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Abstract 

A vast expansion is found in the field of automotive electronic systems. The expansion is 

coupled with a related increase in the demands of power and design. Now, this is good 

arena of engineering opportunities and challenges. One of the challenges faced, is 

developing fault tolerant systems, which increases the overall automotive and passenger 

safety. The development in the field of automotive electronics has led to the innovation 

of some very sophisticated technology. However, with increasing sophistication in 

technology also rises the requirement to develop fault tolerant solutions.  

As one of many steps towards developing a fault tolerant system, this thesis presents an 

exhaustive fault analysis. The modeling and fault analysis is carried out for a vehicle with 

four in-wheel motors. The primary goal is to collect as many of the possible failure 

modes that could occur in a vehicle. A database of possible failure modes is retrieved 

from the Vehicle Dynamics research group at KTH. Now with further inputs to this 

database the individual faults are factored with respect to change in parameters of vehicle 

performance. The factored faults are grouped with respect to similar output 

characterization. 

The fault groups are modeled and integrated into a vehicle model developed earlier in 

Matlab/Simulink. All the fault groups are simulated under specific conditions and the 

results are obtained. The dynamic behavior of the vehicle under such fault conditions is 

analyzed. Further, in particular the behavior of the vehicle with electronic stability 

control (ESC) under the fault conditions is tested. The deviation in the vital vehicle 

performance parameters from nominal is computed.  

Finally based on the results obtained, a ranking system termed Severity Ranking System 

(SeRS) is presented. The severity ranking is presented based on three essential vehicle 

performance parameters, such as longitudinal acceleration (  ), lateral acceleration (  ) 

and yaw rate ( ̇). The ranking of the faults are classified as low severity S1, medium 

severity S2, high severity S3 and very high severity S4. A fault tolerant system must be 

able to successfully detect the fault condition, isolate the fault and provide corrective 

action. Hence, this database would serve as an effective input in developing fault tolerant 

systems.  

Keywords: Fault condition, fault analysis, in-wheel motors, fault modeling, simulation, 

vehicle model, ESC, fault classification and grouping, severity ranking, vehicle dynamics.  
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1. INTRODUCTION 

The chapter delivers an introduction about the thesis by covering its background and objectives. Further, 

it also provides a brief summary about the framework of the entire report. 

Transportation is one of the most crucial sectors for an economy. In reference to an 

initiative made in 2005 by the Swedish government, by 2020 the country aims to be the 

world’s first oil free economy [1]. Nevertheless, Sweden is not the only country moving 

towards the reduction of oil dependency. It is also a major concern today amongst most 

countries of the world. A report by the International Energy Agency (IEA) states that the 

transport sector consumes approximately one-fifth of global primary energy [2]. This 

highlights the necessity for usage of alternative energy solutions in vehicles.  

The emerging alternative energy solutions include bio-gas, bio-fuels, hydrogen, electricity 

and others. However, the drive towards the electrification of passenger vehicle 

powertrain has intensified with technological developments in batteries, electrical 

machines and power electronics. The major types of Electric Vehicles (EV) include 

conventional Hybrid Electric Vehicles (HEV), Plug-in Hybrid Electric Vehicles (PHEV) 

and Battery Electric Vehicles (BEV). Further with the innovation of in-wheel 

motors/direct drive technologies the electrification of vehicles has become more 

efficient.  

The dependence of mechanical components in vehicles has decreased significantly and in 

turn the role of electronics and software increased. Further, integration of automotive 

electronics in chassis systems enables to optimize safety, agility, and comfort. Chassis 

electrification is one of the important areas benefitting from the developments in 

mechatronics. Some of the features in a vehicle with electronics/software based 

(mechatronic) functions of chassis include: 

Anti-lock Braking (ABS) 

ABS is an added feature to the foundation brakes that prevents the wheels from locking 

on hard braking. The system especially is beneficial while braking on wet or slippery road 

surfaces.  

Traction Control 

The main purpose of this system is to prevent wheel slip when the vehicle is subjected to 

acceleration on a surface with lower friction. It prevents wheel slip while driving off or 

accelerating by varying wheel torques. The traction control is a supplement with the ABS 

and together form the traction control system.  

Electronic Stability Control (ESC) 

ESC prevents the loss of dynamic stability by controlled braking of the wheels 

individually. ABS and traction control are always an integral part of the ESC, although 

they can still be present in a vehicle as separate features without a full ESC system. A 
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Swedish National Road Administration study (2003) reported ESC effectiveness in 

reducing fatal crashes was around 22 % [3].  

Electrically Controlled Steering 

Electric Hydraulic Power Steering (EHPS) is a steering system in which the hydraulic 

pump is directly driven by an electric motor and not by the engine. Electric Power 

Steering (EPS) uses an electric motor attached to the steering rack via a gear mechanism 

and torque sensor.  

Suspension Systems 

Semi active and active systems have been introduced which adjusts damping levels 

and/or spring forces with respect to road conditions, speed, cornering and also delivers 

comfort and safety.  

The graphical representation in Figure 1-1 shows the trends in vehicle technology 

through the years: 

 

Figure 1-1. Complexities in Vehicle Development through the years [4] 

1.1 Background and Previous Work 

The groundwork for the thesis relies upon the research conducted by the Vehicle 

Dynamics research group at KTH. The research is also associated with the Department 

of Electrical Energy Conversion at KTH. The interdisciplinary research work started as 

an initial study about fail safe solutions of over actuated HEV [5]. It analyzes the impacts 

of failure modes (caused by electrical and other faults) and the degree of in-built fault-

tolerance for different vehicle control strategies in hybrid electric and pure electric 
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vehicles. The analysis would focus on concepts where propulsion power is obtained from 

light in-wheel motors. The work is funded by the Swedish Hybrid Vehicle Center (SHC).  

The work was initiated with a literature study followed by collection of faults in vehicles. 

The collection is listed and organized with respect to subsystems of the vehicles. As the 

next major step a detailed transient model for the in-wheel motors is developed [6]. 

The research project also includes other theses. An analysis of light permanent magnet 

in-wheel motor was conducted. This thesis proposed an analytically calculated in-wheel 

motor design which focuses on magnet placement and rotor topology. Three analytical 

configurations of the motor were proposed. Further, the analytical configurations were 

subjected to Finite Element Method (FEM) analysis. Analysis using sinusoidal currents 

and Pulse Width Modulation (PWM) currents were conducted and compared. The 

torque-speed and voltage-speed curves were obtained and compared to the analytical 

design. After the analytical and FEM analysis, the PMSM is subject to a thermal analysis. 

The temperatures of the motors were obtained for different working conditions. This 

data was contrasted with other vital magnetic parameters [7]. Later, for the same research 

work an extension into another thesis to analyze the fault conditions in PMSM was 

initiated. Failure mode effect analysis (FMEA) was carried out to identify the important 

faults for this motor model. The model was subjected to FEM simulations and its 

behavior during various types of electrical faults and control methods was studied and 

compared [8].  

As a part of the research project yet another thesis work, to provide an overview of 

Wheel Corner Module (WCM) technology was carried out. The first part of the thesis 

briefs about the technology on which WCM is based on. A concise presentation of 

various literature studies and scientific reports on novel solutions of WCM were 

presented. Further, the impacts in terms of vehicular, environmental and economic 

aspects were discussed. A conceptual analysis was provided which was later 

supplemented with dynamic simulations in Dymola [9]. The simulations were carried out 

to estimate the impact on ride comfort and handing performance, due to increased un-

sprung mass on introducing WCM [10].  

1.2 Challenges 

In-wheel motors are also termed as hub motors which were even said to be popular 

among cars hundred years ago [11]. However, the technology did not stand up to the 

expectations then. A development of a new innovation has several challenges like cost, 

supportive infrastructure, customer acceptance, regulatory structures, and technical 

issues. The scope of the thesis only considers technical issues of vehicles with in-wheel 

motors. These innovations can be considered under a safety critical field. A failure in the 

components of the whole system might lead to adverse effects in the vehicle, or a 

degraded vehicle performance. Analyzing the fault conditions, serves as an input in 

designing a fault-tolerant systems. Now, fault-tolerant systems coupled with technologies 

like the WCM can potentially bring indispensable benefits. The tandem functioning of 

electrical machines and vehicle control strategies would allow an optimum performance 

in the vehicles.  
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1.3 Methodology 

The principal objective of the thesis is to identify, classify, model and analyze fault 

conditions (mechanical, electrical and other faults) that occur in a vehicle. Particular 

focus is on vehicles where propulsion is obtained from light in-wheel motors on all 

wheels. The failure modes are referenced from the fault collection, conducted in the 

research work. They are used as an input for further processing and modeling of the 

faults. The fault groups are modeled in vehicle model in Matlab/Simulink [12] and results 

are obtained with the help of simulations. On basis of the simulation results the faults 

will further be classified with respect to severity. 

The thesis is executed considering a vehicle with four in-wheel motors and the fault 

conditions that occur are modeled and analyzed. The primary goal is to analyze the 

potential failure modes that can occur in the system. The faults have been collected 

adopting a systematic process of fault analysis, as a part of previous research work. The 

faults are individually described for each subsystem and the corresponding components 

in the vehicle. Further, the collected faults are factored with respect to change in 

parameters of vehicle performance. The collected and factored database of faults is 

grouped with respect to similarity in factoring values. The fault groups will be tagged 

with a Fault Group Identification Number (FGID) for documentation and reference 

purposes. The processing of the fault collection, factoring and grouping can be 

considered as the first part of the thesis.  

The second part of the thesis is to model, simulate and analyze the fault conditions. The 

fault groups are modeled using the software package Matlab/Simulink. The faults are 

modeled as an integrated part of the vehicle model developed as a part of the research 

work described in the previous section. The faults are modeled such that it can be 

triggered at a specific time and on a specific subsystem/component of the vehicle, during 

the simulations. The faults are simulated under specific conditions, for which results are 

obtained, analyzed and conclusions are drawn. The dynamic behavior of the vehicle 

under these fault conditions is the specific focus. The fault groups are further classified 

as classes with respect to the severity of the faults.  

The thesis is divided into six chapters. Chapter two gives an introduction to vehicles with 

in-wheel motors and the different subsystems involved in the analysis. Further, how the 

fault collection was carried out in the previous work, the type of faults and the approach 

adopted for its processing and grouping are also illustrated. The first two chapters can be 

considered as the first part of the report.  

The second part of the report starting with chapter three portrays the MatLab/Simulink 

vehicle model and its construction and functioning. Modeling of faults into the vehicle 

model is covered in chapter four. Chapter five illustrates how the simulations are carried 

out and discusses the results, plots and its interpretations. The final chapter with the 

conclusions answers to the objectives of the thesis and briefs about the future work. 

The graphical representation in Figure 1-2 show a description about the steps involved in 

the two parts of the thesis. 
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Figure 1-2. Thesis Overview description – Part I and Part II 
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2. FAULT ANALYSIS  

The chapter opens with a description about the vehicles with in-wheel motors. An introduction to the 

different subsystems involved under the study are listed and briefed. This chapter also provides 

explanations about the type of faults involved and concludes with the fault grouping. 

2.1 Subsystems of the Vehicle  

Automobiles just like any other system consist of an assembly of several subsystems. The 

complex technical subsystems are assembled to the vehicle frame structure or chassis. 

Each of the subsystems has its own function and together they comprise the functioning 

of the whole vehicle. In accordance with scope of the thesis, the subsystems subjected to 

fault analysis are only dealt with this section.  

The classifications of the subsystems are presented below:  

 Propulsion : In-wheel motors (powered by batteries)  

 Wheel : Tires, rim and wheel hub (in-wheel motor integrated)  

 Transmission :  Planetary gear 

 Steering : Electrically powered hydraulic steering 

 Suspension : Active and passive suspension  

 Braking : Hydraulic brakes 

 Electrical : 
In-wheel motors, batteries, wiring (high/low voltage), 
inverter and power electronics 

 

2.1.1 Propulsion System  

The propulsion is assumed to be obtained from in-wheel motors fitted to each wheel 

providing tractive power. In this thesis a PMSM motor model is used for the study. 

These motors derive power from the batteries hence transforming electrical energy to 

mechanical. The motors are assembled as an integral part of the wheel. The in-wheel 

motor assembly is sandwiched between the wheel hub and the rim. The components of 

the motor comprise of a stator with inner coil windings and an outer rotor with 

permanent magnets. The magnets in the rotor are mounted on the surface and supply 

magnetic field that interacts with the stator currents to create the necessary torque. The 

windings and magnets have alternate types of configurations also. The illustration in 

Figure 2-1 shows a typical in-wheel motor and its components. 
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Figure 2-1. In-wheel motor components [13] 

The rotor can be linked to the wheel, making it rotate directly or can also be coupled to a 

gearbox. A question arises as to why there is a necessity for a gearbox, even though in-

wheel motor technology has the caliber to deliver tractive force without a gear box. The 

most primary reason behind is that the vehicle can be operated in a better efficiency 

range with a gear box. The gearbox can be considered as an optimization for achieving 

highest power at the highest efficiency. Transmissions are torque amplifiers and will 

assist propulsion of the vehicle more efficiently. Motors produce a high torque at low 

speeds which gives adequate starting torque; motors can produce maximum torque from 

standstill. However, having a gearbox with multiple gear ratios will help improve 

acceleration. It serves as a source to increase the torque produced at the wheels even at a 

decreased speed in the motors. Also, having a gearbox will reduce the number of 

amperes required to achieve the maximum torque. A planetary gearbox is considered for 

the vehicle model used in the thesis. The motor shaft is connected to the rim and the 

tires act as a medium for rim to ground force transfer. The whole assembly sits on the 

wheel hub which in turn is connected to the suspension. 

