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Abstract

This thesis deals with the modeling, parameter identification, and state observation of a three-
phase induction machine. A mathematical model was developed in the two-axis reference
frame to describe the machine dynamics. The machine parameters were initially determined
using no-load and locked-rotor tests. To improve model accuracy, a Particle Swarm
Optimization (PSO) algorithm was applied to refine the stator, rotor, and mutual inductances.
The obtained parameters were validated experimentally using a dSPACE platform, and a good
agreement was observed between simulated and measured current, flux, and speed responses.
In addition, deterministic full-order and high-gain observers were designed to estimate non-
measurable states, particularly the rotor flux. The results demonstrate the effectiveness of the
proposed modeling, identification, and observation techniques for induction machine analysis
and control.

Keywords: Three-phase induction machine, modeling, parameter identification, PSO,
state observer, rotor flux estimation.

Résumé

Cette these porte sur la modélisation, I'identification des paramétres et I'observation d'état
d'une machine asynchrone triphasée. Un modele mathématique a été développé dans le repere
biaxial pour décrire la dynamique de la machine. Les paramétres de la machine ont été
initialement déterminés a l'aide d'essais a vide et a rotor bloqué. Afin d'améliorer la précision
du modele, un algorithme d'optimisation par essaims de particules (PSO) a été appliqué pour
affiner les inductances statorique, rotorique et mutuelle. Les paramétres obtenus ont été
validés expérimentalement a l'aide d'une plateforme dSPACE, et une bonne concordance a été
observée entre les réponses simulées et mesurées du courant, du flux et de la vitesse. De plus,
des observateurs déterministes d'ordre complet et & gain élevé ont été congus pour estimer les
¢tats non mesurables, en particulier le flux rotorique. Les résultats démontrent l'efficacité des
techniques de modélisation, d'identification et d'observation proposées pour l'analyse et la
commande des machines asynchrones.

Mots-clés : Machine a induction triphasée, modélisation, identification des paramétres,
PSO, observateur d'état, estimation du flux rotorique.
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Nomenclature

:[ He main notations and abbreviations used in this thesis are explained below, in their
most commonly used form in the field of electrical engineering.

H Nom Symbole| Unité H
Time t S
Phase Voltage U \Y
Line Voltage U v
Current 1 A
Power P W
Rotor Flux 10) Wb
Stator Flux 10) Wb
Power Factor cos @ /
Frequence f Hz
rotor electrical angular speed w rad/s
The slip angular speed w rad/s
Electrical angular speed of the reference frame Q rad/s
Instantaneous position of the rotor magnetic axis 0 /
slip S %
number of pair of poles P /
Synchronous speed Ng rpm
Rotor speed Ny rpm
Mechanical rotor speed Q rpm




Nomenclature

xiii

Parameters

H Name Symbol | Unite H
Impedance Z Q
Reactance X Q
Resistance R Q
Inductance L H
Moment of Inertia J kg.m?
Friction Coefficient B N.s/rad
Rotor Inductance L, ‘ H
Stator Inductance L H
Magnetizing Inductance L, H
Stator Resistance R, Q
Rotor Resistance R, Q
No load active power Py \WY%
No load reactive power Qo VAR
Stator copper loss P;s0 W
Short-Circuit active power P.c W
Short-Circuit reactive power Qcc VAR
Core loss Prer W
Mechanical loss P,.ec W
Rotor time constant Tr s
Clarke reference frame af /
Park reference frame dq /
Continous time state-space model ABC /
Electromagnetic torque T, Nm
Load torque Ty, Nm
Viscous Friction B Ns/m?
Observation error e /
Observation gain G /
Observability matrix v /
Cognitive Learning Factor Ch /
Social Learning Factor Cy /




(Glossaries

H Word Signification H

An electrical machine where the rotor speed is different from

Asynchronous .

. the synchronous speed of the stator magnetic field.

Machine

(Induction

Motor)

ABC  Refer A thr.ee—phase s‘.ca.tio%lary c.oordinate system used to describe
electrical quantities in their natural form.

ence Frame

Slip Difference between synchronous speed and rotor speed.

D-q Model Simplified model using two axes for analysis.

PSO Particle Swarm Optimization

State-Space Mathematical model using equations to describe the system.

Model
A mathematical algorithm used to estimate internal states

Observer

of a system that cannot be directly measured.




General Introduction

ELectric motors play a fundamental role in modern industrial systems due to their re-
liability, robustness, and high efficiency. Among the various types of electrical machines,
the three-phase induction machine is one of the most widely used because of its simple
construction, low maintenance requirements, and ability to operate under different loading
conditions. These characteristics have made it indispensable in industrial drives, trans-
portation systems, renewable energy applications, and numerous automation processes.

The increasing demand for high-performance electric drives has highlighted the im-
portance of accurate modeling, parameter identification, and state estimation techniques.
The performance of advanced control strategies depends strongly on the precision of the
machine model and its parameters. However, the electrical and mechanical parameters of
induction machines may vary with operating conditions, temperature changes, magnetic
saturation, and aging effects, leading to discrepancies between theoretical models and real
systems.

To overcome these limitations, parameter identification methods are employed to de-
termine machine parameters accurately from experimental measurements. Conventional
identification techniques are often sensitive to measurement noise and may become compu-
tationally demanding when dealing with nonlinear systems. In this context, metaheuristic
optimization methods such as Particle Swarm Optimization (PSO) have emerged as pow-
erful tools capable of efficiently estimating machine parameters while minimizing modeling

eITrors.

Furthermore, modern control systems increasingly rely on state observers to recon-
struct variables that are difficult or impossible to measure directly. In induction machines,
quantities such as rotor fluxes are essential for high-performance control but cannot be
measured easily in practice. State observers provide an effective solution by estimating
these variables from measurable inputs and outputs, thereby reducing sensor requirements
and improving system reliability.

The objective of this thesis is to develop and validate a complete approach for the
modeling, identification, and observation of a three-phase induction machine. First, a



mathematical model of the machine is established in the stationary reference frame. Then,
the machine parameters are identified using experimental tests and optimization techniques
based on Particle Swarm Optimization. Finally, deterministic and high-gain observer struc-
tures are implemented and evaluated through simulation in order to estimate the rotor
fluxes and assess their convergence properties. The obtained simulation and experimen-
tal results demonstrate the effectiveness of the proposed methodology and confirm the
relevance of combining accurate identification techniques with advanced state observation

methods for improving the performance and reliability of induction motor drive.
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Dynamic Modeling of the Induction Machine
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1.1 Introduction

Electrical machines are physical devices designed for the conversion of electrical energy into
mechanical energy (motors) or vice versa (generators). These machines are found every-
where in modern life, providing the power for everything from home appliances and office
equipment to complex industrial manufacturing processes and transportation systems [7].

Within the broad category of electric machines, the induction machine(induction ma-
chine) has established itself as the principal workhorse of modern industry. Its widespread
adoption is due to several significant advantages: it possesses a simple and robust struc-
ture, requires virtually no maintenance, and offers low investment and running costs. A
distinguishing feature of the asyncronous machine is that it requires no separate DC field
current to operate. Instead, it functions as a rotating transformer, where rotor voltages
and currents are induced by transformer action from the stator windings [7].

Historically, induction machines were primarily used in uncontrolled, constant-speed
applications because they were more difficult to control efficiently than direct current (DC)
machines. However, the introduction of vector control (field orientation) in the early 1970s
revolutionized the field, proving that independent, decoupled control of flux and torque
could be achieved in induction machines, matching the high-performance capabilities of

DC drives [7].

The implementation of such advanced control strategies necessitates the use of dynamic
mathematical models rather than traditional steady-state phasor models. These dynamic
models must faithfully describe the machine’s electromagnetic and mechanical behavior
under arbitrary and often non-sinusoidal supply waveforms provided by modern power
electronic inverters [7].

The objective of this chapter is to establish the mathematical foundation for the dy-
namic modeling of the induction machine. It begins by deriving the machine’s fundamental
equations in the three-phase domain. Due to the complexity of time-varying coefficients
in this domain, a transformation procedure is employed to develop a Constant Parameter
Model (CPM) in a two-phase (d-q) common reference frame. Finally, the chapter presents
dynamic state-space representations and equivalent circuits, which serve as the essential
tools for performance simulation and the design of high-performance vector controllers [7].

1.2 Overview of the Induction Machine

An induction machine, is an electrical device where the rotor voltage and current are in-
duced in the rotor windings by transformer action from the stator. The defining feature of
this machine is that no separate DC field current is required for operation [3].

The constitution of an induction machine consists of two primary electromagnetic parts
separated by a uniform air gap: a stationary outer part called the stator and an inner
rotating part called the rotor. Both components are built from three basic elements: the
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core, the windings, and the insulation system |7], [3].

Terminal box Rotor Cage

Ball bearings

Ventilation
* fin

Shorting rings

Stator coil head Cooling Fan
* Cast iron
Stator housing with
Laminatios cooling

Stator slots

Figure I.1: Three-phase Induction Motor

- Stator: The stator construction is essentially identical to that of a synchronous
machine. It consists of a stationary frame that provides physical support for a stack of
ring-shaped, laminated iron cores. These cores have axial slots on their inner surface
to house the stator windings, which are typically three-phase windings distributed to
produce a uniform rotating magnetic field when energized |7], |3].

Figure 1.2: Stator

- Rotor: The rotor is mounted on a steel shaft and serves as the field circuit of the
machine. There are two primary types of rotor construction:

- Squirrel-Cage Rotor: This design consists of a series of conducting bars laid
into slots and shorted at both ends by large shorting rings. Because it has no
brushes or slip rings, it is highly reliable and requires minimal maintenance [3].
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Figure 1.3: Squirrel-Cage Rotor

- Wound Rotor: This type features a complete set of three-phase windings that
mirror the stator windings. The ends of these rotor windings are connected to
slip rings on the shaft, allowing external resistance to be inserted into the rotor

circuit to modify the machine’s torque-speed characteristics [3].

Bagues de connexion & la partie fixe
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S Balais
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Documaent Laroy-Somer

Figure 1.4: Wound Rotor

Industrial Significance and Advantages
The induction machine is considered the principal workhorse of modern industry. Its
widespread adoption is due to several key advantages:

- Simple and robust structure with high reliability,

- Low maintenance requirements and low cost,

- Capability to be built for an extremely wide range of power and speeds.
It is ubiquitous in industrial automation and variable-speed drives, commonly powering
conveyors, robot arms, pumps, fans, and compressors. In high-performance applications,

advanced techniques like vector control are used to achieve dynamic responses similar to
those of DC machines.

I.3 Operating of the Induction Machine

The operating principle of an induction machine is based on the interaction of electrical
and magnetic phenomena to convert energy. This process begins with the creation of a
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rotating magnetic field and relies on the laws of electromagnetic induction to generate me-
chanical motion.

When a balanced three-phase set of currents each equal in magnitude and and having a
phase difference of 120° flows through a three-phase stator winding, it produces a rotating
magnetic field of constant magnitude. This field is represented as a set of magnetic poles
(North and South) that rotate around the inner surface of the stator [3].

The speed at which this magnetic field rotates is known as the synchronous speed n,,
which is directly proportional to the supply frequency (f) and inversely proportional to
the number of pairs poles (p) in the machine [3]. The relationship is defined as:

_60f

=2 (11)

As the stator magnetic field rotates, it "sweeps" across the stationary or slower-moving
rotor conductors. According to Faraday’s Law, a time-changing magnetic field passing
through a coil induces a voltage within that coil. In the context of the induction machine,
this induced voltage (Eind) in the rotor bars is a result of the relative motion between
the rotor and the rotating magnetic field. This physical action is why the machine is often
called a rotating transformer, where the stator acts as the primary and the rotor as the
short-circuited secondary [7] [3].

The difference between the synchronous speed (ny) and the rotor speed (n,) is used to
define the state of the machine [3]. We use this to measure slip which is the relative speed
expressed in percentage:

ng — Ny

Slip (s) = (1.2)

Ng
At standstill (locked rotor), the slip is 1, while at synchronous speed, it is 0. Normal motor
operation occurs at a very low slip, typically where the rotor speed is near the synchronous
speed but never exactly equal to it [3].

If the rotor were to reach synchronous speed (ny, = n,), the relative motion would
become zero. Consequently, there would be no change in flux linkage, no induced voltage,
no rotor current, and no torque. Therefore, in motor mode, the rotor always turns at a
slower speed than the stator poles [3].

1.4 Steady-State Modeling of the Induction Motor

Steady-state modeling describes the performance of the induction machine when it is oper-
ating at a constant speed and supplied by balanced, sinusoidal three-phase voltages. While
dynamic models are necessary for control design and transient analysis, static models are
essential for general performance evaluation, power flow analysis, and initial parameter
identification [10].
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The Per-Phase Equivalent Circuit
The most common way to represent the induction machine in steady state is through a per-
phase equivalent circuit, which is derived by viewing the machine as a rotating transformer
[3]. Because the machine is excited (meaning power is supplied only to the stator), the
model consists of the following components referred to a single phase:

- Stator Circuit: Represented by the stator resistance (R;) and the stator leakage
reactance (X1). These account for the ohmic losses in the stator windings and the
flux that does not link with the rotor [3].

- Magnetizing Branch: Unlike an ideal transformer, the induction machine has an
air gap that requires a significant magnetizing current to establish the magnetic flux.
This is modeled by a magnetizing reactance (X,,) in parallel with a resistance (R.)
that represents core losses (hysteresis and eddy currents) [3].

- Rotor Circuit: The rotor is represented by its resistance (R,) and leakage reactance
(X,), both referred to the stator side. A critical feature of the static model is that
the mechanical load is represented as a variable resistance dependent on slip (g),
typically expressed as % [3].

Ve R¢ Xud E,

LAAAS

Figure 1.5: Transformer model [3].

Steady-State Mathematical Equations
In steady state, all time derivatives of flux linkages and currents in the dynamic equations
are set to zero. The machine’s behavior is then described using phasor variables or space
vectors rotating at a constant angular frequency (wg) [10].

The relationship between the stator voltage (Vs), current (is), and flux linkage (v5) is
simplified to[4]:

Vs = Ryis + jwgts (1.3)

Torque-Speed Characteristics
The static model is used to derive the torque-speed characteristic curve, which typically
shows three regions of operation [3|:

- Low-Slip Region: Normal operating range where torque is roughly proportional to
slip.
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- Moderate-Slip Region: The region approaching pullout torque (maximum torque),
where rotor reactance becomes significant.

- High-Slip Region: The region near standstill (locked rotor), where torque actually
decreases with increased slip.

The torque-speed characteristic curve of an induction motor provides critical information
regarding its operational limits, stability, and design trade-offs. These are the observations
regarding this curve:

- Zero Torque at Synchronous Speed: The induced torque of the motor is exactly
zero at synchronous speed (ng). This occurs because there is no relative motion
between the magnetic field and the rotor, resulting in no induced voltage or current.

- Linear Operating Region: The curve is nearly linear between no-load and full-
load conditions. In this low-slip range, the rotor resistance is much larger than the
rotor reactance, causing the rotor current and induced torque to increase linearly

with slip.

- Pullout (Breakdown) Torque: There is a maximum possible torque that the
motor can supply, known as pullout or breakdown torque. This typically occurs at a
point where the increase in rotor current is exactly balanced by the decrease in the
rotor power factor. For most motors, this peak is 2 to 3 times the rated full-load

torque.

- Starting Torque: For a typical induction motor, the starting torque (torque at zero
speed) is slightly larger than its full-load torque, allowing it to start under load.

I.5 Dynamic Modeling of the Asynchronous Machine

In order to analyse the dynamic behaviour of the induction machine, a mathematical model
is required. For this purpose, several simplifying assumptions are introduced. The stator
phase windings are considered identical and uniformly distributed in space, with a dis-
placement of 120 electrical degrees between phases. The magnetomotive force created by
each winding is assumed to vary sinusoidally along the air-gap periphery. Parasitic capac-
itances are neglected and the air gap is regarded as uniform, which allows the influence of
stator and rotor slotting to be ignored. The squirrel-cage rotor is replaced by an equivalent
balanced three-phase winding [3].

In addition, the electrical parameters of the machine, namely the stator and rotor re-
sistances and their leakage inductances, are assumed constant. Core losses are neglected
and the magnetisation characteristic is taken to be linear; therefore, magnetic saturation
effects are not considered.
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Pullout torque

Induced torque, % of full load

Full-load torque
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Mechanical speed

Figure 1.6: Induction motor torque-speed characteristic curve [3].

Based on these assumptions, the induction machine can be described in the three-
phase (abc) reference frame using instantaneous quantities, leading to the set of equations
presented below.

. dis
Vsapc = Rsisapc + WeaBC d’:BC (L.4)
) di,
Viapc = 0= Ryiyapc + % (I.5)

YsaBc = LsisaBc + LimiraBc

YraBc = LyiraBc + LimisaBc

L, and L, are the stator and rotor self-inductances and L,, is the mutual inductance.

I.5.1 Space-vector representation of the induction machine.

Va iA Pa
Veapc = | VB | sisapc = | ip | ;¥sapc = | vp | (I1.7)
Ve ic Yo
Va 1A ha
Viapc = | VB | iirapc = | i | ;¥raBc = | ¥B (1.8)

VC e} ¢c
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i = iSABC I = Ls Lsr(g) (I 9)
ir ABC 7 Lrs(e) L,
Laa Lap Lac 1 -1 -3
Ly=| Lpa Lpp Lpc |;Ls=Ls| -5 1 -1 (1.10)
Lea Lep Lec -3 —3 1
11
Laa Lap Lac I -5 —3
Lr=| Lga Lpg Lpc |iLr=L.| -5 1 —3 (I.11)
Leca Lep Lece -3 -3 1
cos(6) cos(0 + 2F) cos(6 — &)
Lys(0) = Lin(0) = | cos( — 2F) cos(6) cos(6 + 2F) (I.12)

cos(0 + &) cos(d — 2F) cos(6)

The variable 6 defines the instantaneous position of the rotor magnetic axis relative to the
stationary magnetic axis of the stator. It is obtained by integrating the rotor electrical
angular velocity over time:

0(t) = 6(0) + /0 w(r)dr (1.13)

I.5.2 Simplifying Assumptions

To establish the mathematical model of the induction machine, the following idealized
assumptions are adopted:

- The stator windings are identical and evenly distributed in space with an electrical
offset of (120°),

- The magnetomotive forces produced by the windings are assumed to be sinusoidal
along the air gap,

- The air gap is uniform and constant; the effect of stator and rotor slots is neglected,
- The parasitic capacitances of the windings are neglected,

- The rotor cage is considered a balanced three-phase winding,

- The leakage resistances and inductances of the windings are considered constant,

- Iron losses (hysteresis and eddy currents) are neglected,

- The magnetization characteristic is assumed to be linear, meaning that magnetic
saturation is neglected.

Under these assumptions, the asynchronous machine can be described by a linear model
in the instantaneous three-phase domain [7].
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1.5.3 Electrical and magnetic equations of the unsaturated induction
motor

The model is expressed in the synchronous rotating reference frame (d-q) rotating at an-
gular speed (wy).

