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ABSTRACT

TYRE SLIP CONTROL METHODS FOR ELECTRIC VEHICLES
JAVED, NOFAL
M.Sc., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Hulusi Bülent ERTAN
Co-Supervisor: Assoc. Prof. Dr. Moustapha ALHAJDIBO
May 2021, 113 pages
The goal of this research is to model an electric vehicle model in Simulink of
MATLAB. The vehicle type taken under consideration is 4×4 all individual wheel
operating battery electric vehicle with a curb weight of 1080 kg, all wheels are operated
under same road conditions. The Newton’s motion laws are the key approach while
designing the model. Traction control system (TCS) along with anti-lock brake system
(ABS) are the control techniques that are followed as primary aspect while scheming
the model. Once an EV model is modelled the simulation give results to different
parameter i.e., longitudinal velocity, lateral velocity, yaw rate, longitudinal
acceleration, lateral acceleration, yaw acceleration, different type of forces acting on
the wheels of an electric vehicle, etc. The aim of my research is to find the Slip of the
electric vehicle. Slip is the relative motion between the tyre and the road surface on
which the vehicle is moving. The Slip plays different results by applying different
steering values, the values of steering angle are taken in between -30º to +30º. Slip
also varies and depends on different road conditions i.e., wet, dry, snow or ice. In my
electric vehicle model, different road conditions (i.e., dry asphalt, wet asphalt, snow
and ice) are taken under consideration. The range of slip is always between 0 and 1.
The tyre model I followed is Pacejka tyre model in other words magic tyre formula.
After obtaining the Slip three different controller approaches are provided
individually. The reason to apply controllers is to obtain the desired and accurate result
in terms of slip. The proposed controller techniques are proportional-integral-
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derivative controller (PID), sliding mode controller (SMC) and fuzzy logic controller
(FLC).
All three type of controllers are feedback controllers that means the output obtained
will be again given back as input to the controller to minimize the error attained. Once
the controllers i.e., PID, SMC and FLC are applied then the results of all three
individual controllers are obtained and then the comparisons are performed one by one
of each controller. The result obtained by my vehicle model i.e., slip particularly, will
be later associated with some other seeks made on identical topic. The results
performed on the electrical vehicle shows that the FLC give the best result among all
three controller techniques.
Keywords: Electric Vehicle, TCS, ABS, PID, SMC, FLC, Pacejka Tyre Model.
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ÖZ

TYRE SLIP CONTROL METHODS FOR ELECTRIC VEHICLES
JAVED, NOFAL
Yüksek Lisans, Elektrik ve Elektronik Mühendisliği Bölümü
Tez Yöneticisi: Prof. Dr. Hulusi Bülent ERTAN
Ortak Tez Yöneticisi: Assoc. Prof. Dr. Moustapha ALHAJDIBO
Mayıs 2021, 113 sayfaları
Bu araştırmanın amacı, Matlab'ın Simulink'inde bir elektrikli araç modeli
oluşturmaktır. Değerlendirmeye alınan araç tipi 4×4 tamamı tek teker çalışan akülü
elektrikli araçlardır 1080 kg boş ağırlığa sahip araç, tüm tekerlekler aynı yol
koşullarında çalışır. Newton'un hareket yasası, modeli tasarlarkenki temel
yaklaşımdır. Çekiş kontrol sistemi (TCS) ile birlikte kilitlenmeyi önleyici fren sistemi
(ABS), modelin şemasını oluşturan birincil bakış açısı olarak takip edilen kontrol
teknikleridir. Model oluşturulduktan sonra simülasyon sonuçları farklı parametreleri
verir, yani uzunlamasına hız, yanal hız, sapma hızı, uzunlamasına ivme, yanal ivme,
sapma ivme, elektrikli bir aracın tekerleklerine etki eden farklı türden kuvvetler vb.
Araştırmanın amacı, elektrikli aracın slip değerini (senkronize hız ve rotor hızının
arasındaki fark) bulmaktır. Takip ettiğim lastik modeli Pacejka lastik modelidir, bir
diğer deyişle sihirli lastik formülü. Slip, farklı direksiyon değerleri uygulayarak farklı
sonuçlar verir, direksiyon açısı değerleri -30º ila + 30º arasında alınır. Slip de farklı
yol koşullarına, örneğin ıslak, kuru, karlı veya buzlu olmasına bağlı olarak değişir.
Önerilen modelde kuru yol koşulları dikkate alınmıştır. Slip elde edildikten sonra üç
farklı kontrolör yaklaşımı ayrı ayrı sağlanmıştır. Önerilen kontrolör teknikleri orantılıintegral-türev kontrolör (PID), kayan mod kontrolörü (SMC) ve bulanık mantık
kontrolörüdür (FLC). farklı yol koşulları (yani kuru asfalt, ıslak asfalt, kar ve buz)
dikkate alınır. Kayma aralığı her zaman 0 ile 1 arasındadır.
Üç tip kontrolör de geri besleme kontrolörleridir, bu da elde edilen çıktının elde edilen
hatayı en aza indirmek için kontrolöre girdi olarak geri verileceği anlamına gelir.
v

Kontrolörler, yani PID, SMC ve FLC uygulandığında, üç ayrı kontrolörün tümünün
sonuçları elde edilir ve ardından karşılaştırmalar, her bir kontrolörden tek tek
gerçekleştirilir. Önerilen elektrikli araç üzerinde gerçekleştirilen sonuçlar, FLC'nin üç
kontrolör tekniği arasında en iyi sonucu verdiği yönündedir.
Anahtar Kelimeler: Elektrikli Araç, TCS, ABS, PID, SMC, FLC, Pacejka lastik
Modeli.
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CHAPTER 1

1. INTRODUCTION TO AN ELECTRIC VEHICLE

1.1. Introduction and Background.
The scientists, researchers and experts made an exploration and explained that world
almost hold fossil fuels for 70 or 80 years from now and by increasing rate of fuel as
in gasoline form is a worrying factor in future. This concern was critical to develop
some alternative technology that is more reliable and mostly dependent on natural
endless power providing reserves like wind, solar or electric vehicle (EV). The
manufacturing of EV has been started long time ago and now they are preferred more
by the consumer and customers. The number of vehicles manufacture are being
increased every year in parallel to the population increment. That is a positive
characteristic in EV industry. Some advancement and developments are also done for
example manufacturing a long running battery on single charge technology and the
pollution free alternative sources i.e., solar charging, electric wireless charging that are
beneficial and useful for mankind. The population upsurge made increase in pollution
and to avoid this problem people take precautions in terms of using hybrid or electric
vehicle. By this means the main issue can be directed, hence the decrease in pollution
will take place and the dangerous gasses generated by gasoline will be released less
into the atmosphere. By the development of electrical vehicle, the study and research
on improving the drive system and model as well as the control technology has gained
a vast importance.
The battery electrical vehicle (BEV) which has almost zero emission of dangerous
gases and biproducts are most famous in current time and this type of electric vehicle
will be focused in this research. It is an example in which alternative energy is used.
The electrical vehicle made a remarkable update into transportation industry of the
world. The main pros of EV are non-polluting products for the environment, high
safety, high energy efficient, diversification of energy, power system equalization, no
local exhaust emissions quietly operated and vibration free technique as well as
1

comfortable. It has some consequences as well, which can be low energy density and
it require long time to charge batteries, but these disadvantages will be overcome with
time for example the mobile phones, initially when they were introduced they, requires
much time to charge the batteries but as the technology got advanced the time for
charging got shorter and more over discharge time also got augmented. Similarly, the
performance of EV can be improved by introducing an advance optimal energy
management method, suitable motor design that are more efficient and less power
drawing instrument a simple wound field DC motor will be used in this research. Drive
method selection and control approaches can be made advance to increase the
performance of the EV.
1.2. Types and Strategies.
In the current epoch, we are quite advanced and updated in the automotive sector and
in current era we have following main types of vehicles used worldwide.
➢ Conventional Vehicles
➢ Non-Conventional Vehicles
➢ Hybrid Vehicles
The vehicle type that use any type of gasoline to make effort are known as conventional
vehicles in other words the conventional vehicles are referred to the types that
represents a comprehensive vehicle model including the utilization of transmission
control, an engine of internal combustion as an obligatory part and associated
powertrain control algorithms. Cars, Busses, Trucks that holds engine are the example
of conventional vehicle types while A non-conventional vehicle is referred to as any
motorized vehicle (gas or electric powered) that is used for transporting people,
equipment’s or other goods. i.e., Golf carts, ATVs or low-speed vehicles. The world
is advancing more towards the hybrid and electric vehicle as they are more productive,
cost efficient and low contamination generators. Hybrid vehicle are the combination
of two types i.e., conventional vehicle and the non-conventional vehicle (electric
vehicle). Which means they have an engine of internal combustion as well as the
additional battery to be powered as desired circumstances. In this thesis I am going to
focus on electric vehicle. EV can be classified in a pure non-conventional automobile.
Developments in the technology of an EV and updating those developments in the
2

transport industry are fast than ever. The major reason of popularity of an EV is the
uncertainties and fluctuations in oil prices worldwide and the other main drawback of
conventional vehicle is the emission of products that are not suitable for environment
and are causing global warming. Anybody who’s driven a normal internal combustion
vehicle will be familiar with the concept of a gearbox. Indeed, those driving an
automatic and not changing gears themselves will know that there are a few sorts of
gearbox included. Beyond giving for a change within the drive direction, the reason
for a gearbox is basic. By its design, an internal combustion engine can only reliably
rotate up to a certain stamp, around 7000 rpm for the normal petrol-powered road car.
They also make useable and peak torque in a narrow revolution band. In this way, a
gearbox is utilized to differ the compelling torque and speed as required by varying
driving conditions.
For instance, at start-off, a large gearwheel is used, which provides more leverage and
thus more torque that is needed to overcome inertia. Conversely, at high speeds, a
smaller gearwheel is deployed which spins faster, thus providing more vehicle speed.
In this way, different gear sizes provide differing amounts of torque and speed while
keeping the engine spinning within the meat of its power band. An electric motor, on
the other hand, develops its maximum torque from literally a standstill and it stays
pretty much consistent right across the rev range. Furthermore, this rev range is very
broad, easily and safely spinning to as high as 20,000 rpm. Thus, with such a wide
window of operation, one gear ratio is sufficient to provide the torque and speed
required. This does not mean, however, that a multi-ratio setup isn’t possible for an
EV. With multiple gears, an EV could achieve better low-end acceleration as well as
top speed and this could also help increase its range marginally. In fact, some Formula
E race cars have used gearboxes with up to five speeds, while the Porsche Taycan
employs a two-speed gearbox. However, given that a single ratio provides the bulk of
the required performance, nearly every EV today uses a single-speed unit rather than
have to manage the complexity of a multi-ratio gearbox as well as the added cost, the
last thing an EV needs. And therefore, EVs today have no gearbox, or rather, just a
single speed unit. Taycan is all-wheel drive electric car, holding four doors sedan
shape. The motor model will be explained in Chapter 2.
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There are two type of drive schemes that can be used. Single drive system and multiple
drive system. Similarly, there are two differential classifications mechanical and
electronic differential techniques, used in drive systems of an EV. The classical or
conventional mechanical differential system is related to distributing the torque, which
is produced by a single motor in an automobile and then transferred to the wheels.
Similarly, on other side, alternative structures and methods, such as electronic
differential, have been studied to reduce the disturbance for a smoother, effective and
efficient drive. In some studies, instead of using one single motor, the motors to
develop the required torque are installed right inside the wheels. Thus, the motors of
wheels can be controlled separately to give quick and exact response to generate the
required torque. With assistance of this system, it provides dissimilar speeds for all
wheel principally while turning corners.
The electronic differential has the pros like faster response time, accurate traction
torque at all wheels, increase driver safety, increment in energy efficiency lowering
the mass/weight and more flexibility. The differential i.e., electronic, is not that
complex since it does not include heavy and inefficient mechanical parts, gearboxes
or clutch. Every wheel has its own individual torque producing motor which is used to
activate additional control technique i.e., traction control, stability control and direct
torque control. It is also stretchy towards retuning a new motor if some hazards are
accrued and the reconfiguration process is also easy. Different types of motors are used
in EVs with differential operation. The selection of electric motors for EVs differs and
depends on application to application. Features and configurations of each EV
application are defined with respect to dimensions, weight/mass, speed, acceleration,
height, voltage, range and torque. Since torque–speed characteristics of DC motors
well suit traction requirement besides the simplicity in their speed controls, they
counter the prominent aspects in EVs.
1.3. Control Techniques.
In modern era of vehicle, there are numerous control system and technique being used
but control system of traction or traction control system (TCS) holds a vital hand on
the stability and safety of the vehicle. It requires some sensors connected with the
electric control unit (ECU) that apply the same speed in all the wheels of automobile
another application that operates on this base of traction control is the anti-locking
4

brake system (ABS). What is the main need of applying traction control? Answer to
this question is suppose one wheel of the vehicle is rotating more rapidly as compared
to other wheels, then the sensors will send the feedback signal to ECU about the wheel
running more quickly. ECU will send the signal to ABS and it will pump the brake to
slow down that wheel and synchronize it with the other wheels. Hence it prevents the
wheel from spinning. TCS is being used in both conventional and non-conventional
vehicles in current era. The advantage that EV holds as likened to the conventional
vehicles is that the engine of internal combustion, electric motors have the capabilities
to control the generated torque with the better and precised dynamic performance. The
major aptitude that electric drives or motors have is the effective traction control force
applied between the road surface and the tyres of the vehicle. By this approach the
safety, security and stability of the vehicle are improved while comparing with
traditional conventional cars. The research consists of modelling of traction control
system as well and later applied to the EV model. The (TCS) is not mandatory to apply
on any vehicle, it is obvious that it is a secondary function that is used for the electric
stability control system (ESC), for controlling the output energy (power) or feedback
given by the motor. The key motive of using (TCS) is that wheels on driven road can
be controlled or prevent from traction or skiting. If the throttle input and the torque of
engine are mis matched to the surface condition of the road the (TCS) is activated.
Intervention consist of one or further of the following points.
•

Some suppression or reduction can be noticed, due to change in spark order in one
or more cylinders.

•

A boost-control-solenoid (BCS) is actuated to reduce boost and therefore engine
power, in turbocharged vehicle.

•

Brake vigour pertain (applied) to one or more than one wheels.

•

If the vehicle is tailored with drive by wire throttle, then closing the throttle.

•

In any cylinder (one or more) the gasoline supply is reduced.

The basic approach behind the TCS is losing the road grip that negotiate steering
control of an automobile which is related to the alteration in traction of the drive
wheels. Turning of an automobile or change in the condition of road for dissimilar
wheels can cause variance in slip. If a vehicle turns, its inner and outer wheel turns at
5

difference speeds. This problem can be conventionally controlled by an important
device known as differential. To employ active differential is to add some additional
improvement in differential that can differ the quantity of energy in the form of power
to inner and outer wheels as required. For example, if outward slip is sensed while
turning, in this case the active differential will distribute more power towards the outer
wheel in order to minimize the yaw (essentially the degree to which the rear and front
wheels of a car are not in line). Traction control unit in addition, collaborating with
electromechanical sensor assembly, controls the active differential while taking a turn.
The TCS is not used alone it is often incorporated with another control unit such as
module of anti-locking brake system (ABS). The main purpose of it is to detect that if
one or more wheels in a vehicle are driven faster than other wheels. It involves and
invokes the anti-locking brake system (ABS) and the electronic or electric control unit
(ECU) to apply friction caused by braking to those wheels that are spinning faster than
other wheels so that it can be lessened the traction. The embedded system that controls
and operate one or more electrical system or the subsystem in an automotive electronic
is known as ‘ECU’. Power transfer to the wheel axle with traction will be noticed due
to machine-driven (mechanical) action inside the differential by applying brakes on
the wheel that is slipping.
All wheels driven (AWD) vehicle mostly have an electronically controlled couple
system in the transaxle engage or transfer case. Traction control system (TCS)
advances the acceleration under slippery condition, more over it also helps in rotating,
turning and cornering condition with more safety. The wheels that are driven will loss
traction and can slide side away if the throttle applied is too much while cornering.
This is occurred in an oversteering in rear-wheel-drive vehicle and an understeering in
front wheel drive. (TCS) can moderate and conceivably indeed rectify the oversteer
and understeer from happening by limited power to the underdriven wheel or wheels.
The anti-locking brake system (ABS) is another new technique used for safety of
vehicle it allows the vehicle to avoid skid. Cadence braking and threshold braking
principles are followed and used in it. ABS operate more effectively and at fast rate as
compared to old braking techniques. ABS improve the stopping distance and generally
improve the control of the vehicle on all type of surfaces i.e., dry, wet, snow or icy
slippery surface [1]. The ABS is also associated with electronic stability control system
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(ESC) or vehicle stability control system (VSC), also referred to as, electronic or
electric stability program (ESP) or dynamic stability control system (DSC) are the
techniques that are used to improve the control of vehicle while on slippery condition
or cornering of the vehicle. If some obstacle is in front of vehicle while the vehicle is
at speed it helps the vehicle to control and stop efficiently without skidding or having
an accident. For that there are few sensors that are used in all four wheels of the vehicle
that are connected to an ECU and the sensors sense and tell the speed of all the wheels
to ECU and the major role is played by ECU to give signals and apply the pressure of
brake on different tyre at different amount to avoid any mishap.
1.4. Literature Review on EV’s.
Three types of controllers, proportional integral derivative (PID), sliding mode control
(SMC) and fuzzy logic control (FLC) are applied in this study for the motor drive
systems. Sliding mode control (SMC) is a control method based on variable structure
theory that was developed by Utkin in 1977 [2]. A generalized idea of all three
controllers are taken from here and is used in this research. It is mainly a robust
switched feedback control and has become attractive in the past few decades. The
nonlinear framework state direction is driven onto the sliding surface within the state
space and the state direction is maintained on this surface for all resulting time. This
control strategy has a few key points of interest for example its capability to orchestrate
the framework energetic characteristics with the exchanging function, inattentiveness
to auxiliary instabilities, undemonstrated disturbances and dynamics [3],[4]. SMC
methods can be connected to numerous distinctive sorts of glitches. There are SMCs
based on hypothesis and applications for different frameworks like a MIMO,
nonlinear, stochastic, direct and discrete time frameworks [5]. SMC applications and
their ideas are taken from here and applied in the proposed research.
In fuzzy logic controller (FLC), the human knowledge and experience are stated about
linguistic variables forming fuzzy rules. FLC employments the human operator’s
encounter, so the human administrators set the framework input to get a wanted yield
of the framework denied of any information on the precise numerical model and
dynamics of the framework. The FLC deals with complexities, non-linearity, and
instabilities of the frameworks deprived of the need of numerical models and
parameter assessment to supply great enough execution [6]. The examples and other
7

