CERTIFICATE

This is to certify that Major project titled “DESIGN OF KALMAN FILTER FOR
INDUCTION MOTOR DRIVE” submitted by Ms. Kiran Singh in partial fulfillment of
requirements for award of the degree of Master of Engineering (Control & Instrumentation)
of the Electrical Engineering Department, Delhi college of Engineering, Delhi —110042 is a

bonafide record of work that she has carried out under my guidance and supervision.

(Dr. MADHUSUDAN SINGH)
Professor

Electrical Engineering Department
Delhi College of Engineering
Delhi-110042



ACKNOWLEDGEMENT

It is a great pleasure to have the opportunity to extent my heartfelt gratitude to everybody
who helped me throughout the completion of this project.

I would like to express my sincere gratitude to my supervisor Prof. Madhusudan Singh for
his invaluable guidance, encouragement and immense help throughout the course of the

completion of dissertation.

I would aso like to take this opportunity to present my sincere regards to Prof.Parmod

Kumar, Head Electrical Engineering Department, DCE, for his support and encouragement.

| would also like to thanks my friends in project and Research Laboratory for encouraging me

and help extended from time to time, during the completion of this project.

My special thanks to my parents and family for their continuous encouragement and support.

KIRAN SINGH
College Roll No. 07/C&1/07

University Roll No: 12236



ABSTRACT

In this project, design and simulation of standard and extended versions of Kalman’s filter
(KF) for rotor flux estimation in a voltage source inverter fed vector controlled induction
motor drive is presented and described. The complete field oriented control scheme of the
induction motor drive incorporating the KF, EKF is simulated in MATLAB for a 50 hp,
460V, 50Hz, 1440rpm squirrel-cage Induction Motor(IM). The performances of the proposed
observer based IM drive are analyzed. The estimated results show that the EKF based Flux
observer gives better performance of IM drive in comparison to the Standard Kalman’s Filter
based observer. However its performance depends on an accurate choice of process and

measurement noise covariance matrices.

Methodology to create KF, EKF for online identification of induction motor parameters are
also described in details.The Extended Kalman Filter can be used for combined state and
parameter estimation by treating selected parameters as extra states and forming an
augmented state vector. Depending on whether the original state space model is linear or not,
the augmented model is nonlinear in multiplication of states .A fifth order augmented state
space model is developed when the EKF is applied to the simultaneous estimation of states of

stator and rotor d -q current and rotor d -q fluxes.
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Chapter | I ntroduction

1.1 General

The control and estimation of parameters in induction motor drive is an important area of
sensorless induction motor drives. The technology of sensorless drive has further advance in
recent years. Induction motor drives with cage-type machines have been the workhorses in
industry for variable-speed application in a wide power range that covers from fractional
horse power to multi-megawatts. These applications include pumps and fans, paper and
textile mills, subway and locomotive propulsions, electric and hybrid vehicles, machine tools
and robotics ,home appliances, heat pumps and air conditioners, rolling mills, wind

generation systems, etc.
1.2 Typesof AC Drives

The induction motor drives are broadly classified in two category i.e. scalar control and

vector control.
1.2.1 Scalar Control

Scalar control as the name indicates, is due to magnitude variation of the control variable
only, and disregards the coupling effect in machine. For example, the voltage of machine can
be controlled to control the flux, and frequency or slip can be controlled to control the torque.
However flux and torque are also function of voltage and frequency respectively. A scaar

controlled drive gives somewhat inferior performance.

Scalar control is easy to implement. Scalar controlled drives have been widely used in
industry, but the inherent coupling effect (both torque and flux are function of voltage or
current and frequency) gives sluggish response and system is easily prone to instability
because of higher order (fifth order) system effect. To make it more clear, if torque is
increased by incrementing the dlip (the frequency), the flux tends to decrease. Note that the
flux variation is also sluggish .The flux decreases then compensated by the sluggish flux
control loop feeding an additional voltage. This temporary dipping of flux reduces the torque
sensitivity with dlip and lengthens the response time. However, their importance has

diminished recently because of the superior performance of vector controlled drives.
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1.2.2 Vector Control

In DC machine the field flux is perpendicular to the armature flux. Being orthogonal, these
two fluxes produce no net interaction on one another. Adjusting the field current can
therefore control the DC machine flux, and the torque can be controlled independently of flux
by adjusting the armature current. An AC machine is not so simple because of the
interactions between the stator and the rotor fields, whose orientations are not held at 90
degrees but vary with the operating conditions. Y ou can obtain DC machine-like performance
in holding a fixed and orthogonal orientation between the field and armature fields in an AC
machine by orienting the stator current with respect to the rotor flux so as to attain
independently controlled flux and torque. Such a control scheme is called flux-oriented
control or vector control. Vector control is applicable to both induction and synchronous

motors.

Induction Motor drives are used in a multitude of industrial and process control applications
requiring high performances. In high-performance drive systems, the motor speed should
closely follow a specified reference trgjectory regardless of any load disturbances, parameter
variations, and model uncertainties. In order to achieve high performance, field-oriented
control of induction motor (IM) drive is employed. However, the controller design of such a
system plays a crucial role in system performance. The decoupling characteristics of vector-

controlled IM are adversely affected by the parameter changes in the motor.

1.3 Indirect Vector Control Induction Motor Drive

The indirect method of vector control was used since it does not require flux sensors in
practice and also allows more accurate control at lower speeds. The measurements required
are the machine stator voltages and currents as well as the rotor speed/position.

The indirect field-oriented control (IFOC) approach is one of a powerful way to guarantee
dynamic performances of induction motor drives. Asthe crucial point is the knowledge of the
instantaneous position of rotor flux, it has been estimated in IFOC based on a real time model
of the induction motor. Hence, it is parameter dependent. It is well known that a detuned
system leads to poor performances both in steady state and in dynamic operation. The most
critical parameter is that the rotor resistance has the wider range of variation due to changes
in temperature. In particular, as the stator windings influence cannot be neglected any more

due to the low switching frequencies in high power systems, a parameter adaptation in the
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vector controller using the modified reactive power is needed through simulation and
experiment .This introduces a cross-coupling effect we can eliminate by introducing
decoupling terms in each axis of the synchronously rotating reference frame. The IFOC
method associated with compensation scheme of parameter variation is efficient enough to
achieve good dynamic performances of an induction machine drive, due to its simple
implementation and its physical approach of the process. Recently, practical investigations
are performed on an experimental drive system to validate the IFOC method in a high power

application.

