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ABSTRACT

Induction motors are widely used machines in domestic and industrial applications due to its
simple, low cost and rugged construction. There are many where speed operation of motor is
required. Variable speed drives for induction motor cause both fast torque response and wide
operating range of speed. Indirect vector control of induction motor is a predictive method,
where the speed of the rotor flux is predicted from rotor speed and slip speed variation. The rotor
speed may be obtained either from speed sensors or from the estimation method.

Any variation in the rotor time constant due to increase in winding temperature may lead to
improper flux orientation and hence deterioration of dynamic performance of the drive. Online
estimation of rotor time constant is very essential for the flux orientation which subjected to the
change of rotor time constant for variation in temperature. Due to changes in flux orientation and
the coupling of flux and torque, the performance of the induction motor drive become sluggish.
The estimation of machine parameters using model reference adaptive controller (MRAC) is
described and analysed through simulation in MATLAB/Simulink.

Model reference adaptive system controller utilizing the reactive power is presented for the
online estimation of the rotor resistance to maintain the flux orientation in an indirect vector
control of induction motor drive. The effect of sudden and slow variation in rotor resistance on
performance of the indirect vector controlled induction motor (IVCIM). The formation of
MRAC with the instantaneous and steady-state reactive power eliminates the estimation of flux.
Reactive power based MRAC estimator is less sensitive to integral problems like saturation and
drift. Simulation and analytical analysis have been presented in MATLAB/Simulink to validate
the capability of the technique.

Index Terms - Indirect vector control, model reference adaptive controller (MRAC), reactive
power.
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CHAPTER I
INTRODUCTION

1.1 General

The induction motors are most commonly used motor because of high torque, simple, robust
structure, low cost and higher reliability. Induction motors have advantages over DC motors, and
suitable for high performance drives. Recent advancement in power electronics specially power
devices and their control techniques the operation and control of induction machine has become
common in industrial applications [1], [2]. Control of induction machine is not simple, because it
IS not easy to use the rotor quantities which produces torque. Induction machine can have the

same characteristics like DC motor if the control of machine is in synchronous frame [2], [3].

Previously DC motors were used where variable speed was required, so that their torque and
flux can be controlled by the armature current and field current independently. DC motors are
mainly used in applications where four quadrant operation and fast response are needed. DC
motors have disadvantages because of the brushes and commutator, results in high maintenance.
They are prone to explosion or corrosive environment, and the commutator has limitations with

high speed. All these drawbacks can be overcome with the use of AC machines.

Ac motors are designed in such a way that it gives high output power for low rotating mass and
low weight machines. Variable speed drives have played major roles in industrial applications in
past few years which have prohibited the use of dc machines, and the limitations are also the
major reason behind this. AC machines have fast switching frequency of inverter, and they are
cost efficient, these low cost AC drive in the field of power electronics have progressed a lot

now-a-days the use of cheap and effective power converters for AC drive.

In DC drives, power circuits contain line commutated thyristor or a IGBT based chopper for
power devices. In ac drives there are large variety of different converters, which can be used as
forced commutation, natural commutation, current source, voltage source, dc link, cyclo-

converter, which can be clubbed with different type of ac machines.



ac drives with variable speed drive have become the first choice in many industrial applications
where speed control is required. At the same instant of time with the availability of efficient and
fast power semiconductor switches (transistors) gives a high frequency control of PWM for the
latest drives. The use of AC machine in the industrial applications concludes that the AC motor
drive controlled by a PWM has some problems such as: insulation of motors gets damaged
because of reflected voltages occurs by long motors, motor bearing mechanism gets failed
because of excessive dv/dt and leakage currents to ground. The estimation and control of AC
drives are very complex in comparison to DC drives, and with the performance of the machine
complexity increases exponentially [1]. The reasons behind the complexity of the machine are

the dynamic behavior of the ac machine.

1.2 Parameter Estimations in Induction Motor Drives

FOC (Field oriented control) of induction motor is widely used in industrial application. Both the
approaches DFOC (Direct field oriented control) and IFOC (Indirect field oriented control)
require parameters of machine. There are many methods for handling problems related to the
variation in parameters due to rise in temperature etc. The electrical parameter values changes in
different circumstances: both the slip frequency and temperature affects the resistance, magnetic
saturation influences mutual inductance and stator and rotor resistances are influenced from the
temperature. This has been the major research area devices last many years. The main goal of
this research work is to find a suitable method for estimation of online rotor resistance for
induction motor drive.

There are many techniques for rotor resistance estimation such as model reference adaptive
system, least square recursive method, sliding mode controller, leunberger observer, extended
kalman filter, kalman filter. These techniques have grabbed attention an extended kalman filter
has attained stability by selecting the positive definite term for riccati equation for the gain
designing. This technique has limitation of proper initialization and calculation. Another
attractive technique is MRAC in which error is measured from output of the two different
models voltage model and current model, the error of these two model should be brought to zero
with the help of an adaptation mechanism, the adaptation mechanism is a PI controller which can
be tuned accordingly to the need of the system. The control method used here should adapt the
system according to the variation in parameters and the uncertainty. This controller is designed



with the help of reference model which can describe the characteristics of the controlled plant.
Reference model provides the stability to the system. The variable quantity only influences the
one model the other has no effect with the variable quantity.

There are two different approaches for MRAC (model reference adaptive controller): direct
control and indirect control. In direct control method a controller is selected and its parameter is
adjusted accordingly to make the error zero. Indirect control method plant unknown parameters
are estimated before the control input is selected. In indirect method it has both adaptive and
reference model but in direct method it has only reference model.

1.3 Objective of the thesis

The main aim of this thesis is to identify and implement an estimator for a vector controlled
drive. For identifying an observer main focus is on estimator which must be accurate, simple to

design, should have wide operating range and can be implemented easily.

1. To study and identify the methods for Estimation of Rotor Resistance in indirect vector
controlled drives.

2. To implement the estimator for the parameter variation in Induction motor due to the
temperature variation. A reactive power based MRAC Estimator is designed for the
estimation of rotor resistance.

3. SVPWM (Space Vector PWM ) Inverter fed Induction Motor is considered for Induction
Motor drives to implement the estimator technique for the estimation of rotor resistance

4. Adaptive mechanism and speed controller is designed by using PI-Controller, and it

computes and transmit output signal of the controller to the control element.

1.4 Organization of the thesis

In this thesis the performance and control of induction motor and estimation of induction motor
parameter technique is implemented. Control techniques are implemented and determined in the
motor drives. The simulation results have examined using the MATLAB SIMULINK and further
variation in rotor resistance with the effect of temperature in induction motor drive is analyzed.

The outline of the thesis is:



e Chapter Il, Literature Review
In this chapter a brief review of the books, hand books and research papers in last few decades,
books and hand books last few decades on rotor resistance estimation techniques of induction

motor drive is discussed.

e Chapter Ill, Modeling and Control of Induction Motor
In this chapter dynamic modeling of induction motor is covered and the transformation through
three phase to two phase transformation by using Clarke’s and Park’s transformation are
discussed and the both field orientation control direct and indirect control is discussed.
In this chapter we have discussed about the control techniques used for induction motor such as
scalar control, field oriented control or vector control (direct and indirect vector control and

sensor-less control techniques) are discussed.

e Chapter IV, Controlling technique for estimation of rotor resistance
In this chapter model reference adaptive system technique has been implemented for the
variation in resistance of induction motor due to the increase in temperature for indirect vector
control of induction motor drive. And initiation of Power electronics is used (SVPWM inverter),

and proportional and integral control technique are used

e Chapter V, Simulation and Results and Discussion
In this chapter analysis and modeling of induction motor with the help of simulation, and
variation in rotor resistance with temperature is modeled in MATLAB Simulink and the
performance of induction motor drive with the rotor resistance variations is analyzed. The
estimation algorithm for rotor resistance is simulated while using the SVPWM controller with
the help of proportional and integral control using reactive power. The performance and analysis
of algorithm is examined by the accuracy of the results. To show the variation in performance of
induction motor drive both sudden and linear change in R through MATLAB Simulink
demonstrated. The simulation results for MRAS algorithm with changes in resistance are

compared and analyzed.



e Chapter VI; Conclusion and Future Scope
In this chapter we concludes the study of variation in rotor resistance with temperature through
an algorithm called MRAS for indirect field oriented control while using the SVPWM (Space
Vector Pulse Width Modulation) controller .



CHAPTER Il
LITERATURE REVIEW

2.1 General

Electrical drives are used in industrial processes for ensuring higher productivity, product quality
and efficient operation. With the advancement in intelligent instrumentation, power electronics
and digital control techniques has resulted in the design in development of complex larger and
efficient industrial systems. Drivers are used for motion control in almost all kind of processes
and plants including paper mills, rolling mills, automotive industry, packaging industry, water
treatment plant, oil and gas refineries, iron and steel industry, etc. An extensive literature review
of the research and development in the field of modeling and control of induction motor and the

rotor resistance estimation are described.

2.2 Parameter Estimation methods in Induction Motor

Vector control was invented in Germany in 1968 and in early starting of 1970’s, Hasse [4] has
proposed indirect vector control technique and Blaschke has proposed the theory of direct vector
control. Werner Leonhard [5] has developed the vector control technique in 1970’s. Abbondanti
and Brennen et al. [6] in 1975 have discussed about the designing of the slip calculator that
depends upon the input quantities as phase, voltage and current. Allan B. Plunkett et al. [7] have
been developed for the measurement of the flux level in an induction motor in. With the flux and
stator current, the electromagnetic torque can be obtained. R. Krishnan et al. [8] the estimation of
flux needs the proper knowledge of induction motor parameters and the indirect vector control is
parameter dependent. If any change in the temperature and saturation of the machine its varies
the machine parameters and it affects indirectly to the steady state and dynamic performance of
the machine. In [9] R marino et al. has concluded that the control algorithm has a nonlinear
identification scheme which can asymptotically tracks the true value of the rotor resistance and
load torque which are assumed to be constant but unknown. Once those parameters are identified
the two control goals for the regulation of rotor flux and rotor speed amplitudes are decoupled. In

paper [10] K. R. Cho et al. when the rotor bar breaks the rotor resistance of induction motor

6
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increases. For detection of broken rotor bars the measurements of stator current, voltage,
frequency, and rotor velocity are taken for a low range of velocity. Measurements can be
processed by a least square error estimator to estimate the machine parameters. In [11] C.
Attaianese et al. a speed control of induction motor is implemented, and the online estimation the
speed and the other parameters of the machine and the comparative study of different motors. H.
A. Toliyat et al. [12] have concluded that an induction machine is the most common machine
used in industries, control scheme for these drive should have exact knowledge of the machine
parameters. In case of any change in the actual parameters or within the controller will
deteriorate the performance of the induction machine. In [13] C. Kral et al. estimation of rotor
temperature for fan-cooled induction motors with a thermal equivalent circuit is implemented.
When the motor is loaded slightly the estimation of rotor resistance becomes inaccurate because
of the small slip. Rotor temperature estimation for low-load conditions can be estimated through
a thermal equivalent model. For the estimation of rotor and rotor temperature accurately few
machine parameters have to be estimated in advance. The leakage reactance and iron losses can
be calculated through load test of the induction machine. The thermal equivalent model needs a
thermal resistance and capacitance. These parameters can be derived through a heating test, in
which reference temperature is given through the parameter model in time domain. J. Pedra et al.
[14] the transient behavior of induction motor is studied and the double-cage model parameters
are estimated with the regression-based equations that depend on the line voltage and mechanical
power of the machine. The starting current, torque, slip and efficiency are calculated with the
typical parameters and they are compared with the data of 608 low-voltage induction motors
given from the different manufacturers. In [15] Wei Chen et al. the estimation of parameters at
standstill depends on the static induction machine model. DC motor or single phase AC current
is injected to the motor, and the parameters like resistance and inductance estimates through
transient response data. The nonlinearity of the system is compensated to improve
the estimation precision of the parameters. Hong-yu Zhu et al. [16] the parameter estimation
method for induction motor using the extended Kalman filter (EKF) theory is implemented. This
method is implemented in real-time on PC-cluster node which as a controller for an induction
motor set-up. Lluis Monjo et al. [17] the parameters of induction motor are estimated using a
standstill variable frequency test. The estimated resistance and reactance for different frequencies

are the data used for the minimization of error for single and double-cage model parameters
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estimation. In single-cage model it is observed that the measured data for frequencies above
tenths of Hertz and in case of double-cage model it fits the data accurately in all the frequency
ranges (0 to 150 Hz).

