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GENERAL INTRODUCTION

An Electric Vehicle (EV) is a mode of transportation powered entirely by electricity, which is stored in

a battery pack to move the wheels where one or more electric motors are used.

The electric car projects are mainly developed to change the global climate, particularly by reducing
the carbon dioxide emissions. But despite the success of the idea of using electric cars and its continuous
development, the big challenge facing these environmentally friendly means of transportation are its

high price and the efficiency of the battery and the time of its charging.

Electric cars use single-speed transmission, unlike conventional cars that need multiple gears and
the used electric motors can generate torque at very low speeds. Electric car motors are powered by
rechargeable lithium-ion batteries, which in testing have successfully recharged 3,000 cycles, meaning
that the battery works - in principle - for a total distance of 300,000 km. The current difficulty is the
difficulty of increasing the car range above 400 km on a single charge of the battery, and reducing the
recharging time, as charging the battery currently takes about 2-3 hours, during which the car does not

move.

Electric vehicles are distinguished from those equipped with an internal combustion engine by the type
of engine and the source of energy, the EVs engine is an alternative motor powered by the electric energy
stored in the battery, therefore, applying the advanced control techniques on the motor will increase the
performance of the motor and that of the car as well. For this reason, we proposed to control the speed of
the asynchronous motor, the type of motor most used in the EVs, by applying the direct torque control
technique (DTC), which will make it possible to impose the speed on the motor whatever the value of
the resistive torque.

This work has been started by giving an overview of the working principle of electric vehicles in
general, then the theory of the applied speed control technique has been well explained, and then
applied to the asynchronous motor. These three important parts of this work have been developed in

three chapters as follows.

The first chapter will be devoted to the study and presentation of electric vehicle systems, starting
with the presentation of their evolution throughout history, then the devices constituting the propulsion
system of these cars, the advantages/disadvantages of these cars, ending by the presentation of the New

European Driving Cycle ‘NEDC’ which will be used to test and confirm the effectiveness and accuracy
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of the proposed speed control technique.

In the second chapter, a detailed explanation of the asynchronous motor, its components, its principle
of operation and its mathematical equations will be presented and it will end with the presentation of
the simulations results of the motor working under variable-frequency supply voltage (Motor + inverter)
in the PSIM environment.

In the third chapter, a general overview of different asynchronous motor speed control techniques
will be provided, and then the theory of Direct Torque Control (DTC) technique will be detailed.
subsequently, this technique will be applied to control the speed of the asynchronous motor intended
for the electric vehicle. this will be done first by simulation in the PSIM environment, then the control
program will be implemented in the t TMS320F28335 targe of the PSIM and finally, as our experimental
setup is not ready, we will validate our program by processor-in-the-loop (PIL) simulation. the simulation

results of the three stages will be given and discussed.




CHAPTER 1

STATE OF THE ART OF ELECTRIC VEHICLES

1.1 Introduction

Electric vehicles (EV’s) are currently a possible alternative to conventional vehicles, allowing vehicle
manufacturers to meet the requirements demanded by vehicle users (performance and fuel consumption)
and atmospheric protection laws ( reduction of pollutant emissions).

The electric car has often been considered as a technology with a bright future and which gives hope for
putting an end to this alarming pollution of the atmosphere due to the road transport sector.

Designed to effectively fight against pollution, electric vehicles are, unfortunately, hampered by their
high costs, their limited autonomy which depends on the capacity of the batteries, the lack of investment
and other critical problems that handicap this invention.

The idea of the electric vehicle is not recent and yet its internal structure is not fixed. Several
solutions are currently in development. Research in the field of batteries is important and gives rise to
many prototypes.

In this first chapter, an overview and a brief history of the electric vehicle will be given, then its

operating principle as well as its different architectures and constituent elements will be detailed.

1.2 Definition

EVs are currently a possible alternative to conventional vehicles, allowing vehicle manufacturers to
meet the requirements demanded by vehicle users (performance and fuel consumption) and atmospheric
protection laws ( reduction of pollutant emissions). The electric propulsion system is the main organ
of the EV, it is propelled electrically by motors and comprises a transmission system formed by one or
more electric motors driving two-wheel drive. It has a very simple architecture. It consists of an electric

actuator , a transmission device, and wheels (Figure 1.1)

1.3 History of Electric Vehicles

The word car came from the French word automobil, which means a machine, meaning that it moves

itself rather than being pulled, or pushed by another machine or by another animal. It was formed by
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EV propulsion system
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Figure 1.1: EV propulsion system

combining the Latin words mobilis, which means: moving, and the Greek word autos, which means
itself.

Contrary to popular belief, the beginings of the electric car coincide with those of automobile history,
the first was the JEANTAUD in 1894, it was a two-seater phaeton, The electric car existed long before.
In 1828, Hungarian priest and physicist Agios Jedlik invented a primitive type of electric motor, and
built a small model of a car running on his innovative engine. Between 1832 and 1839, Scottish inventor
Robert Anderson also invented a purely electric carriage. In 1835, Professor Cybrandus Strating of
Groningen, Holland, and his assistant Christopher Becker of Germany also invented a small electric car,

running on non-rechargeable primary cells.

The discoveries of the laws of electromagnetic induction by Michael Faraday in 1831 allowed the
development of electric motors. Three years later, the American Thomas Davenport built a small
electric locomotive which was the first automobile with non-rechargeable accumulators, the latter
managed to travel a short distance on rail, Then in 1838, Robert Davidson added some modifications
to it to arrive at a similar model, which can travel up to 6 km/h. These two inventions did not use

a rechargeable battery, since the latter was not yet invented, they worked with non-rechargeable batteries.

Rechargeable batteries did not become a viable means of storing electricity on board a vehicle until
1859, with the invention of the lead-acid battery by French physicist Gaston Plante. Camille Alphonse
Faure, another French scientist, notably developed the battery design in 1881, His developments greatly
increased the capacity of these batteries and directly led to their industrialization.

In November 1881, Gustave presented an electric automobile, or rather an electric tricycle, at
the International Electricity Exhibition in Paris. Nevertheless, it was only a prototype and its use
was more than delicate, since the conductor had to, thanks to a system of pulleys, immerse metal
plates in containers containing acid in order to modulate the intensity of the current and therefore
the speed, Around 1897, the first electric taxis began to appear in the streets of New York, then in

1899, in Belgium, a company built ‘La jamais centent’, it was the first electric car to exceed 100 km/h [1].

English inventor Thomas Parker, who was behind inventions such as the electrification of the London
Underground, vertical trams in Liverpool and Birmingham, and the smokeless Qualite fuel, built the first
production electric car in Wolverhampton in 1884, although the only documentation is a photograph of
1895.

Parker’s long-standing interest in building more efficient and fuel-efficient cars led him to experiment
with his electric cars. He may also have been concerned about the harmful effects of smoke and pollution
on London. The car was produced by the Elwell-Parker Company, founded in 1882 to build and sell

electric trams.
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The company merged with other competitors in 1888 to form the Electric Construction Company;
This company had a near-monopoly influence on the British electric car market in the 1890s. The
company built the first electric dogcart (a light cart, usually horse drawn). France and the United
Kingdom were the first two countries to support the widespread use of electric vehicles. German engineer
Andreas Falken built the first true electric car in 1888.

The first electric car was developed in the United States in 1890-91 by William Morrison of Des
Moines, Towa, The car had a six-passenger vehicle capable of reaching a speed of 23 km/h (14 mph). It
wasn’t until 1895 that consumers began to dedicate their attention to electric vehicles, after A.L. Riker,
the first tricycle in the United States.

Although, in 1900, out of 4,200 vehicles manufactured in the United States, 22 % were gasoline, 38
electric and 40 steam, the poor range performance of electric vehicles in the face of thermals soon put
an end to the development of electric vehicles. The latter was then quickly overtaken by thermal engine
vehicles at the dawn of the 19th century, because of their too low speed, and their lack of power, thus
the technological blockage of the batteries of the time having a poor autonomy, and the rise of oil at
unbeatable prices, and with the arrival of the Ford T in 1908 at half the price, the electric vehicle was
therefore completely pushed into decline. But nowadays, electric cars are constantly appearing, much
more sophisticated and practical, they invade the market more and more, and then begin to become

more democratic little by little [1].

The image of Figure 1.2 is the photo of the first electric car to be able to overcome 100 kilometers

per hour: the never happy ‘la jamais centent’.

Figure 1.2: la jamais centent electric car

The development of the electric vehicle becoming imperative to answer the problem of the pollution
of the cities, studies relating to the choice of the chain of traction are carried out by several electrical
equipment manufacturers (LEROY SOMER, AUXILEC, ...) as well as by large automobiles groups
(NISSAN, GENERAL MOTORS, ...) in order to improve its performance.

Several research programs on electric vehicles have been held recently to declare the coming of this
technology soon, due to the rise in oil prices and the emergence of some environmental problems like

air pollution in the urban areas, which resulted from the uncontrolled use of the conventional gasoline
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engine. However, the electric vehicle seems to be a promising solution to reduce traffic pollution in large
cities, because this type of car does not induce atmospheric and noise pollution.

Today, electric cars are focused on urban use. They are often small in size. However, they remain
quite expensive, for example Mitsubishi has been marketing an electric car since 2009 in Japan, with

respectable performance at a speed of 140km/h according to their announcements [1].

Figure 1.3: Mitsubishit electric car

1.4 Components of an electric vehicle and how it works

1.4.1 Components of an electric vehicle

The components present in electric cars are never the same depending on the model manufacturer and
the technology used. However, some are essential to be able to qualify a motor vehicle as electric.

The electric vehicle comprises a high-voltage battery whose volume and mass are significant
(approximately 300 kg). The battery is charged either from cable charging, from an external source,
or from vehicle deceleration. The capacity of the batteries is around 5 to 40 kWh, their total voltage if
from 300 to 500V.

The car is also equipped with several converters, battery chargers and some accessories as well as
one or more electric motors. The use of solar panels in electric vehicles is also possible, the latter allows
the battery to be recharged in small quantities, unfortunately this is not always a good help, since the
car must be very light, any additional charge would further reduce its performance, not to mention the

very high cost [2].

