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ABSTRACT

In the present time most of the industrial load consists of Induction Motor
drives. These drives need to be controlled for giving the desired speed. To
achieve the control of these drives, various control methods are present
today. Out of which, this work gives the detailed performance analysis of
the MRAS based sensorless control drives for the Induction Motor . This
control scheme is modeled and simulated in MATLAB SIMULINK to
generate the control signal for Induction Motor under different loading

conditions.
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1.1

CHAPTER 1

INTRODUCTION

Induction machine generally finds robust construction that causes it to be utilized as
major part of industrial applications. These applications in general include HVAC,

grinding rolling pumping machine and various other tool applications.

Such uses, most of the time required controlled actions which in turn required the
different kind of controller for it. The broad category for those are Scalar and Vector
control, in which Vector control is further diversified as Direct field oriented controller

and Indirect field oriented controller.

The basic phenomenon for the rotation of Induction Motor is rotating magnetic field.
The rotating magnetic field is developed by the stationary field winding carrying the
sinusoidal power supply in it. As shown in the below Figure 1. 1, when power supply
Is connected to stationary phase winding, the phase currents in those windings will be
varying in magnitude sinusoidally, causing the resultant of magnetic flux phasor to be

rotating at synchronous speed.

A B C
1
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1] i 2

PHASE | | !

CURRENT / U . E
-1/ -

=15 B.C AL AB

TIhE

A
=0 t=1 =2
B C

Figure 1. 1: Rotating magnetic field
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As with the evolution of different industries where the working conditions are very
difficult, so to increase the reliability of Induction Motor , sensorless control is found
to be good controller, in which the dependence on speed sensor for precise control has
been eliminated. Since speed sensors (encoder) are expensive and are very prone to

failure and less reliable.

1.2 TYPES OF CONTROL

There are in general two type of controls available, first Scalar and second one is
Vector control. The executional beauty of scalar control is its simplicity to implement
but having some inbuilt combinational consequence. As the producing torque and flux
of the motor are function of voltage and frequency of the supply, which in turn gives
the sluggish response to system and because of higher order harmonics (fifth order)

system is actually exposed to volatility.

Above mentioned problem can be solved by Vector or field oriented control. With the
assistance of vector control enlistment, Induction Machine can be effectively
controlled as an independently invigorated DC machine, the revival of elite AC drives
become conceivable solely after the coming of Vector control. Since DC machine like
performance can be easily achieved by the Vector control, it is also known as

decoupling orthogonal or transvector control. [19]

1.3 AXIS TRANSFORMATION

For easy understanding of Vector control, some basic idea of axis transformation is

required which is presented in below section.

1.4 PARKS TRANSFORMATION

With the help of Parks transformation, the time domain three phase components are
transformed to the three axis- direct, quardature and zero axis components in rotating
reference frame. For balance system, the zero component is equal to zero and it is also

some time called as two axis rotating transformation.

Page 2 of 48



120° > >
\ Vas
Vs ds
Figure 1. 2: Park Axis Transformation
Vas cos 0 sin 0 171vgss
Vbs = [cos( 0 —120°) sin(0—120°) 1||vdss| (1.1)
Vces cos(0 +120°) sin(0+120°) 1lLvoss

Where the above equation (1.1) presents the transformation in the matrix form,

similarly corresponding inverse relation is presented by equation (1.2)

Vgs*® cos® cos(0—120°) cos(6+ 120°)1][Vas
Vdss [= glsine sin(@ — 120°)  sin( + 120°) [|vbs| (1.2)
Vos?® 0.5 0.5 0.5 Vcs

After setting theta as zero in equation (1.1) and equation (1.2) for simplicity of
computation, g-axis gets lined up with the a-axis. Overlooking the zero sequence

component, the transformation relations can be simplified as in the underneath

equation (1.3)
Vas =Vgs*®
Vbs= - %Vqss- §VdsS (1.3)
Ves= - %Vqss- \/2—§VdsS
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And inversely

Vgs®= - %Vas- %Vbs- %Vcs (1.4)
s—= . L L
Vds®= \/§Vbs + \/EVCS

Where the Vas, Vbs, Vcs are the corresponding phase sequences and Vgs®, Vds® are

the quardrature axis and direct axis phases in synchronously rotating frame.

v =V, sin(6,+0)

Figure 1. 3: Stationary frame d*-q° to synchronously rotating frame d¢-q°

Above Figure 1. 3 shows the synchronously rotating d®-q® axes, which rotate at
synchronous speed w, with respect to d*-q°® axis and the angle 6=w,t. The two phase
d®-q® windings are transformed into hypothetical windings mounted on d®-q® axes.

The voltages on the d®-qg*axes can be converted into the d®-q° frame as follow

Vgs = Vgs®cos6, - Vds®sin 0, (1.5)

Vds = Vgs®sin6, + Vds® cos 6,
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Alignment of phase a vector with g-axis
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Figure 1. 4: Phasor view of Parks Transformation

1.5 CLARKS TRANSFORMATIONS

The Clarks transformation is also called as af3 transformation. In this transformation

the three phases are transformed in to the two stationary af-axis. While transforming
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the three phases to two phases, no information is lost. This is the fineness of Clarks
transformation that it reduces the three phase system into the two phase stationary

system.

A
B
el
120° | .
N R
Y

Figure 1. 5: Clarks Axis Transformation
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Alignment of phase a vector with g-axis :

0.5 -

Phase Y
Phase B

VA

-1.5 -

Figure 1. 6: Phasor view of Clarks Transformation

1.6 LITRATURE REVIEW

In this section we go through the work of the researchers who have worked related to

the sensorless control technique. Induction Motor has been emerged out as most
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economical motor for particular power density (i.e., for particular power) application.
Since its construction cost and robustness at the time of application makes it a very
suitable motor for various line of industries. Industrial applications include the
operations at various different speeds for any specified production unit. Because of
requirement of different speeds of the drives, a Controlling unit is required to be
installed with drive. The Controlling unit must be able to provide the controlling action
which is required for variable speed industrial applications. The researchers have done
commendable work to come across various types of controllers for providing the

particular controlling action of Induction Motor .

