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Abstract

Traction control is a widely used control system to increase stability and safety
of four-wheeled vehicles. The company OMotion AB develops and builds three-
wheeled electric vehicles. With a new model in development they want to increase
the safety. This thesis presents the work of developing and implementing a Traction
Control System (TCS) for that new model.

Previously, a thesis work had been done at OMotion that implemented a slip
control system for the longitudinal dynamics [Karlin, 2021]. It detected slip of the
rear wheel and limited the torque to regain grip. However, the controller does not
handle lateral slip. When cornering and pushing the throttle too hard the rear wheel
can lose grip and oversteer, potentially resulting in a serious accident. By measuring
the speed of the vehicle and the steering wheel angle, a desired yaw rate is obtained.
This is compared to the actual yaw rate of the vehicle, giving a yaw-rate error which
the feedback controller acts on.

To investigate the behavior of the vehicle with different control strategies, a
model was built in Matlab’s Simulink. The model can simulate longitudinal and
lateral dynamics together with the forces on the tires. The tire model used was the
Dugoff tire model.

The simulation performed well and made it possible to test different control
strategies before implementation and testing on the real vehicle. Tests showed that
a less aggressive controller was needed due to the disturbances that a real non-ideal
driving surface brings. After the controller was properly tuned, the TCS successfully
prevents a driver from losing control when accelerating too aggressively in a corner.
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1
Introduction

Figure 1.1 Photograph of OMotion 2. Photo: Jakobsson Addemotion.

1.1 Background

OMotion AB is a company founded in Lund in 2013 that develops and builds fully
electric three-wheelers. Their first model was OMotion ETR and they are now build-
ing their second model, OMotion 2, seen in Figure 1.1. In this second model some
new safety systems were desirable, one of which was a Traction Control System
(TCS) and this was the origin of this thesis. OMotion has developed their own Elec-
tronic Control Unit (ECU) with a microcontroller written in the programming lan-
guage C, and this is where the TCS will be implemented.
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Chapter 1. Introduction

1.2 Problem and goals

The problem that this thesis work aims to solve is when the rear-wheel driven three-
wheeler is turning, the rear wheel can lose traction and start to slip laterally, i.e., the
vehicle oversteers, while the driver is pushing the throttle. The goal is to reduce the
risk of a serious oversteer happening and prevent the driver from making it worse.
This is to be done by controlling the torque on the rear wheel.

Another goal, which ties in with the main goal, is to develop a simulation model
of the vehicle, where different control systems can be tested without having to im-
plement them on the real vehicle. An aspect that also will be investigated is what
scenarios the TCS can handle and what scenarios it can not.

1.3 Pre-existing literature

Modeling
Vehicle dynamics and tire dynamics are subjects with a lot of pre-existing knowl-
edge since it is so useful to many companies. Several different vehicle models, such
as the single-track model with only one front and one rear wheel with just three
degrees of freedom, to more complex models, are described in plenty of books
and reports together with different tire models such as Dugoff, Magic formula, and
Brush [Dugoff et al., 1969] [Rajamani, 2012] [Shekhar, 2017].

Control
Most modern cars have a TCS and/or Electronic Stability Control (ESC) so there is
a lot of pre-existing literature. A TCS mainly helps with maintaining traction in the
driven wheels during acceleration while an ESC is a more comprehensive system
that increases vehicle stability and has the ability to handle more situations than a
TCS.

In [Rajamani, 2012] three different types of ESC are described; differential
braking, steer-by-wire, and active torque distribution. Differential braking means
that different braking torques are applied on each wheel independently to control
the yaw moment, steer-by-wire can change the driver’s steering-angle input, and
active torque distribution is similar to differential braking except that it can apply a
driving torque instead of a braking torque on the wheels independently. The most
commonly used type is differential braking, sometimes, but not often, combined
with active torque distribution [Rajamani, 2012] [Jin and Liu, 2014].

Recently there have been implementations of ESCs in new electric vehicles.
Separate control of in-wheel motors makes very effective stability control possible,
since active torque distribution becomes much easier than in traditional internal
combustion engine vehicles. This is explored in [Montani et al., 2020] and [Chen
and Kuo, 2014]. Montani et al. control the yaw rate and side-slip angles by first
calculating the expected values using a reference vehicle model, and then creating a
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1.4 Contributions to further knowledge

yaw torque using a type of Linear Quadratic Regulator (LQR). Chen and Kuo use a
three-level control strategy, where the first level is an LQR to calculate a desired yaw
torque, the second level is control allocation which distributes the longitudinal tire
forces to create the yaw torque, and the third level is slip-ratio control at each wheel
based on a combined-slip tire model. They use the individual in-wheel motors as
actuators with both driving torque and regenerative braking, and in [Montani et al.,
2020] they also modify the driver’s steering wheel input.

1.4 Contributions to further knowledge

Although there was an abundance of information on vehicle and tire models, it
was hard to find an actual implementation of a complete simulation based on these
models so this thesis can help to give insight into how such a simulation tailored to
traction control of three-wheeled electric vehicles can be implemented.

This thesis deals with quite a unique case where the vehicle has three wheels,
is electrically driven, and the brakes can not be controlled from the ECU that this
thesis work’s programming is done on. This means that differential braking is not
possible and, since the vehicle is rear-wheel driven by a single rear wheel, active
torque distribution is not able to create a yaw moment and is therefore not a solu-
tion. Lastly, the vehicle is mechanically steered so a steer-by-wire solution is not
possible. This is why the system developed in this thesis is called a TCS instead
of an ESC, because the way it works is closer to a TCS than an ESC even though
the situations it intervenes in is similar to an ESC. Because of all these limitations,
the solution developed in this thesis is new in the sense that many other stability
systems do not rely singularly on restricting the overall drive torque and the effec-
tiveness of this system can be of interest for people in the future working with TCSs
and ESCs, especially for three-wheeled vehicles.