1.4.2 Energy sources

Using electricity as a power source to power an electric vehicle motor is a real challenge, concerning the
on-board storage of electrical energy for electric vehicles, electrochemical accumulators currently offer
the best performance in terms of mass or volume energy. The storage of electrical energy is the major

problem of the electric vehicle. In this part, we will briefly present the possible technologies.
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1.4.2.1 Batteries

The most efficient and promising storage systems consist of batteries or hybrid systems. A battery
consists of two or more electrical cells combined in series or parallel strings to achieve the desired
voltage and capacity. Cells convert chemical energy into electrical energy. The cells include negative

and positive electrodes in an electrolyte.

DC electricity is generated by the chemical reaction between the electrodes and the electrolyte. As
with secondary or rechargeable batteries, the chemical reaction can be reversed by reversing the current
and the battery is returned to a charged state. The actual battery electric vehicle (BEV) is relatively
low in terms of energy density, which can directly influence the EV’s maximum all-electric driving
distance. The major problem of the latter is the lifespan which is not very long, and the significant time

it takes to charge [3].

The range of the vehicle depends on the energy stored in the battery (mass energy of the battery).
The new generations of batteries allow greater autonomy, without having to carry excessive quantities

of batteries, the following characteristics are expected from a traction battery:
e A good specific power (ratio power/weight in W/kg) allowing important accelerations.

e Good specific energy (Wh/kg) synonymous with good autonomy.

Stable voltage resulting in regular performance.

A long lifespan, calculated in number of charge/discharge cycles, leading to a reduction in cost for

the user.
e Low maintenance and recyclable.
e Possibility of fast charging

Among many different battery technologies, some batteries can be used on electric vehicles, in

particular[4].

Lead-acid battery: This technology offers high-speed performance, moderate low and high
temperature performance, easy indication of state of charge and good charge retention for intermittent
charging applications. There are few disadvantages like: low energy density and long charging time,

heavy and it needs careful maintenance [4].

Nickel-cadmium (NiCd) battery: It was used in the beginning of space exploration. It has a long
cycle life, good low temperature, and can be fully discharged without damage. As disadvantages, it is

expensive, as cadmium is very toxic, the use of these batteries in EVs is therefore prohibited.

Nickel-metal hydride (NiMH) battery: These cells have a higher capacity than nickel-cadmium
cells, fast recharging capability, long life and long shelf life. The disadvantages of this technology are

that it has low charging and discharging efficiency, high cost, poor cold weather performance.
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How does a Lead Acid
Battery Work?
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Figure 1.5: Nickel-cadmium (NiCd) battery

Figure 1.6: Nickel-metal hydride (NiMH) battery

Sodium-nickel chloride battery: Some advantages of these batteries are their relatively high energy
density of 90-120 Wh/kg, as well as their insensitivity to ambient temperature. However, the main
disadvantage of these batteries is that they need to be recharged when not in use so they are also

inefficient as they consume power even when not in use.

Lithium-Ion (Li-ion) battery: Li-ion batteries are characterized by their energy density, which
allows the vehicle to have a longer electric range; however, they generally do not have the specific power

to deliver or accept large power spikes. They are used mainly in the latest electric vehicles nowadays.
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Figure 1.7: Sodium-nickel chloride battery

Figure 1.8: Lithium-Ton (Li-ion) battery

1.4.2.2 Fuel cells

The fuel cell can be another source of energy for the electric vehicle. The fuel cell is basically facilitate
the capture of hydrogen and converting hydrogen power into useful energy, it is generally described as
the reverse of that of the electrolysis. More precisely, it is an electrochemical and controlled combustion
of hydrogen and oxygen, with simultaneous production of electricity, water and heat, according to a

universally known global non-polluting chemical reaction : An elementary cell is made up of 3 elements:
e Two electrodes.

e An electrolyte.
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The fuel cell supplies rather than stores electrical energy and continues to do so as long as the fuel
supply is continuous.

The advantages of fuel cell are:

* It converts fuel into electricity efficiently.

* It produces zero or very low emissions. It produces zero or very low emissions.
* It operates quietly and can recover waste heat.

* In addition to its fuel flexibility, reliability and durability.

As for their disadvantages [4]:

* The response time of fuel cells is relatively longer than that of batteries.

* In addition, they are more expensive
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Figure 1.9: Fuel Cell Operating Principle

Direct electrical storage systems can also be divided into two large families, which are:
1. Accumulators

2. Super-capacitors

1.4.2.3 Accumulators

They store energy by transforming chemical energy. The accumulators consist of two electrochemical
couples composed of two electrodes, immersed in an electrolyte. As soon as oxidation or reduction
reactions occur which exchange electrons, the ions generated circulate in the electrolyte. To have a
large stored energy, it is necessary, on the one hand, a large number of exchanged electrons, a reaction
associating, a very oxidizing element and a very reducing element and on the other hand, it is necessary a

perfect reversibility of the electrochemical processes, as well as low mass or low molar volume materials [5].
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Figure 1.10: Accumulators

1.4.2.4 Super capacitors

They store electrical energy in electrostatic form. The general operating principle of super capacitors
is based on the formation of a double electrochemical layer at the interface of an electrolyte and a
polarizable electrode with a large specific surface. The application of a potential difference across the
terminals of the device leads to the ionic storage of charges at the two electrode-electrolyte interfaces
which behave like two capacitors in series.

Super-capacitors are characterized by a specific energy 10 to 20 times lower than that of accumulators,

but their specific power can be up to 10 times higher than that of lead batteries for example.

The batteries most used in electric vehicles are those made up of accumulators, for example lead-acid
batteries, which have never left the scene for more than a century, and Nickel/Cadmium accumulators
and lithium-ion batteries or li-ion which are more recent, with a much higher energy density than that
of lead/acid batteries, and Nickel /Metal Hydride accumulators which can store twice as much energy as

lead batteries and 35% of more than Nickel/Cadmium for equal weight.

Many studies propose the use of super capacitors in electric vehicles. The use of super-capacitors
essentially makes it possible to operate the battery at a nominal operating rate and therefore to increase

its lifespan.[5].

Figure 1.11: Super capacitors

The use of super capacitors in the automotive sector particularly meets the following needs:
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> Starting and stresses at low temperature.
> Acceleration assistance and energy recovery.

> Supply of auxiliary organs

1.5 Electronic control

Electric traction for electric vehicles is achieved by an element controlling the energy transferred from
the battery to the motor, which can be called electronic control . It allows optimization of the battery
and motor and continuous self-diagnosis. It manages all the driver’s commands according to the
capabilities of the electric car. This is the reason why it receives a quantity of information such as the
temperature, the speed of rotation, and the electric currents. This allows it, on the one hand, to carry
out a report on the state of the vehicle, and on the other hand, to adjust the various commands applied

to the electric motor in order to better manage the energy consumption [3].

1.5.1 Electrical energy converter

Power electronics are used to convert electrical energy and manage the flow of energy in the vehicle.
According to the use of direct current or alternating current machine, the energy converters will have
to be different. The nature of the energy source is of the continuous type . As a result, vehicles can be

found on board:

e Alternating current to direct current converters (AC-DC), they are called rectifiers.
e Direct current to direct current (DC-DC) converters, called choppers.

e Direct current to alternating current (DC-AC) converters are called inverters.

1.5.1.1 Choppers (DC-DC)

A chopper is a current converter which makes it possible to obtain, from a direct current voltage source of
substantially constant value, controlled, adjustable voltages and currents, different from the input values
and adapted to the requirements necessary for the supply of various receivers (motors, batteries, etc.).

In an electric vehicle, choppers have two essential uses:
1. They are essential in supplying propulsion motors when these are DC motors.

2. They are necessary to adapt the voltage of the main battery to that of the electronic auxiliaries

used (sensors, regulators, etc.)

Indeed, it is not possible to envisage the sudden connection of a DC motor to a fixed voltage energy

source (accumulator battery for example) for the following reasons:

— No adjustment of the motor torque or the speed of the motor would not be possible.

— The transient state on direct energization of the motor would be destructive both electrically

(overcurrent) and mechanically (over torque).
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The use of a chopper makes it possible to maintain the motor current at the desired value while
ensuring progressive adjustment and without noticeable loss of the motor voltage. It also makes it
possible to adjust the torque and the speed of the engine and therefore of the vehicle in traction but

also in electric braking [2].
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Figure 1.12: Chopper (DC-DC)

1.5.1.2 Inverter (DC-AC)

In electric traction, the inverter is a DC-AC converter, which makes it possible to obtain three phases
of alternating current, of variable frequency from the battery current. In electric vehicles equipped with
an alternating current motor, it is necessary to interpose between the energy source and the traction
motor(s) a conversion device called an inverter, which transforms the electrical energy direct current into
alternating current electrical energy and which makes it possible to carry out the control of the torque
of the motors and the adjustment of the speed of the vehicle. DC-AC conversion can be done in multiple
ways.

The main components in power converters are semiconductors. Current power semiconductors can

be classified into three categories [2]:
1. Diode, closed or open state controlled by the power circuit.
2. Thyristor, closed by a control signal, but must be opened by the power circuit.

3. Transistor (switch controllable on opening and closing) opened and closed by a control signal.

1.5.1.3 Rectifier (AC/DC)

In an electric vehicle, rectifiers are used to transform energy alternating current electricity, supplied
either by the general distribution network or by an alternator placed on board the vehicle, to a direct

current which can be stored in an accumulator battery or in a large capacity battery .

1.6 Electric motor

Electric motor is a very simple component at the heart of the electric car, it plays on the forces of
interactions (force vectors) between an electromagnet and a permanent magnet. It is used to convert the

electrical energy that comes from the source, into mechanical energy used to propel the vehicle during
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Figure 1.13: Inverter (DC-AC)
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Figure 1.14: Rectifier (AC/DC)

traction phases, or reverse the energy mechanism into electrical energy during the braking phases, to
allow recovery of energy (regeneration). During braking, the mechanical chain becomes partly the source
of power, and the main power source (battery) becomes the receiver. Among the electric motors used in
EVs, there are [4]:

1.6.1 DC motor

These motors have excellent characteristics for electric traction. Indeed, they are known for their ability
to achieve high torque at low speeds and their torque-speed characteristics meet traction requirements.
Motor speed is regulated through variable voltage, well suited in the role of vehicle thruster and easy to

control. A DC motor is thus defined according to the way in which the motor is excited.

