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Abstract

This thesis proposes, analyzes and verifies a sensorless adaptive rotor parameter estimation

method for three phase induction motor. Accurate online parameter estimation is very

important for inverter driven induction motor drives. Among the motor parameters the

rotor is more prone to high percentage of parameter change. An adaptive rotor parameter

estimation method is proposed including a detailed motor model. The motor model is

simulated in different familiar reference frames. When the motor reaches steady state

under constant load the stator current is monitored. The stator current of the motor is

compared with the stator current of the model and the error is used recurrently to reestablish

the model. The adaptation process stops when a threshold of the error value is reached.

The estimated rotor resistance is compared with the original value. The response of the

model is verified with different power rated motors. The responses with different change

of parameters are also analyzed. An experimental setup is also arranged to verify the model.
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Chapter 1

Introduction

1.1 Introduction

It is expected that computational power will lead to realization of more powerful control

techniques in future.Adjustable speed AC drive technology gained a lot of momentum

during the last few decades. AC motor drives consumes more than 60% of all electrical

energy in industries. Induction motors, wound rotor synchronous motors and permanent

magnet synchronous motors are the best candidates for variable speed drive applications.

Though squirrel-cage induction motors are the cheapest, easy to maintain and manufac-

tured up to several mega watts power ratings, the modeling and control strategy for such

motors are complex compared to the other motors. Electromechanical drives are used for

applications where the control of the position, speed, torque of the electric motor or the

mechanical actuator is required. The early stages of research in motion control focussed on

the application of basic control theory to drive a motor, using a power electronic converter.

As the field evolved, it drew researchers from other fields, including control engineering,

mechanical engineering, artificial intelligence, fuzzy logic, artificial neural networks and

electrical machines. There are two central issues in control systems regarding AC drives.

One is to make the resulting system of controller and plant robust against parameter vari-

ations and disturbances. The other is to make the system intelligent enough to make the

system self adjusting to changes in environment and system parameters. Researchers are

working in the drives area to find a computational effective, robust and intelligent control

strategy.In the future, it is expected that computational power will lead to realization of

more powerful control techniques. It will be possible to make a totally automatic control

system. It will be possible to identify the required parameters, decide on the control strategy

I
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and self-commission the drive.

1.2 Objective

The objective of this thesis is to propose, analyze and verify a sensorless adaptive rotor

. parameter estimation method for three phase induction motor. For inverter driven induction

motor drives accurate online parameter estimation is very important. Among the motor

parameters the rotor is more prone to high percentage of parameter change. A detailed

motor model for the adaptive model is presented. The motor model is simulated in dif-

ferent familiar reference frames. The stator current of the motor is compared with the

stator current of the model and the error is used recurrently to reestablish the model. The

adaptation process stops when a threshold of the error value is reached. The response

of the model is verified with different power rated motors. The responses with different

change of parameters are also analyzed. For drives it is very crucial to accurately estimate

or measure the changing parameters. If the estimated parameters are not accurate then the

control signal and firing angle for the drives will go out of control. This work verifies

a proposed adaptive scheme to estimate the rotor resistance within hardware in the loop

control software.

1.3 Scope of this Work

In induction motor control drives, the major problem is variation in the rotor resistance

which is affected by change in rotor temperature. The practical temperature excursion

of the rotor is approximately 120°C above ambient. This increases the rotor resistances

by 50 percent over its ambient or nominal value. When this parameter is incorrect in

the controller, the calculated slip frequency is incorrect and the flux angle is no longer

appropriate for field orientation. This results in instantaneous error in both flux and torque.

Methods of overcoming this problem by a number of ways have been a major research

goal for a number of years. The main objective of this thesis is to analyze, develop

and implement a very fast on-line parameter identification algorithm using an adaptive

model. Rotor parameter estimation of recent updates by Abdel et al [1] , Marcetic and

Vukosavic [2] and Thongam et al [3] are all sensorless. Sensorless estimation is attracting

the researchers as the reliability and durability of higher rated motors decreases if there is

\.
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any traditional torque sensors, speed sensors or flux sensors.

1.4 Review of Research in this Field

The importance of tracking this rotor parameter and the methods of tracking developed up

to date are reviewed hereafter.

1.4.1 Field Oriented Control

In the area of induction motor drives the concept of Field Oriented Control (FOC) was

introduced by Blaschke [4] in 1972. The armature and field fluxes are always perpendicular

to each other in the dc motor. In an induction machine, a similar condition can be created

with appropriate control of stator currents in the synchronously rotating frame of reference.

FOC is a technique which provides a method of decoupling the two components of stator

current, one producing the flux and the other producing the torque. Therefore it provides

independent control of torque and flux during both dynamic and steady state conditions.The

two basic schemes of field orientation are, Direct Field Oriented control (DFO) and Indirect

Field Oriented control (IFO).

Direct Field Orientation originally proposed by Blaschke, requires flux acquisition

which is mostly obtained from computational techniques using machine terminal quanti-

ties. Whereas IFO, proposed by Hasse hasse, avoids the direct flux acquisition, by adding

an estimated and regulated slip frequency to the shaft speed and integrating the total to

obtain the stator flux position.

In DFO the position of the stator flux, which is essential for the correct orientation, is

directly measured using search coils or estimated from terminal measurements. However

using sensors to acquire the flux information, which needs installation of such sensors

during machine manufacturing. Instead, the measured terminal quantities such as stator

voltages and currents can be used. At very low frequencies the control becomes difficult.

The indirect field oriented control method is essentially the same as direct field orientation,

except that the flux position is generated in the feedforward manner. Indirect field orien- .

tation does not have inherent low speed problems and is thus preferred in most systems

which must operate near zero speed.

\
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In case of field oriented control the major problem is the rotor resistance which is sensitive

to temperature. When this parameter is incorrect in the controller, the calculated slip

frequency. is incorrect and the flux angle is no longer appropriate for field orientation. This

results in instantaneous error in both flux and torque. Both basic types of field orientation

have sensitivity to machine parameters and provide non-ideal torque control characteristics

when control parameters differ from the actual machine parameters. In general, both

steady-state and dynamic responses of torque differ from the ideal instantaneous torque

control achieved in theory by a correctly tuned controller.

1.4.2 Spectral Analysis Techniques

This method is based on the measured response to an injected test signal or an existing

characteristic harmonic in the voltage/current spectrum. Stator currents and voltages of

the motor are sampled and the parameters are derived from the spectral analysis of these

samples. Matsuo and Lipo [5] proposed an on-line technique for determining the value

of rotor resistance by detecting the negative sequence voltage. The main drawback of this

method is that the strong harmonic torque pulsation is induced due to the interaction of

positive and negative rotating components of MMF.

