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SAMMANFATTNING 

Försäljningen av terrängfordon (ATV:s) ökar år för år, särskilt i länder som Sverige, 

Australien och Nya Zeeland. Som effekt av den ökande försäljningen kan man observera en 

proportionell ökning av antalet olyckor med terrängfordon. Bland dessa har huvudorsaken 

identifierats till vältningsolyckor.  

Även om det i dagsläget finns anordningar som skyddar förare av ATV:s vid tippning så råder 

det en tydlig brist på utrustning som förebygger själva vältningen. Dessutom har ATV:s inte 

många reglerenheter eller elektroniska system jämfört med moderna bilar. Detta gör det svårt 

att implementera komplicerad elektronisk teknologi för att förbättra stabilitet och förebygga 

uppkomsten av vältning. I denna avhandling har flera aktiva säkerhetssystem som förebygger 

vältning föreslagits. Lateral Load Transfer Ratio (LLTR) används som den primära 

parametern för att analysera och visa på risken av vältning. 

Först har ett varningssystem föreslagits i form av ett larm baserat på LLTR och 

krängningsvinkel. Två olika typer larm har analyserats, ett baserat på realtidsvärdena av dessa 

parametrar och det andra på deras predikterade värden. Larmet baserat på prediktering har 

visat bättre resultat gentemot realtidsalarmet genom att förse föraren med mer tid för att utföra 

en stabiliserande manöver. För att förbättra effektiviteten av säkerhetssystemet och befria 

föraren från att behöva vidta åtgärder har även ett aktivt bromssystem föreslagits där olika 

bromsstrategier simulerats. Av dessa vältningsförebyggande bromsstrategier har det som 

bromsar de yttre hjulen visat bäst resultat.        

ABSTRACT 

The sales of all-terrain vehicles (ATVs) are increasing year by year, especially in countries 

like Sweden, Australia and New Zealand. With the increase in sales, a proportional rise in 

number of accidents involving all-terrain vehicles is also evident. Of these accidents the major 

cause was identified as rollover occurrence.  

While there are some protection devices, the lack of rollover prevention devices available is 

glaring. In addition to that, ATVs do not have many control units or electronic systems 

compared to modern-day cars. This makes it difficult to implement complicated computer 

technology to improve vehicle stability or act as a prevention system. In this thesis, a couple 

of active safety systems to prevent rollover have been proposed. Lateral Load Transfer Ratio 

(LLTR) is used as the primary parameter to analyse and signify rollover.  

First, an alarm has been proposed based on LLTR and roll angle. Two different types of 

alarms have been analysed, one based on real-time values and the other on predicted values. 

The prediction-based alarm shows better performance over the other alarm by giving the 

driver more time to take action. Second, to remove the flaws of the alarms and take away 

control from the driver, in case of impending rollover, an active braking system has been 

proposed. Multiple braking strategies have been simulated. The strategy where the brakes are 

applied on the outer wheels was found to be most effective. 
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1 INTRODUCTION 

 

All-terrain vehicles (ATVs), especially quad bikes, are increasingly becoming the major form 

of vehicles used to perform tasks in agricultural farms across Sweden, Australia and New 

Zealand [1]. With the increase in the sales of ATVs, the number of serious accidents and 

fatalities occurring in farms will also increase proportionally. In a country like Sweden, it is 

very hard to keep track of all these ATV related injuries and accidents because, in Sweden, an 

ATV can be registered as a motorcycle, tractor, off-road vehicle, etc. Most of the data 

regarding automotive related statistics in Sweden are available in STRADA. STRADA is a 

GIS based system used by Transportstyrelsen, which is the Swedish Transport Agency. 

STRADA is a map-toll used to track vehicle registrations and data regarding injuries and 

accidents related to automobiles. Even then, the data cannot be considered accurate, for 

ATVs, as STRADA considers only the accidents that are reported and that occur on-road. 

Some estimates, reported by Trafikverket (Swedish Transport Administration), state there 

were 558 casualties in quad-bike related accidents between 2001-2012 [2], which is a 

significant number.  

When considering all the causes for accidents related to ATVs, rollover stands out as the 

dominating cause [3]. The summarised data, presented above, would imply that there should 

be roll-over prevention devices for ATVs available in the market. There are some after-

market passive safety devices, but they don’t ‘prevent’ rollover. Some of these systems and 

devices are presented in section 2. But the need for an active safety device or system to avoid 

roll-over related accidents or casualties is prime.  

The aim of this thesis is to develop and analyse active safety systems for rollover prevention 

of ATVs. This report showcases the progress of the thesis from the initial literature review to 

the virtual testing of the finalised safety systems. At the end of the thesis, two types of active 

prevention systems are suggested. The first one is an alarm which predicts rollover and sends 

a signal to the driver accordingly. The second one is a braking system, where the system starts 

braking as soon as it detects impending rollover. 

The conception of this thesis occurred as a part of Vehicle Dynamics Project Course Part I 

and II (SD2229 & SD2230) conducted during fall 2017 at KTH Royal Institute of 

Technology. The project was named” ATV Anti-Rollover Warning System”, conducted under 

the supervision of Lars Drugge. Some of the data and logics used in this thesis have been 

taken from the aforementioned project. 
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2 LITERATURE REVIEW 

 

 Rollover 

Rollover, especially in the lateral direction, is signified by the loss of contact of one side of 

the vehicle from the ground. The most common way of differentiating rollovers is based on 

the physics involved behind them: tripped rollovers and untripped rollovers [4].  

Tripped rollover commonly occurs due to vehicle sliding sideways, and the tyres come in 

contact with an object on the road or a curb or something similar that leads to a sudden 

increase on the lateral force acting on the tyres. Untripped rollovers occur due to the large 

lateral forces acting on the vehicle during cornering or during a manoeuvre. Due to the 

distance between the tyres and the centre of gravity, a moment arm is developed which forces 

a transfer of load towards the outer wheels during the cornering. The force due to gravity, 

which acts downwards on the centre of gravity, moves or acts opposite to the load transfer. If 

the load transfer moment is higher than the moment due to the gravitational force acting, the 

vehicle rolls over. 

The physics of rollover is highly influenced by the parameters of a vehicle. The most 

commonly researched parameters that influence roll are centre of gravity height and the track 

width of the vehicle. Lower the centre of gravity and larger the track width, more the vehicle 

is resistant to rollover. These parameters are highly influential in static conditions, but they 

are still considered as important roll dynamics indicators. Other parameters like roll stiffness, 

roll damping, sprung mass etc. also play an important role [5] [6]. 

 

 Static Stability Factor 

A simple way to measure the resistance of a vehicle to rollover is by calculating its static 

stability factor [5] [7]. 

 
2

tw
SSF

h
=                                                           (1) 

Where, tw is the trackwidth of the vehicle and h is the height of centre of gravity from the 

ground. Higher the SSF, more the vehicle is resistant to rollover. From equation (1), it is 

obvious that to have high resistance to rollover, the vehicle either needs to have a large 

trackwidth or low centre of gravity. SSF can also be interpreted as the maximum lateral 

acceleration, expressed in terms of gravitational acceleration g, after which the vehicle rolls 

over. Most passenger cars (excluding SUVs) have an SSF between 1.30 and 1.60 [7].  

SSF signifies stability in static conditions. It assumes the vehicle as a rigid body with no 

suspension systems or wheels attached. When considering quasi-static or dynamic conditions 

(or while cornering), the addition of forces and compliances due to the presence of unsprung 

mass reduces the moment arm on which the force due to gravity acts to resist rollover. This 

means that the lateral acceleration required for rollover is less than what is obtained through 

SSF [5]. 
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 All-Terrain Vehicles (ATVs) 

All-terrain vehicles are a category of vehicles that, as their name suggests, are able to handle a 

larger variety of terrains than most vehicles. It is quite common to refer to ATVs as off-road 

vehicles, but the off-road vehicles are a broader category which contains vehicles more 

suitable to rough off-road terrain. In this thesis, whenever ATVs are mentioned, it is meant to 

refer to quad bikes. 