1.3.1 Structure of indirect vector control

1.3.1.1 Derivation of indirect vector-control scheme

The indirect field-oriented control method is a powerful way to guarantee dynamic perform-
ances of induction motor drives.The crucia point is the knowledge of the instantaneous
position of rotor flux. Thisis estimated in IFOC based on areal time model of the machine.
Hence, it is parameter dependent. It is known that a detuned system leads to poor perform-
ances both in steady state and in dynamic operation. The most critical parameter which has
the wider range of variation due to changes in temperature is the rotor resistance A parameter
adaptation control using the vector controller is very useful for induction motor. Especially,
in high power systems, due to the low switching frequencies the stator windings influence
cannot be neglected any more. That is, we obtain a cross coupling effect we can eliminate by
introducing decoupling terms in each axis of the synchronously rotating reference frame.
1.3.1.2. Indirect stator flux-oriented control

In this case of stator flux-oriented control the expression for the error in orientation angle is
found to be too cumbersome to be given here. Hence, only equations for the actual to comm-
anded flux and torque ratios are given, in the vector form. The procedure for calculation of
commanded torque for given speed and load torque closely parallels the one described.
1.3.1.3. Performance of indirect vector controlled induction motor

The speed of the drive is selected in such a way that operation with rated Hz frequency
results for all the four machines when the commanded torque equals rated torque of the
machine. Flux command is for each of the machines set to the appropriate rated value for

each of the three types of field orientation. All the results include characteristics for all the
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motors and can be plotted against per unit load torque, which is taken as the independent
variable. Due to frequency dependence of the iron loss, the selected value corresponds

to the maximum value of iron loss that will take place during operation of the time in the
constant flux region. Hence, detuning at lower operating speeds will always be smaller.
1.3.1.4. Implementation of indirect vector control scheme

The Pl controller in indirect vector control system should provide the speed and flux requests
and generates the commanded values of torque and flux producing components of stator both
currents iq and id. The commanded current values are processed through two independent
pairs of Pl controllers (d and g synchronous frame current control) to generate two sets of
command and reference voltage vectors. These reference voltage vectors are used to generate
two sets of three phase command and reference voltage vectors and phase shifted by an
arbitrary of set value angle, through transformation (d-q synchronous). The commanded
voltage vectors in conjunction with the bidirectional triangular waveform provide the
switching signals to the base drive of the inverter switches. It will be worthwhile to mention
here that the parameter detuning effect is neglected.

As the vector controlled induction machine is assumed to be current fed from an ideal current
controlled PWM inverter, operation with constant, rated flux command would be discussed.
Asthe indirect vector controller is the scheme composed of the appropriate decoupling circuit
for each of the three orientation possibilities such as stator, air-gap, and rotor flux-oriented
control, it incorporates only Pl speed controller. Decoupling circuits neglect iron loss,
magnetic saturation and resistance variations and have the well-known form, representation
of the induction machine, in terms of space vectors. That is, the indirect vector control system
neglects the core loss.

The indirect method of vector control was simulated to investigate the effects of rotor
resistance detuning on the induction machine’s torque response. This method also allows the
performance of rotor resistance estimation schemes to be evaluated. To implement indirect
vector control, measurements required are the induction machine stator currents, as well as
the rotor speed or position. These are obtained directly from the induction machine model. A
rotor slip calculation is used to find the dip speed that is integrated to give the dlip position.
Adding this to the rotor position measurement gives the rotor flux position and, hence, the

unit vectors required to transform between the stationary frame and rotating frame quantities.
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Fig 1.1 Block diagram of indirect vector control induction motor drive

A block diagram of 1VICIM driveis shown in fig.1.1.The induction motor is fed by a current-
controlled PWM inverter. The motor drives a mechanical load characterized by inertia J,
friction coefficient B, and load torque T.. The speed control loop uses a simple proportional -
integral controller to produce the quadrature-axis current reference iq* which controls the
motor torque. The motor flux is controlled by the direct-axis current reference ig*.Block d-g_
abc is used to convert ig* and ig* into current references i*, iv*, and ic* for the current
regulator.



1.4 Observer for Indirect Vector Control of I nduction Motor

The observer for IVC of IM requires some internal states of the drive. These state variables
are normally not measurable so usually substitute variables are measured. To know these
internal state variables for some reason .for example, to control them, thereisrequirement to
calculate them. It is not always possible to calculate these variables directly from the
measured outputs.
Consider a system with the following form.
%= Ax + Bu (1.1
y=Cx (1.2)
With a very simple approach to realize a system ,that runs parallel to the real system ,and it

calculates the state vector, as seen in Figl.2.Thisis based on the quite reasonable assumption

that the input values of the system are known..

Systeminot measurable)

1

1

1

1

1

‘ . . X !
\| X = Ax+ Bu I——) !
H

1

1

[

System model

- . ] X
l Xx=Ax+Bu z >

Fig 1.2.Reconstruction of the state vector

This approach however does not take in to account the starting condition of the system. It is
unknown. This causes the state variable vector of the system model to be different from that
of thereal system.

The problem can be overcome by using the principle that estimated output vector based on
the estimated state vector.

v =Cx (13)
Which may then be compared with the measured output vector .The difference will be used to
correct the state vector of the system model.

Non-linear observers may be designed to give more constant dynamics. One non-linear
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Observer, the Extended Kalman Filter, has the advantage of updating the matrix gains
recursivly in order to minimise a cost function expressed in terms of system uncertainty and
measurement noise.

The Standard Kalman filter (SKF) and the Extended Kalman filter (EKF) have been widely
used for state estimation in an induction machine. The EKF has aso been used to estimate
rotor resistance and rotor speed .Both estimators are stochastic and require information about

the process and measurement noise statistics.
1.5 Outline of the Project

This project contains seven chapters. The details of such chapters are asfollows.