1.6.1.1 Series-excited motor

It is the first that has been implemented in electric vehicles, because of its reliability of adaptation. The
magnetic field is generated by electromagnets. The windings are connected in series with the armature,

the same electric current passes through them.
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1.6.1.2 Separately excited motor

Separately excited DC motors are suitable for flux weakening operation due to their decoupled torque and
flux control characteristics; a flux weakening mode provides a wide range of constant power operation.
Shunt motors are easier to control than series motors.

DC motors with separate excitation are controlled by a power chopper acting on the motor armature
and a lower power chopper controlling the excitation or inductor. The electronics make it possible to
optimize the set value of the armature and excitation current, according to the desired torque/speed

characteristic, thanks to a system of relatively simple and inexpensive thyristors.

The control of DC motors has a complex structure, low efficiency and reliability and a constant
need for maintenance. This is due to the presence of brushes and mechanical commutator. Brushed
DC motors are difficult to downsize, making them heavier and more expensive. In addition, the

brush/commutator friction limits the maximum speed of the motor.

1.6.2 AC motor

They are increasingly used in electric traction applications, being light and less expensive than DC
motors. However, control electronics and controllers are more expensive and complex. The choice is
therefore more oriented towards this solution, because significant developments in electronics are more

likely than those concerning motor technology.

1.6.2.1 Asynchronous motor

For high-speed electric traction applications, the DC traction motor is increasingly being replaced by the

asynchronous motor. The advantages are multiple:
v More robust mechanical construction (no commutator).
v For equivalent power, reduced dimensions and weight.
v' For the same dimensions, higher power.
v Higher maximum rotation speed.
v" No maintenance, since there is no collector.

Two types of asynchronous machine can be distinguished: 1) the slip-ring rotor asynchronous
machine and 2) the squirrel-cage asynchronous machine. The latter is the most common.
The excess in power electronics equipment and adjustment and control circuits are the main drawbacks
of this motor. However, this does not prevent the introduction of asynchronous motors in the field of
electric traction, since the advantages mentioned predominate. The main advantages of the asynchronous
motor are its reliability, its robustness and above all its cost. Although it is heavier and its efficiency is
lower than that of synchronous machines. Their control requires the use of an electronic inverter. Its
function is to convert the direct current from the batteries into three-phase alternating current, and to
precisely control the operation of the engine during the acceleration phases and at cruising speed. In
addition, the inverter transforms the alternating current generated by the motor during deceleration and
braking into direct current to recharge the battery and improve motor braking. To ensure regulation, the

inverter increases or decreases the frequency of the alternating current supplied to the motor according
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to the driver’s demand, and therefore the position of the accelerator pedal. The arrival of electronics

has above all made it possible to considerably increase the speed of rotation [6].

1.6.2.2 Synchronous motor

The principle of operation of this motor is similar to that of DC motors, except that the commutation
is this time electrical and not mechanical. Synchronous motors have good efficiency (about 90 , inverter
included), few thermal losses. They are lightweight and their manufacture is very flexible. Two types of

synchronous machine can be distinguished.

1.6.2.2.1 Permanent magnet synchronous motor (MSAP): MSAPs are commonly used in different
industrial applications in a power range from a certain number of Watts (servo motors) to several mega
Watts (ship propulsion systems, etc.). The performance of MSAPs is intrinsically linked to the magnetic

materials used within their structure.

1.6.2.2.2 Wound-rotor synchronous motor (MSRB): This engine can present a very interesting
alternative. In comparison with the permanent magnet synchronous motor, the pole masses of the
rotor are electromagnets supplied with direct current. The value of the induction can then vary by
action on the excitation current. This type of motor has an additional degree of freedom, in comparison
with that with permanent magnets; The excitation flux is created by a current which is injected into the
rotor windings. In this machine, it is possible to choose the operating point of the machine. It easily
gives the possibility of fluxing which can be carried out by a simple reduction of the excitation current.

It is possible to adapt control laws to optimize performance.

1.6.2.2.3 Variable reluctance synchronous motor (MRV): This type of engine has a very high
power/weight ratio and low cost. This engine produces a very pulsating torque at high speed causing

mechanical vibration problems and generates an acoustic noise higher than all its competitors.

1.7 How Electric Vehicule Works

Electric cars contain a battery which stores energy and recharges in using the electrical network, and
one or more electric motors with a system of control and a battery charger.

The battery is connected to the electric motor via a regulator and a transformer. The regulator is
used to adjust the intensity of current supplied to the motor. Its operation is very simple: when the
motorist presses the lever (accelerator), the battery releases current. The converter then converts the
direct current (DC) from the battery into alternating current (AC) to drive the motor (in the case of the
alternating current motor).

The converter is an integral part of the engine. The strong point of the electric vehicle is its
electromechanical transmission chain. Indeed, the car needs high torque at low speeds to be able to

accelerate and reduce torque at cruising speeds. These properties are those of the electric motor [5].

1.8 Different types of electric vehicles

There are two main families of electric vehicles: 1) All electric and 2) Hybrid vehicles which use an electric

motor to improve the performance of the thermal part and increase the range between two fill-ups.
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1.8.1 Hybrid vehicles

A Hybrid automobile is an automobile using two storage of distinct on-board energy to move, one of which
is electrical in nature. Hybrid technologies were invented for several reasons: respect for the environment,
driver comfort, better performance, but also to improve the efficiency of the thermal part and increase
the range between two fill-ups. A hybrid vehicle is the combination of an electric motorization with a
thermal motorization, ensuring the propulsion of the vehicle. Hybrid vehicles are an exciting innovation
in technology. These vehicles typically include an internal combustion engine, electric motor, generator,
and battery pack. It is possible to vary the nature, configuration and integration of these components in
order to maximize the performance and efficiency of the vehicle and to reduce emissions.

The hybrid vehicle is equipped with a powertrain combining: A generator, which is reversible,
characterized by a high specific energy ensuring the autonomy of the vehicle, and which is capable
of supplying the average power necessary for the vehicle. A reversible energy accumulator, providing
more power than the generator and having an energy at least equal to the kinetic energy of the vehicle
at full load. A transmission and control system, capable of distributing the flows, these are the refluxes

of energy between generator, accumulator and use [3].

1.8.1.1 Architecture of Hybrid vehicles

The architecture of hybrid vehicles can be summed up in three essential variants:

Series Engine Hybrids: The series hybrid system allows the electric motor to direct the rotation of the
wheels on its own using the power generated by the internal combustion engine. A series hybrid is made
up of an electric motor, a heat engine, a generator, a battery and an inverter. At low speeds, the internal
combustion engine is used intermittently to power either the electric motor or to recharge the battery.
The all-electric is used in town, on the road the heat engine ensures the recharging of the battery as well
as the supply of the electric motor. The series name comes from the fact that the heat engine is directly

linked in series to the electric motor [3].
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Figure 1.15: Architecture of Series Engine Hybrids Car

Hybrids with motors in parallel: The electric and thermal motors both ensure the rotation of the
wheels, on the other hand, it is the electric motor which recharges the battery. A parallel hybrid consists
of a heat engine, an electric motor, a battery, an inverter, and a transmission. The electric motor is
powered this time by the battery and not by the heat engine, it also works as a generator to recharge the

battery. The disadvantage is that it cannot generate electricity while driving. Once again, the electric
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motor operates during city driving and the heat engine during the highest power demands on the road.

The name parallel comes from the fact that the current is parallel [1].

: : . . =] Electric
| Battery *onverte- e e |

‘ Reservoir

Figure 1.16: Architecture of Hybrids with motors in parallel

Dual hybrid (series-parallel): The series/parallel system is the combination of the electric and thermal
motor allowing the rotation of the wheels by providing electricity to recharge the battery via the
generator. This system has the advantage of being able to select the motors either electric or thermal
as well as a permanent recharging of the batteries. It is made up of an electric motor, a heat engine,
a generator, an energy distributor, a power supply control module (inverter/converter). The splitter
makes it possible to operate the electric motor as well as to produce electricity to recharge the batteries,

this while trying to obtain the best possible performance depending on the driving city, road, etc.
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Figure 1.17: Architecture of dual hybrids series-parallel

1.9 100% Electric vehicles

An Electric Vehicle is a vehicle propelled by a motor running exclusively on electric power. In other
words, the driving force is transmitted to the wheels by one or more electric motors depending on the
transmission solution adopted. It is a complex system made up of very varied components of different
natures (mechanical, electrical, electrochemical) in interaction. Its behavior is therefore sensitive to any

variation in the characteristics of one of its components through these interactions [7].
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Figure 1.18: Architecture of different type of electric vehicles

1.10 General description of the traction chain

The traction chain of an all-electric vehicle can be broken down into the elements. It is, if we start from
the AC power supply network, the battery charger, the electrochemical battery of the on-board source
of electrical energy, the static converter assembly of the electric motor and the control and, finally, of
the mechanical transmission whose function is to adapt the mechanical characteristic of the load to that
of the motor. For the analysis of the total consumption, it is also necessary to take into account the
auxiliaries such as the cooling system (air or water) of the engine and its electronic converter.

The traction chain of an electric vehicle is simpler than that of a thermal vehicle. It also has interesting
properties such as silent operation almost total as well as the ability to recharge during the vehicle’s

deceleration phases, in addition there are zero polluting emissions at the place of use [2].

1.11 Different traction architectures

1.11.1 Single motor electric vehicles (direct current machine)

It is an architecture with a DC motor,a battery, a drive (a chopper reversible), a direct current machine,

a differential reducer (speed reduction, increase in torque).