Toliyat and Hosseiny [6] presented another on-line estimation technique based on the d-q

model in the frequency domain. The q-axis component of the injected negative sequence

component is kept at zero, so that the motor torque is undisturbed. The d-axis component

affects the motor flux. FFr is used to analyse the currents and voltages and the fundamental

components of the sampled spectral values are used to determine the parameters. Average

speed is used for the identification of parameters. Gabriel and Leonard [7] proposed a

correlation method to detect misalignment between the actual motor flux and the rotor flux

given by the model. A small auxiliary signal is added to the d-axis flux component of the

stator current and a correlation function is evaluated.

Though rotor resistance can be estimated under any load and speed condition, the cost is

high due to the installation of two search coils and will not be applicable to any off-the

shelf induction motor.
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1.4.3 Observer Based Techniques

Observer based techniques recently got momentum in this field. T. Matsuo and T. A. Lipo

[5] proposed a method for detection of the inverse rotor time constant using the Extended

Kalman Filter (EKF) by treating the rotor time constant as the fifth state variable along

with the stator and rotor currents. B. K. Bose and N. R. Patel [8] also proposed EKF based

control method. Here, the wide band harmonics contained in the PWM inverter output

voltage serve as the perturbation. This method works on the assumption that when the

motor speed changes, the machine model becomes a two input/two output time varying

system with superimposed noise input. The drawbacks are that this method assumes that

all other parameters are known and the magnetizing inductance can introduce large errors

into the rotor time constant estimation. Finch et al. [9] proposed an application of EKF for

slip calculation for tuning an IFO drive. Kubota et al. [10] proposed a DSP-based observer

where the computational time is higher.

1.4.4 Model Reference Adaptive System Based Techniques

Ohnishi et al [II] proposed a Model Reference Adaptive System against rotor resistance

variation in 1986. This is the approach that has attracted most of the attention due to its

relatively simple implementation requirements. Here the basic idea is to estimate certain

states from two different directions, one is to calculate using states of the controllers and

the other is to estimate the same states using measured signals. One of the estimates

should be independent of rotor resistance, so that the error between these two estimates

provide the correction to the rotor resistance, using an adaptive mechanism which can

be a proportional-integral (PI) or integral controller. These methods essentially utilize the

machine model and its accuracy is therefore heavily dependent on the accuracy ofthe model

used. In general these methods primarily differ with respect to which quantity is selected

for adaptation purposes. In this method rotor resistance adaptation is usually operational in

steady-states only.

1.4.5 Fuzzy Logic Based Techniques

Fuzzy logic based techniques are also used for the on-line rotor time constant / rotor

resistance adaptation. In the fuzzy rotor resistance updating scheme proposed by Zidani et

al [12], a direct estimate of the measured stator frequency is derived which is.independent
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of rotor resistance, and is taken as the measured stator frequency. The difference between

these two measured and estimated was used to map the rotor resistance with a fuzzy logic

function. In this paper they have activated the fuzzy estimator only in the steady-state.

Bim [13J proposed a fuzzy rotor time constant identification based on a fuzzy optimization

problem in which the objective function is the total square error between the commanded

stator currents and measured stator cmrents in the d-q reference frame. M. Ta-Cao and

H. Le-Huy [14J estimated the rotor resistance, with only the steady-state measurements

assuming the resistance variation is very slow.

1.4.6 Artificial Neural Network Based Techniques

Fodor et al. [l5J investigated the possibility of using a neural network to compensate

parameter variations in the IFO controlled induction motor drive. They added an off-

line trained neural network as a black box, which estimates the time constant for the IFO

controller. A rotor flux observer has been used to estimate the flux angle used for d - q

transformation. The neural network was trained with a specific I/O pattern selected by

the authors and only the steady-state model of the IFO controller was used. The major

drawback of this type of learning is that the network may calculate the output with very

large errors if the drive has to operate through an I/O pattern which was not investigated

during the learning process.

Ba-Razzouk et al [16J proposed another ANN method for rotor time constant adap-

tation in IFO controlled drives. The training signals are generated with step variations in

rotor resistance for different torque reference and flux command and the final network is

connected in the IFO controller. The rotor time constant was tracked by a PI regulator that

corrects any errors in the slip calculator. The output of this regulator is summed with that

of the slip calculator and the result constitutes the new slip command that is required to

compensate for the rotor time constant variation. The major drawback of this scheme is

that the final neural network is only an off-line trained network with a limited data file in

the modeling.

S. Mayaleh and N. Bayinder [17J proposed a rotor time constant estimation using a

recurrent neural network. Their algorithm used the three stator voltage and three stator
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current measurements in the stator reference frame.

1.5 Outlineof the Thesis

The thesis begins with a review of induction rotor parameter estimation techniques in

Chapter 1. The available literature covering on-line rotor time constant estimation tech-

niques, broadly classified as spectral analysis techniques, observer based techniques, model

reference adaptive system based techniques and the heuristic methods are reviewed in

Chapter 1.

In Chapter 2, the detailed background theory of the whole work is presented. Here, at

first the theory for a three phase symmetrical induction machine is presented. Then the

theory for d - q reference frame is presented. For the reference frames the stationary,

synchronously rotating reference frame, rotor reference frame are used. To convert the

equations of different variables the arbitrary reference frame equations are presented.

In Chapter 3, the proposed adaptation process is presented. The theory of which is pre-

sented in the previous chapter. The whole adaptation scheme for rotor resistance estimation

is presented step by step.

In Chapter 4, the simulation results for the model is presented. Simulation for different

size of motors in respect of power capability is shown. Simulation for different reference

models are also presented.

In Chapter 5, the experimental results are presented. The results of the adaptation process.

applied to a one horse power motor is investigated. The details of the experimental instal-

lationanddata acquisition process is also presented.

Finally in Chapter 6, the conclusion and future works of the work is presented.



Chapter 2

Theory and modeling symmetrical
Induction Machine

2.1 Introduction

To simulate the dynamic performance of typical symmetrical induction machines and to de-

pict the variables in various reference frames during acceleration and deceleration periods,

details theory and modeling of the machine is necessary. In this chapter the detailed voltage

and torque equations in terms of machine variables are presented [18]-[19]. Transformation

to arbitrary reference frame accommodating rotating circuits is also presented. Once the

arbitrary reference frame equations are established the equations may then be expressed in

any reference frame with exact assignment of the speed of the reference frame. Although

the stationary reference frame, the rotor reference frame and synchronous reference frame

are most frequently used, the arbitrary reference frame offers a direct means of obtaining

the voltage equations in these and all other reference frames.

