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Abstract

In this trail, a study of a DTC control of a doubly fed induction machine
(DFIM), through a three, phase two-level converter connected to a stator has been
presented. For this purpose, a state of, the art of the studied machine has been
carried out. A mathematical model of the machine is presented using MATLAB.
The DFIM which is fed by a three phase two-level PWM converter, has been
modeled and its control approach has been given. Also, the problem of decoupling,
between the flux and the torque has been treated. The simulation results display

that the assigned objective has been reached.

Keywords: DFIM, DTC, PWM converter, three phase-two level converter,

Matlab.
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Abbreviations

TeTem: Electromagnetic torque of the machine (N. m).

Tr: Resistant torque (N. m).

J: Inertia of rotating masses (Kg. m2).

f:viscous friction coefficient (Nms/rd).

I, i: Current(A).

Isq: Stator current on the d axis (A).

Isq: Stator current on axisq(A).

Ia: Rotor currents on the d axis (A).

I+q: Rotoric current on the g axis (A).

V'sa: Stator voltage on the d axis (V),

Vrq: Rotor tension on the d axis (V).

Uab, Ubc, Uca® the voltages composed from the outputs of the inverter (V).
Van, Vi, Vent the simple voltages of the phases of the load resulting from the compound voltages (V).
Udc: DC voltage source of the inverter (V).

Vabem: Tension of half arm A, B or C (V).

Vabe: Inverter output voltage A, B or C (V).

Vr¢r123: Reference voltage 1, 2 or 3 (sinusoidal)(V).

Vm: Amplitude of the reference voltage (V).

Vp: Triangular carrier (V)

[VasVbs Ves|T, [Var Vbr Ver]T: Vectors of stator and rotor voltages (V).
[Las Ibs Ics]7, [lar Ior Icr] T Vectors of stator and rotor currents (V).
[@as @bs @cs]T, [@ar @br cr]T: Vectors of stator and rotor fluxes (V).
Sa, Sb, Sc: Represent the logic state of the voltage inverter switches
Vs: Voltage applied to the stator (V).

Vr: Voltage applied to the rotor (V).

Vi Choice of voltage vector.

Tp: Carrier period (sec).

Vym: Amplitude of the triangular carrier (V).

@sd: Stator flow on the d axis (Wb).

@sa. Stator flow on the a axis (Wb).

@sq. Stator flow on the g axis (Wb).

@sp: Stator flow on the B axis (Wb).

@rd: Rotor flow on the d axis (Wb).

@ra: Rotor flow on the axis a(Wb).

@rq. Rotor flow on the g axis (Whb).

@rg: Rotor flux on the B axis (Wb).

Pretwork: Electrical power passing between the network and the DFIM (W).
Pm: Mechanical power supplied or received by the DFIM (W).

Pr: Electrical power supplied or received by the rotor of the DFIM (W).
Ps: Electrical power supplied or received by the DFIM stator (W).
frert Frequency of the reference voltage (Hz).

fp: Frequency of the triangular carrier (Hz).

f's: Stator frequencies (Hz).

fr: Rotor frequencies (Hz).

ws: Pulsation of stator currents (rad/sec).
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w = PQ: Electrical pulsation of the rotor (rad. sec™?).

wg: Sliding pulsation (rad/sec).

wobs: Pulsation of axis reference frame (d, q), (rad. sec™?).

wn: PQN: Nominal angular speed of the machine (rad/sec).
wr=d0r/dt: Mechanical pulsation (rad/sec).

ws=dBs/dt: Mechanical pulsation (rad/sec).

wn: Mechanical pulsation (rad/sec).

(Q): Mechanical speed (Rad/sec).

(Q): Reference speed (Rad/sec).

Qs: Speed of the rotating field or synchronism speed (rad/s)
s: Stator position (rad).

6: Position between the stator axis as and the rotor axis ar (rad).
6r: Electrical rotor position (rad).

s: Index of the axes corresponding to the stator.

r: Index of the axes corresponding to the rotor.

as, bs, cs: Correspond to the three phases of the stator.

ar, br, ¢r: Correspond to the three phases of the rotor.

d: Direct axis index.

g: Quadrature axis index.

0: Index of the homopolar axis

m: Modulation indices.

Rs, Ry: Stator and rotor resistance (Q).

Ls, Ly Stator and rotor cyclic inductances (H).

Ms: Mutual inductance between stator phases (H).

M- Mutual inductance between rotor phases (H).

[Msr ]: Matrix of mutual inductances between the stator and rotor phases (H).
M: Mutual inductance between stator and rotor phases (H).

[Ls ], [Lr ]: Stator and rotor clean inductance matrices (H).

[Rs ], [Rr ]: Matrices of stator and rotor resistances (Q).

[Mss ], [Mr]: Stator — stator and rotor — rotor mutual inductance matrices (Q).
X = dx/dt: derived from the state vector.

X:State vector.

A: System state evolution matrix.

B: Order matrix.

U: Vector of the control system.

IP: Proportional integral regulator

Kpa: Proportional gain of the IP speed regulator.

Kia: Integral gain of the IP speed regulator.

Te: Sampling period.

s = (d/dt) : Laplace operator.

&:Damping constant.

(d, g): Longitudinal and quadrature axes of the Park reference frame.
(a, B): Longitudinal and quadrature axes of the Concordia benchmark.
[P(0)]: Park matrix.

[P(0)]: Inverse Park matrix.

g: Slip coefficient.

P:Number of pole pairs of the DFIM

v: The angle between the two stator and rotor flux vectors.
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DFIM: Double Fed Induction Machine
PWM: Pulse Width Modulation.
DTC: Direct Torque Control.

Cflx: Flux corrector.
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GENERAL INTRODUCTION

GENERAL INTRODUCTION

Subsequently in the era of industrialization, researchers were confronted with the how
to control electric machines at variable speeds, as electric drives increasingly require high
performance, increased reliability, and reduced cost [1]

In the 19th century, this obstacle was solved with DC motors whose rotational speed
could be changed from zero to maximum speed, and this by acting on the armature voltage
while keeping the induction flow constant. However, the presence of the collector brush
system penalizes them: these machines cannot be used either in the high-power field or in
corrosive environments, and there is also the maintenance required by the collector [2]

These constraints have therefore oriented research in the field of variable speed towards
alternating current machines, and more particularly towards asynchronous machines. These
have many advantages: lower manufacturing costs, relatively simple construction, overload
support, higher rotational speed and do not require permanent maintenance. The disadvantage
of this category of machines lies in the complexity of their operation, as they behave like
multi-variable, non-linear and strongly coupled systems, hence the difficulty of their control.

Thanks to technological developments in power electronics and microcomputing, the
field of variable speed electric drives has experienced considerable growth in recent years,
which has overcome the problems inherent in the control of reciprocating machines.

There is a new solution using the alternative machine operating in a rather particular
mode, it is the "DFIM" doubly fed asynchronous machine. In fact, a special and significant
effort is devoted to this machine because of the many advantages it offers, namely:
accessibility to the stator and rotor, a wide range of speed variations, size compaction of the
converters. Some studies make it a serious competitor to several electric machines,
particularly the classic asynchronous cage machine. Yet at first glance, the scales seem to tip
right away on the side of the squirrel cage machine, in fact, the asynchronous machine with
wound rotor is larger (more copper), uses brushes and needs more converters for motor
operation.

