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Application of Fuzzy-Logic for Controlling an Asynchronous

Induction Motor.

Abstract: Day after day, the reliance on asynchronous induction motors is

increasing at the expense of other types in various daily, life and industrial applications.
Loss of Motor torque and speed response when a load is applied to it, as well as a
change in its dynamics and internal characteristics. This note introduces a new
approach to Field Directed Control (FOC) for asynchronous induction motors by
developing an efficient control by introducing FL techniques to Direct Field Oriented
Control (DFOC) to ensure optimum decoupling of torque and electromagnetic flux as
well as rigidity Against changing the internal dynamics of the Motor, these techniques
are to replace the classic controllers Proportional Integral (P1) with other modern
controllers than their predecessor called Fuzzy Logic Controllers (FLC), which

provided more flexibility and accuracy than their counterparts. | was studied and



developed to control and Perfect response in terms of speed and torque of the motor,
perfect decoupling of torque and electromagnetic flux, as well as greater robustness to
withstand the changing dynamics of the motor over time or the intervention of external
factors. The results of this study clarified and discussed the results obtained for each
technique separately, along the length of this note, in order to ascertain and consider
the robustness and quality of performance of each technique. All the mentioned

techniques were implemented using MATLAB software for simulation and design.

KEYWORDS: Induction Motor (IM), Voltage Inverter with Hysteresis (H-
PWM), Direct Field Oriented Control of the Rotor (DFOC), Proportional Integral
Controller (PI), Fuzzy Logic Controller (FLC).
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General Introduction of Modeling and Simulation of the Induction Machine

Because asynchronous motors have a simple construction and are straightforward to maintain,
they have a sizable market. Induction motors are widely used in a variety of applications, ranging from
industrial applications such as pumps, fans, and blowers to residential appliances, due to their low cost
and durability. Induction motors have traditionally been operated at a single speed dictated by the
frequency of the main voltage and the number of poles in the motor. Because there is no linear relation
between the motor current and the generated torque as there is for a DC motor, controlling the speed of
an induction motor is significantly more difficult than controlling the speed of a DC motor. Furthermore,
unlike dc motors, induction motors may be operated without maintenance for a long period due to their
brushless architecture. The squirrel cage motor is the least priced and most extensively used induction
motor. To establish a magnetic field in the rotor, no current supply from outside the rotor is required.

This is why this motor is just so reliable and affordable [1].

Each stage of the modeling, analysis, and control of all electrical machinery necessitates the creation
of correct system models. The degree of precision required of these models is entirely dependent on the
modeling stage in question. According to Nabae et al. (1980) and Murata et al. (1986), the mathematical
description utilized in machine modeling demands very fine tolerance levels (1990). However, some
assumptions may be made in the building of acceptable models for control purposes, simplifying the
final machine model significantly. Nonetheless, for both steady state and transient operation situations,
these models must include the basic features of both the electromagnetic and mechanical systems
(Nowotny and Lipo - 1996). Furthermore, because contemporary electric machines are generally
powered by switching power conversion stages, the created motor models must be applicable to a wide
range of applied voltage and current waveforms [4] At the same time, with the advancement of power
electronics, motor control microprocessors, and novel motor control theories, asynchronous motor
control technology is gaining popularity. When adopting vector control technology, asynchronous
motors have a simple construction, cheap cost, and performance equivalent to DC motor control.
Asynchronous motor vector control also provides greater accuracy, a larger speed-regulating range, and

faster response [2].

In the 1970s, vector control was carried out by Blaschke, known as Field Oriented Control (FOC)
[38]. Its principle consists in eliminating the coupling between the inductor and the armature of the
asynchronous induction machine, therefore it makes it possible to obtain an operation comparable to that
of a DC machine. However, experience has shown the weaknesses of this method in the face of parameter
uncertainties, whether they are measured, such as motor speed, or vary during operation, such as rotor

and stator resistances.
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General Introduction of Modeling and Simulation of the Induction Machine

The application of FOC requires the use of a flux regulator requires a flux sensor, which is often
very expensive. Its assembly in drive systems is very delicate and requires a great deal of precision to
achieve effective results. In order to eliminate this obstacle, it is necessary to apply the technigues of the

automatic, allowing the reconstruction of flux. This process is called the estimator.

The main objective of this work is the evaluation by numerical simulation of the performance of

the DFOC by orientation of the rotor flux of an IM associated with an introduction to fuzzy logic

The stations that | went through to accomplish this theses began with the first chapter, which was
devoted to the modeling of the Voltage-controlled Induction Machine, the model adopted is based on
the transformation of PARK, the application of the latter to the asynchronous induction machine will
allow to have a two-axis model (d, q) represents the image of the three-phase model (a, b, ¢), the model
will be tested by simulation, and evaluated through the various results, in parallel a frequency converter
has been modeled, in terms of the voltage inverter, controlled by PWM with hysteresis, the machine-

converter association will be simulated to see the impacts of this converter on the machine.

Then | crossed the next station, which is the actress of the second chapter, which was devoted to
the application of DFOC by orientation of the rotor flux, we will also present the regulation of the speed
of the IM by the classic P1 controller.

Afterwards the road brought me to the last station, which was represented in the third chapter, where
I dealt with an introduction to Fuzzy Logic. The basic principles of control and regulation by fuzzy logic
are then studied. FLC is finally applied to design a speed governor and achieve robust control.
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Chapter I Modeling and Simulation of The Induction Machine

I. 1 - Introduction:

Because the energy supply has been increasingly strained since the turn of the century, it is critical

to preserve power [2].

In this chapter, we will present the constitution and the operating principle of the asynchronous
motor also its three-phase mathematical model, its transformation into the two-phase system and the
modeling of its power supply. Then, we will give the simulation results of the asynchronous motor

supplied directly by the three-phase power system via a converter. [1]

I. 2 - Historical review of induction machine: [20]

Faraday discovered the electromagnetic induction law around 1831 and Maxwell formulated the
laws of electricity (or Maxwell’s equations) around 1860. The knowledge was ripe for the invention of
the induction machine which has two fathers: Galileo Ferraris (1885) and Nicola Tesla (1886). Their

5y N 7
AN
1 :
> 1—o2
= 2'
-;.: &

Fig I- 1 : Ferrari’s induction motor (1885) and  Tesla’s induction motor (1886).

Both motors have been supplied from a two-phase AC. power source and thus contained two
phase concentrated coil windings 1-1° and 2-2’ on the ferromagnetic stator core.

In Ferrari’s patent the rotor was made of a copper cylinder, while in the Tesla’s patent the rotor was
made of a ferromagnetic cylinder provided with a short-circuited winding.

Though the contemporary induction motors have more elaborated topologies Fig (I-1) and their
performance is much better, the principle has remained basically the same.

That is, a multiphase AC. stator winding produces a traveling field which induces voltages that
produce currents in the short-circuited (or closed) windings of the rotor. The interaction between the
stator produced field and the rotor induced currents produces torque and thus operates the induction
motor. As the torque at zero rotor speed is nonzero, the induction motor is self-starting. The three-phase
AC. power grid capable of delivering energy at a distance to induction motors and other consumers has
been put forward by DolivoDobrovolsky around 1880.
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However, at least for transportation, the DC motor took over all markets until around 1985 when
the IGBT PWM inverter was provided for efficient frequency changers. This promoted the induction
motor spectacular comeback in variable speed drives with applications in all industries.

1.2.1- Historical review of induction machine:

Following the oil crises of the 1970s and increased global awareness of climate change,
several nations began to consolidate the idea of sustainable development, which is based on, among
other things, energy efficiency and energy management. Electric motor drive systems account for about
68 % of global power consumption in the industrial sector and 46 % of global electricity consumption.
As a result, improving the industry's energy efficiency and lowering both energy consumption and
production costs requires a focus on electric motor efficiency and reliability [3].

Electrical machines are devices which convert electrical energy into mechanical and vice
versa. Based on the type of current that an electrical machine operates with (direct — DC or alternating
— AC), it can be classified as either a DC machine or an AC machine. DC machines require regular and
thorough maintenance. In addition, they typically have lower efficiency than AC machines. Therefore,
AC machines are of more significant research interest. The AC machines are further divided into
synchronous and induction (or asynchronous) machines. Synchronous machines operate at a constant
speed regardless of load, while the rotational speed of induction machines decreases as the load
increases. Both synchronous and induction machines can be used as generators or as motors. Generators
convert mechanical energy into electrical energy, while motors convert electrical energy into mechanical

energy [5].

This led to a great diversity of electric motors and an increase in their wide spread according
to their uses and the most appropriate for each of them. Therefore, it can be divided into two groups, as
shown in the Fig (I-2): [6]

» Commutator motors (also known as DC motors)
» Commutatorless motors (known as AC motors)

(DC_Machines ]

I
I I |

permanent Series Shunt Compound
magnet Wound Wound Wound

: Universal
[A.C_Mlachmes] { Machines ]

Single Phase Polyphase

Induction

@quirrel Cag%——[Wound Rotor]
I

Shaded pole Split Phase

i ; Repulsion Cylindrical rotor
Hysteresis (© tor start : y
Re)iuctance Pe?::rll;rftss;a)lit Repulsion start| |Salient pole motor Wound rotor
Permanent capasitor Repulsion ermanent magnet Squirrel cage

magnet Shaded pole induction Motor

Fig I- 2 : Classification of electric motors

Page 6 of 83



Chapter I Modeling and Simulation of The Induction Machine

1.2.2- Induction machine definition:

The asynchronous machine is an alternating current machine, the rotor always lags behind the stator
field because of slip, the asynchronous machine is said to be (induction machine) because the energy is

transferred from the stator to the rotor or vice versa by induction electromagnetic. [7]
Among the asynchronous machines, we can distinguish two types:

> Induction machines.

> Collector's machines.

1.2.3- Induction machine types:

Depending on the construction of the rotor circuit there are two types of induction motors: [8]

Rotors is very simple and consist of bars of aluminum (or copper) with shorting rings at the
ends.

Rotor consists of three phase windings (star connected) with terminals brought out to slip rings
for external connections. Squirrel cage type is more common compared to the wound rotor type due

to:

Robust, as no brushes, no contacts on the rotor shaft.

o &

Simple in construction and easy to manufacture.

Almost maintenance-free, except for bearing and other mechanical parts.

o o

High efficiency as rotor has very low resistance and thus low copper loss.

1.2.4- Constitution of the induction machine:

There are two main types of components which are used in induction motor manufacturing as follows:
[8]

a) Active components: which are classified into two categories:

» Magnetic materials (0.5 mm electrical steel).

» Electrical materials (copper wires, insulations, bars, end rings, slip rings, brushes, and lead
wires).

b) Constructional components: like frame, end shields, shaft, bearings, and fan. These

components are shown in Fig (1-3).
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cooling end _ "2;29

~ fan
3 = s nameplate
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. _\ & /
| ¥
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bearing seal

—

cover wiing .~ g _ ' ) 0

) squirrel-
cast-iron cage ball bearing e ’
frame rotor '

Fig I- 3 : Parts of squirrel cage induction motor [9]

1.2.4.a - Stator construction:

The stator is made up of several thin laminations (0.5 mm) of electrical steel (silicon steel), they
are punched and clamped together to form a hollow cylinder (stator core) with slots, as shown in Fig (I-
4). Coils of insulated wires are inserted into these slots. Each group of coils, together with the core that
it surrounds, forms an electromagnet, forms an electromagnet (a pair of poles). The number of poles of
an induction motor depends on the internal connection of the stator windings. [10]

The stator of an induction motor is identical to that of a synchronous motor (SM), three windings
coupled in star or in delta and staggered between them by 2w /3 which are supplied by a system of
balanced voltages.

/J‘ rame

Stator core

R

4 [‘—Wmding

>

pider
—Stator slot

Fig I- 4 : Stator of three-phase induction motor [11]

1.2.4.b - Rotor construction:

The rotors of asynchronous machines can be of two types: wound or squirrel cage and the rotor is
not electrically linked to any source of energy. (neither continuous nor alternative) which greatly
simplifies its construction, there are two types of rotor [13].

The squirrel cage rotor is made up of several thin electrical steel lamination (0.5mm) with evenly
spaced bars, which are made up of aluminum or copper, along the periphery. In the most popular type
of rotor (squirrel cage rotor), these bars are connected at ends mechanically and electrically by the use
of end rings as in Fig (I-5). Almost 90 % of induction motors have squirrel cage rotors. The rotor slots
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are not exactly parallel to the shaft. Instead, they are given a skew for two main reasons, firstly to make
the motor run quietly by reducing magnetic hum and to decrease slot harmonics, secondly to help
reducing the locking tendency of the rotor (the rotor teeth tend to remain locked under the stator teeth
due to direct magnetic attraction between the two). The rotor is mounted on the shaft using bearings on
both ends. [10] [13]

The wound rotor has a set of windings on the rotor slots which are not short circuited, but they are
terminated to a set of slip rings. These are helpful in adding external resistors and contactors, as in Fig
(1-5). [13]

The motor rotor supports a winding similar to that of the MS stator, three-phase winding offset by
2m/3 with the same number of poles as that of the MS stator. These 3 windings are star-coupled and
short-circuited on themselves. [13]

Skewed ~~—___ i
rotor slots

Rotor Bars
(slightly skewed)

Fig I- 5 : “Squirrel cage rotor” and “Phase wound rotor” [12]

1.2.5- Principle of operation of an induction motor:

When 3-phase supply is fed to the stator winding of a 3-phase wound induction motor, a resultant
rotating magnetic field at constant angular velocity is produced in the stator core.

Let this field is revolting in an anti-clockwise direction at synchronous speed n.