studies related to FLC are studied from here and used in the research done in this thesis.
FLC has been applied and used in frequent zones such as traffic control, robotics,
aircraft control, database, medicine, power systems, pattern recognition, management,
communication, psychology and medical areas [7].
While using a PID we have three parts or values to keep in consideration. If there is
disturbance or error in any of the three qualities the whole result achieved can have
error in it that three parameters are proportional (kp), integral (ki) and derivative (kd).
This control method comprises of error signal to apply a control signal to the process
based on a summation of proportional, integral and derivative corrections. These alldiscrete components of the “PID” controller interpret for the previous, current and
upcoming error signal values, respectively. The “PID” controller is correspondingly
available in P, PI and PD configurations, depending on application.
All of these three controllers, i.e., proportional integral derivative (PID), sliding mode
control (SMC) and fuzzy logic control (FLC) have many pros and cons. To eliminate
or lower the downsides and combine the advantages, the amalgamation of SMC and
FLC has been realized using different tactics and approaches. The new approach that
few researchers are using now a days while designing their controller is SMC used
with FLC to control the traction terms, to provide desired steady state error dynamics
and to diminish the chattering effect it also improves the system robustness. While
some studies and findings have investigated the use of fuzzy logic rules to turn sliding
mode controllers on, by doing it the SMC results more stable and reliable in output
results. The sliding surface of the system is intended and designed by means of fuzzy
rules in some studies [8]. Parameters involved in PID, SMC and FL controller are
studied in detail from these papers and applied in the proposed research.
A slip ratio control strategy utilizing fuzzy dynamical sliding mode technique
(FDSMC) is proposed to decrease the slip proportion oscillations within the
autonomous AWD EV traction control. The slip proportions are too accurately
estimated in a better approach to bolster this control prepare. Firstly, in this control
strategy, the fuzzy rationale strategy is connected individually to direct the exchanging
surface and the coming to law of DSMC with the assessed slip proportions, which are
utilized to debilitate the chattering and progress the merging rate to a few degrees
besides the control structure of DSMC is planned to get the smooth torque outputs
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from all autonomous footing engines, which are actualized within the anti-skid control
for EV within the end. The recreation tests appear that the strategy can incredibly
maintain a strategic distance from the downside of control chattering happened within
the classical sliding mode control. Additionally, the vigour of frameworks for
parameter vulnerabilities is additionally ensured in re-enactment validation [9]. Slip
and their effect as well as traction control system is studied in detail from this research
paper and then it is kept side by side in the proposed research.
A research was conducted on controlling traction for a four-wheel electric vehicle by
using the longitudinal slip ratio control technique. By keeping the slip ratio value
inside an optimal limit, it can be ensured that the maximum driving force is obtainable
by increasing the friction force between tyre and road. To find the extreme driving
force, the slip ratio at all times need to be engaged at the reference rate. But alteration
is seen continuously in the road conditions, hence when the mass of load such as
baggage or passenger vicissitudes, the vehicle mass is also altered. Therefore, slip ratio
needs to be meticulous under the different road conditions and changing in vehicle
mass [10]. Traction controller is taken under detail concentration from this research
paper and is used as a basic to apply traction control in my research.
A four-wheel autonomous drive electric vehicle utilizes four in-wheel (or hub) motors
to drive the four wheels, the torque and the driving mode of each tyre can be controlled
autonomously. As one of the foremost prevalent dynamic security frameworks of
vehicles, acceleration slip regulation (ASR) is broadly utilized in four-wheel
autonomous drive electric vehicles these days to progress the vehicle’s speeding up
execution. The fundamental guideline of ASR is to control the slip rate of driving tyre
inside the extend of the ideal slip rate. The investigate on ASR is conducted utilizing
the sliding mode variable structure control framework, the PID control and the ideal
control independently. Based on the edge precise increasing speed and grip rate, an
antiskid fuzzy logic controller was designed and the re-enactment comes about appear
that the fuzzy controller can viably keep the slip rate in a reasonable range. In this
paper, a fuzzy logic control methodology of increasing speed slip control based on
precise speeding up and slip rate is proposed to preserve the tyre slip inside the ideal
run by altering the motor torque powerfully. The recreation comes about appear that
the fuzzy controller successfully anticipates driving wheel slipping and diminishes the
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slip rate [11]. The research conducted by Guodong, Yin, Xianjian and Jin holds same
concept, but the technique is different. The motor model and the vehicle model used
by them are different. The model presented by them is more complicated than the
model presented by me. The electric vehicle used by them is a Four-Wheel
Independent Driving Electric Vehicle. The slip conditions used by them are in optimal
condition ranges. A four independent wheel electric vehicle is used in my research and
the optimal slip conditions are also same. Vehicle dynamic model plays an important
role in whole research and to get an ideal slip result it is necessary to evaluate the
reality-based values to different parameters. Vehicle dynamic model given by them is
more complex than the model given by me. Damping coefficient is used in the research
done by them, which holds complexity to obtain. PMSM synchronous motor is
proposed by them while 16HP, 240V, 1750RPM wound-field DC motor is proposed
by me in this this thesis. The reason of taking wound-field motor instead of permanent
magnet dc motor is because wound-field dc motor has pre-set models of predetermined
electrical and mechanical parameters for various DC machine ratings. The main
advantage my research holds over their research is the use of traction control system.
TCS is a new technique and more popular in new era of vehicles. The results of slip
control obtained from TCS holds better result than all other available control
techniques to regulate the tyre slip. The control technique proposed by them is antiskid
control. ASR as compared to TCS holds difference in output slip results. If we compare
both the controllers the output slip result obtained by TCS is mostly better than that
obtained by ASR controller. The fuzzy controller proposed by them has two input
signals, and two inputs are the difference between actual slip ratio and threshold slip
ratio and the difference between actual angular acceleration and threshold angular
acceleration. The controller used by them are PID and FL controllers. While the
research done my me holds three controllers i.e., PID, SMC and FL controller. The
slip result obtained by them to reach 0.18 optimal slip for dry asphalt road conditions
was 1.4 seconds which is much slower than the time obtained by my research. The slip
result obtained by me to reach 0.18 optimal slip for dry asphalt road conditions were
0.223 seconds for FLC while 0.430 seconds for SMC and 0.893 seconds for PID. That
shows the controller designed by me is fast as compared to the controller designed by
them.
10

The investigate is centered on the anti-skid control of electric vehicles. The wheel slip
flow contains solid nonlinearity and vulnerabilities. The sliding mode control with a
boundary layer and grinding estimator is embraced within the inquire about to
overcome the challenges, in the meantime the chattering is diminished, while the
control execution is made strides altogether. Besides, in arrange to arrange the man’s
operation on the foot pedal and the programmed anti-skid control, a novel structure
with the driver’s requested slip proportion is proposed based on the street estimation.
Co-simulation built in SIMULINK and Car-Sim is conducted to demonstrate the
adequacy [12]. For safety driving on low adherent road surfaces, it is necessary to
apply anti-skid control. There are many anti-skid control techniques. Each wheel can
be driven by an independent in-wheel motor, consequently more efficient traction
force control and better stability control can be achieved based on this benefit. A
different approach for sliding mode controller is followed in the above-mentioned
research. Chattering effect is the main problem that is noticed when using sliding mode
controller. There are two approaches that can be used in SMC. SAT approach and
SIGN approach SIGN approach is used in the research mentioned above and that is
the reason chattering effect is noticed. While in the research performed by me SAT
function is used and because of this the chattering effect was neglected.
The fuzzy logic traction controllers displayed in the research direct brake torque to
control wheel slip. One fuzzy controller gauges the "peak slip" comparing to the most
extreme tyre road adhesion coefficient and directs wheel slip at that esteem. The
controller is attractive because of its capacity to maximize acceleration and
deceleration regardless of road condition. However, it was found through simulations
that the controller's execution debases in the presence of time-varying vulnerabilities.
The other fuzzy logic controller controls slip at any desired esteem. Through
recreations we found the controller to be vigorous against changing road conditions
and vulnerabilities. The target slip is foreordained and not fundamentally the top slip
for all street conditions. In any case in the event that the target slip is set low, steady
increasing speed and deceleration is ensured, regardless of road conditions. A fuzzy
logic approach is engaging for traction control because of the non-linearities and timevarying instabilities in traction control frameworks. Two fuzzy logic traction
controllers are displayed. One fuzzy controller gauges the ‘peak slip’ corresponding to
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the greatest tyre-road adhesion coefficient and directs tyre slip at that value. The other
fuzzy logic controller directs wheel slip at any craved esteem. The controller’s
performance and vigor against changing road conditions and time-varying
vulnerability is evaluated by re-enactment. The impact of traction control on
longitudinal vehicle platoon frameworks is studies by recreation moreover. The
recreations included speeding up and deceleration maneuvers on an icy road. The
results show that traction control may considerably progress longitudinal platoon
execution, particularly when icy road [13]. A research done by M. Bauer and
Masayoshi Tomizuka hold three type of road conditions i.e., dry, wet and ice road
conditions and fuzzy logic traction controller is proposed by them. Their result hold
similarities as my results because the reference slip for different road conditions were
taken same in both research. When dry road scenario is followed in their research it is
observed that their controller is slightly slower than the controller I designed in my
research. They reached steady state for dry condition at 0.75 seconds while my
controller reached steady state in 0.220 seconds. If we take wet road conditions their
controller reached steady state at 0.6 seconds while the controller designed in this
research got steady state at 0.208 seconds. In case of ice road conditions my proposed
controller reached steady state at 0.277 seconds while their controller reached steady
state around 0.3 seconds. This conclude that the proposed controller in this research
worked fast in dry and wet asphalt road conditions while the ice road conditions hold
approximately same time for steady state results. Traction control scheme for FL
controller is followed from this research and the peak slip result is noticed and later it
is compared with the result obtained by my research the comparison shows the result
obtained by proposed model is better w.r.t different road conditions as explained in
chapter 5.
Research on two independent wheel drive electric vehicle with improved performance
while using traction control system was performed. The past technique used for
traction control system was directed towards ‘hardware’. The world has progressed
much in software now and the advancement in software made hardware size small by
this measures the devices became more portable. Hence using a software type traction
control system (TCS) is more appropriate in modern era. Each wheel is coupled by
8.5kW permanent magnet DC machine. A power converter with two individual 4Q
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choppers are attached because the vehicle is two-wheel independent drive. One wheel
is powered by 48V,200A and the maximum switching frequency is 33kHz. Sliding
mode controller was used in whole process. The results obtained where after applying
sliding mode current control of 3 level chopper. The road conditions used in the
simulation were asphalt, wet and ice [14]. Different force acting on a vehicle is taken
from this research paper and is applied in the proposed research.
The speed of vehicle (𝑣𝑣 ) is related to the left-side-speed (𝑣𝐿 ) and the right-side speed
(𝑣𝑅 ) of the vehicle. Similarly, in other context we can say that if the left side speed of
the vehicle and the right-side speed of the automobile are equal then they are equal to
the vehicle speed. However, if the vehicle is in circle or is turning then the left side
speed is not equal to the right-side speed in this case the vehicle speed can be an
average of both speeds. In arrangement to create traction control system it is essential
to know the real speed of the automobile on both sides (𝑣𝑣 ) and the speed of all drive
wheels (𝑣𝑤 ). By these we can calculate the slip. The slip value depends on generated
motor torque and road conditions. The adhesion physiognomies of each tyre,
considering road conditions and the linear speed of wheels and vehicle will define the
driving forces, 𝐹𝑑𝐿 and 𝐹𝑑𝑅 and the side forces, 𝐹𝐿𝐿 and 𝐹𝐿𝑅 , effectively applied in the
contact between tyres and road surface [15]. Difference in left-side speed and rightside speed of the vehicle is obtained from the research paper and is used in my research
to find the actual speed of the vehicle. If the vehicle is turned and the direction is
changed then what will be the effect on its trajectory, it is also explained with the help
of this research paper.
There are numerous important parameters to keep under consideration while
modelling or designing an EV model. One of the critical things is the tyre model. The
dynamic safety of a vehicle also depends on tyre area. The dynamic safety is the aspect
that should be kept in mind before using a tyre model. Dynamic safety depends on
optimizing stability, steering and brake performance by tuning the chassis and tyre
design. The coefficients used in tyre model are four in numbers and they can be,
stiffness factor, shape factor peak factor, curvature factor. The parameters involved
and the meaning of them will be explained later in the tyre model Chapter 2.
Most of the EV models use Pacejka tyre model which is also known as magic tyre
formula because it is very accurate in describing and defining the parameters. It also
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characterizes some of the typifying quantities of the tyre such as slip stiffnesses and
peak values as permits the calculation of forces and torque in conditions which deviate
from those imposed during the actual measurements. If we compare with the
conventional way of representing tyre data by polynomials with coefficients which
have no direct physical meaning, this way of representing tyre data seems to be a big
step in the right direction. Because of the physical meaningful coefficients of the
representation, it is easy to vary some of the characterizing quantities of the tyre.
Simulations may then be carried out with a hypothetical tyre. In this way, the
performance or output result of a specific vehicle can be predicted [16]. The tyre model
used in the thesis is taken from the above-mentioned research paper.
MATLAB Simulink is used for designing the fuzzy logic approach. The approach
focuses on the fuzzy rule base construction using the time varying values of controlled
error (e) and its difference (∆e) mapped on e-∆e space. A fuzzy logic controller (FLC)
is outlined in Simulink of MATLAB environment, In the instruction to demonstration
the simplicity of generalized model of the projected tactic. Fuzzy logic (FL) controllers
based on fuzzy set of hypotheses are utilized to represent fuzzy rules. Fuzzy rules are
the knowledge encounter and experience of a human administrator in terms of
etymological factors. The usage of etymological rules of fuzzy logic are based on the
methods done by human administrators does not require a mathematical model of the
framework or system. Since an expert human administrator modify the framework
inputs to urge a wanted yield as an output by fair looking at the framework yield as an
output, without any information on the system’s dynamics and insides parameter
varieties [17]. The fuzzy logic system is based on three sections basically, fuzzification
, rule base , defuzzification.
The procedure that is followed in the whole process can be explained as. Two input
signals, one, the key signal and the other is, its modification for each selection, to the
Fuzzy logic controller are transformed to fuzzy numbers first in fuzzification. After
this point they are utilized within the rule table of the compensated output signal to
decide the fuzzy number. At the end, the resultant join together to fuzzy subsets
representing the controller output and are changed over to the fresh values [18]. The
explanation of rules will be explained in later Chapter 4.
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ABS is used in the vehicles to prevent slipping and locking of the wheels, after the
breaks are applied. Due to its uncertain and strongly nonlinear characteristics. Control
is a complicated problem in ABS. The wheel slip control of the ground vehicle is
investigated in the research. Compromising two new stratagems. First strategy is
sliding mode control (SMC), while the other approach is fuzzy sliding mode control
(FSMC). Which is combination of fuzzy logic and sliding mode controller. Chattering
effect is a big problem seen in SMC, to avoid this problem FSMC is used and applied.
FSMC also ensure the stability of the closed loop systems. ABS compromises of a
hydraulic modulator (control valve), control electronics (central unit) and sensors on
the wheels. Sensors continually get information on braking power. There are no
sensors in ABS that can distinguish the road surface on which the car is moving. The
primary aim of ABS is to maintain the wheel slip in some required value depends on
the road conditions to ensure the safety and steerability of the vehicle when the brakes
are applied suddenly. SMC available in the research holds SIGN function in the control
law also known as variable structure controller (VSC) because the phenomenon of
chattering can execute high frequency and damage the system to overcome this the
function of transition band around the sliding surface is used [19]. Using VSC can be
a complex work to do if we have to get rid of chattering effect the easiest and reliable
technique is to use SAT type SMC. The SAT type approach will be used in my research
and it holds better results in different road conditions.
1.5. Motivation and Aim of Thesis.
The curb weight of vehicle is taken as 1080 kg. Effective radius of the tyre is taken as
0.3 m. The vehicle type taken under consideration is 4×4 all individual wheel operating
battery electric vehicle (BEV). A simple DC 300V battery is attached with the 16HP,
240V, 1750RPM wound-field DC motor with the field voltage of 300V in such a way
that the power input to the motor is actually the power output of the battery. 16HP
motor is chosen because of the weight of the vehicle, as four individual motors are
used, it will be 64HP in total which suits the curb weight of the vehicle. Slip λ plays
an important role in the safety and stability of the vehicle. As slip is defined as the
relative motion between the tyre and the road surface on which the vehicle is moving.
This slip can be generated either by the tyre's rotational speed being greater or less
than the free-rolling speed. As Pacejka tyre model is focused in this research so all the
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parameters to define slip can be obtained. The slip is related to real speed of the vehicle
and the tyre speed and the value of slip is always in 0 and 1.
Traction control system is built and the input given to the traction control system is
longitudinal force that is acting on the vehicle and the slip of the vehicle. Traction
control system controls the angular speed of the tyre and this creates slip of the vehicle
under control. Once the slip is controlled the stability of the car is also improved. While
designing all three controllers i.e., PID, SM and FL controllers the best controller result
will be compared with already available results of different research. As updated and
advance traction control technique is obtained in this research it can hopefully show
the result of slip obtained from my research better than another research. A research
done by M. Bauer and Masayoshi Tomizuka [13] hold three type of road conditions
i.e., dry, wet and ice road conditions and fuzzy logic traction controller is proposed by
them. Their result hold similarities as my results because the reference slip for different
road conditions were taken same in both research. While the condition of controllers
is taken on four roads i.e., dry asphalt, wet asphalt, snow and ice conditions.
The laws of conservation of energy i.e., Newton’s motion law will be the main
approach used to model an EV, Simulink of MATLAB will be used to make the
simulations of the EV model. The vehicle type taken under consideration is 4×4 all
individual wheel operating battery electric vehicle (BEV). Dynamic, kinematic, tyre,
forces and motor model of EV will be explained in detail. Results of different
simulation parameters i.e., longitudinal, lateral, yaw (velocities), longitudinal, lateral,
yaw (accelerations), normal forces, friction forces, motor output etc., will be obtained
and shown, respectively.
Different control techniques will also be used to make the simulation results
satisfactory i.e., traction control system will be applied on the EV model. Once the
model is obtained, I will design and attach three type of controllers with it i.e., PID,
SMC and FLC controllers individually. The reason to apply controller is to obtain the
crisp and more realistic values of different parameters. The motto of the research will
be to find the slip of and EV while the road condition followed will be dry asphalt, wet
asphalt, snow and ice. My primary concern will be towards the slip of an EV, reason
to find slip is because it is one of the most important parameters in vehicle dynamics
and it is related towards the safety and stability of the vehicle.
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All the parameters and approaches will be mentioned in respective chapters. After
designing the controllers, I will attach the controllers with the EV model and the
comparison will be made. Comparison will be done on different road conditions of all
three controllers. The consequences and pros will also be explained in detail later in
different chapters. In the end the comparison will be done by other researchers work
on related field. Mitsubishi i-MiEV will be the vehicle on which most of the research
is related. Little changes are made in the vehicle model as the present vehicle is one
permanent-magnet motor drive and I am defining the vehicle as 4-wheel individual
wound-field DC motor drive. Hence single motor will be replaced with four individual
motors. The motor model will be explained later in Chapter 2.
In the thesis, modelling of and EV is done in MATLAB, Simulink, using different
blocks mentioned in Chapter 2. Three individual controller approaches i.e., PID, SMC,
FLC will be used to measure the slip of vehicle. TCS will be applied after modelling
the EV and applying different controllers. Dynamic, kinematic, tyre, forces and motor
model of EV will be explained in detail. The main aim of my research is to implement
three different type of controllers on an EV model and later I will compare the slip
results obtained by applying all three controllers individually on different road
conditions i.e., dry asphalt, wet asphalt, snow and ice. The slip results of all three
controllers will be compared and the selection will be made on the results of the
controllers i.e., which one among all is giving more accurate and reliable result as well
as which one is lagging. In the end a detail comparison will be made by other
researchers work on same field. The controllers I am going to use in my thesis are
following.
➢ Proportional Integral Derivative Controller
➢ Sliding Mode Controller
➢ Fuzzy Logic Controller
An EV model consist of two main blocks i.e., dynamic block or model and kinematic
block or model. These are referred to primary models of EV. The results and the
outputs depend on the accuracy of the dynamic and kinematic model. The vehicle
dynamic model has two inputs, steering angle and the angular velocity of the wheel
shaft that comes out from controlled traction motor drives. The dynamic model in a
result gives outputs in the form of longitudinal acceleration, lateral acceleration and
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yaw rate. These obtained outputs are then entered to the kinematic model of an EV in
a result we achieve longitudinal velocity, lateral velocity and yaw velocity which is
also known as yaw rate [20].
My proposed EV model will be explained later in the Chapter 2. As the modelling an
EV is the main part, the torque of each wheel of the vehicle dynamics is known and
controlled. The maximum torque independent to the surface of road, will be applied
by the traction control system (TCS). Traction control system mainly depends on the
speed of wheel (𝑣𝑤 ) and the real speed of the vehicle on both sides i.e., left side and
right side and also on the steering angle (𝛿), of the automobile.
1.6. Thesis Layout.
➢ Chapter 1 (Introduction to Control of an Electric Vehicle). An introduction to
Electric Vehicle, Proportional-Integral-Derivative Controller, Sliding Mode
Controller, Fuzzy Logic Controller, Aims, Motivations and Literature Review
is given.

➢ Chapter 2 (Dynamic and Kinematic Modelling of an Electric Vehicle). An
electric vehicle is designed by applying different parameters and blocks in
Simulink of MATLAB

➢ Chapter 3 (Slip Control of an EV Using PID and SM Controller). PID and
SMC are applied individually on the proposed EV model and the calculation
of Slip is done for both of the controllers, separately.

➢ Chapter 4 (Slip Control of an EV Using FL Controller). FLC is applied on the
proposed EV model and the results of Slip are obtained after applying the FLC.
➢ Chapter 5 (Conclusion and Future Directions). All three controller results are
compared and the best among three is chosen. Future work and direction are
also provided in detail.
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CHAPTER 2

2. MODELLING OF AN ELECTRIC VEHICLE

2.1. Forces Acting on Vehicle.
The vehicle used is a four-wheel vehicle. Every wheel has its own individual motor.
The conditions are same for all the wheels. Model used in this research is general for
all other vehicles of same type. The model could be adapted to any EV (from the same
type) by adjusting its coefficients. The approach used in this research is traction control
system and due to this reason, the research gives better result of slip on different road
conditions. Research propose a combination dynamic and kinematic model of vehicle
that has distinguish features: (1) Accessible to change the parameters, (2) High
computational efficiency, (3) Applicable for all kinds of 4-wheel vehicles, (4) Explicit
difference in velocity of individual wheels (which is normally ignored in other models
but this is the advantage when working with independent controlled 4-wheel electric
vehicle). ABS is attached with TCS module to make it better in obtaining optimal slip
value. There are two type of approaches that can be followed for modelling an EV
model. The first approach is the identification method. This approach is used where
the structure of the system is unknown. While the second approach is to follow the law
of conservation of energy (Newton’s law). Most of the EV models follow the Newton’s
law tactic for modelling an EV the Newton’s law of motion more concisely, second
law of motion is the primary part involved. Second approach will be used in this
research i.e., Newton’s Laws.
The longitudinal and lateral accelerations 𝑎𝑥, 𝑎𝑦 can be formulated with Newton’s law
on the inertial frame and can be obtained in terms of components of forces [1], [2].
The longitudinal direction of the EV is referred by ‘X’ while the lateral direction of an
EV is represented by ‘Y’. The architecture of every electrical vehicle (EV) depends on
kinematic and dynamic models. These both models are primary part of any EV, while
secondary parts can include other elements and parameters, such as anti-locking brake
system (ABS), traction control system (TCS) or electronic stability control (ESC).
Different tyre models and road conditions hold diverse results on different parameters.
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In this Chapter the kinematic and dynamic model will be explained with all
mathematical equations. The EV model will be simulated using Simulink of
MATLAB.

