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Abstract

This these focuses on improving the reliability of a traction chain for electric vehicle applications, If
there is a failure in the speed sensor In fact, there are already existing sensors in the traction chains
however, they generate significant additional costs due to their frequent failure and the need for
replacement. Thus, speed sensorless control of the AC drive systems allows the elimination of the
sensors of the machine and therefore to avoid their cost, the objective of the thesis is to develop new
methods that accompany the motors control to ensure better performance of the traction chain in the

absence or failure of the speed sensor

In this thesis, the observers is presented by model reference adaptive system method (MRAS), the
sliding mode observer (SMO) and the extended Kalman filter (EKF) to be used in the control of the

conversion chain

The three methods were used with vector control of the traction chain in two cases. The first is the
absence of the speed sensor in a normal condition. The second is when the failure happen at the
speed sensor, which is replaced by one of the three observers systems to ensure the continuity of

drive operation and thus improve the performance of the traction chain of the electric vehicle

Keywords: Electric machine, sensorless control, MRAS, SMO, EKF, electric vehicle, observers,

Permanent magnet motor



ACKNOWLEDGMENTS

First of all, we would like to thank "ALLAH" for giving us the strength and the
courage to carry out this modest work, also we thank our parents very much, and
who encouraged and helped us to reach this stage of our training,. .

We would like to thank all those who contributed to finalize this modest work.

Our thanks go to Dr. Bendjedia Bachir our supervisor for guiding me in the
realization of this project.
Many thanks to the members of the jury for honoring me by accepting to judge the
modest work I have done, to Mr. Hajaj Chafik for accepting to preside over this jury,
and Mr. Djamei Eddine Bougrine,to be Examiner

We sincerely thank our comrades. And Mr. Kamel Tounsi for their moral and
educational support throughout the preparation period.

We would like to thank our professors from the electrical engineering
department who did not hesitate our education.

Finally, I would like to thank all those who helped and assisted me during my

studies.



tdloattore

This work is wholeheartedly dedicated to my beloved parents
To my dear father,

To my dear mother,
Who have never ceased, to formulate prayers for me, to support me and help me

achieve my goals
To my brothers and sisters
TO all my family

Especially my uncle Omar, May God have mercy on him, and make him enter
Jannah al-Firdaws, “Amen”



GLOSSARY ‘

EV: electric vehicle

BEV’s: battery electric vehicles
HEV: hybrid electric vehicles
FCEV: fuel cell electric vehicle
PHEYVs: plug-in hybrid electric vehicles
ICE: the internal combustion engine
PWM: pulse width modulation
NEDC: north european driving cycles
UDC: urban driving cycle

EUDC: extra urban driving cycle
SFTP: supplemental federal test procedures
FOC: field oriented control

Nomenclature ‘

in the sequel, v can be a, b, c, a, f§, 0, d or q.

u,: Voltage across winding v

Vyo electric potential of the point v
t time.

Current of winding v.

r: motor resistance per phase.

j: motor moment inertia.

P: number of the motor pole pair.
P(@0): park transformation matrix

\Y



The power at the wheel

The rotation speed of the wheel
the radius of the wheel

Viscous coefficient of friction
Torque constant

Time constant
electromagnetic torque.

rotor electric position.

rotor electric estimated position
magnitude of the magnet flux.
Permanent magnet flux amplitude in dq0 and of0 frame.

Self-inductance per phase in the abc frame.

d- Axis inductance.

q- Axis inductance.
The measured speed
The estimated speed

d- Axis estimated current

q- Axis estimated current
d- Axis back electromotive force

q- Axis back electromotive force

Popov integral variable

\
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General Introduction

Electric mobility and zero emission vehicles are key factors for sustainable transport. In the
wake of the technological advances, automotive suppliers are focusing their efforts on reducing
CO2 emissions and on the “intuitive driving”, which combines the connected vehicle, autonomous
driving and the man-machine interface, making them accessible to all.

Mechanical actuators are being replaced by electric power systems which have faster time response.
Despite that the automotive industry is cost sensitive, there are strong incentives to increase system
costs in order to improve the level of safety with new risk-based safety standards. Naturally, proper
operations of certain functions are of utmost importance and their failure cannot be tolerated since
this would drastically compromise safety. Moreover, the dependence on a continuous power supply
causes problems with vehicle propulsion and an electric energy source must be carried on-board,
which is usually heavy and expensive (storage battery, rotating generator with internal combustion
engine, fuel or solar cells). This requires the embedded energy to be smartly used and to cope with

faults that highly increase energy consumption (e.g. a sensor fault which induces an over-current).

Electrical drives adopting permanent-magnet synchronous machines (PMSM) are suitable
for a wide range of applications in cars. These applications include not only propulsion but also
steer and brake-by-wire systems, active suspension, electrical compressors and other electrical
subsystems. For PMSM drives used for propulsion, it is evident that increasing the level of
reliability that goes with a significant with cost cannot be motivated if a fault is not significantly
increasing the accident risk or if a post-fault strategy cannot be economically motivated for the
specific vehicle model. That’s the main difference aerospace domain where a high safety level is
requested and then, needs on solutions are more justified, and well suited to increase the reliability,

the availability and the continuous operation of electromechanical systems [1].

This study focuses on electric vehicle drive the term drive pertains to both the electric machine as well as

its corresponding inverter although faults can arise in other parts including sensors

Generally, mechanical position/speed sensor with high resolution is a prerequisite for
excellent control, which also adds to the cost and complexity and impairs the reliability of drive
systems. Therefore, the control system without mechanical position sensors, or known as
position/speed sensorless control of AC motors has been studied and applied increasingly in both

industries and household appliances.

The objective of this thesis is to detect and isolate the sensors faults at their incipient stage

and perform a post-fault reconfiguration if possible by Estimation. To this purpose, the work goes



General Introduction

from theoretical studies toward experimental validations through the model simulation. The outline

of the thesis is summarized as follows:

- In chapter 1, state of the art electric vehicle, Its Architecture, and configurations, an
Overview of Electric Vehicles Sensors, electrical drives challenges, Consequences of the faults in

the drive operation and the existing solutions proposed to overcome these faults

- In chapter 2, is devoted to the modeling part of the different components of the traction
chain. First, we presented the synchronous motor with magnets permanent as well as its modelling.
And converter modelling and control types of PMSM FOC method control with speed sensor and

overview about sensorless FOC control.

- In chapter 3, we apply the vector control of the permanent magnets synchronous machine
with the observers first is MRAC observer and SMO observer then finally we have EKF observer.
In order to improve the performance of the system, we propose to do the parametric variation tests
and Torque variation in terms of robustness. A comparative study between vector control with

speed sensor and without speed sensor that by speed and precision is presented.

- In chapter 4, we will present the application of one of the three control strategies on the
traction chain. For this, a dynamic model of the vehicle with a driving cycle are presented. This
allows us to have the speed and load torque setpoints for a real vehicle. The two control techniques

are compared in terms of performance dynamic and static for the electric vehicle application.
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CHAPTER I: STATE OF THE ART ON ELECTRIC VEHICLES

1.1 Introduction:

With the increasing interests on energy efficiency, energy cost, and environmental
protection, the development of Electric Vehicles (EVs) technology has been obvious nowadays. The
technologies involved in EVs are diversified and include electrical and electronics engineering,
mechanical engineering, automotive engineering, and chemical engineering. EVs depend on which
called electric propulsion, in which an electric motor is used to drive the vehicle instead of the
internal combustion engine (ICE) and the energy sources are batteries, fuel cells, or capacitors
instead of gasoline or diesel fuel in the conventional ICE vehicles. Thus, power electronics
technology plays an important role in the electrical propulsion system in order to efficiently drive
the electric motor of the vehicle and control the power converters and the associated electronic

circuits. [2]

An overview of the current status of power electronic drives for EVs and recent research
trends in EV motors, power converters, and energy storage systems will be discussed. Challenges
associated with designing, controlling, and operating the motors and power electronic converters

used in EVs will be also discussed showing the latest achievements in this field.

1.2.1. History

While electric vehicles are often considered a modern technology, they have actually been
around for quite a long time: more than 150 years, in fact. Table.l.1.A shows most interesting

events in the history of electric vehicles [3].

Table.I.1.A. Electric vehicles history

picture The event The year
s French electrical engineer 1881
Gustave Trouvé fits an electric
motor to a tricycle, making the
first manned electric road vehicle
1888

German inventor  Andreas
Flocken develops the Flocken
Elektrowagen, the first electric
car to be widely known
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The first vehicle of any kind to April 29,
reach 60 mph is an electric car, La 1899
Jamais Contente , driven by Le

Diable Rouge ,. The car has an

aerodynamic, torpedo-shaped

body made of aluminum alloy,

although much of the

aerodynamic benefit is ruined by

the driver sticking out the top.

Driven by two 25-kW motors, it

tops out at 65.8mph. While this

record will hold for the next three

years.

Henri Pieper of Germany 1899
develops a parallel hybrid car,

which uses an electric motor to

supplement the power provided

by its weak ICE and batteries

charged by the engine while

coasting and descending hills The

Pieper parallel hybrid starts in

electric mode, making it the first

ICE vehicle with an electric

starter. This is important because

until the advent of the self-starter

in the early twentieth century,

As a result of more affordable 1910s
ICE vehicles, the self-starter, to
improved roads, a rise in interest 1920s

in longer road trips (known as
“touring”), and cheap oil gushing
out of the wells, ICEs totally
dominate the roads, temporarily
driving electric vehicles to

extinction
The Henney Motor Company 1959
manufactures 100 of the Henney to
Kilowatt, an electric car based on 1960

the Renault Dauphine. Despite a
top speed of 60 mph and a range
of 60 mi, there is little demand

The lunar rovers used by the 1971
astronauts of Apollo 15, 16, and to
17 are electric. Two 36-V silver- 1972

zinc potassium hydroxide primary
batteries provide each rover with
57 mi of range Apollo 17
Commander Eugene Cernan sets
the unofficial land speed record
on the moon: 11.2 mph

AC Propulsion demonstrates the 1997
tZero, a prototype electric sports

car with a 150-kW motor that
accelerates from 0 to 60 in 4.07

sec and runs a quarter-mile in

13.24 sec. The original version,

using leadacid batteries, has a

range of 80 to 100 mi
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Tesla releases the Tesla Model S. 2012
As of 2020, it has a maximum
range of 391 mi (the longest range
of any production EV in history,
by far), a minimum 0 to 60 time
of 2.3 sec (the fastest 0 to 60 time
of any production sedan of any
kind), and a starting price of
$74,990

Tesla announces the Tesla 2019
Cybertruck, with a maximum
range of over 500 mi, a minimum
0 to 60 time of less than 2.9 sec, a
maximum towing capacity of
more than 14,000 Ib, and a
starting price of $39,900.
Production is expected to begin in
2021

Electric vehicles have had a long and storied history, full of triumphs and tribulations. While
it remains to be seen what will happen in the future, one might hope that the newest generation of

electric vehicles will finally prevail where previous generations have so far failed
1.2.2. Advantages of Electric Vehicle (EV)

Electric vehicles have other advantages over those powered by combustion engines as follow:

1. No fuel, No pollution. 5. We can charge at home.
2. It required less maintenance. 6. Less Running cost than gasoline powered vehicle.
3. Total operation is noise free. 7. It helps to save fossil fuels.

4. It generates high starting torque.
1.2.3. Challenges:

Electric cars are growing in popularity every day. Just like conventional cars, there are certain

benefits and drawbacks of using an electric car. Here are the most important few to consider:

A. Recharge Points:

Electric fueling stations are still in the development stages. Not a lot of places you go to on a
daily basis will have electric fueling stations for your vehicle, meaning that if you’re on a long trip
or decide to visit family in a rural or suburban area and run out of charge, it may be harder to find a

charging station. You may be stuck where you are.
B. The Initial Investment is Steep:

As EVs are very new, you may be surprised when you take a look at the sticker price for
EVs. Even the more affordable brands can be around $30,000 to $40,000.
7



CHAPTER I: STATE OF THE ART ON ELECTRIC VEHICLES

C. Short Driving Range and Speed

Electric cars are limited by range and speed. Most of these cars have a range of about 50-
100 miles and need to be recharged again. You just can’t use them for long journeys as of now,

although it is expected to improve in the future.
D. Longer Recharge Time

While it takes a couple of minutes to fuel your gasoline-powered car, an electric car takes about 4-6
hours and sometimes even a day to get fully charged. Therefore, you need dedicated power stations as the
time taken to recharge them is quite long. Thus, the time investment and necessary planning do put some

people off.
E. Silence as a Disadvantage

Silence can be a bit disadvantage as people like to hear the noise if they are coming from

behind them. An electric car is, however, silent and can lead to accidents in some cases
F. Battery Replacement

Depending on the type and usage of battery, batteries of almost all electric cars are required

to be changed every 3-10 years [4].

1.2.4 Types of Electric Vehicles:

An EV can be broadly categorized into two types: Battery electric vehicle (BEV) one that
runs solely on electricity and the hybrid electric vehicle (HEV) that combines the electric energy
with any other source as shown in Fig. 1.2. . . [4], Hybrid electric vehicles (HEVs) have an inherent
advantage and it can stretch the fuel economy further by combining the best of both battery and an
engine. Thus, while in a populated/urban area the vehicle could be operated on battery and then
could switch to the engine when outside the city. Hybrids can further be subdivided into plug-in
hybrid electric vehicle (PHEV) and fuel cell electric vehicle (FCEV). EVs could therefore, be

categorized into:
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Fig.I.1. Energy diversification of EVs [5]

1. Battery electric vehicles (BEVs),
2. Hybrid electric vehicles (HEVs),

3. Plug-in hybrid electric vehicles (PHEVSs),
4. Fuel cell electric vehicles (FCEVs).

Powered by an
electric

motor and a battery
that can be
recharged by
plugging

into an electric
outlet

Electric motor
drive

Charging stations
drawing power
from

electric grids

Higher efficiency
Home/workplace
Charging

Low engine noise
Few auto parts
Range anxiety
Long-time to
recharge Fewer
charging stations
Fewer charging
stations

Powered by a
conventional engine
(petrol/diesel), along
with an electric motor
and a battery that can
be plugged-into an
electrical outlet for
recharging

Electric motor drive;
Internal Combustion
Engine (ICE)

Charging stations
drawing power from
electric grids plus
Petrol/

diesel stations

Higher efficiency
Home/workplace
Charging

Many refueling
stations
Technologically
complex

Fewer recharging
stations

With a conventional
(petrol/ diesel) engine,
HEVs are powered by
an electric motor and a
battery that is recharged
by regenerative braking

Electric motor drive;
Internal Combustion
Engine (ICE)

Petrol/diesel
stations

Higher efficiency
Many refueling stations

Tail-pipe emissions
Oil dependency
engine noise
Technologically
complex

Powered by an
Internal combustion
engine(petrol/diesel)

Internal Combustion
Engine (ICE)

Petrol/diesel stations

Wide variety of
models
Many refueling
stations

Low efficiency
Tail-pipe emissions
Oil dependency
engine noise

Table.I.1. B. Pros and cons of different types of electric vehicles and conventional vehicles [6].
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1.2.4.A Architectures of HEV:

The HEV powertrain consists of two or more power plants. The ICE is the primary source of
energy, responsible for producing most of the vehicle energy and long driving range, while the EM
is the auxiliary source, responsible for high-vehicle-power demands and fuel economy of the ICE.
The EM charges the batteries from the excess power from ICE when not needed by the vehicle and
also from the regeneration of vehicle kinetic energy. The design and control of such powertrain
require advanced control algorithms and EMS, which optimizes many objectives, such as the ICE
fuel economy and the state of charge (SoC) of the batteries, with the system and driving constraints.

The HEV system architecture consists of a drive train, ESS, and a controller unit. The integration of

these components gives rise to various HEV configurations that are summarized as follows:

-

Fuel Tank ICE

Generator

<

Battery

Power electronic Flectric motor

converter

UOISSIWSUEL ],

Series HEVs:

-The EM is responsible for providing the main
traction force for the propulsion of the vehicle.
-The ICE power is used to charge the batteries
by a generator. The ICE—generator pair can also
directly drive the traction EM  without
charging/discharging the battery.