(wg): electrical angular speed of the reference frame (synchronous speed)

(wy): rotor electrical angular speed

The slip angular speed is therefore:

Wl = Wy — Wy (I.14)
Electrical equations

dipgs
Vs = Rsigs + % - quzz)qs (1-15)

dtpgs
‘@=&m+{%+%ws (1.16)

dibay

Vir =0 = Ryigy + Zi—Q%—wﬁ%r (1.17)
Vgr =0 = Ryig + iz T (wg — wp)ar (I.18)

Magnetic equations

Yas = Lsids + Linidr (
Vs = Lsigs + Limigr (1.20
Yar = Lytgr + Limias (
Ygr = Lyigr + Linigs (

1.5.3-a Electrical equations in the ABC reference frame

In the natural three-phase stationary reference frame (ABC), the stator and rotor electrical
equations of the induction machine expressed with instantaneous quantities are: Stator
voltages

dl/)sA

Vsa = Rsisa+ — (1.23)
‘/SB = RsisB + dﬁzB (124)
dips
‘/SC = RsisC + 1/} © (125)
dt
Rotor voltages
di,
Via=0=Ryira+ zA (1.26)
dip,
V,p=0=Ruip+ ZB (1.27)
diy
Ve = 0 = Ryiye + 20rC (1.28)

dt
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1.5.3-b Magnetic equations in the ABC reference frame

Stator fluxes

Rotor fluxes

wsA = LsisA + LmirA
¢sB = LsisB + LmirB
wsC = LsisC’ + LmirC

er = LrirA + LmisA
er = LrirB + LmisB
¢7’C = Lyirc + Linisc

(1.29)
(1.30)
(1.31)

(1.32)
(1.33)
(1.34)

1.5.4 Park Transformation and d-q Model Axis Equations of the Induc-
tion Machine

In order to simplify the mathematical model of the induction motor, the three-phase vari-

ables expressed in the abc reference frame are transformed into a two-axis rotating reference

frame (d-q) using the Park transformation. The d-q frame rotates at the synchronous elec-

trical angular speed wgy. The Park transformation is defined by:

cos(#)  cos (6 — %’r) cos (6 + %ﬂ) Zq
Tg | =3 | ~ sin() —sin (6 — Z) —sin (0 — %) Tp
o ! ! ! 2

Where,0 (t) = [ wq(t)dt

(1.35)

In the synchronous rotating reference frame, the electrical equations of the unsaturated

induction motor are:

. dwds
Vas = Rsigs + W - wg¢qs
dipys
Vqs = Rsiqs + % + wgwds
. dip gy
Vir =0= Ryig, + 75;1 - (Wg - wr)wqr
. dipgr
Vgr = 0= Ryig + % + (wg — wr)Yar

Where w, is the rotor electrical speed.

The flux-current relations in the d-q reference frame are:

VYas = Lsigs + Lintar
Ygs = Lsigs + Linigr
Yar = Lyigr + Linigs
Var = Lyigr + Limigs

(1.36)
(1.37)
(1.38)

(1.39)
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1.5.5 Expression of Electromagnetic Power and Torque

The electromechanical energy conversion in an induction machine is characterized by the
electromagnetic torque developed by the interaction between the stator currents and the
rotor magnetic flux.

In the synchronous rotating reference frame d-q, the electromagnetic torque is expressed

by:

3 ) .
T, = ip(wdrlqs - ¢qr2d8) (1'44)

where p is the number of pole pairs, i4s and 74, are the stator current components, and
Yar, Yqr are the rotor flux components. When the reference frame is aligned with the rotor
flux (field-oriented control), the quadrature rotor flux component becomes zero (tg, = 0).
The torque expression then simplifies to:

3
Te = ip(d)driqs) (1'45)

Electromagnetic power transferred across the air gap is expressed as:
P, = Tew, (1.46)

where wy is the synchronous electrical angular speed.

1.5.6 Mechanical Equations

The mechanical behavior of the induction motor is governed by the rotational dynamics
equation. The electromagnetic torque developed by the machine accelerates the rotor and
balances the load torque and mechanical losses.

The mechanical equation of motion is:

Jd;"—tm =T, — Ty, — Bum (1.47)

Where, w, = pw,

J: total moment of inertia of the rotor and load
T.: electromagnetic torque

T load torque

B: viscous friction coeflicient

1.5.7 Choice of Reference Frames

The original model of the asynchronous machine in the natural three-phase (abc) coordi-
nate system is characterized by differential equations with time-varying coefficients. This
complexity arises from the mutual inductances between the stator and rotor, which are
periodic functions of the rotor angular position 6.
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To simplify the control and analysis of the machine, we apply Park’s Transformation.
This mathematical tool projects the three-phase variables onto a two-dimensional orthog-
onal system (d-q). The primary advantage of this transformation is that it can eliminate
the position-dependency of the inductances, provided we choose an appropriate rotational
speed wy for the d-q frame.

The selection of the reference frame speed is not arbitrary; it is a strategic choice based
on the specific objectives of the modeling.

1.5.7-a The Stator-Fixed Reference Frame

In this frame, the axes are fixed to the stator (wy, = 0), and the machine variables are
expressed in the stationary a — 8 coordinates.
Voltage Equations

, das
Vas = Rs as 1.48
ias + i (1.48)
dipgs
Vis = Ryigs + lgf (1.49)
dYar
Var = 0= Ryiqr + zét + Wrwﬁr (150)
dipg,
Vi = 0 = Ryig, + gf — wrtbar (L51)

1.5.7-b Rotor Reference Frame

Here, wy = w,. The observer sits on the rotor bar. The d-q axes rotate at the mechanical
speed wy..
Voltage Equations

Vis = Rstgs + % — wrgs (L.52)
Vis = Ruigs + 00 4wy (153)
Var = 0= Ryigr + % (1.54)
Vgr = 0= Ryigr + diq’” (1.55)

1.5.7-c  Synchronous Reference Frame

The axes rotate at the synchronous electrical speed of the stator magnetic field: wy = w;..
The difference between the synchronous speed and the rotor speed defines the slip speed

(Wl = wg — wy).
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Voltage Equations

dibgs
Vis = Rsias + ;btd — Wygs (1.56)
digs
Vqs = Rsiqs + % + wgwds (157)
: dYar
Var = 0 = Ryig, + 2}: - (wg - wr)wqr (1'58)
Vg = 0= Ryigy + 20
qgr = U0 = Byigr + dt + (Wg — wr)Yar (1.59)

The flux-current equations remain the same regardless of the reference frame

Yas = Lsidas + Liniar
VYgs = Lsigs + Linigr
Yar = Lyigr + Linigs
VYagr = Lyigr + Linigs

1.5.8 Modeling of the voltage-fed induction machine in the rotor refer-
ence frame

In this case, the d-q reference frame is chosen to rotate with the rotor. The angular speed
of the reference frame is therefore equal to the rotor electrical speed:

Wy = Wy (1.64)

By substituting this condition into the general electrical equations of the induction machine
in the synchronous (d-q) reference frame, the rotor coupling terms (wy —wy) become zero.
The rotor voltage equations are then simplified to:

dYar
Vir = 0 = Ryigy + jﬁf (1.65)
dipgr
‘/;17‘ =0= Rriqr + wq* (166)
dt
The stator equations remain:
dipgs
VdS = Rsids + Zf: - wr’l[)qs (167)
digs
Vqs = RSiqS + Zl/}; + wrys (1.68)

1.5.9 Modeling of the Voltage-Fed Induction Machine in the Stationary
Stator Reference Frame

In the stationary stator reference frame, the axes are fixed to the stator windings. The
angular speed of the reference frame is therefore zero:

wg =0 (1.69)
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Substituting this condition into the general equations gives the following electrical model:

Vas = Ryias + diﬁ;‘s (1.70)
Vis = Ryigs + dlﬁfs (L.71)
Var = 0= Rrice + 227 4 s, (172)
Ver =0 = Rrig, + Wer _ wrtar (1.73)

dt

1.6 Different models and state-space representations of the
induction machine

I.6.1 Representation I

The first representation is based on stator currents and rotor fluxes as state variables. This
formulation is widely used in the analysis and control of induction machines because stator
currents are directly measurable quantities, while rotor fluxes contain essential information
about the electromagnetic state of the machine. The model provides a good compromise
between physical interpretation and suitability for control applications.

1.6.1-a Model and representation of order 4 in the d-q and o —  frames of

reference:

Vis = Rsias + % — Wythys (1.74)
Vs = Rsigs + % + wWyds (L.75)
Vir = 0 = Ryigy + dﬁf’" — (wy — W)Wy (L76)
Vir = 0= Ryigy + 0 4 (w0, — 0,0 (1.77)
Was = Ly ids + Lo igy (L78)
Was = Ly igs +Lum igr (L.79)
Yar = Ly iy + L ias (1.80)
Yor = Ly igr +Lon igs (L81)

From (1.80)
iar = qid: - inds (1.82)

From(I.81)
igr = ﬁq — L’Zlq (1.83)
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Substitute equations (I.82) and (I.83) in equations (I.78) and (I.79) respec-
tively:

— L.
wds = Lsigs + L <M> (I~84)
L,
L? > Lm
=|Ls— ) igs +— 1.85
¢ds < s Lr ds Lr wdr ( )
Taking o LsL, = LsL, — L?,:
L2
ocLy=L,— -2 (1.86)
L,
. L,
Yas = 0 Lgigs + f%r (L.87)
T
I
qu - Lsiqs + Lm <¢QT mzqs) (188)
L,
L? L,
(U :<L—m>i +—1 1.89
qs s, )T Ve (1.89)
. Ly,
qu = ULqus + quT (190)
T
Differentiating (1.87) and (1.90):
¢ds =0Lsi4s +f z7Z1d7" (191)
T
qu =o0L, lqs +L7 ¢qr (1.92)
T
Substitute into equations (I.74) and (I.75) respectively:
Vas = Rsigs + 0Ls iqs +%T Yar —Wg (ULsiqs + %qur)
K 1 R, . . L, - wgLm
_ Ve — _ 1.93
Uds O'Ls ds O'LS ids + Wylgs O'LSLT wdr + O'LSLT wqr ( )
V;]s = Rsiqs + oL i(;s +% wqr ‘HUg <0'Lsids + %@Ddr)
L 1 Rs . Ly, ’ ngm
_ V. — _ _ — 1.94
lgs = - Vas g e T Wolds = e Yar = e (1.94)
From equation (1.76),
Var = —Ryigr + (Wg — wr)Vgr (1.95)
Substituting the value of ig4, from equation (1.82):
: R R.L,, .
Yar = _iqbdr + glds + (Wg - Wr)¢qr (1'96)
L, L,
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From equation (1.77),
Ygr = —Ryigr — (Wg — wr)Yar (1.97)
Substituting the value of ig. from equation (I1.83):
: R R, L
¢qr = _frwqr + 2 mzqs - (wg - wr)q/)dr (1'98)
T T
Substitute the values w'dr and @b;]r of into equations (1.93) and (1.94):
- R,  R.L2)\ . . R.Ly w 1
igs = — (a[l + o£ Z;) ids + Wylqs + N gy + Loy wqr oL. — Vs (1.99)
, R, R, L% , R, Ly, meT 1
oy = — <ULS o L2> ~ ot Tty — et Ve (L100)
= Az + Bu (1.101)
i '. i Rs R"‘L%”L Rer Lm T .
tds - (aLs oLng) Wy oLsL2 oTiLn ids
3 L Lm T RTLm )
fas | —W - (ULS + 0L3L2> —oleLn oLsL2 s | 4
Yar Byln 0 N e N
| Ygr 0 % _(wg — wr) _% Var
(1.102)
For the af frame w,; =0
r. R.L Ry L, Limwy .
tas o (aLs T 5L, L2> 0 oL L? UL:L)T las 011:@
. ) . ;
iss | _ 0 — (B + 8tm) L B || s || O
Yar RTLA 0 —% —Wy Yar 0
' ’ ReLm " Ry 0
L ¢qr | 0 Ly Wr L, ¢ﬁr
(1.103)

1.6.1-b Model and representation of order 5 in the d — ¢ and a — 3 frames of

reference
. . T
X = [ lds lgs Qpdr qu Wy
dwp,
J—— =T, - T, — Bw,,
dt L= ow
With w, = pwp,
dw, p B
g~ g e =T = e
3 )
Te - 2 (wdslqs quzds)

L
s = oLgis + 7md}r
L,

(1.104)

(1.105)
(1.106)

(1.107)

q

S O O

q

O~

]

[an}
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(¢driqs - wqrids)

o3

Il
N W N W

-]
hl—|
S

X = f(m) - wdr = _%wdr

. .
wqr = _E¢qr

) 3,.Lm
Wr = % 2P, (wdTqu -

RTLm

L
”‘ m
T lgs —

For the af frame w, =0
[ iao = — (& + El ) i + iy, +
+ oL L2) ips + %wﬁr -
@Z).ar =~ L, ¢ar RT m

L, las
w,@r - _1777/),81” Rer

) :Q § Lm y

Wr J | 2P T, (warlﬁs

iﬁs = - (O’LS

- ¢/5r2as>

1.6.2 Representation II

. L . .
oLgigs + Lm wdr> lgs — <0Lszqs +
r

. B
(wdrzqs wqrzds) - TL:| - 7‘*)7"

'i.—— + Bl ias + Welgs + Lrloapg, +
ds — O’LS oLs L2 ds glgs oL.L2 dr

ids + (wg

qrzd5> T

Lpw
O'[TZ LT d)ﬁ’/‘

Lpyw
i thar +

LL’:¢QT> ids] (1.108)

(1.109)
(1.110)

Lpw 1
gi’lfﬁ/}qr+ oL Vds

E]

R.L
L,%) lgs — Wylds + GF 75 %ar — S ar + 51

- WT)¢QT
(wg - wr)wdr

Juwr
(1.111)

O'L

UTSVﬁs

- Wrwﬁr

1835 + wrwar
— TL

— 7wT

In this representation, all stator and rotor flux components are selected as state variables.

Using only flux variables leads to a more compact electromagnetic description and high-

lights the magnetic coupling between the stator and rotor circuits.

This formulation is

particularly useful for observer design and theoretical analysis of the machine dynamics.

1.6.2-a Model and representation of order 4 in the d — ¢ and « — 3 frames of

reference
Yas = 0 Lgigs + 52, (1.87)
Pgs = 0 Lgigs + 521 (1.90)
From equations (I1.87) and (1.90)
ids = UES Yas — UZ’}/T Yar
lgs = 028 Pgs — Uf:}/r Yar

(1.112)

(1.113)
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From equation (I1.81),
— L.
bgr = M (1.114)
T
Substitute the value of i, into equation (I.79):
L.
gs = Lyige + Lar—Lmlasp (1.115)
L,
L2, L
Vgs = (Ls - Lr) igs + ﬁww (I.116)
Taking o LsL, = LsL, — L%n
. Ly,
qu = ULqus + Liqﬁqr (1117)
T
1 Ly,
lqs = — [.118
S s o (1118)
— L.
g = Yo~ Lm'as (1.119)
L,
Substitute 745 into iq,
L, 1
bgr = ———— — 1.120
S S L (1.120)
Substitute equations (1.112) and (I.113) into equations (1.74) and (I1.75) respectively:
: 1 Ly,
wds = Vds - Rs O'LS T/st - O'LSLT wdr + wgqu (1121)
: R RsL
Yas = Vs — JIZ Yas + 2 Z Yar + wgqu (1-122)
: 1
qu V R 2pqr 7qu - wgwds (1123)
L L Ly
R, RL
qu = Vs — oL, YPgs UISJSIT:« Ygr — wethds (I.124)
From equation (1.80)
— L.
g = Lir = Lrlar (1.125)
Ly
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Substitute the value of i4s into equation (I1.78):

wds = Lmidr + wdr rldr Ls
Ly,
L,L L
wds (Lm - 2 T) dr + ﬁwdr
— L

L?n LSL’I’ . LS
( Lo ¢ Yas — mwdr
i = Lmd]ds — Lsdjd'r
T T LI

Taking oL,L, = LyL, — L?

Lquz)ds - LS/IJZ)dT
—O'L L,

1

z/}cls TT wd’r

bdr = aL L

(1.126)

(1.127)
(1.128)
(1.129)

(1.130)

(1.131)

(1.132)

Substitute equations (1.120) and (I.132) into equations (1.76) and (I.77) respectively:

(1.133)

(1.134)

(1.135)

Vds

(1.136)

(1.137)

i R, Ly, R
wdr oL.L, dj O'IZ« ¢dr + (Wg - wr)d]qr
: R.Ly, R
Var = oL,L, qu B Ul; Var = (wg — wr)¥ar
= Ax + Bu
Vs —F w  Ep 0 as 10
L I B R = 0 S Yo |01
Yar U[T/‘SLW; 0 _07[;0 (wg - w”’) Yar 0 0
" 0 JEp —lwy-w)  —7E Yar 0 0
For the af frame w, =0
Vas 0 B 00 ) v 10
Vs | _ 0 -Z 0 ZHip Ygs | L |01 Vas
) o Ry L R,
Q;Z)CMT‘ ULSLT R (i B O'LT _L;T d’ar 0 0 Vﬁs
¢,3 0 Ulrzsﬂ Wr _UIZ« ¢/87’ 00
L r J
1.6.2-b Model and representation of order 5 in the d — ¢ and a — 8 frames of
reference
3 (Lrqu - meqr) (qu/]ds - medr)
T =° _
¢~ aP oL, oL, U

3 L
T 7p (qu¢dr ¢ds @Z}qr)

(1.138)
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dw P 3 B
dtT = J 2 O'L L (quwdr T/}dswqr) - Tr| — 7wr
( .
Yas = Vas = 22=bas + Z5pdar + wotlys
Yas = Vas — dvsthas + mi L gr — wetbds
X =f(z) = Yar = ZLpapgs — Ly + (wg — wr )ty
Ygr = fﬁfﬁ. Vgs — URTT,@/)qT - (Wg — wr)Yar
Wr = % [%pgfser (’(qus'(bdr - ¢dswqr) - TL} - %Wr
For the af frame w, =0
: R R,L
%s = Vas - T;Swas + ﬁwar
- R, RyLn,
Vs = Vos = o7 Vs T o7 T Yor
© RLn R,
Yar = JLerw oL, —Yar wrﬂ’ﬁr
: R.L,, R,
wﬁr - oL.L, ¢ﬁs - w,ﬁr + wWrthar
3 L B
Wr = g Py er (%ﬂﬁm - ¢a5wﬁr) - TL - jwr
was = Vas — iwozs fifﬂ 1/1047’

. RsLm
wﬂs - Vﬂs B ULs wﬂs U'LSL’,-/l/}ﬂT
Q;Z)ozr = ELTSLIT: T,bas - TLTTQ,Z)ar — Wrwﬂr
g = LLm R,
ﬂ}ﬁr ~ oLsL, wﬁs = oL~ "7[)57" + wrd’ar
Wy = % [%pa.[[::}” (wﬁswoﬂ‘ - Q/)aswﬁr) - TL — %WT

1.6.3 Representation III

(1.139)

(1.140)

(1.141)

(1.142)

(1.143)

(1.144)

The previous equations can be grouped into a compact state-space representation. This
formulation simplifies the mathematical description of the machine and facilitates the ap-

plication of modern control, estimation, and observer design techniques.
provides a unified framework for simulation and numerical implementation.

Moreover,

it

1.6.3-a Model and representation of order 2 in the d — ¢ and «a — 3 frames of

reference

X = [is, )"
1y = igs + Jigs
Yy = Yar + Jtbgr
Vs = Vs + JVis

(1.145)
(1.146)
(1.147)
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Stator dynamics

: R, R.L? Ly (R 1
| = — —_— | — = V. 1.148
: <0LS+JL L2+J“9> t oL, \T, e ) et o s (1.148)
Rotor dynamics
R, L R
vy = 2 LY <LT —j(w T)) Uy (1.149)
T T
is - (O’LS + ch L2 +ng> olljﬁm« (%: _jw7"> is i
T R.L R _ |
Uy o -\ - (wg — wr)> (o 0
(1.150)
For the of frame w,; =0
Stator dynamics
- R, R.L2\ . Ly, R, 1
) = — — = - — [.151
: <0Ls tonz) T o \ T, ) et oY (I.151)
Rotor dynamics
' R, L, . R .
- rL M — <LT +ng> Py (1.152)
T T
: Ln  (Re _ ,
is | (aLS T oL, L2) oLsLr (LT _]wT> sl oL V.
. = Ry L (R, , . b 0 s
Ur L, . TJwr r

1.6.3-b Model and representation of order 3 in the d — ¢ and a — 8 frames of
reference

X = [Z.d& iq& ¢T]T

. 1
ids = — (JLS + JL L2) ids + Wylgs + ULT L27/’7“ oL Vs
f(z) = lgs = ( ~+ L L2> lgs — Wylds — O'EZL Yr + aL
RyLp R
wr - 7erzds - f: T

For the af frame w, =0
X = [Z.asy Z.Bw ¢T]T

. — Rs RTL?YL y Rer
las = (aLs toL.ir ) fas oL Y oI

_ . R R-LZ \ . Lnw
f(ﬂ?) - s = = (O'LSS + oL Lnaé Zﬂs - ULmLT ¢"' o‘L

¢r RTLl;m las L %«

The different state-space representations presented above describe the same physical
system but using different state variables. Each formulation offers specific advantages
depending on the intended application, whether for simulation, parameter identification,
control design, or state observation. In this work, the selected representation serves as the
basis for the development of the induction machine model and the subsequent observer

design.
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1.7 Conclusion

This chapter presented the dynamic modeling of the induction machine as a basis for
analysis, control, and performance evaluation. After a brief overview of its structure and
importance, both steady-state and dynamic models were discussed, highlighting the limi-
tations of steady-state analysis for transient behavior.

