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ABSTRACT

Induction motors are widely used in domestic, commercial and industrial application.
About 80% of the auxiliaries used in thermal power plant are induction motors. And, in
households almost all rotating machines are induction motors. Most of the applications
of induction motors (IMs) are based on variation in speed according to the load demand.
Induction machines are non linear machines and there exist high dynamic interactions.
Hence, in order to emulate it as separately excited DC motor, vector control technique is
used as this method removes the coupling effects (using a frame of reference like
synchronous, stationary) which makes the response sluggish. Traditionally, PI
controllers are generally used in order to control the speed but tuning is somewhat time
consuming as values have to be changed every time when parameters are changed. In
order to avoid this fuzzy controllers are used. Also, induction motors consume a major
part of the total electrical energy production. Therefore, improving the efficiency of the
induction motor is always been a major concern. Various essential strategies are adopted
to ensure optimum efficiency operation of induction motor drive. This is usually
realized either by selecting proper control strategies or by improvement in the design,
materials and construction techniques or both. Design aspects involve shaping of rotor
bars, use of copper material instead of aluminium, etc. The control strategies adopted to
optimize the efficiency are search controller and loss model controller. Search controller
method is a feedback method that finds maximum efficiency by adopting a search
technique. The value of efficiency at a particular sampling instant is compared with the
efficiency value of previous sampling instant and necessary control action is executed
accordingly. Loss model controller depends on motor parameters because it is based on
the modelling of the motor and losses to derive an objective function, which is
optimized to yield maximum efficiency. Machines are designed to operate at rated flux
because if gives fast transient response and high torque to ampere ratio. If rated flux is
maintained at light loads, then core losses of the machine will be excessively high
which will result in reduced efficiency. Here, loss model control technique will be used
to reduce the losses and increase the torque per ampere ratio by making rated flux as

increasing function of load.
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CHAPTER 1
INTRODUCTION

1.1 General

Induction motor drive is the integral part of the electrical drives that is used in various
manufacturing process. It is widely used in industries for position, speed and torque
control applications because of its structure, ruggedness, high reliability, robustness,
efficiency, high reliability and cost. Further, to achieve higher productivity and product
quality, automated control and continuous monitoring of these drives can also be done.
Few decades back, speed control of induction motor with high performance is
somewhat difficult but with the introduction of power electronics, various control
techniques has been developed to make use of induction motor to large extend in many
applications[1,2]. Control of induction motor is a tough task as compared to DC motor
because in order to control torque, access to rotor quantities is necessary which is not
easy. If the components of stator current i.e. flux and torque get supply from a
controlled source, the dynamics of induction motor can be compared to the DC

motor|[3].

Electrical energy plays a vital role in day to day life. In few decades, the growth of
manufacturing industries has been tremendously increased, which in turn mounted the
demand of electrical energy. Hence, reducing the energy utilization has drawn the
industrial attention to the losses and efficiency of the motors and overall drive system.
This will help in judicious use of natural resources, reducing the adverse effects on
environment and cutting the cost of electricity bills to stimulate the economy of
industries. Efficiency optimization technique has been implemented on induction motor
drives and results are compared against conventional method. After applying the above
technique, its impact on motor losses, parameters and other variables have also been

analysed using sensitivity analysis.

1.2 Electrical Drives Control and Monitoring

In large industries, there are several electrical drives located at various positions
according to its applications and mode of operation. Hence, the monitoring of these

drives is of utmost importance.



1.3 Organisation of Thesis

This thesis reveals the performance parameters, control methods and operation of

Induction motor drive. Different control techniques with different controllers are

implemented and also demonstrated on the drive and results are studied and analysed in

MATLAB Simulink environment. Also, the effect of efficiency optimization methods

on dynamic and steady state performance of the drive is also analysed and results of

drive using different controllers are compared. The research work done on concerned

topic is as follows:

Chapter 2: Literature Review
This chapter includes study of various research papers of the concerned field
that is published in IEEE Transactions, IEEE international conferences and other

journals.

Chapter 3: Dynamic Model of Induction Motor

In this chapter, dynamic modelling of induction motor is carried out, where the
axes transformations like Clarke’s transformation and Park’s transformation is
also analysed. To eliminate all time varying inductance appearing in the
equations, a synchronously rotating reference frame is used in the modelling of

induction motor.

Chapter 4: Technigues to Control Induction Motor

This chapter introduce different techniques (i.e. scalar control, indirect and
direct vector control, sensor-less control and direct vector control) to control the
induction motor. With the introduction of power electronics and intelligent
control methods like Fuzzy Logic controller, such control techniques are

possible.

Chapter 5: Efficiency Optimization of Three Phase Induction Motor

This chapter includes efficiency optimization algorithm for indirect vector
controlled induction motor to reduce overall losses. This efficiency optimization
control algorithm optimizes the d — axis current to minimize the controllable

electrical losses for a given torque and speed. Their mathematical derivation and



MATLAB Simulink results under different operating conditions like change in

speed, load etc. are evolved.

e Chapter 6: Simulation results of Efficiency Optimization of Three Phase
Induction Motor
This chapter introduces modelling, simulation and analysis of indirect vector
controlled induction motor drive. Also, efficiency optimization control
algorithm has been developed and modelled in MATLAB Simulink and
performance of the motor under dynamic conditions is analysed in detail. The
algorithm optimizes the d — axis current component and minimizes the
controllable electrical loss for a given torque and speed. The performance of the
drive with and without algorithm has been validated through mathematical
derivation and simulation results under dynamic conditions like sudden change
in speed, load etc. The efficiency optimization control algorithm significantly
minimizes the losses and improves the efficiency of the drive at low load
conditions as compared to conventional constant flux method. But, dynamic
response is good in case of conventional method when compared with

implemented efficiency optimization control algorithm.

e Conclusion and Future Scope
This chapter concludes the comparison studies of efficiency optimization
technique applied to indirect vector control using two different controllers i.e.
Hysteresis current controller and SVPWM (Space Vector Pulse Width
Modulation) and also same comparison have been done without using efficiency
optimization technique i.e. conventional method. Finally, a comprehensive
account of suggestions for further extension of this research work which is

feasible is presented.

1.4 Conclusion

This chapter provides an overview of research work carried out and also the objectives

and research work carried out.



CHAPTER 2
LITERATURE REVIEW

2.1 General

Induction motor drives are widely used in industries for various applications because of
their high torque to weight ratio as compared to DC motor, robust structure, sustainable
to operate in hazardous place. However, due to their complex and nonlinear structure,
control of induction motor is a challenging task. The main reason behind this
complexity is requirement of variable frequency, harmonically optimum converter
power supplies, Complex dynamic of ac machines, and variation in machine
parameters. In recent years due to advancement in technology of power electronics and
introduction of various control schemes which makes induction motor drive suitable for
various industries as for industrial purpose the dynamic performance of the induction
motor drive must have good dynamic performance. Also, power electronics devices has
also become sophisticated in few decades that is attracting various industries to use this
in drives. In this chapter the various research on modelling of induction motor and its
control strategies are discussed. This chapter mainly includes field oriented control

strategy with efficiency optimization for induction motor drive.

2.2 Modelling And Control of Induction Motor Drive

Induction motor drive is widely used in the industries and power plants as auxiliary
machine for carrying out various tasks like moving of coal etc. because of its versatile
performance characteristics. An Intel 8051, 8 bit microcontroller can be used to
generate pulses required for 3 phase inverter as this microcontroller has separate time
based register that can produce accurate delays required for pulses. This is reported by
Varnovitsky [26]. The characteristics and performance of induction motor drive using
power electronics devices is used for variable frequency operation is investigated by
Barnes [27]. Current Source inverter fed induction motor in which output current level
remain constant without using free-wheeling diodes and voltage source fed induction
motor where output voltage remain constant are reported by R. Krishnan [28]. Intel
8086, 16 bit microprocessor can also produce six pulses of variable frequency required

for 3 phase inverter using simple assembly language. This is used to control induction



motor that exhibit magnetic saturation because of economic reasons modern machines

are designed to operate at saturation [29].

2.2.1 Controlling Techniques

Over the last three to four decades the improvement in dynamic performance of
induction motor drive is always major concern among researchers, as engineers of
industries were constantly facing problems because of induction motor performance
characteristics. Hence, many control schemes have been emerged such as direct torque

control, sensor less control, vector or field oriented control of induction motor drive.