An example from the market is the Michelin Active Wheel (Figure 2-2) which is 

essentially a standard wheel that houses a pair of electric motors. One motor transmits 

power while the other acts as an electric active suspension. Hence the system integrates 

electric motors, brakes and suspension functions inside each wheel. 
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Figure 2-2. Michelin Active Wheel [14] 

The major advantages of in-wheel motor propulsion compared to the conventional 

systems are: 

 Elimination of mechanical components such as transmission, drive shafts, 

differential gears from the powertrain 

 Facilitates increased storage for the traction batteries which in turn offers 

increased power and range 

 Electric motor comparatively more efficient than combustion engines. Since 

reduction of mechanical components (gears, propeller shafts etc.) can have rather 

high efficiency 

 More overall efficiency and includes advantages of regenerative braking.   

 Provides control of individual wheels which enable increased vehicle dynamic 

performance  

 More design freedom  

The points mentioned above summarize few of the major positive outcomes of the 

technology. Although there are also some concerns about this technology which would 

be more important to take notice. It is of a greater importance that these disadvantages 

are addressed so that effective use of the technology can be made possible.  

Some of the major issues concerning in-wheel motors are:  

 The weight of the wheel which accounts for the un-sprung mass of the vehicle in 

the case of in-wheel motors is higher than the conventional wheel setup  

 Increased un-sprung mass results in increased vertical accelerations, as a result 

deteriorates comfort and handling [10] 

 Wheel locking due to motor failure or other fault conditions  

 The electrical faults are one of the most important types of faults of concern 
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2.1.2 Steering System  

Vehicle’s desired directional control primarily is controlled by the steering system. The 

steering system enables maneuvering the vehicle according to the path. The driver 

operates the steering wheel to maneuver the vehicle. Inner and outer wheels of the 

vehicle trace different paths while cornering. In order to ensure proper functioning of 

the steering system, each of the front wheels must follow different turning circles. The 

solution to this in a vehicle is brought about by the Ackermann steering geometry 

(trapezoidal geometry).  

Types of steering systems are rack and pinion, recirculating-ball, and the steer-by-wire. 

The most common steering system design for passenger cars is the rack and pinion type 

at the moment. In a rack and pinion system, the track rod is a steering rack with toothed 

bar, with the tie rods attached to each end. 

The steering systems later were fitted with an assisting system to decrease the effort to 

turn the steering wheel. The types of power steering systems are hydraulic, electric and 

electrohydraulic. The systems not only decrease the operating effort but can also further 

be developed as a part of the active safety systems. The steering wheel input provided by 

the driver can be increased or decreased with an active system.  A schematic illustration 

of a common active steering system is presented in Figure 2-3. 

 

Figure 2-3. Active steering system schematic diagram [15] 

2.1.3 Suspension System  

The suspension system is a subsystem in the vehicle which connects the wheel and the 

axles to the chassis. The main task of the suspension system is to provide comfort and 

safety for the passengers. The force transfer while cornering, braking, accelerating, and 

road irregularities (road bumps and pot holes) are constantly regulated in the suspension 
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to give safety, handling and comfort. Another main task is to isolate high frequency 

vibration from tire excitations to ensure good comfort. 

The classifications of suspension systems are passive, semi-active and active suspension. 

The passive components like springs, dampers, kinematics and bushings do not 

effectively solve the tradeoffs between ride comfort, suspension travel and wheel load 

variations. The tradeoffs are compensated by introducing an active suspension. The 

active suspension controls proactively the pitch and roll created in the vehicle. The 

components of active suspension are actuators, sensors and a control unit. The various 

types of suspension systems based on their area of influence (force-displacement curve 

or force-velocity curve), response time, and energy consumption are presented in Figure 

2-4. 

 

Figure 2-4. Classification of suspension systems [16] 

2.1.4 Braking System  

The main aim of a braking system is to decelerate the vehicle motion and to bring it to 

rest. Retarding a vehicle can be made both electrical and by friction brakes.  The 

electrical braking is made possible by regulating the torque of the motors. Friction 

braking is provided by the conventional hydraulic brake system. This feature of mixing 

electric regenerative braking and friction braking is termed brake blending.  

Hydraulic brakes: A system of plungers, reservoirs and hydraulic fluid form the 

hydraulic brake circuit. The brake pedal is activated by the driver which in turn activates 
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a small piston compressing the hydraulic fluid in the master cylinder. The fluid pressure 

is transferred to the slave cylinder that activates the brakes. The slave cylinder activates 

the brakes.  

Brake-by-wire: The type of brake actuator is a very advanced system. Electric Hydraulic 

Brake (EHB) and Electro Mechanical Brake (EMB) are the two most common examples 

of brake-by-wire technology. This technology is used along with blended brake control 

strategy. The brake pedal is fitted with a position sensor which reads the drivers 

command, which is sent to the computer controller. The computer controller generates 

control signals to the electric machine and the friction brake to produce blended braking 

for the vehicle. A plot representing the brake blending strategy is presented in Figure 2-5. 

    

 

Figure 2-5. Brake blending strategy [17] 

2.1.5 Electrical Systems  

The electrical components include the in-wheel motors, batteries, wiring and power 

inverter. The functioning of advanced EVs and HEVs require power electronics. The 

electric machines, in this case the in-wheel motors, draw power from the batteries. The 

battery provides direct current (DC) and the motor needs to be supplied with alternating 

current (AC). The inverter transforms the DC from the battery to AC for the in-wheel 

motors. Further, under conditions like regenerative braking the motor acts as a generator. 

Therefore, the inverter also transforms AC produced by the motor to DC into the 

battery. Low and high voltage wirings are the two types of wiring used. Low voltage 

wires are used in transfer of control signals and high voltage wiring is used as a medium 

of electrical energy supply for electrical tractive actuators.  The connections between the 

PMSM, inverter and the battery are comprised of high voltage wiring. A simple layout of 

an electric vehicle is presented in Figure 2-6. 
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Figure 2-6. Simple Electric Vehicle (EV) layout [18] 

2.2 Fault Analysis 

This chapter explains how collection and classification of faults is carried out. The 

process of fault analysis is divided into the following categories: 

 Fault collection  

 Fault factoring  

 Fault grouping  

In the initial part of the research project, the electrical faults and vehicle faults were 

collected. The factoring of the faults and the grouping and modeling of the faults is 

assigned within the scope of this thesis.  

2.2.1 Fault collection  

The faults are subdivided into electrical and vehicle/mechanical faults. The PMSM, 

inverter and wiring are classified as electrical faults. The tires, rims, planetary gears, wheel 

hub, hydraulic brakes, suspension and steering are classified as mechanical faults.  

The information processing about the faults was carried out in a top down approach, 

starting from the major subsystems of the vehicle to the component level. All the faults 

were listed and an example is shown and explained in Table 2-1. 

Table 2-1. Fault Collection Table (Example) 

FGID Subsystem 
Fault 

ID 

Item 

(Affected 
component) 

Function 
Failure 

Mode 

Failure 

Effects 

Potential 

Causes/ 

Mechanism 

of failure 

  
(factoring 
parameter) 

  
(swap) 

  

FGID 

25 
Brakes 

BRK 

017 
Inlet valve 1 

Controls 
the inlet 

to caliper 
(normally 

open) 

Blocked 
closed 

 

Wheel 
1 

Not 
braked 

Unwanted 
yaw motion 

to the right 
while 

braking 

(0,1,1,1) 

 
1-2-3-4 4 

 FGID - Fault group identification number (FGID) groups the faults with similar 

output characterization, for instance FGID25. The fault group can consists of 

several faults from different subsystems 

 Subsystem - The subsystem in which the fault has occurred is represented in this 

column of the table. In the example the fault is located in the braking system  
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 Fault ID - The fault identification number is a tag given to each individual faults 

within the fault group (e.g. BRK017) 

 Item - A subsystem in a vehicle can have several components and it is necessary 

to specify the affected component under the subsystem. In the example the faulty 

component is the inlet valve 1 

 Function - Gives a short description about the function of the component in the 

subsystem. In the example, the inlet valve in the system controls the inlet to 

caliper 

 Failure Mode - Describes the potential failure mode and the manner in which a 

failure mode can occur. The fault BRK017 occurs due to a block in the inlet 

valve 1 

 Failure Effects - Failure effects refer to the potential outcome of the failure on 

the system, design, process or service. Also, this section is further analyzed based 

on the local and global impacts (not represented in the table). The failure effect in 

this case is no braking of wheel 1 

 Potential Cause/Mechanism of failure - Potential cause explains the root 

cause of the potential failure mode. The alternative mechanism of failure 

describes the vehicles reaction to the fault. Unwanted yaw motion to the right 

while braking is the mechanism of failure due to a failure caused by inlet valve 

block 

  - Factoring value (explained in detail in section 2.2.2)  

  - Possible faulty wheel swap. The similar fault can occur in one or more wheels 

which is represented as swap. For instance 1-2-3-4 represents the same fault can 

occur in all wheels and 12-34 represents a fault that can occur on the front or 

rear axle 

   - Number of swaps possible for the fault. In this example the swap is 1-2-3-4 

and hence the number of total swaps is 4 

2.2.2 Fault Factoring  

The faults as such are a collection of data from various literature sources and a practical 

insight. They have to be converted to a form that would make it possible to model them 

into the system for analysis. The factoring of faults is one such measure which can enable 

the modeling of the faults. The factors represent the magnitude of the changes that will 

occur when the faults occur in the vehicle. A representation of factoring of faults with an 

example is shown below (Refer Table 2-1). 

 Faulty Subsystem – Brakes  

 Fault – No braking in wheel 1 

     
=          
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Where, 

     
  represents that the factoring for the specific subsystem is done with 

respect to torque, where             represents [front left wheel, front right 

wheel, rear left wheel, rear right wheel] 

 The specific fault is no braking in wheel 1 so it has been given a value 0 and 

the rest 1. These factors are fed as data to the model and simulated. More 

details about fault modeling will be explained in chapter 4 

Mostly the factors are represented as percentages. Similarly the other subsystems are 

factored with a suitable parameter like force, torque, steering angle etc. The factor by 

which each subsystem is factored is represented in Table 2-2. 

Table 2-2. Fault Factor Table 

Subsystem   - Factor Based on Applicable Axes 

Tire  (  )  (  )  (  ) Forces       

Rim  (  )  (  )  (  ) Forces       

Wheel hub  (  )  (  )  (  ) Forces       

Planetary gear  (  )  (  )  (  ) Forces       

PMSM  (  ) Torque   

Hydraulic brake  (  ) Torque   

Steering  ( ) Steering input   

Suspension  ( ) Wheel travel   

Wiring  (  ) Torque   

Inverter  (  ) Torque   

2.2.3 Fault Grouping  

After being collected the faults are factored and grouped under suitable criteria. The 

factored faults with respect to the same parameter fall under the same group. It should 

be noted that the faults are grouped irrespective of subsystems to which they belong. The 

faults as a group are given a Fault group identification number (FGID). The fault groups 

range from FGID01 to FGIDnn where ‘nn’ is the maximum number of fault groups. 

Faults as groups are further utilized for analysis, modeling and simulations. The data is 

collected as fault groups and stored under the tag FGIDnn. The grouping of the faults 

enable easier storage, presentation and access of data, also it significantly decreases the 

number of faults to be modeled. An overview of the fault groups and the factoring 

values of the different fault conditions are represented in Table 2-3. 
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Table 2-3. Fault Grouping Table 

Fault 
Group 

ID 

Faulty 
Wheel 

Subsystem 
Fault  

Description 

Potential 
Cause/ 

Mechanism 
of Failure 

 (  ) 

(Factoring Parameter) 

FGID01 13 Tire 
µ-split-Low µ 
on left track 

Oil puddle  (  )                  

FGID01 24 Tire 
µ-split-Low µ 
on right track  

 (  )                  

FGID02 13 Tire 
µ-split-Low µ 
on left track 

Water puddle  (  )                  

FGID02 24 Tire 
µ-split-Low µ 
on right track  

 (  )                  

FGID03 13 Tire 
µ-split-Low µ 
on left track 

Wet leaves (wet 
road) 

 (  )                

FGID03 24 Tire 
µ-split-Low µ 
on right track  

 (  )                

FGID04 13 Tire 
µ-split-Low µ 
on left track 

Wet road 
marking (wet 

road) 
 (  )                      

FGID04 24 Tire 
µ-split-Low µ 
on right track  

 (  )                      

FGID05 13 Tire 
µ-split-Low µ 
on left track 

Standing water 
(wet road) 

 (  )                        

FGID05 24 Tire 
µ-split-Low µ 
on right track  

 (  )                        

FGID06 13 Tire 
µ-split-Low µ 
on left track 

Loose curbside  (  )                

FGID06 24 Tire 
µ-split-Low µ 
on right track  

 (  )                

FGID07 1234 Tire Low µ Ice  (  )                    

FGID08 1234 Tire Low µ Standing water  (  )                        

FGID09 1234 Tire High µ Dry road surface  (  )            

FGID10 1234 Tire High µ Wet road surface  (  )                        

FGID11 1 Tire Delamination Hard braking 

 (   )              

 (   )              

 (   )            

FGID11 2 Tire Blisters Ageing 

 (   )              

 (   )              

 (   )            
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FGID11 3 Tire 
Reduction of 
tire stiffness 

Weak tire side 
walls 

 (   )              

 (   )              

 (   )             

FGID11 4 Tire " " 

 (   )              

 (   )              

 (   )            

FGID12 1234 Tire 
Friction level  

variation 
Rail road 
crossing 

 (   )                    

 (   )                    

 (   )            

FGID13 1234 Tire 
External 
impulse 

Speed Bump 

 (   )                    

 (   )                    

 (   )                    

FGID14 13 Tire 
External 
impulse 

Pavement, 
Animal 

 (   )                

 (   )            

 (   )                

FGID14 24 Tire 
External 
impulse 

Stone, Traffic 
refuge 

 (   )                

 (   )            

 (   )                

FGID15 1 Tire 
Reduction of 
tire stiffness 

Puncture 

 (   )            

 (   )            

 (   )              

FGID15 2 Tire 
Reduction of 
tire stiffness 

Tire explosion 

 (   )            

 (   )            

 (   )              

FGID15 3 Tire 
Reduction of 
tire stiffness 

Manufacturing 

 (   )            

 (   )            

 (   )              

FGID15 4 Tire 
Reduction of 
tire stiffness 

" 

 (   )            