To simplify the model, the Park transformation was introduced to convert the system
into the dq reference frame with constant parameters, making it more suitable for control
and simulation. State-space representations were then derived to support system analysis
and controller design, including advanced methods such as vector control and observer-
based techniques.

In conclusion, this chapter established the mathematical foundation of the induction
machine required for parameter identification and advanced control development in the
following chapters.
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II1.1 Introduction

Accurate knowledge of the electrical and mechanical parameters of asynchronous machines
is essential for their analysis, modeling, and control. This chapter builds upon the model-
ing framework established in Chapter 1 by focusing on the identification of the parameters
involved. Although nameplate data and manufacturer specifications provide initial infor-
mation, they are generally insufficient for determining all the parameters required for an
accurate representation of the machine. Consequently, experimental tests are necessary to
identify these parameters with greater precision [0].

Prior to performing these tests, it is essential to establish a mathematical model of the
machine, expressed as a system of equations involving the parameters to be identified [6].

This chapter first presents the development of various equivalent circuit models of
the asynchronous machine. It then introduces a classical experimental approach for the
identification of both electrical and mechanical parameters. Finally, simulation results are
presented and analyzed in order to validate the proposed models and assess their suitability
for subsequent control applications [6].

I1.2 Equivalent Circuits of the Induction Machine

The induction motor is commonly represented by a per-phase equivalent circuit based on
the transformer analogy. This representation is justified by the magnetic coupling between
the stator and rotor through the air gap. The model uses resistances and inductances to
describe the machine’s electrical behavior, where the stator and rotor resistances account
for copper losses, and the inductances represent leakage and magnetizing effects. These
parameters directly influence the voltage drops, power factor, and overall dynamic behavior
of the machine, and are essential for parameter identification and model validation [0].

g X, R, X5

.t.R'IF”'S:"IS

Figure I1.1: Equivalent Circuits of the Induction Machine |0]

Here all the other parameters are same except-
R, is the rotor winding resistance with referred to stator winding.

X, is the rotor winding inductance with referred to stator winding.

Rél—s)
B

is the resistance which shows the power which is converted to mechanical power
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output or useful power. The power dissipated in that resistor is the useful power output
or shaft power.

I1.3 Generalized Equivalent Circuit of the Induction Motor
in Dynamic Operation

The dynamic behavior of the three-phase induction motor can be described using the
generalized model in the Park reference frame, as established in Chapter 1. This model
is based on a system of differential equations that represent the electrical and magnetic
interactions between the stator and rotor circuits. By introducing the stator and rotor
leakage inductances, defined respectively as:

ls =Ly — L, (IL.1)
l, = L, — L, (11.2)

the model can be expressed in a more compact and physically meaningful form.

The magnetizing current, which is responsible for establishing the air-gap flux, is given

by:
Im = s + 1r (11.3)

Using these definitions, the voltage and flux equations of the machine can be rewritten as:

di dim, )
= ) — + L, — 11.4
Vs Rgis + 1 dt + Lm dt +ngws ( )
. diy dip, .
V,=0= Ryi, + lr% + Lmﬁ + jwg (I1.5)
% = lsis + Lpim (HG)

The figure below illustrates the generalized equivalent circuit of the induction motor in

dynamic operation:

Figure II.2: Generalized Equivalent Circuit [0]
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The generalized equivalent circuit above illustrates the electromagnetic coupling be-
tween the stator and rotor in the Park frame. It integrates ohmic losses, transformer
effects through leakage and mutual inductances, and rotational emfs jw) . By modeling
these dynamic interactions, the circuit captures the machine’s behavior during transient
states, making it the fundamental basis for advanced motor control and simulation [6].

II.4 Dynamic Equivalent Circuit of the Induction Motor in
the Stator Reference Frame

The generalized dynamic model presented previously can be simplified by expressing it in
the stator reference frame. In this case, the reference frame is fixed to the stator, and
therefore its angular speed is zero: wg =0

As a result, the stator voltage equations no longer include rotational terms, while the rotor
equations remain dependent on the rotor speed through the slip [6].Under these conditions,

the voltage equations become:

. di di
Vs = Rgis + lsdi: + Lmdizn (HS)
, di di .
V., =0=R,i, + le—tr + Lmd—;n + jwpthy (11.9)
The flux equations remain unchanged:
Vs = lsis + Linim (I1.10)
1/}1" = Ity + Linim (1111)

The figure below illustrates the dynamic equivalent circuit of the induction motor in the
stator reference frame:

I, R l R I
5 s r r
AT AN rm AM——
.
g do, I );‘m@i
dt
BG

Figure I1.3: Dynamic Equivalent Circuit [6]

In the stator-fixed reference frame (o), the frame speed is zero (wy = 0), which elim-
inates the stator’s rotational emf source. While this simplifies the circuit, it highlights a
major practical drawback: stator and rotor leakage inductances (Isandl,) cannot be mea-
sured independently through standard tests. Consequently, the model is often simplified
by mathematically 'referring’ all magnetic leakage to either the stator or the rotor side to
create a more usable equivalent circuit [0].
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I1.5 Steady-State Equivalent Circuit of the Induction Ma-
chine

Under steady-state sinusoidal operation, the equations of the induction machine can be
expressed in the frequency domain by replacing the time derivative operator with jw, ,
where w, is the stator angular frequency [6]. In the stator reference frame, the electrical

equations are written as:

Vs = (R + jwgLs) is + jwg Ly (I1.12)
V= (RT + jwler) Uy + jwsi Limis (11.13)

Since the rotor is short-circuited, its voltage is equal to zero.

To account for the mechanical operation of the machine, the rotor pulsation is expressed
as a function of the slip g:

Wyl = Wg — Wy = Wy (I1.14)

Substituting this relation into the rotor equation and dividing by g,one obtains:
R, . S :
V,=0= ? + jwgLy | ir + jwgLimis (I1.15)

This formulation highlights the term %,WhiCh reflects the influence of slip on the electrical
behavior of the machine and plays a key role in the electromechanical energy conversion

process.

In order to obtain a unified representation, rotor quantities are referred to the stator
side using a change of variable equivalent to a transformation ratio:

. ./
ir = al

(11.16)

T

This leads to the definition of the referred parameters:

/

R, =a*R,, L, = d’L,,L,, = aL,,
The equations then becomes:
Vs = (Rs + ngLs)is + jWgL/mi;

’

—0-= (]Zﬂwg i+ julL18)

=

To better represent the physical phenomena, the stator and rotor leakage inductances are
introduced as:

(11.19)
(11.20)
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Defining the magnetizing current as:
i = i+, (11.21)
The final form of the equations is obtained:
Vi = (R + jwgls)is + jeg Linin,

R,
‘/7‘ =0= (?T +.7wglr)2'r +.7wim

The figure below illustrates the Steady-State equivalent circuit of the induction machine:

_ 7 _ I, = a®L, — aM _
R RPN
‘rlll
R, a
|74 M' = aM L__R
: gg g "
B

Figure I1.4: Steady-State Equivalent Circuit [6]
The above circuit is analogous to that of a transformer with a short-circuited secondary
winding, in which the rotor quantities are referred to the stator side.

In this representation:

- R, represents the stator resistance,

ls is the stator leakage inductance,
- l; is the rotor leakage inductance referred to the stator,

- L,m corresponds to the magnetizing inductance,

/

% represents the equivalent rotor resistance, which depends on the slip.

I1.5.1 Calculation of the Total Impedance Seen from the Stator

In steady-state operation, the induction motor can be represented by its per-phase equiv-
alent circuit referred to the stator, as shown in the Figure above. In this model, all rotor
quantities are expressed on the stator side using an appropriate transformation ratio [0].

The parameters of the equivalent circuit are defined as follows:

- R Stator resistance,
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Figure II.5: Total Impedance Seen from the Stator [6]

/ .
- R, = a®R, rotor resistance referred to the stator,
- X, = wyL, rotor reactance,
- X = wyL; stator reactance,

- Xy = wyLy, magnetizing reactance,

a transformation constant adopted for referring the rotor to the stator frame.

The leakage reactances are given by:

X=X, —aX, (I1.24)
X5 =a?X, —aX,, (I11.25)

Using this equivalent circuit, the total impedance per phase seen from the stator terminals
can be determined. The stator impedance is:

Zy = Re+ j X3 (11.26)

The rotor branch impedance is:

/

R

By combining the stator impedance with the parallel association of the magnetizing reac-
tance j7X,, and the rotor branch, the total input impedance is obtained as:

v iXm (’3) +7Xs
Ze=7 =R+ jXi+ 4 (11.28)
§ 77" +]X2 +.7Xm

In steady-state operation, the per-phase equivalent circuit of the induction motor allows
the definition of the input impedance seen from the stator terminals. This impedance can
be expressed in the following form:

Z. = Re + jX. (11.29)



11.5. Steady-State Equivalent Circuit of the Induction Machine 33

where R, and X, represent the real and imaginary components of the input impedance,
respectively.
Using the equivalent circuit parameters, these components can be written as:

G X + X B
R.=R,+ "9 (11.30)
Ry
<7> + sz%
a’w3L? L
Xe=wgls+ ——a T (11.31)
Ry
(7) +w§LZ

Where X = w, (Ls — aLy) and X = w, Ly~

These expressions show that the input impedance depends on both electrical parameters
(Rs, Ls, Ry, Ly, Ly,) and the slip g, which reflects the operating condition of the machine.

It is important to note that the impedance Z, is independent of the transformation factor
a, while its components R.and X, are expressed in terms of parameters that must be
identified experimentally.

I1.5.2 Equivalent Circuit with Stator Leakage Concentration

Different equivalent circuit forms can be obtained by an appropriate choice of the trans-
formation factor a. One commonly used configuration is the model in which the leakage
inductances are entirely concentrated in the stator [6].

In this case, the transformation factor is chosen such that:

(11.32)

Under this assumption, the stator leakage inductance and the equivalent magnetizing in-
ductance become:

L2
lg=Ls— LT: =olL; (II.33)
P
L, = Lm =(1—-0)Ls (II.34)

The rotor resistance referred to the stator is then expressed as:

/ L? 1—o0)L
R, = ( L’”) R, = (T") (I1.35)

2

where o is the leakage coefficient and 7, is the rotor time constant given by 0 =1 — LLSTET

and 7, = é—: respectfully.

The figure below illustrates the equivalent circuit with stator leakage concentration:
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il

1-o)L,
a7

o~
—
=
|
Q
-
=
B}
WASNS

Figure 11.6: Equivalent Circuit with Stator Leakage Concentration

I1.5.3 Equivalent Circuit with Rotor Leakage Concentration

Induction Machine (IM) models are frequently formulated in terms of rotor flux, as this

variable is essential for the implementation of Field-Oriented Control (FOC). To adapt the

equivalent circuit for this objective, a transformation ratio is chosen such that a = LL:;L

. This specific transformation effectively nullifies the stator leakage inductance (Is = 0),
resulting in a simplified circuit structure with the following derived parameters [6]:

Total rotor leakage inductance (l;) is defined by the relationship:

, Li\? oL
_— L,—L,= I1.
" (Lm) R (11.36)
Referred magnetizing inductance L,, :
/ L
L, = < = > Ly =Ly (I1.37)
Ly,
Referred rotor resistance R, :
, L \? Ly
R =|—) R =—+—— 11.38
T <Lm> o (IL.38)

The figure below illustrates the equivalent circuit with rotor leakage concentration

_ L L
V. s L R
¢ § (1 - 0T,

Figure I1.7: Equivalent Circuit with Rotor Leakage Concentration [6]

11.5.4 Equivalent Circuit with Leakage Equally Distributed Between
Stator and Rotor

In this configuration, the transformation constant a is selected based on the Alger hy-
pothesis, which assumes that leakage is distributed equally between the stator and the
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rotor (ls = l;) Consequently, the relationship is established as I3 = l; = a?l,, leading to a

transformation ratio defined by [0]:

L,
=)= 11.39

Under this assumption, the derived electrical parameters for the equivalent circuit are
calculated as follows:

Referred magnetizing inductance L,, :

L, = %Lm =V1—oL, (11.40)

Stator leakage inductance [; :
ls=Ls (1-V1-0) (IL.41)
Referred rotor leakage inductance [, :
L=1ls=1Ls(1-v1—0) (11.42)

Referred rotor resistance R, :

2
/ Ls Ls LS

This specific model allows for the independent calculation of stator inductance Ls and ro-
tor inductance L., as well as the determination of the mutual magnetizing inductance L,,.
The figure below illustrates the equivalent circuit with leakage equally distributed between
stator and rotor:

I R, L(1-V1=0) L(1-v1-9) -
pe—r——AAA, MTa'a'2 ' . ANV T
r -
Ly
Ly
_ V1—o0Lg
Vs 9T,
Bo

Figure 11.8: Equivalent Circuit with Leakage Equally Distributed Between Stator and
Rotor [0]

When supplied with a fixed voltage, all three previously discussed models, regardless
of the non-zero value of a, exhibit the same total impedance as seen from the stator. As
a result, they maintain identical global characteristics, such as current draw and power

absorption [0].
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Independent of the constant a, the resistive (R.) and reactive (X.) components of the
total impedance Z. are defined by the following expressions:

gwg Ty
R. = Rs +w,L 1—0 11.44
e S g sl T (gngT)z ( ) ( )

_ (QWgTr)2
Xe=wyl, |1— (1-0) (11.45)

1+ (gwgrr)2

In these equations, the term gwy = wy represents the rotor pulsation (or slip pulsation).
These expressions demonstrate that the machine’s behavior is governed by four primary
electrical parameters (R, Lg, 0, andt,) and the rotor pulsation wgl, which varies according
to the applied load torque [0].

I1.5.5 Equivalent Circuit Including Iron Losses

To account for core losses within the machine, a shunt resistance Rp is typically inte-
grated in parallel with the magnetizing inductance L,,. This modification is applied to the
steady-state generalized model of the induction machine, as illustrated in the Figure below:

o~
T s
|
|
=
Q|®

Bo

Figure I1.9: Equivalent Circuit Including Iron Losses [0]

The resistance Rp is placed in parallel with the magnetizing inductance L,, to repre-
sent the iron losses.

The current distribution within this branch is governed by the following relationship:
it ip =i+, (11.46)
Where:
Rrip = Lpim (11.47)

It is important to note that while this resistance is added to model energy dissipation in
the iron, the fundamental voltage and flux equations for both the stator and rotor remain
unchanged [6].

The use of equivalent circuit modeling allows the induction machine to be represented
through various configurations derived from Park’s model. However, the practical applica-
tion of these models requires precise knowledge of their electrical parameters [6].
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Often, the data provided by manufacturers is insufficient to fully characterize these
parameters, and direct measurement can be technically challenging. Consequently, para-
metric identification through various experimental and analytical approaches becomes nec-
essary. In the following sections, we will first detail conventional identification methods
used to determine the electrical parameters, followed by the procedures for identifying
mechanical parameters [0].

I1.6 Classical Parameter Identification of the Induction Mo-
tor

This method consists in measuring, on a per-phase basis, the active power Pand reactive
power Qduring steady-state tests performed at zero useful output power, namely the no-
load test (g ~ 0) and the blocked-rotor test (¢ = 1). The measured powers are used to
determine R, and X, of the input impedance, which depend on the parameters to be
identified, as expressed below:

P ., P

R, = Py - i (I1.48)
Q s Q

X, = T 07 o V2= 7]3 (I1.49)

In motor operation, the squirrel-cage induction machine is the most commonly used in
industry, but it poses a challenge due to limited access to its rotor for experimental mea-
surements.

It is not possible to measure individually the actual parameters R,., L,, and M that appear
in simulation models.

The classical tests considered enable the determination of all electrical parameters of the
equivalent circuit with totalized leakage in the stator, namely: L, o, and 7., from which
Ly, L;, and R, can be deduced.

The stator resistance Rs can be easily obtained through a direct current (DC) test [6].

I1.6.1 Measurement of Stator Resistance

The stator phase resistance can be determined either directly using measurement bridges
(zero method), or indirectly using the volt-ammeter method. The latter is the most com-
monly used in practice [6].

In this method, a direct current (DC) voltage is applied to one phase of the stator, and
the corresponding current and voltage across its terminals are measured. The resistance is
then obtained using Ohm’s law:

R

<=

(11.50)
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Due to the relatively low value of the stator resistance, the downstream (ammeter-after-
voltmeter) connection is preferred to improve measurement accuracy. In addition, the
injected current must not exceed 10% of the rated current in order to avoid excessive
heating and magnetic effects.

The measurement is typically performed under thermal steady-state conditions (i.e., when
the machine is warm), since the stator resistance depends on temperature [(].

I1.6.2 No-Load Test

In this test, the induction motor is supplied at its rated voltage and frequency while op-
erating without any mechanical load. Under these conditions, the rotor rotates close to
the synchronous speed, and the slip is very small (g &~ 0). As a result, the rotor current
becomes negligible, and the air-gap flux is mainly established by the stator. The electro-
magnetic torque developed is only sufficient to overcome mechanical losses such as friction
and ventilation [6].

Under no-load conditions, the following approximations can be made:
Vs =Vso, ir=0, is=150Rin (I1.51)

In the equivalent circuit, this corresponds to an open rotor branch, since:

/

Ry — 00 as g—0 (I1.52)
g

Therefore, the no-load equivalent circuit is reduced to the stator impedance and the mag-
netizing branch only.

A o AAN AN — A o2 ANA——
I
=o)L — g Ls
Vso - s0
B o Bo— |

Figure I1.10: No-Load Test

Parameter determination:

U, P
V= %,Pph 30 (11.53)
The no-load power factor is:
P,
cosp=-——0 (I1.54)
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The current is decomposed into:

I, = Iycos g (I1.55)
L, = 1, sin ¢ (I1.56)

The parameters of the magnetizing branch are then obtained as:

|4
. = — II.
R L (I1.57)
|4
X = — IL.
T (11.58)
Impedance :
ZeO = ReO + le[) (1159)
Where :
Ry = —5—=Vio = Rs 11.60
P02 + Q% 0 ( )
Xeo Q_y2_ g, (11.61)

TRA® 0T
I1.6.3 Slip Test

The slip test is performed in order to analyze the behavior of the induction motor as a
function of the slip and to provide additional information about the rotor parameters. The
model is expressed in the synchronous rotating reference frame (dgq), rotating at the electri-
cal angular speed wy, which corresponds to the synchronous speed of the stator magnetic
field. The rotor rotates at the electrical angular speed w, [0].

