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Abstract - An autonomous vehicle can maneuver its routes
in shorter time if it can navigate on the limits of handling.
This requires accurate steering commands to be applied to
the vehicle which can be generated through an accurate
steer by wire system that it’s properly modeled along with
the vehicle dynamics. As well as a robust controller that
can handle the different driving conditions of the
Autonomous vehicle. A mathematical model for
autonomous vehicle dynamics is proposed to make use of
the maximum attainable acceleration figures the tire can
handle without losing traction. As well as investigating the
vehicle stability during maneuvers proposed by the higher-
level control modules. The model integrates a Steer by
Wire System with a simplified electric power train as well
as the handling dynamics of the vehicle. It takes into
consideration forward, lateral, yaw and roll motions which
is more exact and effective than simple bicycle planar
models. The stability of the vehicle is investigated as well
as its maneuverability. The handling limits of the vehicle
are simulated using the g-g diagram under different
maneuvers. Lateral and longitudinal accelerations, lateral
velocity, slip angle, side forces and yaw motion are all
investigated as well as the total acceleration which is
plotted on a g-g diagram.

A Model Predictive Controller (MPC) for the Steer by
wire system is developed to accommodate all the
navigation conditions of the vehicle, changes in loading
and commands provided by the perception and path
planning system. The controller follows the commands
given by these systems and provides the recommended
maneuver with respect to the vehicle handling limits
bounded by the g-g diagram. The controller optimizes the
path decided by the decision-making systems and provides
the fastest and most stable maneuver without losing
control like skidding or roll over.

Keywords: Model Predictive Control, Autonomous Vehicles,
Handling Dynamics, g-g diagram, lateral acceleration,
MATLAB Simulink, Bicycle Model, Steer by wire,
Maneuverability, Roll motion, Control at the limit.
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I. INTRODUCTION

Several publications investigated handling dynamics at
the limit: Yung-Hsiang et al. [5] used a model-based
estimation method utilizing pneumatic trail data to identify the
handling limits taking advantage of early friction information
in the tire’s pneumatic trail. Nakajima et al. [6] and Yasui et
al. [7] used the concept of self-aligning torque (AT) to predict
the vehicle’s handling limit where maximum AT occurs
before maximum cornering forces are reached without
depending on yaw rate data. Ono et al. [8] used an estimation
method of the tire grip margin. A brush model evaluates its
robustness by applying the method to a magic formula tire
model, which adapts to the changes of the tire conditions.

Other publications studied autonomous vehicles at the
limits of handling where these efforts relied on the kinematic
bicycle model for vehicle simulation at the friction limits
while considering the steering system as a fixed gain which
introduces undesirable errors especially at the friction limits.:
Borrelli et al. [1] and Keviczky et al. [2] used a model
predictive control approach relying on the bicycle model for
vehicle dynamics modeling. Nitin et al [3] designed a lane
keeping system for path tracking and stability at the limits also
using the bicycle model and Kapania et al. [4] used the same
model to design a path tracking controller via iterative
learning control. Funke et al. [5] implemented a collision
avoidance and stabilization system for autonomous systems in
emergency scenarios while relying on the same concept.

Polack et al. [6] compares the validity of the linear bicycle
model with a more complicated 9 degree of freedom model.
Where in their work, it was demonstrated that the bicycle
model loses its consistency at lateral accelerations above
0.5ug m/s?. The inconsistency becomes predominant when
the limitations on lateral acceleration are neglected. This is
due to the effect of rolling and high lateral weight transfer
between tires at such high acceleration figures.

Our research uses four degrees of freedom model
combined with the steering system model as well as a
longitudinal forward dynamics one to plot the total
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acceleration of the vehicle on the g-g diagram. The target is to
develop an analytic model which is realistic and at the same
time computationally efficient to be integrated in a model
predictive controller (MPC) for the autonomous golf cart
where a simple linear tire model was used and errors due to

the tire nonlinearities are compensated by providing the
controller with steering and position feedback.

Model predictive controls in the automotive field depend
on the hypothesis that control problems in automotive systems
can be outlined using an optimal multi input multi output
(MIMO) problem [7]. Where in many cases the problem can
be defined using the system states which change according to
several inputs and are controlled by some variables. These
variables are limited to a certain range and behavior. The
system response is also physically bounded to several factors.
The automotive control problem proposed in the control
design in this work is the vehicle stability and path following.
Where the ADS-DV (Autonomous Driving System Dedicated
Vehicle) is required to navigate the routes of the faculty of
engineering premises using sensor data. The sensors propose a
certain path and vehicle speed and is required to follow these
commands as closely as possible in order to stay within the
required trajectory.