 

Figure 2.1: Quad Bike with driver (Driver wearing proper safety equipment) [2]. 

Use of quad bikes varies with topography and country. The most common use is in 

agricultural environment or for recreational purpose. Agricultural environment includes farms 

and ranches. In countries like Australia and USA, ranchers use them to travel around their 

property, to herd cattle and for multiple other purposes. In the context of recreational usage of 

quad bikes, people use them to perform stunts and they are often used in off-road leisure 

riding too. In some places where the terrain is rough for cars or vans and tourism is vast, quad 

bikes are often used instead [2] [8].  

Quad bikes have a distinct characteristic amongst all the ATVs, they have a narrow track 

width with a small wheelbase and a high centre of gravity. All these factors combine to make 

quad bikes highly susceptible to rolling over. The instability further increases when a driver is 

on the quad bike and the vehicle is in motion. Since quad bikes are not as heavy as other 

ATVs, weight distribution plays a huge role in maintaining stability [9]. 

 

 Need for Rollover Prevention System in ATVs 

As mentioned in the section 1, between 2001-12, there were 558 casualties in quad bike 

related accidents in Sweden. Casualty includes anyone who is killed or injured in an accident. 

It is also important to note that in 7 out of 10 cases, the driver was the one who was the 

casualty. The Swedish Transport Administration (Trafikverket) noted that there were 42 fatal 

road accidents, between 2001-12, involving quad bikes. For the same period, as seen in figure 

2.2, National Board of Forensic Medicine states that there were 74 fatalities out of which 27 

were off-road [2]. 
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Figure 2.2:  Data regarding accidents related to quad bikes and ATVs [2]. 

Another country where a huge amount of quad bike related injuries is common is Australia. 

Between 2011 and 2017, there were 114 deaths attributed to quad bikes. Somewhere between 

2100 to 2500 injuries were recorded by emergency services and above 650 hospitalisations 

happen every year in Australia. The interesting thing to be noted in the statistics related to 

number of deaths is that out of 114 deaths, 66 were caused due to rollover. That makes 

rollover the majority cause in 58% of cases [8]. R. Grzebieta et al [9] recorded 109 locations 

where quad bike related deaths occurred in Australia. 82 of these locations where agriculture 

related farmlands, which is 75% of the recorded locations [9]. 

 

 Passive Rollover Protection Devices 

Even though rollover is a big concern in case of ATVs, it is not common to find any 

prevention devices on them. There are some aftermarket products available, but they are 

mainly passive safety devices. Rather than preventing rollover, these come into action after 

the rollover occurs. One set of devices that are readily available in the market are the Crush 

Protection Devices (CPDs) or Operator Protection Devices (OPDs). 
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Figure 2.3: Quadbar [10]. 

The quadbar, figure 2.3, is one such CPD. It is attached to the rear axle on the tow bar. The 

height of the quadbar is telescopically adjustable at the base. The idea behind the quadbar is to 

reduce the risk of injuries after rollover, with "after" being the operational word. It cannot be 

fitted on quad bikes which are used to perform sporty manoeuvres and stunts [10]. 

 

 

Figure 2.4: Quadbike with Lifeguard [11]. 

The lifeguard is another CPD that is available in the market. It is a halo like structure which is 

attached to the rear side of the quad bike. As seen in figure 2.4, the upper part of the lifeguard 

is made of flexible material which absorbs most of the brunt during the impact.  

The main disadvantage with all these devices is that they are passive safety devices. They 

only come into action after the accident, in this case rollover, occurs. It has been demonstrated 

that these devices rather could act as barriers for drivers to create a separation between 

themselves and the vehicle during rollovers, where separation from the vehicle is a common 

method used by drivers to avoid serious injuries or fatalities [12]. 

There are a few other devices (example: roll cages) available in the market but they again 

present the same set of problems. The usage of personal protection devices, like helmets, are 
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always advised but regulations of these measures is difficult when quad bikes are used on 

private properties. 

 

 Active Riding 

In the context of ATVs, active riding means that the driver is shifting their pelvis side-to-side 

on, fore-and-aft on and vertically off the seat to adapt to the riding terrain to maintain the 

stable motion of the ATV [13]. Active riding also includes the usage of personal protection 

gear. It also includes some common instructions: 

• Don't drive under influence of drugs or alcohol. 

• Supervision of riders younger than 16 years old. 

• Don't have more than the recommended weight on the ATV or towed to it. Don't have 

more people than recommended number. 

• Ride on an ATV that's right for the driver's age. 

Active riding courses are taught to drivers, on request, by certain driving schools but it is not a 

necessity for riders to take these courses to legally ride an ATV. Hence it is ineffective until 

and unless every driver is made to take these courses. 

 

 Lateral Load Transfer Ratio: 

LLTR which can be expressed as the ratio between the total load transfer from inner to outer 

wheels and the sum of the loads acting on each wheel. 

 
( )1 3 2 4

1 3 2 4

z z z z

z z z z

F F F F
LLTR

F F F F

+ − +
=

+ + +
                                          (2) 

Studying equation (2) it can be noticed that the values range from -1 to +1 i.e. |LLTR|≤1. The 

extreme points, LLTR=1 and -1, corresponds to wheel lift on the inner wheels and indicates 

that a total rollover of the vehicle might be impending. The LLTR value forms the basis of the 

thesis and is a good indicator of the rollover risk associated with any manoeuvre. From this 

point onwards, it is assumed that rollover occurs at |LLTR|=1 and that the ATV must never 

reach this value as that would be very unsafe.  
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3 MODELLING OF THE ATV 

 

To replicate the behaviour of the ATV and to analyse the effect of the different active safety 

systems on it, virtual modelling of the vehicle is done. The main model consists of a two-track 

model, a roll model and a load transfer model. Suspension stiffness and damping have also 

been considered. The three models work in tandem to replicate the behaviour of the ATV. 

Further, the model is validated by comparing the data from the simulations against some real-

life test data. 

 

 Two-track Model 

To analyse the dynamic behaviour of any four-wheel based vehicle in the yaw frame, a basic 

two-track model is constructed. The two-track model implemented can be studied in figure 

3.1: 

 

Figure 3.1: Two-Track Model [14] 

In figure 3.1: 

• Subscripts (1,2,3,4): Front Left, Front Right, Rear Left and Rear Right. 

• Fy: Lateral forces at each wheel, which are obtained from the tyre model. 

• Fx: Longitudinal forces at each wheel (also the brake force applied by the safety             

system). 

• δf: Steering angle of the front wheels. 

• lf ,lr: Distance from front and rear axles to the centre of gravity. 

The equations of motion in the longitudinal, lateral and yaw frame for the two-track model 

can be expressed as [14]: 
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( )

( )

( ) ( )

1 2 3 4 1 2

1 2 1 2 3 4

1 2 1 2 3 4

2 2 1 1
2

x y x f x f x x y f y f

y x x f x f y f y f y y

z f x f x f y f y f r y y

w
x f y f x f y f

m v v F cos F cos F F F sin F sin

m v v F sin F sin F cos F cos F F

J l F sin F sin F cos F cos l F F

t
F cos F sin F cos F sin F

    

    

    

   

− = + + + − −

+ = + + + + +

= + + + − +

+ − − + +( )4 3x xF−

        (3) 

The lateral (ay) and longitudinal (ax) accelerations can then be found using: 

 
( )

( )

x x y

y y x

a v v

a v v





= −

= +
                (4) 

The slip angles for each wheel can be obtained as:  

1 2

3 4

,    

2 2

,           

2 2

y f y f

f f
w w

x x

y r y r

w w
x x

v l v l

t t
v v

v l v l

t t
v v

 
   

 

 
 

 

+ + 
= − = − 

 − +
 
 

− − = =
 

− + 
 

                                          (5) 

 

 The Roll-Angle Model 

The roll angle model of the vehicle was created by studying figure 3.2. 