The slip angular speed is defined as:
Wl = Wy — Wy (1I1.62)
From this, the slip is expressed as:

§=-4 T (I1.63)

During the test, the motor is operated under different load conditions, causing variations
in the rotor speed. For each operating point, the rotor speed, stator current, and input
power are measured. As the slip increases, the rotor current increases, leading to higher
rotor copper losses. This behavior reflects the dependence of the machine’s electrical and
mechanical performance on the slip. The slip test thus provides useful information for val-
idating the identified parameters, particularly those related to the rotor, and for analyzing
the operating characteristics of the induction motor [0].
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I1.6.4 Blocked-Rotor Test (Short-Circuit Test)

The blocked-rotor test, also known as the short-circuit test, is performed in order to deter-
mine the rotor and leakage parameters of the induction motor [6]. In this test, the rotor is
mechanically locked so that its speed is zero: w, =0

Hence, g = 1. Under these conditions, the rotor circuit is fully active, and the motor
behaves similarly to a short-circuited transformer
A reduced voltage is applied to the stator in order to circulate the rated current while

7 R oL, vl o,

A —5— AN rm M

(1-0)L, 3
>

=l

Figure I1.11: Blocked-Rotor Test

avoiding excessive heating. During the test, the following quantities are measured:
- Applied voltage U.c,
- Current I.c,
- Input power Pe.c.

Parameter determination :
PCC

— 2
Ree = mvcc (11.64)
Qcc 2
XCC = PCQC + Qgc‘/cc (1165)
Zee = Ree + j Xee (11.66)

I1.6.5 Deceleration Test (Routin’s Method)

The deceleration (or slowing-down) test is used to identify the mechanical parameters of
the induction motor. In this method, the machine is first brought to its rated speed,
after which the power supply is disconnected. The rotor then decelerates naturally due
to mechanical losses such as friction and ventilation [6]. The mechanical behavior of the
system is governed by:

J— = —Buw, (11.67)

where:

- J is the moment of inertia,
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- B is the viscous friction coefficient,
- wy lis the rotor angular speed.

Solving this equation gives:
wy (t) = wroe_%t (I1.68)

Taking the natural logarithm :

In (wy) = In (wro) — gt (I1.69)

I1.7 Experimental Results

This section presents the experimental results obtained from the various tests performed
on the induction motor. The measured data are used to determine the electrical and
mechanical parameters of the machine using the classical identification method.

I1.7.1 Nameplate Data of the Tested Motor

The experimental tests were carried out on a three-phase squirrel-cage induction motor
manufactured by Siemens. The rated characteristics of the machine, obtained from the
nameplate, are summarized in Table 100.

Figure 11.12: Nameplate Data of the Tested Motor
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Table I1.1: Characteristics of the Machine

Parameter Value
Manufacturer Siemens
Motor type Three-phase induction motor
Rated power 1.5 kW
Rated frequency 50 Hz
Rated voltage 230/400 V
Rated current 6.0/3.45 A
Rated speed 1420 rpm
Power factor 0.81
Efficiency class 1E1
Degree of protection IP55
Insulation class Class F
Mounting type IM B3

The machine was operated under rated conditions during the experimental tests, with
a star connection supplied at 400 V and 50 Hz.

Slip (s):
With the rated speed being 1420 rpm, synchronous speed=1500 rpm
§= L9 Wr (I1.70)
Wy
1500 — 1420
— ~ 0. I.71
1500 0.053 ( )

I1.7.2 Measurement of Stator Resistance

The stator resistance is an important parameter for the identification of the induction
motor model. It is required for the estimation of copper losses and for the determination
of the electrical parameters of the equivalent circuit. In this work, the stator resistance

was determined using two experimental methods:

- the voltammetric method,

- and direct measurement using a digital multimeter.

All measurements were carried out with the machine at standstill and under cold con-
ditions.
I1.7.2-a Measurement Using the Digital Multimeter

The resistance of one stator winding was first measured directly using a digital ohmmeter.
Since the motor is connected in star configuration, the measured resistance between two
terminals corresponds to two stator windings connected in series.

The measured resistance between two phases is:

Ryq = 29.202 (11.72)
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For one stator phase winding, the resistance is therefore given by:

Ry 29.200
L= fsa 1.7
R 5 5 (I1.73)
R, = 14.609 (I1.74)

To account for the temperature rise of the windings, a correction coefficient of 1.15 was
applied. The corrected stator resistance becomes:

Ry = 1.15 x 14.6092 (IL.75)
Ry = 16.79Q (11.76)

Hence, the corrected stator resistance obtained using the digital multimeter method is:
R =16.79Q
I11.7.2-b Measurement Using the Voltammetric Method

The stator resistance was also determined experimentally using the voltammetric method.
A DC voltage was applied to the stator winding and the corresponding current was mea-
sured. The resistance between two phases was calculated using Ohm’s law:

Ry = — (IL.77)

The table below show the different measurements taken and the value of resistance calcu-
lated:

27.00 | 31.50 | 37.00 | 41.00 | 43.00 | 45.00
250 | 2.84 | 3.15 | 345 | 3.60 | 3.70
9.51 | 10.00| 10.72| 11.39| 11.62| 12.16
4.75 | 5.00 | 5.36 | 5.69 | 5.81 | 6.08

I
D2 <

SIEIENIES
IS}
I

The average stator resistance obtained at cold temperature is:

(4.7545.00 4+ 5.36 + 5.69 + 5.81 + 6.08)

R, =
6

= 5.450) (11.78)
After temperature correction:
Ry = 1.15 % 5.45Q = 6.27Q) (11.79)

The results obtained using the two methods are relatively close, which confirms the valid-
ity of the measurements. Small differences may be caused by measurement uncertainties,
contact resistances, and temperature variations during the experiments. The voltammetric
method generally provides more reliable results because it is based on multiple measure-
ments and reduces the influence of instrument precision errors.
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I1.7.3 No-Load Test

The no-load test was performed to study the behavior of the induction motor operating
without mechanical load. During the experiment, the machine was supplied at rated fre-
quency while the rotor rotated freely at a speed close to the synchronous speed. Under
these conditions, the absorbed power mainly represents the iron losses, mechanical losses,
and stator copper losses, while rotor copper losses remain negligible due to the very small
slip. The measurements obtained during this test were used for the separation of collective
losses and for the determination of the stator cyclic inductance. The experimental readings

recorded during the test are presented in the following table.

Ry = 5.45Q (I1.80)
Table I1.2: Measured Parameters
Up(V) 200.00 220.00 260.00 300.00 340.00 380.00 | 400.00 | 440.00
Iy(A) 0.85 0.94 1.10 1.36 1.60 1.88 2.26 3.12
Po(W) || 130.70 149.60 198.80 269.20 350.00 | 462.00 552.00 810.80
Py (W) || -23.10 -36.40 -69.10 -115.30 | -168.60 | -246.30 | -303.20 | -461.80
Table I1.3: Calculated Parameters
Vo(V) 115.47 127.02 150.11 173.21 196.30 219.39 230.94 254.03
VE(V?) || 13333.33] 16133.33| 22533.33| 30000.00| 38533.33| 48133.33| 53333.33| 64533.33
Py(W) 107.60 113.20 129.70 153.90 181.40 215.70 248.80 349.00
Qo(VAR)) 266.39 322.16 | 464.02 665.97 | 898.24 1226.81 | 1481.25 | 2204.21
tan ¢q 2.48 2.85 3.58 4.33 4.95 5.69 5.95 6.32
vo(Rad) || 1.19 1.23 1.30 1.34 1.37 1.40 1.40 1.41
COS ©g 0.37 0.33 0.27 0.23 0.20 0.17 0.17 0.16
Pjso(W) || 11.81 14.45 19.78 30.24 41.86 57.79 83.51 159.17
P. =1 9579 98.75 109.92 123.66 139.54 157.91 165.29 189.83
Pfer +
Pmec(W)
Uo
Vo = % (I1.81)
Py = Py + Py (1182)
Qo = V3 (Pao — Py) (I1.83)
tan g = C]is (11.84)
©o = tanh™! (tan ) (11.85)
Pjs =3 Ry* I (11.86)
P. =Py — Pjs (11.87)




11.7. Ezxperimental Results 45

pc = pfertpméca = f (V0*2)
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RP = 0.9973
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Figure 11.13: No-Load Test Experimental Curve

From the curve above, Py = 71.54W

Under no load operation, P. = Ppec + Pfer

Pter = Pe — Pree (11.88)
Pjer = 165.29 — 71.54 (11.89)
Pje, = 95.75W (I1.90)
312
Li=— 11.91
= Qo -wy) (L91)
3 % 53333.33

L. — 11.92
% 1481.25 % 2 % 7 % 50 ( )
L= 0.344H (11.93)
Xs=Ls - w, (11.94)
X, =0.344 % 2 % 7 * 50 (I11.95)
X, = 108.07Q (11.96)

312
Rfer - ? (1197)

er

3 % 53333.33

Ry = *93T — 1076.679 (11.98)

I1.7.4 Blocked-rotor test

The blocked-rotor test is performed by mechanically locking the rotor and applying a
reduced three-phase voltage to the stator until the rated current is reached. Under these
conditions, the rotor speed is zero and the slip is equal to unity g = 1. Since the applied
voltage is low, the magnetic flux remains weak and the magnetizing current, iron losses, and
mechanical losses can be neglected. The equivalent circuit is therefore reduced to the series
combination of the stator resistance, the rotor resistance referred to the stator, and the total
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leakage reactance. This test makes it possible to determine the rotor resistance referred to

the stator R;, the total leakage inductance L., and the Blondel leakage coefficient . The

experimental results and the corresponding calculations are presented in the Figure below.

Table I1.4: Measured Parameter

U \Y% 53.00 | 59.00 | 64.20 | 69.50 | 75.00 | 81.90 | 88.20 | 90.00 | 96.00
I A 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.45 3.60
Py W 109.00 | 133.90 | 155.00 | 184.00 | 209.10 | 249.90 | 288.30 | 302.00 | 337.50
Py W 32.20 | 41.10 | 48.60 | 56.80 | 68.60 | 84.20 | 100.20 | 110.00 | 122.90
Table I1.5: Calculated Parameters

Vee A% 30.60 | 34.06 | 37.07 | 40.13 | 43.30 | 47.28 | 50.92 | 51.96 | 55.43
P.. W 141.20 | 175.00 | 203.60 | 240.80 | 277.70 | 334.10 | 388.50 | 412.00 | 460.40
Qee VAR 133.02 | 160.73 | 184.29 | 220.32 | 243.35 | 287.00 | 325.80 | 332.55 | 371.70
x =|/ 3.39 3.26 3.19 3.24 3.05 2.97 2.88 2.75 2.75
Pyee

coS Gon| / 0.73 | 074 | 074 | 074 | 075 | 076 | 077 |078 |0.78

I1.7.4-a Determination of the Rotor Copper-Loss Resistance Referred to the

Stator

The total resistance per phase during the blocked-rotor test is given by:

— PCC
312,

RCC

Substituting the measured values:

412

CC
The rotor resistance referred to the stator is then obtained from:

R;« = Rcc - Rs
Rs = 5.450)
R’:G.OQQ

11.7.4-b Determination of the Total Leakage Reactance
The Magnetizing Reactance :

_3xV§  3x230.942

X =
mn Qo 1481.25

~ 108.01Q2

The Mutual Inductance :

(11.99)

(11.100)

(11.101)
(11.102)
(11.103)

(11.104)

(11.105)
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Total Leakage Reactance :
Qce 332.55
Xee = = ~ 9.31Q I1.106
“CT3x 12 3x3.45 ( )
Total Leakage Inductance :
Xee 931
cc - 1007 0.0296 (I1.107)
Blondel Dispersion Coefficient :
L2 0.34382
=1-—"=1-———- =0.081N 11.108
7 L.L, 0.35862 (I1.108)
I11.7.4-c Determination of Blondel’s Leakage Coefficient
The Blondel leakage coefficient is obtained from:
Lo,
_ o I1.109
o= (11.109)
3.08 x 1072 9
= =89 x 10" I1.110
0.3438 8 (I1.110)

I1.7.5 Slip Test

The slip test was carried out in order to determine the rotor time constant 7., which is a

key parameter in the dynamic model of the induction motor. The machine was connected

in star and supplied at rated voltage and frequency. Once steady-state operation was es-

tablished, the stator supply was suddenly disconnected and the transient response of the

stator voltage Usa was recorded. The Figure below shows the damped sinusoidal waveform

obtained after the interruption of the supply. The amplitude of the signal decreases ex-

ponentially with time, and the corresponding envelope is characterized by the rotor time

constant 7. Two complementary methods were used to determine this parameter: a direct

graphical reading and an analytical calculation based on two points selected on the expo-

nential envelope.

Voltage phase a
T T
X 0.00998871
Y 306.641

300 - f

X 0.0969954
Y 129.883
.

Phase voltage va [Volts]

~100 H Y -119.141

-200
X 0.0199896
300 \ Y -311.523

100 |- /\
ol
XO 1079%/\/\/\/\/\/\—/\—/\

£ 550Qaw
T

0 0.05 0.1 0.15 0.2 0.25 0.3
time [s]

Figure II.14: Slip Test Graphical Reading
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11.7.5-a Method 1: Direct Reading of the Rotor Time Constant 7,

In this method, the rotor time constant is obtained by identifying two points on the positive
or negative envelope such that the second amplitude is approximately equal to 36.8% of
the first amplitude. The rotor time constant is then given by:

T =12 =1 (IL.111)

For the positive envelope, the selected points were:

£ = 0.00998871s, Vi = 306.641V (IL.112)
to = 0.0969954s, Vo = 129.883V (11.113)
V2 yoay (I1.114)
Wi

The corresponding rotor time constant is:
Trpositive = 0.0969954 — 0.00998871 = 0.087s (I1.115)
For the negative envelope, the selected points were:

t1 = 0.01998965s, V; = —311.523V (11.116)
ty = 0.107996s, Vo = —119.141V (11.117)

The corresponding rotor time constant is:

Trnegative = 0.107996 — 0.0199896 = 0.088s (I1.118)
Average value:
. Trnegative ; Trpositive (I1.119)
= 0.088 —2k 0.087 (I1.120)
7, = 0.0875s (I1.121)

I1.7.5-b Method 2: Calculation of the Rotor Time Constant 7,
Using the analytical expression of the exponential decay:
u(t) = Ve 7 (I1.122)

The rotor time constant is calculated from two selected points according to:

t — to

T = (I1.123)
()
Applying this relation to the selected points yields:
Positive envelope:
0.0099871 — 0, 0969954
Tr == In (306641 (IL.124)
(129.883)

7 = 0.101s (I1.125)
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Negative envelope:

_0.0199896 —0,107996
—311.523
In (419.141)

7, = 0.092s (11.127)

Tr =

(11.126)

I1.7.6 Deceleration Test (Routin Method)

The deceleration test was performed to identify the mechanical parameters of the induction
motor, namely the total moment of inertia J and the viscous friction coefficient B. The
motor was first operated at no load under rated conditions. The stator supply was then
disconnected, and the decrease in rotor speed was recorded as a function of time.

T Angular speed £, AE00 a6
T

X9.10167
160, Y 15621

140 - -

80 — |

Angular speed [rad/s]

60 - 8
40 - =

20
X 12.1099
Y -0.127832

o

I I I I I
9 95 10 105 1 15 12 125
time [s]

Figure 11.15: Experimental Variation of Rotor Angular

The Figure above shows the experimental variation of the rotor angular speed during
the slowing-down process. At the instant of supply interruption, the rotor angular speed
was approximately:

wro = 156rad/s (I1.128)
The mechanical losses previously obtained from the no-load test were:
Prec = 71.54W (11.129)

The corresponding resistant torque is:

P

Cpro = ¢ (I1.130)
Wro
71.54

The mechanical time constant was determined graphically by drawing the tangent to the
deceleration curve at the initial operating point. The intersection of this tangent with the
time axis yielded:

T = 1.10s (11.132)
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I11.7.6-a Determination of the Moment of Inertia
The total moment of inertia is calculated using:
C
J =T —22 (11.133)
Wro
Substituting the measured values gives:
0.4586
J=1.10 11.134
* 156 (IL134)
J =323 x 103K g.m? (I1.135)
11.7.6-b Determination of the Viscous Friction Coefficient
The viscous friction coefficient is determined from:
B=-L
Substituting the previously calculated values:
3.23 x 1073
B=—"#——#—— 1I.1
1.10 (TL.136)
B =294 x 107 3N.m.s/rad (I11.137)

Validation of Identified Parameters

No load Angular speed 2, AET
T T T

™A QA (S
WACNSNN

Angular speed [rad/s]

Experimental result
— Simulation result

-20
-0.05 0 0.05 0.1 0.15 0.2 025 03
time [s]

035

Figure 11.16: Comparing the Angular Speed of Experimental and Simulation Result

The experimental validation was performed by comparing the angular speed obtained
from the dSPACE platform with the corresponding Simulink simulation results. The com-
parison shows a very good agreement between the two responses during both the transient
and steady-state operating regimes. The small discrepancies observed during the accelera-
tion phase can be attributed to modeling simplifications, measurement noise, and param-

eter uncertainties. Nevertheless, the close overlap of the two curves confirms the validity

of the identified parameters and demonstrates the accuracy of the developed induction

machine model.
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11.8 Conclusion

In this chapter, the identification of the induction machine parameters was carried out
through a series of experimental tests. The no-load and blocked-rotor tests, together with
the analysis of the machine responses, made it possible to determine the main electrical and
mechanical parameters required for the development of an accurate machine model. The
experimental procedures allowed the estimation of parameters such as the stator resistance,
rotor resistance, leakage inductance, magnetizing inductance, and rotor time constant.
These parameters constitute the basis for the mathematical representation of the machine
and play a crucial role in the analysis of its dynamic behavior. The obtained results provide
a satisfactory characterization of the induction machine and establish a reliable parameter
set for simulation and control purposes. However, due to measurement uncertainties and
modeling assumptions, the identified parameters may still be affected by estimation errors.
Consequently, it becomes necessary to employ optimization techniques capable of refining
the identified parameter values and improving the agreement between the mathematical
model and the actual machine behavior. This aspect will be addressed in the following
chapter through the application of the Particle Swarm Optimization (PSO) algorithm.
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I11.1 Introduction

The induction motor is widely used in industry due to its reliability and low maintenance.
High-performance control of these motors is typically achieved using vector control, which
depends on accurate mathematical models and precise knowledge of internal parameters

[10].

However, key motor parameters (like resistances and inductances) vary during opera-
tion due to thermal effects, magnetic saturation, and other factors. This variation causes
detuning, leading to poorer performance such as slow response, oscillations, and reduced
efficiency [10)].

To address this, parameter identification methods are used. Traditional techniques (like
MRAC or standard tests) have limitations, including sensitivity to errors or restrictive con-
ditions [10].

Particle Swarm Optimization (PSO) provides a more advanced solution by treating
parameter estimation as an optimization problem. Inspired by swarm behavior, PSO effi-
ciently searches for the best parameter set, making it well-suited for handling the complex,
nonlinear nature of induction motor models and improving overall drive performance [10)].

II1.2 Sophisticated Methods for Identifying Induction Motor
Parameters

Identifying induction motor parameters (like stator/rotor resistance, leakage inductances,
magnetizing inductance, inertia, etc.) can go far beyond simple tests (no-load, locked-
rotor). Sophisticated methods usually mean model-based, optimization-based, or Al-driven
approaches that estimate parameters from measured signals (current, voltages, speed).

II1.2.1 Numerical and Statistical Approaches
I11.2.1-a Least Square (LS) Method

Principle: LS is a statistical approach to data processing that aims to find the best-fitting
parameter set for a machine model. It achieves this by minimizing the sum of the squares
of the difference between the measured data and the model’s predictions [10].

Application: It is primarily used as a numerical tool to process experimental data ob-
tained from the motor to calculate specific parameters based on an adopted machine model,
and offline identification off resistance and inductance [10].

Limits: Sources suggest that for certain identification tasks, this statistical approach
may not be simple or accurate enough compared to direct experimental methods due to
being sensitive to measurement noise [10)].
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IT1.2.1-b Recursive Least Squares (RLS) Method

RLS is an iterative version of the Least Square method . Instead of processing all data in
a single batch, RLS processes data points sequentially as they become available, updating
the parameter estimates at each step [10].