1.11.2 Multi-motor electric vehicles (alternating current machine)

In this type, the energy chain is doubled, it is an architecture with synchronous motor (in the wheel), a
battery, two drives (inverter), two synchronous machines. The inverter is used to convert the DC electric

current supplied by the battery into alternating current necessary for the motor of the electric car.
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1.12 Architecture of an EV

The simplest solution for making an electric vehicle is to build it on the basis of an existing thermal
vehicle, replacing the thermal engine with an electric motor. However, the mechanical transmission can
be simplified. The ability of electric motors to start at high torque and operate over a wide speed range
makes it possible to eliminate the clutch, or even the gearbox. By on the other hand, as the torque
is a dimensioned quantity, the absence of a gearbox implies a heavier, more bulky and therefore more
expensive engine. Also, to reduce the onboard mass, EVs can be designed with a reduction gear that
allows the electric motor to work at high speed [4]. This reducer makes it possible to reduce the size of
the motor. This traction chain centered around a single traction motor coupled to a fixed-ratio gearbox
represents the so-called classic solution for EV architecture. The classic traction chain of an EV includes
the energy source, the converter, the electric motor, the mechanical transmission including the differential
and the wheels. The traction system is a set of organs through which the flow of energy passes, and
which provide a vehicle with its ability to move. It is made up of a traction chain and an on-board energy
generator.

e Traction chain: Part of the traction system ensuring the mechanical transmission of movement.
It is made up of the wheels, the transmission differential or gearbox (BV) and a motor converting the
energy coming out of the on-board generator into mechanical energy.

e Generator or onboard energy source: Component of the traction system ensuring the energy
storage and adaptation. It is made up of a storage system and an adaptation system (converter and/or
transformer).

e Energy converter: System that changes the nature of energy.

e Energy transformer: System that retains the nature of the energy but changes its type (gearbox,
DC/AC electric converter.

e Energy typing: Characterizes the parameters of an energy of the same nature (for electricity:
voltage, current, frequency,).

e Nature of energy: Characterizes the different forms that energy can take (mechanical, electrical,
etc.). A differential is a mechanical system whose function is to distribute a rotational speed by
distribution of the kinematic force, in an adaptive way , immediate and automatic, to the needs of
a mechanical assembly.

o A gear is a mechanical system made up of two toothed wheels used to transmit rotational movement.

e A reducer is a gear system whose transmission ratio is less than 1, to increase the motor torque by

one revolution [4].
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Figure 1.19: Architecture of an EV
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1.13

1.13.

Advantages and disadvantages of electric vehicles

1 Advantages of electric vehicles

The advantages of the electric vehicles can be summarized in the following points [7]:

1.13.

e Electric vehicles are devoid of noise pollution since they are completely silent.

e Electric vehicles are fun to drive, with a smooth ride quality, due to continuous and gradual

accelerations because the engine never stalls (no clutch).

e The technical architecture of electric vehicles is simple, it is composed of 6000 parts less than a

traditional car.

e These vehicles are easier to maintain and their expenses are reduced by 30 to 40 % (for example
the electric motor does not require draining). Moreover, the occasions of breakdowns are 3 times

less numerous.

e Electric vehicles do not consume energy in traffic jams and braking (the car recharges itself).
They are therefore very suitable for the urban environment. which will be the main type of habitat

in the future (megalopolis).
e The electric motor has an energy efficiency 3 times higher than that of a thermal motor.

e The start is very fast, it is enough to press a button for it to start or running (nor the problems

of starting during cold winter weather).

e The main advantage is independence from oil.

2 Disadvantages of hybrid vehicles

The major points of the disadvantages are [7]:

*

The price remains very high compared to ‘classic’ cars.
The weight is heavier due to the use of additional parts.

The duration of recharging electric batteries is still long. Furthermore, when in use, the electric
motor does not produce heat. The cabin of the car is not hot. For better comfort (air conditioning,

radio, etc.), the battery discharge is accelerated.

Battery life and electric motor power are not still very important.

1.14 New Achievements

In recent years, the development of the electric vehicle has made significant progress, the global awareness

of the

transi

environmental issue and the desire of car manufacturers to carry out the energy and technological

tion. As early as 2010, several manufacturers launched the marketing of their electric vehicle

models. Most of these vehicles are relatively small in size, to reduce consumption. They are a good

alternative to gasoline and diesel vehicles for urban use, the Bluecar mise is a good example. It is

equipped with a battery Lithium Metal Polymer, which offers, according to its designers, a range of

250km and a full recharge in 8 hours. As far as battery charging is concerned, Renault offers three
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processes for the Fluence.ZE: slow charging on the mains (approximately 8 hours), fast partial charging
on terminals (80% in approximately 20 minutes), and finally a charging system. rapid exchange of
batteries, "Quickdrop” allowing the battery to be replaced in 3 minutes. For this type of vehicle, the

advertised autonomy is 60km [8].

1.15 Conclusion

During this chapter, we have presented a state of the art on electric vehicles, a brief history and the
elements that make up this kind of vehicle were presented in detail, then we have presented the different

types of electric vehicles and we concluded by giving the advantages and disadvantages of these vehicles.
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CHAPTER 2

ASYNCHRONOUS MACHINE AND INVERTER MODELING

2.1 Introduction

The induction machine, or asynchronous machine, is an alternating current electrical machine with no
connection between the stator and the rotor. The term asynchronous comes from the fact that the speed
of these machines is not necessarily proportional to the frequency of the currents which cross them. It is
used in a range of power applications from a few Watts to several MW. These squirrel cage machines are
prominent in all industrial sectors. They are the most preferred choice for performance oriented electric
vehicles due to their robustness, their simplicity of construction and their low cost [6].

In this chapter, the principle of operation of the induction motor will be well explained as well as the
manufacture of its two main parts (Stator, Rotor) and the role of each of them inside the motor will be

clarified, then its mathematical model will be given in detail.

2.2 Definition of the asynchronous machine

An asynchronous motor is an alternating current motor for which the rotational speed of the shaft is
different from the rotational speed of the rotating magnetic field. An induction motor is an asynchronous
motor whose magnetic circuit is associated with two or more electrical circuits moving relative to each
other and in which energy is transferred from the fixed part to the moving part, or conversely, by

electromagnetic induction (Figure 2.1).

2.3 Constitution

The asynchronous motor is formed of [9]:

2.3.1 Stator

It is the fixed part of the engine. A casing in cast iron or light alloy encloses a ring of thin sheets (about
0.5mm thick) in silicon steel. The sheets are isolated from each other by oxidation or by an insulating
varnish. The ‘lamination’ of the magnetic circuit reduces the losses by hysteresis and eddy currents. The
laminations are provided with notches in which the stator windings are placed, intended to produce the

rotating field (three windings in the case of a three-phase motor). Each winding consists of several coils.
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Figure 2.1: The asynchronous machine.

The mode of coupling of these coils between them defines the number of pairs of poles of the motor,
therefore the speed of rotation.

The stator consists of a wound winding distributed in the slots of the magnetic circuit. This magnetic
circuit consists of a stack of sheets in which notches are cut parallel to the axis of the machine. The slot
conductors make it possible to create in the air gap the magnetic field at the origin of the electromagnetic
conversion.

The stator winding can be broken down into two parts: the slot conductors and the magnetic ones
at the origin of the electromagnetic conversion. The coil heads allow currents to close by organizing
the judicious flow of currents from one slot conductor to another. The objective is to obtain on the
surface of the air gap the most sinusoidal current distribution possible, in order to limit the ripples of

the electromagnetic torque [9].
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Figure 2.2: The stator of the asynchronous machine.

2.3.2 Rotor

It is the moving part of the engine. it consists of a stack of thin sheets isolated from each other and
forming a keyed cylinder on the motor shaft. This element, due to its technology, makes it possible to
distinguish between two families of asynchronous motors: those whose rotor is said to be ‘cage’, and those

whose wound rotor is said to be ‘with rings’, which makes it possible to put in rotation the mechanical
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load, just like the stator, the magnetic circuit is made up of steel sheets which are in general, of the same

origin as that used for the construction of the stator [10].

2.3.2.1 Wound rotor

It is made in the same way as the stator winding (insertion of the windings in the rotor slots). The rotor
phases are then available thanks to a system of brush rings positioned on the machine shaft. The rotor
windings locate in the notches located at the peripheral of the rotor. These windings are wound from the
machine to obtain a three-phase winding at even P of pole. The rotor windings are always star-coupled,
and the three accessible terminals are connected to the stator frame using a system consisting of three

rings and three fixed brushes.

Figure 2.3: Wound rotor of the asynchronous machine.

2.3.2.2 Cage rotor

In the cage rotor, the short-circuit rings allow currents to flow from one slot conductor (rotor bar) to the
other. These conductive bars are regularly distributed, and constitute the circuit of the rotor. This cage
is inserted inside a magnetic circuit made up of sheet metal discs stacked on the shaft of the machine
similar to that of the wound rotor motor. In the case of the squirrel cage rotor, the conductors are made
by casting an aluminum alloy, or by massive copper bars drilled and fretted in the rotor laminations or
very little insulation between the rotor bars and the magnetic laminations, but their resistance is low
enough for the leakage currents in the laminations to be negligible, except when there is a bar break.

The squirrel cage motor is much simpler to build than the coil rotor, and therefore its cost price remains
lower. In addition, it has a greater robustness than that of the coil, it constitutes the largest part of the

fleet of asynchronous motors currently in service.

2.3.3 Bearings

Support members, these constitute the mechanical part thus allowing the rotation of the motor shaft.

2.3.4 Air gap

This part is non-magnetic (it is the vacuum between the rotor and the stator).
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Figure 2.4: The cage rotor of the asynchronous machine

2.4 Principle of operation of an asynchronous machine

As mentioned previously, the asynchronous machine consists mainly of a stator and a rotor. These
elements are made using special materials and in such a way that the induction motor can work in the
best possible way. The stator, the fixed part of the machine, is made up of 3 p (where p designates the
number of pairs of poles) coils powered by a system of three-phase voltage and current of frequency f

supplied either by the electrical network or by the drive.

The phase shift between the voltages and currents of the three phases is %’r radians. However, each p
series features three coils that are separated from %’T each other. In an asynchronous electrical machine,

the stator windings are distributed in space and offset from each other by 120°. The same remarks apply
to the rotor whether it is wound or caged.