MPC is especially efficient in MIMO systems where the
inputs and outputs interact heavily and are greatly dependable
where the use of Proportional Integral Derivative (PID)
controllers proves to be a challenging design process where
the inputs are controlled independently for each control loop.
MPC controls all the variables while considering all the
system variables and interactions. MPC also is highly efficient
in tracking constraints set by the physical limits of the plant or
even other constraints set by external disturbances. Another
benefit of MPC is its ability to predict the future using the
“prediction model” referred to as “preview capability”. It can
easily incorporate future reference information into the control
problem to improve the controller performance. To
summarize, MPC uses the model of the studied system in
order to predict its behavior in the future, it solves an online
optimization problem selecting the optimum control action
that drives the predicted output value to the reference value.
All this is done with respect to the MIMOs, physical
constraints and measured disturbances.

The basic idea of MPC is the optimization of the future
behavior of the studied system using a mathematical model
over a finite time horizon which is generally referred to as the
“prediction horizon”[8]. The optimization is done at each
sampling instant n where the resulting element of the optimal
control sequence is used as a feedback control value for the
next step. The control action is optimized based on an
objective function which is also referred to as the “cost
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function” where the optimum control action “manipulated
variable” is the one that minimizes the cost function. The
general concept of MPC is illustrated in Figure 1.

MPC Controller
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Model

Constraints

Figure 1: MPC Concept

An example for MPC is a vehicle required to change lanes
from the right lane to the middle lane using only the steering
command while the longitudinal velocity is kept constant
shown in Figure 2 (a) [7]. The middle lane in grey will be the
input reference to the MPC using the lateral position as
feedback where the MPC uses the plant or vehicle model at
the current time “t” to simulate the vehicle path “lateral
position” for the next time step “t+1” if the steering wheel was
turned at trail increment shown in Figure 2 (b).

“P” or the “prediction horizon” indicates how far into the
future the MPC investigates which is often represented by the
length of time in the future or the time steps to simulate in the
future. The controller simulates several inputs to the plant
model which correspond to different lateral positions shown in
Figure 2 (c), (d), (e). The paths are represented by black,
orange and green lines. This is done to find the optimum
steering command required to follow the required reference as
closely as possible. The optimization process is done in an
organized systematic way using an optimizer which solves an
online optimization problem. By solving the online
optimization problem. The MPC finds the best steering
command which minimizes the error between the predicted
path and the reference path.

The controller also follows the constraints set by the
physical limits of the car such as the tire road interactions or
occupants comfort controlled by the rate of change of the
steering wheel angle and any other constraints set. The online
optimization problem minimizes a “cost function” including
the weighted sum of all the predicted errors and the steering
wheel angle increments shown in Figure 2 (g). The cost
function “J” is as follows:

Cost function=] = ) w.ei,  + Z Wa Aul,;

t t—1
i=1 i=0

The MPC solves the online optimization problem at the
current time step over the selected prediction horizon all while
following the set constraints. The path output by the
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optimization problem which yields the smallest cost function
is the optimal solution or the best steering angle. MPC only
applies the steering command at the current time step of the
sequence of the prediction horizon and the rest are
disregarded. The MPC then uses the feedback from the
measured lateral position to determine the error and starts
solving the online optimization problem for the new time step.
The measured feedback maybe different from the predicted
one by the MPC due to external disturbances or other factors.
As the MPC moves to the next time increment, the prediction
horizon shifts forwards as shown in Figure 2 (f) and the
calculation is redone to determine the new optimal steering
wheel angle.
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Figure 2: Concept for model predictive control for lane change with
tracking

The controller design parameters are also a factor in the
optimization problem solution. The main design parameters
affecting the solution are the sample time, prediction horizon,
control horizon, constraints and constraints weights.

The sample time indicates the rate by which the controller
executes the control algorithms, choosing a sample time that is
too big makes vyields a longer reaction time which is
inefficient in handling disturbances, while a small sample time
will add to the computational load for the controller to operate.
Selecting the proper sample time strikes balance between
controller robustness and computational load.