Several choices are used for the speed control of electric machines, and this control can
be achieved in different ways and following different strategies. The first control that was
introduced to the industry was the scalar control, which was widespread for its simplicity and

low cost, and occupied a large part of industrial applications with variable speeds. However,
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General Introduction

the demands for more efficient applications have opened the way for researchers to realize
appropriate controls that meet industrial requirements. Vector control is currently a
particularly interesting area of research, ranging from small power to high power drives. It is
the modification of scalar control while maintaining its performance in transient regimes. The
big difference between these two control strategies lies in the fact that for vector control, the
machine parameters must be known quite precisely, the dynamics of the control become more
and more efficient with a good parametric knowledge. But this change in tuning and the
increase in dynamic performance come at a high price. This is the fact that has led other
researchers to find orders that are just as efficient and less expensive. These efforts were
rewarded by the introduction of Direct Torque Control (DTC), which was designed primarily
to compete with its predecessor, which proved its worth but was not without its drawbacks.
Thanks to current developments, a lot of research work aims to develop the performance of
these two main methods. [3]

The objective of this work is to realize the strategy of a direct torque control of an
asynchronous motor with dual feeding. To this end, the work plan was chosen, consisting of
three chapters organized as follows:

The first chapter, presents a theoretical study on the asynchronous doubly fed machine
(DFIM) concerning its operating principle and its disadvantages and advantages.

The second chapter is devoted to the mathematical model of the asynchronous dual-feed
machine based on simplifying assumptions in the various benchmarks and the modeling of the
DFIM power system. we used MATLAB/SIMULINK as a means of simulating our system.

The third chapter shows the feasibility of applying the DTC control technique on a
double-feed machine. This chapter has made it possible to study Principle of DTC control and
Operation of a three-phase voltage inverter and Control of stator flow and electromagnetic
torque and Choice of voltage vector and Estimators and Elaboration of the control vector and
Elaboration of the control table, the behavior of the direct control of the torque of the
asynchronous double-fed machine powered by two two-stage voltage inverters.

Finally, the fourth chapter will focus on the simulation of the direct torque control of the

asynchronous dual-feed machine under the Matlab/Simulink environment.
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CHAPTER | STATE OF THE ART OF THE DOUBLY FED INDUCTION MACHINE (DFIM)

I.1. Introduction

The doubly fed induction machine (DFIM), also known as the asynchronous wound
rotor machine or the doubly fed induction machine, is commonly used for the production of
electrical power driven by wind and hydraulic turbines at variable speed and for powerful
drives such as railway traction and marine propulsion. It belongs to the category of
conventional asynchronous machines that represent good robustness and low maintenance
cost due to the presence of separate three-phase stator and rotor windings, each powered by a
different power source. This particular structure allows them to offer better control of speed
and power, as well as increased energy efficiency.

In this study, we will take a closer look at the structure, operation, and benefits of
doubly fed induction machine. We'll start with a brief description of their basic structure,
going over the main components that make them up. We will then discuss how these
machines work, highlighting the main factors that influence their performance. Finally, we
will look at the benefits of doubly fed technology, highlighting the reasons why it is
increasingly being used in industrial applications.

I.2. Description of the doubly fed induction machine

The Doubly Fed Induction Machine (DFIM), also known as the wound rotor induction
generator, is a type of asynchronous electric motor with a unique design that allows for
bidirectional energy flow. It's often used in applications where variable speed and high

efficiency are crucial, such as wind turbines, pumps, and industrial processes. [1]

& cooling
i air flow

Non-Drive End

Figure 1.1: Construction of Induction Motor[2].
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CHAPTER | STATE OF THE ART OF THE DOUBLY FED INDUCTION MACHINE (DFIM)

Here's a breakdown of its key components and operation:
1.2.1. Stator

The stator is the fixed part of the motor. A cast iron or light alloy frame surrounds a ring
of thin laminations (around 0.5 mm thick) made of silicon steel. The stator windings, which
generate the spinning field (three windings for a three-phase motor), are held in place by slots
in the laminations. A number of coils make up each winding. The number of pair poles in the
motor and, therefore, its rotational speed is determined by the way these coils are connected to
one another.

The structure of the stator is illustrated in both figures 1.2 and 1.3[3].

Figure 1.2: An overview of the stator structure [3] Figure 1.3: Stator composition[3]

1.2.2. Rotor

The rotor is the rotating part of the machine. Unlike a standard induction motor where
the rotor consists of short-circuited bars (squirrel-cage rotor), the DFIM's rotor has its own set
of three-phase windings. These windings are connected to the external circuit via slip rings

and brushes, allowing for external control of the rotor currents.

Laminated Core

Coils

w5
Squirrel Cage Rotor Wound Rotor

Figure 1.4: Squirrel Cage Rotor Vs Wound Rotor[2]
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CHAPTER | STATE OF THE ART OF THE DOUBLY FED INDUCTION MACHINE (DFIM)

1.2.3. Slip Rings and Brushes

These components enable electrical connections to the rotor windings. Unlike squirrel-
cage rotors, where there are no external connections to the rotor, slip rings and brushes
facilitate the transfer of electrical power and control signals to and from the rotor windings[4].
1.2.4. Power Electronics

The DFIM utilizes power electronic converters to control the flow of electrical energy
between the stator and rotor windings. Typically, there are two sets of power converters—one
connected to the rotor circuit (referred to as the rotor-side converter) and another connected to
the stator circuit (referred to as the grid-side converter). These converters enable variable
frequency and variable voltage operation, allowing for precise control of the machine's speed
and torque.

1.2.5. Variable Speed Operation

One of the significant advantages of the DFIM is its ability to operate at variable speeds.
By controlling the frequency and amplitude of the currents in the rotor windings, the speed of
the machine can be adjusted independently of the grid frequency. This feature is particularly
beneficial in applications like wind turbines, where wind speeds vary, and optimal energy
capture requires variable speed operation.

1.2.6. Bidirectional Power Flow

Another key advantage of the DFIM is its ability to both generate and consume
electrical power. In wind turbine applications, for example, the DFIM can act as a generator,
converting mechanical energy from the wind into electrical energy. Conversely, in certain
scenarios, such as during startup or high-speed operation, the DFIM can consume electrical
energy to provide additional torque or control[5].

Overall, the Doubly Fed Induction Machine offers a flexible and efficient solution for
applications requiring variable speed operation and bidirectional power flow. Its unique
design and control capabilities make it well-suited for renewable energy generation, industrial
processes, and other applications where precise control and high efficiency are essential.

1.3. Classification of the doubly fed induction machine

Several DFIM machines are developed and improved, these machines can be classified

as following [6], [7-8]:
1.3.1. Single doubly fed machine
The Doubly Fed Induction Machine (DFIM.s) is an asynchronous wound rotor machine

occupied by a brush-ring system (Single Doubly Fed Induction Machine). (Figure 1.5)
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CHAPTER | STATE OF THE ART OF THE DOUBLY FED INDUCTION MACHINE (DFIM)

illustrates the schematic diagram of the latter, such that the stator is supplied directly from the
grid, as well as the rotor is supplied by means of an AC-AC converter in such a way that the
slippage of the machine can be controlled. It should be noted that the converter shown in the

figure can be composed of a rectifier and an inverter (indirect conversion) or can be a cyclo-
converter (direct conversion) [2-5].

DFIM

Broom-ring
system

[
Rotor Shaft %

Thrl;:e—l[}:{hase Converter
netwol AC/AC

Figure 1.5: Schematic Diagram of Single doubly fed machine [3]

1.3.2. Cascaded Doubly Fed Induction Machine
This machine consists of two DFIMs whose rotors are electrically and mechanically

coupled. Figure (1.6) shows the schematic diagram of two asynchronous wound rotor
machines for a doubly -feed system. The stator windings are connected to two three-phase

voltage sources [3].