2.2 Equations in Machine Variables

The three stator windings are considered identical, sinusoidally distributed and 120° dis-

placed with Ns equivalent turns and resistance Rs. The three rotor windings are also

considered as identical, sinusoidally distributed, displaced 120°, with Nr equivalent turns

and resistance Rr• The stator and rotor a - b - c phase voltage equations in machine

variables are expressed as

8



[
vas] [Rs 0 0] [ias] [ lI'as ]
Vbs 0 Rs 0 ~b, + :t lI'bs
Ves 0 0 Rs les lI'es

[
Var ] [Rr 0 0] [iar] [ lI'ar ]
Vbr 0 Rr 0 ~br +~ lI'br
Vcr 0 0 Rr Icr lI'er

9 ff

(2.1)

(2.2)

The s subscript denotes variables and parameters associated with stator circuits, and the r

subscript denotes variables and parameters associated with rotor circuits. For a magneti-

cally linear system, the flux linkages are expressed as

.[ lI'abes ] [ Ls
lI'aber - (Lsrl

where,

Lsr ] [ ~abes ]
Lr Jaber

(2.3)

(fabesl = [fas fbs fes]

(faber)T = [far fbr fer ]

f can represent either voltage, current, or flux linkage.

[ I" 71m, -!Lms -,4,. ]
Ls= -zLms L1s+Lms -!Lms

-!Lms -!Lms Lls+Lms

. [ L"fLm, -!Lmr -iI.." ]
Lr = -!Lmr Llr+Lmr -!Lmr

lL . -!Lmr Llr+Lmr-2 mr

[ 00, B, cos (er + 120°) 00, lB, - 120') ]
Lsr = Lsr cos (er - 120°) cos er cos (er + 120°)

cos (er + 120°) cos (er - 120°) cos er

(2.4)

(2.5)

(2.6)

(2.7)

(2.8)
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In the above inductance equations Lis and Lms are respectively the leakage and mag-

netizing inductances of the stator windings. Lir and Lmr are for the rotor windings. Lsr is

the mutual inductances between stator and rotor windings.

For the machine rotor which has uniformly distributed skewed copper or aluminum

bars embedded in a ferromagnetic material with all bars terminated in a common ring at

each end of the rotor, are referred to as squirrel cage rotor. This configuration is equivalent.

to uniformly and sinusoidally distributed three phase windings as stator.

It is convenient to refer all rotor variables to the stator windings by appropriate turns

ratios.

. Nr•
Jaber = N

s
labcr

, Ns
Vabcr = N

r
Vabcr

, Ns
1jIabcr = N

r
1jIabcr

(2.9)

(2.10)

(2.11)

The magnetizing and mutual inductances are associated with the same magnetic flux

path. Therefore,

(2.12)

and

So, we can get,

(Ns)2Lms = N
r

Lmr

(2.13)

(2.14)
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Thus,

[

COS 0 cos (Or+ 120°)

L:r = ;'Lsr = Lms cos (Or - ~200) cos Or

cos(Or+1200) cos(Or-1200)

Also, Lmr is expressed as

(Nr)2Lmr = N
s

Lsr

and

,
from (2.7), Lr can be expressed as

cos (Or - 120°) ]
cos (Or+ 120°)

cos Or

(2.15)

(2.16)

(2.17)

,
L -r-

where,

-~Lmr,
L1r+Lmr

-~Lmr

(2.18)

The flux linkages can be expressed as

[ ] [ 'J[]lJIabes Ls Lsr iabes

lJI~ber = (L~r) T L~. i~ber

(2.19)

(2.20)

The voltage equations expressed in terms of machine variables referred to the stator

windings are

(2.21)
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where Rs, Rr are diagonal matrices and

(2.22)

The energy stored in a magnetically linear system is the sum of the self inductance of

each winding times one-half the square of its current and all mutual inductances, each times

the currents in the two windings coupled by the mutual inductance. The energy stored in

the leakage inductances is not a part of the energy stored in the coupling field. Therefore

the energy stored in the coupling field is written as

Where I is the identity matrix. Since the machine is assumed to be magnetically linear

the field energy WI is equal to the coenergy We.

In a rotational system the change of mechanical energy can be represented as

(2.24)

where Te is the electromagnetic output torque and Orm is the actual angular displace-

ment of the rotor. The electrical angular displacement Or is

(2.25)

where P is the number of poles in the machine, then

(2.26)

Since WI = We, the electromagnetic torque may be evaluated as

(2.27)

,
As Ls and Lr are not functions of Or, the electromagnetic developed torque can be

expressed as
••

1
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iqs j'qrRs - L's=Ls -Lm L "r=L 'r -Lm - R'r
+
wlpqs (w -Wr)Ip'dr r

(a) Vqs V'qr

!
i'drRs L's=Ls -Lm L 'Jr=L " ...Lm -

r Wlpds (w -Wr)Ip'qr r
(b) Vds V'dr

!
Rs ios i'or R'r- -t

Lis t
(c) VOs L 'fr V'Or

~ ~

Figure 2.1: Equivalent Circuit Diagram (a) q- axis circuit (b) d- axis circuit (c) zero
sequence circuit

(P). T a [ , ] .'Te = "2 (Iabes) a fJ
r
Lsr laber (2.28)

2.3 Equations in Arbitrary Reference Frame Variables

The three phase reference frame variables can be transformed to two phase reference frame

variables. The corresponding equivalent circuit for the machine is shown in Figure 2.1 .

. The relationship for stator is as follows

(2.29)
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where,

[

COS 8

Ks = sin8

0.5

and

cos (8 - 120°)

sin (8 - 120°)

0.5

cos(8+1200) ]
sin (8 + 120°)

0.5

(2.30)

8 = 10' w(S)dS + 8(0)

The relationship for rotor is as follows,

where

(2.31)

(2.32)

[

COS(8-8r)

Kr = sin(8 - 8r)

0.5

and

cos(8-8r-1200)

sin(8 - 8r -120°)

0.5

cos(8 - 8r+ 120°) ]
sin(8 - 8r+ 120°)

0.5

(2.33)

(2.34)

In the above equations, fq is the quadrature axis component, fd is the direct axis

component and fa is the zero sequence component, f can represent either voltage, current,

or flux linkage. The angular velocity of the new reference frame with respect to stationary

stator is wand it may be constant, varying, or zero. The angular velocity of rotor with

respect to stationary stator is Wr

Equation 2.1 can be written in d - q reference frame as

\ J',v
c



VqdOs = Ks(Rsiabcs + ~ 1I'abcs)

= Ks(R,iabcs) + Ks( ~ 1I'abcs)

d
= KsRs(Ks)-liqdOs +Ks dt [(KS)-11l'qdOs]

• d -I -I d= RslqdOs + Ks dt [(Ks) ]1I'qdOs+ Ks(Ks) dt 1I'qdOs

. d
= RslqdOs + OJ11'dqs + dt 11'qdOs

where.

