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\Thirty-�ve years later, I can Look back on an eventful,fruitful career { one spent de-

signing cars and asking myself the same series of simple questions. How can we increase

performance? How can we improve e�ciency? How can we do this di�erently?

How can I do this better ? "

Adrian Newey



Abstract
Recently, a trend in the development of the electric vehicles has arrived to the motor-

sport and hyper-cars industries. Thus, causing a increase on the interest of developing

new technologies that will introduce the electric vehicle as a sport car in the popular

mindset.

This study tackles the state-of-the-art technologies of di�erent Torque Vectoring strate-

gies and implements, tune, and simulates a new algorithm that combines the typical

yaw rate controllers with a anti-slip control using an optimization methodology.

To do so, a self-made Simulink model has been developed and validated using real test

data of a Formula Student vehicle. This simulation testing environment has permitted

the comparison of the developed algorithm against without any controller and without

the optimization assembly methodology achieving promising results.
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Chapter 1

Introduction

In this chapter, a description of this thesis objectives and scope will be described as well

as the current technologies on this �eld. Finally, a proposal will be summarized.

1.1 Aim of the study

The main objectives of developing this study are, on one hand, developing new control

algorithms capable to improve the drivability and performance of electric vehicle not

only in normal driving conditions but also at limit handling conditions. On the other

hand, describe the improvements in control and performance of the electric vehicles in

the motorsport industry making possible the association of electric vehicle as a sport

vehicle.

1.2 Need identi�cation

On one hand, the climate change awareness is a key factor on the development of electric

vehicles and its technologies, concretely during the last decades huge improvements in

batteries, motors and motor controllers have been developed by universities and private

companies with the objective to improve the electric technologies, reducing theCO2

emissions.

1
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On the other hand, the need of improving the mobility at the crowded cities and the road

safety are key factors of developing autonomous and semi-autonomous systems, such as

Advanced driver-assistance systems (ADAS), autopilots, etc.; that may not only im-

prove the comfort during normal driving, but also increasing the safety such as avoiding

pedestrians accidents, extreme lane changing manoeuvres, low friction surface braking,

etc.

The torque vectoring is a system capable to combine the best part of both objectives, as

it is easily applied in independent electric motors vehicles. It can contribute in improving

the performance of the vehicle in di�erent aspects:

ˆ It improves the driving comfort and safety during normal and extreme manoeuvres.

{ It will increase the vehicle stability and control by preserving other critical

safety limits such as the roll over stability.

{ It reduce the vehicle time reaction when avoiding obstacles, increasing the

safety.

{ It increases the manoeuvrability making the vehicle feel more sportive.

ˆ It increases the e�ciency by reducing the tire sliding, and hence increasing the

longitudinal acceleration.

ˆ It can combine mechanical and regenerative braking capabilities, increasing the

e�ciency by recovering some energy when braking.

1.3 Contributions

The principal contributions of this thesis are:

ˆ The development of a high �delity vehicle model that includes:

{ A detailed description of the vehicle, including the suspension and steering

systems, the aerodynamics, and the low level controllers of the electric motors.

{ Also, it includes a high �delity transient tire model, that will introduce some

delays in the control actions.

{ In addition, the sensors will be modelled including some delays (Figures 1.1

and 1.2) caused by the communications times, the data �ltering (Optical

sensor delays), or the physical sensor principle (GPS velocity delay).
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ˆ Development of 5 independent classical control algorithms (the yaw rate controller

and the 4 wheels anti-slip system) that will be connected by solving a optimization

problem.

ˆ Development of a automatic calibration algorithm based on an optimization of a

cost function de�ned by the user, connecting the Simulink model to MATLAB.

Figure 1.1: Sensor delays causes and magnitudes.

Figure 1.2: Speed sensors delays. Left: Optical sensor delay test, Kistler Correvit
S-350: 2-Axis Optical Sensors. Right: GPS speed sensor delay test, XSENS MTI-710-

G-NGSS.
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1.4 Requirements

In this section the requirements of the control algorithm will be described:

ˆ Estimation of the vehicle dynamics in transient manoeuvres.

ˆ Estimation of the tire non-linear behaviour using semi-empirical equations ex-

tracted from the literature.

ˆ Estimation of the sensors' errors, variances, delays, and other non-linear features

that may a�ect the control algorithm performance.