In 1968, FOC (Field oriented control) scheme was developed in Germany. Blaschke
proposed direct vector control technique and Hasse proposed indirect vector control that
created a new revolution in field of drives. Later, Field oriented schemes were
introduced by Werner Leonhard for dynamic performance [5] [6] [7]. Esmaily et al. [4]
wrote an article in which uniform pulse width modulation technique is used for vector
control scheme in induction motor drives. Hasan Zidan et al. [8] investigated a speed
estimation method for induction motor drive operating at low speeds, which uses input
voltage and currents in closed loop for rotor parameter estimation. A. Munoz —Garcia et
al. [10] presents a novel on open-loop speed control method for induction motors that
provides high output torque and nearly zero steady-state speed error at any frequency.
The control scheme used is based on constant volts per hertz (V/f) method using low-
cost open-loop current sensors. The scheme proposed fully compensates for the current-
resistance (IR) voltage drop by vectorially modifying the stator voltage and keeping the
magnitude of the stator flux constant, regardless of changes in frequency or load. Jee
Hoon Jung et al. [12] proposed a scheme to improve the stability of V/f-controlled
induction motor drive systems by a dynamic current compensator. The proposed
method uses a dynamic current compensator to improve the stability of the V/f-
controlled induction motor drive systems. This method is easy to implement and helps
eliminate the oscillations causing the instability of V/f-controlled induction motor drive
systems. Mohamed S. Zaky et al. [13] proposed a parallel identification schemes for
both speed and stator resistance of sensorless induction motor drives for a wide range of
speed estimation. These estimation algorithms combine a sliding-mode current observer
with Popov's hyperstability theory. Low- and zero-speed operations of the proposed

sliding-mode-observer (SMO)-based speed estimation combined with an online stator



resistance adaptation scheme are also investigated. A modified SMO-based speed
estimation scheme for field-weakening operation is also introduced. J. Guzinski et
al.[14] presented a low-cost implementation of the sensorless vector control of an
induction motor. The system is based on a new set of variables for the induction motor
model and works by using vectors coordinates in a stationary a-§ frame of references. A
phase-locked loop was used to control the angle between the flux vector and the stator
current vector. A current controller for the current-regulated pulse width-modulation
inverter based on the simplified load model is used. H.M. Kojabadi et al. [15] presents a
paper which provides a novel method of estimating both the shaft speed and stator
resistance of an induction motor. In this novel scheme, an adaptive pseudo reduced-
order flux observer (APFO) is developed. In comparison to the adaptive full-order flux
observer (AFFO), the proposed method consumes less computational time, and provides
a better stator resistance estimation dynamic performance. Gianmario Pellegrino et al.
[16] presents a simple and accurate method for the identification of inverter parameters
at the drive startup. The method is integrated into the control code of the IM drive, and
it is based on the information contained in the feedback signal of the flux observer. The
procedure applies to all those sensorless ac drives where the flux is estimated using the
back-EMF integration. H. Benderradji et al. [17] presents a paper that deals with the
control and observation of an induction motor using second order sliding-mode
technique and a new Lyapunov function for the stability analysis. This approach
guarantees the same robustness and dynamic performance of traditional first-order SMC
algorithms, and at the same time, attenuates the chattering phenomenon. F. — J. Lin. et
al. [18] presents an adaptive back stepping sliding mode controller, which combines
both the merits of adaptive back stepping control and sliding mode control which will
control the mover position of a linear induction motor (LIM) drive to compensate for
the uncertainties including the friction force. First, the dynamic model of an indirect
field-oriented LIM drive is derived, then, a back stepping sliding mode approach is
proposed to compensate the uncertainties which occur in the motion control system.
Min-Ho-Park et al. [19] showed that in a sliding mode control, the control function is
discontinuous on the hyperplane, which causes harmful effects such as current
harmonics and acoustic noise in the motor drive application. Hence, a low-pass filter is
introduced between the sliding mode controller output and the motor controller input to

reduce these effects.



S. Xepapas et al. [20] proposed a sliding-mode observer for the speed-sensorless direct
torque vector control of induction motors is proposed. The observer estimates the motor
speed, the rotor flux, the angular position of the rotor flux and the motor torque from
measured terminal voltages and currents. The use of the nonlinear sliding-mode
technique provides very good performance for both low- and high-speed motor

operation and robustness in motor losses and load variations.

M. Cirrincione et al. [21] presents a paper on a new model reference adaptive system
(MRAS) speed observer for high-performance field-oriented control induction motor
drives based on adaptive linear neural networks. This new MRAS speed observer uses
the current model as an adaptive model discretized with the modified Euler integration
method. A linear neural network has been then designed and trained online by means of
an ordinary least-squares (OLS) algorithm. Yaman B. Zbede et al. [22] presents a novel
predictive model reference adaptive system (MRAS) speed estimator for sensorless
induction motor (IM) drives applications. The proposed estimator is based on the finite
control set-model predictive control (FCS-MPC) principle. The rotor position is
calculated using a search-based optimization algorithm which ensures a minimum speed
tuning error signal at each sampling period. This eliminates the need for a proportional-
integral (P1) controller which is conventionally employed in the adaption mechanism of
MRAS estimators. Toshiyuki Irisa et al. [23] investigated the parameter characteristics
of different types of IM based on the rotor slot structure namely the enclosed slot and
open slot types. An EKF algorithm is used for the identification of rotor flux and the

estimation of electrical parameters of the IM by Vicente Leite [24,25].

Yang Wengiang et al. reported vector control of induction motor using reduced order

EKF for the estimation of rotor speed and rotor flux [32].

The stator resistance is also identified to estimate the speed accurately at low speed
operation. Min-Huei Kim et al. [35], presented a vector controlled MRAS sensor-less
induction motor drive. Adaptive systems consists of various controllers that can be used
in the control systems. But, the artificial intelligent controllers provides good control as
they are reluctant to parametric variations and provide optimize results that will increase
the overall performance of the system. Artificial intelligent systems consists of Fuzzy
logic, Neural networks, genetic algorithms. If the system uses more than one intelligent

controllers like Neuro-Fuzzy etc then, it is called hybrid controller. On doing so, the



system will have the advantages of more than one intelligent controller but at the same
time it increases the complexity of the controller because it is somewhat difficult to

implement.

Teresa Orlowska et al. [36] presents a paper in which a fuzzy neural network is used as
an adaptive speed controller with an extra option for tuning online according to chosen
parameters. The neuro fuzzy has some weight that are trained online and speed in error
iIs removed. Fabio Lima et al. [37] developed an Adaptive Neuro Fuzzy Inference
System (ANFIS) estimator that is used for speed control of induction motor sensorless
drive and that controller replaces the PI controller. In this, ANFIS speed estimator is
validated in a magnetizing flux oriented control scheme, but it cannot solve low or zero
speed estimation problem. Cerru et al. [38] presented the design and experimental
realization of MRAS for indirect field-oriented induction motor drives using fuzzy laws
for adaptive process and a neuro fuzzy procedure to optimize the fuzzy rules. Faa-Jeng
Lin et al. [52] reported that a real time genetic algorithm for adaptive sliding mode
controller that will give optimize values of parameters to yield maximum performance
of induction motor drive. M.N. Uddin et al. [39] presents a novel in which fuzzy logic
control is used for speed control of induction motor drive. This speed controller is
employed in the outer loop and implemented on the DSP board and results are being
compared with conventional PI controller at different dynamic operating conditions. B.
Karanayil et al. [40] presented a paper in which rotor resistance of induction motor
drive using artificial neural networks is energised by fuzzy logic based stator resistance
observer. The rotor flux linkages and a voltage model is being compard and error is
back propagated to adjust the weights of neural network model for rotor resistance
estimation. The stator current and its corresponding estimated value is compared and

error is mapped to change in stator resistance with the proposed fuzzy logic.

Yen Shin Lai et al. [11] proposed a hybrid fuzzy controller for direct torque control of
induction motor drives. This hybrid fuzzy control law consists of proportional-integral
(PI) control at steady state, Pl-type fuzzy logic control at transient state, and a simple
switching mechanism between steady and transient states, to achieve satisfied
performance under steady and transient conditions. The features of the hybrid fuzzy
controller are highlighted by comparing the performance of various control approaches,
including PI control, Pl-type fuzzy logic control (FLC), proportional-derivative (PD)
type FLC, and combination of PD-type FLC and I control, for DTC-based induction

8



motor drives. H. Nejjari et al. [9] presented a letter in which a fuzzy logic is applied to
induction motor control for condition monitoring. The results of fuzzy logic can be used
for accurate induction motors fault diagnosis if the input data are processed in an
optimized way. A non linear control strategy is proposed by Damien Grenier et al. [53]
for a salient pole permanent magnet synchronous machine which achieves accurate
torque control and copper losses minimization without recurring to an internal current
loop or to any feed forward compensation. It takes advantage of rotor saliency by
allowing direct axis stator current to have non zero values, which in turn improves the
power factor of the machine and raises maximum permissible torque. Also, an off-line
identification of electrical and mechanical parameters of IMs, using Least Square
techniques is discussed by F. Alonge et al. Stator currents, stator voltages and speed are
acquired during a start transient and a stop transient. Sensitivity analysis is carried out
for the problem of simultaneous estimation of state and parameters for IM controlled in
torque and flux by Mazen Alamir. An EKF algorithm is used for the identification of
rotor flux and the estimation of electrical parameters of the IM by Vicente Leite Peda V.
Medagam et al. reported an EKF based estimation of states and parameters in a sensor
less field- oriented three-phase IM with unknown rotor resistance and varying load
torque.