IS

(2.35)

(2.36)

and

(2.37)

From the above equations the expanded forms of the variables, for both stator and by

similar derivation for rotor referred to stator, can be shown that

d
vqs = Rsiqs + OJ1I'ds+ dt 1I'qs

d
VOs= Rsios + -1I'0sdt

(2.38)

(2.39)

(2.40)

(2.41)



In d - q frame the flux linkage equations can shown from 2.20 as

16

(2.42)

(2.43)

[
V!qdOs] _ [ KsLs(Ks)-1
V!~dor - Ks (L:rf (Ks)-1

From 2.6 it can be shown that

(2.44)

o

z. ] (2.45)

where, Lm = 3/2Lms

From 2.7 it can be shown that

o

o
(2.46)

From 2.8 it can be shown that

So, the expanded expressions for the flux linkages are

(2.47)

(2.48)

(2.49)
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(2.50)

(2.51 )

(2.52)

(2.53)

The electromagnetic torque in terms of d - q reference frame variables is found from

2.28 as

Te = (n [(Ks)-liqdO,f a~r[L~r](Kr)-li~dOr
In terms of currents the expression is found as

Which can also be written in other machine variables as

Te = G) (~) (lJfdsiqs-lJfqsids)

The angular speed is related to the torque as

. dWmTe =h+J-- +Brwmdt

(2.54)

(2.55)

(2.56)

(2.57)

(2.58)

(2.59)2( dWr )
Te = h+ p J ----;It +Brwr .

where, Wm is the rotor mechanical speed and Wr is the rotor electrical speed, J is the

moment of inertia of the rotor, Br is the frictional coefficient.

.11

~
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2.4 Equations in Stationary Reference Frame Variables

The dynamic machine model can be obtained by substituting (j) = 0 in the above equations.

The corresponding stationary frame voltage equations for a singly fed machine are as

follows

S R's d ".s
vOs = slOs + dt 'l'Os

(2.60)

(2.61)

(2.62)

(2.63)

(2.64)

(2.65)

The s superscript is for the indication of stationary reference frame. The correspond-

ing stationary frame torque equations are

(2.66)

(2.67)

(2.68)
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2.5 Equations in Synchronously Rotating Reference Frame
Variables

The dynamic machine model can be obtained by substituting W = We in the above equa-

tions. The corresponding synchronously rotating reference frame voltage equations for a

singly fed machine are as follows

e R.e d ",e
vOs = slos + dt 'l'Os

,.Ie d 'e
0= RrlOr + dt 1fI0r

(2.69)

(2.70)

(2.71)

(2.72)

(2.73)

(2.74)

The e superscript is for the indication of synchronously rotating reference frame. The

corresponding synchronously rotating reference frame torque equations are

(2.75)

(2.76)

(2.77)

\



'20

2.6 Equations in Rotor Reference Frame Variables

The dynamic machine model can be obtained by substituting (0 = (Or in the above equa-

tions. The corresponding rotor reference frame voltage equations for a singly fed machine

are as follows

r R.r d r
VOs = slOr + dt Vlos

(2.78)

(2.79)

(2.80)

(2.81)

(2.82)

(2.83)

The r superscript is for the indication of rotor reference frame. The corresponding

rotor reference frame torque equations are

(2.84)

(2.85)

(2.86)

,
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The detailed background theory of the whole work is presented. Here, at first the

theory for a three phase symmetrical induction machine is presented. Then the theory

for d - q reference frame is presented. To convert the equations of different variables the

arbitrary reference frame equations are presented. For the reference frames the station-

ary, synchronously rotating reference frame, rotor reference frames are used. The theory

presented here is the basis of the adaptive model presented in Chapter 3. The arbitrary

reference frame equations are used to establish the state space model equations for the

proposed adaptation scheme.



Chapter 3

Proposed Adaptation Scheme

The detail theory for the adaptive model is presented in the previous chapter. The proposed

adaptation process is presented. The theory of which is presented in the previous chapter.

The whole adaptation scheme for rotor resistance estimation is presented step by step. The

model proposed here is solved by Runge-Kutta method to find the various stator and rotor

parameters during the simulation. The simulation is done by MATLAB. A model block

diagram is presented to illustrate the whole scheme.

3.1 Matrix Formulations of the Model

To illustrate the adaptation process we need to rewrite the d - q reference frame model

equations of (2.38) to (2.43) in matrix formulations as :

dI
V=RI+WLI+L- (3.1 )dt

where,

Vds Rs 0 0 0 ids

vqs o Rs 0 0 lqs
V= R= 1=

0 0 0 R' 0 .,
r ldr

0 0 0 o R' .,
r lqr

Ls/+Lm 0 Lm 0
0 Ls/+Lm 0 LmL=
Lm 0 L~/+Lm 0
0 Lm 0 L~/+Lm

22
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o -ro
ro 0
o 0
o 0

o
o
o

(ro-rom)

o
o

-(ro-rom)
o

23

•

The flux linkages for d - q reference frame is calculated from

'1'= LI

where,

(3.2)

'1'=
'l'ds

'l'qs

'l'dr

'l'qr

The torque equations used for state space solution is

(3.3)

(3.4)

Where, rom is the rotor mechanical speed. For state space solution the angle is also a

output variable and it is given in the model as,

(3.5)
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3.2 The Adaptive Scheme

The three phase voltages are captured to the computer through data acquisition card. To

capture the three phase voltages to the computer the three phase supply needs to be stepped

down. Three nov - 12V,5A transformers were bought for this purpose. The three trans-

formers were Y connected in the primary side. The neutral of that Y connection was con-

nect~d to the neutral of the motor Y connection. The output of the three transformers were

further stepped down through resistance voltage divider to restrict the voltage provided to

the data acquisition card to comply with the input limit of the card. As the maximum input

limit of the card channels is 10V. The resistance voltage divider was set to 5 by I so that

the maximum voltage that may occur across the channels should not go beyond the limit

even when an inrush voltage comes at the moment of switching off the motor.

