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ABSTRACT

More than two decades ago, Direct Torque Control (DTC) was introduced to give fast, effective
and efficient dynamic response. DTC can be considered as an aternative to the field-oriented
control (FOC) technigue. In fact, a DTC scheme accomplishes the closed-loop control of the
stator flux magnitude and the electromagnetic torque of the motor without the intermediary of
any current loop or shaft sensor. To this end, the DTC scheme senses the stator currents and the
dc-link voltage and processes them, together with the states of the inverter switches, to estimate
the actual values of the controlled variables.

Many attempts have been carried out in the literature since the DTC was introduced in 1986,
aiming to improve the performance of DTC of induction motor drives. Two of the major issues
which are normally addressed in DTC drives are the variation of the switching frequency of the
inverter used in the DTC drives with (i) operating conditions and (ii) the high torque ripple for
using torque hysteresis comparator. To improve the performance of DTC, researchers consider
different analytica approaches. The author proposed a constant switching frequency torque
controller to replace the conventional hysteresis based controller. The hardware of a DTC scheme
is reduced by using only one sensor of current and by inserting it in the inverter dc link.

Nowadays, researchers are working not only for better performance of the drives but
also trying to reduce the cost of the drives. Conventional six switch three phase (6S3P) inverters
have been widely used for AC motor drives for the last few decades. But the reduction of the
number of power transistor switches from six to four reduces the cost of the inverter, decreases
the switching losses and complexity of the control algorithms instead of generating six PWM
signals. A cost effective four switch three phase (4S3P) inverter with almost similar performance
is proposed for IM drives. The authors show a performance comparison of the 4S3P inverter fed
drive with 6S3P inverter fed drive in terms of speed response and total harmonic distortion of the
stator current. But overshoot and undershoot can not be eliminated in the speed response of the
drive system. The proposed fuzzy logic controller based control scheme for 4S3P inverter has
been fed in the interior permanent magnet synchronous motor (IPMSM) drive. Vector control of
induction motor using 4S3P inverter for high performance industrial drive systems is presented
in this paper. The 4S3P inverter fed IM drive is found quite acceptable considering its
performance, cost reduction and other advantages. The proposed low cost control scheme is
suitable for industry applications
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Chapter |

1.1 Introduction

AC motors, especially induction motors are suitable for industrial drives, because of their
simple and robust structure, high torque to weight ratio, higher reliability and ability to
operate in hazardous environments. However, the control of induction motor is a
challenging task as the rotor quantities are not accessible which are responsible for torque
production. DC machines are decoupled in terms of flux and torque. Hence control is easy.
If it is possible in case of induction motor to control the amplitude and space angle
(between rotating stator and rotor fields), in other words to supply power from a controlled
source so that the flux producing and torque producing components of stator current can be
controlled independently, the motor dynamics can be compared to that of DC motor with
fast transient response. Presently, introduction of micro-controllers, high switching
frequency semiconductor devices, and VLS| technology has led to cost effective
sophisticated control strategies.

A new area of ac motor drive has been highly developed by power electronics technology.
In particular, squirrel cage induction motor drive “under the vector control of induction
motor drive” is considered as one of the best ac variables controlled drives when quick
response is required. The stator current is splitted into two orthogona components, one in
the direction of flux linkage, representing magnetizing current or flux component of current
and other perpendicular to the flux linkage, representing the torque component of current.
By varying both components independently, the induction motor can be treated as a
separately excited DC motor. This concept was invented in the beginning of 1970s. The
Implementation of vector control requires information regarding the magnitude and
position of the flux vector. Depending upon the method of acquisition of flux information,
the vector control or field oriented control method can be termed as: direct or indirect. In
the direct method the position of the flux is strictly measured with the help of sensors, or
estimated from the machine terminal variables such as speed and stator current/voltage
signals. The measured or estimated flux is used in the feedback loop, thus the machine
parameters have minimal effect on the overall drive performance. But the measurement of
flux using flux sensors necessitates special manufacturing process or modifications in the
existing machines. In addition, the direct field orientation method has its inherent problem
at low speed where the voltage drops due to resistances are dominant, and pure integration
isdifficult to achieve.

Recently, advanced control strategies for Pulse Width Modulation (PWM) inverter fed
induction motor drive has been presented. Particularly, the vector control, which guarantees
high dynamic and static performances like DC motor drives, has become very popular and
has been developed and improved. Recent developments in the theory of vector control,
fast digital processor and power devices provide the possibility of achieving high
performance induction motor drive control.

Space Vector Modulation (SVM) technique is widely used in control of induction motor
drive. This technique reduces the torque and flux ripple in induction motor drive and high
performance is achieved. It contains space vectors to be applied according to the region
where the output voltage vector is located. It has two excellent features such as maximum
output voltage is greater and the number of switching is less at the same carrier frequency.
High performance drive of an induction motor requires the rotor position information to
control the motor which is generally detected by mechanical position sensors such as an
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encoder or aresolver. The additional components such as resolver and position sensors not
only increase the cost but also affect reliability of the system. Flux estimation can be
applied to find the rotor position and is considered as an important task in implementing
high performance motor drives.

Nowadays, researchers are working not only for better performance of the drives but aso
trying to reduce the cost of the drives. Conventional six switch three phase (6S3P) inverters
have been widely used for AC motor drives for the last few decades. But the reduction of the
number of power transistor switches from six to four reduces the cost of the inverter,
decreases the switching losses and complexity of the control algorithms instead of generating
six PWM signals. A cost effective four switch three phase (4S3P) inverter is proposed for IM
drives. The authors show a performance comparison of the 4S3P inverter fed drive with 6S3P
inverter fed drive in terms of speed response and total harmonic distortion of the stator
current. But overshoot and undershoot can not be eliminated in the speed response of the
drive system. The propose fuzzy logic controller based control scheme for 4S3P inverter fed
interior permanent magnet synchronous motor (IPMSM) drive. Vector control of induction
motor using 4S3P inverter for high performance industrial drive systems . In recent year , the
performance of self-tuning Fuzzy Pl controller is compared with the corresponding fuzzy
logic controller and Pl controller. The performance index based on speed error is assigned to
provide a numerica comparison among different controllers. The Model Reference
Adaptive System (MRAYS) is used as a speed estimator and the motor is fed from a 4S3P
inverter. The 4S3P inverter fed IM drive is found quite acceptable considering its
performance, cost reduction and other advantages. The authors verified the complete scheme
by ssimulation in a DSP environment.

Unfortunately observer or flux estimator has some inherent disadvantages, such as the
influence of noise, the computational burden. This has led to a renewed interest to the field of
flux estimation. Recently, Al (artificia intelligent) techniques such as expert system,fuzzy
logic, and artificial neural networks (ANN) are showing much promise for intelligent
adaptive control and estimation of parameters and variables of motor drives. The machine
terminal voltages and currents can be sensed and processed to calculate speed, position,flux,
torque, power and other feedback signals with the help of a microprocessor. The inaccuracy
of estimated signals due to machine parameter variation always remains a problem. Accurate
identification of machine parameters to compensate the estimation error is a challenging task.
In addition, direct integration of machine voltages near zero speed to calculate the flux is
another problem because of offset problem of the integrator. The flux of a machine can be
conveniently estimated from the stator voltage model at higher speed range and rotor current
model at low speed range. The stator flux can be estimated using ANNSs for better accuracy.

1.2 Literature Review

At present induction motors are widely used for variable speed energy converting devices
in industrial and domestic appliances. They are simple, rugged, inexpensive and available
at all power ratings. Progressin the field of power electronics and microel ectronics enables
the application of induction motors for high performance drives, where traditionally only
DC motors were applied [1]. Speed and torgue control mechanisms are very much essential
in recent electrical motor drives [2-3].