 (   )            

 (   )              

FGID16 1 Rim 
Destruction of 

rim 
Fatigue 

 (   )              

 (   )            

 (   )              

FGID16 2 Rim 
Destruction of 

rim 
Impact 

 (   )              

 (   )            

 (   )              

FGID16 3 Rim 
Destruction of 

rim 
Fatigue 

 (   )              

 (   )            

 (   )              
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FGID16 4 Rim 
Destruction of 

rim 
Impact 

 (   )              

 (   )            

 (   )              

FGID17 1 Rim 
Destruction of 
rim and wheel 

hub 
Fatigue 

 (   )            

 (   )            

 (   )              

FGID17 2 Wheel hub 
Destruction of 
rim and wheel 

hub 
Impact 

 (   )            

 (   )            

 (   )              

FGID17 3 Rim 
Destruction of 
rim and wheel 

hub 
Manufacturing 

 (   )            

 (   )            

 (   )              

FGID17 4 Wheel hub 
Destruction of 
rim and wheel 

hub 

Extreme torque 
from PMSM 

 (   )            

 (   )            

 (   )              

FGID18 1 Rim 
Destruction of 

rim 
Fatigue 

 (   )            

 (   )            

 (   )              

FGID18 2 Planetary gear 
Noise and 
Vibration 

Manufacturing 

 (   )            

 (   )            

 (   )              

FGID18 3 Rim 
Destruction of 

rim 
Overheating 

 (   )            

 (   )            

 (   )              

FGID18 4 Planetary gear 
Noise and 
Vibration 

Pitting 

 (   )            

 (   )            

 (   )              

FGID19 1 Wheel hub Fatigue Fatigue 

 (   )            

 (   )              

 (   )            

FGID19 2 
Wheel hub 

bearing 
Impact close to 

bump stop 
Impact close to 

bump stop 

 (   )            

 (   )              

 (   )            

FGID19 3 Planetary gear 
Wrong 

manufacturing 
Wrong 

manufacturing 

 (   )            

 (   )              

 (   )            

FGID19 4 " " " 

 (   )            

 (   )              

 (   )            
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FGID20 1 Wheel hub 
Chattering or 

seizing 
Material fatigue 

 (   )              

 (   )            

 (   )            

FGID20 2 Wheel hub 
Chattering or 

seizing 
Grease melt 

 (   )              

 (   )            

 (   )            

FGID20 3 Wheel hub 
Chattering or 

seizing 
Environmental 

influences 

 (   )              

 (   )            

 (   )            

FGID20 4 Wheel hub 
Chattering or 

seizing 
" 

 (   )              

 (   )            

 (   )            

FGID21 1 Planetary gear 
Mechanical 
breakdown 

Overheating 

 (   )            

 (   )            

 (   )            

FGID21 2 Planetary gear 
Mechanical 
breakdown 

Pitting 

 (   )            

 (   )            

 (   )            

FGID21 3 Planetary gear 
Mechanical 
breakdown 

Overheating 

 (   )            

 (   )            

 (   )            

FGID21 4 Planetary gear 
Mechanical 
breakdown 

Pitting 

 (   )            

 (   )            

 (   )            

FGID42 12 Steering 
Hydraulic / 

Electric 
No steering at all  (   )            

FGID43 12 Steering 
Hydraulic / 

Electric 

Steering output 
does not 

correspond to 
the given input 

signals 

 (   )                

FGID44 1234 
Suspension 

System 

Active 
suspension: 

Control 
system/Compo

nent failure 

Bad ground 
contact and 

comfort 
 (  )            

FGID45 1 
Suspension 

System 

Passive 
suspension: 

Broken/Stuck 
main spring, 

Stuck Damper 

Bad ground 
contact and 

comfort 
 (  )                

FGID45 2 
Suspension 

System 

Passive 
suspension: 

Broken/Stuck 
main spring, 

Stuck Damper 

Bad ground 
contact and 

comfort 
 (  )               
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FGID45 3 
Suspension 

System 

Passive 
suspension: 

Broken/Stuck 
main spring, 

Stuck Damper 

Bad ground 
contact and 

comfort 
 (  )               

FGID45 4 
Suspension 

System 

Passive 
suspension: 

Broken/Stuck 
main spring, 

Stuck Damper 

Bad ground 
contact and 

comfort 
 (  )               

FGID46 13 
Suspension 

System 

Passive 
suspension: 

Broken/Stuck 
main spring, 

Stuck Damper 

Bad ground 
contact and 

comfort: Wheel 
1 & 3 side fault 

 (  )                  

FGID46 24 
Suspension 

System 

Passive 
suspension: 

Broken/Stuck 
main spring, 

Stuck Damper 

Bad ground 
contact and 

comfort: Wheel 
2 & 4 side fault 

 (  )                  

FGID47 12 
Suspension 

System 

Passive 
suspension: 

Broken/Stuck 
main spring, 

Stuck Damper 

Bad ground 
contact and 

comfort: Wheel 
1 & 2 side fault 

 (  )                  

FGID47 34 
Suspension 

System 

Passive 
suspension: 

Broken/Stuck 
main spring, 

Stuck Damper 

Bad ground 
contact and 

comfort: Wheel 
3 & 4 side fault 

 (  )                  

FGID48 1 
Suspension 

System 

Passive 
suspension: 

Leaking 
damper 

Bad ground 
contact and 

comfort: Wheel 
1 side fault 

 (  )               

FGID48 2 
Suspension 

System 

Fatigue in 
mounting 

points 

Bad ground 
contact and 

comfort: Wheel 
2 side fault 

 (  )               

FGID48 3 
Suspension 

System 

No/wrong 
grease, 

Corrosion 

Bad ground 
contact and 

comfort: Wheel 
3 side fault 

 (  )               

FGID48 4 
Suspension 

System 

Ageing, 
Overheating, 

Shearing 

Bad ground 
contact and 

comfort: Wheel 
4 side fault 

 (  )               

FGID49 13 
Suspension 

System 

Passive 
suspension: 

Leaking 
damper 

Bad ground 
contact and 

comfort: Wheel 
1 & 3 side fault 

 (  )                  

FGID49 24 
Suspension 

System 

Fatigue in 
mounting 

points 

Bad ground 
contact and 

comfort: Wheel 
2 & 4 side fault 

 (  )                  
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FGID50 13 
Suspension 

System 

No/wrong 
grease, 

Corrosion 

Bad ground 
contact and 

comfort: Wheel 
1 & 2 side fault 

 (  )                  

FGID50 24 
Suspension 

System 

Ageing, 
Overheating, 

Shearing 

Bad ground 
contact and 

comfort: Wheel 
3 & 4 side fault 

 (  )                  

FGID51 1 
Braking 
System 

Max Braking 
Wheel Brake 1 is 

locked 
 (   

   )             

FGID51 2 
Braking 
System 

Max Braking 
Wheel Brake 2 is 

locked 
 (   

   )             

FGID51 3 
Braking 
System 

Max Braking 
Wheel Brake 3 is 

locked 
 (   

   )             

FGID51 4 
Braking 
System 

Max Braking 
Wheel Brake 4 is 

locked 
 (   

   )             

FGID52 12 
Braking 
System 

Max Braking 
Wheel Brake 1 & 

2 locked 
 (   

   )              

FGID52 34 
Braking 
System 

Max Braking 
Wheel Brake 3 & 

4 locked 
 (   

   )              

FGID53 13 
Braking 
System 

Max Braking 
Wheel Brake 1 & 

3 locked 
 (   

   )              

FGID53 24 
Braking 
System 

Max Braking 
Wheel Brake 2 & 

4 locked 
 (   

   )              

FGID54 1 
Braking 
System 

Partial Braking 
Wheel brake 1 is 
partial locking 

 (   
   )               

FGID54 2 
Braking 
System 

Partial Braking 
Wheel brake 2 is 
partial locking 

 (   
   )               

FGID54 3 
Braking 
System 

Partial Braking 
Wheel brake 3 is 
partial locking 

 (   
   )               

FGID54 4 
Braking 
System 

Partial Braking 
Wheel brake 4 is 
partial locking 

 (   
   )               

FGID55 12 
Braking 
System 

Partial Braking 
Wheel brake 1 & 

2 is partial 
locking 

 (   
   )                  

FGID55 34 
Braking 
System 

Partial Braking 
Wheel brake 3 & 

4 is partial 
locking 

 (   
   )                  

FGID56 13 
Braking 
System 

Partial Braking 
Wheel brake 1 & 

3 is partial 
locking 

 (   
   )                  

FGID56 24 
Braking 
System 

Partial Braking 
Wheel brake 2 & 

4 is partial 
locking 

 (   
   )                  

FGID57 1 
Electric 
system 

HV system 
break 

down/Electric 
Failure 

Free rolling 
wheel 1 

 (   
   )            
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FGID57 2 
Electric 
system 

HV system 
break 

down/Electric 
Failure 

Free rolling 
wheel 2 

 (   
   )            

FGID57 3 
Electric 
system 

HV system 
break 

down/Electric 
Failure 

Free rolling 
wheel 3 

 (   
   )            

FGID57 4 
Electric 
system 

HV system 
break 

down/Electric 
Failure 

Free rolling 
wheel 4 

 (   
   )            

FGID58 12 
Electric 
system 

HV system 
break 

down/Electric 
Failure 

Free rolling 
wheel 1 & 2 

 (   
   )            

FGID58 34 
Electric 
system 

HV system 
break 

down/Electric 
Failure 

Free rolling 
wheel 3 & 4 

 (   
   )            

FGID59 13 
Electric 
system 

HV system 
break 

down/Electric 
Failure 

Free rolling 
wheel 1 & 3 

 (   
   )            

FGID59 24 
Electric 
system 

HV system 
break 

down/Electric 
Failure 

Free rolling 
wheel 2 & 4 

 (   
   )            

FGID60 1 
Electric 
system 

Electric Fault 
Increased 

Torque in wheel 
1 

 (   
   )              

FGID60 2 
Electric 
system 

Electric Fault 
Increased 

Torque in wheel 
2 

 (   
   )              

FGID60 3 
Electric 
system 

Electric Fault 
Increased 

Torque in wheel 
3 

 (   
   )              

FGID60 4 
Electric 
system 

Electric Fault 
Increased 

Torque in wheel 
4 

 (   
   )              

FGID61 12 
Electric 
system 

Electric Fault 
Increased 

Torque in wheel 
1 & 2 

 (   
   )                

FGID61 34 
Electric 
system 

Electric Fault 
Increased 

Torque in wheel 
3 & 4 

 (   
   )                

FGID62 13 
Electric 
system 

Electric Fault 
Increased 

Torque in wheel 
1 & 3 

 (   
   )                

FGID62 24 
Electric 
system 

Electric Fault 
Increased 

Torque in wheel 
2 & 4 

 (   
   )                
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FGID63 1 
Electric 
system 

Electric Fault 
Maximum 

Torque in wheel 
1 

 (   
   )            

FGID63 2 
Electric 
system 

Electric Fault 
Maximum 

Torque in wheel 
2 

 (   
   )            

FGID63 3 
Electric 
system 

Electric Fault 
Maximum 

Torque in wheel 
3 

 (   
   )            

FGID63 4 
Electric 
system 

Electric Fault 
Maximum 

Torque in wheel 
4 

 (   
   )            

FGID64 12 
Electric 
system 

Electric Fault 
Maximum 

Torque in wheel 
1 & 2 

 (   
   )            

FGID64 34 
Electric 
system 

Electric Fault 
Maximum 

Torque in wheel 
3 & 4 

 (   
   )            

FGID65 13 
Electric 
system 

Electric Fault 
Maximum 

Torque in wheel 
1 & 3 

 (   
   )            

FGID65 24 
Electric 
system 

Electric Fault 
Maximum 

Torque in wheel 
2 & 4 

 (   
   )            
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3. MATLAB/SIMULINK MODEL 

In this chapter the vehicle model created as a part of the research conducted in the Vehicle Dynamics 

research group is explained. The building blocks of the model, its theoretical components and its 

functioning are detailed. 

3.1 Matlab/Simulink 

Matlab is a well-known mathematical/numerical computing software tool where 

Simulink is an additional software package. Simulink is an environment for multi-domain 

simulation and model-based design for dynamic and embedded systems. Simulink has 

libraries of blocks which are used for building the model. The interactive graphical 

environment enables creating and working with models, defining signals between the 

subsystems in the model, simulations can be run and further the results can be analyzed.  

3.2 Introduction to the Model 

The main objective of the vehicle model is to make it as a software test bench, in which 

analyzing the dynamic vehicle behavior during different failure modes is simulated.  

Further, the failure modes will be analyzed in the same model for different levels of over-

actuations. An analysis of impact of various vehicle control strategies during these faults 

is also analyzed with the help of the model [19]. 

The basic highlights of the model: 

 Matlab scripts for data initialization  

 MAT files as input for loading data into Matlab workspace  

 Simulink blocks to build subsystems and fault modeling  

 Embedded Matlab functions within the Simulink model  

 Batch files for running simulations and collecting results 

 The model is a closed loop system  

 The vehicle with four in-wheel motors is modeled as a two track model 

 The model governs six degrees of freedom which are, longitudinal   , lateral 

   and vertical    speeds as well as pitch  ̇, roll   ̇ and yaw  ̇ 

 The vehicle model is considered only in the ground plane and hence gradient and 

banking cannot be simulated 

3.3 Simulink Model – Construction and Working 

The simple layout of the model is initially presented in this section of the report. The 

model is later described in detail as individual blocks in the layout presented in Figure 

3-1. 
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Figure 3-1. Vehicle Model Layout 

3.3.1 Input 

The input block is the first block providing data to the controller. The data to the 

simulation model is fed through the input block. The inputs into the system are vehicle 

speed   
   , curvature   and the body slip angle  . These inputs serve as an input in 

deriving the desired vehicle trajectory. The inputs are further transformed in the block to 

derive longitudinal and lateral velocity   
   and   

    as well as yaw velocity   
   

. The 

input block also supplies the controller with  , the steering angle at the every time instant 

is calculated using equation (3.1):  

where, 

  is the steering wheel angle  

(  ⁄ ) is the Ackerman angle and   is the wheel base of the vehicle 

     is the under steer gradient.  