 

Figure 3.2: Roll frame with notations shown [6]. 

The fundamental equation of the roll motion can be derived as follows 

( ) ( ) ( )cos sinx e y f r f rI mh a g C C D D    = + − + − +              (6) 
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In equation (6): 

• Df ,Db: Front and rear roll damping, respectively. 

• Cf ,Cb: Front and rear roll stiffness, respectively. 

• Ix: Roll moment of inertial of the vehicle. 

• , ,    : Roll angle, roll velocity and roll acceleration, respectively. 

• he: Distance from centre of gravity height to the roll centre. 

It can be noted that unlike what figure 3.2 above shows, the roll motion has been modified to 

also include the effects of front and rear roll damping.   

From equation (6), the roll dynamics of the ATV can be calculated and by integrating the roll 

acceleration twice, both the roll velocity and roll angle can be retrieved.  

 

 The Lateral Load Transfer Model 

The LLTR model of the vehicle was created by studying figure 3.3: 

 

Figure 3.3: Roll Frame of the front axle with necessary parameters included [6]. 

The LLTR of the ATV is essentially calculated in three steps: 

I. First, the front and rear axle change in normal force (load transfer) during the 

manoeuvre is calculated with the lateral acceleration as input.  
II. In this step the net normal load on each wheel is determined by adding/subtracting the 

load transfer. 

III. Lastly, the LLTR of the vehicle can be calculated since the net normal force on each 

wheel is known.  

In the first step, the load transfer of the front and rear axle is determined from a moment 

equilibrium around the point in the ground plane below the roll axle, yielding: 
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1

12

1

34

y f f f

z

y r r r

z

mbL a e C D
F

tw

mfL a e C D
F

tw

 

 

−

−

+ +
 =

+ +
 =

                                            (7) 

During a cornering manoeuvre, the ATV will be subjected to a lateral acceleration which 

transfers weight from the inner wheels to the outer wheels. Naturally, the outer wheels will 

have ∆Fz added to them while the inner wheels will have ∆Fz subtracted from them. The 

direction of lateral acceleration determines if weight is removed from or added to the already 

existing weight on a particular wheel of an axle. 

In the next step, the net normal force acting on each wheel of the vehicle is calculated by 

taking into account the load transfer calculated in step I and adding/subtracting that to the pre-

existing normal force on the wheel, the equation for doing this is: 

1 12 2 12

3 34 4 34

,    
2 2

,    
2 2

x x
z z z z

x x
z z z z

bg a h bg a hm m
F F F F

L L

fg a h fg a hm m
F F F F

L L

 − −    
= − = +     

     
 

+ +    = − = +         

                    (8) 

In equation (8), index “1”and “3” stand for left wheel front and rear wheels respectively, 

while index “2”and “4” stand for right wheel front and rear wheels respectively.  

Finally, the LLTR can be calculated using the equation: 

( )1 3 2 4z z z zF F F F
LLTR

mg

+ − +
=                                      (9) 

 

 Tyre Model 

The tyre model that has been used together with the two-track model is the Fiala tyre model in 

which the lateral forces increase with the slip angle until they reach their peak maximum 

value. The slip angle at which this occurs is called the critical slip angle and is defined as 

[15]: 

3 z
critical

F
atan

C




 
=  

 
                           (10) 

If the absolute value of the tire slip angle is larger than the critical slip angle, the lateral force 

is equal to its maximum 

( )y zF F sign = −                            (11) 

Before the tire reaches the critical slip angle, the lateral force can be obtained through 

( )( )31y zF F sign H = − −                                             (12) 
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Where  

 
( )

1
3 z

C tan
H

F

 


= −   (13) 

 

 Model Validation 

3.5.1 Initial Real-life Testing 

As mentioned earlier, a part of this thesis was done as a project in the Vehicle Dynamics 

Project Course Part (I and II): SD2229 and SD2230. Testing was done as a part of that course. 

The testing was done during November 2017 at Lunda airfield using a Suzuki 750XP ATV. 

The aim of this testing session was to act as a validation tool for the virtual models and to help 

fine tune some parameters of the ATV that could not be measured precisely or could not be 

measured at all. The tests were selected in a way that lateral motion and roll related 

parameters were the dominating signals. The measurement instrumentation mainly consisted 

of Racelogic VBOX with accessories. The data from the tests was used during the thesis to 

validate the two-track model and roll model. There were however some problems encountered 

during the validation part. Firstly, the VBOX cannot record or measure the steering angle 

without an on-board diagnostic system or separate sensors and secondly, the VBOX had some 

issues with measuring some roll parameters like roll angle. 

Table 3.1 is a summarised version of all the tests done at the testing session during November 

2017. 

Table 3.1: Tests done during November 2017. 

Test No. Type of Test Speed (km/h) Remarks 

1 Constant Steer 10,15,20 Good Result 

2 Ramp Steer 20 Good Result 

3 Ramp Steer 25 Good Result 

4 Slalom 15 Good Result 

5 Slalom 20 Good Result 

6 Slalom 25 Good Result 

7 Slalom 30 Good Result 

8 Slalom 35 Good Result 

9 Slalom 15 Good Result (Best for analysis) 

10 Slalom 25 Good Result (Best for analysis) 

11 Slalom 30 Good Result (Best for analysis) 

12 Slalom 35 Good Result (Best for analysis) 

13 Slalom 40 Wheel lift (High Rollover chances) 

 

Remarks on the tables are mainly based on visual evaluation of the tests. The constant steer 

tests and ramp steer tests were conducted with the aim of both studying the dynamic 

behaviour and finding out the steering angle values. To find the steering angle, markings were 

made on the quad bike steering rod on specific angles. The driver was asked to steer the 

vehicle at the marked angle only during the constant steer and ramp steer tests. Using the 

results of these tests, a proportionality constant between the lateral acceleration 

measured/recorded by the VBOX and the known steering angle was found. This 

proportionality constant then applied to the lateral acceleration data of the other tests to obtain 

the corresponding steering angle data. 
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3.5.2 Validation of Two-Track Model 

The validation of the two-track model was done so that precise and consistent values for 

lateral acceleration and yaw rate could be found for the steering files created in section 4. This 

is significant since the input for the roll model is lateral acceleration. 

For the two-track model, the inputs are the steering angle at the wheels (δ) and velocity of the 

vehicle. The results of the bicycle model validation are shown in figure 3.4. 

  
(a) Lateral Acceleration (b) Yawrate 

Figure 3.4: Two-Track Model validation 

 

The validation of two-track model was done by comparing the results of the lateral 

acceleration and yaw rate from the bicycle model and the real-life testing. The lateral 

acceleration calculated through the two-track model and measured through VBOX match each 

other. The yaw rate curves also match each other but are not an exact fit like the lateral 

acceleration. 

After the validation of the two-track model, the values for cornering stiffness were finalized. 

Based on the validated two-track model and the tyre model, handling diagram for the ATV 

has been plotted. In general, a handling diagram helps understand whether a vehicle 

understeers or oversteers. Knowing this characteristic is important to understand the stability 

aspect of implementing the different safety systems. 

 

Figure 3.5: Handling diagram. 

Referring to figure 3.5 and  [6], the ATV has an understeer characteristic.  
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3.5.3 Validation of Roll Model 

The input for the roll model is the lateral acceleration. It is possible to use the lateral 

acceleration obtained during the testing or the lateral acceleration obtained from the validated 

two-track model. The roll model gives roll angle and roll velocity as outputs. The output of 

the roll angle model acts as the input of the lateral load transfer model and the LLTR is the 

final output obtained. 

During the post-testing analysis, the roll angle and roll velocity data recorded by the 

measuring equipment was found to be unreliable and imprecise. But during test 13, which was 

a slalom at 40 km/h, there was wheel lift on one side of the ATV during the manoeuvre. The 

driver mentioned that the vehicle would have rolled over if he had not taken evasive actions. 