So we can bring back the explanation of the principle of operation of the asynchronous machine with
3 windings which we note a, b and ¢, illustrates a symbolic diagram of the stator. The operating principle
of the asynchronous machine is based entirely on the law of induction; the asynchronous machine is
considered as a rotating magnetic field transformer whose stator is comparable to the primary winding
and the rotor has the secondary winding in short circuit. This operation is based on the principle of
the electromagnetic interaction of the rotating field, created by the three-phase currents supplied to the
stator winding by the network, and currents induced in the rotor winding when its conductors are broken
by the rotating field. When the rotor turns at a speed different from synchronism, the application of
Faraday’s law to one of the rotor windings shows that it becomes the seat of an electromotive force
which, being short-circuited on the windings, will give rise to a current whose intensity is limited by the
impedance of the latter. The interaction between this current and the sliding field will give rise to forces
acting on the strands of the rotor whose moment with respect to the axis of rotation will constitute the
torque of the machine when the field is sinusoidal, so the rotation speed is [11]:

—i r/s
ny = p[t /5] (2.1)

With:
f: the power supply frequency.
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p: represents the number of pairs of poles.
The electromagnetic interaction of the two parts of the machine is possible only when the speed of the
rotating field (n;) differs from that of the rotor (n), that is, when n # n;, because otherwise (n = ny),
the field would be stationary with respect to the rotor and no current would be induced in the rotor

winding.

®

[\
ROTATING MAGNETIC FIELD -—L—»\

Figure 2.5: Magnetic field generation

The g = "Z” is called slip of the asynchronous machine.

é
The angle 6 between the two vectors the magnetic moment M of the rotor (directed from the south
H
pole towards the north pole) and the rotating field B; is called angular shift. The moment of the couple
? acting on the rotor depends on the angle 0 :

T=MAB, (2.2)

T = M.B;.sin6 (2.3)

If 0 is positive (0 is counted positively in the direction of rotation) then the rotor follows the field
rotating, the moment of the torque is positive (orientation of the torques from the direction of rotation
by the corkscrew rule) and the machine works as a motor. With no load, when the motor does not
provide any useful torque, the angle 6 is small, but the torque useful of the motor increases, the more the

angle ¢ increases. The maximum torque is obtained when 6 = 7 (for 2 pairs of poles). If we try to make

the motor provide more torque, ¢ increases and becomes greater than 7, the motor torque decreases
instead of increasing and the rotor stalls, it does not happen more to follow the rotating field. The rotor
eventually stops and safety devices must cut off the stator power supply to avoid large overcurrents. If
0 is negative, the rotor precedes the rotating field, the torque moment is negative and has tendency to
brake the rotor, the machine operates as an alternator, i.e. it absorbs mechanical power and provides
electrical power.

The air gap is the empty space between the stator and the rotor, his rotating field has a so-called

synchronism rotation speed equal to:

*17”'8
ns—p[t/] (2.4)
— = 2
Qs = ws » [rad/s] (2.5)
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with:

n: the number of revolutions per second of rotating field;
f: the frequency of the asynchronous machine;

p : represents the number of pairs of poles;

W, or € : the speed of the rotating field in radians per second.

The magnetic field created by the stator rotates around the rotor (at a standstill during start-up) in
order to create, thanks to its flux, induced currents in the rotor bars. According to Lenz’s law, induced
currents are opposed by their effects to the cause which gave rise to them. The flow of currents in the
rotor cage is possible, because the circuit is closed, and therefore, Laplace forces result. This force is
different at every point of the cage. This phenomenon makes it possible to create a torque and start the
asynchronous motor. Indeed, if the flux of the magnetic field of the stator did not vary around the rotor,
the rotor currents would be equal, as well as the Laplace forces would compensate each other. If there
is no difference in force, the sum of the forces would be zero as well as the torque. The engine could
not start. The number of poles at the rotor must be equal to the number of poles at the stator. For a

squirrel cage, this condition is automatically true [12].

2.5 Modeling of the asynchronous machine

It is common to use PARK theory to model alternating current machines. By describing the rotating
machine in the appropriate frame of reference, the equations of state are simplified. This makes their
study and exploitation easier. These simplifications come from the internal properties of the alternating
current machine, The modeling of the asynchronous machine is based on a certain number simplifying

assumptions, which are:

Simplifying assumptions
e Perfect symmetry of construction.

e The magnetic circuit is not saturated.

The variation of winding resistances with temperature is negligible.

The air gap is constant.

e The values of the self and mutual inductances are independent of the intensities currents.

The iron losses and the losses by hysteresis and by eddy currents are nil.

The distribution in the air gap of the magnetomotive force and that of the flux are sinusoidal.

2.5.1 Dynamic model of the asynchronous machine

In the three-phase reference, the three vectors A, B, C are oriented along the axes of the three stator
windings of the machine. The rotor can be modeled by three identical short-circuited windings whose
voltage across the terminals of each winding is zero. the A axis is taken as a reference, and the angle 6

defines the position of the rotor relative to the stator.
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= 5T

Figure 2.6: Model of the asynchronous machine in abc axis

2.5.2 General equations of the three-phase asynchronous machine

Under these conditions, if we consider that the induction motor is three-phase with the stator and the

rotor. The three types of equations expressing the behavior of the engine are:

2.5.2.1 Electrical equations

Taking into account the assumptions mentioned above, the electrical equations of the stator and rotor

voltages can be written as follows:
At the stator:

Vs(abc) = Rs.1s(abe) + dis(abe)/dt

‘/S(l ISCL wsa
V| = Rs. | I | +d/dt. |y
‘/;SC ISC ’l/)SC

At the rotor:

V,(abc) = R,..I.(abc) + di,.(abe)/dt

Visr Iq @/fra
Vio| = Rs- | Ly | +d/dt. |y
V"C ITC w'fc

(2.8)

(2.9)
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With :
Visa, Vs, Vse: the three stator voltages;
Lo, Isp, Ise: the three stator currents;
Lo, Iy, Ire : the three rotor currents;
Vsay Ysb, Yse : fluxes through the three phases of the stator;
Ura, Yry, Wre: fluxes through the three phases of the rotor;

2.5.2.2 Magnetic equation

The flows of the machine are expressed by:
At the stator:

Ys(abe) = Lg.Is(abe) + M, I,.(abc) (2.10)
wsa Isa ’L/}T(l
'L/)sb = LS' Isb +Msr~ wrb (211)
/IZJSC ISC 77[}7"C

At the rotor:

Yr(abe) = Ly I.(abc) + M,.15(abc) (2.12)
w”'(l/ I’"(l wsa
1/}rb = Lr~ Irb + Mrs~ 1/}sb (2'13)
VTC I’I"C 'lZJSC

Such as:
Mg, = ME With :
My, M.s: the matrix of mutual stator/rotor inductances.;
Ly, L,: the stator/rotor inductance matrix;

The inductance matrices are defined by:

[ Lms + Lls _Lgm _%
[Ls} _% Lms + Lls _% (214)
L - Lg” 7% Lms + Lls_
[ Lmr + Llr - LTQRT - ng ]
]| - L+,  ipe (2.15)
L - Lg” _% Lmr + Llr_
cos(0) cos( + 2F)  cos(6 — 2F)
[LT} = Lgr. |cos( — %’T) cos(6) cos(0 + %ﬂ) (2.16)
cos(f + 2F)  cos(f — ZF) cos(0)

With :
L.ns: stator magnetization inductance;
L., rotor magnetization inductance;
L;,: stator leakage inductance;

L;,: rotor leakage inductance.;

30



Chapter I1 Asynchronous machine and inverter modeling

L,: stator inductance matrix.;
L,.: rotor inductance matrix;

Lg,: stator-rotor mutual inductance matrix.

2.5.2.3 Mechanical equation

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). The torque

formula is given by the following equation:

d
|Cem| = p-[is abe)™| .= [ M., [in(abe)] (2.17)
After determining the electrical, magnetic and mechanical equations, we end up with a system of six
differential equations and an equation expressing the torque, hence the complexity of solving our system

analytically, we will be required to transfer from a three-phase system to a two-phase system [13].

2.5.3 Three-phase to two-phase transformation

It consists of transferring from a three-phase system to a two-phase system, which is in fact only a basic
change in the physical quantities (voltages, fluxes, and currents), it leads to relations independent of the

angle 0 and the order reduction of the machine equations [13].

Sinusoidally distributed
b windings

Figure 2.7: Three-phase to two-phase transformation

Figure 2.7 identified the different frames of reference. The most famous transformation is that of

Park.

2.5.3.1 Park transformation

For each set of quantities (stator and rotor), we apply the transformation of Park in order to simplify the
equations, and therefore the model. The landmarks of the Park transformation of the stator quantities
and those of the rotor quantities must coincide.

Indeed, if we note by 0(resp by 6,.) the angle of the transformation of Park of the stator quantities
(resp. Rotorique). This is done by linking the angles 65 and 6, by the following relationship:

O =0, +0 (2.18)
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L= \I\cos*m - 3% - ﬁy]

Figure 2.8: Park transformation

qu = [P(e)]X(abc)

(2.19)
Such as :
X: maybe voltage, current or flux.
P(0): matrix of the Park transformation defined by:
3 cos(f)  cos(§ — ) cos(f+ 3
pl(0)] = \/; —sin(f) —sin(d — ZF) —sin(f + 2F) (2.20)
1 1 1
V2 V2 V2
and [P(A)] " is the inverse Park matrix gives by:
. 1
» 5 cos(6) —sin(6) 7
PO =2 | cos0- %) —smio-2) (221)
cos(f + 2F) —sin(f + ZF) %

With :

0: the angle corresponds to the position of the frame chosen for the transformation.
Os/r: the angle of the stator/rotor.

2.5.4 Park transformation applied to MAS

The system of equations in the reference abc has time-varying coefficients. This which makes its resolution

complex and difficult. To solve this problem, we use the Park transformation to have a system of

differential equations with constants coefficients .

