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A test method for evaluating safety aspects of ESC equipped passenger cars – a 
prototype proposal 
by Mattias Hjort, Håkan Andersson, Jonas Jansson, Selina Mårdh and Jerker Sundström 
VTI (Swedish National Road and Transport Research Institute)  
SE-581 95  Linköping  Sweden 

 

 
Summary 
Active safety systems are becoming increasingly common in today’s vehicles. 
Electronic Stability Control (ESC) systems were introduced during the end of the 1990s, 
and accident statistics show that they have had a huge impact on traffic safety. In the 
USA, a new legislation has recently been adopted which demands on every new light 
vehicle that is sold to be equipped with ESC, beginning 2011. New systems require new 
testing methods, and there is a need expressed by the New Car Assessment Program 
(NCAP), which at present time only evaluates the passive safety of cars, also to include 
tests for active safety systems. In a previous VTI work, a literature review regarding 
methods for the evaluation of traffic safety effects of Antilock Braking Systems (ABS) 
and ESC was performed. Based on the findings of that review, we have proceeded with 
defining a test method for evaluating safety aspects of ESC equipped passenger cars. 

The objective has been to suggest a (prototype) test method that can be used for a more 
holistic evaluation of the safety effect of ESC in cars, including the driver behaviour 
perspective. From discussions with leading experts on traffic safety and ESC, possible 
benefits of ESC systems on traffic safety were identified. In addition to increasing the 
yaw stability of the vehicle, the following ESC benefit effects were identified: 

• A warning system for slippery roads. ESC activation indication may act as a 
warning system to the driver about slippery road conditions. 

• Reduced collision speed. In a critical situation, ESC activation may reduce the 
collision speed, which will mitigate the outcome of the collision. 

• Improved vehicle roll stability. The ESC system may also stabilise the vehicle 
with respect to untripped rollovers. Most rollovers are however tripped 
rollovers, which can occur when a vehicle, with some lateral slip, strikes an 
object or slides off the road. These rollovers also benefit from the ESC system as 
it aids in keeping the vehicle on the road. 

Test methods for the single benefits were proposed, but further research is needed 
before it will be possible to assess the relative importance of each benefit. Research on 
the driver behaviour aspect of ESC was initiated by focus group study. These early 
results suggest that drivers do not rely on the support systems of the car, but drive 
according to road and traffic conditions, as well as their own perceived skill.  

As a test of yaw stability performance, a manoeuvre conducted with a steering robot, 
such as the National Highway Traffic Safety Administration’s (NHTSA) Sine with 
Dwelltest, was considered to be better than a test involving human test drivers. This 
manoeuvre has been specified in detail by NHTSA, but further research is needed 
regarding the choice of test surface and the influence of tyres. 

Future studies based on the findings in the report were proposed. There is a clear need 
to study the aspects of driving behaviour with ESC in a more quantitative way using a 
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driving simulator. Such a study would be designed also to increase the knowledge 
regarding the benefit effects. Two field tests, one performed on dry asphalt and one 
on ice/snow-surface, incorporating a small number of vehicles and a range of 
different tyres are also needed for finalising the yaw stability performance test. 
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En testmetod för utvärdering av säkerhetsaspekter för personbilar utrustade med 
ESC – ett prototypförslag 
av Mattias Hjort, Håkan Andersson, Jonas Jansson, Selina Mårdh och Jerker Sundström 
VTI 
581 95  Linköping 

 

 
Sammanfattning 
Aktiva säkerhetssystem blir allt vanligare i dagens fordon. Antisladdsystem (ESC) in-
fördes under slutet av 1990-talet och olycksstatistik visar att det har haft en stor in-
verkan på trafiksäkerheten. I USA har en ny lagstiftning nyligen antagits som kräver att 
alla nya lätta fordon som säljs ska vara utrustade med ESC, med början 2011. Nya 
system kräver nya testmetoder och det finns ett behov från New Car Assessment 
Program (NCAP), som nu endast utvärderar den passiva säkerheten i bilar, att även 
omfatta test för aktiva säkerhetssystem. I ett tidigare VTI-arbete utfördes en litteratur-
studie om metoder för bedömning av trafiksäkerhetseffekterna av låsningsfria bromsar 
(ABS) och ESC. Baserat på resultaten av denna översyn, har vi fortsatt arbetet med att 
definiera en testmetod för att utvärdera säkerhetsaspekter för personbilar utrustade med 
ESC. 