2.3 Speed Estimation method in Induction Motor

There are many methods for handling problems related to the variation in parameters by different
approaches; The electrical parameter values changes in different circumstances: both the slip
frequency and temperature affects the resistance, magnetic saturation influences mutual
inductance and stator and rotor resistances are influenced from the temperature. There are many
techniques for the estimation of speed of induction motor such as model reference adaptive
system, least square recursive method, sliding mode controller, leunberger observer, extended
kalman filter, kalman filter. These techniques have grabbed attention an extended kalman filter
has attained stability by selecting the positive definite term for riccati equation for the gain

designing.

T. lwasaki et al. [18] used an extended Kalman filter to estimates the parameters of an induction
motor while using the measurements of the stator currents, voltages and rotor speed. The
induction motor model and Kalman filter algorithm are designed in the state space. The filters
are used to the parameter identification of an induction motor. A simple and practical method for
setting the covariance matrices of the noises are implemented in the Kalman filter algorithm
which is very important in designing the algorithm. F.-Z. Peng et al. [19] the speed identification
for a tacholess vector control has been proposed. In the instantaneous reactive power of
magnetizing inductance in which different from the conventional MRAS schemes based on rotor
flux observers is used. It does not require integration of sensed variables and it is robust to rotor
resistance temperature variations. A tacholess vector control for very high-speed motor drives
has been implemented because they have difficulties in mounting speed sensors. L. Ben-Brahim
[20] A neural-networks-based speed estimation is proposed for induction motor. The back-
propagation neural networks technique is used for the real-time based adaptive estimation of the
motor speed. The proposed is used for the improvement in the performance of speed sensorless

drives
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R. Blasco-Gimenez et al. [21] in this paper a real-time slot harmonic speed detector for vector
control of induction machines is proposed. Speed accuracy and resolution have been derived for
motors of general rotor slot numbers and slot harmonic orders and for windowing and
interpolation methods have been proposed Speed tracking and the problems related to that have
been discussed. In [22] M.Ta Cao et al. the adaptive speed controller and rotor resistance
estimator depends on the fuzzy logic (FL) approach for a high performance indirect vector
controlled induction motor drive. In order to achieve the decoupled control of torque and flux a
fuzzy logic based rotor resistance estimator is designed. In [23] R. Blasco-Gimenez et al. the
dynamic performance of a sensorless cage induction motor drive utilizing an MRAS based flux
and speed estimator operating within a direct rotor flux orientated vector controller. J. L. Zamora
et al. [24] a set of algorithms are implemented for online parameter estimation (stator resistance,
stator inductance, and leakage inductance) of an induction drive using neither the rotor resistance
nor the rotor speed. The estimation procedure is only based on stator voltage and current
measurements. H.-J. Shieh et al. [25] estimation model based adaptive control for indirect vector
control of induction motor is presented. The new reference frame based estimator is designed to
adaptively estimate the state variables and the rotor time constant used in indirect vector control.

Y. Zheng et al. [26] have an adjustable-speed drives with induction machines produces an
accurate encoder-less operation at very low speed range remains to be less problematic for all
control methods, which includes model-reference-adaptive-system(MRAS), nonlinearity
compensation, various types of observers, artificial intelligence(Al) or neural network
techniques.

B. Karanayil et al. [27] have concluded a new method for estimation of the rotor resistance of the
induction motor using indirect vector control. The back propagation neural network (NN)
technique is used for the adaptive estimation. The error between the desired variable of an
induction motor and the actual variable of a neural model is back propagated to adjust the
weights of the neural network model, so that the actual variable tracks the desired value.

In [28] B. Karanayil et al. have discussed the two methods of estimation of rotor resistance from
indirect vector controlled induction motor. A model reference adaptive scheme is proposed in
which adaptation mechanism is executed by using a Pl controller and a FL (fuzzy logic)

controller. A. Ba-Razzouk et al. [29] in this implementation of drives insensitive to parameters
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variations is an important need in the high performance drives. For drives controlled by the
indirect rotor flux oriented control (IRFOC), the rotor time constant (tr = L/Ry) exerts a role in
the loss of dynamic performance and its results in an undesirable coupling between torque and
flux of the drive.

Xing Yu et al. [30] the paper presents the rotor resistance identification method for an IRFO
controlled induction drive. A decoupled voltage control scheme is used to achieve a accurate,
fast, current control response and indicates the temperature change of the rotor resistance. A
model reference adaptive control scheme is used to track the variation of the rotor resistance.
Yang Wengiang et al. [31] a vector control of induction drive, by the estimated rotor fux and
rotor speed, while using a new extended Kalman filter (EKF) is proposed. In this method, only
the rotor flux components are considered as the state variables. Y. Koubaa et al. [32] the
estimation of speed is achieved by assuming that the rotor resistance is remaining constant
throughout the operating range. In practice, the variation of this resistance depends on the inside
temperature of the machine.

S.A.Villazana et al. [33] Rotor resistance estimation of the SCIM (squirrel cage IM) was
implemented using support vector machines (SVM) together with the model reference adaptive
system. The drive with the variable rotor resistance was simulated and the flux error records
were obtained from voltage and current models. Shady M Gadoue et al. [34] presents the neural
network based flux observer to solve the low speed problems related to the model reference
adaptive speed estimation algorithm which is based on the rotor flux. A multilayer feed forward
neural network is implemented for rotor flux estimation which is robust to noise and resistance
variation and does not have DC drift problems which are usually associated with this adaptive
algorithm.

S.Villazana et al. [35] a comparitive study between the performances of a classical MRAS
based observer of the SCIM and the performance of a SVM (Support vector machines)
based MRAS observer to estimate the rotor resistance. H. A. Toliyat et al. [36] presents an
online rotor time constant estimation scheme of an indirect vector control induction motor for
improving the performance and robustness of the drive. The technique neither requires any
special test signal nor any complex calculations. Mohamed Rashed et al. [37]
sensorless speed control of a PMSM requires an accurate knowledge of rotor flux, speed and

position. Many sensorless schemes in which the accurate estimation of rotor fluxes magnitude,
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speed and, position is by detecting the back electromotive force (back EMF). Suman Maiti et al.
[38] Model reference adaptive system (MRAS) techniques for the estimation of rotor time
constant and speed for induction motor drive. This method uses both the instantaneous and

steady state reactive powers to formulate the error signal.

M. Nandhini Gayathri et al. [39] Vector Control Induction Motor drive with MRAS based Rotor
Resistance Estimator using Reactive Power is presented. The rotor resistance changes due to rise
in temperature. This variation has a major influence on the vector control performance of an
induction motor due to the deviation in slip frequency from its set value. M. Nandhini
Gayathri et al. [40] Vector Controlled transforms the control of induction drive to that of a dc
motor by creating channels for flux and torque control. Syed Ali Asad Rizvi et al. [41] indirect
vector control depends on the estimation of the rotor flux and its synchronous angle for
decoupling of flux and torque. This estimation is depends on the calculation of current model and
slip speed both are prone to detuning of rotor parameters.

Betsy Baby et al [42] the current source inverter (CSI) is suited for high power voltage drive
applications. For decoupled control of the machine torque and flux, indirect vector control is
preferred because of its less computational complexity and reduced machine parameter
dependency. Saji Chacko et al [43] the Rotor flux Model Reference Adaptive Controller is used
for on line rotor resistance estimation and while improving the steady state performance of the
motor. Its compensation is easier and estimation technique is the accurate identification of rotor
resistance both during steady state and transient when the drive is operating at full load. Seung-
Myung Lee et al. [44] the rotor resistance is associated with the calculation of slip, the estimation
of rotor resistance has a major impact on the dynamic behavior of the Indirect vector Control.
The proposed rotor resistance estimation parameter is dependent on the rotor flux of the d-axis,
where the voltage model of induction motor is reference model, while the current type model in
the synchronous reference frame is used to an adjustable model.

2.4 Conclusion

The brief summary of the methods to improve the dynamic performance of Induction motor and
estimation of rotor resistance is described. The scope of this research work is focused on the
implementation of the control scheme with the suitable algorithm for efficient operation of the

drive.
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Chapter 111

Modeling and Control of Induction Motor

3.1 General

Conventional external resistance is added to rotor through slip rings which gives low starting
current, high starting torque, and soft starts, but this will result into loss in resistance. Vector
control is used to improve the efficiency and dynamic performance of the drive and it is possible
by the transformation by the three dimensional variables to the two dimensional reference frame
that can be in stationary, synchronously rotating frame. Dynamic modeling is very complex and
it can be implemented with the choice of their different reference frames. Dynamic behavior of
induction machine describes various voltages and torque equations that are time-varying. We can
reduce the complexity of the model by eliminating all time varying inductances using the change
of variables. In that case some transformations are required in order to transform from three
phase stationary reference frame to two phase stationary reference frame through a Clarke’s
Transformation. To transform from two phase stationary reference frame to a two phase rotating

reference frame through Park’s Transformation is commonly used.
3.2 Dynamic d-g model of Induction Motor

In variable speed drive, it constitutes an element in the feedback loop and with that its transient
behavior will be considered in the performance of a machine. Vector control or field oriented
control are the high performance machine control, and they depends on the dynamic machine
model. The dynamic performance of the motor is complex as the three phase windings of rotor
moves w.r.t the three windings of stator as shown in Figure3.1. It can be similar as a secondary
winding of the transformer, with the change in the rotor position the coupling of stator and rotor
will change continuously. While using the differential equations machine model can be
implemented with the time varying mutual couplings. The three phase machine will be
represented to a two phase machine though it is simple but the problem remains the same with
the time based parameters variations. Now the scientist R.H. Park in 1920 has proposed a theory
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for the analysis of the machine model to solve the time varying problem. With the Park’s
transformation the variables of stator will be transformed to synchronously rotating reference

frame with the stationary reference frame.[2]
A. Axes transformation

There exist some complexity of the Induction motor model to solve the problems of variation in
parameters like time varying inductances and hence in order to reduce the complexity of the
system axes transformation is necessary. In this transformation induction machine will be
transformed from three phase stationary axes (a-b-c) to two phase stationary axes( d* — q°) is

shown in figure 3.1, and then transform stationary axes to two phase rotating axes( d¢ — q°).