- There is a benefit of traction flexibility by
electrically decoupling the ICE from the drive
shaft in this configuration, such as in diesel—
electric locomotives.

e

Fuel Tank

Ll

ICE

Power electronic
converter

Fuel Tank

Generator

S

Battery Power electronic

converter

Electric motor

WOISSTUISUEL |

WOISSTIUSU R |,

Parallel HEV:

-The ICE and EM can additively supply power
to drive the wheels. The ICE and EM are
coupled to the drive shaft employing two
clutches.

-The traction power is provided by either ICE
or EM, or both. The EM can also serve as a
generator, where it can regenerate the vehicle
decelerating energy or be driven from the ICE
when it powers in excess of that required to
drive the wheels [30]. Thus, the parallel

-One advantage of this over the series
configuration is smaller power ratings of these
components, especially the EM, and the
electromechanical power losses can be less
Series—Parallel HEV:

-The advantages of both series and parallel
HEVs. This configuration has the advantage of
smaller size ESS and EM compared to the series
and smaller ICE compared to the parallel

-The series and parallel modes are better
efficient at low and high speeds, respectively.
However, it suffers from higher system
complexity and the addition of a planetary gear

10
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Complex HEV:

@

Fuel Tank ICE

The complex HEV is similar to the series—
parallel HEV, with the critical difference of
having an additional bidirectional converter.

The bidirectional converter provides for
bidirectional power flow in the EM. This
bidirectional power flow can provide for
versatile operating modes, such as the combined
ICE and two EMs.

This configuration suffers from complexity and
its associated costliness

Power electronic

converter
Generator /

WOISSIWISUR.L ]

Battery Power electronic Electric
converter motor

1.2.4.B. Architecture of Fuel Cell Electric Vehicle (FCEV):

The FCEV uses a hydrogen FC power plant. These vehicles are environmentally friendly, as
power is produced by a chemical reaction between hydrogen and oxygen to produce water as the
only emission. Hydrogen is used as the energy source, being economically, societally,
environmentally, and climatically sustainable and readily available in the water. They have a long
driving range and short refueling time. The FCEV is very fuel-efficient compared to the ICE
vehicles. There have been several pilot projects launched, but FCEVs have their own set of
challenges, including hydrogen safety concerns. Of course, if hydrogen is produced by fossil-fueled

energy sources, most of the FCEV advantages disappear.

~=TFuel cel
subsytem

Fuel cell
subsytem  Fuel Tank

E

Fuel Tank

A d

/"‘{,‘-‘-—-»T

[o

¢

Motor Inverter

DC-DC : -
Converter E I]
- "

Fuel Processor

@,ﬁ
Al

Inverter

A) B)

Fig.1.2 Various architectures of (A) FCEV and (B) FCHEV powertrains. [13]

The architecture of FCV has two variants. The first is the basic FCEV, which has the same
architecture as the EV. Another variant is the fuel cell hybrid electric, FCHEV. This variant has
another ESS assisting the FC. The ESS can be batteries or UC. As in the parallel hybrid, the FC acts
as the main energy source. The architectures of FCEV and FCHEV can be seen in Fig.1.3.
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1.2.4.C. Battery Electric Vehicle (BEV):

BEVs have a power system structure as shown in Fig.[.4 which mainly consists of a power
battery, DC/DC and motor. Current input from lithium batteries flows to DC/ AC after boosting at
DC/DC and then into a three-phase AC motor for it to drive EVs to move.

Battery electric vehicles are the vehicles which totally runs on the power. They do not utilize
some other fuel (petroleum or diesel) to run. They are 100% all-electric vehicle. The power is put
away in the batteries introduced in vehicles (Fig. 1.4). they are condition neighborly as they do not
discharge any sort of unsafe outflows in nature or we can say that they are zero-emanation vehicle.
The charging of the battery electric vehicle is simple as it is very well-finished with the typical
home unit supply, or at the charging outlet if accessible. A portion of the instances of battery
electric vehicles are Tesla Model 3, Peugeot e-208, MG ZS EV, Nissan Leaf, Renault Zoe, Hyundai

Kona Electric, Kia e-Niro, Jaguar I-Pace, and so on [8].

Battery Mode
/" Bidirectional Converter mmEssssssssas s I ”
{ Forward: Driving the motor E : . gl Traction
{ Reverse: Charging the battery / Regenerative Braking Mode I Controller
¥ \‘ . i ’;,
r "\ H )
cDCDC CDClAC If Tractionh //,.—-.._h .
onverter onverter Motor n L
\\.. DC-DC DC-AC | Traction xﬁ
il Battery : Converter Converter ¥ Motor !}_a
DC AC ! ~ ‘\'\_ 4
Electrical Electrical i b s
Equipment’s Equipment’s 1
Voltage DC
Controller Electrical Electrical
(a) Equipment’s Equipment’s

Fig.1.3. Battery Electric Vehicle (a) Typical structure of BEV, (b) Control scheme operating modes of BEV.

1.2.5 EV configurations:

Electric Vehicles (EVs) designers and manufacturers would always want to design a
compact and ergonomic car with an incredible performance on all terrains. The designers have to
make sure all the required components are mounted on the chassis of the EV do not affect the
legroom of the automobile. They must also make sure that electrical components used in the EV are
not susceptible to external or internal short-circuit. There are various types of arrangements or

configurations used by EV manufacturers and designers.
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Fig.I.4. A representative configuration of EV.

As shown in fig.1.5, an EV has three major subsystems. They are as follows:

- The electric propulsion subsystem consists of five components. They are:

° The Electronic Controller
° Mechanical Transmission
. Driving Wheels

° Power Converter

. Electric Motor
- The energy source subsystem consists of three components. They are:
[ ]

Energy source (ie Battery, Fuel Cell,Ultracapacitor and others)

. Energy refueling Unit
. Energy management Unit

- The auxiliary subsystem consists of three components. They are:

o Power Steering Unit
. Temperature Control Unit
J Auxiliary Power Supply

1.2.5.A Powertrain Configurations:

There are various ways of arranging the drivetrain of the electric vehicle. In this section, I will

be explaining the six different electric vehicle configurations based on drivetrain arrangements.

They are as follows:

13
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> Powertrain Configurations with clutch, gearbox, and differential;

> Powertrain Configurations without clutch and gearbox;

> Powertrain Configurations with fixed gearing, motor and differential,
> Powertrain Configurations with two Electric Motors (EM);

> Powertrain Configurations with in-wheel motor and mechanical gear;

> Powertrain Configurations with in-wheel motor and no mechanical gear [9];
A. Powertrain configuration with clutch, gearbox, and differential:

As shown inf fig.I.5, the clutch is a mechanical device which is used to connect or disconnect
power flow from the electric motor to the wheels. The gearbox is another mechanical device which
consists of a set of gears with different gear ratios. By incorporating both clutch and gearbox, the
driver can shift the gear ratios and hence the torque going to the wheels. The wheels have high
torque low speed in the lower gears and high-speed low torque in the higher gears. The differential
is a mechanical device which enables the wheels to be driven at different speeds when cornering-the

outer wheel covering a greater distance than the inner wheel.

C: Clutch, D: Differential, FG: Fixed Gearing, GB: Gear Box, M: Electric Motor
Fig.L.5. Powertrain configuration with clutch, gearbox, and differential
B. Powertrain configuration without clutch, gearbox and differential:

By replacing the gearbox with fixed gearing and hence removing the clutch, both the weight and
size of the mechanical transmission can be greatly reduced. Fig.I.6 shows this arrangement which
consists of an electric motor, fixed gearing and a differential. Notice that this EV configuration is
not suitable for the ICEV as the engine by itself, without the clutch and gearbox, cannot offer the
desired torque-speed characteristics. In this type of configuration, the electric motor needs to be

equipped with a complex control system to provide the required amount of torque for the wheels.

14
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Fig.I.6. Powertrain configuration without clutch, gearbox, and differential
C. Powertrain configuration with fixed gearing, motor and differential:

Similar to the concept of transverse front-engine front-wheel drive of the existing ICEV, the electric
motor, fixed gearing and differential are integrated, into a single assembly, while both axles point at both
driving wheels. Fig.1.7 show this configuration which is in fact most commonly adopted by modern EVs

This is the Powertrain configuration that we focus on in our study

Fig.L.7. Powertrain configuration with fixed gearing, motor and differential
D. Electric Vehicle configuration with two Electric Motors (EM):

Besides the mechanical means, the differential action of an EV when cornering can be
electronically provided by two electric motors operating at different speeds. Fig.1.8 shows this dual-
motor configuration in which two electric motors separately drive the driving wheels via fixed

gearing.

Fig.1.8. Powertrain configuration with two electric motors
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E. Electric Vehicle configuration with in-wheel motor and mechanical gear:

In order to further shorten the mechanical transmission path from the electric motor to the
driving wheel, the electric motor can be placed inside a wheel. This arrangement is the so-called in-
wheel drive. Fig..9 shows this configuration in which fixed planetary gearing is employed to
reduce the motor speed to the desired wheel speed. It should be noted that planetary gearing offers

the advantages of a high speed-reduction ratio as well as an inline arrangement of input and output
shafts.

Fig.1.9. Powertrain configuration with fixed gearing, motor and differential
F. Electric Vehicle configuration with in-wheel motor and no mechanical gear:

By fully abandoning any mechanical gearing, the in-wheel drive can be realized by installing a low-speed
outer-rotor electric motor inside a wheel. Fig.I1.10 shows this gearless arrangement in which the outer rotor is

directly mounted on the wheel rim. Thus, speed control of the electric motor is equivalent to the control of

the wheel speed and hence the vehicle speed.

Fig.1.10. Powertrain configuration with in-wheel motor and no mechanical gear [9].

1.2.6 Power train components

Generally, the powertrain contains three parts as the energy storage system, power electronic

converters and motors, the propulsion system as shown in figure I.11.

16



CHAPTER I: STATE OF THE ART ON ELECTRIC VEHICLES

Power| Electronics

Storage Device Bidirectional de-de Boost Converter dc/ac Voltage Source Converter

———————————————————— ) T T =
{ Ruer I /L r "I;:a;\ ] ;rlv | . I||| PMSM
I I_IRE R'L_J | Loy :dﬂogd* _Q _':lj _Q: j
I C G | rol
| T 3 ‘ 2| Ra
I |
I |

|
|
|
| | Rac® | Cx Ve | i = |
b bkl | Iebc
| L | I wy
T ‘ [ I

l_; _________ . N e oo ‘ J.Eh.;,!k

Fig.I.11: Power train components
Electric Propulsion Subsystem

An important goal for electric vehicles is overcoming the disparity between their cost of
development, production, and operation, with respect to those of equivalent internal combustion
engine vehicles. Customarily, the electric vehicle architecture consists of the main battery and
traction subsystem as depicted in the following Fig.I.12. In the battery system, the cell modules
supply the vehicle with electric energy through the DC bus. More often, half-bridge DC/DC
converter is used to adapt the variable voltage from the battery to the quasi-constant voltage in the
DC bus. Braking energy is partially recovered during deceleration. The traction subsystem is
composed of an electrical motor and a full-bridge Voltage Source Inverter (VSI). Transmission gear
is used to adapt the speed ratio between wheels and the motors shaft, followed by a mechanical
differential changing the speed ratio between the two traction wheels.

Uni-directional
Converter for auxiliary

12/48WV Auxiliary
Supply

Bi-directional
Power electronic
motor drive

Bi-directional

Single Phase Converter

or 3 Phase
Power

Supply
Uni-directional o
Converter for 3 Phase Motor ';'rdmnu.ss:;m
; ystem an
Charging Wheels

Battery

Fig.1.12; Power electronic converter [12]
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However, particular attention is paid to the on-board charger’s issues such as their low power

density, their limited flexibility and etc.
1.2.6 A Battery Pack;

The battery pack is the energy storing device, it must both accept and provide current to the
electric machine. Battery packs provide direct current (DC) at their output terminals. Electric

machines are controlled by varying an alternating current (AC) waveform

Batteries are electrochemical accumulators that store chemical energy which can be converted
into electrical energy and as it is a bidirectional source, electrical energy can be converted into
chemical energy. Because of their specific energy and power, reversibility and relatively low cost
(regarding other technologies), batteries are one of the most attractive sources to be used in
electrical and hybrid electrical vehicles. However, they still require deep research on issues as
fabrication, security or recycling. Batteries technologies are commonly based on metals as lead and

more recently lithium or nickel.
Characteristics of the Batteries:
Concerning the main characteristics of batteries, we can highlight the following:

-Capacity. The storage difficulty and cost is one of the main problems of electric power. The
battery capacity represents the maximum amount of energy that can be extracted from the battery
under certain specified conditions. This unit can be expressed in ampere hour (Ah) or in watt hour

(Wh)

-Energy Density. Obtaining the highest energy density possible is another important aspect in the
development of batteries, in other words, that with equal size and weight a battery is able to
accumulate a higher energy quantity, the energy density of batteries is measured as the energy that a

battery is able to supply per unit volume (Wh/L).
-Charge cycles. A load cycle is completed when the battery has been used or loaded 100%

-Efficiency. It is the percentage of power that is offered by the battery in relation to the
energy charged

Currently, the batteries are the main obstacle to EV wider adoption. The development of
better, cheaper, and higher capacity batteries will extend vehicles autonomy, and the users view

them as a true alternative to the internal combustion engine vehicles.
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Fig.1.13: Tesla car battery Model

In fact, batteries are a key component in EVs and therefore, there are increasing
manufacturers that invest to develop improved and cheaper batteries the motor drive technology is
most actively developed in recent years where there are many innovations and advancements in the
design, analysis, and control of motor drives. The energy source technology is also actively

developed in recent years

In fact, batteries are a key component in EVs and therefore, there are increasing
manufacturers that invest to develop improved and cheaper batteries the motor drive technology is
most actively developed in recent years where there are many innovations and advancements in the
design, analysis, and control of motor drives. The energy source technology is also actively

developed in recent years
1.2.6.B. Power electronic converter:

In a recent vehicular system, a three-phase converter acts as an inverter during fuel, battery,
split and combine mode whereas rectifier in regenerative mode. The selection of converter mode is
sophisticated and controlled by the traction controller unit. The traction controller generates the
controlled pulses for the three-phase converter according to the received signal from the traction
motor and vehicle drivers. The controlled pulse decides the operation of the three-phase converter
as an inverter or rectifier. The voltage control unit controls the SOC of the battery at the maximum
and minimum level. The voltage controller continuously receives the SOC (the State of Charge)
level signal from the battery and com pare it with the reference voltage signal, consistent with this
controlled pulse generate for DC-DC converter to maintain the SOC of the battery to increase its

lifespan and avoid power wastage

Broken down into very simple terms, such inverters build up a connection between the direct
voltage in the DC link when the momentary alternating voltage in the line is higher than the DC
voltage in the link, thus allowing energy intake, and disconnects both from each other when the

voltage “out there” is lower. This is the principle of motor operation. For feeding back energy in
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generator mode the inverter, justifying its name, does the inverse thing: Connect when line voltage
is low and disconnect when it is high. In this way the energy can go either way even though the line
voltage is constant — and the DC voltage in the link circuit may also be kept at a constant level,

depending on design.

The simplified schematic of the classical six-switch VSI is shown in Fig.I.15. The mid-point
(p) is considered the voltage-reference of the dc-bus (Vd). Thus, the inverter generates three
voltage-levels (0, £V/2) instead of only two-levels (0, +Vd) The simple square-wave control

technique is used in this study instead of the pulse-width-modulated (PWM) technique.
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Fig.1.14: the classical six-switch VSI [17].

Voltage source inverters (VSI) are used in electric and hybrid vehicles to control the electric
motors and generators. Figure.l.14 shows the power electronic circuits arrangement of a VSI to
control induction motors, permanent magnet synchronous motors, and permanent magnet
synchronous motors. The switches are usually IGBTs for high- voltage high power hybrid

configurations, or MOSFETs for low-voltage designs

This is the most common type of transistors firing, in which, one transistor, per inverter leg,
conducts for 180°. So, three transistors remain on at any instant of time. For phase "a", when
transistors T1 is switched on, phase "a" is connected to the positive terminal of the dc input voltage,
+V/2. When transistor T4 is switched on, phase "a" is connected to the negative terminal of the dc
source, -V/2. The same sequence occurs in the other two phases "b" and "c". Six patterns of
operation are available in the 2mf-cycle, where the interval of each pattern is 60°. The conducting
transistors during each distinct interval, where the rate of sequencing theses patterns specifies the

bridge output frequency.
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For three-phase wye-connected balanced load controlled with 180° conduction mode, Table 2.
Shows respectively, transistors' gating signals, instantaneous line-to-center and line-to-line quasi-
square output voltage waveforms, neutral- point voltage, and line-to-neutral (phase) output voltages.
The gating signals are shifted from each other by 60° to get three- phase balanced voltages. The

phase voltage waveform contains four voltage levels of dc bus (= V/3, £2 V/3).shown in Fig.I.15.

