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1. Introduction

Rollover of the vehicle is about 2.5% of the total number of ac-
cidents, but they have about 20% of the total number of victims [5]. 
Such overturning of the vehicle occurs when the vehicle is rotated 
by ninety degrees or more relative to its longitudinal axis. Agency 
NHTSA (National Highway Traffic Safety Administration USA) [7] 
has evaluated a number of manoeuvres that may cause wheels lift on 
the road and rollover the vehicle. The results did not indicate in detail 
the manoeuvres that cause the loss of lateral stability of the vehicle. 
It should be noted that the study of large-scale test vehicle especially, 
are dangerous and costly. Attempts were made to determine the condi-
tions of “limit” at which the vehicle is likely to rollover. To assess the 
vehicle stability both indicators are based on the mass and geometrical 
parameters of vehicles with varying degrees of simplicity and road 
tests are performed using standardized procedures vehicles developed 
by ISO and recommended by NHTSA, such as “J-turn”, “fishhook” 
or other similar testing procedures used at various proving grounds, 
testing of vehicles (presented in part 3).

The aim of the experimental research was not only to determine the 
significance of the mass and geometrical parameters on the propensity 
for overturning the vehicle, but also to determine limit values of indica-
tors of the motion condition at which the vehicle may rollover.

In the following chapters is a description of the requirements and 
standardized tests carried out during the test vehicles. Then is a de-

scription of selected tests and their results. The last chapter contains 
the analysis, conclusions and summary of the main points of work.

2. Justification for the use of vehicles at a scale to test 
stability

Susceptibility testing of real vehicles to overturn on its side is ex-
pensive and dangerous. Real vehicle dynamics studies are carried out 
on research proving grounds - separate complexes roads, implement-
ing road tests under controlled and repeatable conditions. In the world 
there are dozens of research training grounds used by carmakers to 
test vehicles in the summer and winter conditions.

The test track should allow for a wide variety of vehicle testing, 
standardized or developed by the tire manufacturers, carmakers or 
their teams. The most common test tracks components include torah 
to high-speed driving, paths to test vehicle dynamics (acceleration and 
braking), tracks the stability and steerability test (plate with a radius 
of ~ 100 m), tracks the motion stability tests, the surface of differ-
ent factor of friction coefficient, with varying elevation angle, tracks 
with different surfaces and with wavy surface. The study requires the 
construction of off-road vehicle tracks a number of parts allowing for 
testing of the capability such as wading, overcoming obstacles, mov-
ing on soft and muddy ground. Due to the ever increasing range of 
vehicle tests carried out test tracks, due to the safety requirements, the 
requirements for the same track and testing costs increase.
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Testing of vehicles on tracks research particularly defining 
characteristics movement stability, create rollover risk. The study of 
the stability of vehicles require special mounting arm, which supports 
the vehicle when wheels lift on from the road.

Therefore, searches are alternative methods to achieve similar 
results at lower cost. The use of the test vehicle on a scale of simi-
lar parameters, provides an alternative to the real vehicle test. If the 
scale is maintained similarity to the actual vehicle for example as the 
theory of Π-Buckingham, vehicle testing on a scale may replace cost-
ly and dangerous testing full-size vehicles. In addition, they provide 
the possibility of extending the scope of research and move closer to 
the conditions in which a loss of stability. The results of these tests 
can be used not only to evaluate the stability of a vehicle, but also 
for the analysis of: brake systems, suspension and vehicle protecting 
systems before rollover. Terms of similarity are shown by S. Bren-
nan, S. Lapapong, S. Allyene, V. Gupta, E. Callejas, K. Romaniszyn 
[1, 2, 4, 5, 13] and by the authors [10, 11, 12]. Currently, there are 
20 parameters compared to the size, mass and rigidity to the real and 
scaled vehicles.

Among the advantages of the use of vehicles on a scale motion 
stability experimental testing can distinguish [2, 6, 10, 12, 13, 15]:

the cost of the scale vehicle tests is a much smaller than the full- –
size car, the same applies to supplies and spare parts,
is much easier to make changes to the vehicle on a smaller  –
scale,
vehicle test on a smaller scale require less space (not required  –
research track and can be done on a much smaller space),
the possible overturning of the vehicle entails much lower re- –
pair costs and is much safer to use,
the availability on the market of vehicles made in scale, radio- –
controlled or via cable, there is a wide range of models of dif-
ferent sizes and types that can serve as the basis for the con-
struction of vehicles used in the tests.