The requirements to properly develop this virtual testing environment has been extracted

from the recommendations from the reference [20]:

ˆ The user should be a competent vehicle dynamist with the ability to perform

mental connections between measured (or simulated data) and the physical data.

ˆ Make a cross-check on magnitudes and sign conventions of the model of all input

data items.

ˆ Use a self-developed tire modelling due to the importance of understanding how

the raw data have been processed, as it has a huge impact on stability and control

of the vehicle.

ˆ It must never be forgotten that the purpose of these model is designing a control

algorithm suitable for an electric race car. It is because of this, that the model

needs to be so detailed.
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1.5 Scope

The scope of this study is to:

ˆ Develop a non-linear vehicle model using Simulink that will represent the most

important dynamic features of the real-world vehicle.

ˆ Introduce hardware modelling making possible the study of real-world problems.

ˆ Develop a control strategy capable to perform an improvement of the baseline

vehicle by using a combination of state-of-the-art control strategies.

ˆ There will be a study of di�erent combinations of controllers and a comparison of

their performance and computational costs.

There will be some analysis out of the scope:

ˆ There will not be a study of the vehicle parameters that will be used.

ˆ There will not be a real-world test of the new developed algorithm.

The engineering process that will be followed is:

1. First, an understanding of the vehicle dynamics and a description of the motion

will be described

2. Then, an analysis of the state-of-the-art controllers will be done.

3. Finally, the model will be generated using SIMULINK © , and the di�erent con-

troller's combination will be tested.
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1.6 State-of-the-art

At this section, a detail explanation of the current technologies related with vehicle mod-

elling and control strategies will be done, comparing the advantages and disadvantages

of each solution.

1.6.1 Tire models

There exist di�erent types of tire models and they are used in the literature based on

di�erent objectives. There exist quite simple models that can predict the normal driving

conditions of a passenger car, others that are more complex and are able to estimate the

limit handling conditions of the vehicle. Finally, there exists extremely complex models

that are used to determine accurately the tire behaviour in a huge range of di�erent

conditions, including its transient behaviour.

Figure 1.3: Parametric representation of the forces generated by the tire.
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1.6.1.1 Linear model

It is widely used due to its simplicity, normally its combined by a simpli�ed bicycle

model (Ref capitol bicycle model) to achieve a fully linear model, permitting low com-

putational cost solutions with a moderate error. Due to its simplicity is commonly used

as a predictive model not as simulation model [4, 19, 29].

The main advantages of this tire model are:

ˆ Independency of longitudinal and lateral forces.

ˆ Longitudinal forces considered as instantaneous.

ˆ Linearity.

ˆ Complex vehicle dynamic approximation.

The main disadvantages are:

ˆ It does not consider saturation.

ˆ It does not consider combined forces.

ˆ It does not consider other e�ects such as:

{ In
ation pressure.

{ Temperature.

{ Camber (inclination Angle).

{ Tire Moments.

{ Normal force sensitivity.

{ . . .
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1.6.1.2 Piece-wise linear model

It is based on a linear �tting of the model using piece-wise de�ned functions used in

[11, 31]. This kind of models are used to reduce the computational cost during estates

predictions by using a linear evolution of the vehicle depending on the tire working re-

gion.

Figure 1.4: Linear tire models. Left: linear model. Right: Piece-wise linear model.

Its main advantages are:

ˆ The linearity of the equations.

ˆ The saturation modelling.

The main disadvantages are:

ˆ It has discontinuities in the derivative.

ˆ It does not consider combined forces.

ˆ It does not consider other e�ects such as:

{ In
ation pressure.

{ Temperature.

{ Camber (inclination Angle).

{ Tire Moments.

{ Normal force sensitivity.

{ . . .
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1.6.1.3 Burckhardt model

It is based on experimental �tting of a simple tire model based on an exponential func-

tion and a linear function, that combined can predict the tire performance during enough

range to be used in simple models or controllers [4].

Figure 1.5: Linear tire model

Its main advantage is the simplicity of the equation. But it has some disadvantages:

ˆ Do not consider combined forces.

ˆ Do not consider other e�ects such as:

{ In
ation pressure.

{ Temperature.

{ Camber (inclination Angle).