Therefore,   and the desired states   
   ,   

    and   
   

 are the data from the input block 

to the controller.  

3.3.2 Controller 

The controller is a vital subsystem of the model where the force allocation takes place as 

a primary function. The controller consists of a Dynamic Motion Controller (DMC) 

which is further subdivided into three other subsystems. The controller consists of the 

Electronic Stability Control (ESC), which is the vehicle control system in the vehicle. The 

basic function of the controller is to keep the vehicle in the desired trajectory. The DMC 

receives the desired states   
   ,   

    and   
   

 as an input. Also, the controller receives 

data in a closed loop feedback from the output. The desired states (reference speeds) 

  
   ,   

    and   
   

 are constantly verified against the actual states (vehicle speeds) 

         at each time instant. The DMC is a Proportional-Integral (PI) controller which 

transmits a controller output signal for every sample time. This PI-controller has the 

reference forces   
   

   
   

   
   

 as controller output.   
   

   
   

   
   

 represents the 

lateral force, longitudinal force, and the yaw torque respectively of the vehicle. The basic 

layout of the controller is presented in Figure 3-2. 

   (  ⁄ )  ((     )    
   ⁄ ) (3.1) 



CHAPTER 3  MATLAB/SIMULINK MODEL 

25 
 

 

Figure 3-2. Controller Layout 

 

Electronic Stability Control (ESC) 

The ESC is reference force allocator for the controller. The ESC monitors the yaw rate 

by feeding the vehicle with a counteracting braking force on the     wheel. Hence the 

yaw rate error is reduced and after a certain threshold, the equation (3.2) is used by the 

controller to decide as to which wheel has to be braked:  

where,  

    
     is the force allocated to each wheel  

    ̇  is the difference between desired and actual yaw rate 

     (  ), is the type of course deviation 

 

Figure 3-3.Electronic Stability Control Strategy [20] 

     
       (   ̇     (  )) (3.2) 
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Figure 3-3 represents the basic braking strategy of the ESC during under-steer and over-

steer. A similar control strategy is chosen for all the simulations in the study. The ESC 

constantly compares the desired and actual state values. The ESC’s functioning is based 

on the values of yaw rate, yaw rate error, yaw rate error limit and yaw moment. Now 

depending on these values and direction of the vehicle, the braking force on the     

wheel is generated. It should be noted that the ESC uses only friction brakes and the 

longitudinal force on the applied wheel is always negative.  

3.3.3 Actuator  

The actuator is the torque manager in the model. The actuator gets input from the 

controller and then the actuator applies the requested torque. The basic layout of the 

actuator is represented in Figure 3-4. 

 

Figure 3-4. Actuator Layout 

The actuator is modeled such that the requested torque from the controller is split into 

actuator coordinators for each wheel. The actuator coordinator acts as a limiter of 

propelling torque for the electric machines. Within the coordinator the limiter is set to a 

definite value, when exceeding this limiter value the excess torque is redirected as braking 

torque. It should be noted that the vehicle has both electrical and friction braking. 

Although the electrical machine brakes are chosen to be the first option, the limitations 

within them are compensated by the friction brakes. Therefore there are two outputs 

namely the electrical machine torque and the braking torque.  

The torque allocated for the electrical machine bypasses through another subsystem of 

the actuator called the fault definition block. In this block the choice of the fault and the 

wheel(s) which is faulty are chosen. It also administers inputs from lookup tables for 

certain electrical machine faults. The choices and the final output from the subsystems 

are managed by a series of switches. The actuator finally feeds the actual torque available 

to the vehicle dynamics blocks where it is further processed. The components and 

functions of the vehicle dynamics block are briefed in the following sections.  
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3.3.4 Vehicle Dynamics 

The vehicle dynamics block in the Simulink model is an embedded MatLab function. 

The inputs and outputs are specified as a function header as arguments and return values. 

The major input from another subsystem to this block is the torque at each wheel. The 

block also receives inputs from the Matlab initialization file in which the vehicle 

specification data are stored. Apart from these data the block also receives constant data 

from the output in a closed loop. It should be noted that the data from the output is 

bypassed through a memory block, which holds and delays its input by one integration 

time step. An output is emitted at every time instant and another input is stored, 

although the initial value is always kept constant.  

The block uses the solutions from references of theoretical vehicle dynamics equations. 

The computed values are the actual outputs of the vehicle and are constantly updated to 

the controller as feedback in a closed loop after integration. The reference or desired 

states in the controller is at every time instant verified against the output (actual states) 

from the vehicle dynamics block.  

The computations executed within this block are listed below as equations:  

Side slip angles,    

The equations (3.3)-(3.6) define the slip angles for the four wheels. 

               
(    ̇    )

(    ̇  (   )⁄ )
 (3.3) 

               
(     ̇    )

(    ̇  (   )⁄ )
 (3.4) 

               
(    ̇    )

(    ̇  (   )⁄ )
 (3.5) 

               
(    ̇    )

(    ̇  (   )⁄ )
 (3.6) 

 

Longitudinal and lateral wheel speeds,   
      

    

Now the individual wheel speeds, in the longitudinal and lateral directions are calculated:  

The longitudinal speeds are defined as in equations (3.7)-(3.10):  

  
     (     ̇ (   )⁄ )      (  ))   (     ̇    )       (  )) (3.7) 

  
     (     ̇ (   )⁄ )      (  ))   (     ̇    )       (  )) (3.8) 

  
     (     ̇ (   )⁄ )      (  ))   (     ̇    )       (  )) (3.9) 

  
     (     ̇ (   )⁄ )      (  ))   (     ̇    )       (  )) (3.10) 
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And the lateral speeds are defined as in equations (3.11)-(3.14): 

  
     (     ̇ (   )⁄ )      (  ))   (     ̇    )      (  )) (3.11) 

  
     (     ̇ (   )⁄ )      (  ))   (     ̇    )      (  )) (3.12) 

  
     (     ̇ (   )⁄ )      (  ))   (     ̇    )      (  )) (3.13) 

  
     (     ̇ (   )⁄ )      (  ))   (     ̇    )      (  )) (3.14) 

 

Longitudinal slip,       

The value of the   
  , obtained from the equations (3.7)-(3.10) is substituted in the 

equation (3.15) to derive the value of longitudinal slip. 

        
(   

             )

  
  

 (3.15) 

The braking slip is between          and the acceleration slip is between       , 

equation (3.16): 

      {
           

         
 (3.16) 

 

Vertical wheel travel,    

The vertical displacement of the wheels is given by the equations (3.17)-(3.20):  

   (     )    (   )   ⁄  (3.17) 

   (     )    (   )   ⁄  (3.18) 

   (     )    (   )   ⁄  (3.19) 

   (     )    (   )   ⁄  (3.20) 

Vertical wheel speeds,   ̇   

   ̇   (     )   ̇  (   )   ̇⁄  (3.21) 

   ̇   (     )   ̇  (   )   ̇⁄  (3.22) 

   ̇   (     )   ̇  (   )   ̇⁄  (3.23) 

   ̇   (     )   ̇  (   )   ̇⁄  (3.24) 
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Vertical wheel forces,    

The values of vertical wheel travel,    and wheel speeds,   ̇   are substituted in equations 

(3.25)-(3.28) to derive vertical wheel forces. 

  
  (

  
 

   
 

 
)  (    

 
   )    (    

 
    ̇  )  (    

 
 (      )) (3.25) 

  
  (

  
 

   
 

 
)  (    

    )    (    
     ̇  )  (    

  (      )) (3.26) 

  
  (

  
 

   
 

 
)  (    

 
   )    (    

 
    ̇  )  (    

 
 (      )) (3.27) 

  
  (

  
 

   
 

 
)  (    

    )    (    
     ̇  )  (    

  (      )) (3.28) 

Also the vertical forces are tested for the following condition (3.29): 

  
    

            
      

   
 (3.29) 

 

Wheel accelerations,   ̇  

The wheel accelerations of the vehicle are calculated from the equation (3.30): 

  ̇   (     
        )    (3.30) 

 

Tire Forces 

Longitudinal tire forces,   
   

  
             (3.31) 

Limitation of the maximum forces at the wheels is given by (3.32): 
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Lateral tire forces,   
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Corner forces,   
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The condition for corner forces is (3.37): 
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 (3.37) 

 

Wheel speeds,    

The values of lateral wheel speeds,   
   and longitudinal slip,       are substituted in 

equation (3.38) to find the wheel speeds: 

     ((         
    )     

  )        (3.38) 

 

Rolling resistances,   
       

      

   
     (             (      )  )  (    (  ))  (      ) (3.39) 

   
      (3.40) 

Vehicle moments,           

The vehicle moments are calculated from the equations (3.41)-(3.43): 
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      ⁄ )   (  

      ⁄ )    (  
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      ⁄ ) (3.41) 

    (   
     )   (  

    )    (  
    )   (  

     ) (3.42) 
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    ) 
(3.43) 

 

Longitudinal and lateral and vertical accelerations,          

The vehicle accelerations are calculated in equations (3.44)-(3.46): 
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 (3.44) 
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 (3.45) 



CHAPTER 3  MATLAB/SIMULINK MODEL 

31 
 

   
(   (   ))

 
 (3.46) 

 

Longitudinal and lateral accelerations,  ̇   ̇  

The vehicle accelerations are calculated in equations (3.47) and (3.48):  

 ̇       (     ̇) (3.47) 

 ̇       (     ̇) (3.48) 

 

Roll, pitch and yaw,  ̈  ̈  ̈ 

The values of moments from equations (3.41)-(3.43) are substituted in equations (3.49)-

(3.51), to derive roll, pitch and yaw of the vehicle: 

 ̈  
(   (      ))

  
 (3.49) 

 ̈  
(   (      ))

  
 (3.50) 

 ̈  
(  )

  
 (3.51) 

3.3.5 Integrator and Output 

The integrator block receives inputs from the vehicle dynamics block, that acts as a 

closed loop and provides feedback to the vehicle dynamics and the controller blocks. 

The block carries out an integral function of its inputs at the current time step.  The 

output block serves as a subsystem to enable the collection of data during the 

simulations. The data is sent to the Matlab workspace at the end of the simulation for 

further processing. The data is stored in the workspace.  
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4. FAULT MODELING  

Chapter four describes how the faults are implemented into the vehicle model. An introduction to fault 

modeling, its types of approaches available and approach adopted in the thesis are detailed. 

4.1 Fault Modeling 

A model is a system, functioning based on the relation between several input variables. 

Fault model is a process where the faults are modeled as a part of the system. The model 

along with the faults is subjected to simulations, and the faults are activated when 

intended. The information obtained when simulating the model, is used to derive 

information about the possible changes in the system caused by the faults. The fault 

modeling can further be made advanced by implementing a suitable fault detection 

system. However, a right method of fault modeling is crucial for ensuring the proper 

functioning of the fault detection system. 

 A list of some important definitions is listed. The definitions serve as a general 

comprehension of the terms used in the field of fault diagnosis. As a measure towards 

unified terminology some preliminary definitions are given by  Technical Committee on 

Fault Detection, Supervision and Safety for Technical Processes (SAFEPROCESS) of 

the International Federation of Automatic Control (IFAC) [21]. 

The following is a list of some of the relevant definitions within the scope of the thesis: 

Fault: Unpermitted deviation of at least one characteristic property or variable of the 

system from acceptable/usual/standard behavior. 

Failure: Permanent interruption of a systems ability to perform a required function 

under specified operating conditions. 

Fault Detection: Determination of faults present in a system and time of detection. 

Fault Isolation: Determination of kind, location, and time of detection of a fault and 

follows fault detection. 

Fault Identification: Determination of the size and time-variant behavior of a fault and 

follows fault isolation. 

Fault Diagnosis: Determination of kind, size, location, and time of detection of a fault 

and follows fault detection. Includes fault isolation and identification.  

4.2 Approaches to Fault Modeling  

The purpose of this section is to present some of the fault modeling methods adopted in 

the field of fault diagnosis and introduces the readers to the approaches adopted in the 

field. It leads to the explanation of an adapted approach used for fault modeling in this 

thesis. Any realistic fault model would base itself on the understanding between the 

physical faults and their effects on the mathematical process models. This can be ensured 
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only with a thorough inspection of the real time process, its physics involved and a 

detailed fault analysis.  The reasons for appearance of faults can be classified into the 

following categories [22]:  

 Wrong decision, wrong assembling 

 Wrong operation, missing maintenance 

 Ageing, corrosion, wear during normal operation 

A fault can appear in a system during the operational phase of the system or may be 

already present. They appear suddenly as small or big magnitude or in steps and this type 

of fault is called deterministic faults. The more undesirable faults are the intermittent 

faults and appear as stochastic faults (non-deterministic). A general framework for the 

fault modeling techniques is presented in the following sub-section 4.2.1.  

4.2.1 Basic Fault Model 

A fault as described in the previous section is an unpermitted deviation of at least one 

characteristic property or variable of the system from acceptable/usual/standard 

behavior. The fault can be represented as a physical quantity. The physical quantity can 

be represented as a physical law (4.1): 

 ( )      ( )  ( )    (4.1) 

Where,  ( )  ( ) are input and output variables respectively and are available as 

measurements from the system.   ( )    are state variable (time dependent function) and 

parameter (mostly constant value) respectively. Hence the fault may appear as a signal or 

parameter changes.  

The time dependency of faults appears in three different ways (Figure 4-1 represents the 

comparison): 

 Abrupt faults (stepwise) 

 Incipient fault (drift-like) 

 Intermittent fault (with interrupts) 

 

Figure 4-1. Time dependency of faults: (a) Abrupt, (b) Incipient, (c) Intermittent  
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The fault may be an additive fault, where a variable   ( ) is changed by an addition of 

 ( ) given as equation (4.2): 

 ( )     ( )   ( ) (4.2) 

The changes in parameters are multiplicative faults, when another variable  ( ) is 

multiplied by  ( ) given as equation (4.3): 

 ( )     ( )   ( ) ( ) (4.3) 

The signal flow diagrams for additive and multiplicative faults are represented in Figure 

4-2. 