The performance of the sensor less vector control depends on the motor parameters
which included stator resistance, rotor resistance, stator leakage inductance, rotor
leakage inductance and magnetizing inductance, the identification of the parameters is
discussed by Jun Zheng et al. The variation of the rotor resistance has great influence on
the performance of speed senso less direct torque control system. Chao Zhang et al.
proposed an adaptive flux observer for a speed sensor less direct torque controlled 1M
drive in which the rotor resistance value is updated during operation. In addition, a
mathematical model that represents the general frequency characteristics of the rotor bar
is proposed by Young-Su Kwon et al. Many estimation techniques used for the vector
control of IM fail to track the desired performance due to parameter uncertainties.
Therefore an on-line adaption algorithm for parameter identification is necessary. In
2011 Mokhtar Zerikat et al. reported a MRAS-based algorithm for parallel resistance

parameters and rotor speed estimation for a sensor-less vector controlled IM.



2.2.2 Efficiency Optimization

As discussed previously, induction motor drives are widely used for various
applications in manufacturing plants and other industries. Therefore, efficient utilization
of electrical energy is of utmost importance. Various essential strategies are adopted to
ensure optimum efficiency operation of induction motor drive. This is usually realised
either by selecting proper control strategies or by improvement in the design, materials
and construction techniques or both. Design aspects involve shaping of rotor bars, use
of copper material instead of aluminium, etc. As copper has high current density and
low value of temperature coefficient as compared to aluminium. The control strategies
adopted to optimize the efficiency are search controller and loss model controller.
Search controller method is a feedback method that finds maximum efficiency by
adopting a search technique. The value of efficiency at a particular sampling instant is
compared with the efficiency value of previous sampling instant and necessary control
action is executed accordingly. Further, back propagation method is also there in search
algorithm. In case, the value of efficiency deteriorates in every new sampling instant
then controller will back propagate and necessary control action will be taken from that
point where efficiency is high. Hence, this method is slow but it is independent of motor
parameters. Loss model controller depends on motor parameters because it is based on
the modelling of the motor and losses to derive an objective function, which is
optimized to yield maximum efficiency. It is a feed-forward method and treats the
situation analytically by properly modelling the losses. Hence, this method is fast as

compared to search controller.

Mini Sreejeth et al. [41], presented a paper on efficiency optimization of vector
controlled three phase induction motor drive. In this paper, loss model controller is used
for optimal control of direct axis stator current, which controls the magnitude of flux.
Hence, the efficiency of the motor is optimized by weakening the rotor flux, which in
turn reduces the core losses. Daniel S. Kirschen et al.[42], reported an adaptive
controller implementation for on-line efficiency of a variable frequency induction motor
drive. This method requires power measurement but it does not require the knowledge
of motor parameters accurately. When saturation and harmonics effects are considered,
the optimal slip depends on load torque and speed. Parviz Famouri et al.[43] presented a
microprocessor based adaptive system for operation of an inverter fed induction motor
drive to operate at the point of maximum efficiency maintaining any particular load

10



torque speed point. Gyu-Sik-Kim et al.[44], presented a method for power efficiency
and good dynamic performance. In this, squared rotor flux is adjusted until the
measured power reaches to minimum according to minimum power search algorithm.
The controller depends on rotor resistance, hence, this scheme is robust with respect to
its variation because identification algorithm is employed. Bimal K. Bose [45] described
a fuzzy logic based efficiency optimization control of induction motor drive. In this, two
algorithms have been implemented. One is efficiency optimization algorithm that is
implemented at steady state and during dynamic response like change in speed or load
torque, the optimization algorithm is abandoned because that algorithm reduces the
stator flux and constant flux value is applied for good dynamic response. When the
response reaches to steady state, then controller is switched back to optimization
algorithm after delay of three sampling instants. J.O. Garcia and J.C. Mendes et al.[46]
proposed an approach to minimize the total iron and copper losses of variable speed
induction drive keeping good dynamic response otherwise in flux weakening related

efficiency algorithm, the dynamic response degrades.

Waheeda Bevi M et al. [47] presented a paper for loss minimization of vector controlled
induction motor using genetic algorithm (GA). In this, GA is applied to minimize the
losses of motor by optimizing the value of magnetizing current. Hence, this algorithm is
implemented to optimize the value of direct axis stator current in order to reduce the
core losses of the motor. Junzhi Yu et al. [48] designed a novel loss minimization
algorithm for induction motor. In this paper, the algorithm is obtained from energy
balance equation of the induction drive’s port controlled Hamilton model, in which all
the parameters are considered and, hence, making it more accurate than conventional
loss algorithm. M.C. Di Piazza et al. [49] proposed a benchmark not only to reduce
electric loss but also switching losses by Discontinuous PWM and electric loss
minimization technique. Srikanthan Sridharan et al. [50, 51] presented overall system
loss minimization method to achieve true minimum loss as compared to comprehensive
loss model in the induction motor drive. Olorunfemi Ojo et al. [54] reported the steady
state optimized operation of induction motor drive above base speed under three field
orientation schemes viz. rotor field orientation control, stator flux orientation control

and air gap field orientation control.
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Conclusions

Various previous IEEE research papers have been read, carefully examined and books
for the concerned topic have been read and implementation of one IEEE paper will be

done in MATLAB/Simulink environment.
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CHAPTER 3

DYNAMIC MODEL OF THE INDUCTION MOTOR

3.1 General

Squirrel cage induction motor is widely used in modern industries because of its cost
effectiveness, robust and simple construction as compared to wound rotor induction
motor. The weight of squirrel cage rotor is low which results in less windage losses and
centrifugal force. While, wound rotor induction motors are used for applications which
requires soft starts and adjustable speeds. External resistance can be added to rotor via
slip rings which makes it possible for high starting torque, soft starts and low starting
current, but it results in losses in resistance. There exist many control techniques like
scalar, field oriented control (FOC) or vector control etc. FOC technique provides good
dynamic performance of the induction motor drive and in order to implement this, the
two dimensional reference frame that is synchronously rotating, rotor and stationary are
transformed from three dimensional variables. Therefore, dynamic model of induction
motor in direct and quadrature (d — q) reference frame is elaborated. The dynamic
model of IM is complex and there are many different forms of the model depending on
the choice of reference frame. The voltage and torque equations that describe the
dynamic behaviour of induction motor are time-varying. A change of variables can also
be used to reduce the complexity of the model by eliminating all time varying
inductance. For this it is necessary transform three phase stationary reference variables
to a two phase stationary reference frame, Clarke’s Transformation is done followed by

a transformation to the two phase rotating frame that is called Park’s Transformation.
3.2 Transformations for Dynamic Modelling of Induction Motor
The various transformations like Clarke’s and Park’s Transformation have been done:

e Clarke’s Transformation
Two phase stationary reference frame denoted by d° - g° are transformed from
three phase stationary reference frame variables using this transformation. The
symmetrical three phase induction motor with stationary a-b-c axis displaced by
120° from each other is shown in figure 3.1. The concerned transformation
matrix is given by:
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Fig 3.1: Clarke’s Transformation

3.1

Where vg, is added as the zero sequence component which is not present in

balanced conditions. When d* -

and v} are respectively obtained from phase voltages, v,, v, and v,.

The inverse relation of the above matrix is given by:

-]

cos@
cos(6 — 120)
cos(8 + 120)

sin @ 1 Vgs
sin(6 — 120) 1| [v3,
sin(6 +120) 11| v,
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q°® axes is oriented at an angle 0 to a- axis, vgs
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If0=0, i.e. g° axis is aligned with a- axis and zero sequence component are

ignored then above matrix is given by:

. [ 1 0 1] s
vel -1y, V37, q]to
And,
g |t e
_2 —_—
BT I
1Yy Y Yyl
In balanced condition,
Vg +vp+v,=0 3.5

Hence, this conversion is from three phase stationary reference frame (a — b —
¢) to stator reference frame (d° — g°) inwhich d®and g° are orthogonal to

each other.

Inverse Clarke’s Transformation
In this transformation two phase orthogonal stationary frame is converted to

three phase stationary frame using the following equations:

Vg = Vgs 3.6
—vS N
vy, = % + Tds 3.7
_ _vés ﬁ*”csis 38
c T Ty T '

Here, 6 = 0 and it can be calculated using figure 3.1.

Park’s Transformation

In this type of transformation, the two phase orthogonal stationary frame (d —
q) is transformed into two phase rotating frame (d® — q®). The synchronously
rotating axes that rotates at synchronous speed ( i.e. we) With respect to the

stationary axes at an angle 0e, as shown in figure 3.2.
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Fig 3.2: Park’s Transformation
Here, 6 = wet and vy, and vy are voltages in synchronously rotating frame.
From figure 3.2, the following equations can easily be derived:
Vgs = Vgs * COS B, — Vg * sin B, 3.9
Vgs = Vgs *Sinf, + vgg * cos B, 3.10

And, same can be represented using matrix:

[vqs] B [cos 6, —sin He] [1755] 311
Vasl — [sinB, cos6, ||v3, '

Also, v,s and vy, can be transformed to vgs and vy, using Inverse Park’s

Transformation.