3. Parameters of evaluation stability of the vehicle

The ability to maintain the desired trajectory is one of the most 
important aspects of automotive active safety. Every vehicle, along 
with his driver and their surrounding environment constitute a closed 
system of interaction that is unique. The task of assessing the be-
haviour of the vehicle stability is very difficult because of the large 
number of interacting components such as a driver – vehicle – trailer – 
shaping the way. Complete and accurate description of the behaviour 
of trucks with high located centre of mass must include the informa-
tion received on the basis of the different types of research. Because 
this testing only set up a small piece of the entire field of vehicle 
behaviour, the results of this study can be considered to be relevant 
only in that area.

Experimental investigations allow an assessment of the stability 
and steerability of the vehicle in motion with constant and variable 
speed on the track straight and curvilinear, with or without taking into 
account the impact of the driver.

The most commonly used tests for testing the stability and steer-
ability of vehicles includes:

steady-state circular driving behaviour, in accordance with ISO  –
4138, ISO 14792 (trucks),
double lane change manoeuvre, according to ISO 3888, –
single lane change manoeuvre, according to GOST P .2003,  –
B32/03,
step input manoeuvre with the linear angle escalation of the  –
steering wheel, according to ISO 7401, ISO 14793 (trucks),
sinusoidal input manoeuvre in the form of a one period (usually  –
resulting in a single  lane change manoeuvre), according to ISO 
7401, ISO 14793 (trucks),
continuous sinusoidal input manoeuvre, according to ISO 7401,  –
ISO 14793 (trucks),
pulse input manoeuvre, according to ISO 7401, ISO 14793  –
(trucks),
random input manoeuvre, according to ISO 7401, ISO 14793  –
(trucks),
manoeuvres developed by NHTSA: steady growth turning SIS  –
(increasing steadily steer), “J-turn” and “fishhook”.

The tests carried out for the full loaded vehicle. Height of the mass 
centre and weight distribution of the load should be set so as to reflect 
an interesting application.

The test apparatus used in the study should allow to monitor the 
measured values and their transcripts. The basic parameters for meas-
uring the stability of the vehicle include: vehicle longitudinal velocity 
VL, lateral speed VQ, vehicle sideslip angle β, lateral acceleration ay, 
roll angle φ and vehicle body roll rate φ , yaw speed ψ , steering 
wheel angle δH. Installation of test equipment on the vehicle should be 
in accordance with the recommendations of the manufacturer and, if 
possible, provide a direct measurement. In the case of indirect meas-
urement, perform the appropriate correction.

Conducting tests on the real vehicles is associated with a high 
risk of rollover. For this reason simulation studies of mobile scaled 
vehicles under the conditions of similarity lead to increase security 
and reduce the cost of research.

4. Rollover risk detection

The susceptibility of the vehicle to overturning on the side is usu-
ally determined by parameters of a vehicle, the quasi-static condi-
tions, with various degrees of simplifying the analysis. Threshold is 
determined by the parameters of the vehicle rollover. The ability to 
rollover is determined by level of lateral acceleration, on the vehicle 
driven along a circular path, (assuming that the vehicle does not oper-
ate outside forces). On this basis it has been developed resulting in 
the definition of the threshold value of the vehicle rollover in steady 
state conditions in the circle path: SSRT (static roll stability threshold) 
– defined as the maximum value of lateral acceleration at which there 
will be no rollover of the vehicle.

Based on this definition resulted in different indicators of stability, of 
which the simplest are the SSF, TTR, RIB, RTSVM, DSI and others. Crite-
ria for assessing risk of rollover of the vehicle is provided in [11, 16].

However, during the real manoeuvres of the vehicle, a relatively 
rare set of motion conditions. Hence, there are some stretches of time 
in which the lateral acceleration threshold is reached, it does not mean 
that there will be a rollover. Since the acceleration of SSTR limited 
top range of stability of the vehicle, it is also limited at the bottom, to 
determine the extent to which it is possible to lose stability.