Where,

n, =22 [rpm] -(-1)

Where f is the frequency of the input electrical power, and P is the number of poles of the induction
machine. [14]

The rotating magnetic field is cut by the stationary rotor conductors and an emf is induced in the
rotor conductors. As the rotor conductors are short circuited, current flows through them, Furthermore,
a resultant field is produced by the rotor current carrying conductors. This field tries to come in line with
the stator rotating field, as a result, an electromagnetic torque is developed and rotor starts rotating in
same direction as that of stator rotating field. The rotor then run at a mechanical speed close to and less
than the synchronous speed as it tries to attain synchronous speed but never reach. It is because if the
rotor revolves at the synchronous speed then the relative speed between rotating stator field and rotor
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will be zero, therefore, neither emf will be induced in rotor conductors or current nor rotor field and
hence no torque will be produced. Thus, an induction motor can never run at synchronous speed. [15]

This difference in rotational speed of the rotor compared to that of the rotating field brings us back
to defining a parameter which characterizes asynchronous machines, which is called slip. [20]

The slip "s " is a quantity that considers the difference between the rotational speed of the
asynchronous machine and the synchronous speed, since it is a number confined to the following
numerical range 0 < s < 1 Itis expressed as a percentage and defined by: [15]

ng—n

s = (1-2)

Current @)
emr B
Current 5>
EMF ®

Stator

(ns .- n) hal (£
n, (wrt stator)
n

___1__ Axis of
coil aa’

Fig I- 6 : Principle operation of an induction motor [17]

1.2.6- Advantages and disadvantages of the induction machine:

Like other electric machines, the IM has some advantages and disadvantages which are related to

several factors: its structure, control strategy and applications. [16]

|.2.6.a - The advantages:

» The most important advantage of an induction motor is that its construction is quite simple in
nature. The construction of the Stator is similar in both Synchronous motors as well as induction
motors. However, a slip ring is required to feed DC Supply to the Rotor in the case of a
Synchronous Generator. These Slip rings are not required in a Squirrel cage induction motor
because the windings are permanently short circuited. When compared with a DC Motor, the
induction motor does not have Brushes and hence, maintenance required is quite low. This leads
to a simple construction.

» The working of the motor is independent of the environmental condition. This is because the

induction motor is Robust and mechanically strong.
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» A Squirrel cage induction motor does not contain Brushes, Slip rings and Commutators. Due to
this reason, the cost of the motor is quite low. However, Slip Rings are used in Wound type
induction motor to add external resistance to the rotor winding.

Due to the absence of Brushes, there are no sparks in the motor. It can also be operated in
hazardous conditions.

An induction motor is a highly efficient machine with full load efficiency varying from 85 to 97

percent.

1.2.6.b - The disadvantages:

» A single-phase induction motor, unlike a 3-phase induction motor, does not have a self-

starting torque. Auxiliaries are required to start a single-phase motor.

During light load conditions, the power factor of the motor drops to a very low value.
This is because during the start, the motor draws a large magnetizing current to
overcome the reluctance offered by the air gap between the Stator and the Rotor. Also,
the induction motor will take very less current from the supply main. The vector sum of
Load current and Magnetizing current lags the voltage by around 75-80 degrees and
hence, the power factor is low. Due to high magnetizing current, the copper losses of
the motor increase. This in turn leads to decrease in the efficiency of the motor.

> Speed control of an induction motor is very difficult to attain. This is because a 3-phase

induction motor is a constant speed motor and for the entire loading range, the change
in speed of the motor is very low.
Induction motors have high input surge currents, which are referred to as Magnetizing

Inrush currents. This causes a reduction in voltage at the time of starting the motor.

> Due to poor starting torque, the motor cannot be used for applications which require

high starting torque.

1.2.7- Fields of application of induction motors:

Three-phase AC induction motors have various uses in commercial and industrial applications. The

two types of three-phase induction motors are- squirrel cage and slip ring motors. The features which

make the squirrel cage motors widely applicable are mainly their simple design and rugged construction.

With external resistors, the slip ring motors can have high starting torque. [19]

Three-phase induction motors are used extensively in domestic and industrial appliances because

these are rugged in construction requiring little to no maintenance, comparatively cheaper, and require

supply only to the stator. Applications of Three-phase motors have many uses, but we will suffice with

some of them as follows: [18]
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(Lifts, Cranes, Hoists, Large capacity exhaust fans, Driving lathe machines, Crushers, Oil extracting

mills, Textile ... etc.)

1.3.1- Simplifying assumptions:

Because the machine is a complex and nonlinear system, several phenomena are introduced during

operation. This makes the machine difficult to control and model. To overcome this problem, we

consider the following simplifying assumptions: [21] [22]

>

Balanced rotor windings are assumed for all cases, and the three-phase machine equations, are
derived upon the additional assumption that the stator windings are also balanced.

It is assumed that the coefficient of mutual inductance between any stator winding and any rotor
winding is a co-sinusoidal function of the electrical angle between the axes of the two windings.
It IS further assumed that the rotor is smooth and that the self-inductances of all the windings are
independent of the rotor position.

No skin effect phenomenon.

The effects of saturation, hysteresis, and eddy currents are neglected.

Moreover, it will be considered that the magnetomotive force, created by the stator and rotor

windings, has a sinusoidal distribution along the air-gap.

1.3.2- Modeling of the IM in the “a, b, ¢” three-phase plane:

Consider a three-phase induction machine with stator and rotor represented schematically by Fig

(1-7), and whose phases are identified respectively by SA, SB, SC. The electrical angle 6 variable as a

function of time defines the instantaneous relative position between the magnetic axes of the SA and Ra

phases chosen as reference axes. [21] [23] [24]

.

' Axes (a,b,c)
g of the stator
0 ‘i\\

Fig I- 7 : Schematic representation of a three-phase asynchronous machine.
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1.3.3- General equations of the three-phase induction machine in “a, b, ¢”
plane:

Under these conditions, if it is considered that the induction motor is three-phase at the stator and

at the rotor. The three types of equations reflecting the behavior of the motor are:

1.3.3.1- The electrical equations:
The voltage equations of the three stator phases and the three rotor phases are:

. d
(Vs‘a = Rgisq + E(Psa
. d
{1 Vsp = Rsigp + a(psb (I' 3)

. d
\Vsc = Rgigc + E(Psc

. d
rVra = Ryipq + a(Pra
. d
Veb = Rylyp + Eq)rb (I' 4)

. d
LVrc = Rylyc + Eﬁorc

designating by:

Ve Vsb, Voe - Voltages applied to the three stator phases.

lsa Lshr Use : Currents which cross the three stator phases.

Psar Pspr Psc - Flux through these windings.

Viar Ven, Ve - ROtOr voltages.

ira lrps ire - ROtOr currents.

Ora» Orp Pre - ROtOr Flux.

R, : Resistance of a stator phase.

R, : Resistance of a rotor phase.

Equations (I-3) and (1-4) can be written in the following matrix form:

1.3.3.1.a - For the stator:

Vsa R 0 07[isa 4 Psa
Vin] = [0 Ry O]]isp| + I Psb (1- 5)
Vsc 0 0 Rs isc Psc
Or in condensed form as follows:
. d
[Vs(abc)] = [Rs] [Ls(abc)] + E [(ps(abc)] (I' 6)
1.3.3.1.b - For_the rotor:
Vo Ry 0 07[ira]  [%ra
Veol =10 R, O] + s Prp (1-7)
Ve 0 0 R, ILi. Prc
@ @
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Or in condensed form as follows:

[Vr(abc)] = [Rr][ir(abc)] + %[(pr(abc)]

1.3.3.2- The magnetic equations:

(I-8)

The simplifying hypotheses cited above lead to linear relations between the fluxes and the currents

of the asynchronous machine, these relations are written in matrix form as follows:

1.3.3.2.a - For the stator:

gosa isa i‘l‘a
Psp| = [Ls] iSb + [Msr] in (I' 9)
(pSC isc i‘I‘C
Or in condensed form as follows:
[Qos(abc)] = [Ls] [is(abc)] + [Msr] [ir(abc)] (I' 10)
1.3.3.2.b - for the rotor:
Qora ira isa
Oro| = [Le] |irp | + [Mys] |isp (1-11)
Prc lye Isc
Or in condensed form as follows:
[Qor(abc)] = [Lr] [ir(abc)] + [Mrs] [is(abc)] - (I' 12)
Such as:
[Msr] = [Mrs]T (I' 13)
[L] . Stator inductance matrix.
[L,] : Matrix of rotor inductors.
[Mg, ] : Matrix of stator mutual inductances.
[M,] : Matrix of rotor mutual inductances.
Where:
[ lS MS MS_
[Ls] = M, I, M; (I' 14)
M, M, I
[ lS MS MS_
[Ls] = [Ms s M (1-15)
M, M, ]
also:
o
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[ cos(6) cos (9 + +2?n) cos (9 — 2?")]
[M,,] = [M,s]" = M,|cos (9 - 2?”) cos(0) cos (9 + 2?”) (I- 16)

[cos (9 + 2?”) cos (9 — Z?H) cos(0) J

With:

I, : Self-inductance of a stator phase.

[, : Self-inductance of a rotor phase.

M, : Mutual inductance between stator phases.

M, : Mutual inductance between rotor phases.

6 : Electric angle defines the instantaneous relative position between the stator axes and the rotor
axes which are chosen as reference axes.

M, :Maximum mutual inductance between stator phase and corresponding rotor phase

Finally, we get the three-phase asynchronous model as follows:

[Vs(abc)] = [Rs][is(abc)] + % [Ls][is(abc)] + [Msr][ir(abc)]}
[Vr(abc)] = [Rr][ir(abc)] + %{[Lr][ir(abc)] + [Mrs][ir(abc)]}

1.3.3.3- Mechanical equations:

The study of the characteristics of the asynchronous machine introduces variation not only of the
electrical parameters (voltage, current, flux) but also of the mechanical parameters (torque, speed):

Ce = p[is(abc)]T % [Msr] [ir(abc)] (I-18)

To have a complete model of the machine it is necessary to introduce the equation of motion of the

machine is expressed as follows:

J52 = Co = C = for Oy (- 19)
Ji : Moment of inertia of rotating masses.
C, . Resistive torque imposed on the machine shaft.
Q, : Rotor speed.
C. : Electromagnetic torque.
fr : Coefficient of viscous friction.

{f, - Q,} :Viscous friction torque term.

The analytical resolution in this frame is very difficult, because the system of equations has variable
coefficients as a function of 8 (angle of rotation of the machine) This will lead to the use of the PARK

transformation which will make it possible to make these parameters constant.
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. 3 - PARK model of induction machine:

Due to the existence of continuous trigonometric terms in the matrix of mutual inductances
[M,,], the coefficients of the differential equations are variable and the analytical resolution of the
system comes up against practically insurmountable difficulties to obtain a system of equations with
constant coefficients, a three-phase machine can be represented by an equivalent two-phase machine
using axis transformation. A three-phase machine and its equivalent two-phase machine is shown in
Fig (1-8). Here d are direct and g quadrature axis of the rotor. The axis transformation relates
current or voltages on (a,b,c) axes with the currents or voltages on (d,q,0) axes. This
transformation, that relates the voltages, currents, and flux linkages associated with the stator
winding, with variables associated with fictitious windings on d and g axis on the rotor, was first
proposed by R. H. Park in 1920s. [24]

> Direct along the axis (d).
» Quadrature (transverse) along the axis (q).
» Homopolar (0).

The purpose of Park's transformation is to treat a wide range of machines in a unified way by
reducing it to a single model. This conversion is often called axis transformation, a fact corresponding
to the two windings of the original machine followed by a rotation, the electrically and magnetically
equivalent windings. This transformation thus, for the purpose of making the mutual inductances of the
model independent of the angle of rotation.

A
Fig I- 8 : Transition from a three-phase to a two-phase system

Where:

8 4 = [ wadt :isany observation position between the two-phase axis systems with respect to the
three-phase axis system.

1.4.1- Transformation of “PARK”:

For the transition from the three-phase system to the two-phase system, we have the following
equivalents: [25] [24]

The voltage equivalent : [Viqq0)] = [P(0a)][Viab,o] (1- 20)

Page 16 of 83



Chapter I Modeling and Simulation of The Induction Machine

o °
Current equivalent Hicwg0)] = PO [icap.o) (I- 21)

The flux equivalent w@qo] = POD]@@po] (1- 22)

Where:

[P(6,)]: is the PARK matrix
In the case of an inverse passage, we have:
[Vienol = PO [Vigqo]

lian.] = PO ita,q0)] (1- 23)
[0ano] = PO @wqe0]

The modified direct and inverse PARK transformation matrix is then written:

cos(6q) cos(8yq — 21 /3) cos(64 +2m/3)
[P(8y)] = \ﬁ —sin(8g) —sin(f4 — 2m/3) —sin(8q+21/3)

3 1/\/E 1/\/E 1/\/§

2 . . . .
The factor < \E) is there to conserve the instantaneous electrical power also we can say it was chosen

to give an invariant expression of the electromagnetic torque from the property of [P]™! = [P]T .
[ cos(84) —sin(6y) 1/ \/i]
POOIT = [2[cosOa=2n/3) = sin 0y =20/3) 1/ ;o (1- 25)
cos(84+2m/3) —sin(Oy+21/3) 1/\/5

When the angle 64 is assigned the value zero, the PARK transformation is called the Clarke
transformation and the passage matrix is written as follows:

1 _1/2 _1/2

[c1=|0 V3, —V3/| (I- 26)
1/2 1/2 1/2

1.4.2- Application of the park transformation to the IM:

The application of the PARK transformation to the asynchronous machine corresponds to a
transformation of the three coils (stator and rotor) to two equivalent coils taking up the same

consideration or aspects in terms of flux, torque, current or at least an image which will be perfectly
proportional to them. [24] [25]

Applying the PARK transformation to the electric, (1-3) and (I-4), and magnetic, (1-9), (I-11) matrix
models, yields the following equations:
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1.4.2.1 -Voltage equations:
In the PARK axis transformation (d, q) rotating at the angular velocity wp = — , the equations
(1-3) and (1-4) are written:
. d
(Vsd = Rgigq + E(psd — WsPgq

. d
) Vsq =Rs'lsq +E(psq+(psd

. d (1- 27)
0 =Rr'lrd+afprd_ ((‘)s_w)'(prq

. d
LO = Rr'qu +E(prq + (ws —0)) " Pra

With: w; = =0, and w=-6 andf, =6,—0

Equations (1-27) can be written in the form of the following matrices:

lsd q’sd —Wg (Psq _
Vsq] [ R ][lsq] at (Psq] [0)5 (psd] (I-28)

Via _ R, O Ird q)rd 0 —(ws — w)] Qarq 0
[V;Aq] - [ 0 Rr] [irq] dt (Prq [(a)s — (1)) [(prd [ ] ------ (I- 29)
1.4.2.2 -Flux equations:
!Qosd = Lgisq + Ly lra

Psq = Ls " lsq + Ly " Irg

) ) I- 30
Ora = Ly " lpq + Ly " lsq ( )
\@rg = Ly - irg + L * isq
Equations (1-30) can be written in the form of the following matrices:
Psa _ Ls 0 isd Lm 0 ] [ird]
o=l il 5 Ll (I-31)
Pra _ Lr 0 ird Lm 0 isd
o =0 lleal+ 5 wlli] (I-32)

With:
Ly =1,—M,,L.=1.—M, :Self-cyclic inductance of stator and rotor respectively.