 

(a)         (b) 

Figure 4-2. Basic fault models (a) Additive Fault, (b) Multiplicative Fault 

 

For the additive faults the deductible change    ( ) of the variable is independent on 

any other signal, equation (4.4): 

   ( )   ( ) (4.4) 

The influence can be on input variables  ( ), state variable (time dependent function) 

  ( ) or  parameter (mostly constant value)   ,  instead of the  ( ), the output variable. 

However, for multiplicative faults, the deductible change in the output    ( ) depends 

on the input signal  ( ), equation (4.5): 

   ( )   ( ) ( ) (4.5) 

This represents that the signal  ( ) can be measured and the additive fault is detectable 

for any   ( ), whereas the multiplicative fault can be only detected if  ( )   . The 

magnitude of the change in    ( ) depends on the magnitude of  ( )  

4.3 Optimized Fault Model 

A fault modeling technique utilized for modeling the fault conditions is detailed in this 

section. This approach is adapted from the technique explained in section 4.2. The fault 

model is incorporated with the base vehicle model explained in chapter 3. A general 

layout of the fault model appended with the vehicle model is illustrated in Figure 4-3. 
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 Figure 4-3.Fault Model Layout  

Now with reference to the model illustrated in Figure 4-3, the fault model is explained as 

follows: 

The faults are modeled as multiplicative faults and can be either deterministic or 

stochastic in nature. The user is extended with the freedom of choice for the fault type. 

The model is an arbitrary system which is appended to the base vehicle model. The 

vehicle model comprises of several equations that defines the processes in the vehicle. 

The vehicle models control signals and measureable output variables are vital parameters 

for the fault model.  

Input(s) from vehicle model: 

  
 ( )  is the initial input variable into the fault model generated by the vehicle model. 

This serves as a control signal in the system.  For example   
 ( ) can be torque, force, 

steering angle or any such relevant parameter of the vehicle. The vehicle model can have 

numerous components, hence the component number is represented as  .  

  
 ( )  is the intermediate input variable and   

 ( )     
 ( ) at       where    is the 

time at which the fault occurs. 

Appended Fault Model: 

FGID – Fault group identification number 

As mentioned earlier in chapter 2, FGID is a tag given to faults in group with similar 

output characterization. 

  represents the fault state and       
  which is the fault factoring parameter with 

respect to the input variable  . The fault factor     
 represents the deviation from the 

nominal value of the input parameter  . The faults being modeled under this criterion 

are termed as “Proportional-Errors”.     
 , is assigned for every fault and is termed as 

fault factoring, which is explained in chapter 2.2. It should be noted that the fault state   

is independent of time and does not change in the system. The fault state is a constant 
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value and is represented as a vector     
 . The values are obtained from predefined data 

of fault collection.  

Fault Rectification and output: 

   ( ) is the intermediate output value at time       which is given by the equation 

(4.6):  

   ( )      
 ( )    (4.6) 

   ( ) is the value after the fault has happened in the system. The magnitude of    ( ) 

depends on the intensity of the fault or the value of     
 .  

A similar framework is adopted for modeling any type of fault, with respect to any type 

of parameter or component throughout the system. The output from the fault model is 

also fed to the ESC before obtaining the final output. The ESC serves as a mechanism 

for assistance in rectification of the faults. The final output depends on the changes made 

in the ESC and the fault values. The final output variable  ( ) is represented as in 

equation (4.7): 

 ( )      ( ) (4.7) 

The fault model can also be simply represented in equation format as: 

 ( )      ( )     (4.8) 
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5. SIMULATIONS AND RESULTS 

The chapter begins with discussing the simulation preferences, the ranking system for severity of the faults 

and the results from the simulations are explained and illustrated. The dynamic vehicle behavior for 

different fault conditions is discussed. 

5.1 Simulation Preferences 

After analysis and modeling of the faults, the model is subjected to several simulations. 

The vehicle model with the appended fault model is simulated under specific conditions 

and all the fault conditions are tested. Further, processing of results is performed with 

the data obtained from the simulation runs. The results obtained after simulations, aids in 

classifying the fault conditions based on their severity.  

The operation of an automobile will fall under numerous scenarios and conditions. It 

may vary from high traffic city conditions to high speed highway driving. The vehicle will 

be operated at various speeds, under different road conditions, different types of drivers 

and many other classifications. Hence there arises a situation to limit the simulations to a 

specific type of driving scenario. Cornering is one of the important driving situations in a 

vehicle. The high speed-steady state cornering of the vehicle is simulated for all the fault 

conditions. This specific type of driving is also fixed considering the safety aspect in 

vehicles. The vehicle will leave the desired path as a result of under or over steer, which 

may lead to accidents. Further, in particular the functioning of the ESC under the fault 

conditions is also studied. The stability control system is incorporated in the model since 

it is soon to be mandatory in the automotive markets [23]. However, the existing model 

can be modified as per the requirement and can be used to simulated other driving 

scenarios and conditions.  

The detailed specification of the vehicle model is presented in Appendix A. Some of the 

simulation preferences and the initial conditions are listed below:  

 Vehicle speed,     =  120 km/h or 33.33 m/s 

 Radius of curvature,    =  225 m 

 Body slip angle,    =  0 rad 

 The fault group and wheel, at which the fault occurs, are chosen by the user 

before the simulation. 

5.2 Severity Ranking System (SeRS)  

A large number of standards and regulations for vehicle safety exist in the automotive 

industry. An organized approach with the help of these standards reduces the occurrence 

of failure modes in a system. The ISO 26262 is one such safety standard that addresses 

needs for an automotive-specific international standard and focuses on safety critical 

components. It is a generic functional safety standard for electrical and electronic (E/E) 
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systems [24]. The ISO 26262 automotive safety lifecycle describes the entire production 

lifecycle. The development section during the production cycle includes defining the 

system, system design, functional safety assessment, and safety validation. The 

Automotive Safety Integrity Level (ASIL) is a key component of ISO 26262 and is 

determined during the beginning of development phase. The ASIL is a method for 

estimation of risk for the driver and associated road users on the occurrence of failure 

modes. It is based on a combination of the probability of exposure, the controllability by 

a driver and the severity of the failure. Each safety requirement is assigned an ASIL of A, 

B, C, or D, with D having the most safety critical processes and strictest testing 

regulations (Figure 5-1).  

 

Figure 5-1.  ISO 26262 - Automotive Safety Integrity Level (ASIL) [25] 

A similar approach adapted from the ISO 26262 presented in this section is utilized for 

fault analysis. In this thesis more than 50 fault groups are simulated which comprised of 

more than 100 individual fault modes. In order to analyze the fault groups in an effective 

manner require a ranking system. A severity ranking system – ‘SeRS’, is introduced in the 

thesis as a safety standard for the vehicle under study. The SeRS is a classification of the 

faults in order of severity and can be partially compared to the ISO 26262 standards 

ASIL rating. It is carried out by taking into account some of the important parameters of 

vehicle handling. The most important parameters based on which the SeRS is carried out 

are: 

 Longitudinal acceleration,    

 Lateral acceleration,    

 Yaw rate,  ̇ 
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The data obtained from simulations are collected and tabulated in a worksheet as shown 

in Table 5-1. The values for three parameters are listed as longitudinal acceleration (  ), 

lateral acceleration (  ) and yaw rate ( ̇). A comparison is made between the no fault 

condition (FGID00) and faults (FGID01 is shown in Table 5-1). The fault on occurrence 

induces a parameter deviation from the nominal value (no fault condition). The values of 

(  ), (  ) , ( ̇) for the fault, are found as an average between the time at which the fault 

occurs until 1.5 seconds after the fault. The differences for the parameters are calculated 

and listed as  (  ),  (  ) ,  ( ̇). Now depending on the value of  (  ),  (  ) , 

      ( ̇) each of the parameters are given an individual severity rating          

respectively. The overall severity class is based on the value of   , where           

  . The descriptions for the severity ratings and classes are given in Table 5-2. 

Table 5-1- Severity ranking table 

Fault 
Group 

ID 

   
 

 (  )    
   

 
 (  )     ̇  ( ̇) 

% 
of 

 ( ̇) 

 

      
S-

CLASS 

FGID00 
(NO 

FAULT) 
0.172 0.000 - 4.930 0.000 - 0.148 0.000 0.000 - - - 

FGID01 0.137 0.035 1 3.276 1.654 3 0.101 0.047 31.752 3 9 S2 

 

From the example in Table 5-1 and the descriptions in Table 5-2, the derivation of 

severity for the fault group FGID01 can be explained as follows: 

  (  )              This falls under the range               and hence has a 

severity rating of     .  

  (  )              This falls under the range                  and hence 

has a severity rating of     .  

       ( ̇)           This falls under the range            and hence has a 

severity rating of     . 

 Finally               (     )     this falls under the range 3 to 15 and 

hence is given a severity class   .  

 The fault group is a S2-MEDIUM severity class. A similar approach is handled 

for the severity classification of all the fault groups.  
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Table 5-2. Description chart severity ratings and classes 

Severity rating for Range Rating/Class Description 

 (  )         
 

   
 

0 to 0.5 1 LOW 

0.5 to 1.5 2 MEDIUM 

1.5 to 3 3 HIGH 

3 + 4 VERY HIGH 

 (  )         

 

   
 

0 to 0.5 1 LOW 

0.5 to 1.25 2 MEDIUM 

1.25 to 2.5 3 HIGH 

2.5 + 4 VERY HIGH 

 ( ̇)        ( ̇) 

 

   

0 to 10 1 LOW 

10 to 25 2 MEDIUM 

25 to 50 3 HIGH 

50 + 4 VERY HIGH 

 

    ( )   ( )   ( ) 
 

0 to 3 S1 LOW 

3 to 15 S2 MEDIUM 

15 to 40 S3 HIGH 

40 + S4 VERY HIGH 

5.3 Results and Discussions  

The simulation results obtained for the failure modes are presented and discussed in this 

section. The faults are classified and presented with respect to the order of severity. All 

the failure modes are processed under the SeRS and a selection of faults are presented 

here.  

5.3.1 Fault Groups with Low Severity-S1  

The faults under this class represent a low severity of the failure, represented with a rank 

S1. One example is FGID02 that is an external fault due to change in the friction level 

on the road surface. The fault simulated is a low friction coefficient on the inner wheels 

(Split  ) of the vehicle, possibly due to a water puddle. The coefficient of friction is 0.75 

in this case. From Table 5-3 it can be inferred that the loss of traction is not very intense 

and the vehicles lateral, longitudinal accelerations do not get affected adversely. The 

change in yaw-rate for this case is around 8%, which is an average value during the fault 

occurrence and 1.5 seconds after (Table 5-3). However, the vehicle slightly under-steers 

but does not have an adverse effect. There is no corrective action from the ESC, since 

yaw-rate is also within optimum range. The conclusion is that, coefficients of friction 

0.75 to 1 are under the class of faults with low severity.  
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Figure 5-2. Yaw Rate plot for FGID02-Severity-S1 

Some examples of fault groups with low severity rating are presented in Table 5-3. 

Table 5-3. Examples of fault groups with Low Severity – S1 

Fault 
Group 

ID 

   
 

 (  )    
   

 
 (  )     ̇  ( ̇) 

% 
of 

 ( ̇) 
 

      
S-

CLASS 

FGID00 0.172 0.000 - 4.930 0.000 - 0.148 0.000 0.000 - - - 

FGID02 0.181 0.009 1 4.518 0.412 1 0.136 0.013 8.477 1 1 S1 

FGID18 0.178 0.006 1 4.898 0.032 1 0.147 0.001 0.940 1 1 S1 

FGID45 0.172 0.001 1 4.939 0.009 1 0.149 0.000 0.313 1 1 S1 

FGID57 0.085 0.087 1 5.106 0.176 1 0.156 0.008 5.110 1 1 S1 

 

FGID18 represents a fault group with faults occurring due to damage, noise or 

vibrations in the wheel rims/planetary gears. These failure modes may occur due to 

fatigue, manufacturing or overheating. The faults are modeled as a change in the vertical 

forces of the wheel. The fault group has a low severity of failure with no major 

deviations from the values of optimum performance. There are no sudden impacts in the 

vehicle handling due to these fault conditions. The vehicle stays within the intended path, 

but with a minute fluctuation ripple in the vehicle speed. 

FGID45 represents the fault group with faults pertaining to the suspension system. The 

fault occurs due to a failure in the passive components of the system namely a 

broken/stuck main spring. These are modeled and simulated as improper vertical wheel 

travel. The fault group is mostly characterized by bad ride comfort to the passengers but 

doesn’t affect the vehicle behavior in a large scale. The deviations of critical vehicle 

performance parameters are well within the operating range and this group is given a low 

severity rank S1.  Other suspension faults FGID46 and FGID47 also represent the same 

fault condition but with fault in a different wheel. FGID48, FGID49 and FGID50 

represent faults due to leaking damper, fatigue in mounting points, ageing or corrosion. 

These fault groups are also categorized under the same class of low severity. 
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FGID57 represents a fault group with faults occurring due to an electrical failure or a 

high voltage system breakdown. The electrical failures in this fault group include open 

circuit or broken strands in high voltage (HV) wiring. On occurrence of the fault there is 

a total loss of torque produced in the wheel(s) and hence starts to free roll (Figure 5-3). 

The fault group consists of faults with a total loss of torque in the wheel with the fault. 

Irrespective of the wheel, the fault on occurrence doesn’t affect the vehicle behavior 

adversely hence receiving a low severity rank S1. The vehicle accelerations and yaw-rate 

are well within the operating range. It can also be inferred that fault groups FGID58 and 

FGID59 with the similar type of faults but with loss of torque in more than one wheel. 

In FGID58, the faulty wheels are either the front or rear wheels, while FGID59 consists 

of the fault in either the inner or outer wheels. However, irrespective of the faulty wheel 

combinations the vehicle’s performance does not deviate much from optimum 

performance range, therefore are also classified as faults with low severity. 