Chapter I, Present a brief introduction to AC drives and their potential sphere of application.
Different types of AC drives and their detail study is presented in this chapter.

Chapter Il, This chapter covers an extensive literature review on various topics related to

estimation methods in indirect vector controlled drive.

Chapter 111, This chapter covers an mathematical modeling of induction motor drive.
Chapter 1V, This chapter presents Design of Kalman Filter Based Flux Observer.
Chapter V, This chapter presents MATLAB Model of Indirect Vector Control IM Drive.

Chapter VI, This chapter presents a results and discussion on the design algorithm for
Kaman Filter used for IM drive.

Chapter VI, this chapter presents Conclusion and Future Scope of the present Work.
1.6 Conclusion

This chapter gives a state art in vector control of IM and different vector control scheme. The
need of observer in indirect vector control induction motor drive and their realizations have
been studied and described.
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Chapter 11 Literature Review

2.1 General

This chapter intends to give a brief literature review of the work being carried out on

estimation and filtering technique used for vector control drive during last few decades.
2.2. Induction Motor Speed Control and Applications

B.K Bose et a. [1] mentioned that cage induction motor is one of the most robust motor and
widely used. There are many techniques to control the speed of the induction motor such as
stator voltage control and frequency control etc. For achieving variable speed operation, the
frequency control method of the cage motor is the best method among all the methods of the
speed control.

Brian Heber et a. [2] described that, there is a wide variety of applications such as machine
tools, elevators, mill drives etc., where quick control over the torque of the motor is essential.
Such applications are dominated by DC drives and cannot be satisfactorily operated by an

induction motor drive with constant volt/hertz (V/f) scheme.

Hassan Baghgar Bostan Abad et al. [3] pointed out that DC motors are easily controllable
than AC motors but they require much cost. In addition, for same rating power, DC motors

have higher volume and weight.
2.3 Vector Control

Norman Mariun et al. [4] presented the idea of field oriented control. The vector control or
field oriented control (FOC) theory forms the base of a advance control method for induction
motor drives. With this theory induction motors can be controlled like a separately excited dc
motor. This method enables the control of field and torque of the induction machine

independently (decoupling) by manipulating the corresponding field oriented quantities.
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Over the last two decades the principle of vector control of AC machines has evolved, by
means of which AC motors and induction motors in particular, can be controlled to give
dynamic performance comparableto what isachievable in a separately excited DC drive.
Fu-Cai-Liu et al. [5] described that, For high performance control of an induction motor a
widely used approach is rotor-flux-oriented vector control, using synchronous frame
decoupled stator current. This technique allows an induction motor to achieve similar
togue and speed control performanceto a dc machineand has led to induction machine
replacing the dc machine in many high-performance applications. It is necessary to obtain
accuratly the rotor flux magnitude, which is approximately based on flux measurements in
the direct VC scheme and estimated in the indirect VC scheme.

S Wade, M W Dunnigan, et a. [6,7,18] described that These methods are necessary when
high performance control is required from an induction machine, with four quadrant control
possible computational requirements are quite demanding, requiring a fast microprocessor or
digital signal processor. In this system, the stator current space phasor is oriented at an angle
which will maintain the flux in the rotor while alowing the required torque to be produced
with afast response time. Transient torque response is excellent, allowing accurate speed and
position control. There are two distinct methods of vector control thedirect method and
the indirect method. The direct method uses flux sensors or estimators, whereas the
indirect method uses aspeed position sensor with a slip calculation for the synthesis
of the unit vectors (which indicate the flux position).The indirect method is employed here
since it is more practical to fit a speed position sensor than flux sensors. This method relies
on an accurate model of the machine, with parameter inaccuracies or changes being
detrimental to the vector control method's ability to maintain correct field orientation.
This requires parameter identification if control performance is not to be lost.
Parameter inaccuracy can be caused by either poor commissioning or because of run-
time parameter variations. Parameters can change on-line due to temperature effects,
skin-effect and magnetic saturation. It is likely that al parameters will change to some
extent during the machines operation, but those concerned with the rotor time constant
(the rotor leakage inductance and the rotor resistance) have the most significant affect on
vector control because they are used in the calculation of the rotor flux angle in the indirect
method of vector control. when the vector controller has the correct value of the
rotor resistance, the torque response is very fast, accurately reproducing the rectangular

torque demand. However, when the rotor resistance estimate fed to the vector
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controller is detuned, the torque response is very poor. this leads to a requirement for
parameter identification.

Tan Ruimin et al. [8] described that the vector control system of induction motor, the
precision of magnetic field orientation depends on the accuracy of rotor time constant and
the precision of field SENSOR constant.

S Wade et al. [9] described that high performance control of torque, speed or position of an
induction machine is required, the vector control method is normally used. This requires
accurate knowledge of the machine’s parameters, which may be time varying due to
temperature, skin-effect or magnetic saturation.

P. Vas, J. Li, et a. [10] discussed a versatile simulation package (SIMUVEC) for the analysis
of vector-controlled induction motor drives which can be used by experts or researchers to

investigate various aspects of the design and performance of these drives.

JW Finch et al. [11] discussed main advantage gained from field-orientation is high,
controlled transient torque production and therefore fast response to load or demanded speed
changes.

W.W.L. Keerthipala et al. [12] discussed an observer needed in field-oriented induction
motor control as the phase angle of rotor magnetising current or m.m.f. vector in a standard
induction motor cannot be measured by direct means. Two types of observers (linear and
non-linear ) are used in field-oriented induction motor.

R. H. Osman. et al. [13] defined the terms "field-oriented" and "vector controlled" arise from
the behavior of the magnetic fields in the machine.

L. Umanand.et a. [14] pointed out the output feedback approach has been extensively used in
aircraft applications such as autopilots.

E. Levi.et a. [15] described the theory of induction machine vector control based on constant
parameter induction machine d-q axis model that neglects all the parameter variations, flux
saturation and iron core |oss.

A K Chattopadhyay et al. [16] described that the principle of vector control is used in current
regulated PWM inverter (CRPWM), CSl, VSI and cycloconverter fed induction motor drives.
The controlled current operation of the motor results in simpler implementation.