Ly, = 2. M, : Stator-rotor mutual cyclic inductance
2

1.4.2.3 -Mechanical equations:
The electromechanical torque represented in equation (I-18) becomes:

Ly . .
Ce=p- : ) (q)rdlsq - gquLsd) (I- 33)
The mechanical speed equation is represented by equation (1-34):
d
( 1;9r=ce—6—fr-n

d Lm . )
{]EQT =P (Praisq = Prqlsa) = Cr — fr-Q (1- 34)
With: w, =p-Q,
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p: Number of pole pairs.

I. 4 - Choice of referential:

The isotropy of the asynchronous motor allows a great flexibility in the composition of the equations
of the machine according to two axes (d,q) using the components of Park, this requires the use of a
reference which makes it possible to simplify the expressions as much as possible analytical. [27] There
are different possibilities for the choice of the axis reference, which is practically reduced to three
orthogonal reference frames (two-phase systems), There are three important choices regarding the

orientation of the axis coordinate system (d, q) which depend on the purpose of the application. [28]

In the following, the zero sequence components are assumed to be zero.

I.5.1- Referential related to the stator:

In this frame of reference, the axes (d, q) are stationary with respect to the stator (wgo = 0). This
referential is best suited to work with instantaneous quantities and whose advantage does not require a

transformation to the real system.

The use of this system makes it possible to study the starting and braking systems of induction
Machines. [28] [29]

I.5. 2 - Referential related to the rotor:

In this frame of reference, the axes (d, q) are immobile with respect to the rotor rotating at a speed
w therefore (w.p0r = w = pw) .The use of this frame of reference makes it possible to study transient
systems in synchronous and asynchronous machines with non-symmetrical connection of the rotor
circuits. [29]

I. 5. 3- Referential related to the rotating field:

In this frame of reference, the axes (d, q) are stationary with respect to the electromagnetic field

created by the stator windings, hence (wgpor = ws).

This frame of reference is generally used in order to be able to apply a command for speed, torque,

etc. since the quantities in this frame of reference are of continuous form. [28] [29]
Where:

Weoor - Angular speed of rotation of the two-phase axis system with respect to the three-phase axis

system.
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>
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w0 N2
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D_ax'ls

0 | Referential related to the stator

Fig I- 9 : Choice of repository

In my work, we use the reference frame linked to the rotating field (w,, = w,) for the modeling
and the control of the IM. In this case, the IM model becomes the same for voltage, magnetic field

equations and mechanical equations, the equations respectively (1.35).

The electromagnetic torque can be derived from the co-energy expression or obtned using a power

balance. This results in several expressions all of which are equal: [26] [29]

3 M - i1
[ Ce=p-5 7° (isqira — irqisa)
3 M : [
Ce =p.E-L—0-(qDSdlSq_g05qlSd) (I 35)
4 3 Mr : 1 -
Ce=p-5 7° (Praisq = Prqisa)
3 M : 1
[ Ce=p-3 72 (Psqirg — irq®sa)

N

|. 5 - State space representation of the induction machine:

The state space model of a physical system is its mathematical representation using first order differential

equations in the following format: [31]

[X] = [Al[X] + [B][U] (1- 36)

With:
[X] : state vector representing all system variables.
[U] : input or control vector.

[A] : state matrix also called evolution matrix.
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[B] :input matrix.

We consider the voltages (Vsq , Vsq) as control quantities, the stator currents (isq, isq), the rotor flux

(@rd, @rq ) and the mechanical speed Q as state variables.

then:
The state vector:[X] = [isq, isq @ra ,(prq]T.

The control vector: [U] = [Vgq ,Vsq]T.

From the systems of equations (1-27) to (1-30), we obtain the following system of equations: [30] [31]

d . . . k Vs
( —lsa = —A-lsd+ws-1sq+T—r-<pm+w-k-<prq+o_L‘1
d . . . k '
Elsq = _A'lsq_ws'lsd +T_r'(prq_w'k'(prd+U_Squ
: . v . T (I-37)
2t Prd = T “lsg — T, "Qrq T (ws - “)slip) " Prq
d M . 1
L a‘prq =T_T'lsq_T_r'(Prq_(ws_wslip)'¢rq
With:
Rs RyM? ) M ) Ly . M2
A=—14 = k= ' T,=— o0=1- cM=1L,
oLs o'LgLy 0'Lg'Ly Ry Lg Ly
o : Blondel dispersion coefficient.
T, : Rotor time constant.
state space form:
- k
—A Wg T_r Wglip k
k
A= —Wg —A —Wgiip * k T_r (l- 38)
M0 _1 (w5 — w)
Ty M Ty 1
0 T _(ws - (1)) B T_r
1 0 ~|
o-Lg
0 1
B = oLs (1- 39)
0 0
L0 0

The mechanical equation of motion and the electromagnetic torque equation are defined as follows:
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M . .
Ce=p- Z ' ((prdlsq - (prqlsd)
d
]E-Qr =C —C — f-Q,

(1- 40)

I. 6 - Simulation of the induction machine model:

The asynchronous machine is normally supplied directly from the industrial network by a system

of balanced three-phase voltages.

In certain applications for which speed variation is necessary, the motor will be supplied by a
system of three-phase voltages or by a system of three-phase currents (injected) into the windings of the
stator, via an electronic converter of power placed between the motor and the electrical industrial
network. [32]

Fig (1-10) represents the block diagram of the model obtained, the latter will be simulated using
the SIMULINK software under MATLAB.

The parameters of the IM used in this work are given in the Annex.
The simulation will be made in the (d, q) frame of reference for a test at rated load after a no-load start.

The supply voltages have been assumed to be perfectly sinusoidal with equal and constant
amplitudes, they can be presented as follows:

Vsa = V2 Vs sin(wst)
. 2
Vg = V2 - Vssin (wst + ?”) (I- 41)
U/SC = /2 Vssin (a)st - 2?”)

With:
Vs : RMS voltage value

w, - Power pulse

1.7.1 - Asynchronous machine simulation block diagram:

The block diagram structure of this simulation is shown in Fig (I-10). The asynchronous motor
presents as inputs the Park components of the supply voltage (Vsq,Vsq) as well as the resistive
torque C, and as output the speed 2, the electromagnetic torque C, , the stator currents and the rotor

fluxes
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[ @
ACIM
PARK
Transformation phi_ds phi_ds
Vds 7
phi_ds
[\/ Va Vds phi_qs phi_gqs
Va phi_gs
phi_dr
/\/ phi_dr
> phi_gr
Vb
phi_gr
/\/ > ids
i_ds
Ve > igs
. am
ipirf_reffor  + theta Vqr idr i_dr
Ws Integrator Vqr idr
0 iqr iqr
initial phase t Ce Ce w
Clock >
time(s) Ws Co
W » W
W
Fig I- 10 : Simulation diagram of an IM powered by an electrical network.
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of poles | of poles DCc
> 10 '
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Fig I- 11 : Block diagram of the Induction machine model.
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1.7.2 - Simulation and interpretation of results:

In the first step, | simulated the operation of the induction motor powered directly by the sine
wave voltage source with 220/380V and 50Hz and with the application of the load C,, = 25Nm att =

1s, the simulation results are grouped in the Fig (I-12):
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Fig I- 12 Simulation results of the IM powered by the sine wave voltage source with application of
load Cr = 25N.matt =1s

When the load is applied, the electromagnetic torque returns to its reference value to compensate

for this stress with an almost instantaneous response. Before stabilizing at the resistive torque value,
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there is a decrease in rotor speed which results in very high slip. The stator currents changing according
to the load applied to the motor shaft.

I. 8 - Three-phase voltage inverter:

The voltage inverter is a static converter which provides an alternating voltage of adjustable
amplitude and frequency from a direct voltage source. It consists of switching cell generally transistor

or thyristor for high powers. [33]

1.8.1 - Different types of inverter for supplying IM:

The inverter is put into operation through a direct current source that can be obtained by rectifying
the voltage of the three-phase network. The direct current output of the rectifier and the direct current
input of the inverter are connected by an intermediate circuit. Two types of connections are used: current
source connections and voltage source connections. An inverter associated with a rectifier is then called

a current or voltage inverter [34].

The inverter is the last part of the variable speed drive located before the motor. It provides variable
electrical quantities to the motor. In all cases, the inverter is made up of semiconductors arranged in
pairs in three arms. The semiconductors in the inverter switch on signals from the control circuit the
switches can be made, depending on the power to be controlled, with MOS transistors, IGBTs or GTOs

associated with an antiparallel diode to obtain current reversibility. [33] [34].

1.8.1.1 - Current inverter:
When operating as a current source, the rectifier supplies a constant current to the inverter; a

smoothing inductor helps to keep the current constant. [34]

1
1 2 3
electric = I—K m—ﬁ
current| | [ o : ACIM
source | | EK ¢ EK
i - |

Fig I- 13 : Current inverter
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1.8.1.2 - Voltage inverter:

When operating as a voltage source, the rectifier supplies a constant voltage to the inverter. The
presence of a capacitor in the link circuit then helps to maintain a constant voltage at the input of the
inverter. [34]

Electric =},
Voltage ACIM
Source . : :

Fig I- 14 : Voltage inverter

1.8.2 - PWM voltage inverter with hysteresis: [33] [34]

To determine the closing and opening instants (switching instants) of the switches, the PWM
technique (Pulse Width Modulation) is used, which consists of comparing the reference signal wave
(modulating) of sinusoidal form at low frequency, to a triangular wave (carrier) signal of high frequency.
The modulated signal is high when the modulator is higher than the carrier and is low when the

modulator is lower than the carrier.

This type of inverter has the particularity of having a very good dynamic response, with a low level
of torque ripple. Nowadays, it is the most coveted type of converter due to the improvement made on
the electronic components and the innovations brought on the topologies of converters such as the multi-
level inverters.

The instants of switching are determined by the points of intersection between the carrier and the
modulating, Fig (1-15).
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Leg output
H [ voltage

Fig I- 15 : Principle of PWM control

There are many reasons:

» The operation of the voltage inverter is greatly affected by the imperfections of the DC source,
little by that of the load. For the current inverter, it is the opposite.

» The two inverters do not directly deliver a sinusoidal output voltage, so an output filter must be

used. With the voltage inverter we know exactly what we have to filter

> the voltage to be filtered is imposed by the DC source. With the current inverter, the voltage to

be filtered depends on the load.

1.8.2.1 - Principle:
The general principle consists in converting a modulating (reference voltage at the control level),
generally sinusoidal, into a voltage in the form of successive slots of variable width. The commutation
angles are calculated so as to eliminate a certain number of harmonics generated at the output of the

inverter (power level). [34]
This technique is based on the comparison between two signals Fig (1-16)

The first, which is called the reference signal V..., represents the image of the sinusoid that is

desired at the output of the inverter. This signal is modulated in amplitude and frequency.

The second, which is called the V. carrier signal, generally triangular, defines the rate of switching

of the static switches of the inverter. It is a high frequency HF signal relative to the reference signal.
[33] [34]
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These two signals are compared, the comparison results are used to control the opening and closing

of the switches of the power circuit.

@

Vdc

.—>’—> ()
Va_ref J

I )
Vb_ref ) 2 Product

@ s >
3

g

T_matrix

Fig I- 16 : PWM simulation diagram with hysteresis.

The intersection of these signals gives the instants of switching of the switches. The pulse wave is
better than the rectangular wave if the frequencies:

fpor > fref

Fig (1-17) illustrates the simulation diagram of a voltage inverter controlled by the PWM with
hysteresis:

We simulated our machine powered by hysteresis PWM voltage inverter. The simulations were carried
out under MATLAB-Simulink. The parameters of the machine are given in the appendix. [34]

I. 9 - Modeling of the PWM inverter:
The diagram of a three-phase inverter supplying the IM. [34]

Lye

i —
Th T T 4

—K& _{ K[ K2[ K3/ . Van
a a —

\{lt b ; IACIM i th

T; T; Ts’L Vie b ]

1} %% (1] -
e

::> K'1[ K2/ K3
Control signal generation

Fig I- 17 : “Diagram of the voltage inverter” and  “Simplified diagram”
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The simplified diagram of the voltage inverter associated with the machine is shown in Fig (1-17).
In order to develop an operating model of the inverter, it is considered that each arm thereof consists of
two switches K1 and K2 assumed to be perfect, that's to saysthe phenomena due to switching are

neglected.