1.5 Report disposition

This report first in Chapter 2 describes the theory behind the approach that was
taken to solve the problem at hand. Then in Chapter 3 the different sensors and
measurements used are explained. After this the driving simulation, Chapter 4, fol-
lowed by the controller, Chapter 5, are detailed. Then in Chapter 6 the results are
presented, succeeded by a discussion and a conclusion of the project in Chapters 7
and 8, respectively.
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2
Theory

2.1 Vehicle axis system

Figure 2.1 The vehicle axis system within the global coordinates

In this report, and in vehicle dynamics in general, the coordinate system used
can be seen in Figure 2.1. The x-axis points in the forward, or longitudinal, direction
of the vehicle. Pointing to the left of the vehicle, or the lateral direction, is the y-
axis. The z-axis is pointing upwards and together with x and y they all intersect in
the vehicle’s Center of Gravity (CG). X and Y denote the global coordinates of the
vehicle’s CG. Ψ is the yaw angle of the vehicle, measured as the angle between X
and x. A big focus of this report is on the yaw rate, the angular velocity around the
z-axis, and it is denoted as Ψ̇.
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2.2 Coordinate calibration

2.2 Coordinate calibration

A sensor making measurements along several axes is most likely not aligned with
the desired coordinate system. It needs calibration and this can be done using a
rotational matrix described by

R(φ ,θ ,ψ) = Rz(ψ)Ry(θ)Rx(φ) (2.1)

where

Rx(φ) =

1 0 0
0 cosφ −sinφ

0 sinφ cosφ


Ry(θ) =

 cosθ 0 sinθ

0 1 0
−sinθ 0 cosθ


Rz(ψ) =

cosψ −sinψ 0
sinψ cosψ 0

0 0 1


and φ , θ and ψ are the angles that the coordinate system is rotated around its x-, y-,
and z-axis, respectively.

To determine what angles φ , θ and ψ would rotate the system correctly, two
measurements of the accelerometer can be made. The first one is when the vehicle
is standing completely leveled and the second one is when the rear is elevated.
In the first measurement the values of ẍ and ÿ should be zero while z̈ should be g
(gravitational acceleration) and in the second one ÿ should be zero. This is expressed
in the function

f (φ ,θ ,ψ) =


0
0
g
0

−


R11 R12 R13 0 0 0
R21 R22 R23 0 0 0
R31 R32 R33 0 0 0
0 0 0 R21 R22 R23




ẍm1
ÿm1
z̈m1
ẍm2
ÿm2
z̈m2

 (2.2)

where the last vector is the measured values from the first and second measurement
and the R-values are the matrix elements of the matrix R in Equation (2.1). The
angles φ , θ and ψ that rotate the system correctly is obtained for

f (φ ,θ ,ψ) =


0
0
0
0
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Chapter 2. Theory

With the rotation matrix known, it is possible to calculate the accelerations and
rotational velocities in the vehicle’s coordinate system by

ẍ
ÿ
z̈

= R

ẍm
ÿm
z̈m

 (2.3)

Φ̇

Θ̇

Ψ̇

= R

Φ̇m
Θ̇m
Ψ̇m

 (2.4)

where the left-hand side is the values in vehicle coordinates and the right-hand side
is the measured values.

2.3 Modeling

In this section the complete model is explained. First, the fundamental concepts of
wheel dynamics, wheel slip angles and slip ratios are stated. Then the Dugoff tire
model taken from [Dugoff et al., 1969] giving the tire forces is presented. From the
tire forces, it is possible to obtain the accelerations of the vehicle using the vehicle
body equations. In the last subsection (Global coordinates in simulation), it is shown
how the global coordinates of the vehicle can be obtained from the accelerations.
The equations are adapted to the OMotion 2, which is a three-wheeler with two
wheels at the front and one at the rear, so for variables where the wheel needs to be
specified; f l is "front left", f r is "front right" and r is "rear". The nomenclature for
this section can be seen in Table 2.1.

Wheel dynamics
The angular accelerations from the longitudinal tire forces, braking torques and
motor torque are described as

Iw f ω̇ f l =−τb f l− r f Fx f l (2.5)
Iw f ω̇ f r =−τb f r− r f Fx f r (2.6)

Iwrω̇r = τ− τbr− rrFxr (2.7)
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2.3 Modeling

Table 2.1 Nomenclature of Section 2.3 Modeling

Iw f moment of inertia for a front wheel
Iwr moment of inertia for the rear wheel
ω angular velocity of a wheel
r f outer radius of a front wheel
rr outer radius of the rear wheel
Fx longitudinal force on a tire
Fy lateral force on a tire
Fz normal force on a tire
τ torque from motor acting on the rear wheel
τb braking torque
α slip angle of a wheel
δ angle of a wheel
l f distance from CG to front axle
lr distance from CG to rear axle
lw distance between the front wheels’ rotational axes
σ slip ratio for a wheel
Cσ tire longitudinal stiffness
Cα tire cornering stiffness
µ friction coefficient between tire and road
m mass of the vehicle
Iz vehicle’s moment of inertia around z
Frr vehicle’s rolling resistance
Fd vehicle’s air resistance

Wheel slip angles
The angle between the direction in which a wheel is moving and the direction it is
pointed is calculated by [Shekhar, 2017]

α f l = arctan
(

ẏcosδ f l + Ψ̇l f

ẋ

)
−δ f l (2.8)

α f r = arctan
(

ẏcosδ f r + Ψ̇l f

ẋ

)
−δ f r (2.9)

αr = arctan
(

ẏ+ Ψ̇lr
ẋ

)
(2.10)

This is illustrated in Figure 2.2, and the angles are called slip angles.

Slip ratios
The ratio between the difference in speed of the tire surface and the road surface
passing, and the speed of the tire surface or the road surface depending on if the
vehicle is accelerating or decelerating is described as [Rajamani, 2012]
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Chapter 2. Theory

Figure 2.2 The slip angle α between the tire’s velocity vector v and the direction
it is pointing, the dotted line.

σ =

{
ωr−ẋ

ωr , ωr > ẋ
ωr−ẋ

ẋ , ωr < ẋ
(2.11)

Dugoff tire model
The model used to derive the tire forces in this simulation is the Dugoff tire model
[Dugoff et al., 1969]. It assumes an idealization of the contact region geometry
between tire and road, where the pressure and deformation of the contact patch is
uniform and the camber angle is zero.