As shown in Figure 3 (a), (b); the prediction horizon
indicates how far the controller predicts into the future and
must be optimized since choosing a small horizon can make
the controller too slow and will react to the predicted system
dynamics too late. Choosing a longer prediction horizon will
introduce the possibility of a larger computational load
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without benefit due to the change of the system dynamics
which is a computational waste illustrated in brown Figure 3
(@), (b). Another parameter of the MPC design is the control
horizon which maybe illustrated by assuming that the set of
control actions leads to the predicted output, then the control
horizon is the control actions to the final time step “n”. The
rest of the control actions are held constant. Setting the control
horizon at a smaller value decreases the computational load
but at the same time may not give the optimum maneuver over
the prediction horizon. This is due to the changing system
dynamics in the next time steps. By maximizing the control
horizon an optimized maneuver is reached however on the
cost of model complexity where normally the first few control
actions have an effect on the system output which is also
shown in Figure 3 (a), (b) in blue.

Reference )
A - Output
~
7~
Control Actions
1.1 L

Control Horizon
Prediction Horizon

vVVvVv+l

(a)

Figure 3: MPC design parameters

MPC can adhere to constraints of the physical system
which can be set on the inputs and output and their rate of
change. They may be set as soft or hard constraints where hard
controls are followed strictly by the controller and cannot be
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violated. On the other hand, soft constraints can be violated
depending on the output response of the vehicle.

Setting too many constraints may lead to an infeasible
solution and would lead to controller failure and the
optimization problem is unsolvable. The overall design
parameters of MPC are illustrated in Figure 3.

Il. VEHICLE DYNAMICS PREDICTION MODEL

The control problem in this research is for dynamic
stability bounded by the vehicle response in terms of total
acceleration, yaw velocity, vehicle position, yaw and slip
angles. The maximum total acceleration is limited by the tire-
road interactions as well as the maximum attainable side slip
angle. The vehicle position is also bounded by the proposed
path set by the path planning system. The variable to be
manipulated also has limitations. For example, the rate of
steering angle change is limited by the electric motor
maximum available rotational speed. Also, the maximum
steering angle is also limited to the steering system mechanical
design and the vehicle tires.

The control problem stated here is a multi-objective one
where several conflicting variables need to optimized using a
limited range of inputs and outputs. Usually in MPC one
variable is chosen to be optimized whether the value should be
strictly followed, minimized or maximized. While the other
variables are set as constraints.

In the optimization problem the controlled variable is the
vehicle steering angle. The limitations are from the vehicle
required path, where the controller must manipulate the
steering angle in order to follow the exact proposed position
while at the same time adhering to the limitations of the
maximum available steering angle, rate of change of steering
angle, maximum available total acceleration, maximum yaw
angle and yaw rate for the comfort of the driver.

The optimal problem solution works at follows; the path
planning algorithm sets a certain trajectory in terms of vehicle
position, yaw rate and longitudinal speed. Then the controller
uses the initial values to calculate the values of the steering
angle in the next time steps in order to minimize the difference
between the requested position and yaw angle and the actual
one. The total acceleration is kept below the set value as well
as following the restrictions on the steering angle rate and
limitations.

The prediction model for the vehicle handling dynamics is
the modified 4DOF double track model which is coupled with
a longitudinal power train and steering kinematics model is
shown in Figure 4 [9].
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Figure 4: Dynamic vehicle model

The steer angle &is assumed to be the manipulated
variable and the other variables v,, p, ¢, r are assumed as the
output, the control equation representing the system can be
written as:

q=1[Alg+u
Where the output matrix q" can be described as:

Uy

q=|P.
@
.

And [A] is the coefficient matrix denoted by:

G G G G
mv, m m m *
Ee By By B
[Al=|Lwv, I, I, I,
0 1 0 0
Dy Dy Dy Dy
Ly, I, I, 1,
g is the control variables vector calculated from:
Uy
_|P
1= ¢
r
Finally, u is the input vector where:
_Cs_
m
Es
u=\|1I1,|6
0
D;
1, |

The longitudinal acceleration of the body frame derived
from the longitudinal dynamics model can be described as:
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While the lateral acceleration in the body frame is derived
from the lateral dynamics model can be calculated as:

a, =1v,+v,

The vehicle total acceleration is bounded by the measured
maximum deceleration which was 0.6g where it can be stated

as [10]:
Where:

ng = /a§+a§,t20
or

2
ug = J(%ZFx+rvy) +(rvy,+v,),t=0

The condition for total acceleration is derived from the g-
g diagram where the lateral acceleration is plotted on the
horizontal axis and the longitudinal acceleration is plotted on
the vertical axis.