The value of three phase currents were passed to the data acquisition card through current

transformers. The primary vs secondary turns ratio is 300 by 5. The outputs of the current

transformers were shorted by three 0.5Q each. This time also the voltage across the 0.5Q

is within the limit of the data acquisition card. The inrush current while switching on the

motor is higher than the steady state current.

The data acquisition card used here is PCI -1711L of Advantech Corporation. It has 16 ana-

log input channels. The maximum sampling rate of the card per channel is 100 kilo sample

per second. For the hardware in the loop simulation 10 kilo sample per second per channel

were used. Because if the sampling rate is higher then necessary the estimation process

calculation increases. The three phase voltages and currents sampled to the computer were

calibrated. For calibration purpose of the voltages the multiplying factor were calculated by

dividing the measured the input voltages to the transformers by a high precision multimeter

by the sampled voltages from the data acquisition card. For the calibration of the currents

measured by the data acquisition card the three phase currents were also measured by high

precision current meters and the proper multiplying factors were calculated as well. The

detail adaptation process is explained in Figure 3.1.

The algorithm of the adaptive scheme is explained in step by step as:

Step! : Start capturing currents from motor three phase lines.
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ids iqs Vds V
q' Adaptive Model

.. d.l
V = I{I +WU + L-

dt
dw", = (/;,_ h)/J _ B,w",/J

dt dli
'"---;;r = Will

i,

KK +_1
p S

Figure 3.1: Rotor resistance estimation by the adaptive scheme
/

Step2 : Calculate and save current magnitude from d-q currents.

Step3 : Calculate the simulated current magnitude with the motor three phase input

voltages available at that instance, test parameters and zero initial currents for a duration of

3 seconds.

Step4 : Compare the last simulated current magnitude at the end of 3 second and

captured current magnitude and save the error value.

StepS: Update the Rotor resistance in the simulation model according to the PI block

and the error value.
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Step6 : If there is any update, then change the resistance or keep it on it's previous

value.

Step7 :Go to step I.

The detailed explanation of the steps are explained hereafter.

3.2.1 Sampling Step

The three phase voltages and currents are sampled to the computer and a detailed adaptive

model for the motor is established, where the nameplate parameters and the no load and

blocked rotor test data are used. For the simulation the same model (3.1)-(3.5) is used to

get the real stator current magnitude for a constant load.

3.2.2 The Change of Resistance Step

The stator currents for changing the rotor resistance to different percentage of increment

and decrement are calculated by the motor model and stored to estimate the change of

rotor resistance by the adaptation model later. These currents act as if the current is found

from the actual motor. For hardware in loop scheme the current from the physical motor is

found through data acquisition card. These currents are used to calculate the actual current

magnitude. This current magnitude is then compared with that of adaptive model.

3.2.3 Runge-Kutta Solution Step

The state model is solved numerically with runge-kutta method for a short period of time.

The simulation starts from transient state with zero initial values for the variables. From

the simulation the direct axis and quadrature axis stator current, flux, torque and speed is

found as a result.
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3.2.4 Current Magnitude Calculation Step

When the model output goes to steady state then the simulated output current or the actual

current from the motor found in the second step for changing rotor resistance of different

percentage is applied to calculate the error in the adaptation process. Both the adaptive

model and the real motor model gives the stator current in d - q reference frame from

which the magnitude of the stator current is calculated as

ls = (3.6)

The reference frame can be selected stator fixed, synchronously rotating or fixed at

rotor. This output stator current from the adaptive model is compared with the real motor

model and an error signal is generated.

3.2.5 Rotor Resistance Update Step

The three phase input voltages and the error are fed recurrently to the adaptive model to

re-establish the motor parameters for the model.

(3.7)

For re-establishing the model the error sign and magnitude plays a role and the rotor

resistance is changed in a manner so that the error tends to a predefined threshold value.

3.2.6 Towards The Estimation Step

When the adaptive model gives almost the same output of the original motor the adaptation

process ends. The threshold value for the error is not fixed. For fast adaptation it can be

changed to an optimal value which depends on the motor size and application. The PI

block parameters are also selected according to the requirement. According to the required

accuracy the parameters vary to a certain limit. If the accuracy is very concerned then the
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time for adaptation increases and the error threshold value and PI parameters are chosen

accordingly. Though in practical situation the change of rotor resistance will happen slowly

we change the original value abruptly with a greater percentage and observe the response

time and accuracy of the algorithm.

Thus the whole adaptive scheme works. The simulation is done for several different

rated motors. The constants used in the model is fixed through trial and error method, so

that the optimum constants work for any motor in the simulation.



Chapter 4

Simulation Results

The simulation results for the model is presented. Simulation for different size of motors

in respect of power capability is shown. Simulation for different reference models are also

presented. The simulated output of different variables with changing different parameters

is presented. Changing the rotor resistance the magnitude of the d - q current vector is

also shown. The percentage of error and the time to reach the changed value is analyzed.

Different motors are used to validate the simulation output.

4.1 Simulating the Model for 1hp Motor from Experimen-
tal Test Data

A Ihp three phase induction motor was selected for extracting the test data. These test

results were used in the simulation and the results from the simulation are analyzed. The

test result for the Ihp motor is given in Table 4.1.

Table 4.1: The test data for an Ihp motor

Parameter Value Unit
Rs 13.1 Q

Rr 10.71 Q

Lsi 32.8 mH
Lrl 32.8 mH
Lm 570 mH
J 0.01 Kgm2

Bm 0.01 -
TL 2.5 Nm
p 4 -

29 ~. .;'"
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1500

0.8 1 1.2
Time (5)

2

"••••Co
<Il 500

1000
E
Co.:.

Figure 4.1: The speed of an 1hp motor with the fun load applied on 1.5s

The simulation results for an 1 horse power motor is given in Figures 4.1 to 4.14.

The transient portion and the change in speed due to application of load is shown in

Figure 4.1

The transient portion of the current is shown in Figure 4.2 The change of current

magnitude due to change of load is shown in Figure 4.3

The d - q currents and the magnitude of the d - q current vector summation viewed

in synchronous and rotor reference frame is shown in Figure 4.4 and 4.5

The transient portion and the change in torque due to application of load is shown in

Figure 4.14

The transient portion of the current is shown in Figure 4.7

The change of current magnitude due to change of load is shown in Figure 4.8

The d - q fluxes viewed in synchronous and rotor reference frame is shown in Figure

4.9 and 4.10

The d - q voltages viewed in stator, synchronous and rotor reference frame is shown

in Figure 4.11 ,4.12 and 4.13

The torque against speed is shown in Figure 4.14
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Figure 4.14: The torque is shown against speed for an 1hp motor

4.2 Simulating the Change of Rotor Resistance While Track-
ing the Change for the Test Data of an Ihp Motor

To observe whether the adaptive scheme can track the change of rotor resistance some

simulations are done on different power rated motors. For simulation everything in the

computer a fixed model for the motor is used. The three phase currents from the fixed model

is converted to two phase currents and then the magnitude of the d - q current vector sum

is calculated. This current magnitude is compared with the same output from the adaptive

model. The error is fed back to the adaptive model to update the rotor resistance of the

adaptive model. The fixed model output is supplied to the comparator with 2% of error.