Application: In modern drive systems, RLS is often utilized for self-commissioning and
identifying the magnetising curve at standstill. It is particularly useful when the system
needs to "learn" parameters while the motor is not in motion [10].

Limits: The accuracy of the RLS method significantly deteriorates below a certain
magnetising current value . Because of this sensitivity to current levels [10].
I11.2.1-c  Extended Kalman Filter (EKF)
The Extended Kalman Filter (EKF) is a sophisticated tool from modern control theory

used for identifying asynchronous motor parameters.

Principle: It functions as an optimal observer for non-linear processes, providing state
and parameter estimation |10)].

Application: It is primarily utilized for on-line identification of rotor resistance (Rr),
which helps increase the overall accuracy and robustness of vector-controlled drives [10].

Limits: The method is computationally intensive and the compensation can be slow,
which often limits its successful application to steady-state operation. Additionally, its
accuracy is sensitive to the precision of other parameters in the machine model [10)].

I11.2.2 Methods Based on Artificial Intelligence Algorithms

IT1.2.2-a  Fuzzy Logic (FL)

Principle: Fuzzy Logic theory is used to handle the inherent non-linearity and complexity
of induction machine structures by providing a framework that can process imprecise in-
formation. Use of linguistic rules to approximate uncertain behaviors [10].

Applications: It is used to vary the gains of standard PI controllers to improve dynamic
performance. It is applied for the optimal efficiency control of machine flux [10].

Limits:It has low noise susceptibility and provide fast response times without overshoot

[10].

IT1.2.2-b  Artificial Neural Networks (ANN)

Principles: ANNs are extremely suitable for modeling and controlling highly non-linear
processes like electromechanical energy conversion. They attempt to biologically emulate
the adaptive evolutionary nature of living beings, such as reasoning, decision-making, and
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learning. In the context of parameter identification, ANNs function by learning the rela-
tionship between a system’s electrical signals and parameters to minimize an error function

[10] 2]

Applications: ANNs are explicitly used for identifying motor parameters, including the
on-line identification of rotor resistance (Rr). They are applied to feedback signal process-
ing and fault diagnosis in electric drives |10)].

Limits: The calculation required for these algorithms is described as "huge". For non-
linear parameter modeling, the network must learn from extensive sets of training data [10]

2]

IT1.2.2-c  Genetic Algorithms (GA)

Principle: This optimization technique is based on the principles of natural selection and
genetics. It represents potential solutions as a population of individuals (chromosomes)
composed of parameters (genes). The algorithm evolves these solutions over successive
generations using operators such as selection (favoring fitter individuals), crossover (com-
bining parent genes to create offspring), and mutation (randomly altering genes to maintain
diversity). Each individual is evaluated using a fitness function that measures how well it
minimizes the error in the machine model [2].

Applications: It is primarily used for off-line parameter identification, particularly for
determining electromagnetic parameters (resistances and inductances) from startup tran-
sient data such as free acceleration tests. It is also effective for identifying parameters in
nonlinear machine models [2].

Limits: The method is computationally expensive and requires significant CPU time
compared to conventional techniques. Its performance is sensitive to the selection of opti-
mization parameters, such as population size and mutation rate; for instance, a population
that is too small can lead to premature convergence on sub-optimal solutions |2].

I11.2.2-d Particle Swarm Optimization (PSO)

Principle: PSO is inspired by the social behavior of swarms, such as flocks of birds or
schools of fish. It maintains a swarm of "particles" that move through a multi-dimensional
search space representing potential solutions. Each particle updates its position and veloc-
ity based on its own personal best experience and the global best experience of the entire
swarm |9].

Applications: It is utilized to estimate equivalent circuit parameters from manufacturer
nameplate and performance data (such as torque-slip and current-slip characteristics) for
steady-state analysis [9].

Limits: A common drawback is premature convergence to local minima rather than the
global optimum [9].
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I11.2.2-e Bee Colony Optimization (BEE)

Principle: This algorithm mimics the foraging behavior of honey bees. The colony consists
of three groups: employed bees (who exploit known food sources), onlooker bees (who
select sources based on quality shared in the hive), and scout bees (who randomly search
for new sources). Food source locations represent potential solutions, and the quality of
the food corresponds to the solution’s fitness [3].

Applications: It is particularly effective for estimating parameters in double-cage induc-
tion motors by minimizing the differences between model outputs (torque, current, power
factor) and manufacturer-provided data [3].

Limits: Like other meta-heuristic methods, it can suffer from slow convergence or
require a large number of tuning parameters in certain cases [3].

III.2.2-f Ant Colony Optimization (ANT)

Principle: ACO uses a swarm of "ants" to search for motor parameters that minimize the
error between measured and modeled behavior. Better solutions attract more search via

"pheromones," leading to convergence [1].

Advantages: Finds global (near-optimal) solutions without a need for derivatives and
works well with nonlinear models and noisy data [1].

Limitations: Computationally slow and needs careful parameter tuning. It is also less
efficient for continuous problems with risk of premature convergence [1].
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111.2.2-g Comparative Table of Different Methods

Table I11.1: Comparative Table

Method Principle Application Limits
Least Squares | Minimizes error | Offline parameter | Sensitive to noise,
(LS) between data and | identification (R, | less accurate
model L)
Recursive LS | Updates parame- | Self- Poor accuracy at
(RLS) ters step by step | commissioning, low current
standstill learning
Extended Kalman | Observer for non- | Online rotor resis- | High compu-
Filter (EKF) linear systems tance estimation | tation, slow
response

Fuzzy Logic (FL) | Uses rules for un- | Control improve- | Implementation

certain systems ment, efficiency | details unclear
optimization
Neural Networks | Learns nonlinear | Parameter ID, | Needs large data,
(ANN) relationships fault diagnosis heavy computa-
tion
Genetic Algo- | Evolution-based Offline parameter | High CPU time,
rithm (GA) optimization estimation parameter sensi-
tive
Particle = Swarm | Swarm-based Steady-state May converge to
(PSO) search method parameter  esti- | local minima
mation
Bee Colony | Mimics bee forag- | Double-cage mo- | Slow convergence,
(BEE) ing behavior tor parameters tuning needed
Ant Colony | Uses pheromone- | Nonlinear param- | Slow, risk of
(ANT) based search eter estimation premature  con-
vergence

I11.3 Particle Swarm Optimization (PSO)

II1.3.1 Definition of an Optimization Problem

An optimization problem is a mathematical formulation used to determine the best possible
solution for a specific set of variables by minimizing or maximizing an objective function
while satisfying a given set of conditions.

In the context of asynchronous motor parameter identification, an optimization prob-
lem is defined as a mathematical formulation used to determine the best-fitting set of
machine parameters such as resistances and inductances by minimizing the error between
a computed model’s performance and reference data.
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A standard optimization problem for motor parameter determination consists of the

following core elements:

- The Objective Function: This is the primary mathematical expression designed

to be minimized,

- Decision Variables: These represent the unknown motor parameters being sought,
typically including stator and rotor resistances (R;, R2) and various inductances (L,
LQ; Lm)a

- Constraints: These are specific conditions or limits that the potential solution must
satisfy to be physically and operationally valid.

I11.3.2 Heuristic and Meta heuristic Methods
Some optimization problems are considered difficult requiring the use of sophisticated al-

gorithms approximate methods called: Heuristics and Metaheuristics.

Heuristic and Meta-heuristic methods are advanced optimization strategies used to
find "global solutions" for complex, non-linear problems(physical, biological, or socio-
psychological phenomena) where traditional mathematical methods might fail.

I11.3.2-a Heuristic Methods

A heuristic is a practical problem-solving approach designed to find a sufficiently good
solution in a reasonable timeframe, rather than an absolute mathematical proof of opti-
mality.

Principle: These methods use specific knowledge or intuitive strategies related to the prob-
lem.

I11.3.2-b Meta-heuristic Methods

A meta-heuristic is a higher-level framework, they are typically inspired by natural or bi-
ological systems, such as evolution or foraging.

Common meta-heuristics include:
- Genetic Algorithms (GA): Based on natural selection,
- Ant Colony Optimization (ACO): Based on the foraging behavior of real ants,

- Particle Swarm Optimization (PSO): Mimics the movement of bird flocks or fish
schools.
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II1.3.3 Principle of Particle Swarm Optimization

Particle Swarm Optimization (PSO) is a stochastic optimization technique based on swarm,
which was proposed by James Kennedy and Russell C. Eberhart in 1995. It is a population-
based meta-heuristic optimization algorithm inspired by the social foraging behavior of
swarms, such as bird flocks or schools of fish. It is designed to navigate a multi-dimensional
search space to find a "global solution" for complex, non-linear problems like motor pa-

rameter identification [9].

The principle of PSO is defined by the following key components:

- Swarm of Particles: The algorithm maintains a "swarm" of software agents called
particles. Each particle represents a potential solution to the problem,

- The Search Space: These particles move through a dimensional space, where unknown

decision variables are being sought,

- Particle Attributes: Each individual particle is characterized by two main vectors:
Position (X): Its current coordinates in the search space,
Velocity (V): The direction and rate of change of its position.

- Fitness Evaluation: Every particle has a fitness value calculated via an objective
function. This value indicates how "fit" or accurate that specific solution is compared
to the desired performance data.

Unlike simple random searches, PSO utilizes a memory-based mechanism to guide the
swarm toward the best solution. It tracks two critical pieces of information:

- Personal Best (pbest): Each particle remembers the best position it has personally
visited so far,

- Global Best (gbest): The swarm as a whole tracks the best position ever found
by any individual in the entire population.

The trajectory of each particle is updated iteratively. At each step, a particle adjusts its
velocity and position based on three factors:

- A physical component (Inertia): Its previous velocity, which keeps it moving in its
current direction,

- Cognitive Component: Its attraction to its own personal best experience,
- Social Component: Its attraction to the global best experience of the entire swarm.

By balancing these components, the particles "fly" through the search space, gradually
clustering around the region with the highest fitness (the global optimum).
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I11.3.3-a General Formulation

In a dimensional space, where n is the number of unknown decision variables, each particle

i in the swarm is characterized by the following vectors [9]: " . " . "

Position(x;): Represented as x; = [x;1, %2, ....., Tin|, Which signifies the particle’s
current location in the search space,

- Velocity(v;): Represented as v; = [v;1, v;2, ..., Uin|, which signifies the direction and

speed of the particle’s movement,

- Fitness(f(z)): A value calculated from an objective function that indicates the qual-
ity of the solution at the current position,

- Acceleration Factors (C1, C2): C1 is the cognitive learning factor and Cs is the social
learning factor,

- 71, 9: Random numbers uniformly distributed between 0 and 1.

Cr.1. (gbesr = xr')

Update

g best

(pbesr -X :')
DPhest

Figure III.1: General Formulation

Velocity Update Formula:
Uij (k + 1) = Uij (k) + Cl *r1 [pbestij (k) - xij (k‘)] + CQ cTro . [gbestj (k‘) — .’L‘Z'j (/{7)] (HI.l)

In this formula the first part (vij (k)) represents inertia, the second part (C1 - 71 - [pbest;j (k) — xi; (k)])
represents the cognitive component, and the third part (Cs - 72 - [gbest; (k) — x5 (k)]) rep-
resents the social component.

Position Update Formula:
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Tij (k‘ + 1) = Tij (]{J) + vij (k? + 1) (IH.2)

The new position is simply the sum of the current position and the newly calculated
velocity.

I11.3.3-b Standard PSO Algorithm

The algorithm begins by initializing a population (swarm) of n particles. Each individ-
ual is randomly assigned an initial position vector (z;) and velocity vector (v;) within the
multi-dimensional search space [9].

Each particle’s current position uses an objective function (f(x)) to determine its "fit-
ness," this shows how close it is to the optimal solution for the specific problem [9].

The algorithm compares the current fitness of each particle to the best fitness it has
personally achieved in previous iterations. If the current position is better, it updates the
individual’s optimal position (pbest) [9].

The swarm identifies the best position achieved by any particle in the entire population.
This global optimal position (gbest) is updated if a superior solution is found in the current
generation [9].

New velocities are calculated for each dimension based on the particle’s previous veloc-
ity, its distance from its own pbest, and its distance from the swarm’s gbest [9].

Vij (k + 1) = Vij (li?) + Cl * T [pbestij (k) — Tgy (k)] + CQ T - [gbestj (k) — Tiy (k)] (HI.3)

The particle’s new position is computed by adding the updated velocity vector to its current
position vector.

Tij (k‘ + 1) = Tyj (]{J) + vij (k? + 1) (IH.4)

The algorithm checks if the ending criteria have been met such as reaching a predefined
optimal state, achieving balance, or exceeding the calculation limits [9].

- If the condition is not satisfied: The process loops back to be evaluated using the
objective function (f(x)) for a new generation,

- If the condition is satisfied: The search ends, and the final gbest is provided as the
solution.
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position according to the velocity
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Figure II1.2: PSO Algorithm
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I11.3.4 Topology Models

In Particle Swarm Optimization (PSO), the topology structure defines how particles in-
teract and share information with one another, directly influencing the swarm’s diversity
and performance . There two primary ways to determine these neighborhoods: social
(index-based) and geographic (distance-based) [9].

IT1.3.4-a Social Neighborhoods (Index-Based)

In this model, the relationship between particles has nothing to do with their physical or
topological distance in the search space . Instead, a particle is connected to other particles
based on their numerical identifier (e.g., Particle 1 is a neighbor of Particle 2 and Particle
10). These connections are typically static, meaning the structure remains fixed through-
out the optimization process [9].

Common social topologies include the star, ring, and von Neumann structures . For
instance, in a ring topology, each particle only communicates with its immediate numerical
neighbors, which slows down the spread of information and can help prevent premature
convergence on complex problems [9].

I11.3.4-b Geographic Neighborhoods (Distance-Based)

Geographic (or spatial) neighborhoods are determined according to the topological distance
between particles in the search space . A particle’s neighbors are those that are physically
closest to it at any given iteration. This mimics "spatial clustering," where individuals
only learn from those in their immediate vicinity [9].

Unlike index-based models, geographic neighborhoods are often dynamic . As particles
move through the search space to find optimal solutions, their "nearest neighbors" change,
requiring the topology to be recalculated periodically [9].

One method mentioned involves selecting the nearest m particles to be the neighbors
for a specific individual in each generation . Another advanced approach uses K-means
clustering to define spatial clusters where particles update themselves based on the common
experience of their current cluster rather than the entire swarm [9].

I11.3.5 Parameter Configuration

The configuration of parameters in Particle Swarm Optimization (PSO) is critical because
it directly influences the algorithm’s convergence speed, its ability to find a global opti-
mum, and its overall robustness . The primary parameters requiring configuration include
the number of particles, the confidence coefficients (acceleration factors), and the inertia
coefficient [9].
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IT1.3.5-a Number of Particles

The number of particles, or population size, represents the number of potential solutions
being evaluated simultaneously in the search space. Selection of the population size is
often related to the complexity of the problem, though the algorithm is not always highly
sensitive to this value . A common range for most optimization tasks is 10 to 50 particles.
In specific studies for induction motor parameter determination, a population size of 20
particles has been proven effective for identifying equivalent circuit parameters and while
larger populations can explore more of the search space at once, they also increase the
computational burden of each iteration [9].

IT1.3.5-b Confidence and Inertia Coefficients

Confidence Coefficients (Acceleration Factors C; and C3) These coefficients, also
known as acceleration factors, determine the influence of a particle’s own experience and
the experience of the swarm on its next movement [9].

- Cognitive Learning Factor (C7): This represents "individual thinking" . It pulls the
particle toward its personal best (pbest) position, signifying the particle’s confidence
in its own previous success.

- Social Learning Factor (C2): This represents "information sharing" or cooperation .
It pulls the particle toward the global best (gbest) position found by any member of
the swarm.

Historically, both are often set to 2.0 to allow the search to cover the regions between the
particle and its targets. In motor identification experiments, values of 1.5 for both factors
are frequently utilized [9]. Inertia Coefficient (Inertia Weight w) The inertia coefficient
or weight regulates the trade-off between global exploration and local exploitation. It
controls the impact of a particle’s previous velocity on its current velocity . It signifies the
particle’s "confidence" in its current moving state; it conducts inertial movement based on
its own existing velocity [9].

- If the speed is too low w the algorithm is too slow,
- If the speed is too high w the algorithm is too unstable.

Maximum Velocity Constraint The maximum velocity constraint (V,,ax) is a control
parameter in Particle Swarm Optimization (PSO) used to limit the speed of particles as
they move through the search space. Its primary purpose is to prevent particle velocities
from rapidly increasing to extremely high values, which can negatively affect the algo-
rithm’s performance.

It regulates the global search ability of the swarm, ensuring that particles do not "fly"
past optimal regions too quickly. It helps manage the trade-off between exploring new
areas of the search space and exploiting known good solutions [9].
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II1.3.6 Variants of the PSO Algorithm
I11.3.6-a PSO Algorithm with Inertia Coefficient

This variant, often referred to as the Inertia Weights Approach (IWA) was introduced by
Shi and Eberhart in 1998. It introduces an inertia weight (w) into the velocity update
formula to regulate the impact of a particle’s previous velocity on its current movement.
The velocity update equation becomes:

vij (k+1) =w-v;5 (k) + C1 - 71 - [pbestj (k) — x5 (k)] 4+ Co - 2 - [gbest; (k) — xi; (k)]
(I1L.5)

The inertia weight balances global exploration and local exploitation [9].

- Large w: Facilitates global exploration, allowing particles to search wide areas of the
solution space,

- Small w: Tends to facilitate local exploitation, helping the swarm to fine-tune and
settle on a specific solution.

In many applications, such as motor parameter determination, w is a time-varying function
that decreases linearly from a maximum (wpaz) to a minimum (wy,in) over the course of
the iterations. Shi and Eberhart originally suggested a range of [0.9, 1.2| for the weight [9].

it
W = Wmax — (wmax - Wmin) : < e ) (IHG)

t1termax

I11.3.6-b PSO Algorithm with Constriction Factor

Introduced by Clerc and Kennedy in 2002, this variant utilizes a constriction factor (x) to
control the swarm’s behavior. The constriction factor was developed through a formal anal-
ysis of the algorithm’s stability to ensure convergence and improve the overall convergence
rate. The velocity update equation is modified as follows:

vij (k+1) = x - [vij (k) + ¢1 - 71 - [pbestij (k) — zij (k)] + @2 - r2 - [gbest; (k) — 45 (k)]

(I11.7)
2
X = (IT1.8)
6—2+ V@ —19
bd=¢1+ P2, >4 (I11.9)

One unique advantage of the constriction factor is that it can realize the purpose of limiting
particle velocity without the absolute necessity of a fixed maximum velocity constraint
(Vinaz), although experiments show that using both together can still provide better results

[]-
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II1.3.7 Advantages and Disadvantages of the PSO Algorithm
Advantages of PSO

- Simple and easy to implement through programming,

- It is often more computationally efficient and demonstrates a fast convergence rate,

allowing it to reach optimal values quickly,
- It can be adapted to various application environments with minimal modification.
Disadvantages of PSO

It can converge prematurely,

- PSO does not sufficiently utilize all information gathered during the calculation,

The performance of traditional PSO can deteriorate quickly as the dimensionality of
the search space increases exponentially,

- PSO has difficulty dealing with discrete or binary variables.