3

Vp

Vgs
- > 771 g2 axis

Ve a%

f c

Figure3.1: Transformation from Stationary frame a-b-c to ds-gs frame

The v and v;; components can be resolved into a-b-c component can be in the form of matrix.
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cos(f —120°) sin(8 —120°) 1|[vs, (3.1)
cos(6 +120°) sin(6 + 120°) 1] |[vg,

Vg cos 6 sin 6 1] [vgs
Vp| =
vC

And the inverse transformation is:

Vgs cos@ cos(f —120%) cos(8 + 120°) [va]

vis|==[sin6 sin(6 —120°) sin(6 +120%) | [v» 3.2)
V0s 1/2 1/2 1/2 Ve
Where,

V4, Vp, V. = Line voltage of a,b,c
vj= direct axis stator voltage in stationary frame
vgs=quadrature axis stator voltage in stationary frame

V5 IS the zero sequence component which will not be present at the balanced condition. If we
set® = 0, and g° component is in phase with the phase ‘a’ axis component. While neglecting

the zero sequence components.

Va = V(fs (3.3)
1 V3

vy = —2vs — 2 v (34)
1 V3

Ve = —Evgs +5 Vis (3.5)

For balanced state:
Vgtv,+v,=0

The transformation from three phase stationary frame a-b-c to two phase stationary frame ( d° —
q°), with the Clarke’s transformation. The synchronously rotating frame( d® — q€), rotate at the
speed of w, with the stationary axes. The( d* — g°) axes can be transformed to the ( d® — q°)
axes with the 8 = w,t angle. Figure 3.2 shows the Transformation from stationary d*-g° axis to

synchronously rotating d¢ — q° axis.
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Vdssz'ym Sin(ee"'d)

//Vqs =V sin(cb)
evqsS =-Vmcos(9e+cb)

Vds='Vm sm(cb)

dS
DARS

Figure 3.2: Transformation from stationary d*-g° axis to synchronously rotating d¢ — q¢ axis

— S S :
Vgs = Vgs * COS B, — Vs * sinb, (3.6)

Vgs = Vgs *sinf, + vy  * cos b, (3.7)
It can be represented in the form of matrix:

[vqs] _ [cos 6, —sin He] [vgs]

Vas sinf, cosf, ||v3, (3.8)

The components v, and v, rotating axes transformation can be transformed through Park’s

Transformation.

For the inverse transformation:

Vs

Ve (3.9)

cos(8, — 21/3) —sin(6, — 21/3) [

Vg cos(6,) —sin(6,)
Ub‘ =
Vel |cos(B, +2m/3) —sin(B, — 2m/3)

The transformation is achieved from rotating reference frame to stationary frame through the

Inverse Park’s transformation.
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B. Synchronously rotating reference frame

To represent the two phase machine components at stator d® — q® and rotord” — q" at the

synchronously rotating frame (d® — q®). Figure 3.3(a,b)shows the equivalent model of

induction motor. The Stator equations are as below:

. d
gs = lgsRs + El’UqS + we¥ys

. d

Vgs = lgsRs + Elpds - we"”qs

The rotor equations at the synchronous axes:
. da

Vgr = igrRy + Elp‘lr + (W, — 0, )¥, =0
. d

Var = lgrRy + alludr - (we - wr)lluqr =0

Where,
R, - Stator resistance

R, - Rotor resistance

igs)iqs - direct and quadrature axis component of stator current

Lar, Lqr - direct and quadrature axis component of rotor current

(3.10)

(3.11)

(3.12)

(3.13)

Was, Pgs - direct and quadrature axis component of stator flux linkage

Yar, Wgr - direct and quadrature axis component of rotor flux linkage

— igr —
Rs * I—Is I—Ir ¥ Rr
T MWeYds
v L
. v e/
qr

Figure 3.3a dynamic d®- g° equivalent circuit of motor (q® axis)
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Rs I—Is I—Ir
e Yos Ost War
Vs L
d o, /.
l r

Figure 3.3b dynamic d®- g¢ equivalent circuit of motor (d® axis)

The flux linkage equations can be in the form of voltage and current as given below:

Wos = igsLis + Lin(igs + igr) = Lsigs + Lmigr
Wor = igrLiy + L (igs + igr) = Lyigr + Linigs
Wy = L (igs + igr)

Was =lasLis + L (ias + iar) = Lsigs + Linlar
War = larlyy + Ly (igs + iar) = Lyigr + Lipigs

Wam = Lin(igs + igr)

From above equations:

Vgs Rg + sLg weLg sLy, WeLm,

Vas| _ —weLg Rg + sLg —wely, sL,,

Var| SLin (We = W)Ly Ry, +sLy (we — wy)Ly
Var —(we — wy) Ly SsLy, —(we — wy) Ly R, + sL,

Lys L, — Stator and rotor leakage inductance
Lg L, — Stator and rotor inductance
L., — Mutual inductance

¥ am, Pqm - Magnetsing flux linkage

:

lgs

las
’-qr
lar

|

(3.14)
(3.15)
(3.16)
(3.17)
(3.18)

(3.19)

(3.20)
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The electromagnetic torque T, is determined as:

dwm

Te=T,=]— (3.21)

In case of electrical speed w,, the above equation casn be written as:

__ 2 dwy
Te=T=7]4

(3.22)

T; — Load torque

w,, — Mechanical speed of the rotor
J — Inertia of the machine

P — Number of poles of machine

The developed torque T, through the interaction of air gap flux (¥,,) and the rotor MMF that is

dependent on the rotor current ( I,.) is expressed in the form of vector:
T,===¥, X I. (3.23)

The variables can be revolved in d® —q¢ frame, according to figure 3.4 shows the

synchronously rotating frame:

3P . .
Te = 532 (lpdmlqr - lpqmldr) (3.24)
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Figure 3.4 Synchronously rotating reference frame

Similarly, other torque equations be derived as shown below:

Te = 2= (Yamiqs — Pamias) (3.25)
Te = 2= (Wasiqs — Wyslas) (3.26)
Te = 2% Ly (igsiar — lasiqr) (3.27)
To = 35 (Varigr = Yorlar) (3.28)

3.3 Vector Control of Induction Motor

Induction machine is simple to implement but produces sluggish response due to the inherent
coupling effect. In an induction drive the magnetizing current and the torque-generating current
components of stator current are decoupled to the rotor flux like a separately excited dc motor. In
vector control the three phase stationary frame (a-b-c) will be converted in two phase stationary
frame (d°® — g®) and then to two phase rotating reference frame(d® — q®). For the detection of
the rotor flux a hall sensor is directly used in the direct vector control. Indirect vector control is
more cost efficient and reliable, it estimates the position of the rotor flux from the motor

parameters and it is widely used in industries. In indirect vector control technique a slip
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frequency command is mandatory for the decoupling for torque-generating and magnetizing
currents. This is calculated while using the value of rotor circuit time constant. the variations of
this parameter due to variations of saturation of rotor flux ,operating temperature etc., influences
the accuracy of the torque and speed performance both in steady state and transient state [45].

Vector control is not only applicable for induction motor but it is also used for synchronous
machine drives. In modern sensor less drive vector control is implemented with feedback signal
it is complex and the use of DSP and microcomputer are mandatory to use. Vector control has

expelled the use of scalar control in industrial application.
3.3.1 Indirect Vector Control

In Indirect vector control the unit vector signals (cos6,,sin6,) will be generated in feed-
forward technique. Figure 3.5 shows the block diagram representation of Indirect vector control
This method is very popular in industries for its performance and efficiency. Indirect vector
control is a feed forward scheme, it mainly depends on the machine parameters that is rotor
resistance which gets changed with the increase in temperature. Stator and rotor resistances are
the most critical parameters which will get affected by the increase in temperature variation, the
variation in these values can be 100% of their actual values. Figure explains the phasor diagram

of induction motor drive.

|_| Vdc
Torque Limiter . I_|

*

| .
w Ny Te i Inverlse INENGY s v s .la
) =N »  Park’s [, Or iy [
- Controller i*Transform-_it; HCC < \
o, -ation TR ic
5 Pulses VS|
. e
Y
r L, H \‘ Encoder
We
Slip
+
+
W

Figure 3.5: Block diagram representation of Indirect vector control
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The d®* —q® and d" — q" axes are fixed at the stator and the rotor terminal of the machine.
Figure 3.6 shows the phasor representation of Indirect VVector Control The d” — q" axes is at the
rotor which is moving at a speed of w,. And the synchronously rotating d® — q® axes which is

moving ahead of slip angle 8;; from the d” — q" axes.[2]

|
Rotor axis W M

Figure 3.6, Phasor representation of Indirect Vector Control

When the rotor pole is directed towards the d € axes and then w, will be:

We = W, + Wy (3.29)
Where,
wg; = Slip speed of the rotor

We write equation:

ee = fwedt = f(wr + wsl)dt = (9r+esl ) (330)
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The control equations will be implemented for indirect control scheme by the decoupling the

circuit with the help of d® — q° equivalent circuit and the equations for rotor will be as given

below:
4 Rylgr — (we — @,)¥qr=0 (3.31)
D1 Relgr + (e — @0,)Wqr=0 (3.32)

The flux equations for the rotor are as given below:
War = Lriar + Lmias (3.33)
\qu = Lr iqr + Lm iqs (334)

The current equations can be evaluated by arranging the above equations:

Lm

ldr Ly lludr - _T ids (3-35)
. 1 Lm .
Lgr :L_r l[’qr - L_r lgs (336)

Rotor currents component can be eliminated from these equations 3.33 and 3.34 while

substituting the equation 3.35 and 3.36 are as follows :

dw g, Lm )

d: +E Var — erds - wsll’Uqr =0 (3.37)
d¥gr Ry Imp

d: +E Yor — Zerqs —wg¥r =0 (3.38)
Where wg= w, — @, (3.39)

For decoupling control these conditions should be fulfilled:

\qu = 0, And

d%Wor

w0
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while substituting the above conditions we will get:

Ly A%y .

R—r? + l[/r = Lmlds (340)
LmRy .