When the load neutral is isolated:

{Van +Von + Ve =0

ign +ipn +icn =0 (I-42)

The inverter is modeled by associating with each arm a logic function F which determines its

conduction states:

(F = {1:If—> K1 closed ,and —» K4 open}
17100:If » K4 closed ,and - K1 open
lE _{1:If—> K2 closed ,and —» K5 open}
27 \0:1f - K5 closed ,and - K2 open
F = {1:If — K3 closed ,and - K6 open}
\"3 7 |0:If > K6closed ,and - K3 open

(1- 43)

The potentials of the nodes (a, b, ¢) of the inverter with respect to the point N are given by the

following relations:

Van = F1 - Vg
Vn = F2* Vge (I' 44)
Ven = F3* Ve

The phase-to-phase voltages of the inverter are deduced using the connection functions as follows:

Uap = Van = Vpn = (F1 — F3) - Vg,
Upe = Von —Ven = (FZ_F3)'Vdc (|'45)
Uca:Vcn_Van:(F3_F1)'Vdc

We can also express simple voltages from phase-to-phase voltages as:

f — Uap—Uca
Van =——5—

3
Y c_Ua
!Vbn= Sree (1- 46)

_ Uca—Upc
Vo = =242

The expression of the phase-to-neutral voltages of the inverter by means of the connection logic
functions is obtained from equations (I-46):

Vel T2 -1 -1k
Von|=—2¢|-1 2 —1||F (1-47)
Vcn -1 -1 2 F3

V4c : This is the DC supply voltage of the inverter.
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then |[ 2/3 . 1/3 j 1/3}
:>[T]=l—1/3 °/ —1/3| - (1-48)
—1/3 —1/3 2/3

I. 10 - Simulation and interpretation of the results:

In the second step, the operation of the induction machine powered by a three-phase hysteresis
inverter is simulated that’s illustrates in the Fig (I-18), with the application of the same conditions as in

the first step.

ACIM
PARK
/\/ PWM_HYS Transformation phi_ds ohi_ ds
Vds —
Vi i_
' Va_ref Va Vds phi_gs phi_gs
phi_gs
/\/ Vb_ret phi_dr phi_dr
Vb S @ _ Vas :
E [ —,—.
J—'VQ;__I‘Q’ “Vb Vb . Vgs 1 . phi_dr
. . - phi_qr
/\/ VdC = = phi_gqr
Ve = - ids
Ve Ve
fpr ids
igs
i_gs
- theta ]
wo || |Zopitret 1 i dr
idr
Vdc Ws Integrator Lqr
0 iqr
| Ce Ce
- initial phase
Carrier L»Ws —
t W W
Clock W

time(s)

Fig I- 18 : IM simulation diagram powered by PWM hysteresis voltage inverter

The carrier frequency is f.q rrier = SkHz with the load applied:

Fig (1-19) shows the similarity of the results obtained when the machine is powered by the hysteresis
voltage inverter, it shows the evolution of the electromagnetic torque Ce, of the speed W, of the fluxes

@dr, pqr and of the currents ids, igs. | notice:
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Fig I- 19 : Simulation results of the IM powered by Inverter with Hysteresis and with application of
load Cr = 25N.matt = 1s

The torque oscillation is the highlight of this oscillator for a duration of 0.2 s, since the rated torque
of the motor is much lower. It will therefore be necessary to take care with the dimensioning of the

torque meter used if one does not want to destroy it. After disappearance of the transient state, the torque
tends towards zero with many oscillations.

The torque oscillations are obviously felt on the evolution of the speed which in steady state

stabilizes at 157 rad /s after 0.4 s with many oscillations.
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I recognize the classic inrush current at startup equal to approximately 5 times the rated current (the
current is measured in A). After its disappearance, the steady state is reached and there remains the.

According to this curve we see that the ripples of the current also affect the flux, also that the flux

goes through a transient period then it reaches its final value following a sine wave

We applied a load of 25 N - m and a frequency of 5 kHz, the latter causes a decrease in speed and
flux and an increase in the stator current and the torque keeps its permanent value with oscillations due

to harmonic pollution.

The simulation results of the IM which is directly connected by the network are almost identical to
the results of this part which is powered by a three-phase hysteresis inverter with small oscillations due

to the switching frequency of the switches.

.11 - Conclusion:

In this chapter, | exposed the principle of operation as well as the modeling of the asynchronous
machine. The development of the mathematical model of the machine is a necessary step for the
simulation of their different operating and control systems. The model of the simulated machine was

established by switching from the real three-phase system to a two-phase PARK system.

I also managed to model the frequency converter, which is represented by the voltage inverter,
controlled by a PWM with hysteresis. The machine-converter association is simulated with voltage
supply to highlight the impacts of this converter on the machine, with the use of different frequencies

within the framework of the PWM with Hysteresis.

The results obtained clearly show the feasibility of the Park model used. The model of the machine
as well as the inverter will be exploited for the establishment of the closed loop control which will be

the subject of the second chapter (Rotor Flux Orientation Vector Control)
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Chapter I  Rotor Flux Orientation Vector Control

1. 1 -Introduction:

The Field Orientation Control is denoted FOC.

The separately excited DC machine offers the main advantage of being easily controllable. The flux
and the torque are decoupled and controlled independently and thanks to this property, high dynamic
performance can be achieved. However, the presence of the brush-collector system limits its fields of
use (power, speed). [35]

For several years, university and industrial research has been developed in order to achieve control
of the asynchronous drive, equivalent to that of a DC motor. In this type of control, flux and torque, two
essential adjustment variables, are decoupled and controlled independently. This principle of decoupled
control, conditioning the stable operation of the asynchronous motor, is a characteristic principle of
vector control. The latter leads to asynchronous drives with high industrial performance supporting the
disturbances due to the load. [35] [37]

The absence of the brush-commutator system is one of the decisive advantages to replace the direct

current machine by the alternating current one is precisely the asynchronous machine.

however, this machine has a difficulty in terms of control. That is to say that the torque and the flux

are strongly coupled variables and that any action on one of them affects the other. [36]

The principles of this control were developed in 1972, by F. Blaschke, it brings the behavior of the
asynchronous motor to that of a DC motor. It consists in placing the reference ( d, g ) such that the axis
(d) coincides with the field to be oriented. [35] [36]

The aim is to eliminate the problem of coupling between the rotor and the stator by splitting the
stator current into two components in quadrature, such that one of the components controls the flux and
the other controls the torque. This makes it possible to reduce to operations comparable to those of a DC
motor with separate excitation, where the field current controls the flux and the induced current controls
the torque. [37]

This chapter consists in introducing the direct vector control method by orientation of the rotor flux.
The methodology consists, first of all, in presenting the equations of the machine model, represented in

the form of block diagrams, then in adding the command to this last formulation.

I1. 2 -FOC historical review:

The first theoretical developments of the oriented field method were made in the early 70s by

F. Blaschke and its effective applications were born thanks to Leonhard ten years later.
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The publications of Leonhard (1983) show that the implantation of the CV offers to the IM
supplied with current and voltage performances comparable to those of the direct current machine.

Recently, many developments and refinements have been introduced, thanks in large part to the
hardware and software means allowing the perfect knowledge of the instantaneous position of the
rotor flux. [38]

I1. 3 -Advantages and disadvantages of vector control:

Vector control has the following advantages: [39]

> It is based on the transient model (to treat the transitory modes which the scalar command did

not allow to do)
» Itis precise and fast.
» There is torque control at standstill.
» The control of quantities is done in amplitude and in phase It has
Also, some disadvantages:

> Expensive (incremental encoder or speed estimator, DSP.). The processor must be able to

calculate the algorithm approximately every millisecond.
» Weak robustness to parametric variations and in particular to those of the rotor time constant.
> Presence of coordinate transformations depending on an estimated angle 6.

» Wrong parameters lead to a torque error.

I1. 4 -Field orientation control (FOC):

The examination of the expression of the torque of the asynchronous machine shows that it results
from a difference of products of two components in quadrature, rotor fluxes and stator currents which

presents a complex coupling between the quantities of the machine.

The aim of flux orientation control is to decouple the quantities responsible for the magnetization

of the machine and the production of torque.

Mathematically, the control law consists in establishing all the transformations to pass from a
system having a double structural non-linearity to a linear system which ensures independence between
the creation of the field and the production of the torque as in a machine. with separately excited direct
current. [39]
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Flux orientation control consists in adjusting the flux by one component of the current and the
torque by the other component. For this, it is necessary to choose a system of axis (d, q). A judicious
choice of the orientation angle of the (d, q). mark leads to the alignment of the "d" axis on the resultant

of the field, this alignment allows the cancellation of the transverse component of the field as indicated
in Fig (11-1). [38]

Vo

Fig 11- 1 : Orientation of the rotor flux on the axis d

I1. 5 -Choice of field orientation:

The choice of orientation axes can be made according to one of the machine field directions, namely
the rotor, stator or air gap flow. [29]

e ¢ = 0and ¢, = ¢4 :itisthe rotor flux which is oriented.
e ¢,q = 0and @ = @5 - itis the stator flux which is oriented.
* Qmg = 0and ¢, = @ny :itisthe air gap flow that is oriented.

In the three cases the torque is proportional to the product of the flux by the component of the stator
current in quadrature with the flux.

The orientation of the rotor flux makes it possible to obtain a high starting torque and requires
knowledge of the rotor parameters.

In all that follows, the orientation of the rotor flux is the method that will be retained.
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I1. 6 -Principle of FOC by orientation of the rotor flux:

In this case the rotor flux is oriented on the axis " d " of a reference linked to the rotating field of

speed ( ws), SO we can notice the following properties: [40] [41]
The transverse component of the rotor flux is zero. (¢, = 0)
The “ d ” axis is systematically aligned with the rotor flux vector. ( @, = @rq)

The longitudinal component of the rotor current is zero if the rotor flux is kept constant.

((prq = const & g = 0)

The vector model of the asynchronous machine is described by the following equations:

= — a__ A
Vs = Rgls + E‘ps + JwsPs
a4 (n-1)
0 =R, + E‘pr + jwr @y
Qs = Lsis + Mi,
{@=Lrl7+Ml: - =0t (11-2)
With:
X = xq +jxq (x:represents flux, currents and voltages)
To write the IM model with the state (g, ,) we make the following changes:
— _  M__ M?_ M2\ _  M__
(ps:les-l';(Pr_:ls = Ls(l_Ler)ls'i'L_T‘pr (11- 3)
— — M___
— @ = 0L+ oo (- 4)
Equation (11-1) in the stator voltage equation and the rotor voltage equation gives:
= (II-5)
‘75 = Rgl; + i(O-LSE + KW) + jws (O-Lsg + MW)
dt Ly Ly (I1- 6)

o ML\ . d__ . __
Oer((f_r_L_:s)'i'E(pr'i']wr(Pr

-MR, _

Ry | . o d__ ~MRy _
0= L ls(L_r-l']wr)'(pr_i'E(pr = 0=

G (4 jop +S) g -(11-7)

®r = @gr : (the orientation of the rotor flux)

We decompose the equation into real and imaginary parts, we will have:
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[ .
0=+ (&+S) ®r
Ly Ly
i e (11-8)
0= L lsq+(‘)r'(;0r = lgq = R,
TN
Ly Ly
—M Ry . B Wy Ly (“- 9)
0= l5q+wr'(pr :>qu:_

Ry
The relation of i;; means that in the model of the asynchronous machine in the frame (d, g) with
oriented rotor flux, the modulus of this flux is linearly controlled by the direct component of the stator

current izq with a first order dynamics with the constant of time T, + jo, @,

. d
Via = Rylrg + a(Prd = WrPrqg = 0

. d ()
qu = errq + E‘prq T Wy Prq
. d
(V) == 0=Ryira+ ¢ra (11- 10)
Prq = CONSt — %(prd =0 (1-112)
From these properties we can write:
Prq = 0
Qra = Qr = const (n-12)
iT'd = 0
We replace this system in the flux equations, we get:
Pra = Misq
then (11-13)
Orq = Lyiyg + Migg =0
From the last equation of this system we will have the following equation:
. M .
trg =~ 7 Isq (- 14)

We replace the expression (II-12) in the electromagnetic torque equation we will have:

M
Ce = zi_r *Pra T Psq (11-15)

Also, the torque becomes:

Co=K-igq-isg (I1- 16)

pM?
Ly

With: K =

(I1- 17)
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This expression is analogous to that of the torque of a DC machine. The Fig (II-2) illustrates the
equivalence between the expression of the torque that is achieved with the conventional uncoupled
control of a DC machine and the vector control of an asynchronous machine. Thus, the brush-collector
system in the DC machine is replaced, in the case of the asynchronous machine, by the autopilot system
which makes it possible to achieve harmony between the frequency of rotation and that of the currents

induced in the rotor, such that the following relationship: [26]

Induced Circuit Inductor Circui

P
I if ids
> »Decoupling
' —»  Circuit
. ?5 . Lo
Wil e Co=K i gl
Ce=K i, 1 \
\ component of Flux Component
component of Flux Component Torque

Torque
Fig 11- 2 : Equivalence between the control of a separate-field motor and the vector control of an IM

11. 7 -Types of field orientation control:

All the research work carried out on this subject uses two main methods, the first called the direct
method which was developed by F. Blaschke, the second known by the indirect method developed by
K. Hasse.[42]

11.7. 1 - Direct vector control:

This method requires a good knowledge of the flux modulus and its position, and this must be
verified regardless of the transient state performed. It is therefore necessary to carry out a series of
measurements at the terminals of the system. Direct measurement makes it possible to know exactly the
position of the flux. This control mode guarantees correct decoupling between flux and torque, whatever
the operating point. However, it requires the use of a flux sensor, which considerably increases the cost

of its manufacture and makes its use weaker. [42] [43]
The application of this method imposes several disadvantages of different natures:
» The unreliability of the flux measurement:

> measured signal filtering problem.
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> mediocre accuracy of the measurement which varies according to the temperature (heating of

the machine) and the saturation.
» High production cost (filter sensors).