, Mechanical DFIM 2
DFIM 1 and Electrical

Coupling

"

Rotor Shaft

Storal winding 1

Storal winding 2

Three-phase
network

Figure 1.6: Schematic Diagram of Cascaded Doubly Fed Induction Machine[3]

1.3.3. Single Frame Cascaded Doubly Fed Induction Machine

The Single Frame Cascaded Doubly Fed Induction Machine consists of two
mechanically connected asynchronous cage induction machines. Figure (1.7) shows the
schematic diagram, such that the stator of one of the two machines is connected directly to the

grid while the other is connected to it via an AC-AC converter [3].
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CHAPTER | STATE OF THE ART OF THE DOUBLY FED INDUCTION MACHINE (DFIM)

ASM 1 ASM 2
Mechanical
coupling
A
Rotor Shaft| [
Storal winding 2
Storal winding 1 oral winding
Three-phase Converter
network AC/AC

Figure 1.7: Schematic Diagram of Single Frame Cascaded Doubly Fed Induction Machine[3]

1.3.4. Doubly Fed Machine Without Collector

This machine consists of two extended windings in a single stator. One of the two
windings is powered directly from the mains and the other by an AC/AC converter as shown
in Figure (1.8), This type of machine consists of two stator windings having different numbers

of pole pairs; as well as that of the rotor must be the sum of these two numbers of pole pairs

[6].

DFMWC
rotorst | %
Storal winding 1 Storal winding 2
Three-phase Converter
network AC/AC

Figure 1.8: Schematic Diagram of Doubly Fed machine without collector[1]

1.3.5. Brushless Doubly Fed Induction Machine

The idea of the brushless doubly fed machine BDFIM first developed by Steinmetz at
the end of the 19th century. The assembly diagram of such a system is shown in Figure (1.9)
where two wound rotor machines have been wedged on the same axis. The static windings of
the two machines are connected to the network, while the rotor windings are interconnected
with each other and therefore the bushings are de facto eliminated. The sliding power of the
first machine is therefore used to excite the second machine. This elegant concept has long

been in the perspective of designers as an effective solution for large power applications [7].
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Mechanical DFIM 2

DFIM 1 and Electrical

Counling

o

| Rotor Shaft

Storal winding 1

Storal winding 2

Three-phase
network

Figure 1.9: Schematic Diagram of Brushless Doubly Fed Induction Machine[3]

According to this illustrated classification, it can be seen that the single doubly fed
machine, represents an established construction compared to other types of machines.
I.4. Operating principle of DFIM

Virtually all electrical motors use magnetic field rotation to spin their rotors. A three-
phase AC induction motor is the only type where the rotating magnetic field is created
naturally in the stator because of the nature of the supply. DC motors depend either on
mechanical or electronic commutation to create rotating magnetic fields. A single-phase AC
induction motor depends on extra electrical components to produce this rotating magnetic
field. Two sets of electromagnets are formed inside any motor. In an AC induction motor, one
set of electromagnets is formed in the stator because of the AC supply connected to the stator
windings. The alternating nature of the supply voltage induces an Electromagnetic Force
(EMF) in the rotor (just like the voltage is induced in the transformer secondary) as per
Lenz’s law, thus generating another set of electromagnets, hence the name-induction motor
Interaction between the magnetic field of these electromagnets generates twisting force, or
torque. As result, the motor rotates in the direction of the resultant torque. [7]

I.5. Operating modes of DFIM

Only the mode of operation with the stator directly connected to the grid and the rotor
powered by an inverter concerns us in this study.

Like the classic asynchronous machine, the DFIM can be operated as a motor or
generator, but the big difference is that for the DFIM, it is no longer the rotational speed that
dictates the motor or generator mode of operation.

Indeed, a cage machine must run below its synchronization speed to be in engine mode
and above it in order to be in generator. Here, it is the control of the rotor voltages that allows

the magnetic field inside the machine to be managed, thus offering the possibility of operating
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in hyper or hypo synchronization both in motor mode and in generator mode. We will present

these different modes of operation in turn.

T
ﬂr‘quc
Py P, P, Py
Py Py,
b. Motor aperation a. Motor operation
{Super-synchronous) (Sub-synchronous)
Speedh
Py P, Py P,
Py P
d. Generator operation c. Generator operation
(Super-synchronous) (Sub-synchronous)

Figure 1.10: Operational modes characteristic of the DFIM[8].
1.5.1. Motoring at Sub-synchronous Speed
In this mode, the DFIM operates as a motor, with electrical power being fed to the stator

and mechanical power being produced at the shaft. [9]

The rotor speed (w_r) is less than the synchronous speed (®_s) of the stator magnetic
field.

During this operation, the DFIM consumes reactive power from the grid.

This mode is useful for applications requiring variable speed operation, such as wind

turbine generators and electric vehicles accelerating.

Stator Power

Q Converter

I AC/DC/AC
<@=== DFIM I T =

Mechanical power [4@“ T Hi}l

——————p——y

Rotor Power

Figure 1.11: Operation in hypo-synchronous motor mode[ 76]
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1.5.2. Motoring at Super-synchronous Speed

Here, the DFIM also operates as a motor, but with the rotor speed (o_r) exceeding the
synchronous speed (w_s) of the stator magnetic field. [9]

In this mode, the DFIM consumes electrical power from the grid and injects reactive
power back into the grid.

This mode can be used for regenerative braking applications, where the kinetic energy

of the motor is converted back into electrical energy and fed back to the grid.

Stator Power |
——
| Grid
Q Converter
T AC/DC/AC
=== DFIM ML =
Mechanical power [-tt;’}} T [_' ]
=

Rotor Power

Figure 1.12: Operation in hyper-synchronous motor mode[14)]

1.5.3. Generating at Sub-synchronous Speed

In this mode, the DFIM acts as a generator, converting mechanical power input at the
shaft into electrical power. [10]

The rotor speed (w_r) is less than the synchronous speed (w_s) of the stator magnetic
field.

During generation, the DFIM injects both real and reactive power into the grid.

This operating mode is commonly used in wind turbine generators, where the wind

turbine shaft provides the mechanical power input.

Stator Power

[

£ ' Converter
AC/DC/AC
= DFIM - T @ -
Mechanical power i

B |

Rotor Power

Grid

Figure 1.13: Operation in hypo-synchronous generator mode[14]
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1.5.4. Generating at Super-synchronous Speed

This mode is similar to generation at subsynchronous speed, but with the rotor speed
(w_r) exceeding the synchronous speed (w_s) of the stator magnetic field. [9]

The DFIM injects both real and reactive power into the grid.

This mode is less common than subsynchronous generation but can occur in some wind
turbine operating conditions. By controlling the injected rotor voltage and current, the DFIM's
operating mode can be adjusted to meet the specific application requirements. This flexibility
makes DFIMs valuable components in various industrial applications.

Stator Power

——.

B ﬂ, Converter
% il AC/DC/AC
- DFIM o]
=R

Mechanical power J T

e

Rotor Power

Grid

¢

Figure 1.14: Operation in hyper-synchronous generator mode[14]

1.6. Operation in hyper-synchronous generator mode

Variable frequency
control

P P

Scalar based Vector based

o

I
VoltsiHertz FOC |,| otc || psc | | oTC-SwM | |
|

Figure 1.15: Diagram of the different control strategies of an IM [10]
The diagram shown in the fig. 1.15 illustrates the different control strategies existing of

an induction motor [11]. These strategies can be classified into three main classes:
- Variable frequency drive
- Nonlinear control techniques

- Sensorless techniques
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1.6.1. Variable frequency drive

We have two main variable frequency drive types, which are[12]:
1.6.1.1. Scalar control

Known also by “Volt/Hertz control”, this technique is used to control the speed of the
induction motors and all its techniques are mainly implemented through direct measurement
of the machine parameters. The concept of V/f method is to keep the ratio of the stator voltage
to frequency constant to maintain constant maximum available torque.
1.6.1.2. Vector control
a. Field oriented control

Field oriented control method, known popularly as vector control is widely used in
modern industrial systems. In the opposite of the scalar control, the development of FOC
control scheme is based on the dynamic model of the IM which make it valid for both steady
and transient states.