High Performance Control (HPC) of induction motors is an interesting area for research
and has wide applications in lathe machines, robotics etc. The main objective of high
performance controller is to obtain fast dynamic response of the drive system. It is so
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designed that it becomes less sensitive to motor and controller parameter perturbations and
require minimum hardware for its practical implementation. The field-oriented control
(FOC) technique is widely used in high performance motion control of induction motors.
Because of torque/flux decoupling, FOC achieved good dynamic response and accurate
motion control as separately excited dc motors. Two types of field orientation control
schemes are used for induction motor control; first one is direct and the other is indirect
control methods. In the indirect control method, the maor problem is the rotor time
constant, which is sensitive to both the temperature and flux level variations. When the
estimation of this parameter is incorrect, the dlip frequency is also incorrect and flux angle
is no longer appropriate for field-orientation [4]. Direct field- orientation control is
sensitive to stator resistance and total leakage inductance. In direct field-orientation, if a
flux regulator is employed, the parameter sengitivity is less than the indirect field-
orientation control. In an induction motor under field-orientation control, the flux can be
adjusted to meet control requirement than that of permanent magnet motor field-orientation

[5].

With the invention of high speed power semiconductor devices 6-Switch 3-Phase (6S3P)
inverters become popular for variable speed ac drives. These inverters have some
disadvantages such as losses in the six switches, complexity of the control algorithms and
generating six PWM logic signals [6-10]. Many researchers have been working in this area
to reduce the inverter size and cost without altering the drive performances. In [6], an ac to
ac converter was developed for IM with least hardware and improved power factor. A cost
effective 4-Switch 3-Phase (4S3P) inverter was proposed for IM and PMSM drives in [7-
8]. The inverter consists of four switches instead of six and hence improves the inverter
performance. The authors also showed a performance comparison of the 4S3P inverter fed
drive with 6S3P inverter fed drive in terms of speed response and total harmonic distortion
of the stator current. A Fuzzy Logic based control scheme was proposed for 4S3P fed
PMSM drive in [9]. A vector control scheme of IM using 4S3P inverter for high
performance industrial drive systems was presented in [10]. The complete vector control
scheme was verified by simulation and experimentation in a DSP environment. Therefore,
4S3P inverter is becoming better candidate of power inverters.

The control objective requires the rotor position and/or speed of the motor to follow a
preselected time tagged tragectory, regardless of unknown load variation and other
parameter uncertainties. The additional components such as resolver and position sensors
not only increase the cost but also affect reliability of system. Flux estimation can be
applied to find the rotor position and is considered as an important task in implementing
high performance motor drives.

The application of ANN attracts the attention of many scientists from all over the world
[11]. The reason for this trend is the many advantages which the architectures of NN have
over traditional algorithmic methods. Among the advantages of ANN, the ease of training
and generalization, simple architecture, possibility of approximating nonlinear functions,
insensitivity to the distortion of the network, and inexact input data are worth mentioning.

The main problem of ANNs such as BP and RTRL algorithms is that the optimal procedure
is easily trapped into local minimum value and the speed of convergence is very slow. To
avoid this problem, non-uniform periodicity property of chaosis used in [12-13] and starts
its improvement from the learning rate. In [12], the authors show that the improved
algorithm is not only efficient in internet traffic prediction with higher precision and faster
speed of convergence, but also somewhat escapes the network from the problem of local
minima. In [13], the authors show that, if the chaotic variation learning rate (LR) is
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included during training, the weight update may be accelerated in the local minimum zone.
The neural networks have become well established in induction motor drive for different
tasks especially for flux estimation. Since the 1990s, severa investigations into the
applications of neural networks in the field of electrical machines and power electronics
have appeared [14]. A new form of implementation of filter is proposed for stator flux
vector synthesis that uses a combination of recurrent neural network trained by Kaman
filter and a polynomia neural network in [15]. Correlated real time recurrent learning
(CRTRL) neural networks has been introduced in [16] that uses o- and [B-axis flux
Components coupling for the flux estimation rather decoupling them.

Incorporation of chaos in induction motor is recently a hot topic in research area.
Researchers consider chaotic properties for different aspects to induction motor in [17-19].
A new chaotic pulse width modulation (PWM) scheme is proposed and implemented for
AC motors, which functions to suppress significantly the harmonic peaks and hence the
acoustic noise in [17-18]. In [19], the authors propose a new application of a chaos particle
swarm optimization (PSO) algorithm for loss model-based energy efficient control of an
induction machine (IM) using an optimal rotor flux reference. The flux observers based on
recurrent neural network (RNN) methods are implemented in [20] in which mean square
error (MSE) values of the rotor flux estimation are between 0.000087 and 0.000264. But
yet now, no literature is available to the authors for chaotic learning based ANN for flux
estimation of induction motor drive.

To exploit the benefits of sensor less control, the speed estimation methods must achieve
robustness against model and parameter uncertainties. Parameters of particular concern in
the sensor less control literature are frequency-dependent Rr and temperature-dependent Rs
and the load torque, al of which are very effective on the accurate estimation of flux and
speed. To address the parameter sensitivity problem in induction motor speed sensor less
control, avariety of approaches have been proposed [21-23]. But low speed estimation is a
problem there. A lyapunov-function based flux and speed observer was developed [24]
which can estimate Rs but not Rr. Duran et al. [25] performed a thermal-state estimation to
compensate for the parameter and hence speed deviations due to heating. All researchers
mentioned above proposed sensor less controller for induction motor drive and they didn’t
consider the saturation effects in induction motor drive. But it is well known that
consideration of saturation effect improves the dynamic characteristics of induction motor
drive.

1.3 Thesis Overview
The present project is organized in the following way:

Chapter-1 begins with a preliminary discussion on drive systems, inverters, field oriented
control pertaining to induction motor and related controller law. This is followed by an
overview of afew selected contributions to indicate, in brief, the various studies that have
been made over the past three decades in the area of vector controlled induction motor. It
also includes the scope of the present study. The chapter concludes the contents of the
study of other chaptersin brief.

Chapter-1I commences with IM  Model, Stationary two-axis model, Synchronously
rotating two-axis model, Phase relationship, Induction motor model in term of stator
current and rotor flux are discussesin this chapter.

4



Chapter-111 presents Induction motor controllers, voltage/frequency controller, vector
controller ,field acceleration controllers ,direct torque controller, principles of direct torque
controller, DTC controller, 4 switch 3 phase model ,DTC schematic, Models of a neuron,
real time recurrent learning algorithms, Proposed stator flux estimation methodology,
proposed IM control scheme, adjusting the Pl gains, flux program, coordinate transforms,
hysteresis current control technique are cover here.

Chapter-1V discusses stating performance of the IM motor, speed , torque and current
performance under different operating conditions, sudden change of load torque, variation
of stator parameters, speed reversal, ramp speed change, sudden disturbance torque are
used for the remain of the research work.

Finally chapter-V includes the overall conclusions of this research work and highlights the
direction of further research.



CHAPTERII

M athematical M odel of I nduction Motor Drives

2.1 Introduction

A poly-phase induction motor has a complex structure comprising of mutually coupled
magnetic and electric circuits. When the stator coils are excited by balanced electrical
source, flux produced in the stator core sweeps past to the rotor core. The rotor coils are
shorted together at both ends with the rotor bars in a squirrel cage induction motor. The
mutual flux system is common to coils both in stator and rotor and is responsible for the
effective operation of the motor. The leakage flux is responsible for causing voltage drop
in the coils. Due to mutual coupling between stator and rotor coils, rotor receives power by
induction. There are three systems of flux that may be considered in an induction motor,
viz, the stator flux, the air gap flux and the rotor flux. In adc motor, torque is viewed as the
product of field flux and armature mmf, which are mutually perpendicular to each other.
Similarly, in an induction motor it can be assumed that the flux of rotor and perpendicular
mmf in the stator or vice versa generates the electromagnetic torque. Other viewpoint
assumes power in the rotor resistance as a measure of torque expressed in synchronous
wetts.

To study the performance of different control systems and drives, the motor requires to be
represented by a set of differential equations in time domain. Complexity arises due to
variable coupling between the physical coils of the stator and the rotor. The complexity is
further enhanced due to the effect of back emf in the rotor circuit. So it is not wise to
model an induction motor using the physical coils.

Based on operating conditions, there are a number of mathematical models for induction
motors. Mutually perpendicular stationary and synchronously rotating fictitious coils are
considered to study the transient and dynamic conditions of induction motor drives.

2.2 Induction Motor Model

In an induction motor the stampings form the core which is dlotted to receive the three
phase windings of the stator. The windings are fed from a three phase supply. The rotor
also consists of core for carrying three phase winding bars. Mathematically, a winding can
be modeled as self-inductancel and some interna resistanceR. Suffices s and r are
introduced to indicate stator and rotor circuits respectively. The transfer of energy from
stator to rotor of an induction motor takes place entirely inductively with the help of aflux

mutually linking the two. That is why mutual inductance L, exists between the two.