Inverse Park’s Transformation

In this type of transformation, the rotating reference frame is transferred to two
axis orthogonal stationary frame i.e. (d® — q°) frame to (d° — q®) frame. Using
figure 3.2, this transformation can be done through below equations:
Vgs = Vgs * COS O, + Vg5 * Sin B, 3.12

Vgs = —Vgs *Sinb, + vy * cOS G, 3.13

16



And, same can be shown in matrix form:

Vgs] [ cosB, sinB,][Vgs
[vf}s] B [— sinf, cosé, [vds] 3.14

By using inverse Park’s transformation the execution of transformation link
between the stationary reference frame and synchronously rotating frame takes

place:

v, cos(8,) —sin(6,) v
[vb] =|cos(0, — 2m/3) —sin(0, — 2m/3) [vds] 3.15
Vel |cos(0, + 2m/3) —sin(6, — 2m/3) =

We assume that all the quantities are balanced.

3.3 Dynamic d-g Model of Induction Motor

In the development of the dynamic model of the three phase IM, it is assumed that the
motor has three phase symmetrical windings on the stator. The time varying inductances
in the voltage equation of the induction motor due to electric circuit in relative motion
are eliminated by transferring the stator and rotor variables to a reference frame, which
rotates at an angular velocity and remain stationary, viz. stationary reference frame,
synchronously rotating frame, rotor reference frame. In this work synchronously
rotating reference frame is used, as each variable in the synchronous frame (current,

voltage and flux linkage) is stationary and fixed at a constant magnitude in steady state.

> iqs i
Rs I—Is I—Ir !

r — R,
- S
OeWas O Wdr
Vgs L Var
J " 3 ’ WYar

(a)
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d \I’ds % m \Ild
r

(b)
Fig 3.3(a),(b): Equivalent q® — d* circuit model of Induction Motor(IM)

Here, all the rotor and stator variables are transformed in the synchronously rotating

gav
C
%

reference frame. The equations of voltages of stator in that frame are given by:

. d

Vgs = lgsRs + E‘I/qs + we¥ys 3.16
. d

Vgs = lasRs + E‘Pds — W ¥ys 3.17

Where,

R, - Stator resistance
Was, Wgs - d® — q° axes stator flux linkage
Las, Lqs - d® — q° axes stator current

Also, equations of voltages of rotor in synchronous frame and rotor is running in the

magnetic field direction at an angular speed, w,-:

: d
Vgr = lgrRy + E‘qu + (we — 0)¥4- =0 3.18
. d
Vgr = lgrRy + E‘Pdr + (we — 0 )W =0 3.19
Where,

R, — Resistance of rotor

Par» ¥gr - d® — q° axis flux linkage on rotor

Lar Iqr - d® — q° axis current on rotor side

The flux linkages equations can also be written in terms of inductance and current:

Wi =igslis + Lin(igs + igr) = Lsigs + Lmigr 3.20

18



Wor = igrLyy + Ly (igs + igr) = Lyigr + Linigs
Wom = Lin(igs + igr)
Was = lasLis + Lin(ias + ar) = Lsigs + Liniar
War = larLyy + Ly (ias + lar) = Lrlar + Linias
Wam = L (igs + iar)

From equations

Vgs R + sLg weLg sL,,

Vas| —weLg Rg + sLg —weLly,
Vgr| ~ SsLy, (we — W)Ly R, + sL,
Var —(we — wr)Lm SLm —(we — wy)Ly

Where,
L L, — Self inductance of stator and rotor
L., — Mutual inductance

Ls L, — Leakage inductance of stator and rotor

Welm
sL,,
(we — wy)Ly
R, + sL,

¥ am» Pgm - d® — q° axis flux linkage magnetising component

Now, w, is a variable and it’s relation with electromagnetic torque, T, is given by:

__ dwm
T,—T, = —

This equation can also be written in electrical form which is as follow:

2 . dw
T, —T, == L
e L= pl g

Where,

w,, — Motor speed in mechanical rad/s
J — Motor Inertia

P — Number of poles of motor

T, — Load torque
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The electromagnetic torque, T, which is developed due to the interaction of air gap flux
¥, and rotor MMF that is dependent on the current flowing in rotor, I, is expressed in

vector form:
3P
Te = E;lpm X Ir 3.29

The above vector variables can also be revolved in d¢ — g®(synchronous frame)

components, according to figure 3.4:
3P . .
T, = Eg(lpdmzqr — Womiar) 3.30

Similarly, other torque equations can also easily be derived:

Te = 2= (Yamiqs — Pymias) 3.31
Te = 2= (Wasiqs — Yasias) 3.32
Te = 2= Lin(igsiar — iasiqr) 3.33
Te = 2= (Yariqr — Yorlar) 3.34
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Fig 3.4: d® — gq° Frame

3.4 Conclusion

In this chapter, the various transformations that are used to study dynamic model of the
induction motor has been discussed. Using synchronous frame the inductances that are
time varying appeared in equation of voltages etc has been eliminated. Further, different
equations of electromagnetic torque have also been derived. Now, this dynamic model
of motor will help in implementing the various methods of vector control technique that

will be discussed in next chapter.
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CHAPTER 4
TECHNIQUES TO CONTROL INDUCTION MOTOR

4.1 General

Induction motor drives are widely used in industries for various applications because of
their high torque to weight ratio as compared to DC motor, robust structure, sustainable
to operate in hazardous place. However, due to their complex and nonlinear structure
control of induction motor is a challenging task. The main reason behind this
complexity is requirement of variable frequency, harmonically optimum converter
power supplies, Complex dynamic of ac machines, and variation in machine
parameters. Also, power electronics devices has also become sophisticated in few
decades that is attracting various industries to use this in drives. In this chapter the
various research on modelling of induction motor and its control strategies are
discussed. Usually, for variable speed applications the induction motors are fed through
inverters and this type of drive is also called AC Motor Drive. Since, the dynamic
model of the induction motor has been discussed in previous chapter. So, in this chapter
the various control techniques for adjustable speed operation of induction motor, which

is fed through induction motor is discussed.

Voltage Source Inverter (VSI) fed induction motor is generally used for variable voltage
variable frequency (VVVF) drive. Pulse Width Modulation (PWM) control technique is
used to control the speed, position and torque control. Generally, PWM signals are low
power signals hence, it cannot be used directly in the gate terminal of IGBTs and
MOSFETSs. Therefore, a gate driver circuit is used to isolate high power and low power
circuit. It provides constant voltage gate pulse of variable width depending on the
controller operation. Hence, these signals will help to achieve speed and torque control

options.

Artificial Intelligence (Al) has also gained importance with time. As, these techniques
are used where the knowledge of mathematical model of system is not known. Hence,
this technique will try to give optimize results that are less accurate as compared with a
mathematical model. Various terms have been used in this area like fuzzy logic (FL),

artificial neural network (ANN) and genetic algorithm (GA) and all these have been
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classified into soft computing or approximate computing. In this research work, fuzzy
inference system (FIS) has been implemented in the MATLAB simulation.

4.2 Methods to Control Induction Motor

This includes various techniques for controlling the speed of induction motor like Scalar
Control, Vector or Field Oriented Control that consists of direct or feedback vector
control and indirect vector control, all these methods will be briefly described in
subsequent sections.

4.2.1 Scalar Control

Scalar control of induction motor is mainly based on steady state model of motor. In
scalar control, only magnitudes of input variables like frequency and voltage are
controlled. Flux control is achieved through variation of voltage and torque control is
achieved through variation in frequency and slip. However, flux and torque being
functions of frequency and voltage respectively, there is an inherent coupling effects in
the flux and torque producing components. Due to coupling effects between torque and
flux, the dynamic response of machine is reduced which will tend the system at the
verge of instability. There are two types of scalar control techniques. First is open loop
V/f speed control and second is close loop V/f control.

Figure 4.1 shows the open loop V/f control in which w; is the controlled input variable
and speed will change according to its variation. A function generator is placed between
7, and w; to maintain V/f ratio constant. Hence, with increase or decrease in frequency,
the voltage will also vary accordingly. Then, V, and w; will be used to generate pulses
from PWM controller and these pulses are then fed to gate terminals of switching

devices.

In closed loop V/f control, the problem of the variation in the air gap flux because of
fluctuation in the line voltage and drop-in impedance that has been observed in open
loop V/f control has been overcome. Here, the error is generated in the speed feedback
and wy,; is generated through PI controller and speed limiter. This slip speed is added to
w, to produce w;. Further process is similar to open loop V/f control as shown in the

figure 4.2.
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Figure 4.1: Open loop V/f control of induction motor
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4.2.2 VVector Control

Figure 4.2: Close loop V/f control of induction motor

In recent years field oriented control (FOC) or vector control is widely used in
industries because of fast response similar to DC motor, as change in one variable will
not affect the other variable in dynamic process. The stator current splits in two
orthogonal components, one is the flux component or magnetizing current and other
one is the torque component both the components can vary independently, Induction
machine will be treated as similar to separately excited DC machine.