Interval Duration C nnc&;cﬂ'ﬂg Lievices dt-ﬂ"fﬂ; ;ﬂ&.’j"i’ﬂf
1 /3 T, | T-|T;
2 /3 T T:| T,
3 73 T; | T, | T;
4 /3 Ty | Ts| I
5 a/3 Te | T | T
6 /3 s VT, | 7;

Table.l.2: transistors gating signals
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Fig.1.15: Phase output voltages waveforms

(e) Line-neutral (phase) voltage

1.2.6.C Traction electric motor characteristics:

A review of the state of the art related to electric-traction systems shows that the
permanent magnets synchronous motor are the more used machines for electric traction systems.
The requirements often encountered in electric traction systems are the
following:

(1) High power and high-power density.

(2) High torque at low speed for starting and climbing.

(3) Wide speed range, especially for constant-torque and constant-power operating conditions.
(4) Fast torque response;

(5) High efficiency over wide speed and torque ranges;
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(6) High robustness for various vehicle operating conditions

Motors Used: Several types of electric motors can be used for electric vehicles as mentioned in the

table.l.2.

Motor Type
Brushed DC Motor

Permanent Magnet
Brushless DC Motor
(BLDC)

Permanent Magnet
Synchronous Motor
(PMSM)

Induction Motor
(IM)

Switched
Reluctance Motor
(SRM)

Synchronous
Reluctance Motor
(SynRM)

PM assisted
Synchronous
Reluctance Motor

Axial Flux Ironless
Permanent Magnet
Motor

Table.l.3. electric motors for electric vehicles [15].

Advantage

* Maximum torque at low
speed

* No rotor copper loss

* More efficiency than
induction motors

* Lighter

* Smaller

* Better heat dissipation

* More reliability

* More torque density

* More specific power

* Operable in different speed
ranges

without using gear systems
* Efficient

* Compact

* Suitable for in-wheel
application

Disadvantage

* Bulky structure

* Low efficiency

* Heat generation
at brushes

* Short constant
power range

* Decreased torque
with increase

in speed

* High cost because
of PM

* Huge iron loss at
high speeds during
in-wheel operation

* High torque even at very low

speeds

* The most mature
commutatorless

motor drive system

* Can be operated like a
separately

excited DC motor by
employing field
orientation control

« Simple and robust
construction

* Low cost

* High speed

* Less chance of hazard

* Long constant power range
* High power density

* Robust

* Fault tolerant

« Efficient

* Small

* Greater power factor than
SynRMs

* Free from demagnetizing
problems

observed in [PM

* No iron used in outer rotor
* No stator core

* Lightweight

* Better power density

* Minimized copper loss

* Better efficiency

* Variable speed machine
* Rotor is capable of being
fitted to the

-that speed control
of induction motors
are difficult

-poor starting
torque and high
inrush currents

* Very noisy

* Low efficiency

* Larger and
heavier

than PM machines
* Complex design
and control

* Problems in
controllability

and manufacturing
* Low power factor
hard
manufacturing
and installment
process

High costs in
manufacturing
because of longer
time
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Fiat Panda Elettra (Series
DC motor), Conceptor
G-Van (Separately
excited DC motor)
Toyota Prius (2005)

Toyota Prius, Nissan
Leaf, Soul EV

Tesla Model S, Tesla
Model X, Toyota RAV4,
GM EV1

Chloride Lucas

BMW i3

Renovo Coupe



CHAPTER I: STATE OF THE ART ON ELECTRIC VEHICLES

L.3. Electric vehicle sensors and systems

Sensors detect, measure, and transmit information, which help in analyzing performance of
vehicles. Sensors are devices that detect events or changes in environment and then provide a
corresponding output. They sense physical input such as light, heat, motion, moisture, pressure, or
any other entity, and respond by producing an output on a display or transmit the information in
electronic form for further processing. It uses integrated circuit (IC) fabrication technology made on

silicon wafers. It monitors and controls chemical, physical, and process changes of an automobile.
The EVs sensor system fall into two main categories:

1. Internal sensor systems

2. External sensor systems

1) Internal sensors system monitors the performance of vehicles such as wheel speed, yaw
rate, steering inputs, driver inputs, powertrain outputs, or hydraulic braking [11]. For EVs the
internal sensors can monitor the battery state of charge (SoC), battery temperature, and battery

current and voltage from the Battery Management System (BMS).

2) External sensor systems are focused on enhancing driver safety, perception and
autonomous navigation. These systems include a combination of camera, GPS, RADAR, LIDAR,

Ultrasonic, and Dedicated Short range Communications etc.
1.3.1 position /speed Sensor based motor control:

In general motor control for PMSM needs information of rotor position in order to make the
correct commutation switching for aligning the stator currents for maximum torque production. The
position information can either be retrieved by a sensor or using sensorless control algorithms based
on back-emf information or signal injection. Sensored solutions have more components added to the
system, therefore adding more costs and potential hardware failures. However, the sensorless
systems requires higher performance processor and memory. The sensorless motor control
algorithms are also more complex, leading to more design and code generation time, which may
lead to higher costs compared to a sensored system solution. In this section three commonly used

sensored techniques of motor control will be briefly described.
A- Optical encoders

Optical encoders are frequently used for high servo drive systems whereposition and speed is key
for high performance in speed or positioning control. The encoder can provide rotor position for the
vector control orientation and may be used for feedback for the speed or torque control loop. There
are two types of optical encoders, incremental and absolute. The traditional absolute encoder

provides absolute position as binary outputs. The rotating unit consists of a disc with coded
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elements along the surface which is decoded

by a stationary decoding unit. The decoding units reads the element of the rotating disc, allowing
position measurement regardless speed or direction. However, the absolute encoder is expensive
and used in application were precision is of utter most importance, such as robotic arms and
surveying apparatus. Incremental encoders use incremental steps for pulse generation that can be
translated to speed and position. The rotating disc of the encoder has patterns of transparent and
impervious sections which generates pulses when the optical light hits the surface of the disc while
the shaft is rotating. There are one or two pulse incremental encoders. The one pulse encoder does
not track position or direction, but only speed. The two-pulse incremental encoder has two code
tracks on the disc which produces binary square pulses, phase A and B which are 90 degrees

separated, see Fig [.16

Code track on disc

Channel A

A Channel B
shaft
[ Binary output pulses

W | =
- A= Bunary Output A

I
rotating

1 o e e ]
b il ! m Binary Output B
codewheel ' UGS mask

by e —
90°

Figure 1.16. Visualization of encoder tracks compared with binary output phases of channel
A and B of incremental encoders

B- Resolvers

The resolver is an analog position sensor, which looks like a small transformer. The coil of resolver
solver has total of three windings, one primary (located on the shaft of resolver) and two secondary
(oriented at 90° to each other) shown in Fig. 1.17. the sensing mechanism is done by calculating the
effective turns ratio and polarity between the two sets of coils. It acts just like a rotary transformer;
the data obtained through this mechanism reports the variation in the angle of the shaft as it rotates.

The excitation of resolver coils is done through an AC reference input voltage, which is set at a
constant frequency and gets induced in the primary winding. The stator and rotor give the same
frequency output with a difference in phase of 90° due to the alignment of coil windings. Due to the
90° phase difference, a signal obtained is sine and cosine. The voltage induced on the windings is
equivalent to the reference voltage multiplied by the value of the angle (sinf or cosf) between the

input shaft and the secondary coils. Here, h denotes the shaft angle
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Fig 1.17 Components of the resolver. Reprinted with permission from Texas Instruments [14].

C- Hall effect sensors (speed):

Hall sensors are one of the most promising low-cost position sensors for sensor-based motor
control. During recent years, PMSM and BLDC drives with hall position sensors has been targeted
for plentiful research. The most beneficial property of hall elements is the low cost and its small
volume. Hall elements does not require mechanical connection and does not wear down as a
resolver or an encoder do. However, the installation of hall elements inside a rotor is sensitive for
misplacement and complicated in terms of motor design and fault tolerant control is preferable for
reliable position and speed feedback. The hall sensor is implemented by burying one or more hall
elements inside the rotor/stator, departed with a certain electric angle between. Usually, 3 hall
elements are installed with a 120° mechanical angle separation close to the air gap in the stator. The
Hall elements emits current signals that are measured by shunt resistors and the absolute position

can be measured as proposed in. The mechanical angle between two signals

Trigger
Permanent Wheel

Magnet
Hall Effect
Sensor

VA Gap

Fig I.18: Hall Effect sensor speed
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1.3.2. Speed Sensor Problems: What causes speed sensor failure?

Speed sensor problems can set off a lot of issues in your vehicle. You may now be able to
notice the signs or symptoms of speed sensor problems, but what causes the speed sensors to fail?

Here are some of the reasons why a speed sensor fails.
e Infernal electrical fault.

Over time, the speed sensors can get internal damages. This could result in having an abnormal

output signal or having no signal at all.
e Normal wear and tear.

The sensor itself can become damaged or cracked. Its plastic part can also become brittle after being
exposed to the elements. The speed sensor’s magnetic part can eventually become worn or

damaged.
e Poor car care and maintenance.

Experts always say that proper car care and maintenance can extend the lifespan of the vehicle as
well as its components. Following the recommended maintenance schedule can also help prolong
the speed sensor’s life. Failing to do so can increase the risk of speed sensor failure causing your
vehicle to experience speed sensor problems. The sensors will not be able to give accurate readings

if its parts become covered in gunk, dirt, and other fluid contaminants.
e Broken wirings and loose connections.

Disconnection of the sensor to the engine control unit can cause problems too. Make sure that you

check the connections for loose or broken ones. Check also for corrosions and build ups [11].
1.3.3 An Overview of Sensorless control:

The speed/position sensor may fail any time during the life of the motor. Therefore, when
one of the sensors becomes faulty or damaged, motor operation is severely affected and after two
sensor failures, the motor comes to a complete stop. Such a scenario may result in very dangerous
and life-threatening situations in the aerospace or automotive industries and such situations must be
avoided at all costs. In order to maintain the motor operation with the damaged sensor, fault tolerant
control system (FTCS) is required. The FTCS keeps the motor operating and functional till the

maintenance can be performed or the damaged part can be replaced
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1.3.4 D Problem Statement:

If a fault occurs when driving, the faulty component must be immediately excluded from the
drivetrain control. The control algorithm has to switch into emergency mode in order to maintain
vehicle controllability. This is particularly important for cars equipped with in-wheel electric drives
where a fault of a single in-wheel drive may disrupt the balance of propulsive or breaking forces
generated on individual wheels, which at high traveling speed can lead to the sudden deprivation of

vehicle stability.

The requirements for an emergency-activated sensorless control algorithm are found and
studied in this dissertation. A rotor-position estimator based on the derivatives of motor phase
currents (DMPCs) is proposed. The estimator is implemented and tested on a Simulink PMSM
drive. The results confirm fast emergency activation and stable operation in traction-specific
operational conditions, therefore, a set of two estimation methods is typically used. At low speed
and at standstill, the rotor position is estimated by the analysis of stator inductances, which vary due
to the rotor saliency. An additional high-frequency (HF) signal component, generated by the
inverter, is required to measure the inductances. At medium and high speeds, an estimation based

on the electromotive force (EMF) observer is more convenient. [16].
I.4 Conclusion:

EVs have great potential of becoming the future of transport while saving this planet from
imminent calamities caused by global warming. They are a viable alternative to conventional
vehicles that depend directly on the diminishing fossil fuel reserves. The EV types, configurations,
energy sources, motors, power conversion and charging technologies for EVs have been discussed

in detail in this chapter.

The key technologies of each section have been reviewed and their characteristics have been
presented, along with the huge possibilities they hold to promote a better and greener energy system
by collaborating with smart grid and facilitating the integration of renewable sources. Limitations of

current EVs have been listed along with probable solutions to overcome these shortcomings.

A brief overview of the sensors of speed’s EV. Finally, an overview of sensorless control

has been presented to prove the necessity this type of control; in case of speed sensor failure.
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II.1 Introduction:

Permanent magnet (PM) synchronous motors are widely used in low and mid power
applications such as computer peripheral equipment, robotics, adjustable speed drives and electric

vehicles.

The growth in the market of PM motor drives has demanded the need of simulation tools capable of
handling motor drive simulations. Simulations have helped the process of developing new systems
including motor drives, by reducing cost and time. Simulation tools have the capabilities of
performing dynamic simulations of motor drives in a visual environment so as to facilitate the

development of new systems.

In this work, the simulation of a field oriented controlled PM motor drive system is developed using
Simulink. The simulation circuit will include all realistic components of the drive system. This
enables the calculation of currents and voltages in different parts of the inverter and motor under
transient and steady conditions. The losses in different parts can be calculated facilitating the design

of the inverter.

A closed loop control system with a PI controller in the speed loop has been designed to operate in
constant torque and flux weakening regions. Implementation has been done in Simulink. A
comparative study of hysteresis and PWM control schemes associated with current controllers has
been made in terms of harmonic spectrum and total harmonic distortion. Simulation results are

given for two speeds of operation, one below rated and another above rated speed.

The PMSM is more suitable than induction motor, owing to the synchronous machine

having interesting advantages, among which are:

(1) The overall weight and volume are significantly reduced for a given output power

(2) Better efficiency.

(3) Heat is efficiently dissipated, the Joule losses are smaller due to absence of rotor
currents. However, the PMSM have a short constant-power region owing to their rather
limited field weakening capability, resulting from the presence of the permanent magnet
field. It is clear that with the recent technological advances it is now possible and
attractive to implement robust and powerful nonlinear controllers to reduce energy
consumption and to improve performance under a wide range of power-speed operating

domains.
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I1.2 Description of the drive system

This chapter deals with the description of the different components such as permanent
magnet motors, position sensors, inverters and current controllers of the drive system. A

review of permanent magnet materials and classification of permanent magnet motors is also

given

la .

Inverter —t—m={ PM Motor ——= Load |—| Position

N Sensor

DC +
Source — T — [ |
la
I
I;
_C;:T"’ Controller - Rotor Position

Fig I1.1: Drive system schematic [18].

Descriptions of the different components are as follows:
I1.2.1 Permanent magnet synchronous motor constructions and types:

I1.2.1.1 constructions and types:

A permanent magnet synchronous motor, like any rotating electric motor, consists of a rotor

and a stator. The stator is the fixed part. The rotor is the rotating part.

T Bearing support assembly

a Rotor core sections
| from laminated steel

T Bar wound wire

Magnets o

Steel plate T

Rotor hub I‘a

Stator core T

from laminated steel

Fig IL.2: constructions of PMSM [19].

30


https://en.engineering-solutions.ru/motorcontrol/motor/

Chapter I1: Modelling and Field Oriented Control Of PMSM

Typically, the rotor is located inside the stator of the electric motor, there are also structures

with an external rotor - inside out electric motors

|:| Permanent magnets
B Windings

Fig I1.3: Construction of a permanent magnet synchronous motor: on the left - standard, on the
right - inside out

A. The rotor consists of permanent magnets. Materials with high coercive force are used as

permanent magnets.
According to the rotor design, synchronous motors are divided into:
. electric motors with salient pole rotor
. electric motors with non-salient pole rotor.

An electric motor with non-salient pole rotor has an equal direct and quadrature inductances
L ¢ = Ly, whereas for an electric motor with salient pole rotor the quadrature inductance is not equal

to the direct Lq # La.

Fig 11.4: Types of PMSM
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The cross sections of the rotors with a different ratio of La/Lq. Magnets marked black. Figure e, f

shows axially layered rotors, figure c, and h shows the rotors with barriers.