The resistance of the fixed model is changed to 150% of it's initial value and the

corresponding output current from the fixed model is fed to the comparator. The adaptive.

scheme is simulated with the change of rotor resistance. The resistance then changed back

to its initial value, then again changed to 80% of it's initial value and then back to initial

value again. The performance is shown in Figure 4.15 to 4.18.

/
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Table 4.2: The test data for a 3hp motor

Parameter Value Unit
Rs 3.5 Q

Rr 3.16 Q

LsI 6.6 mH
Lrl 6.8 mH
Lm 268 mH
J 0.2 Kgm2
Bm 0.02 -

TL 7 Nm
p 4 -

4.3 Simulating the Model for 3hp Motor

A 3hp three phase induction motor is also used for simulation. The test results [20] were

used in the simulation and the results from the simulation are analyzed. The test result for

the 3hp motor is given.in Table 4.2.

The simulation results for a 3 horse power motor is given in Figures 4.19 to 4.31.

4.4 Simulating the Change of Rotor Resistance While Track-
ing the Change for the Test Data of a 3hp Motor

To observe whether the adaptive scheme can track the change of rotor resistance simula-

tions for a 3hp motor are also done. As for the Ihp motor a fixed model for the 3hp motor is

used. The three phase currents from the fixed model is converted to two phase currents and

then the magnitude of the d - q current vector sum is calculated. This current magnitude

is compared with the same output from the adaptive model. The error is fed back to the

adaptive model to update the rotor resistance of the adaptive model. The fixed model output

is supplied to the comparator with 2% of error.

As in the Ihp motor simulation the resistance of the fixed model is changed to 150% of

it's initial value and the corresponding output current from the fixed model is fed to the

comparator. The adaptive scheme is simulated with the change of rotor resistance. The

resistance then changed back to its initial value, then again changed to 80% of it's initial
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Figure 4.23: Transient and steady state portion of the torque while the full load is applied
on 1.5s for a 3hp motor

1

0.5

o

.Q.5

-1
o

, " " j, .

0.1 0.2
Time (s)

0.3 0.4

,
0.5

Figure 4.24: The transient portion of the d - q fluxes

••



44

",n,,,,,, ..,,,,,,.,,. --'PdsIStator frame I..... ,. --- 'Pqs

+
... ".""."".,,"~" ................ i.. ....... ,,,.,,"~,,

..l l I I I I i, , , • .1.L , • ". .. • 'j'" r r .,.. ..."."• , " " • • • ! I
" " • " " " • • i I I I L
.:.... " , " " "

,
"

, I ,
.11.. • .. II..., ,I... II'"

,
II" ... .IL." u. ~...

" " " " " " " " " "

, ,
" " " ~ " " " " " " " " "

,
" " "" " " " "

,
"'1. l:" " 1.1..

" " II •• ~'".. " I:,.. ,L
" " to. :f" "tl" ~1'" ? u"' .. ". II". l II" ,'"

" " I) " " " " " " " " " " " "
(

" " " " " " " " " " " " " • " " "
" ~

" " " " " " " " " " " " " • " " " "
.11'" .11. .. rI" ~r " ]"1.. II" u.. ~:.. n" :r "

,I... l~'" 11'" ll',d :1-
"

~...,
" " " " "

" " " " " "

1:1 " !: : " :"" " " " " " " " " " " " "
1'1 " " ".:.... " " " I:, " " " " ..,. -:: " " " "

1:1 " , .
" " "'\, .. I, " :)l"

H. .. ,I.. r", " IT" "
IL I'" 1,1 .. ll. I, ... 0 ... ,I... [I...,

" " " " " " " r"
" " "

EI " " "
,

"" " ': " 'I~ " i' " " :' " I:! lill, :' " " 1'1

" " " " " " " "

0.88

1.02

0.9

1.04

1:c
~ 0.98
•

~" 0.96

~.:g0.94

0.92

1.4 1.45 1.5 1.55 1.6
Time (s)

1.65 1.7 1.75

Figure 4.25: The change of flux magnitude while the full load is applied for a 3hp motor

....... "."',,.

J Synchronous frameI

..; "'''''''''''''i''

2

-- 'Pds
--- 'P

qs

1.81.61.40.8 1 1.2
Time (s)

......... :" ..""" ...".,,.

0.60.40.2o

0.6

0.4

0.2:c
~ 0
•~" .0.2

.:g -0.4
~

-0.6

-D.8

.1

.1.2

Figure 4.26: The d - q fluxes in synchronous frame while the full load is applied on 1.5 s
for a 3hp motor



45

......................•....Irotorframe I1

:c
~

0.5•~""
•~" 0

-0.5

-1
0 0.5

(\, ,,,,
, .. 1-,,,,,,,

""T",,,,,,
" .. ,.,\, ..,,

1
Time (sl

1.5

/'

I ', ,, ,,,,. ,..,,,,,,
... .... ~..,,,,,,,

.... 'l",

-- 'Pds
--- 'Pqs

/,,,
,,... ..,.,,,

~": I
; .. J ...,,
: ": I. ,,

, ,T'".,,,,
\ I;

"
2

Figure 4.27: The d - q fluxes in rotor frame while the full load is applied on 1.5 s for a 3hp
motor

o

\
:\ I

.. :.\ ..••.

i IStatorFrame I . .....................-vds
---vqs

"'"\'" ....j.\". ""V':',\.. , .. /"\ /\'
~ I \ ( , t \ J \

\ '\ t:\ "\ 1:\
... \.. "" .., I \... . \'" ,n,,, •...... I ; .. "'1'" , c" .. , .\.

\ I ~ " \ t" \ : \
\ I / \ I I I \...... \... 1. ",,, \... . ,,: ..~ \. . I.: ."",,\.. ... n {. '••••••• ~••

\ : \ : \ : 'I : \
\ : \ : l I I I. \

. ".. ..•.... j ... ; ..... " •.. I.. I I , I'I I , T f" / ..'"";.. "'( T
\ I I I I I , I \

\ : \ ' \ I \ I \
..... T" ""1 ,\. ... .,. : t. . } , , \.. .., f"' '-\-

I / I I \' t / ,
\: \, \ I 'I 1.........\ '""."I : ".~; .1 :." \ i ,,1.. ~ ; ;.. . \

: I ~ / " " "\! 1/: \/ :,/..~\.J ."~\;I' , - ":"'~'.. "..:,.•••....