24



4.2.2.1 DC Machine Analogy

A vector controlled induction machine operates like a separately excited DC machine as

shown in figure 4.3:

iiua
I
E—
T I
¥
Decoupled
Figure 4.3: Seprately excited DC Motor
The electromagnetic of DC machine is given by:
T, = K,¥¢¥, or, 4.1
Te = Ktlfla 4.2

Where,
¥r, ¥, — Field and armature flux
I¢, 1, — Field and armature current

In construction of dc motor the field flux (W) developed or generated by the field
current (If) is at 90 degrees out of phase to armature flux (Wa), which is developed by the
armature current (la). These space vectors are stationary in space, but they are decoupled
and orthogonal in nature. When armature current is changed for controlling the torque,
there will be no effect on field flux hence there will be fast transient response. Similarly,
when the field flux (W) is changed, there will be no effect on armature flux (Wa).
Induction motor has a disadvantage that it cannot give a fast response due to the
inherent coupling problem. Induction motor can give a performance like an DC motor,
if machine will be in d®¢ — g®synchronously rotating reference frame. As in steady state

condition, sinusoidal variables will appear similar to dc quantity.
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Figure 4.4 : Vector-Controlled Induction Motor
In figure 4.4, the induction motor is shown with vector control with two input control
current input (igs, izs) and inverter connected to induction motor from the front side.
These are the direct and the quadratue axis stator current component in a synchronously
rotating reference frame. In vector control, igs is similar to current flowing in the field

(Ir) and lgs is same as armature current (la) of a dc motor. Now, the torque is given by:

T, = KW/l or, 4.3
T, = Kt’IdSIqs 4.4
Where,

¥, = peak value of sinusoidal space vector

Induction machines gives a performance similar to dc machine only when lgs is in phase
in the direction of direct axis ¥ and current in quadrature axis lgs is at 90 degrees to it
as shown in figure 4.4. This concludes that when current lqs is controlled, it only affects
the actual current lgs and there will be no effect on flux, and when current lgs is
controlled it only affects the flux component but there will be no effect on current lgs. In
field oriented control or vector control drive current is mandatory in all operating
conditions. In comparison of DC machine, AC machine space vector rotates
synchronously at frequency we.

As compared to Vector control, Scalar control is very simple and easy to implement,
torque and flux are basically dependent on current or voltage and frequency but due to
coupling effects, it gives very sluggish response, and because of higher order harmonics
system will move towards instability. We take an example if slip will increase the
torque will increase, and with that the flux will decrease. Variation of flux will give
sluggish response. These problems can be rectified through field oriented control
(vector control). Vector control was invented in 1970s, and it was prove that an
induction motor can be driven like a DC motor, it gives rejuvenation in the performance
of AC drives. Decoupling and orthogonal control is known for vector control, as a

performance is similar to a dc machine. Vector control can also be used for permanent
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magnet synchronous motor and various ratings of induction motors.is not only used for
induction motor but it is also applicable for synchronous machine drives. The use of
DSP and microcomputer is mandatory for sensor less motors because of its high

complexity as feedback signals are used for vector control.

4.2.2.2 Vector Control Principle-

The machine model vector controlled principle can be explained by various reference
frames and here synchronous frame is used for explanation. We assume unity current
gain for inverter and hence not shown in the figure and iac are controlled by ianc from
the controller. The conversion or transformations like d® — g€ to d° — q° and d° — ¢°
to a — b — ¢ of the inverse transformation model is given on the left side of figure.
Similarly, iac t0 I3; - I5s transformation on right side is done by using Clarke’s
transformation. Similarly, other transformations are also used before fed into the

machine model.

Control Machine

" e s_ s
* d°-q° st ds—as |l 1, a-b-c d'-q Machine

lds To " To To d°—q°

o
'Qm

o
o

. .
—_— &g e abc < < . g - lgs Model

s
cos e sin 6, cos 6, sin B,
ids
/w:
W

Inverse Transformation
Transformation

Figure 4.5- Vector Control Principle in d® — q® model

The transformation will first transform the synchronous frame to stationary with the
help of unit vectors sin 8, and cos 6, and generates I;; and I currents which is then
converted to a — b — ¢ controlling variables which is then fed to the machine. Then,
again same transformations are again done in reverse order which is then fed motor for

vector control.
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4.2.2.3 Types of Vector Control

The types of vector control are direct and indirect vector control that is discussed:

1. Direct or Feedback Vector Control

The controls parameters are izsand iz that are generated in feedback path in
synchronously rotating reference frame is the beauty of this vector control. It is first
transformed to stationary reference frame using vector rotation. Field flux signals
Ya-and W7, that are evaluated using voltages and currents of the induction motor. The
output torque component so obtained by the current iz, is generated from the speed
control loop through a torque limiter. The flux component of the current i}, is generated
from flux loop, which are converted to stationary frame using 6, and then to abc
variables. For the implementation of this scheme magnitude of rotor flux and its
position is essential. The &. flux is aligned or in phase in the direction of current igs and
also igs quadrature current is perpendicular to flux. In figure 4.7, vectors of rotor flux in
stationary reference frame ¥, and ¥, are shown. The stationary frame d*-g° and the
frame d®-g°® which is rotating with synchronous speed w,, the phase angle between the

stationary frame and synchronous frame is 8, and the same is equivalent to w,t.

|_‘ Ve
Torque Limiter I_|

* s ia - |
A Pl Te s Inver,se N Hysteresis 4
: Park’s N Current “ IbI
- Controller ig ™
1 N Transform N controller \
Wy -atlon“ ic* IWW) g l.
ulses
0, VS
o |
—» UL, * Encoder
) W,
. W
Slip !
+
+
(W

Figure 4.6: Schematic diagram of direct vector control
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Figure 4.7: Rotor flux orientation in d® — q° and d®* — q° phasors

The following equations can be obtained using figure 4.7:

w5 = ®.cos 6, 4.5
¥s = P.sin 6, 4.6
S
cos 6, = ;dr 4.7
S
sin @, = Zar 4.8
r
_ s 2 s 2
Y= ¥, +%%: 4.9

Form figure 4.8, sin 8, and cos 6, are unit vector signals, when used for vector rotation.

It gives a ride of current i, on the d® (direction of &, ) and current I4s ON the g°- axis.

Figure 4.8: Unit Vector Position in correct phase condition
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VECTOR CONTROL FEATURES

1.

The phase and synchronous frequency are controlled with unit vector. Therefore,
the machine is self controlled as the angular synchronous frequency (w,) cannot
be controlled directly.

If the set point of torque is beyond the breakdown torque Tem then there will be
no problem of instability as the current will remain in safe values that is
automatically be performed by vector control.

There exist two orthogonal trajectories as change in one will not affect the other
hence, results in good dynamic response. Change in igs will affect torque only
not flux.

Ideal vector control is not possible because there exist some delays in
components. Hence, signal processing and variation in parameters will have
some effects.

Using vector control, the motor can be operated in all four quadrants of torque
and speed characteristics without using extra components like for reversing the
speed, phase reversal is required.

Variation of temperature will change the parameters like inductance and
resistance that can reduce the system accuracy. But, these can now be
compensated using MRAS techniques. Also, at high voltages these effects can

be reduced.

2. Indirect Vector Control

The difference between the direct vector control and indirect vector control is that

indirect vector control is somewhat easy to implement and unit vectors will be produced

in feed forward control. Otherwise, it is very much similar to direct vector control.

Since this vector control is easy to implement hence it is used in industrial application.

The concerned principle of indirect vector control can be demonstrated using phasor

diagram that is shown in the figure 4.9:
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gz

Figure 4.9:Indirect Vector Control phasor diagram

The rotating axis (d” — q" ) is fixed on the rotor terminals while the stationary axis
(d® — q°) is fixed on the stator frame, the rotating axis is rotating at a speed w, and is
shown in Figure 4.9. The rotating axis (d" — q") lags the synchronously rotating axes
(d® — q°) by slip angle (6y;) that is the integration of slip frequency (wg;) with respect
to time. Therefore, the equation can be formed:

We = Wy + Wy 4.10
Also the below equation can also be formed:

0, = [ wedt = [ w, + wgdt = 0,+6 4.11

The flux vector can also be estimated from the machine model using the voltage model.
The fluxes are evaluated using d ® —q ° stationary frame of reference as voltage and

current can be observed. The following equations of flux are:

Pi.=[(vis — Rsiys)dt 4.12

W= (v — Reis)dt 4.13
2 2 2

e 14
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Vim = Pas —Lisigs= Lm(i3s + i3, 4.15

@S, = W —Lisiss= Lm(is + iS5 4.16
WS = L iS5 + LpiS, 4.17
YS= Lin iS5 + Lyis, 4.18

ig- and iz, can be eliminated from the equations above 4.17 and 4.18 and using that in

equations 4.15 and 4.16 yields:
Ly .

yi. = mlpgm-Llrzgs 4.19
Ly .

Yy = mq’;m-l,lrlfls 4.20

Now, derivation of concerned control technique equations is a major issue. Therefore,

the equations will be:

a¥ gy

praies Ryigr — (we — wr)¥gr=0 4.21
Y 4 Riy + (W, — )W =0 4.22
dt reqr e r)tdr— :

The equations of flux of rotor are as follows:
\Pdr = Lr idr + Lm ids 4.23
\qu =L iqr + Lm iqs 4.24

Currents can be computed using above equations:

. 1 Ly .
Lar :L_ lludr — L_m las 4.25
T T
. _1 Ly .