DRT (dynamic roll stability) – defined as the minimum peak lat-
eral acceleration at which rollover occurs, while performing various 
manoeuvres of the vehicle (which can cause it to overturn). Figure 2 
shows the dependence of the energy required for of the vehicle rollo-
ver as a function of lateral acceleration.

Fig. 1. The vehicle during the motion stability test
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Point 0 in Figure 2 corresponds to driving on a straight road, the 
potential energy increases proportionally to the lateral acceleration 
until it reaches the point 1 – which corresponds to the lift on of one 
wheel on the road. Further increase in lateral acceleration causes the 
increase in potential energy to reach point 2 – equivalent to lift on of 
the other wheels (one side of the vehicle) on the road. At this point is 
reached the lateral acceleration (SSRT) necessary for vehicle rollover. 
Obtaining greater lateral acceleration results in a loss of stability of 
the vehicle. Similarly, the rollover occurs, even if the lateral accelera-
tion is smaller, but the potential energy will increase to a point 3 (the 
point at which the vehicle rollover occurs, although there is no lateral 
acceleration).

It is assumed that the state of emergency occurs when it comes 
to interior wheels lift on of the of the vehicle from the road surface 
[2]. Detection of threat vehicle overturning is particularly important in 
the case of vehicle stability control systems is equipped with anti-roll 
function. These systems are usually activated only if necessary, adjust 
the track, the rest of the time do not affect on the vehicle performance. 
During rollover, the vehicle relatively quickly becomes unstable, 
which means that the rollover risk detection algorithm must be very 
sensitive, and stabilization of the system controller must be activated 
as soon as possible. As criteria values are used: the roll angle and roll 
rate (ϕ and φ ), changing on one wheels axle loads (LTR – load trans-
fer ratio), the critical energy rollover (Ecritical) defined as the smallest 
energy required to lift on the wheel from the roadway and lateral ac-
celeration limit value aycritical.

Below are shown a number of methods used to detect threat of the 
vehicle rollover, which can be used in the control algorithms in sta-
bility control systems. When choosing a method to take into account 
not only its effectiveness, but also the availability of the information 
needed to use in the drivers. These algorithms are based on param-
eters such as changing a single load wheel or wheels of one side of 
the vehicle, or the lateral acceleration acting on the center of mass 
and energy of the vehicle rollover. These methods can be divided into 
analyzing the causes and effects, resulting in a danger of the vehicle 
rollover. The method of using such a method causes a lateral accelera-
tion and analyzing its derivative (dash). Analysis methods based on 
the effects of there are, methods based on the determination of the 
angle of the rolling, rollover energy, or analyzing the normal force 
acting on each wheel of the vehicle. It should be noted that to analysis 
can be used sensors of lateral acceleration in existing vehicle stability 
control systems. In the case of methods based on an analysis of wheel 
load deflection can use the parameters of the individual suspensions, 
which already requires the use of additional sensors. Methods based 
on estimating energy require an rollover vehicle parameters such as 
roll stiffness of the suspension, the suspension angular damping, the 

weight of the vehicle and traffic parameters like: the roll angle and 
roll ratio and others.

4.1. Changing the wheel loads

Changing the wheel load is an important indicator used in the 
analysis of the vehicle rollover. Side changing the wheel loads de-
termines the change of normal forces acting on the wheel, caused by 
the lateral acceleration of the center of mass and its lateral shift in Y 
direction, due to suspension deflection. Figure 3 shows the impact 
of the phenomenon of shifting the center of mass to the suspension 
deflection.

Rate of change of wheel loads, (LTR) is defined as the ratio of the 
difference between the normal forces of the right and left side of the 
vehicle to their sum.

 ZR ZL

ZR ZL

F FLTR
F F

−
=

+
 (4.1)

In the steady state, where LTR = ± 1 wheels lose contact with the 
ground, which is read as a critical situation and can be used to control 
the anti-roll system of the vehicle. Under the unstable conditions the 
LTR limit should be lower.