Figure 2.1 Forces and torque acting on a simple 4-wheel vehicle.

𝐹𝑅𝑇 = 𝐹𝑅𝑅 + 𝐹𝑆𝑇 + 𝐹𝐷𝐴 + 𝐹𝐼

(2.1)

In equation (2.1).
𝐹𝑅𝑇 = Road Load
𝐹𝑅𝑅 = Rolling Resistance
𝐹𝑆𝑇 = Stokes Forces
𝐹𝐷𝐴 = Aerodynamic Drag Forces
𝐹𝐼 = Climbing Resistance
The resistance i.e., ‘rolling’ can be obtained by
𝐹𝑅𝑅 = 𝜇 𝑚 𝑔

(2.2)

m = vehicle mass
g = gravitational acceleration constant
𝜇 = rolling resistance coefficient (caused by the tyre distortion or malformation and
road contact)
𝐹𝑆𝑇 = 𝑘𝐴 𝑣

(2.3)

𝑘𝐴 = stokes coefficient
𝑣 = vehicle’s speed
1

𝐹𝐷𝐴 = 2 𝜌 𝐶𝐷 𝐴𝑓 𝑣 2
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(2.4)

𝜌 = air density
𝐶𝐷 = aerodynamic drag coefficient
𝐴𝑓 = vehicle frontal area
𝑣 = speed of the vehicle
The climbing resistance (𝐹1 is positive) or the downgrade force (𝐹1 is negative)
𝐹1 = 𝑃𝑠𝑖𝑛𝜃 = 𝑚𝑔𝑠𝑖𝑛𝜃

(2.5)

The mechanical equation (in the referential of motor) used to label each wheel drive is
articulated by Equation (2.6)
𝐽𝑚

𝑑𝜔𝑚
= 𝑇𝑚 − 𝑇𝑟
𝑑𝑡

(2.6)

𝜔𝑚 = angular motor speed
𝑇𝑚 = produced motor torque
𝑇𝑟 = rotational torque
𝜔𝑤ℎ𝑒𝑒𝑙 =

𝜔𝑚
𝑖

(2.7)

𝜔𝑤ℎ𝑒𝑒𝑙 = angular speed of the wheel
𝑖 = transmission ratio
𝑇𝑤ℎ𝑒𝑒𝑙 = 𝑇𝑚 𝑖 ℎ𝑡

(2.8)

ℎ𝑡 = transmission efficiency
𝑇𝑟 =

𝑇𝑟 𝑤ℎ𝑒𝑒𝑙
𝑖

𝑅

= 𝑖 𝐹𝑅𝑇

(2.9)

𝑅 = radius of tyre
𝐽𝑚 = 𝐽𝑤ℎ𝑒𝑒𝑙 + 𝐽𝑣

(2.10)

𝐽𝑚 = vehicle moment of inertia w.r.t motor referential
𝐽𝑤ℎ𝑒𝑒𝑙 =shaft inertia (motor and wheel inertia included)
𝐽𝑣 = corresponding factor of vehicle mass
𝐽𝑣 =

1 𝑅2
𝑚 (1 − λ)
2 𝑖2

λ = slip (relative difference between wheel and vehicle speed)
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(2.11)

Figure 2.2 Variables and parameters in the vehicle model

A simple block model is shown in Figure 2.2. Explaining the action of different Forces
on a vehicle. The longitudinal direction is represented by ‘X’ while the lateral direction
is represented by ‘Y’. All four wheels of the vehicle will grasp equal or similar
longitudinal or lateral forces as well as other forces. Simulation of forces will be done
in Simulink of MATLAB after modelling an EV model. 𝛿 is the steering angle of car.
𝑉𝑦 and 𝑉𝑥 are referred to lateral and longitudinal velocities of the vehicle.
Table 2.1 Nomenclature of Figure 2.1 and Figure 2.2
𝑭𝒙

Longitudinal force

𝑭𝒚

Lateral force

𝑵

Resulting yawing moment that the tyre applies to the vehicle

𝑰𝒁

Moment of inertia at Z-axis

𝒓̇

Angular acceleration

m

Mass of vehicle

𝒂𝒙

Longitudinal acceleration

𝒂𝒚

Lateral acceleration

𝒍𝟏

Distance of the front axle from center of gravity

𝒍𝟐

Distance of the rear axle from center of gravity
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𝒅

Distance between left and right wheel

𝜷

Chassis slip angle

𝜹

Steering angle

𝒓

Yaw rate

𝒗

Vehicle speed

𝑽𝒙

Longitudinal velocity

𝑽𝒚

Lateral velocity

From equation (2.12) and (2.13), it is evidently seen that they are tracked by Newton’s
second law of motion.
𝐹𝑥 = 𝑚𝑣̇𝑥 − 𝑚𝑟𝑣𝑦

(2.12)

𝐹𝑦 = 𝑚𝑣̇𝑦 + 𝑚𝑟𝑣𝑥

(2.13)

Using second law of motion given by Newton i.e., 𝐹 = 𝑚𝑎, we can write the Equations
(2.14) and (2.15). The longitudinal and lateral acceleration could be obtained as shown
in equations under.
𝑣̇𝑥 = 𝑎𝑥 + 𝑟𝑣𝑦

(2.14)

𝑣̇𝑦 = 𝑎𝑦 − 𝑟𝑣𝑥

(2.15)

2.2. Vehicle Kinematic Model.
The model that is related to the velocities as an output of an EV is known as kinematic
model. There is different type of velocities that can be attained from the vehicle
kinematic model i.e., longitudinal velocity, lateral velocity and yaw velocity.
𝑚(𝑉𝑥̇ − 𝑉𝑦 𝑟) = 𝐹𝑥1 𝑐𝑜𝑠𝛿 + 𝐹𝑥2 𝑐𝑜𝑠𝛿 − 𝐹𝑦1 𝑠𝑖𝑛𝛿 − 𝐹𝑥2 𝑠𝑖𝑛𝛿

(2.16)

𝑚𝑉𝑥̇ = 𝐹𝑥1 𝑐𝑜𝑠𝛿 + 𝐹𝑥2 𝑐𝑜𝑠𝛿 − 𝐹𝑦1 𝑠𝑖𝑛𝛿 − 𝐹𝑥2 𝑠𝑖𝑛𝛿 + 𝑚𝑉𝑦 𝑟

(2.17)

𝑉𝑥̇ =

𝐹𝑥1 𝑐𝑜𝑠𝛿 𝐹𝑥2 𝑐𝑜𝑠𝛿 𝐹𝑦1 𝑠𝑖𝑛𝛿 𝐹𝑥2 𝑠𝑖𝑛𝛿
+
−
−
+ 𝑉𝑦 𝑟
𝑚
𝑚
𝑚
𝑚

∫ 𝑉𝑥̇ = ∫

𝐹𝑥1 𝑐𝑜𝑠𝛿 𝐹𝑥2 𝑐𝑜𝑠𝛿 𝐹𝑦1 𝑠𝑖𝑛𝛿 𝐹𝑥2 𝑠𝑖𝑛𝛿
+
−
−
+ 𝑉𝑦 𝑟
𝑚
𝑚
𝑚
𝑚
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(2.18)

(2.19)

𝑉𝑥 = ∫

𝐹𝑥1 𝑐𝑜𝑠𝛿 𝐹𝑥2 𝑐𝑜𝑠𝛿 𝐹𝑦1 𝑠𝑖𝑛𝛿 𝐹𝑥2 𝑠𝑖𝑛𝛿
+
−
−
+ 𝑉𝑦 𝑟
𝑚
𝑚
𝑚
𝑚

(2.20)

From the Equation (2.20), we can find the longitudinal velocity of the proposed EV
model. Longitudinal velocity is that velocity of any automobile which is taken at the
length path, as shown in Figure 2.2. It is started from minimum and then can reach to
the maximum desired point, there is no role of steering if the car is moving vertically
straight without any angle, turn or change in its path.
𝑚(𝑉𝑦̇ + 𝑉𝑥 𝑟) = 𝐹𝑦1 𝑐𝑜𝑠𝛿 + 𝐹𝑦2 𝑐𝑜𝑠𝛿 + 𝐹𝑦3 + 𝐹𝑦4 + 𝐹𝑥1 𝑠𝑖𝑛𝛿
+ 𝐹𝑥2 𝑠𝑖𝑛𝛿
𝑚𝑉𝑦̇ = 𝐹𝑦1 𝑐𝑜𝑠𝛿 + 𝐹𝑦2 𝑐𝑜𝑠𝛿 + 𝐹𝑦3 + 𝐹𝑦4 + 𝐹𝑥1 𝑠𝑖𝑛𝛿 + 𝐹𝑥2 𝑠𝑖𝑛𝛿
− 𝑚𝑉𝑥 𝑟
𝑉𝑦̇ =

𝐹𝑦1 𝑐𝑜𝑠𝛿 𝐹𝑦2 𝑐𝑜𝑠𝛿 𝐹𝑦3 𝐹𝑦4 𝐹𝑥1 𝑠𝑖𝑛𝛿 𝐹𝑥2 𝑠𝑖𝑛𝛿
+
+
+
+
+
𝑚
𝑚
𝑚
𝑚
𝑚
𝑚

(2.21)

(2.22)

(2.23)

− 𝑉𝑥 𝑟
∫ 𝑉𝑦̇ = ∫

𝐹𝑦1 𝑐𝑜𝑠𝛿 𝐹𝑦2 𝑐𝑜𝑠𝛿 𝐹𝑦3 𝐹𝑦4 𝐹𝑥1 𝑠𝑖𝑛𝛿 𝐹𝑥2 𝑠𝑖𝑛𝛿
+
+
+
+
+
𝑚
𝑚
𝑚
𝑚
𝑚
𝑚

(2.24)

− 𝑉𝑥 𝑟
𝑉𝑦 = ∫

𝐹𝑦1 𝑐𝑜𝑠𝛿 𝐹𝑦2 𝑐𝑜𝑠𝛿 𝐹𝑦3 𝐹𝑦4 𝐹𝑥1 𝑠𝑖𝑛𝛿 𝐹𝑥2 𝑠𝑖𝑛𝛿
+
+
+
+
+
𝑚
𝑚
𝑚
𝑚
𝑚
𝑚

(2.25)

− 𝑉𝑥 𝑟
From Equation (2.25), the lateral velocity of an EV can be determined. The rate of
modification of momentum in the y-axis can be referred to lateral velocity and it can
be seen in Figure 2.2. Lateral velocity plays a vital role when the steering of a vehicle
plays role. Velocity is a very important parameter and it is a vector quantity that means
it has a direction while lateral means sideways. In other words, we can say lateral
velocity is the velocity that is perpendicular to the longitudinal velocity.
𝐼𝑍 𝑟̇ = 𝑙1 (𝐹𝑦1 + 𝐹𝑦2 )𝑐𝑜𝑠𝛿 − 𝑙2 (𝐹𝑦3 + 𝐹𝑦4 ) + 𝑙1 (𝐹𝑥1 + 𝐹𝑥2 )𝑠𝑖𝑛𝛿
+

𝑑
𝑑
(𝐹𝑥1 − 𝐹𝑥2 )𝑐𝑜𝑠𝛿 + (𝐹𝑦2 − 𝐹𝑦1 )
2
2
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(2.26)

𝑟̇ =

𝑙1 (𝐹𝑦1 + 𝐹𝑦2 )𝑐𝑜𝑠𝛿 𝑙2 (𝐹𝑦3 + 𝐹𝑦4 ) 𝑙1 (𝐹𝑥1 + 𝐹𝑥2 )𝑠𝑖𝑛𝛿
−
+
𝐼𝑍
𝐼𝑍
𝐼𝑍
𝑑
𝑑
(𝐹𝑥1 − 𝐹𝑥2 )𝑐𝑜𝑠𝛿
(𝐹𝑦2 − 𝐹𝑦1 )
2
+
+2
𝐼𝑍
𝐼𝑍

∫ 𝑟̇ = ∫

(2.27)

𝑙1 (𝐹𝑦1 + 𝐹𝑦2 )𝑐𝑜𝑠𝛿 𝑙2 (𝐹𝑦3 + 𝐹𝑦4 )
−
𝐼𝑍
𝐼𝑍
𝑑
𝑙1 (𝐹𝑥1 + 𝐹𝑥2 )𝑠𝑖𝑛𝛿 2 (𝐹𝑥1 − 𝐹𝑥2 )𝑐𝑜𝑠𝛿
+
+
𝐼𝑍
𝐼𝑍

(2.28)

𝑑
(𝐹𝑦2 − 𝐹𝑦1 )
+2
𝐼𝑍

𝑟=∫

𝑙1 (𝐹𝑦1 + 𝐹𝑦2 )𝑐𝑜𝑠𝛿 𝑙2 (𝐹𝑦3 + 𝐹𝑦4 ) 𝑙1 (𝐹𝑥1 + 𝐹𝑥2 )𝑠𝑖𝑛𝛿
−
+
𝐼𝑍
𝐼𝑍
𝐼𝑍
𝑑
𝑑
(𝐹𝑥1 − 𝐹𝑥2 )𝑐𝑜𝑠𝛿
(𝐹𝑦2 − 𝐹𝑦1 )
+2
+2
𝐼𝑍
𝐼𝑍

(2.29)

Equation (2.29) shows yaw equation. Yaw is the property that is perceived when the
weight of a vehicle is shifted from the center of gravity to the left or right after noticing
some maneuvers. Yaw is the property that spins the vehicle from center of gravity, it
is side to side motion. Figure 2.2 explains the yaw velocity acting on a vehicle. If
vehicle is in motion along with a longitudinal velocity, no yaw is obtained, while if
lateral velocity is taken consideration, then the yaw is also going to take place. Yaw is
directly proportional to the steering angle 𝛿. Whereas the value of delta varies between
30° to -30°. The complele vehicle kinametic model of all three equation will be as
shown in Figure 2.3, in which the ‘𝑟’(yaw velocity) output is given to both
‘𝑉𝑥 ’(longitudinal velocity) and ‘𝑉𝑦 ’(lateral velocity) while the output obtained from
‘𝑉𝑦 ’ is given to ‘𝑉𝑥 ’. As shown in equations (2.20 and 2.25).

25

Figure 2.3 Kinematic model of EV and block diagram of Vehicle kinematic model

There are two type of forces that will act in the vehicle kinematic model one is the
longitudinal force, represented by ‘𝐹𝑥 ’ and the other lateral force that is represented by
‘𝐹𝑦 ’. kinematic model is the fundamental and basic model that holds huge importance
in whole model as the lateral velocity ‘𝑉𝑦 ’, longitudinal velocity ‘𝑉𝑥 ’ and yaw rate ‘𝑟’
is obtained from it. The velocity that represent the up or straight direction is known as
longitudinal velocity while the velocity obtained after the turn or rotation of the vehicle
is represented as lateral velocity. Yaw rate that is also known as yaw velocity, plays
an important role in whole kinematic model as it represents the angle hence in other
words it can be explained as changing rate of heading angle when a vehicle is
horizontal. It is depended on angular velocity of the rotation and measured in degree
per second or radians per seconds. The yaw rate is directly proportional to the lateral
acceleration of the vehicle turning at constant speed around a constant radius.
2.3. Vehicle Chassis Dynamic Model.
The chassis dynamic model gives an output of the form, longitudinal acceleration ‘𝑎𝑥 ’,
lateral acceleration ‘𝑎𝑦 ’ and yaw acceleration ‘𝑟’. The chassis dynamic model of the
EV car can be made by ignoring rolling resistance, the forces that are applied to the
object i.e., car are the ones that appear at the tyre, road contact as shown in Figure 2.2,
including longitudinal forces 𝐹𝑥𝑖 ,lateral forces 𝐹𝑦𝑖 ,

i=1...4

With regards to rear right and left as well as front right and left wheel and air resistance
𝐹𝑎𝑖𝑟 .
𝑚𝑎𝑥 = (𝐹𝑥1 + 𝐹𝑥2 )𝑐𝑜𝑠𝛿 − (𝐹𝑦1 + 𝐹𝑦2 )𝑠𝑖𝑛𝛿 + 𝐹𝑥3 + 𝐹𝑥4 + 𝐹𝑎𝑖𝑟
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(2.30)

𝑎𝑥 =

(𝐹𝑥1 + 𝐹𝑥2 )𝑐𝑜𝑠𝛿 (𝐹𝑦1 + 𝐹𝑦2 )𝑠𝑖𝑛𝛿 𝐹𝑥3 𝐹𝑥4 𝐹𝑎𝑖𝑟
−
+
+
+
𝑚
𝑚
𝑚
𝑚
𝑚
𝜌
𝐹𝑎𝑖𝑟 = 𝑠𝑖𝑔𝑛(𝑣𝑥 )𝑐𝑤 𝐴 𝑣𝑥 2
2

(2.31)

(2.32)

Equation (2.31) gives the longitudinal acceleration ‘𝑎𝑥 ’ it is an imperative parameter
that is used to explain the vehicles kinematic behaviors as well as driver’s behavior.
And it is depended directly on the curve if the radius of the curve increases the
acceleration and deceleration rate decreases. If the deflection angle of the curve
increases, then acceleration and deceleration rate increases. Longitudinal acceleration
is positive if the car is acceleration while its negative if the brake is applied. Equation
(2.32) Represents the air forces that are acting on the vehicle.
𝑚𝑎𝑦 = (𝐹𝑥1 + 𝐹𝑥2 )𝑠𝑖𝑛𝛿 + (𝐹𝑦1 + 𝐹𝑦2 )𝑐𝑜𝑠𝛿 + 𝐹𝑦3 + 𝐹𝑦4

𝑎𝑦 =

(𝐹𝑥1 + 𝐹𝑥2 )𝑠𝑖𝑛𝛿 (𝐹𝑦1 + 𝐹𝑦2 )𝑐𝑜𝑠𝛿 𝐹𝑦3 𝐹𝑦4
+
+
+
𝑚
𝑚
𝑚
𝑚

(2.33)

(2.34)

Equation (2.34) represents the lateral acceleration ‘𝑎𝑦 ’ of the vehicle. This is the type
of acceleration that is created when the vehicle corners, tends and slides the vehicle to
sideways. This is mostly done due to the involvement of centrifugal force due to that
the vehicle is pushed outer side.
𝐽𝑧 𝑟̇ = 𝑙𝑓 (𝐹𝑥1 + 𝐹𝑥2 )𝑠𝑖𝑛𝛿 + 𝑙𝑓 (𝐹𝑦1 + 𝐹𝑦2 )𝑐𝑜𝑠𝛿 − 𝑙𝑟 (𝐹𝑦3 + 𝐹𝑦4 )
𝑏𝑓
𝑏𝑓
(𝐹𝑥1 − 𝐹𝑥2 )𝑐𝑜𝑠𝛿 + (𝐹𝑦1 − 𝐹𝑦2 )𝑠𝑖𝑛𝛿
2
2
𝑏𝑟
− (𝐹𝑥3 − 𝐹𝑥4 )
2
−

𝑟̇ =

(2.35)

𝑙𝑓 (𝐹𝑥1 + 𝐹𝑥2 )𝑠𝑖𝑛𝛿 𝑙𝑓 (𝐹𝑦1 + 𝐹𝑦2 )𝑐𝑜𝑠𝛿 𝑙𝑟 (𝐹𝑦3 + 𝐹𝑦4 )
+
−
𝐽𝑧
𝐽𝑧
𝐽𝑧
𝑏𝑓
𝑏𝑓
(𝐹𝑥1 − 𝐹𝑥2 )𝑐𝑜𝑠𝛿
(𝐹𝑦1 − 𝐹𝑦2 )𝑠𝑖𝑛𝛿
− 2
+ 2
𝐽𝑧
𝐽𝑧
𝑏𝑟
(𝐹𝑥3 − 𝐹𝑥4 )
− 2
𝐽𝑧
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(2.36)

∫ 𝑟̇ = ∫

𝑙𝑓 (𝐹𝑥1 + 𝐹𝑥2 )𝑠𝑖𝑛𝛿 𝑙𝑓 (𝐹𝑦1 + 𝐹𝑦2 )𝑐𝑜𝑠𝛿
+
𝐽𝑧
𝐽𝑧
𝑏𝑓
𝑙𝑟 (𝐹𝑦3 + 𝐹𝑦4 ) 2 (𝐹𝑥1 − 𝐹𝑥2 )𝑐𝑜𝑠𝛿
−
−
𝐽𝑧
𝐽𝑧

(2.37)

𝑏𝑓
𝑏
(𝐹𝑦1 − 𝐹𝑦2 )𝑠𝑖𝑛𝛿 2𝑟 (𝐹𝑥3 − 𝐹𝑥4 )
2
+
−
𝐽𝑧
𝐽𝑧
𝑟=∫

𝑙𝑓 (𝐹𝑥1 + 𝐹𝑥2 )𝑠𝑖𝑛𝛿 𝑙𝑓 (𝐹𝑦1 + 𝐹𝑦2 )𝑐𝑜𝑠𝛿 𝑙𝑟 (𝐹𝑦3 + 𝐹𝑦4 )
+
−
𝐽𝑧
𝐽𝑧
𝐽𝑧
𝑏𝑓
𝑏𝑓
(𝐹𝑥1 − 𝐹𝑥2 )𝑐𝑜𝑠𝛿
(𝐹𝑦1 − 𝐹𝑦2 )𝑠𝑖𝑛𝛿
− 2
+ 2
𝐽𝑧
𝐽𝑧

(2.38)

𝑏𝑟
(𝐹𝑥3 − 𝐹𝑥4 )
− 2
𝐽𝑧
The angular acceleration of the car around its Z-axis is known as yaw acceleration. It
is a very important parameter that is kept in consideration while the vehicle is turning,
or it is rotating in a curvy direction. The yaw acceleration is represented in Equation
(2.38) the forces that are acting on a vehicle to obtain yaw acceleration is show in
Figure 2.2. After obtaining the chassis dynamic model the outputs obtained i.e.,
longitudinal acceleration, lateral acceleration and yaw acceleration will be the inputs
that are given to vehicle kinematic model. As shown in the Figure 2.4. The outputs
that are obtained after making a simple chassis dynamic model and attaching it to
kinematic model are shown in Figure 2.4 without attaching a complete model hence,
the output result is general and can differ from model to model or changing the
parameters depending on the simulator.

