(1):
42,5(1):
43,4(1):
44,4(1):
45,3(1):
46,3(1):
47,2(1):
48,2(1):
51,7(1):

52,6(1):
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53,5(1):
54,5(1):
55,4 (1)
56,4 (1):
57,3(1):
58,3(1):
61,8(1):
62,7(1):
63,6(1):
64,6(1):
65,5(1):
66,5(1):
67,4(1):

68 4(1):

1

1

71,10(1):1

72,9(1):
73,7(1):
74,7(1):
75,6(1):
76,6(1):
77,5(1):

78,4(1):

1

1

1

1

1

81,11(1):1

82,10 (1): 1

83,9(1):
84,8(1):
85,8(1):
86,7 (1):
87,6(1):

88,5(1):

1

1
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91,12(1): 1
92,11 (1): 1
93,10(1): 1
94,9(1):1
95,9(1):1
96,8(1):1
97,7(1):1

98,6(1):1
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Appendix B

Table data

Parameters of Machines

S No Induction Machine Predefined

Parameters Values

1. Stator Resistance(Rs) 2.7+R

2. Rotor Resistance(R) 2.23

3. Stator Inductance(Ls) 0.3562

4. Rotor Inductance(L,) 0.3362

5. Mutual Inductance(L,) 0.3425

6. Friction Coefficient 0.0025

()
7. Number of poles (N) 2

Table 4.1 Technical specifications of the induction machine system

Table and breakpoints data for block:
quasi_fuzzydtc/flux Table
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Figure 4.11 Flux table
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Appendix C

Hysteresis Controller
The two level hysteresis controller for flux with a total hysteresis band of
2Avys (Fig. 4.9) is modeled to output 1 or -1 as per following conditions:
dy = 1if [ys| < |ws ref| - [Ays]
dy = -1 if [ys| > [y ref | + [Avs]|
The three level hysteresis controller of torque which compares reference torque
signal generated by speed regulator with estimated torque is modeled to output 1,
0 or -1 as per following specifications:
dte= 1 if [te] < |te ref| - |Ate]
dte= 0 if [te| > te rer
dte= -1 if |te| < [te rer| + |Ate]
dte= 0 if [te] < te ref

) quasi_fuzzydicl.../table/Torque hysteresis * e lﬂﬂg
File Edt Wiew Simulstion Format Tools  Help
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Figure 4.12Hysteresis controller
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File Edit View Simulstion Format Tools Help

0DEWS e 4 boupos [Noma I FEBS . mEES®
1 )

N

Vee

R
© >[EEE]—> X >

Ub Product Vphace

o table
+*

Uc

Viine

I

Reardy 19% ndel5s

Figure 4.13 Inverter model
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Figure 4.14 DTC table
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Appendix D
45 Stator flux based field orientation

Initially Rotor flux field orientated induction machine drive systems have been
shown to offer high performance as well as independent control on torque and flux
made to eliminate flux sensors in an indirect field oriented (IFO) system without
sacrificing performance. A commonly used method is to estimate rotor flux from
terminal quantities. The accuracy of the estimated stator flux depends on the
accuracy of the estimated stator resistance. Usually the stator resistance can be
measured with reasonable accuracy and it is relatively easy to adapt to its slow
variation with temperature (Bose, 2002).

|
~ . —
"“-H_____‘____‘________,..-r-"'

Figure 4.15 lllustration of the principles of control of stator flux and developed
torgue by inverter state selection (Trzynadlowski, 2001)
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LS VK+1 Vg+2 Ve +3 Y4 VK +5 Vz
A 4 / \ NN\ N / -
L, @ ? / / ? N \ N

Table 4.2 Impact of individual voltage on the stator flux and developed torque
(Trzynadlowski, 2001)

The DTC classical look up table is as follows:

FI_error(¢)| Te_error(t) | S1 S2 Sz | Sa | Ss | Se
T=1 Vo Vs |Va |Vs | Ve | V1

= T=0 Vo |Vz |Vo |V7r |[Vo | V7
T=1 Ve |Vi | V2 |Vs |Vs | Vs

T=1 Vs Vs |Vs | Ve | V1 | V2

FD T=0 V: |Vo |Vz [Vo | V7 | Vo
T=-1 Vs | Ve | Vi [V2 [Vs [V,

Table 4.3 Look up table for Direct Torque Control (Bose, 2002)
FD/FI: flux decrease/increase. T=-1/0/1: torque decrease/equal/increase.
Sx: stator flux sector.¢: stator flux modulus error after the hysteresis block.

1. torque error after the hysteresis block.
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