 

Figure 5-3. Wheel Torques plot for FGID57-Severity-S1 

5.3.2 Fault Groups with Medium Severity-S2 

The faults under this class represent a medium severity of the failure, represented with a 

rank S2. The vehicle can be controlled to a certain extent, after the occurrence of the 

fault. FGID03 represents an external fault due to a change in the friction coefficient 

      on either the inner or outer track of the vehicle path. This is also a case of split 

  condition with a lower friction coefficient on the inner or outer track. FGID06 with 

split   of 0.4 and FGID07 with low   of 0.1 also fall under the same severity class. 

Friction coefficient values in-between            4 have a medium severity, and the 

potential causes include wet leaves, loose curbside, ice and wet road surface. The faults 

cause only a narrow margin of change in vehicle accelerations but there is a noticeable 

change in the yaw-rate. When the vehicle is entering the low friction surface, the wheels 

with the fault start to slip causing loss in tractive force. A change in yaw-rate is 

experienced by the vehicle (Table 5-4), and hence a counteractive yaw torque is applied 

by the ESC. The braking torque applied by the ESC is distinctly visible in the wheel 

torque plot shown in Figure 5-4. 
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Figure 5-4. Wheel Torques plot for FGID03-Severity-S2 

Some examples of fault groups with medium severity rating are shown in Table 5-4. 

Table 5-4. Examples of fault groups with Medium Severity – S2 

Fault 
Group 

ID 

   
 

 (  )    
   

 
 (  )     ̇  ( ̇) 

% of 
 ( ̇) 

 

      
S-

CLASS 

FGID00 0.172 0.000 - 4.930 0.000 - 0.148 0.000 0.000 - - - 

FGID03 0.119 0.053 1 3.705 1.225 2 0.116 0.032 21.658 2 4 S2 

FGID11 0.158 0.015 1 3.994 0.936 2 0.115 0.034 22.705 2 4 S2 

FGID19 0.022 0.150 1 4.015 0.915 2 0.116 0.033 22.011 2 4 S2 

FGID43 -0.143 0.315 1 4.010 0.920 2 0.118 0.030 20.185 2 4 S2 

FGID51 -2.257 2.429 3 5.058 0.128 1 0.168 0.020 13.400 2 6 S2 

FGID63 0.516 0.344 1 4.280 0.650 2 0.119 0.030 19.999 2 4 S2 

 

FIGD11 is a fault group with faults like delamination, blisters and reduced tire wall 

stiffness which is caused due to ageing, hard braking or weak tire walls. The faults are 

modeled as variation of vehicle forces in the lateral and longitudinal directions. In 

general, when this type of fault appears in the front wheels the vehicle tends to under-

steer whereas it over-steers when it is in the rear wheels (Figure 5-5-A & B). Also in this 

case the change in yaw-rate is around 22% (Table 5-4).  ESC takes a corrective action by 

braking the appropriate wheels and thereby stabilizing the vehicle. FGID19 is a similar 

type of fault group with a failure in the wheel hub, wheel hub bearing or planetary gear 

which is caused due fatigue or wrong manufacturing. Both the groups represent a 

mechanical failure but don’t result in total breakdown of the components. The 

performance of the vehicle is altered but at controllable levels, hence the fault groups are 

ranked medium severity S2.  
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       (A) Fault in front inner wheel 

      

 (B) Fault in rear inner wheel 

Figure 5-5. XY-Position plot for FGID11-Severity-S2 

FGID43 is a fault in the hydraulic/electric steering system causing an improper 

correspondence between the input and output signals. The steered wheels do not 

correspond to the input given by the driver through the steering wheel. The fault is 

modeled as changes in   (steering angle). The model is designed to have the capability of 

all wheel steering. However, for simulation purposes within this thesis the vehicle is 

considered to have only front wheel steering. The vehicle initially becomes instable going 

wide from the desired path until the ESC applies braking torque for correction. The 

steering ramps up while entering the curve and a constant steering angle is maintained 

until the fault, after which there is a drop in the steering angle (Figure 5-6). Since no 

adequate steering angle is present to keep the vehicle in the intended path, it under-steers 

(Figure 5-7). As a result of improper steering, the vehicle starts to yaw leading the front 



CHAPTER 5  SIMULATIONS AND RESULTS 

45 
 

end of the vehicle to move out of course. Now to counteract the yawing moment 

created, the ESC brakes the inner rear wheel. The braking torque from the ESC results in 

considerable reduction of vehicle speed. 

 

Figure 5-6. Steering angle plot for FGID43-Severity-S2 

 

Figure 5-7. XY-Position plot for FGID43-Severity-S2 

FGID51 represents a group of faults which occurs in the braking system. The fault 

simulates a maximum braking condition with a lock in the front left wheel. The failure 

occurs due to lack of movement in the wheel brake and gets stuck in the braking 

position. A closed inlet valve caused by an unintended action of the electronic control 

can also cause the fault. The fault is modeled by transferring the maximum negative 

torque or braking torque to the faulty wheel. In the case presented in Table 5-4, the inner 

front wheel is locked. The longitudinal acceleration of the vehicle drops from 0.172 

     to an average of -2.257     , 1.5 seconds after the fault (Figure 5-8). The vehicle 
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speed drops from an average of 120      to 96.5     , 2.5 seconds after the fault 

(Figure 5-9). When the inner front wheel locks, the rear end of the vehicle yaws outward, 

thereby making the vehicle over-steer (Figure 5-10). It is also inferred that a locking of 

the inner wheels during cornering, results in over-steer and for the outer wheels, the 

vehicle tends to under-steer. Now as the change in yaw-rate increases the ESC activates 

to produce a counteracting braking torque to correct the vehicle’s instability. Also, 

comparatively the under and over steer effects are more pronounced when there is a lock 

in the front wheels than the rear wheels. FGID54 which represents the fault group with 

partial braking torque in an individual wheel also fall under the same medium severity 

class S2.  

 

Figure 5-8. Longitudinal Acceleration plot for FGID51-Severity-S2 

 

 

Figure 5-9. Vehicle Speed plot for FGID51-Severity-S2 
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Figure 5-10. XY-Position plot for FGID51-Severity-S2 

FGID63 is the simulation of maximum positive torque in the faulty wheel. The potential 

causes for this fault may lie in the electrical system, improper correspondence between 

the input and output signal can result in such a fault. The fault produces a reverse effect 

of a maximum braking or wheel lock condition. The increase in torque at the faulty 

wheel is 350   , which is the limitation set to the electrical machine in the vehicle 

model (Figure 5-11). The maximum torque in one of the inner wheel pushes the vehicle 

to under-steer, whereas it over-steers for a maximum torque in the outer wheels (Figure 

5-12-A & B). However, the vehicle still is in a position to be controlled back to the 

intended path.  

 

Figure 5-11. Wheel Torques plot for FGID63-Severity-S2 
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       (A) Fault in front inner wheel                                      (B) Fault in rear outer wheel 

Figure 5-12. XY-Position plot for FGID11-Severity-S2 

For the case presented in Table 5-4, there is a maximum torque in the inner front wheel. 

The vehicle tends to under-steer, yawing to the right with a 19% change in yaw-rate. The 

ESC brakes the rear inner wheel in order to bring the vehicle back to the intended path 

(Figure 5-11). FGID60 is a fault group with similar type of faults but not with a 

maximum torque but an increased torque in one wheel. The mechanism of failure is 

similar to FGID63 with a less pronounced effect. However, analyzing the critical 

parameters it is found that the group also falls under the medium severity class S2. 

Further, when these types of faults (FGID51, FGID54, FGID60, FGID64) appears in 

more than one wheel the severity is more adverse, which will be discussed in sections 

5.3.3 & 5.3.4.  

5.3.3 Fault Groups with High Severity-S3 

The faults under this class represent a high severity of the failure, represented with a rank 

S3. The fault modes cause adverse effects in vehicle behavior and are considered as a 

critical issue to vehicle and passenger safety. The occurrence of the fault may lead to 

hazardous situations and may result in an accident causing damage to the vehicle, injury 

to the passengers and to the surrounding. FGID08 is one such example of an adverse 

fault with high severity. It is an external fault with change in friction surface with a very 

low       . The fault simulates icy road conditions or extreme road conditions during 

winter. The vehicle experiences extreme slip and loss of traction and often leads to 

sliding. The presence of winter tires and stability programs in vehicles however prevent 

such adverse effects to an extent.  

FGID21 represents a mechanical breakdown of the planetary gear caused by overheating 

or pitting. The reasons for the failure can be due to insufficient greasing, broken gear 

tooth, or bearing failure. This causes improper gear movement and hence in lack of force 

transfer by blocking of wheel from rotating. The fault is modeled as a reduction in the 

longitudinal vehicle force. Since there is lack of tractive force, there is a slight reduction 
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in the vehicle speed from 33     to around to an average of 30    , 2.5 seconds after 

the fault.  But the yaw-rate of the vehicle changes adversely by 31%, averaged from the 

fault to 1.5 seconds after the fault, see Figure 5-13. FGID21 presented in Table 5-5 is a 

planetary gear fault in the outer front wheel. The vehicle tends to under-steer due to the 

lack of tractive force in the outer front wheel. In order to set the vehicle back to the 

intended path, ESC brakes the rear inner wheel (Figure 5-14).  However, the mechanism 

of the failure and its effects on vehicle handling make this fault group a high severity 

fault.  

 

Figure 5-13. Yaw Rate plot for FGID21-Severity-S3 

 

 

Figure 5-14. Wheel Torques plot for FGID21-Severity-S3 
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Some examples of fault groups with medium severity ratings are presented in Table 5-5.  

Table 5-5. Examples of fault groups with High Severity – S3 

Fault 
Group 

ID 

   
 

 (  )    
   

 
 (  )     ̇  ( ̇) 

% of 
 ( ̇) 

 

      
S-

CLASS 

FGID00 0.172 0.000 - 4.930 0.000 - 0.148 0.000 0.000 - - - 

FGID08 -0.267 0.439 1 1.729 3.201 4 1.838 1.690 1140.52 4 16 S3 

FGID21 -0.906 1.078 2 3.037 1.893 3 0.102 0.046 31.28 3 18 S3 

FGID56 -2.714 2.886 3 3.907 1.023 2 0.101 0.047 31.52 3 18 S3 

FGID56 -3.132 3.304 4 3.181 1.749 3 0.085 0.063 42.428 3 36 S3 

FGID62 1.035 0.863 2 3.479 1.451 3 0.090 0.058 39.43 3 18 S3 

FGID65 1.202 1.030 2 3.270 1.660 3 0.082 0.066 44.78 3 18 S3 

 

FIGD56 is a fault with partial braking on either the inner or outer wheels of the vehicle. 

This is similar type of failure as FGID54, but with a failure in only one wheel. However, 

with a partial braking force in more than one wheel have more adverse effects. The case 

presented in Table 5-5 is a partial braking force in the inner wheels (FGID56). The 

longitudinal acceleration of the vehicle drops from 0.172      to -2.7147     , 

averaged from the fault to 1.5 seconds after the fault (Figure 5-15). The average 

deceleration is about 2.886     , which brings the vehicle from an a average speed of 

120      to 92     , 2.5 seconds after the fault (Figure 5-16).  

 

Figure 5-15. Longitudinal Acceleration plot for FGID56-Severity-S3 
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Figure 5-16. Longitudinal Speed plot for FGID56-Severity-S3 

There is an average of 31% change in yaw-rate, causing an undesirable yawing moment. 

The ESC provides a counteracting yaw torque by braking the front right wheel (Figure 

5-17). The vehicle tends to under-steer to an extent due to the fault. The other condition 

is partial braking on the outer wheels. The failure is found to be more pronounced than 

the fault in the inner wheels. There is an average of 42 % change in yaw-rate, which is 

higher than the previous condition. Also, the amount of average deceleration is higher 

and is about 3.304     . Since the vehicle brakes on the outer wheels, an under-steering 

effect is created. To counteract the yaw created by the partial braking outer wheels, the 

ESC brakes the rear inner wheel (Figure 5-17). Further, it is inferred that a failure at the 

outer wheels produce a more pronounced effect than the inner wheels. However, both 

the cases are given a high severity classification, S3.  

 

Figure 5-17. Wheel Torques plot for FGID56-Severity-S3 

FGID62 and FGID65 represent fault groups with increased torque and maximum 

torque respectively. The faults have a similar type of failure as FGID60 and FGID63, but 

with a failure in only one wheel. The cases represented in Table 5-5 are faults in the inner 

wheels for both FGID62 and FGID65. For both the fault groups the mechanism of 
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failure is similar, but with a slightly pronounced effect in FGID65. The change in vehicle 

speed is around an average of 10      for FGID65. The vehicle accelerates by an 

average of 1      for an increase and the maximum torque conditions. The change in 

yaw rate is around an average of 40 % from the nominal values and hence there is a high 

under-steering of the vehicle (Figure 5-18 & Figure 5-19)  

 

Figure 5-18. Yaw Rate comparison for FGID65-Severity-S3 

 

Figure 5-19. XY-Position comparison for FGID65-Severity-S3 

Since the vehicle deviates from the desired path, a possibility of crash increases. Also, 

since the performance indicators are deviating to a great extent from the nominal, the 

controllability of the vehicle also becomes more difficult. The fault groups are given a 

high severity ranking S3. However, it is inferred that, for the same fault group with the 

fault on the outer wheels a medium severity ranking is given.  
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5.3.4 Fault Groups with Very High Severity-S4 

This class of faults is the most adverse fault conditions that the vehicle is subjected to. 

The simulations of these fault conditions yielded the most deviation from the nominal 

performance characteristics. The effects of these faults are characterized by extreme and 

uncontrollable accelerations, decelerations or component failures. Also, such extreme 

conditions occur in the vehicle with a failure of more than one component affecting 

more than one driven wheel. FGID17 is a fault due to the failure of rim or wheel hub. 