This model first calculates the normalized longitudinal and lateral slip, σ̄ and ᾱ

respectively, and the resultant of these, σ̄r, as

σ̄ =
σCσ

µFz(1−σ)
(2.12)

ᾱ =
tan(α)Cα

µFz(1−σ)
(2.13)

σ̄r =
√

σ̄2 + ᾱ2 (2.14)

This resultant is then used to calculate a normalized resultant tire force by

16



2.3 Modeling

Fr

µFz
=

{
σ̄r, σ̄r < 0.5(

1− 1
4σ̄r

)
, σ̄r ≥ 0.5

(2.15)

The resultant tire force Fr is subsequently split into longitudinal and lateral tire
forces as

Fx =
σ̄

σ̄r
Fr (2.16)

Fy =−
ᾱ

σ̄r
Fr (2.17)

The tire forces saturate at higher slips, which is more realistic than for example
a linear tire model, but not completely realistic since kinetic friction is lower than
static friction and therefore in reality longitudinal tire forces would not only saturate
but decrease when the wheels are close to locking.

Rolling resistance and air resistance
The rolling resistance for a tire is calculated by the formula Frr = CrFz, where Cr
is the rolling resistance coefficient [Rajamani, 2012]. Assuming that the sum of
normal forces on the tires is Fz,total = mg and that all tires have the same rolling
resistance coefficient, it means that the total rolling resistance acting on the vehicle
is

Frr =Crmg (2.18)

The air resistance according to the drag equation is [Rajamani, 2012]

Fd =
ρ ẋ2CdA

2
(2.19)

where Cd is the drag coefficient, A is the frontal area of the vehicle and ρ is the
density of air.

Vehicle body equations
Given the tire forces from the Dugoff tire model, it is possible retrieve the acceler-
ations of the vehicle from [Rajamani, 2012]

mẍ = Fx f l cosδ f l +Fx f r cosδ f r +Fxr−Fy f l sinδ f l−Fy f r sinδ f r +mΨ̇ẏ

−Frr−Fd (2.20)

mÿ = Fx f l sinδ f l +Fx f r sinδ f r +Fyr +Fy f l cosδ f l +Fy f r cosδ f r−mΨ̇ẋ (2.21)

IzΨ̈ = l f (Fx f l sinδ f l +Fx f r sinδ f r)+ l f (Fy f l cosδ f l +Fy f r cosδ f r)− lrFyr

+
lw
2
(Fx f r cosδ f r−Fx f l cosδ f l)+

lw
2
(Fy f l sinδ f l−Fy f r sinδ f r) (2.22)
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Chapter 2. Theory

The normal forces of the tires are retrieved from

mg = Fz f l +Fz f r +Fzr (2.23)

0 =
Fz f l lw

2
−

Fz f rlw
2

+Fx f l sin(δl)h+Fx f r sin(δr)h+Fy f l cos(δl)h

+Fy f rδ rh+Fyrh (2.24)
0 = −Fz f l l f −Fz f rl f −Fx f l cos(δl)h−Fx f r cos(δr)h+Fy f l sin(δl)h

+Fy f r sin(δr)h−Fxrh+Fzrlr +Frr

(
h−

rr +2r f

3

)
(2.25)

All of these equations are derived from relating the forces acting on the vehicle to
the accelerations of the vehicle using Newton’s second law.

The left-hand sides of Equations (2.24)–(2.25) are moment of inertia multiplied
with angular acceleration, and since the angular acceleration around the x- and y-
axes in this model is assumed to be zero the results on the left-hand sides are also
zero.

Equations (2.20)–(2.22) are then used to obtain the accelerations and integrate
them to get the the velocities ẋ, ẏ and Ψ̇. The velocity ẏ is changed slightly to be
used in the calculation of global coordinates since the Equation (2.21) subtracts
the centripetal force to calculate the acceleration away from the driving line. When
calculating the global coordinates the centripetal force is therefore not subtracted,
giving a velocity called ẏgc integrated from

mÿgc = Fx f l sinδ f l +Fx f r sinδ f r +Fyr +Fy f l cosδ f l +Fy f r cosδ f r (2.26)

Global coordinates in simulation
For visual representation of the vehicle’s position and orientation when simulating,
the global coordinates of the vehicle can be retrieved from the accelerations by

Ψ =
∫ [∫

Ψ̈dt + Ψ̇0

]
dt (2.27)

X =
∫ [∫

(ẍcosΨ− ÿgc sinΨ)dt + ẋ0

]
dt (2.28)

Y =
∫∫

(ẍsinΨ+ ÿgc cosΨ)dtdt (2.29)

2.4 Friction ellipse

In this section the concept of a friction ellipse is introduced, which together with
simple vehicle dynamics will explain why limiting the driving torque can prevent a
serious oversteer of the vehicle.
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2.4 Friction ellipse

The friction ellipse is a way of describing the direction, size and limits of the
friction between tire and road [Foale, 2006]. In Figure 2.3, the x-axis is in the lon-
gitudinal direction of the wheel and the y-axis is in the lateral direction. F is the
friction force acting on the tire, it can be divided into Fx and Fy. The ellipse repre-
sents the maximum available friction in any direction. Generally, a tire is designed
to give more lateral friction than longitudinal, hence the greater maximum friction
along the y-axis. If trying to use more friction than the ellipse allows the wheel
loses grip. When the wheel is slipping or spinning it would use maximum friction;
F would be on the ellipse’s border. This is a simplification as in most cases of fric-
tion between moving objects, the friction drops slightly compared to static friction.
However, in explaining this concept that effect is negligible.

During slip of an object on a surface, the direction of the friction force acting
on the object is in the opposing direction of the velocity with which the object is
moving relative to the surface. In the tire–road case, the friction force acting on a
purely spinning wheel would point in the positive x-direction and be as big as the
ellipse allows. If the tire is slipping sideways to the right, the friction force would
point in the positive y-direction and be as big as the ellipse allows.