Control Technique of Induction Motor

Induction Motor plays the vital role in any production or manufacturing line. So, the
robust controlling action of Induction Motor around particular point of time is
required. The researchers have executed the numerous experiment and invested many
hours in lab for control techniques and provided the best performance for Induction
Motor. In this section we go through some of the extensive review which has been

presented by the researchers on subject of Induction Motor control techniques.

Colin Schauder discussed the use of estimated speed for the speed control independent
of the rotational transducers. He also elaborated how to calculate the instantaneous
speed, when all the motor parameters are known and with the help of measured voltage

and current. [1]

Joachim Holtz executed the discussion for vector and scalar control. In vector control
he showed the reference frame approach and also discussed benefits of particular

controls.[2]

Kenza Bouhoune et al. discussed the ANN feed forward multilayer neural network for
sensorless control of Induction Motor and represented the results for the speed and

torque performance for the conventional FOC and ANN based control.[3]

Idriss Belaloui et al. discussed the vector control with the adaptation mechanism of the
sliding mode controller for low speed region, however estimators in this control are not

able to perform well, which can be overcome by signal injection based methods.[4]

Alberto Abbondanti and Michael B. Brennen discussed the slip calculation by the hall

effect using electronic circuitry, and removed the dependency on the mechanical
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transducers. And the excecution shows the better results compared to the
tachometer.[5]

J.W.Finch et al. discussed the summarized view of different control strategies for AC
Electric Drives [6]

Abdelkarim Ammar et al. discussed the sensorless control terminology with field

orientation control based by MRAS control and Fuzzy logic control.[7]

Joseph Cilia et al. discussed the rotor resistance based positional encoder for the

double cage Induction Motor exploiting the use of mechanical encoder.[8]

Anitha Paladugu, Badrul H. Chowdhury discussed the control of Induction Motor for

the closed loop, and discussed the results for the MRAS and Luenberger observer. [9]

Haitham Abu Rub et al. discussed the detailed analysis and design of different types of
control for Induction Motor drive with MATLAB/Simulink results [10]

Razani Haron et al. discussed the control technique based on rotor flux based approach
and back emf based approach for control.[11]

Marko Hinkkanen and Jorma Luomi discussed about the replacement of pure
integrator with the first order low pass filter to remove the drift problem in voltage
model of the speed estimation control method by MRAS[12]

Robert Joetten and Gerhard Maeder discussed the current and voltage measured
quantities as a tool to close the gap between high dynamic performance drives[13]

Y.S.Lai et al. discussed, the use of commanded voltage signal instead of voltage
measurement for the sensorless vector control based on stator flux oriented and rotor

flux oriented control. In this control, only current measurement is required.[14]

Lazhar Ben-Brahim and Ausumu Tadakuma discussed the backpropogation neural

network technique for the real time adaptive system for sensorless control.[15]

Hirokazu Tajima and Yoichi Hori discussed the flux observer-based field-oriented

control and analyzed the convergence performance of the estimators.
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1.6 CONCLUSION

In the above foregone discussion some of the extensive review of the published work

has been presented for better understanding of the work presented in this report.
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CHAPTER 2

2.1 DYNAMIC MODEL OF INDUCTION MACHINE MODEL (KRON
MODEL)

The representation of three phase machine to two phase machine (Figure 2. 1) required
the presentation of both stator circuit and rotor circuit and their variable in to the

synchronously ( d®-q¢ )rotating frame.

dS

Figure 2. 1:Equivalent Two-phase Machine

. d

Vés:Rslas*‘a Lpas (2-1)
. d

Vdsstl(Sis'I'a L|*'(Sis (2-2)

Where gs and g, are g-axis and d-axis stator flux linkage repectively. When the
above equations are converted in to d®-q® frame, the accompanying condition can be

composed as below
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. d
Vqs:Rslqs'l'a qu+we¢ds (2-3)

. d
Vds:Rslds"'a Lpds'weqqu (2-4)

Where all the variables are in rotating frame. Due to rotation of axis the last term in
equation (2.3) and equation (2.4) can be defined as speed emf, when w.=0, the

equations revert to stationary frame.

In case rotor isn't moving, that is, w.=0, the rotor conditions for doubly-fed machine

will be as shown in Figure 2. 2

. d
Vqr:erqr"'a qur+ Welpdr (2-5)

. d
Vdr:erdr'{'a lIJdr'VVelIqu (26)

Where all parameters are referred to the stator. As the rotor having the rotating speed
of w,, the d-q axes fixed on the rotor move at speed w.-w, relative to the
synchronously rotating frame. Accordingly, in d®-q®frame, the rotor equations can be
modified as

. d
Vqr:Rslqr'i'a Ll’qr"‘( We_Wr)Lpdr (2-7)

. d
Vdrstldr"'a L|"dr'( We _Wr)lqur (2-8)
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qr

" (We _Wr)wqr
/

;
/.’ L|"qr Vqs

\.
\.
\,
~. _
o

Figure 2. 2: Equivalent dynamicd®-q® circuits of machine (a) g¢-axis circuit, (b)d®—axis circuit

A special amenity of synchronously rotating (d¢-q€ ) dynamic model of the machine is
that all the sinusoidal variables in stationary frame appear as DC quantities in
synchronous frame, as talked about previously.