{ Tire Moments.

{ Normal force sensitivity.

{ . . .
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1.6.1.4 Brush model

It is based on a physical modelling of the tire, assuming certain pressure distribution

at the contact patch and some distributed sti�ness properties as well as grip factors.

Obtaining a piecewise function de�ned by a polynomial like equation between the satu-

ration points and a constant value after these saturation points [14, 21].

Figure 1.6: Brush tire model

Its main advantages are:

ˆ It can consider the saturation.

ˆ It is derivable.

ˆ It can consider combined forces.

ˆ It is based just three parameters.

ˆ It predicts the M z tire moment.

ˆ It may predict under certain restrictions the Inclination Angle e�ect (Camber).

Its main disadvantages are:

ˆ It cannot predict the Ackermann behaviour of the tire.

ˆ Its combined behaviour is circular not elliptical. It assumes equal longitudinal and

lateral grip factors.

ˆ It does not consider other e�ects such as:

{ In
ation pressure, temperature, . . .
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1.6.1.5 Pacejka 2002

It is a semi-empirical tire model based in trigonometric functions that describe the gen-

eral behaviour of a tire and those coe�cients are obtained by empirical data [21].

Figure 1.7: Pacejka tire semi-empirical tire model.

Its main advantages are:

ˆ It can consider the saturation.

ˆ It is derivable.

ˆ It is continuous.

ˆ It can predict the Ackermann behaviour of the tire.

ˆ It can consider combined forces.

ˆ It predicts the tire moments.

ˆ It may predict other e�ects such as:

{ In
ation pressure.

{ Camber.

{ Normal force sensitivity.

Its main disadvantages are:
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ˆ It is a complex model that need, empirical testing to obtain reliable data.

ˆ It has a huge number of parameters that must be obtained.

ˆ It has higher computational cost than the above models.

1.6.1.6 Magic formula 6.1

It is a semi-empirical tire model based in trigonometric functions that describe the

general behaviour of a tire and those coe�cients are obtained by empirical data [21].

Concretely is an extension of the previous explained model 1.6.1.5 with increased num-

ber of parameters that models better the tire at di�erent conditions.

Its main advantages are:

ˆ It can consider the saturation.

ˆ It is derivable.

ˆ It is continuous.

ˆ It can predict the Ackermann behaviour of the tire.

ˆ It can consider combined forces.

ˆ It predicts the tire moments.

ˆ It may predict other e�ects such as:

{ In
ation pressure.

{ Camber.

{ Normal force sensitivity.

ˆ It can be implemented in transient using, �rst order simpli�cation or higher order

non-linear approximation.

ˆ It is a precise lumped model.

Its main disadvantages are:

ˆ It is a complex model that need, empirical testing to obtain reliable data.

ˆ It has a huge number of parameters that must be obtained.

ˆ It has higher computational cost than the above models.
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1.6.2 Vehicle models

There are di�erent types of vehicle models that are used in the literature to model a car,

their choice is based on the main objective of the model. On one hand, there are simpli-

�ed models that are used to predict the vehicle states in the control loop, those models

must have lower computational cost making possible the real-time computation. On the

other hand, there are extremely accurate models that are used to estimate accurately

the vehicle behaviour during di�erent manoeuvres, making possible a good correlation

with the reality.

1.6.2.1 Bicycle model

The bicycle model is the simplest vehicle model that can be used. Its main advantage is

the ease of separating the longitudinal dynamics from the lateral-directional dynamics,

by assuming that the longitudinal speed changes smoothly and slowly compared with

the lateral-directional forces and moments generation. It is because of its simplicity

that is mainly used to estimate the vehicle behaviour in the model-based controllers

[4, 11, 17, 19, 29].

Figure 1.8: Bicycle vehicle model.

The main advantages of this model are:

ˆ If it only considers lateral-directional equations, it can be easily linearized:

{ Obtaining a system with simpli�ed planar dynamics.

{ It uses linear tire model.

{ Small angles assumption.

ˆ It has low computational costs.
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ˆ It can be described in matrix form, permitting linear algebra operations.

ˆ It may consider longitudinal weight transfer during acceleration/braking manoeu-

vres.

The main disadvantages of this model are:

ˆ It does not consider lateral load transfer.

ˆ It does not consider tire de
ections due to suspension movement.