Figure 2.4 Dynamic model output applied to kinematic model
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Note that the output of chassis dynamic model i.e., longitudinal acceleration, lateral
acceleration and yaw acceleration is given as an input to the vehicle kinematic model
explained more clearly in Figure 2.5. The output obtained from the kinematic model
will be, longitudinal velocity, lateral velocity and yaw velocity.

Figure 2.5 Kinematic model of Electric Vehicle

Chassis model of an EV is the fundamental model as all the acceleration process are
done in it. The chassis model of my EV depends on longitudinal acceleration ‘ax’,
lateral acceleration ‘ay’ and the yaw acceleration ‘𝑟̇ ’.the acceleration on the straight
direction is referred to ‘ax’ while the acceleration that is obtained after turn or rotation
on other words after slip is known as ‘ay’. The angular acceleration is represented by
‘𝑟̇ ’. The above shown results in the form of graph are i.e., lateral acceleration,
longitudinal acceleration and yaw acceleration are going to be the inputs for kinematic
model of the EV shown in Figure 2.5.
The other main thing to take in consideration are oversteering and understeering these
are the vehicle dynamic terms and are used to describe the sensitivity of vehicle
steering. When the car turns (steers) more than directed by the driver is known as
oversteering similarly, if the car turns (steers) less than directed by the driver it is called
understeering both oversteering and understeering plays a vital role in vehicle
dynamics and is mainly related to surface on which the vehicle is driven.
In later part of this thesis applying and changing of different parameters and controller
approaches will be perceived. Changing the force applied on the vehicle trajectory and
by attaching different controllers the outcome will be noticed. Comparison between
the results by applying different controller actions on proposed electric vehicle will be
noticed. The simulations performed will be done on Simulink of MATLAB.
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2.4. Vehicle Tyre Model.
To distinguish the speed of each and every drive wheel (𝑣𝑤 ) and the real speed of the
automobile on both sides (𝑣𝑣 ) is mandatory to create a traction control system (TCS).
It is conceivable to calculate the slip by considering those speeds i.e., the relative speed
differences, as defined by the Equation (2.39). The difference of drive wheel velocity
and real speed of the vehicle is equal to the difference of angular speed of radius of
tyre and speed of vehicle.
𝑣𝑤 − 𝑣𝑣
𝜔𝑅 − 𝑣𝑣
λ=|
|=|
|
max {𝑣𝑤 , 𝑣𝑣 }
max {𝑣𝑤 , 𝑣𝑣 }

(2.39)

The slip value depends on the generated motor torque and on the road conditions. The
adhesion coefficient or friction coefficient ‘𝜇’ is defined by Equation (2.40). In this
equation 𝐹𝑥 , is the longitudinal force, that each wheel drive can transmit to the road
surface. Where ‘m’ is the mass of vehicle and ‘g’ is the gravity.
𝜇=

𝐹𝑥
𝑚𝑔

(2.40)

The tyre and road contact forces are critical factors since they present the unique
interaction between the vehicle and the surface that it is moving on. However, these
forces are nonlinear and depend on various parameters, e.g., road condition, tyre
quality, slip ratio, side slip angle. Pacejka has proposed tyre formula (also called Magic
Formula) based on semi-empirical tyre model [16]. Pacejka formula calculates
longitudinal forces as following equation.
𝐹𝑥𝑖 = 𝐷𝑠𝑖𝑛(𝐶 arctan (𝐵(1 − 𝐸)(λ𝑖 + 𝑆ℎ)
+ 𝐸𝑎𝑟𝑐𝑡𝑎𝑛(𝐵(λ𝑖 + 𝑆ℎ𝑖 ))) + 𝑆𝑣𝑖

(2.41)

B=Stiffness factor
C= Shape factor
D=Peak Value
E=Curvature factor
λ𝑖 = Slip ratio of 𝑖th wheel
𝑆ℎ𝑖 =Horizontal shift
𝑆𝑣𝑖 =Vertical shift
𝑐 = 𝑏0
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(2.42)

𝐷 = 𝐹𝑧𝑖 (𝑏1 𝐹𝑧𝑖 + 𝑏2 )

(2.43)

((𝑏3 𝐹𝑧𝑖 2 + 𝑏4 𝐹𝑧𝑖 ) exp(−𝑏5 𝐹𝑧𝑖 ))
𝐵=
𝐶𝐷

(2.44)

𝐸 = 𝑏6 𝐹𝑧𝑖 2 + 𝑏4 𝐹𝑧𝑖 + 𝑏8

(2.45)

𝑆ℎ𝑖 = 𝑏9 𝐹𝑧𝑖 + 𝑏10

(2.46)

𝑆𝑣𝑖 = 0

(2.47)

𝑏𝑛 (n = 0...10)
𝐹𝑧𝑖 = normal force of the 𝑖th wheel.
The lateral forces according to Pacejka tyre model can also be expressed by
𝐹𝑦𝑖 = 𝐷𝑠𝑖𝑛(𝐶 arctan (𝐵(1 − 𝐸)(α𝑖 + 𝑆ℎ𝑖 )
+ 𝐸𝑎𝑟𝑐𝑡𝑎𝑛(𝐵(α𝑖 + 𝑆ℎ𝑖 ))) + 𝑆𝑣𝑖

𝐵=

(2.48)

𝐶 = 𝛼0

(2.49)

𝐷 = 𝐹𝑧𝑖 (𝛼1 𝐹𝑧𝑖 + 𝛼2 )

(2.50)

𝐸 = 𝛼6 𝐹𝑧𝑖 + 𝛼7

(2.51)

𝐹
𝛼3 sin (2 arctan ( 𝑎𝑧𝑖 ))
4

(1 − 𝛼5 |𝛾|)

(2.52)

𝐶𝐷
𝑆ℎ𝑖 = 𝛼8 𝛾 + 𝛼9 𝐹𝑧𝑖 + 𝛼10

(2.53)

𝑆𝑣𝑖 = (𝛼11 𝐹𝑧𝑖 2 + 𝛼12 𝐹𝑧𝑖 )𝛾 + 𝛼13 𝐹𝑧𝑖 + 𝛼14

(2.54)

𝛼𝑖 = slip angle of the 𝑖th wheel
𝛾 = camber angle
𝑎𝑛 (n = 0...14)
B (Stiffness), C (Shape), D (Peak), E (Curvature) = variables that are function of
coefficients. The relationship between these coefficients is shown in Figure 2.6.
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Figure 2.6 Magic tyre formula, Curve producing by general form (Pacejka, 2006)

If the vehicle is parked on level pavement, then the normal forces acting on it according
to Figure 2.2 will depend only on gravitational acceleration, its total mass and
geometry of the car.
𝐹𝑧1 =

𝑚(𝑙𝑟 𝑔 − ℎ𝑎𝑥 ) 𝑚ℎ𝑎𝑦 (𝑙𝑟 𝑔 − ℎ𝑎𝑥 )
−
2(𝑙𝑓 + 𝑙𝑟 )
(𝑙𝑓 + 𝑙𝑟 )𝑏𝑓 𝑔

(2.55)

𝐹𝑧2 =

𝑚(𝑙𝑟 𝑔 − ℎ𝑎𝑥 ) 𝑚ℎ𝑎𝑦 (𝑙𝑟 𝑔 − ℎ𝑎𝑥 )
+
2(𝑙𝑓 + 𝑙𝑟 )
(𝑙𝑓 + 𝑙𝑟 )𝑏𝑓 𝑔

(2.56)

𝐹𝑧3 =

𝑚(𝑙𝑟 𝑔 + ℎ𝑎𝑥 ) 𝑚ℎ𝑎𝑦 (𝑙𝑟 𝑔 + ℎ𝑎𝑥 )
−
2(𝑙𝑓 + 𝑙𝑟 )
(𝑙𝑓 + 𝑙𝑟 )𝑏𝑓 𝑔

(2.57)

𝐹𝑧4 =

𝑚(𝑙𝑟 𝑔 + ℎ𝑎𝑥 ) 𝑚ℎ𝑎𝑦 (𝑙𝑟 𝑔 + ℎ𝑎𝑥 )
+
2(𝑙𝑓 + 𝑙𝑟 )
(𝑙𝑓 + 𝑙𝑟 )𝑏𝑓 𝑔

(2.58)

𝑔 = gravitational constant
ℎ = height of vehicle w.r.t ground
𝑏𝑓 = front width
𝑙𝑓 = front length w.r.t center of gravity
𝑙𝑟 = rear length w.r.t center of gravity
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Figure 2.7 Reference system of a tyre

The track is the contact area between the tyre and the road. The tyre practices on the
ground a normal pressure 𝜎𝑧 , whose resultant is the vertical force 𝐹𝑧 . Moreover, there
are tangential pressures 𝜏𝑥 and 𝜏𝑦 , with the resultants corresponding to the longitudinal
force 𝐹𝑥 and the lateral one 𝐹𝑦 . Figure 2.7 shows the reference system of a tyre in
general without giving orientation to any road conditions.
The road-tyre contact forces are critical forces as at hold are really important role on
the vehicle and the surface it is moving on. These forces are nonlinear and are
depended on different parameters that are.
➢ Road Conditions
➢ Tyre Quality
➢ Slip Ratio
➢ Slip Angle
etc.
The tyre formula or method used in my EV model is known as Pacejka formula on
other words it is also known as magic tyre formula.
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2.5. Slip Angle and Slip Ratio.
While designing a model of any automobile, the main thing to kept under consideration
is the slip angle and slip ratio related and acting on it. If any problem occurred in the
parameters of slip angle or slip ration whole vehicle model can be disturbed. In other
word defining the slip angle or slip ratio in a vehicle model is the most sensitive part
in entire designing and modelling process.

2.5.1. Slip Ratio.
Difference between wheel velocities and longitudinal velocities while vehicle is
accelerating, or decelerating is known as slip ratio.
λ𝑖 =

𝑅𝑒𝑓𝑓 𝜔𝑖 − 𝑣𝑥
max (𝑅𝑒𝑓𝑓 𝜔𝑖 , 𝑣𝑥 )

(2.59)

𝑅𝑒𝑓𝑓 = effective radius of tyre
𝑣𝑥 = longitudinal velocity
𝜔𝑖 = wheel velocity
When the car is moving in longitudinal direction, it is assumed that the velocity of all
wheels is same hence the slip ratio of all the wheels are same and can be determined
easily. If the driver takes a turn or changes its direction, then the lateral motion takes
charge this conclude change in velocities in different wheels. If we want to calculate
the slip ratio in this condition the wheel velocity of all individual wheel should be
known with the steering angle. The implementation and how to achieve slip ratio in
MATLAB Simulink are revealed in Figure 2.8.

Figure 2.8 System model and Block model of slip ratio, Equation (2.59)

Angular velocity of individual wheels as shown in Figure 2.2 can be determined by
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𝜔1 = (1 −

𝑏𝑓
)𝜔
2𝑅

(2.60)

𝜔2 = (1 +

𝑏𝑓
)𝜔
2𝑅

(2.61)

𝜔3 = (1 −

𝑏𝑟
)𝜔
2

(2.62)

𝜔4 = (1 +

𝑏𝑟
)𝜔
2

(2.63)

𝑏𝑓 = Front width
𝑏𝑟 = Rear width
𝜔= wheel velocity
2.5.2. Slip Angle.
Slip angle of the tyre are given by Equations (2.64 to 2.67) taken from Figure 2.2 as
reference model. Keeping in consideration that it is dependent on longitudinal and
lateral velocity of the vehicle. Longitudinal velocity and acceleration do not imply
much change in result while lateral velocity and acceleration plays a vital role in whole
calculation and results.

𝑣𝑦 + 𝑙𝑓 𝑟
)
𝛼1 = 𝛿 − arctan (
𝑏𝑓
𝑣𝑥 − 2 𝑟

(2.64)

𝑣𝑦 + 𝑙𝑓 𝑟
)
𝛼2 = 𝛿 − arctan (
𝑏𝑓
𝑣𝑥 + 2 𝑟

(2.65)

𝑣𝑦 − 𝑙𝑟 𝑟
)
𝛼3 = −arctan (
𝑏𝑟
𝑣𝑥 − 2 𝑟

(2.66)

𝑣𝑦 − 𝑙𝑟 𝑟
)
𝛼4 = −arctan (
𝑏
𝑣𝑥 + 2𝑟 𝑟

(2.67)
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𝑏𝑓 =Front width
𝑏𝑟 =Rear width
𝑣𝑥 =Longitudinal velocity
𝑣𝑥 =Lateral velocity

Figure 2.9 Slip angle system model and block model for equations (2.64-2.67)

2.6. Motor Model of an Electric Vehicle.
The research behind this thesis is actually on starting condition of an electric vehicle
the simulation is run beneath first five seconds under the action of traction control
system (TCS). The curb weight of vehicle is taken as 1080 kg. effective radius of the
tyre is taken as 0.3 m. Motor model of my electric vehicle approach is shown in Figure
2.10.

Figure 2.10 Motor model attached with a DC battery
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A simple DC 300V battery is attached with the 16HP, 240V, 1750RPM wound-field
DC motor with the field voltage of 300V in such a way that the power input to the
motor is actually the power output of the battery. 16HP motor is chosen because of the
weight of the vehicle, as four individual motors are used, it will be 64HP in total which
suits the curb weight of the vehicle. The torque produced by one motor will be 45 N.m,
which conclude the total torque of four motors around 180 N.m.
The reason of taking wound-field motor instead of permanent magnet dc motor is
because wound-field dc motor has pre-set models of predetermined electrical and
mechanical parameters for various DC machine ratings. [F+ F-] are the field terminals
where access is provided. The motor model can be used as a shunt or series connected
dc machine. Torque, speed or mechanical rotational port applied to the shaft is
provided as TL, 𝜔 or S in the Simulink.
The armature circuit is connected between [A+ A-] port of the dc machine. It is
represented by a series resister “Ra” and inductor “La” with a controlled voltage source
as shown in Figure 2.11. In wound-field dc machine the field current is represented by
RL circuit as shown in Figure 2.11, it is connected between [F+ F-] ports. The
mechanical port computes the speed of the dc machine from the input applied to the
rotor. The values of armature resistance ‘Ra’, in ohms and the armature inductance
‘La’, in henries is taken as [0.1113 0.001558]. The values of field resistance ‘Rf’, in
ohms and the field inductance ‘Lf’, in henries is applied as [84.91 13.39]. The
parameter field armature mutual inductance, in henries is taken as [0.3406]. The total
inertia of the DC machine, in kg.m2 is taken as [0.2053].
The total friction coefficient of the DC machine, in N.m.s. applied as [0.007032]. The
total Coulomb friction torque constant of the DC machine, in N.m is [5.282]. An initial
speed for the DC machine, in rad/s, in order to start the simulation with a specific
initial speed. To start the simulation in steady state, the opening value of the input
torque signal ‘TL’ required to be proportional to the initial speed. Taken as default 1.
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Figure 2.11 Port Detail Model of a DC machine

We will control the dc motor by applying the controlled voltage source. What will
happen if we don’t use the controlled voltage source? If only battery is used with direct
control to motor in that case, we will lose any control over the vehicle. In this scenario
we will not be able to have any acceleration or braking effect. If we only use battery
source as an only input given to the motor, then the motor will run at full speed. The
Mechanical Rotational Reference block represents a reference point, or outline, for all
mechanical rotational ports. All rotational ports that are inflexibly clamped to
the outline (ground) must be associated to a Mechanical Rotational Reference block.
The Ideal Torque Source block signifies an ideal source of mechanical vigour that
produces torque proportional to the input corporeal signal. The source is ideal in a
sense

that

it

is

expected

to

be

sufficiently

influential

to

maintain

specified torque irrespective of the angular velocity at source terminals.
Connections R and C are mechanical rotational conserving ports. Port S is a physical
signal

port,

functional.

through which

the

control

signal

that

drives

the source is

Positive signal at port S produces torque acting from C to R.

The torque created by the source is directly proportional to the signal at the control
port S. The block positive direction is from port C to port R. This means that
the torque is positive if it acts in the direction from C to R. The relative velocity is
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resolute as ω = ωR – ωC, where ωR, ωC are the absolute angular velocities at ports R
and C, respectively and it is negative if velocity at port R is greater than that at port C.
The power produced by the source is negative if the source delivers energy to port R.
Each physical system represented by a connected Simscape™ block diagram requires
solver settings information for simulation. The Solver Configuration block specifies
the solver parameters that the model needs before it can begin the simulation. Each
topologically distinct Simscape block diagram requires exactly one Solver
Configuration block to be connected to it.

Figure 2.12 Transfer Faction of the Motor Model.

Figure 2.12 shows the transfer function of the motor model used in the electric vehicle.
There are two inputs given i.e., traction control and the longitudinal torque and the
output obtained is the angular velocity of the motor and the electromagnetic torque of
the motor. While the transfer function one is 1/(0.1𝑠 + 1) and the transfer function
two is 2/(0.875𝑠 + 0.006).
2.7. Model of an Electric Vehicle.
The shown model in Figure 2.13 consist of following main blocks.
➢ Kinematic model
➢ Chassis dynamic model
➢ Slip angle model
➢ Slip ratio model
➢ 𝐹𝑥 , 𝐹𝑦 model
➢ 𝐹𝑧 model
➢ Motors
Etc.
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Figure 2.13 Complete proposed EV model

The research also consists of electrical vehicle’s detailed kinematic and dynamic
model, which contains four independent wheel drive and a traction control system,
using the electric motors in each wheel separately. It helps to control the torque of each
wheel individually this control technique also assistances to improve the safety and
stability in the vehicle. Modelling of an EV and simulation results of the EV model
related to different parameters are presented in this chapter.
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Figure 2.14 Output of a feedback model w.r.t reference input

It is important to make an accurate EV model because if the EV model is not giving
accurate output results, then the attached controller will not work properly. As Figure
2.14 shows, the reference (R) is given to the controller (C), then the controlled signal
obtained from the controller is given to EV and controlled output (Y) is obtained.
∈= 𝑅−𝑌

(2.71)

There are two approaches to model an EV and obtaining desired output results. The
first approach is identification method, the method relates to the already built model
taking the results from that and matching the results by designing a new model. This
approach is used when the structure of the system is unknown. The second approach
is by using or following power conversation laws (Newton’s law). As the structure of
system is known hence this research consists of second approach i.e., Newton’s law.
All the coefficient and parameter with values, used for designing the proposed EV are
given in APPENDIX A.
2.8. EV Model Calculation Order.
Flow chart represents the calculation order of the proposed electric vehicle, the order
shown in the flowchart is must to follow to obtain the accurate output results else the
vehicle model will have faulty outcomes. Defining the constants is the first part of the
calculation order where the constants are 𝜃, 𝜋, 𝛿, 𝛽 etc. There are almost 10 constants
values used in the research after defining all the constants the next step is to find slip
angle 𝛼. Similarly, normal forces 𝐹𝑧 and wheel angular velocities 𝜔. While the angular
velocity of wheel is obtained, we can go toward finding the slip ratio. Longitudinal
and lateral forces can be determined after achieving the slip ratio results. Then the
resistance forces take place and can be measured. After resistance forces the
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longitudinal, lateral and yaw acceleration can be calculated. This is the complete
calculation order of the electric vehicle model that is focused on this research.
Calculation order flowchart Figure 2.33 is for electric vehicle shown in Figure 2.13.
.
START

Constants

Slip Angle

Normal Forces

Wheel Angular Velocities

Slip Ratio

Longitudinal and Lateral
Forces

Resistance Forces

Longitudinal, Lateral and
Yaw Accelerations

No

Finished?

yes

STOP

2.15 Calculation
Figure (2.1):
Calculationorder
order of
of proposed
proposed EV
EV model.
model.

42

2.9. Results Obtained from EV Model.

Figure 2.16 Longitudinal velocity ‘𝑉𝑥 ’

Figure 2.17 Lateral velocity ‘𝑉𝑦 ’

The lateral velocity and the longitudinal velocity in a moving car play the vital role in
whole kinematic model design. Longitudinal velocity is the velocity of a vehicle that
defines its straight path. The Simulink result obtained from the proposed model shows
the vehicle is at stand still position before getting some energy. The speed of the
automobile is gradually increasing and so is the longitudinal velocity as shown in
Figure 2.16. The vehicle reaching at 5 seconds make the longitudinal velocity of the
vehicle at 27.3 km/h. While the lateral velocity shown in the Figure 2.17. The lateral
velocity obtained after the simulation is 0 to -0.0192538 which is consider 0 as the
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starting condition of vehicle is taken under consideration. The increase and decrease
in lateral velocity are noticed due to chance in the steering angle 𝛿, the 𝛿 plays a vital
role in lateral velocity of the car. While the 𝛿 relays between 30° to -30°.