Hence it is assumed that LLTR at that point is 1, which implies rollover. Furthermore, in 

theory, roll angle, lateral acceleration and LLTR must be more or less in phase with each 

other. This means that all these parameters have peaks and troughs at the same time data 

point. This further implies that at LLTR = 1, the lateral acceleration and roll angle should also 

be at their peak values. 

 

Figure 3.6: LLTR and Roll Angle calculated through Roll Model for Test No 18 

Figure 3.6 shows that the roll angle and LLTR are more or less in phase with the lateral 

acceleration. 
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3.5.4 Final Vehicle Parameters 

Table 3.2 showcases all the parameters necessary for analysis in the thesis that have been 

obtained after the validation of the models: 

Table 3.2: Essential Vehicle Parameters 

Parameter Name Value 

Mass of ATV with the Driver (m) 400 kg 

Wheelbase (L) 1.29 m 

Track Width (tw) 1 m 

Centre of Gravity Position ( ) 0.49 

Centre of Gravity Height (h) 0.75 m 

Distance of Front Axle from CoG (f)  *L= 0.6321 m 

Distance of Rear Axle from CoG (b) (1- )*L = 0.6579 m 

Cornering Stiffness Front (C1) 12.5e3 N/rad 

Cornering Stiffness Front (C2) 12.5e3 N/rad 

Cornering Stiffness Rear (C3) 15e3 N/rad 

Cornering Stiffness Rear (C4) 15e3 N/rad 

Roll Stiffness Front (Cf) 8000 Nm/rad 

Roll Stiffness Rear (Cb) 8800 Nm/rad 

Roll Damping Front (Df) 300 Nms/rad 

Roll Damping Rear (Db) 300 Nms/rad 

Distance of Roll Axis from Ground at Front Axle (ef) 0.2 m 

Distance of Roll Axis from Ground at Rear Axle (eb) 0.2 m 

Yaw moment of inertia (Iz) 90 kgm2 

Roll moment of inertia (Ix) 80 kgm2 

Distance from Centre of Gravity Height to the Roll Centre (he) 0.55 m 
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4 VIRTUAL TESTING ENVIRONMENTS 

 

To be able to compare and study the function of the different safety systems, a testbed of 

various manoeuvres was created in MATLAB.  Another benefit of the created manoeuvres is 

that many important signals such as roll rate and lateral acceleration can be retrieved from the 

simulations. A total of 3 different manoeuvres were created, each testing the ATV and 

prevention system behaviour in its own unique way. An effective way of comparing the 

different safety systems’ performance can be achieved by bringing the steering angle values 

up to the point which the LLTR reaches 1 at the speed being tested. That way, all the 

manoeuvres have some similarity in their severity and can thus be compared. 

 

 Double Ramp Manoeuvre 

The first manoeuvre to be created was the double ramp steer. The double ramp steer test 

consists of an initial period of 2 seconds of moving straight and then slowly increasing the 

steering angle to the value which corresponds to LLTR = 0.5 and holding that angle for some 

time after which a second ramp steer is introduced and the steering angle increases to its final 

value. The purpose of this manoeuvre is twofold; to test the alarm and ATV behaviour during 

a slow build-up of steering angle and thus roll angle but also to study the effects of an 

increase in steering angle while the vehicle already has developed a roll angle. A principal 

view of the double ramp steer test can be seen in figure 4.1. 

 

  
Figure 4.1:  Principal steering angle profile for the double ramp tests. 

 

 Half Sine Manoeuvre 

The next steering profile created was the half sinusoidal input steering. In this manoeuvre the 

ATV undergoes one half sine wave period at a frequency of 0.125 Hz. In detail, the test 

consists of an initial 1 second straight forward driving after which the steering profile 

switches over to a sinusoidal for a duration of one half period and returning to zero at the end. 

The purpose of this manoeuvre is to investigate the vehicle and alarm responses to 
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continuous, moderate rate, changes in steering angle. A principal view of the half sine test at 

0.125 Hz is shown in figure 4.2. 

 

Figure 4.2: Principal steering angle profile for the half sine tests. 

 

 Quick Ramp Manoeuvre 

In the quick ramp manoeuvre, the primary objective is to determine the transient response 

behaviour of the ATV and to investigate whether safety systems are fast enough to prevent  

rollover when the steering angle is abruptly changed at a high rate. The manoeuvre consists of 

an initial 2 seconds of zero steering angle followed by a step increase of the steering angle to 

its final value, in 0.5 s, which brings the LLTR to 1. A principal steering profile of this 

manoeuvre is shown in figure 4.3. 

 

Figure 4.3: Principal steering angle profile for the quick ramp tests. 
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5 ACTIVE WARNING SYSTEM: ALARM 

 

In principle, an anti-rollover alarm needs real-time knowledge of some of the fundamental roll 

parameters in order to warn the driver of a dangerous roll situation. With this in mind, in the 

design phase of the alarms, two different approaches to the problem were tried.  In the first 

approach, the idea was to construct an alarm that calculates current values of LLTR and roll 

angle, which are two of the main parameters indicating a rollover situation. By setting a 

maximum threshold value for these parameters, a warning system can then be constructed to 

activate when the threshold values have been reached to warn the driver of the danger.  

One of the big questions when designing this alarm is at what value to put the threshold 

LLTR. On one hand, putting a low threshold helps the driver in avoiding hazardous situations 

due to the increased time to react. On the other hand, however, a too low threshold has the 

potential to increase the amount of false alarms which will certainly annoy the driver. In the 

literature review, it was found that a suitable LLTR threshold value indicating an unsafe 

situation is 0.8 [16] [17]. This threshold value, i.e. 80 % of the full lateral load transfer was 

chosen as the upper limit of allowed LLTR before the alarm switches on. By the same 

analogy, a roll angle limit of 80 % of its maximum was chosen as the threshold for the roll 

angle. To find this roll angle value, the ATV was simulated through a sine wave manoeuvre at 

40 km/h and the maximum roll angle, i.e. the roll angle at wheel lift, or LLTR=1. A roll angle 

of 7.2 degrees corresponds with LLTR = 1, so the threshold roll angle value would be 5.8 

degrees. 

 

 Real-time Alarm 

This was the first alarm logic that was developed during the thesis and its principle is very 

simple. First, a threshold maximum allowed value of the LLTR is chosen and the alarm then 

continuously calculates the ATV’s current LLTR value based on sensor signals of the lateral 

acceleration and sounds a warning signal if the LLTR or roll angle reach their threshold value. 

 Mathematically, the conditions for switching the alarm ON-OFF can be summarized as:  

 0.8,  5.8 ,  

 0.75 0.8 &        ,  

 5.4 5.8  &        ,  

 

if LLTR or alarm ON

elseif LLTR alarm was ON in previous time step alarm ON

elseif alarm was ON in previous time step alarm ON

else alarm OFF





   = 
 

  = 
 

    = 
 = 

     (14) 

The advantages of this alarm lie in its simplicity and ease of calculation since only one 

parameter, the lateral acceleration, needs to be known for this alarm to work. The roll angle 

and LLTR can be calculated only using lateral acceleration. The downside, however, is that 

the alarm is quite unreliable as it only looks at the current LLTR and roll angle values of the 

ATV. This can lead to problematic situations where the alarm does not have time to warn the 

driver if the manoeuvre is so extreme that the ATV rolls over (LLTR reaches 1) shortly after 

the threshold is reached.  
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 Predictor Alarm 

To get a better performing alarm than the Real-time alarm, a new alarm was designed that 

removed some of the limitations of the previous design. In this alarm, not only is the current 

LLTR and roll angle value calculated, but also their first derivatives. The derivatives of the 

LLTR and roll angle act like predictors and are able to predict their values at a specific point 

in the future. The prediction of the LLTR and roll angle is done with the forward Euler 

method according to: 

( )

( )

current

pred current

current

pred current

d LLTR
LLTR LLTR

dt

d

dt




  

 
= + 

 
 
 = +
  

                                     (15) 

One parameter that is tuneable in this alarm is the amount of step size, or look-ahead time, σ, 

that the alarm should predict the LLTR and roll angle. Choosing a high look-ahead time leads 

to a safer alarm (more reaction time for the driver) but the downsides are that the likelihood of 

false alarms and inaccurate predictions increases. Setting the look-ahead time lower results in 

more accurate predictions at the cost of less reaction time for the driver. In this thesis, a look-

ahead time of 0.3 s, 0.4 s and 0.5 s have been simulated. Using multiple look-ahead times 

gives a considerable set of data that can be used to better analyse the prediction and conclude 

whether it is useful or not.  