The failure mode is due to the destruction of the whole component by fatigue, 

manufacturing defects or due to high levels of torque from the electrical machine. The 

fault results in extreme vibrations, reduction of force transfer and results in high levels of 

yaw torque. From Table 5-6, the case presented for FGID17 is a failure in the wheel hub 

of the outer rear wheel. The values of yaw rate, averaged from fault to 1.5 seconds after 

the fault, amounts to a change of 100% (Figure 5-20). At such high levels of yaw rate, the 

vehicle totally slips away from the intended path. 

 

Figure 5-20. Yaw Rate plot for FGID17-Severity-S4 

Some examples of fault groups with very high severity ratings are presented in Table 5-6. 

Table 5-6. Examples of fault groups with Very High Severity – S4 

Fault 
Group 

ID 

   
 

 (  )    
   

 
 (  )     ̇  ( ̇) 

% of 
 ( ̇) 

 

      
S-

CLASS 

FGID00 0.172 0.000 - 4.930 0.000 - 0.148 0.000 0.000 - - - 

FGID17 -3.084 3.256 4 2.550 2.380 3 -0.001 0.150 100.933 4 48 S4 

FGID53 -4.196 4.368 4 3.429 1.501 3 0.054 0.094 63.444 4 48 S4 

FGID53 -5.968 6.140 4 0.967 3.964 4 -0.014 0.162 109.589 4 64 S4 

 

The destruction of a wheel hub may also result in the loss of the rim. Hence, there is 

absolutely no force transfer in the destroyed wheel and this also creates a very difficult 

situation to maneuver the vehicle. The average deceleration is about 3.256     (Figure 
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5-21), which brings the vehicle from an a average speed of 120      to 55     , 2.5 

seconds after the fault (Figure 5-22). Also, it is noticed that, such a failure in the outer 

wheels cause more adverse effects. Since the fault group is extremely hazardous with 

respect to safety it is considered to be a very high severity class, S4.   

 

Figure 5-21. Longitudinal Acceleration plot for FGID17-Severity-S4 

 

Figure 5-22. Longitudinal Speed plot for FGID17-Severity-S4 

FGID53 represents a fault group with the similar type of fault as that of FGID51. It is 

explained in section 5.3.2, that FGID51 is considered under medium severity class, S2. 

FGID51 simulates a fault with maximum braking (wheel locking) in one wheel, whereas 

FGID53 simulates maximum braking torque in two wheels. The cases represented in 

Table 5-6, are maximum braking torques in the inner and outer wheels. Now when the 

inner wheels locks, the vehicle decelerates at an average of 4.368      (Figure 5-23-A), 
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and reducing the speed of the vehicle to 78        The yaw rate of the vehicle changes 

to around 63% (Figure 5-24), which causes pull the front end of the vehicle the left. 

Hence the vehicle starts to over-steer due to the increased yaw-rate. Now, to counteract 

the yaw, ESC produces very high braking torque to the outer front wheel (Figure 5-25).    

   

       (A) Locked inner wheels                                                (B) Locked outer wheels  

Figure 5-23. Longitudinal Accelerations for FGID53-Severity-S4 

 

Figure 5-24. Yaw Rate comparison for FGID53-Severity-S4 

Now analyzing the case with a wheel lock in the outer wheels, it is inferred to be even 

more extreme.  The vehicle decelerates at an average of 6.140       (Figure 5-23-B), 

and reducing the speed of the vehicle to 60       in a span of 2.5 seconds. Further, 

with an extreme change in yaw-rate at 109% (Figure 5-24), the vehicle loses its desired 

path. The locked outer wheels along with the yaw moment moving the front end 

outward from the course, causes the vehicle to heavily under-steer. The simulated values 

reach high extremes which evidently would be unsafe and will exceed the design 

limitations of the component. At such heavy decelerations a risk of rear end collisions 

increases, posing a threat to other vehicles also. Therefore, a very high severity rating-S4 

is fixed for these fault conditions. 
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Figure 5-25. Wheel Torques plot for FGID53 (Locked inner wheels)-Severity-S4 

 

 

Figure 5-26. Wheel Torques plot for FGID53 (Locked outer wheels)-Severity-S4 
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A severity ranking table with the severity ratings for all the fault groups is presented in 

Table 5-7. The final severity classes are low severity S1 (green), medium severity S2 

(yellow), high severity S3 (red) and very high severity S4 (dark red). 

Table 5-7. Severity Ranking Table 

Fault 

group id 

Faulty 

wheel 
Subsystem Fault  description              

Severity 

class 

FGID00 - - NO FAULT 1 1 1 1 - 

FGID01 13 Tire 
µ-split-Low µ on left 

track 
1 3 3 9 S2 

FGID01 24 Tire 
µ-split-Low µ on right 

track 
2 4 4 32 S3 

FGID02 13 Tire 
µ-split-Low µ on left 

track 
1 1 1 1 S1 

FGID02 24 Tire 
µ-split-Low µ on right 

track 
1 1 1 1 S1 

FGID03 13 Tire 
µ-split-Low µ on left 

track 
1 2 2 4 S2 

FGID03 24 Tire 
µ-split-Low µ on right 

track 
1 3 3 9 S2 

FGID04 13 Tire 
µ-split-Low µ on left 

track 
1 2 2 4 S2 

FGID04 24 Tire 
µ-split-Low µ on right 

track 
1 2 1 2 S1 

FGID05 13 Tire 
µ-split-Low µ on left 

track 
1 3 3 9 S2 

FGID05 24 Tire 
µ-split-Low µ on right 

track 
1 4 4 16 S3 

FGID06 13 Tire 
µ-split-Low µ on left 

track 
1 2 2 4 S2 

FGID06 24 Tire 
µ-split-Low µ on right 

track 
1 2 2 4 S2 

FGID07 1234 Tire Low µ 1 3 4 12 S2 

FGID08 1234 Tire Low µ 1 4 4 16 S3 

FGID09 1234 Tire High µ - Dry road 1 1 1 1 S1 
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FGID10 1234 Tire High µ 1 2 2 4 S2 

FGID11 1 Tire Delamination 1 2 2 4 S2 

FGID11 2 Tire Blisters 1 2 2 4 S2 

FGID11 3 Tire 
Reduction of tire 

stiffness 
1 2 2 4 S2 

FGID11 4 Tire " 2 1 2 4 S2 

FGID12 1234 Tire 
Friction level  

variation 
1 3 2 6 S2 

FGID13 1234 Tire External impulse 2 3 1 6 S2 

FGID14 13 Tire External impulse 1 1 1 1 S1 

FGID14 24 Tire External impulse 2 1 1 2 S1 

FGID15 1 Tire 
Reduction of tire 

stiffness 
2 2 1 4 S2 

FGID15 2 Tire 
Reduction of tire 

stiffness 
2 3 3 18 S3 

FGID15 3 Tire 
Reduction of tire 

stiffness 
1 2 2 4 S2 

FGID15 4 Tire 
Reduction of tire 

stiffness 
4 3 4 48 S4 

FGID16 1 Rim Destruction of rim 2 2 1 4 S2 

FGID16 2 Rim Destruction of rim 2 3 3 18 S3 

FGID16 3 Rim Destruction of rim 1 2 2 4 S2 

FGID16 4 Rim Destruction of rim 4 3 4 48 S4 

FGID17 1 Rim 
Destruction of rim and 

wheel hub 
2 2 1 4 S2 

FGID17 2 Wheel hub 
Destruction of rim and 

wheel hub 
2 3 3 18 S3 



CHAPTER 5  SIMULATIONS AND RESULTS 

59 
 

FGID17 3 Rim 
Destruction of rim and 

wheel hub 
1 2 2 4 S2 

FGID17 4 Wheel hub 
Destruction of rim and 

wheel hub 
4 3 4 48 S4 

FGID18 1 Rim Destruction of rim 1 1 1 1 S1 

FGID18 2 
Planetary 

gear 
Noise and Vibration 1 1 1 1 S1 

FGID18 3 Rim Destruction of rim 1 1 1 1 S1 

FGID18 4 
Planetary 

gear 
Noise and Vibration 1 1 1 1 S1 

FGID19 1 Wheel hub Fatigue 1 2 2 4 S2 

FGID19 2 
Wheel hub 

bearing 
Impact close to bump 

stop 
1 2 2 4 S2 

FGID19 3 
Planetary 

gear 
Wrong manufacturing 1 2 2 4 S2 

FGID19 4 " " 3 2 1 6 S2 

FGID20 1 Wheel hub Chattering or seizing 1 1 1 1 S1 

FGID20 2 Wheel hub Chattering or seizing 1 1 1 1 S1 

FGID20 3 Wheel hub Chattering or seizing 1 1 1 1 S1 

FGID20 4 Wheel hub Chattering or seizing 1 1 1 1 S1 

FGID21 1 
Planetary 

gear 
Mechanical 
breakdown 

2 2 2 8 S2 

FGID21 2 
Planetary 

gear 
Mechanical 
breakdown 

2 3 3 18 S3 

FGID21 3 
Planetary 

gear 
Mechanical 
breakdown 

2 1 2 4 S2 

FGID21 4 
Planetary 

gear 
Mechanical 
breakdown 

3 2 3 18 S3 

FGID42 12 Steering Hydraulic / Electric 2 2 1 4 S2 
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FGID43 12 Steering Hydraulic / Electric 1 2 2 4 S2 

FGID44 1234 
Suspension 

System 

Active suspension: 
Control 

system/Component 
failure 

1 1 1 1 S1 

FGID45 1 
Suspension 

System 

Passive suspension: 
Broken/Stuck main 

spring, Stuck Damper 
1 1 1 1 S1 

FGID45 2 
Suspension 

System 

Passive suspension: 
Broken/Stuck main 

spring, Stuck Damper 
1 1 1 1 S1 

FGID45 3 
Suspension 

System 

Passive suspension: 
Broken/Stuck main 

spring, Stuck Damper 
1 1 1 1 S1 

FGID45 4 
Suspension 

System 

Passive suspension: 
Broken/Stuck main 

spring, Stuck Damper 
1 1 1 1 S1 

FGID46 13 
Suspension 

System 

Passive suspension: 
Broken/Stuck main 

spring, Stuck Damper 
1 1 1 1 S1 

FGID46 24 
Suspension 

System 

Passive suspension: 
Broken/Stuck main 

spring, Stuck Damper 
1 1 1 1 S1 

FGID47 12 
Suspension 

System 

Passive suspension: 
Broken/Stuck main 

spring, Stuck Damper 
1 1 1 1 S1 

FGID47 34 
Suspension 

System 

Passive suspension: 
Broken/Stuck main 

spring, Stuck Damper 
1 1 1 1 S1 

FGID48 1 
Suspension 

System 
Passive suspension: 

Leaking damper 
1 1 1 1 S1 

FGID48 2 
Suspension 

System 
Fatigue in mounting 

points 
1 1 1 1 S1 

FGID48 3 
Suspension 

System 
No/wrong grease, 

Corrosion 
1 1 1 1 S1 

FGID48 4 
Suspension 

System 
Ageing, Overheating, 

Shearing 
1 1 1 1 S1 

FGID49 13 
Suspension 

System 
Passive suspension: 

Leaking damper 
1 1 1 1 S1 

FGID49 24 
Suspension 

System 
Fatigue in mounting 

points 
1 1 1 1 S1 

FGID50 13 
Suspension 

System 
No/wrong grease, 

Corrosion 
1 1 1 1 S1 

FGID50 24 
Suspension 

System 
Ageing, Overheating, 

Shearing 
1 1 1 1 S1 

FGID51 1 
Braking 
System 

Max Braking 3 1 2 6 S2 
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FGID51 2 
Braking 
System 

Max Braking 4 4 4 64 S4 

FGID51 3 
Braking 
System 

Max Braking 3 1 2 6 S2 

FGID51 4 
Braking 
System 

Max Braking 3 2 2 12 S2 

FGID52 12 
Braking 
System 

Max Braking 4 3 3 36 S3 

FGID52 34 
Braking 
System 

Max Braking 4 2 1 8 S2 

FGID53 13 
Braking 
System 

Max Braking 4 3 4 48 S4 

FGID53 24 
Braking 
System 

Max Braking 4 4 4 64 S4 

FGID54 1 
Braking 
System 

Partial Braking 2 2 3 12 S2 

FGID54 2 
Braking 
System 

Partial Braking 3 2 2 12 S2 

FGID54 3 
Braking 
System 

Partial Braking 2 2 3 12 S2 

FGID54 4 
Braking 
System 

Partial Braking 2 2 3 12 S2 

FGID55 12 
Braking 
System 

Partial Braking 3 2 2 12 S2 

FGID55 34 
Braking 
System 

Partial Braking 3 1 1 3 S1 

FGID56 13 
Braking 
System 

Partial Braking 3 2 3 18 S3 

FGID56 24 
Braking 
System 

Partial Braking 4 3 3 36 S3 

FGID57 1 
Electrical 

System 
HV system break 

down/Electric Failure 
1 1 1 1 S1 

FGID57 2 
Electrical 

System 
HV system break 

down/Electric Failure 
1 1 1 1 S1 

FGID57 3 
Electrical 

System 
HV system break 

down/Electric Failure 
1 1 1 1 S1 

FGID57 4 
Electrical 

System 
HV system break 

down/Electric Failure 
1 1 1 1 S1 
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FGID58 12 
Electrical 

System 
HV system break 

down/Electric Failure 
1 1 1 1 S1 

FGID58 34 
Electrical 

System 
HV system break 

down/Electric Failure 
1 1 1 1 S1 

FGID59 13 
Electrical 

System 
HV system break 

down/Electric Failure 
1 1 1 1 S1 

FGID59 24 
Electrical 

System 
HV system break 

down/Electric Failure 
1 2 2 4 S2 

FGID60 1 
Electrical 

System 
Electric Fault 1 2 2 4 S2 

FGID60 2 
Electrical 

System 
Electric Fault 1 1 1 1 S1 

FGID60 3 
Electrical 

System 
Electric Fault 1 2 2 4 S2 

FGID60 4 
Electrical 

System 
Electric Fault 1 2 2 4 S2 

FGID61 12 
Electrical 

System 
Electric Fault 2 2 2 8 S2 

FGID61 34 
Electrical 

System 
Electric Fault 2 1 1 2 S1 

FGID62 13 
Electrical 

System 
Electric Fault 2 3 3 18 S3 

FGID62 24 
Electrical 

System 
Electric Fault 2 2 3 12 S2 

FGID63 1 
Electrical 

System 
Electric Fault 1 2 2 4 S2 

FGID63 2 
Electrical 

System 
Electric Fault 1 1 1 1 S1 

FGID63 3 
Electrical 

System 
Electric Fault 2 2 2 8 S2 

FGID63 4 
Electrical 

System 
Electric Fault 1 2 2 4 S2 

FGID64 12 
Electrical 

System 
Electric Fault 2 2 2 8 S2 

FGID64 34 
Electrical 

System 
Electric Fault 2 1 1 2 S1 

FGID65 13 
Electrical 

System 
Electric Fault 2 3 3 18 S3 

FGID65 24 
Electrical 

System 
Electric Fault 2 2 3 12 S2 
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6. CONCLUSION  

This chapter summarizes conclusive remarks drawn from the work presented in this thesis and provides 

suggestions for future work related to the topics. 