Also, according to the design of the rotor, the PMSM are divided into:

surface permanent magnet synchronous motor;

interior permanent magnet synchronous motor

N Permanent magnets

Rotor of a surface permanent magnet Rotor of an interior permanent magnet
synchronous motor synchronous motor

Fig IL.5: Types of PMSM according to the design of the rotor

B. The stator consists of an outer frame and a core with windings. The most common design
with two- and three-phase winding

Depending on the stator design, a permanent magnet synchronous motor can be:

¢ with distributed winding;

¢ with concentrated winding

Electric motor stator with distributed winding Electric motor stator with concentrated winding

Fig IL.6: Types of PMSM according to the design of the stator

1. Distributed call such a winding, in which the number of slots per pole and phase Q = 2,
3,k
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2. Concentrated called such a winding, in which the number of slots per pole and phase Q = 1.

In this case, the slots are evenly spaced around the circumference of the stator. The two coils

forming the winding can be connected both in series and in parallel. The main disadvantage

of such windings is the impossibility of influencing on the form of the EMF curve

Three-phase distributed winding circuit

LTI

Phase 1

Phase 2

Fig I1.7 the different types of stator winding

C. The form of the back EMF of the electric motor can be:

e Trapezoidal;

e Sinusoidal.

Three-phase concentrated winding circuit

The form of the EMF curve in the conductor is determined by the distribution curve of the

magnetic induction in the gap around the stator circumference.

It is known that the magnetic induction in the gap under the salient pole of the rotor has a

trapezoidal shape. The EMF induced in the conductor has the same form. If it is necessary to create

a sinusoidal EMF, then the pole tips are given such a shape that the induction distribution curve

would be close to sinusoidal. This is facilitated by the bevels of the pole tips of the rotor

Model (year) Power (kW)  Torque (Nm) ~ Max. speed (/min) CPSR  Slot/pole Windings Cooling kW/L
Toyota Prius (2010) 60 207 13,500 4.87 4813 Distributed Water-jacket 48
Nissan Leaf (2012) 80 280 10,390 38 48/8 Distributed Water-jacket 42
Tesla Model S 60 (2013) 225 430 14,800 2.96 —4 Distributed Water-jacket —
with shaft cooling
Honda Accord (2014) 124 — 14,000 - 12/8 Concentrated — 29
BMW 13 (2016) 125 250 11,400 30 212 Distributed Water-jacket 9.1
Chevy Volt (2016) 125 370 12,000 3 72112 Distributed-Hairpin 0il cooled —
Tesla Model 3 (2017) 192 410 18,000 402 5416 Distributed — —
Toyota Prius (2017) 53 163 17,000 54 48/8  Distributed-Hairpin Water-jacket 37
Nissan Leaf (2017) 80 280 10,390 38 48/8 Distributed Water-jacket 42
Chevy Bolt (2017) 150 360 8,810 2.20 48/8  Distributed-Hairpin 0il cooled —
BMW iX3 (2020) 210 400 15,000 3 48/6 Hairpin — —
Nissan Leaf (2020) 160 340 — - 48/8 Distributed Water-jacket =
US DOE (2025) 100 144 20,000 >3 — — — 50

Table II.1 Representative Set of Electric Machines Used in Commercially Available EVs/HEVs [20].
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11.2.1.3 Detailed Modeling of PMSM:

A. Mathematical Model of Three-Phase PMSM:

The schematic representation of the permanent magnet synchronous machine in electric space is

given in the figure:

Quadrature Magnetic Axis

. . a!s
bs Magnetic Axis @ ey

Direct Magnetic Axig

e, — 8, Il w rdr

~

as Magnetic Axis

Air-gap

c¢s Magnetic Axis as
Permanent magnet Rotor

Fig I1.8: PMSM in electric space

A.1 Electric Equations:

The three-phase stator voltage equations can be expressed as

d sabc
[Vsabc] =Rs [Isabc] + % (ILT)

Where

[Vsabc] = [vsa, vsb,vsc] T are the voltages of each stator phase phase;
Rs is the stator resistance;
[I sabc] = [isa,isb,isc]” are the phase stator currents
[Wsabc] = [Wsa, Wsb, Wsc] T are the stator fluxes,
A.2 Magnetic equations:
[Wsabc] = [Lss] [I sabc] + [Wrabc] (I1.2)

Where

[Amape 1= [Amg » Ay Am ] T (IL3)
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is given by
cos(P8)
Ma 2m
hny | = |05 (PO = 5) (IL4)
Ame cos (PO + 2?”)

®sa = Laa Isa + Lap IsptLac Isc + Am,, (IL.5)

®sb = Lap Isa + Lpp IspTLpc Isc + Amy, (IL.6)

@sc = Lac Isa + Lpc IsptLac Iec + A, (I1.7)
B. The Concordia/Clark and Park Transformations:

The three-phase mathematical models of permanent magnet synchronous motors are developed. The
classical models using the Concordia/Clarke and Park transformations are derived to define the two-
phase equivalent models of AC machines. Using these transformations, many concepts,

interpretations, and simplified models can be obtained to analyze the AC machine behavior.

An approach to study AC machines is to transform the variables (voltages, currents, and flux
linkages) stated in a fixed reference frame to a rotating frame defined by the Concordia/Clarke and
Park transformations. These transformations are used in the analysis of AC machines to reduce the
complexity of the differential equation describing the behavior of the AC machines by eliminating

time-varying terms in the inductances.

The transformation from a three-phase (stationary (a, b, ¢) frame) to a two-phase (rotatory direct-
quadrature frame or (d, q) frame) transformation is referred as the Park transformation. However,
this transformation can be decomposed in two transformations. A first transformation from a fixed
three-phase system to a fixed two-phase system (Clarke’s/Concordia’s transformations). Next, by a
transformation from a fixed two-phase frame to a rotating two-phase frame associated to a rotating

variable (mechanical position and flux, for instance).

Before applying these transformations to PMSM machines, some assumptions are

introduced:

B.1 Modeling Assumptions:

The study of an electric motor behavior is a hard task and requires, first of all, good
knowledge of its model to properly predict its dynamic behavior under different operating

conditions.

Modeling a permanent magnet synchronous motor is similar to a classical synchronous

machine, except that the flux from the magnets is constant. Then, the model is derived from the
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classical synchronous machine. In the following study, the machine has a stator and a rotor with

symmetric distribution with p pairs of poles (p = 2 on Fig I1.9).
To simplify the modeling of the machine, the following assumptions are introduced:

Assumptions:

* The damping effect of the rotor is neglected.

* The magnetic circuit of the machine is not saturated.

* The distribution of the magnetomotive forces (MMF) is sinusoidal.
* The coupling capacitors between the windings are neglected.

* The hysteresis phenomena and the eddy’s currents are neglected.

* The gap irregularities owing to the stator slots are neglected.

Under these assumptions and using basic concepts, the electrical and mechanical equations
describing the dynamical behavior of the PMSM are obtained. The model will be essential to design

and implement the controllers and the observers
B.2 Park Transformations:

A general representation of the Park transformation is given as

Xd Xa
Xq|=P®) |xp| L8
Xo Xc
Where :
cosOr cos(6r —120) cos (6r +120)
P(6) :g si:t@r sin (Grl— 120) sin (6r + 1120) (IL9)
2 2 2

with @ as the angle between the axis o of the stationary reference frame and the real
. . .y 2 . .
axis-d of the rotating reference frame, and with 338 the ratio between the amplitude of the

three-phase system variables Xa , Xb, Xc (voltages, currents, ... ) with respect to the amplitude

of the corresponding two-phase system variables Xd , Xq , Xo
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C. Application of the Park transformation to the pmsm:
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Fig 11.9: PMSM in DQ space

C.1 Electrical equations of a three-phase winding in the d-q axis system:

d saoc
[Vigo]= [P (©)] WVsane] =[P )] (IRS] Usane] + 22 (1L.10)
Applying the inverse Park transformation to the currents and fluxes we obtain
Usanel = [P(O)]7" [Laqo] (IL11)

[gosabc] = [P(Q)]_l [(pdqo] (I1.12)

[Vigo] = [P©)] ([RSIP(O)][lgqo] + 20 0tacl) - 1y 13)

dt

= [P(9)] [RS][P(O)] " [Lqo] + [P(6)] LEEL TPaael 1y 1)

We have:

[P (0)] [RSI[P(6)][14q0] = [Rs][I4g0] (IL.15)

[P (6)) “ECL Teaoch _p (gy) (4O [, ]+ [peod1 (el (1w16)

dt

=[P )] (“C2) [gago] + PO [P@)] (ezl)  qar19)

dt

[P (6 4O ‘quo [P o)) (A )[ dqo]+(M) (IL.18)

dt
—sinf — cos6 0
(AB@I) g, | 7SI (0-%)  —eos(6-%) of (o)
dt L ( Cam ~ an '
sin(0 . ) cos (9 . ) 0

We multiply the PARK equations and the derivative of PARK we get
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o6 0 -1 0
[P (0] (AE2L) - w[l 0 0] (I1.20)
0 0 0
0 -1 0
[P (0)] P(e) [‘quo] =w |:%) (()) (()) + (%) (1121)

We replace the equations of resistances and derivative of PARK in the equation

— 1 01[%a 4 Pa
+w 0]|9q +E Pq (I1.22)
0 0 011l®o Po

Since the system is balanced Vo =0, we finally obtain the dynamic electrical model for the
equivalent two-phase stator winding

Va = Rlq +224 - w (11.23)
dg

Vo =Rl +22 - w0 g (11.24)

9q="Lal, (I1.26)

The equivalent circuit of the PMSM in the d-q axis system:
V, =R, +Ld L w Lyl (11.27)

V, =Rl +L, +deId+w/1 (11.28)

Ly

ld Rs I'"\-"\‘"\""l iq Rs rv*?"\-‘hl
—— AN —— AN

+

- g

Va C) mELqicl Ty ;

+

IIlE'L]:-r:I:I:I.
(a) (b3

Fig I1.10: PMSM equivalent circuit from dynamic equations

C.2 Instantaneous power equation:

P(O) = Vialsa WV lsp + Viclse == (Vylq + Vala) (I1.29)
LORE ((Rsld +2%4 — o pg) I + (R o+ — o (pd)l ) (I1.30)
= R, (1% +1,2)+2 (d"’d I+ o ) +2w (paly — @qla)  (L31)
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P, = % R, (Id2 + qu) represents the losses by Joules effect in the stator windings

P a1, + dq)q I represents the ener riations magnetic stored in stator

mag2 o la Jrep gy variations magnetic store stato
windings

Prec ZZ ) ((pdlq - (pqld) J  Tepresents the electrical power transformed into

mechanical power inside the machine or electromagnetic power

C.3 Electromagnetic torque equation:

Co="2=2P (paly — @qla) (I1.32)
Co=2P[(La— Lo)lalq + Anlg]  (IL33)

The electromagnetic torque breaks down into two terms:
Cep = z Posl, ‘ Présente le couple principal

C. = % P (Ld - Lq)ldlq , Introduces the reluctance couple variable

D. State representation of the PMSM model in the d-q frame:

V, = R1d+de’d w Ly, %—L—m P.QI+—Vd
d
V RI +L +a)LdId+a)/1 ﬂ:_l _L_dPQ] -—P.Q-i-lV
e o i -

IT .2.2 Inverter:

Voltage Source Inverters are devices that convert a DC voltage to AC voltage of variable
frequency and magnitude. They are very commonly used in adjustable speed drives and are
characterized by a well-defined switched voltage wave form in the terminals. Fig II.11 shows a
voltage source inverter. The AC voltage frequency can be variable or constant depending on the

application

Three phase inverters consist of six power switches connected as shown in Fig II.11 to a DC
voltage source. The inverter switches must be carefully selected based on the requirements of

operation, ratings and the application. There are several devices available

Today and these are thyristors, bipolar junction transistors (BJTs), MOS field effect transistors
(MOSFETs), insulated gate bipolar transistors (IGBTs) and gate turn off thyristors (GTOs). The
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devices list with their respective power switching capabilities are shown in Table I1.2 MOSFETs
and IGBTs are preferred by industry because of the MOS gating permits high power gain and
control advantages. While MOSFET is considered a universal power device for low power and low
voltage applications, IGBT has wide acceptance for motor drives and other application in the low
and medium power range. The power devices when used in motor drives applications require an
inductive motor current path provided by antiparallel diodes when the switch is turned off. Inverters

with antiparallel diodes

Device Power Capability Switching Speed
BJT Medium Medium

GTO High Low

IGBT Medium Medium
MOSFET Low High
THYRISTOR High Low

Table 1I1.2. Devices Power and Switching Capabilities
11.2.2.1 Modeling of the Voltage source Inverter with PWM Control:
A. Inverter Modeling:

The voltage inverter is the essential part of the power supply system, it ensures the transformation
of energy from a continuous source into an alternative energy, which can be at fixed or variable
frequency. Each star of the MSDEAP is connected to a three-phase inverter. The latter consists of

three arms, two switches for each. Each switch is mounted in reverse parallel with a recovery diode.

To ensure the continuity of the alternating currents and avoid the short circuit of the source, the
switches Ti and Ti' (assumed to be ideal switches), must be controlled in such a way additional. To

model the voltage inverter, we consider its power supply as a perfect source, supposed to consist of

two generators of emf equal to U0 /2 connected to each other by a point noted No.

& Ta Tw Te
U@E'__ a — :‘ .
- U Ube Vin Van
U{} - : "_
T ’ ‘ n
P Use
R Cs Ven
U2 i 1
Tal Thr Tfl
L

Fig I1.11.Three-Phase Two-Level Inverter Schematic

40



Chapter 11: Modelling and Field Oriented Control Of PMSM

To simplify the study and the complexity of the structure of the two-level inverter, we will assume

that:

v" The switching of the switches is instantaneous.

v The voltage drop across the terminals of the switches is negligible.
v’ The three-phase load is balanced and star-coupled with an isolated neutral [22].

The diodes (D = 1, 2,..) are transistor protection diodes providing freewheeling or recovery. Hence
each pair (transistor-diode) is presented by a single bidirectional switch. The machine was modeled
from simple voltages that we note Van, Vbn and Vcn and the inverter is controlled from the logical
quantities Si. We have:

» [Jif Si = 1, then Ti i is conducting and Ti is open,

» [if Si = 0, then Ti is open and Ty is conducting.

with : Si+ Sr=1andi=a, b, c.

Line-to-line voltages are obtained from the inverter outputs:

Vab = Vano —Vbno (I1.34)
Vbe = Vbno —Veno (I1.35)
Vea = Veno —Vano (I1.36)

The phase-to-neutral voltages of the load phases resulting from the phase-to-phase voltages have a

Z€ro sum, So:

1

Van= 3 [Uap-Ucal (IL.37)
1

Vin= 3 [Upc-Uan] (IL.38)
1

Ven= 3 [Uca-Upc] (I1.39)

They can be written from the output voltages of the inverter by introducing the load neutral voltage
with respect to the n, reference point.

Vant Vin =Vano (I1.40)

VontVan =Vono (I1.41)
VentVan =Veno (I1.42)
So, we can deduce that:
1
Van= 3 [Vano + Vo + Vcno] (I1.43)

The state of switches supposedly perfect: S;; (i=a, b, c et j= 1.2) we have:
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U
Vijno= Sij Uy - ?0 (11-44)

So we have:
Vajno = (Sqj-0.5) Uy (IL45)
Vpjno = (Spj-0.5) Uy (1L.46)
Vino = (S¢j-0.5) Uy (11.47)

By replacing (1.39) in (1.37), we get:

2 1 1
Vajn: 3 Vajno °3 Vbjno °3 chno (I1.48)

1 2 1
Vbjn: °3 Vajno + 3 Vbjno °3 chno (I1.49)

1 1 2
chn: °3 Vajno -3 Vbjno + 3 chno (I1.50)

By replacing (1.39) in (1.40), we get:

~ N ,’— ~\\ ' B
Vajn : 2 -1 -1 : : Saf E
1: : 1 1

V| = = 1 2 1 11y, (L51)
3 IR
V.. 1 1! cj !
L " '\\ -1 -1 2 /:' :‘ ,:

~ - ~ -
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I1.3 Control of PMSM:

A permanent magnet synchronous motor requires a control system, for example, a variable
frequency drive or a servo drive. There are a large number of control techniques implemented
control systems. The choice of the optimal control method mainly depends on the task that is put in

front of the electric drive. The main methods for controlling a permanent magnet synchronous

motor are shown in the table below.