As stated in Section 1.2 the problem that can arise when taking a corner is that
the driver pushes the throttle too hard. In doing so the friction at the rear tire tries
to go past the friction ellipse and the tire loses grip. Assume a left turn; losing grip
at the rear, the vehicle starts to spin and the yaw rate Ψ̇ increases. At this stage, the
rear wheel’s force is somewhere around F1 on the friction ellipse in Figure 2.4, as
the wheel is both spinning and slipping sideways. To stop the increase in yaw rate
and the vehicle spinning out of control, it is desired to use as much friction force as
possible from the rear wheel to oppose the now increasing yaw rate. This is done by
maximizing the friction’s y-component, giving a torque on the vehicle that counters
the yaw rate. By decreasing the torque τ , and thus the spin of the wheel, the friction
is brought from F1 to F2 in Figure 2.4. Now the torque around z can be enough to
overcome the oversteer of the vehicle.
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Chapter 2. Theory

Figure 2.3 The friction ellipse.

Figure 2.4 Friction force on the rear tire while oversteering. The force is F1 when
there is torque from the motor and the wheel is spinning and sliding. The force is F2
when there is no torque and the wheel is only sliding sideways to the right.
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3
Sensors and measurements

The sensors available for the vehicle were accelerometer, gyroscope, and poten-
tiometer for the steering wheel angle. These sensors needed to be installed on the
vehicle and this process is described in this chapter.

In addition to the sensors, several signals could be read from the vehicle’s Con-
troller Area Network (CAN) bus. The signals used in this thesis work were the
motor’s rotations per minute (rpm) and the motor’s current. These were then con-
verted to rear-wheel speed and rear-wheel torque, respectively. One quantity that is
not measured in this project is the braking.

At the end of the project the first test vehicle of the model OMotion ETR was
replaced by a new OMotion 2. In this new vehicle there was an Anti-lock Braking
System (ABS) from which the front-wheel speeds could be extracted.

3.1 Accelerometer and gyroscope

The accelerometer and gyroscope were in the same inertial measurement unit
mounted on the ECU. The accelerometer measured the acceleration in the unit’s
x-, y- and z-directions in milli-g, as in the gravitational acceleration, and this was
then converted to mm/s2. The gyroscope measured the rotational velocity around
the three axes in millidegrees/s.

Since the ECU was mounted under the hood of the motorcycle in such a way
that the coordinate system of the accelerometer/gyroscope did not align with the
vehicle’s coordinate system outlined in Figure 2.1, the measured values needed to
be transformed into the vehicle’s coordinate system. This was done according to
the method described in the Section 2.2. The two measurements described in this
method were done over a few seconds each and then the mean accelerometer val-
ues were used in the calculations. Since the accelerometer did not measure exactly
g, the size of the total acceleration measured was calculated and used instead of g
in Equation (2.2). The now slightly modified Equation (2.2) was then entered into
the Matlab-function fsolve, that uses a least-squares solution. Since there are two
solutions to f = 0, one with the x-axis pointing forward from the vehicle’s perspec-
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Chapter 3. Sensors and measurements

tive and one pointing backward, the right one has to be chosen. This was done by
plotting a transformation of the vehicle’s coordinate system and checking that it
matched with the accelerometer’s placement.

3.2 Steering

The steering was measured by mounting a potentiometer at the end of the steer-
ing column, converting the potentiometer’s values to degrees and then calculating
the wheels’ angles based on this measured angle. The way this was calculated is
described next.

Steering ratio
The steering ratio is the ratio between the steering wheel’s turning angle and the
wheels’ turning angles. In the test vehicle that was used for the majority of this work,
the steering ratio was slightly nonlinear and asymmetric. To be able to calculate the
wheels’ angles from the steering wheel’s measured angle, measurements were made
by hand which can be seen as cross marks in Figure 3.1. A third degree-polynomial
curve was then fitted to these points using the Matlab-function polyfit, and these
curves are seen as lines in Figure 3.1.
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Figure 3.1 The measured wheel angles of the OMotion ETR and the polynomially
fitted curve of wheel angles against the steering wheel angle on the horizontal axis.

At the end of the project the test vehicle was switched to the new OMotion 2
and therefore new steering measurements had to be made. These can be seen in
Figure 3.2. In this new vehicle, the steering was not nearly as asymmetric as the
previous one but there was still the problem of the outer wheel turning more than
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3.3 Rear-wheel speed and applied torque

the inner wheel in a left turn, although this was greatly reduced from the previous
vehicle. In the future finished versions of OMotion 2 the steering will most likely
be improved further and the steering will need to be mapped again.
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Figure 3.2 The measured wheel angles of the OMotion 2 and the polynomially
fitted curve of wheel angles against the steering wheel angle on the horizontal axis.

3.3 Rear-wheel speed and applied torque

From the vehicle’s CAN bus the motor’s rpm and peak current were read and con-
verted into rear-wheel speed and applied torque. Both of these conversions were
done by simply multiplying with a factor. The current-to-torque factor was derived
empirically, as described in Section 4.3. The rear-wheel speed was used as an esti-
mation of the vehicle’s speed in the first test vehicle.

3.4 Signal processing

The yaw-rate error signal to the controller, described in Section 5.1, and rear-wheel
speed needed to be filtered through a low-pass filter to be more useful. The low-pass
filter used was exponential smoothing

n(k) = αm(k)+(1−α)n(k−1) (3.1)

where α is the smoothing factor, and 0 < α < 1.
In the case of the error signal, the smoothing factor used was α = 0.3. This was

done to prevent spikes in the signal to trigger the controller unnecessarily. The raw
signal compared to the filtered signal is shown in Figure 3.3.
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Chapter 3. Sensors and measurements

The rear-wheel speed was low-pass filtered for a different reason than the error.
The low-pass filtering was mainly done to slightly delay a speed change and make
too sudden of a change impossible. This was because the velocity that was actually
desired was the vehicle’s, not the driving wheel’s, so the low-pass filtering of the
speed made it a bit more realistic since there is always some slip on the tires, es-
pecially when there is a sudden change in speed. The speed signal can be seen in
Figure 3.4.
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Figure 3.3 Plot of the yaw-rate error signal, both raw and filtered, during a drive
test.
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3.5 Front-wheel speeds

3.5 Front-wheel speeds

To get the vehicle’s speed, an average of the two front wheels’ speeds was calcu-
lated. This measurement replaced the rear-wheel speed used in the previous vehicle
since it was much more accurate due to the longitudinal slip at the rear wheel when
accelerating since the front wheels are not driven.
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4
Simulation

The simulation was made in Matlab’s Simulink using the model from Section 2.3. It
takes the steering wheel’s angle and the motor current as inputs and from an initial
state described by an initial speed and initial yaw rate, it then simulates the vehicle’s
behavior.