The CRPWM inverter is common for high performance servo drives while CSl and
cycloconverters are used for larger drives. High frequency PWM transistor inverters (10
kHz), developed around 1979, made it possible to use vector controllers in various kinds of

industries including pinch roll drives of continuous casting plates, machine-tool drives and
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gear-less servo drives as reported by Kume & | wakane (1987).The control method was
applied to a large-scale paper mill (Tanaka etal 1983) with induction motors of 300-560kW
rating using CSl. Application of vector controlled induction motors for high performance
servo drives has been brilliantly surveyed by Leonhard (1986). High horsepower vector
controlled induction motor servo drive using adaptive rotor flux observer has been recently
developed with improved steady state and dynamic response (Huang et al 1994). The recent
trend is to eliminate the speed and position sensors in high performance vector controlled
induction motor drives (Okuyama etal1990; Onishi et al 1994; Tgjimaet al 1995). Very high
power (MW) range cycloconverter-fed induction motors, with vector control for steel mill
drive are mature drive systemsin Japan ( Sugi et al 1983; Saito et al 1987) and Germany ( (
(Timpel982; Hassel1977). Semens has recently announced optimised vector controlled
SIMOVERT master drives for elevator applications (Scheirling & Schonherr 1995) having
many important features.

BPRAO43 et al .[17] described that Though the induction motor have a very simple structure,
its mathematical model is complex due to the coupling factor between a large number of
variables and then on linearities. The Field Oriented Control (FOC) offers a solution to
circumvent the need to solve high order equations and achieve an efficient control with high

dynamic. This approach needs more calculations than a standard V/f control scheme.

2.4 Scalar Control'
SWade, M W Dunnigan et al. [6,18], developed a method which is used when asimple,

variable speed drive is required from an induction machine. Computational requirements
are minimal, and the control can be designed entirely with analogue electronics if desired. In
this system, the stator supply frequency is maintained at a value (equal to the rated slip
frequency) above the rotor speed. The supply voltage follows a predetermined (usually
linear) relationship with frequency, in an attempt to maintain the field at an approximately
constant magnitude. This gives poor torque control and response times, making it unsuitable
for position servo control. Only a speed sensor is required, there are no current sensors used
in scalar control. Although there is speed feedback, the scalar control method is essentially
open-loop in regard to the electrical part of the machine system.
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2.5 Induction Motor Vector Control | mplementation
A K Chattopadhyay et al. [16,19] described that implementation of vector control requires

information regarding the magnitude and position of the flux vector and fast control of stator
current in both magnitude and phase. Depending upon the method of flux acquisition, the
vector control can be direct or indirect.

2.5.1 Direct Field Orientation
A K Chattopadhyay et al.[16,19] described that in the direct method, aso known as flux
feedback method, the air gap flux is directly measured with the help of sensors such as Hall
probes, search coils or tapped stator windings or estimated/observed from machine terminal
variables such as stator voltage, current and speed.
Li- Cheng Zai.et a [20] described that in direct method, measured flux fed back to a
controller, enabling the rotor flux to be regulated. This method is considered to be expensive
because special modifications on the motor are required.

2.5.2 Indirect Field Orientation

A K Chattopadhyay et al.[16,19,21] shown an alternative to direct measurement or
estimation of the flux position for application of vector control to the induction motor without
flux sensors is to employ the dip relation to compute the flux position signal with a
commanded dip position signal.
8. =08, +6, (2.1

Li-Cheng Zai et al. [20, 22] described that the indirect flux control method regulates the flux
indirectly by using the rotor speed and setting the slip frequency as a function of the stator
currents.

The indirect scheme, by virtue of its smpler sensing technique, is the favoured method in the
industry today. However, its performance strongly depends on the motor parameters,
particularly the rotor time constant.

2.6 Sensor-less Vector Control

Young-Real Kim et al. [23] described that in vector-controlled induction motor drives,
generally, speed sensors such as shaft-mounted re-solvers or digital shaft position encoders
are used to measure the rotor speed. The sensors degrade the systems’ reliability and spoil the
general characteristics of ruggedness and mechanical simplicity of the induction motor. This

has led to a speed sensor-less vector control.
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In most speed and torque controlled drive system,closed loop control is based on the
measurement of speed or position of the motor using a shaft encoder. However, some cases it
isdifficult (e.g. acompact drive system) or extremely expensive (e.g. submarine applications)
to use sensors for speed measurement. Eliminating the speed sensor and measurement cables
results in a lower cost and at the same time increases the reliability and ruggedness of the
overall drive system. Over the past decade, speed sensor-less control strategies have aroused
great interest among induction motor control researchers.

In these strategies, the motor speed is estimated and used as a feedback signal for closed loop
speed control.

2.7 Observer for Indirect Vector Control of Induction Motor
BPRAOQ57 et a. [24, 26] most of the VCIM drive uses a sensor to measure position of the

rotor. In many cases it is impossible to use sensors for speed measurement, perhaps because
it is either technically impossible or extremely expensive .As an example, one can mention
the pumps used in oil rigs to pump out the oil. Lately, there have been many proposals
addressing this problem, and it has turned out that speed can be calculated from the current
and voltage values of the AC motor, some of these proposals are open loop solutions, give
some estimation of speed, but these solutions normally have a large error. For better results
one need an observer or afilter.

F. Chen and M.W. Dunnigan et al. [25] described that the majority of high performance
induction machine control strategies are developed with the assumption that either full or
partia system state information is available. Example are partial state feedback for field
oriented control (FOC), full linearising state feedback control based on differential geometric
theory and dliding mode control using state feed-back. The robustness of those controllers
depends significantly on accurate knowledge of the system states. In practice, the rotor
currents or fluxes are not easily measurable. Therefore an Observer is needed to estimate the
unknown states and can also provide, in some circumstances, better estimates of known
current states that are contaminated by noise.