Figure 2.18 Delta ‘𝛿’

Figure 2.19 Yaw rate ‘r’

Figure 2.18 Shows the change in steering angle of the vehicle. The steering angle is
disturbed when the car is taking a turn, while taking a turn the ABS and TCS takes
place to give security and safety to the car and driver, to avoid any mishap in the form
of skidding, slipping, sliding or accident. When the angle of steering is changed, the
yaw of the car also changes, in other words yaw is directly proportional to the steering
angle of a vehicle. The 𝛿 is not changed in the shown condition. Figure 2.19 represents
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the yaw rate obtained after performing the simulation. The yaw rate is 0 in the starting
then it reached the negative peak of -2.311×10−5 at y-axis. Then positive y-axis peak
is reached at 7.976×10−5. Both the peaks i.e., positive and negative are noticed in the
first second of simulation before reaching to the steady state. Yaw rate is between 0.00002311 to 0.00007976 which is consider 0, as the starting condition of the vehicle
is taken under consideration.

Figure 2.20 Lateral acceleration ‘𝑎𝑦 ’

Figure 2.21 Longitudinal acceleration ‘𝑎𝑥 ’

Figure 2.20 shows the output result of lateral acceleration ’ay’. The lateral acceleration
is the acceleration that is achieved after turning of cornering moment of the vehicle. In
the applied model when the steering angle is changed then the lateral acceleration also
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noticed a transformation. At the start, the lateral acceleration was seen as -0.00851005
along on y-axis, the change is seen due to the frictions specifically air friction and after
the vehicle is stable the lateral acceleration also tries to be stable and reach steady state
holding the -0.00706263 max value on y-axis at 5 seconds of the simulation. Figure
2.21 is referred to longitudinal acceleration ‘ax’ as the name tells it is the acceleration
of vehicle around the length path. While the vehicle is moving in straight direction.
The longitudinal acceleration is started from 0 and then it gains a positive peak of
5.9621 after that a gradually decreased is seen, when the car is having a turn, the peak
reaches to 5.52 and then it stables and reaches to steady state.

Figure 2.22 Lateral force ‘𝐹𝑦 ’

Figure 2.23 Longitudinal force ‘𝐹𝑥 ’
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Figure 2.22 show the lateral force action the wheels of an EV. The main plane of the
tyre implies the forces acting on it. In other confrontations, it can be demarcated as
plane perpendicular to the axis of rotation of the wheel. The force perpendicular to this
plane and in parallel to the axis of rotation is called lateral force (𝐹𝑦 ). The angle
between the center of velocity of wheels and the wheel main plane angle is known as
lateral slip angle (alpha, also represented as side slip angle). It is the characteristic
esteem for the lateral force. The front left and right wheels have a different curve that
represents the involvement of air friction in it the minimum lateral forced obtain in
simulation was -2.29786 while maximum obtained after simulation was -1.90302.
Figure 2.23 represents the force acting longitudinally on the wheels of proposed EV.
The force that is in the direction of the main plane is known as the longitudinal force
(𝐹𝑥 ). Longitudinal slip is its characteristic esteem, it can be calculated on the contact
patch (velocity difference of wheel center speed and wheel circumferential speed) as
the relative velocity divided by the wheel center speed or the wheel circumferential
speed accordingly (depending on the definition for acceleration or braking). The
longitudinal forces act on the wheel on parallel direction while the lateral forces act on
wheel with perpendicular direction. Longitudinal force started from 0 and reached
maximum at 1639 and reach steady state at 1521 as the result of proposed EV model
in Simulink of MATLAB.

Figure 2.24 Friction forces ‘Fr’
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The four type of action of friction on the wheel of an EV are shown in Figure 2.24.
The friction plays a vital role in the drive model of a vehicle. The main four type of
frictions that can act on a vehicle are. Static, sliding, rolling and kinetic friction. Static
friction acts when the vehicle is in a stationary position whereas if the vehicle is
moving, there is the action of kinetic friction involved on it. That tells the static friction
is maximum when the vehicle is at rest and it is minimum or zero when the vehicle is
at motion. Similarly, it is minimum or zero kinetic friction if the vehicle is at rest while
the maximum kinetic friction is noticed when the vehicle is in motion. While the
rolling friction and sliding friction acts differently in different states.

Figure 2.25 Slip angle ‘𝛼′

Figure 2.26 Normal forces ‘Fz’
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Figure 2.25 holds the results slip angle of the proposed EV model after doing
simulations. The front left and right wheels have a different curve that represents the
involvement of steering angle “𝛿” in it. lateral slip angle (alpha, also called side slip
angle) is defined as the position among the wheel main plane i.e., body and the
direction of the wheel center velocity. The slip angle of all four wheels are shown in
the Figure 2.25 the slip angle started from 0 and reached the maximum value of
0.00117 and 0.00089 in 5 second simulation.
Figure 2.26 represents the normal forces action on the vehicle. Normal forces are
understood as weight carried by each wheel. Unless or until the car is in flawlessly
symmetric position from back to front. The weight of a vehicle carried by the front
wheels are not equal to the weight carried by rear wheels. It is significant to know the
forces acting normal on the wheels of a vehicle because it governs the traction amount,
that the wheel can deliver. If the propulsive force applied by the wheel is greater than
the wheel's traction, the wheel will skid and the car may "spin out". To find the normal
forces there are few parameters that must be considered i.e., the weight of the vehicle,
center of mass longitudinal location relative to one of wheel contact point and the
distance among all four wheels of a vehicle. If on a pavement level vehicle is parked,
then the normal forces will only depend on total mass, geometric feature and
gravitational acceleration of the vehicle. When speed is provided, then normal forces
under front and rear wheels are given as shown in Equations (2.55-2.58).

Figure 2.27 Yaw acceleration ‘𝑟̇ ’
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Figure 2.28 Motor output ′𝜔’

Figure 2.27 shows the yaw acceleration of the vehicle while it is running, at rest state
the yaw acceleration is zero. The yaw acceleration is also zero when the car is in stable
or uniform direction without any change in direction or turns. The result shows the
vehicle consider in this research is simulated at the starting conditions, hence the yaw
acceleration should be zero practically and the simulation also shows the same result.
Yaw is simulated between maximum 4×10−4 to minimum -9×10−4 which is
approximately equal to zero. Figure 2.28 shows the motor output taken in
consideration in the proposed EV model. We have four independent motor system.
The motor output is also dependent on road conditions i.e., dry, wet, ice, etc.
conditions. In the simulation performed the motor started from 0 and reached the
maximum 33.3 km/h with the simulation time of 5 seconds.

Figure 2.29 Slip ratio ‘𝜆’
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Figure 2.30 Longitudinal velocity ‘Vx’ and 𝑅𝑒𝑓𝑓 𝜔

The slip ratio output obtained from the EV model is shown in Figure 2.29. Articulating
and manipulative the slipping comportment of the wheels of an automobile is referred
as slip ratio. It has the fundamental importance in vehicle dynamics field, as it allows
to comprehend the relationship between the deformation of the tyre and the
longitudinal forces i.e., the forces accountable for forward acceleration and brake
acting upon it. Moreover, it is indispensable to the effectiveness of any ABS. When
quickening or braking a vehicle outfitted with wheels, the watched precise speed of
the wheel does not coordinate the anticipated speed for immaculate rolling movement,
which implies there shows up to be clear sliding between external surface of the rim
and the road contact in expansion to rolling due to distortion of the portion of wheel
over the range in contact with the road surface.
When driving on dry asphalt the division of slip that is instigated by genuine sliding
taking put between tyre contact patch and road is insignificant in magnitude and in this
way does not in practice, make slip proportion subordinate on speed. It is only pertinent
in slippery or lenient surfaces, like mud, ice, snow, etc. and consequences consistent
speed distinction in same road and stack conditions and not depending on speed and
hence division of slip proportion due to that cause is contrarily related to speed of the
vehicle. The difference between theoretically calculated forward speed based on
angular speed of the rim and rolling radius and actual speed of the vehicle, articulated
as a percentage of the latter, is called ‘slip ratio’. This slippage is instigated by the
forces at the interaction patch of the tyre, not the conflicting way and is thus of
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fundamental importance to determine the accelerations a vehicle can harvest. Figure
2.30 shows the main output of the EV model having Longitudinal velocity ‘𝑉𝑥 ’
obtained as 27.3 km/h and 𝑅𝑒𝑓𝑓 𝜔 obtained is 33.3 km/h with the simulation of 5
seconds.
2.10. Slip Results Obtained Without Controller.
Figure 2.31 shows the slip result obtained from the EV model on which the whole
research is based. The shown result does not hold any effect of controller. It is noticed
that the slip result achieved is not stable and does not reach the desire 0.18 slip result
for the dry road conditions. slip starts from 0 and reach its peak at 0.28 which is 0.10
more than the desired amount as the simulation is done at first 5 seconds due to
validating the starting conditions of the vehicle. The end point peak at the 5 second
simulation the slip reached to 0.191.

Figure 2.31 Slip ‘𝜆’ obtained without using controller (dry asphalt conditions)

Figure 2.32 shows the snow road conditions of the same EV model without using the
effect of controller. It is noticed that the slip starts from zero and the reach the peak at
0.544 and then the ending peak slip reaches at 0.421 which is no way close to the desire
slip for the snow road conditions that is 0.3119. The simulation is done in the first 5
seconds as only the starting condition of the vehicle is taken under consideration. The
y axis (vertical) on the graph shows the slip output obtained while the x axis
(horizontal) shows the time to reach the point. Whereas 1000 is equal to 1 second in
the simulation. Simulations are done in Simulink environment of MATLAB.
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Figure 2.32 Slip ‘𝜆’ obtained without using controller (snow conditions)

Figure 2.33 shows the slip result obtained from the EV model on which the whole
research is based. The shown result does not hold any effect of controller. It is noticed
that the slip result achieved is not stable and does not reach the desire 0.3727 slip result
for the ice road conditions. Slip starts from 0 and reach its peak at 0.748 which is more
than the desired amount as the simulation is done at first 5 seconds due to validating
the starting conditions of the vehicle. The end point peak at the 5 second simulation
the slip reached to 0.672. The y axis (vertical) on the graph shows the slip output
obtained while the x axis (horizontal) shows the time to reach the point.

Figure 2.33 Slip ‘𝜆’ obtained without using controller (ice conditions)
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Figure 2.34 shows the snow road conditions of the same EV model without using the
effect of controller. It is noticed that the slip starts from zero and the reach the peak at
0.6 and then the ending peak slip reaches at 0.573 which is no way close to the desire
slip for the wet road conditions that is 0.1306. The simulation is done in the first 5
seconds as only the starting condition of the vehicle is taken under consideration. The
y axis (vertical) on the graph shows the slip output obtained while the x axis
(horizontal) shows the time to reach the point. Whereas 1000 is equal to 1 second in
the simulation. Simulations are done in Simulink environment of MATLAB.

Figure 2.34 Slip ‘𝜆’ obtained without using controller (wet conditions)

Later in Chapter 5, the simulation results will be discussed in detail while applying
three different controllers and the result will be noticed that there is a difference in real
slip that the EV model gives without the attachment of any controller and the result of
slip obtained after applying the controllers. Three different type of controllers will be
used in the research that are, PID, SMC and FLC. Individual controller and their design
will be explained in Chapter 3 for PID and SMC and Chapter 4 for FLC, respectively.
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CHAPTER 3

3. SLIP CONTROL OF AN EV USING PID AND SM CONTROLLER

3.1. Introduction to Linear and Non-Linear Systems.
There are two types of system in general i.e., linear system and nonlinear system. The
main difference in both of them is the addition of superposition principle. The system
that follow the superposition principle are recognized as linear scheme or systems and
the arrangement that do not follow the superposition principle are known as nonlinear
systems. The consequence of binary or extra wave overlapping in a space then the
subsequent disturbance is equivalent to the arithmetical summation of the discrete
disturbances is known as superposition principle or property [21]. In linear systems
the output obtained is proportional to the applied input. whereas in nonlinear systems
the output obtained is not proportional to the applied input. Hence the nonlinear system
is applied more in real world systems. All actual control systems are nonlinear systems.
These systems are ruled by nonlinear differential equations.
3.2. History, Background, Introduction of SMC and PID.
SMC stands for Sliding mode control. SMC is a non-linear control method that
modifies the flow of a non-linear framework by application of a spasmodic control
signal (or more systematically, a usual-esteem control signal) that strengths the
framework to "slide" lengthwise a cross-segment of the system's typical behavior.
The reformation can be seen from one incessant formation to some other structure,
based on the existing situation in the state space. That refers the state feedback control
law is not incessant time function. Hence the method of mutable structure regulator is
used in SMC.
The different control structures are outlined so that directions continuously change
toward an adjoining locale with a distinctive control form and so the extreme direction
will not exist completely inside one control structure. Instep, it'll slide lengthwise the
limitations of the control formation. The movement of the framework since it slides
related to these limitations is called a mode of sliding and the locus of geometrical
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comprising of the limitations is known as surface of sliding. Within the setting of
advanced control hypothesis, any variable structure framework, like a framework
beneath SMC, may be seen as extraordinary case of a hybrid dynamical framework as
the framework both streams through a continuous state space but too moves through
distinctive discrete control modes [22].
SMC is one of the most popular controlling technique used in non-linear control
systems. SMC is basically applicable to both linear and non-linear dynamical systems.
It directly Figures out the robustness issues of the process of designing. Feedback
control is usually robust by structure but sliding mode control is one of those feedback
control technique which also include the uncertainty as part of the design process
hence it gives additional robustness properties as compared to any other usual feedback
control technique. SMC is also known as variable structure control because it has the
switching nature of control laws. Generally, SMC is being used in many applications
in which power systems and robotics are well acknowledged. Many variations are done
in SMC to achieve the desired outcome i.e., Terminal SMC, Twisting SMC, Super
Twisting SMC, Event Triggered SMC, Adaptive SMC etc. however, there is a problem
that is seen mostly by using SMC is known as Chattering. This problem occurs due to
the switching property of the SMC laws.
PID controller stands for proportional–integral–derivative controller. it is a control
loop mechanism that employ feedback and is broadly used in industrial control
systems. PID controller is being used in the variation of other many applications that
requires continuous modulated control strategy [23].
A PID controller continuously calculates an error esteem as the alteration among
measured process variable (PV) and anticipated setpoint (SP). It applies a correction
based on proportional, integral and derivative terms (denoted P, I and D respectively)
[24].
In practical terms it consequently applies precise and responsive correction to a control
function. A regular illustration is the cruise control technique on an automobile, where
climbing a slope. It would decrease the speed of a car if only steady motor power is
provided by an engine [25]. The PID controller's algorithm reinstates with a negligible
delay and the anticipated speed over the measured speed is attained. More over an
overshoot is provided that increase the output power of an engine [26].
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3.3. Working in Closed Loop Environment and Using of Feedback Signal.
Both type of controllers are essential to operate in closed loop control environment. A
closed loop control system is a type of control scheme in which controlling action
shows the reliance on the generated output of the system, on the other words the output
obtained from the system plays a vital role on the input provided to the system or the
output of the system controls the input of the system.
The dissimilarity in input according to the output principals is to reap more precise
system output. Thus, controllability in the close loop scheme is attained through the
output produced by utilizing a feedback path. Closed loop systems are well-thoughtout completely automatic control system because it is designed in a way that the
attained output is automatically associated with the reference input to have the
obligatory output.
The closed loop control system was introduced to overcome the errors, problem and
disadvantages attained from open loop control systems. Open loop systems do not have
the ability to provide the accurate output automatically. Therefore, in a closed loop
system, a feedback signal is given to the input. This feedback signal and the reference
input signal acts as system excitation to achieve the desired output. Consequently, by
this method, the output performs the controlling action in a closed-loop system.
Feedback acts as the characteristic of the system that allows judgement between
attained output and reference input of a system. A feedback is usually a part of the
output signal that is given back to the input signal hence the two can be likened and
the anticipated output can be achieved if the present output displays difference with
the required output. Accordingly, feedback loop is considered as the crucial parameter
of a closed loop control system.
Now PID and SMC will be applied individually on the proposed model to check what
results are achieved after applying the controllers. Keeping in mind that only the slip
of an electric vehicle is kept under consideration.
Let us consider the following non-linear system shown in Equation (3.1) and apply
SMC on it.
𝑥̈ = 𝑓(𝑥, 𝑡) + 𝑑(𝑡) + 𝑢
𝑓 = non-linear function
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(3.1)

𝑑 = time varying disturbance
𝑢 = control input
“𝑓” and “𝑑” can be separated into known parts, using the subscript “m” for model
while the unknown parts are denoted by subscript “∆”.
𝑓(𝑥, 𝑡) = 𝑓𝑚 (𝑥, 𝑡) + ∆𝑓(𝑥, 𝑡)

(3.2)

𝑑(𝑡) = 𝑑𝑚 (𝑡) + ∆𝑑(𝑡)

(3.3)

State of the system can be written as
𝑥⃗ = [

𝑥
]
𝑥̇

(3.4)

The goal is to find an expression for the controlled input “𝑢” in terms of state vector
“ 𝑥⃗ ” such that 𝑥 → 𝑥𝑑 (𝑡) asymptotically, ( “x” goes to “x desire”, as “t” goes to
infinity) and the error (𝜀 = 𝑥 − 𝑥𝑑 ) approaches to zero at an exponential rate.
𝑥̈ = 𝑓𝑚 (𝑥, 𝑡) + 𝑑𝑚 (𝑡) + ∆𝑓(𝑥, 𝑡) + ∆𝑑(𝑡) + 𝑢

(3.5)

We require,
∈ →0
𝑡 → ∞
𝜀 = 𝑥 − 𝑥𝑑
Error is the difference between actual and the desired values of the variable ‘x’
Sliding surface can be defined as Equation (3.6)
𝑆 = 𝜀̇ + 𝜆𝜀

(3.6)

If S = 0 , then 𝜀̇ = − 𝜆𝜀 and 𝜀(𝑡) = 𝑒 −𝜆(𝑡−𝑡0 ) 𝜀(𝑡0 ) , which indicates that 𝜀(𝑡) → ∞ ,
for any negative value of constant ‘λ’. Computing the first derivative of “S” in
Equation (3.7).
𝑆̇ = 𝜀̈ + 𝜆𝜀̇

(3.7)

𝜀̈ = 𝑥̈ − 𝑥𝑑̈ substituting the value of “𝜀̈ ” in equation (3.7)
𝑆̇ = 𝑥̈ − 𝑥𝑑̈ + 𝜆𝜀̇
Substituting Equation (3.5) in Equation (3.8) to get Equation (3.9)
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(3.8)

𝑆̇ = 𝑓𝑚 (𝑥, 𝑡) + 𝑑𝑚 (𝑡) + ∆𝑓(𝑥, 𝑡) + ∆𝑑(𝑡) + 𝑢 − 𝑥𝑑̈ + 𝜆𝜀̇

(3.9)

𝑓𝑚 (𝑥, 𝑡) = known dynamics
𝑑𝑚 (𝑡) = known disturbances
∆𝑓(𝑥, 𝑡) = unknown dynamics
∆𝑑(𝑡) = unknown disturbances
𝑢 = controlled input
The “u” term appears in the first derivative of “S” we refer to this property as “S” has
relative degree ‘1’. Let us define “u” in such a way that all the known terms can be
cancel as shown in Equation (3.10).
𝑢 = −𝑓𝑚 (𝑥, 𝑡) − 𝑑𝑚 (𝑡) + 𝑥𝑑̈ − 𝜆𝜀̇ + 𝑣

(3.10)

𝑣 = uncertainties
Substituting Equation (3.10) in Equation (3.9) to cancel all the known terms.
𝑆 = ∆𝑓 + ∆𝑑 + 𝑣

(3.11)

We need some information of ∆𝑓 and ∆𝑑
|∆𝑓| ≤ 𝛼(𝑥. 𝑡) > 0

(3.12)

|∆𝑑| ≤ 𝛽(𝑡) > 0

(3.13)

Selecting the Lyapunov function candidate
𝑣=

𝑆2
→ 𝑣̇ = 𝑆𝑆̇
2

(3.14)

𝑆𝑆̇ = 𝑆(∆𝑓 + ∆𝑑 + 𝑣

(3.15)