To check the accuracy of the simulation model and to tune the variables, several
measurements were made of the yaw rate and speed during driving tests on the real
vehicle where the inputs of motor current and steering angle were logged. When this
was done, the logs of motor current and steering angle were fed into the simulation
and the resulting yaw rate and speed graphs could be compared with the measured
ones.

The values of Cα and Cσ was at first set the same values as used in [Shekhar,
2017] to verify that the tire model gave reasonable enough results to run the sim-
ulation. The rolling resistance and air resistance were initially set to zero and the
current-to-torque factor was set to 0.5.

4.1 Simulink

Simulink [The MathWorks, Inc, 2021] is a modeling and simulation tool in Matlab
which mainly uses customizable blocks to set up dynamical systems. This sim-
ulation used a fixed step size of 0.001 seconds and Simulink’s automatic solver
selection.

An overview of the Simulink model is shown in Appendix A. In Figure A.2
the subsystems are visible where all of the model parts described in Section 2.3 are
implemented.

4.2 Rolling resistance and air resistance

To estimate the rolling resistance, air resistance and current-to-torque factor, a drive
test was executed on the real vehicle where the driver first accelerated, then took the
foot off the throttle and let the vehicle slow down by simply rolling. This test was
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4.3 Current-to-torque factor

done on a flat area of asphalt, driving straight forward so as to not create additional
resistance from the wheels. The vehicle is equipped with what is called a single-
pedal drive system (SPD), which was disabled during this test run. This was because
when lifting the foot off the throttle the SPD begins to charge the battery with the
motor, braking the vehicle slightly. From the speed curve that was measured, the
variables could then be derived by first calculating the rolling resistance from the
slope of the curve when the vehicle was decelerating during the roll at the end. This
slope is seen at the end of the graph in Figure 4.1.
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Figure 4.1 Vehicle’s speed in km/h during acceleration and deceleration.

Assuming no air resistance, zero steering angle and no slip, Cr is derived from
Equations (2.18) and (2.20) to be

Cr =
−ẍ
g

When this preliminary rolling resistance was calculated, a drag coefficient was esti-
mated by manually changing it and also changing Cr so that the simulation’s decel-
eration curve would fit with the measured one.

4.3 Current-to-torque factor

With the rolling and air resistances reasonably estimated the current-to-torque factor
was estimated similarly to the drag coefficient, by iteratively changing it and looking
at the acceleration part of the speed curve. The resulting simulated speed curve can
be seen compared to the measured one in Figure 4.1.
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Chapter 4. Simulation

4.4 Tire cornering and longitudinal stiffness

The variable Cα was changed from the initial values for the rear and front wheels
separately to match the yaw rate of a driving test that included steering. This means
that the simulation will be similarly under- or oversteered compared to the real vehi-
cle. This was hard to get right since the steering on the test vehicle was asymmetric,
see Figure 3.1, so the simulation’s yaw rate fits better when steering to the right than
to the left because in a left turn the right wheel has a comparably larger slip angle
which is harder to simulate. This can be seen in Figure 4.2.
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Figure 4.2 Yaw rate in degrees per second during a drive test with the first test
vehicle.

The parameter Cσ was increased from the initial values to keep the ratio of Cσ

Cα

close to the one used in [Shekhar, 2017].
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5
Control

In this chapter all parts of the control system seen in Figure 5.1 are explained. An
overview of sensors and actuator can be seen in Figure 5.2.

Figure 5.1 Block diagram of the controller connected to the vehicle.

Figure 5.2 The vehicle and its sensors connected to the TCS with the controlled
motor-current reference sent to the actuator on the vehicle.
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Chapter 5. Control

5.1 Measurement signal and reference

The error input to the TCS’s controller is in this implementation obtained by com-
paring the yaw rate Ψ̇ (measurement signal) to a desired yaw rate Ψ̇des (reference),
as seen in Figure 5.1 and it is calculated by

e =

{
|Ψ̇|− |Ψ̇des|, sgn(Ψ̇) = sgn(Ψ̇des)

|Ψ̇|+ |Ψ̇des|, sgn(Ψ̇) 6= sgn(Ψ̇des)
(5.1)

The actual vehicle yaw rate is measured by a gyroscope, while Ψ̇des is calculated
from the vehicle speed ẋ and the front wheel’s average angle δ .

The desired yaw rate is essentially the yaw rate the driver wishes to obtain at any
moment. It takes into account the velocity of the vehicle, the angle of the steering
wheel and the inherent under- or oversteer, much like the driver would. In [Raja-
mani, 2012] the desired yaw rate is stated as

Ψ̇des =
ẋ
R
=

ẋδss

L+Kvẋ2 (5.2)

Here, δss is the the steady state steering angle for negotiating a circular road of
radius R and it is calculated as

δss =
L
R
+Kvẏ =

L+Kvẋ2

R
(5.3)

The understeer gradient Kv is given by

Kv =
lrm

2Cα f L
−

l f m
2CαrL

(5.4)

where Cα f and Cαr are the cornering stiffnesses for the front and rear tires, respec-
tively. However, this is for a car with four wheels. In the case of OMotion 2, which
instead has one wheel in the rear, the equation becomes

Kv =
lrm

2Cα f L
−

l f m
CαrL

(5.5)

5.2 Controller

By multiplying the driver’s current reference to the motor Ire f with a variable factor
η (0≤ η ≤ 1) the control signal ηIre f is obtained. Simulations made it clear that a
fast response was needed when the rear wheel lost traction. When limiting the cur-
rent reference gradually or too late, it was not possible to avoid a spin of the vehicle.
From a driving-experience perspective it is desirable to interfere with the driver’s
inputs as little as possible, i.e., only engage the controller when e is large enough to
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5.3 Implementation

be sure there is a loss of traction. To protect the motor from damage, fast switching
of the current reference between high and low values was to be avoided. Also, this
vehicle will be driven in many different conditions, such as different surfaces and
winds, conditions that can not be measured in this work. This calls for a limitation
in complexity and number of tuning variables, as to not be affected too much by
the varying conditions. With these abilities in mind, it was concluded that an on-off
controller with hysteresis was best suited. The on-off controller can be seen in Fig-
ure 5.3. Here ε2 is the value of e at which Ire f is set to zero and ε1 is the value at
which Ire f is again controlled by the driver.