6.1 Summary 

The thesis has reviewed different fault conditions that can appear in a vehicle with in-

wheel motors. A database of fault collections is modeled and analyzed. A classification 

for the different faults is carried out and similar faults are grouped into fault groups. The 

fault groups are modeled into a vehicle model with a methodology based on an existing 

fault modeling approach. All the fault groups were simulated for a steady state high speed 

cornering maneuver and the results were obtained. Further, based on the simulation 

results another sub classification of faults is presented, which aimed at presenting the 

severity of the fault conditions. The faults are analyzed with respect to changes in vehicle 

parameters and the corresponding dynamic behavior is illustrated. Focus is given to 

functioning of the ESC control strategy during the occurrence of fault conditions.  

A Severity Ranking System (SeRS) is presented for the analysis of faults. The ranking 

system is a modified approach, adapted from the ISO 26262 safety standard for vehicles. 

The classification is primarily based on the individual severity ratings for the vehicle 

measure of response, longitudinal acceleration (  ), lateral acceleration (  ) and yaw rate 

( ̇). Further with a multiplicative ranking for the three parameters, a final severity rating 

and a class is derived.  The safety standard acts as a guide of reference that gives 

information of faults, its potential intensity and its mechanism of failures. The ranking is 

divided into low severity S1, medium severity S2, high severity S3 and very high severity 

S4.  

The fault conditions with low severity S1 were characterized such that, the failure of the 

component did not result in adverse effects. A majority of the failures under this class 

were pertaining to faults in a single wheel. The deviation of vehicle accelerations from 

the nominal is within 0 to 1.1     , and the maximum change in yaw rate is 10%. The 

reduction of vehicle speeds is not sudden or at high rates of decelerations. The lower 

change in values of vehicle performance also makes the controllability by the driver 

easier. The fault modes do not pose a serious threat to the vehicle, passengers, or the 

environment. It is recommended to address the failure modes when noticed, in order to 

avoid increase in severity of the faults. However, even with the lowest of severity rating 

which can be tolerated, the class does not represent a normal state of the vehicle.  

The next in order is the medium severity class - S2. The deviation of longitudinal 

accelerations from the nominal is within 0.5 to 1.5      and lateral accelerations are 

within 0.5 to 1.25     . The maximum change in yaw rate can be up to an average of  

10 to 30%. The failure class includes both single and multiple faulty wheels. The class 

includes faults that results in a vehicle behavior which can be controlled to an extent by 
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the driver, with the aids like ESC in the vehicle. The severity classes S1 and S2 

constituted the majority of the faults simulated. Almost 80% of the faults were 

categorized within the low and medium classes. However, a percentage of medium 

severity faults leaned towards the high severity class S3, showing an intermediate severity 

between medium and high. The functioning of the ESC reduced the severity of most 

faults, by adapting an effective control strategy. The S1 and S2 classes often pertained to 

faults which resulted in improper functioning or inefficient functioning of the 

subsystems.  

The next two severity classes S3, high severity and S4, very high severity are the most 

adverse category. The faults often not only were due to inefficient functioning of the 

subsystems but also due to damaged and destruction of components. The deviations 

from the nominal vehicle accelerations and decelerations are around 2.5      and also 

reaches values as high as 6     . The change in yaw-rate deviates from the normal 

values by 40% and also reaches values with more than 100% change. The vehicles 

controllability with occurrence of such severe faults becomes a serious safety issue. In 

certain cases, a combined effort by the driver and the vehicles safety features might not 

be sufficient to bring the vehicle back to stability. These two classes of faults represent 

the most undesirable risks. They mostly consist of failures occurring in more than one 

wheel. Also, certain type of failure modes simulated with fault in inner wheels and outer 

wheel is inferred to be high and very high severity faults. The very high severity faults 

consisted of fault groups with high levels of decelerations which also pose the threat of 

rear end collisions. The high and very high severity fault groups result in adverse effects 

to vehicle behavior and also tough to control. Hence, these types of faults can result in 

fatal accidents and damages to the vehicle and the environment. A fault detection and 

isolation system would help warn and reduce the adverse effects of such types of faults.  

The electronic stability control (ESC) plays a major role in reducing the severity of 

certain fault conditions. The National Highway Traffic Safety Administration (NHTSA) 

says that, as of the 2012 model year, the federal government requires ESC in all cars, 

sports utility vehicles (SUVs), pickups and minivans [26].  The fault conditions may often 

result in single vehicle crashes and here the ESC is an efficient innovation which helps 

reduce the same. For vehicles fitted with electric motors on all four wheels, the control 

of individual wheels becomes easier. Hence, the ESC effectively reduces the severity of 

fault conditions which result in an event of loss of control or external faults like slippery 

roads. 

6.2 Recommendations for Future Work 

The work presented in this thesis is aimed to make further steps in the progress of 

developing fault tolerant electric and hybrid vehicles. A special focus is towards in-wheel 

motors for over actuated electric vehicles with innovative vehicle control strategies. 

Moreover, research aimed towards chassis electrification would aid the development of 

such types of vehicles. Further, the safety of vehicles with alternative drive trains is an 

area of research at high demand and can unveil new opportunities for electric vehicles.  
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Hjulia is the name of the prototype that is under development by researchers in the 

department of vehicle dynamics and electrical energy conversion at KTH [19]. Although, 

simulations with the help of a software package can be used to simulate any condition, a 

scaled or a full scale prototype would also provide useful experimental data. The results 

from different methods of analyses can be later compared and a validated software 

model can developed. The prototype should be tested under different failure modes to 

visualize the real time vehicle behavior. The prototype is aimed at replicating almost 

every aspect of a real vehicle. Actuator configurations such as camber control, wheel load 

control and other tire characteristics and friction are also developed.  

Another important area to consider is fault detection and isolation systems. A great 

amount of money and research is being now spent in the field of control engineering. 

Fault detection and isolation is a sub division of control engineering which is of a great 

importance at present. A fault tolerant system must be able to successfully detect the 

fault condition, isolate the fault and provide corrective action. The vehicle model used 

for the thesis did not consider a fault detection system and it would be more practical to 

consider this aspect within the system.  

Fault handling based on various vehicle control strategies need to be developed and 

analyzed. The impacts of these different strategies can be studied for different fault 

conditions. Force allocation methods can be one such vehicle control strategy. The levels 

of over-actuations would also be an effective way for fault handling. Dynamic behavior 

of the vehicle on the occurrence of various fault conditions can be analyzed for different 

levels of over-actuations. As a main area of the research a cost effective force allocation 

approach is being developed in the vehicle dynamics research group at KTH. Studying 

possible effects of fault conditions on the dynamical behavior of the vehicle, with 

different levels of over-actuations is also under progress in the research. 

The thesis only presented methods for evaluation of single fault conditions, whereas 

there can be scenarios with multiple fault conditions. For instance, a brake failure can 

occur on a low friction surface which is a type of a multiple fault condition. A method to 

analyze multiple faults would help when developing fault tolerant systems.  

Finally and most importantly, this area of research is highly multi-disciplinary. Hence, a 

good arena for knowledge sharing among engineers and researchers of different 

disciplines would make the scientific work more efficient. Also, academic institutions can 

introduce specific majors aimed at educating graduates towards these specific areas of 

research. Industrial participation and technology sharing should also be diverted more 

towards development of futuristic vehicles, rather than generating huge profits. The 

reach of technology throughout the globe can only create a valid future in the field of 

automotive innovation and engineering. 
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Abbreviations 

IEA International Energy Agency 

EV Electric Vehicle 

HEV Hybrid Electric Vehicle 

PHEV Hybrid Electric Vehicle 

BEV Battery Electric Vehicle 

ABS Anti-Lock Braking 

ESC Electronic Stability Control 

EHPS Electric Hydraulic Power Steering 

SHC Swedish Hybrid Vehicle Center 

PMSM Permanent Magnet Synchronous Motor 

FEM Finite Element Method 

FMEA Failure Mode Effect Analysis 

WCM Wheel Corner Module 

FGID Fault Group Identification Number 

EHB Electric Hydraulic Brake 

EMB Electro Mechanical Brake 

DC Direct Current 

AC Alternating Current 

DMC Dynamic Motion Controller 
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IFAC International Federation Of Automatic Control 

ISO International Organization For Standardization 

SeRS Severity Ranking System 

ASIL Automotive Safety Integrity Level 
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NHTSA National Highway Traffic Safety Administration 

SUV Sports Utility Vehicles 

CoG Center of Gravity 

E/E Electrical and Electronic Systems 

 

Symbols 

  Factoring value 

    
   Fault factoring parameter with respect to   

  Wheels 

    Front left wheel 

    Front right wheel 

    Rear left wheel 

    Rear right wheel 

 ( ) Input variable 

 ( ) Output variable  

 (  )  Fault factoring parameter with respect to friction coefficient 

 (   )  Fault factoring parameter with respect to longitudinal tire force 

 (   )  Fault factoring parameter with respect to lateral tire force 

 (   )  Fault factoring parameter with respect to vertical tire force 

 (  )  Fault factoring parameter with respect to steering wheel angle 

 (  )  Fault factoring parameter with respect to vertical tire force 

 (   
   )  Fault factoring parameter with respect to maximum longitudinal force 

  ( )  State variable (time dependent function) 

   Parameter(mostly constant value) 

  ( ) Intermediate output variable 

 ( ) Fault 

   ( ) Deductible change 

  
 ( ) Initial input variable 

  
 ( ) Intermediate input variable 

  Simulation run time 
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   Time at which the fault occurs 

  Fault state 

   Longitudinal speed 

   Lateral speed 

   Vertical speed 

 ̇  Longitudinal position 

 ̇  Lateral position 

 ̇  Vertical position 

   Longitudinal acceleration 

   Lateral acceleration 

   Vertical acceleration 

  
    Initial longitudinal position 

  
    Initial lateral position 

  
    Initial vertical position 

  
    Initial longitudinal speed 

  
    Initial lateral speed 

  
    Initial vertical speed 

  
   

 Reference Longitudinal velocity 

  
   

 Reference Lateral velocity 

  
   

 Yaw velocity 

  
    Longitudinal wheel speed 

  
   Lateral wheel speed 

  
   Longitudinal tire force 

  
   Lateral tire force 

  
  Corner force along longitudinal direction 

  
  Corner force along lateral direction 

  
   

 Reference Longitudinal force 

  
   

 Reference Lateral force 

  
   

 Reference Yaw torque 

   Rolling moment 

   Pitching moment 

   Yawing moment 
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    Rolling resistance  

   Vertical wheel position 

   Vertical wheel travel 

   ̇   Vertical wheel speed 

   Vertical wheel force 

  
    Minimum vertical force 

   Torque at each wheel 

    
     Force allocated to each wheel by ESC 

   ̇  Difference between desired and actual yaw rate 

   Side slip angle 

     Initial side slip angle 

      Longitudinal slip 

        Initial longitudinal slip 

  Pitch angle 

     Initial pitch angle 

 ̇ Pitch rate 

 ̇    Initial pitch rate 

  Roll angle 

     Initial roll angle 

 ̇ Roll rate 

 ̇    Initial roll rate 

  Yaw angle 

     Initial yaw angle 

 ̇ Yaw rate 

 ̇    Initial Yaw rate 

  Body slip angle 

     Initial Body slip angle 

  Steering angle 

  Radius of Curvature 

     Under-steer gradient 

  Wheel base 

   Distance between front axle and COG 
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   Distance between rear axle and COG 

   Track width - Front 

   Track width - Rear 

     Rolling radius 

   Wheel speeds 

     Initial wheel speed 

  ̇  Wheel accelerations 

  Mass of the vehicle 

  Acceleration due to gravity 

    
 

 Main spring stiffness front 

    
  Main spring stiffness rear 

    
 

 Anti-roll bar stiffness front 

    
  Anti-roll bar stiffness rear 

    
 

 Main damper coefficient front 

    
  Main damper coefficient rear 

   Inertia of vehicle around the x-axis 

   Inertia of vehicle around the y-axis 

   Inertia of vehicle around the z-axis 

   Inertia of tire and rim 

   Coefficient of friction 

   Coefficient of drag 

  Air density 

  Frontal area of the vehicle 

   Rolling resistance coefficient 

   Head wind towards the vehicle 

   Longitudinal slip stiffness 

    Front axis side stiffness 

    Rear axis side stiffness 

   Front left wheel side stiffness 

   Front right wheel side stiffness 

   Rear left wheel side stiffness 

   Rear right wheel side stiffness 
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   Characteristic speed 

  Contact area length 

  
   Stiffness factor 

 (  ) Change in longitudinal acceleration 

 (  ) Change in lateral acceleration 

   ( ̇) Percentage change in yaw rate 

   Severity rating for change in longitudinal acceleration 

   Severity rating for change in lateral acceleration 

   Severity rating for percentage change in yaw rate 

   Final severity rating 

S-Class Final Severity class/Rank 

S1 Low severity 

S2 Medium severity 

S3 High severity 

S4 Very high severity 
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