Unlike the normal Real-time alarm that switches ON when current LLTR or roll angle value 

reach the respective threshold value, this alarm switches ON when the predicted LLTR or the 

predicted roll angle reaches the threshold value. The condition for turning OFF the alarm 

however is that the current LLTR or roll angle, whichever comes last, decreases back to the 

maximum allowed value. Mathematically, the switching condition for this alarm can be 

summarized as: 

 0.8  5.8 ,  

 0.75 0.8 &        ,  

 5.4 5.8  &        ,  

 

pred predif LLTR or alarm ON

elseif LLTR alarm was ON in previous time step alarm ON

elseif alarm was ON in previous time step alarm ON

else alarm OFF





   = 
 

  = 
 

    = 
 = 

    (16) 

 

 Results of Computer Simulations with the Proposed Alarms 

In this section, the results of the computer simulated testing will be shown, and the different 

alarm behaviours can be seen. The ATV is, as previously mentioned, simulated in the driving 

manoeuvres at speeds of 40-60 km/h and the alarms are evaluated in terms of their 

performance.  

The evaluation is done in the context of time and LLTR. It is important to note how much 

time is gained by using the Predictor Alarm compared to the Real-time Alarm. Additionally, 

the current LLTR value at the time of activation of various alarm is also noted. Both these 

metrics combined will help evaluate the robustness and effectiveness of the active warning 

system.  
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5.3.1 Double Ramp Manoeuvre: 

For the double ramp manoeuvres, the results are shown in figure 5.1: 

  
(a) 40 km/h (b) 50 km/h 

 
(c) 60 km/h 

Figure 5.1: Alarm activation times for the active warning systems in the double ramp manoeuvres 

 

Studying figure 5.1, for all velocities, it can be seen that the Real-time Alarm warns the 

driver, on average, 0.88 seconds before the rollover. On average, the Predictor Alarms gives 

the driver 1.19 seconds, 1.26 seconds and 1.35 seconds for σ = 0.3, 0.4, 0.5 respectively. In 

table 5.1, a summary of the results for the double ramp manoeuvre is shown. 

Table 5.1 Results summary of the double ramp manoeuvres 

Speed 

[km/h] 

Time from 

Steer Input to 

Rollover [s] 

Time from Alarm to rollover [s] LLTR at Alarm Activation 

Real-Time 0.3 s 0.4 s 0.5 s Real-Time 0.3 s 0.4 s 0.5 s 

40 7.87 0.88 1.19 1.23 1.35 0.80 0.70 0.68 0.65 

50 7.83 0.87 1.17 1.25 1.33 0.80 0.69 0.67 0.65 

60 7.94 0.89 1.20 1.29 1.37 0.80 0.69 0.67 0.65 
 

 

From table 5.1, the minimum LLTR at which the Predictor Alarms (σ = 0.5) activate is 0.65 

which is 19% less than the LLTR at which the Real-Time Alarm activates. Concurrently, a 

maximum of 54% of extra time is gained by using the Predictor Alarm over the Real-time 

Alarm. More information regarding the time gained by using prediction for the double ramp 

manoeuvre is presented in table 5.2:  
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Table 5.2 Results summary of the double ramp manoeuvres 

Speed 

[km/h] 

Δt Gained from Predictor 

Alarms [s] 

Δt Gained from Predictor 

Alarms [%] 

  0.3 s 0.4 s 0.5 s 0.3 s 0.4 s 0.5 s 

40 0.31 0.35 0.47 35.2 39.7 53.4 

50 0.30 0.38 0.46 34.4 43.7 52.9 

60 0.31 0.40 0.48 34.8 44.9 53.9 
 

5.3.2 Half Sine Manoeuvre: 

For the half sine manoeuvres, the results are shown in figure 5.2.  

  
(a) 40 km/h (b) 50 km/h 

 
(c) 60 km/h 

Figure 5.2: Alarm activation times for the active warning systems in the half sine manoeuvres 

 

Since the half sine manoeuvres are slightly faster and more transient than the double ramp 

manoeuvres, the alarms will give the driver less time to react and this is also reflected in the 

results which show that on average, the Real-time Alarm switches on 0.66 seconds before 

rollover while the Predictor Alarms switch on 0.96 seconds, 1.2 seconds and 1.49 seconds, for 

σ = 0.3, 0.4, 0.5 respectively, before rollover. In table 5.3, a summary of the results for the 

half sine manoeuvres is shown. 
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Table 5.3: Results summary of the half sine manoeuvres 

Speed 

[km/h] 

Time from 

Steer Input to 

Rollover [s] 

Time from Alarm to rollover [s] LLTR at Alarm Activation 

Real-Time 0.3 s 0.4 s 0.5 s Real-Time 0.3 s 0.4 s 0.5 s 

40 1.77 0.69 1.00 1.21 1.51 0.80 0.64 0.50 0.23 

50 1.78 0.65 0.95 1.19 1.49 0.80 0.65 0.50 0.23 

60 1.78 0.64 0.94 1.19 1.47 0.80 0.65 0.50 0.23 
 

From table 5.3, it can be noted that the minimum current LLTR at the which the Predictor 

Alarms has dropped to about 0.23 because of the more dynamic manoeuvre. Comparing the 

alarms, a maximum time gain of 129% is achieved by using prediction and an activation at a 

LLTR value 71% lower can be attributed to the predictor alarm. More information regarding 

the time gained by using prediction for the sine wave manoeuvre is presented in table 5.4. 

Table 5.4: Results summary of the half sine manoeuvres 

Speed 

[km/h] 

Δt Gained from Predictor 

Alarms [s] 

Δt Gained from Predictor 

Alarms [%] 

  0.3 s 0.4 s 0.5 s 0.3 s 0.4 s 0.5 s 

40 0.31 0.52 0.82 44.9 75.4 118.4 

50 0.30 0.54 0.84 46.1 83.1 129.2 

60 0.3 0.55 0.83 46.9 85.9 129.7 
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5.3.3 Quick Ramp Manoeuvre: 

For the quick ramp manoeuvres, the results are shown in figure 5.3. 

  
(a) 40 km/h (b) 50 km/h 

 
(c) 60 km/h 

Figure 5.3: Alarm activation times for the active warning systems in the quick ramp manoeuvres 

 

As the quick ramp is the fastest and most transient manoeuvre, both the predictor alarm and 

especially the threshold alarm will struggle to give the driver enough time to react. In these 

tests, the average time from the Real-time Alarm activation to rollover is just 0.48 seconds 

while the same number for the Predictor Alarms is 0.94 seconds, 0.97 seconds and 0.99 

seconds, for σ =0.3, 0.4, 0.5 respectively. Due to the harshness of the manoeuvre, the LLTR at 

which the Predictor Alarms activate is in the range of 0.2 to 0.08. This value is 90% less than 

the LLTR at which the Real-time Alarm activates. A summary of the quick ramp results is 

shown in table 5.5.  