Two variations of the on-off controller were also investigated and tested. The
first one, an on-off controller with proportional start-up, is illustrated in Figure 5.4.
The idea is that when the error is decreasing after loss of traction there should be
a less abrupt engagement of the torque, which can decrease the risk of losing grip
again because of too high torque. The second controller is an on-off controller just
as seen in Figure 5.3 coupled in series with a time dependent increase of η . When
the on-off controller is engaged and the error surpasses ε1 the controller seen in
Figure 5.5 takes over. Now η increases linearly from 0 to 1 over the time period
from 0 to t1. After t1 the controller is disengaged. This approach is also meant to
be more gentle in allowing the torque to again increase, but in addition makes the
driver more aware that the controller has been activated and give time to decrease
the pressure on the throttle.

Another aspect worth mentioning is the fact that the vehicle has SPD, so when
the driver lifts the foot off the throttle the current reference does not go to zero but
instead turns negative to slow the car down and use the kinetic energy to charge the
battery. This braking leads to something called lift-off, which is load transfer be-
tween the wheels where the weight of the vehicle is transferred to the front wheels
which reduces the amount of friction the rear wheel can generate. The motor braking
also means that there is braking torque on the rear tire requiring longitudinal fric-
tion, which means that not all friction available goes in the lateral direction. This
means that in the case of a spin-out, the best thing to do is to set the current refer-
ence to zero, applying no torque on the rear wheel, which the driver can not do by
simply lifting the throttle. Therefore, the controller is required to do this since even
if the driver would react as quickly as the controller, he or she can not disengage the
single-pedal driving.

5.3 Implementation

In the ECU’s microcontroller the current reference Ire f is passed to a function, along
with speed of the vehicle, steering-wheel angle and yaw rate. In this function, the
front wheels’ angles are calculated from the steering-wheel angle with a third de-
gree polynomial. The ECU calculates the desired yaw rate Ψ̇des as Equation (5.2)
presents. The yaw rate is compared to Ψ̇des to give the error. The chosen controller
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Chapter 5. Control

Figure 5.3 On-off controller with hysteresis

Figure 5.4 On-off controller with proportional start-up

Figure 5.5 Time-dependent controller that can be coupled with the on-off con-
troller
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5.3 Implementation

takes the error and gives an η which is between 1 (no limiting of the current refer-
ence) and 0 (current reference set to 0).

The implementation was made in steps to minimize mistakes and prevent dan-
gerous behavior of the motor. After each step, a short test drive where logging of
sensor and controller data were collected. The data could then be analyzed to inves-
tigate if there was any problem with the controller, otherwise further implementa-
tion could continue. The majority of the work was carried out on the OMotion ETR
test vehicle, while the last few weeks an OMotion 2 was available and the controller
was implemented on this as well.
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6
Results

6.1 Simulation accuracy

The simulation’s accuracy was tested by doing several test drives while logging the
inputs and the measurements. The inputs were then fed into the simulation and the
simulation’s outputs were compared to the measurements. One of these drive tests’
inputs are presented in Figure 6.1, and the comparison between the measurements
and the simulation’s outputs is seen in Figure 6.2.
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Figure 6.1 Steering and torque inputs during a test drive with the first test vehicle.
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6.2 On-Off Controller in simulation
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Figure 6.2 The simulated speed and yaw rate from the inputs in Figure 6.1 com-
pared to the measured ones from a test drive with the first test vehicle.

6.2 On-Off Controller in simulation

To test the controller in the simulation environment, a drive test was simulated and
additional torque was added during a turn until an oversteer was induced, to simulate
too aggressive acceleration from the driver. Different values of ε1 and ε2 on the
on-off controller were tested to see which performed the best. Several simulated
oversteers using different ε1 and ε2 are shown in Figures 6.3–6.9. The figures show
the simulated and the desired yaw rate to visualize the deviation, the rear-wheel slip
angle, as well as the torque reference from the pedal and the applied torque from
the controller. These values give insight into how severe the oversteer was.
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Figure 6.3 A simulated oversteer without any controller. The complete spin-out
makes the slip angle and yaw rate grow uncontrollably outside the shown graphs.
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Figure 6.4 A simulated oversteer while the on-off controller was active, using ε1 =
3 and ε2 = 3, i.e., no hysteresis.
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Figure 6.5 A simulated oversteer while the on-off controller was active, using ε1 =
2 and ε2 = 3.
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Figure 6.6 A simulated oversteer while the on-off controller was active, using ε1 =
1 and ε2 = 3.
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Figure 6.7 A simulated oversteer while the on-off controller was active, using ε1 =
0.5 and ε2 = 3.
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Figure 6.8 A simulated oversteer while the on-off controller was active, using ε1 =
1 and ε2 = 4.
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Figure 6.9 A simulated oversteer while the on-off controller was active, using ε1 =
1 and ε2 = 10.

6.3 On-Off Controller on the real vehicle

Figures 6.10–6.15 show oversteers performed at around 20 km/h on gravel with the
real vehicle. The throttle was continuously pushed down through the oversteer to
make it easy to analyze the effects of the controller.
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Figure 6.10 An oversteer on gravel without any controller.
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Figure 6.11 An oversteer on gravel while the on-off controller was active, using
ε1 = 3 and ε2 = 7, but with a poorly tuned understeer gradient.
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Figure 6.12 An oversteer on gravel while the on-off controller was active, using
ε1 = 3 and ε2 = 7.
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Figure 6.13 An oversteer on gravel while the on-off controller was active, using
ε1 = 5 and ε2 = 7.