Wge= mlqs (341)

llur - lpdr

T, = Lyigs (3.42)

Where,

¥ = Estimated rotor flux

In steady state condition the current i, will be directly proportional to the rotor flux &, .

3.3.2 Direct vector control

Direct vector control or the feedback control was invented by Blashke in 1968. In this control the
values of synchronously rotating reference frame will be converted into synchronously stationary
frame with the help of unit vectors as a vector rotation (VR), generated through the flux signals
VY3 and ¥;,.. Then these stationary frame signals will be applied to the input end of the inverter.
Figure 3.7 shows the block diagram representation of direct vector control. The voltage and
current from the machine terminal will be used for the voltage model of the estimator or to the

flux estimator model to generate the flux signals ¥, and ¥,

23



Wac
T"L"]'l]lIU Limiter . H H

w, ( o T, i | Inwerse _I;_ SV
— C 1 Park's " Or
Contraller i [Transform-[i HCC
) ||
o, -ation |,
i
J c Pulses WSl
W' ;
. " Encoder
FIUI 5 5
W, Estimator abe todg

Figure 3.7, Block diagram representation of Direct Vector Control

qﬁ'

Q= =

D
|

=
ipd'r

!

ds
Figure 3.8, Phasor diagram of Direct vector control

The current iy, is correctly aligned with the direction of flux ¥, . The quadrature axes current
iqs Will be perpendicularly apart from the flux ¥ . with the help of phasor diagram figure 3.8
shows the fluxes will be explained, and the rotating reference frame d® — g is moving at the
speed w, W.r.t the stationary axes d* — q°®. The angular position between the d¢-axis and the

d*-axis is 8, we can write following equations.
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Y5 = cos 6, (3.43)

Yor = @ sin 6, (3.44)
cos 0, = % (3.45)
sinf, = % (3.46)
A U (3.47)

o For the low frequencies V;; and V5 voltage signals are very low, but now due to
problem of integrating arises at the output of integrator that dc offset will get build
up.

e Variation in machine parameters will affect the dynamic behavior of machine and that
will reduce the accuracy of the system. Increase in temperature will dominate the
machine parameters. But in case of higher voltage values we can neglect the

parameter variations of machine.[2]
3.4 Sensorless vector control

Speed sensors attached to machine drives increases the cost and decreases the reliability of the
machines. For moderate performance in application drives sensorless drives are the best options.
Figure 3.9 shows the block diagram representation of Sensorless vector control drive. In this
control estimated speed signal from machine voltage and current. As speed is observe and
estimated depends upon the machine parameters, in that case special care has been taken with the

variations in the parameters. Figure 3.9 shows the sensorless vector control drive.[46]
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Figure 3.9: Sensorless vector control drive

We get voltage and current from machine terminals and flux estimator will estimates the d-q

rotor flux. From the d-q axes flux components the rotor flux ¥, will become:

Y= Fa)? + (Pg)? (3.48)

And for the estimating speed the speed estimator wr will be

1 I 1S LRy . .
wr =7 (¥ ¥ar — ¥Yar¥ar) — = [Warigs — Yarids] (3.49)

Where l}'q’i and l}'c’ii quantities are the first derivatives of ¥ and ¥,
3.5 MATLAB model and simulations

3.5.1 MATLAB model of Indirect Vector Control

A Simulink model of the Vector Control is developed while using the components from the
MATLAB Simulink Power Systems Block set. They provides models for the power electronics
devices and for the control structures of vector control drive. The control scheme simulated is in
discrete time and the blocks used in the designing are already available in the Simulink library.
Some blocks which are not available in the library are constructed. Figure 3.10 shows the

MATLAB simulation of Vector control of Induction motor.
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Fig 3.10 MATLAB Simulink model of vector control of Induction motor
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Figure 3.11 MATLAB model of voltage source inverter

3.5.2 Simulation Results

Indirect vector control of induction motor using the hysteresis current controller is designed to
see the dynamic performance of the machine, induction motor was started with the speed of 100
rad/sec. The starting stator current ianc(A) drawn by the motor is high and with that motor has
high starting torque. The load torque is kept zero from t=0sec to t=0.35sec after that the load
torque is changed to 7N-m and with that the stator current increases. The speed of induction
motor is changed to 100 rad/sec to -100 rad/sec at t=1sec with the reversal in speed the stator
current phase gets reversed after that when the phase reversal of current is completed the speed

reversal attains its set value.
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Figure 3.12: Dynamic response of Indirect vector control of induction motor (a)Stator current lae [A],(b) Rotor

Speed w, [rad/s] (c)Torque [N/m]

3.6 Conclusion

In this chapter, the dynamic modeling of the induction motor has been discussed and all the time

varying inductance that are present in various equations of voltages and torque have been

eliminated by exploiting the model in the synchronously rotating reference frame.
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CHAPTER IV

CONTROLLING TECHNIQUE FOR ESTIMATION OF ROTOR
RESISTANCE

4.1 General

The main aim of this controller is to keep the output of a dynamic system within the specified
limit. In the field of control (or adaptive control) model reference adaptive controller (MRAC)
deals with the problems related to the parameter variations (temperature variations, disturbances,
etc.). An adaptive controller is designed for the problem arises due to varying parameters, they
are adjusted such a way that they adapt the uncertainties and the parameter variation of the plant.
Adaptive controller provides a time varying solutions to the nature and magnitudes of
uncertainties in the plant the closed loop controller gives the better performance. The adaptive
controllers are in use from last few decades, this time varying controller provides a stability and

robustness in various control techniques.
4.2 Model Reference Adaptive Controller

The concept of the Model Reference Adaptive controller (MRAC), is that it forces the plant to
track the response of a reference model to the adjustable model when the variation in plant
parameters and disturbance effect occurs. The output error of the two models i.e. the reference
model and the adjustable model is fed to an adaptation control mechanism and controller
updates the error till the parameters converges to the ideal plant values to obtain similar
response as the reference model as shown in figure 4.1. The system dynamics are nonlinear and
they are linearized by obtaining the linear controller. The resultant linear model and parameters
varies with the operating conditions applied, Parameters can be varied with ageing, changes in
the loading conditions and disturbances.
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Figure 4.1 model reference adaptive controller

There are two different approaches for model reference adaptive controller such as: direct vector
control and indirect vector control. In direct vector control technique only the reference model is
used in this controller their parameters are adjusted to minimize the error (output) of the plant. In
indirect vector control technique the unknown parameters of the plant are estimated through the
adjustable model and the reference model. In MRAC controller the reference model is based on
the actual reactive power model and this has the advantages of avoiding pure integration and
very less sensitive to parameter variations. The adjustable model is based on estimated reactive
power and the input to the adjustable model is stator voltage, previous value of stator current,

rotor flux and rotor speed.

4.2.1 MRAC in control applications

The induction drive speed can be estimated with rotor speed considering as an unknown quantity
of the adaptive controller. The rotor resistance is estimated by considering the rotor time constant
as an unknown quantity. Both the models are dependent on different parameters of the motor and
the error of both the models is fed to an adaptive controller. MRAC have some advantages such
as:

1. The model implementation is easy and simple and has direct interpretation.
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2. It has a potential for implementing a high performance control, when dynamic

characteristics of a plant are bad.

3. Technique gives flexibility in achieving the goals.

4.2.2 Stability of the MRAC estimator

The estimated values to the actual values can be attained with the suitable dynamic

characteristics and it provides a stable and quick response. The state error equations of the

MRAC technique are assured to be asymptotically stable.

The adaptation mechanism will be derived from the below state error equations which are

produced by subtracting the adjustable model equations from the reference model equations.

Let
8:Qref — Qest
. . Ly d¥gr . Lm
Vds =Rl + OLsigs + ——— — 0Lsw,lyzs — we — ¥,
stds stds L, dt sWelgs eLr qr

. . Ly d¥gr
Vgs =Rgi s + oLgize +—
q stqs stds Ly dt

, Lm
- O-ste lgs — We .. lludr
T
The instanteous reactive power expressed as:

Q1 = Vgs ids — Vds iqs

Substituting (4.2) and (4.3) in (4.4), the new expression of Q is

Q2= GLs(iqsids - idsiqs) + oLswe (iczis + iczls) - LL_T: (l’ildriqs - lpqrids) +

Lin . .
We : (lIUquqs + lludr lds)
In steady state condition the derivative terms will be zero, so the expression of Q is

_ ) .2 L . .
Q3 - Uste(lds + lqs)+ We L_T: ("Uquqs + lIudrlds)

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)
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Substituting the condition W, =L,i4s and ¥g,.= 0 for the indirect vector control induction motor

drive. In equation 4.6, the more simplified expression of Q will be:

. . Lz .
Q4= O'ste(lés + lczls)+ We : (lczls) 4.7)
. « 3P, 21
Rr = (l)sl TlPr T_e* (48)

The PI controller is used in adaptive mechanism for the estimation of rotor time constant.
Br= (Kp+Ki /p).e 4.9

Q1= Qrer = Actual reactive power
Q4=Qest = Estimated reactive power
Br= Output of the Adaptive mechanism
Kp= Proportional controller

Ki= Integral controller

Y= Estimated flux linkage
4.3 Hysteresis Current Controller

The hysteresis current control is the simple and extensively used methods. In this, hysteresis
comparators are used to impose a hysteresis or fixed dead band around the reference current. The
basic implementation of hysteresis current control is based on deriving the switching signals
from the comparison of the current error with a fixed tolerance band. When the magnitude of the
current exceeds the tolerance band, the switching pattern of the inverter will change. This type of
band control is negatively affected by the interactions of phase current which is in three-phase
systems. The current control of PWM-VSI has been implemented in the stationary (a, PB)

reference frame.

1 1
wl_ |1 Tz Tz
Uﬁ_30 3 _ 3

2

2

Ua
[vb] (4.10)
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Figure 4.2(a),(b): Principle of hysteresis-band current control
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The main aim is that the actual value of the currents remains in their hysteresis band throughout
the time. The three currents are not independent from each other, and the system will be
transformed into (o, B) coordinate system. The transformation of three phase coordinate into two
phase (a, B) coordinate system in the hysteresis band the result lies in an hysteresis hexagon area.
In this the reference current irer points toward the center of the hysteresis as shown in in figure
4.2a. In steady state condition the reference current will moves on circle around the origin of the

(o, B) coordinate system. Hence the hexagon also moves on this circle.

4.4 SPACE VECTOR PULSE WIDTH MODULATION

Space Vector Pulse Width Modulation (SVPWM) is an algorithm that translates phase voltage
references (phase to neutral) coming from controller into duty cycles and it is applied to the
switches i.e. IGBT’s or MOSFET’s. In general, this technique is used for three phase loads
especially motor control. SVPWM maximizes the DC voltage utilization that is applied to
inverter and it reduces the harmonic content as it uses nearest vectors and the three phase inverter
is shown in figure 4.3. But, at the same time SVPWM has to do a lot of sampling, calculating

and waveform manipulation.