200

300

400

-200

-300

-100

~ 100••E
~

1.47 1.48 1A9 1.5 1.51
Time (s)

1.52 1.53 1.54 1.55

Figure 4.28: The d - q stator voltages in stator reference frame for a 3hp motor



46

300c---r------~--lrs---y-n~C--h~r-o~n-o~u~s,..-f~r-a~-m~~e:[__ -=r.- ...-...-....-...~...~...~....-.-..-......,•.-T;=~=-=-=~=:=:~

250 .

~••E
~ 200 •... " j. ...•..................

1.51
Time (s)

0.5

:-----.-'- ... - .... - .... - .... - ... -... -..... - .. - ...•••. ,.- .. -... - ... - ... - .... - .... -.... -.... - ... ,- .. ._ .... _ ... _ .. .i..." ... _ .. ---I
2o

150

Figure 4.29: The d - q stator voltages in synchronous reference frame for a 3hp motor

('"J>\, ...i . .,/\

~ I \
: \ I 1. \ , : \..." " ",..,

\ "
\ "\: . I I........ \ .. 1 ",":,,,1.,, , \ .
1. : , 1

....\ L/. - .\.
1:' \:\ =/ I
:\ 'I \..."",."...~,,\.....I,,.
, \.,.;/.,= j".

...•....................•...:I;oior'iri'lme~i .., ,.......i , ,',,',' -__-_~::
ii"" ,\.".I 1\, ,
:,..,I':'"
:I ~H I
:, I

:: :
:. I
1" •• ,I ..
t .•, ,
I ,
L ."I ,, ,
: '. l'",,
I':

.. 'ii'"

300

400

-300

.200

200

~ 100••E 0
~
.100

o 0.2 0.4 0.6 0.8 1 1.2
Time (s)

1.4 1.6 1.8 2

Figure 4.30: The d - q stator voltages in rotor reference frame for a 3hp motor



47

100

80 .

~
60

~•• 40 .
"~
0•.. 20

0

-20
0 500 1000 1500

Speed (rpm)

Figure 4.31: The torque is shown against speed for a 3hp motor

value and then back to initial value again. The performance is shown in Figure 4.32 to 4.35.

4.5 Simulating the Model for 5hp Motor

A 5hp three phase induction motor is also used for simulation. The test results [20] were

used in the simulation and the results from the simulation are analyzed. The test result for

the 5hp motor is given in Table 4.3.

The simulation results for a 5 horse power motor is given in Figures 4.36 to 4.48.

Table 4.3: The test data for a 5hp motor

Parameter Value Unit
Rs 2.5 .n
Rr 1.57 .n
Lsi 10.2 mH
Lrl 7.5 mH
Lm 198 mH
J 0.1 Kgm2
Bm 0.02 -

h 11 Nm
p 4 -

.~.
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Figure 4.36: The speed of a 5hp motor with the full load applied on 1.5s

The transient portion of the speed is shown in Figure 4.36

4.6 Simulating the Change of Rotor Resistance While Track-
ing the Change for the Test Data of a Shp Motor

To observe whether the adaptive scheme can track the change of rotor resistance simula-

tions for a 5hp motor are also done. As for the Ihp motor a fixed model for the 5hp motor is

used. The three phase currents from the fixed model is converted to two phase currents and

then the magnitude of the d - q current vector sum is calculated. This current magnitude

is compared with the same output from the adaptive model. The error is fed back to the

adaptive model to update the rotor resistance of the adaptive model. The fixed model output

is supplied to the comparator with 2% of error.

As in the Ihp motor simulation the resistance of the fixed model is changed to 150% of

it's initial value and the corresponding output current from the fixed model is fed, to the

comparator. The adaptive scheme is simulated with the change of rotor resistance. The

resistance then changed back to its initial value, then again changed to 80% of it's initial

value and then back to initial value again. The performance is shown in Figure 4.49 to 4.52.

The same simulation is done for Ihp, 3hp and 5hp motors. The Ihp motor was bought

•
'n
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Figure 4.41: The transient portion of the d - q fluxes
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and the parameters were calculated from test data. The parameters of the 3hp and the

5hp motor is taken from [20]. The simulated output of different variables with changing

different parameters is presented. Changing the rotor resistance the magnitude of the d - q

current vector is also shown. It is found for each motor that with changing the resistance

the current magnitude changes. The error increases if the change in rotor. resistance is

increases. The adaptive scheme depends on this error. From the simulation it is obvious

that the scheme can successfully track the rotor resistance. The percentage of error is quite

acceptable. The time to reach the changed value may seem to be high. But it is expected

that in practical situation the temperature of the motor will not increase abruptly. So the

model should successfully track the practical change in the rotor resistance.



Chapter 5

Experimental Results

The experimental results are presented. The results of the adaptation process applied to a

one horse power motor is investigated. The test data for an Ihp motor that is used here

for experimental validation is presented. The details of the experimental installation, the

method to capture the three phase voltages, the three phase currents and data acquisition

process is also presented. The MATLAB GUIDE interface and the result from the software

is presented.

5.1 The TestData of an 1hpMotor

The no-load and blocked rotor test data is collected for an Ihp motor. From the DC test

the resistance of the stator was found as 13.IQ. The blocked rotor and no load test data is

given in Table 5.1 and Table 5.2.

The calculated parameters from the test data is given in Table 5.3.

5.2 Hardware for VoltageAcquisition

The Ihp motor was placed in a board. The three stator winding of the motor were connected

in Y connection. The three phase power was provided from the three phase supply available

Table 5.1: Blocked rotor test data for an Ihp motor

Parameter Value Unit
Vph 96.4 V
Isc 3.06 A
Pph 223 W
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Table 5.2: No load test data for an Ihp motor

Parameter Value Unit
Vph 223 V

[ph 1.2 A
Pph 139 W

Table 5.3: The parameters for an Ihp motor

Parameter Value Unit
Rs 13.1 Q
Rr 10.71 Q
LsI 32.8 mH
Lrl 32.8 mH
Lm 570 mH

in the Switch-gear and Protection Lab of the Department of Electrical and Electronic

Engineering, BUET. The whole installation was placed in the same laboratory. To capture

the three phase voltages to the computer the three phase supply needs to be stepped down.