𝑆𝑆̇ ≤ 𝑆(𝛼 + 𝛽)𝑠𝑖𝑔𝑛(𝑆) + 𝑆𝑣

(3.16)

𝑣 = (𝜂 + 𝛼 + 𝛽)𝑠𝑖𝑔𝑛(𝑠)

(3.17)

Let,

𝑆𝑆̇ ≤ −𝜂𝑆𝑠𝑖𝑔𝑛(𝑆) < 0
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for η > 0

(3.18)

𝜂, 𝛼, 𝛽 are the values that will define the sliding surface of the controller. 𝑆𝑠𝑖𝑔𝑛(𝑆) is
known as absolute value of S (always positive), hence the full expression for control
law ensuring S → 0 is (putting Equation (3.17) in Equation (3.10)).
𝑢 = −𝑓𝑚 (𝑥, 𝑡) − 𝑑𝑚 (𝑡) + 𝑥𝑑̈ − 𝜆𝜀̇ + (𝜂 + 𝛼 + 𝛽)𝑠𝑖𝑔𝑛(𝑆)

(3.19)

Worst case convergence time can also be calculated shown from Equation (3.20) to
Equation (3.23).
𝑆𝑆̇ = −𝜂𝑆𝑠𝑖𝑔𝑛(𝑆)

(3.20)

→ 𝑆̇ = −𝜂𝑠𝑖𝑔𝑛(𝑆)

(3.21)

→ 𝑆(𝑡) = 𝑆(0) − 𝜂(𝑡)

(3.22)

→ 𝑆(𝑡1 ) = 0 when 𝑡1 =

|𝑠(0)|
𝜂

(3.23)

𝑡1 = worst case convergence time
Following conditions should be kept in consideration while selecting the sliding
surface and designing sliding mode controller.
•

Choose “S” such that S=0, helps in achieving control objectives

•

Make sure that “u” appears in the first derivative of “S”

•

Choose partial expression for “u” to cancel out know terms

•

Calculate remaining part of “u” to ensure the sliding condition

The research aims to design a system to control tyre slip during start condition, as the
system maintains an optimum slip value that achieves the fastest take-off of the car, as
well as protecting the car from deviating from stability and slipping off its path. In this
research, we performed a sliding mode controller design to achieve the purpose of
control, as well as taking into consideration the high non-linearity and uncertainty in
the parameters of the car model, as the controller was tested in several cases, such as
on dry and wet asphalt, snow and ice and the controller proved its strength and ability
to maintain stability despite changing parameters and this Which means that the
controller will not face problems when applied in practice. To make the research on
uni direction only dry asphalt road results are going to be displayed.
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Due to the huge development in the field of transportation generally and cars in
particular has led to great improvements that enable us to manufacture cars with high
speeds compared to old conventional cars, but these high speeds are not necessarily
positive only, as they have been accompanied by some problems that impede the
process of development in the field of transportation. Among these problems is the
increased risk of high speeds. The difficulty of controlling the car and maneuvering
properly at these speeds, which prompted car manufacturers to pay attention to the
safety systems involved in a car. The most important of these schemes are the systems
that maintain the stability of the car and prevent the car from slipping, skirting or
sliding. About driver control, these systems are basically three i.e., Traction Control
System (TCS), Acceleration Slip Regulation (ASR) and Anti-Lock Braking System
(ABS).
The traction control system operates while the vehicle is starting or increasing its speed
to prevent the tyres from slipping during that time. The non-slip braking system also
prevents the tyres from slipping during the braking process and the stability control
system works at turns to maintain the stability of the vehicle in this case. Figure 3.1
illustrates the areas of operation of the systems.

Figure 3.1 Action of TCS, ABS and ESC on a vehicle

The emergence of electric vehicles has allowed a large scope for these systems to
develop because electric motors have high dynamic as compared to the internal
combustion engines. This give great smoothness to control the torque generated by
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them, which facilitates the construction of these systems significantly while the
performance is also improving dynamically. In addition, the development of cars that
uses independent wheel motors (IWM) not only reduced energy losses in the car, but
also allowed each wheel to be controlled separately.
3.4. Designing a SM Controller for an EV.
Building a responsive model is the first step in the controller design process. The
controller must be selected and designed on the basis of the proposed model. If the
proposed model is not sufficiently accurate or does not take into consideration all the
states of the system, this will be reflected in the form of an error in the design of the
controller or choosing an inappropriate controller for the system. We strive to build a
sufficiently accurate model.
The traction control process aims to obtain an optimal tyre slip, as mentioned earlier
and this optimum slip must achieve the highest coefficient of cohesion, i.e. the highest
traction force as the traction force is proportional to the coefficient of grip directly as
well as with the normal forces in Equation (3.24).
𝑓𝑥 = 𝜇 𝑓𝑧

(3.24)

Since the normal forces can’t be controlled, the coefficient of cohesion or friction that
directly follows the sliding must be controlled according to a non-linear relationship,
which is the Equation (3.25). Figure 3.2 shows the cohesion friction coefficient
relationship on different road conditions.

Figure 3.2 Cohesion friction coefficient relationship
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A certain slippage, but this value changes with the change of the path, so it cannot be
set in advance and the most appropriate way is to search for a maximum value for this
function, i.e., make its derivative equal to zero, but deriving the relationship (3.25) is
difficult and will result in a very complex relationship. It can be programmed within a
built-in system in addition to that the derivative will follow the constants of the frame
model, which are suspicious parameters whose value cannot be known. Therefore, the
two terms must be derived with respect to time and their ratio to each other to obtain
the relationship mathematically. Slip can be measured from Equation (3.27). For time,
as well as for the coefficient of coherence Equation (3.26), we ratify the two equations
and make them equal to zero. We obtain the optimum slip equation, which is Equation
(3.28).
𝐹𝑥 = 𝐹𝑧 · 𝐷 · sin( 𝐶 · arctan[ { 𝐵𝜆 – 𝐸[ 𝐵𝜅 – arctan(𝐵𝜆)]}])

(3.25)

Whereas tyre slip and B, C, D, E are the constants of the tyre model and it follows the
type of tyre and the road the car is traveling on. Table 3.1 shows the parameter values
in several road conditions and it appears that the results change significantly with the
change of the road conditions. The dry asphalt road condition is taken under
consideration in this part of research. All different road conditions play in different
result of the simulation. The simulation is done in Simulink environment of MATLAB.
The different parameters of different road conditions are mentioned in Table 3.1. The
results of Slip obtained and shown will be just related to Dry road conditions.
Table 3.1 Parameter for different road conditions.
Parameters

Snow

Dry

Wet

Ice

B

5

10

12

4

C

2

1.9

2.3

2

D

0.3

1

0.82

0.1

E

1

0.97

1

1
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𝜇=

λ𝑖 = |

𝑇𝑚 − I𝜔 𝜔̇
F𝑧 R

𝑅𝑒𝑓𝑓 𝜔𝑖 − 𝑉𝑥

(3.26)

|

(3.27)

𝑑𝜇
Ṫ𝑚 − I𝜔 𝜔̈
=
=0
𝑑𝜆 𝑉𝑥̇ 𝜔𝑖 − 𝑉𝑥 𝜔̇ 𝑖

(3.28)

𝑀𝑎𝑥(𝑅𝑒𝑓𝑓 𝜔𝑖 , 𝑉𝑥 )

This is what required for the control system and to achieve this torque, control must
be done as follows.
➢ If the ratio

𝑑𝜇
𝑑𝜆

is greater than zero, that means we are working in the left-hand

section where the slope is positive. This means that the slip we are working on is
smaller than the optimum slip and the slip must be increased and to increase the
slip, we increase the engine torque.
➢ If the ratio

𝑑𝜇
𝑑𝜆

is less than zero, that means we are working in the right-hand section

where the slope is negative. This means that the slip that we are working on is
greater than the optimum slip and the slip must be reduced and to reduce the slip,
the engine torque is reduced.
𝑑𝜇

➢ If the ratio 𝑑𝜆 is equal to zero, that means we are working at the optimum slip and
the value of this slip must be preserved and to maintain it, we maintain the engine
torque.
Figure 3.3 represents the traction control mechanism as the system tracks a reference
value for the derivative of the constant friction with respect to the slip and is zero in
the case of maximum acceleration or a positive value greater than zero for a lower
force and does not accept negative values because in the case of negative values the
slip is high and take off is slow. The system measures both wheel speed and engine
currents, which are directly measurable values. Account The coefficient of friction and
slip and calculating the ratio of their derivatives. This ratio is entered into the traction
controller, which seems to require the appropriate torque to deal with the previous
signal and this torque.
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Figure 3.3 General scheme of the traction control mechanism

With the development of industrial electronics as well as the development of
microprocessors, controlling methods were practically applied and returned to the
interface with the advantages of their strength. Sliding mode controllers are considered
nonlinear controllers where the controller is designed based on nonlinear equations
directly without the need to approximate the system to linear neglecting the nonlinear
effect on it. It appears in the real system and causes disturbances in the control process
and in the case of proposed system, it is a nonlinear and neglecting nonlinearity will
cause problems in the system, hence the use of sliding control system will fit this
system in esteem as well as this control method has strength against changing the
parameters because it contains the law of attraction that directly follows the sliding.
This makes it far from being affected by disturbances and changes in the system
parameters, but in return it causes unwanted vibrations in the output of the system.
Sliding mode controllers have been used in both traction control and non-slip brake
control due to the similarity of the mechanism of action in the two systems in many
researches as in for throttle control and for traction control [27], [28]. In general, the
researchers did not take it into account as point of great importance is the uncertainties
of the system, as the system is designed at certain values of the parameters of the frame
model, for example in order to walk on Ice conditions, the control system working on
this environment does not necessarily mean operating in another environment, such as
walking on a road of dry asphalt as the system parameters will vary and the purpose
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of using the slip controllers is to maintain the stability of the system even with
changing parameters, so the controller can be designed to obtain an excellent response
In a particular case, but this will affect other states, therefore, the controller parameters
must be selected to obtain the best stability, no matter how much the parameters
alternate.
In general, the law of controlling the sliding pattern consists of two parts, the law of
attraction and the equivalent law, that is, the control output is given by the relation
(3.29).
𝑇𝑟 = 𝑇𝑒𝑞 + 𝑇𝑎𝑡𝑡

(3.29)

𝑇𝑟 = Reference Torque, output of the controller
𝑇𝑒𝑞 = Equivalent torque of the controller
𝑇𝑎𝑡𝑡 = Attraction torque of the controller
S is defined in Equation (3.30). In order to obtain the equivalent torque, the slip surface
relationship must be derived where we assume that the slip surface is the difference
between the tyre slip and the reference slip 𝜆𝑟𝑒𝑓 as in Equation (3.30).
𝑆 = 𝜆 − 𝜆𝑟𝑒𝑓

(3.30)

𝜆𝑟𝑒𝑓 = constant that’s why its derivative will be zero
𝑆̇ = 𝜆̇
𝑆̇ = 𝜆̇ =

(𝜔̇ 𝑙 𝑅 − 𝑉𝑥̇ )𝑅𝜔𝑖 − 𝜔̇ 𝑙 𝑅(𝜔̇ 𝑙 𝑅 − 𝑉𝑥 ) 𝑉𝑥̇ 𝑅𝜔𝑖 − 𝑉𝑥 𝜔̇ 𝑙 𝑅
=
𝑅 2 𝜔𝑖 2
𝑅 2 𝜔𝑖 2

(3.31)
(3.32)

Derivative angular acceleration of the tyre is shown in Equation (3.33).
𝜔̇ =

𝑇𝑒𝑚 − 𝐹𝑥 𝑅𝑒𝑓𝑓
𝐼𝜔

𝜔̇ = Derivative of angular velocity
𝑇𝑒𝑚 = Electro-magnetic torque from the motor
𝐹𝑥 = Longitudinal force that holds an effect on the tyre of a car
𝑅𝑒𝑓𝑓 = Active, effective radius of the tyre
𝐼𝜔 = Inertia of tyre, motor and transmission
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(3.33)

𝜆̇ = −

1
𝑇𝑒𝑚 − 𝐹𝑥 𝑅
[𝑣̇ − (1 − 𝜆)𝑅
]=0
𝜔𝑅
𝐼𝜔

(3.34)

By differentiating the slip function and equating it to zero, we obtain the equivalent
moment law given by Equation (3.35).
𝑇𝑒𝑞 =

𝐼𝜔
𝑣̇ + 𝐹𝑥 𝑅
(1 − 𝜆)𝑅

(3.35)

This is the first part of the control law given above in Equation (3.29). It remains left
to calculate the moment of attraction 𝑇𝑎𝑡𝑡 , which can be calculated in several ways
depending on the system and the desired response, but in general it is given as in
Equation (3.36) as a product between the magnitude of the moment of attraction
multiplied by the segmentation function.
𝑇𝑎𝑡𝑡 = ∆𝑇𝑓(𝑆)

(3.36)

∆𝑇 = the amplitude of the law of attraction,
𝑓(𝑆)= the segmentation functions
𝑆. 𝑆̇ = −𝑘|𝑆|

𝑆̇ = −
𝑆̇ = −

(1 − 𝜆)𝑇𝑒𝑚 (1 − 𝜆)𝐹𝑥 𝑅
1
𝑣̇ +
−
𝜔𝑅
𝜔𝐼𝜔
𝜔𝐼𝜔

(1 − 𝜆)𝑇𝑒𝑞 (1 − 𝜆)𝑇𝑎𝑡𝑡 (1 − 𝜆)𝐹𝑥 𝑅
1
𝑣̇ +
−
−
𝜔𝑅
𝜔𝐼𝜔
𝜔𝐼𝜔
𝜔𝐼𝜔

(3.37)

(3.38)

(3.39)

The simplest case for ∆𝑇 is that if it is a constant, this is characterized by simplicity
and low programmatic cost as it does not require many calculations but causes
vibrations in the control signal that sometimes produce high vibrations in the output
signal of the system. Able to dampen vibrations and can be greatly reduced.
Substituting Equation (3.35) in Equation (3.39) and we get Equation (3.40) as a result

𝑆̇ = −

(1 − 𝜆)𝐹𝑥 𝑅
(1 − 𝜆)𝑇𝑎𝑡𝑡 (1 − 𝜆)𝐹𝑥 𝑅
1
1
𝑣̇ +
+
𝑣̇ +
−
𝜔𝑅
𝜔𝐼𝜔
𝜔𝑅
𝜔𝐼𝜔
𝜔𝐼𝜔
𝑆̇ =

(1 − 𝜆)𝑇𝑎𝑡𝑡
𝜔𝐼𝜔
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(3.40)

(3.41)

(
|𝑆|
𝑆

(1 − 𝜆)𝑇𝑎𝑡𝑡
(1 − 𝜆)𝑇𝑎𝑡𝑡
|𝑆|
) . 𝑆 = −𝐾|𝑆| → (
) = −𝐾
𝜔𝐼𝜔
𝜔𝐼𝜔
𝑆

(3.42)

in Equation (3.42) is replace by 𝑠𝑖𝑔𝑛(𝑠) to get 𝑇𝑎𝑡𝑡 , shown in Equation (3.43)
𝑇𝑎𝑡𝑡 = −𝐾

𝜔𝐼𝜔
𝑠𝑖𝑔𝑛(𝑠)
(1 − 𝜆)

(3.43)

There can also be several cases and also the slip surface can be defined in more than
one form. As we mentioned previously, it can be the difference between tyre slip and
reference slip (3.30), but this method suffers from the lack of knowledge of the
optimum reference slip as reference slip for different road conditions are diverse, but
in this proposed slip approach it is not necessarily optimal and in this case the control
system achieves the goal of preventing the tyres from slipping in large proportions that
cause the car to lose the control. The second purpose, which is to optimize the starting
condition that is not accurately achieved. As for the slip we talked about earlier, the
moment of attraction is given by the relationship (3.44).
𝑇𝑎𝑡𝑡 = ∆𝑇𝑠𝑖𝑔𝑛

𝑑𝜇
𝑑𝜆

(3.44)

It is noticed that the use of ‘𝑠𝑖𝑔𝑛’ function causes rapid disconnection and connection
processes that produce large vibrations in the control signal, which in turn cause
unwanted vibrations in the output. Several alternative structures have been proposed
for this function that will reduce these vibrations, including nonlinear functions, but
the best structure is the linear structure, i.e., the function. ‘𝑆𝑎𝑡’ and as it reduces the
vibrations in addition to its simple structure.
3.5. Applying SM Controller on the EV model.

Figure 3.4 Applying SM Controller on EV Model
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Figure 3.4 represents the electric vehicle after applying a SM controller to it. Slip ‘𝜆’
is the primary element that is to be controlled. We know that SM controller is a
feedback controller hence we require the output of the system to be used as input again.
Slip is the reference input given to the controller. The controller controls the Slip and
then that controlled output is given to the system. The output result of controlled slip
‘𝜆’ after applying the SM controller will be shown later in this chapter. In theory and
experimentally SMC performs better than PID controller. After applying SMC, the
result obtained by both controllers will be compare and check to know which one is
working better. SMC is a feedback controller same as PID controller hence it will also
try to minimize the error.
Now test will be done by applying the sliding mode controller on an EV model that
have been previously detailed. The controller will be applied to the four tyres, meaning
that each tyre has an independent controller in order to secure the perfect start of the
car and as mentioned earlier only dry road condition will be taken under consideration
in this chapter, in the test ‘sign’ activation function will be used. Later ‘sat’ operation
will be simulated as well.

Figure 3.5 Sliding surface plot obtained after applying SM controller

The SMC controller applied to the proposed EV model gives the sliding surface shown
in Figure 3.5 The sliding surface response is obtained and the rise is noticed and then
the steady state was also achieved. After applying the SM controller and tuning the
controller the result shown in Figure 3.6 were obtained. Slip is zero when the car is
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stopped and will change while the car is running. It will gradually decrease towards
zero until it stabilizes around it, meaning that it achieves the purpose of control
obtaining a derivative equal to zero, which means that the system works at the
maximum value of the cohesion coefficient, which is equivalent to a maximum value
of the traction force and observes the signal vibrations around zero due to the
chattering effect and we also drew the slip and it appears that the slip stabilizes at the
optimum value 0.18 (dry asphalt road conditions) with some vibrations and we have
drawn the force 𝐹𝑥 and it appears that the traction force stabilizes at the maximum
value, confirming that the value at which the slip stabilized is the optimal value .The
detail parameters of the Figure 3.6 are explained in Table 3.2.

Figure 3.6 Slip ‘𝜆’ obtained after applying SM controller (dry asphalt condition)

Figure 3.7 Slip ‘𝜆’ obtained after applying SM controller (snow condition)
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After applying the SM controller and tuning the controller for snow conditions the
result was obtained as shown in Figure 3.7. Slip is zero when the car is stopped and
will change while the car is running as the starting condition of the car is taken under
consideration. It will gradually decrease towards zero until it stabilizes around it,
meaning that it achieves the purpose of control obtaining a derivative equal to zero,
which means that the system works at the maximum value of the cohesion coefficient,
which is equivalent to a maximum value of the traction force and observes the signal
vibrations around zero due to the chattering effect and we also drew the slip and it
appears that the slip stabilizes at the optimum value 0.3195 (snow road conditions)
with some vibrations and we have drawn the force 𝐹𝑥 and it appears that the traction
force stabilizes at the maximum value, confirming that the value at which the slip
stabilized is the optimal value .The detail parameters of the Figure 3.7 are explained
in Table 3.2.

Figure 3.8 Slip ‘𝜆’ obtained after applying SM controller (ice condition)

After applying the SM controller and tuning it for ice road conditions the result was
obtained and shown in Figure 3.8. Slip is zero when the car is stopped and will change
while the car is running as the starting condition of the car is taken under consideration.
It will gradually decrease towards zero until it stabilizes around it, meaning that it
achieves the purpose of control obtaining a derivative equal to zero, which means that
the system works at the maximum value of the cohesion coefficient, which is
equivalent to a maximum value of the traction force and observes the signal vibrations
around zero due to the chattering effect and we also drew the slip and it appears that
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the slip stabilizes at the optimum value 0.3788 (ice road conditions) with some
vibrations and we have drawn the force 𝐹𝑥 and it appears that the traction force
stabilizes at the maximum value, confirming that the value at which the slip stabilized
is the optimal value .The detail parameters of the Figure 3.8 are explained in Table 3.2.
Similarly applying SM controller for wet road condition give the result as shown in
Figure 3.9. Slip is zero when the car is stopped and will change while the car is running
as the starting condition of the car is taken under consideration. It will gradually
decrease towards zero until it stabilizes around it, meaning that it achieves the purpose
of control obtaining a derivative equal to zero, which means that the system works at
the maximum value of the cohesion coefficient, which is equivalent to a maximum
value of the traction force and observes the signal vibrations around zero due to the
chattering effect and we also drew the slip and it appears that the slip stabilizes at the
optimum value 0.1360 (wet asphalt road conditions).