Table 5.5:  Results summary of the quick ramp manoeuvres 

Speed 

[km/h] 

Time from 

Steer Input to 

Rollover [s] 

Time from Alarm to rollover [s] LLTR at Alarm Activation 

Real-Time 0.3 s 0.4 s 0.5 s Real-Time 0.3 s 0.4 s 0.5 s 

40 0.99 0.42 0.86 0.89 0.91 0.80 0.17 0.11 0.08 

50 1.16 0.53 0.99 1.03 1.05 0.80 0.19 0.12 0.09 

60 1.15 0.50 0.96 1.00 1.02 0.80 0.20 0.13 0.09 
 

The maximum time gained by using prediction, in this scenario, is 117% when compared to 

Real-time Alarm. This bodes well for a prediction based for highly transient and quick 
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manoeuvres. But, simultaneously, the disadvantage is that the LLTR value at which it 

activates is too low. More information regarding the time gained by using prediction for the 

sine wave manoeuvre is presented in table 5.6: 

Table 5.6:  Results summary of the quick ramp manoeuvres 

Speed 

[km/h] 

Δt Gained from Predictor 

Alarms [s] 

Δt Gained from Predictor 

Alarms [%] 

  0.3 s 0.4 s 0.5 s 0.3 s 0.4 s 0.5 s 

40 0.44 0.47 0.49 104.8 111.9 116.7 

50 0.46 0.50 0.52 86.8 94.3 98.1 

60 0.46 0.50 0.52 92.0 100.0 104.0 
 

 

 Discussions and Conclusions of the active warning safety systems 

The results in the previous sections show that there is an advantage of using Predictor Alarms 

over the Real-time Alarm.  It is obvious that with a larger look-ahead time (σ), the Predictor 

Alarm gives the driver more time to prevent the rollover. Concurrently, the current LLTR of 

the ATV at the activation of different alarms decreases with increase in σ. These metrics are 

also highly dependent on the manoeuvre. Figure 5.4 summarises the time from alarm 

activation to rollover for different manoeuvres. 

 

Figure 5.4: Comparing performance of different alarm for different manoeuvres. 

In figure 5.4, it can be observed that quicker and more transient the manoeuvre, the lower the 

time from alarm activation to rollover. But, as mentioned earlier, this time increases with an 

increase in σ, giving the driver more and more time take evasive actions. With this in mind, it 

seems that an alarm based on real time values is not as effective as a prediction-based alarm, 

regardless of type of manoeuvre. 

Further analysis of the alarms also revealed a few interesting points. The effectiveness of 

Predictor Alarm over the Real-time Alarm increases as the nature of the manoeuvre becomes 

quicker and more transient. The time gain (in percent) by using the Predictor Alarm, for the 

different manoeuvres, is presented in figure 5.5.   
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(a) Time gained from using prediction (b) LLTR at the time of alarm activation 

Figure 5.5: Comparing performance of different alarm for different manoeuvres. 

 

This is one of the main advantages of having an alarm that predicts rollover. Because of the 

prediction element, the system is, in a sense, self-regulating and comparatively activates 

earlier the harsher the manoeuvre is. On the downside however, one of the disadvantages of 

the Predictor Alarm is that the current LLTR at which it activates is varying and dependent on 

the type of manoeuvre. From figure 5.5(b), for all the manoeuvres, as the σ increases the 

current LLTR value at which the alarm activates decreases. Also, the quicker the manoeuvre, 

lower the current LLTR value. For a slow double ramp manoeuvre, the LLTR value at 

Predictor Alarm activation ranges from 0.7 to 0.65 from 0.3 s look-ahead time to 0.5 s look-

ahead time. Simultaneously, for a quick ramp manoeuvre the LLTR value at Predictor Alarm 

activation ranges from 0.2 to 0.09. These values are unsatisfactory. Obviously, it is good to 

have the alarm warn the driver earlier for quick manoeuvres but, due to low LLTR value at 

activation, chances of false alarms are also high. 

The advantage of using the Predictor Alarm over the Real-time alarm is further solidified 

when taking into account the human reaction time. According to a study performed in [18], 

the average reaction time to auditory stimuli for humans is 228.01 ± 16.49 ms. Of course, this 

time must be considered when designing such systems. In addition, the time it takes to 

actually perform the correcting action, be it applying the brakes or steering in the other 

direction to decrease the LLTR, further reduces the effective time that the alarms give the 

driver.  

With all of this in mind, it seems that an alarm only based on current values of LLTR and roll 

angle is not a feasible solution to prevent rollovers for these specific manoeuvres as either the 

time to correct the manoeuvre is not high enough or the threshold has to be set much lower 

which increases the likelihood of unnecessary and annoying alarms. Simultaneously, for the 

prediction-based alarm to work optimally, an appropriate look-ahead time needs to be 

decided.  
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6 Active Braking System 

 

In the previous section, implementation of an alarm to avoid rollover was discussed. As could 

be seen from the results of the alarm, in many instances the time from alarm activation to 

rollover may not be enough for the driver to perform any evasive manoeuvre or stabilise the 

vehicle. Furthermore, as discussed in [19] [20], active stability systems, which take the 

control away from the driver in perilous situations, show better performance than most 

passive systems or alarms to avoid rollover. Additionally, application of brakes force on the 

relevant wheels to prevent rollover is a method that has been researched and there are 

commercially available active safety systems for road vehicles that use this principle [21]. 

These conclusions led to the idea of developing an active braking system to prevent rollover. 

Considering LLTR as one of the ultimate parameters that indicate rollover, the idea was 

developed to reduce the LLTR value with the help of braking. 

The working principle of the active braking system is simple. The LLTR is proportional to the 

lateral acceleration when a manoeuvre is developing. Lateral acceleration, further, is 

dependent on velocity of the vehicle. Hence, decreasing velocity would lead a decrease in 

LLTR. The system has a similar control logic to that of the alarm. The difference being that 

braking is introduced to reduce the velocity of vehicle when the system is triggered. 

In closer detail, the control algorithm of the active rollover prevention system is based on the 

standard LLTR cut-off alarm and has three independent states: 

 

max

min max

 ,  

  &       ,  

 

current

current

if LLTR LLTR alarm ON

elseif LLTR LLTR LLTR alarm ON in previous time step alarm ON

else alarm OFF

 = 
 

  = 
 = 

(17) 

To elaborate, the braking starts acting when the system detects that the LLTR reaches above 

LLTRmax and it stays on till the system detects that LLTR is below LLTRmin. The important 

thing to be noticed in the second condition is that when LLTRmax >LLTR> LLTRmin, the 

brakes are actuating if and only if they were on during the previous time step. This condition 

is very useful since it keeps the brakes applied all the way from LLTRmax to LLTRmin. This 

way, unnecessary fluctuations between on and off near the LLTRmax limit are avoided. 

Furthermore, due to the requirement that the brakes must have been on in the previous time 

step, there is no risk of unwanted early brake application at LLTRmin.  

Like the active warning system, LLTRmax chosen is 0.8. But the switching-off point (i.e. 

LLTRmin) has been decreased to 0.5.  This allows the driver to regain control of the ATV at a 

relatively more laterally stable condition. 

The brakes of the ATV have been modelled with a maximum deceleration as the main 

parameter. Mathematically brake force can thus be written as: 

 x xF ma=                      (18)                                                    

Where, m is the mass of the vehicle and ax the deceleration. There are some constraints and 

conditions that need to be applied to the brake force, which are discussed in section 6.2.  The 

determination of the appropriate maximum deceleration is discussed in the section 6.3. 
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 Additional Constraints 

One big advantage of a two-track model is that behaviour of each wheel can be analysed and 

controlled, individually. Taking that into account, a few conditions are implemented in the 

modelling process to further help emulate the behaviour of a real-life vehicle. 

Initially, it was observed that the system kept on applying the forces even when the wheel had 

lost contact with ground. In reality, as soon as a wheel lifts, no longitudinal or lateral force 

used in the modelling could still be acting. This is emulated by applying the below condition 

to each wheel: 

  0,   0if Fz then Fx =                                                 (19) 

Furthermore, to make sure that the longitudinal force is always less than or equal to the 

available force, equation (20) is implemented: 

  Fz Fx Fz −                                                                (20) 

The same conditions are implemented for the lateral force as well: 

 
 0,   0if Fz then Fy

Fz Fy Fz 

 = 
 

−   
                                                 (21) 

Further, to simulate real tyre behaviour, the lateral force produced by the tyre decreases as the 

brake force increases, as show in equation (22): 

 2 2
y z xF F F −                                                            (22) 

Additionally, a brake force build-up time of 0.3 s has been implemented. 