The field oriented control method of the motor is realized for current components in d-q
rotating coordinate system.

In the field oriented control system, a stator current d-component adjusts the rotor flux
in the motor, while the combination of d and g-components adjusts the motor torque. By
applying the decoupling block in the particular d and g control parts the control of flux and
torgque can be done independently.

b. The direct torque control DTC

The direct torque control is a robust control method which is based first in estimating
the machine stator flux and electric torque in the stationary reference frame from terminal
measurements.

The estimated stator flux and electric torque are then controlled directly by comparing
them with their respective demanded values using hysteresis comparators.

The outputs of the two comparators are then used as input signals of an optimal
switching table [11].

1.6.2. Nonlinear control techniques

There are two types of nonlinear control techniques:
1.6.2.1. Feed-back linearization

By employing state feedback, nonlinear dynamics are transformed into a linear form by
feedback linearization. For input-output linearized and decoupled multiple input multiple
output systems, control design and stabilization may be made simpler by using a conventional

linear control. This approach does have certain drawbacks, though. For instance, it only
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applies to nonlinear systems having a precise mathematical description; it is not relevant to all
other nonlinear systems. It is not possible to ensure the resilience of the system in the
presence of parameter uncertainty.
1.6.2.2. Sliding mode control

The sliding mode control (SMC) is a particular type of variable structure control (VSC).
Its first concepts appeared in the Soviet Union in 1950s and were later on developed by
Emelyanov in 1960s. This method is designed to drive and then to constrain the system state
to lie within a neighborhood of the switching surface. Its main features are the dynamics
behavior of the system which may be tailored at a particular choice of switching function.
This approach is independent of the object parameters which make the closed loop response
becomes totally insensitive to a particular class of uncertainty in the system, which provides a
very strong and inherent robustness to the resulting controllers. [12]
1.6.3. Sensorless control techniques

In electric drives, measuring speed and flux is a crucial first step in control design,
irrespective of the kind of control method employed. Control methods cannot be implemented
until all of the state vector's components are understood. However, using sensors is harmful
for them because to their high cost, fragility, and decreased dependability. Aside from the fact
that sensors need to be maintained on a regular basis, there are certain applications where
installing sensors is improper because of environmental and physical limitations. A similar
circumstance occurs when a sensor malfunctions.

Thus, a plan of action was put forward to get around these obstacles and constraints.
The idea is to use software sensors in place of physical sensors. In the realm of automation,
sensorless control theory is well-known and plays a significant role. Observers or estimators
are the names given to the software sensors. This sensorless control for electrical devices aims
to calculate the location and mechanical speed and torque, or flux vector. In the last 10 years,
industry applications for speed sensorless AC drive control have grown significantly since it
may save costs and eliminate the hassle of installing mechanical sensors.
1.7. Areas of application of DFIM

Here are some areas of application for DFIM[13]:

* Wind Power Generation: DFIMs are commonly used in wind turbines. They allow

for variable speed operation, which is beneficial for extracting maximum power
from varying wind speeds. The ability to control both the rotor and stator currents

independently enables efficient power generation and grid integration.
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* Marine Propulsion: DFIMs can be used in marine propulsion systems, such as ship
propulsion and thrusters. They offer efficient variable speed control, which is useful
for maneuverability and energy savings in marine vessels.

» Industrial Applications: DFIMs find applications in various industrial processes
requiring variable speed control, such as pumps, compressors, fans, and conveyors.
Their ability to efficiently handle variable loads and adjust speed according to
process requirements makes them suitable for industrial automation.

» Electric Vehicles (EVs): DFIMs can be employed in electric vehicle propulsion
systems, including electric cars, buses, and trains. Their variable speed capabilities
allow for better control over acceleration and energy efficiency, contributing to
extended battery life and increased driving range.

+ Renewable Energy Integration: DFIMs can be used in other renewable energy
systems besides wind, such as small hydroelectric power plants or tidal energy
converters. Their ability to efficiently convert variable mechanical power into
electrical power, along with grid-friendly characteristics, makes them suitable for
integrating renewable energy sources into the grid.

* Microgrids and Energy Storage Systems: DFIMs can play a role in microgrid
applications, where distributed energy resources need to be integrated and managed
efficiently. They can also be coupled with energy storage systems to provide grid
stabilization services and support renewable energy integration.

+ Smart Grids and Power Quality Improvement: In smart grid applications,
DFIMs can be utilized for power factor correction, voltage regulation, and reactive
power compensation. Their controllability and grid-friendly features make them
valuable assets for enhancing power quality and grid stability.

* Research and Development: DFIMs are also used in research and development
activities related to motor control, power electronics, and renewable energy systems.
They serve as testbeds for studying advanced control strategies, fault-tolerant
operation, and grid integration techniques.

1.8. Advantages and disadvantages of DFIM
1.8.1. Advantages of DFIM

The doubly fed inductions machines (DFIM) are preferred for many industrial and
renewable energy applications due to their unique properties. Some of the key benefits of
DFIMs include[6]:
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Improved energy efficiency: DFIMs have higher levels of efficiency compared to
other types of electrical machines, especially at partial loads. This is due to the fact
that DFIMs have a smaller rotor circuit than the stator circuit, which reduces copper
losses and wasted energy as heat.

Variable speed operation: DFIMs can operate at variable speeds, which is an
essential feature for renewable energy applications such as wind turbines. DFIMs
allow the wind turbine to operate at varying wind speeds while maintaining optimal
energy production.

Cost-effectiveness: DFIMs are generally less expensive than other types of electrical
machines, such as permanent magnet machines. DFIMs have a simpler structure and
do not require expensive scarce materials, making them a cost-effective option for
many applications.

Regenerative Braking: DFIMs can operate in both motor and generator mode, which
means they can be used for regenerative braking. During braking, the DFIM can
convert the kinetic energy of the rotating load into electrical energy, which can be
fed back into the grid or stored in a battery. This improves fuel efficiency and

reduces the amount of heat generated during braking.

In summary, DFIMs offer several advantages over other types of electric machines,

such as improved energy efficiency, variable speed operation, cost-effectiveness, regenerative

braking, and high torque density. These advantages make DFIMs an ideal choice for many

industrial and renewable energy applications.
1.8.2. Disadvantages of DFIM
While the doubly fed induction machine (DFIM) have many advantages, they also have

some disadvantages, including[6]:

L]

Requires a frequency converter: DFIMs require a frequency converter to operate in
variable mode, which can add additional costs and increase the complexity of the
system.

Need for regular maintenance: DFIMSs require regular maintenance to ensure they
function properly.

Requires a sophisticated control system: DFIMs require a sophisticated control
system to function optimally. The control system must be able to monitor and
control the voltage, current, and frequency of the machine to ensure optimal power
production.
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1.9. Conclusion

In this chapter we have presented a general overview about the doubly fed induction
machine (DFIM) and their application has been given as well as the different types of
operation. The principle and operating regimes of the latter were also presented. DFIM has a
character that allows it to occupy a wide field of application, both in variable speed drives
(motor operation) and in variable speed and constant frequency applications (generator
operation).

To make good use of the doubly fed induction machine in such an application area,
modeling and vector control are required. The subject of the next chapter is devoted to the
modeling of the doubly fed induction motor (DFIM). The next chapter will focus on DFIM

modelling.
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CHAPTER Il MODELING OF THE DOUBLY FED INDUCTION MACHINE

I1.1. Introduction

The literature attests to the great interest given today to the doubly fed induction
machine for various applications: as a generator for renewable energies or as an engine for
certain industrial applications such as rolling, railway traction or maritime propulsion.

