
Andreea Pavel

Verification of a full-order observer design
for sensorless induction motor drives

School of Electrical Engineering

Thesis submitted for examination for the degree of Master of
Science in Technology.

Espoo 03.03.2014

Thesis supervisor and advisor:

Prof. Marko Hinkkanen



aalto university

school of electrical engineering

abstract of the

master's thesis

Author: Andreea Pavel

Title: Veri�cation of a full-order observer design for sensorless induction motor
drives

Date: 03.03.2014 Language: English Number of pages: 6+32

Department of Electrical Engineering

Professorship: Electric Drives Code: S-81

Supervisor and instructor: Prof. Marko Hinkkanen

The main topic of this thesis is the full-order �ux observer as a part of the induc-
tion machine sensorless drives. First the induction machine inverse-Γ model is pre-
sented with a brief overview of space vectors and di�erent coordinate systems. Sen-
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Symbols

∗ represents a complex conjugate
ˆ represents the estimates of the variables
˙ represents the derivative
s represents the variables in the stator coordinates

d,q components of a vector in synchronous coordinates

B base values of the motor

N nominal values of the motor

ref represents the reference of the variable

α,β components of a vector in stator coordinates
A,B,C state matrices
da,b,c duty cycles
f1 nominal frequency
G observer gain matrix
is stator current
iR rotor current
iM magnetizing current
Im imaginary part of a complex number
j imaginary unit
J total mechanical inertia
Lσ total leakage inductance
LM magnetizing inductance
Re real part of a complex number
r, l, x observed design free parameters
Rs stator resistance
RR rotor resistance
p number of pole pairs
p.u. per unit
s Laplace operator
t time
Te electromagnetic torque
TL load torque
Tr rotor time constant
u voltage vector in synchronous coordinates
ua, ub, uc phase voltages
udc dc-link voltage
x = [is ψR]T state vector
z, ωδ, ωmin gain selection design parameters
ε error of the speed adaptation
γp,i speed adaptation gains
ω1 synchronous speed, stator angular speed
ωr electrical rotor speed
ψs stator �ux linkage
ψR rotor �ux linkage
ψR magnitude of ψR

σ total leakage factor
θ1 rotor �ux angle
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AC alternative current
DFO direct �eld orientation
IFO indirect �eld orientation
IM induction machine
ISFE inherently sensorless �ux estimator
MRAS model reference adaptive system
PWM pulse width modulation
RFO rotor �ux orientation
ROO reduced-order observer
FOO full-order observer
v/f voltage-to-frequency
VM voltage model



1 Introduction

The induction machine (IM), also known under the name of asynchronous ma-
chine, was invented separately by two scientist: Galileo Ferraris in 1885 and Nicola
Tesla in 1887. The two induction machines were di�erent in construction but they
were working on the same principle. From this point, a lot of improvement has been
done to the construction of the machine, bringing the machine to have a higher
e�ciency and better performance, but the principle has not been changed from the
initial invention.

The IM is chosen in applications because of its many advantages, which are:
low price, high durability, simple design, ease of manufacture, and small losses.
The biggest drawback for the IM was the challenging control of the speed. Due to
great improvements in power electronics and electric drives, the usage of induction
machine in applications with variable speed has increased considerably, making the
induction machine as the main means to produce mechanical energy in the world.
The motor is used in a wide range of applications from industry to home appliances.
The IM has as main advantage the possibility to connect directly to the grid, but
there is no control of the motor's speed this way.

There are several methods which are used to control an induction motor. The
most popular method is voltage-to-frequency (v/f) control, which is a simple scalar
control method. This method consists of an open loop that does not require feedback
from the machine, but the speed cannot be controlled precisely. Scalar control is
a simple method of control. The main disadvantage of the scalar control is that in
transients there are large and fast increases in the stator current which is undesirable.
It also presents a slow response for speed or torque reference changes. For more
intricate applications that require better performance in terms of torque and speed
control, scalar control is not enough. In order for the speed control to be more
accurate, vector control was developed. Vector control is more complicated because
it involves a model of the machine, current and speed controllers, several coordinates
transformations and, depending if there are no measurements for speed, full-order
or reduced-order observers are introduced in the control scheme.

The speed-sensorless drive has a lot of advantages, the most signi�cant being the
reduction in price, but the decrease in size and maintenance of the drive is also
attractive for potential customers. These advantages are brought by eliminating
cables, sensors, and noise from the whole system, otherwise the system would be a
lot bigger. Hence, the drive is suitable for applications that require the machine to
be put in tight spaces.

There are some disadvantages for sensorless control, which are very crucial to
the safety performance of the drive. One of these disadvantages is operating in the
low speed region, especially if a considerable load is connected to the shaft of the
machine. This is caused mainly by the inaccurate estimation of speed and �ux,
which are calculated by a digital signal processor, using as inputs the voltages and
stator currents. It is still challenging to be able to design a sensorless �ux observer
that has good performance at low speeds and for the regenerative mode operating
at normal load torque. The full-order observer designs will "always be marginally
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stable for zero stator frequency."[1].
In this thesis the focus is on speed-sensorless induction motor drives. To achieve

the speed-sensorless operation, the �ux and also the speed need to be estimated.
In this thesis a speed-adaptive full-order observer proposed in [2] was chosen as
preference to estimate the two variables. The speed-adaptive full-order observer is
a state-variable observer to which a speed-adaptation loop is added. The papers [3]
and [4] are recent promising designs for such a full-order observer. The main task
for this thesis is to evaluate them by means of computer simulations in order to
determine their stability and how easy it is to implement them to a control scheme
already designed.