41



Chapter 6. Results

0 2 4 6 8 10 12 14 16 18

Time (s)

-20

0

20

40

60

Y
a
w

 r
a
te

 (
d
p
s
)

Measured yaw rate

Desired yaw rate

0 2 4 6 8 10 12 14 16 18

Time (s)

-20

0

20

40

Y
a
w

 r
a
te

 e
rr

o
r 

(d
p
s
)

Yaw rate error

Traction controller active

0 2 4 6 8 10 12 14 16 18

Time (s)

0

200

400

M
o
to

r 
c
u
rr

e
n
t 
(A

m
p
)

Motor current

Current reference

Figure 6.14 An oversteer on gravel while the on-off controller with proportional
start-up was active, using ε1 = 3 and ε2 = 7.
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Figure 6.15 An oversteer on gravel while the on-off controller was active with a
gradual start-up during one second, using ε1 = 3 and ε2 = 7.
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7
Discussion

7.1 Controller simulations

In Figure 6.3 a simulated spin-out can be seen, caused by an excessive acceleration
during a curve without any use of a controller. In Figures 6.4–6.9 the same driving is
simulated but these times with an on-off controller with varying hysteresis parame-
ters. The controller used in Figure 6.4 has no hysteresis and the result is a controller
that turns on and off at a very high frequency during the slip, which might damage
components in the motor. On the other end of the spectrum, there is the controller in
Figure 6.7 with a wide hysteresis. The torque is only switched off once and is off for
almost a second, maybe an unnecessarily long time because the yaw-rate error and
slip angle are not significantly smaller than for the controller in Figure 6.6, which
has the torque turned off for a fraction of the time. When comparing the controllers
in Figures 6.5 and 6.6 it can be seen that the width of the hysteresis is important
to not switch on and off at too high of a frequency and at the same time not limit
the torque for too long. Comparing Figures 6.6 and 6.8 shows the importance of
the size of the triggering error to not react to events that are not dangerous. Then
looking at Figure 6.9, the cost of having a too large triggering error is seen by the
large yaw-rate error and slip angle. These results give an idea for what aspects to
have in mind when implementing the controller on the real vehicle.

Prior to the tested on-off controllers mentioned above, an attempt was made to
use a form of PID controller. However, since the yaw-rate error grows so rapidly in
an oversteer, this resulted in a PID controller that operated as an on-off controller in
order to react quickly enough to actually prevent a severe oversteer. Since the PID
controller was more complex than an on-off controller, but did not perform better,
it was abandoned.

7.2 Experiments on the real vehicle

Figures 6.10–6.15 show the results of pushing the throttle while taking a curve on
gravel. It was done on gravel due to the fact that when it was attempted with the test
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Chapter 7. Discussion

vehicle on asphalt an oversteer could not be achieved because the rear wheel had
too much grip, and the low speed was because of the limited space of the testing
area. In Figure 6.10 there was no control and the result was that the vehicle rotated
almost 180 degrees and faced the wrong direction when coming to a stand-still. This
was the base line, with which the controllers could be compared to.

The first controller tested was the one used in Figure 6.11. This had little success
as can be seen by comparing the yaw rates of this figure and the one with no con-
trol in Figure 6.10. The controlled vehicle eventually stopped rotating even though
the foot was never taken off the throttle, but the vehicle had at this point rotated
almost the same amount as in the uncontrolled case. The reason for this failure was
determined to be an understeer gradient in the calculation of the desired yaw rate
which did not reflect reality. This is visible in the yaw rate of Figure 6.11. The actual
yaw rate is consistently below the desired one while driving the curve, which means
that the controller will detect that there is an oversteer later than it should. This
was fixed by increasing the understeer gradient until the desired yaw rate matched
the measured one. This resulted in the controller used in Figure 6.12 which gave a
much better result. This controller notices the oversteer early enough to prevent a
serious oversteer like in Figure 6.10. It was not surprising that the understeer gra-
dient calculated by Equation (5.5) was not completely accurate since the cornering
stiffnesses were only roughly estimated. Also, in a real scenario the driver would
probably feel the first oversteer and not continue to push full throttle, and thereby
not continually return into an oversteer as was done in Figure 6.12; this was only
done to demonstrate the effect of the controller.

Figure 6.13 shows a controller with ε1 = 5 instead of 3 as in the previous con-
troller. This was tested to see if the torque maybe could be applied sooner in the
recovery. The result was that the motor current was switched on and off at a higher
frequency which was not desirable, and the behavior of the vehicle was not better
in any way.

The on-off controller with proportional start-up is shown in Figure 6.14. This
shows that there is no point of doing this because the time window where the error
is decreasing and also between ε2 and ε1 is so small that the current does not have
time to change in a meaningful way.

The on-off controller with a gradual start-up over one second can be seen in
Figure 6.15. This had the desired effect of making it harder to immediately go into
another oversteer, but this could be achieved just as easily by the driver simply not
pushing full throttle following the oversteer. Since lifting the throttle is the natural
reaction, this did not really contribute to a safer or more comfortable driving expe-
rience. The experience was instead quite strange since the throttle did not give as
strong of a torque as one expected, which resulted in pushing the throttle harder to
compensate and eventually entering another oversteer anyway.

The vehicle is supposed to have a slip control system which limits the longitudi-
nal slip at accelerations [Karlin, 2021]. This system should help with the problem of
entering another oversteer when the throttle is turned on again since the longitudinal
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slip is not allowed to increase so drastically and thereby reducing the lateral fric-
tion once more. However, this system was not functioning as intended while the test
drives of this project were done and it is suspected that this was due to some issue
with the ABS equipment and not with the actual controller. This is why there are no
result graphs of the TCS and slip control working together. When the slip control is
working as intended the idea is to feed the current reference in series from the TCS
into the slip control, but as stated previously this could not be tested so the results
of this combination of controllers are unknown at the moment of writing this report.