Conventional direct field-oriented control (DFOC) algorithms provide more precision for torque
control than scalar schemes, but require sensors for the speed control of the rotor and the magnetic flux
to provide the data for the FOC algorithms. They also face challenges in the dynamic response and the

dependence on measuring the parameters in the motor. [44]

We apply the direct vector control to the asynchronous machine supplied with voltage with

converter.

11.7. 2 - Indirect vector control:

This method does not use the amplitude of the rotor flux but only its position. It does not require
the use of a rotor flux sensor but requires the use of a sensor or a rotor position (speed) estimator. The

latter can be developed by two main groups: [42] [43]

The rotor flux vector is obtained indirectly from the measured stator currents and voltages. In the
second group, the rotor flux vector is estimated from the measurement of the stator currents and the rotor
speed, based on the equations of the rotor circuit of the asynchronous motor in a reference system

rotating in synchronism with the vector of rotor flux.

The major drawback of this method is the sensitivity of the estimate to the variation of the machine
parameters due to the magnetic saturation and the temperature variation, especially the rotor time

constant T, .

indirect field-oriented control (IFOC) method estimates the phase angle of the rotor magnetic field
flux, eliminating the need for additional sensors but adding to the complexity and the computation time
of the control system. [44]

I1. 8 -Structure of FOC of the rotor flux of IM supplied with voltage:

In this type of power supply, the control becomes more complicated because one must consider the
dynamics of the stator in addition to that of the rotor. [42] The control quantities are the stator voltages
(Vsa» Vsq) and the speed of the rotating field ( ws). Considering the two stator voltages as control
variables, the two stator currents (is4, i54), the rotor flux (¢, ) and the mechanical speed ({2,.) as state

variables, we obtain the model of the three-phase asynchronous machine supplied with voltage by
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® °
orientation of the rotor flux, [40][45]Taking into account that: Yrg=0and @, =0 — @4 =
Pr

d . M2\ ,
(Vsd = O-Lsalsd + (Rs + R, F) “lgqg — wsOLg lsq — ERS()DT‘
d . M2\ , M
Vig = 0Ls 3isq + (Rs + Rr 155) s — @5OLs bsa = 3 P2rpr
d .
Tr'a'(pr-l'(pr:M'lsd

M-isq
Tr@r

L (l)S:p'.Qr+

These expressions can be exploited as such to achieve flux-oriented vector control of asynchronous

motors supplied with voltage but and influence both and therefore the flux and the torque Fig (11-3).

a + A
Vd —_— Vds_’ 14s lgs — flux

S

v+

Fig 11- 3 : The concept of decoupling.

11.8. 1 - System of equations related to rotor flux:

The equations (11-19), provided with the constraint (¢,- = 0) are simplified:

d . . . M d
Vsa = O-Lsalsd + Rgigq — ws0Ls lsg T ;Egor

d ; (I1- 19)

Vsq = oLsaiSq + Rgigq + ws0lg isgq + Ws T Pr
O = s~ o (1l-20)
Co =" risq (II- 21)
“)r:%'i;_z (I1- 22)
J gl =Ce=Cr=f0y (11- 23)

The equations (11-19) to (11-23) highlighting respectively the current producing the flux, and the
current producing the torque. This offers the possibility of controlling the asynchronous machine by
decoupling as in the direct current machine, the flux and the torque. The decoupling structure is defined
by the equations defined previously (11-19) and (11-20). The block diagram of this structure is represented
by the assembly of Fig (111-4). [45]

o °
Page 41 of 83




Chapter I  Rotor Flux Orientation Vector Control

Vs W_
L+
1 Ids
—3 | —=—
p— | _ [ oL.S+1
Mo /af—p[ >
K-Ts(1-6)/M

Vas + 1 Igs
B« oy I g 5 51 J_:x-.@»mr

M/L
‘

Tr:S#l > (pR

3 x

3 pM/Lx &
Fig 11- 4 : Structure of the rotor flux orientation control

11.8. 2 - Input-Output decoupling:

The vector control laws of asynchronous machines supplied with voltage present couplings between
the actions on the (d,q) axes. The flux and the torque depend simultaneously on the voltages

(Vsa » Vsq ), therefore a decoupling must be carried out.

The objective is, as far as possible, to limit the effect of an input to a single output, we can then
model the process in the form of a set of single-variable systems evolving in parallel. The commands
are then not interactive. Different techniques exist: decoupling using a regulator, decoupling by state
feedback, decoupling by compensation, we present decoupling by compensation. [26] [46]

11.8. 3 - Decoupling by compensation method:
Definitions of two new control variables V" And V;," such as: [46]

Vsa = Vsa emfy and Vsq = Vsq*equ

With:

. M
emfy = wsoLgisq + ;Rrgor

(n-24)
. M
equ = — (wsalesd + ;Rrgor)

"emf," and "emf;," disturbances partially related to currents and introducing nonlinear coupling.
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The voltages ( Vg , Vs, ) are then reconstituted from the voltages ( Vsa s Veq” ) Fig (I1I-5)

Such as:

* d . M? .
Via" = 0Ls5risa + (Rs + 15 Ry) - isa

(I1- 25)

2

* da . M .
Via" = 0LsSrisq + (Rs + 15 Ry) “isg
The block diagram in the following figure shows the compensation method for cross terms and

nonlinear terms.

vie &% | acmv -,
&

Vi | FOC
Vo ’(% 1 Control " Ce

equ

Fig 11- 5 : Reconstruction of voltages V4 and Vg,

11.8. 4 - Field weakening block:

The field weakening allows optimal exploitation of the magnetic capacities of the machine, allows
operation at constant torque if the speed is lower than the rated speed on the one hand this block also
makes it possible to weaken the flux inversely proportional to the speed, for operation at constant power

when the speed exceeds the rated speed. It is defined by the following nonlinear function: [47]

for

Under-speed: @, = ¢y rqtea — 12,| < 2y ratea (11- 26)
. 2y rated for
Over-speed. Or = Tﬂ *Pr rated — |-Qr| = -Qr_rated (“' 27)

With:
2, rateq - Rated rotational speed.
@1 ratea - rated rotor flux.

The principle of flux-weakening consists of keeping the rotor flux constant and equal to the rated

flux and by varying it over a range for speeds above the rated speed. [40]
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Fig 11- 6 : Field weakening block.

11.8. 5 - Principle of operation:

The block diagram of the structure of direct vector control by orientation of the rotor flux of an IM
supplied with voltage is represented by the Fig (11-7). [26]

1 emf
(P* La S V _”'
r P ds ] L J
I<IIIW>'I‘E] & | two-® | Vea | &
to Vsb ' S
% Vs¢ 2
Q three-®
€ N =z
0 °
<+ Q
three-®|
to ; (1sa, 14b isc)
two-O
J ( 1ds)lqs )
emfg—— Compensating Rotor Flux
emf g—— Transaction | .| Estimation

I I

Fig I1- 7 : Schematic diagram of direct vector control with oriented rotor flux of the IM

11.8. 6 - Rotor flux estimation:

Only the stator quantities are accessible, the rotor quantities are not, it is therefore necessary to be

able to estimate them from the stator quantities. [48]
In general, rotor flux estimators come in four forms:

> estimator based on a current model.

> estimator based on an elimination method.
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» estimator based on a voltage model.

> full order estimator.

All these estimators come from equations modeling the Asynchronous Machine. From the system
of equations (11-19) to (11-13) with " w.,, = 0" (Stator-related frame of reference), we deduce that
the rotor fluxes " ¢,.q @4 " can be estimated from the stator currents and the speed of the rotor. This

open-loop estimator, which is presented in Fig (11-8), is based on a so-called current model. [48]

Rr/Lr (&
L, _.| M(Rr/Lr) 1/s > Dy,

0,

L MRe/Lr) 30— 1/s |90
Rr/Lr ¢

Fig 11- 8 : Diagram of the open-loop flux estimator

The flux modulus is given by:

and _ @r
Orde + Prg? ™, g, =tan™? («;_Z) ---------------- (11- 28)

11.8. 7 - Regulation of the system:

In the case of my study, we limit ourselves to the control technique (PI).

11.8.7. 1 - Design of regulators:
y(t)* isthe signal to follow, and y(t) the output signal of the system to control. [49]

v e(t) U(t)
y Controller —>| System

¥
(t)}

Fig 11- 9 : Representation of PI control
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The control law is:

U(t) =K, e(t) +K; [e(t)dt (11- 29)

If K, isgreat, the correction is fast. The risk of overshoot and oscillation in the output increases.

If K; issmall, the correction is slow, there is less risk of oscillations. [50]

The integral action reacts slowly to the variation of the error and ensures progressive catching up

of the setpoint.

As long as the positive (or negative) error remains the action U (t) increases (or decreases) until

the error cancels out. [50]

11.8.8 - Regulators characteristics: [50] [51]

11.8.8.1 - Stability:
A looped system must be stable. If only if the reactions of the regulation system are energetic

without being disproportionate with the error to be corrected.
A correction that is too strong or too late risks leading the system to instability.

11.8.8.2 - Accuracy:
In regulation, the accuracy obtained by the implementation of integration in the loop.

11.8.8.3 - Rapidity:
In general, a looped system must respond quickly to the variation of its setpoint (tracking) and

quickly clear disturbances (regulation).

The reaction time is of course closely related to the inertia of the process.

[1.9-  Calculation of regulators: [26] [40] [41] [51]

11.9.1 - Direct stator current i;4 regulation:

The block diagram of the regulation of the direct component of the stator current " ig;" is shown

in the Fig (11-10):
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i ds* + ' Vds* L ids

Fig 11- 10 : Block diagram of " iy;" stator current regulation

The open loop transfer function is written:

. S+(Ki1/Kp1) . (1/0Ls)
s 5+(Rs/Ls)

Figa(s) = 2% = Ky (I1- 30)

isd
We compensate the pole " s + (Kil/Kpl) " by s+ (a/oLg) which results in the condition

Kiq Rg

Kow oL (- 31)
The open loop transfer function is now written:
. _ Kpa
Figg(s) = P (- 32)
The closed loop transfer function is given by:)
. _ Figq _ 1 N _ O'_LS _
Gisa(s) = 1+Figqg  1+(oLs/Kp1) 1= Kp1 (I1-33)
We obtain a response of the first order type of time constant t; .
For an imposed response time of “5%”, we obtain the following condition:
37y = trespl(S%) (“' 34)
oL
3- H: = lresp1(s5%) (11- 35)
Thus:
3-0L
K, = = I1- 36
pl tresp1(5%) ( )
According to the equation (II-35), we can write:
Ky = —25s (I1- 37)
Lresp1(5%)
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11.9.2 - Quadrature stator current iz, regulation:

The block diagram of the regulation of the inverse component of the stator current is shown in the
Fig (1I-11):

s+ V. il i
i ks + K2 T oy
e S + S
c.l;

Fig I1- 11 : Block diagram of iy, stator current regulation

We notice that the current iy, has the same dynamics as the current i;; , we then find the same

parameters as before

3-0Lg

K,, = I1- 38
p2 tresp2(5%) ( )
3R
Kip = —= (11- 39)
resp2(5%)

11.9.3 - Velocity regulation 2, :

The block diagram of velocity regulation is shown in the Fig (II-12):

C,

: Q.
= >
Js+f
Fig I1- 12 : Diagram of speed regulation block
The open loop transfer function with no-resistive torque is given by:
0y S'Kp3+Ki3 i
FQ,.(s) = 2 = SGIih) (- 40)
The closed loop transfer function is written:
[ @
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© °
_ S'Kp3+Ki3 _
GO.(s) = JEEY A (n-41)
This transfer function has a second order dynamics, whose canonical form:
G(s)=—2" = G(s) = ! (I1- 42)
(s) = s2428wp Ss+wn? (S) - ;2524_;_5.54_1
By comparison, we then get:
Lo gng 2 (11- 43)
Ki3 wWn Ki3 Wn
For a damping coefficient { = 1 and a given pulsation w,, , we obtain:
Kiz = Jw,? (11- 44)
Kpz = 2Jwn, — f (11- 45)
11.9.4 - Flux regulation ¢,.:
.k .
Pt k, | ' | Internal control | '« M P,
ke +—— P : — TS
loop (14) S+ 1

Fig I11- 13 : Scheme of flux regulation block ¢,

For the outer loop of the flux, the calculation will be done in the same way. Knowing that the faster
inner loop has already reached the desired reference value, the open loop transfer function is, according
to the Fig (11-13), given by:

— S+(K'f/K f) (M/Ty)
FQDT(S) B Kpf . ls e s+(1/Ty) (“- 46)
After compensation of the dominance Ti = If—‘f , the closed-loop response time will be TTM , and
r pf pf’

this will be chosen ten times greater than the response time of the internal loop to allow the internal

current loop to reach the reference value 7, = 10 - 7.

Tr
Kor = Tomm (- 47)
Ky = % (I1- 48)
@ @
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1. 10 -

Simulation and interpretation:

From the theoretical study of the structure of the direct field-oriented vector control, in this chapter,

we can elaborate the different blocks necessary for a simulation of the process. The overall diagram is

given by Fig (11-14)

The simulation results of the machine control assembly are defined by the imposition of the

following reference variables: pref = 1Wb,Qref = 157(rad/sec).

ACIM
Inverse PARK PARK .
Transformation PWM_HYS Transformation i phi_ds
3 & phi_ds
- ’ Vds_ref Varet Va Vil fy phi_gs -‘ pi_as
- L Va_refl phi_gs
e jas M
| /qsre! —{Vas -
C | etV Vb vas T ,
| | phi_gr
[o}—Vdr:ref Vb_ref “Vde it o
Vdr_ref - 1 b= | v:-7 ~ vd ) S A T2 il ds| ids
1 . [ vde {f i I_ds
[o}—Vaqr_ref = igs -{ Las
Mhats 1L_qs
»theta_s de pitLreffre . —’
“Vqr idr
ae i | Toteggeter iqr Lar
| BE
Cel— Ce
= initial_phase ‘ ‘ i
“Rotor flux estimator |"'® S

Compensating transaction

|

phi_dr

phi_r

time(s)

Ws

s

ids

emf q

Fig I1- 14 : Block diagram of direct vector control

Using the diagram of the general structure of the direct vector control Fig. (11-14), the tests are

carried out from the simulation of the following operating modes:

In order to show the results obtained by simulation of direct voltage vector control. We simulated

the system in different operating cases such as the speed, load variation and reversal of the direction of

rotation and the parametric variation in this case the rotor resistance.