Målet har varit att föreslå en (prototyp) testmetod som kan användas för en mer hel-
täckande utvärdering av säkerhetseffekten av ESC i bilar, inklusive förarbeteende. Från 
diskussioner med ledande experter på trafiksäkerhet och ESC, har vi identifierat möjliga 
nyttoeffekter från ESC-system med avseende på trafiksäkerheten. Förutom att öka yaw-
stabiliteten i fordonet, så identifierades följande nyttoeffekter: 

• Ett varningssystem för hala vägar. Indikering till föraren att ESC har blivit akti-
verat kan fungera som en varning till föraren om hala vägförhållanden 

• Minskad kollisionshastighet. I en kritisk situation kan ESC minska kollisions-
hastigheten, vilket kommer att minska skadeeffekterna av kollisionen 

• Bättre rollstabilitet. ESC kan också stabilisera fordonet med avseende på un-
tripped rollovers. De flesta rollovers är dock så kallade tripped rollovers, vilket 
kan uppstå när ett fordon som glider i sidled slår i ett objekt eller halkar av 
vägen. ESC kan även verka positivt på denna typ av rollover-olyckor, då 
systemet hjälper föraren att hålla fordonet på vägen.  

Testmetoder för de enskilda nyttoeffekterna har föreslagits, men det krävs ytterligare 
forskning innan det blir möjligt att bedöma den relativa betydelsen av varje nyttoeffekt. 
Forskning om förarbeteendeaspekten av ESC har påbörjats i och med en fokusgrupps-
studie. Dessa tidiga resultat tyder på att förarna inte låter system i bilen påverka hur de 
kör utan låter väg- och trafikförhållanden, liksom deras egen upplevda färdighet, avgöra 
detta. 

För att testa fordonets yaw-stabilitet så ansågs en manöver som utförs med en styrrobot, 
såsom NHTSA:s Sine with Dwell-test, vara bättre än ett test med mänskliga testförare. 
Denna manöver har specificerats i detalj av NHTSA, men det behövs ytterligare forsk-
ning när det gäller val av testbanans vägyta samt hur stor påverkan olika däck kan ha på 
resultaten. 
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Baserat på resultaten i rapporten föreslogs också framtida studier. Det finns ett tydligt 
behov av att studera aspekter av förarbeteende och ESC på ett mer kvantitativt sätt med 
hjälp av en körsimulator. En sådan studie skulle vara utformad så att den också ökar 
kunskapen om de olika nyttoeffekternas betydelse. Två fältstudier, en som utförs på torr 
asfalt och en på is/snöyta, med ett fåtal fordon och ett antal olika däck är också nöd-
vändiga för att kunna specificera ett test för yaw-stabilitet hos ett ESC-utrustat fordon. 
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1 Introduction 
This report concludes the second part in a planned three part research project that has 
been conducted in order to create a basis for forthcoming studies within the area of 
statistics, physical testing and evaluation of behavioural factors in the context of 
assessing the traffic safety effect of active safety systems. The objective of this part has 
been to suggest a physical test method for Electronic Stability Control (ESC) equipped 
cars that could be used to assess the performance of the ESC system from a traffic 
safety point of view. 

 
1.1 Background 
Technical support systems that aim to increase traffic safety are increasing in modern 
vehicles. Along with this development there is a need for evaluation and assessment of 
actual effect/impact of these systems. Traditionally the effect of technical support 
systems can be seen in accident records. In a previous VTI research project, a review 
was made over the current methods for assessment of traffic safety effects for ABS and 
ESC (Linder et al., 2007). These systems were studied from three scientific disciplines 
(statistical analysis, driver behaviour, and practical testing). The review could identify a 
number of different statistical methods that are used today. However, no comparative 
studies have been made across these different methods. For the driver behaviour 
perspective, there have been a number of different European studies focusing on the 
effects of advanced driver assistance systems, but only one study so far has investigated 
the drivers interaction and perception of an intervening ESC (in action), see Papelis et 
al. (2004).  