The flux linkage expressions can be written in terms of currents as below

lIJqs = Llsiqs+ Lm ( iqs + iqr) (29)
lIqu = Llsiqr + Lm ( iqs +iqr ) (2-10)
lI"qm = Lm ( iqs +iqr ) (2-11)
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lIst = Llsids + Lm ( ids +idr ) (2-12)

lder = Llridr + Lm ( ids +idr ) (2-13)

ldem Lm ( ids +idr ) (2-14)

Joining the above articulations with equation (2.5) to condition (2.8), the electrical

transient model for voltages and currents can be given in network frames as

[Vqs] R + sLg weLs SLm, Welip [iqs]

| Vas |: —W,eLg Ry + sLg Welim sLim  []igs |(2 15)
Var 7] sLy, (We —w,)Lm R, +sL, (We —w,)Lr |iqr| '
Ver —(We —wWp)Ly,  sLp — (We —wp)L; R +5sL;, igr

The speed w,. in above equation (2.15) cannot normally be treated as a constant. It is
related to torque as [18]

d 2 .d
Te:TL +J anZTL +;JaWr (216)

2.2 COMPACT AND COMPLEX REPRESENTATION

In complex representation, the machine model and equivalent circuit are expressed in

complex form. Multiplying equation (2.3) by —j and adding with equation (2.4) gives

Vqs 'des =Rs (iqs 'j ids)"'%(qqu'jtpds)"'jwe (lIJqs'jLIst) (2- 17)

Or,
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J

q

. d .
qus = Rslqu + alllquﬂwell!qu (2-18)

Similarly, the rotor equation can be combined or compacted to represent as

. d .
qus = Rslqu + awqu"' J (We'Wr ) lqudr (2-19)

,‘ j(we _Wr)lIJqdr
;

;
ds ! qudr
/

Figure 2. 3: Complex synchronous frame dgs equivalent circuit

Note, the steady state equation at any time can be inferred by surrogating the time
subsidiary part to zero. In this manner the steady state condition can be derived as

VS = lQSIS +J WeL'JS (220)

R, .
0 :? [ +] wey, (2-21)

The torque can be generally expressed in vector structure as

T ==y, X I (2.22)

N W
N | o
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Resolving the variables into de-ge components

Te = %g (qjdmiqr - qumidr) (2-23)

Several other torque formulations can be given easily as follows:

3P . .
Te = 22 (Lpdmlqs - l~|"qm1ds) (2-24)
3P . .
= 22 (Lljdslqs - quslds)
3P . ..
- EELm(lqsldr - 1dslqr)

3P . .
= 22 (Lljdrlqr - qurldr)

Figure 2. 4 beneath shows the square outline of the machine model alongside input
voltage and yield current transformation. The three phase inputs are converted to
stationary axis, afterward it is converted to synchronously rotating frame with the help

of unit vector, which are deduced from the speed of the rotating field.
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g°-axis model

Wy

s igs Vs
Vs o|  as-bs-cs Vas a*-q° e
Vbs l l
— b
ids Vds
Vs ds-g° Vgs de-q° —> (‘6
sinaj cosﬁj
cos 6, d*-q°
o [ |
€ sin 0,
ds_qs
iqsS idsS
ds_qs
as-bs-cs
ia b e

d®-axis model

Wy

las lJqur LIJdr

| 1

T

N o

Figure 2. 4: Synchronously rotating frame machine model with input voltage and output current
transformations
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2.3 ESTIMATION AND CONTROL OF INDUCTION MOTOR
DRIVES
Vector control gives the DC machine like performance to Induction Motor which is

also called as decoupling, orthogonal, or transvector control.

2.1.1 DC DRIVE ANALOGY

Vector control provides the motor drive to be operated like a separately excited
Induction Motor drive. This analogy is explained in Figure 2. 5. Figure 2. 5(a) shows
the armature and decoupled field winding. Decoupled field winding is responsible for
production of field in the machine. Figure 2. 5 (b) shows that the required quadrature
axis control signal is fed to the vector control and after the controlled action the signals
are forwarded to the inverter for controlling the motor. In DC machine after neglecting

the armature reaction effect and field saturation, the developed torque is given by

T, =KL, I (2.25)

Where I,= armature current and I¢=field current. The construction of DC machine is
such that, field flux produced by the current I is perpendicular to the armature flux y,,
which is delivered by armature current I,. These space vectors are orthogonal or

decoupled but stationary in nature.

This implies that when torque is constrained by controlling the current I, the flux Y is
not influenced and we get the quick transient response and high torque/ampere
proportion with the evaluated ;. As a result of the system is decoupled, when the field

current I is controlled it influences the field flux s, however not the ys, flux.

DC machine-like analogy can be extended to the Induction Motor if machine control is
considered in synchronously rotating reference frame (d®-q®), where the sinusoidal

variables act as DC quantities in steady state.
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o i Zf ’
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Decoupled
g
Te=Kt¢f¢a = Ky lalf
Torque / \ Field
Component Component
(a)
lgs
s ™ lds
Vector Control Inverter /
i We
qs »

Induction Motor

Te = Kt J): Iqs =Kt’ Iqs Ids

Torque Field

Component

(b)

Component

Figure 2. 5:(a) Separately excited dc motor, (b) Vector-controlled Induction Motor

2.2 GUIDELINE FOR VECTOR CONTROL

The major of vector control can be perceived by the Figure 2. 6 given underneath,
where the machine model is addressed in a synchronus rotating reference frame. The
inverter is precluded from the Figure 2. 6, expecting that it has a solidarity current
addition, that is, it produces current i,,i, and i. as dictated by the corresponding
commanded currents i3, iand iz from the controller. A machine model, with inside
transformations, is displayed on right side of Figure 2. 6. In Figure 2. 6 the output of
inverter terminal which is omitted as mentioned above for ease of understanding the
machine end terminal phase currents i,,i,, and i.. These phase currents i,,i, and i, are

converted to iz and is components by 3 phase to 2 phase transformation.
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Control Machine