11.10 .1 - Simulation of the speed variation:

The simulation results obtained for the speed variation with application of a resistive torque Cr =

25 N.m of Fig (I1-15) are explained in the following table:
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Time (sec) 0 1 1.4

Q,.f (rad/sec) 157 90 157
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Fig 11- 15 : DFOC simulation results during IM shaft speed variation

The simulation results obtained for the speed variation of Fig (11-15) show that this variation leads
to a variation of the stator frequency which influences the currents, the fluxes, and the electromagnetic
torque. It is noted that the system responds positively to this test. The speed follows its new reference,
this means that the regulation is robust. also, the torque undergoes a transaction peak when switching
from one mode to another, then regains its value without error, while the decoupling still exists, so the
regulation is robust from a speed control point of view.

11.10 .2 - Simulation of the inversion of the rotationnel direction :

To perform this test, the sign of the speed was reversed from (+157 rad/s =, —157 rad/s)
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from t = 1.2 s . with application of a resistive torque Cr = 25 N.m. int = 0.8s The simulation
results are illustrated by Fig (I1-16):

21

A0
ranfF a0
e
Tt = —
— Weref E 200 —Ce-ref
x %
W
I ] i 2 1w
: £
E 0 T I
3 g
g 3
g F
§ ol
= E
Frs g
IS . A |-
2 I . . I L . _aow I L 1 1 1
] 02 [} o ne i 1z Ly L LE 2 [} [ i LY X I 2 14 4 E
Finee o} Time f5
250
N
20 -
| - N i
) 150 -
L3~ T phirge N
‘:!- —igs
= 1w
=
! 3
S PR
= £
4 [ X3 E
= = s
: S
306 :
= 3 -s|
s “
100
i -
150
[l
i i i i T 1 1 1
I [ %] i o6 X i 2 14 LA 4 2 [] (% d .6 LY i .2 14 16 18 2
Fime f5f Time f5f

Fig 11- 16 : DFOC simulation results during IM shaft speed inversion

I notice from the response shown that the speed is obtained without overshoot despite the dynamics
of the flux. This shows that the analytical approach proposed for the design of the PI regulator is quite
strict. During start-up, | also observe an overrun of the electromagnetic torque due to the initialization
of the flux.

It can be seen that the system responds successfully to this type of test and the decoupling between
the flux and the torque is verified. So, | can say that my control is robust with respect to variations in
load and direction of rotation.

11.10 .3 - Simulation with load torque variation:

To test the robustness of the regulation, we simulated a no-load start for a reference speed of
157 rad /s, then a cyclic change of different levels of load torque which are applied to the IM by time

is shows in the following table:
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Rotor Flux fWhi
=
>

@
Time (sec) 0 0.8 1.1 1.4 1.6 1.8
C,osist (N - m) 0 25 15 —20 | -10 0
160 = = = — = J50
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Fig 11- 17 : DFOC simulation results during no-load starting followed by a load torque variation

The results of simulation of the direct vector control (DFOC) of the Induction Motor in voltage are

illustrated by the Fig (I1-17), the system is subjected to the test of follow-up of the instruction to the

variation of the load, the quantities such that speed, torque, fluxes and currents are influenced by this

variation from which the system is perfectly controlled. The flux curve also shows a decoupling between

the electromagnetic torque Ce and the rotor flux, the electromagnetic torque has the same shape as the

current isq except for a coefficient which proves that the decoupling is perfectly achieved (¢rq = 0)

I also note that the electromagnetic torque follows the setpoint, the stator phase current perfectly follows

the load variation, the rejection of the disturbance is also achieved with a return to the speed setpoint.

Page 53 of 83



Chapter 11

Rotor Flux Orientation Vector Control

The performances of the DFOC of the induction motor against parametric drifts are tested for a
variation of the rotor resistance. However, a 50% increase in resistance Rr from t = 1.4 s with

application of a resistive torque Cr =

o : —

T4

s =
g 0¥

Rovation Speed frad/s]
=)

— Weref

I 1 I I L
02 i [ wE I 1.2 14 P ¥

L6

14|

L2

Rotor Flux fWb]
=
S0

11.10 .4 - Robustness test for the variation of the rotor resistance:

10 N.m. in t = 0.8s the results are shown in Fig (I1-18).

300

250

[
=
s

Electromagnetic Torque [N.m]

~
o
5

~
>
S

w
>
T

Ce

—Ce-ref

>

'
&
=

.
0.2

.
0.4

.
0.6

. I . . . .
0.8 1 12 14 L6 18

0
Time fs] Time [s]
200
150 - ids
= —igs
I
3 100
2
Z
phi-dr g s
——phi-gr §
— phi-ref )
phi-ref g
s of 4
S
/ =501
1 L L 1 1 L L 1 L -100 L L L L L L L L L
0.2 0.4 0.6 0.8 1 12 14 1.6 18 2 0 0.2 0.4 0.6 0.8 1 1.2 14 L6 1.8
Time [s] Time [s]

Fig 11- 18 : DFOC simulation results of robustness test for rotor resistance variation.

After the results presented in Fig (I1-18), we notice at the moment of variation of the rotor

resistance of 50% of the rated resistance due to the heating of the machine. which stabilize at their

steady state.

The results show that before the moment (t = 1.4s) that is to say at the moment of variation of the

resistance of 50%, no variation on the curves of speed, torque, currents and flux.

From the moment of variation of the resistance, the flux curves are divergent to their desired values.

The figure confirms the dependence of the control law of the DFOC on the rotor resistance, so | can say

that this technique is not robust with respect to internal parametric variations.
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I1.11 - Conclusion:

The direct oriented field method applied for several years to the induction motors (IM) remains
the most popular method. Indeed, this allows us not only to simplify the model of the machine but also
to decouple the regulation of the torque and the flux. It makes it possible to make the shape of the

torque of the induction motor similar to that of the Direct Current motor (DCM).

The DFOC of the IM that we have developed presents a satisfactory tracking of the reference, but
the classic Pl regulator does not allow in all cases to control the transitional systems, and in general,

the uncertainties of uncertain systems.

Moreover, after the robustness tests, I did for the variation of speed, the load and the variation of
rotor resistance. The results show that the direct vector control is sensitive to the parametric variation

(rotor resistance).

These are the reasons why | devote a chapter to the application of a Fuzzy Logic Controller (FLC).
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I11.1 - Introduction:

Fuzzy logic is a mathematical description of a process based on fuzzy set theory. This theory
introduced in 1965 by Professor Lotfi Zadeh. At that time the theory of fuzzy logic was not taken
seriously. Indeed, computers, with their exact operation by all or nothing (1 or 0), have started to spread
on a large scale. On the other hand, fuzzy logic made it possible to deal with non-exact variables whose
value can vary between 1 and 0. Initially, its goal is, as in classic automatic, to deal with process control
problems, that is to say to manage a process according to a given instruction, by acting on the variables
which describe the process, but its approach is different from that of traditional automatic control. It

most often uses the knowledge of experts or qualified operators working on the process. [53]

The first applications of fuzzy logic were confined to non-technical fields, such as commerce and
management, and it was not until 1974 that it was applied automatically by E. H. Mamdani who began
by making the first fuzzy controller. In this first section, | deal with two fundamental notions: fuzzy and

fuzzy logic and subsets. [54]

The purpose of this chapter is to first represent a brief reminder of fuzzy sets and a general overview
of fuzzy logic, as well as its application for adjusting the speed of the three-phase asynchronous machine

by replacing the conventional speed regulator. control by linearization input output by a fuzzy regulator.

The performance of this setting will be shown by simulation results, and robustness tests will also

be performed.

111.2 - Overview of the history and applications of fuzzy logic:

The roots of fuzzy logic are found in Heisenberg's uncertainty principle. In the 1920s, physicists
introduced the third value % into the bivalent logic system {0,1}. Why %? Because it is the truth value

of all paradoxes. Classical logic forbids all paradoxes by its axioms. [54]

In the early 1930s, the Polish logician Jan Lukasiewicz developed the logical system with three
values and then extended it to all rational numbers between 0 and 1. He defined fuzzy logic as logic that

uses the general truth function which can take any value between 0 (false) and 1 (true). [55]

In the 1930s, Max Black applied fuzzy logic to sets of elements or symbols. He called the

uncertainty of these sets’” imprecision. He drew the first membership function of a fuzzy set. [55]

In 1965 Lotfi Zadeh published the article “fuzzy sets” in which he developed the theory of fuzzy

sets and introduced the term fuzzy in the technical literature. This is the beginning of attempts to model
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systems by fuzzy relations. Zadeh's first investigations were the use of logic to represent an “expert

system™ approach to automatic tuning, where the control rule is replaced by fuzzy rules.

The first results in fuzzy control were published by Mamdani and Assilian in 1975. This encouraged

different activities in England, Denmark and France. [55]

After 1980, research stopped in Europe but the Japanese resumed it. Their industry has launched
many products based on fuzzy logic, including household appliances and audio-visual equipment.

Currently, fuzzy logic is considered a basic tool in Japan. [53] [55]

Since then, fuzzy logic has experienced a real boom in Japan due to the fact that Japanese companies

have quickly understood its advantages, both technical and commercial: [56]
» Ease of installation.
» Solutions of complex multivariate problems.
> Robustness against uncertainties.
> Possibility of integrating the know-how of the expert.
We then see a real panoply of products stamped “Fuzzy logic inside”,
of which we will cite the following examples:
» Household appliances (washing machine, vacuum cleaner, pressure cooker, etc.)
» Audio-visual systems (autofocus camera, camcorder with image stabilizer, photocopier, etc.)
» Embedded automotive systems (suspension, air conditioning, etc.)
» Transport systems (train, metro, lift, etc.)
Finally, it is interesting to note that in recent years fuzzy processors have appeared on the market,

and are true processors dedicated to fuzzy logic tuning applications.

111.3 - Advantages and disadvantages of fuzzy logic control:

Fuzzy logic control combines a number of advantages and disadvantages. [57] [58]

111.3.1 - The advantages of fuzzy logic control are:

» The non-necessity of modeling (however, it may be useful to have a suitable model).

» The possibility of implanting (linguistic) knowledge of the process operator.
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» Control of the process with complex behavior (highly non-linear and difficult to model).
» Frequently obtaining better dynamic performance (non-linear regulator).

» Two solutions are possible: software solution (by microprocessor, DSP and PC) or hardware

solution (by fuzzy processors).

111.3.2 - The disadvantages of fuzzy logic control are:

» Lack of precise guidelines for designing a setting (choice of quantities to be measured,
determination of fuzzification, inferences and defuzzification).

» The artisanal and non-systematic approach (implementation of operators' knowledge is often
difficult).

» The impossibility of demonstrating the stability of the control circuit in all generality (in the
absence of a valid model).

» The possibility of occurrence of limit cycles due to non-linear operation.

» Consistency of inferences not guaranteed a priori (appearance of contradictory rules of inference
possible).

I11.4 - Fuzzy logic in industry:

In recent years, we have seen the emergence, particularly in the United States, of several
applications using control systems based on the theory of fuzzy sets. The main areas of research and

application of fuzzy logic are: [57] [59]

» Automation of iron and steel production, water purification, assembly line and manufacturing

robots.
» Instrument control (sensor and measuring instruments), and voice and character recognition.
» Design, judgment and decision (consultation, investment and development of train schedules).
» Control of arithmetic units, microcomputers, and realization of operators.

» Processing of information such as data, research of information, modeling of systems, etc.

I11.5 - Fuzzy set theory:

111.5.1 - Definition:

The term “fuzzy logic” has two aspects: [53] [60]

» The first corresponds to all the developments concerning the theory of fuzzy sets.
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» The second represents an extension of classical logic in order to reason about imperfect
knowledge.

In order to know the fundamental principle of fuzzy logic, we introduce a simple example, that of
the classification of people into three sets “young”, “middle-aged” and “old”. For the case of classical
logic (loop logic) which admits two values 0 or 1, the classification could be done as in the Fig (111-1).
All persons aged under 30 belong to the young set and all persons aged over 50 are considered to belong

to the “old” set. However, such a classification logic is not even logical because the question that arises:

why should a 50-year-old person be considered as belonging to the “old” group? In reality such a
passage is done gradually and individually. In addition, during the classification by classical logic,
people located in the "between two ages" zone are not taken into consideration.

ut

young middle-aged

0 20 40 60 80

age
[years]

Fig I11- 1: Classification of people into three sets according to classical logic.

Fuzzy logic, whose membership function can take any value between 0 and 1, makes it possible
to take this reality into account. It is therefore possible to find another classification for the previous

example using fuzzy logic. The limits do not vary suddenly but gradually as shown in the Fig (111-2).

i
1

0.75p == ==——~=

AN

young between two ages old

025k —————-—~-

0 60 80 age
[years]

Fig 111- 2 : Classification of people into three sets according to fuzzy logic.
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A 25-year-old person belongs to the “young” set with a value of the membership function © = 0.75
and to the “between two ages” set with u = 0.25, on the other hand, a 70-year-old person belongs with

a value p =1 to the “old” set.

111.5.2 - Fuzzy sets:

In conventional set theory, a thing either belongs or does not belong to a certain set. However, in
reality, it is rare to encounter things whose status is precisely defined. For example, where exactly is the
difference between a tall person and an average tall person? It is from this kind of observation that Zadeh
developed his theory. He defined fuzzy sets as Linguistic terms of the kind: zero, large, negative, small...