It iswell documented in the literature that an induction motor can adequately be modeled
using a two-axis reference frame. Under the usual assumptions of sinusoidal distribution of
MMFs, ignoring the effect of iron loss and saturation, etc, the induction motor can be
modeled in stationary reference frame and synchronously rotating reference frame.

2.2.1 Stationary Two-Axis M odel

A 3-phase induction motor has three coils in the rotor and three coils in the stator. The
rotor coils are rotating with an electrical angular velocityw, . The three-phase winding and



their orientation are shown in Fig. 2.1. It appears that the coupling between the stator and
rotor coils is a function of position of the rotor and is continuously variable. So it is not
wise to model an induction motor using its physical windings. The variables of an
induction motor are phases and it can be modeled by equivalent two windings in lieu of
three. In this consideration, three stationary stator windings may easily be represented by
two equivaent stationary windings. To avoid the complexity of variable coupling, two
equivalent stationary windings are considered for rotor circuit. Fig. 2.2 shows the mutually
perpendicular fictitious coils of the three-phase equivalent of induction motor. In this
connection, voltages due to rotor speed are duly considered. In the mutually perpendicular
frame, there is no coupling between the axes quantities, which results in a smple system.
Considering the voltage drops in the stator due to resistance, self and mutual inductances,
the stator circuit equations are written. In addition to these the speed voltage terms are
considered for rotor circuit only. The stator and rotor circuit voltage equations of an
induction motor are given in (2.1). Well judged assumptions of no saturation, sinusoidal
distribution of flux and mmf and ignoring the effect of iron loss results this set of
equations. The stationary axes areindicated as a and b [26, 27]:

Vas | |Ro+LsP 0 L P 0 o

Vs | _ 0 R, +Lsp 0 L.p ?bs 21
0 L.p L.w, R+Lp Lw, Loy
0 - I-mWr me - I—rWr Rr + I-r p ibr

./

lpbs

Figure 2.1 Physical Coil system of the stator and the rotor of a 3-phase induction motor.



Rotor Vas
equivalent ’

Figure 2.2 Mutually perpendicular fictitious coils of the 3-phase equivalent of induction
motor.

The developed electro-magnetic torque of an induction motor of P, -pole pairsis:

T, = g P (i [Lunips + Loy J=ior [Lonias + Ly ) 2.2)
In terms of stator current and stator flux the equation (2.2) can be expressed as:

T, =P s Y i) @3
where,

Vs =L+ Ly, (2.49)
Yy, =Li +L,, (2.4b)
i, =[i,, i,]" and i, =[i, 1i,]" arethestator flux, the rotor flux, the stator current and

the rotor current vectors respectively.
And the torque balance equation is

e

T o Me gy 4T (2.5)
dt m L

Where, w,, = We
PP

2.2.2 Synchronously Rotating Two-Axis M odel

It is well known that the flux and mmf of an induction motor are synchronously rotating.
To visualize the phenomenon of torque production and performance of the induction motor
the synchronously rotating mutually perpendicular axes system is considered. This model
Is also suitable for current fed inverter-coupled system. According to two-axis machine



theory, when a symmetrical induction motor is described in a reference frame that rotates
in synchronism with the stator mmf, all the ac phase-variable sets get transformed into
equivalent dc variables. Under the usual assumptions of no hysteresis, eddy currents, space
harmonics, etc., the basic system of equations of an induction motor in terms of a 2-phase
model (d-q variables) in an arbitrary synchronous reference frame is given by [26]:

Vs Rs + pLs _WeLs me - LmWe ids
V, w, L + pL L w L s

o | _ e—s Rs PL m e PLm -q (26)
0 me - LmWs| Rr + er - LrWs| o

O Lde me LrWs| Rr + er iqr

Fig. 2.3 shows the spatia relationship between the axes of different frames of reference
viz. stator-fixed, rotor-fixed, and synchronously rotating d-q reference frames.
The developed el ectromagnetic torqueis:

3 A
T.=5P Lolicgiar —iceiq ) (2.7)
Equation (2.6) and equation (2.7) can be rearranged as follows:
V= RIS Wy (289)
s d o
o:RrIr +Eyr +JWdyr (28b)
Te = § Pp 6/ dsiqs 4 qsids) (29)
2
Where,
y_SS = LSi_SS + Lmi_l'S (2'10a)
y_l’S = Lr i_I‘s + Lmi_SS (2'10b)

—s T . =g . . T =g . . T
and Vg =[vy V] isthe stator voltage vector, iJ =[i, i,] and i°=[i, i,] ae

the stator and rotor current vectors, w, is the speed of the synchronous reference frame,
Wy isthe slip speed, R;, R are the stator and rotor resistances, and V2 =[y o V"
and V' =y, yqr]T are the stator and rotor flux linkage vectors respectively. The

superscript “s” in the above equations denotes that the quantity is referred to the
synchronous reference frame. Here, the variables [y . Y] and [y, Y] imply the
flux linkages with the stator and rotor circuits along the synchronously rotating d- and g-
axis respectively.

With reference to Fig. 2.4 if i isthe magnitude of the vector current I, the corresponding
d- and g-axis currents in the synchronous reference frame are:

ids = isgds (2 11)
iqs = isgqs l
Where

gds = COS:I



gy =SiNQ

i
tanq =-* (2.12)
Ids
y B
g ) W, =W, +Wy
We 1, NI
/ W, |
N a, s
i\ Iy X
® a, s a
as i
PI ds

Actual stator ‘a’ phase axis

- Actual rotor ‘a’ phase axis

b - Stator fixed reference frame

y - Rotor fixed reference frame

g - Synchronously rotating reference frame
Stator mmf vector

a, -
aT

a-—
X
d-—
K

Figure 2.3 Relation between various co-ordinate systems and principle of field orientation.

2.3 Phase Relationship

1) The physical phasors and the fictitious two-axis phasors are shown in Fig. 2.4.
Considering the voltages in the axes systems, the relationship among them is

established as:
1 1
Vas = Va _Evb _Evc
(2.13)
NERE
Vs =7 Wb t— Ve
2 2

Similar relationship exists between the currents.

b

Figure 2.4 Physical 3-phase variables and their equivalent fictitious two-axis phasors.
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2.4 Induction Motor Modd in terms of Stator Current and Rotor Flux

In a speed controlled induction motor drive the motor is fed from a three-phase inverter.
The inverter output voltage and current are controlled in a number of ways. The PWM
method uses a number of positive and negative pulses per haf cycle to control the
magnitude and frequency of fundamental component of ac voltage. The simplest inverter
generates square voltages at the output. From equation (2.1) and equation (2.2), the basic
circuit equations in the stationary reference frame of induction machine can be written as:

Vv, L)I LI I
Vs |_| (Ro+pL) PLr s (2.14)
0 pL,l -w, L, J (R +pL)I-LwJ]I,
3., . 21
and TeZEPp(Iarybr +|bryar) ( . 5)
wherey, =L +L,i, (2.16)

where, p= % isthe time derivative.

The state and output equations are easily derived from equations (2.14) and (2.16) as.

i, i, B
LT AL
ay. | [Ax Ay 0
L= 0][% (2.18)
Y
Where,
2
A, = _{ R, + Rril_—sl}|
sL, sL,
L R
A, = - il - w
. sLer{Lr} v
L., R
Ay = —o—r |
21 Lr
R
AZZ:—L—rI+W,J
B iI
tosL
10 0 -1
| = ,J = (2.19)
01 1 0
L2
S =1_(L ’E ); leakage coefficient (2.20)
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The date variables are the primary current i, =[i,, i,.]' and the rotor

fluxy, =Y. Y. ] - Theinputisthe primary voltagev, = [vas vbs}T.