A
\ 4

i* iS* l; la l'S l
ds de-qe ds a-q° R a-b-c ds a-q° ds Machine
i* i de-q¢
to to PN to to 4
i is* is i model
qs s.gs qas . . s.gs s e_qe qs
SN > a-b-c gl i d*-q RN d°-q >

[ I [ ] -
. . Ids
cos 0, sin 0, cos 6, sin 6, /
We

Inver: .
-~ erse > Transformation

Transformation

\ 4

Machine
Terminal

Figure 2. 6: Vector control implementation principle with machine de-ge model

The i3 and igs are then changed over to synchronously rotating frame with the
assistance of the unit vector parts cos 6, and sin 6, prior to applying them to the d®-
q® machine model as displayed in Figure 2. 6. After two stages of inverse
transformation in regulator, the control current igs and igs are obtained which are
related to the machine current igs and igs respectively. Additionally, the unit vector
guarantees right arrangement of igs current with the flux y. and igs perpendicular to

it. There are two general methods of vector control :
Direct or feedback method invented by Blakchke
Indirect or feed forward method invented by Hasse

Above strategies are distinctive on the basis of how the unit vectors (cos6.and
sin 6,) are produced for the control. The alignment of iy with rotor flux, airgap flux,
or stator flux is conceivable in vector control. Nonetheless, rotor flux direction gives
normal decoupling control, though airgap or stator motion direction gives a coupling
impact. This coupling impact or effect must be compensated by a decoupling

compensation current.

In this project we worked on direct or feedback method.
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2.2.1 DIRECT OR FEEDBACK VECTOR CONTROL

In this method, the principal vector control parameters igsand igs, which are DC
values in synchronously rotating frame, are converted to stationary frame ( defined
as vector rotation (VR)), with the help of unit vector (cos 6, and sin 6,) generated
from flux vector signal yg, and ;. The resulting stationary frame signals are then
converted to phase current commands for the inverter. The flux signals g, and g,
are generated from the machine terminal voltages and currents with the help of
estimator. The torque is proportional to igs (considering constant flux) and this

torque producing current component is generated from the speed loop.

U, Flux component
Of stator current

Flux /
Commad l

.y + Las igs i
Y G,
de-g° 2 Phase
i*
to To b VFI
i;s ds_qs is* 3
. as 3 Phase le
w G, ‘
Speed - .
Command cos ee sin 0,
w, Torque component of
Stator current Cg

. Voltage Model
Y, «—— Estimation -9

wo—()

Figure 2. 7: Direct vector control block diagram with rotor flux orientation
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The alignment of igs current in direction of flux and the iy current perpendicular to

it are important for vector control. Such alignment, with the help of stationary frame

rotor flux vectors g, and g, is explained in below Figure 2. 8. In Figure 2. 8 the

d®-q® frame is rotating at synchronous speed w, with respect to stationary frame ds-

q®, and at any instant, the angular position of the d®-axis with respect to the d*-axis

is 0., where 6.,=w,t. By referring the Figure 2. 8, below mentioned mathematical

equations can be formed:

cos 0,

Figure 2. 8 : (a) d*-q° and d°-q° phasors showing correct rotor flux orientation, (b) Plot of unit vector

signals in correct phase position
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WS = W cosB, (2.26)

WS = Ppsin@, (2.27)
In other words,

cos ee:"’w—ff (2.28)

sin ee:"f: (2.29)

Y = osart( W+ ws ) (2.30)

2.2.2 INDIRECT OR FEEDFORWARD VECTOR CONTROL

There is much similarity in direct vector control and indirect vector control except
the control unit vector signals (cos 6.and sin 6, ) are generated in indirect control
method which is also called as feed forward method. This method is very known in
modern industrial applications. Figure 2. 9 shows the prominent guideline behind
indirect vector control with the assistance of phasor diagram. The stator axis (d®-q°)
are fixed on stator, however rotor axis ( d"-q"), which are fixed on rotor, are having
the speed w, as displayed in Figure 2. 9. The axes d®-q® which are rotating
synchronously, are ahead of rotor axes ( d"-q" ) with positive slip angle 6, . The slip
angle 6, corresponds to the slip frequency wy,. Since rotor pole is directed in the d®-

axis and w,=w,.+wy, we can write

Be= IWedt = I(Wr"'Wsl ) dt= 0, + 0y

Rotor
Axis

Figure 2. 9 : The Indirect vector control explaining with the phasor

Page 23 of 48



Rotor pole position is falling over, with respect to the rotor at frequency of wy.

Figure 2. 9 suggests that for decoupled control, the stator flux component of current
igs, 1S to be aligned on the direct axis d® which is synchronously rotating and the

torque component for the current igs should be on the quadrature axis q° which is

also rotating synchronously as shown.

2.3 CONCLUSION

In this chapter Induction Motor model and how it can be transformed to the DC
drives terminology, is discussed. Basic vector methods of controlling the Induction

Motor such as direct and indirect methods are discussed.
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CHAPTER 3

3.1 FLUX VECTOR ESTIMATION
In the direct vector control method, as discussed in previous chapter, the assessment
the rotor flux components g, and g, is necessary so that the unit vector

(cos Bcand sin 6,) and resultant rotor flux can be calculated with the aid of equation (
2.30)

The two commonly used methods for the evaluation are as explained here under.

3.1.1 VOLTAGE MODEL
This method includes the machine terminal voltage and current which are sensed by
the transducers. The fluxes are computed from the stationary frame (d°-q° )

equivalent circuit.