I11.3.8 Example of Optimization Using the PSO Algorithm

This section aims to apply the PSO method to solve an optimization problem, by varying
the algorithm parameters (number of particles n and acceleration parameters (Cq, C3)) to
observe its behavior and analyze the impact of the different parameters on the search. We
consider the optimization problem: min {f (x1,z2,23)}

which consists of minimizing the function defined by the expression:

fzy,z9,23) =10- (1 —21)? +20- (2 — 22)* + 30 (3 — x3)° (111.10)
with the following constraints:
1+ a0+ 23 <5 and x%+2-$2 <3 (IT1.11)

As an indication, this function has a global optimum defined at the point:
x1 = 0.4377; 1o = 1.4569; x3 = 3.1054
f (1’1, T, 1‘3) = 9.3941

6067667606 66636 6.6 /6.6, 70.16./6./6 6 96.16./6 6 16.16./6 0 96.16./6. 0 16 /6.6 6.0 10,166 70,16 /6 76.10.6 6 76,10
% DEFINITION OF THE FITNESS FUNCTION
6067667606 66636 6.6 /6.6, 70.16./6./6 6 96.16./6 6 16.16./6 0 96.16./6. 0 16 /6.6 6.0 10,166 70,16 /6 76.10.6 6 76,10

function f=ofun(x)
%FUNCTIONAL OBJECTIVE (FITNESS) TO MINIMIZE
of=10*(x(1)-1)"2+20*(x(2)-2)"2+38*(x(3)-3)"2;
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This is the function the PSO wants to minimize.
Minimum occurs at:
271=1; .T2=2; $3=3
where: f(xz) =0

% DEFINITION OF CONSTRAINTS

% All constraints must be converted to the form (c@ <= @)
% If there are no constraints, then comment out (Start with %)
% the 3 lines 'c@' below

co=[1;
cB(1)=x(1)+x(2)+x(3)-5; % Contraint 1
cB(2)=x(1)"2+2%x(2)-%(3); % Contraint 2

% Defining penalties for each constraint

for i=1l:length(c@)

if ce(i)»e
c(i)=1;
else
c(i)=e;
end
end
%
penalty=1@0e0; % Penalty for each violation of constraint
f=of+penalty*sum(c); % Fitness function
end

If constraint is violated, the penalty activated.
The final fitness is then given as f = objective + penalty. So infeasible solutions become
very large.

% SEARCH FOR THE GLOBAL MINIMUM OF THE FUNCTION
% F(x1,x2,x3)=10%(x1-1)"2+26* (x2-2)"2+30% (x3-3)"2

tic
clc; clear all; close all

rng default
LB=[@ © @]; % Lower Bounds of the variables
UB=[1e 16 18]; % Upper Bounds of the variables

This gives the lower and upper bounds of variables.

0 S T1,22,x3 S 10 (IH.12)
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% PSO PARAMETER VALUES

m=3; % Number of variables

n=100; % Population size

wmax=8.9; % Max value of the inertia coefficient
wmin=0.4; % Min value of the inertia coefficient
cl=2; % Personal acceleration factor

c2=2; % Global acceleration factor

This gives the PSO parameters

% START MAIN PSO PROGRAM
maxite=106€9; % Set maximum number of iterations
maxrun=10; % Set maximum number of trials

for run=l:maxrun

run
% Start PSO initialisation --------------------------
for i=1:n
for j=1:m
x@(1,3)=round(LB(])+rand()*(UB(j)-LB(])));
end
end
x=x8; % Initial Population
v=0.1%x0; % Initial Vitesse
for i=l:n
fe(i,1)=ofun(xe(i,:));
end
[fmin@, index@]=min(f0);
pbest=x8; % Initial valeur of pbest
gbest=x@(index@,:); % Initial valeur of gpest

% End PSO initialisation ---------=---c-mmmoooomanan

This code runs the PSO multiple times, randomly initializes particles within bounds,
assigns initial velocities, evaluates fitness, and stores initial personal and global best.

% START PSO ALGORITHME

ite=1;
tolerance=1;
while ite<=maxite && tolerance>10"-12

w=wmax- (wmax-wmin)*ite/maxite; % inertia coefficient update

% Velocity update
for i=1:n
for j=1:m
v(i,j)=w*v(i,j)+c1*rand()*(pbest(i,j)-x(i,3))...
+c2*rand()*(gbest(1,3)-x(1,3));
end
end

% position update

for i=1:n
for j=1:m
x(1,3)=x(i,3)+v(i,3);
end

end
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This code initializes iteration counter and stopping criterion(until max iteration or
convergence is achieved), linearly decreases inertia weight(improves convergence), and im-
plements velocity and position update formula.

% Managing boundary (limit) violations of variables
for i=1:n
for j=1l:m
if x(1i,3)<LB(3)
x(1,3)=LB(3);
elseif x(i,j)>UB(3)
x(1,3)=UB(3);
end
end
end

% Fitness function assessment

for i=1:n
f(i,1)=ofun(x(i,:));

end

This code keeps particles inside search limits and computes fitness at new positions.

% Updated pbest values and fitness function
for i=1:n
if f(i,1)<fe(i,1)
pbest(i,:)=x(i,:);
fo(i,1)=f(i,1);

end
end
[fmin,index]=min(fe); % Search for the best particle
ffmin(ite,run)=fmin; % Store the best fitness
ffite(run)=ite; % Store the number of iterations

% Updated gBest values and best fitness function
if fmin<fmine

gbest=pbest(index,:);

fmine=Ffmin;
end

If current position better than previous best this code updates its personal best. This
code also finds the best particle among all and stores it and if a better solution is found it
updates it as the global best.

% Tolerance calculation

if ite>le@;
tolerance=abs(ffmin(ite-10@,run)-fmind);

end

% Displaying the results of the iterations
if ite==
fprintf('Iteration Best particle Objective fun\n');
end
fprintf('%8g %8g %8.4f\n',ite,index,fmine);
ite=zite+1;
end

% END OF PSO ALGORITHM




II1.3. Particle Swarm Optimization (PSO) 70

This code checks improvement over last 100 iterations and displays iteration num-
ber,best particle index and best fitness value.

ghest;
fvalue=10*(gbest(1)-1)"2+20*(gbest(2)-2)"2+30*(gbest(3)-3)~2;
fff(run)=Ffvalue;

rgbest(run, :)=gbest;

Fprintf('-----cem e \n');
end

S4%%%
% END OF MAIN PSO PROGRAM

949L94%%%

This code computes objective function without penalties then stores the final solution
and the best variables.

% Displaying results

disp(newline);

'Fpr‘intf( R R KKK R KKK R R KK KRR KKK KKK KKK KKK KKK KKK ERKEERRKKERRKKERK KRR KKK E \n');
fprintf('RESULTAT FINAL---==-=-========c=o--oommmoon \n');
[bestfun,bestrun]=min(fff)

best_variables=rgbest(bestrun,:)

'Fpr‘intf( T3 s 3K K 3K 3K 3K 3K K K 3K 3K K 3K S 3K 5K K 3K 3K 5K 5K 3K S K K 3K S o S K0 3K 5K R K 0K S KKK KRR K K R R R KK R HOR KK ¥ \n');

toc

% Convergence characteristics
plot(ffmin(1l:ffite(bestrun),bestrun),'-k');
xlabel('Iterations');

ylabel('Valeur de la fonction Fitness');
title('Caractéristiques de convergence de 1 algorithme PSO')

The figure below displays the optimal variables

- Caractéeristiques de convergence de | algorithme PSO

70 | 7

50 | b

40 | 1

20 b

Valeur de la fonction Fitness

107 s

0 . . . . . . . . .
0 100 200 300 400 500 600 700 800 900

lterations
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The convergence curve demonstrates that the PSO algorithm rapidly decreases the fit-
ness function during the first iterations, indicating efficient exploration of the search space.
After approximately 100 iterations, the fitness stabilizes around its minimum value, show-
ing convergence toward an optimal feasible solution.

RESULTAT FINAL— = ————
bestfun =

9.3941

bestrun =

1

best variables =

0.4377 1.4569 3.1054

EE R RS e e R e R R R S R R R

Elapsed time is 7.372866 seconds.

I11.4 Identification of Asynchronous Motor Parameters by
Particle Swarms

I11.4.1 Principle of Identification using the PSO Algorithm

The principle of parameter identification using Particle Swarm Optimization (PSO) is
based on formulating the determination of motor parameters as an optimization problem
designed to minimize the error between a computed mathematical model and reference
data.

I11.4.2 Parameters to be Identified

The identification process typically seeks to determine the electrical equivalent circuit pa-
rameters of the asynchronous motor to ensure the machine model accurately represents
electrical and electromagnetic interactions.
The primary parameters identified include:

Stator Resistance (R; or R;): The electrical resistance of the stator windings,

Rotor Resistance (Ry or R,): The resistance of the rotor windings,

Stator Leakage Reactance/Inductance (L; or Lg): The reactance associated
with the stator’s leakage flux,

Rotor Leakage Reactance/Inductance (Ls or L,): The reactance associated
with the rotor’s leakage flux,
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- Magnetizing Reactance/Inductance (L,,): The reactance representing the main
flux path in the motor.

For double-cage induction motors, the identification task expands to include specific pa-
rameters for both cages, such as Rid, L1d, Rod and Lad.

In some sophisticated identification schemes, additional mechanical parameters are also
sought to better predict system behavior, such as:

- Total Inertia (J): The polar inertia of the motor and its load,
- Viscous Friction/Damping (,): The mechanical losses due to friction,
- Rotor Time Constant (7'r): Often derived from the identified Lr and Rr, this

parameter is critical for vector control accuracy.

IT1.5 Simulation Results

A Particle Swarm Optimization (PSO) algorithm was implemented to estimate induction
motor parameters (Lg, Ly, Ly,).

=
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Figure II1.4: Induction Motor (Real Model)
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Figure IIL.5: Induction Motor to be Estimated using PSO

The simulation was carried out with a swarm size of 40 particles, with 180 iterations.
The objective of the PSO algorithm is to minimize the error between the outputs of the
real induction motor model and those of the estimated model.

Estimation (Tracking) of induction motor parameters with DOP-compatible PSO
T T T T

40 60 80 100 120 140 160 180
Process lteration Number

Figure I11.6: Estimated Parameters

The figure above shows the evolution of the estimated parameters during the PSO
optimization process. Initially, the estimates exhibit oscillations due to the random ini-
tialization of the particles and the exploration phase of the algorithm. As the iterations
progress, the swarm converges toward the optimal solution, reducing these oscillations. Af-
ter approximately 3050 iterations, the estimated parameters stabilize and remain close to
the actual values, demonstrating the effectiveness of PSO in achieving accurate parameter
estimation.

The final estimated values obtained after 180 iterations are:

Table II1.2: Comparative Table

Parameter Real Value Estimated Value Absolute Error
Stator Inductance | 0.3586 H 0.3550 H 0.0036 H
Rotor Inductance | 0.3586 H 0.3550 H 0.0036 H
Mutual Induc- | 0.3438 H 0.3403 H 0.0035 H
tance
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The relative errors are approximately:

_10.3586 — 0.3550]

s 100 ~ 1. 1.1
€L, 03586 * 100 0% ( 3)
10.3586 — 0.3550]
- 100 ~ 1. 111,14
L 03586 00~ 10% (IL.14)
10.3438 — 0.3403|
- 100 ~ 1. 1.1
- S 100 L0% (IT1.15)

Therefore, all estimated parameters were identified with an error close to 1%, indicating a
high estimation accuracy.

I11.6 Conclusion

This chapter focused on identifying induction motor parameters using optimization tech-
niques, with emphasis on Particle Swarm Optimization (PSO). After reviewing classical
and intelligent methods, PSO was introduced as a simple and effective metaheuristic for
nonlinear parameter estimation.

The PSO principle, including particle updates and key parameters influencing conver-
gence, was presented. The method was then applied by formulating an objective function
that minimizes the error between the real and estimated models.

Simulation results showed that PSO achieves accurate parameter estimation with good
convergence speed and robustness compared to classical approaches.

In conclusion, the PSO-based method proved to be an efficient tool for induction motor
parameter identification, improving modeling accuracy for advanced control applications.



Chapter IV

Observer Synthesis for the Induction Motor
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IV.1 Introduction

Effective control of an induction machine requires accurate knowledge of its internal state
variables. However, some important quantities, such as rotor fluxes and mechanical speed,
are not directly measurable or require expensive and fragile sensors. To overcome this
limitation, two approaches can be used:

An estimator, which is a replica of the system without feedback correction;

An observer, which is a replica of the system including a feedback term that continuously
corrects the estimation error.

In industrial applications, observers are widely used to reconstruct non-measurable vari-
ables from easily accessible quantities, namely stator voltages and stator currents. They are
particularly important in sensorless control systems, where they improve reliability, reduce
cost, and simplify maintenance. This chapter presents the theory and implementation of
several observer structures applied to the induction machine, including full-order observers,
reduced-order observers, and high-gain observers. Their performance is evaluated through
simulation and experimental results [5] [1].

IV.2 Observer Theory

IV.2.1 Principle of an Observer

The structure of an observer consists first of an estimator operating in open loop, also
called a predictor, whose dynamics are identical to those of the real system. By intro-
ducing a correction term based on the difference between the measured outputs and the
estimated outputs, a closed-loop structure is obtained. This feedback mechanism improves
the convergence of the estimated states toward their true values [5] [1]. In general, the
observer uses:

an input vector U, common to both the real system and the observer;

a state vector X, containing the variables to be estimated;

an output vector Y, whose components are directly measurable;

an estimated output vector 17, generated by the observer;

an estimated state vector )? .

The observation error is defined as:
ey =Y Y (IV.1)

This error is multiplied by a gain matrix L and injected into the observer dynamics to
correct the estimated states. By appropriately selecting the gain matrix, the convergence
speed and robustness of the observer can be adjusted so that the estimation error tends
toward zero. Before designing an observer, it is necessary to verify the observability of
the system and to choose a suitable reference frame. It is also important to evaluate
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the robustness of the observer with respect to parameter variations and measurement

uncertainties [5] [4].
U SYSTEM Y
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IV.2.2 Observer Structure

The architecture of an observer is generally composed of a copy of the plant dynamics
supplemented by a corrective feedback term. Based on the provided documentation, the
most common mathematical structure is expressed as:

(IV.2)

{ z=f(@u)-G9) [T~y
g:QO(f/fauﬂg?g)

Where:
- f(Z,u) represents the predictor or the open-loop estimator.
- G (9) (y — y) is the correction term, where G is the observer gain.

- (y — y) is the innovation, which drives the estimation error toward zero.

IV.2.3 Observer Implementation

The implementation of an observer for the induction machine involves several essential
steps. First, it is necessary to verify the observability of the system, which ensures that the
internal state variables can be uniquely reconstructed from the measured outputs. This
preliminary analysis is fundamental before any observer design. The second step consists
in selecting an appropriate mathematical model and reference frame. In the case of the
induction machine, the stationary («f) reference frame or the synchronous rotating (dq)
reference frame is generally adopted, depending on the intended application and the de-
sired simplifications. The synthesis of the observer gain matrix (L) is then carried out in
order to impose the desired convergence dynamics of the estimation error. Several design
methods may be used, the most common being pole placement, in which the observer poles
are chosen significantly faster than the natural poles of the machine, and the Lyapunov
method, which guarantees the asymptotic stability of the estimation error [5] [1].
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Finally, particular attention must be paid to the robustness of the observer with respect
to parameter variations. Since certain machine parameters, such as the rotor resistance
(R,), may vary with operating conditions and temperature, the observer must maintain
satisfactory convergence and accuracy despite these uncertainties [5] [4].

IV.3 Different Types of Observers

The choice of an observer depends on several factors, including the nature of the sys-
tem (linear or nonlinear), the presence of disturbances and measurement noise, and the
available computational resources. In the case of induction machines, a wide variety of ob-
server structures have been developed to estimate non-measurable state variables such as
rotor fluxes and mechanical speed. These observers can be classified according to different
criteria, which are presented in the following sections [5] [4].

IV.3.1 Classification of Observers

Observers are generally classified according to the way they model system dynamics and
handle uncertainties [5] [4]. The main classification criteria are:

- According to the treatment of uncertainties: deterministic observers and stochastic
observers;

- According to the nature of the system model: linear observers and nonlinear ob-

servers;

- According to the order of the model: full-order observers and reduced-order observers.

Each category offers specific advantages depending on the application requirements in terms
of estimation accuracy, robustness, and computational complexity. In the following sec-
tions, the principal observer families used for induction machine applications are presented

51 14

IV.3.2 Full-Order and Reduced-Order Observers

Observers may also be classified according to the dimension of the estimated state vector
relative to that of the system model.

A full-order observer estimates all state variables of the system. In the case of the induc-
tion machine, the state vector generally includes the two stator current components and
the two rotor flux components, resulting in a fourth-order model, to which the mechanical
speed may be added depending on the adopted formulation. This type of observer offers a
complete reconstruction of the machine states and generally provides high estimation accu-
racy. However, it requires greater computational effort and may involve the measurement
or estimation of additional variables such as rotor speed [5] [1].

A reduced-order observer estimates only the non-measurable variables, while directly
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measured quantities, such as stator currents, are used as known inputs. In induction ma-
chine applications, reduced-order observers are commonly used to estimate rotor fluxes
and, in some cases, rotor speed. By decreasing the dimension of the observer, the com-
putational burden is significantly reduced, making this approach particularly suitable for
real-time industrial applications [5] [1].

The design of reduced-order observers is often based on the separation of fast and slow
dynamics, for example using singular perturbation techniques. This approach preserves
good estimation performance while simplifying implementation [5] [].

IV.3.3 Deterministic and Stochastic Observers

This classification is based on the manner in which the observer takes into account un-
certainties and measurement noise. In practice, the signals available from the induction
machine are often affected by disturbances, modeling errors, and sensor noise, which can
significantly influence the quality of state estimation [5] [1].

Deterministic observers are designed under the assumption that the mathematical
model is exact and that measurements are free from random disturbances. Their objective
is to ensure the asymptotic convergence of the estimation error through an appropriate
choice of the correction gain matrix. Typical examples include the David G. Luenberger
observer, full-order and reduced-order observers, and high-gain observers. These structures
are relatively simple to implement and are widely used in induction machine control [5] [4].

Stochastic observers, on the other hand, explicitly account for the presence of process
and measurement noise. They model these disturbances using probabilistic descriptions
and determine the estimated states according to an optimal statistical criterion, usually
by minimizing the estimation error covariance. The most representative technique of this
family is the Rudolf E. Kélman filter, which provides highly accurate estimates even in
noisy environments [5] [4].

In summary, deterministic observers are preferred when the model is sufficiently accurate
and computational simplicity is required, whereas stochastic observers are particularly
suitable when measurements are corrupted by significant noise and a statistically optimal
estimation is desired [5] [1].

IV.3.4 Linear and Nonlinear Observers

The induction machine is inherently a nonlinear system due to the coupling between elec-
trical and mechanical variables and the dependence of certain parameters on the operating
conditions. Consequently, observers can be classified into linear and nonlinear structures
according to the nature of the mathematical model used for state estimation [5] [4].

Linear observers are designed on the basis of a linearized state-space model. Their cor-
rection gains are determined from constant system matrices, which simplifies both analysis
and implementation. These observers are effective when the machine operates around a
given operating point, but their performance may deteriorate when the system is subjected
to large variations in speed, load, or parameter values [5] [4].
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Nonlinear observers are specifically developed to account for the intrinsic nonlineari-
ties of the induction machine. They generally provide improved robustness and accuracy
over a wide operating range. Two principal approaches are commonly employed. The first
consists in linearizing the system locally around each operating point and updating the
observer gains in real time. The second approach constructs the observer directly from the
nonlinear model, leading to structures such as high-gain observers, adaptive observers, and
sliding mode observers [5] [1].

Because of their ability to cope with model nonlinearities and parameter variations, nonlin-
ear observers are particularly well suited to the estimation of rotor fluxes and mechanical
speed in induction machine drives.

IV.4 Deterministic observers

IV.4.1 Full-Order Deterministic Observer
IV.4.1-a System State Equation

For the synthesis of the full-order observer, we utilize a 4th-order state-space representation.
This is based on the assumption that the mechanical speed € is a slow-varying variable
compared to the electrical dynamics, allowing the system to be treated as pseudo-linear
[5] [1]. The observer, which runs a parallel model of the machine with a correction term,
is defined by the following state equations:

ES\ —+ U}/SI Vg —
Py 02.2

is | | - EI-pKQJ
: - M 1

Where:

1= [ (1) (1) ] and J = [ (1) _01 ] are the identity and orthogonal rotation matrices.