The MPC discretizes the model and the state equation into
sampling time “t” in order to formulate and solve the online
optimization problem and minimize the cost function “J”. At
each sampling time a desired precomputed trajectory over the
“prediction horizon” of “n” steps where n € Z *. This is given
in a sequence of lateral and longitudinal positions (X7,Y7),
Where i =t + 1, ... ,t+n. Where the cost function can be
described as:

J(Arp Aep Xo. Y 0Ty Ves, 87, X, Y, T)
t+n
= > (= XD+ (V- V)

i=t+1
t+n—1

2
+ Z [az(vx,-_t _vdes) + a3a?2€i,t]

i=t
t+n—1

2
+ Z [y (T — )" + “5“%“]
i=t

Axt = [axt]
Where, A4,, = [axu, ""axz,z+n—1]’Att = [atm, ""att,t+n—1]’
Xe = [Xep1 o Xegnl Yo = [Yigq, o Yernl,
[, = [Tev, o, Ten L, X7 = [XPi, o Xl YT
= [Yiia o Yl

In the cost function each sum represents a penalty over the
deviation from a set point, where the first sum is for the
deviation from the lateral or longitudinal position, the second
sum is for the deviation from the desired forward velocity,
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while the final sum represents the deviation from the required
yaw angle and the constraint over the total acceleration. The
sums are weighed using the tuning parameters of a;
each time t = kTn,, withn, € Z*, n>n, and k € Z*. The
optimization problem to solved is:

minAt,Xt,Ytrt](Axtt Attt Xtt Ytt rt: Vdes: af; Xr; Yr; rr)v

Which is subject to the conditions:

1 z ,
ug = \](;ZFx,k,t + rk,t”k,y,t) + (Tt Ve + vk,y,t)

sfmin = sf = Sfmax
sfmin = sf = Sfmax
k=t .. t+n

Once a solution to minimize the cost function J is reached,
the first samples of longitudinal and lateral position, yaw rate
and total acceleration are provided as feedback to the
controller and are used as a reference trajectory at a time of
t +nT. The cost function J is then solved over a shifted
prediction horizon based on the feedback from the previous
time step.

1. SIMULATION SCENARIOS DESCRIPTION

The designed MPC proposed was validated by simulation
using the MATLAB driving scenario designer as sensor data
due to the lack of availability of actual sensor data where the
driving scenario designer provides a synthetic driving scenario
for autonomous testing and validation.

The scenario designer is able to create roads, actors
(pedestrians, cones, barriers ... etc.), lanes, vehicles and road
markings. It is also capable of providing the vehicle position,
velocity, yaw angle and rate and lateral and longitudinal
accelerations. These signals can be the used as reference
points for the designed MPC to follow instead of actual data
from sensors to validate the controller.

The simulation scenarios included two different tests
which are a moose test and a lane change maneuver. Tests
were done at speeds which will introduce spikes in the vehicle
total acceleration in order to induce the controller to enforce
the constraints provided by the vehicle physical limitations.

The objective of all scenarios simulated is to ensure the
vehicle stays within the stability envelope of total acceleration
while adhering to the limitations on lateral position, maximum
steering angle, and maximum steering angle rate and minimize
the deviation from the proposed yaw angle. The moose test
was chosen as it introduces high lateral acceleration in several
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directions in a short span of time which is perfect for the
proposed controller algorithm.

a) Moose Test

The moose test is an important measure of vehicle
handling performance, as it introduces behavior that is close to
the vehicle handling limits which is convenient to test the
designed MPC so close to the vehicle stability envelope. The
standard dimensions of the “Moose test” or as sometimes
referred to as the “Double lane change” (DLC) maneuver is
shown in Figure 5 [11].

13.5m 13.5m 13.5m

Figure 5: German Alliance of Automotive industry (VDA) “Moose Test”
1SO 3888-2

The test consists of several steps as shown in Figure 6
obtained from the driving scenario designer, the vehicle is first
accelerated to the desired speed which is normally around
90km/hr for a regular vehicle. For the vehicle of this study the
vehicle speed is simulated between at 20km/hr as the
maximum speed is 40km/hr.

The wvehicle is required to navigate at a speed which
maximizes the tire forces given by the total available
acceleration. As the vehicle enters the corner the throttle is
held steady, and the steering commands are applied in order to
change the lane twice.