2.7.1 Classical and Kalman Estimators

BPRAO57 et al. [24, 26] mentioned that the Kalman filter has a good dynamic behaviour,
disturbance resistance and it can work even in a standstill position. Implementing afilter isa
very complex problem and it requires the model of the AC Motor to be determined in real
time. Kalman filter is a statistically optimal observer, if the statistical characteristics of the

various noise elements are known.
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Fig 2.1 Structure of Kalman filter observer

K. L. Shi et a. [27] mentioned that Kalman filter is a special kind of observer, which
provides optimal filtering of the noises in measurement and inside the system if the
covariance matrices of these noises are known. If rotor speed (as an extended state)is
included in the dynamic model of an induction motor, the Extended Kalman filter can be used
to relinearize the nonlinear state model for each new estimate as it becomes available. The
overall structure of the Kalman filter is shown in Fig 2.1.

Kaman filter directly accounts for the effects of the disturbance noises of a control system
and the errors in the parameters will also be handled as noise. The Kaman filter is

implemented by the following equation, the system being expressed as a state model:

x = Ax + Bu + G(t)w(t)(System) (2.2
v = Cx + v(t) (Measurement) (2.3)
Where

G(t) =weighting matrix of noise

w(t) =noise matrix of state model (system noise). v(t) =noise matrix of output model
(measurement noise) G(t) ,w(t)and v(t) are assumed to be stationary ,white ,and Gaussian
noise and their expectation values are zero. The covariance matrices Q and R of these noises
are defined as:

Q = cov(w) = E{ww’} (2.4)
R =cov(v) = E{w’} (2.5)
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Where E {.} denotesthe expected value.

2.7.2 Extended-Kalman Filter Estimator

T. Du, P. Vas et al. [28] mentioned that there are specific components characteristic of EKF
FLUX OBSERVER support a design procedure. In the block diagram shown in Fig.2.2, the

observer is between a pre-processing block and a post-processing block.
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Fig 2.2 Block diagram of EKF flux observer

The design of an accurate EKF Observer requires a discrete model of the system together
with a set of recursive equations that continuously update the Kalman gain matrix K and the

system covariance matrix P.

2.8 ConclusionAn extensive literature study is made on the topic Sensor-less, Vector

control, Scaler control and Observer for induction motor drives and a brief summary of

different research papers are presented.

Chapter 111 Mathematical Modelling of Induction Motor

Drive
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3.1 General

Estimation techniques are based on the principle of observers, in which a mathematical model
of the motor is operated in parallel with the motor itself. The model and the motor receive the
same inputs and the outputs are compared, any error being used to correct the model behavior
.Thereforeit is necessary to begin with a suitable mathematical model of the motor.

A dynamic model of the machine subjected to control must be known in order to understand
the design of vector controlled drives. Due to the fact that every good control has to face any
Possible change of the plant, it could be said that the dynamic model of the machine could be
just a good approximation of real plant. Nevertheless, the model should incorporate all the
important dynamic effects occurring during both steady-state and transient response.
Furthermore, it should be valid for any changes in the inverter’s supply such as voltages or
currents.

In an adjustable-speed drive, the machine normally constitutes an element within a feedback
loop, and therefore its transient behaviour has to be taken in to consideration. Besides, high-
performance drive control, such as vector-or field oriented control, is based on the dynamic
d-g model of the machine. Therefore, to understand vector control principles, a good
understanding of the d-q model is mandatory.

The dynamic performance of an AC machine is somewhat complex because the three-phase

rotor windings move with respect to the three-phase stator winding.
3.2 Mathematical M odel of I nduction Motor

The d-q model of an induction motor in synchronously rotating d*-g° frame using Fig.3.1are

asfollows.
. d .

v:-s' = Rs!;s T ;lpqs (31)
. d

va. = R.ig, + ;lpf‘!s (3.2)

Where 4. and i are g-axis and d-axis stator flux linkages, respectively.When these

equation are converted to d* — g* frame the following equation can be written as.

. d
Vpe = Rr!qs B E'lpqs +w Yy, (33)
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. d
Vas = R-r!r.!s T Elpds - welqu (34)

where all the variables are in the rotating form. The last term in equation (3.3) and (3.4) can
be defined as speed emf due to rotation of the axis, that is, when we =0 ,the equation revert to
stationary frame. The flux linkage in the d®* and ¢° axes induce emf in the g® and d°® axes,
respectively with 1/2 lead angle.

If the rotor is not moving, that is, we= O the rotor equation for a double fed wound rotor

machine will be similar to equation (3.3)-(3.4)
Ver = R-r!.q-r T Elpq-r +w Yy, (35)
vy, = R,ig, _i‘l‘bdr - wey“’qr (3:6)

Where, al the variables and parameters are referred to stator. Since the rotor actually moves
at speed w, the d-g axes fixed on the rotor move at speed w, — w, relative to the
synchronously rotating frame. Therefore, in d*-q° frame, the rotor equations should be

modified as
Vaor = R-r!.q-r T Elpq-r T (we o w-r:”lbd-r (3.7)

» = Rylg, + ;‘l‘bdr —(w.—w, ) qr (3.8)

qs J
R}U g lr_l’s::Ls_Lm L;:Lr r—m — JI?r
AR ”\i ) Sl e 1 '[i/;“ AAAY
I @, N ;’I (- )V,
'\ - /
Ve w _p EL, / v,
‘ gs qsf g’qrqu/ %
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Fig 3.1 d°-g° equivaent circuit of induction machine
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Fig 3.1 shows the d°*-g° equivalent circuit that satisfy the equations (3.3)-(3.4) and (3.7)-(3.8).
A special advantage of the d®-g° dynamic model of the machine is that all the sinusoidal

variables in stationary frame appears as dc quantities in synchronous frame.

The flux linkage expression in term of can be written from figure as follows

Yos = Ligigo+ L, (i + 1) (39)
Yor = Lypig, + Ly (ig, + ig,) (3.10)
Yo = Lygig. + L(ig, + 1) (311)
Yo = Lipig, + Ly (15, + 1g,) (312)
Yy, = Ll + 1) (3.13)
Yom = Lip(lgs T Ig,) (3.14)

Combining the above expressions with equations (3.3), (3.4), (3.7) and (3.8) the electrical

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

Vs R, +5L; w.l, 5L, wzL,, igs

Vs _ —weL; K, +5L; —weLy SLyy, ide (3.15)
Var | — SL,, w,— )L, R,.+ 5L, (e — @, )L, ||ig ‘
Vo —{m, —m )L, Ly . —le, —w L. R_+SIL. i,

Where Sisthe Laplace operator.For a cage motor, Vg = Vg =0
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3.3 Continuous-Time Linearised Induction Machine Mode for

Estimation

The continuous-time linearised mathematical model of the induction machine can be
described in state-space form,with rotor speed treated as a time-varying parameter.