Control Advantages Disadvantages
Scalar Simple control scheme Control is not optimal,
not suitable for tasks
where the variable load,
loss of control is possible
Vector Field With position Smooth and precise Requires rotor position
oriented sensor setting of the rotor sensor and powerful
control position and motor microcontroller inside

Without position

sensor

Direct torque control

rotation speed, large

control range

No rotor position sensor
required. Smooth and
precise setting of the
rotor position and
motor rotation speed,
large control range, but
less than with position

sensor

Simple control circuit,
good dynamic
performance, wide
control range, no rotor

position sensor required

the control system

Sensorless field oriented
control over full speed
range is possible only for
PMSM with salient pole
rotor, a powerful control

system is required

High torque and current

ripple

Table I1.3 different methods for pmsm control [19].

Field Oriented Control (FOC):

1I .3.1 Introduction

In order to achieve better dynamic performance, a more complex control scheme needs to be
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applied to control the PM motor. With the mathematical processing power offered by the
microcontrollers, advanced control strategies can be implemented, which use mathematical
transformations to control AC machines like DC machines, providing independent control of flux

and torque producing currents. Such de-coupled torque and magnetization control is commonly

called FOC.

11.3.2 The Main Philosophy Behind the FOC:

In order to understand the spirit of the FOC technique, start with an overview of the separately
excited direct current (DC) motor. Torque is defined as the cross product of armature current and
stator flux. Electrical study of the DC motor shows that the armature current and the stator flux can
be independently tuned. The strength of the field excitation (the magnitude of the field excitation
current) sets the value of the stator flux. If the flux is held constant, then the current through the

rotor windings determines how much torque is produced.

e Q )
T, = K.l
U, () (E.R) U E=Kd.OQ
| Tem )
A L A
T N

Inductor (field Armmature Circuit
excitation)

Fig I1.12. Separated Excitation DC Motor Model (Flux and Torque are Independently Controlled and the
Current Through the stator Windings Determines How Much Torque is Produced) [21].

AC machines do not have the same key features as the DC motor. The flux and torque

producing current are not necessarily orthogonal.

The goal of the FOC (also called vector control) on synchronous and asynchronous machine
is to be able to control those like a separately excited DC machine wherein the flux producing and
torque producing currents are separately controlled. In other words, the control technique goal is, in
a sense, to imitate the control of a DC motor. FOC control will allow us to decouple the flux and
torque producing currents enabling them to be controlled independently. To decouple the torque and
flux producing currents, it is necessary to engage several mathematical transforms, and this is where
the microcontrollers add the most value. The processing capability provided by the microcontrollers
enables these mathematical transformations to be carried out very quickly. This in turn implies that
the entire algorithm controlling the motor can be executed at a fast rate, enabling higher dynamic

performance. In addition to the decoupling, a dynamic model of the motor is now used for the
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computation of many quantities such as rotor flux angle and rotor speed. This means that their

effect is accounted for, and the overall quality of control is better
11.3.4 Field oriented control types

Field-oriented control (FOC) allows you to smoothly, accurately and independently control
the speed and torque of a PMSM motor. For the operation of the field oriented control algorithm, it

is necessary to know the position of the rotor of the brushless motor.
There are two ways to determine the rotor position:
. by the position sensor;

. sensorless - by calculating the angle by the real-time control system based on

the information available.
PMSM field oriented control by position sensor:

The following types of sensors are used as angle sensors:

. inductive: resolver, inductosyn, etc .;
. optical;
. magnetic: magnetoresistive sensors.
VDC
w * l' * U * U * |3
—(O»| controtier [(O»| i »{dq > [ >
+ A + A —>
= PWM Inverter
"'-dﬁ= I(\ Uy Us: |
-r" Pl -r" Ll _’
0,% =P -
- A
v
d i B i
a, <
!q q < o
iy
Iy o,p iB a,b,c | 'ic
pr==—
9 ‘_U
Encoder { PMSM
w, |

d/dt |

Fig 11.13: Field Oriented Control of Permanent Magnet Synchronous Motor using a rotor position sensor
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11.3.5 Block Diagram of Sensored FOC of PMSM:

|l Start of FOC \I

1 . . 1

The control can be summarized as follows: ! 'mplz:’t‘izl“c’" !
\ /

* The three-phase stator currents are measured. For a motor with balanced . LS
L X I Clarck Transformto |

three-phase windings, only two currents are sufficient to be measured. The | obtainiaibfrom
. . . ! ia,ib,ic !
third current can be calculated by the following equation: Ia+Ib+Ic =0 L. t_ -

Park Transform to

1 1
1 1
X X 1 obtain Id,lq fromia,ib !
* The three-phase currents are converted to a stationary two-axis system. ! '

This conversion provides the variables ia and 1 from the measured ia, ib, ‘

1
. . . . . 1
ic values. The values iq, 1 are time-varying quadrature current values as ' Calculate PI I
, controllersoutputto 1

1
' I

obtain vVd,Vq

viewed from the perspective of the stator.

» The stationary two-axis coordinate system is rotated to align with the Measure electrical

1

position (07) :

. . . . !

rotor flux using a transformation angle measured at the last iteration of the L
control loop. This conversion provides the id, iq variables from ia and if3. 1T l'nv'er!sle p'm; T

1
1 1

. . 1 . |

The values id and iq are the quadrature currents transformed to the 1 transform to obtain
: Va,Vb from Vd,Vq :

1 1

4

rotating coordinate system. For steady state conditions, id, iq are constant.

- - _-_———
* Reference values of currents are explained below: ~— -=---- ! -
Space Vector :
—id reference: controls rotor magnetizing flux Modulation to obtain |
PWM duty cycles :
— iq reference: controls the torque output of the motor I

* The error signals are fed to PI controllers. The output of the controllers r-oo-- l! """

speed (wr) and Igref
after every PWM

1
provide vd, vq, which are voltage vectors that will be applied to the motor. !
1

* A new transformation angle is measured from the encoder pulses input. ! cycles

This new angle guides the FOC algorithm as to where to place the next 0

voltage vector. End of FOC

implemention
control

* The vd, vq output values from the PI controllers are rotated back to the
stationary reference frame using the new angle. This calculation provides
the next quadrature voltage values vo,vp.

Flow chart of sensored FOC implementation
* The vo,vp values are used to calculate the new PWM duty cycle v....._.
which will generate the desired voltage vector

* Mechanical speed (Q) is calculated after every discrete PWM cycle
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11.3.6 Field-oriented control of PMSM without a position sensor:

Since the 1970s sensorless vector control methods for PMSM AC motors began to be
developed, thanks to the rapid development of microprocessors. The first sensorless methods for
estimating the angle were based on the property of the electric motor to generate back EMF during
rotation. The motor back EMF contains information about the position of the rotor, therefore, by
calculating the value of the back EMF in the stationary coordinate system, you can calculate the
position of the rotor. But when the rotor is not rotating, the back EMF is absent, and at low speed
the back EMF has a small amplitude, which is difficult to distinguish from noise, therefore this

method is not suitable for determining the position of the motor rotor at low speed.

M|

m'IE ) g -
contrelle controller 3 f |
: F(Speed) {curreni] L : | r“
Park | o] Clark e 5P L s
1] Vi — Y \
i contrller =N % ’
c {curment)

g =l Wrless than hased spke 'y
i, negative for above bhas

Clark

Pasition
SENSOT

di'dt

Fig I1.14: Field Oriented Control of Permanent Magnet Synchronous Motor using a rotor position

sensor [30].

The problem of sensorless control of a permanent magnet electric motor can be divided into 3

stages:
1 determining the initial position of the rotor for starting the electric motor;

2 control of the electric motor at low speeds, i.e. acceleration of the electric motor to speed (usually
10% of the nominal), where the generated back-EMF becomes sufficient to determine the position

of the rotor;

3 acceleration of the electric motor to the rated (preset) rotation speed, control of the motor rotation

speed during operation, maintaining the maximum torque.
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I1.4 Observability Property of PMSM Machine:

It will be shown by the following observability study that an interesting field of research is
related to the high-performance sensorless position control of synchronous machines. It involves
zero speed control at a determined rotor position. An additional problem is the observer structure is

strongly dependent on [23].

I1.4.1 Observability
First of all, what is observability? The answer to this question is: Observability is the possibility to
reconstruct the full trajectory of the system from the data obtained from the input and output

measurements.
I1.4.2 Observation Objective:

Consider that in the (a, ) frame, the stator currents isa and isp are the measurable outputs,
the stator voltages vsa and vsp are the control inputs of the motor. The objective is to reconstruct
the rotor mechanical speed Q and the position 0, assuming that they are not available by
measurement and moreover under the fact that the stator-winding resistance Rs and the stator-

winding inductance Ls are inaccurately known
IL.5 Conclusion:

In the first part of this chapter, a state of the art has been presented, where we have briefly
describes multi-phase machines, their classifications (type of machine according to stators and

rotors), their respective characteristics, their advantages and disadvantages as well as their uses.

The second part was devoted to the mathematical modeling of the machine permanent
magnet synchronous motor PMSM in different bases. Use of a certain number of assumptions
allowed us to reduce the complexity of the model of this machine. Then, we presented, the structure
of the power supply system (Two-level voltage rectifier-filter-inverter controlled by the sine-
triangle PWM strategy), and we give a brief introduce to observation method to control the PMSM.
The next chapter will be devoted to the observers and the sensorless control of PMSM The real
drive system is simulated using Simulink with block by block explanation. Chapter 3 deals with the

simulation results.
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Chapter 1

Speed Sensorless Vector Control of

PMSM
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II1.1 Introduction

The field oriented control (FOC), developed for permanent magnet synchrons motor
(PMSM), requires the measurement of the speed to perform the coordinate transformations.
Physically, this measurement is performed using a mechanical speed sensor mounted on the rotor
shaft, which unfortunately increases the complexity and cost of installation (additional wiring and

maintenance).

Moreover, the mechanical speed sensors are usually expensive, fragile and affect the reliability of
the control. In this context, our study focuses mainly the speed estimation the observers are very
attractive and give good performance in a wide range of speeds. The observation algorithms are
using an analytical model of the machine to produce the speed and the rotor flux estimations from

the stators’ currents and voltages.

Among the observational methods we have deterministic observers (sliding mode observer), the
Kalman filter, and the Model Reference Adaptive System (MRAS). These observers are used to
observe the flux and speed estimation in a closed loop. Although such approaches lead to different
performance in relation to the degree of algorithmic and computational complexity, they generally
offer good performance in a wide range of speed but cannot estimate very low speeds in a stable

manner.
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I1L.2 Sensorless Control Scheme for Rotor Initial and Low Speed Position Detection:

As a major difficulty facing the sensorless control technology, the position detection of the
motor rotor at zero and low speed is a significant influencing factor in the starting torque and
stability of the motor [24]. In sensorless control strategy, the rotor position is determined by using
the salient pole characteristic of the motor, saturation characteristic of the magnetic circuit or

polarity of the magnetic circuit. These methods are summarized in Fig IIL.1.

Galiency—based Methoda

v v v v v

L Carrier Frequency Rotor Compound
[Inducta.nce] {HF :Ln]ec"txon] [ Component ] [ Fretting ] ( method

I
Pulse HF HF Injection
Injection Sinusoidal HF

Injection

Rotating HF
Injection

Fig III.1 Sensorless strategies for initial and low speed.

II1.3 Sensorless Control Scheme for Medium-High Speed Operation:

In addition to the aforementioned method based on salient pole tracking, the sensorless control
technology of PMSM includes the method of fundamental wave model, which relies on the back
electromotive force related to the rotational speed of the motor in the fundamental wave excitation
model for the estimate of rotor position and speed. As the motor runs at zero speed and very low
speeds, while the signal-to-noise ratio of useful signals is extremely low, it is usually difficult to

conduct extraction.

At present, there are several types of sensorless control technologies applicable for medium-high
speed operation, including back EMF method, third harmonic, flux estimation method, model
referencing adaptive system (MRAS), state observer method and so on, as shown in next figures. A

brief introduction of each estimation method follows.
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G’Iaﬂ*lelnaﬁcal Modelh@
Methods
¢ v y v v

[Backal\d]?][ Flux j[ State j[ MRAS J[ NN ]
estimation observer

Back-EMF

FETO-CTOSSING

Back EMF
integration

EEMF

Fig I11.2 Sensorless strategies for medium-high speed.

The rotor position can be softly measured through a sensorless technique, which can realize
high-performance control of the permanent magnet traction motor. The sensorless control
has a broad application prospect in the field of electric vehicle traction systems. At present,
the basic principle and control strategy of permanent magnet drive motor without position
sensor for electric vehicle have got a certain application. However, in general, the position
sensorless control strategy of permanent magnet traction motor and its application are still in
the primary stage.

It is a significant research direction to investigate the speed and position estimation approach
considering the motor parameters identification techniques, which can realize the stable and
reliable operation of the traction motor for EV.

The traction motor for electric vehicle faces complex operation conditions, such as frequent
start/stop, rapid acceleration/deceleration, overload and uphill/downhill, which is supposed
to operate in a wide speed range. The rotor position estimation methods should be switched
frequently, especially while the EV is operating in the urban setting. That means the hybrid
rotor position estimation methods for sensorless control should be investigated to improve

the reliability and the dynamic performance of the traction motor in the wide speed range

[1].

111.4 Estimation Vector

In analyzing real motor and model behaviors, some variables should be specifically

considered. From the observer’s point of view, some variables should be estimated because they are

an important part of the state space model. Based on the analysis, complex mechanical structures of

supplied electric drives are noted; such generalized load torque 77 can be helpful during control.

The problem of this extended observation has often been noted in the literature [23]. The state space

vector of the proposed observer is:
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R=[lq I, w, 6] (IILa)

Where id and ig are the dqg axis currents, wr is the rotor speed, 6 is the mechanical shaft position.

dlg Rg Lq 1
— =— [+ +—
dat Ly Id Ly (I)rlq Ly Vd (ITL.b)

dl R L A 1
A== -2 ol - 2wV, (IlLc)
dt Lq Lq Lq Lq
d
J d“t’r =PT, - PT, - B w, (IILd)

IIL.5 Sensorless Vector Control of Permanent Magnet Synchronous Motor Based on Model

Reference Adaptive System (MRAS):

Firstly the MRAS algorithm is used to identify the rotor speed and position of the permanent
magnet synchronous motor. Based on the algorithm, the sensorless vector control model of the
permanent magnet synchronous motor is built. Based on this algorithm, the vector control
experiment platform is built, simulation and experimental results show that the MRAS algorithm
can accurately estimate the motor rotor speed and position, it is suitable for permanent magnet

synchronous motor sensorless vector control.

The model reference adaptive system, developed using Popov’s stability criterion, is one of many

promising techniques employed in adaptive control for estimating the speed and stator resistance.

Among various types of adaptive system configuration, MRAS 1is important since it leads to a
relatively easy-to-implement system with a fast adaptation for a wide range of applications. The
basic principle is illustrated in Fig II1.3, called parallel MRAS. The dynamic models are represented
by the block “Reference Model”, which is the actual system (for example, the motor, containing all
unknown parameters, i.e., motor speed, stator and rotor resistances) and the block “Adjustable
Model”, which has the same structure as the reference one (i.e., motor, but with the adjustable or
estimated parameters, instead of the unknown ones). An error vector € is derived using the
difference between the outputs of two dynamic models and is driven to zero through an adaptation
law. As a result, the estimated parameter vector will converge to its true value X. One of the most
noted advantages of this type of adaptive system is its high speed of adaptation. This is due to the
fact that a measurement of the difference between the outputs of the reference model and adjustable
model is obtained directly by comparison of the states (or outputs) of the reference model with
those of the adjustable model system. It is remarkable that the error signal may be formulated with

flux (F-MRAS), back-EMF (E-MRAS), reactive power (Q-MRAS) and active power (P-MRAS)
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Fig I11.3 Block diagram of speed estimation for sensorless vector control model based on MRAS.