The controller obtains the required steering angle in order
to follow the trajectory as closely as possible. No braking or
acceleration torques are applied here. However, the speed may
decrease as the maneuver proceeds.
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Figure 6: Moose test using the driving scenario designer

In this test the entry speed of the vehicle is set at 20 km/
hr. the simulation results are shown in Figure 7 to 11. The
controller still shows acceptable reference tracking at
increased entry speed presented in Figure 7 (a), (b) where the
maximum deviation from the reference lateral position to be
followed is around 0.31m at t = 1.8s. The tracking error is
accepted given that the vehicle reference total acceleration is
more than 60% or 3.5m/s? above the set maximum
acceleration of 5.886m/s? or 0.6g m/s? presented in Figure

7 (e), (M.

Figure 7 (f) Also shows the deviation of the vehicle total
acceleration from the maximum set value indicating that the
reference trajectory of the vehicle makes it lose control three
times during the maneuver. First at t=1.8s with an
acceleration deviation of 3. 5m/s? giving the maximum value
for lateral position tracking error. Then at t = 2.4s with
deviation of 1.2 m/s? and a tracking error 0.1m. Finally at
t = 8.2s and deviation of around 2 m/s? where the tracking
error is less than 0.2 m.
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Figure 7: 1SO3888-2 Moose test at 20 km/hr. MPC (a) Lateral position (b)
Lateral position deviation (c) Yaw angle (d) Yaw angle deviation (e) Total
acceleration (f) Total acceleration deviation

The controller manages to reduce the total acceleration for
all three loss of control events below the maximum set value.
This is done by changing the vehicle heading or yaw angle to
a more stable direction while adhering to the limitations set on
the available steering angle. The vehicle heading is changed
by applying transitions of the steering angle at an acceptable
rate with respect to the maximum value of steering angle and
the maximum steering angle rate illustrated in Figure 8.

Steering Angle (deg)
o o

&
T

L I L I I
0 4 4 6 8 10 12
Time (s)

Figure 8: Steering angle required to navigate the moose test at 20 km/hr

The g-g diagram of the vehicle during the 1SO3888 — 2
moose test shown in Figure 9 where the three events are
presented. The total acceleration of the reference vehicle is
outside the adhesion limit set by the friction circle which
indicates the maximum acceleration of the wvehicle. The
controller reduces the maximum acceleration to be within the
stability envelope of the friction circle.
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Figure 9: g-g diagram for 1SO3888-2 Moose test at 20 km/hr

Figure 10, Error! Reference source not found. illustrate
the vehicle response to the 1SO3888-2 Moose test at 20 km/
hr in terms of lateral velocity, slip angle, roll rate, roll angle,
yaw rate and tire forces. The results also show a stable vehicle
with no indication of loss of control or unacceptable behavior.
The maximum slip angle of the vehicle is around 2.81deg and
the maximum roll angle shown ins around 2.73deg.
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Figure 10: 1SO3888-2 Moose test at 20 km/hr. vehicle response (a) Lateral
velocity (b) Slip angle (c) Roll rate (d) Roll angle (e) Yaw rate

b) Lane Change

One of the most dangerous driving tasks is lane change
maneuvers which result as the operator or autonomous system
is required to avoid an obstacle at a high speed. The modeling
and simulation of this maneuver is an essential step in the
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design of any autonomous system controller. The maneuver
proposes high risk to the studied vehicle and other vehicle on
the road. Therefore, the lane change maneuver was taken into
consideration during the design and simulation process of the
MPC. The proposed maneuver is illustrated in Figure 12
where the wvehicle is driving at 36km/hr which is the
maximum speed the vehicle can achieve. The MPC is

introduced to an obstacle after 25m and is required to change
lanes at a lateral position of 3m.

100F

Fyf (N)
Fyr (N)

Fzf (N)

TW“ejsw ‘ (c) i ) Tﬂzlsw i ) d
Figure 11: 1SO3888-2 Moose test at 20 km/hr. Tire forces (a) Front tire

side forces(b) Rear tire side forces (c) Front tire normal forces (d) Rear
tire normal forces

Figure 12: Simulated lane change maneuver

The dimensions and steps of the lane change maneuver is
shown in Figure 13.