Figure 3.9 Slip ‘𝜆’ obtained after applying SM controller (wet asphalt condition)

Table 3.2 Parameters and results obtained from Figure (3.6 to 3.9)
VALUE
SIGNAL/PARAMETERS
Dry

Wet

Snow

Ice

Max

5.623e-01

4.911e-01

5.522e-01

5.613e-01

Min

0.000e+00

0.000e+00

0.000e+00

0.000e+00

Mean

1.919e-01

1.429e-01

3.152e-01

3.725e-01
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Peak to Peak

5.623e-01

4.911e-01

5.522e-01

5.613e-01

RMS

2.005e-01

1.490e-01

3.178e-01

3.736e-01

Median

1.800e-01

1.361e-01

3.119e-01

3.732e-01

High Transitions

5.595e-01

2.578e-01

3.120e-01

3.733e-01

Low Transitions

1.828e-01

1.350e-01

2.761e-03

2.806e-03

Amplitude

3.768e-01

1.228e-01

3.093e-01

3.705e-01

Rise Time

25.874 ms

13.690 ms

45.094 ms

25.549 ms

Fall Time

247.906 ms

21.487 ms

--

--

Preshoot

48.507 %

63.432 %

0.893 %

0.758 %

Overshoot

0.746 %

76.076 %

77.679 %

50.758 %

Undershoot

1.567 %

-2.425 %

0.975 %

24.732 %

Settling Time

17.709 ms

18.889 ms

--

--

3.6. Applying PID Controller on the EV model.

Figure 3.10 Applying PID Controller on EV Model

Figure 3.10 represents the system model of an electric vehicle after applying a PID
controller to it. Slip ‘𝜆’ is the primary element that is to be controlled. We know that
PID controller is a feedback controller hence we require the output of the system to be
used as input again. Slip is the reference input given to the controller. The controller
controls the Slip and then that controlled slip is given to the system. The output result
of controlled slip ‘𝜆’ after applying the PID controller will be shown later in this
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chapter. The simulations will be done one four road conditions i.e., dry asphalt, wet
asphalt, snow and ice conditions.

Figure 3.11 Step response plot obtained after applying PID controller

Figure 3.12 Bode response plot obtained after applying PID controller

The result was obtained after applying the PID controller with applying the general
clock values in Simulink environment of MATLAB. The slip obtained from the
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proposed model shown in Chapter 2, is the output that is applied to the controller. As
PID controller is a feedback controller, it requires the output obtained from the plant
as the input given to the controller. After that the input is controlled and given back to
the controller as a feedback to minimize the error in the system. The positive thing
about the PID controller is the tune option available in its block. After tuning the PID
as shown the Figure 3.11 is the step response obtained after applying controller. The
two curves are shown one represent the actual block response of the model, represented
in dotted line while the solid line shows the tuned response of the model. The tuned
response is faster and have fast steady state approach.
While the response shown in Figure 3.12. Is the bode response. The phase is given
which is shown in unit degree (deg) while the magnitude is also shown with unit as
decibels(dB). The difference before and after tuning can be seen in solid line is the
tuned response of the system and dotted line represents the block response of the
system.
Table 3.3 Parameter difference in tuned and block responses of PID controller
Parameters

Tuned Response

Block Response

Rising Time

0.22 seconds

2.2 seconds

Settling Time

0.391 seconds

3.91 seconds

Overshoot

0%

0%

Peak

1

1

Gain Margin

Ind dB @ NaN rad/s

Ind dB @ NaN rad/s

Phase Margin

90 deg @ 10 rad/s

90 deg @ 1 rad/s

Closed Loop Stability

Stable

Stable

The parameters and the difference that is noticed after applying the controller is shown
in Table 3.3. The two responses are shown i.e., tuned response and the block response.
The noticeable difference is seen in the results as mentioned in the Table. 2.12 seconds
time difference can be seen in rising time before and after tuning of PID. 3.91 seconds
difference is noticed in settling time before and after tuning, the time is almost half
after tuning. Phase margin has an enormous alteration before and after the tuning,
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shown in the Table. While gain margin, peak, overshoot and closed loop stability of
both i.e., before tuning and after tuning are same.

Figure 3.13 Slip ‘𝜆’ obtained after applying PID controller (dry asphalt conditions)
After applying the PID controller and tuning the controller by auto-tune option the
block of PID controller result shown in Figure 3.13 were obtained. The easy part of
using the PID controller is the auto-tune option built-in, in the block model of PID.
The optimum value of slip taken for dry road condition was 0.18. The advantage PID
holds is that PID controller do not hold the chattering effect. Table 3.4 represents the
detailed output parameters obtained after applying the PID controller the results are
obtained in Simulink environment of MATLAB.

Figure 3.14 Slip ‘𝜆’ obtained after applying PID controller (snow condition)
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After applying the PID controller and tuning the controller by auto-tune option for the
snow road conditions the result shown in Figure 3.14 were obtained. The easy part of
using the PID controller is the auto-tune option built-in, in the block model of PID.
The optimum value of slip taken for snow road condition was 0.3195. The advantage
PID holds is that PID controller do not hold the chattering effect. Table 3.4 represents
the detailed output parameters obtained after applying the PID controller. The
controller is tunned again while the optimum slip value taken this time is 0.3788. This
value of slip represents the ice road condition. The result obtained after applying the
PID controller for ice road conditions are shown in Figure 3.15. Table 3.4 represents
the detailed output parameters obtained after applying the PID controller the results
are obtained in Simulink environment of MATLAB. Slip is zero when the car is
stopped and will change while the car is running as the starting condition of the car is
taken under consideration. It will gradually decrease towards zero until it stabilizes
around it, meaning that it achieves the purpose of control obtaining a derivative equal
to zero, which means that the system works at the maximum value of the cohesion
coefficient around different road conditions.

Figure 3.15 Slip ‘𝜆’ obtained after applying PID controller (ice condition)

The controller is tunned again while the optimum slip value taken this time is 0.1360.
This value of slip represents the wet asphalt road condition. The result obtained after
applying the PID controller for wet asphalt road conditions are shown in Figure 3.16.
Table 3.4 represents the detailed output parameters obtained after applying the PID
controller for different road conditions, the results are obtained in Simulink
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environment of MATLAB. The slip starts from zero and reach to the optimum limit as
only the starting condition of vehicle is taken under consideration.

Figure 3.16 Slip ‘𝜆’ obtained after applying PID controller (wet asphalt condition)

Table 3.4 Parameters and results obtained from Figure (3.13 to 3.16)

VALUE
SIGNAL/PARAMETERS
Dry

Wet

Snow

Ice

Max

3.720e-01

2.594e-01

3.119e-01

3.732e-01

Min

0.000e+00

0.000e+00

0.000e+00

0.000e+00

Mean

1.883e-01

1.402e-01

3.060e-01

3.650e-01

Peak to Peak

3.720e-01

2.594e-01

3.119e-01

3.732e-01

RMS

1.931e-01

1.424e-01

3.079e-01

3.674e-01

Median

1.800e-01

1.361e-01

3.119e-01

3.732e-01

High Transitions

1.841e-01

1.362e-01

3.104e-01

3.714e-01

Low Transitions

1.804e-01

1.297e-03

1.560e-03

1.866e-03

Amplitude

3.720e-03

1.349e-01

3.088e-01

3.695e-01

Rise Time

802.651 µs

37.820 ms

145.653 ms

185.255 ms

Fall Time

192.012 ms

--

--

--
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Preshoot

180.259 %

0.962 %

0.505 %

0.505 %

Overshoot

217.141 %

91.346 %

0.484 %

0.497 %

Undershoot

-21.935 %

1.497 %

1.947 %

1.985 %

3.7. Comparison Between PID and SMC Slip Results.
SMC give a fast start and high transient result as compared to PID controller. The
period to reach the steady state is faster in SMC as compared to PID controller.
Conclusions are made by the results obtained and shown in Table 3.2 and Table 3.4.
The feature graph having outcome results of both controllers i.e., PID and SMC for
different road conditions are shown in this chapter. In Chapter 4 the FLC will be
applied to the proposed EV model and results will be patterned whether FLC is better
than PID and SMC or vice versa. On the other hand, results obtained from PID and
SMC, it is clearly perceived that SMC take an upper hand over PID controller. Detailed
conclusion and comparison (all road conditions) will be explained later in Chapter 5.
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CHAPTER 4

4. SLIP CONTROL OF AN EV USING FL CONTROLLER

4.1. Fuzzy Logic.
Lotfi Zadeh is known as the father of fuzzy logic in traditional logic there are only two
option either false or true, 0 or 1, yes or no, left or right. In fuzzy logic the option can
be in between of 0 or 1 i.e., 0.3 or 0.7 etc. let us take an example if 0.7 is partially true
and 0.3 is partially false.
4.1.1. Simple Example.
Let us take an example of a tap water now we have two options in traditional logic that
is, either the water is hot or cold representing 0 or 1 respectively. In fuzzy logic we
can have a gradient having 1 or 0. So the water in this case can be hot, lower hot,
normal cold, very cold etc.
4.1.2. Why it is Useful.
FLC is useful in many aspects let’s take an example automatic braking system that is
a very useful topic in vehicles and related subjects. Now if we take this situation in
traditional logic system then we have two options again, whether to apply brake that
is 1 or not to apply brake that can be said 0, there is no intermediate option in traditional
logic system. We can check if the vehicle is close or far that can be represented as 0 or
1 and we can then relate the brake with them i.e., to apply brake can be 1 and not to
apply brake can be 0.
If the vehicle is not that close with the car in front, we can say it’s far i.e., 0 (No), now
in this condition we do not want to apply brakes in that case brake is off i.e., 0 (Off).
We can describe another possibility when the first car comes really close to the car in
front now the distance is close, we are representing it with 1 (Yes) and we need to
apply brakes that’s 1 (On).
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The main problem in this case is that the instant brakes are going to be applied, hence
huge stress is going to be applied on the car included the components like suspension
the frame etc. Even if the car in front is not approaching to basic car fast.
Now let us apply fuzzy logic in the above example in this type the care is in among 0
and 1, let us assume the car in front is not that close let us take 0.2 (Not very close)
now we will apply the small pressure on brake that will be 0.2 (Slight pressure). Now
if the car is really close let’s take 0.8 (Pretty close) that means the car in front is close
now we have to apply large pressure on brake hence we will have 0.8 (Fairy high
pressure) on brake, the result of this is we can get more smooth output result as
compared to 0 or 1.
4.2. Potential of Fuzzy Logic.
•

Number of applications virtually limitless
•

Control Systems

•

Kitchen Applications

•

Car Control Systems

•

Aerospace Vehicle Control Systems

•

Image Processing

•

Decision Making

•

Route Planning

•

Still in development and testing for safety critical systems

•

Has already been tested in some instances like small satellite attitude control

4.3. If, Then Statement for Fan Speed.
➢ IF temperature is very cold THEN fan haste is stopped
➢ IF temperature is cold THEN fan haste is slow
➢ IF temperature is warm THEN fan haste is moderate
➢ IF temperature is hot THEN fan haste is high
In the above example again, it is verified that there is not an extreme case like start or
end there are intermediate cases as well as shown in the example that shows if the
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temperature is very cold then the fan will not work, while if the temperature is slightly
cold but less than very cold then the haste of fan is slow. Similarly, if the temperature
is warm then the haste of fan is moderate, if the temperature is hot the haste of fan will
be high.
4.4. AND, OR Operator.
To design a fuzzy logic approach two logics are to be followed i.e., AND operator
while the other is OR operator. A designer can use one operator at a time, or he can
use both of them as well, depending on the type of problem.
4.4.1 OR ‘||’ Operator.
In a classical programming, the ‘OR’ operator is embodied with two vertically parallel
line cyphers. The OR logic is intended only to manipulate the Boolean values. If any
of the argument is true, the outcome will be true. Otherwise, false Table 4.1 explains
a general OR operator result.
Table 4.1 Combination logics of OR Operator.
Input as Alert

OR Operator

Result

Alert

True || True

True

Alert

True || False

True

Alert

False || True

True

Alert

False || False

False

Table 4.1 represents, the outcome in the form of result is continuously true excluding
the instance when both the operands are false. In other words, all the possible outcomes
having at least one true, results in true. While if both the outcomes are false the OR
operator will work as false. If the operand is not a Boolean Operator, then it can be
converted into a Boolean operand i.e., the True can be converted to 1 while false can
be represented by number 0.
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4.4.2 AND ‘&&’ Operator.
Table 4.2 Combination logics of AND Operator.
Input as Alert

OR Operator

Result

Alert

True && True

True

Alert

True && False

False

Alert

False && True

False

Alert

False && False

False

In a classical programming, the ‘AND’ operator is embodied with two ampersands.
The AND logic is not intended to manipulate the Boolean values. If any of the
argument is false, the outcome will be false. Otherwise, true. Table 4.2 explains a
general AND operator result. The outcome in the form of result is continuously false
excluding the instance when both the operands are true. In other words, all the possible
outcomes having at least one false, results in false. While if both the outcomes are true
the AND operator will work as true. If the operand is not a Boolean Operator, then it
can be converted into a Boolean operand i.e., the True can be converted to 1 while
false can be represented by number 0.
4.5. Fuzzy Logic Approach.
There are two type of fuzzy methods.
➢ Mamdani
➢ Sugeno

Figure 4.1 Mamdani Function of FLC
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Figure 4.2 Sugeno Function of FLC

From both fuzzy logic functions as shown in Figure 4.1 and Figure 4.2, we can get the
desired consequence. The difference in both stratagems can be referred as, in
“Mamdani” approach we get the output in graphical form while in “Sugeno” approach
we get the output in a function (mathematical) form.
4.6. Applying FL Controller on the EV model.

Figure 4.3 Applying FL Controller on EV Model

Figure 4.3 represents an electric vehicle after applying a FL controller on it. Slip ‘𝜆’ is
the primary element that is to be controlled. We know that FL controller is a feedback
controller hence we require the output of the system to be used as input again. Slip is
the reference input given to the controller. The controller controls the Slip and then
that controlled output is given to the system.
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4.7. My Fuzzy Logic Approach.
Mamdani fuzzy logic function will be used in the proposed EV model because the
output is in the form of graphical function instead of numerical form. The complete
fuzzy model is explained in this chapter with all individual blocks and all rules. The
“AND” operator will be operated in the fuzzy rules. The set of inputs will be given to
the fuzzy logic controller in numerical form and then those inputs are converted into
linguistic variables this process is known as fuzzification. The fuzzy logic operation of
allotting the yields based on the phonetic data (linguistic information). It performs
inexact reasoning based on the human way of translation to realize control logic. The
controller comprises of the knowledge base and the inference engine. The knowledge
base comprises of the membership functions and the fuzzy rules, which are obtained
by knowledge of the framework operation concurring to the environment this process
is done in the controller rule base. Once the controller acts and give the output result,
that result is converted into desired output to control the system this process is known
as defuzzification.

Figure 4.4 My fuzzy approach

Figure 4.4 shows the fuzzy logic approach that will be used in research i.e. ‘Mamdani’
function hence my output will be as shown in Figure 4.4. Two inputs will be applied
i.e., error and change in error, while the output will be one.
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Figure 4.5 Input given to the FL Controller i.e., Change in Error

One of the two inputs that are given to the fuzzy logic controller is the Change in Error
signal as shown in Figure 4.5. Five membership conditions are to be used while
designing the controller first input and those condition are when the Change in Error
is Negative Big (NB), Negative Medium (NM), Zero (ZR), Positive Medium (PM) and
Positive Big (PB). Trapmf and Trimf type are used while designing the input
membership functions. Negative Big range from [-1e+10 -108 -99.22 -50.1] with the
mentioned interval. Negative Medium MF range from [-100 -50.92 0] with an interval
of 50, Zero MF range from [-50.5 0 50.06] with the interval of every 50. Positive
Medium ranges from [0 48.32 99.5] while the Positive Big ranges from [49.84 99.68
120 1e+10]. While the range taken is between [-100 100] for all memebership
functions.
Other input represents the Error and it is also represented by certain membership
functions. Five membership conditions are to be used while designing the controller
second input and those condition are when the Error is Negative Big (NB), Negative
Medium (NM), Zero (ZR), Positive Medium (PM) and Positive Big (PB) as shown in
Figure (4.6). Trapmf and Trimf type are used while designing the input membership
functions. Negative Big range from [-2e+10 -108 -99.5 -0.2646] with the mentioned
interval. Negative Medium MF range from [-99.9 -55.5 -0.5] with an interval of 50,
Zero MF range from [-0.5 0 0.5] with the interval of every 50. Positive Medium ranges
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from [0.5 49.4 103] while the Positive Big ranges from [1.85 99.8 110 2e+10]. While
the range taken is between [-100 100] for all memebership functions.

Figure 4.6 Input given to the FL Controller i.e., Error

The rules are designed on an expert bases and are mentioned in Table 4.3. Rules are
created with the inputs given to the controller i.e., error and change in error and from
these input membership fuctions the membership fuction of output are validated. Rule
creation holds a vital hand on the results obtained by the controller. Designing rules
more perfectly with the help of some expert can give more accurate and desired output.
Table 4.3 Fuzzy Rules w.r.t Applied Inputs and Output
NB

NM

ZR

PM

PB

NB

NB

NB

NM

NM

PB

NM

NB

NM

NM

NM

PB

ZR

NB

NM

ZR

PM

PB

PM

NB

NM

PM

PM

PB

PB

NB

NB

PM

PB

PB
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Figure 4.7 Output Membership Function of FL Controller

The output of the fuzzy logic, consist of following membership functions while the
range is taken from [0 to 350] for all membership functions.
•

Positive Big

•

Positive Medium

•

Zero

•

Negative Medium

•

Negative Big

The values are defined to each parameter individually shown in Figure 4.7, positive
big (PB) is defined with positive [261.8 349.5 385 665] while the positive medium
(PM) is defined with positive [175 257.3 349.5], zero (ZR) is defined with [86.6 175
262.6], negative medium is defiend with [-1.05 86.6 175] similarly, negative big is
defined with [-126 -14 0.85 86.6] ranges.
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Figure 4.8 graphical representation of the Fuzzy rules

Figure 4.8 shows the graphical view of fuzzy rules the matching and mismatching can
be seen of both the inputs as well as the output. The rules are the combinations between
input error with change in error and output while having some weights. It is the most
critical part of designing a FLC.
For understanding the whole rule subscript the c code is shown in APPENDIX B.
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Figure 4.9 Sliding Surface of FLC

The sliding surface or surface view of the FLC after applying the rules and defining
the parameters are shown in Figure 4.9. The range of error is taken from [-100 to 100].
The range of change in error is taken from [-100 to 100] while the range of output is
taken from [0 to 350] as shown in the Figure 4.9.

Figure 4.10 Slip ‘𝜆’ obtained after applying FL controller (dry asphalt conditions)

After applying the FL controller and defining both the inputs (error and change in
error) and output while applying the fuzzy rules the result shown in Figure 4.10 were
obtained. The result is for dry asphalt road condition, taking the optimum slip for dry
road as 0.18. Starting conditions of the vehicle are taken under consideration. The slip
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is zero in the starting and the reaching to the reference slip i.e., 0.18. The detail
parameters in the Figure 4.10 are explained in Table 4.4.

Figure 4.11 Slip ‘𝜆’ obtained after applying FL controller (snow condition)

After applying the FL controller for snow conditions, the result was obtained as shown
in Figure 4.11. Slip is zero when the car is stopped and will change while the car is
running as the starting condition of the car is taken under consideration. It will
gradually decrease towards zero until it stabilizes around it, meaning that it achieves
the purpose of control obtaining a derivative equal to zero, which means that the
system works at the maximum value of the cohesion coefficient, which is equivalent
to a maximum value of the traction force and observes the slip stabilizes at the
optimum value 0.3195 (snow road conditions) with some vibrations and we have
drawn the force 𝐹𝑥 and it appears that the traction force stabilizes at the maximum
value, confirming that the value at which the slip stabilized is the optimal value .The
detail parameters of the Figure 4.11 are explained in Table 4.4.
The FL controller is applied again while the optimum slip value taken this time is
0.3788. This value of slip represents the ice road condition. The result obtained after
applying the FL controller for ice road conditions are shown in Figure 4.12. Table 4.4
represents the detailed output parameters obtained after applying the FL controller the
results are obtained in Simulink environment of MATLAB. Slip is zero when the car
is stopped and will change while the car is running as the starting condition of the car
is taken under consideration. It will gradually decrease towards zero until it stabilizes
around it, that shows it achieves the purpose of control obtaining a derivative equal to
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zero, which tells that the system works at the maximum value of the cohesion
coefficient.