. 2. 1. 1. .
las = gla - glb' glc: Ia (3-1)
s _ 1 . 1,
= +
lds sqrt3 b sqrt 3 le (3-2)
1 . .
= - +
p— ( iy +2ip) (3.3)

Since i. = - (i,+ i, ) for isolated neutral load

2 1 1
Vgs = SVa-3Vb -5 Ve (3.4)
_2
3 (Vab+ Vac ) (35)
S = - —
Vds = sqrt3Vb * sqrt3VC (3.6)
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1

=- 3Vbc (3-7)

sqrt
Ugs= J(v3s - Ridg)dt (3.8)
qqu=-[ (Vas B Rsi(sqs)dt (3.9)
bs =VWE + U5 ) (3.10)
lp?lm = lp?ls - Llsias = Lm ( iés + iils ) (3-11)
Lijim = lijis - Llsifis = Lm ( ifis + i(Sis ) (3-12)
Wi = Lunids + Ll (313)
WS = Linid + Lei3y (3.14)

Eliminating ij, and i3, from equations (3.13-3.14) with the help of equations (3.11-

3.12) ,respectively, gives the following

Ly .
LIJdr = E( lljfim - Llrlfis) (315)

Ly .
lIqu = ;( lijis - Llrlfis) (316)

Which can further be written as the following form given by equation (3.17) and
equation (3.18) with the help of equation (3.11) and equation (3.12)

Lr .
q"?lr = E( qjés - Gleils) (3.17)
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o= = (s - olsifs) (3.18)

Where o= 1- 12,/ L, L

Substituting equation (3.15-3.16) in torque equation on (2.24)

Te = 2C) 1 (Wi~ Wik (3.20)
3.1.2 CURRENT MODEL

The component of rotor flux can more easily be formulated with the aid of speed and

current signals. The rotor circuit equation of d*-q® equivalent circuits can be given

as
d Sr : —
o R W50 (3.21)
dWgr (3.22)

S S —
R igr-wrlg, =

dt

Adding terms (LR./L.)i§s and (LnR./Ly)igs, on both sides respectively, of the

above equation (3.21) and equation (3.22), we get

dyd, _ Ry s s _ LmRy .
dtr - L_r (Lmlds + Lrldr ) + qu’ar_ Ly lds (3-23)
dygr _ R ) ) _ LmRy.
T L—; (Linigs + Leigy ) -wilrg, = —Tr ~i5s (3.24)

Substituting equation (3.13-3.14) respectively, and simplifying, we get
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dy§, _ L . 1

dt - = T_r:lils - qujar - T_rqjilr (3.25)
dwar _ L. 1

at T_I: l(sqs + Wr‘l—’ér - T_rqjar (3.26)

Where T, = L,/R; is the time constant of the rotor. Above two equations (3.25) and
(3.26) give the rotor flux as function of stator current and speed. Hence, knowing
these signals, the fluxes and corresponding unit vector signals can be estimated.

Equation (3.25) and equation (3.26) are defined as the current model for flux
estimation.

1
T,
L + S _
i, ——» = . & > sinf,
" Y
+ r
X
S2+7,b52 > 17)\
Wy P dr qr r
y
X €«
L ) iy
So——» M|+ Tdr
ds x —~ | —» cosH,
r v,
1
Tr

Figure 3. 1: Current model flux estimation
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3.2 SENSORLESS VECTOR CONTROL

As the name suggests, this scheme eliminate sensor for speed and position tracking
but we need both of them for precise control of motor. So instead of sensor we use
the estimator for the calculation of speed. There are various type of speed estimators

for speed estimation as given below :

- Slip calculation

- Direct synthesis from state equations

- Model referencing adaptive system (MRAS)

- Speed adaptive flux observer (Luenberger Observer)
- Extended Kalman filter (EKF)

- Slot harmonics

- Injection of auxiliary signal on Silent Rotor

In this project we focus in the Model reference adaptive system.

Model Referencing Adaptive System (MRAS)

This estimation technique was proposed by Schauder. In this method of speed
estimation output of the reference model is compared with the output of adjustable
model, and try to make the error to zero with the aid of gains. Figure 3. 1 shows the
block for the model reference based adaptive system. The voltage model for the
estimator uses the equation (3.15) and equation (3.16) with aid of equation (3.8) and
equation (3.9) to calculate the rotor flux vector signals, as can be visualized from the
Figure 3. 2. In the similar fashion the adaptive model uses the current model equation
(3.25) and equation (3.26) to calculate the rotor flux vector signals. But this adaptive
model can calculate the flux vector signal from the current signal but only if the rotor
speed w, is known, as shown in equation (3.25) and equation (3.26). This model
having the current equation, which is called adaptive because of the speed term. The
error term produced from the two models is fed again in to the adaptive model with

gains, to acquire the required speed.[1]

A block diagram for speed estimation by the MRAS technique is shown in Figure 3.
2. Consider the voltage model’s stator —side equations, which are defined as a
reference model. When the measured values of stator voltage and current signals are

given to the reference model, it generates the rotor flux vector signals, as shown in
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Figure 3. 2. The current model equations are also termed as adaptive model

equations.

Designing the adaptation mechanism requires that the overall stability of the system
should be maintained. And the estimated speed should also be converging to required

speed with adequate dynamic performance.