The thesis is structured in six chapters: Chapter 2 contains basic knowledge
needed to understand vector control, which are space vector theory, coordinates
transformations, and the inverse-Γ model. Chapter 3 presents general information
about sensorless vector control. In Chapter 4 a full-order observer is described and
also the designs proposed in [3] and [4] are presented. Chapter 5 consists of the
computer simulations conducted and the results and Chapter 6 shows discussions
and conclusions.
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2 Induction machine model

2.1 Space vectors and synchronous coordinates

To model the induction machine, a little introduction in space vectors is needed
to understand the equations and variables used for modelling the machine. Ideally
the induction machine is supplied by a symmetric three-phase system.

With the help of space vectors, the three-phase system can be written as a two-
phase system, thus making the system easier to model and control. The two-phase
system can be represented in a complex plane, which has two perpendicular axes, α
being the real axis and β being the imaginary axis.

Space vectors

A space vector us(t) consists of two components, one real and one imaginary:

us(t) = uα(t) + juβ(t) (2.1)

where the superscript �s� means that the system is in stator coordinates which is
stationary and j is the imaginary unit. The space vector is formed from the three-
phase system with

us(t) =
2

3

(
ua(t) + ej

2π
3 ub(t) + ej

4π
3 uc(t)

)
(2.2)

where ua(t), ub(t), uc(t) are the three-phase stator voltages.
If the machine is delta connected or there is no neutral connection for a wye con-

nection the zero-sequence component of the three-phase supply is not transmitted to
the three-phase currents. Therefore, the zero-sequence component can be neglected.

To achieve a reverse transformation from the three-phase system to the two-phase
system, these equations are used:

ua(t) = Re {us(t)}

ub(t) = Re
{
us(t)ej

4π
3

}
uc(t) = Re

{
us(t)ej

2π
3

} (2.3)

Synchronous coordinates

A space vector transformed from the αβ coordinates into synchronous coordinates
means that the system of reference is changed from a stationary one to a rotating
system that typically revolves in time with some space vector. This transformation
is realized by

u = e−jθ1us (2.4)
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where θ1 =
∫
ω1dt is the angle of the rotating coordinate system, ω1 is the angular

speed of the rotating coordinate system, and u = ud + juq.
The reverse transformation from synchronous coordinates to αβ coordinates is

us = ejθ1u (2.5)

The transformation for a time derivative to synchronous coordinates:

s→ (s+ jω1) (2.6)

where s is the Laplace operator which replaces the derivative.

2.2 Construction and operation of the induction machine

The induction machine has a �xed part, the stator, and a mobile part, the rotor.
The stator is a hollow cylinder composed of thin laminated electromagnetic steel
sheets, which on the inner surface have slots cut into them, in which a three phase
winding will be put. The rotor of the induction machine is also a cylinder made
of thin laminations, which can be a squirrel-cage type or a wound-rotor type. The
most common one is the squirrel-cage type because of ease of manufacturing and
economical reasons. The squirrel cage mainly means that the rotor winding, which
is made of aluminium or copper bars, is short-circuited at both ends by aluminium
or copper rings. The rings sometimes have a secondary role as a radiator depending
on the construction. The rotor is usually skewed because it helps to smoothen the
torque.

An induction machine is magnetized from the stator, unlike the synchronous
machine which is magnetized from the rotor. When the stator winding is connected
to the voltage supply a current �ows through and produces an electromagnetic �ux
in the air gap which induces a current inside the short-circuited winding in the rotor,
which creates an electromagnetic force that moves the rotor.

After the machine is connected to the supply, the stator �ux vector rotates with
the speed ω1, also known as stator angular frequency:

ω1 = 2πf1 (2.7)

where f1 is the frequency of the supply. This should not be mistaken with the rotor
speed ωr. Since there is a di�erence between the rotor speed and the stator speed,
the notion of slip frequency has been introduced which is the subtraction of the
rotor speed from the angular supply frequency, ω1 − ωr.

2.3 Inverse-Γ model

The model for the induction machine chosen to use further in this thesis is the
inverse-Γ model [5], which gives more simplicity and ease of usage in vector control,
unlike the T model. In this model, the rotor parameters are recon�gured, such that
the two leakage inductances are represented only by one.
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The stator and rotor �ux linkages for the inverse-Γ model are expressed mathe-
matically with the following expressions:{

ψs
s = Lσi

s
s + LM i

s
M

ψs
R = LM i

s
M

(2.8)

where ψs
s is the stator �ux linkage, ψs

R is the rotor �ux linkage, Lσ is the total
leakage inductance, LM is the magnetizing inductance, iss is the stator current, and
isM is the magnetizing current, which is de�ned by

isM = iss + isR (2.9)

where isR is the rotor current.
Following the law of induction, it is known that the voltage is not all dissipated in

the stator winding and so the remaining voltage induces a �ux in the stator winding.
The principle can be written in mathematical form:

uss = Rsi
s
s +

dψs
s

dt
(2.10)

where uss is the stator voltage and Rs is the stator resistance. This principle can be
applied to the rotor as well. Hence the rotor equation is as follows:

jωrψ
s
R −RRi

s
R −

dψs
R

dt
= 0 (2.11)

where RR is the rotor resistance and ωr is the rotor electrical speed.
The stator �ux linkage in the stator voltage equation (2.10) is replaced with (2.8)

and thus the system of equations for the machine becomes
uss −Rsi

s
s − Lσ

diss
dt
− LM

disM
dt

= 0

jωrψ
s
R −RRi

s
R −

dψs
R

dt
= 0

(2.12)