7.3 Performance of the simulation

The simulation was useful when trying out different control strategies. It is good
at simulating the lateral and longitudinal dynamics. However, there are some limi-
tations to how well it corresponds to reality. A perfectly level surface is assumed
which can make comparisons between logged data and simulation difficult. Al-
though, with a fairly flat test site this does not pose much problem. The values
of Cα and Cσ are not provided by the tire manufacturer but are instead experimen-
tally determined by comparing the logged data of the vehicle taking a corner to the
same maneuver in the simulation. No logging of the brakes of the vehicle was pos-
sible and there is no implementation of brakes in the simulation. This is no problem
when simulating a short sequence of maneuvers, but could limit investigation of
other parts of the vehicle dynamics. As the slip angles and slip ratios include divi-
sions by the speed of the vehicle ẋ this becomes a problem in the simulation at very
low speeds or no speed at all. In this case, the slips are given very large values and
the simulation stops working. This is avoided by logical operators and starting the
simulation with a starting speed not very close to zero. Perhaps what most limits the
accuracy of the lateral dynamics is that there is no modeling of springs or dampen-
ers connected to the wheels. This can have an impact on the tire forces when making
quick changes in input, such as limiting the driving torque quickly.

When comparing the oversteer in the simulation and in reality, it is obvious that
the simulation is not perfect when simulating an actual oversteer. The simulation
has a more gradual increase of the error, which makes it easier to catch the vehicle
in time and the error does not grow as large as in reality. Another aspect which
makes reality harder to control is that the current, which also corresponds to the
torque, does not follow the reference exactly. There is a delay in the real motor
current which was not taken into account in the simulation. This means that the
torque in reality is not reduced to zero instantly, making it harder to control the yaw
rate since some of the friction will still be going into the longitudinal direction. The
noise in the measured yaw-rate signal also makes reality harder to control because
ε2 could not be set as low as in the simulation, because of not wanting to trigger the
controller unnecessarily.
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7.4 Different scenarios for the controller

A goal of this work was to investigate what scenarios the controller can handle and
which it can not. As seen in the results, loss of traction by taking a corner steadily
and then pushing the throttle too hard is successfully avoided by the controller. This
was the primary goal of this thesis, though it is also interesting to note what it can
not do. Another way to initiate a loss of traction is by taking a corner steadily and
then braking as to shift the majority of the weight to the front wheels. Without
enough normal force on the rear wheel the motorcycle loses grip. This is called
lift-off, and it could not be handled by the controller. This is because the driver is
normally not able to react quickly enough to release the brake pedal and allow the
rear wheel to help counter the now too high yaw rate. If turning into the corner too
aggressively or by swerving back and forth it is also possible to lose traction. These
scenarios can not be handled by the controller either, as the loss of traction is not
caused by too much torque on the rear wheel and therefore the controller can not
increase the lateral friction further.

7.5 Different surfaces

It is plausible that the controller will give different results on different surfaces,
such as dry asphalt, wet asphalt, or dirt. Due to limited testing sites, these surfaces
could not be tested. To implement the controller on these different surfaces, re-
tuning of the controller parameters ε1 and ε2, as well as the understeer gradient Kv,
is most likely required. Since the surface conditions are not measured in this thesis
work, the driver would have to switch between these different controller parameters
manually in some way. It might be possible to estimate the surface conditions by
analyzing the yaw rate in real-time compared to the calculated desired yaw rate in a
curve that is deemed to be safe by the algorithm to see if they are matching or if the
driving surface has changed. This would however require a lot of work and it could
be difficult to determine whether a curve was driven safely or not in real-time.
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8
Conclusion and Future
work

8.1 Conclusion

The controller that this thesis work recommends using is the on-off controller with
hysteresis using ε1 = 3 and ε2 = 7. This limited the throttle early enough to prevent a
severe oversteer and at the same time did not switch the motor current on and off too
often. The experience when driving with this controller on is that it is significantly
more difficult to spin out in an oversteer, but at the same time it does not feel like
the performance of the vehicle is reduced or that the motor is limited at unnecessary
times.

8.2 Future work

Several improvements could be done on the simulation. Firstly, the way that the
actual motor current follows the current reference could be modified to more closely
mimic the real motor. The cornering stiffnesses of the tires could also be investigated
further to perhaps achieve a more realistic yaw-rate increase in an oversteer, and a
more realistic tire dynamics overall. Lastly, measurement noise could be added to
the simulated yaw-rate signal fed into the controller.

To improve the performance of this TCS in its ability to stabilize a vehicle,
differential braking could be a possibility if the ECU was given control of the
ABS-controlled brakes. This would transform the TCS into a full-fledged ESC and
thereby increase the scenarios where it could be applied.

It is possible to make an implementation in the ECU of the Matlab-function
fsolve that is more effective for this specific purpose. A convenient improvement
that can be made is making the calibration of the gyroscope independent from
Matlab-scripts and logging of sensor data to a computer. It would require some
kind of input to the ECU to tell it when the vehicle is standing level and when the
rear is elevated. However, this calibration should only need to be done once, when
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the ECU is placed, and redone only if it is moved, so it is not a very high priority to
simplify it.

The fact that the controller suggested in this work is tuned to driving on gravel
limits the generality of it, since the vehicle is intended to be driven mostly on as-
phalt. Since it was not possible to oversteer on dry asphalt it might not be necessary
to tune it to dry asphalt but it would be a good idea to tune it to wet asphalt. Then
the driver could switch between the different modes depending on what the driving
surface is. The TCS is also suggested to be tested at higher velocities than those
used in this thesis’ experiments to analyze how it performs under these conditions.

Gain scheduling of the controller could also be tested in the design to investigate
if it gives better results. This was not tested since the test site only allowed for very
similar test runs which would not give sufficient insight into if it made a difference
or not.
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A
Simulink model

Figure A.1 The Simulink model with the inputs visible and in this case the
switches are toggled to read data from the Matlab workspace. The subsystem in
the middle is shown in Figure A.2.
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Appendix A. Simulink model

Figure A.2 The subsystem showing all of the subsystem blocks containing the
model equations described in this report.
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