Inverter

Rectifier DC bus
T, 31 Ts 131 Ts {LiL
. 7o AN, T D T D; - Tp,
Power [:
Supply Uge —_ 7 AC
— | Motor
(I
X K & "o “Choe "B

Figure 4.3 Three phase voltage source inverter
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The classical application of SVPWM is vector motor control, which is based on the control of
currents / voltages projection on two orthogonal coordinates (d — q ). Hence, SVPWM takes
voltages vq and vq as input quantities from controller and generates PWM waves accordingly.
The basic concept of SVPWM can be understood by SVM (Space Vector Modulation)
Technigue. SVM is an algorithm that is used for the control of Pulse Width Modulation and it is

generally used in case of three phase inverter.

The controlling of six switches will be done so that no two switches of the same arm gets
simultaneously closed, otherwise short circuit of input DC voltage will occur. Hence, both the
switches in the same arm must complement to each other and on doing so, eight switching
vectors will be generated. SVM basically allows a three phase bridge PWM drive to supply about
15% higher peak voltage to a motor than the standard sine triangle modulation scheme by
allowing the neutral point of the motor to move away from the nominal half of the supply. The
characteristic voltage output of an SVM-modulated sine wave is a sine wave with a double-hump
on the peaks.[47]

The graphical depictions of all combinations of hexagon form as shown in figure 4.4. In which
six non zero states (Vo, Veo, V120, V180, V240, V300) and two zero states (Ogoo, O111). Table 4.1 shows

the combinations which contains six non zero states and two zero states.

Table 4.1 Switching combinations of Space Vector Pulse Width Modulation

Sat Sat Sct U, vy v, Vap Vpe Vea Vector
0 0 0 0 0 0 0 0 0 Ooo0
1 0 0 Vg3 | Va -Vd/3 Vd 0 Vd Vg
1 1 0 Vdi3 Va3 -2Vds3 0 Vd Vd Voo
0 1 0 -Va/3 2Var3 -Va/3 -Vd Vd 0 V120
0 1 1 -2Vdi3 Vars Vs -V 0 Vd V180
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0 0 1 ~Var3 -Vd/3 2Vds3 0 -Vd Vd V260
1 0 1 Vdr3 -2Vdi3 Vd/3 Vd -Vd 0 VU300
1 1 1 0 0 0 0 0 0 O111
vi20 ﬁ - axis Veo
(010) (110)
Base 1
Space
Vector
V,
I I
Vigo vo
(011) Ve (100)
\ @ - axis
v A% |
Vv
V240 V300
(001) (101)

Figure 4.4 The graphical depiction of all combinations is in hexagon form
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4.4.1 Space Vector Pulse Width Modulation Control Algorithm

Space vector pulse width modulation is applied to output voltage and input current control. This
method has an advantage because of increased flexibility in the choice of switching vector for
both input current and output voltage control. It can yield useful advantage under unbalanced
conditions. The three phase variables are expressed in space vectors. For a sufficiently small time
interval, the reference voltage vector can be approximated by a set of stationary vectors

generated by a matrix converter.

If this time interval is the sample time for converter control, then at the next sampling instant
when the reference voltage vector rotates to a new angular position, it may correspond to a new
set of stationary voltage vectors. Carrying this process by sampling the waveform of the desired
voltage vector being synthesized in sequence, the average output voltage would closely emulate

the reference voltage.

Modulation of the line to line voltage naturally gives an extended output voltage capability. The
computational procedure required by SVPWM method is less complex than that for Venturini
method because of the reduced number of sine function computations (Kolar et al 1991). The
number of switch commutations per switching cycle for SVPWM method is 20% less than that

of Venturini method.

Roots of vectorial representation of three-phase systems are presented in the research
contributions of Park and Kron, but the decisive step on systematically using the Space Vectors
was done by Kovacs and Racz (Park 1933). They provided both mathematical treatment and a
physical description and understanding of the drive transients even in the cases when machines
are fed through electronic converters [48].

SVPWM refers to a special switching sequence of the upper three power transistors of a three-
phase power inverter. It has been shown to generate less harmonic distortion in the output
voltages and or currents applied to the phases of an AC motor and to provide more efficient use
of supply voltage. The objective of space vector PWM technique is to approximate the reference
voltage vector Ve using the eight switching patterns. One simple method of approximation is to
generate the average output of the inverter in a small period, T to be the same as that of Vet in

the same period. Therefore, space vector PWM can be implemented by the following steps:
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Step 1 : Determine vg, Vg, and angle between vsand v,,.
Step 2 : Determine time duration Tz, T2, To. The concerned formulae have been shown.
Step 3 : Determine the switching time of each transistor (S1 to S6)

All sectors in SVPWM are shown in Figure 4.4. It uses a set of vectors that are defined as
instantaneous space vectors of the voltages and currents at the input and output of the inverter.

These vectors are created by various switching states that the inverter is capable of generating.

Tl = % Tpwum for vectors vy (4.11)
X
T, = 2sxl o for vectors vy.ie (4.12)
[vx+60l -
TO - TPWM - (Tl + Tz) fOT‘ either ( 0000 or 0111) (413)

To, T1, T2 = Time periods
Vg, Vg = direct and the quadrature axis voltage

S1,S2, Ss, Sa, Ss, Se= Switching time of transistors

45 MATLAB model of vector control of Induction motor with SVPWM

controller

Matlab model of indirect vector control of induction motor with the space vector pulse width
modulation technique is developed in the MATLAB/Simulink environment as shown in figure
4.5. The speed, torque and currents graphs are plotted, with the step change in load torque at

t=3.5sec and the speed reversal at t=1 sec is observed and discussed below in figure 4.6
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Figure 4.5 MATLAB model of vector control with SVPWM inverter

4.5.1 Simulation results

Indirect vector control of induction motor using the SVPWM controller is implemented, initially
induction motor was started with the speed of 100 rad/sec. The starting stator current ianc(A)
drawn by the motor is high and with that motor has high starting torque. The load torque is kept
zero from t=0sec to t=0.35sec after that the load torque is changed to 4N-m and with that the
stator current increases to 3 ampere. The speed of induction motor is changed to 100 rad/sec to -
100 rad/sec at t=1sec as the speed changes the stator current phase gets reversed, when the phase

reversal of current is completed the speed reversal attains its set value.
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Figure 4.6: Dynamic response of Indirect vector control of induction motor (a)Stator current lan [A],(b) Rotor Speed
w, [rad/s] (c)Torque [N/m]
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4.6 Proportional and Integral controller

The PI (proportional plus integral) controller is the most frequently used controller in practical
applications. The Pl controller stems from a PID controller with the D-term (derivative)
deactivated. The D-term is often deactivated because it amplifies random (high-frequent)
measurement noise, causing abrupt variations in the control signal. The schematic diagram of
proportional and integral controller is shown in figure 4.7. The continuous-time Pl controller

function is as follows:

Pl output =Kp . e(t) +ﬁfe(t)dt
Ty

Integral (1)
> I=Kife(t)d(t)
Plant
Proportional (P) +
o PeKeeft) - G
+

Figure 4.7 Proportional and integral controller

e(t)= reference speed — estimated speed
Kp= Proportional control gain

Kp= Integral control gain

wrer= Reference speed

W= Estimated speed
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In most practical applications the continuous-time PI controller is implemented as a
corresponding discrete-time algorithm based on a numerical approximation of the integral term.
Typically, the sampling time of the discrete-time controller is so small — compared to the
dynamics (response-time or time-constant) of the control system [49].

Proportional and integral controller is also knows as feedback controller. Proportional controller
has a major drawback it produces offset and to eliminate that integral controller has implemented
but it makes the response sluggish. The PI speed controller output gives the electromagnetic
torque which is then used for evaluating the stator current i;,. For the constant torque and rotor
flux values the stator quadrature current izs is constant. Also the stator direct current
iz;scomponent should be constant and consequently the magnitude of the stator current should be
constant. Error signal igs —igs and izs — igs Serves as the inputs to the PI controller and there

outputs are v, and v [50].

4.7 Conclusion

This chapter classifies controlling techniques of induction machine and different methods for
rotor resistance estimation. It concludes that vector control provides the good dynamic
performance in comparison to scalar control. PWM control using SVPWM (Space Vector PWM)

is discussed. This technique is implemented in the MATLAB simulation.
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Chapter V

SIMULATION RESULTS & DISCUSSION

5.1 GENERAL

Simulation of indirect vector controlled induction motor drive in MATLAB/Simulink for the
analysis of motor dynamics is presented in this chapter. Complete mathematical model of the
indirect vector controlled induction motor and rotor resistance estimation using model reference
adaptive controller is described and analysed in detail. The MATLAB model using the library of
Simulink blocks is developed and analyzed. The developed block diagram can be simulated with
the help of different solvers. These solvers can solve the internal variables with the help of
ordinary differential equations. By choosing the suitable solver, it can decrease the

computational time and improves the accuracy of the simulation.

The controller can be implemented in continuous time using the Laplace variable and in discrete
time while using the z variables. The difference between the continuous model and the discrete
model is in discrete blocks they responds to change in inputs with a constant period and they
hold their outputs fixed between the successive samples and in case of continuous model state
variable can be calculated at any instant of time. A solver is required which can follow the
behavior of the dynamic model, to implement this it requires a variable step solver which not
only do the calculations but also estimates the step size which decides the occurrence of the
steps. The step size improves the speed by avoiding the unnecessary calculations. A system with
both continuous and discrete time blocks can solve with the solver Runge-kutta (ODE23 or
ODEA45 solvers).
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5.2 Simulink Model of Indirect Vector Controlled Drive with Rotor Resistance

estimation block

The schematic diagram of vector control drive with rotor resistance estimation block has been
shown in figure 5.1. The indirect vector controlled induction motor drive is simulated using the
SVPWM controller for PWM signal generation for the three phase voltage source inverter. The
reference current and actual current compares in the MRAS controller and the output of that
controller that is estimated slip speed wy; is used for the estimation of rotor resistance in an
estimator block. Figure 5.2 shows the MATLAB model of vector control drive with rotor
resistance estimation block.

Vie

——

I et

Transformation

i \\/
Inverse vector rotator L
SVPWM
[

L«

I

L
lis

Wy

rF S

abedq’
Transformation

F 3

Ids* lgs* wr

I

Vs

e

v, MRAS s Rr "

i Estimation M Etimation [
ds >

"qs_’

Figure 5.1 Block diagram of rotor resistance estimation of Induction motor
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Figure 5.2 shows the MATLAB model of rotor resistance estimation of Induction motor

5.3 Simulation Results

A 3 phase induction motor 5.4 HP, 400V, 50Hz, 1430rpm is being considered for simulation

study and rotor resistance estimation under different conditions.
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The MRAC is implemented for the estimation of the rotor resistance in induction motor, the
trapezoidal and step change in rotor resistance is given to the dynamic model of induction motor

and with that the designed MRAC tracks the actual rotor resistance of the machine.