In this chapter, we are interested in modeling the Asynchronous Doubly Fed Induction
Machine. Different modelling methods can be considered. Some of them are more appropriate
to describe a particular phenomenon with the best compromise between accuracy and
computation time and also simulation.

In the literature, we find three main approaches to modeling electrical machines:
» Finite element modeling

This type of modeling is the most accurate. These methods, which are particularly well
suited to complex geometries, provide information on the evolution of fields at any point in
the magnetic circuit. However, the computational time required by this approach is

significant.
» Permeance network modeling

Permeance network modeling is based on the division of a magnetic circuit into
permeances. This technique offers many advantages: the computation time is lower than
models based on the finite element method, coupling with electrical circuit equations is easy.
The main difficulty of this method lies in the representation of the air gap of the machine. The

modeling error is very sensitive to the model used for the air gap permeances.
» Modeling by electrical circuits

Electrical circuit modeling is constructed from the electrical equations of the machine.
This modeling method, very simple to formulate, offers a good compromise between
calculation time and accuracy. This type of approach is well suited to the development of
control algorithms. Only the latter modelling method will be used in this work. It is also
called "two-axis theory". It is mainly based on a change of reference system known as "three-

phase-two-phase transformation”.
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11.2. Three-phase model of DFIM

11.2.1. Description

The Doubly Fed Induction Machine (DFIM) is, as the name suggests, a three-phase AC
machine with two accessible three-phase windings, in which power can be supplied or
extracted from the machine through these windings.

This type of machine requires a single alternative power source that can supply both
sides of the machine and this is a main advantage especially in variable speed drive and
generation areas, where the slip can be modified by means of the combination of power

converters on the stator or rotor side or both. This depends mainly on the construction. [11]
11.2.2. Hypothése

To simplify the study of the asynchronous machine, the following simplifying

assumptions are considered:

v The perfect symmetry of both magnetic and electric machines.

v" The magnetomotive forces created by each phase of the stator or rotor have a
sinusoidal distribution.
The effect of temperature variation on stator and rotor resistances is negligible.
The skin effect is neglected.
The air gap is constant.
The non-saturated magnetic circuit and constant permeability.

Negligible ferromagnetic losses.

NN N N N SN

The asynchronous machine with a dual power supply shall be shown in the

three-phase system in Figure (I1.1).

"'_:;":

V=a

Cs §

irc

Y Cor

Figure 11.1: Schematic representation of the DFIM[11]
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11.2.3. Actual Electrical Equations of the Machine

The equations are written as follows [10]:

VSA RS 0 0 ISA d Q)SA VRA RR 0 0 IRA d QRA
Vsg|=| 0 Rs 0 [|/ss +a Dse|,|Vee|=| 0 Rg 0 ||/rs +E Drs (1.1)
Vsc 0 0 R Ilsc Dsc| Wre 0 0 Rg Ilgc Pre
Or in the form of:
d
[Vs] = [Rs]lIs] + - [9s]
d (1.2)
[Ve] = [RellIr] + dt (D]
11.2.4. Magnetic Equations
Magnetic equations are written as follows:
Dsa Iy mg mg11lsa cos(0) cos(0 —4n/3) cos(0 —2m/3)| Iz,
Dep| = lms I msl Lsg | + mgg [cos(0 — 2m/3) cos @ cos(6 — 4m/3) IIRbl (1.3)
Bsc mg mg g 1l cos(0 —4n/3) cos(0 — 2m/3) cos(6) Igc
Dra Il mg mg][lga cos(6) cos(6 —2m/3) cos(0 —4n/3)|[lsa
Brp| = [mR I le Ipp | + mgg |cos(8 — 4m/3) cos 8 cos(0 —2m/3) [ISBl (1.4)
Dre mg  mp g Illge cos(8 —2m/3) cos(O —4m/3) cos(6) Isc
Equations (11.3) and (11.4) can also be written as follows:
[0s] = [Ls]lIs] + mggllg]
(1.5)
[0r] = [Lr]lIr] + mgslis]

Substituting equations (11.5) into (11.2) gives the following matrix expressions:

d
[Vs] = [Rs][Is] + [Ls] pr [Is] + d/dt ([Msg][Ir])
(11.6)

d
[Vr] = [RellIr] + [Lg] E[IR] + d/dt ([Msg][Ls])
The [Mrs] matrix is likewise a circulating matrix, and we notice that it is the transposed

matrix of the analogous matrix of the stator: [Mrs]= [Msr]"
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11.3. Two-phase modelling of DFIM

11.3.1. Application of the Park Transformation

For the transition from three-phase to two-phase systems, the following matrix is
used[14]:

cos(0) cos(0 —2m/3) cos(0 —4m/3) X,
fl— sin(0) —sin(0 —2n/3) —sin(6—4n/3)| = (1.7)
1/2 1/2 Xc

The real stator windings (A, B, C) and rotor windings (a, b, c) are transformed
respectively into two fictitious stator windings and two fictitious rotor windings in the same
two-phase reference frame (d, g, O) in order to simplify the equations. Let 6 and s be the
electrical angles formed by the axes of the stator and rotor with the direct axis of Park's two-
phase reference frame. [14]

Figure (11.2) illustrates the relative position of the different reference frames in space

where Or and Os are naturally related to & by the rigid relation:

0=0,-0, (11.8)
This allows you to write:
49 _ d9s _ dbr (11.9)
dt dt dt
I'axe de Park direct
<<d>>
Bs
br. o
S ar
p Or
ax,
e;ig:gra ture
©
Is) » ASs
Cs
Yer

Figure 11.2: Spatial position of the different reference frames[14]
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The different quantities after applying the transformation to the stator are expressed by:

Vsal [Vsa ISA Dsa Dga
VSq = [P(65)] = VSB]J Vsq| = [P(65)] = ISB], (DSq = [P(0)] = |Dsp (11.10)
Vsc Isc Dsc
And to the rotor by:
VRd VRa IRd IRa (Z)Rd QRa
Vrq | = [P(8r)] = !VRb | 1ra | = [P(BR)]. !IRb]' Drq | = [P(BR)]. |Dro (11.11)
VO VRC 10 IRc Q)o Q)Rc

The mathematical model in Park's frame of reference:

11.3.1.1. Electrical equations:

Recall the expressions of the stator voltages in the three-phase reference frame given
by[9]:

[Vs] = [R].[15] + - 9] (1112)

After applying the Park transform, we get:

[P(@ )] 1[Vsdqo] RS P(Q ) i [Isdqo] + {[P(Q ) -t [Q)sdqo]} (“13)
This gives by multiplying each of the members of the equation P(s) by the matrix

equation of the voltages for the reference frame (d, g, O):

d d
[Vsdqo] = [RS] [Isdqo] + [P(gs)]-%{[P(es)]_l}- [(Dsdqo] + a{[wsdqo]} (“14)

In addition, it is shown that:

0 -1 0
[P(6:)]- {[P(0 )™= [1 0 0] (11.15)
0 0 0
Where from:
do dae
I{VSd = Rslsa * dfd dts sq
do dae
VSq = Rslsq +qu+d_:®5d (“16)
Vo = Rslso +—==0
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Similarly, for the rotor:

[Vrago] = [Re][Iraqo] + [P(OR)]. 7 {[P(eR) 171} [@rago] + dt{[(deqO]} (1.17)

So we can write:

dBpg dO
Vra = Rglpa + d? dtR Rq
ao do
VRq :RRIRq +7Rq d_:QRd (II.18)