2.5 Conclusion

In this chapter the induction motor model in arbitrary reference frame is discussed in
detail. A dynamic model of the machine subjected to control must be known in order to
understand and design high performance controlled drives. The condition to achieve field
orientation control is derived.
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CHAPTER 111

Analysis of Direct Torque Control, ANN and Proposed Control System IM Drive

3.1 Introduction

An important factor in the worldwide industries progress during the past several decades
has been the increasing sophistication of factory automation. Prior to the 1950s all such
applications required the use of DC motor drives. Since Ac motors were not capable of true
adjustable or smoothly varying speed since they inherently operate at synchronous speed or
nearly synchronous speed with the frequency of electrica input. The inherent
disadvantages of DC drives, however, have prompted continual attempt to find better
solutions to the problem. To a large extent, applications that require only a gradual change
in speed are now being replaced by AC drives. In general, such AC drives often feature a
cost advantage over their DC counterparts and in addition offer lower maintenance, smaller
motor size, and improved reliability. However, the control flexibility available with these
drives is very limited. Now-a-days for high switching frequencies of modern power
electronic converters with suitable control induction motor drives are superior to DC drives
inindustria high-performance applications.

3.2 Induction Motor Controllers

There are many different ways for controllers to drive an induction motor. The main
differences between them are the motor performance and the feasibility and cost of its real
implementation. Due to the performance they are classified as:

a. Voltage/frequency controller
b. Vector controllers

c. Field acceeration controllers
d. Direct torque controllers

3.2.1 Voltage /Frequency Controllers

In spite of the fact that “voltage/frequency” (V/f) is the simplest of all controllers, it is the
most widespread, used by the majority industrial applications. It is known as a scalar
control and operates at magnificently constant relation maintaining between voltage and
frequency. The structure is very simple and normaly it is used without speed feedback.
However, this controller doesn’t achieve a good accuracy in both speed and torque
responses mainly due to the fact that the stator flux and the torque are not directly
controlled. Even though, aslong as the motor parameters are identified, the accuracy in the
speed can reach within 2% (except in a very low speed) and the speed dynamic response
can be approximately around 50ms[28].

3.2.2 Vector Controllers

In these types of controllers, there are control loops for controlling both the torque and
flux. The most common controllers use the Park’s transformation for vector transform. Its
accuracy can reach values such as within 5% regarding the speed and within 2% regarding
the torque, even at stand till.
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The main disadvantages of these methods are the huge computational capability
requirement [29].

3.2.3 Field Accderation Controllers

This method is based on avoiding the electromagnetic transients in the stator current,
keeping the phase continuous. Therefore, the equations used can be simplified saving the
vector transformation in the controllers. As it achieves some computational reduction,
overcoming the main problem in vector controllers, the method becomes an important
aternative for vector controllers [29].

3.3 Direct Torque Controllers

In Direct Torgue Control it is possible to control the stator flux and the torque directly by
selecting the appropriate inverter state. It also maintains approximately sinusoidal stator
fluxes and currents. It shows high dynamic performance even at locked rotor condition.
This method does not require co-ordinate transformation, voltage modulator block, as well
as extra controllers such as PID for flux and torque loops. It requires minimal torque
response time which is better than vector controllers. Although, some disadvantages are
present in this method. It has problem during starting and it also requires flux and torque
estimators, implying the consequences of parameter identification and producing inherent
flux and torque ripples.

3.3.1 Principles of Direct Torque Control

The devel oped electromagnetic torque in three-phase induction machines can be expressed
using (2.3) asfollows [30]:

T.=2 Py, xl, (3
where Y. is the stator flux, i, is the stator current (both fixed to the stationary reference

frame fixed to the stator) and P, isthe number of pair of poles. The above equation can be
modified and expressed as follows:

3. . .
Te = Eppb/s| 'S'n(qs - rs) (32)

where r is the stator flux angle and q, is the stator current angle, both referred to the
horizontal axis of the stationary frame fixed to the stator.

IS

If the stator flux modulus is kept constant and the angle q. is changed quickly, then the
electromagnetic torque is directly controlled.

The same conclusion can be obtained using another expression for the developed
electromagnetic torque. With the help of equation (2.4), equation (3.2) can be rewritten as:
3 L .

=—P —" WV |'V.|-SNQ. - 3.3

= P Y Yilsna. -a.) (33
Because the rotor time constant is larger than that of stator, the rotor flux changes slowly

compared to the stator flux; in fact, the rotor flux can be assumed constant. Again, the

stator flux modulus is aso kept constant, and then the electromagnetic torque can be
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rapidly changed and controlled by changing the angle difference (q,—q,) of the two
fluxes.

3.3.2DTC Controller

The way to impose the required stator flux is by means of choosing the most suitable
Voltage Source Inverter state. If the ohmic voltage drops in the stator are neglected for
simplicity, then the stator voltage impresses directly the stator flux in accordance with the
following equation:

dy . _
=V 34
ot (3.4)

It is clear from equation (3.4) that the stator flux vector y lags the associated stator
voltage vector v, by 90 degrees.

In direct torque control, the inverter switching states are selected according to the errors of
the torque and flux, which are indicated by t and @ respectively. Noting that:

t=T,-T, (3.5)

@ =Y _y s (36)
where the symbol " represents estimated value.

Table 3.1 shows the associated inverter switching states for two-level inverter control of
the conventional direct torque approach. As shown in Table 3.1, the inverter switching
states are determined by the errors of torque and flux, and the position of stator flux, which
isdenoted by r and isgiven by:

fsztawl[A“} (3.7)

as

The definition of states is shown in Fig. 3.1, in which the position relationship between
stator voltage vector and stator flux vector is clearly indicated.

Decoupled control of the stator flux modulus and torque is achieved by acting on the radial
and tangential components respectively of the stator flux—linkage space vector in its locus.

These two components are directly proportional (R, =0) to the components of same
voltage space vector in the same directions.

Fig. 3.1 shows the possible dynamic locus of the stator flux and the variation of stator
voltage vector depending on the VSI states chosen. The possible global locus is divided
into six different sectors signaled by the discontinuous line. The other two zero vectors Vo
and V7 add to the pattern in Fig. 3.1. These vectors are associated to those inverter states
with all upper half bridges switches closed, or lower switches closed, respectively. The
three machine terminals are then short circuited, and the voltage vector assume zero
magnitude. The existence of two zero vectors introduce an additiona degree of freedom
for the design of PWM strategies. These sectors of the stator flux space vector are denoted
from VO to V7. Stator flux modulus error after the hysteresis block () can take just two
values. Torque error after the hysteresis block () can take three different values. The zero
voltage vectors and are selected when the torque error is within the given hysteresis limits
and must remain unchanged.
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Table 3.1 Look up Tablefor 6S3P Inverter Based Direct Torque Control

Flux 'IE'orque A S S, S, S, S, S,
@ @ % 0P 222 0.2 2P (2 g

3 3 3 3 3 3 3 3

Fl Tl Ve Vs Vs Vs Ve Vi

T= v, v, v, v, v, v,

D Ve Vi Ve Vs \2 Vs

D | TI v, v, V, V, v, v,

T: V7 VO V7 VO V7 VO

TD V5 VG Vl V2 VS V4

Sx: Stator flux sector
FD/FI: Fux error (® ) decrease/increase
TI/T=/TD: Torque error (t ) increase/ equal/decrease

Sector 2
V3 (011) V2 (110)

R R Ry R R R T N

/Sector 1

Vs (FD,TI) Va2 (FI,TI)

V

S

AY

g Vs (FD, TD) “‘.\ye (FI, TD)

Vo (000 .
Va (011)s 0 (000) S V1 (100)
V7 (111)
Sector 4 / or 6
B N
tor 5
Figure 3.1 Stator flux vector locus and different possible switching voltage vectors.
FD: Flux decrease. FI: Flux Increase.
TD: Torque decrease TI: Torque Increase

3.3.3 4-Switch 3-Phase Inverter M odel

In the 4-switch inverter, as shown in Fig. 3.1, a three phase voltage system is obtained
by connecting the phase ‘c’ terminal of the stator windings directly to the centre tap of the
DC link capacitors. The single phase AC supply is rectified by the front-end rectifier. The
capacitors are used to level the output DC voltage. The 3-phase voltages to the IM can be

expressed as follows [31]: V, = \%[4sa -2S, -1 (3.8)
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vb=%§Mg—23,4J (3.9)

w=%%Pg—g+ﬂ (3.10)
Where, Vqc is the maximum voltage across the DC link capacitors, Ss and & are the
switching states (0 or 1) of upper switches in the legs of phases ‘a” and ‘b’ respectively.