After applying the Park transformation, we find the following equations [14]:
2.5.4.1 Voltage equations

By applying the Park transformation to the voltages in the frame abc, as shown in the following equation:

Vag = [P(0)]-Viabe) (2.22)

32




Chapter I1 Asynchronous machine and inverter modeling

We obtain the following equations:

Via = Ry.Lsq + L2t — .9,
Vid = Ro-Loa + 2221 — w44
0=Rptrg + 2ord — (w5 — wy) g
0= Rpdpg + 221 — (w5 — W) ra

(2.23)

2.5.4.2 Magnetic equations
By applying the Park transformation on the fluxes in the frame abc, as shown in the following equation:
Yaq = [P(0)].¢(abe) (2.24)

We obtain :
1psd = LsIsd + M-[rd

wsq = LsIsq + MIrq

(2.25)
7;[}7"(1 = LrIrd + MIsd
wrd = Lr-[rq + MIsq
2.5.4.3 Equation of the electromagnetic torque
The formula for the electromagnetic torque in the dg frame is given by the equation below:
3 M,
Cem == pifo(qprdlsq - qujsd) (226)

2.5.4.4 Mechanical equation

To have a complete model of the machine, it is necessary to introduce the equation of the movement of
the machine, commonly called the mechanical equation, which is expressed as following :

dw,

dt

Co—Cp ==L + fowr (2.27)

With :
j: Moment of inertia of the rotor.
fv: Coeflicient of viscous friction.
C.: Electromagnetic couple.
C.: Resistant torque imposed on the machine shaft.

wy: Rotor speed.

2.6 State model

In the case of the asynchronous machine, supplied with voltage, the static voltages are considered as
command variable, currents and fluxes as state variables. The asynchronous machine can have different
state models. The difference between these models lies in the choice of the state vector X and in the
orientation of the reference frame dq. The model equations must be in the form of equations of state as
such [14]:
X = AX + BU (2.28)
Y =CX+ DU (2.29)

There are different possibilities for the choice of the axis reference, this choice is linked to the study to

be carried out, it practically comes down to three references:
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1. Referential linked to the rotor: w = w,., this frame of reference is interesting in problems where
the speed of rotation is considered constant, for example for the study of the constraints of a

short-circuit.

2. Referential related to rotating fields: w = wy, this frame of reference is the only one that does not

introduce any simplifications into the formulation of the equations.

3. Referential linked to the stator : 8 = constant so w = 0, This frame of reference is chosen when
studying variations in the rotational speed, whether or not associated with variations in the supply

frequency.

Considering the case of a MAS supplied with voltage, and using the dq frame of reference related to

the rotating field, the possible combinations for the state vector are [14]:

ids 1/st ids

POR R P N S (2.30)
Ldr wdr wdr
Z.qr wqr '(/qu

Using (Yas, Yqgs, Ydr, Yqr) as state variables, from the equation, we deduce the equation describing

the evolution of the flux:

Vs R, 0 0 0 ids 0o % o0 0 Vs 10
d|de|_ |0 R 0 0 igs @0 0 0 Yas |, |01 (Vds>
dt | gy 0 0 R, 0 o | O 0 0 L] gy, 0 0 \ Vi

Vgr 0 0 0 R, Var 0 0o % 9 Var 0 0

(2.31)
which can be rephrased as follows:
Yas —UlTS 4. plze 0 Vs 10
i qu _ _ddetr _aé"s 0 Rs};T? 77[}‘13 + 0 1 (Vd‘9> (2 32)
dt { g, Rize 0 - % Yy 0 0f \Vas '
Yar 0 R57F % - ) Ve 00

From this we get the equations of following flux:

dips s s
ﬁid = _¥wsd + Wswsq + i ]w'(/)rd + Vsa

[ed

d s sL SM
%:_W’wsd_ i 7n'(/}sq'i'R qu'i“/sq

7 7 (2.33)
dzj;q = RZM Ysa — R:TLS Yrq + Wrrq
d rqg — i riis
tlijt = RaMqu — Wrrg — RUL Vrq
With: 2
=1- 2.34
g LSLT ( )

o: Total leakage coefficient

2.7 Voltage inverter modeling

2.7.1 Definition

Inverter is a static converter ensuring the DC-AC conversion. Powered continuously, it periodically

modifies the connections between the input and the output and provides alternative output. The variable
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output voltage can be obtained by varying the input DC voltage and by keeping the inverter gain constant.
On the other hand, if the input voltage is fixed and that it is not controllable, a variable output voltage
can be obtained by varying the gain of the inverter. The use of inverters is very extensive in the industry,
such as variable speed drives for three-phase motors, emergency power supplies, etc. The appearance
of new control techniques allows the inverters to become more efficient. On the other hand, the output
voltage form of an inverter must be closer to a sinusoid to which the rate of harmonics is the lowest
possible, the latter largely depends on the control technique used. There are several techniques to obtain

this variation [15]:
— Pulse width modulation control

— Vector PWM control (SVPWM: Space vector pulse width modulation)

Figure 2.9: Electric model of the inverter

2.8 Mathematical model of the inverter

The diagram of the voltage inverter supplying the stator of the asynchronous motor is given by the Figure
2.9, each transistor-diode pair is presented by a single bidirectional switch. The state of the switches,
assumed to be perfect, the switches are named as S , from S1 to S6. We have six switches and three
arms, each arm contains two switches which means:

- If S1 = 1: is the case where the upper switch is closed and the lower one (52 = 0) is open.

- Or if S1 = 0 is the case where the upper switch is open and the lower one (S2 = 1) is closed.

Considering point ‘O’ as a reference, the output voltage of each phase of inverter is given by [16]:

1
Vx = Vpe(T; — 5) (2.35)
with:
X =a,b,c
1=1,2,3,4,5,6

Let n be the neutral point of the alternating side (MAS), then we have:
Vao = Van + Vo
Voo = Vin + Vo (236>
Veo = Ven + Vao

35



Chapter I1 Asynchronous machine and inverter modeling

In which:
Van +Vin + Ve =0 (237)
Van = %(Vab - Vrca)
Vin = 5 (Ve — Vap) (2.38)
Ven = %(Vca - Vbc)
The substitution gives us:
1
Voo = g(Vao + Vo + V:?O> (239)
Van 1 2 -1 -1 Vao
Vin | = 3 -1 2 -1 Vo (2.40)
chn -1 -1 2 cho

The instantaneous equations of phase-to-neutral voltages as a function of the command quantities:

AN 2 -1 -1\ (S,
Vin :%C -1 2 -1|[s, (2.41)
Vo, -1 -1 2/ \s.

Therefore, the voltage inverter can be modeled by a matrix [T] ensuring the passage DC-AC.

[Vacl = [T][Vpc] (2.42)

With:
[Vac} = [Van%n‘/cn][T]
[Vbe] = [VaoVeoVeol T
So, for each arm, there are two independent states. These two states can be considered as Boolean

quantities. The transfer matrix is as follows:

W=

win
= Wl

7] = (2.43)

@l
\

W= W=
|

W=
[SMIN)

2.9 Principle of control by pulse width modulation

2.9.1 Definition

Pulse width modulation (PWM) is a powerful technique for controlling analog circuits with a
microcontroller’s digital outputs. PWM is used in many applications, ranging from communications
to power control and conversion. For example, the PWM is commonly used to control the speed of

electric motors, the brightness of lights, in ultrasonic cleaning applications, and many more [16].

2.9.2 PWDM control

This technique is based on the comparison of a reference signal called modulator of amplitude A and

frequency f, with a signal called carrier of amplitude Ap and very high frequency fp [16].
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Figure 2.10: PWM control

2.9.2.1 Properties of PWM control

If the reference is sinusoidal :

The modulation index I, equal to the report of the modulation frequency (carrier) f, on the

(modulating) reference frequency fi,.

Iy =2

The modulation rate T}, equal to the ratio of the amplitude of the modulating A,,, to that of the carrier

A,.

The other properties of this technique are:

1. Current harmonics :

Current harmonics are the source of joule losses which represent a large part of the losses of the
machine, they do not allow to evaluate the performances of a PWM, since they also depend on the
impedances of the machine. To eliminate this dependence, we introduce the harmonic distortion
factor which allows to characterize the quality of a PWM sequence in terms of minimization current

harmonic distortion, regardless of the load connected to it [15].

. Spectrum of current harmonics:

The typical harmonic spectrum of constant switching frequency PWMs presents lines of significant
amplitude around this frequency, and its multiple. This leads to acoustic noise problems, which can
be amplified by mechanical resonance phenomena. Analysis by FFT (Fast Fourier transformation)
of the current or voltage gives its harmonic spectrum, which is a more detailed characteristic than
the global harmonic distortion factor. To evaluate and compare PWM performance, the current

harmonic spectrum turns out to be the main criterion.

. Switching losses:

They depend on the voltage Uy of the contained bus, the current in the load, and the switching
frequency f., this is why at high power, the number of switchings per period of the fundamental is

weak. They also depend, for certain PWMs, of the power factor of the load.
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4. Torque ripple:
The electromagnetic torque ripples of a machine are created by a sequence of PWM, such that
certain applications impose an undulation of the low torque, because there are PWMs optimized

in this direction.

Figure 2.11: Voltage vectors for the eight inverter states

2.10 Simulation of the asynchronous machine model

Before integrating the induction machine model (Of the PSIM software platform ) into closed loop speed
control, it will first be simulated in an open loop, consisting of an induction motor, a two-level three-phase
inverter and a DC source. The inverter switches signals are generated from a simplified C block. First,
the IM will be simulated at no-load, where the frequency and magnitude of the reference voltage will be
varied, then the motor will run under load which will take different values while keeping the reference

voltage fixed.

2.11 Simulation results

As mentioned previously, we start by simulating the IM at no-load condition. For the reference voltage,
the amplitude is chosen at 0.9V for the first three seconds, then it changes to 0.7V for the last three
seconds. While for the frequency of the reference voltage, from 0Os to 2s it is chosen at 50Hz, then from
2s to 4s, it goes to 25Hz, while for the last 2s, it goes to 40Hz.

The output current and speed of the IM obtained from this simulation are presented successively in
Figure 2.13 and Figure 2.14.