B M
lgs Las Vs Vés
Reference model Stator Equtation s
lIJdr
s s .S
Ws _ L { [vds] _ [(Rs + soLy) 0 ] [lds] } s
g e g 0 (Rg +soLy)] [ige] | Vor
X +
Adaptive Model Rotor Equation X
s
P 1 lljdr
b |:¢35:| _ Tr Wr |:¢3r:| + L_m I:lés] X Y-
s - 1 s T .5 —
quS w, — T LIJqr r Llgs wqr ‘
Wy
K
N Kp + L
Estimated Speed $

Adaptation Algorithm

Figure 3. 2: Model of MRAS ( Model reference Adaptive System)

3.3 CONCLUSION

In this chapter, flux estimation methods are discussed to calculate the unit vector for
controlling action. Voltage and current models for the calculation of fluxes are also

discussed with the MRAS controlling technique.
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CHAPTER 4

4.1 MODELLING OF PROPOSED SYSTEM IN MATLAB/SIMULINK

In this chapter simulation of all the components of project is shown. Analysis under

different load conditions is done.

This chapter includes the result and comparison of sensorless motor control with

speed sensor feedback. The simulink is executed under different load conditions.

In the first part of this chapter, estimator simulation is shown. Afterwards the
controller simulation is shown with three PI controllers, which are used in the

controlling action.

4.2 MODEL REFERENCE ADAPTIVE SYSYTEM ESTIMATOR

The Figure 4. 1 shows the simulation of the estimator. As shown in Figure 4. 1, first
block shows the axis transformation from three phases to two phases. Line voltages
and current are converted in to the two axis transformation with the help of equation
3.5, 3.6 and 3.1, 3.2 respectively. Afterwards, block diagram in Figure 4. 2 is

implemented along with adaptive mechanism.
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43 CONTROL SIMULINK
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Figure 4. 2: Simulink Model of sensorless control

The above Figure 4. 2 shows the overall control setup for generating the gate signals

for sensorless control. As shown in the Figure 4. 2, three PI controllers are used.

One PI controller is used in flux control loop and remaining two are used in speed

control loop. In speed control loop, first PI controller (PI(w,)) is for the control of

speed and the second is for the torque control. All the calculations in above control

system are in per unit system.

@ :‘@ B Pliz) ——»
Stepto 0.7p.. Pl{i_ds_g)
@o.1s T

seF]
.—PlL 1/(80*fnip) @—P

Step to 1300 rpm Rate Limiter
2000 rpmis

e >

Pl —r@—»

Plizy”

T = UL

11(60°nip)

rpm == pu.d

Pl {wir) Pl{i gs_e)

BEEE
thetaM dg-#abei

¥ dg0
ahe —{Vabe

Step @ 0.1s

WodWave ——»—]

D
Avaid divizion
by zera2
PWM
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Figure 4. 3 shows the same control action as shown by the Figure 4. 2 except that it
uses speed feedback (w_measu) FROM block in MATLAB. Speed is converted to
per unit value and then used for speed error calculation before PI controller in speed

control loop.

4.4 SIMULINK INDUCTION MOTOR

T
a
g

ferende Speed and Moior Speed

‘s‘!-
</

o

<Ti
» #allied Torgue and Maior Torqua in Nm

Figure 4. 4: Simulink model of Induction Motor with Inverter

Above Figure 4. 4 shows the main Simulink block for the motor control. In this

Induction Motor block diagram, VI measurement block and IGBT inverter block are

shown. Current, speed and torque outputs of Induction Motor are sent to the scope.
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45 MOTOR PARAMETERS

The squirrel type Induction Motor used in the modeling is 4kW rated. The technical
parameters, for the Induction Motor on which the test is carried out for both sensorless

and speed feedback in the MATLAB, are given in the Table 1 shown below.

Table 1 : Parameters considered for the Induction Motor

Power (W) 4000
Rated Voltage (Volts) 400
Rated Current (Ampere) 5.44
Rated Speed ( Rpm) 1430
Pole Pairs 2

Stator Resistance (Ohm) 1.405
Stator Leakage Reactance (Henry) 0.005839
Rotor Resistance Referred To The Stator Side (Ohm) 1.395
Rotor Leakage Reactance Referred To The Stator Side (Henry) 0.005839
Magnetizing Reactance (Henry) 0.1722
Inertia ( Kg.Meter?) 0.0131
Rated Frequency (Hz) 50

4.6 CONCLUSION

In this chapter the simulink models for the sensorless control and speed feedback control
for Induction Motor, are shown. Simulink model for the MRAS control is also shown in

this chapter.
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CHAPTER 5

5.1 RESULT AND DISCUSSION

In this chapter, results for the speed control of Induction Motor for sensorless and

speed feedback are discussed.

5.1.1 DYNAMIC PERFORMANCE OF INDUCTION MOTOR
FOR NO LOAD AT RATED SPEED

Figure 5. 1 shows the speed performance of Induction Motor at rated speed of 1430
rpm. Top View of scope in Figure 5. 1 shows the current response , bottom left
shows the speed response and bottom right shows the torque response of Induction
Motor for MRAS control of Induction Motor . Step response of speed (1430 rpm) is
given with a rate limiter to the controller. Overall rise time for the step response is
around 0.25 second afterward current gets settled. Specific values of phase currents
are la=-3.4 Amp, Ib=7 Amp and Ic=-3.8 Amp at 0.085 sec after the start up, sum of
which shows that the system is balanced also. Bottom left of Figure 5. 1 shows the
speed response of the controller corresponding to the reference speed and it can be
observed that the response is quite good for tracking the reference speed. Bottom
right of Figure 5. 1, shows that the motor torque gets settled after approximately 0.25
seconds and oscillates around it (zero load torque) with maximum and minimum
value of it around the 3 Nm, giving the zero average value as required torque (as

shown by blue line).
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Figure 5. 1: Dynamic performance of IM for sensorless control at rated speed for no load