Front end rectifier  4-switch inverter

L i |I|:I b

'-| Y Iy ' \l ‘ | _I

] | Ik ]

h, AT

? .,"-'" | "-‘_-.-"’
."'.,i' o b : " el
T:. '_|',_' T _ﬁ.\ ' —"f\ ||II'
Iy bl
L T Py T |

B V>
A
V2(01) 8, V3 Vi
/,— _.\\ (pS
/4’ ~~’\
/4 & AAN V4
/'ll S ‘l\
< >0
Va(1l) N Ss Si 4+7 V1(00)
\\\\5-—’,
\\\ ,

Figure 3.3 Voltage vectors of a4-switch 3-phase inverter fed system

Table 3.2 Look up Tablefor 4S3P Inverter Based Direct Torque Control

f t S| S| S| S
0 0 Va4 | V1| V2| V3
0 1 V3 | Va| V1| V2
1 0 Vi | Vz|Vs| Vs
1 1 V2 | Vs | Va| Vi
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The voltage vector plane of a 4-switch inverter fed system is divided into four sectors as
shown in Fig. 3.3 [32]. When the flux linkage vector stands in sector Sy, the application of
voltage vector V1 will increase the flux linkage amplitude and decrease the torque, whereas
V2 increases the flux linkage amplitude and increases the torque. Following this principle, a
voltage vector switching table for the 4-switch inverter fed DTC system can be tabulated in
Table 3.2.The torque and flux hysteresis comparators are two valued comparators and the
output of these comparators are denoted as t and T, respectively. t or ¥ = 0 means that

the actual values of these variables are above the reference and out of the hysteresis limit
and t or ¥ =1 means that the actual values of these variables are below the reference and

out of the hysteresis limit.

3.3.4 DTC Schematic

Figure 3.4 shows a possible schematic of Direct Torque Control. There are two different
loops corresponding to the magnitudes of the stator flux and torque. The reference values
for the stator flux modulas and the torque are compared with the actual values and the
resulting error values are fed into the two-level and three-level hysteresis blocks,
respectively. The outputs of the stator flux error and torque error hysteresis blocks,
together with the position of stator flux are used as the inputs of the look up tables (tables
3.1and 3.2). The position of the stator flux is divided into six different sectors. In
accordance with Fig. 3.4, the stator flux modulus and the torque errors tend to be restricted
within their respective hysteresis bands. It can be proved that the flux hysteresis band
affects basically to the stator current distortion in terms of low order harmonics and the
torque hysteresis band affects the switching frequency.

Ys Two-level
+ :/ hysteresis ||
. block

A
Wi ,— Te Three- Selection | VS '\ M
:/ P>EN) " e L table
yy A hysteresis
block
V’\; _I'_\ qS :
m ~
Y ¢
Stator flux,
Torque & speed  [<
estimator h

Figure 3.4 Direct Torque Controller.

3.4 Artificial Neural Network
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An ANN is an information processing paradigm that is inspired by the way biological
nervous systems work, such as the brain processes information [33]. The key element of
this paradigm is the novel structure of the information processing system. It is composed of
alarge number of highly interconnected processing elements (neurons) working in unison
to solve specific problems. ANN’s, like human beings, learn by example. An ANN is
configured for a specific application, such as pattern recognition or data classification,
through a learning process. Learning in biological systems involves adjustments to the
synaptic connections that exist between the neurons. This is true for ANN’s as well. The
use of neura networks offers the following useful properties and capabilities:

e Nonlinearity

Input-output mapping

e Adaptivity

e Evidential response

e Contextual information

e Fault tolerance

e VLS implementation

e Uniformity in analysis and design

¢ Neurobiological analogy

3.4.1 Modelsof aNeuron

A neuron is an information-processing unit that is fundamenta to the operation of a neura
network. The block diagram of Figure 3.5 shows the model of a neuron [33], which
forms the basis for designing (artificial) neural networks. Here we identify three basic
elements of the neuronal model:

e A set of synapses or connecting links, each of which is characterized by a
weight or strength of its own. Specifically, asignal x; at the input of synapse |
connected to neuron k is multiplied by the synaptic weight wi. It is important
to make a note of the manner in which the subscripts of the synaptic weight w
are written. The first subscript refers to the neuron in question and the second subscript
refers to the input end of the synapse to which the weight refers. Unlike a
synapse in the brain, the synaptic weight of an artificial neuron may lie in a
range that includes negative as well as positive values.

e An adder for summing the input signals, weighted by the respective synapses of
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the neuron; the operations described here congtitutes alinear combiner.
e An activation function for limiting the amplitude of the output of a neuron. The
activation function is also referred to as a squashing function in that it squashes
(limits) the permissible amplitude range of the output Signa to somefinite vaue.
The neurond modd of Fig. 3.5 dso includes an externdly applied bias, denoted by bx. that has
the effect of increasing or lowering the net input of the activation function,
depending on whether it is pogitive or negative, respectively.

Bias
X1
[
Activation
X2 function
Input Vi R j () Output
signal Yk
Summing
junction

Synaptic
weights

Figure 3.5 Nonlinear model of a neuron
In mathematical terms; a neuron kiswritten by the following pair of equations:

U= Y WX, (3.11)

j=1
and
i =3 (U +by) (312)
where, X1,X2,... ... ... Xm are the input signas, wWia,We, ... ... ... Wim are the synaptic weights of
neuron K, ux isthe linear combiner output due to the input signals, bk

Is thebias, @(.) is the activation function and yk the output signal of the neuron.
The use of hias bk has the effect of goplying an afine transformation to the output uk of the
linear combiner inthe modd of Figure 3.5, as shown by:

Vi = Uy + by (313
In particular, depending on whether the bias bk is positive or negative, the relationship
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between the induced local field or activation potential vik of neuron k and the linear
combiner output u ismodified in the manner will be illustrated later; hereafter the term
"induced loca field" isused . It can be noted that as aresult of this affine transformation, the graph

of Vi versus ux no longer passes through the origin.

Biasbk>0
Biasbk=0

Induced Biashk< 0

local field

Linear combiner’s
Output, uk

Figure 3.6 Affine transformations produced by the presence of abias;
wherevk=Dbx at uk =0
The bias bx is an externd parameter of artificid neuron k. We may account for its presence asin
(3.12). Equivalently, we may formulate the combination of (3.11) to (3.13) asfollows:

Vi = iij X| (3.14)
j=0

and Yy =3 (W) (3.15)

In Equation (3.14) we have added a new synapse. Itsinput is:

Xo=+1 (3.16)

and itsweight is:

Wiko=h (3.17)

We may therefore, reformulate the model of neuron k as in Fig. 3.7. In this figure, the
effect of the bias is accounted for by doing any two view points:

(1) Adding anew input Sgnd fixed at +1, and

(2) Adding anew synaptic weight equal to the bias bx.
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Fixed input, f\ Wio = b (bias)

x Activation
L function
Vi - Output
X2 ' .l () Yk
Input
Sgnals Summing
_ . junction
o)
Synaptic
weights
(including bias)

Figure 3.7 Another nonlinear model of a neuron

Although the models of Figs. 3.15 and 3.17 are different in appearance, they are
mathematically equivalent.

3.4.2 Real Time Recurrent Learning Algorithms

The property that is of primary significance for a neutral network is the ability of the
network to learn from environment, and to improve its performance through learning. A
neural network learns from its environment through an interactive process of adjustments
applied to its synaptic weights and bias levels. Idedly, the network becomes more
knowledgeable about its environment after every iteration of learning process. The
definition of learning in the context of neural network [33]. “Learning is a process by
which the free parameters of a neural network are adapted through a process of
simulation by the environment in which the network is embedded. The type of learning is
determined by the manner in which the change of parameters takes place.