= Ryl =0
lVO RIR0 T~

11.3.1.2. Magnetic equations

Recall the expressions for the stator and rotor fluxes in the three-phase frame of

reference given by the following relations [1]:

[@s] = [Ls]. lUs] + [Msg]. [Ir] (11.29)

[0r] = [L]. [Ig] + [Mgs]. [Is] (11.20)

After applying Park’s transformation, we get:

[P(65)]° [®sdq0] [Ls][P(65)] 1[Iqu0] + [Mgr][P(65)]~ [Iquo] (11.21)
[P(0R)]™". [Praqo] = [LrIP(BR)]™*[Iraqo] + [Mrs1[P (6] [Isaqo] (1.22)
Finally, we obtain by developing:
Bsa ms 0 Isa] [(3/2)mgz O 0 d |ra
Dsq| = ms Isq | + 0 @/2mg 0 T Irq (11.23)
@50 l —mg _150 0 0 (B/Z)mSR IRO
Dra 0 111ra (3/2)mgg 0 0 d Isq
Ona| = | " 0 e —me : kal+] 0 G/2me 0 gl g0
Bro 0 0 [lg—mgl|lg 0 0 (3/2)mgp Iso '
Ask:

Ls=Is-ms : Statoric cyclic inductance coefficient.

Lr=Ir-mr : Rotoric cyclic inductance coefficient.

Msr=3/2(msr) : Cyclic mutual inductance coefficient between stator and rotor.
Lso=Is-2.ms : Statoric homopolar inductance coefficient.

Lro=Ir-2.mr : Rotoric homopolar inductance coefficient.
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The result is:

At the stator:

At the rotor:

Bsq = Ls.Isq + Mgg. Ipq
@Sq = Ls.lsq + MSR-IRq (“25)

Bso = Lsolso

Ora = Lg-Ira + Msg.Isq
(Z)Rq = LR-IRq + MSR-ISq (“26)

@ro = Lrolgo

The above equations can be transformed to determine the expressions of currents as

functions of flows as follows [8]:

At the stator:

A

At the rotor:

We find that thanks

phase windings, we arrive

1 = Ly Psa aIZI;R Ly Ord
Isq U_lLS Dsq —J_ILWS—S_RLR.@Rq (11.27)
ISO - %

(1na = 0. LjR Ly Dsa + .1LR'®Rd
Irg U_AZ?LR Bsq LLR Drg (11.28)
fro = 222

to the substitution of fictitious two-phase windings for real three-

at a system in which:

- Flows now depend on only three parameters (Ls, Lr, Msr).

- The inductance coefficients are independent of time, and therefore the dependence

on the angle 6 has disappeared.

- The matrices are diagonal, i.e. the quantities of the d and q axes are no longer

coupled.
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Figure (11.3) illustrates this lack of linkage:

q A
’P

Ls ,?

RSP
Msz A

Lz ;—:'

& M;sz

Re N

Ly Rp Lg Rg
F7 8 o . <o s 00X > d

Figure 11.3. Representation of d-axis and g-axis dummy windings[1]
Since the homopolar components of the different quantities are zero for equilibrium and
non-degraded operating regimes, the Park transform reduces the order of the system.
11.3.1.3. The electromagnetic torque:

Electrical power can be put into the form of [7]:
T
Porec = VeI [Is] = [Vsaqo] - [Isago] = Vsa-Isa + Vsq-Isq + Vso-Iso (11.29)

By replacing the direct and quadrature components with their expressions, and

eliminating the term homopolar, we can write:

Pelec = [Rs-lsgd + Rs-ISZq] + [(Z)Sd'ISd + Q)Sq'ISq] + [es(q)Sd'ISq - (DSq-ISd)] (“30)
Pertes joules Puissance réactive Puissance électromagnétique

The expression of the electromagnetic torque can be determined by the following relationship:

Tom = Py /s and knowing that 62_9; = ws. pls (11.31)

So, we can write the expression of the couple as follows:

Tem = p(Q)Sd- ISq - Q)Sq-ISd) (“32)
Or:
M
(Tem = p-L_SRR (QRd- ISq - ®Rq- ISd)
i w (11.33)
J dt + Qf =Tem r
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11.3.2. Choice of Park's frame of reference

Following the constitution and operating principle of the DFIM, we can summarize that
there are three useful choices of reference for two axes[15]:
v’ Stator related coordinate system: d6s/dt=0.
v' Rotor related marker: d0s/dt=w=pQ.
v Coordinate system linked to the rotating field: dfs/dt=cws.
Where
v" The first reference point is very often used in the study of observers,
v The second is widely used in the study of transient regimes of asynchronous
machines,
v’ The latter is often used in the study and synthesis of control laws.
v The last coordinate system is integral to the rotating field, i.e. it rotates at the
speed of synchronization, which translates into:

do do
L o, and 2 _ o, — wp (11.34)

dt
This choice allows you to define a drag pulse:

Wg = W5 — Wp (11.35)
The formulation of the equations of the mathematical model is not simplified, and
therefore keeps the form indicated by the following relations:
At the stator:

|( Vsa = Rslsa + — wsDsq
dg
Vsq = Rslsq + g+~ ws0sa (11.36)
d®so
Vo = R¢l —=0
0 slso + dt
At the rotor:
dDra
VRa = Rrlga + d—:: — wgPrq
dg
VRq = RRIRq + WRq + (A)g@Rd (“37)

Vo = Rgl =0
lo RIRo +—
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11.4. Model of the DFIM in the form of an equation of state

For the asynchronous machine with dual feeding, the control variables are the stator and
rotor voltages. Considering stator and rotor currents as state vectors, then the DFIM model is

described by the following equation of state[16]:

. dX
X =2 =AX+BU (11.38)
Y = CX

With:

X: Status vector.

A: System state evolution matrix.

B: Order matrix.

U: Vector of the control system.

Y: Output vector,

C: Output matrix (observation matrix),

Where:
[lsd] Vsd 1000
_|'sq _|Vsq 101 0 0
X_ ird :U_ VI‘d 'C_ 0 0 1 0 (”.39)
[irg ] Vrq 0 0 0 1
Through a matrix representation
LS 0 M 0 iSd_ [ _Rs msLs 0 (‘OSM iSd
0 Ly 0 M iisq _ —wgLg —Rg wsM 0 iSq
M 0 L o|dtlial™| 0 (0s— )M —Rg (ws—w)LrJ'|ird|
0 M 0 Lr irq- -(ws_(‘))M 0 _((Ds_(‘))Lr _Rs irq 11.40
1 0 0 07 [VYsd (11:40)
+ 0 1 0 0f [Vsq
0 0 1 Of|Vrd
0 0 0 14 [Vrq
And
fisa] [Ls O M 07 '[ -—Rs wsLs 0 oM 1
d |isq 0 Ly 0 M | —wgLg —Rq wsM 0
dt|iral  [M 0o L. Of - 0 (ws—w)M  —Rg (wg—w)L;
il Lo M 0 Ll l(ws—wM 0 —(ws — @)Ly —Rg Al
[?Sd-l Ls 0 M 0 i Vsd ( ) )
'sqf (10 Ly 0 M Vsq
ig M 0 L. O "Vrd
irq 0 M 0 L Vrq
We ask:
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L, 0 M 0 [ —Rg wgLg 0 wM 1
L] = 0 Ly 0 M ¢ [2] _| —wgLg —R, wgM 0
B M 0 Lr 0 ¢ B 0 ((1)5 - (L))M _Rs ((Us - (‘))Lr (“42)
0 M 0 L, l(u)s —w)M 0 —(wg — )L, —RSJ
dX
<0 = LI [ZLX + (LU (11.43)
By analogy of equation (I1.10) with equation (11.7) we find:
A=[L]N[Z] etB=[L] (11.44)