ˆ It considers instant torque response neglecting tire rotation dynamics.

ˆ Tire moments are neglected.

ˆ It does not consider transient tire dynamics. It needs a inverse longitudinal traction

function.

1.6.2.2 Two-track model

The two-track model is the direct evolution of the previous vehicle model, it is used in

the literature when combined forces and tire non-linearities need to be considered [ref].

This model can be used not only as a predictive model for the control algorithm but

also as a mid to high �delity level for simulation, depending on the interactions and tire

models that are used [4, 11, 12, 17, 19, 22].

Figure 1.9: Two track model description.
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The main advantages of this model are:

ˆ There are four independent wheels.

{ It considers longitudinal forces distribution.

{ It considers each wheel lateral forces.

{ Small angles assumption.

ˆ It can be linearized:

{ It may consider planar dynamics, assuming smooth longitudinal dynamics.

{ Small angles hypothesis.

{ Tire linearization.

{ Steady-state tire forces.

ˆ It may consider tire moments.

ˆ It may consider the tire rotational dynamics, or it may have instant torque re-

sponse.

ˆ It may consider the tire lateral dynamics.

The main disadvantages of this model are:

ˆ It does not consider tire de
ections due to suspension movement or it assumes

polynomial regression as function of body acceleration.

ˆ The load transfer precision is limited due to the suspension modelling.

{ The load transfer is assumed to be instantaneous, assuming steady state

conditions and not considering the damping forces.

{ Road surface must be considered smooth.

ˆ It has higher computational costs.

ˆ Detailed information about the vehicle is needed.
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1.6.2.3 Multi-body model

It is the most complex and accurate model that can be used. It is only used as simulation

model.

Figure 1.10: Multi-body dynamic model description.

The main advantages of this model are:

ˆ It is a high-�delity model.

ˆ It may consider any or few assumptions.

ˆ It can model the full vehicle dynamics including each moving element indepen-

dently.

ˆ It can consider bumpy road surfaces.

ˆ Parametrizable aerodynamics based on body motion.

The main disadvantages of this model are:

ˆ It has high computational costs.

ˆ Extremely detailed information about the car is needed.
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1.6.3 Control algorithms

In this section, a review of the current algorithm used in the torque vectoring systems

will be done.

1.6.3.1 Feed-forward controllers

These types of controllers are used as a �rst approximation of the optimal control action

for Yaw Rate control algorithm at [29].

Figure 1.11: Feed-forward controler scheme.

The main advantages of this controller are:

ˆ Its simplicity.

ˆ Its rapid response.

ˆ The ability to counteract external disturbances.

ˆ It does not need any sensors or measurements of the systems states.

The main disadvantages are:

ˆ Its inaccuracy, as they do not know the real state of the system.

ˆ Its dependency on the system model precision and accuracy.

To solve these disadvantages, these controllers are commonly combined with feed-back

controllers, that introduce the real state of the system increasing the accuracy and

decreasing the long-term deviation, maintaining the rapid response and the possibility

of tracking desired outputs path by rejecting disturbances.
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1.6.3.2 Feed-back controllers

The feed-back controllers are based on the error information between the desired output

and the current output. Its main objective is minimizing this di�erence by using the

feedback information to obtain an improved input.

Figure 1.12: Feed-back controller scheme.

PID:

It is one of the most used control systems in the industry for controlling simple plants,

because of this it is very used as a �rst approach as a control algorithm for the Torque

Vectoring [4, 30].

The main advantages of this controller are:

ˆ Its simplicity.

ˆ The integral component can reduce the long-term tracking error to zero.

The main disadvantages are:

ˆ It is based in SISO systems

ˆ It is only useful for linear or quasi-linear systems.

ˆ It does not use any information of the system, making the response less robust.

ˆ It has slow response.

ˆ It may need anti-windup strategies for the integral part tracking error.

ˆ It cannot deal with physically constrained inputs.
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Linear quadratic regulator:

The Linear Quadratic Regulator (LQR) is a proportional feedback controller that is used

because of the easy tuning capability based on response objectives. It is used to improve

the PI controllers' capabilities, as it can control not only the yaw rate but also the slip

angle of the vehicle increasing the stability and thus the safety [4, 29].