To eliminate the rotor currents from the equations 4.21 and 4.22 and using the values

from equation 4.25 and 2.26 are as follows:

d¥g,
dat

Ry Ly .
+Z SUdr — L_rerdS — a)slll’qr =0 4.27
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dwv R L
qr T m .
+—W¥ . ——R.i;c —wg¥ =0
dt L qr L, rtgs sltdr

Where wg= w, — w,
The desired conditions for decoupling control is:

\qu =0 ,And

d¥qr _ o
dt

When the above conditions is substituted, it yields:

Ly d¥,

Y = Lyi
ert+ T mlds

4.28

4.29

4.30

431

The above condition yields that in steady state, rotor flux ¥, is directly proportional to

i4s current. The block diagram of indirect vector control of induction motor is shown in

figure 4.10
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Figure 4.10: Indirect vector control of Induction motor

4.2.3 Hysteresis-Band Current Controller

It is an instantaneous negative feedback current control method in which the actual

current chases the reference current within the hysteresis band. This controller generates
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the reference current wave of desired frequency and magnitude, and it is compared with
the actual wave. In this research work, three phase voltage source inverter is used.
Hence, three hysteresis band of width ‘6’ are defined around their respective phase
currents. As these three currents are dependent from each other, hence, the system is

transformed to (a,f) co-ordinate axis which is similar to stationary reference frame.

iref
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Figure 4.11(a),(b): Hysteresis current controller

When three hysteresis bands are transformed into this co-ordinate system, this will
result in hysteresis hexagonal area. In steady state, the reference current i,..r rotates on
circle round the origin as shown in figure 4.11. The realistic value of current i has to be
kept within the area of hexagon. Hence, each time when tip of i touches the border of
the surface that is heading out of the hexagon, the inverter has to be switched

accordingly in order to keep the current in the area of hexagon.

4.2.4 Space Vector Pulse Width Modulation (SVPWM)

Space Vector Pulse Width Modulation (SVPWM) is an algorithm which translates
phase voltage references (i.e. phase to neutral) coming from controller into duty cycles
that can be applied to PWM peripherals like IGBT bridge or MOSFET bridge.

Space Vector Pulse Width Modulation for 3-phase VSI

The topology of a three-leg voltage source inverter is shown in Fig. 4.12. Because of the

constraint that the input lines must never be shorted and the output current must always
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be continuous a voltage source inverter can assume only eight distinct topologies. These
topologies are shown on Fig. 4.13. Six out of these eight topologies produce a nonzero

output voltage and are known as non-zero switching states and the remaining two

topologies produce zero output voltage and are known as zero switching states.

P

~ A A A
V., —/ |4
g ik b
T C
~ A A A
I
Figure 4.12: Topology for three phase Voltage source inverter
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Figure 4.13: Eight Switching state topology of Voltage Source Inverter
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Space vector modulation (SVM) for three-leg VSI is based on the representation of the
three phase quantities as vectors in a two-dimensional (o,) plane. This is illustrated
here for the sake of completeness. Considering topology 1 of Fig. 4.14, which is

repeated in Fig. 11(a) we see that the line voltages Vab, Ve, and Vca are given by:

Vab = Vg 4.32
Vbe =0 4.33
Vea= 'Vg 4.34

This can be represented in the o 3, plane as shown in Fig. 4.15, where voltages Vab, Ve,
and Vca are three line voltage vectors displaced 120 degree in space. The effective
voltage vector generated by this topology is represented as V1 (pnn) in Fig. 4.15. Here
the notation ‘pnn’ refers to the three legs/phases a,b,c being either connected to the
positive dc rail (p) or to the negative dc rail (n). Thus ‘pnn’ corresponds to phase a.
being connected to the positive dc rail and phases b and ¢ being connected to the

negative dc rail.

Il

Figure 4.14 : 1-VI (pnn) Voltage Source Inverter
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Figure 4.15: Representation of Topology I in a,f3 plane

Proceeding on similar lines the six non-zero voltage vectors (V1 - Vs) can be shown to
assume the positions shown in Fig.4.16. The tips of these vectors form a regular
hexagon (dotted line in Fig. 4.16). We define the area enclosed by two adjacent vectors,

within the hexagon, as a sector. Thus there are six sectors numbered 1 - 6 in Fig. 4.16.

V3 Y2

V1

VS Vé

Figure 4.16 : Non Zero Voltage Vectors in a-3 plane

Space Vector Modulation

The desired three phase voltages at the output of the inverter could be represented by an
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equivalent vector V rotating in the counter clock wise direction as shown in Fig. 4.17.
The magnitude of this vector is related to the magnitude of the output voltage (Fig.
4.17) and the time this vector takes to complete one revolution is the same as the

fundamental time period of the output voltage.

(5]

Figure 4.17: Output voltage vector in a,f3 plane
Let us consider the situation when the desired line-to-line output voltage vector V is in
sector 1 as shown in Fig. 4.18. This vector could be synthesized by the pulse-width
modulation (PWM) of the two adjacent SSV’s V1 (pnn) and V2 (ppn), the duty cycle of
each being di and d, respectively, and the zero vector ( Vz(nnn) / Vs(ppp) ) of duty

cycle do:
diV1 + daV2 = V = mVge/? 4.35
di+dx+do=1 4.36

Where, 0< m <0.866, is the modulation index. This would correspond to a maximum
line-to line voltage of 1.0Vg, which is 15% more than conventional sinusoidal PWM as

shown.

V2 (ppn)

- Vi(pnn)
Figure 4.18: Synthesis of output voltage vector in Sector |
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All SVM schemes and most of the other PWM algorithms use Eqgns. (14) and (15) for
the output voltage synthesis. The modulation algorithms that use non-adjacent SSV.s
have been shown to produce higher THD and/or switching losses and are not analyzed
here, although some of them, e.g. hysteresis, can be very simple to implement and can
provide faster transient response. The duty cycles d1, d2, and dO, are uniquely
determined from Fig. 2.7, and Eqns. (14) and (15) , the only difference between PWM
schemes that use adjacent vectors is the choice of the zero vector(s) and the sequence in
which the vectors are applied within the switching cycle.

The degrees of freedom we have in the choice of a given modulation algorithm is:

1) The choice of the zero vector; whether we would like to use V7(ppp) or V8(nnn) or
both,

2) Sequencing of the vectors

3) Splitting of the duty cycles of the wvectors without introducing additional
commutations.

Implementing SVPWM

The SVPWM can be implemented by using wither sector selection algorithm or by
using a carrier based space vector algorithm.

The types of SVPWM implementations are:-

a) Sector selection based space vector modulation

b) Reduced switching Space vector modulation

c) Carrier based space vector modulation

d) Reduced switching carrier based space vector modulation.

1. Sector selection based SVPWM:

The figure below above provides an idea of the sector selection based space vector
modulation. We have implanted the same using the Simulink blocks and s-functions
algorithms wherever needed.

2. Reduced switching SVPWM:

The switching of the IGBTSs can be reduced by 33% by choosing to use one of the zero
vectors during each sector.

4.3.3 Carrier Based SVPWM:

Carrier based SVPWM allow fast and efficient implementation of SVPWM without
sector determination. The technique is based on the duty ratio profiles that SVPWM

exhibits. By comparing the duty ratio profile with a higher frequency triangular carrier
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the pulses can be generated, based on the same arguments as the sinusoidal pulse width

modulation.

4.2.5 Fuzzy Logic Controller

The database of a rule-based system may contain imprecisions which appear in the
description of the rules given by the expert. Because such an inference cannot be made
by the methods which use classical two valued logic or many valued logic, Zadeh in
(Zadeh, 1975) and Mamdani in (Mamdani, 1977) suggested an inference rule called
"compositional rule of inference". Using this inference rule, several methods for fuzzy
reasoning were proposed. Zadeh (Zadeh, 1979) extends the traditional Modus Ponens
rule in order to work with fuzzy sets, obtaining the Generalized Modus Ponens (GMP)
rule.

An important part of fuzzy reasoning is represented by Fuzzy Logic Control (FLC),
derived from control theory based on mathematical models of the open-loop process to
be controlled. Fuzzy Logic Control has been successfully applied to a wide variety of
practical problems: control of warm water, robot, heat exchange, traffic junction,
cement kiln, automobile speed, automotive engineering, model car parking and turning,
power system and nuclear reactor, on-line shopping, washing machines, etc.

Fuzzy Logic is basically a multi-valued logic that allows intermediate values to be
defined between conventional evaluations like yes/no, true/false, good/bad, etc. Notions
like ‘rather high’ or ‘quite low’ can be formulated mathematically and processed by
computers. In this way an attempt is made to apply a more human-like way of thinking
in the programming of computers. Fuzzy logic is an alternative to traditional notions of

set membership and logic.
4.2.6 Fuzzy Inference System

A fuzzy inference system (FIS) is a system that uses fuzzy set theory to map inputs
(features in the case of fuzzy classification) to outputs (classes in the case of fuzzy

classification).