5.3.1 Dynamic performance of indirect vector controlled induction motor and

linear change in rotor resistance

A. Trapezoidal profile of change in rotor resistance is used in this thesis for the study of machine
tracking performance of the above. The resistance increases linearly and decreases linearly in

trapezoidal change form as shown in figure 5.3.

% “’\ ) I \)' | \‘ i i
<10 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
< 100 T T T T T T T T T
3
3 0
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-~ 9 T T T T T T T T T
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F 5 I I I I I I I I I
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Figure 5.3 Dynamic response of Indirect vector control of induction motor on trapezoidal change in rotor resistance
(a)Stator current la [A],(b) Rotor Speed w, [rad/s] (c)Torque [N/m] (d) Rotor Resistance [ohm] (e)Active Power
[P] (f) Reactive Power [Q]
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The induction motor is started with the speed set point at 50 rad/sec, In figure 5.3 shows that the
initial current drawn by motor is high and the initial torque is also high. When motor reaches the
set speed, the current attains the steady state value of 3Amp. The trapezoidal change is a linear
change in rotor resistance and it has a very minute effect on speed and torque of the induction
motor which is negligible. The rotor resistance experiences the transients from t=0sec to t=0.5sec
and after that it tracks the actual rotor resistance with the minimum error. The starting stator
current iabc (A) of the motor is high for t=0sec to t=0.4sec and after t=0.4sec to t=10sec attains
the steady state stator current. Due to high starting current the initial torque of the motor has
some transients from t=0sec to t=0.6 sec after that t=0.6 to t=10sec the torque attains the steady
state condition. The initial current drawn by motor is high so the active power (W) consumed by
the motor is also high. With the trapezoidal change in rotor resistance it affects the active power

and reactive power with the small linear change.

B. Estimation of Rotor Resistance for Indirect Vector Controlled Induction Motor (IVCIM)

2 L L L Li Li Li Li L
15 F
o I Actual
[a' os B .
Estimated
E| =
.5-5 i i i L L L L i
0 1 2 3 4 5 6 7 8 9

Time(sec)

Figure 5.4 Trapezoidal Change in the Rotor Resistance of Induction motor

In figure 5.4 estimated rotor resistance experiences the transients from t=0 sec to t=0.5 sec after
that the estimated rotor resistance tracks the actual machine resistance given in the trapezoidal
form. The estimated rotor resistance increases linearly from t=0 sec to t=4 sec and from t=4 sec
to t=6 sec it gives the constant value of 1.6ohm resistance after that at t=6 sec to t=9 sec
resistance decreases linearly, the estimated rotor resistance tracks the actual rotor resistance with

the minimum error.
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C. Dynamic response of indirect vector controlled induction motor under the speed reversal

operation.
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Figure 5.5 Dynamic response of Induction motor on trapezoidal change in rotor resistance for speed reversal
(a)Stator current lanc [A],(b) Rotor Speed w, [rad/s] (c)Torque [N/m] (d) Rotor Resistance [ohm] (e)Active Power

[P] (f) Reactive Power [Q]
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Initially the induction motor speed is set at 50 rad/sec, In figure 5.5 shows that the initial current

of the motor is high and due to that the initial torque is also high. When motor attains the set
speed, the current attains the steady state value of 3Amp. The motor speed changes to -50rad/sec
at t=3sec, when the speed gets reversed the phase reversal of current is observed and the torque
value decreases as the speed attains it final value torque again comes in steady state. Change in
motor speed from -50rad/sec to +50rad/sec at t=7sec the current attains its steady state when
speed reaches its set point. The initial current drawn by motor is high so the active power (W)
consumed by the motor is also high. With the change in speed it affects the active power and
reactive power with the small change.

D. Response of linear change in rotor resistance under the speed reversal operation
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Figure 5.6 Effect of speed reversal on trapezoidal change of rotor resistance

As shown in figure 5.6 estimated rotor resistance tracks the actual rotor resistance with the
minimum error. From t=0sec to t=0.4sec estimated rotor resistance has transients and after that
t=0.4sec to t=3sec estimated rotor resistance tracks the actual rotor resistance. At t=5sec due to
reversal in speed of motor from +50 rad/sec to -50rad/sec the rotor resistance decreases, again at
t= 7 sec the speed of the motor is changed to -50rad/sec to +50 rad/sec and the rotor resistance

tracks the actual resistance of the machine.
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E. Dynamic response of indirect vector control of induction motor under sudden change in

torque
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Figure 5.7 Dynamic response of Indirect vector control of Induction motor for step change in torque(a) Stator
current lae [A],(0) Rotor Speed w, [rad/s] (c)Torque [N/m] (d) Rotor Resistance [ohm] (e)Active Power [P] (f)
Reactive Power [Q]

Initially the induction motor is started with reference speed set point 50 rad/sec, In figure 5.7

shows that when motor attains the set speed, the current attains the steady state value of 1.5Amp.
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At t=5sec the step change in torque from 0 N-m to 1.25 N-m the stator current increases to
5Amp. Due to the increase in torque, speed experiences the dynamic change and attains steady
state. The initial current drawn by motor is high so the active power (W) consumed by the motor
is also high. With the change in torque it affects the active power and reactive power with the
small change. At t=5sec due to step change in torque the active power and reactive power
increase and attains the steady state. Due to increase in torque the rotor resistance decreases from

its actual value because torque is indirectly proportional to the rotor resistance.

F. Response of rotor resistance under sudden change in torque

Time(sec)

Figure 5.8 Effect of torque variation in rotor resistance
Trapezoidal reference resistance is used here for the estimation of rotor resistance in this at
t=5sec the load torque of the induction motor is increased from 0 N-m to 1.25 N-m, due to that

the rotor resistance of induction machine decreases because torque is inversely proportional to

the rotor resistance is shown in figure 5.8.
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5.3.2 Dynamic performance of indirect vector controlled induction motor and
step change in rotor resistance.

A. Step Change in rotor resistance of induction motor
The MRAS controller is implemented for the estimation of rotor resistance, the step change in
rotor resistance is given to the dynamic model of induction motor and with that the designed

MRAS controller tracks the actual rotor resistance of the machine.
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Figure 5.9 Step change in Rotor resistance of Induction motor

As shown in Figure 5.9 The resistance is changed 85% to its actual value, the step change in
rotor resistance from 1.405 ohm to 2.5 ohm at time t=5 sec . The estimated rotor resistance
experiences the transients from t=0sec to t=2sec after that it tracks the actual rotor resistance of

the machine
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B. Dynamic performance of indirect vector control of induction motor for the estimation of rotor
resistance
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Figure 5.10: Dynamic response of Indirect vector control of Induction motor and estimation of rotor resistance
(a)Stator current la [A],(b) Rotor Speed w, [rad/s] (c)Torque [N/m] (d) Rotor Resistance [ohm] (e)Active Power
[P] (f) Reactive Power [Q]

The induction motor is set to the 50 rad/sec and the change in the rotor resistance is implemented
on the dynamic model of induction motor as shown in figure 5.10. The initial current of
induction motor is high with that the initial torque becomes high. When motor reached to its

actual speed 50 rad/sec the stator current ianc (A) attains the steady state. The change in the rotor

54



resistance value from R,=1.38Q to Rr=1.51 Q , it experiences the starting transients from t=0sec

to t=1.34 sec and after that it tracks the actual rotor resistance of the motor.

C. Dynamic response of indirect vector control of induction motor under the speed reversal
operator
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Figure 5.11: Dynamic response of Indirect vector control of Induction motor for speed reversal (a)Stator current lanc
[A],(b) Rotor Speed w, [rad/s] (c)Torque [N/m] (d) Rotor Resistance [ohm] (e)Active Power [P] (f) Reactive Power
[Ql]
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Induction motor is started with the set speed of 50 rad/sec, In figure 5.11 shows that the initial
current of the motor is high and due to that the initial torque is also high. When motor attains the
set speed, the current attains the steady state value of 3Amp. The motor speed changes to -
50rad/sec at t=3sec, when the speed gets reversed the phase reversal of current is observed and
the torque value decreases as the speed attains it final value torque again comes in steady state.
Change in motor speed from -50rad/sec to +50rad/sec at t=7sec the current attains its steady state
when speed reaches its set point. The initial current drawn by motor is high so the active power
(W) consumed by the motor is also high. With the change in speed it affects the active power and

reactive power with the small change.

D. Response of sudden change in rotor resistance under the speed reversal operation
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Figure 5.12 Effect of speed reversal on rotor resistance

Estimated rotor resistance tracks the actual rotor resistance of the machine, at t=3sec the speed
of the motor is changed to +60rad/sec from +50 rad/sec and with that dynamic change in rotor
resistance is observed. After that at t=5sec the speed of the motor is changed from t=+60 rad/sec
to -50 rad/sec and the response is observed in figure 5.12, and again at t=7sec the speed of the
motor is changed from -50 rad/sec to +50 rad/sec and with that estimated rotor resistance tracks

the actual rotor resistance of the machine.
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E. Dynamic response of indirect vector control of induction motor under sudden change in

torque
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Figure 5.13: Dynamic response of Indirect vector control of Induction motor on step change in rotor resistance
(a)Stator current lanc [A],(b) Rotor Speed w, [rad/s] (c)Torque [N/m] (d) Rotor Resistance [ohm] (e)Active Power
[P] (f) Reactive Power [Q]
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The induction motor is started with the speed set at 50 rad/sec, In figure 5.13 shows that when
motor attains the set speed, the current attains the steady state value of 1.5Amp. At t=5sec the
step change in torque from 0 N-m to 1.25 N-m with that the stator current increases to SAmp.
Due to the increase in torque, speed experiences the dynamic change and attains steady state.
Due to increase in torque the rotor resistance decreases from its actual value because torque is
indirectly proportional to the rotor resistance. With the change in torque it affects the active
power and reactive power with the small change. At t=5sec due to step change in torque the
active power and reactive power increase and attains the steady state.

F. Response of sudden change in rotor resistance under sudden change in torque

Rr (Q)

0 | | ! | e — i |

Time{sec)
Figure5.14 Effect of rotor resistance for step change in torque

Estimated rotor resistance tracks the actual resistance of the machine, at t=5 sec the load torque
of the induction motor is increased from 0 N-m to 1.25 N-m, due to that the rotor resistance of
induction machine decreases because torque is inversely proportional to the rotor resistance as

shown in figure 5.14
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Table 5.1 Variation of rotor resistance and estimation error

Change in Rr % Actual Rr Estimated Rr Error
10 1.545 1.69 0.0857
25 1.756 1.88 0.065
55 2177 2.30 0.056
85 2.39 2.50 0.460
100 2.81 2.9 0.391

5.4 CONCLUSION

In this chapter estimates the rotor resistance for two variations in trapezoidal change and step

change in rotor resistance using the SVPWM modulation techniques to generate the gate pulse for

the voltage source inverter (VSI). In this chapter different variations with speed and torque are

calculated and corresponding results are calculated. SVPWM is one of the best among all the

PWM techniques. This technique is complex in comparison to the other techniques but they have

very less chattering effect.
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CHAPTER VI
CONCLUSION AND FUTURE SCOPE

6.1 Conclusion

The main objective of the thesis was to estimate the rotor resistance of the Induction motor drive
using MRAS controller in MATLAB/Simulink. In the present work necessary MATLAB model
developed for estimator and drive to simulate the sudden and linear change in the rotor resistance
in the induction motor drive. The dynamic performance of the induction motor and the direct
indirect and sensorless control of induction motor is discussed. The indirect vector control model
of induction motor based on hysteresis current controller and SVPWM controller in simulated in
MATLAB/Simulink and the speed, torque, current curves with respect to time are studied.
Hysteresis current controller has fast response in comparison to SVPWM controller but they

have high chattering in torque as compared to SVPWM.