A. Determination of the Reference Model and the Adjustable Model:

The stator current mathematical model of permanent magnet synchronous motor in d g axis

coordinate system are [25]

1
w1 lates or lgt-Va (IIL.1)

dl R L A 1
== -2 w Iy - w1 (I1.2)
dt Lq Lg Lq Lq

According to the above two equations, the stator current model of the permanent magnet
synchronous motor in the d.q axis system is only related to its speed, so choose the current model as
the adjustable model, the permanent magnet synchronous motor itself as the reference model and
use the parallel structure for speed identification. In order to analyze the stability of the system, the
speed is limited to the system state matrix, do some corresponding changes in the control variables

and state variables of the two equations, we can obtain:

A _&s A R\
I +=2 Wr 11y +=2 Vy + ==
% a7 =] La R a7 L, +Li 7 1 (111.3)
A B R | B B B
I _ )\m I _ ! — Rs}\m ! —
Let: Id_ Id—’_L_q Iq—Iq Vd_Vd +T Vq —Vq
Then:
B W
@ [’ ,"] | o T [1 ,d]+l [V,d] (IIL.4)
acllgl (=, =2 [q] LIV
T Lq
Simplified form is as follows:
2 AP+ Bu’ (I1L.5)
dt
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R
II VI —= Wy
H_|td |V d A= Lq _1
1_11 9u_VI ’_—0) _& _L
q q r Lq

The state matrix of equation (III.4) contains the information of rotor speed, so this equation is used
as an adjustable model, and the permanent magnet synchronous motor itself is used as a reference
model. Imitate equation (III.4). express the current and voltage in equation (I11.4) by the estimated

value, then the equation (II1.6) can be obtained:
— o
I L4 I V'
m H ol H 2 ane
I q — Wy — L_ I q q
q
With the same principle, the simplified form is as follows:
ar _ Ay + By’ (I1L.7)
dt
Use equation (II1.4) minus equation (II1.6), we can obtain:
ded — & w —
—_— L r ed . Il
ddetq - ‘ Rs [e ] -Jlwr — @) [#l (II1.8)
at — Wy T q I q

In the above equation:
’ I ’ I 0 -1
ea=l'a-Ta eq=T'q-Tq =] 7/

Equation (I11.8) can be simplified as follows:

- Aee-w (I11.9)
Rs
In the above equation, A, =A= ‘ Rs
€eq - :I\
e=|, ] w=(w, — wr)[ ,,\ql
d

B. Determination of the Adaptive Law:

In order to construct a well-behaved MRAS algorithm, it is necessary to determine the
appropriate adaptive law, and the adaptive law generally selects the form of proportional
plus integral. Designing the appropriate adaptive law requires finding the relationship between the
amount of fitness and the amount of feedback. Here a non-linear time varying feedback system is
used to express its relationship. According to the Popov hyper stability theory. The model reference

adaptive system is designed. It can not only make the adjustable model approach the reference
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model, but also can guarantee the system’s stability. Therefore, this study uses Popov super stability

theory to design adaptive law. Nonlinear variable part satisfies Popov integral inequality:
N 0te) = [, v" w, dt >y} (I11.10)
Vt, = 0, y¢ is any finite positive number.

Substitute v and Z into the Popov integral inequality (II1.10):
N (0t) = [;°eT (@ —w, ) ITdt =3 (L11)

According to the general structure of the model reference adaptive parameter, take @, into

the proportional integral form of the following equation (1I1.12):
@y = [\ Fy (v, t, AT + Fy(v)+ @;(0)  (IML12)

In the above equation @, (0) is original value. Equation (III.12) shows a proportional integral

structure with universal significance. Substitute equation (II1.12) into equation (III.11):
(0.t = J, e [fy Fy (v, t,D)de + Fy(v,0) + @(0)| 1 Tt
= e [y FLwtDdr + @ + @p(0)| 1 7dt+ [ e Fy(v,0) T Tde

=11 (0,t9) + 12 (0.tp)

To make 1 (0,t5) = yZ we can let
1 (Oto) =" " |f3 Py v, t,D)dT + @ + @:(0)] I Tdt > y? (IIL.13)
N2 (Oto) =f,° €™ [ e Fy(v,t) ] Vdt > y7 (IIL.14)

In the above equation, y2andyZare finite positive numbers. Equation (II1.15) is as follows:

o St (1) de = 2 [£2(t0) = £2(0) ] 2 3 Kf2(0) (IIL15)
Here:
YO _oryy
a
Kf(t) = [, Fy (v,t,0)dt + @ + @;(0) (II1.16)

Differentiate the equation (I11.17), get:
F,(v,t,7) =k;eT IV (111.17)

Substitute equation (II1.17) into: n, (0,t,) thenn; (0,ty) = y? can be guaranteed. If the left part of

the inequality is positive, the inequality must be correct. So let:
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F,(v,)=K,eT IV (111.18)

Obviously, substitute equation (III.18) and equation (III.17) into equation (III.12), Popov integral

inequality must be satisfied, that means
N0t = f,"e" [y ke I T dr+ KyeT I T — @& + @;(0)] 1 dez v (II1.19)
On the contrary, to improve equation (II1.12):
@ = [ kieT )V dr+ KpeT J U+ @:(0) (111.20)

If take @, into the form of equation (22), the feedback from the stator current vector error must be

asymptotic stable.

'y, —TI', 11 ~ [I',
Substitute eTzl @ l =T - [,,fl
I'q — Iy 1 0 Iy

Into equation (I11.20), get

@ = [y ki(I'aly = I'T)dr+ K, (I'al’y = I'4T'g) + @;(0) (2t
Am _ _ RsAm _
Let : I,d: Id+¥ I,q—lq V,d = Vd + id V’q —Vq

into equation (III.21), obtain the adaptive law:

—~ t T I }\m 7 I I }\m ™~ o~
In the above equation, I; and I; can be calculated from adjustable model equation (I11.6), I; and I,

will be calculated after the motor detection

C- Sensorless Vector Control Based on MRAS simulation:

Instead of traditional mechanical sensor, the MRAS algorithm is used to estimate the rotor speed @,

and position  of the permanent magnet synchronous motor, then sent @, and 8 into the whole

vector control system of the permanent magnet synchronous motor to help the system run normally

The block diagram of MRAS speed identification algorithm is shown in Fig I11.4. In the adjustable
model, the speed (@,) is an adjustable parameter, but also a parameter need to be identified,
recorded as @, If the stator current estimated by the model is the same as that determined by the
reference model, that is, the error between the two is zero, then the speed estimate value (@,)
should also be consistent with the actual value (w,) In Fig II1.4, use the stator current vector error
between the adjustable model and the reference model, Construct a suitable adaptive law with the
above-mentioned adaptive law generation theory, to make the @, of the adjustable model close to
wr

57



Chapter 111 : Speed Sensorless Vector Control of PMSM

-ﬂ Id'
i
— e
1 1
c * N
U - : R N 7 Iy
—p oy, _t Ny, R
d 1+ t I @, 1;+ —t 1| u, + V.
il L | = L |4+= .
u, | dt| -~ " R A L i
’ R _—m}, _E_ | e -

Adaptive Law
k O /A
Lp-l-kpﬂzd i,—1, Id—?(fg —IqJJ

Fig I11.4 Speed identification diagram of MRAS
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Results and analysis

The computer simulation and experiment have been performed for the verification of the proposed
control algorithm. Simulations have been carried out in MATLAB/Simlink environment to verify
the effectiveness of the suggested control strategy, Fig II1.5 shows the whole system based on

MATLAB/SIMULINK software:

ld

q vstief
M

e

J] s =]

Step r Gatol

I
Stept
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From?5

Pl controller

T
iq =
T

Fig I1L5 the whole system based on Simulink software

The main parts of the simulation model based on PMSM algorithm of MRAS sensorless vector

control system include: coordinate transformation module, PI module,PMSM motor, SVPWM
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module and MRAS speed estimation module and so on. The block diagram of sensorless vector

control for permanent magnet synchronous motor is shown in Fig II1.5

parameters

values

Power (KW)
Rs (Q)
Ld (mH)
Lg (mH)
P

Flux (Wb)
J (Kg.m?)
F (N..m.s)

60
0.153
1.8

1.8

2
0.2778
0.008
0.0015

Table III.A1:PMSM parameters
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Fig I11.6. SIMULATION MODEL OF MRAS SYSTEM a) Adjustable Model, b) the Adaptive Law
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reference ,measured and estimated speed with sensor failure at 0.35s
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Fig II1.7 shows the speed response in the reference rotor speed of 2290rpm in full load, the proposed
sensorless control algorithm has good response.

During the analysis, the PMSM motor is made to run in four phases two of them in sensor mode

and the other in sensorless mode when it start at 0.45s after sensor failure at 0.35s. That is in first
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phase the speed is increased [0 to 240rad/s]; in second, speed is decreased [240 to 100rad/s], in third

speed is reduced [100 to 50rad/s] and in fourth phase it rises [50 to 180rad/s]

Fig II1.7 shows the estimated rotor angle and the rotor angle estimation error for speed of 200rpm.

From these experimiiental results, it shows this MRAS approachi is effective and feasible.

In the phase of motor starting, the estimated speed of the motor and the actual speed curve are
shown in Fig II.7. Compared with the two curves, it can be seen that the MRAS algorithm can
estimate the motor speed well in the phase of motor starting. The estimated speed can track the

actual speed of the motor well. The system will need 0.04s time to reach steady state.

At 0.25s, the given speed is changed from (240tr/s) 2292rpm to (100tr/s) 955rpm. it can be seen that
the estimated rotational speed can track the actual speed of the motor well and the accuracy of the
estimation can meet the requirements of the vector control system. In the phase of motor starting
and the phase of speed mutation, the estimation error of the speed is small, but the error under the
MRAS algorithm is quickly converged, and the large speed fluctuation does not occur. The system

can quickly reach the new stable state. The simulated effect is good

it can be seen that current in all the phases are balanced during the steady state condition. The phase

current are different at the sudden change in the speed but these values are small
111.6 PMSM AND BACK-EMF SLIDING MODE OBSERVER:

The SMO is widely studied in the field of a motion control, and it can be applied to
nonlinear systems, such as PMSM motors. This technique applied to control systems encounters
restrictions in practice, due to the high voltage values of the power supply needed and severe stress
given to the static power converters. On the other hand, the sliding mode has been shown very
efficient in the state estimation due to its salient features, i.e., robustness to parameter variations and
disturbances including the measurement noise. The use of sliding mode in state observer does not
present physical restrictions relative to the convergence condition (the estimation error moves

toward zero) and does not subject the system to undesirable chattering [26]:
U=RI+ Z—‘f (111.22)

@=LI+21, (111.23)

We substitute the equation (II1.23) in (II1.22)

dia R . 1 1

—=-—-i,-—-e, t-u III.a
dt L a L a L a ( )
dib R. 1 1
—=-—ip--ep,t-u I11.
& L& T (I1Lb)
di¢ R . 1 1
—=-—l.--e.t-u III.
dt L C L C L C ( C)
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— 4¢ma

€a=—p, —- Amw,sin (6,) (1I1.24)
dQmp . 2m

ep = “ar =- Amwrsm (99 - ?) (IH.25)
dPmc . 21

€p = “ar =- Amwrsm (99 + ?) ( IH.26)

By using the usual Clarke transform, the current equations are obtained in o, f frame:
-TeqtTug (I1.27)
dp_ Ry 1o 4l 111.28
E—-EIB-EEB EuB ( . )
The back-EMF from (I11.27), (II1.28) becomes:

ey =20me — ) w, sin(6,) (I11.29)

dt

eg = d(‘;’:B =- A, w, cos(6,) (IT1.30)

To estimate the rotor speed, it is necessary to estimate the back-EMF ea and ef first. For this

purpose, a sliding mode observer will be used, which is given by:

diy _ R ~ , 1 mn . .

- __ + = — = —

" P T Ug — 7 sign Ty —ig) (IT1.31)
dlﬁ ~ 1

R mn . .
-7 lg toUg — sign (Tg — i) (IT1.32)

A sliding mode is enforced after a limited time if [; > max (Jea |, |ef|) By using the equations

(II1.31) and (I11.32), defining errors as

~

ly=Ug-1y, ig=10g—ig the following relations are obtained:

diz _ R~ 1 nm ..
d_lt='2‘“ +- U — 7 sign (i) (II1.33)
di _ R . 1 n . .
When sliding mode occurs, the error is null thusi, =0 and =0 and also U _ 2%_0 The desired

dt dt

back-EMF quantities ea and ef} are obtained by using the equivalent values of the switching

quantities:
(Iysign (Ig ))eq = €a (IIL.35)
(Lysign (ig ))eq= €p (II1.36)

However, they could not be used as is due to the high frequency residual, and to the delay from the

low pass filter. Consider their low pass filtered result za and zb:
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Z,()+ Ay ()= e (I11.37)

Where A, and Ag are the errors

Although the use of such a filter can reduce the chattering, following an observer is presented for

smoothing the e, and eg for estimation of w,

We assume that w,= 0 (the variations of the rotor speed w, are slow in comparison to other

quantities involved in the observer). With this assumption, the equation (II1.29), (II1.30), becomes:

€y = Amw,2cos(0,) (I11.39)
€g = - Amw, 2sin(6,) (I11.40)
Which can be rewritten as:
€q = - Wrég (I11.41)
€g = wreg (111.42)

To obtain ea, ef equations ((II1.31) (I11.32)) - ((I11.41) (I11.42)) are integrated, while obtaining an

important low pass filter action. The observer equations are:

eq=-wreg - (65 - Z4) (111.43)
€ = W8, - L,(€5 - Zp) (111.44)

G = (€226 - @G -Zp) & (1145)

Parameters I; and [, are the design parameters that ensure the flexibility of the observer

implementation, but which must be above max (|e,, |, |eg|). Defining errors quantities

e,=eé,-e, , eg=eg-egand W, = @, - W, , considering za(t) — eo(t) and zp(t) — eP(t), the

equation (I11.43), (II1.44), (I1145) can be rewritten as:

ey =-Wepg+w,epg-l(e,-ey) (111.46)
€5 = 0,8, -wre, -1, (€5 -ep) (I11.47)
Wy =(€z-e,)ep- (€p-ep) e, (I11.48)

To prove the observer convergence, a Lyapunov function candidate V is used, which is given by:
174 =§ @2 +e5" - %) (111.49)
The derivative of V is given by:

63



Chapter 111 : Speed Sensorless Vector Control of PMSM

V=e, e,+egeg +w, o,

= @5, + Wy e - Ly( €y - €,) €y + @78, € - Wy €5 - Ly (€ - €) T + Wy @y (11L50)
and after some calculus equation (II1.50) become:

V=-1,(," +ez") e, (I11.51)
From this are obtained that €,and eg tend to 0 and €, and eg converge respectively to e, and eg

By rewriting the equation (I11.46), (I11.47), (I11.48)in the form:

e, =-W,eg - w, € - L&, (I11.52)
eg =€, tw, €, - ,€p (I11.53)
W, =€,€5-€5€, (I11.54)

and considering e,=0 and eg=0 , it results that:
-wreg =0 (II1.55)
-w, e, =0 (II1.56)
The equations (I11.55), (I11.56), imply that w,- tends to 0 and @, converge to w,

The block diagram of the back-EMF sliding mode observer described above is implemented in
Matlab/Simulink like in Fig I1I.10. Equations (II1.31), (I11.32), to (I11.37), (I11.38), are implemented
on the upper side of the intermediate filtering block in Fig II1.10 and equations (II1.39), (I11.40) to
(I11.46), (111.47), (I111.48), on the down side of the intermediate filtering block.
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Fig I11.10 the SMO observer for sensorless FOC control of PM synchronous motor

reference ,measured and estimated speed with sensor failure at 0.35s
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In Fig III.11 is presented the time evolution simulation of sensorless control of PMSM motors with
back-EMF sliding mode observer for a speed reference sequence the speed is increased [0 to

240rad/s]; decreased [240 to 100rad/s], reduced [100 to S0Orad/s] and rises [50 to 180rad/s].

The simulation results are shown in Fig III.11. According to the simulation results obtained, we can
see that to the time to reach steady state in both modes is same 0.04s, the use of sliding mode
control method is also effective with some fluctuation 2% , It can be observed that the estimated

velocity and position show high accuracy and good tracking ability

The rotor position by encoder and the estimated value of the rotor position. As can be seen at the
beginning the control output reached the sliding surface, it is estimated that the larger deviation
angle. With the steady-state operation, the sliding surface is to reach the estimated value. Estimates
and the actual value of the sample encode are in good agreement, which can be used to vector

control measurement of rotor position.