These terms also exist in conventional sets. [61]

However, what differentiates these two set theories comes from the limits of sets. In fuzzy sets, it
is allowed for a thing to partially belong to a certain set; this is called the membership degree. In
conventional sets, the degree of membership is 0 or 1 then in fuzzy logic, the degree of membership

becomes a function which can take a real value between 0 and 1 (we then speak of a membership function
u). [54] [61]

111.5.3 - Different forms of membership functions:

We can use for the membership functions different forms Fig (111-3) [61] [62]

Pll Triangular 'il Trapezoidal
uf ut Piecewise
i Gaussian | exponential

Singleton

— =

»
r

Fig I11- 3 : Different forms for membership functions.
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In a discrete X = {x; — i =1,2,3 --- n} or continuous X domain, a fuzzy set A can be defined
by a set of peers: (degree of membership/element):

A= % + @+ et @ = Z?ﬂ@ = Discrete case ----(I11- 1)
1 2 n i

A= fx”AT(x) =——  case continued

(11- 2)

In a continuous domain, fuzzy sets are defined analytically by their membership functions. We find
in the literature various forms for fuzzy membership functions.

111.5.3.1 - Triangular and trapezoidal membership function:

u(x; a, b, c,d) = max {0; min (E» 1, g)}

-(11- 3)

Where a, b, c and d are the coordinates of the apexes of the trapezium If b < x < ¢, we get a
triangular membership function.

( ¥

0O ——
x—-a if
— —— a<x<b
ulx;a,b,c,d) = ”C—_‘; if (111- 4)
— — b<x<c
c-b
\ 0 il

— X=cC
111.5.3.2 - Piecewise exponential membership function:

=
e 2wg

— x< ¢4
M('x; Cg; Cd; wg; wd) = _(ﬂ)z if (“I- 5)
e \*Wa — x> 4
1 otherwise

Where ¢, and ¢, are the left and right limits, respectively, and w, , w, are the left and right
widths, respectively. For " ¢, = ¢4 "and " w, = wy ".

111.5.3.3 - The Gaussian membership function:

u(x;c,o) = e_(%)

(111- 6)
where c is the center of the Gaussian and o its width.
111.5.3.4 - Singleton membership function:
if
u(x)z{l — X=X (- 7)
0 otherwise

In general, three geometric shapes are used for membership functions: trapezoidal, triangular
and bell. The first two forms are most often used because of their simplicity.

°
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111.5.4 - Fuzzy logic operators:

The characterization of fuzzy sets by membership functions has allowed an extension of certain

operations defined on classical sets to the fuzzy case.

Let A and B be two fuzzy sets defined in the universe of discourse X having respectively u, and

U4 as membership function.

The usual operators, namely the addition, subtraction, division and multiplication of two or more
fuzzy sets also exist. However, these are the two union and intersection operators most often used in

fuzzy logic control. [54] [63]

111.5.4.1 - “NON” Operator:
According to set theory, the complementary set:

C =4 =NON(4) -(111- 8)

Is defined by the elements of x that do not belong to the set A. In the case of fuzzy logic, this definition
can be expressed by the membership functions in the following way:

Ha
pe(x) =1 — py(x) -(111- 9)
| | —

A 4

,J'B AN

A 4

""NON' operator *
Fig I11- 4 : NON-Operator.
111.5.4.2 - “AND” Operator:

The “AND?” operator corresponds to the intersection of two sets A and B, we write:

C=ANnB= Aand B (11- 10)

In fuzzy logic, the “AND” operator is realized in most cases by the formulation of the minimum,

applied to the membership functions p, (x) and pg(x) of the two sets A and B, that is:

pe(x) = minfp, (x), pp(x)] (1n-11)
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We then speak of the minimum operator; this operation is represented in the Fig (I11-5).

111.5.4.3 - “OR” Operator:

The “OR” operator corresponds to the union of two sets A4 and B, so we have:

C=AUB= AOrB (m-12)
The realization of the operator ‘OR’ at the level of fuzzy logic is generally done by the formulation

of the maximum, applied to the membership functions p,(x) and ug(x) of the two sets A and B . So,
we have the maximum operator:

te(x) = max(uy (x), up ()] (I11- 13)
This operation is represented in Fig (111-5).
wa La
1 \ 1
MBA\ x HBAA x
1 1
> // >
ng * Ha ¥
1
“AND” operator * “OR” operator

Fig I11- 5 : AND, OR Operator

111.5.5 - Fuzzy reasoning:

The natural mode is too complex. These measurements are subject to inaccuracies, vague and
possibly uncertain. The reasoning of this knowledge in classical logic is not enough, we use fuzzy
reasoning. [64] [65]

111.5.5.1 - Fuzzy implication:
A conditional expression of the type “if x is A then y is B”, where A and B are fuzzy sets on the

universes U and V respectively a fuzzy relation R on the Cartesian product U X V is called “Fuzzy rule”.

Page 64 of 83



Chapter III  Application of Fuzzy Logic Control on DFOC

x and y being the linguistic variables described respectively by A and B, R is characterized by a
membership function ug (x, y).

A fuzzy rule is based on the notion of fuzzy implication. Thus, the rule “if x is A then y is B” can
be written as (x,y) is A —» B, where A — B is a fuzzy implication characterized by the truth vector

Uaspg(x,y) which is only ug(x,y), that is:

pr(x,Y) = tasp (6, y) = v ua(x), s (y) ] (111- 14)

y is a specific fuzzy implication operator. There are many operators in fuzzy logic.

The most used operators in fuzzy control are the implications of “Mamdani and Larsen”:

Y na(x), up ()] = min[ pa(x), up(y)] (11-15)
111.5.5.1.b - The implication of larsen:
Yua(), ug ()] = pa(x) X pp(y) (111- 16)

111.5.6 - The generalized modus ponens:

The goal of approximate reasoning is to build a deductive process with the objective of determining
a precise conclusion from imprecise facts and a set of fuzzy rules. Such a process is very suitable for the

qualitative description of the behavior of systems. A special case of reasoning is the MPG whose
inference mechanism is: [65]
x is A

if xisAthenuisB (|||- 17)
y is Br

The values of y on V are given by the projectionof R = A"’ n (A — B) on V, that is. Passing to the
membership functions:

Vy €V, ug,/(y) = supyeymin| pa, (x), pasp(x,y)] (111- 18)

If A" is a fuzzy singleton, i.e., A" = {x,} with u,,(x) =1 forx = x, and 0 elsewhere, then B’
is given by the reduced expression:

Uen(Y) = Uasp(x0,y) (111- 19)

111.6 - Control using fuzzy logic:

Experiments have shown that, in many cases, the results obtained with a fuzzy controller
(unconventional technique) are better than those obtained with conventional control algorithms. Thus,

fuzzy logic control can be seen as a step towards a rapprochement between precise mathematical control
and human decision-making. [66]
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Fuzzy logic control is on the rise. Indeed, this method makes it possible to obtain a tuning law that
is often very effective without having to carry out in-depth modeling. As opposed to a standard regulator
or a state feedback regulator, the fuzzy logic (FLC) regulator does not deal with a well-defined
mathematical relation, but uses inferences with several rules, based on linguistic variables. By inferences
with several rules, it is possible to consider the experiences acquired by the operators of a technical
process. [61] [66]

In the following, we will introduce the general basics of fuzzy logic control and the general
procedure for designing a fuzzy logic control. We will detail the steps of designing an FLC to control

the speed of the induction machine.

111.6.1 - Structure of a fuzzy logic control:

A fuzzy regulator is a particular knowledge-based system composed of four main modules, namely:
(the rule base, the fuzzification, the inference engine and the defuzzification) as shown in Fig (111-6):
[54]

P e e — —— —

Knowledge Base

|
|
— 1 |Data Rule :
I

| |Base
. l .
Crisp e - | Crisp
Input =~ = Output
::>| fuzzification Defuzziﬁcation:l/'\
nference unit| Inference unit
-~
Fuzzy — - — Fuzzy
yDecision-making Unit

Fig I11- 6 : Structure of a fuzzy controller

111.6.1.1 - The fuzzification interface:
This interface performs the following functions: [61]

» The definition of membership functions for input variables.

» The passage of physical quantities into linguistic variables which can thus be treated by

the rules of inference.
There are two fuzzification techniques:
» singleton fuzzification.

» non-singleton fuzzification.
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Singleton fuzzification is the most used in control, it interprets a digital point u, as a fuzzy set A

in X, having membership function p,(x)

With:
1 L X=X
ta(x) = if - (111- 20)

0 —— x+#x
111.6.1.2 - Rules base:
The fuzzy rule base, or knowledge base, contains fuzzy rules describing the behavior of the system,
it is the heart of the entire system in the sense that all other components are used to interpret and combine

these rules to form the final system. it is composed of: [56]
1. A database providing the information necessary for standardization functions

2. the rule base is a set of linguistic expressions structured around expert knowledge, and

represented in the form of rules:

Then
If condition ——— consequence

111.6.1.3 - Standardization:

This first step allows the processing of the input variables of the fuzzy controller. For example,
calculation of errors (difference between quantities measured and setpoints) and variation of errors. The
use of normalized domain (Universe of speech between [—1, 1]) requires a transformation of scale, this
one is carried out via scale factors of transformation of the physical sizes of the inputs into values

normalized belonging to the interval [—1,1].[67]

111.6.1.4 - Inference engine:

Inference or decision making is the core of the fuzzy controller. It has the ability to simulate human
decision-making based on fuzzy concepts and expertise. Inference can be described explicitly by
linguistic description using a number of rules. Each rule has a condition preceded by the symbol IF and
a conclusion, action or operation, preceded by the symbol THEN. Depending on the tuning strategy
adopted. For the presentation of the different possibilities of expressing the inferences, we choose an
example of a system to be regulated with two fuzzy variables x;,; and x;,,, which form the input
variables of the inference, and an output variable x,,,; also expressed as variable blurry. Inference rules

can be described in several ways. [54]
The linguistic description of the inferences can be written as follows:

IF (x;,, is large negative AND x;,,, is approximately zero) THEN (x,,,; is large negative)
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IF (x;,, is large negative AND x;,,, is medium positive) THEN (x,,; is medium positive)

A rule's condition can also contain OR and NOT operators, and the rules are determined according

to the adopted tuning strategy.

» Symbolically it is in fact a linguistic description where the designation of fuzzy sets is

replaced by abbreviations.
IF (xn; NG AND x;,; EZ) THEN x,,;, = NG
IF (x;y; NG AND x;,, PM) THEN x,,, = PM
And so on.
» By inference matrix it gathers all the inference rules in the form of a table.

In the case of a two-dimensional matrix, the entries of the table 111.2 represent the fuzzy sets of
the input variables (x;,;and x;,,). The intersection of a column and a row gives the fuzzy set

of the output variable (x,,.) defined by the rule. There are as many boxes as there are rules.
If all the cells of the matrix are filled, then we speak of complete inference rules.

The different assemblies are characterized by standard designations shown in table 111-1:

Fuzzy Sets Abbreviations
Big Negative BN
Average Negative AN
Small Negative SN
Approximately Zero AZ
Small Positive SP
Average Positive AP
Big Positive BP

Tab I11- 1 : Abbreviations of fuzzy sets
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Xin1

BN | AN | SN [ AZ | SP | AP | BP

BN BN | BN | BN [ AN | SN | SN | AZ

AN BN | AN | AN | AN | SN | AZ | SP

SN BN | AN | SN | SN | AZ | SP | AP

AZ BN | AN | SN [ AZ | SP | AP | BP

SP AN | SN | AZ | SP | AP | AP | BP

AP SN | AZ | SP | AP | AP | AP | BP

BP AZ | SP | SP | AP | BP | BP | BP

Tab I11- 2 : Matrix of complete inferences

For tuning by fuzzy logic, one of the following methods is generally used. [56] [68]

The max-min inference method is carried out, at the level of the condition of the operator “AND”
by the formulation of the minimum. The conclusion in each rule, introduced by “THEN”, links the
membership factor of the premise with the membership function of the output variable is achieved by
the formation of the minimum. Finally, the “OR” operator which links the different rules is realized by

the formation of the maximum

The max-product inference method is performed, at the condition level, the “AND” operator by
forming the product. The condition in each rule, introduced by “THEN?” is realized by the formation of
the product. The “OR” operator, which links the different rules, is realized by the formation of the

maximum.
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The “AND” operator is realized by the formation of the minimum, the conclusion of each fuzzy

rule has a polynomial form. The output is equal to the weighted average of the output of each fuzzy rule.

111.6.1.5 - Defuzzification interface:
The role of defuzzification is to provide a physical control action from a fuzzy control action, there

are several defuzzification strategies, the most used are:

Is the simplest, it consists of considering for each output only the rule with the maximum validity.
This technique is rarely used because it represents disadvantages when there are several values for which

the resulting membership function is maximum.

The defuzzifier examines the fuzzy set which determines the values for which the membership

function is maximal, then calculates the average of these values as a defuzzification result.

Is more efficient and gives the best results. It consists in determining the center of gravity of the

output membership function using the following relationship:

R B VTED) (- 21)

I u(x)
the membership function, and n represents the number of elements in the sample. For continuous

membership function, x*is defined as:

o _ [xua@adx )
Xt = (1- 22)

The integral in the denominator gives the area, while the integral in the numerator is the moment of

the area.

This is the most commonly used defuzzification technique. In this method, the overlapping area is

counted twice.

The defuzzified value x* is defined as:

YN Xy g (xh)
* i i I-23
X T TSN S ha ) ( )

Here, n is the number of fuzzy sets, N is the number of fuzzy variables, Yi"; us, (x;) is the

membership function for the k — th fuzzy set.

o °
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111.7 - Application of fuzzy logic to IM speed control:

In this part, we will follow the steps shown in the diagram in Fig (111-7) to design a Mamdani type

fuzzy logic controller for the speed control loop.