Due to the fact that the rotor current cannot be measured, the equations should
not contain the rotor current. The rotor current will be eliminated by using (2.9)
and isM = ψs

R/LM from (2.8):
Lσ
diss
dt

= uss −Rsi
s
s −

dψs
R

dt
dψs

R

dt
= RRi

s
s − (RR/LM − jωr)ψs

R

(2.13)

There should not be derivatives on the right side, so the derivative of the rotor
�ux is replaced with the second equation:

diss
dt

= −Rs +RR

Lσ
iss +

RR/LM − jωr
Lσ

ψs
R +

1

Lσ
uss

dψs
R

dt
= RRi

s
s − (RR/LM − jωr)ψs

R

(2.14)
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The system expressed in synchronous coordinates is:
dis
dt

= −
(
Rs +RR

Lσ
+ jω1

)
is +

RR/LM − jωr
Lσ

ψR +
1

Lσ
us

dψR

dt
= RRis − [RR/LM + j (ω1 − ωr)]ψR

(2.15)

The equation of motion is

dωr
dt

=
p

J
(Te − TL) (2.16)

where p is the number of pole pairs, J is the total mechanical inertia of the drive
system, and TL is the mechanical load. The electromagnetic torque is expressed by
the equation

Te =
3

2
pIm {issψs∗

R } (2.17)

where ψs∗
R is the complex conjugate of ψs

R.
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3 Speed-sensorless vector control

3.1 Vector control in general

Vector control is also known as �eld-oriented control, for which K. Hasse and F.
Blaschke have developed the principles. The purpose of this method was to realize
high quality control of the IM.

Field orientation can be done in many ways but these methods can be classi�ed
into two categories: direct and indirect �eld orientation. For the direct �eld ori-
entation (DFO), the estimates are calculated in the stator coordinates, but in the
case of the indirect �eld orientation (IFO) the calculations are done in the polar
coordinates. The �ux estimators implemented in DFO can have equivalent IFO �ux
estimators, but vice versa is not always possible. [1]

Speed sensorless vector control for IM is advantageous because it o�ers hardware
simplicity, reduction in size of the whole drive due to elimination of the sensors and
the cables required for it. All this will make the drive considerably cheap, it will
require less maintenance and increased noise immunity. This kind of drive is suitable
for hostile environments in which a speed sensor could be a�ected [6].

Vector control is more challenging than a simple volt to hertz control. Field orien-
tation is realized by knowing the position angle, hence the �ux should be measured.
But �ux measurement is di�cult, costly, and puts limitations. Air-gap sensors limit
the maximum temperature at which the machine can be used (< 120◦C) [7]. The
sensors need to be introduced while the machine is manufactured which will increase
the machine's price signi�cantly more than a standard IM's. The solution for elimi-
nating �ux measurement is a �ux estimator block that will be added to the control
scheme.

It would be ideal if the IM would be as easily controlled as the DC machine.
Vector control makes it possible by making the IM behave dynamically the same
as a DC machine through �eld orientation [8]. The �eld orientation can be done
either with the stator �ux or rotor �ux. Rotor �ux orientation (RFO) is used in
this thesis, because the RFO makes it possible to control the torque and rotor �ux
independently of each other through the d and q components of the stator current,
and because it o�ers ease in calculations and algorithm. In the next section the
RFO will be explained brie�y.

3.1.1 Rotor �ux orientation

Rotor �ux orientation is achieved by choosing the angle of the dq transformation
to the angle of the rotor �ux, θ1 = argψs

R. When the αβ coordinates are transformed
to dq coordinates, the imaginary part of the rotor �ux becomes zero:

ψR = ψR + j0 (3.1)

This being inserted in (2.15) we get that

dψR
dt

= RRisd −
RR

LM
ψR (3.2)
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and

ω1 − ωr =
RRisq
ψR

(3.3)

After doing the Laplace transformation and rearranging (3.2) we get that the �ux
is directly proportional to isd:

ψR =
LM isd
sTr + 1

(3.4)

where Tr = LM/RR is known as rotor time constant.
Also the torque can be deduced from (2.17) too:

Te =
3

2
pisqψR (3.5)

The two equations, (3.5) and (3.2), show that the torque is directly proportional
with the q component of the current and the �ux with the d component. Thus the
torque and �ux can be controlled independently from each other by adjusting the q
and d components of the stator current.

3.1.2 Speed-sensorless vector control

Beyond �ux estimation, the focus is to make the drive speed-sensorless, thus
eliminating the speed sensor as well. This is advantageous because of reasons stated
earlier and because there is still room for development in this area. In the low-speed
region, the sensorless control still has problems. The speed-sensorless control relies a
lot on the speed estimation in terms of stability and accuracy. The speed estimation,
ideally, should be as close to the real speed as possible so that the system has good
performance.

Figure 3.1: Block scheme for speed-sensorless control in the rotor reference frame [9]
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Figure 3.1 represents a speed sensorless control scheme. From this scheme, the
thesis concentrates on the �Estimation block�. In the scheme presented, the �Esti-
mation block� is implemented in the estimated rotor �ux reference frame. However,
if the �Estimation block� would get the measured current before it was transformed
by the �dq/αβ� block, then the �Estimation block� would be in the stator reference
frame. But using the stator reference frame has a setback. In this reference frame
the electrical variables are oscillating sinusoidally at the stator angular speed, ω1.
This can cause the �ux estimators to be unstable and/or inaccurate at high velocity
[9]. The �Estimation block� is in charge of supplying the control scheme with the
estimates of rotor �ux, rotor speed and �ux angle from the current measurement
and the voltage reference, since it is assumed that the voltage reference is the same
as us [9]. The estimated rotor �ux and rotor speed serve as feedback to the �Flux
controller� and �Speed controller�, respectively. The estimated angle is used to make
the necessary transformation from stator reference to synchronous coordinates and
vice versa. The �Flux controller� and �Speed controller� provide with the reference
for isd and isq, respectively. Finally the �Current controller� calculates the reference
of the voltage needed by the �PWM� in order to send the duty cycle commands to
the converter.