In Fig III.11, when the green curve tracks the red curve, there are obvious burr and chatter in the
green curve. This shows that traditional SMO has a large high frequency chattering phenomenon in
the high-speed operation of the system due to the traditional SMO applying the sign function as the

control function of the system. Because of the sudden change of the sign function at the zero point,

66



Chapter 111 : Speed Sensorless Vector Control of PMSM

the system appears as high-frequency chattering. Note that the chattering exists in the velocity

estimation in both cases

In Fig I11.13, the above represent the actual position angle and estimated position angle of rotor, and
the below is estimated speed simulation curve obtained through differential of estimated position
angle. The accuracy of rotor position angle plays a decisive role for the quality of estimated speed
waveform, for the speed is obtained from estimated rotor position angle. From the figure one can
see that there exists fluctuation of estimated rotor position angle, and so estimated speed is
fluctuant, not stable when it is steady-state. So it is very important for final estimation of speed how
to get good linear rotor position angle from estimated EMF waveform or how to get more accurate

EMF.
II1.7 Sensorless Control of PMSM Drive Based on Extended Kalman Filter:

The extended Kalman filter algorithm is an optimal recursive estimation algorithm for
nonlinear systems. It processes all available measurements regardless of their precision, to provide a
quick and accurate estimate of the variables of interest, and also achieves a rapid convergence. This
is done using the following factors: the knowledge of the system dynamics, statistical description of
the system errors (noises, disturbances, efc.), and information about the initial conditions of the

variables

This method can be used to estimate the rotor position and speed. Motor state variables are
estimated by means of measurements of stator line voltages and currents, and applying EKF next.
During this process, voltage and current measuring signals are not filtered, and rotor position and
speed can be estimated with sufficient accuracy in both steady state and dynamic operations. Unlike
the deterministic base of other studies, the model uncertainties and nonlinearities in motors are well
suited to the stochastic nature of EKFs,as well as the persistency of excitation due to the system and
measurement noises. This is the reason why the EKF has found wide application in speed-
sensorless control, in spite of its computational complexity. However, with the developments in
high performance processor technology, the computational burden and speed of EKF has ceased to

be a problem

The block diagram of the system for speed and rotor position estimation of a PMSM motor is
shown in Figure 18. The system can be functionally divided in two basic parts: the speed control
system and the estimation system. The first one consists of a power circuit (DC supply, inverter and
motor) and control circuits, which perform three functions: current commutation, current control
and speed control. The measured speed (w,-k) and phase currents (ik) as well as the estimated rotor
position (9k/k) are used as feedback signals. The main blocks of the estimation algorithm are the

EKF and the block for calculating average motor line voltages during sampling time
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Fig I11.14. System configuration for speed and rotor position estimation of a PMSM

I1L.7.1 Brief EKF Theory:

The EKF represents two-step recursive algorithm. The first step of EKF is calculation of the
machine model (prediction step) - this step is in detail discussed in the next paragraph [27]. In the
second step, the result of the machine model calculation is corrected using the weighted difference
between the calculated and measured quantities (in this case, the stator currents). In consequence of
this feedback correction derived from the error between the real (measured) and calculated
(predicted) stator currents, the EKF (and generally the state observers) provides quite exact
estimation of the non-measurable machine parameters (e.g. rotor speed and position) in the wide

operating region. The second step of EKF is often called "correction step" or sometimes called

"filtering

The EKF algorithm is summarized in the Fig II1.15:
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Fig III.15: Algorithm of the Extended Kalman Filter
X: the real system state,
X: The system state estimated by EKF,

X(KLK-1): the result of the machine model calculation prediction of the system state in time t =k. T

(index (k-1) highlights that the machine model is calculated from the previous system state),
X(KIK) =X (K) : the estimation of the system state in the time t =k. T,

T: sampling period,

y: the system output vector,

H: the system output matrix,

P, Q, R: the covariance matrices

I11.7.2 Selection of the Machine Model for Prediction Step of EKF:

The machine model employed in the first step of EKF can be designed in either stationary or
revolving reference frame. The equations of the machine model in revolving reference frame (d, q)
are simpler than the equations in the stationary reference frame (o, ), however, the measured stator
currents required for the proper function of the EKF correction term must be transformed from the
natural stationary frame into the revolving frame. This transformation is performed via the system

output matrix H. The matrix H includes, in case of the revolving reference frame model, the
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goniometric functions required for Park's transform. Thus, the terms of the matrix H are dependent

on the system state and, therefore, the matrix H is time-variant.

In consequence of the above briefly described drawbacks (both the theoretical and
computational) of the machine model in the revolving reference frame, the machine model in the

stationary reference frame is preferred. Generally, two basic machine models in the stationary frame

can be used:

) Rs Lq 1

I, L I, Wy 0 0 I P 0
" I La R _ 91 I L[Va
X(KIK-1) = ti = %, Wy Lo L, 0 wqr +|0 I Vq] (I11.57)

) 0 0 1 01lpg

0 0 0 1 00
Va _Rs Lq
1,(k) + (Ld Clat ot I)* T,
v, Rs L ®
f(K-1) = Iq (k) + (i — Elq — Wy ild - L_(]; wr) * T (ITL.58)
w, (k)
0(k) + w, * T
Define matrix F:
_ _ Ts*Rg Ts*Lq TsxLq
1 Lg Lqg T Lg 1 0
df Ts*Lg Ts*Rg Lq Q5
:E: — Lq Wy 1—7 TS*(—E d_a> 0 (11159)
0 0 1 0
| 0 0 T 1

The following recommendations can help in the filter tuning:

* Initial values of the terms of the system covariance matrix P (0) can often be selected equal zero.
If the initial values must be tuned (in order to improve the filter performance at the filter start up),
only the diagonal terms are usually taken into account. The initial values of the matrix P do not
affect the transient durations as well as the filter steady-state behaviour.

* In consequence of lacking statistical information about the drive system and especially in order to
simplify the tuning process, the covariance matrices Q and R are considered to be diagonal and,
moreover, invariant. It means that all the terms out of the main diagonal are considered to be zero.

* The EKF works with the square errors. Exactly, the covariance matrices represent mean square
error of corresponding quantities. This knowledge helps to define the initial values of the tuned

covariance matrices (Q, R). Of course, the final values have to be found by the iterative simulation
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process.

* The filter convergence and stability is much more sensitive to the terms of the covariance matrix
Q than R.

* Increasing values of the terms of the matrix Q correspond to the less exact machine model. In
such case, the measured values are more accented via Kalman gain K.

* Increasing values of the terms of the matrix R correspond to the less exact measurement results. In
such case, the machine model is more accented.

* Big differences between the terms of the matrices Q and R can lead to the filter divergence.

I11.7.3 Designed Sensorless Control System Configuration of EKF

The Fig I11.16 shows the investigated control system that will be used for description of properties of
different EKF structures and for presentation of developed simulation technique for fixed-point
implementation. The control system employs the vector control together with pulse width
modulation (PWM). Selected type of the vector control with two current controllers (separate
control of the flux and torque current component) is eligible for PMSM drives. The dynamic
properties of the control structure are improved by the decoupling. The most important part of the
decoupling circuit is the calculation of the back EMF that is added to the torque (quadrature)
component as is evident from Fig II1.16. The rotor speed, which is required for the speed controller,
and the rotor position, required for the transform of the measured stator currents from the stationary
frame into the revolving frame and for the transform of required voltage vector from the revolving
frame into the stationary frame, are estimated using EKF as has been described in the previous

paragraph
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Fig I1L.16: Investigated sensorless control system to drive with PMSM

The mechanical equation respects both the drive mechanical parameters (inertia, friction) and the
load torque, which is considered as the term of the system state vector and, therefore, is also

estimated (joint estimation of the system state variables and parameters):

The approach (1) (equation (II1.57)) without Torque equation is more frequently applied. There are
generally three reasons, why this approach is preferred:

* It 1s not required to know the mechanical parameters (inertia, friction; load torque is also avoided
and is considered as perturbance).

* In this case, only 4 terms of covariance matrices Q and R must be tuned. Thus, the filter tuning is
easier in this case. (In the case (2), the 5 terms must be tuned).

* The order of the matrices is reduced and, therefore, the computation is faster and the memory

requirements are reduced too.
SIMULATION AND ANALYSIS:

Fig I11.17 displays the result simulation of the control system employing EKF. The simulation has
been performed under the same conditions as previous observers, sampling period of the EKF and
the control system 0.00001. From the Fig III.17 is clear that the EKF is properly tuned. The filter is
stable also during speed changing. In spite of the rotor speed and position, we observe don't occur
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fluctuation, It presents that the estimated rotor flux position can follows the actual rotor flux

position with some delay time. The delay time at 0.25s, in the sensor speed control we continue the
simulation work in sensorless control architecture (0.45s). The estimated rotor position will be feed-
backed to the current loop for vector control and to the speed loop for speed control. The simulation

work of the step speed response is more accurate and without delay

reference ,measured and estimated speed with sensor failure at 0.35s
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Fig I11.17: speed response of EKF based PMSM drive with different values
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Fig I11.18 currents response of EKF based PMSM drive
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Fig II1.19 compared between measured and estimated position
II1.8 A Comparative study between MRAS, SMO .and EKF :

Computer simulation is used to verify the estimation performance of the PMSM vector control
observer. Matlab/Simulink is the simulation platform. The Simulink model of the PMSM vector
control system has been constructed including the proposed sliding mode observer, MRAS and the
EKF observer. And the three algorithm simulations are conducted in the same condition so that the

proposed algorithm performance can be evaluated objectively

We observe that the speed of each one well tracking the reference speed, but the results show that
the MRAC response is more rapid compared to the others, and the speed is stable. When failure

happens, we notice slight fluctuations for MRAC, then SMO, and for EKF, Its fluctuations are quite

large
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Fig I11.20 Comparative between MRAS , SMO .and EKF speed esyimated
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MRAS SMO EKF
steady state time sensor sensorless  sensor sensorless  sensor sensorless
0.045 0.04 0.06 0.038 0.06 0.04
Fluctuation ratio
during sensor 5% 11.9% 14.12%
failure m/“z’im
Waverage
Table II1.1: Comparative between MRAS , SMO .and EKF
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Fig II1.21 error between measured speed and estimated speed a)MRAS b)SMO c)EKF

II1.9 PARAMETER PERTURBATION ROBUSTNESS ANALYSIS OF VECTOR FIELD-
ORIENTED CONTROL:

Robustness is an important criterion to evaluate speed controller performance. In the process of
PMSM operation, motor parameters are always changing. If speed response still keeps good
dynamics against parameter variations, the speed controller will has well robustness. Under the case
that inertia and phase resistance all occur variation, this part simulates the response speed of the

sensorless filed oriented control of PMSM.

For the purpose of inspection of the robustness of the observer of its value nominal load
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Tr =240N.m, change the parameters of the motor in the observer to a half of the resistance and

inductance and inertia moment of the actual motor. and again chanded the resistance and inductance
and inertia moment to a double of the actual motor values (Fig I11.22,23,24) shows comparison of the
actually measured value to the observing value of the revolution under the conditions changed.
According to the figure, the estimated revolution can still follow up the actual revolution well and
the error of the revolution is smaller. Both can still be kept identical.the zoom Figures shows the
wave form of the actual rotor speed on sensor mode driving and sensorless mode driving.

Therefore, the observer can still estimate the rotor position well.

Robustness test of MRAS filter estimated speed:

robustness test of MRAS estimated speed with sensor failure at 0.35s
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Fig I11.22 shows the simulation under the case that (a) Stator resistance changes. (b) Stator inductance
changes. (c) moment inertia changes

Robustness test of SMO filter estimated speed:

robustness test of SMO estimated speed with sensor failure at 0.35s
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Fig I11.23 shows the simulation under the case that (a) Stator resistance changes. (b) Stator inductance

changes. (c) Moment inertia changes

Robustness test of EKF filter estimated speed:

robustness test of EKF estimated speed with sensor failure at 0.35s
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Fig 111.24 shows the simulation under the case that (a) Stator resistance changes. (b) Stator inductance

changes. (c) moment inertia changes

1) Stator resistance variation:

Fig I11. (22 (a), 23 (a), 24 (a)) shows speed variation in healthy case until 0.35s, and with parametric

variation. The estimated speed follow track rapidly its reference. Considering the resistance

variation at around +100%, -50% show that an error of +100% of the stator resistance rating

slightly affects the dynamic and static performance of the MRAS, EKF .SMO during the

transient regime in case of speed variation, with an average error less than 1.1%,
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At 0.45s When the PMSM is fully loaded and sensorless driving at 180 rad/s (1719 rpm), the

estimated and measured rotor speed are compared and with very close agreement. The vector
controller, therefore, is working properly so that both track their reference value quite well. It

should be noted that 1719 rpm is closer to rated speed 2290rpm
2) Stator inductance variation:

Considering the inductance variation at around +100%,-50% Fig IIL. (22 (b), 23 (b), 24 (b)) illustrate
the low parametric sensitivity of the MRAS, EKF observers especially at start with the variation
of the stator inductance. Indeed, this low sensitivity can result in a sufficient robustness of the
observer compared to a possible saturation of the magnetic circuit. It’s clear that the estimated
parameters coincide with the reference values in both of transient and steady state, which is
making the error converge to zero. Hence the SMO preserved its good performances and high

robustness against the parametric variation
3) Moment inertia variation:

In Fig III. (22 (c), 23 (c), 24 (c)) a robustness test due to the variation of the moment of inertia is
treated. So we reduced the moment of inertia by 50%J and raised it by 100% with application of
the rated torque of 240N.m. we note that for the SMO and the EKF the speed response presents a
delay in 2J and advancement in 0.5) with a rise time of 0.04s in the case of sensor and without
sensor and also on the other hand for the Adaptive command these responses are robust to

variations and the speed responds with the same rise time

III.10 Torque PERTURBATION ROBUSTNESS ANALYSIS OF VECTOR FIELD-
ORIENTED CONTROL:

The previous experiment checked only the speed performance of the sensorless control system.
Therefore, to check the robustness of the MRAS, SMO and EKF against disturbances while the
motor is running, the disturbance rejection properties of the control system are checked. That is,
while the motor is running at 2290 and 955 rpm, a sudden load is applied to the motor axis and the
recovery characteristics are checked. These recovery characteristics are used to verify the
robustness of the sensorless control system against unknown disturbances. Fig II1.25 illustrates the

experimental results of the disturbance responses for the observers MRAS SMO and the EKF

The torque step response are at (100rad/s) 955rpm, and in t=1s change to (240rad/s) 2290rpm are
shown in Fig I11.25. The PMSM output torque is changing from 100Nm (0.4s) to 240Nm (0.65s) at
955rpm, 100Nm (1.3s) and 240Nm (1.7s) at 1000rpm. The output torque of PMSM is so fast and

the maximum time step is only about 0.13s, but also control the torque ripple is small.

Robustness test of MRAS filter estimated speed:
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robustness Torque test of MRAS estimated speed with sensorless mode
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Fig I11.25 shows the simulation under the Torque variation conditions (a) MRAS. (b) SMO. (c) EKF
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MRAS SMO EKF
Response time(s) 0.04 0.04 0.04
Disturbance 0.07 0.12 0.12
rejection time (s)
Overshoot (%) 9 to 22.5 16 to 45 13 to 30

Table II1.2 characteristics comparative between the three observers

Fig IIL25 shows local enlargement of speed decrease when the load torque increases suddenly.
After the increment of load torque, the speed can return to stable value a period of time later. It
reflects that the control system based on VSS speed sensor-less has good robustness to load

disturbance

load impacts with a speed reference creating a surpass of 42 rad/s are shown in Figure II1.25. The
test validates the good behavior of the estimated speed with smooth transients but when huge load

variations are applied to the mechanical shaft suddenly maybe it will make it surpass undesirably.
II1.11 Conclusion :

This study proposed a new speed sensorless control algorithms of a PMSM. The proposed
control algorithms are based on the MRAS, sliding mode and extended Kalman filter. In this study,
it is applied to the rotor speed estimation and position estimation, which are under the sensorless
vector control of permanent magnet synchronous motor. The results are analyzed from two aspects:

theory and simulation .The results show that:

1. MARS algorithm has a better adaptability for the start, the speed mutation and the variation speed

scenario of permanent magnet synchronous motor;

2.MRAS-based sensorless vector control system designed in this study can accurately observe the
rotational speed and rotor position of the permanent magnet synchronous motor, have better control
performance, and realize the sensorless control of the permanent magnet synchronous motor

successfully;

3. Permanent magnet synchronous motor sensorless control system based on the model reference
adaptive algorithm can be a good substitute for photoelectric encoder, greatly improve systems

reliability and reduce the costs, which is the ultimate goal of this study
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The EKF has been preferred than others sensorless control method because it has quite a lot of

advantages such as it can estimate the exact rotor speed and position without the information of

initial position and mechanic parameters and also works fine at medium and high speed

Compared to the observers sensorless techniques, the proposed SMO method are simple, so the

proposed technique is easy to be implemented in the real system.