6.2 Future scope of work

In future scope of work, the controller can be applied to other machine model with the higher
rating and where the parameter variations are large. Intelligent controller such as Fuzzy logic,
Genetic Algorithm, and Neural Network Controller can be incorporated to this controlling
technique instead of proportional and integral controller to make it efficient and more robust

controller. Sliding mode controller can be implemented for the speed control of Induction motor

60



10.

11.

References

Atkinson, D. J, Finch , JW. , and Acarnl P. P. ,“Estimation of rotor resistance in
induction motors” , IEE Proc.-Electr. Power Appl, , 143; January 1996, pp 87-94.

B.K. Bose, Modern Power Electronics and AC drives. Englewood Cliffs, NJ: Prentice-
Hall, 2002.

Krishnan, R. and Bharadwaj, S., “A Review of Parameter Sensitivity and Adaptation in
Indirect Vector Controlled Induction Motor Drive System”, IEEE Transactions on Power
Electronics, Vol. 6, No. 4, (1991)

F. Blashke. The principle of field orientation applied to the new transvector closed loop
control system for rotating field machines. Siemens review, 39:217-220, 1972.

W. Leonhard. Control in Power Electronics and Electrical drives 1, IFAC, symp ,
Dusseldorf , 1974

Abbondanti, A. and Brennen, M.B.” Variable speed induction motor drives use electronic
slip calculator based on motor voltages and currents,” IEEE Transactions On Industrial
Applications, no. 5, 1975 PP 483-488.

Allan B. Plunkett, “Direct Flux and Torque Regulation in a PWM Inverter-
Induction Motor Drive” IEEE Transactions on Industry Applications Year:
1977, Volume: 1A-13, Issue: 2 Pages: 139 — 146.

R. Krishnan; Frank C. Doran, “Study of Parameter Sensitivity in High-Performance
Inverter-Fed Induction Motor Drive  Systems”, [EEE Transactions on Industry
Applications Year:1987, Volume: 1A-23, Issue: 4 Pages: 623 - 635

R. Marino, S. Persada, and P. Valigiri. Adaptive partial state feedback linearization of
induction motor. In Proc. IEEE CDC, 1990.

K. R. Cho; J. H. Lang; S. D. Umans, “Detection of broken rotor bars in induction
motors using state and parameter estimation”, IEEE Transactions on Industry
Applications Year: 1992, Volume: 28, Issue: 3 Pages: 702 — 709

C. Attaianese; G. Tomasso; A. Damiano; I. Marongiu; A. Perfetto, “A novel approach to
speed and parameters estimation in induction motordrives”, IEEE Transactions on

Energy Conversion Year: 1999, Volume: 14, Issue: 4.

61


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Allan%20B.%20Plunkett.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4503378&queryText=induction%20motor&ranges=1977_1977_Year
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4503378&queryText=induction%20motor&ranges=1977_1977_Year
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=28
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=4503369
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.R.%20Krishnan.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Frank%20C.%20Doran.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4504960&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1972_1996_Year
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4504960&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1972_1996_Year
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=28
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=28
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=4504948
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.K.%20R.%20Cho.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.J.%20H.%20Lang.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.S.%20D.%20Umans.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=137460&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1972_1996_Year
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=137460&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1972_1996_Year
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=28
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=28
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=3741
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.C.%20Attaianese.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.G.%20Tomasso.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.A.%20Damiano.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.I.%20Marongiu.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.A.%20Perfetto.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=815011&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1996_2016_Year
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=815011&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1996_2016_Year
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=60
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=60
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=17640

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

.H. A. Toliyat; E. Levi; M. Raina, “A review of RFO induction motor parameter
estimation techniques”, IEEE Transactions on Energy ConversionYear: 2003, Volume:
18, Issue: 2 Pages: 271 — 283

C. Kral; T. G. Habetler; R. G. Harley; F. Pirker; G. Pascoli; H. Oberguggenberger; C. -J.
M. Fenz, “Rotor temperature estimation of squirrel-cage induction motors by means of a
combined scheme of parameter estimation and a thermal equivalent model”, IEEE
Transactions on Industry Applications Year: 2004

J. Pedra, “Estimation of typical squirrel-cage induction motor parameters for dynamic
performance simulation”, IEE Proceedings - Generation, Transmission and
DistributionYear: 2006, Volume: 153, Issue: 2 Pages: 137 — 146

Wei Chen; Dianguo Xu; Gaolin Wang; Yong Yu; C. C. Chan, “Parameters estimation
of induction motor at standstill concerning the nonlinearity of the system”, 2009 IEEE
Vehicle Power and Propulsion Conference Year: 2009 Pages: 1407 - 1411

Song Wang; Venkata Dinavahi; Jian Xiao, “Multi-rate real-time model based parameter
estimation and state identification for induction motors”, IET Electric Power
Applications Year: 2013, Volume: 7, Issue: 1 Pages: 77 — 86

Lluis Monjo; Hengameh Kojooyan-Jafari; Felipe Corcoles; Joaquin Pedra, “Squirrel-
Cage Induction Motor Parameter Estimation Using a Variable Frequency Test,” IEEE
Transactions on Energy Conversion Year: 2015, Volume: 30, Issue: 2 Pages: 550 — 557
T. lwasaki; T. Kataoka, “Application of an extended Kalman filter to parameter
identification of aninduction motor”, Industry Applications Society Annual Meeting,
1989., Conference Record of the 1989 IEEE Year: 1989 Pages: 248 — 253.

F.-Z. Peng and T. Fukao, "Robust speed identification for speed-sensorless vector control
of induction motors,” IEEE Transactions on Industry Applications, vol. 30, no. 5, pp.
1234-1240, 1994,

L. Ben-Brahim, “Motor speed identification via neural networks”, IEEE Industry
Applications MagazineYear: 1995, Volume: 1, Issue: 1 Pages: 28 — 32

R. Blasco-Gimenez, G. M. Asher, M. Sumner, and K. J. Bradley, "Performance of FFT-
rotor slot harmonic speed detector for sensorless induction motor drives,” IEE

Proceedings - Electric Power Applications, vol. 143, no. 3, p. 258, 1996.

62


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.H.%20A.%20Toliyat.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.E.%20Levi.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.M.%20Raina.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=1201100&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1996_2016_Year
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=1201100&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1996_2016_Year
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=60
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=27039
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.C.%20Kral.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.T.%20G.%20Habetler.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.R.%20G.%20Harley.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.F.%20Pirker.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.G.%20Pascoli.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.H.%20Oberguggenberger.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.C.%20-J.%20M.%20Fenz.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.C.%20-J.%20M.%20Fenz.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=1315797&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1996_2016_Year
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=1315797&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1996_2016_Year
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=28
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=28
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.J.%20Pedra.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=1610509&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1996_2016_Year
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=1610509&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1996_2016_Year
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=2195
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=2195
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=33815
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Wei%20Chen.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Dianguo%20Xu.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Gaolin%20Wang.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Yong%20Yu.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.C.%20C.%20Chan.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=5289473&newsearch=true&queryText=parameter%20estimation%20of%20induction%20motor
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=5289473&newsearch=true&queryText=parameter%20estimation%20of%20induction%20motor
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5281780
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5281780
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Song%20Wang.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Venkata%20Dinavahi.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Jian%20Xiao.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6486256&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1996_2016_Year
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6486256&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1996_2016_Year
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4079749
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4079749
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=6486248
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Llu.AND..HSH.x00ED%3Bs%20Monjo.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Hengameh%20Kojooyan-Jafari.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Felipe%20C.AND..HSH.x00F3%3Brcoles.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Joaqu.AND..HSH.x00ED%3Bn%20Pedra.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6948237&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1996_2016_Year
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6948237&queryText=parameter%20estimations%20in%20induction%20motor&refinements=4291944246&ranges=1996_2016_Year
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=60
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=60
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=7109195
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.T.%20Iwasaki.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.T.%20Kataoka.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=96660&queryText=speed%20estimation%20method%20of%20induction%20motor&ranges=1942_1990_Year
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=96660&queryText=speed%20estimation%20method%20of%20induction%20motor&ranges=1942_1990_Year
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=858
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=858
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.L.%20Ben-Brahim.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=378053&queryText=speed%20estimation%20methods%20in%20induction%20motor&refinements=4291944246&ranges=1942_1996_Year
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=2943
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=2943
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=8614

22.

23.

24,

25.

26.

27.

28.

29.

M. Ta-Cao; H. Le-Huy Industry Applications Conference, 1996. “Model reference
adaptive fuzzy controller and fuzzy estimator for high performance induction motor
drives”, Thirty-First IAS Annual Meeting, IAS '96., Conference Record of the 1996 IEEE
Year: 1996, Volume: 1, Pages: 380 — 387.

R. Blasco-Gimenez, G. M. Asher, M. Sumner, K. J. Bradley. \Dynamic Performance
Limitations for MRAS Based Sensorless Induction Motor Drives.78 Part 2: Online
Parameter Tuning and Dynamic Performance Studies," IEEE Proceedings-Electric Power
Applications, vol. 143, no. 2, March 1996

Zamora, J. L., Garcia-Cerrada, A.,and Zazo, A. “Rotor-speed estimator for induction
motors using voltage and current measurements.” Contr. Ing. Pract. Vol. 6, (1998): pp.
369-383.

H.-J. Shieh, K.-K. Shyu, F.-J. Lin. \Adaptive Estimation of Rotor Time Constant for
Indirect Field-Oriented Induction Motor Drive,” IEE Proceedings-Electric Power
Applications, vol. 145, no. 2, March 1998.IEEE Transactions on Power Electronics, vol.
14, no. 5, September 1999.

Y. Zheng, H. A. Abdel Fattah and K. A. Loparo. \Non-linear Adaptive Sliding Mode
Observer-Controller Scheme for Induction Motors," International Journal of Adaptive
Control and Signal Processing, vol. 14, 2000.