In order to simplify Simulink/ MATLAB's realization, the matrix [Z] can be broken

down into the following form:

[Z] = =[Z1] — w.[Z;] + ws. [Z5] (11.45)
With:
R, 0 0 0 0 0 0 0 0 Li 0 M
10 Rg 0 0 o o o o0 _|7Ls 0 -M 0
0 0 0 R, -M 0 -L. O -M 0 -L. O

11.5. Modelling of the power system
11.5.1. The structure of the supply chain chosen

As shown in Figure (11.4), the machine is powered by two voltage inverters, connected
to two independent DC buses, which can provide the maximum power required on each side.
The switches were chosen according to the maximum current flowing through them, the
voltage across them and the frequency of the inverter's carrier. PWM pulse width modulation,
of the symmetrical regular sine wave type (fixed frequency sine-triangle), is adopted for the
control of inverters. [14]

The DC bus is made up of a filter cell consisting of a capacitance that reduces voltage
ripples at the inverter's input, an inductor to better smooth the current, and a resistor to
increase the damping of the filter achieved.
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(Ry, Ly)

m AC DC
—o
s=gP= =
DC AC
Rectifier Inverter Stator
Rz, Ly)
m AC MT DC
T
DC AC Mechanical load

PWM command :

Figure 11.4: Proposed synoptic diagram for feeding the DFIM[14]

11.5.2. Modeling of a three-phase double-alternating diode rectifier

Rectifiers are the converters of the power electronics that provide AC-DC conversion.
Powered by an alternating voltage source, they supply direct current to the receiver connected
to their output.

The rectifier used in both of the DFIM's power supplies is a three-phase double-
alternating diode rectifier. Figure (11.5) represents its schematic diagram, it is composed of
three diodes (D1, D2, D3) with a common cathode, each conducted when the potential of its
anode is the most positive, and three diodes (D4, D5, D6) with a common anode, each

conducted when the potential of its cathode is the most negative, thus ensuring the return of

current ia(t). [16]
%0, %0, %0,
va(t)

) (t) Ud (f

ve(r)
t-f 3
O

Figure 11.5: Diagram of a three-phase double-alternating diode rectifier[16]

ol o

Three-
phase
network

9IS]S

The rectifier is then powered by the following three-phase system[10]:
v, (t) = vy, sin(2mft)

2T
v (t) = vy, sin (21rft — ?)

(1.47)
4m
ve(t) = v, sin (21rft - ?)
The rectified voltage can be determined by:
ug(t) = max[v,(t), vy, (1), ve (D] — min[v, (1), viy (1), v (D] (11.48)
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Its average value is given by:

3V3
Ug = TVm (“49)

The voltage obtained by this rectifier has significant ripples, which requires a filter.
11.5.3. Modelling of the filter circuit:

The role of this circuit is to reduce the rate of ripples of the rectified voltage. Figure

(11.6) shows its schematic diagram. [5]

oL R Tao) A
Ug (1 .
@ 1w
o O
Figure I1. 6: Rectified Voltage Filter Circuit[5]
This circuit can be modeled by the following system of equations:
dig(t) 1
=1 (wa® — ur(®) (11.50)
dug(t) 1 .

Where:
ud (t): is the rectified voltage;
us (t)Is the filtered voltage applied to the inverter;
The discretized form of the filter equations is convenient for a numerical simulation; it

IS given by:

la(t+ 40 = T (1400 = ug(0) + a0 (152)

ug(t + At) = %(id(t) — i¢(D) + ue(t) (11.53)
Here is the expression of the transfer function of this filter:
ue(s) 1
~ uy(s) = 14 (\/ﬁs)z (11.54)
Where: s is the operator of LAPLACE.

This function is of the second order, its cut-off frequency being:
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fo=—= (11.55)
To size the filter, simply choose the cut-off frequency that is lower enough than the

frequency of the first harmonic of uq(t)
11.5.4. Modeling of the Voltage Inverter

A voltage inverter is a static converter that ensures the transformation of voltage from a
direct source into an alternating voltage.

It consists of switching cells generally with transistors or GTO thyristors for high
power.

The inverter assembly consists of six bidirectional switches, each switch consists of a
transistor (T) and a diode (D) mounted head-to-toe (Figure (11.7)). The pairs of switches (K11,
K21), (K12, K22), (K13, K23) are controlled in a complementary way, to ensure the
continuity of the currents in the stator phases of the machine, and to avoid short-circuiting the
source. Dij diodes (ij=1, 2, 3) are freewheel diodes that protect thyristors. [17]

Figure 11.7: Two-Level Three-Phase Voltage Inverter[17]
In controllable mode, the tonearm is a two-Formalism switch that allows you to obtain

two voltage levels at the output. An arm of the inverter is shown in Figure (11.8)[18].

T I f

T Dy, K
— Kj
5 O D2, \I

Figure I1. 8: Representation of a GTO[18]

In order to avoid shorting the DC voltage source, the controls of the switches on the

same arm must be complementary. To simplify the study, we will assume that the coupling is
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of the star type without neutral (although the connection of a triangle load is possible). Thus
the harmonics of rank three and multiples of three are eliminated, and the three-phase system
obtained at the output of the inverter is a voltage-balanced three-phase system containing only
the harmonics by changing three.

To obtain an alternating voltage from a DC voltage, the input voltage must be cut and
applied to the load sometimes in one direction or in the other direction.

The inverter powered by a perfect voltage source imposes at its output, thanks to the
opening and closing of the switches, an alternating voltage formed by a succession of
rectangular slots, the operating period being fixed by the control of the switches[3].

The simple voltage equations applied to the three phases are:

VA = Vao T Von

VB = VBo * Von (11.56)
Ve = Vco t Von

By addition we have: Va + \'%:] + Ve = Vao + VBo +VCO + 3V01‘1
Knowing that the system of satirical three-phase voltages is symmetrical.

Therefore:

Vao + VBot+Vco + 3von =0 (11.57)

Where from:

1
Von = —3 (Vao *+ VBotVco) (11.58)

We replace (11.53) in (11.52), we will have the following system:

( 2 1 1
Va = §VA0 —§VB0—§VCO
1 2 1
VB = ~3Va0 +§VBO—§VCO (11.59)
1 1 2
Ve = —~3Vao ~3VBot3Veo

The system (11.15) can be written in the following matrix form:

Va 1 2 - —17T1Vao
Ve -1 -1 2 1lVco

With;
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Vao = §F1
E
< VBo = EFZ (”61)
E
(Veo =5 F3
Such as:
F; = 1siKy; fermé sinon F; = —1 doncK;; ouvert.
{Fz = 1siK;, fermé sinon F, = —1doncK;, ouvert.
F; = 1siK;; fermé sinon F; = —1 doncK;3; ouvert.

We replace (11.56) in (11.55), we will have the following system:

VAl g[2 -1 -1
V|l =—-1—-1
-1

2 -1
Ve 6 -1 2

Fy
[Fz] (11.62)
F3

The system (11.58) represents the mathematical model of the three-phase PWM inverter.
The table below shows the expressions that take simple voltages and compound voltages,
depending on the open or closed state of the switches K1, K2, K3 (the states of K4, K5, K6

are respectively complementary to those de K1, K2, K3).