L; and L, are the complex observation gains, expressed as

L; =1L;p + JpQ2L,5 and L¢ = IL¢§R + JpQL¢g.
The observation gain matrix is structured as:

Lir  —pQLig
QL; L;

_ p iR iR (IV4)
L¢g —pQng

L;
Ly

L:

pQng ng

IV.4.1-b Choice of Observer Poles

The dynamics of the observation error e = x — Z determine how quickly the estimated
states converge to the real states. From the error dynamics equation e = (A= LC)e, we
can define the characteristic behavior of the observer. The system utilizes the property that
the eigenvalues of the product of two matrices X @ (€2) are the products of their respective
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eigenvalues |5] [1].
e; e ~Ligl —KI — LT+ pQJ 0
Ll =XQ((Q ¢ here X = i d0(Q) = T,
ew] Q) ewlwere [—Lwl I ]an QW) [ 0 — AT pQ]

The observer poles are determined through the eigenvalues of the observation error matrix.
Considering the characteristic equation of matrix X :

det (pI — X) =0 (IV.5)
The characteristic polynomial becomes:
¢* — (Lig+1) ¢+ (—KLyg + Lig) =0 (IV.6)

The roots of this polynomial define the observer poles:

1Ly V1 +2Lis + L2 +4K Lyg
P12 = 5 5

The matrix @ (€2) also contributes to the dynamic characteristics of the observer. Its

(IV.7)

eigenvalues are obtained from:

det A\ —Q () =0 (IV.8)
Which yields :

ot = —;TI L pQ (IV.9)

The obtained eigenvalues consist of a real and an imaginary component. The real part,
—T%,governs the attenuation of the estimation error, while the imaginary part p) reflects
the rotational behavior of the machine. To ensure asymptotic stability of the observer, all
poles of the observation error dynamics must possess negative real parts [5] [1]. Therefore,
the following stability condition must be satisfied:

Lis + KLd;% <0 (IV.lO)

This condition guarantees that the observation error decreases with time and that the
estimated states converge toward their actual values. Proper tuning of the observer gains
L;s and Lyg allows achieving a compromise between fast dynamic response and system
stability [5] [4].

IV.4.1-¢c Determination of Correction Gains

The gains L;g and Lyg are determined by Pole Placement. By imposing a desired pole
Ty + jrs and comparing it with the theoretical eigenvalues derived in the previous section,
we can solve for the specific gain values [5] [1]. For a general case involving complex poles,
the gains are calculated as:

_ fo%p%ﬂ + Ty oqp?Q? + ogpQ — x%

Lig IV.11
P (PQar T + xg) ( )
(zxTy + 1) (pQ — zg)
Ly = — V.12
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Simplified Real Pole Case:

If the design objectives allow for the choice of purely real poles g = 0, the gain expressions
simplify significantly to:

Lis = Thag + 1 (IV.13)
T,ap + 1
Lyg = —% (IV.14)

This simplification is often preferred in industrial implementations to reduce computational
complexity while maintaining robust convergence.

IV.4.1-d Simulation

Sf_Obs_Dtrmnst_Ordr_Cmplt

Alimentation

Figure IV.1: Simulation of the Full-order Observer

The figure above is the structure of a full-order deterministic observer. To evaluate the
tracking performance of the designed deterministic observers, a high-fidelity simulation
model was constructed in MATLAB /Simulink. The physical induction motor is modeled
using its state equations expressed in the stationary o — g reference frame, obtained via the
Clarke Transformation. This approach simplifies the observer equations by avoiding the
need for continuous rotor position tracking (6s) during coordinate transformations. The
nominal electrical and mechanical parameters of the physical machine used throughout all
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simulation profiles were obtained in chapter 2:

J = 0.0075K g.m? (IV.15)
L, = 0.3586 H (IV.16)

Ls = 0.3586H (IV.17)
Ly = 0.3438H (IV.18)
R, = 5.450 (IV.19)

R, = 6.09Q (IV.20)
f=0Kgm/s? (Iv.21)

While the physical induction machine exhibits natural mechanical losses due to friction,
the coefficient of viscous friction (f) inside the observer’s internal mathematical model
was deliberately set to zero (f = 0). This simplification deviates from the empirical value
calculated during the parameter identification stage in Chapter 2. By assuming an unmod-
eled mechanical loss scenario within the S-Function loops, the simulation acts as a rigorous
test for parametric robustness. Eliminating the friction coefficient forces the observer to
rely entirely on its feedback correction gains to overcome the intentional modeling mis-
match. Consequently, successful state reconstruction under these conditions validates the
observer’s immunity to parameter variations and unmodeled mechanical dynamics.

The performance, stability, and convergence rate of the observers depend directly on the
placement of their eigenvalues (poles). To comprehensively evaluate the tracking bound-
aries and structural sensitivity of the designs, the observer poles (p1) were varied system-
atically across different configurations:

Table IV.1: Simulation Results

Pole p1 Response time of the rotor | Maximum flux error
flux observation error
-10+j.250 0.615 s 0.029 Wb
-100+j.250 0.3 s 0.016 Wb
-250+j.250 0.32s 0.053 Wb
-400+j.250 0.23 s 0.051 Wb
-250+j.10 / 0.111 Wb
-250+j.100 0.45 s 0.007 Wb
-250+j.400 0.17 s 0.055 Wb

The simulation results for the full-order deterministic observer reveal a distinct trade-
off between convergence speed and initial transient overshoot. Moving the real part of the
poles further left (from —10 to —400) successfully accelerates the flux error decay, reducing
the response time from 0.615s down to 0.23s, but nearly doubles the maximum transient
error due to increased high-gain sensitivity. Conversely, altering the imaginary component
directly dictates tracking stability; a weak imaginary part —250 + 510 causes a complete
failure to converge, while an overly aggressive imaginary frequency tracking loop causes
higher peak overshoots. Among all tested configurations, —250 + j400 is selected as the
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optimal pole configuration. It delivers the fastest overall convergence speed of 0.17s while
maintaining a well-contained maximum flux error of only 0.055Wb, providing the most

robust dynamic performance for high-speed tracking applications.

i /“v —

Figure IV.2: Rotor Flux Tracking

The graph of the rotor flux tracking for p; = —250 + 5400.

Figure IV.3: Rotor Flux Estimation Error A (1)

IV.4.2 Reduced-Order Deterministic Observer

While a full-order observer reconstructs all state variables, a reduced-order observer focuses
exclusively on the non-measurable states. In the case of the induction machine, since the
stator currents (isq, isg) are already available through physical sensors, it is more efficient

to design an estimator solely for the rotor flux components (¢, ¥rg) 5] [4]-

IV.4.2-a System State Equation

The synthesis of the reduced-order observer begins by isolating the rotor dynamics from
the general model of the machine. By considering the stator currents as known inputs to



1V.4. Deterministic observers 85

the rotor subsystem, the state equation for the rotor flux is expressed as follows:

@D.ra -2 —pQ ¢ra I 0 Z.soz
e | = st o oo |+ :8 L ‘ (IV.22)
wT’,B p Tr 1”6 TT 25/3

To effectively observe the flux, we must define a measurable output that is directly linked
to these variables. By manipulating the stator voltage equations and the derivative of the
stator currents, we can define a "calculated output" vector ys. This vector is derived by
combining the stator voltages and currents:

sa T Lsdisa
[ysa ] - [” -y ] (IV.23)

Ysp vsg — 0 Ls dt

Substituting the machine’s parameters, this measurement equation can be rewritten in
terms of the rotor flux:

sa Lm -7 - Q ro .sa
Ysa | _ 7 Yra | | B O (IV.24)
Ysp L, PQ -7, 1/}7"5 0 Rr tsB
Where R, represents the modified resistance, defined as:
/ L\’
R, =R, - R, (L’”) (IV.25)

This resistance reflects the stator resistance augmented by the rotor resistance referred
to the stator side. This compact representation allows us to treat the rotor flux as the
state vector, while the currents and voltages serve as the inputs to a 2nd-order estimation
problem.

IV.4.2-b Antisymmetric Gain Matrix

For the synthesis of the reduced-order observer, an antisymmetric structure is chosen for
the gain matrix L. This choice is motivated by the inherent antisymmetric nature of the
induction machine’s dynamics, allowing for a simplified analytical approach to stability
and pole placement [5] [1].

Structure of the Gain Matrix The gain matrix L is formulated using a real component
Ly and an imaginary component Lg:

Ly —Lg
L= = LypJ + LgJ I1V.26
[L% Lo ] RJ + ( )

Error Dynamics and Stability The evolution of the estimation error e{z,r =Y, — E is
governed by the state matrix M. Given the rotor dynamics, the error differential equation
is:

e = Me V.27
br by (
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Where M is defined as :

_ Ly Ly L,,pQLg 1
o () B ) (1 a) v

. Ly Ly L, pQ2Lg 1
€y = <<1 L. > I+ L J> ( TTI +pQJ> €, (IV.29)

Choice of Observer Poles Assuming that the rotor speed ) remains constant, the
observer behaves as a linear system. The observer poles are therefore obtained from the
characteristic equation:

The eigenvalues of matrix M are given by:

g1 . g2
= (L Q -2 IV.
my (TTJ“ng >+J<glp Tr> (IV.30)
g1 . gs
= — | = Q) — QO — = V.31
ma (Tr+gzp > ]<91P Tr) (IV.31)

Where :
g=1- %L% and gy = —pQLL—T:Lg

The observer poles are selected such that their real parts remain negative, ensuring asymp-

totic convergence of the estimation error.

Determination of Correction Gains To ensure the error converges with the desired
dynamics, we equate the components of M to the real and imaginary parts of the desired
poles (zg and zg):

. L, IR (1/T,) + x5pQ2

Ln= 1" [1 T o0 ] (IV.32)
Ly JappQ — 25 (1/T;)

BT [ (1/T)7 + (p92)° ] (V3
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IV.4.2-¢ Simulation

Alimentation

Poles S1_Obs_Dtrmast_Orar_Rdt

Figure IV.4: Simulation of the Reduced-order Observer with an Antisymmetric Gain Ma-
trix

The figure above is the structure of a reduced-order deterministic observer with skew-
symmetric gain matrix. We evaluate the tracking performance using the same method as
the previous simulation.the nominal parameters remain the same too. The performance,
stability, and convergence rate of the observers depend directly on the placement of their
eigenvalues (poles). To comprehensively evaluate the tracking boundaries and structural
sensitivity of the designs, the observer poles (p;) were varied systematically across different
configurations:
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Table IV.2: Simulation Results

Pole p; Response time of the rotor | Maximum flux error
flux observation error
-10+j.250 0.725 s 1.627 Wb
-100+j.250 0.15s 0.974 Wb
-250+j.250 0.13 s 0.532 Wb
-400+j.250 0.17s 0.298 Wb
-250+j.10 0.14 S 0.195 Wb
-250+j.100 0.17 s 0.320 Wb
-250+j.400 0.15s 0.641 Wb

The reduced-order observer exhibits a large initial transient overshoots due to its re-
liance on measured inputs. However, it displays a good structural robustness, maintaining
stability and achieving fast convergence speeds across all tested pole configuration.

The best balance is —250 + 5250.

Figure IV.5: Rotor Flux Tracking

The graph of the rotor flux tracking for p; = —250 + 5250.

Figure IV.6: Rotor Flux Estimation Error A ()
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IV.4.2-d Diagonal Gain Matrix

In this configuration, the gain matrix L is chosen to be diagonal. This structure is often
utilized to simplify the implementation of the correction terms in the (o, 3) stationary
frame [5] [1].

Choice of Observer Poles The error dynamics for the reduced-order observer remain

governed by the matrix M:
ey, = Mey, (IV.34)

For the diagonal gain matrix L = diag (Ly, Lg), the characteristic equation is determined
by det (¢ — M) = 0. Based on the analytical expansion, the eigenvalues of the system are
found to be:

mio = — ELL +gopQ | £ | g1pQ2 — 92 (IV.35)
T, T,

By imposing the desired poles A 2 = —zy + jrg,we identify the real and imaginary parts:

91
TR = = + gopfd (IV.36)

1
rg = g1p§d — 92 (IV.37)

T

Determination of Correction Gains By solving the linear system formed by the equa-
tions above for g1 and g2, and then substituting back to find Ly and Lg, we obtain the
following correction gains:

B L, IR (1/T}) + z5pS2

Ly =1 [1 TP 700 ] (IV.38)
Ly [agpQ — 25 (1/T})

L [ (1/T)7 + (p92)? ] (139

These expressions allow for the exact placement of the observer poles while accounting for
the coupling effects induced by the mechanical speed ().
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IV.4.2-e Simulation Real Part

Alimentation ‘

PPPPP

Figure IV.7: Simulation of the Reduced-order Observer with a Diagonal Gain Matrix fixing
the Real part

The figure above represents the observer used for the simulation of the reduced-order de-
terministic observer with a diagonal gain matrix fixing the real part.

This simulation was performed to test a Diagonal Gain Matrix structure, which sim-
plifies real-time processor calculations by mathematically uncoupling the observer’s state
equations. The goal was to fix the real part of the observer’s eigenvalues to a single tar-
get number p; to see how restricting the matrix layout affects tracking speed and startup

overshoot.
Table IV.3: Simulation Results
Pole p; Response time of the rotor | Maximum flux error
flux observation error
-400 0.006 s 0.382 Wb
-250 0.17 s 0.561 Wb
-100 0.13 s 0.587 Wb
-10 0.6 s 0.001 Wb

The simulation results for the reduced-order observer using a diagonal gain matrix to
fix the real part reveal a highly non-linear relationship between eigenvalue placement and
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convergence dynamics. Pushing the pole aggressively to the left (p; = —400) yields an
ultra-fast response time of 0.006s with a well-contained maximum flux error of 0.382Wb.
Interestingly, shifting the pole closer to the origin slows the response but exposes a struc-
tural property: at p; = —10, the observer takes 0.6s to settle but achieves a near-perfect
maximum flux tracking error of 0.001Wb, showing that slow eigenvalue constraints heavily
suppress initial transient overshoots in this specific topology.

Among the tested choices, p1 = —400 is selected as the optimal pole configuration for
high-performance applications due to its near-instantaneous error decay rate 0.006s while
maintaining a highly acceptable transient error bound, making it ideal for tracking fast
machine transitions.

Figure IV.8: Rotor Flux Tracking

The graph of the rotor flux tracking for p; = —400.

-

Figure IV.9: Rotor Flux Estimation Error A (1)
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IV.4.2-f Simulation Imaginary Part

Alimentation

Machine AS

Poles

BE

Sf_Obs_Dtrmnst_Ordr_Rdlt_I

Figure IV.10: Simulation of the Reduced-order Observer with a Diagonal Gain Matrix

fixing the Imaginary part

The figure above represents the observer used for the simulation of the reduced-order de-

terministic observer with a diagonal gain matrix fixing the imaginary part.

This section evaluates a structural variation of the simplified Diagonal Gain Matrix

layout. While the previous section constrained the real component of the eigenvalues to

enforce specific exponential decay rates, this configuration fixes the imaginary part to a

designated frequency target.

Table IV.4: Simulation Results

Pole p1 Response time of the rotor | Maximum flux error
flux observation error
-400 0.4s 0.295 Wb
-250 0.6 s 0.686 Wb
-100 14 s 0.659 Wb
-10 11 s 0.147 Wb
Among all configurations tested in this section, p; = —400 is selected as the optimal

pole configuration. It yields the most efficient speed-to-error trade-off by cutting down the
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settling delay to a fraction of a second (0.4s) while ensuring that the high feedback gains
do not compromise the structural stability or trigger an uncontrolled transient overshoot
at startup.

=

Figure IV.11: Rotor Flux Tracking

The graph of the rotor flux tracking for p; = —400.

Figure IV.12: Rotor Flux Estimation Error A (¢, )

IV.5 High-gain observer

IV.5.1 High-Gain Observer for a Special Class of Non-Linear Systems

The induction machine is naturally a non-linear system due to the coupling between stator
currents, rotor fluxes, and mechanical speed. In order to estimate the non-measurable states
with fast convergence, a high-gain observer can be employed. This observer structure is
particularly suitable for systems that can be expressed in a triangular observable form and
whose non-linearities satisfy the Lipschitz condition. Starting from the state model of the
induction machine in the stationary « — § reference frame, the state vector is defined as

RIREE

iSC%
_ | e | _ | s IV.40
: wTOl [ w'l" ] ( )
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The system can then be written under the compact form:
z2=F(Q)z+G(vs,Q,2) (IvV.41)
With the measured output :
y=0Cz (IV.42)
Where :
C=[1 05| (IV.43)
The matrix F'(Q) is given by:
Fey=| 0 F@ (IV.44)
0 0
With :
K
- KpQ
F(Q) = Ty V.45
@=| o K (1v.45)
The non-linear term G(vs, €2, z) is expressed as:
gl (US7 Q7 ZS)
G (vs,,2) = . IV.46
( ) [ g2 (US,Q,ZS,1,[}7») ] ( )
Where :
—~i 1
o (s, Q) = | et oL, Vse (IV.47)
—Visg + oL. UsB
And :
M, 1
. Tisa — 7 VPra — pQ%,@
g2 (Us, Q7 s, 1/]7‘ = 1 . T IV.48
( ) [ TMTng +pQ¢ro¢ - %wrﬂ ( )
A diagonal matrix A(Q) is introduced as:
1 0
A(Q) = V.49
Which gives :
10 0 0
01 0 0
AQ) = .
(Q) 0 0 TKT KpQ (IV.50)
00 —KpQ £
The proposed high-gain observer is therefore written as:
2= F(Q)2+G (v, 2,2) — A1 (Q,2) 8, 1¢T (02— ) (IV.51)
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Where Sy is obtained from the Lyapunov equation:
0Sy + AT Sy + SgA —CTC =0 (IV.52)
With :
a=|01 (IV.53)
00
The matrix Sy can be expressed as:
-1 —6721
Sy = V.54
’ [ —6-21 20731 ] (1V-54)
The complete panoramic form of the observer becomes:
bsa 00 £ KpQ]T[ iwa
— - K - i
N I B S G0, 0,2) — L | 22| (1v.s5)
w/\ 00 0 0 qﬁ’ﬁ tsB — sp
- 00 0 0 Vrp
L wrﬂ J
Where Ly represents the correction gain matrix depending on the parameter 6.
The estimation error is defined by:
e=2z2—2z (IV.56)
Thus :
e=| G| =| BT (IV.57)
€y Ur — Py
The corresponding error dynamics are written as:
e={F(Q) —-A(Q)S,'CTC}e+ G (v5,92,2) — G (05,9, 2) (IV.58)
To study the convergence of the observer, the following Lyapunov function is considered:
V(e) =€l Se (IV.59)
V < =0V + 2pSaygAbs, V + 2X bg, V (IV.60)
Where :
d = sup {A_1 Q)} (Iv.61)
K
T —KpQ
0 =sup< 1, 5 I + 5 P (IV.62)
(£) +mp?| | (%) + Ep2)?
A =sup {[|A(Q)][} (IV.63)
K
)\—sup{l, T +KpQ]} (IV.64)
N = sup{HA(Q) A (Q)H} (IV.65)
’ pT'r' Q
= |- IV.66
1120z | T ‘ 11 T2 (IV.66)
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Consequently, the convergence condition of the observer is ensured if:
0 > 2pdagAbs, + 2\ bs, (IV.67)

This condition guarantees the asymptotic stability of the estimation error and ensures rapid
convergence of the estimated states toward the real states of the induction machine.