An example of a Mamdani inference system is shown in Figure 5. To compute the

output of this FIS given the inputs, one must go through six steps:

1. Determining a set of fuzzy rules
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2. Fuzzifying the inputs using the input membership functions,

3. Combining the fuzzified inputs according to the fuzzy rules to establish a rule

strength,

4. Finding the consequence of the rule by combining the rule strength and the output

membership function,

5. Combining the consequences to get an output distribution, and

6. Defuzzifying the output distribution (this step is only if a crisp output (class) is

needed).

THEN

IF Rule
Strength

/\ """"""""" /\E ..................................

g > l
,I/\ """""""""""""" /\ .................. g

ol 7
Input Output I
Distributions Distribution
Xo Yo

Figure 4.14: Fuzzy inference system
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4.3 Conclusion

This chapter introduces classification of controlling techniques of induction motor drive
and each technique has been discussed separately. It is concluded that vector control
gives the good dynamic response as compared to scalar control. Also, between direct
vector control and indirect vector control, indirect vector control is good because it is
somewhat easy to implement and reference values are generated in feed forward
manner. Further, two PWM techniques have been discussed i.e. hysteresis current
controller and SVPWM (Space Vector PWM). Both techniques will be implemented in
the simulation and results will be compared. Also, two controllers i.e. PI controller and

Fuzzy Logic Controller will be implemented and compared.
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CHAPTER 5
EFFICIENCY OPTIMIZATION OF THREE PHASE
INDUCTION MOTOR

5.1 General

Induction motors are widely used in domestic, commercial and industrial application.
Hence, they consume a major part of the total electrical energy production. Therefore,
improving the efficiency of the induction motor is always been a major concern.
Various essential strategies are adopted to ensure optimum efficiency operation of
induction motor drive. This is usually realized either by selecting proper control
strategies or by improvement in the design, materials and construction techniques or
both. Design aspects involve shaping of rotor bars, use of copper material instead of
aluminium, etc. As copper has high current density and low value of temperature
coefficient as compared to aluminium. The control strategies adopted to optimize the
efficiency are search controller and loss model controller. Search controller method is a
feedback method that finds maximum efficiency by adopting a search technique. The
value of efficiency at a particular sampling instant is compared with the efficiency value
of previous sampling instant and necessary control action is executed accordingly.
Further, back propagation method is also there in search algorithm. In case, the value of
efficiency deteriorates in every new sampling instant then controller will back propagate
and necessary control action will be taken from that point where efficiency is high.
Hence, this method is slow but it is independent of motor parameters. Loss model
controller depends on motor parameters because it is based on the modelling of the
motor and losses to derive an objective function, which is optimized to yield maximum
efficiency. It is a feed-forward method and treats the situation analytically by properly
modelling the losses. Hence, this method is fast as compared to search controller.
Machines are designed to operate at rated flux because if gives fast transient response
and high torque to ampere ratio. If rated flux is maintained at light loads, then core
losses of the machine will be excessively high which will result in reduced efficiency.
Here, loss model control technique will be used to reduce the losses and increase the

torque per ampere ratio by making rated flux as increasing function of load.
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5.2 Efficiency Optimization Algorithm

The total losses of the motor consist of stator and rotor copper and core losses, friction
losses, windage or unaccounted losses. The copper losses are mainly dependent on

percentage of total load applied to motor and hence these losses can be given as:
3r. . 3 /. .
Pey =3 (i3, + i25)Rs + B (i3, + i2)R, 5.1

The iron losses due to eddy current and hysteresis losses are given by:

3
Pr, = E(khwell’rfl + k,w2W¥2) 5.2
Where,
Y=Yl + ¥, 5.3

k;, - Hysteresis loss coefficient

k. — Eddy current loss coefficient

Frictional losses are dependent on rotor speed and is given by:

Prriction = Kmw? 5.4
Where,

k., — Mechanical loss coefficient

The total losses can be expressed as:

Protar = (i35 + i2)Rs + 2 (i3 + i2)Ry + > (knwe W2 + ko w2 W2) + kyw? 55

In rotor flux orientation,

VYor =¥
’qur =0

Now substituting equations 3.22, 3.25 in 5.3 yields

] L? ]
P2 =12i% + L—’; (Ly — Lm)%igs 5.6
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3[ .. Te \2
Piotar = 5 [X(lczls) + Y( : ) ] + km(‘)g S.7

kigs
x =Rs + (kpw, + k,w?)L%, 5.8
L2, 2 Lin 2
y = RS+RrE+(kha)e+kea)e)L—%(Lr—Lm) 59
2
—3FPLm 5.10
22 Ly

To get minimum power loss, differentiate equation 5.7 with respect to iz, and equating

it to zero yields the optimal d-axis current:

dPtotal_E : _ Ezz_y —
T Z[leds (3) igs] =0 >
Thus,

. 4/ T\ 2
lds optimum = %(;) 5.12

The optimum value of d- axis current is dependent on electromagnetic torque, since vy,

X, K are constant. Hence, the flux will vary according to the applied torque.
5.3 Conclusion

In this chapter, an efficiency optimization algorithm for induction motor drive has been
developed. This control algorithm determined the optimal value of d- axis current to
minimize the electrical losses of the machine for a particular speed and torque. This

algorithm will be implemented in next chapter and results will be discussed.
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CHAPTER 6

SIMULATION AND RESULTS

6.1 General

In this chapter, the dynamic performance of indirect vector controlled induction motor
using different controllers is discussed. Firstly, the dynamic performance of induction
motor using Pl controller and Fuzzy logic controller have been implemented and
compared. Further, the efficiency optimization algorithm that has been discussed in the
previous chapter is implemented on vectored controlled motor using Hysteresis current
controller (HCC), and results have been compared with constant flux vectored control
method. Also, the same algorithm has been implemented on Space Vector PWM
(SVPWM) instead of HCC. At last, the results have compared between two different
controllers, i.e. SVPWM and HCC.

The indirect vector control has been implemented in MATLAB Simulink environment
and it is performed on 1.1 KW, 50 Hz, 415 V, 146.67 rad/s induction motor drive. Also,
the change in other parameters due change in set points of speed and torque have also

been discussed.

6.2 Comparative study of indirect vector control of induction motor using PI

controller and Fuzzy logic controller

The schematic diagrams of two controllers have shown in figure 6.1:

|_J Vdc
Torque Limiter A

Wr Pl Te igs | Inverse _Ii Hysteresis la
N ) lC - Park’s | L[  Current
- Controller s —'l>
i
e

I
—

Transform- Controller
-ation

A A A

Pulses Vs

—» 1L Encoder
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(@) Indirect vector control of induction motor using PI controller

\
\
. . Fuzzy P i ia
o rror Logic il Inverse ; Hysteresis
Controller Park’s ip Current ib IM
- .+ | Transformation L. Controller .
w, ig ic ic
VSI
Be
Encoder
LI
1/Lm

Figure 6.1(b): Indirect vector control of induction motor using FLC controller

Fuzzy logic controller take error in speed and change in error in speed as input and
provide igs as output. The membership functions of two inputs and one output have

been shown in figure 6.2:

ne)

b U
-1 -08-06-04-02 0 02 0406 08 1

(@) e (pu)
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Figure 6.2: (a) Error in speed (p.u.) input variable membership function plots,
(b) change in error in speed (p.u.) input variable membership function plot, (c)

i (p.u.) output variable membership function plot.

The schematic representation of fuzzy logic controller is shown in figure 6.3.
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Figure 6.3: Fuzzy Logic Controller

The rule base for the concerned controller is:

N o o b~ w NhoE

If (e is PH) then (i is PH)

If (e is PL) then (ij is PM)

If (e is Z) and (Ce is PE) then (i is PL)
If (e is Z) and (Ce is NE) then (i is NC)
If (e is Z) and (Ce is Z) then (ig is NC)
If (e is NL) then (ig is NL)

If (e is NH) then (i is NH)

dspead = 0.11

derror = 0.0818

Igref = 0.598
1 L4
2 N LAl
3 I B — A
4 I P A
5 I A
8 ra A
7
-1 1 1 | ! I
=1 1
Input: [0.1101:0.08182] Plot points: 44 Move: left ‘ right | dnwn| up ‘
Ready Help ‘ Close |
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The above Fuzzy logic design has been implemented in MATLAB/Fuzzy Logic
Designer with FIS type Mamdani. The concerned Rule viewer at a particular condition
and surface viewer has been shown in the figure 6.4. Here, e input variable is denoted as

‘derror’ and Ce input variable is denoted as ‘dspeed’ and i output variable is denoted as

‘igref”.