However, since the sensorless control technique is designed based on machine model, its
observability is lost at ultra-low speed and zero speed. Thus, ultra-low speed and zero speed

sensorless operation still needs further investigation.

During operation of PMSM, its parameters are subject to variations that may be due to saturation or
heating. For example, the stator resistance varies when the temperature of the winding increases
following an application of the load. With the aim of verifying the performance of developed
observer, it’s important to study the influence of parameter variation on the machine operation; we
thus carried out tests of robustness in order to analyze the different transient and permanent

performances, as well as that of the observer.

The robustness of an observer (or estimator) is its ability to ensure the stability of the system in the
face of a type of disturbance. Several types of disturbances are possible, either at the level of the
measured signals or at the level of the mathematical model considered. In this work, we We are
particularly interested in the cheeked of the robustness with respect to the load variation and

inaccuracy of the mathematical model of the process taking into account the variations parametric.
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CHAPTERIV

ELECTRIC VEHICLE

APPLICATION WITH A DRIVING
CYCLE
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IV.1 Introduction:

Vehicle driving cycles has been developed and utilized extensively in automotive industry to
assess and evaluate a vehicle’s capability. Initially served as the measurements of emissions and
fuel consumptions, it is also used as testing platform for vehicle simulations and performance and
reliability testing. As there arise needs to standardizing the procedure of each vehicle’s testing, it is
desirable to create a reproducible condition, by means of speed-time curve. A vehicle driving cycle
allows a tested vehicle be placed at fixed schedule of vehicle’s operations with its mechanical

power requirements measured.

However, these give rise to many driving cycles. Different cycles are developed and practiced
regionally that serves different purpose and measurements. Traditionally, the driving cycles relied
on statistical data-collection from microtraps, which duration are long enough to be representative
of actual driving behavior, but short enough to feasibly facilitate vehicle testing in laboratory. The
driving activity are then further assessed and derived in its construction to form a driving cycle.
Besides there also exists method of derivation of driving cycles based on random process theory,
mainly the Markov theory. The data is further extrapolated with selected driving events into a more

detailed and representative of a driving cycle

In this chapter, we discuss the application of control techniques on a vehicle. urban. We start with
the definition of the specifications which contain information on the standardized driving cycle
created by automobile designers and industry associations. the environment, and the dynamic model
of the vehicle. The driving cycle (NEDC we will used) with the model dynamics of the vehicle
generates us the load torque and the reference speed necessary for the mission. These two
instructions will be used to test the control techniques to assess dynamic and static vehicle

performance.
IV.2 Driving Cycles:

The European Driving Cycles, US Driving Cycles and Japanese Driving Cycles are popularly
practiced and serves as the main benchmark on the performance of the vehicle in various countries.
Mainly, these cycles also can be subcategorized into emissions test cycles and also specialized
condition testing cycles. The specialized condition cycles include test cases for no-road use
vehicles, engine bench tests and inspection and maintenance cycles, which are more focused on
vehicle and drivetrain functions and durability instead of vehicle emissions. Meanwhile, vehicle
emissions cycles are also subjected to different vehicle factors and operational factors, hence few
different testing needs, they are generally differentiated by urban and highway driving cycles for

light duty vehicles, and on engine dynamometer or chassis dynamometers for heavy-duty vehicles.
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A. North European Driving Cycles (NEDC)

Being the shortest distance and quickest drive cycle, the NEDC drive cycle consists of four
repetitions of UDC driving cycle and a segment of EUDC driving cycle, as shown in Fig IV.1, the
repetitions are devised to represent urban driving conditions, which maximum speed up to 120Km/h
this transient driving cycle has been criticized for bearing little relation to actual driving patterns
and behaviors on the road. It’s highly stylized cycle, with periods of constant acceleration,
deceleration and speed, combined with may result in unrealistically low emission levels, besides the
test procedure which also calls for vehicle to be placed at temperature of 20°C to 30°C prior testing
is also much higher-than-average European outdoor temperature of 10°C, contrariwise it is also
considered impractical to place the vehicle in high ambient temperature, which may induce heavier

loading of air conditioning use.
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Fig IV.1. Velocity-time graph for the NEDC Driving Cycle [28].

B. FTP-75

For the United States, FTP-75 is a standard drive cycle for emissions certification and fuel
economy testing. Also based on transient drive cycle, this cycle covers the longest distance of 17.77
Km and yet has the most stops out of the three certification cycles, as shown in Fig V.2, the cycle
has three distinctive phases, which is the cold start transient phase of 0 second to 505 seconds and
hot soak with engine stopped for 10 minutes. The fourth phase is the repeat of the transient phase,
however, with the engine started prior and warm, which this phase considered as hot start transient
phase Nonetheless since year 2000,the United States has included mandatory additional testing
cycle to be carried out for on the road vehicle emissions certifications, The cycles are Supplemental
Federal Test Procedures (SFTP) which provide better coverage of both aggressive highway driving

and simulate use of air-conditioning units at higher ambient temperature.
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Fig IV.2: Velocity-time graph for the US FTP Driving Cycle

C. JE 05 Driving Cycle

As shown in Fig IV.3, the JE 05 Cycle is pretty demanding cycle for a vehicle test. Based on
congested urban traffic condition, this cycle travels the shortest distance, yet has the hardest
acceleration and idle considerably long for its cycle length, This test cycle requires running the
vehicle on both cold start and warm start, this model cycle has been last cycle, which is largely
similar to NEDC cycle, has also been criticized for similar reasons. Mainly lack of speed variation
and only holding constant acceleration, which bears little relation to actual driving patterns. The JE
05 cycle initially expects a 15% variation as compared with 10-15 mode, however, is expected to

reflect more realistic figures.
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Fig IV.3: Velocity-time graph for the JE 05 Driving Cycle
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To get an idea of these driving cycles, we show in the following table (IV.1) shows the cycles

with these characteristics

Table.IV.1. the characteristics of driving cycles

Characteristics NEDC FTP-75 JEOS
Total distance (m) 11016.63 17786.59 13897.4
Total time (s) 1180 1874 1829
Maximum speed 720.09 91.09 87.49
(Km/h)

Average driving speed 42.24 39.21 34.74
(Km/h)

Drive time (s) 458 376 294
Drive time spent 278 683 601

accelerating (s)

Drive time spent 204 574 545

decelerating (s)
Standing time (s) 241 241 389
IV.3 Vehicle dynamic model:

The vehicle considered in our work is the urban type, it is the Bluecar vehicle, it represents in fig

(IV.4), and the parameters of this car are summarized in the table.VI.1

Ul R

W SRRy Rt i, e e
e O b e

Fig.IV.4. the Bluecar vehicle
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Table IV. 2 Parameters of Bluecar type urban electric vehicle

VE Parameters Value
Vehicle mass (MVE) 820 kg
gravity force (2) 9.81 m/s?
radius of a wheel (r) 0.33m
Air density (p) 1.2 kg/m3
Front area (S) 2.75

Air penetration coefficient (Cx) 0.3

Rolling resistance coefficient in dynamic 1.6e-°

state (C0)

Rolling resistance coefficient in static state 0.008

(&)
Incline angle of the road (a) 2.5%

Since the land vehicles are designed to move primarily in one direction, only single
dimensional lateral dynamics are considered. There are five lateral force components: inertial force,
longitudinal traction force, air drag, tire rolling resistance, and gravity when the vehicle is moving

up or down a hill.
IV.4 Forces applied to the vehicle:

The forces applied to the vehicle consist of:

Fig.IV.5 Forces applied to a rolling electric vehicle [29].
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The power at the wheel P gy Which can be expressed by:
Pev = Tr Oron
The total traction torque TT and the rotation speed of the wheel 'Qro I

TTZFTT

_Vey
'Qroll_ T

With: r the radius of the wheel.

Finally we have:
Pey =Fr Vey
The total force is then written in the following form:

FT = Fslope + Faero +Froll + Facc

A. Rolling Resistance:

As the tire rotates, a part of the tire is continuously depressed at the bottom, and then released back
to its original shape after it leaves the contact region. These depressing and releasing processes are
not totally elastic. That is, due to the damping action, energy is consumed during the deforming and
recovering processes. Such a loss of energy in the tire is reflected as a rolling resistance that
opposes the motion of the vehicle. Obviously, the amount of deformation depends on the vehicle’s

weight. Typically,
Fron=Mye g (Co + C1) vxz

B. Aerodynamic Drag Force :

When a headwind blows at a speed of Vwina to a moving vehicle [3], the aerodynamic drag

force exerted on a vehicle is calculated as

PCaa
Faero = > £ (Ve + Vwind)2

where p is the mass density of air, Cd is the aerodynamic drag coefficient, and AF is the
equivalent frontal area of the vehicle. The mass density of air is equal to p = 1.225 kg/m3 at the

commonly used standard set of conditions ( 15°C and a 101.32 kPa).

To investigate the aerodynamic effect separately, we assume in the following that a vehicle is

traveling a horizontal road when the headwind is equal to zero. Neglecting the rolling resistance

PCaa
Faero = 5 £ (Vx)z
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C. Force due to road profile
The force of the road dynamics is the force of gravity obtained when the vehicle is moving

on a sloping road

Fslope =m,g sina

D. Force due to acceleration :

The force due to acceleration ensures the dynamic behavior desired by the driver.

vy

E .. =m, —=
acc v dt

IV.5 Transmission and mechanical reducer:

The reducer is a very important element often allowing a consequent saving on the mass of the

motor whose dimensions are determined mainly by the torque to be supplied as shown in figure :

2,

roll

m“ .

Fig.IV.6 The gear mechanism

Tr=94r T

1
Wy = Wyopy
ddr

Jar: The gear ratio

IV.6 Vehicle Dynamic Model simulation:

The powertrain system transfer function obtained in the previous section was created in the
MATLAB/Simulink program in this section. Calculation of the angular velocity of the electric
motor is provided. At this point the momentary torque and efficiency of the electric motor is

determined. The angular velocity of the motor is divided by the differential ratio. Then the
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vehicle speed is obtained by multiplying by the radius of the wheel. By taking the integral of the
vehicle speed, the distance traveled by the vehicle is calculated. The derivation of the vehicle speed

gives the acceleration of the vehicle.

In this part, we want to simulate the dynamic model of the vehicle to know the load torque (Tr)
based on the speed profile (NEDC), we made the choice of the European profile because of its
characteristics (constant speed acceleration and braking) and how our vehicle will be used as an

urban vehicle

Gaind
Vitesse duvehice I
m's 4..
| omegs b b N Couple de charge
ve_rdi Desivatve [ Gain2
+
sl F prey
Add1
force preu X
J Product Puissance charge
+
sl Fam + >
+ Foce L/
“Add resistarte Gairf 'n.
force aéro omega
ndinaion de
. 8 penie &n % . Fyoae
Profi de la route
force pente

Fig.IV.7. Vehicle Dynamic Model with Simulink
1. Simulation result

The Fig.IV.7 showed the reference speed and the load torque, as long as the load torque was

calculated from this velocity profile using the mechanical characteristics and vehicle aerodynamics

120

speed (Km/h)

o 20 40 60 80 100 120 140 160 180 200
Time (s)
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Fig.IV.8 Result of speed and torque simulation setpoints (Vref and Tref)

Note:

1- To apply our control technique, the reference speed must be reset to (rad/s). So :
(Km/h) X == (m/s)
(m/s) X - = (rad/s)

2- The motor power of our syudy is equal to 60kw, so we calculate the torque nominal as
follows:

We have P=4 number of poles; the nominal speed is equal to 240 rad /s

We notice that the maximum load torque in the results equals almost 718N.m, so we calculates the
gear ratio to maximize the torque in the wheel.

Result of the torque, speed and power simulation setpoints:

290
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N // \\ // \\
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Time (s)
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Fig.IV.9 Result of the speed and torque references simulation (Vref and Tref)

According to these results (Fig.IV.9 ) and the power equation (P, = T, 2,,1;) we can deduce the power
demanded by the vehicle as shown in the figure: Pgy =Tt 2,01
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/ /
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Y/

-30 000
0

power (W)

20 40 60 80 100 120 140 160 180 200
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Fig.IV.10 The power requested by the vehicle (Pref)
2. Application of the driving cycle to the sensorless FOC control of pmsm :
Simulation results

Here we consider the application as a reference speed a European driving cycle standardized (the
extra urban part), on the other hand, a resistive torque is applied which is obtained from the

dynamic model of the vehicle.

The following figures show the results of the response of our traction chain with the two control
techniques, namely vector control with sensor (in red) and vector control without sensor (in green)
There is a 5-second interval [55s.60s] between the failure happen and the moment when the

observer start work.
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Fig.IV.11 vehicle speed simulation results in rad/s, with the scenario of the speed sensor failure
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Fig.IV.12 vehicle Torque simulation results in N.m, with the scenario of the speed sensor failure
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Fig.IV.13 vehicle Power simulation results in W, with the scenario of the speed sensor failure

Simulation results under NEDC driving cycles:

It can be observed in Fig.IV.11 that the estimated speed follow track rapidly their reference value
with an average speed estimation error approximately equal to zero with some overshoots When
changing speed(acceleration and deceleration), which confirms the effectiveness of the MRAS

observer work,

As shown in Fig.IV.12. The estimated electromagnetic torque follows perfectly the load torque
generated by the machine in all of the speed range, with some fluctuations around 2%, and there is
also a very clear response at failure happen. As for power comparing the reference Fig.IV.13 gives

us the desired response with also some small fluctuations but it is generally acceptable.
IV.7 Conclusion:

This chapter has been dedicated to the application of the FOC control techniques with the scenario
of the speed sensor failure on the Traction chain of a real Extra urban-type vehicle. At the
beginning, is represented by an overview about driving cycles such as the NEDC European
Standard Driving and vehicle dynamics model we discussed the specifications of the vehicle for
complete our study. Then. By using these last two parameters, we had the load torque setpoints and
of the mechanical speed to be applied to the motor. Subsequently, we applied just one of the three

techniques control observation in the previous chapter,
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The simulation results obtained have proven the vector control ensures acceptable performance in

terms of stability and tracking of the setpoint and its robustness is good especially with respect to
the rejection of disturbances. It is noted that the good performance in term of precision speed and
robustness are ensured by the MRAS observer compared to the speed sensor mode. These

performances are reflected in the application vehicle on the comfort of the car as well as the

performance of the traction chain.

98



General Conclusion

General Conclusion

The subject of this thesis is to make a contribution to the mechanical sensorless control of
permanent magnet synchronous machines. This study is placed in the context of the electric vehicle

and has the primary application of the traction chain control

The first chapter contains an overview of the electric car and its different types, structures
and sensors, the second chapter, we briefly saw the modeling of the MSAP. We have used the Park
transformation to present the three-phase machine in a frame at two axes in order to simplify the
resolution of the electromagnetic equations of the machine. By Next, we determined the control
laws of the vector control of the MSAP associated with a standard PI regulator. With this technique
we obtains a decoupled model of the machine. The training simulation results are overall
acceptable. They show the performance of the vector control well: pursues it and satisfactorily in
parametric variations and load changing, the disturbance is rejected in a very short time, the

response is fast

The third chapter presents the study of the sensorless control of the MSAP with the observer
by sliding mode and model reference adaptive system (MRAS), the extended Kalman filter (EKF)

which eliminates the sensor and its drawbacks.

We have obtained satisfactory results in terms of speed pursuit. Of the more robust this
control is with respect to the load torque since it is determined assuming that the load torque is
unknown; But I had a problem in terms of the negative torque in EKF observer and the SMO

observer, which took me some time. However, the results need to be improved of course.

For our part, we can affirm on the basis of the results obtained that the command without
mechanical sensor with the technique of model reference adaptive system MRAS, sliding mode and
extended Kalman filter observation based on the modeling (d-q) is a feasible and interesting

technique for controlling the MSAP.
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