For the on-load scenario, the amplitude and frequency of the reference voltage are successively 0.8V
and 50Hz . Meanwhile, the load is chosen to be 10Nm during the first 2 seconds and will be shifted to
20Nm for the two next seconds then will decreased to 5Nm during the last two seconds.

The obtained output current and speed are presented successively in Figure 2.15 and Figure 2.16.
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Figure 2.12: Block diagram of the open-loop circuit control
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Figure 2.14: No-load open-loop output speed

2.12 Conclusion

In this chapter, we have provided a complete and detailed definition of the motor Asynchronous and its

components and principle of operation and Its various characteristics. We moved on to modeling at the
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Figure 2.16: On-load open-loop output speed

level abc Then we introduced the various equations of this machine in the two-phase plane in Using the
frame of reference dq associated with the rotating field.we also mention the PWM technique . In the
second part of this chapter, the results were simulated in PSIM model, Which allowed us to compare the

results of the sinsoidal and the carrier signal they wiche shows that our simulation is work in perfect case .
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CHAPTER 3

IMPLEMENTATION OF DTC TECHNIQUE USING DSP
TMS320F28335

3.1 Introduction

The control of asynchronous machines is a very important field of research, which has been very active
for the last decades, and which is gaining more and more importance owing to its place in the world of
electric cars today.

Due to the coupled and non-linear nature of the induction machine, its speed and torque cannot be
controlled directly and separately as in the case of DC motors. For this reason, various methods have
been proposed in the literature to control the latter.

In this chapter, we will study the most common techniques used to control the speed of the
asynchronous motor and give more consideration to The Direct Torque Control (DTC) technique that
we will use in this work. To confirm to effectiveness of the DTC technique in the induction motor speed
control for electric vehicles, we will implement the control algorithm in the DSP TMS320F28355 and
use the New European Driving Cycle (NEDC) as speed reference because it covers the different driving

scenarios. The obtained simulation results will be given and discussed at the end of the chapter.

3.2 Induction motor speed control techniques

In the literature, different control techniques have been applied to control the speed of the induction

motor, the most used of them are:

3.2.1 Scalar control

The scalar control is the oldest and simplest of the control laws of a asynchronous machine. It is
mainly used for applications requiring only average static or dynamic performance. Nowadays, thanks
to advances in power electronics, many drives use this control mode. We found mainly for industrial
applications of pumping, air conditioning, ventilation.

The principle of this method is quite rustic. It consists in imposing at the terminals of the armature
of the machine, the module of the voltage or the current as well as the pulsation. Multiple commands

scalars exist depending on whether one acts on the current or on the voltage. They mainly depend on
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the topology of the actuator used (Voltage or current inverter). In the power supply voltage, inverters
provide voltages whose shape and amplitude can be considered load independent. On the other hand,
in the power supply, the currents supplied have shapes and amplitudes influenced by the nature of the

load. The change in speed is obtained by the variation of the stator pulsation which is generated directly

by the regulator [17].
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Figure 3.1: The scalar control

This control method is based on the steady-state machine model. It can operate in open loop also
(i.e. without speed feedback), however, it provides poor speed regulation which is become depended on
the applied external load. The main drawbacks of this technique are the unsatisfied speed accuracy. In
addition, the sluggish dynamic response which produce slow torque response. Since the control design
is maintained in the steady state, the magnitude of the stator flux is not controlled during the transient

and the machine torque cannot respond quickly [17].

3.2.2 Vector control

Introduced by Blaschke in 1972, it constitutes a historic revolution for the control of the asynchronous
machine. This technique consists of bringing the behavior of the asynchronous machine, from the speed
variation point of view, to that of the direct current motor by performing a decoupling between the flux
and the electromagnetic torque. This control strategy uses two control loops to simultaneously control
torque and flux, it therefore ensures very good accuracy for torque and speed control.

However, the main drawbacks of this technique compared to the scalar control technique are the
complex computation and the requirement of the good identification of the motor parameters. It is
also very sensitive to parameters variations, in particular to that of the rotor resistance whose value
changes significantly with the temperature, Therefore, any difference between the parameters used by
the algorithm and the actual motor parameters results in errors in the flux and torque output values

which will increase machine losses and decrease the performance of the system to be controlled.

3.2.3 Direct Torque Control or “DTC” Technique

The technique of direct torque control (Direct Torque Control or “DTC”) is introduced in 1985 by
TAKAHASHI. Several works have allowed a rigorous modeling of this approach. It allows to calculate
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Encoder

Figure 3.2: The Vector control

the quantities of control which are the stator flux and the electromagnetic torque from the measurements
of the stator currents without the use of mechanical sensors. DTC direct torque control methods are
allowed to directly control the closing or opening of the inverter switches from the pre-calculated values
of the stator flux and torque. Switch state changes are related to the evolution of the electromagnetic
states of the engine. They are no longer ordered from voltage and frequency instructions given to the
close control of an inverter at pulse width modulation. The control of the switches aims to give the

vector representing the flux stator the direction determined by the setpoints [18].
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Figure 3.3: The control scheme of Direct torque control

3.2.3.1 Principle of the DTC command

The objective of the DTC is the direct regulation of the torque of the machine, by the application of

the different voltage vectors of the inverter, which determines its state. The variables ontrolled are: The
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stator flux and the electromagnetic torque which are usually controlled by hysteresis regulators. It is a
question of maintaining the quantities of stator flux and electromagnetic torque within these hysteresis
bands. The output of these regulators determine the optimal inverter voltage vector to apply to each
switching time. In a DTC command, it is preferable to work with a high calculation frequency to reduce
torque oscillations caused by hysteresis controllers.

The control scheme is very often used in the industry in low and medium power applications. The
main advantages of DTC are summarized in its fast dynamic of the drive, the absence of coordinate
transformations and current control loops and its universal structure, where the switching table DTC
can be used for all AC machines. In the other hand, the main disadvantages of DTC are the variable

switching frequency, high torque ripples and high switching losses [19].

3.3 Model of induction motor dedicated for Direct Torque Control

The dynamic equations model of the induction motor which is dedicated for direct torque control is
expressed below in Eq (3.1) and Eq (3.2). It can be written in the stator fixed reference frame «, 3

(stationary frame) by assuming the stator current and the stator flux as state variables.

d‘sa — Rs y y Rs
jit - _(ULS + o'RLrT )250‘ — Wrisp + oL L, wsa + Jwgrwsﬁ + 0‘}45 Usa (3 1)
dis Ry . . Rs :
jitﬂ = _<0'LS + UI-ZTT)ZSB — Wrisg + oLsL, wsﬂ + le:"rwsa + o'},s Usp
dYsa .
’flit = Usa — Rsisa (3 2)
dsg — R.i :
at . Usp slsB

With :
lsaylsg : are stator current components
Vsa,Ysp ¢ are stator flux components
R,,R,: are stator and rotor resistance
Lg,L,:are stator and rotor inductance
EILT; : is the Blondel’s coefficient
My, :is the\ mutual stator-rotor inductance

c=1-

3.4 Two-Level Voltage Source Inverter (VSI) Model

Before moving to the algorithm of basic DTC, we should represent the model of tow-level voltage inverter
that we already present in The Figure 2.9 witch shows a simplified scheme of the two-level three-phase
topology of the voltage source inverter. The induction motor is supposed as a star-connected three phase

balanced load.

3.5 Control of stator flux and electromagnetic torque

3.5.1 Control of stator flux

The stator flux equation of the IM can be expressed as follows [19]:

dvs
dt

= ‘/s - Rsis (33)

T,
() = /0 (Vi — Ryis)dt + 14(0) (3.4)
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With :
¥5(0):the flux vector at the instant t=0s
By applying a non-zero vector in Tz sampling period, we can neglect the stator resistance voltage

drop Rgis compared to Vs for high speed regions. Then Eq (3.4) can be written as:
ws(t) =V.T. + ¢s(0) (35)

The relation between the stator voltage and the stator flux change can be established as:
Aws = d)s(t) - ws (0) =V.T. (36)

The Eq (3.6) means that the stator flux can be changed by the application of stator voltage during a
time T'z. The stator flux vectors extremity moves in direction given by the voltage vector and making a
circular trajectory (Figure 3.4).

Two-level hysteresis comparator is used for flux regulation. It allows to drop easily the flux vector

Figure 3.4: Evolution of stator flux vector in the complex plan.

extremity within the limits of the two concentric circles with close radius, as shown in Figure 3.6. The
choice of the hysteresis bandwidth h.,, depends on the switching frequency of the inverter.
The logical outputs of the flux controller are defined as:
i (Ahe > hs) efle =1
if (A5 < hys)efle =0
With :
hys: is hysteresis band of stator flux
The stator flux error is defined by:

Aps = |ihg] = [9s] (3.7)

3.5.2 Control of electromagnetic torque

Considering that the rotor flux vector is invariant. The torque of induction motor can be expressed in

terms of stator and rotor flux vectors as follows:
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Figure 3.5: Evolution of stator flux vector in the complex plan.

Figure 3.6: Tow-level hysteresis comparator for stator flux control.

M,
Te = sWr .
A (3.8)
M, .
T = P2 ol sin(o) (39

with:
p:the number of poles pairs.
s , P, @ stator and rotor flux vectors.
o:angle between the stator and rotor flux vectors.

The electromagnetic torque is controlled by the stator and rotor flux amplitudes. If those quantities
are maintaining constant, the torque can be controlled by adjusting the load angle o. The torque
regulation can be realized using three-level hysteresis comparator (Figure3.7). It allows to control the
motor in both rotation senses. The three-level comparator can be used for one rotation sense. The logical
outputs of the flux controller are defined as:

if (AT, > hys) ctrg=1

if (hys < AT, < —hys) ctrg =10

if (AT, < —hys) ctrg=—1
with :

hre: is hysteresis band of torque.

The torque error is defined by :

AT, = [T7| - IT.) (3.10)
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Figure 3.7: Three-level hysteresis comparator for stator flux control.