[11.7.1 - Designing an FLC:

determined and the dynamic behavior of the process analyzed with respect to the variation of the
control quantity, the description may make use of linguistic variables which may be incorporated into
knowledge of control theory (AND/OR) operational experience. [54]

Study and Description
of the system
to be regulated

I}

Choice of FLC EEEeses e
structure | Database:

I

|

l le Normalization of :
Fuzzification: :value ranges I

® Choice of membership le Partition of entrance
— |

functions jand Outputs spaces |
o Fuzzification operators s g

I TSI l

Establishment |(___: Basis of rules: :(_
|

—)l of inference rules
e sources of the rules:
J, :o type of rules I
Choice of le Rules strategy I
: - fuzzification process | |
Modification I |
= T b

Choice of
inference method

|

Simulation
Fig I11- 7 : Main steps when designing an FLC.

111.7.2 - Development of a fuzzy controller: [69] [70]

After having stated basic concepts and the linguistic terms used in fuzzy logic, we present the structure
of a fuzzy controller. In what follows, we are mainly interested in the speed regulator within a control

by linearization input output of the asynchronous machine.
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The reference speed can be controlled by an external operator. The output quantity of this speed regulator

is the electromagnetic torque.

The developed controller uses the scheme proposed by Mamdani. This diagram is presented by Fig (111-

8) it is composed:

» Standardization factors associate with the error (e), its variation (Ae) and the variation of the

command (Auw).
> An error fuzzification block and its variation.
» Fuzzy control rules.

» The control strategy is presented by an inference matrix of the same type as that presented in the
table 111-4.

» A defuzzification block used to convert the fuzzy control variation into a numeric value.

» An integrator.

Q. E :
Cerr
N
" »
Fig I11- 8 : Synoptic diagram of a speed regulator
In the diagram above as in the following, we note:
E: The error is defined by:
E(k) = Qs (k) — Q(K) (111- 24)
dE: The derivative of the error, it is approximated by
dE (k) = E(k)_fe(k_l) (11- 25)
Te: Being the sampling period.
The regulator output is given by:
Cro (k) = Crop(K — 1) + dU (k) (111- 26)
o °
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Gains called “scale factors” are found at the input and output of the fuzzy controller, which make it
possible to change the sensitivity of the fuzzy controller without changing its structure. The quantities

indexed “n” are therefore the standardized quantities at the input and at the output of the fuzzy controller.

Inference rules are used to determine the behavior of the fuzzy controller. It must therefore include
intermediate steps that allow it to pass from real quantities to fuzzy quantities and vice versa; these are
the fuzzification and defuzzification stages Fig (I111-8). The fuzzy controller inputs En and dEn are

normalized by using the following expressions:

E,=K, E (111- 27)
dE, =K, dE (111- 28)
Similarly, the output of Un from the controller is denormalized to dU using the following
relationship:
dU, =K, - dU (111- 29)

It is important to choose the ranges of values carefully. A good choice of ranges with a good
distribution can guarantee a successful conception. On the other hand, a bad choice leads to long
corrections in the following steps, it is often even necessary to redefine the ranges of values in order to
avoid failure in the design. A good choice requires experience and knowledge of the system to be

controlled.

111.7.2.1 - Fuzzification stage:

The fuzzy sets of input variables (En, dEn) and output variables dUn are defined by membership
functions with 7 or 5 or 3 sets Fig (111-9). A very fine subdivision of the universe of discourse on more
than seven fuzzy sets does not generally bring any improvement in the dynamic behavior of the system

to be regulated.
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L
B U p
- BN AN SN SP AP BP I- BN AN SN AIZ SP AP BP l-BN AN SN AIZ SP AP BP
-1 -0.6 -0.3 0 03 0.6 1 E”' ___-_l_—Oi_—Oi_(l—_()i-Oi_]_d_E"_ -1 -0.6 -03 0 03 06 ]dLh
iISeven-set membership function
1 iF up
BN SN SP BP l BN SN AZ SP BP I-BN SN AZ SP BP
1 0.5 0 0.5 1 En 1 0.5 0 0.5 1 dEn 1 0.5 0 0.5 1 dUn
| I Five-set membership function |
I “T it
BN AZ BP 1 BN AZ BP 1 BN AZ BP
=1 1 En 1 ) 1 dE' 1 1 dUn

Flg I11-9: The membershlp functions
111.7.2.2 - Stage of establishing inference rules:
From the study of the closed-loop system behavior of the velocity based on the experiments, we can
establish the control rules, which connect the output with the inputs. As we have seen, there are seven

fuzzy sets, which implies forty-nine possible combinations of these inputs, hence forty-nine rules.

The rules are in the following table:

Rules Number IF AND THEN
Number : 1 BN BN BN
Number : 5 BN SP AN
Number : 39 AP AZ AP

Tab I11- 3 : Inferences rules table

The inference matrix is shown in the following table, where the 49 rules are illustrated:

o °
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EW Xin1

dE,, BN | AN| SN | Az ]| sp | apP| BP

BN BN | BN | BN | AN | SN [ SN | AZ

AN BN | AN [ AN | AN | SN | AZ | SP

SN BN | AN | SN | SN | AZ | SP | AP

X AZ BN | AN | SN | AZ SP AP BP
in2

SP AN | SN | AZ | SP | AP | AP | BP

AP SN | AZ | SP | AP | AP | AP | BP

BP AZ | SP | SP | AP | BP | BP | BP

Tab I11- 4 : Rules table for speed FLC

For example: rule45:IF E,, = BP AND dE,, = SN THEN Ciqs* = AP

111.7.2.3 - Defuzzification:
When the fuzzy output is calculated, it must be transformed into a numerical value. There are several
methods to achieve this transformation. The most used is the center of gravity method, which we have

adopted in my work.

The abscissa of the center of gravity corresponding to the output of the regulator is given by the
following relationship:

o _ Jxpa(odx )
xt = A (I11- 30)

I11.8 - Simulation and interpretation:

In this study, we will use the following reference [81] [82].

The block diagram of this simulation is shown in Fig (111-10). The gains of the fuzzy regulator are

adjusted by trial and error to achieve the desired performance. Fuzzy Sets of controller inputs and outputs

Page 75 of 83



Chapter III  Application of Fuzzy Logic Control on DFOC

are divided into seven membership functions (BN, AN, SN, AZ, SP, AP, BP) in triangular and

trapezoidal shape.

These performances were established from the simulation of the following operating modes: a no-
load start followed by the introduction of a load torque, a reversal of the direction of rotation, speed

variation test with an application of a torque load, the robustness of the control with parametric variations

(rotor resistance) and on the behavior of the system.

ACIM
Inverse PARK PARK
Transformation PWM_HYS Transformation phi_ds| —>| phi_ds
uzzy Logle s J'Vds R
roller ﬂ +Vds_ref ’—*‘ a_rel Va Va Vds phi gsf——— > phias
Va_ref] | phi_gs
|~ »Vb_ref phi_dr—-| phi_dr
Vgsref Vqs ;
il - = Ve ref Vb Vb, Vs |- |2 . phi_dr
uzy Logl| | i phi qf——————  phigr
[0 F—Vdr-ref Vb_ref Vdc 7 o phi_qr
oot [ERNETEE Ve Tl | e e
il —fpr Lvdr = 2 ids
m—‘Vqr_rcf | = iigs igs
Jqr_refe ' T —
Ve_ref . = rthem_s Vgr 0 | idr -
~theta_s 2#pi*f_ref < 4 L X
tnis w1 @ e L
Ve Ws Integrator ;ql Lar
mo | L =
arrier
Rotor fTux estimator "|*'* = “
‘ w
= z theta idsp T
Compensating transaction
phi_r phi_dr . igs
: :
emf d
:I_: . Ws W
Sleck time(s)
i_ds
emf q
i_‘lb

Fig I11- 10 : Diagram of a DFOC Based on FLC to Controlling IM.

111.8 .1 - Simulation of the speed variation:

The simulation results obtained for the speed variation of Fig (I111-11) are explained in the following

table:

Time (sec) 0 1 1.4

Q,.r (rad/sec) 157 90 157
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Fig I11- 11 : DFOC with an FLC simulation results during IM shaft speed variation

after no loaded start Fig (111-11) shows that the speed regulation response is very satisfactory in all

operating intervals. Whether the motor is running at rated speed or at reduced speed, load impacts have

Approximately no influence on its value. Also, the torque undergoes a transaction peak when switching

from one mode to another.

As | have a separation between the flux and the variation of the speed. The load torque

Approximately has no effect on the rotor flux, I find that low speed operation almost has no effect on

the magnetic state of the motor. So, let to say that the control is robust to load and speed variations.

111.8 .2 - Simulation of the inversion of the rotational direction:

To perform this test, the sign of the speed was reversed from (+157 rad/s =, —157 rad/s)

from t = 1.2 s . with application of a resistive torque Cr = 25 N.m. The simulation results are

illustrated by Fig (I11-12):
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Fig 111- 12 : DFOC with an FLC simulation results during IM shaft speed inversion.

I noticed that the speed response is very satisfactory in both areas of fast and precise operation. That
the machine rotates at the speed of 157rad/s, from the moment t=1.2s, we noticed that the speed response
is very satisfactory in the two fast and precise operating zones. Whether the machine is rotating at a
speed of +157rad/s or at a speed in the opposite direction of —157rad/s, the rotation inversion of the
speed makes it possible to deduce that the system responds successfully to this type of test and the
decoupling between the flux and the torque is verified. So, | can say that my control is robust with respect

to variations in load and direction of rotation.

I11.8 .3 - Simulation with load torque variation:

To test the robustness of the regulation, we simulated a no-load start for a reference speed of
157 rad /s, then a cyclic change of different levels of load torque which are applied to the IM by time

is shows in the following table:
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Fig 111- 13 : DFOC with an FLC simulation results during no-load starting followed by a load torque

variation.

| got a very satisfying speed response with load variation impacts approximately have no

influence on its values. | also note that the electromagnetic torque follows the setpoint, the stator phase

current perfectly follows the load variation, the rejection of the disturbance is also achieved with a

return to the speed setpoint.

These results show the decoupling between the electromagnetic torque and the flux during the

application of the load which is quickly rejected by the fuzzy speed controller.
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111.8 .4 - Robustness test for the variation of the rotor resistance:

The performances of the DFOC of the induction motor against parametric drifts are tested for a
variation of the rotor resistance. However, a 50% increase in resistance Rr from t = 1.4 s with

application of a resistive torque Cr = 10 N.m. in t = 0.8s the results are shown in Fig (I11-14).
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Fig I11- 14 : DFOC with an FLC simulation results of Robustness test for rotor resistance variation.

After the results presented in Fig (111-14), we notice at the moment of variation of the rotor

resistance of 50% of the rated resistance due to the heating of the machine. which stabilize at their steady
state.

The results show that before the moment (t = 1.4s) that is to say at the moment of variation of

the resistance of 50%, no variation on the curves of speed, torque, currents and flux.

The simulation results also showed an acceptable robustness of this regulator, especially from the

point of view of Torque-Flux decoupling during large parametric variations and low speeds.
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111.9 - Conclusion:

The basic notions of fuzzy logic were presented at the beginning of this chapter. Aspects of fuzzy
logic control, as well as the design of a fuzzy controller have been introduced while justifying our choice
of this type of control which lies in its ability to deal with the imprecise, the uncertain and the vague and
its simplicity of design. A simulation based on a fuzzy controller was carried out to adjust the speed of

an asynchronous induction machine.

The simulation results show an acceptable decoupling between the two subsystems (flux and
electromagnetic torque). also, the simulation results showed an acceptable robustness of this regulator,
especially from the point of view of Torque-Flux decoupling during large parametric variations and low
speeds. The performance of this command is satisfactory, it is clear that for the same operation condition

the induction motor speed control using fuzzy controller technique had better performance than the Pl

control.
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In this thesis, we have presented the control of the asynchronous induction machine via three

different control structures: the direct vector control and the control by fuzzy logic

First, we established the mathematical model of the machine according to the modeling with the
transformation of PARK, in order to simplify the equations of the asynchronous induction machine in
transient state.

Then, we gave the basic principles of the DFOC by orientation of rotor flux, which makes it possible
to impose on the asynchronous induction machine a behavior similar to that of the DC machine with
separate excitation where the flux is not affected by the variation of the electromagnetic torque. On the

other hand, there is a greater complexity of the control.

The results obtained by DFOC clearly show perfect decoupling, but the latter is affected by
variations in machine parameters, which is the major drawback of vector control. an alternative to the

latter in order to solve this problem, I tried to apply fuzzy logic controlling.

In order to have a better rating of the results obtained by the conventional PI controllers and the
fuzzy logic regulator based on vector control, this study was carried out by a comparative study of the
performances between the two. We conclude that fuzzy logic Controlling is more robust than PI

controllers.

But with all these satisfactory results achieved, it is still tainted by little effect of machine

parameters changes.

According to the simulation results presented in chapters Ill, it was concluded that the regulation

by FLC have a good decoupling between the flux and the electromagnetic torque.

Finally, to improve the control performance, we recommend the two control methods, PID and
FLC, in terms of separation of the rotor flux from the electromagnetic torque, but in terms of stiffness

against the variation of internal parameters of the machine, based on the good results it got.
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Parameters and characteristics of the IM used:

R, (Stator resistance) = 1.2 2
U :
QO R, (Rotor Resistance) = 1.8 2
ﬁ
QO
3 L (Stator Inductance) = 0.1554 H
(¢))
=y L, (Rotor Inductance) = 0.1564 H
ﬁ
w .
M., (mutual inductances) = 0.15 H
o < J (Rotor inertia) = 0.0700 [K g.m?].
S 3
2 S
5 5
Y f (Coefficient of friction) = 0.001 1. S
Resistant torque = 25 N.m
O Frequency = 50HZ
=
QD Power = 4kW
ﬁ
3
— Voltage = 220/380V
(¢»)
—. Speed = 1440 rpm
0p)
.
O Pole pair = 2
w
Power factor cos(¢,4teq)= 0.8
The carrier frequency f,,., = 5000
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