The simulation results have shown in figure 6.5:

Figure 6.4(a): Rule Viewer, (b) Surface Viewer
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Figure 6.5(a): Dynamic Performance of induction motor using PI controller
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Figure 6.5(b): Dynamic Performance of induction motor using FLC controller

Initially the drive is started with a commanded speed of 29.33 rad/s (20% of rated
speed) with load torque of 1.5 Nm (20% of rated torque). According to the results the
conclusion can be drawn that dynamic performance of the induction motor in case fuzzy
logic controller at starting is poor because the input values of error and change in error
of speed of Fuzzy Logic Controller is less which generate slow changing value of ij
current according to the member functions and rule base implemented. Hence, motor
takes more time (about 0.07 s) to reach 20% of rated speed from zero speed and current
(lanc) drawn by motor at starting is less in case of FLC method rather than conventional
Pl controller (it takes about 0.02 s). But, when motor reaches 20% of rated speed to
rated speed (146.67 rad/s), the input values of error and change in error of speed is high
which will generate high value of i; current required to bring the motor to set speed.
The variation of torque during this transient state is also high and similarly the current
(lanc) is high as compared to conventional method. Hence, motor takes less time to reach
the rated speed in case of FLC method rather than PI controller. When torque is varied
from 20% of rated torque to rated torque, there is no variation in dynamic speed of the
motor in both the cases (i.e. Pl controller and Fuzzy logic controller). This shows the
decoupling effect due to vector control of induction motor. There exhibit no overshoot
and undershoot in speed during transient response of fuzzy logic controlled induction
motor. But, variation of torque around the set point in steady state is large in case of
fuzzy logic controller as compared to PI controller.

6.3 Comparative study of indirect vector control of induction motor on applying
and without applying efficiency optimization algorithm

The schematic representation of efficiency optimization of three phase induction motor

has been shown below, figure 6.6:
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Figure 6.6: Schematic diagram of efficiency optimization algorithm

The simulated results have shown below, figure 6.7:
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Figure 6.7(b): Dynamic performance of induction motor using efficiency

Table 6.1: Performance parameters of induction motor 1.437 HP without optimization

Load(% of rated | las(p) lgs () Cu Loss | FeLoss | Mech Total n
Torque) (A) (A) (W) (W) Loss (W) | Loss(W) | (%)
Speed = 146.67 rad/s (rated speed)
100 2.01 201 61 1515 86 298.5 78.65
80 2.01 1.86 47 150 86 283 75.66
50 2.01 1.62 30 148 86 264 67.56
20 2.01 1.10 21 146 86 253 47.01
Speed = 117.34 rad/s (80% of rated speed)
100 1.86 2.01 63 130 55 248 78.01
80 1.86 1.86 48 128.5 55 2315 75.25
50 1.86 1.62 32 126 55 212 67.20
20 1.86 1.10 24 124 55 203 45.30
Speed = 73.33 rad/s (50% of rated speed)
100 1.62 2.00 64 101 22 187 74.63
80 1.62 1.81 50 99 22 171 72.01
50 1.62 1.62 34 96.5 22 152.5 64.32
20 1.62 1.10 27 94 22 143 43.48
Speed = 29.33 rad/s (20% of rated speed)
100 1.10 2.00 64 51 4 119 65.40
80 1.10 1.81 52 49 4 105 63.15
50 1.10 1.63 36 46 4 86 56.67
20 1.10 1.10 28 43 4 75 38.00
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Table 6.2: Performance parameters of induction motor 1.437 HP with optimization

Load(%o of rated lds lgs Cu Loss | FeLoss | Mech Total n
Torque) (A) (A) (W) (W) Loss (W) | Loss(W) | (%)
Speed = 146.67 rad/s (rated speed)
100 2.03 2.03 61 149 86 296 78.80
80 1.88 1.88 o1 127.2 86 264.2 76.90
50 1.63 1.63 35 95.75 86 216.75 | 71.73
20 1.20 1.20 26 52 86 164 57.30
Speed = 117.34 rad/s (80% of rated speed)
100 2.02 2.02 63 128 55 246 78.15
80 1.88 1.88 58 118 55 231 75.30
50 1.63 1.63 32 85.6 55 172.6 71.82
20 1.20 1.20 24 64 55 143 55.10
Speed = 73.33 rad/s (50% of rated speed)
100 2.02 2.02 63 91 22 176 75.76
80 1.88 1.88 52 83 22 157 73.70
50 1.62 1.62 34 65 22 121 69.50
20 1.10 1.10 27 50 22 99 52.63
Speed = 29.33 rad/s (20% of rated speed)
100 2.02 2.02 64 42 4 119 67.14
80 1.88 1.88 52 35 4 91 66.52
50 1.63 1.63 36 30 4 70 61.65
20 1.10 1.10 28 19 4 51 46.87

Figure 6.7(a),(b) shows the simulated dynamic performance of the induction motor
drive for sudden increase in speed and load torque without and with efficiency
optimization respectively for 1.437 HP induction motor drive. Initially the drive is
started with a command speed of 29.33 rad/s (20% of rated speed) with load torque of
1.5 Nm (20% of rated torque). During starting motor draws high stator current with low
frequency to develop the necessary starting torque and once the motor picks up speed
the frequency increases and magnitude of current reduces. There are small ripples in the

stator current and hence in the developed electromagnetic torque due to switching in
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hysteresis PWM current controller. At t = 0.3 s, when commanded speed is increased
from 29.33 rad/s to 146.67 rad/s with the same load torque, the actual motor speed
tracks the commanded speed. In addition, the torque does not change in steady state and
there is no change in stator current. As, compared to conventional method, the
efficiency of the motor is improved by almost 10% under this condition with
optimization control. Similarly when load is increased from 20% to 100% of the rated
torque at t = 0.6 s, the speed controller maintains the motor at rated speed. The
electromagnetic torque developed by the motor increases to rated value 7.5 Nm to
satisfy the load torque requirement with a proportional increase in stator current. Under
rated speed and load operation, the improvement in efficiency with optimization control
is less as compared to light load condition.

The graph between efficiency (%) and load torque (%) of the motor at rated speed
(146.67 rad/s) is shown below:
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Figure 6.8(a) : Efficiency Vs Load Torque Graph

Similarly, the graph between the efficiency (%) and Speed (%) of the motor at 20% of
the rated torque has been shown in the figure 6.8 (b).
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Efficiency Vs Speed Graph

70
60
50
§
S 40 - ;
c —@— Efficiency without
'% 30 optimization
£
L 20 —@— Efficiency with
optimization
10
0
0 20 40 60 80 100 120
Speed(%)

Figure 6.8 (b): Efficiency Vs Speed Graph

6.4 Efficiency optimization algorithm on indirect vector control
method using SVPWM controller

The schematic representation of indirect vector control method using SVPWM
controller using and without using efficiency optimization algorithm and concerned

simulation results is shown in figure- 6.8
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Figure 6.8(a): Schematic representation of indirect vector control method using
SVPWM controller without using optimization algorithm.
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Figure 6.9(b): Dynamic performance of induction motor using efficiency
optimization algorithm with SVPWM controller

From fig 6.9 and fig 6.10 show the simulated dynamic performance of the induction
motor drive for sudden increase in load torque without and with efficiency optimization
of algorithm respectively for 1.437 HP drive . Initially, the drive is started with a
command speed of 146.67 (rated speed) with load torque of 1.5 Nm (20% of rated
torque). Initially the motor draws high stator current to develop necessary starting
torque and once the motor picks up the speed the magnitude of the current reduces. At t
= 0.35 s, the load is increased from 20% to 100% of rated torque, the speed controller
maintain the motor at rated speed. It is clear that efficiency of the motor is not

optimized on using efficiency optimization algorithm because efficiency graph again
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roll back to low value. Hence, this loss model control does not work on SVPWM

controller satisfactorily.
6.5 Conclusion

From above results, it is clear that on using fuzzy controller, there are no overshoots and
undershoots. Hence, it results in good dynamic performance. Further, loss model control
works well in hysteresis current controller compared to SVPWM. On using
optimization algorithm, the efficiency of the motor is increased by 10% at low load
(20% of the rated torque).
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CHAPTER 7

CONCLUSION AND FUTURE SCOPE

7.1 Conclusion

The comparison between hysteresis current controller and SVPWM controller is
presented for efficiency optimization of indirect vector controlled three phase IM drive.
The dynamic performances of Induction motor drive using two different controllers
show good performance and good stability for wide range of speeds with light load or
full load. Hysteresis current control have faster response when compared with SVPWM
technique as hysteresis current controller does not require large number of sampling.
Also, loss model control gives good results on hysteresis current controller based model
as compared to SVPWM controller based model. On using SVPWM controller, the

efficiency remains same on using loss model controller.
7.2 Future Scope

Since, loss model control works satisfactorily with hysteresis current controller based
model. Hence, this model can be implemented on other motors like permanent magnet
synchronous machine and other ratings of induction motors. Further, two algorithms
have been implemented. One is efficiency optimization algorithm that is implemented at
steady state and during dynamic response like change in speed or load torque, the
optimization algorithm is abandoned because that algorithm reduces the stator flux and
constant flux value is applied for good dynamic response. When the response reaches to
steady state, then controller is switched back to optimization algorithm after delay of

few sampling instants.
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APPENDIX I

Table A.1 System Parameters

Rated Power 1.437 hp
Rated Voltage 415V
Resistance of Stator 6.03 Q
Inductance of Stator 0.5192 H
Resistance of Rotor 6.085 Q
Inductance of Rotor 0.5192 H
Mutual Inductance 0.4893 H
Frequency 50 Hz
Rotor friction co-efficient 0.0027 Kgm?/s
Motor Inertia 0.01178 kg m?
Pole pairs 2
Rated Torque 7.5 Nm
Rated Speed 146.67 rad/s
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