Three 220V - 12V,5A transformers were bought for this purpose. The three transformers

were Y connected in the primary side. The neutral of that Y connection was connected to

the neutral of the motor Y connection. The output of the three transformers were further

stepped down through resistance voltage divider to restrict the voltage provided to the data

acquisition card to comply with the input limit of the card. As the maximum input limit

of the card channels is lOY. The resistance voltage divider was set to 5 by 1 so that the

maximum voltage that may occur across the channels should not go beyond the limit even

when an inrush voltage comes at the moment of switching off the motor. The switching

transients as captured by the data acquisition card is shown in Figure 5.1

5.3 Hardware for Current Acquisition

The value of three phase currents were passed to the data acquisition card through current

transformers. Three current transformers of Yokogawa Electric Corporation which were

also available in the Switch-gear and Protection Lab. The primary vs secondary turns ratio

is 300 by 5. The outputs of the current transformers were shorted by three 0.5Q each. This -



2 Start

\

6

4

o

-2

-4

-6

IVoltage Spike at the moment of switch off I Stop

/

62

2 2.5 3 3.5
Sample

4 4.5

Figure 5.1: The switching; inrush in the three phase voltages from the data acquisition card.



63

3

I Inrush Currents while starting I

2

1

o

-1

Start

~

J
-2

&J -3
0 2 2.5 3 3.5 4 4.5
'{J Sample x 10'U--

Figure 5.2: The switching inrush in the three phase currents from the data acquisition card.

time also the voltage across the 0.5Q is within the limit of the data acquisition card. The

inrush current while switching on the motor is higher than the steady state current. The

switching transients while switching on the motor is shown in Figure 5.2

5.4 The Data Acquisition Card for Capturing Three Phase
Voltages and Currents

The data acquisition card used here is PCI-l7IlL of Advantech Corporation. It has 16

analog input channels. The maximum sampling rate of the card per channel is 100 kilo

sample per second. For the hardware in the loop simulation 10 kilo sample per second per

channel were used. The three phase voltages and currents sampled to the computer were

calibrated. For calibration purpose of the voltages the multiplying factor were calculated by

dividing the measured the input voltages to the transformers by a high precision multimeter
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by the sampled voltages from the data acquisition card_

For the calibration of the currents measured by the data acquisition card the three phase

currents were also measured by high precision current meters and the proper multiplying

factors were calculated as welL

The captured raw data from the three phase voltages is shown in Figure 5.3_

The captured raw data from the three phase currents is shown in Figure 5.4

The d - q currents calculated from experimental currents are shown in Figure 5_5

The experimental setup of the whole system is shown in Figure 5_6

5.5 The Adaptation Software Made by MATLAB GUIDE

The captured data by the card is fed to the 3 phase to 2 phase converter in the scheme_ Then ,

the calculated d - q current vector magnitude is compared with the output from the adaptive

f -,, -~-.
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model and the error is fed to a PI block to update the rotor resistance as welL A software

window was prepared by MATLAB Graphical User Interface Development Environment

(GUIDE). There is a start button in the window. By pressing this start button the data

acquisition will start and the adaptation m file will start to work. The update in the plot is

dynamic. The value of the estimated rotor resistance is also updated in a text box. Two

sample of the window while estimating the rotor resistance is shown in Figure 5.7 and 5.8

From the experimental output shown in Figure 5.7 and 5.8 it is obvious that the

adaptive model is adapting the rotor resistance. Though it is not verified that whether

the estimated output proposed from the Figure had actually reached to the accurate rotor

resistance, it is expected that it should at least increase to 30 to 50 percent of its initial

parameter extracted from test data. The change should be gradual as the temperature

inside the motor increases gradually. So it is proposed that the same model should work

successfully to other motors with higher power ratings.
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Figure 5.8: The software window showing successful estimation of the rotor resistance



Chapter 6

.Conclusions and Future Works

6.1. Conclusions of the Thesis

This thesis reports the results of a detailed investigation of the application of an adaptive

scheme in tracking the rotor resistance for a three phase induction motor drive. The

main aim of the project was to track the rotor resistance of an induction motor quickly

and accurately, using a sensorless adaptive model. The critical parameter in an induction

motor drive is the rotor resistance. The problem of rotor time constant or rotor resistance

adaptation in rotor flux oriented vector control of induction motors has been a subject of

vigorous research for the last twenty years. The classical and current methods are described

in the introduction chapter. This thesis has included a review of the literature on the rotor

parameter estimation.

To understand the adaptive scheme a rigorous theory of the motor model is provided. At

first the detailed theory of the motor equations in abc reference frame is included. Then the

theory to transform the equations in d - q arbitrary reference frame, stator reference frame,

synchronously rotating reference frame, rotor reference frame is presented.

The adaptive scheme is presented step by step. The estimation time varies according to

the threshold value of the error and the proportional constant value. The change of rotor

resistance was abrupt in the simulation. But in practical scenario the resistance does not

vary abruptly. As the main reason of changing the resistance is temperature, it is expected

that the temperature will not increase or decrease abruptly. So in the same way it is expected

that the resistance will vary with a certain gradient depending on the reason of change.

The adaptation scheme worked fine in simulation with lower percentage of errors. As

the power rating of the motor increases the percentage of errors decreases. In industry
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normally the rating is many times higher than the motors so far simulated and analyzed.

The resistance of higher rated motors is lower. So the sensitivity of change of resistance

with temperature in that case also increases. That is the reason that the performance of the

scheme is better for higher rated motors.

However the error threshold value was increased the proportional value was changed as

well for hardware in the loop experimental simulation. It was changed for improving the

adaptation scheme.

6.2 Future Works Proposed

The hardware in the loop adaptive scheme was verified only for an Ihp motor. If it is done

for several other higher rated motors then the adaptive scheme can be improved further.

Different constants used in the model is selected fixed through rigorous hardware in the

loop simulation. These constants should be more precise if the same simulation is done for

several other motors.

The model can be further improved if the PI block is replaced by a fuzzy block. For

a certain rated motor the input output variables can be fuzzified before using the adaptive

scheme. The predetermined block constants then can be used. Through the use of fuzzy

block the time to track the change and reliability can be further improved.

The voltage and current sensors used here should have certain percentage of errors.

A high performance potential transformer for better sensing the voltages and hall effect

current sensors can be used for better sensing the three phase currents. The accuracy of the

sensors is also a issue for reliability of the scheme. So sensors with more precision.

Moreover the scheme is for a constant load system. For systems where the load varies

a torque feedback loop should be applied to the scheme. In that case it can get a wide range

of the application.
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