4.2. Roll angle and roll rate

If the vehicle is equipped with sensors to measure the roll angle 
and roll rate (ϕ and φ ), rollover threat detection can be performed 
with a simple analysis of these parameters. The simplest way to ana-
lyze this term limit roll angle ϕcritical at which the driver, the fulfilment 
of the condition φ φ> critical , starts to work.

As in the previous solution may be used to control the roll rate. In 
this case, the driver can be activated after fulfilling both conditions: 
φ φ> critical  and φ φ⋅ >sign( ) 0 .

Fig. 2. The energy of the vehicle rollover as a function of the lateral accel-
eration [2]

 

Fig. 3. Changing the wheel loads under the action of lateral force (shown in 
the transverse plan view)
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4.3. Methods based on the energy

Overthrow threat detection and activation of the anti-roll driver 
can be implemented based on the energy of the vehicle rollover. 
“Emergency” is defined as when the inner wheel is lift on from the 
substrate. This energy consists of the potential energy accumulated 
in the suspension deflection and kinetic energy. Therefore, it is deter-
mined by the relationship:

 E C m g h I m hxx= ⋅ ⋅ − ⋅ ⋅ ⋅ − + ⋅ + ⋅ ⋅
1
2

1 1
2

2 2 2
φ φ φ φ( cos ) ( )      (4.2)

The critical value of the rollover energy Ecritical can be defined 
as the minimum energy required to lift on the wheels of one side of 
the vehicle from the road. To rollover the vehicle, the total torque 
against roll axis, for the centre of mass motion, must be greater than 
the moment caused by the normal wheels force remain in contact with 
the road. Critical situation can be defined by the inequality moments 
acting on the vehicle:

 1
2

F B F h C Kz y GC⋅ < ⋅ + ⋅ + ⋅φ φφ φ  (4.3)

The critical value of the rollover energy Ecritical is determined by 
minimizing against roll angle ϕ and roll rate φ .

4.4. Methods based on the analysis of lateral acceleration

Vehicle roll stability analysis, based on the forces of inertia 
d’Alembert (−m ∙ ay) acting on the centre of mass and the causing in-
crease in the overturning moment. On vehicles equipped with stability 
control system lateral acceleration is measured and used it as a pointer 
indicating to the threat of the vehicle overturning, it becomes very 
attractive. Taking into account the impact of the suspension deflec-
tion complicates the analysis, so the number of solutions it has been 
ignored, resulting in low values of lateral acceleration limit. For a 
more detailed analysis allows to determine the value of the derivative 
of lateral acceleration (spurt). An additional complication is the fact 
that the measurement of acceleration has a significant noise and its 
elimination requires additional treatments.

4.5. System control algorithms prevent vehicle roll

Typically were used two control algorithms. One is based directly 
on the limit of the selected index: LTR wheel load changes, the rolling 
angle ϕ, lateral acceleration ay or rollover energy E stored in general 
as Rcritical (labelled as R̂ ). Dynamic switching control strategy (the 
second control algorithm) is based on a derivative of the ratio R. The 
idea is that the controller is operating in full if ˆR R>  and when it 
derivative rises ( ) 0R sign R⋅ >  and its works only partially, when the 
derivative decreases ( ) 0R sign R⋅ ≤ .

The first algorithm was written in the form:

 
max

ˆ0
ˆxT

x

dla R R
F

m a dla R R

 ≤= 
− ⋅ >

 (4.4)

where ay max – maximum attainable braking deceleration.
In the second case, the algorithm was described in the formula:

max

max
max

ˆ0
ˆ ( ) 0

ˆ
ˆ ( ) 0ˆ

xT x

x

dla R R

F m a dla R R R sign R

R R
m a dla R R R sign R

R R
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= − ⋅ > ∪ ⋅ >
 −− ⋅ ⋅ > ∪ ⋅ < −





  (4.5)

These algorithms can also be used to adjust the vehicle wheel steering 
angle [9].

 
ˆ0

ˆ ˆ( ) ( )R
R

dla R R

k sign R R R dla R R
d

 ≤= 
⋅ ⋅ − >

δ  (4.6)

where kR – correction factor of wheel steering angle.

4.6. The limit values of indicators

Correct operation of the drivers requires an estimate indication 
limits for their activation.