;=7 (xt)+Bu (3.16)
Wherei=1,....4
The definitions of the vector x of state variables and the input voltage vector u are:

X =[idsigs YarPar] T u=[udsugs]".The subscript s and r stand for stator and rotor; d and q

denote the components of a vector with respect to afixed stator reference frame. The states x3
and x4 are the d-g axis rotor fluxes,which are not easily measurable and require estimation.
Sometimes,the measured stator currents are contaminated by noise,and require to be

estimated as well. In some circumtances the estimates can be more reliable.

The four first order differential equations resulting from the expansion of egn (3.16) are:

. R, RrLgn R, Ly erm_ 1
hE (E*EE} AR AL L
(3.17)
. _ _(Rs R.L% Ly R.L, .1
LR ) L L R L
(3.18)
- R?"‘ e
g = —lpXqg ——Xg — WeX
R e (3.19)
R, E.
X = ELmX= + Ky Hx‘ (3.20)
where L, isthe redefined |eakage inductance, defined as
Lr: = L;’ _(L;n}
Ly (3.21)

Ls Ly Lm isrespectively stator,rotor and magnetising inductances,henery

Rs, Ry isrespectively stator and rotor resistances, ohm.
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w; rotor speed,rad/sec.

The input matrix B, is

10 0o,
E:I{]l. ﬂu]

The above modelling equation obtained from following equation.

1. Dynamic Model (Kron equation)

4
vi. = Rl + —v¥i,
s s T g Vs (3.22)
s =R+ 4 e
Vgs = Halg, +— W5
_ 2s T W (3.23)
2. Flux-Vector Estimation Equation
(a) Voltage Model
W :L_?""'r.‘m_f‘n'-" Las
" (3.24)
Ly .
W =L—‘u»'.:7m—1'~:.~-175
(3.25)
(b) Current Model
Lps =tmis —a s Lyl
LT . &f Tar T (3.26)
d L 1.
— iz :T‘f‘w; o, YL, — Yz
at : 1 (3.27)
3.4 Conclusion

This chapter deals with a need of mathematical model for estimation of induction motor
drive, complete mathematical model of indirect VCIM drive and continuous-time linearised

Induction machine model for estimation is described.
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Chapter 1V Design of Kalman Filter Based Flux Observer

4.1 General The Kaman filter was developed by R.E. Kalman in 1960. Due to

advances in the development of digital computing, the Kalman filter is a subject of extensive
research and application. Kalman filtering has been applied in the areas of aerospace,
navigation, manufacturing, and many others.

The discrete-time Kalman filter recursive generation can be expressed in five different forms,
State Estimate Extrapolation (Propagation), Covariance Estimate Extrapolation (Propagation)
Filter Gain Computation, State Estimate Update and Covariance Estimate Update.

4.2 Discrete Induction Motor M odel

Estimation of rotor current is based on a discrete time varying linear model of the induction

motor.
x(k+1)=F(K)x(K)*+G(K)u(k) (4.1)
y(K)=H x(K)
(4.2)
where

F(k),G(k),and H(k) may vary and can be given different values at each time step k. Thisis
because the KF will deal with atime varying system.

1—ayt, a;t,w, gt ay b w,
—a.t.w, 1—aqt. —ast.w, 1t
F(k-’]: ﬂ_:l'..!_ 1 %3 L__L_J Oa_
e t, —d-t,w, l—agt, —agt w,
a-t, o, g L. g L. 1—agt, 4.3
act, 0
0 [ 5
G(k) = =
(k) —y,t, 0
0 —aqpts (4.9
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And

t.=is the discrete sampling interval

1’(*1‘5:':["-'::5(;\:_ Lasix) iu‘--"(r‘r.- 1'L?-"'Lr'C.-]

’u',(k:l = ['ﬁ'dg(k':‘ qu(kj]r
aso

QE.=.I[.-_| .I[.:_.I[.:“:

=]
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£
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Qg =
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Lo

Q10 =
Qp

An output or observation equation is required by the state space model and for the practical

case in which stator currents are chosen as measurements:

o

ylk) = [ias tqs] (4.7)

which gives an output matrix

oo o1 (4.8)

It has been assumed that the plant can be represented perfectly by a deterministic state space
model. In practice thisis not the case, due to the presence of disturbances for which modeling
would be difficult and results in complex equations. For handling plant uncertainties of this
nature a stochastic model is used. As the induction motor is best served by the state space
model, this is extended to a stochastic case by adding Gaussian white-noise vectors. The

resulting stochastic state space model is:

x(k+1)=F(K)x(K)+G(K)u(k)+w(K) (4.9)
y(k)=H(K)x(k)+v(Kk) (4.10)
the process noise w(Kk) is characterized by

E{w(kl}=0 (4.12)
Ew(kw ()T} = Q8 Q=0 (4.12)

The measurement noise v (k) is characterized by

E{v(k)}=0 (4.13)

E{v(k)v(j)T} = Réy; R=0 (4.14)
Theinitial state is characterized by
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E{x(0)} =%, (4.15)
E{(x(0) — £5) (x(0) —£,)7} = Py (4.16)

4.3 Kalman Filter The main value of the Kalman filter is its ability to produce estimates
of states that are not measurable. This feature is particularly important for estimation
problems associated with the cage induction motor as the rotor quantities are not directly
accessible.

Discrete-Time Kalman filter

The discrete-time linear system can be modeled as;

xp = Ap_q xp + Bup_tw,_ (4.17)
The measurement equation can be modeled as;

¥, = Cpxp +u (4.18)
where k is the time index.