The RTRL agorithm derives its name from the fact that adjustments are made to the
synaptic weights of a fully connected recurrent network in real time. Fig. 3.8 shows the

layout of such arecurrent network [33].
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Figure 3.8 Fully connected real time recurrent network

In Mathematical terms, the dynamical behavior of any noise free system can be described
by the following pair of nonlinear equations:

X(n+1) =J W, x(n) +W,u(n)) (3.18)
Y(n) = Cx(n) (3.19)
where, x(n)is the g-by-1 nonlinear state matrix, u(n) isthe m-by-1 input matrix, Y(n) is
the p-by-1 corresponding output matrix, W, is the g-by-q matrix , W, is the g-by-(m+1)

matrix and C isthe p-by-q matrix.
The process equation (3.18) is reproduced here in the following expanded form:
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3w x(n)) |

x(n+1) =1 j (ij;( () (3.20)

JwIx(n)

It is assumed that al the neurons have a common activation function j(.). The (g+m+1)-

by-1 vector w; isthe synaptic weight vector of neuron j in the recurrent network, that is.
Wa,j .

w, :{Wb’j]J:l,Z ...... q (3.21)

where w,; and w,; are the jth columns of the transposed weight matrices W, and W,

respectively. The (g+m+1)-by-1 vector:
X(n)}

o) (3.22)

x(n):{

The last element of u(n) is +1 and, in a corresponding way, the first element of w, ; is
equa to the bias b; applied to neuron j.

The g-by- (g+m+1) partia derivative matrix of the state vector x(n) with respect to the

weight vector w; :

_ OX(n) _
Aj(n)_—awj(n—l) J=1,2,....9 (3.23)

U, (n) isadg-by-(q +m + 1) matrix whose rows are al zero, except for the jth row that is

equal to the transpose of vector x ' (n) :

OT
U, (K)=|x"(n)| < jth row j=12..... .q (3.24)
OT

J (n) isag-by-q diagonal matrix whose kth diagonal element is the partial derivative of the

activation function with respect to its argument, evaluated at WJ-TX (n):

J)=diag [’ WXM) 5 OVX),eeorrerreereeesd WX ()] (3.25)

With these definitions, the following recursive equation A; for the neuron j can be
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obtained by differentiating (3.33) with respect to w; and using the chain rule of calculus:

A (n+D) =F (MW, (MA,;(nN)+U;(n)] ,j=12,.....9 (3.26)
The objective of the learning process is to minimize a cost function obtained by the

instantaneous sum of squared errors at time k, which is defined in terms of e(n) by

2 (1) =" (me(n) (3:27)
where the p-by-1 error vector e(n) is defined by using the measurement equation

e(n) = y(n) - y(n) (3.28)
where y(n) denotes the desired output vector.

The adjustment for the weight vector of the jth neuron, AW, , is:

0z (n)
oW (n)

AW, = -h

=hCA. (N)e(n), j=123....q (3.29)

3.4.3. Input Variable Selection Methods for Artificial Neural Networks

The development of an ANN provides the non-linear transfer function

Y=FX)+_ (1)

where the model output Y is some variable of interest, X is ak-dimensional input vector,
whose component variables are denoted by Xi(i =1, . . ., k), and _is some small random
noise

Dynamic processes will require the development of an ANN to provide atime-series
model

of the general form

Y(t+ k) =FY(), ..., Y(t=p), X(O), ..., X({t-p)+_(1). (2

Here, the output variable is predicted at some future timet + k, as a function of past values
of both input X and output Y.

3.4.4 Proposed Stator Flux Estimation M ethodology

The effectiveness of the proposed flux estimator along a-3 axes needs to be verified before
implementing it in the drive system. The weights of the RNN are obtained by training the
neural network by CRTRL agorithm and are provided in Appendix. Rea time flux
components calculated from exact values of motor variables are computed and compared
with the estimated flux components. Figs. 3.9 and 3.10 give a component between the
actual and estimated values of a-3 axes stator fluxes and rotor angle for the 4S3P and 6S3P
inverter fed drive when the motor runs at 1500 rpm. A complete matching of the variables
isindicated in the figures.

Clearly, the proposed RNN estimator can be used to accurately estimate stator flux

components and rotor angle at both high- and low- speeds. Improvements of the
performance of the drive systems are given at the finishing part of the chapter
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Fig. 3.9 Actual and estimated responses of (a) a-axis stator flux, (b) - axis stator flux, and
(c) Rotor angle for the 6S3P inverter fed IM drive transient and steady- state conditions.
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Fig. 3.10 Actual and estimated responses of (a) a-axis stator flux, (b) B- axis stator flux,
and (c) Rotor angle for the 4S3P inverter fed IM drive under transient and steady- state
3.5Proposed IM Control Scheme

The block diagram of a direct torque controlled IM drive system with the 43P inverter is
shown in Fig. 3.11.

Pl Tref + dT

Controller

Oref +<§ ;)

AC Supply

Fig. 3.11: System diagram of
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The basic principle of DTC is to directly select stator voltage vectors according to the
differences between the reference and actua torque and stator flux linkage. The stator flux
linkage is calculated by integrating of difference between the input voltage and the voltage
drop across the stator resistance. The reference torque is generated using speed error after
processing through Proportional-Integral (Pl) controller. The rotor angle required for
vector rotation is obtained from RNN based flux and position estimator. Two independent
hysteresis controllers with a suitable hysteresis band are used to command the motor
currents to follow the reference currents. The hysteresis controllers also generate four
switching signals which fires the power semiconductor devices of the three phase inverter
to produce the actual voltage of the motor. The three phase currents are transformed into a-
and B-axis components through Clarke’s transformation. A speed transducer is used to
measure the speed of the IM accurately.

3.5.1 Adjusting the PI Gains

When tuning a Pl controller for first time, the | gain is set to zero. Then the P gain is
increased until the system responds well to set point changes without excessive overshoot
or oscillations. Using lower values of P gain will ‘loosely’ control the system, while higher
values will give ‘tighter’ control. At this point, the system will probably not converge to
the set point. After selecting a reasonable value of P gain, the | gain isincreased slowly to
force the system error to zero. Only a small amount of | gain is required in most systems.
The effect of | gain, if large enough, can overcome the action of the P term, slow the
overall control response and cause the system to oscillate around the set point. If
oscillation occurs, reducing the | gain and increasing the P gain will usually solve the
problem. There is a single PI control loop in this application. The selection of suitable
values for gain constants is carried out for different combination of Kp and K; after having
their initial guesses following the ideasin [36].

3.5.2 Flux Program

In constant- torgue region the torque can be controlled by i+ whereas stator flux (As) can be
maintained at a value determined by the flux program. The proposed control system
incorporates a flux control loop where the stator flux command (A*s) is generated through
the flux program. The flux loop then generates magnetizing component of the stator
current (i"m) and helps maintaining the desired As irrespective of parameter variation effect.

3.5.3 Coordinate Transforms
3.5.3.1 Vector Rotator

The first coordinate transform, called the vector rotator, moves atwo axis, two dimensional
coordinate system, referenced to the stator, onto a three axis system, keeping the same
reference. In this application, the command im’

and it signals are processed through vector rotator to generate the three phase current
commands for the hysteresis current controller. The stationary axes a-,b-,c-, their two
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phase equivalents a-, -, and the rotating axes of IM .The reference currents are formul ated
asfollows

i"a=i"mcosd - i'tsin@

i"b=i"mcos(6-120°) -- i"tsin(8-120°)

i"c=i"mcos(8 +120°) - i";sin(8 +120°)

3.5.3.2Clarke Transform

The Clarke transform converts the stationary 3-axes (a-, b-, ¢-) quatities to stationary 2-
axes (0-, B-) quantities by the following equations:

iar_ ia'Eib'Eic

s =§(ib-ic)

3.5.4 Hysteresis Current Control Technique

The main task of the current is to force the current vector in the three phase load according
to a reference trajectory. The scheme compares the phase currents with the desired values
within the Hysteresis Band (HB) to take decision on switching of inverter transistor.