Changing a wheel load of the vehicle LTR
The first is a change of the wheel loads LTR. This indicator varies 

in the range from 0 to 1, the value 1 is obtained at the time of lift on 
the wheels from the road. In the most general form of this relationship 
is as follows [9]:

LTR F F
F F

m
m B

h h h
a

critical
ZR ZL

ZR ZL

s
GC RC GC

y=
−
+

=
⋅
⋅

⋅ − + ⋅ ⋅
2 (( ) cos )φ

gg
hGC+ ⋅









sinφ  (4.7)

In the next part shows the values of R obtained from the road tests 
of scaled and the normal size vehicle.

The roll angle
Another indicator is based on vehicle roll angle ϕ. It can be rela-

tively easy to determine in the steady state conditions, with the for-
mula:

 φ
φ

=
⋅ −

− ⋅ −
⋅

mg h h
K mg h h

a
g

GC RC

GC RC

y( )
( )

 (4.8)

In a dynamic dependence on roll angle is much more complicated. 
It is therefore recommended that you use the real roll angle obtained 
from measurements. Typically, the limit value of the roll angle, there 
are 5 ÷ 7 degrees.

Energy rollover
Index based on the analysis of rollover energy is used to determine 

the normalized condition of the vehicle rollover. It has been proposed 
by Johansson and Gäfvert [3], and is defined by the relationship:

 1 1 critical

critical

E EROW
E

−
= −  (4.9)

The critical situation is achieved for ROW1 ≥ 1. The inclusion of 
the controller is done when it reaches the limit value of ROW1 less 
than 1, this value can be determined experimentally. This implies that 
the controller should begin operation after exceeding the limit value 
of indicator 1 1limitROW ROW≤ . Attempt to estimate this parameter is 
shown below.

In the references, most of the materials can be found on the lateral 
acceleration limits. Figure 4 shows the recommendations proposed 
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by the NTRCI (National Transportation Research Center) [8]. Limit 
value of lateral acceleration for a truck with a high center of gravity, 
are dependent on the suspension and tires stiffness, and the car body 
treated as a rigid amount of 0.50 g, and for a car after taking into ac-
count the susceptibility of the suspension and tires −0.35 g.

Due to the fact that the vehicle height of center of gravity, rigidity 
of the suspensions and their characteristics and the using of stabiliz-
ers, considerably influences on the lateral acceleration limit value. In 
the analysis of vehicles with other characteristics parameters must be 
made appropriate adjustments. In further analysis includes the impact 
of these factors on the limit rate values.

5. Investigation of the scaled and normal size vehicle

5.1. The scaled vehicle

For calibration the dynamics of real vehicle motion is used for 
radio-controlled model car on a scale ~ 1:5. The scaled vehicle is 
equipped with an internal combustion engine of a cylinder capacity 
26 ccm, centrifugal clutch, gearbox, center and main gearbox, and 
rear-wheel drive. In order to maintain the conditions of similarity in 

relation to the real vehicle’s (special truck with a high located center 
of mass), a number of modifications that resulted among other chang-
es: the wheelbase, center of mass, mass moments of inertia, suspen-
sion design front and rear axle and tire parameters. Scaled vehicle is 
equipped with appropriate measurement equipment allows the meas-
urement and recording of relevant parameters of its motion. It was de-
cided to use measuring equipment from Racelogic company – VBOX 
with the IMU module. Record the results of measurements were made 
on the Compact Flash memory card. Figure 5 shows the scaled vehi-
cle with a installed measuring apparatus.

5.2. Field tests

For comparisons of selected two trials: driving in a circle with a 
fixed speed and manoeuvre extortion jump of the linear angle esca-
lation of the steering wheel. Tests were carried out on the test track 
TATRA in Koprivnice (Czech Republic) in the case of a vehicle full 
scale [11, 12, 13] and at the airport in Kaniow near Czechowice-
Dziedzice for scaled vehicle.

Figure 6 shows the path of the test drive in a circle and method of 
implementation the test of step input with linear angle escalation of 
the steering wheel.

5.3. Driving in a circle with a fixed speed

The trial was carried out at with velocity ~ 17 km/h and lateral ac-
celeration ~ 4.5 m/s2 (corresponding to real vehicle – speed ~ 40 km/h 
moving on the track with a radius of ~ 21.5 m). Figure 7 shows the 
course of the selected indicator and its derivative.