 

 Different types of braking strategies 

Four different braking strategies have been simulated to find out what would be the most 

effective method of braking to prevent rollover. These strategies differ depending on the 

wheels on which the braking is applied. The strategies are: 

• Outer wheel 

• Front wheel 

• Rear wheel 

• All-wheel 

The front wheel, rear wheel and all-wheel braking strategies are self-explanatory. To 

understand what outer wheels, consider a vehicle turning left. During the left turn, the right-

side wheels are the outer wheels, and vice-versa for a right turn. It can also be simplified as 

the side of the vehicle on which more load is acting during a lateral manoeuvre. 

For all-wheel braking and outer wheel braking strategies, a brake force distribution ratio of 

75%-25% front-rear has been chosen since more load is acting on the front axle during 

braking. 
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 Maximum deceleration 

According to equation (18), braking force is dependent on the applied deceleration. For the 

active braking system to work efficiently, an appropriate maximum deceleration needs to be 

found. While finding this value, two important points are considered: 

• Too high deceleration might cause the ATV to flip-over in the longitudinal direction 

and, also, driver might fall off the ATV. The ATVs, generally, don’t have any seat 

belts to hold the driver in position. 

• Too low deceleration might not reduce the risk of rollover quickly. 

For finding the maximum deceleration, a half-sine manoeuvre with a frequency of 0.1 Hz is 

used. The speed of the ATV assigned is 60 km/h. Outer wheel and all-wheel braking 

strategies have been used for finding the appropriate maximum deceleration. 

  
(a) Outer Wheel Braking (b) All-Wheel Braking 

Figure 6.1: Results of different decelerations on LLTR. 

 

From figure 6.1, the first maximum deceleration that has been considered is 8.5 m/s2. For this 

maximum deceleration, the LLTR decreases quickly but in both strategies wheel lift on the 

rear occurs earlier than it would have in no braking scenario. This high deceleration causes 

oscillations, as seen in figure 6.1. Further, the tyres in all-wheel braking were not able to 

produce the required braking force due to saturation on the inner tyres. For 4.5 m/s2, again, 

the LLTR decreases but the oscillations are again observed, and the tyre saturation occurs on 

the inner tyres for all-wheel braking. Setting the maximum deceleration to 3 m/s2, more 

acceptable behaviour was observed. The oscillations continue to exist in case of outer wheel 

braking but not in all-wheel braking. But, again, in case of all-wheel braking, the tyres cannot 

produce the required braking force due to the threat of tyre saturation. The next step was to 

reduce the deceleration to 1.5 m/s2. For this deceleration, it can be seen that the LLTR reduces 

efficiently and deceleration below this value does not produce satisfactory results. 

Considering these factor, 1.5 m/s2 has been chosen as the maximum deceleration.  
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(a) Outer Wheel Braking (b) All-Wheel Braking 

Figure 6.2: Deceleration achieved by the vehicle compared to the applied maximum deceleration 

 

Figure 6.2 shows how much deceleration is produced by the ATV for outer wheel braking and 

all-wheel braking strategies, for different maximum deceleration applied by the safety system. 

For all-wheel braking, as mentioned earlier, the tyres cannot produce the required brake force 

without saturating the tyres. Due to this threat of saturation, less braking force is produced 

which is signified by the curves on the plots in figure 6.2(b).   

For the ATV chosen for simulations in this thesis, a deceleration of 1.5 m/s2 corresponds to 

brake force of 600 N. The maximum brake force applied at wheel for the different braking 

strategies corresponding to the maximum deceleration is shown in table 6.1. 

Table 6.1:  Results summary of the quick ramp manoeuvres 

Braking 

Strategy 

Front 

Outer 

Front 

Inner 

Rear 

Outer 

Rear 

Inner 

[N] [N] [N] [N] 

Outer 

Wheel 
450 0 150 0 

Front Wheel 300 300 0 0 

Rear Wheel 0 0 300 300 

All-Wheel 225 225 75 75 

 

 Results of the simulation of the Active Braking System 

In this section, the results of the computer simulated testing will be shown, and the different 

alarm behaviours can be seen. The ATV is, as previously mentioned, simulated in the driving 

manoeuvres at speed of 60 km/h and the different braking strategies are evaluated in terms of 

their performance.  

In addition to the effect of braking on LLTR, its effect on other metrics that relay information 

about stability of the vehicle is also evaluated. One of the metrics considered is the path 

followed by the ATV under braking, labelled as ‘pathplot’. In the pathplot, the start of braking 

is signified by a red square, while the end of each braking strategy is signified by a star (*) 

symbol. The analysis will be split up into three different parts, one for each manoeuvre. 
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6.4.1 Double Ramp Manoeuvre 

For the double ramp manoeuvres, the results are shown in figure 6.3: 

  
(a) LLTR (b) Lateral Acceleration 

  
(c) Pathplot (d) Yawrate 

  
(e) Axle Slip Angle Difference (f) Longitudinal Acceleration 

Fig 6.3: Effect of active braking system on double ramp manoeuvre. 

 

From figure 6.3(a), the outer wheel and front wheel braking are the only strategies that reduce 

the LLTR to 0.6 before the end of simulation. Amongst all the strategies, the outer wheel 

braking reduces the LLTR the fastest. In case of rear wheel braking, the LLTR increases, 

initially, due to braking, when compared to the no braking scenario. Looking at the pathplot, 
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figure 6.3(c), rear wheel braking seems to follow the original path as close as possible. 

Simultaneously, the distance covered under braking is least under outer wheel braking, which 

is advantageous considering it will allow the driver to gain full control of vehicle sooner. 

Analysing the slip angle difference, figure 6.3(e), the value goes below zero for front wheel 

and all-wheel braking at the end of the braking. This means that vehicle starts oversteering, 

which is not an ideal situation. This oversteer can also be seen in the pathplot, where pathplots 

of front wheel and all-wheel braking turn, steeply, away from the intended path.  

  
(a) Outer Wheel (b) Front Wheel 

  
(c) Rear Wheel (d) All-Wheel 

Fig 6.4: Brake force on each wheel for different braking strategies. 

 

In figure 6.4, only the outer wheel braking is able to produce the demanded 600N of brake 

force. Less than the maximum brake force is applied on the front left wheel (outer wheel), in 

case of front wheel braking and all-wheel braking, because it would cause the tyre to saturate. 

0N of braking is applied on the rear left wheel (outer wheel) in rear wheel braking and all-

wheel braking because the LLTR is not reduced quickly enough to avoid rear left wheel from 

lifting into air. 
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6.4.2 Half Sine Manoeuvre 

For the half sine manoeuvres, the results are shown in figure 6.5: 

  
(a) LLTR (b) Lateral Acceleration 

  
(c) Pathplot (d) Yawrate 

  
(e) Axle Slip Angle Difference (f) Longitudinal Acceleration 

Fig 6.5: Effect of active braking system on sine wave manoeuvre. 

 

The outer wheel braking, again, reduces the LLTR below 0.6 quickest. In case of rear wheel 

braking, the LLTR increases, initially, due to braking, when compared to the no braking 

scenario. Another interesting thing that can be noted in figure 6.5(a) is that the outer wheel 

braking is the only case where the LLTR is always lower or equal to the LLTR in the no 
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braking scenario. Looking at the pathplot, figure 6.5(c), rear wheel braking seems to follow 

the original path as close as possible. Simultaneously, the distance covered under braking is 

least under outer wheel braking, which is advantageous considering it will allow the driver to 

gain full control of vehicle sooner. 