3.6 Estimation of stator flux and electromagnetic torque

3.6.1 Stator flux estimation

The stator flux components can be expressed using stator voltages and currents in the stationary reference

frame a, 8 by:

J— Tz p— )
{ wsoz - fO (Vgo{ Rslsa)dt (311)

T, .
Vsp = Jo (Vig — Rsisp)dt

The stator flux magnitude and flux angle can be computed as:

s = /Y2 + 935 (3.12)

0, = tan_1(¢35/¢w) (3.13)

3.6.2 Electromagnetic torque estimation

The torque formula is expressed as following:

Te = p(d]saisﬁ - wsﬁisa) (314)

3.7 Sectors switching table

The choice of voltage vector is not only depending on the output of hysteresis controllers, but on the
position of stator flux vector also. Thus, the circular stator flux vector trajectory will be divided into six
symmetrical sectors [20].

The resulting look-up table for DTC which was proposed by Takahashi is presented in Table 3.1.

3.8 Speed regulation in DTC strategy

DTC strategy has the ability to operate even without a speed regulation loop, so it does not require any
information about rotor speed to achieve an adjustable speed control, a speed controller is necessary to
have a speed regulation and to generate the reference of electromagnetic torque. The proportional-integral
(PI) controller is used for the regulation. It is performed by comparing the speed reference signal to the
actual measured speed value. Then the comparison error becomes the input of the PI controller. The

used PI controller in the outer speed loop is the anti-windup controller. It allows to enhance speed
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Figure 3.8: Voltage vector selection when the stator flux vector is located in sector i
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control performance by canceling the windup phenomenon which is caused by the saturation of the pure

integrator [12].

Table 3.1: Look-up table for basic direct torque control.

This strategy consists on the correction of the integral action based on the difference between the

control signal and the saturation limit. The difference value is passed through a gain block (tracking

Figure 3.9: Speed anti-windup PI controller.

time constant T%) before arriving as feedback to the integrator [12].

Y
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3.9 Simulation Results

To confirm the effectiveness of DT'C technique in the speed control of induction motor for electric vehicle,
a simulation test is carried out on the PSIM software platform with induction motor of 4kW, the resistive
torque is chosen so as to mimic as much as possible the torque exerted on the induction motor when it
is in the real electric vehicle. In the same principle of simulating the motor operation in an environment
close to that of the EV, the speed reference is given similarly to the New European Driving Cycle
(NEDC), which is designed to assess the emission levels of the car engines and fuel economy in passenger
cars. As shown in Figure 3.10, it consists of four repeated ECE-15 urban driving cycles (UDC) and one
Extra-Urban driving cycle (EUDC). Meanwhile, since it is impossible to simulate the whole driving cycle
which lasts 1200s and operates at real speed with a maximum of 120km /h, the simulation time is reduced
to 120s while the speed is adopted to the IM speed with a maximum of 1500 rpm, so the resulting new
NEDC which suits our work keeps the shape of the real NEDC is depicted in the Figure 3.11.

New European Driving Cycle (NEDC)
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Figure 3.10: New European Driving Cycle (NEDC)
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Figure 3.11: The reference speed adopted from the NEDC driving cycle

The simulation is done in two stages:
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3.9.1 Simulation using the PSIM C block

In this first step, the simulation is performed by implementing the DTC algorithm in the PSIM C block
as shown in Figure 3.12. The obtained results are shown in the Figures 3.13-3.16.

Figure 3.13 depicts speed and speed reference with zoom 3.13. As it can be seen only one urban
driving cycle is simulated as it is similar to other UDCs, on one side, on the the other side, once a good
result is achieved for the UDC, there is no doubt that a similar of better result will be obtained for the
EUDC because its shape is more easier for the control loop. The Figure also shows that the speed wave
is in complete accordance with the speed reference wave, which confirms the ability and the efficiency of
the DTC technique in controlling the speed of the motor of the electric vehicle.

Figure 3.14 shows the output current, it has sinusoidal shape and its amplitude follows the value of
the resistant torque depicts in Figure 3.15 because the current value is increased and decreased according
to the applied torque.

The obtained electromagnetic torque shown in Figure 3.16 is also in accordance with the imposed

resistant torque shown in Figure 3.15. While the flux is imposed lwb as shown in Figure 3.17.
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Figure 3.12: Block diagram of simulation circuit using the PSIM C bloc

3.9.2 Simulation using DSP TMS320F28335

In the second step, the simulation is carried out by implanting the DTC algorithm in the DSP
TMS320F28335 as shown in Figure 3.18. The speed reference is kept as in the first simulation step
(Figure 3.18 ), only the resistant torque is modified to expose regulation algorithm to another challenging

resistant torque and see how it will react.
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Figure 3.13: Speed and speed reference with zoom [Rpm]
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Figure 3.14: Output current with zoom [A]

Figure 3.19 shows how the speed and the speed reference waves are superposed on each other, which
confirms once again the effectiveness of the DTC algorithm in the speed control of the induction motor
intended for the electric vehicle . For the torque, it can be seen in figure 3.20 that the amplitude of the

output current also takes the shape of the resistant torque.
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3.9.3 Simulation using Processor-in-the-loop (PIL)

To fully evaluate the effectiveness of DTC algorithm in electric vehicle induction motor speed control, it
should be tested in a real experiment, but since the experiment setup was not ready during the realization
of this work, we turned to the processor in the loop (PIL) process, which allows to carry out a realistic test
by implementing the algorithm in the real DSP and while for the rest of the circuit (inverter, induction
motor) , we continue to use the PSIM models. The inverter switches control signals are sent from the
DSP to the computer via a USB cable.

The PIL results were almost the same as the simulated ones. However, since we were unable to run

the simulation for the entire USC, we only presented those obtained using the DSP TMS320F28335 of
the PSIM software platform.
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Figure 3.18: Block diagram of simulation circuit using the DSP TMS320F28335
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Figure 3.19: Speed and speed reference with zoom [Rpm]
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3.10 Conclusion

In this chapter, the most used techniques in asynchronous motor speed control are briefly presented,
then a detailed explanation was given to the DTC technique as it is the technique used in this work.
The second part of the chapter was devoted to the simulation process and results. In the first part of
the simulation, the DTC algorithm was implemented in the C block, while in the second part, it was
implemented in the DSP TMS320F28335 . The results of both parts were given and discussed.
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GENERAL CONCLUSION

This dissertation deals with the speed control of the induction motor dedicated to electric cars. the
applied DTC speed contorl technique is a control method which offers a decoupled torque and flux
control, it is the best alternative to the vector control, it is characterized by simple structure, fast torque
dynamic and less sensitivity to the machine parameters. In order to confirm the effectiveness of this
technique in controlling the speed of electric car motor, its algorithm was first implemented in the C
block of the PSIM software platform, then it was implemented in DSP TMS320F28335 and both parts
have been testd under New European Driving Cycle.

To simplify the understanding of the heart of this work, this thesis has been presented in three
chapters. The first chapter has presented a state of the art on electric vehicles, starting with an overview
about this type of vehicles, then revealed their evolution over time, their different types were named
and classified according to their energy sources. Their traction chains structure and their different
technologies were also given in the end of the chapter. The second chapter has presented a detailed
explanation of the operating principle of the induction motor, then its mathematical model in the abc
plane and then in the dq plane was demonstrated. At the end of the chapter, the induction motor model
was simulated under an open-loop control in the PSIM software platform, where the obtained results
were presented and discussed. Finally, in the third chapter, the most used techniques in the induction
motor speed control were briefly presented, while a detailed explanation was given to the DTC technique
through the presentation of its working principle, detailed mathematical equations and general structure

diagrams. At the end of the chapter, the two parts simulation obtained results were given and discussed.
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Résumé :

Le travail présenté dans cette thése est une contribution a 1'étude des voitures électriques, qui sont une
merveilleuse alternative et une réalisation précieuse dans 1'histoire humaine pour les voitures mécaniques, qui,
en raison de la combustion interne de leurs moteurs, étaient une cause de pollution de I'environnement, mais ce
probléme ne se trouve pas dans les voitures électriques, qui ont remplacé le moteur a combustion interne par un
moteur électrique car il n'y a pas d'excrétion de dioxyde de carbone, le plus grand polluant de 1'environnement.

Ce travail est divisé en trois parties, la premiére partie était consacrée aux origines des voitures
électriques, leurs types, leurs composants et les types de moteurs utilisés dans celles-ci, en plus des avantages et
des inconvénients de ce type de voiture. Dans la deuxiéme partie, nous avons parlé du moteur a induction, qui
est le meilleur choix par rapport aux autres moteurs pour les voitures électriques. Une comparaison a été faite
entre les résultats de simulation et les résultats de référence, qui étaient identiques. Dans la troisiéme partie,
nous avons appliqué la technique de controle direct du couple afin de contréler de maniére optimale la vitesse de
rotation du moteur et qui permis de controler la vitesse de la voiture, quel que soit le couple appliqué. Les
résultats de la simulation ont montré I'efficacité et la précision de cette technique dans le controle de la vitesse
des moteurs de voitures électriques.

Mots clés : Voiture électrique, Batterie, Moteur a induction, Systéme d'attraction électrique, Controle orienté
indirect du champ, Contréle Direct du couple.

Abstract :

The work presented in this dissertation is a contribution to the study of electric cars, which are a wonderful
alternative and a valuable achievement in human history for mechanical cars, which due to the internal
combustion of their engines were a cause of environmental pollution, but this is not found in electric cars, which
have replaced the internal combustion engine with an electric motor as there is no excretion of carbon dioxide,
the largest pollutant to the environment.

This work is divided into three parts, the first part was dedicated the origins of electric cars, their types,
their components, and the types of engines used in them, in addition to the advantages and disadvantages of this
type of car. In the second part, we talked about the induction motor, which is the best option than other motors
for use in electric cars. A comparison was made between the simulation results and the reference results, which
were identical. In the third part, we applied the direct torque control technique in order to optimally control the
motor rotational speed and thus control the speed of the car, no matter how great the applied torque was. The
simulation results showed the efficiency and accuracy of this technique in the electric car motor speed control.

Keywords : Electric car, Battery, Induction motor, Electric attraction system, Indirect Field Oriented Control,
Direct Torque Control.