The graph shows that the dynamic component of the R ratio re-
lated to the derivative of the test under steady state conditions is rather 
small, and the components associated with the indicator has a value 
oscillating around the limit value (depending on equations (4.5) and 
(4.6)). In the case presented above may lead to activation of the vehi-
cle stability control system.

5.4. Step input on the steering wheel

During the tests vehicle moved at a fixed speed on the straight, 
and then, in a designated area perform a rapid turn for a fixed steering 
wheel angle.

During the maneuver the derivative ratio R  is significantly in-
creased in the first part of the maneuver and then decreases. Indicator R 

Fig. 4. Limit values threat of rollover in the steady conditions [14]

Fig. 5. Scaled vehicle with mounted the measuring apparatus

Fig. 6. Carried out tests: driving in a circle at a constant speed in a steady 
state conditions (a) and step input of the steering wheel (b)

a)

b)
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ratio increases, but the increase is delayed in relation to the derivative of 
~ 0.6 ÷ 0.8 sec. This time delay associated with the inertia of the vehicle, 
it is often referred to as a time to lift on the wheel (figure 8).

Analysis of different risk rollover indicators R has clarified differ-
ences between the various indicators and their derivatives for real and 
scaled vehicle. In Figures 9 and 10 shows the values of the indicators 
and their derivatives.

The comparison shows that both the real and the scaled vehicle 
have similar values of R for all parameters compared ϕ, ay, LTR, E and 
ROW1. Differences obtained for the test fixed driving in a circle, are 
respectively, 11, 15, 16 and 19% and for the jumping extortion on the 
steering wheel the differences are smaller, and are approximately 4, 6, 
7 and 28%. Slightly larger differences have derived indicators φ , ya , 
and especially large differences are observed at a ratio of wheel un-
loading one side of the vehicle LTR .

6. Summary and Conclusions

Comparison of the results of simulations of the scaled vehicle with 
the results of real vehicle measurements show good agreement of the 
analyzed parameters. Generally, this allows to conclude that the mo-
bile scaled vehicle can be used to determine the control parameters for 
vehicles equipped with stability control systems with function of anti-
rollover. There is a good agreement for the parameters of the roll angle, 
lateral acceleration and wheel unloading one side of the vehicle. Larger 
differences indicate: rollover energy and ROW1 rate. Similar ratios de-
rived values obtained for the roll angle and lateral acceleration. Large 
differences exist in the comparison rate derivative LTR.

Based on the presented simulation tests of scaled and real vehicle 
there are the following conclusions:

good agreement was obtained for parameters characterizing • 
the risk of the vehicle rollover, both tests: driving in a circle 
with a fixed speed and step input of the steering wheel con-
firmed this compliance
scaled vehicle can be used to create software systems for ve-• 
hicle stability control systems equipped with anti-roll function 
to determine the limits of indicators characterizing the risk of 
rollover,
the further testing of the scaled vehicle and work to preserve • 
similarities more compared parameters to the real vehicle, and 
should contribute to reducing differences in the investigated 
indicators.

Work was established during the project realization R & D NCBR 
no. PB 5478/B/T02/2011/40 „Evaluation of the stability of the real 

vehicle on the basis of the scaled vehicle.”
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/ grR R
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Key symbols
ax Longitudinal acceleration (along X axis)
ay lateral acceleration (along Y axis) 
B Wheel track
Cϕ Vehicle roll stiffness coefficient
Ecritical Vehicle rollover energy
FxT Braking force
Fy Force acting respect to the Y axis
FyL,R Lateral force acting on left / right wheel 
Fz Force acting respect to the Z axis
FzL,R Normal force acting on left / right wheel
g Gravitational acceleration
h Distance between gravity centre and roll axis h h hGC RC= −
hGC Gravity centre height
hRC Roll centre height
IXX Vehicle mass moment of inertia respect to the X axis
Kϕ Vehicle roll damping coefficient
m Mass of the vehicle
ms Vehicle spring mass
δR Wheel steering angle
δH Steering wheel angle
 ϕ Vehicle roll angle
φ  Vehicle roll rate respect to the X axis
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