IV.5.2 Simulation

Alimentation

o—{ ]

:
theta

Obs_Farza

To validate state reconstruction under non-linear system constraints, a high-gain Farza
observer structure was implemented within the MATLAB/Simulink environment via a
specialized S-function block labeled ObsFarza. Unlike the linear deterministic models, this
non-linear framework dynamically updates its estimation trajectory by tracking continu-
ous physical couplings across six input channels: the stationary stator voltages , the mea-
sured stator currents (Isq,Isg), the mechanical rotor speed(£2), and a structural tracking
argument (#). The output estimation vector is evaluated using a dual-channel validation
topology consisting of a real-time tracking overlay scope on the right, alongside a dedicated
algebraic subtraction circuit at the top center designed to isolate and log the absolute non-
linear estimation error vector (A®) directly to the workspace memory workspace block

(t2).

Table IV.5: Simulation Results

Pole 6 Response time of the rotor | Maximum flux error
flux observation error

0 0.105 s 0.093 Wb

1000 0.01s 0.001 Wb

1050 0.01s 0 Wb

1100 0.01s 0 Wb

1500 0.008 s 0 Wb

The simulation metrics for the non-linear Farza observer highlight the exceptional track-
ing power of high-gain non-linear estimation loops. The parameter 6 acts as a design scaling
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factor; when 6 = 0, the observer behaves similarly to a standard baseline estimator, yield-
ing a moderate response time of 0.105 s and a maximum flux error of 0.093 Wbh. However,
increasing # to 1000 and above triggers an aggressive mathematical correction path that
systematically drives tracking errors down to zero. For values between 1050 and 1500, the
observer completely suppresses initial startup overshoots, yielding a flawless 0 Wb maxi-
mum flux error and forcing the state reconstruction loop to converge almost instantly.

Among the tested values, § = 1500 is selected as the optimal tuning parameter. It
achieves the fastest overall convergence speed in the entire lab, settling the state observation
error in an ultra-fast 0.008 s with 0 Wb of transient overshoot, demonstrating that the non-
linear observer is highly effective for high-performance, instantaneous state estimation.

Figure IV.13: Rotor Flux Tracking

The graph of the rotor flux tracking for § = 1500.

Figure IV.14: Rotor Flux Estimation Error A (1)

IV.5.3 High-Gain Observer for General Nonlinear Systems

Unlike the particular class of nonlinear systems presented previously, a general nonlinear
system requires a more flexible observer design approach. For uniformly observable systems,
a coordinate transformation can be introduced in order to express the model in a suitable
form for high-gain observer synthesis. For the induction machine model considered in this



1V.5. High-gain observer 98

work, the following transformation is introduced:

ha
ha
z=0(z) = (IV.68)
Lytug (h1)
L tug (h2)
Which leads to the following state variables:
21 = lsa (IV69)
Zy =1sp (IV.70)
, K
23 = —Visa + fwra +pKQ'¢rﬁ (IV.?l)
. K
24 = —VlsB — pKQrq + ?d]rﬂ (IV?Q)

Applying the coordinate transformation allows the induction machine model to be rewritten
in a new state representation:

. 1
2] = 23+ —VUsa (IV73)
oL

. 1

29 = z4 + o'iLSUSB (IV74)

. KM KM 1

23 = (TrTr — %) 21 + pQ < T ’y> 29 — <7 + Tr> 23 — pQlzy (IV.75)

. KM KM~ 1

24 = —p) < T 7) 21 + (TrTr — Tr) 29 + pQlzg — (7 + Tr) 24 (IV.76)
(IV.77)

The above equations can be written in compact form as:
z=Az+ ¢ (vs,9Q,2) (IV.78)
With the output equation :
y=0Cz (IV.79)

where A and C are the state and output matrices, respectively, while ¢(vg, 2, 2) represents
the nonlinear part of the system:

(0 Q)= | Pilmiha) (IV..80)
907,/) (/US7 97 Zis Zd))
With:
N Sy
©i (vs,Q, 2;) = C’fs sa (IV.81)
oL, VsB
And:

Py (’Usa Qa 2y ztﬁ)
Z4

I
| B

% ] (IV.82)
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The following observer is then proposed:
P=AZ+p(E—2) - 8;CT (CT—y) (IV .83)

This observer is an exponential observer for the considered system, where Sy = Sg is given

by:

6~'1  —07%I
Sy = V.84
K ! —0=21 20731 ] (IV.84)

With 6 > 0, obtained as the unique solution of the following algebraic Lyapunov equation:
0Sy + ATSy + SgA =CTC (IV.85)

The nonlinear function ¢ is globally Lipschitz with respect to z, uniformly with respect to

Vg:
o (Zivs) — @ (z,05)| < k2= 2] (IV.86)

Where the Lipschitz constant is defined by:

k=|A| (IV.87)
With:
k:max{‘gjg—;; +‘p9(];]:/[—7>‘+"y+;r +pQ|} (IV.88)
Stability Analysis
Let the estimation error be defined as:
e=2z-—z (IV.89)
Its dynamics are given by:
e=(A-8,1CTC)e+ ¢ (2,vs) — ¢ (2,v) (IV.90)
Consider the following Lyapunov candidate function:
V (e) = el Sge (IV.91)
Its derivative is:
V(e) = eT Spe + ¢TS5y (IV.92)
Substituting the error dynamics leads to:
V(e) = —el (8Sg + CTC) e +2¢7Sp [p (3,05) — ¢ (2, 05)] (IV.93)

Using the positivity of CTC together with the Lipschitz property, the following inequality
is obtained:

V (e) < —0e’ Spe + 2ke™ Sye (IV.94)
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Hence:
Vie) < —(6—2k)V () (IV.95)
Therefore, exponential stability of the observer is guaranteed if:

0 > 2k (IV.96)

This condition ensures asymptotic convergence of the estimation error toward zero.
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Observer in the Original Coordinates

The estimated state vector in the original coordinates is obtained through the inverse

transformation:
T=0"1(2) (IV.97)
Since:
dz 0P (z)dx
el i IV.
dt Oox dt (IV.98)

Another formulation of observer synthesis expressed in the original coordinates can be
written as:

8% (z)

-1
(%) SO tet (Ccz —y) (IV.99)

B= )+ -

Finally, the tuning of this observer depends only on the single parameter 6. Although
increasing 6 improves the convergence speed of the observer, excessively large values may
amplify measurement noise and degrade practical performance.

IV.5.4 Simulation

Alimentation

theta
®

To evaluate generalized non-linear estimation strategies, a Hammouri observer structure
was implemented within the MATLAB /Simulink environment using a specialized S-function
block labeled ObsHammouri. The block diagram maintains the same six-input channel
topology as the previous high-gain implementation, feeding the stationary stator variables,
the mechanical rotor speed (£2), and a structural tuning argument € into the estimation
loop. The estimation accuracy is verified using a real-time tracking overlay scope (Scope2)
on the right, paired with an algebraic subtraction loop at the top right designed to isolate
the absolute non-linear observation error and save it directly to the workspace memory
block t1.
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Table IV.6: Simulation Results

Pole 6 Response time of the rotor | Maximum flux error
flux observation error
10 0.11s 0.095 Wb
20 0.11s 0.093 Wb
27.5 0.09 s 0.065 Wb
40 0.075 s 0.023 Wb
50 0.075 s 0.001 Wb
67.5 0.075 s 0.027 Wb

The simulation results for the Hammouri observer demonstrate a very clear optimiza-

tion curve as the tuning parameter 6 increases. At lower gain values(6 = 10 to 20), the

tracker exhibits a sluggish response time of 0.11 s and a high transient error profile near

0.095 Wb. Increasing to 40 and beyond significantly sharpens the tracking dynamics,

locking the response time to a fast baseline of 0.075 s. However, raising the parameter

excessively to 67.5 causes a slight degradation, with the maximum tracking error bouncing

back up to 0.027 Wb due to characteristic high-gain transient peaking.

Among all evaluated settings, # = 50 represents the optimal tuning parameter. It yields

the absolute lowest maximum flux tracking error in the dataset 0.001Wb while locking onto

the actual states within the fastest recorded response time of 0.075 s, striking a flawless

balance between rapid estimation and transient stability.

’,ﬁ \, !

Figure IV.15: Rotor Flux Tracking

The graph of the rotor flux tracking for 8 = 50.
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Figure IV.16: Rotor Flux Estimation Error A (1)

IV.6 Conclusion

This chapter presented the design and analysis of observers for induction motors, focusing
on the estimation of non-measurable state variables required for advanced control. Dif-
ferent observer structures were reviewed, with emphasis on deterministic full-order and
reduced-order observers developed from the machine’s state-space model.

Observer gains were selected to ensure stability and rapid error convergence. Simula-
tion results confirmed the ability of the observers to accurately estimate internal variables,
particularly rotor flux. The high-gain observer was also studied as a nonlinear estimation
approach, offering faster convergence at the cost of greater noise sensitivity.

Overall, the chapter demonstrated that observer-based techniques provide reliable state
estimation, making them essential for high-performance control and fault diagnosis appli-
cations.



General Conclusion

:[ his thesis focused on the modeling, identification, and state observation of a three-
phase induction machine, with particular emphasis on rotor flux estimation.

The first part of this work was devoted to the development of the mathematical model
of the induction machine in the stationary reference frame. This model constitutes the
foundation for the analysis, simulation, and implementation of advanced estimation tech-
niques. The study highlighted the importance of accurate machine parameters in obtaining
reliable simulation results and achieving satisfactory observer performance. Subsequently,
an experimental identification procedure was carried out to determine the electrical and
mechanical parameters of the machine. Several tests were performed, allowing the estima-
tion of the stator and rotor parameters. In order to improve the quality of the identified
parameters, the Particle Swarm Optimization (PSO) algorithm was employed. The ob-
tained results demonstrated the effectiveness of this optimization technique in minimizing
the identification error and improving the agreement between the model and the real ma-
chine behavior.

The identified parameters were then used to perform an experimental validation of the
machine model. The comparison between simulation and experimental results showed a
satisfactory correspondence, confirming the validity of the identified parameters and the
accuracy of the developed model. Despite the inevitable discrepancies caused by modeling
assumptions, measurement uncertainties, and unmodeled phenomena, the obtained results
remained within acceptable limits.

The final part of this work focused on the design and implementation of state observers
for rotor flux estimation. Different observer structures were studied, including determinis-
tic full-order observers, reduced-order observers, and high-gain observers. Their theoretical
foundations were presented, and their performance was evaluated through simulation. The
obtained results demonstrated the ability of these observers to accurately reconstruct the
rotor fluxes from measurable quantities such as stator currents, stator voltages, and rotor
speed.

The convergence analysis and simulation results confirmed the effectiveness of the pro-



General Conclusion 105

posed observers. In particular, the estimation errors converged toward zero after a short
transient period, demonstrating the stability and robustness of the adopted approaches.
Furthermore, the influence of observer pole placement on convergence speed and estima-
tion accuracy was investigated, highlighting the trade-off between rapid convergence and
sensitivity to disturbances.

Overall, the results obtained throughout this work demonstrate that the combination
of accurate parameter identification and advanced observer design provides an effective
solution for state estimation in induction machines. Such techniques are of significant

interest for monitoring, control, and high-performance drive applications.
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Appendix A: Observability of the Induction Motor

OBSERVABILITY

Observability is the property that enables the reconstruction of the internal state of a dy-
namic system from its inputs and measured outputs. In the case of the induction machine,
this concept plays a fundamental role in sensorless control, where the mechanical speed
is not directly measured and must therefore be estimated from electrical quantities. The
problem becomes particularly challenging at low speeds, since the electrical signals contain
less exploitable information about the mechanical dynamics, which may lead to a degra-
dation of the estimation performance [5] [].

The observability matrix 1 is constructed using the gradient of the Lie derivatives:
VL(}h
VL}h
9 (z) = ] (100)
n—1
VL h

The system is locally observable at a point xq if the observability matrix has a full rank of
n(where n is the dimension of the state space) at that point:

rank (9 (zg)) =n (101)

In this section, two cases will be considered:
- Large a system with a speed sensor,
- Small a sensorless system.

With speed sensor

When the rotor speed w, is measured via an encoder, it is treated as a known time-varying
parameter. The state vector reduces to the electromagnetic variables [5] [4].
State vector (n =4) :

T = [isay 'L.s,37 wraa wrﬁ}T <102)
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Measurement :
Y = [isaris]” (103)

The system matrices are :

T
0 - —Kuw =
Aw)=| 1, o o T (104)
T, T, TWr
0 7 @ g

_ ( Rs R-L32 _ Ly _ L
Where y = (fe + BB ) T, = fo K =

The rank of 9 = [C, CA,CA?, C’A?’] Tis always 4, provided the rotor flux is non-zero. This
system is globally observable. Even at zero speed (w, = 0), the back-EMF terms do not
vanish in a way that creates a singularity, allowing for flux estimation in all regimes [5] [4].

The sensorless systems
In the sensorless system, the speed w, is an unknown to be estimated. It is promoted to a
state variable, introducing a high degree of nonlinearity.

State vector (n =5) :

T = [isaviS,&me@/)rﬁywr]T (105)

Measurement :
y= [isa7i8[3]T (106)

The nonlinear vector field f (z) is:

1 0 0 0
0 1 0 0 0
9= - 0 &  Kw Kig (107)

The observability analysis of the induction machine highlights the strong dependence of
state reconstruction on operating conditions and available measurements. In the case
where the rotor speed is measured, the system reduces to an electromagnetic subsystem
whose observability is generally guaranteed as long as the rotor flux is sufficiently excited.
This configuration ensures reliable estimation of the flux variables over a wide operating
range. In contrast, the sensorless configuration introduces an additional state variable cor-
responding to the mechanical speed, significantly increasing the nonlinear coupling within
the system. The resulting observability matrix depends explicitly on operating conditions
such as rotor speed, stator frequency, and flux magnitude. In particular, at low stator fre-
quencies or near zero speed, the coupling terms that carry mechanical information become
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weak or vanish, leading to a degradation of observability.

This analysis shows that observability is not an intrinsic binary property, but rather a
condition-dependent characteristic of the system. As a result, the performance of sensorless
control strategies is directly linked to the excitation level of the machine and the richness
of the measured electrical signals.

Therefore, the design of observers for induction machines must explicitly take into
account these limitations, especially in low-speed regimes. This motivates the use of ad-
vanced estimation techniques such as adaptive observers, high-gain observers, or nonlinear
observers (e.g., sliding mode or extended Kalman filtering), which aim to maintain satis-
factory state reconstruction despite variations in observability conditions [5] [4].

.1 RESULT OF OBSERVER SIMULATION

Full-order deterministic observer
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The graph of the rotor flux tracking for p; = —10 + 5250

The graph of the Rotor Flux Estimation Error A (1)
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The graph of the rotor flux tracking for p; = —100 + 5250
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The graph of the Rotor Flux Estimation Error A (,)

The graph of the rotor flux tracking for p; = —250 + 5250
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The graph of the Rotor Flux Estimation Error A (1),)

~

The graph of the rotor flux tracking for p; = —400 + 5250

The graph of the Rotor Flux Estimation Error A (1, )
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The graph of the rotor flux tracking for p; = —250 + 510

The graph of the Rotor Flux Estimation Error A ()
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The graph of the rotor flux tracking for p; = —250 + 5100
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The graph of the Rotor Flux Estimation Error A (1)
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The graph of the rotor flux tracking for p; = —400 + 5100

The graph of the Rotor Flux Estimation Error A (1)



.1. RESULT OF OBSERVER SIMULATION 8

Reduced-order Deterministic Observer with Skew-symmetric Gain Matrix

m

The graph of the rotor flux tracking for p; = —10 + 5250

The graph of the Rotor Flux Estimation Error A ()

The graph of the rotor flux tracking for p; = —100 + 5250
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The graph of the Rotor Flux Estimation Error A (,)

The graph of the rotor flux tracking for p; = —250 + 5250

The graph of the Rotor Flux Estimation Error A (), )
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The graph of the rotor flux tracking for p; = —400 + 5250

The graph of the Rotor Flux Estimation Error A (1)

The graph of the rotor flux tracking for p; = —250 + 510
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The graph of the Rotor Flux Estimation Error A (1)

The graph of the rotor flux tracking for p; = —250 + 5100

The graph of the Rotor Flux Estimation Error A (1)
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The graph of the rotor flux tracking for p; = —250 + 5400

The graph of the Rotor Flux Estimation Error A ()

Reduced-order deterministic observer with a diagonal gain matrix fixing the

real part

The graph of the rotor flux tracking for p; = —10
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The graph of the Rotor Flux Estimation Error A (¢, )

The graph of the rotor flux tracking for p; = —100

-

The graph of the Rotor Flux Estimation Error A (1, )
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The graph of the rotor flux tracking for p; = —250

-

The graph of the Rotor Flux Estimation Error A ()

The graph of the rotor flux tracking for p; = —400



.1. RESULT OF OBSERVER SIMULATION 15

-

The graph of the Rotor Flux Estimation Error A (,)

Reduced-order deterministic observer with a diagonal gain matrix fixing the

imaginary part
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The graph of the rotor flux tracking for p; = —10

The graph of the Rotor Flux Estimation Error A (,)
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The graph of the rotor flux tracking for p; = —100

The graph of the Rotor Flux Estimation Error A ()

The graph of the rotor flux tracking for p; = —250
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The graph of the Rotor Flux Estimation Error A (1),)
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The graph of the rotor flux tracking for p; = —400

The graph of the Rotor Flux Estimation Error A (¢, )



Appendix B: Simulation Results of the Induction
Machine

ADDITIONAL SIMULATION RESULTS OF THE INDUC-
TION MACHINE

The following simulation results were obtained using the mathematical model of the in-
duction machine and the parameter set identified experimentally using the classical iden-
tification method. The identified values of the electrical and mechanical parameters were
introduced into the Simulink model in order to reproduce the actual behavior of the ma-
chine as accurately as possible. The figure below represents the Simulink model used for
the simulation:

T
]

S — S w———

—c

The presented figures illustrate the evolution of the main electrical and mechanical
variables and serve as complementary results to those discussed in the main body of the
thesis.

Figure 17: Stator Current I,
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The stator current I, exhibits a high-amplitude transient at startup due to the es-
tablishment of the magnetic flux and rotor acceleration. The oscillations are progressively
damped, and the current reaches a steady sinusoidal waveform after approximately 0.125 s.
This behavior confirms the stable operation of the induction machine under the considered
operating conditions.

Figure 18: Stator Current I¢

The direct-axis stator current I,4 exhibits a transient response at startup, characterized
by damped oscillations caused by the establishment of the machine fluxes. The current
gradually converges to a steady-state value of approximately -2 A after about 0.15 s,
with only small residual ripples. This behavior indicates stable operation and proper flux
establishment in the induction machine.

Figure 19: Stator Current Iy,
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Figure 20: Rotor Flux ;4

Figure above shows the evolution of the rotor flux v,4. At startup, the flux exhibits
damped oscillations due to the transient operating conditions of the induction machine.
The oscillation amplitude gradually decreases, and the flux converges to a steady-state
value of approximately -0.64 Wb. This behavior indicates a stable response and good
convergence of the system.

Figure 21: Rotor Flux 1,4

The figure abovej) shows the evolution of the quadrature-axis rotor flux t,,. The signal
exhibits damped oscillations during the transient phase before converging rapidly to a value
close to zero. The decrease in oscillation amplitude confirms the stability of the system
and the good dynamic behavior of the rotor flux.
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Figure 22: Electromagnetic Torque T, /Clep,

The figure above presents the evolution of the electromagnetic torque during the startup
of the induction machine under no-load conditions. A high transient torque is produced
at startup in order to accelerate the rotor from standstill. As the rotor speed increases,
the electromagnetic torque gradually decreases and exhibits damped oscillations before
reaching a steady-state value close to zero. This behavior is expected since the load torque
is null (C, = 0)and the machine only compensates for internal losses and friction.

Figure 23: Rotor Angular Speed w

The figure above presents the evolution of the rotor angular speed during no-load
startup. The speed increases progressively from zero and converges toward the synchronous
speed of approximately 157 rad/s. The transient response is characterized by a settling
time of about 0.15 s and negligible overshoot, indicating good dynamic performance and
stability of the developed induction motor model. The small residual oscillations observed
in steady state are attributed to inverter switching effects and numerical discretization.
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