The system noise is white and zero-mean:

E(w,)=0 (4.19)
E(wywy) =@, (4.20)
E(w, w})=0 (k= )) (4.21)
The measurement noise is white, zero-mean and uncorrel ated with the system noise:

E(v,)=0 (4.22)
E(vevy) =Ry (4.23)
E(v vl )=0(k=J) (4.24)
E(v,w)=0 (4.25)

The KF equations are as follows:

20k + 1/k) = F(k) 2(k/K) + GUulk) (4.26)
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Pl +1/k) = F()P(/KFK) +Q (4.27)

P+ 1/k+ 1) =8k+ UVk) + Kk + Dl + D — Hlc + D&k + 1/%) (4.28)
K (k+1) = P (k+K)H(k+1) T [H(K)(P(k + 1/K)H(K)" +R] * (4.29)
Pk+1/k+1)=P{k+1)/k) Kk +DHE+1)P(k+1/k) (4.30)
Where

K () isthe Kalman gain matrix
% )is the state estimate
and the estimation error covariance is

Pk /k) = E{(x(i) — (k) (x(k) — (k) )"} (4.31)

Where k/k denotes a prediction at time k based on data up to and including time k.
Similarly,(k+1)/k denotes a prediction at time k +1 based on data up to and including

timek.

NOTES:

1)Equation (4.27),(4.29)and(4.30),which are all involved in propagating P(k),are collectively
known asthe Riccati difference equation(RDE).

2) The plant model matrices F(k),G(k )and H(k) may vary and can be given different values
at each time step k. Thisis because the KF will deal with atime varying system.

3) Although the noise covariances Q and R are shown to be constant, in general they can be
time varying.

4) The process noise covariance Q can be zero, representing a perfect state model with no

noise, or it must be positive definite.

33



5) The estimator is time varying and can therefore operate with rotor speed variations.

6) The KF requires measurements of plant input and plant output together with a wy,
measurement to give atime-varying F (K) matrix in its plant model. The measurements
have noise sources added to account for imperfections in an experimental system. The

outputs of the KF are estimates of stator and rotor currents.

4.4 Extended Kalman Filter
The Extended Kalman Filter is direct extension of the standard Kalman algorithm to

nonlinear system.

Consider the discrete nonlinear state space mode!:

X(k+1)=F(k)x(k)+G(K)u(k)+w(Kk) (4.32)

y(K) =H(K)x(k)+v(k) (4.33)

The associated EKF equations are given as follows:

#(k + 1) = f (R(k),u(k) + K (k) [v(k) — Hi(k)] (4.34)
K (k) =F (k) P(K)aT [HP(k)HT + R] ~* (4.35)
P(k +1)= FK)PK)F (k) +Q-K(K)[HP(K) ET+R]K (k) (4.36)
Foy = O

dx 9 e (437)



4.4.1 Rotor Resistance Estimation:

The EKF theory is also applied to the simultaneous estimation of stator and rotor currents
together with rotor resistance .This produces a fifth-order augmented state space model with

the following stator vector:

™

x(k) =[x1 x2 x3 x5 xs]'=[is.(k) i,.(k) is(k) i(k) R(K)]7 (4.38)

X1(k+1)=ay1x-(K)+ ax 0 (K) X2 (K) + &3 X5 (K)X 3(K)+aq4wr(K)Xa(K)+agsus (k) +w1(K) (4.39)

Xo(K+1)=ap100 (K) x1(K)+ @22 X2 (K) + @3 ((K) X 3(K)+ap4 X5 (K)Xa(K)+agsUa(K)+Wo(K)  (4.40)

Xa(k+1)=agx-(K)+ ago 0 ((K) X2 (K) + X 3(K)+ agaXs (K)X 3(K)+aga0r(K)X4(K)+agsu (K)+w3(K)

(4.41)
Xa(k+1)=anw ((K) x1(K)+ auz X2 (K) + @z 0 r(K) X 3(K)+ Xa(K)+ auaxs(K)Xa(K)+ausUz(K)+Wa(k)
(4.42)
Xs(k+1)=xs(K)+n(k) (4.4.3)

The coefficients are

QE.=.I[.-_| .I[.:_.I[.';.-

a1=1- R]_ths/ao

a2 = Lmztslao

a3=Lmts/ao

a14= Lm Lots/ &9

ays=Lotyag

35



ap1= -Lm2ts/ &

ap=1-Rilots/ &

a3 =- LmlLats/ &

s =Lmts/ &

aps = Lats/ &

ae1=LmRuts/a0

8g>= -LmLts /a9

ag3= -L1tdag

aea= -L1Lots/ &

85 =-Lmts/ag

an=LmbLatdao

an=LmR1ts/ag

auz=Lilot s/ag

au= -L1t s/ag

aus= -Lmts/ag

U (K) =V as(K)

Uz (K) =V gs(K)
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Termsw 1(K) — w 2(k) and n (k) are the zero mean process noise sequences.

The Jacobian or partial derivative matrix for the induction motor is:

(13 apzon (k) agzxs(R) a00r(k)  ag3x3(k)
az (k) Qa2 @zt (k) apxz(k)  agxlk)
. 1.0 S A T
F l[{,-'— Q34 Qa0 K) l+Q33XE:...‘L_,I QS__{,LJ,.:._.'L‘,I ﬂgglg:__.‘f,l
Q4q00, k) Q17 Qug, (k) LHaax (k) auxlk)
a 0 ] Q0 1 (4.44)

45 MATLAB Moded of Vector Control IM Drive

The MATLAB model of the indirect vector control induction motor is shown in Fig.4.1.1t
comprises of three phase IM,of 50 hp, 460 V, 60 Hz, 1440 r.p.m driven by a three phase
PWM inverter. A hysteresis current controller is used to control the PWM inverter, according

to the difference in actual and estimated motor line current.
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\ector Control of a Variable-Frequency Induction Motor Drive
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Fig.4.1Simulation Block Diagram of Indirect Vector Control using P-I Controller
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4.6 Conclusion

This chapter presented design of Kalman and Extended Kalman filter in detail for state
estimation of induction motor. Here the state which is estimated is rotor current (hence rotor
flux).Rotor current required discrete induction motor model. A Simulink Model of indirect
vector control using P-1 controller is developed to obtain various parameter of induction
motor through simulation. Various parameter of induction motor are stator d-q axis voltages
and currents, rotor d-q axis fluxes, rotor speed and torque. These parameters are used from