3.2 Flux estimators

As it was stated before, �ux sensors and position sensors are impractical and are
not widely used in industry, because it is easier to use a �ux estimator instead. All
sensors require careful handling, extra cabling, and more maintenance. The price
of an IM with such sensors will be signi�cantly higher than the price of a standard
induction machine.

The �ux estimator in principle is a dynamic model of the IM. The �ux estimator
usually uses estimated motor parameters instead of the actual parameters. It is well
known that the motor parameters are �uctuating according to temperature and
magnetic saturation. This determines that eventually the estimated parameters are
di�erent from the actual ones. This inaccuracy might cause torque non-linearity
and magnetic saturation of the IM. The ideal �ux estimator would be insensitive to
�uctuating motor parameters.[10]

There are some di�erent types of �ux estimator designs proposed in [11], [2], [9].
A simple classi�cation has been done which starts from simpler designs to more
complicated ones. First there are inherently sensorless �ux estimators, then there
is the model reference adaptive system (MRAS), then the reduced-order observers,
and �nally the full-order observers which are the �ux estimators needed for this
thesis.

3.2.1 Inherently sensorless �ux estimators (ISFEs)

The �ux estimators that are named inherently sensorless are the ones that do
not need the speed for estimating the �ux. Since they are independent of speed
estimation, the �ux estimators are not a�ected dynamically by the speed. They
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also require little computation power and time. These can be considered a good
advantages that would be useful for some applications that require a cheap and fast
drive.

The most simple and common of the ISFEs is the voltage model (VM), which
will be brie�y presented below. In [9], this model was called "pure" because the VM
has been modi�ed in many ways so that the model's setbacks would disappear or
diminish. A couple of these VM variations have been proposed in [9]. Here only the
VM will be presented because the ISFEs are not the focus of this thesis.

Voltage model

The name is very suggestive for this model. The VM estimates the rotor �ux by
using the voltage equation from (2.13):

dψ̂
s

R

dt
= uss − R̂si

s
s − L̂σ

diss
dt

(3.6)

where R̂s and L̂σ are the estimated values of the stator resistance and total leakage
inductance, respectively.

The voltage model has low parameter sensitivity at medium and high speeds. At
low speeds the stator resistance has critical e�ect on the model [1]. The VM also
gives a marginal stability to the system, because the poles are on the imaginary axis
[12].

3.2.2 Speed adaptive �ux estimators

MRAS �ux estimators

The MRAS has three main modules which can be referred to as the reference
model (which does not need the speed estimation), the adjustable model (which
needs the speed estimation), and the speed-adaptation law [9]. The reference model
and the adjustable model estimate the same state variable which mostly is the rotor
�ux, as shown in [9], [6], [13], but it can also be the rotor induced voltage [6]. Most
often the two �ux estimators are chosen to be the voltage model and the current
model, respectively [14], [9].

The MRAS can be considered as a special case of the full-order observer if the
state variables are the stator and rotor �uxes. This is demonstrated in [15] by
selecting the observer gain so as to obtain the voltage model and current model.
The MRAS has marginal stability because its poles are on the imaginary axis [15].

Reduced-order observer

The reduced order observers (ROO) is a simpler case of the full-order observer.
The ROO is used to estimate only one of the state variables of the model. So a
reduced-order observer will estimate either the rotor �ux or the stator �ux because
the stator current is measurable, hence considered known variable [11]. Some designs
do not need the speed, which means they are inherently sensorless. In case the speed
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is needed it can be either measured or estimated. If the speed estimation is used
then the drive would be speed-sensorless.

The di�erence between a reduced-order observer and a �ux estimator is that it
uses a correction error. The correction error is the subtraction between the stator
voltage and its estimate. The estimated voltage is calculated using the estimated
motor parameters and the estimated �ux[12]. In paper [11], a few ROO designs are
shown in the beginning of the paper. Recent new designs in ROO have been created
and published in [16] and [17]. [16] has proposed a ROO that has a low sensitivity
to rotor and stator resistance �uctuations, and can be implemented on a low-cost
�xed-point DSP board. The implementation was realized with an algorithm based
on look-up tables, because the design is quite complex. Whereas [16] proposed a
very complicated design, [17] achieved a simpler design, which is easy to tune, and
gives robustness and well-damping to the system.

Speed-adaptive full-order observer

Whereas a reduced-order observer tries to estimate only one state-variable of
the machine model, a full-order observer (FOO) attempts to estimate every state
variable of the machine not just the rotor or stator �ux [11]. The attempt to estimate
all of the variables is motivated because of the measurement noise. The estimated
variables will be the same as the �ltered measurements of those same variables.
Many designs estimate the current besides the rotor �ux or stator �ux that the
ROO estimates. These designs are also known as fourth-order observers.

Since the FOO is not speed-sensorless by itself, the FOO needs to be coupled with
a speed estimation. Such schemes were proposed in literature by [2] and [18] under
the name of speed-adaptive full-order observers. Since the speed-adaptive FOO is
the vector control method chosen in this thesis, the speed-adaptive FOO will be
presented in more detail in the next chapter.
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4 Speed-adaptive full-order observer

A big advantage for the full-order observer is that it o�ers tolerability to mea-
surement noise and robustness against parameter sensitivity. Thanks to these the
full-order observer preforms well, although the gain selection can control the param-
eter sensitivity [19]. The FOO is also quite �exible, di�erent design schemes can be
analysed with the same tools and with same experimental algorithms [9].