The switching logics are formulated as given below:
If ia< (i"a-HB) T1 0on and T2 off
If ia> (i"a-HB) T1 off and T2 on
If ip < (i"o-HB) T3 on and T off
If ip> (i"p-HB) T3 off and T4 on

3.4 Conclusion

Direct torque control is a promising method. It requires the accurate estimation of rotor
flux position and magnitude. Three methods are used in the study of DTC IM drive of
which the integration and CRTRL methods work with better performance than the direct
flux calculation method. If the performances of the former two are compared for normal
and parameter deviation conditions the CRTRL method shows better performance with
respect to flux angle error and torgque pulsations than the integration method. This actually
justifies the effectiveness of the proposed method in the induction motor control. Speed
sensorless drives can be designed for DTC. In this chapter an idea concerning positions
sensorless has been presented. The aim of this research was to find a position estimation
scheme for the IM that is capable of working under al operating conditions, i.e. from zero
to high speed and zero to full load. Therefore, a ANN based stator flux and rotor position
estimator is proposed. Beside this, the application of Pl controller and hysteresis current
controller in the vector control of the IM driveis described briefly.
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CHAPTER IV
Simulations Results and Discussions
4.1 Introduction

This chapter deals with the simulation results of the IM drive system. A simulation study is
conducted in order to test the performance of the drive system. The system under consideration is
simulated in C++ environment. The machine model is considered in d-g axes frame. The state
space equations are solves. The sampling time for simulating the system is 5us. Reference phase
currents are generated from the torque and magnetizing currents i; andiy,. The phase voltagesV,,
V, and V, resulting from the hysteresis currents controller are transformed into d- and g- axis
quantities Vg4 and V,, . Currents obtained from simulation model are transferred to get the actual
phase currents. The rating and motor parameters used in this simulation. The simulation results
for different operating conditions are listed in the subsequent sections.

4.2 Starting Performance of the M Drive

The motor was started with a command speed of 1500 rpm and load torque of 1.0 N.m from
standstill condition. At t=0.45 second the motor reaches to the command speed. Fig. 4.1 show
the stator voltages supplied to the motor by the 6S3P inverter. In case of 4S3P inverter the a-
phase and b-phase voltages have amost similar characteristics but the c-phase voltage is
different in nature. Therefore, the 3- phase voltages produced by the 4S3P inverter are in
unbalanced condition.
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Figure 4.1 Stator phase voltage for the 6S3P inverted fed IM: (@) V4 (b) Vb (€) V¢
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Figure 4.2 Stator phase voltage for the 4S3P inverted fed IM: (a) V4 (b) Vb (€) Ve
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4.3 Speed, Torque and Current

The motor was started with a command speed of 1500 rpm and load torque of 0 to 1 N-m from
standstill condition. The 6S3P curveis shown Fig.4.3:
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Figure 4.3 Spese T(g)rquc and Current for the 6S3P i nv(gted fed IM. “
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Figure 4.4 Speed, Torque and Current for the 4S3P inverted fed IM.

4.4 Performanceunder Different Operating Conditions

The performance of the IM drive under different operating conditions is also investigated in
order to verify the robustness of the proposed control scheme. The corresponding responses and
their descriptions are given in the following sub- sections:

4.4.1 Sudden Changeof Load Torque

Initially the motor was stared from standstill with load torque 1 N.m. The estimated rotor angle
and the speed responses for change of load torque in 6S3P are given in Figs. 4.5(a) and (b).The
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speed response curve reached to the command speed at t=0.6sec. Sudden change of load torque
does not affect the position estimation and causes a negligible oscillation in speed. Figs 4.5(c)
and (d) show the corresponding torque and motor currents. The motor currents increase after 1.0
second due to the increase of |oad torque.
— Actual

A . i
:. F <o R
. L_% i (kT

Figure 4.5 (a) Estimated rotor angle, (b) Speed, (¢) Developed e ectromagnetic torque, and (d) Three
phase currents for the proposed IM drive for change of 1oad torque.
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By applying 4S3P,
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Figure 4.6 (a) Estimated rotor angle, (b) Speed, (¢) Developed e ectromagnetic torque, and (d) Three

phase currents for the proposed IM drive for change of load torque.
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By applying 4S3P the motor was stared from standstill with load torque 1IN.m. The estimated
rotor angle and the speed responses for the change of load torque are given in Figs. 4.6(a) and
(b). The speed response curve reached to the command speed at t=0.6sec. Sudden change of load
torque does not affect the position estimation and causes a negligible oscillation in speed. Figs

4.6(c) and (d) show the corresponding torque and motor currents.

By using 4S3P, Sudden Change of Load Torque’s speed response curve is taken same time.

4.4.2 Variation of Stator Parameters

To observe the effect of parameter variations, both the stator and rotor resistance were doubled
(keeping other parameters constant) in 6S3P at t=0.8 second. Fig. 4.7(a) shows the effect of
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stator resistance change on angle estimation. The estimated angle still follows the actual angle.
Thus the change in resistance has negligible effect on the accuracy of rotor position estimation.
Fig. 4.7(b) shows the effect of stator resistance change on speed response. The speed dose not
drops at al due to change of stator resistance. The speed response curve reached to the command
speed at t=0.32sec. Thus the drive performance is insensitive of stator parameter variation. Figs.
4.7(c) and (d) show that the developed torque and motor currents are also insensitive to stator
parameter variation.
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Figure 4.7 () Estimated rotor angle, (b) Speed, (¢c) Developed Electromagnetic torque, and
(d) Three phase currents for the proposed IM drive for change of stator resistance.
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By applying 4S3P,
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Figure 4.8 (a) Estimated rotor angle, (b) Speed, (c) Developed Electromagnetic torque, and
(d) Three phase currents for the proposed IM drive for change of stator resistance by using PlI.

Fig. 4.8(a) shows the effect of stator resistance change on angle estimation. The change in
resistance has negligible effect on the accuracy of rotor position estimation. Fig. 4.8(b) shows the
effect of stator resistance change on speed response. The speed dose not drops at all due to
change of stator resistance. The speed response curve reached to the command speed at
t=0.25sec. Figs. 4.8(c) and (d) show that the developed torque and motor currents are also
insensitive to stator parameter variation.
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Phase angle (radian)

Torque (N-m)

By using PI controller, change of stator resistance’s speed response response curve is taken same
time.

4.4.3 Speed Reversal

Speed reversal is an essential requirement for high performance IM drives in 6S3P. Therefore, to
monitor the effect of speed reversal, the command speed of the motor was reversal from 1500
rpm to -1500 rpm at t=1.0 second and again to 1500 rpm at t=2.0 second and repeated. Fig.
4.9(a) shows estimated rotor angle, When the motor runs at -1500 rpm, there is slight error
between the estimated and actual angle but it is within the acceptable limit. The speed response
for different set speeds is shown in Fig.4.9 (b). The speed response curve reached to the
command speed at t=0.46sec. It is observed that the drive system follows both the forward and

reverse direction reference track very quickly.
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Figure 4.9 (a) Estimated rotor angle, (b) Speed, (c) Developed e ectromagnetic torque, and (d) Three
phase currents for the proposed IM drive under speed reversa
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The impact on developed electromagnetic torque and motor current due to speed reversal is
shown in Fig. 4.9(c) and (d). The proposed control scheme produces less torque fluctuation at
steady- state condition.

By applying 4S3P

Speed reversal is an essential requirement for high performance IM drives. Fig. 4.10(a) shows
estimated rotor angle. The speed response for different set speeds is shown in Fig.4.10 (b). The
speed response curve reached to the command speed at t=0.25sec. It is observed that the drive
system follows both the forward and reverse direction reference track very quickly. The impact
on developed el ectromagnetic torque and motor current due to speed reversal is shown in Fig..
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Figure 4.10 (a) Estimated rotor angle, (b) Speed, (c) Devel oped electromagnetic torque, and (d) Three
phase currents for the proposed IM drive under speed reversal.
By using 4S3P, speed reversal’s speed response curve is taken same time.
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4.4.4 Ramp Speed Change

Like as speed reversal, ramp speed is also is an essential requirement for high performance IM
drives in 6S3P. The controller set speed was gradually increased from zero and at time t=1.0
second it remained constant to 1500 rpm value. The estimated rotor position, speed response,
devel oped el ectromagnetic torque and motor currents are shown in Fig. 4.11. The motor follows
the command speed from the starting without any oscillation and steady- state error. The
devel oped torque response is also similar to the starting performance.
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Figure 4.11 (a) Estimated rotor angle, (b) Speed, (c) Devel oped electromagnetic torque, and (d) Three
phase currents for the proposed IM drive under Ramp Speed Chang
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By using 4S3P,
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Figure 4.12 (a) Estimated rotor angle, (b) Speed, (c) Devel oped electromagnetic torque, and (d) Three
phase currents for the proposed IM drive under Ramp Speed Change.