Matlab Workspace.
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Chapter V Results and Discussions

5.1 Simulation Results
An indirect vector controlled IM with Pl speed controller is simulated in MATLAB simulink.

The performance of indirect vector control drive using P-1 speed control and KF, EKF are

described. A comparison of both estimated result of KF and EKF observers are presented
5.2 Performance of Indirect Vector Control IM Using P-I Control

Fig.5.1and 5.2 show the performance characteristic of a 50 hp, 460 V, 60 Hz IM, operating at
no load with a Pl speed controller. The reference speed setting is 120 rad/sec. it is observed
that motor pick up the reference speed at t = 0.55 sec and also it draw high starting current.
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Fig 5.1 Performance of Indirect Vector Control (1VC) using P-1 Speed Control at No Load

With Reference Speed 120 rad/sec
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Fig.5.2 shows the performance characteristic of motor, when a sudden change in torque at t =
0.7 sec, the reference speed from 120 to 140 rad /sec is made ,it is observed for the waveform
of the motor speed tracks the change in speed slowly and even in steady state, there is
significant offset about 10 rad/sec.
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Fig 5.2 Response of 1V C with a sudden change in torque at t = 0.7sec, with reference speed

is (120 to 140 rad/sec)
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5.3 Estimation of Performance of Indirect Vector Control IM

Using Kalman filter Observer

Fig.5.3 shows the performance characteristic of a 50 hp, 460 V, 60 Hz IM, operating at no
load with a Kalman Filter observer. The purpose of Kalman filter is to estimate rotor fluxes.
&it is observed from the waveform of rotor flux that more variation in starting due to high
starting current drawn by the IM with sudden change at t=0.2sec. After t=0.2 sec it starts go
to steady state and at last become constant.
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Fig 5.3 Estimation Performance of Kalman Filter for Rotor Flux Estimation of IVCIM.
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5.4 Estimation Perfor mance of Indirect Vector Control M

Using Extended Kalman filter Observer

Fig.5.4 shows the performance characteristic of a 50 hp, 460 V, 60 Hz IM, operating at no
load with a Extended Kalman filter observer. The purpose of extended Kalman filter is rotor
flux estimation, it is observed from the waveform of rotor flux it has less variation in starting,
till t=1.6sec, After that it starts slowly increasing, but amost waveform has less variation in

compare to Kalman filter.
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Fig5.4 Estimation Performance of Extended Kalman Filter for Rotor
Flux Estimationof 1VCIM
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5.5 Conclusion

In this present project, a continuous-time linearised mathematical model of indirect vector
control of induction motor drive is developed and ssimulated in MATLAB/ Simulink. The KF,
EKF based flux observer for indirect vector control drive is studied and a comparison of
estimated parameter for conventional P-1 controller based drive is obtained through

simulation and their relative merits and demerits are described.

Due to change in the parameter such as rotor resistance and moment of inertia, performance
of the system will be disturb such as torque will decreases or increases depending on the

condition.

d-g axis rotor fluxes,which are not easily measurable and require estimation.sometimes,the
measured stator currents are contaminated by noise and require to be estimated as well.In

some circumtances the estimates can be more reliable.

The performances has been investigated at different dynamic operating conditions both
simulated and estimated result. It is concluded that the proposed EKF has shown superior

performances over KF observer.



Chapter VI Conclusion and Future Scope of Work

6.1 Conclusion

This project has successfully demonstrated that a properly designed Extended & Kaman

filter can be traditional non linear observer. Performance and features of EKF algorithms for

induction motor rotor flux estimation inserted in a field oriented control scheme are

compared, the following conclusions are made.

It is effective for application in industrial systems which can be regarded as being
strongly stochastic in nature.

Its performance can be tuned by adjusting the covariance matrices.

Its design incorporates no flexibility owing to the fact that a constraint implying
Optimality must be satisfied. Thus no additional prescribed performance criteria

such as speed of response, speed of convergence, robustness against parameter drift
etc. can be accommodated directly into the design procedure;.

In contrast to the basic Kalman filter, ad hoc covariance matrix-tuning adjustments,
and the nonlinear nature of the observed plant results in a non-optimal estimator

ad hoc covariance matrix adjustments may also result in a bias problem.

6.2 Future Scopeof Work

Induction motor drive systems with a field-oriented controller are presently
considered as viable aternatives for replacing dc motor drives.

In recent years, the Kalman filter algorithm has been used for the parameter
estimation of an induction motor or for the speed estimation of a synchronous and an
induction motor. In the speed estimation of an induction motor using an extended
Kaman filter agorithm, not only the angular speed of rotor, but also the angular
frequency of rotor flux and the angle of rotor flux have to be augmented in the
Extended Kalman filter.

The original kalman filter is applicable only to alinear system. the Kaman

filter based algorithm has demonstrated to be the best one for processing

noisy discrete measurements and obtaining high accuracy estimates.

The Kaman filter is a tool that can estimate the variables of a wide range of

processes. In mathematical terms we would say that a Kalman filter estimates the
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states of a linear system. The Kalman filter not only works well in practice, but it is
theoretically attractive because it can be shown that of all possible filters, it is the one
that minimizes the variance of the estimation error.

For nonlinear problems, the KF is not strictly applicable since linearity plays an
important role in its derivation and performance as an optimal filter. The EKF
attempts to overcome this difficulty by using a linearized approximation where the

linearization is performed about the current state estimate
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Induction Motor Parameters Used For Simulation

Machine type
Rotor type

Stator and Rotor
Reference Frame
Power

L-L Voltage
Frequency

Stator resistance
Rotor resistance
Stator inductance
Rotor inductance
Mutual inductance
Inertia

Friction factor

No of pole

3-phase induction motor
squirrel cage

Y -connection to an internal neutral point
stationary

50-hp

460V

60Hz

0.087Q

0.228Q

0.8mH

0.8mH

34.7mH

1.662Kg.m?

0.IN.m.s

4

Inverter parameters used for simulation

Power electronics device
Number of bridge arms
Snubber resistance
Snubber capacitance
Internal resistance
Forward vitage

Fall time

Tail time

IGBT
3
1000Q
inf
1ImQ
0.8V
1us
1us
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