The full-order observer has a few disadvantages, that some are diminished as new
research is published. The FOO is a non-linear system due to using the speed in
the state matrix. Hence the dynamics of the observer are easily a�ected by the
speed-adaptation loop [15]. The low speed region is a well known problematic area
for all sensorless schemes, especially if the motor runs in the regenerative mode as
stated in [9], [15], [20].

The gains should be carefully selected because higher speed operation has a risk
of becoming unstable due to badly selected gains or if the gains are chosen to be
zero [15], which is the conventional way. The gains can a�ect the range of the speed
and the stability in the �eld-weakening region also. The full-order observer gains
can be simply chosen as zero, like it was chosen in [2], but the observer gains can be
designed using the pole placement or stability analysis like it was proposed in [15]
and [3].

For the full-order �ux observer to work accurately and stably when the motor
operates at high speeds and normal speeds, high-order discretization methods are
needed which require lot of computation time and computational power. A simple
method is proposed in [19].

The purpose of this thesis is to verify the reliability and stability of the new
promising full-order observer designs that were proposed in [3] and [4]. These pro-
posed designs will be presented later on in this chapter.

4.1 General representation of a full-order observer

In order to represent the FOO, a state-space system is needed. A state-space
system can be represented as: {

ẋ = Ax+Bu

y = Cx
(4.1)

where x is the state vector, u is the input vector, and y is the output vector. The
A, B, and C are the system matrices.

Following the state-space system above, a state-space representation of the in-
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duction machine model in synchronous coordinates can be achieved:

[
i̇s

ψ̇R

]
=

−Rs +RR

Lσ
− jω1

RR/LM − jωr
Lσ

RR − [RR/LM − j (ωr − ω1)]


︸ ︷︷ ︸

A

[
is

ψR

]
︸ ︷︷ ︸
x

+

 1

Lσ
0


︸ ︷︷ ︸
B

us

is =
[
1 0

]︸ ︷︷ ︸
C

[
is

ψR

]
(4.2)

In order to represent the IM model state-space representation, the is and ψR were
chosen as state variables so that there is a continuation from the inverse-Γ model
from chapter 2 and because they are the conventional state variables. However in
papers such as [9], and [15] the stator and rotor �ux are chosen as state variables
instead of the stator current and rotor �ux, due to some advantages. By choosing
the �uxes the observer is more �exible in the sense that it can be used also with
stator �ux orientation control and direct torque control, beside the rotor orientation
control. Also the modelling of magnetic saturation is simpler [15].

A full-order observer has the same form as a state-space representation, only that
an error correction is added to the equation. A general form of a full-order observer
applied for the induction machine model is

˙̂x = Âx̂+Bus +G(is − îs) (4.3)

where

Â =

−Rs +RR

Lσ
− jω1

RR/LM − jω̂r
Lσ

RR − [RR/LM − j (ω̂r − ω1)]

 and G =

[
g1 + jg2

h1 + jh2

]
(4.4)

In order to achieve a speed-adaptive FOO, the estimation of the speed is needed
like it was proposed in [2]. In this case, the conventional speed-adaptive law is used:

ω̂r = −γpε− γi
∫
εdt (4.5)

where γp and γi are positive adaptation gains and ε is an error term. The speed-
adaptive law uses the error between the measured current and the estimated one.
Thus, the error term is calculated using

ε = Im
{

(iss − î
s

s)ψ
s∗
R

}
(4.6)

More variations of the speed-adaptive law were presented in [9].
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4.2 Original observer design

The goal of the paper [3] was to design an adaptive observer structure that would
be easily adaptable to surface and interior permanent magnet synchronous motors as
well, not just IMs. They have shown similar models for the machines, and concluded
that the IM model can be adopted as a general model for these AC motors.

The paper [3] proposes three design strategies in order to stabilize the observer
in the regenerative low-speed area. This thesis will be considering only one of them
(Design A in paper[3]).

In the paper, the gains for the matrix G are derived in order for the positive real
property conditions to be met. While the observer is implemented in stator coor-
dinates in the paper, here the gains will be presented in the synchronous reference
frame: 

g1 =
Rs − r
Lσ

+
RR

σLM

g2 = − x

Lσ

h1 = −Lσg1 − l
RR

LM
+Rs

h2 = −Lσg2 − lω̂r

(4.7)

in which the parameters r and l need to be positive, however x does not have any
condition, and σ = Lσ/(Lσ + LM) represents the total leakage factor.

The authors of the paper [3] have provided with a design structure for the gain
matrix, G, needed for the FOO. There are still the free parameters r, l, and x to
be concerned about. However they have proposed a modality of choosing the free
parameters as well: 

l = Lσ|ω̂r|2/
√
R2
R/L

2
M + ω̂2

r

r = Lσmax {|ω̂r|, ωmin}
x = Lσ(ω̂r − ω1)

(4.8)

where ωmin is a parameter used as a limit for the low speed area.
[3] presents also some experimental results with some �gures. It is shown how

the design behaves in the regenerative mode for low and high speeds. It can be seen
that the system becomes unstable for low speeds, and for high speeds some poor
damping is observed.

4.3 Improved observer design

[4] proposes a structure for the free parameters l, r and x, having the same
design framework for the gain matrix, G, proposed in [3]. Furthermore a resistance
adaptation method has been added to the observer design and analysed. There is
also a comparison between the proposed FOO and the ROO chosen from [17].