The simulation results are shown in Error! Reference
source not found. toError! Reference source not found..
The MPC successfully maneuvers the lane change at
maximum speed 36km/hr with minimal lateral position
tracking error.
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Figure 13: Simulated lane change maneuver in driving scenario designer

The maximum value of the lateral position deviation shown in
Error! Reference source not found. (a), (b) is just more than
0.2m which occurs directly before the obstacle at t = 2.83s
with total acceleration deviation of around 1.53m/s?.
Deviation from the reference lateral position is also noticeable
at t=4.3swith similar total acceleration deviation as
illustrated in Error! Reference source not found. (e), (f).
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Figure 14: Lane change at 36 km/hr. MPC (a) Lateral position (b) Lateral
position deviation (c) Yaw angle (d) Yaw angle deviation (e) Total
acceleration (f) Total acceleration deviation

The proposed steering angle and the vehicle g-g diagram
are shown in Error! Reference source not found. and Error!
Reference source not found. while the vehicle response is
shown in Error! Reference source not found. and Error!
Reference source not found.. The result shown in the figures
demonstrates the stability of the controller while executing the
lane change maneuver even at maximum vehicle speed.
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Figure 15: Steering angle required to navigate the lane change at 36
km/hr
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Figure 16: g-g diagram for lane change at 36 km/hr
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Figure 17: Lane change at 36 km/hr. vehicle response (a) Lateral velocity
(b) Slip angle (c) Roll rate (d) Roll angle (e) Yaw rate

Figure 18: Lane change at 36 km/hr. Tire forces (a) Front tire side forces

(b) Rear tire side forces (c) Front tire normal forces (d) Rear tire normal
forces
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IV. CONCLUSION

In this research a controller for an SBW system was
designed and simulated based on the Model predictive control
theory for a small golf cart that is designed to operate
autonomously. The controller was designed to accommodate
the changes in loading conditions, vehicle properties and road
conditions. An accurately controlled SBW system contributes
in the optimization of driving strategies and the aids in the
proper execution of vehicle maneuvers especially at the limits
of handling. The model used in this research is the 4DOF one
that includes yaw, lateral, longitudinal and roll motions which
is more accurate and effective than the normally utilized
bicycle model. Researches also consider the steering system
dynamics as a constant gain which is not entirely accurate
where in this research the steering system dynamics of the golf
cart is taken into consideration. The model is coupled with a
longitudinal forward dynamics model to calculate the
longitudinal acceleration which is plotted against the lateral
acceleration calculated from the lateral dynamics model. The
total acceleration is then plotted on the g-g diagram of the
vehicle against the friction circle obtained by the maximum
total acceleration identified by braking tests. This is then used
as limitations to the model predictive controller along with
constraints on the steering wheel maximum angle and steering
angle rate.

The target of the research was to develop an analytic
model which is realistic and at the same time computationally
efficient to be integrated in the MPC design. The model strikes
a line between realism versus the linear bicycle model and
computational efficiency versus more complicated several
degrees of freedom model such as the 9 degrees of freedom
model presented by Polack [6]. The designed MPC proves to
be stable lower speeds and also at higher speeds in maneuvers
close the vehicle limits. The controller manages to stabilize
the vehicle even when the reference trajectory by the sensor
data outputs high total acceleration outside the friction limit
defined by the tire capabilities. The controller was simulated
on two maneuvers which are the moose test (at different
speeds) and a lane change. The controller was stable
throughout the simulations giving excellent tracking
performance in all simulated cases.

V. FUTURE WORK

The MPC designed in this research provided proper
trajectory tracking at low and high speeds close to the vehicle
handling limits which is acceptable but may be improved to
reduce the tracking error to a minimal level. The suggestion to
improve the performance of the controller includes:
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Implementing a non-linear tire model which gives
better insights on the vehicle handling characteristics
which requires tire testing data provided by a tire
testing machine. Where in this work the linear tire
model was used due to the lack of availability of a
tire testing machine.

The use of actual sensor data provided by the finished
autonomous golf car instead of relying on the data
provided by the MATLAB driving scenario designer
to optimize the controller performance.

Adding the effect of pitch motion and weight transfer
on each separate wheel which can be done using a
more complicated 9 DOF model and using a separate
g-g diagram for each wheel.

The accuracy of the designed controller maybe also
improved by designing a nonlinear MPC rather than
the one used in this research. The nonlinear MPC can
be more accurate especially If the tire model used
was a nonlinear one. Where the linear MPC would
fail to linearize the tire data. Although the nonlinear
MPC requires high computational power, It gives
higher accuracy during any maneuver.

Coupling the lateral steering controller with a
longitudinal controller to modulate the accelerator
and brake pedals which gives more stable maneuvers
by increasing or decreasing the longitudinal speed
which directly affects the total acceleration.

The implementation of the controller in the golf cart
and experimental testing on the roads of the faculty
of engineering Ain Shams University.
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