The main advantages of this controller are:

ˆ Its ease of implementation as it is based on the multiplication of error vectors and

gain matrix.

ˆ The ability to control MIMO systems.

ˆ It uses information of the system by obtaining the optimal K matrix coe�cients.

The main disadvantages are:

ˆ It is only useful for linear or quasi-linear systems.

ˆ It may have long-term tracking error as it does not use error integration.

ˆ It cannot deal with physically constrained inputs.

And improvement of the simples proportional LQR system is based on adding some

error integration and converting the LQR to a kind of LQR-I controller as proposed by

[J. Antunes].
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Model predictive control:

The Model Predictive Controllers (MPC) are useful for controlling systems that can

be easily modelled. Depending on the complexity of those models there are di�erent

approach.

Linear MPC:

The Linear-MPC is used when the plant can be modelled as a linear system, and the

system dynamics need to be controlled accurately and the inputs and/or outputs are

physically constrained [11, 17, 19].

The main advantages of this controller are:

ˆ It is based on an optimization problem, obtaining an optimal or sub-optimal re-

sponse of the system.

ˆ The ability to control MIMO systems.

ˆ It uses information of the system.

ˆ It can deal with constrained outputs and inputs.

The main disadvantages are:

ˆ It is only useful for linear or quasi-linear systems.

ˆ Its implementation is complex.

ˆ An accurate model guarantees an optimal response.

ˆ It might have high computational costs and times.
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Non-linear MPC

It is the generalization of the previous controller. There exist several strategies to deal

with the non-linearity of the system, [16, 19, 25]:

ˆ Some authors propose a linearization of the system at each step by using ACADO

Toolkit obtaining a sequential quadratic programming problem [19, 25]. Con-

cretely, [19] uses the RTI scheme to solve the sequential linear quadratic problem.

ˆ Some authors propose a linearization of the system at each step by using PDIP

obtaining a sequential quadratic programming problem [25].

The main advantages of this controller are:

ˆ It is based on an optimization problem, obtaining an optimal or sub-optimal re-

sponse of the system.

ˆ The ability to control MIMO systems.

ˆ It uses information of the system.

ˆ It can deal with constrained outputs and inputs.

ˆ It can deal with non-linear systems

The main disadvantages are:

ˆ Its implementation is complex.

ˆ Its calibration and tuning are complex

ˆ An accurate model guarantees an optimal response.

ˆ It has high computational costs and times.
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Neural-Network

It is based on the learning capabilities of the neural network to obtain a non-linear model

[12, 22].

The main advantages of this controller are:

ˆ It is based on an optimization problem, obtaining an optimal or sub-optimal re-

sponse of the system.

ˆ The ability to control MIMO systems.

ˆ It uses information of the system.

ˆ It can deal with constrained outputs and inputs.

ˆ It can deal with non-linear systems.

ˆ It has less computational costs than the NL-MPC.

The main disadvantages are:

ˆ Its implementation is complex.

ˆ It needs training time and data to �t a non-linear model

ˆ Its calibration and tuning are complex.

ˆ An accurate model guarantees an optimal response.



Chapter 1. Introduction 23

1.7 Proposal

Once a study of the current technologies used in modelling and controlling the vehicle,

it is possible to compare them with the requirements and the scope of this study.

On one hand, one of the main features that this model might include is the transient

description of complex manoeuvres, including non-linearities, and delays. On the other

hand, the model might be simple enough to develop it within 300h using the knowledge

of an Aerospace engineer and to run in almost real time in a laptop. The main objective

of developing this model is achieving a better understanding of the vehicle dynamics

and control engineering �eld. Finally, it must be described by independent blocks that

might be improved in the future.

Considering the previous knowledge and the objective of introducing into non-linear

systems control, the main controllers that will be tested and programmed are the PID

controller and the LQR controller, both combined with a linear feed-forward controller

(see �gures 1.13 and 1.14). Finally a novel combination of the traction control and yaw

rate control will be studied and tested.

The vehicle model will be a two-track model with a linear suspension model. At the same

time the aerodynamic forces will be modeled and considered. In addition,a complete

description of the tire dynamics will be done using the Magic Formula 6.1 adding a

linear and �rst order transient behaviour as described in [5]. Finally, the sensors delays

and non-linearities will be considered in the model.
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