In this paper, it is stated that the free parameters should vary with the speed
estimate, in order to get a good performance. These parameters are a�ecting the
properties of the system such as robustness, damping, convergence rate, and as
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others [4]. This can also be seen later on in this thesis. The parameters l, r and x
that were proposed in [4] are

l = min

{
RsLM
RR

,
z

|ω̂r|

}
r = RR +

RR

LM
l + z ·min

{
|ω̂r|
ω∆

, 1

}
x = ω̂rl

(4.9)

where z = 0.3 p.u. and ω∆ = 0.5 p.u.
The above parameters are chosen in such a manner that the gain matrix proposed

in the original design, [4], resembles the one that is proposed in [21] when the speed
reaches higher values.

The paper also uses a stator-resistance adaptation together with the observer in
order to improve the low-speed instability. The stator-resistance adaptation allows
to make the unstable region narrower. With this design strategy the paper [4]
gives results of a well-damped, robust and stable system that are shown through
theoretical as well as experimental means. The proposed FOO design is compared
with the original design [3] as well as with the ROO design [17].
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5 Simulations

5.1 MATLAB/Simulink

MATLAB is a well known academic and industrial software for analysing data,
writing algorithms and developing applications. MATLAB has as graphic interface
Simulink, in which di�erent types of simulations and applications can be realized
with the help of the block diagrams. The basic block diagrams are provided by the
MATLAB/Simulink tools for which the user only needs to provide input parameters.
They can also be developed based on S-function blocks or made of equation blocks,
which means the user can develop his own blocks according to his preferences. The
MATLAB environment has been used in this thesis for conducting simulations of an
induction machine operation.

5.2 Simulation model

In Figure 5.1 the simulation model of a vector control scheme for the induction
machine is shown. The blocks that construct the scheme are the "Induction ma-
chine", "Frequency converter", and "RFO". The objective of the application is to
control the induction machine, which is the �rst block from the right. It has as
inputs the load torque and stator voltage. In a physical application, there are mea-
surements taken from the machine which in this model are the outputs. These are
the stator current and the rotor speed. The simulation model itself can be modi-
�ed so that the speed is also measured in order to verify the accuracy of the full
order observer design and/or to simulate other vector control methods, for example:
reduced-order observers which need speed sensor feedback. The speed variable is
not used to control the machine.

The "RFO" block is presented in Figure 5.2. This block is the one that gives
the controls signals to the frequency converter, hence this block can be identi�ed
as a vector control module. The "RFO" contains the control blocks necessary to
control the speed, �ux, and current. In these scheme the most important block is the

Figure 5.1: Full simulation model of the IM vector control
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Figure 5.2: RFO block scheme

"Flux estimator". The "Flux estimator" provides all the other blocks with estimated
values of the rotor �ux, the speed, and the angle of the �ux. It also provides the
coordinate transformation from stator reference to synchronous coordinates. The
"Current control" block receives the estimated values plus the reference for the
current which is provided by the "Speed control" and "Flux control" blocks and
calculates the duty cycles which are already transformed in stator coordinates and
fed to the frequency converter.

The blocks in the "RFO" scheme are programmed using S-function blocks which
are written in the C language. The simulated motor is an 2.2 kW induction machine
(ABB M2AA 100 LA). The motor's parameters are shown in Tables 5.1-5.3.
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Table 5.1: Base values of the induction machine

Base value Symbol and formula Value Unit

Voltage uB =
√

2/3UN 326.60 V

Current iB =
√

2IN 7.07 A

Frequency fB = fN 50 Hz

Angular frequency ωB = 2πfN 314.16 rad/s

Power 1.5uBiB 3464 W

Flux ψB = uB/ωB 1.04 Wb

Torque TB = p · pB/ωB 22.05 Nm

Impedance ZB = uB/iB 46.19 Ω

Inductance LB = ZB/ωB 0.15 H

Capacitance CB = 1/(ωBZB) 0.69 µF

Table 5.2: Rated values of the induction machine

Rated value Symbol and formula Value Unit

Power PN 2200 W

Voltage UN 400 V

Current IN 5 A

Frequency fN 50 Hz

Rotational speed nN 1436 rpm

Angular frequency ω1N = 2πfN 314.16 rad/s

Pole pairs p 2 -

Torque TN 14.06 Nm

Power factor cosφN 0.79 -
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Table 5.3: The inverse-Γ model circuit parameters in p.u. values

Parameter Symbol Value Unit

Stator resistance Rs 0.064 p.u.

Rotor resistance RR 0.0347 p.u.

Total leakage inductance Lσ 0.17 p.u.

Magnetizing inductance LM 2.1556 p.u.
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5.3 Simulation results and observations

5.3.1 Normal operation cases

There have been four simulation scenarios that were taken into account for testing
the full order observer designs, which will be referred as Cases 1-4. Case 1 consists
of a series of load operations. This scenario starts with the velocity of the machine
set at zero. After 1 second there is a stepwise increase in the speed to half of the
nominal speed. After reaching the indicated speed, a nominal load is applied then
removed in a span of one second. The simulation is ending by reducing the machine
speed all the way to zero.

In Case 2 a high speed operation is simulated. The simulation starts at zero speed
and continues so for 0.5 seconds, when the speed increases stepwise at the value of
1.5 p.u. There is also a nominal load applied while running at high speed, at the
1.5 seconds mark.

Case 3 is that of a slow speed reversal, which is the most challenging operation
for an induction speed. This case was simulated beginning from half the nominal
speed (0.5 p.u.) to the same value in negative. The �rst speed reversal process takes
15 seconds to achieve, after which the reference speed is changed back to the initial
speed.