Figure 5. 2 shows the response of Induction Motor control for the rated speed of
1430 rpm for speed feedback remaining all the condition as before. Controlling
action shows the good response as the motor tracks the specified speed of 1430 rpm
very accurately as shown in the bottom left of Figure 5. 2. While rising for the rated
speed, current is calculated at 0.085 second and the sum up of all three phase
currents is approximately zero, showing the balanced system. Further, at 0.360
seconds the sum up of current is approx to zero. Again when the speed settles,
current is measured at 0.360 seconds as shown, it shows the balance system and
torque is also zero as shown in bottom right of the Figure 5. 2. On comparing the
Figure 5. 1 and Figure 5. 2 we can observe that the response for the sensorless
control is as good as for the speed feed back at no load condition.
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Figure 5. 2 : Dynamic performance of IM for speed feedback at no load

5.1.2 DYNAMIC PERFORMANCE OF INDUCTION MOTOR
FOR RATED LOAD RATED SPEED

Figure 5. 3 shows the performance for the Induction Motor for the rated load at rated
speed for sensorless control. As shown in the bottom right of Figure 5. 3, the full
load of 25.5 Nm is given at 0.3 seconds after motor has attained the rated speed at
approx 0.25 second. The mentioned figure shows that the motor is providing the
rated torque. The torque is oscillating around the given torque with in confined
boundaries, averaging up in the full load torque.
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Figure 5. 3: Dynamic performance of IM for sensorless control at rated speed for full load

Figure 5. 4 shows the motor current in top, bottom left shows the speed and the
bottom right shows the motor torque along with the given load torque for the speed

feedback control. The motor attains the rated torque quite well as shown in figure.

On comparing the results for both sensorless and speed feedback control for the rated

load, we get that the motor performance for sensorless is quite well.
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Figure 5. 4: Dynamic performance of the IM at full load for speed feedback

5.1.3 DYNAMIC PERFORMANCE OF INDUCTION MOTOR
FOR STEP CHANGED IN LOAD AT RATED SPEED

Figure 5. 5 shows the response of the MRAS control Induction Motor at rated speed
for step change in load, firstly the full load torque is applied at 0.3 second to the
motor than gradually the torque reduces to half of the full load at 0.5 second.
Afterwards the torque reduced to zero. At 0.85 second 75% of the load torque is

given and it is found that the motor is continuously able to provide the required

speed within the stability limit.
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Figure 5. 5: Dynamic performance of IM for sensorless control at step change in load for rated speed

Similarly Figure 5. 6 shows the response for the speed feedback control at rated
speed and its performance is quite well for tracking the speed at different load
conditions. At 0.3 second 100% load is given, then it is reduced to 50% at 0.5
second, afterwards it reduces to zero. Again at 0.85 seconds 75% of full load is given
and the output speed of motor is traced for the reference speed and the result is good.
While on comparing the result of Figure 5. 6 and Figure 5. 5 we can observe that the
sensorless control is showing the good performance.
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Figure 5. 6: Dynamic performance of IM at step change in load for speed feedback control
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5.1.4 DYNAMIC PERFORMANCE OF INDUCTION MOTOR FOR
STEP CHANGED IN LOAD AT 150 RPM

Bottom left of Figure 5. 7 shows the speed response for sensorless control at 150 rpm
(which is approximately 10.5% of the rated) with the torque response at step change
in load on the bottom right. Change in load is given at 0.3 second, 0.5 second, 0.7
second and 0.85 second with the corresponding changes in the speed. The speed
response shows the noise at the mentioned specified time, but the controller is able to
track the speed well at low speed. Figure 5. 7 shows the measured current at 0.465
second which is found to be -7.5amp for R phase, -5.6amp for the B phase and
13.4amp for the Y phases respectively. On summing the above phases currents we
can say the controller is providing almost the balanced supply to the Induction
Motor.
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Figure 5. 7: Dynamic performance of IM at 150 rpm for sensorless control

Figure 5. 8 shows the speed and torque response along with the current in the phases
for speed feedback control of Induction Motor . The response is for step changes in
load as for the sensorless control. The noise at the 0.3 second, 0.5 second, 0.7 second
and 0.85 second is almost same as for the sensorless control. But closer view of the
speed response as shown in Figure 5. 9, tells that the response for the sensorlees

control is having more noises as compared to the speed feedback control.
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Figure 5. 8: Dynamic performance of IM at 150 rpm for speed feedback control
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As the speed goes down, approximately below 10% of the rated speed, speed
tracking by the sensorless control does not show the satisfactory result and the output
speed contain more noises as shown in the above Figure 5. 9 for the 150 rpm (which
is 10.5% approximately). The sensorless control shows the good control over the
wide range of speed but below 12% of the rated speed, the performance is not up to
the mark but over all for the wide range the performance is satisfactory.

5.2 CONCLUSION
In this chapter the result is presented for the sensorless and speed feedback control. It

is found that the sensorless control provides the better speed control for wide range
of speeds but below 12% of rated speed the MRAS based sensorless control is not

quite effective.
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CHAPTER 6

6.1 MAIN CONCLUSION

Simulink modeling of sensorless based control of Induction Motor drive using Pl
control is done in MATLAB. The Simulink is made for the speed feedback and
without speed feedback and anticipated output is obtained. The speed of Induction
Motor traces the reference speed with change in load.

It is observed that overall performance of Induction Motor is good with sensorless

control. Speed is found to be following the reference speed in all loading conditions.

6.2 FUTURE SCOPE

Some workable recommendations for future work to the work carried out in this

dissertation are given below:

The experimental execution of Induction Motor drive can be carried in PSCAD.