Ramp speed is also is an essential requirement for high performance IM drives. The controller
set speed response curve was gradually increased from zero and at time t=1.0 second it remained
constant to 1500 rpm value. The estimated rotor position, speed response, developed
electromagnetic torque and motor currents are shown in Fig. 4.12. The motor follows the
command speed from the starting without any oscillation and steady- state error.

By using 4S3P, Ramp Speed Change’s speed response curve is taken same time.
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445 Sudden Disturbance Torque

A sudden load disturbance (2.0 N.m) for avery short duration of 0.1 second was applied at 2=2.0
Sec. to the IM drive. Fig. 4.13(a) shows the actual and estimated rotor angle of the motor at that
time period. The speed response of the IM is shown in Fig. 4.13(b). Simulation studies show that
the proposed control scheme is still capable to estimate the rotor angle accurately. The speed
response curve reached to the command speed at t=0.3 sec. Besides, the motor speed is
insensitive to the sudden torque disturbance. Fig. 4.13(c) and (d) show the corresponding
devel oped torque and motor currents.
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Figure 4.13 (a) Estimated rotor angle, (b) Speed, (c) Devel oped el ectromagnetic torque, and (d) Three
phase currents for the proposed IM drive for sudden disturbance torque
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By applying 4S3P,
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Figure 4.14 (a) Estimated rotor angle, (b) Speed, (c) Devel oped el ectromagnetic torque, and (d) Three
phase currents for the proposed IM drive for sudden disturbance torque.

A sudden load disturbance for a very short duration of 0.1 second was applied to the IM drive.
Fig. 4.14(a) shows the actual and estimated rotor angle of the motor at that time period. The
speed response of the IM is shown in Fig. 4.14(b). Simulation studies show that the proposed
control scheme is still capable to estimate the rotor angle accurately. Besides, the motor speed is
insensitive to the sudden torque disturbance. . The speed response curve reached to the command
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speed at t=3.0sec. Fig. 4.14(c) and (d) show the corresponding developed torque and motor
currents.

By using 4S3P, Sudden Disturbance Torque’s speed response curve is taken same time.
4.5 Discussion

A direct torque control methodology for 4-switch 3-phase inverter fed induction motor drive is
presented in this work. The control system needs very simple structure and is capable to estimate
the torque and the stator flux acceptably. The results obtained and presented in this work indicate
that the proposed control scheme produces very fast response of the IM drive without any
overshoot and undershoot. The drive is also robust to load disturbances, and speed reversal
conditions. Thus the proposed low cost control scheme is suitable for industry applications. The
expected results of the proposed work are given below:

i.  The 4S3P inverter based system replaces the 6S3P inverter based induction motor drive
system.
ii.  Thetorque and flux rippleis reduced.
iii. ~ Theharmonicsin the current is reduced.
iv.  The overall performance of the proposed 4S3P based control system is better than 6S3P
inverter based control system.

46 Conclusion

The performance of the IM drive system in both transient and steady-state conditions will be improved
with the use of 4S3P inverter and RTRNN based rotor position estimator. The drive system will be more
reliable and cost effective. The speed response of the drive is expected to be better by using 4S3P than the
previous IM drives. The drive will also be robust to load disturbances, parameter variations, and speed
reversal conditions. The absence of position sensor and reduced inverter size will make the drive system
more attractive for industry applications. The result observed very similar response of the IM drive by
applying the 4S3P. The actual speed is very speedy to reach the command speed. Very fast response of
the system without oscillation indicates the effectiveness of the proposed control scheme.
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CHAPTER YV

Conclusion

5.1 Discussion

This work presents a new technique to improve the performance of direct torque controlled VS
fed IM drive by using four switches in the inverter circuit. A mathematical model of the drive
system was utilized to analyze the transient and steady-state responses of the motor. The
performance of the induction motor drive under sudden change of load torque and speed reversa
condition was also investigated in order to verify the robustness of the proposed control scheme.
The proposed 4S3P inverter fed IM drive was found acceptable considering its cost reduction and
other advantageous. The outline of the objectives of research work is given below:

i. Todevelop acontrol scheme for induction motor drive.

ii. To replace the 6S3P VSI-fed inverter with 4S3P VSI-fed inverter ensuring better
performance of induction motor drive.

iii. To reduce theripplesin both of torque and flux than 6S3P based system.

iv. To make acomparison between the above two inverters on the basis of harmonics.

5.2 Conclusion

High performance control of Induction motor drive was done in the project. An effort was made
to accommodate the robust and insensitive features of artificial neural network estimator. The
total control law was designed on the consideration of field orientation control with magnetic
saturation in Induction motor drive. Step by step development, analysis and study of the
proposed methodol ogy have been done in different chapters.

An optimal method to estimate the rotor position of the IM was the goal of this project. The
estimated stator flux components are used to estimate the position of the rotor and provide
accurate results under both transient and steady- state conditions. The RNN estimator is capable
to estimate the stator fluxes and rotor angle at low motor speed. The estimator is also accurate
and robust to perturbation of parameters.

The work was presented in this dissertation used artificial neural network based flux estimation
and suitable control law for high performance control of Induction motor drive. For these
purposes mathematical models of the three phase Induction motor are written in d-q reference
frame under different operating conditions.
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The artificial neural network based rotor flux estimator presented in this dissertation has been
shown is very accurate and robust to parameter changes. It uses evolutionary algorithm learning
based correlated a- and - axes flux estimation and found to work satisfactorily under transient
and steady- state conditions. Estimated flux components utilized to estimate the positions of the
rotor flux axis also produce accurate results under steady state and transient conditions.

The proposed control methodology originates from the speed and torque error processing
through controllers instead of instantaneous switching. A direct torque control methodology for
4-switch 3-phase inverter fed induction motor drive presented in this work. The control system
needs very simple structure and is capable to estimate the torque and the stator flux
acceptablyThe proposed method generates the required voltage components which were used to
find out the required voltage magnitude and its position from the inverter. The results of the
proposed control system were compared with the control system having Pl controller. Very fast
speed response, less torque pulsations and capable to work under different operating conditions
indicate the efficacy of the proposed control method. It has been observed that the proposed
control method was robust against parameter changes and disturbances. Based on the results
from the previous chapters and the above discussion it can be concluded that the proposed
control scheme provides high performance control for Induction motor drives.

The performance of the IM drive was also investigated for different operating conditions. The
proposed control scheme provides good speeds response of the motor when the load torque
fluctuates from its initial value. The IM drive follows the reference track very quickly during
speed reversal and ramp change of speed. The system was also found robust against
computational errors present in the physical system.

Based on the results from previous chapters and the above discussion it can be conclude that the
proposed CRTRL based 4S3P control scheme was suitable for present industry applications.

5.3 Proposed for Future Research

The research work presented in this dissertation provides a methodology to utilize the ANN for
position sensor less operation of IM drive. The proposed system may be implemented in
practical environment and compares the practical results with those obtained from this study. It is
suggested that this work can be tested for an IM in order to verify the effectiveness of the
proposed control methodol ogy.

To produce required variable dynamics from the drive system Pl controller constants may be
obtained using online tuning through genetic algorithms. Further, the researchers may work with
fuzzy- neuron estimators instead of RNN estimators. Newly, introduced training methods, such
as practical swarm optimization technigue may be tested for training the estimators. These flux
and position estimators are expected to work effectively under all operating conditions.
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APPENDIX

APPENDI X- A
IPMSM Parameters

Number of phases= 3

Number of poles=4

Rated frequency = 60 Hz

Rated power = 1 hp

Rated input line to h e voltage= 208 V
g-axisinductance Lq = 0.07957 H

d-axisinductance Lq = 0.04244 H

Stator resistance per phasers=1.93 Q

Inertia constant Jn = 0.003 Kg.m?

Rotor damping constant B,= 0.0008 (N-m)/rad./sec.
Permanent magnet flux linkage Yym = 0.3 14 volt/rad./sec.
Magnet type = Samarium Cobalt.

Speed loop: Kp = 0.04, Ki =10.0

Weights of the RNN: W, =W, = 0.1, W; =W, = 0.0001, W, =W, = 0.068,
W]_ :WE = —OOS,W]_ :WE = 0.0001.
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