Case 4 consists of two Case 2 sequences one after each other. In the following �g-
ures, the performance of the two observer designs mentioned in the previous chapter
is simulated.

Original design

In the �rst four �gures, Figures 5.3-5.6, is shown the original design [3]. For the
simulation there was a need to set values to the following tuning parameters: γi, γp,
which are the gains for the speed adaptation law used in the observer, and ωmin
which is a tuning parameter speci�c to the original design.

The original observer design [3] has been quite di�cult to tune, due to lack of
�exibility. The smallest changes in the parameters renders the simulation in error.
To be more speci�c one of the variables reaches zero which causes MATLAB to give
an error of division by zero. Nevertheless, successful simulations for the four cases
described above were achieved by setting two sets of values for the parameters. For
Cases 1, 2, and 4 the following values were used:

γi = 0.07,

γp =
Lσ
r
ki,

ωmin = 0.04.
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î d
,î
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Figure 5.3: Simulation waveforms for Case 1 for the original design proposed in [3]

And for Case 3:

γi = 0.07,

γp =
Lσ
r
ki,

ωmin = 0.05.

Figure 5.3 shows the waveforms in Case 1 for the original design [3], where the ωm
and ωm, ref represent the mechanical rotor speed and its reference, the Te/TN is the
electromagnetic torque in p.u., and îd, îq are the components of the estimated stator
current in synchronous coordinates. The simulation seems to be working normally,
with the exception of small disturbances in the currents, id and iq, and torque, when
there is an increase from 0 to 0.5 p.u. in speed. Due to those disturbances, a small
overshoot can be seen in the speed. This happens because the design parameter l
has the value zero for when the speed is zero, causing an erroneous calculation of
the rotor �ux estimate. Hence the observer gives a higher estimate of the current
id.

In Figure 5.4, Case 2 is displayed. This simulation has resulted with two big
overshoots in speed after which there are another two quite small overshoots in an
attempt to adjust the speed to the value of 1.5 p.u. It can be clearly seen that the
overshoots are caused by the instability in the currents, id and iq depicted in the
third plot in the �gure. By applying a load at 1.5 seconds, the machine has a lower
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Figure 5.4: Simulation waveforms for Case 2 for the original design proposed in [3]

speed than the reference. This phenomena is caused because the voltage cannot be
increased further than nominal, in order for the speed to reach the reference.

Figure 5.5 represents Case 3, where a slow speed reversal is simulated. At a
second after the simulation has started a load was applied, which can be identi�ed
by the small drop in speed at the beginning of the waveform but the speed has been
corrected easily. The machine performs the speed reversal without any problems,
hence the estimated values are following the reference quantities properly.

Case 4 is shown in Figure 5.6. This simulation was done to see how the design
behaves with repeated sequences. The �rst sequence goes in same way as in Case
1. But when the second sequence starts, id stays constant as it can be seen in the
third plot, hence the speed increases smoothly to the speed reference of 0.5 p.u. and
there is no overshoot anymore.

Improved design

The following �gures show the cases simulated with the improved design, [4].
This design has been very easy to tune. The design parameters do not a�ect the
operation drastically, unlike the original design. Figure 5.7 shows a smooth start,
the speed increases steadily. At the same time the id starts at a proper value, about
0.5 p.u., when for the original design the id has a value of 0.8 p.u., which was too big.
Also it is noticed that there is no overshoot when the speed reaches the reference,
unlike in the case for the original design where there was an overshoot before the
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Figure 5.5: Simulation waveforms for Case 3 for the original design proposed in [3]

stabilization of the speed. The speed is constant at 0.5 p.u. in under 250 ms, but
the original design takes about 250 ms also until the speed is constant.

The high speed operation (Case 2), shown in Figure 5.8, is carried out without
di�culty. There is a huge improvement from the original design, Figure 5.4. It is
running smoothly, reaching reference value in little after 250 ms, compared to the
original design where the speed does not stabilize in the 1.5 seconds before the load
is applied. There are no overshoots present. When the load is applied the speed is
constant in about 65 ms after, opposed to the original design, which it takes more
than 250 seconds to remain at constant value.

Finally Case 3 is illustrated in Figure 5.9. The speed reversal runs smoothly, no
visible disturbances in the speed except for when the load is used, which is a normal
phenomena.
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Figure 5.6: Simulation waveforms for Case 4 for the original design proposed in [3]
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Figure 5.7: Simulation waveforms for Case 1 for the improved design proposed in [4]
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Figure 5.8: Simulation waveforms for Case 2 for the improved design proposed in [4]
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,î

q
(p
.u
.)

t (s)

îd
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Figure 5.9: Case 3 simulation waveforms for the improved design proposed in [4]
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5.3.2 Stator resistance test

A series of simulations have been done in order to discover how the full-order
observer designs are behaving facing di�erent percentage of error in stator resistance.

These tests are bene�cial because in practice, the stator resistance of the machine
changes according to temperature. The temperature can change considerably while
the machine is running. Hence the full order observer needs to be able to withstand
changes in resistance.

The stator resistance error was applied to the estimated stator resistance pa-
rameter, the one used in the observer's algorithm. This means the simulation is a
situation where the observer uses a stator resistance di�erent than the actual stator
resistance of the machine.

Original design

The trials for the original design were not satisfactory. A trial for a very small
error, R̂s = 1.0001Rs, has been shown in Figure 5.10. In Cases 2 and 3, the wave-
forms plotted for the original design are the same as without error, R̂s = Rs, see
Figures 5.4 and 5.5. But for Case 1 the design does not cope with the minor error
and is not working at all. It can be seen that the system is highly unstable having
huge oscillations in speed and torque, Figure 5.10a.