  
(a) Outer Wheel (b) Front Wheel 

  
(c) Rear Wheel (d) All-Wheel 

Fig 6.6: Brake force on each wheel for different braking strategies. 

 

In figure 6.6, only the outer wheel braking is able to produce the demanded 600N of brake 

force. In the other strategies, less than maximum braking force is applied either due to the 

threat of saturation or due to wheel left occurring. 
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6.4.3 Quick Ramp Manoeuvre 

For the quick ramp manoeuvres, the results are shown in figure 6.7: 

  
(a) LLTR (b) Lateral Acceleration 

  
(c) Pathplot (d) Yawrate 

  
(e) Axle Slip Angle Difference (f) Longitudinal Acceleration 

Fig 6.7: Effect of active braking system on quick ramp manoeuvre. 

 

From figure 6.7(a), only the outer wheel braking strategy has reduced the LLTR to 0.6 before 

the end of simulation. Again, applying brakes on rear wheels only causes the LLTR to 

increase, initially, when compared to the no braking scenario. Looking at the pathplot, figure 

6.7(c), it’s all-wheel braking seems to follow the original path as close as possible. 
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Simultaneously, the distance covered under braking is least under outer wheel braking, which 

is advantageous considering it will allow the driver to gain full control of vehicle sooner. The 

axle slip angle difference (figure 6.7(e)) shows that the vehicle continues to understeer under 

all types of braking, for this manoeuvre. 

  
(a) Outer Wheel (b) Front Wheel 

  
(c) Rear Wheel (d) All-Wheel 

Fig 6.8: Brake force on each wheel for different braking strategies. 

 

The behaviour seen in the previous manoeuvres is again observed here. From figure 6.8, 

again, only outer wheel braking can produce the required 600 N of brake force without any 

threat of tyre saturation. In the other strategies, less than maximum braking force is applied 

either due to the threat of saturation or due to wheel lift occurring. 
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 Discussions and Conclusions of the active warning safety systems 

The maximum LLTR reached by the ATV after activation of different braking strategies is 

plotted in figure 6.9. 

 

Fig 6.9: Maximum LLTR reached by the ATV under different braking strategies. 

From figure 6.9, the maximum LLTR reached after the activation of braking increases with 

the transience of the manoeuvre. The more transient and dynamic the manoeuvre, the higher 

maximum LLTR reached is. But, irrespective of the manoeuvre, the lowest LLTR value is 

achieved using the outer wheel braking. 

The main aim of the active braking system is to reduce the LLTR as quickly as possible. 

Taking only this into consideration, the outer wheel braking performs better than the others. 

When outer wheel braking strategy was simulated, it can be observed that it is the only 

strategy which is able to reduce the LLTR to 0.6 before the end of simulation (or manoeuvre). 

The amount of deviation of the ATV from the original path (no braking scenario) depends 

highly on the type manoeuvre, as seen in the pathplots, regardless of the type of braking 

implemented. An ideal active braking system would show zero deviation from the original 

path, but that is not what is observed. To avoid the deviation to become larger, thereby 

causing high directional instability, a braking strategy which would give the full control of the 

vehicle to driver as quickly as possible would be more effective. The least distance was 

travelled by the ATV under outer wheel braking, for different manoeuvres.  

There are a couple of reasons why outer wheel braking is seen to be the most effective form 

of braking to prevent rollover. The first reason being it is the only braking strategy where the 

maximum braking force is applied on the wheels. During a lateral manoeuvre, the load is 

transferred from the inner wheels to outer wheels, thus leading to higher load acting on outer 

wheels. This higher load makes it possible to apply the maximum braking force on the outer 

wheels without any issue. The second reason is the counter yaw moment produced by outer 

wheel braking. Figures 6.3(d), 6.5(d) and 6.7(d) show the yawrate of the ATV, for different 

manoeuvres. A common aspect in all these figures is that yawrate change due to outer wheel 

braking is in the opposite direction to the yawrate no braking scenario and other braking 

strategies. This is the previously mentioned counter yaw moment.  

Even though outer wheel braking shows the best results, all-wheel braking would be the 

easiest to realize as a prototype. This is due to the fact that most ATVs already have all-wheel 
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braking as the primary braking system. But the simulations show that all-wheel braking, at a 

deceleration of 1.5 m/s2, does not provide satisfactory results. Thus, to check the viability of 

the all-wheel braking strategy, the maximum deceleration was increased to 3 m/s2. The results 

of increasing the maximum deceleration is compared to outer wheel braking (deceleration 

=1.5 m/s2), shown in figure 6.10. 

  
(a) LLTR (b) Pathplot 

Figure 6.10: Comparing all-wheel and outer wheel braking 

 

With a higher maximum deceleration, the all-wheel braking does show good results. The 

LLTR, as seen in figure 6.10(a), reduces quicker in the case of all-wheel braking than the 

outer wheel braking, initially.  But the strategy still requires 0.4 second more than the outer-

wheel braking strategy. Looking at these results, a case for all-wheel braking being an 

effective option could be made, especially considering that it would be the easier option to 

realize. But in a scenario where implementing both braking strategies in a real ATV would 

involve the same amount of hassle, the outer wheel braking still shows better results at half 

the deceleration. 
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7 CONCLUSION 

 

With the ever-increasing number of rollover related ATV accidents, the need for an active 

safety system is urgent. The aim of this thesis is to develop and analyse a few such systems. 

During this thesis, various active warning and braking systems have been developed to help 

prevent rollover of ATVs. The results and analysis have mainly been done with the help of a 

two-track model with non-linear tyres (Fiala tyre model), in addition to a roll model and a 

lateral load transfer model. Three different manoeuvres with varying level of transience have 

been used as a virtual test bed to analyse the effectiveness of the various active safety 

systems. 

Amongst the active warning systems that have been suggested, the Predictor Alarm yields 

good results. For the Predictor Alarm, three different horizons of predictions (σ = 0.3, 0.4, 

0.5) have been tested. The obvious advantage of using a higher horizon of prediction is the 

larger time from alarm activation to rollover. But the disadvantage is that the current LLTR at 

which the alarm activates is lower. There is a trade-off between the time gained and LLTR at 

alarm activation.     

An important step in assessing the functionality of the active braking system was to find an 

appropriate maximum deceleration. For the ATV used in this thesis, the value was found to be 

1.5 m/s2. From the results shown for the active braking systems, it can clearly be seen that 

there are benefits to braking only the outer wheels. As mentioned earlier, the normal force, 

and thus the maximum available traction increases on the outer wheels during cornering. This 

makes the outer wheels more fit for braking than the inner wheels. Moreover, by braking 

asymmetrically, the yaw moment that is produced acts in a stabilizing manner, lowering the 

LLTR value and bringing the vehicle to a more stable condition. Because of the stabilizing 

yaw moment, the quickness in reducing the LLTR value could be seen to be more effective in 

the outer wheel braking than in other braking strategies.  

Comparing all the different systems proposed in the thesis, the best rollover prevention 

system seems to be the outer wheel active braking system. The main problem with the active 

warning systems is that the time they allow for the driver to react and perform correcting 

action might be too low in some cases and it is tricky to make it higher without introducing 

other unwanted effects such as unnecessary alarms. Another benefit of the active braking 

systems over the warning systems is that they remove the need for the driver to do anything 

since the systems intervene themselves and bring the ATV back to stability.  

The advantages that the warning systems have is that they are easier to implement into a real 

ATV as they only require an accelerometer and an ECU to do the calculations required. The 

braking systems on the other hand, are in need of systems taking care of the brake actuation as 

well as an accelerometer and ECU. 

The rollover prevention systems developed during the thesis can be fine-tuned to the user’s 

liking. The results in this thesis have proved to work for the ATV of the specific parameters 

shown in table 3.2. However, these parameters can be changed to fit that of any other ATV 

while still maintaining the functionality of the systems. Moreover, if it is noticed during 

testing of the systems that the alarm/brake force activations occur too early or too late, the 

threshold limits can be changed to better suit the ATV being tested. 
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