B. Karanayil; M. F. Rahman; C. Grantham, “Rotor resistance identification using
artificial neural networks for an indirect vector controlled induction motor drive
Industrial Electronics Society, 2001. IECON '01. The 27th Annual Conference of the
IEEE Year: 2001, Volume: 2, Pages: 1315 — 1320

B. Karanayil; M. F. Rahman; C. Grantham” Pl and fuzzy estimators for on-line tracking
of rotor resistance of indirect vector controlled induction motor drive”, Electric Machines
and Drives Conference, 2001. IEMDC 2001. IEEE International Year: 2001 Pages: 820 -
825,

A. Ba-Razzouk; A. Cheriti; P. Sicard, “Implementation of a DSP based real-time
estimator of induction motorsrotor time constant”, IEEE Transactions on Power
Electronics Year: 2002, Volume: 17, Issue: 4 Pages: 534 — 542.

63


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.M.%20Ta-Cao.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.H.%20Le-Huy.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4112
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4112
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4112
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=557052&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.B.%20Karanayil.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.M.%20F.%20Rahman.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.C.%20Grantham.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=975972&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=975972&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7694
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7694
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.B.%20Karanayil.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.M.%20F.%20Rahman.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.C.%20Grantham.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=939414&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=939414&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7473
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7473
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.A.%20Ba-Razzouk.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.A.%20Cheriti.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.P.%20Sicard.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=1016802&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&refinements=4291944246
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=1016802&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&refinements=4291944246
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=63
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=63
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=21876

30.

31.

32.

33.

34.

35.

36.

37.

Xing Yu; M. W. Dunnigan; B. W. Williams, “A novel rotor resistance identification
method for an indirect rotor flux-orientated controlled induction machine system”,|IEEE
Transactions on Power Electronics Year: 2002, Volume: 17, Issue: 3 Pages: 353 — 364.
Yang Wengiang; Cai Xu; Jiang Jianguo.\ Speed sensorless vector control of induction
motor based on reduced order extended Kalman filter,”Power Electronics and Drive
Systems, 2003. PEDS 2003. The Fifth International Conference onYear: 2003, Volume:
1,Pages: 423 - 426

Y. Koubaa and M. Boussak. \Rotor Resistance Tuning for Indirect Stator Flux Oriented
Induction Motor Drive Based on MRAS Scheme," EuropeanTransactions on Electrical
Power, vol. 15, 2005.

S.A.Villazana; C.O.Seijas; A.Caralli; C.Villanueva; F.Arteaga,“Rotor Resistance Estimat
or Using Support Vector Machines and ModelReference Adaptive System”, 2006 IEEE
International Symposium on Industrial Electronics Year: 2006, Volume: 3, Pages: 2417 —
2421

Shady M Gadoue; Damian Giaouris; John W Finch, “Low speed operation improvement
of MRAS sensorless vector controlinduction motor drive using neural network flux
observers”; IECON 2006 - 32nd Annual Conference on IEEE Industrial Electronics
Year: 2006 Pages: 1212 — 1217.

S. Villazana; C. Seijas; A. Caralli; C. Villanueva; F.” SVM-based and Classical MRAS
for On-line Rotor Resistance Estimation: A Comparative Study” Arteaga Intelligent
Signal Processing, 2007. WISP 2007. IEEE International Symposium on Year: 2007
Pages: 1-6

H. A. Toliyat, M. S. Arefeen, K. M. Rahman, and D. Figoli. \Rotor Time Constant
Updating Scheme for a Rotor Flux-Oriented Induction Motor Drive," D. P. Marcetic, S.
N. Vukosavic. \Speed-Sensorless AC Drives With the Rotor Time Constant Parameter
Update,” IEEE Transactions on Industrial Electronics, vol. 54, no. 5, October 2007.
Mohamed Rashed; Peter F. A. MacConnell; A. Fraser Stronach; Paul Acarnley,
“Sensorless Indirect-Rotor-Field-Orientation Speed Control of a Permanent-Magnet
Synchronous Motor With Stator-ResistanceEstimation” IEEE Transactions on Industrial
Electronics Year: 2007, Volume: 54, Issue: 3 Pages: 1664 — 1675.

64


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Xing%20Yu.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.M.%20W.%20Dunnigan.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.B.%20W.%20Williams.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=1004243&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=1004243&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=63
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=63
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=21683
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Yang%20Wenqiang.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Cai%20Xu.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Jiang%20Jianguo.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=1282876&queryText=Yang%20wenqiang&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=1282876&queryText=Yang%20wenqiang&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=9025
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=9025
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.S.%20A.%20Villazana.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.C.%20O.%20Seijas.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.A.%20Caralli.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.C.%20Villanueva.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.F.%20Arteaga.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4078626&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4078626&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4035454
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4035454
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Shady%20M%20Gadoue.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Damian%20Giaouris.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.John%20W%20Finch.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4153076&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4153076&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4153076&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4152824
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.S.%20Villazana.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.C.%20Seijas.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.A.%20Caralli.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.C.%20Villanueva.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.F.%20Arteaga.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.F.%20Arteaga.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.F.%20Arteaga.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4447489
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4447489
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Mohamed%20Rashed.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Peter%20F.%20A.%20MacConnell.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.A.%20Fraser%20Stronach.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Paul%20Acarnley.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4168008&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4168008&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=41
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=41
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=4142913

38.

39.

40.

41.

42.

43.

44,

Suman Maiti; Chandan Chakraborty; Sabyasachi Sengupta, “Adaptive Estimation of
Speed and Rotor Time Constant for the Vector Controlled Induction  Motor
Drive Using Reactive Power Industrial Electronics Society, 2007. IECON 2007. 33rd
Annual Conference of the IEEE Year: 2007 Pages: 286 — 291.

M. Nandhini Gayathri; S. Himavathi; R. Sankaran, “Performance
of vector controlled induction ~ motor  drive  with  reactive  power  based
MRAS rotor resistance estimator Recent Advancements in Electrical, Electronics
and Control Engineering (ICONRAEeCE), 2011 International Conference on Year: 2011
Pages: 352 - 356

M. Nandhini Gayathri; S. Himavathi; R. Sankaran, “Performance enhancement
of vector controlled drive  with rotor flux based MRAS rotor resistance estimator”,
Computer Communication and Informatics (ICCCI), 2012 International Conference on
Year: 2012 Pages: 1 — 6.

Syed Ali Asad Rizvi; Muhammad Bilal Kadri, “Online  adaptation
of rotor parameters using fuzzy logic inindirect field oriented vector control of AC
induction drives Emerging Technologies (ICET), 2013 IEEE 9th International
Conference on Year: 2013 Pages: 1 — 6.

Betsy Baby; A. S. Shajilal, “An improved indirect vector controlled current source
inverter fed induction motor drive with rotor resistance adaptation”, Emerging Research
Areas: Magnetics, Machines and Drives (AICERA/ICMMD), 2014 Annual International
Conference on Year: 2014 Pages: 1 - 6

Saji Chacko; Chandrashekhar N. Bhende; Shailendra Jain; R. K. Nema Electrical, “A
novel on line rotor resistance estimation technique using EA tuned fuzzy controller
for vector controlled induction  motor  drive”, Computer and Communication
Technologies (ICECCT), 2015 IEEE International Conference on Year: 2015 Pages: 1 —
11

Seung-Myung Lee; Shin-Won Kang; Rae-Young Kim, “A novel on-line MRAS scheme
of rotor resistance identification using rotor flux in synchronous reference frame for
induction motor”, 2015 9th International Conference on Power Electronics and ECCE
Asia (ICPE-ECCE Asia) Year: 2015 Pages: 1854 — 1859.

65


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Suman%20Maiti.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Chandan%20Chakraborty.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Sabyasachi%20Sengupta.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4460396&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4460396&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4460396&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4459873
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4459873
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.M.%20Nandhini%20Gayathri.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.S.%20Himavathi.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.R.%20Sankaran.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6129777&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6129777&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6129777&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6123737
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6123737
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.M.%20Nandhini%20Gayathri.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.S.%20Himavathi.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.R.%20Sankaran.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6158901&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6158901&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6151888
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Syed%20Ali%20Asad%20Rizvi.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Muhammad%20Bilal%20Kadri.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6743522&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6743522&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6743522&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6732147
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6732147
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Betsy%20Baby.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.A.%20S.%20Shajilal.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6908258&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6908258&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6895220
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6895220
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6895220
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Saji%20Chacko.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Chandrashekhar%20N.%20Bhende.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Shailendra%20Jain.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.R.%20K.%20Nema.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7190493
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7190493
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7190493
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7225953&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7190493
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Seung-Myung%20Lee.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Shin-Won%20Kang.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Rae-Young%20Kim.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7168031&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7168031&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7168031&queryText=rotor%20resistance%20estimation%20using%20model%20reference%20adaptive%20systemfor%20indirect%20vector%20control&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7152671
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7152671

45.

46.

47.

48.

49,

50.

K. Tungpimolrut, F.-Z. Peng, and T. Fukao, "Robust vector control of induction motor
without using stator and rotor circuit time constants,” IEEE Transactions on Industry
Applications, vol. 30, no. 5, pp. 1241-1246, 1994.

R. Kumar, P. Syam, S. Das, and A. K. Chattopadhyay, "Review on model reference
adaptive system for sensorless vector control of induction motor drives,” IET Electric
Power Applications, vol. 9, no. 7, pp. 496-511, Aug. 2015.

Y. S. Lai and S. C. Chang, "DSP-based implementation of new random switching technique of
inverter control for sensorless vector-controlled induction motor drives,” IEE Proceedings -
Electric Power Applications, vol. 146, no. 2, p. 163, 1999.

A. Maamoun; A. M. Soliman; A. M. Kheireldin, “Space-Vector PWM Inverter Feeding a
Small Induction Motor”, IEEE International Conference on Mechatronics, pp.1-4,2007.
F. Haugen, "Comparing PI tuning methods in a real benchmark temperature control
system," Modeling, Identification and Control: A Norwegian Research Bulletin, vol. 31,
no. 3, pp. 79-91, 2010.

M. Moallem, B. Mirzaeian, O. A. Mohammed, and C. Lucas, "Multi-objective genetic-
fuzzy optimal design of PI controller in the indirect field oriented control of an induction
motor," IEEE Transactions on Magnetics, vol. 37, no. 5, pp. 3608-3612, Sep. 2001.

66


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.A.%20Maamoun.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.A.%20M.%20Soliman.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.A.%20M.%20Kheireldin.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4280010&queryText=Maamoun%20SVPWM&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4280010&queryText=Maamoun%20SVPWM&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4279972

Appendix

Table A.1 System Parameters

Rated Power 5.4 hp
Rated Voltage 400 V
Stator Resistance 1.405 Q
Stator Inductance 0.17803 H
Rotor Resistance 1.395 Q
Rotor Inductance 0.17803 H
Mutual Inductance 0.1722 H
Frequency 50 Hz
Rotor friction co-efficient 0.002985 N.m.s
Rotor Inertia 0.0131 kg.m?
Pole pairs 2
Rated Torque 26.88 N-m
Rated Speed 149.74 rad/s

Proportional and Integral Controller

ko 0.160

ki 1

Proportional and Integral Controller

Ko 0.2

ki 2.5
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