At an error of R̂s = 1.0005Rs the simulation crashes completely. For Cases 1 and
3 the simulation gets interrupted at 0.06025 second and 0.0355 second, respectively,
which means that either �ux or speed have reached 0 or in�nite which causes MAT-
LAB to generate an error of positive or negative in�nity. In Case 2 the speed is
totally unresponsive remaining 0 for the whole time, except some oscillations when
speed is increased and when the load is put.

This shows that the original design has a high sensitivity for the stator resistance.
Further tuning will be necessary for establishing successful simulations when the
stator resistance changes. This could be done, but it cannot be put into practice.
Tuning cannot be done in matter of seconds while the machine is working. The only
viable solution would be to eliminate the dependency on the stator resistance.
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Figure 5.10: Simulation waveforms of the original design, [3], for R̂s = 1.0001Rs error

Improved design

The trials for the improved design have yielded better results. The design was
tested for stator resistance errors from R̂s = Rs ± 0.01Rs to R̂s = Rs ± 0.30Rs.

On overall the design has functioned very well for Cases 1 and 2, having no visible
disturbance in the speed and torque waveforms. Hence the improved observer design
handles the errors for stator resistance in applications that include normal speeds
and high speed operation. For these cases, [4] has made a great progress, making
the design stable and working for estimation errors in stator resistance, while the
original design is not able to run the simulations at all.

On the other hand Case 3 is a challenge for this design as well. In Case 3 the
machine has to do a speed reversal, which means the machine has to cross two times
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a region where ω1 = 0, these regions are very problematic for sensorless drives.
The design is not a�ected by the error R̂s = Rs± 0.01Rs in the stator resistance.

Normal operation of the improved design is witnessed for an underestimated error
where R̂s = 0.96Rs and until the overestimated error R̂s = 1.02Rs, like in Figures
5.7-5.9.

Figure 5.11a represents an example of the waveforms that the improved design
has for errors between R̂s = 1.02Rs and R̂s = 1.06Rs. The speed passes successfully
through ω1 = 0 the �rst time, but the second time the system crashes, the speed
remaining zero.

When the error is increased further than R̂s = 1.06Rs the waveforms follow the
ones in Figure 5.11b, which surprisingly has only a small disturbance in the ω1 = 0
zone both times. As the error is further increased the disturbance becomes bigger
and bigger until the system becomes unstable which was at the overestimation of
R̂s = 1.30Rs.

Although the system runs smoothly until an error of R̂s = 0.96Rs at R̂s = 0.95Rs

the system crashes, as can be seen in Figure 5.12a the speed is decreasing and does
not manage to come back to the reference at all. For an error of R̂s = 0.85Rs

the system manages to come back to the reference having a spike where the speed
decreases to the ω1 = 0 point, but it crashes at the second crossing.
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Figure 5.11: Simulation Case 3 waveforms of the improved design, [4], for stator resistance
overestimation
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î d
,î
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îd
îq

(a) R̂s = 0.95Rs
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Figure 5.12: Simulation Case 3 waveforms of the improved design, [4], for stator resistance
underestimation
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6 Discussion and conclusion

In this thesis the main topic is the full-order observer. Two new and promising
designs have been chosen, [3] and [4], in order to analyse them.

The full-order observer designs were simulated for a 2.2 kW induction motor in
MATLAB/Simulink. The simulation cases, that were considered for testing the
FOO designs, represent operations that the induction machine can do in certain
applications. The simulations include load operations at normal speed, high speed
operation with and without load, and speed reversal.

While trying to implement the original design [3] into the simulation model, the
design has proved to be very hard to tune. Slight changes in the tuning parameters
would render the simulation not working due to the �ux or speed having either zero
or in�nite value. The tuning parameters γi, γp, the gains for the speed adaptation
law, and ωmin which is speci�c to the original design, were found by trial and error.
Two sets of parameters were found to work for the cases simulated. With the chosen
parameters the full-order observer runs nicely for normal speed operations with some
load manoeuvres and for speed reversals, but for high-speeds the simulation runs
with oscillations while the design is trying to stabilize the speed to the reference.
After the stator resistance error test was conducted, it has been concluded that the
design does not present tolerance to changes in stator resistance.

The design in [4] is a great improvement to the original design [3] as it was
able to successfully overcome the latter's shortcomings. While the simulations were
conducted it has been noticed that the design is very �exible concerning the tuning
parameters mentioned above, which makes the tuning of the full-order observer an
easy task. The design has performed very well in all cases simulated, a visible
improvement is noticed in the high-speed operation. After the stator resistance
error trials, it shows that the changes have improved the tolerance of the design for
changes in stator resistance.

The most known problem of sensorless IM drives is the low-speed operation,
mainly when the motor operates in regenerative mode. This problem has been
remedied by [4] to a certain point. The design can withstand an underestimated
error of up to −4% and an overestimated error of up to +2% in the stator resistance
without a�ecting the stability of the system. Increasing further the error the insta-
bility at the low speed region can be seen. Further research would be needed if the
stability is wanted with larger estimation errors.

The computer simulations for this thesis have not included a stator resistance
adaptation scheme. By implementing an adaptation scheme for stator resistance, it
can improve the results of the simulations for both designs.

Stability tools have not been used to determine the stability sources in this thesis.
Future work can be done using some stability tools such like the linearisation model
proposed in [15] in order to analyse more thoroughly the designs chosen in this
thesis.
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