Table 11.1: Establishing the Expressions of Simple and Compound Tensions

Ki1 | Ki2 [ K13 | Vao | VBo | Vco | VA | VB | V¢ | VaB | VBc | Vea

F F F E/2 E/2 E/2 0 0 0 0 0 0

F 0 F E/2 | -E/2 | E/2 |E3 -2E/3 | E/3 E -E 0

F F 0 E/2 E/2 | -E/2 | EI3 -E/3 | -2E/3 0 E -E

F 0 0 E/2 | -E/2 | -E/2 | 2E/3 |-E/3 |-Ef3 E 0 -E

0 F F -E/2 | EI2 E/2 |-2E/3 | E/3 E/3 -E 0 E

0 0 F -E/2 | -E/2 | E/2 |-E/3 |-E/3 |2E/3 0 -E E

0 F 0 -E/2 | E/2 | -E/2 | EI3 2E/3 | -Ef3 -E E 0

0 0 0 -E/2 | -E/2 | -E/2 0 0 0 0 0 0
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11.6. Simulation of the DFIM:

To perform the simulation of the DFIM, we can transfer the model represented by the

equations in the form of a block diagram structure as shown in Figure (l1. 9).

i )

—> Stator Current(is)

———» Rotary Current(ir)

D F I M » Stator Flow(gs)
M O del ——————3 Rotor Flow (pr)

Speed (@)

—_—

——» Torque (Cem)

\ J

Figure 11.9: DFIM Simulation Structure

»{in1  Outt P Isa »(J
’—anvomz I, Isb ,D
mlr P»{in3  Out3 i‘ Isc
i T »{in1  Out +» |
@} Park - = -
@ > In2 - Out2 ——{ Irb
E g |,|n3 Out3 » Irc
| T e
.. | | DFIM l |[ o
Y
> - » Frd
_’IE}—’ » Frq
W
] »{Cem ,l_]
| =

Figure 11.10: DFIM simulation block diagram
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11.6.1. DFIM Simulation Results:

To make the DFIM work properly, it is preferable to follow the following procedure:

MODELING OF THE DOUBLY FED INDUCTION MACHINE

For the first operation, we simulated the dynamic behavior of the DFIM without a rotor power

supply (short-circuited rotor), the stator being powered by a balanced three-phase network,

which means that the DFIM works as an asynchronous machine with a short-circuit wound

rotor.

4 vr=0v, f_(r)=0Hz, (rotor short-circuited), Cr=5N.ma t =2 sec:

Time (s)

350 T T 40
300 | | E)
| e *®
25]'| )
= &
hadl I
3 150 g
i I é, 10
100]' g k
50 g0
53]
0 _ L . .
0 1 2 4 4 5 100 1 2 3 4
Time () Time (5)
1-Speed (rad/s) 2-Electromagnetic torque (N.m)
05 0.5
Fsd Frd
Fsq Frq
0 4
3 08 s °l
S R
Ry
£
§ g
g1 = F
@
l.
05
15 0 1 2 3
0 1 2 3 4 5 Time (s)

3-Stator Flow (wb)

4- Rotor Flow (wb)

Stator Phase Current (4)

0 1

2 3 1 5
Time (s)

Rotoric Phase Current (4)

0 1 2 ime 9 2 4

5-Stator Phase Current (A)

6-Rotoric Phase Current (A)

Figure 11.77: DFIM Simulation Results
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11.6.2. Simulation of the DFIM association with PWM inverter.

Two inverters on the rotor side and inverter on the stator side

MODELING OF THE DOUBLY FED INDUCTION MACHINE

Plint Outt p Isa D
’_»mz ut2—1 Ish D
/\,I M int o N j—nns Out3—f Isc
_’ i —— J
/\/’ M iz o > in1 Outt —pf Ira
' Park .
,\,’ o i3 Ould ol rmz Out2 Irb
—
onduleur Mt P@l' L3 ous— Irc » Fs
I " > DEIM T [:l O
'_’ L4 Fsd
E_'I"ZJ ‘ Out3 » J ’ ‘ » C]
Park o » Fsq
E—an Outd g H » Fr
onduleur MLI v J b
s p Frq
T i W
»Cem [:]
@—b simout
Figure 11.12: Diagram of the DFIM simulation block with PWM inverter.
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MODELING OF THE DOUBLY FED INDUCTION MACHINE

11.6.3. Simulation results:

Represents the simulation responses of the DFIM with a power supply by two inverters,
static (220V, 50Hz) and rotoric side (Vr= 15v, fr=3Hz, at t=1s), with an application of a load

torque of 5N.m at t= 2sec.
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Figure 11.13: Results of MADA Simulation with PWM Inverter
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Fundamental (50Hz) = 0.1671 , THD= 6.06%
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Figure I1.74: Impurities at speed

Fundamental (50Hz) = 5.248 , THD= 4.41%
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Figure 11.15: Impurities at torque

When you add an inverter, we get the same results as the previous one in speed and

torque, but we notice an increase in impurities when torque and Speed.
11.7. Conclusion

In this chapter, a brief study has been presented on the asynchronous machine with
doubly feeding, its structure, its operating principle and the different strategies of its control;
as well as its advantages, disadvantages and areas of application. We also presented the real
model of the machine to which we applied the Park transformation to make it linear and more
adapted to the order. Then, we modeled the power system which includes the rectifier, the
filter and the inverter. For the latter, the PWM technique was applied to control it and
Simulation of the asynchronous machine with doubly power supply and Simulation of the
DFIM association with PWM inverter.
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CHAPTER Ill DIRECT TORQUE CONTROL (DTC) OF THE DOUBLY FED INDUCTION MACHINE

I11.1. Introduction

In mid 1980s, innovative studies have been carried by Depenbrock [6],[ 7] and by both
Isao Takahashi and Toshihiko Noguchi[10].Those studies proposed a new concept of control
for A.C machine which is the direct torque control.

DTC of an induction motor has been successful because it explicitly considers the
inverter stage and uses few machine parameters, while being more robust to parameter
uncertainty than field-oriented control [4].

Therefore, there are lots of questions which need to be investigated further in this
aspect.

In this chapter, we were interested in the order of the DTC applicable to the rotor
adapter and Principle of DTC control and Operation of a three-phase voltage inverter and
control of stator flow and electromagnetic torque and Choice of voltage vector and estimators

and Elaboration of the control vector and elaboration of the control table.
I11.2. General Structure of The DTC

The general principle of DTC work shown in the Figure (111.1)
» stator flux and torque are calculated
» reference torque is calculated from reference speed and actual speed of the
motor
» the reference stator flux magnitude and the torque are compared with the
estimated flux magnitude and torque and the flux error and torque error are

delivered to the hysteresis controller
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_)®_)—, _[] B BN
. ]

Switching Sp |
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Figure 111.1: General Structure of The DTC. [4] u-[nj:l
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Direct torque control (DTC) uses the voltage vector instantaneous values and is
dependent on the stator flux direction. Two of the eight instantaneous base voltage vectors
that a three-phase inverter can produce are zero. Based on the position of the stator flux
vector, flux and torque errors, and other factors, these vectors are chosen from a commutation
table. Thus, DTC stands out as a technique that can run alternating current devices without
requiring the use of mechanical sensors. [19]

The model yields the following values at each moment based on measurements of the
DC
voltage at the inverter's input and the currents of the stator phases:

» The motor's real stator flux

» The actual torque it generates

» The position of the sector
111.3. Principle of the DTC order

The DTC direct torque control methods consist of directly controlling the closing or
opening of the inverter switches from the calculated values of the stator flux and torque. [19]

The control variables are the magnetizing flux and the torque of the motor. With DTC,
we don't need a modulator, or a tachometer or a position encoder to ensure speed or position
feedback.

The control of the switches is intended to give the vector representing the stator flow the
direction determined by the set values.

To know the electromagnetic state of the motor in order to determine the control of the
inverter switches, a similar model of the machine is required.

Based on the measurements of the DC voltage at the inverter input and the stator
currents, the main characteristic models of a direct torque control The complete characteristics
of a direct torque control are:

+ The direct torque control is based on the selection of the optimal inverter
switching vectors.
Indirect control of the machine's currents and voltages.
gain fl