Page 45 of 48



REFERENCES

[1] Colin Schauder, “ Adaptive Speed Identification for Vector Control of
Induction Motor Without Rotational Transducers”, IEEE transaction on industry applications,
vol.28, No.5, September/October 1992

[2] Joachim Holtz , “ Sensorless control of Induction Motor drives”, proceedings of
IEEE( Volume: 90, Issue:8, Aug. 2002)

[3] Kensza Bouhoune,Krim Yazid, Seghir Boucherit, Babak Nahid-Mobarakeh,
and Meena, “Electrical-Sensorless Control of Induction Motor ”, IEEE 2019 10"
International Symposium on Sensorless Control for Electric Drives (SLED)

[4] Idriss Benlaloui, Said Drid, Senior Member, Larbi Chrifi-Alaoui and Ouriagli,
“Implentation of a New MRAS speed sensorless Vector control Of Induction Machine”,IEEE
Transactions On Energy Conversion (Volume:30, Issue: 2, June 2015)

[5] Alberto Abbondanti and Michael B. Brennen,” Variable Speed Induction Motor
Drives Use Electronic Slip Calculator Based on Motor Voltage and Currents”, IEEE
Transactions on Industry Application, Vol.1A-11,September/October 1975.

[6] J.W.Finch and D.Giaouris,”Controlled AC Electrical Drives”,IEEE
Transactions on Industrial Electronics 55(2):481-491 March 2008

[7]Abdelkarim Ammar, Amor Bourek, Abdelhamid Benakcha and Tarek Ameid,”
Sensorless Stator Field Oriented-Direct Torque Control with SVM for Induction Motor Based
on MRAS and Fuzzy Logic Regulation”, Proceedings of 6" International Conference on
Syaytem and Control, University of Batna 2, Batna, Algeria, May 7-9,2017

[8]Joseph Cilia, Gerg M.Asher, Keith J. Bradley, Associate Member and Mark
Sumner,” Sensorless Position Detection for Vector-Controlled Inducion Motor Drives Using
an Asymmetric”, IEEE Transactions on Industry Applications (Volume:33,Issue:5,Sep/Oct
1997)

[9]Anitha Paladugu, Badrul H. Chowdhury,” Sensorless control of inverter-fed
Induction Motor drives”, Electric Power System Research, volume 77, issues 5-6, april
2007,pages 619-629

[10]Haithman Abu-Rub, Atif Igbal ,Jaroslaw Guzinski, “High Performance Control
Of AC drives”, A John Wiley&Sons,Ltd, First Edition 2012, page 171-253

[11]Razani Haron, Nik Rumzi Nik Idris,” Simulation Of MRAS-based Speed
Sensorless estimation of Induction Motor Drives”, Power and Energy Conference,2006

[12]Marko Hinkkanen and Jorma Luomi, “Modified Integrator for Voltage Model
Flux Estimation of Induction Motor s”, IEEE Transactions on Industrial Electronics (
Volume:50, Issue:4, Aug.2003

[13] Rober Joetten and Gerhard Maeder ,” Control Methods for Good Dynamic
Performance Induction Motor Drives Based on Current and Voltage as Measured Quantities”,
IEEE Transactions on industry applications, Vol. IA-19, NO. 3, May/June 1983

Page 46 of 48



[14] Y.S.Lai, C.N.Liu, K.Y.Chang,Y.C.Luo,C.I.Lee,C.H.Liu,” Sensorless vector
controllers for Induction Motor drives”, Proceedings of second International Conference on
power Electronics and Drive Systems, May 1997

[15]Lazhar Ben-Brahim and Susumu Tadakuma,” Speed control of Induction
Motor without Rotational Transducers”, Conference Record of 1998 IEEE Industry
Application Conference. Thirty-Third IAS Annual Meeting (Cat No. 98CH36242), Oct 1998

[16] Hirokazu Tajima and Yoichi Hori,”Speed Sensorless Field —Orientation
Control of the Induction Machine”, IEEE Transaction on Industry Applications(Volume:29,
Issue: 1,Jan/Feb 1993) page 175-180

[17] Bimal K. Bose, “Mordern Power Electronics And AC Drives”, Prentice Hall
2012.

[18] R.Krishnan,”Electric Motor Drive and Modelling, Analysis and Control”,
Prentice Hall 2001

[19] Andrzej M. Trzynaldowski, “Field Orientation Principle in Control of
Induction Motor ”, Springer 1994

Page 47 of 48



APPENDIX
%% Induction machine parameters

Pn =4000; % W, nominal power

Vn=400; % V, rms phase-to-phase, rated voltage
fn=50; % Hz, rated frequency

p=2; % pole pairs

%for base value calculation

Vbase = Vn/sqrt(3)*sqrt(2); % V, base voltage, peak, line-to-neutral
Ibase = Pn/(1.5*Vbase); % A, base current, peak

Zbase = Vbase/lbase; % ohm, base resistance

whbase = 2*pi*fn; % rad/s, base elec. radial frequency
Thbase = Pn/(wbase/p); % N*m, base torque
Lb=Zbase/wbase % Henery, Base inductance

% Motor Nominal Parameters

Rss =1.405; % ohm, stator resistance

Lss =0.005839; 9% henery, stator leakage reactance

Rrr  =1.395; % ohm, rotor resistance, referred to the stator side

Lrr  =0.005839; % henery, rotor leakage reactance, referred to the stator side
Lmutual =0.1722; % henery, magnetizing reactance

H=0.0131; % Kg.metersqare

%For pu calculation

Rs = Rss/Zbase; % pu, stator resistance

Lls = Lss/Lb; % pu, stator leakage inductance

Rr = Rrr/Zbase; % pu, rotor resistance, referred to the stator side

LIr = Lrr/Lb; % pu, rotor leakage inductance, referred to the stator side
Lm = Lmutual/Lb; % pu, magnetizing inductance

Lr = LIr+Lm; % pu, rotor inductance

Ls = LIs+Lm; % pu, stator inductance

sigma=1-(Lm*Lm)/(Ls*Lr);
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