Figure 4.12 Slip ‘𝜆’ obtained after applying FL controller (ice condition)

Figure 4.13 Slip ‘𝜆’ obtained after applying FL controller (wet asphalt condition)
The same FL controller is used again while the optimum slip value taken this time is
0.1360. This value of slip represents the wet asphalt road condition. The result obtained
after applying the FL controller for wet asphalt road conditions are shown in Figure
4.13. Table 4.4 represents the detailed output parameters obtained after applying the
FL controller for different road conditions, the results are obtained in Simulink
environment of MATLAB. The slip starts from zero and reach to the optimum limit as
only the starting condition of vehicle is taken under consideration. It will gradually
decrease towards zero until it stabilizes around it, shows that it achieves the purpose
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of control obtaining a derivative equal to zero, which tells that the system works at the
maximum value of the cohesion coefficient, which is equivalent to a maximum value
of the traction force and observes the slip stabilizes at the optimum value 0.1360 (wet
asphalt road conditions).
Table 4.4 Parameters and results obtained from Figure (4.10 to 4.13)

VALUE
SIGNAL/PARAMETERS
Dry

Wet

Snow

Ice

Max

1.939e-01

1.434e-01

5.214e-01

4.681e-01

Min

0.000e+00

0.000e+00

0.000e+00

0.000e+00

Mean

1.765e-01

1.333e-01

3.122e-01

3.715e-01

Peak to Peak

1.939e-01

1.434e-01

5.214e-01

4.681e-01

RMS

1.778e-01

1.343e-01

3.134e-01

3.726e-01

Median

1.801e-01

1.360e-01

3.119e-01

3.726e-01

High Transitions

1.793e-01

1.355e-01

3.102e-01

3.721e-01

Low Transitions

9.694e-04

7.170e-04

2.529e-01

2.340e-03

Amplitude

1.784e-01

1.348e-01

5.735e-02

3.698e-01

Rise Time

112.517 ms

132.707 ms

5.005 ms

41.254 ms

Slew Rate

1.268 (/s)

812.599 (/ks)

11.054 (/s)

7.171 (/s)

Preshoot

0.543 %

0.532 %

87.400 %

0.633 %

Overshoot

8.152 %

5.851 %

168.100 %

25.949 %

Undershoot

16.919 %

2.929 %

-8.447 %

9.127 %

The result shown in Table 4.4 is obtained after applying the Fuzzy Logic Controller to
the proposed electric vehicle. A detail conclusion will be made in all three-controller
w.r.t different road conditions and a comparison will also be shown in graphical form
while applying three controllers i.e., PID, SMC and FL Controller in Chapter 5.
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CHAPTER 5

5. CONCLUSION AND FUTURE DIRECTIONS

The main aim behind this research was to control an electric vehicle that is independent
of any conventional gasoline intake. The world is progressing fast and smoothly in the
approach of using EV. By going days and months the new aspects are involved in this
field. Every different model of an EV can hold diverse results, altering some
parameters can refer to change in all outcomes of the model. Many approaches are
available to design and model an EV in Simulink of MATLAB. The Newton’s force
law tactic is followed and focused in this research. Designing the dynamic and
kinematic model of an EV is a challenging task. A little error or mistake can generate
disturbance in the results. The vehicle type taken under consideration is 4×4 all
individual wheel operating vehicle.
The EV model consist of vehicle kinematic model, vehicle dynamic model, forces
model, tyre model, motor model etc. Kinematic model of the vehicle depends on all
type of velocities the vehicle will go through. Chassis dynamic model is referred to all
the type of accelerations vehicle will act upon. Force model take all the type of forces
acting on the vehicle while vehicle is in stop/steady condition or running condition. As
starting condition of the vehicle is taken under consideration hence only starting
condition of the vehicle will be followed and focused on this research. Tyre model
clutches an importance on whole drive technique of an automobile. Pacejka tyre model
is followed in the modelling of proposed EV.
In contemporary epoch of automobile, there are abundant and plentiful control
approaches and technique that are being used but control system of traction or traction
control system (TCS) holds a vital hand on the stability and safety of the vehicle. It
requires some sensors that utilize the same speed in all the wheels of automobile
another application that operates on this base of traction control is the anti-locking
brake system (ABS). what is the main need of applying traction control? Answer to
this question is suppose one wheel of the vehicle is rotating more rapidly as compared
to other wheels, then the sensors will send the feedback signal to the wheel running
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more quickly and it will pump the brake to slow down that wheel and synchronize with
other wheels. Hence it prevents the wheel from spinning. TCS is being used in both
conventional and non-conventional vehicles. Traction control technique is used in the
proposed EV model.
While modelling an automobile there are few parameters that are to be fixated and kept
under consideration. Slip ‘λ’ is one of that important and fundamental parameters to
be controlled. The reason to control slip are obvious firstly it is an important parameter
in the vehicle stability and safety. Secondly it holds a significance in designing process
of a vehicle. Thirdly the model on which whole research is done hold key parameters
i.e., longitudinal velocity and motor tyre velocity etc. which make it easy to measure
and control slip. The main objective of this research is to apply different controllers
i.e., PID, SMC and FLC on the proposed EV and then control the Slip of the car on
different road conditions. All three controller have their own advantages and
disadvantages. Every controller is applied individually to the EV model and then the
results are obtained. The Slip ‘λ’ results achieved by applying all three controllers is
shown in this thesis. While the reference slips used for different road conditions are
show in Table 5.1.
Table 5.1 Reference slip w.r.t different road conditions
Road Conditions

Reference Slip

Dry Asphalt

0.1800

Wet Asphalt

0.1360

Concrete Dry

0.1705

Cobblestone Wet

0.1415

Cobblestone Dry

0.1925

Snow

0.3119

Ice

0.3727

All three controller have different results as shown in Figure 5.1. From the output
results it is clearly seen that the FLC is the best amount all three. FLC give fast
response as well as steady state condition. The worst among all three is the PID, it is
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the old technique and hence it is acting slow while reaching the desired point. The FLC
type controller that is used in this research is the Like-PD controller. The reason to use
PD type FLC is that its response if faster as compared to Like-PI type FL controller.
The above shown slip results are taken on dry road conditions.

Figure 5.1 Slip ‘λ’ results of all three controllers (dry asphalt road conditions)

Different road conditions hold different output results, will be explained later in this
chapter. Steering conditions are also directly proportional to the slip results. The
oversteering and the understeering are also the primary issues that are to be controlled
and hold direct impact on Sip of a vehicle. Comparison of all three controllers on dry
road condition is shown in Table 5.2.
Table 5.2 Results of Controllers on Dry Asphalt Road Conditions

Dry Asphalt Road Conditions
PARAMETERS
PID

SMC

FLC

Max

3.720e-01

5.623e-01

1.939e-01

Min

0.000e+00

0.000e+00

0.000e+00

Mean

1.883e-01

1.919e-01

1.765e-01

Peak to Peak

3.720e-01

5.623e-01

1.939e-01

RMS

1.931e-01

2.005e-01

1.778e-01
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Median

1.800e-01

1.800e-01

1.801e-01

High Transitions

1.841e-01

5.595e-01

1.793e-01

Low Transitions

1.804e-01

1.828e-01

9.694e-04

Amplitude

3.720e-03

3.768e-01

1.784e-01

Rise Time

802.651 µs

25.874 ms

112.517 ms

Preshoot

180.259 %

48.507 %

0.543 %

Overshoot

217.141 %

0.746 %

8.152 %

Undershoot

-21.935 %

1.567 %

16.919 %

Time to reach steady state for all three controllers is the crucial part. According to
Figure 5.1, FLC took 0.223 seconds to reach the reference slip i.e., 0.18 for dry asphalt
road conditions. SM controller took 0.430 seconds to reach steady state and PID took
0.893 seconds to reach steady state. Steady state time and the results in Table 5.2
clearly tells that FL controller is working fast and achieving steady state results in more
reliable time as compared to SMC and PID.

Figure 5.2 Slip ‘λ’ results of all three controllers (snow road conditions)

Time to reach steady state for all three controllers is the crucial part. According to
Figure 5.2, FLC took 0.459 seconds to reach the reference slip i.e., 0.3119 for snow
road conditions. SM controller took 0.602 seconds to reach steady state and PID took
0.794 seconds to reach steady state. FL controller is working fast and achieving steady
state results in more reliable time as compared to SMC and PID. Detailed parameters
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for snow road conditions with different controllers are mentioned in Table 5.3. All
three controller have diverse results as shown in Figure 5.2. From the output results it
is clearly seen that the FLC is the best amount all three. FLC give fast response as well
as steady state condition. The worst among all three is the PID, it is acting slow while
reaching the desired point i.e., reference slip for the snow road condition.
Table 5.3 Results of Controllers on Snow Road Conditions

Snow Road Conditions
PARAMETERS
PID

SMC

FLC

Max

3.119e-01

5.522e-01

5.214e-01

Min

0.000e+00

0.000e+00

0.000e+00

Mean

3.060e-01

3.152e-01

3.122e-01

Peak to Peak

3.119e-01

5.522e-01

5.214e-01

RMS

3.079e-01

3.178e-01

3.134e-01

Median

3.119e-01

3.119e-01

3.119e-01

High Transitions

3.104e-01

3.120e-01

3.102e-01

Low Transitions

1.560e-03

2.761e-03

2.529e-01

Amplitude

3.088e-01

3.093e-01

5.735e-02

Rise Time

145.653 ms

45.094 ms

5.005 ms

Preshoot

0.505 %

0.893 %

87.400 %

Overshoot

0.484 %

77.679 %

168.100 %

Undershoot

1.947 %

0.975 %

-8.447 %

According to Figure 5.3, FLC took 0.277 seconds to reach the reference slip i.e.,
0.3727 for ice road conditions. SM controller took 0.370 seconds to reach steady state
and PID took 0.876 seconds to reach steady state. FL controller is working fast and
achieving steady state results in more reliable time as compared to SMC and PID.
Detailed parameters for ice road conditions with different controllers are mentioned in
Table 5.4.
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Figure 5.3 Slip ‘λ’ results of all three controllers (ice road conditions)

Table 5.4 Results of Controllers on Ice Road Conditions

Ice Road Conditions
PARAMETERS
PID

SMC

FLC

Max

3.732e-01

5.613e-01

4.681e-01

Min

0.000e+00

0.000e+00

0.000e+00

Mean

3.650e-01

3.725e-01

3.715e-01

Peak to Peak

3.732e-01

5.613e-01

4.681e-01

RMS

3.674e-01

3.736e-01

3.726e-01

Median

3.732e-01

3.732e-01

3.726e-01

High Transitions

3.714e-01

3.733e-01

3.721e-01

Low Transitions

1.866e-03

2.806e-03

2.340e-03

Amplitude

3.695e-01

3.705e-01

3.698e-01

Rise Time

185.255 ms

25.549 ms

41.254 ms

Preshoot

0.505 %

0.758 %

0.633 %

Overshoot

0.497 %

50.758 %

25.949 %

Undershoot

1.985 %

24.732 %

9.127 %
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Table 5.4 shows the different parameters for ice road conditions while applying
different controllers i.e., PID, SMC and FLC. All three controller have diverse results
as shown in Figure 5.3. From the output results it is clearly seen that the FLC is the
best amount all three. FLC give fast response as well as steady state condition. The
worst among all three is the PID, it is acting slow while reaching the desired point i.e.,
reference slip (0.3727) for the ice road condition.

Figure 5.4 Slip ‘λ’ results of all three controllers (wet asphalt road conditions)

Table 5.5 Results of Controllers on Wet Asphalt Road Conditions

Wet Asphalt Road Conditions
PARAMETERS
PID

SMC

FLC

Max

2.594e-01

4.911e-01

1.434e-01

Min

0.000e+00

0.000e+00

0.000e+00

Mean

1.402e-01

1.429e-01

1.333e-01

Peak to Peak

2.594e-01

4.911e-01

1.434e-01

RMS

1.424e-01

1.490e-01

1.343e-01

Median

1.361e-01

1.361e-01

1.360e-01

High Transitions

1.362e-01

2.578e-01

1.355e-01

Low Transitions

1.297e-03

1.350e-01

7.170e-04
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Amplitude

1.349e-01

1.228e-01

1.348e-01

Rise Time

37.820 ms

13.690 ms

132.707 ms

Preshoot

0.962 %

63.432 %

0.532 %

Overshoot

91.346 %

76.076 %

5.851 %

Undershoot

1.497 %

-2.425 %

2.929 %

Figure 5.4 holds the results of all three controllers on wet asphalt road. FLC took 0.208
seconds to reach the reference slip i.e., 0.1360 for wet asphalt road conditions. SM
controller took 0.470 seconds to reach steady state and PID took 0.850 seconds to
reach steady state. FL controller is working fast and achieving steady state results in
more reliable time as compared to SMC and PID. Detailed parameters for wet asphalt
road conditions while using different controllers are mentioned in Table 5.5. All three
controller have diverse results as shown in Figure 5.4. From the output results it is
clearly seen that the FLC is the best amount all three. FLC give fast response as well
as steady state condition. The worst among all three is the PID, it is acting slow while
reaching the desired point i.e., reference slip (0.1360) for the wet asphalt road
condition.
The FLC type controller that is used in this research is the Like-PD controller. The
reason to use PD type FLC is that its response if faster as compared to Like-PI type
FL controller. All road i.e., dry asphalt, snow, ice or wet asphalt shows that FLC is
showing the best control results among all three controllers while the worst is shown
by PID, the traction control process needs to control a non-linear system with
suspicious parameters. Therefore, PID controllers cannot be used because these
controllers are designed on the basis of linear approximation to the system and
therefore cannot be applied to non-linear systems, not to mention their high
uncertainties.
The system's non-linearity and uniformity, therefore, a sliding control method has been
proposed, which: has flexibility in dealing with nonlinear systems and strength against
changing parameters, especially when increasing the value of the slip constant, as this
leads to vibrations in the signal with the increase in the power of the controller. Other
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methods such as floating logic, networks of intelligence and controllers can be used.
These methods are also capable of dealing with system problems.

Figure 5.5 Chattering effect of SM controller

The other delinquent perceived in the SM controller is the Chattering effect that both
the other controller didn’t display. PID and FL controller didn’t hold the chattering
effect on the outcome result. While the SM controller hold the big problem of
chattering. Due to the chattering effect the final result is not in crisp form as shown in
Figure 5.5. High frequency switching that is seen in the SM controller in a closed loop
environment cause oscillation problem known as chattering. Due to variable structure
of SMC when it is applied to a digital controller chattering happens. These chattering
are dependent on the dynamics of the system, discontinuity gain, sampling time and
time delay of the actuator. To avoid this problem, we can use the SAT approach instead
of SIGN approach. Both approaches are used in this research, but the end results do
not hold chattering because the SAT approach is followed.
Oversteering and understeering these are the vehicle dynamic terms and are used to
describe the sensitivity of vehicle steering. When the car turns (steers) more than
directed by the driver is known as oversteering similarly, if the car turns (steers) less
than directed by the driver it is called understeering both oversteering and
understeering plays a vital role in vehicle dynamics and is mainly related to surface on
which the vehicle is driven. The results obtained are in the starting condition of the
car. The running and breaking conditions might hold different results. Again, road
conditions i.e., dry, wet, snow or ice as well as the steering angle holds and important
impact on while slip results.
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The research conducted by Guodong, Yin, Xianjian and Jin [11] holds same concept,
but the technique was different. The motor model and the vehicle model used by them
were different. The model presented by them is more complicated than the model
presented by me. The electric vehicle used by them is a Four-Wheel Independent
Driving Electric Vehicle. The slip conditions used by them is also an optimal
condition. A four independent wheel electric vehicle is used in my research and the
optimal slip conditions are also same. Vehicle dynamic model plays an important role
in whole research and to get an ideal result it is necessary to evaluate the realty base
values to different parameters. Vehicle dynamic model given by them is more complex
than the model given by me. Damping coefficient was also used in the research done
by them PMSM synchronous motor is proposed by them while 16HP, 240V,
1750RPM wound-field DC motor is proposed by me in this this thesis. The reason of
taking wound-field motor instead of permanent magnet dc motor is because woundfield dc motor has pre-set models of predetermined electrical and mechanical
parameters for various DC machine ratings. The main advantage my research holds
over their research is the use of traction control system. TCS is a new technique and
more popular in new ear vehicles the results of slip control obtained from TCS holds
better result than all other available controllers to control the tyre slip. The control
technique proposed by them is antiskid control. ASR as compared to TCS holds
difference in output slip results. If we compare both the controllers the output slip
result obtained by TCS is mostly better than that obtained by ASR controller. The
fuzzy controller proposed by them has two input signals, and two inputs are the
difference between actual slip ratio and threshold slip ratio and the difference between
actual angular acceleration and threshold angular acceleration. The controller used by
them are PID and FL controllers. While the research done my me holds three
controllers i.e., PID, SMC and FL controller. The slip result obtained by them to reach
0.18 optimal slip for dry asphalt road conditions was 1.4 seconds which is much slower
than the time obtained by my research the slip result obtained by me to reach 0.18
optimal slip for dry asphalt road conditions were 0.223 seconds for FLC while 0.430
seconds for SMC and 0.893 seconds for PID. That shows the controller designed by
me is fast as compared to the controller designed by them.
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A research done by M. Bauer and Masayoshi Tomizuka [13] hold three type of road
conditions i.e., dry, wet and ice road conditions and fuzzy logic traction controller is
proposed by them. Their result hold similarities as my results because the reference
slip for different road conditions were taken same in both research. When dry road
scenario is followed in their research it is observed that their controller is slightly
slower than the controller I designed in my research. They reached steady state for dry
condition at 0.75 seconds while my controller reached steady state in 0.220 seconds.
If we take wet road conditions their controller reached steady state at 0.6 seconds while
the controller designed in this research got steady state at 0.208 seconds. In case of ice
road conditions my proposed controller reached steady state at 0.277 seconds while
their controller reached steady state around 0.3 seconds. This conclude that the
proposed controller in this research worked fast in dry and wet asphalt road conditions
while the ice road conditions hold approximately same time for steady state results.
There are some future directions on which work can be done to enhance this study.
These are explained and listed below.
•

A fuzzy logic, sliding mode controller (FLSMC) can be designed that is one
controller having the both controller action and can be checked if it holds more
reliable results or not.

•

Traction control system (TCS) can be activated in EV to check the result while
changing the road conditions i.e., from dry asphalt to wet road conditions.

•

Other road conditions can be followed and checked the difference obtained in
the output slip, if the road conditions are changed i.e., Cobblestone Wet,
Cobblestone Dry, Concrete Wet or Concrete Dry

•

An anti-lock braking system (ABS) module can be applied to the EV model
and then brake can be proposed to make a vehicle stop from the running
condition.

•

PID, SMC and FLC can be applied to the EV model to control any of the other
important parameters i.e., velocities, accelerations, engine torque etc.

•

The mass of an EV can be increased or decreased and check the outcomes from
it.

•

Changing the vehicle dynamic model or other parameters of a vehicle and later
applying the controller holds same results or different can be observed.
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•

Tyre model can be change i.e., Beam Tyre Model, Flexible Structure Tyre
Model, SMAC Tyre Model, TM-Easy Tyre Model, Linear Tyre Model, HSRI
Tyre Model, SIMON Tyre Model etc. and notice the difference in Slip, if any.
Etc.
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APPENDIX A

Parameters and Values
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1216
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1632
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11
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0.006
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-0.04
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0.003
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0
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10
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𝒆
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𝒌𝒇𝒚

0.5*m*g*2*h/bf

𝒌𝒇𝒙

0.5*m*g*lf/l

𝒌𝒓𝒚

0.5*m*g*2*h/br

𝒌𝒓𝒙

(0.5*m*g*lr)/l
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0.5*m*g*h/l
Coefficients and values
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APPENDIX B

[System]
Name='Nofal_Fuzzy'
Type='mamdani'
Version=2.0
NumInputs=2
NumOutputs=1
NumRules=25
AndMethod='min'
OrMethod='max'
ImpMethod='min'
AggMethod='max'
DefuzzMethod='centroid'
[Input1]
Name='error'
Range=[-100 100]
NumMFs=5
MF1='NB':'trapmf', [-2e+10 -108 -99.5 -0.2646]
MF2='NM':'trimf', [-99.9 -55.5 -0.5]
MF3='ZR':'trimf', [-0.5 0 0.5]
MF4='PM':'trimf', [0.5 49.4 103]
MF5='PB':'trapmf', [1.85 99.8 110 2e+10]
[Input2]
Name='change_in_error'
Range=[-100 100]
NumMFs=5
MF1='NB':'trapmf', [-1e+10 -108 -99.22 -50.1]
MF2='NM':'trimf', [-100 -50.92 0]
MF3='ZR':'trimf', [-50.5 0 50.06]
MF4='PM':'trimf', [0 48.32 99.5]
MF5='PB':'trapmf', [49.84 99.68 120 1e+10]
[Output]
Name='output1'
Range=[0 350]
NumMFs=5
MF1='NB':'trapmf', [-126 -14 0.85 86.6]
MF2='NM':'trimf', [-1.05 86.6 175]
MF3='ZR':'trimf', [86.6 175 262.6]
MF4='PM':'trimf', [175 257.3 349.5]
MF5='PB':'trapmf', [261.8 349.5 385 665]
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[Rules]
5 1, 3 (1) : 1
5 2, 5 (1) : 1
5 3, 5 (1) : 1
5 4, 5 (1) : 1
5 5, 5 (1) : 1
4 1, 2 (1) : 1
4 2, 2 (1) : 1
4 3, 4 (1) : 1
4 4, 4 (1) : 1
4 5, 5 (1) : 1
3 1, 2 (1) : 1
3 2, 2 (1) : 1
3 3, 3 (1) : 1
3 4, 4 (1) : 1
3 5, 4 (1) : 1
2 1, 1 (1) : 1
2 2, 2 (1 : 1
2 3, 2 (1) : 1
2 4, 2 (1) : 1
2 5, 1 (1) : 1
1 1, 1 (1) : 1
1 2, 1 (1) : 1
1 3, 1 (1) : 1
1 4, 1 (1) : 1
1 5, 1 (1) : 1
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