When it comes to methods for physical testing of ESC performance, the New Car 
Assessment Programs (NCAP) in many parts of the World are looking for ways to 
incorporate ESC in their rating systems. A recent review reports on the research status 
in USA, Europe, Canada, Japan and Australia regarding such test methods (Paine, 
2005). VTI is also participating in a European project EVALUE (Testing and Evalua-
tion methods for ICT-based Safety Systems), which purpose is to define objective 
methods for assessment and testing of active safety systems, including ESC. The focus 
of that project is to test a vehicle’s performance in certain scenarios, which represents 
traffic situations where accidents are common, and not to test a specific system. 

There are several test manoeuvres that can be used for testing the ESC performance of a 
vehicle. The National Highway Traffic Safety Administration (NHTSA) has made an 
evaluation of a large part of these manoeuvres, ultimately looking for a test that can be 
used for approving the ESC system of a vehicle. They found that the most suitable for 
their needs was a test conducted by a steering machine (NHTSA, 2006). However, none 
of the evaluated tests took the driver into account, i.e. considering compensation for 
variation in driver behaviour, handling skills or understanding of the system. Nor has 
there been much focus on the influence of variation in tyre quality or on different road 
conditions. 

 
1.2 Aim of the study 
The objective of the present study was to suggest a (prototype) test method that can be 
used for a more holistic evaluation of the safety effect of ESC in cars, including the 
driver behaviour perspective. 
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The fundamental questions for developing the test method are: 

• What are the safety benefits of ESC systems? 

• What type of car accidents can be avoided/reduced by ESC? 

• Which of the present field tests are most representative for these accidents? 

• Under what road condition is ESC most efficient for avoiding accidents? 

• How is the effect of ESC influenced by poor/erroneous driver behaviour? 

• How can a test be designed to represent a real driver with a steering robot? 

 

Research questions for the driver behaviour in relation to ESC: 

• Is the driver aware of having an ESC system in the car? 

• What knowledge and practical experience does the driver have considering 
handling and use of the ESC system? 

• Is the driver aware of any change in his/her driver behaviour as a consequence of 
the ESC system? 

• What is the perceived use and acceptance of the ESC system? 
 

Practical issues that were considered in the project: 

• The sensitivity of the test results (method) with respect to changes of the tested 
vehicle. Such changes could concern for example. the vehicle load, or the 
quality of the tyres.  

• Can the winter-performance of an ESC be represented by tests on dry asphalt 
with summer tyres? 

 
1.3 Methodology 
A literature search on ESC and related acronyms was carried out the previous year at 
VTI´s library by a “documentalist”. The search was performed into databases that cover 
a wide range of publications in the traffic safety area. I addition, web searches has been 
carried out, and information has been retrieved on NHTSA’s web page. 

We initially approached the task by discussing these issues with some leading experts 
on traffic safety and ESC. This resulted in the identification of the main benefits from 
ESC system to traffic safety. These are described in chapter 4. In addition we have 
closely followed the discussion concerning NHTSA’s proposed test methods for ESC 
which is described in chapter 3. We have also initiated some driver behaviour studies by 
arranging a focus group in relation to ESC. The result of that work is presented in 
chapter 6. A one day field test involving an ESC test manoeuvre, with non-expert 
drivers, was also performed to gain a closer understanding of how the system works and 
how its function is perceived by normal drivers (see chapter 7). Using the combined 
results from these separate studies, we present in chapter 8 a range of tests for assessing 
ESC performance with respect to traffic safety. Conclusions and needs for future studies 
are presented in chapter 9. 
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2 ESC – how it works 
The ESC system aims at helping the driver to maintain vehicle stability. This means that 
the vehicle should follow the drivers intended path without spinning out (over steering) 
or ploughing straight ahead (under steering). Research has shown that most drivers have 
problem controlling the vehicle at the limit of its handling capability. This is discussed 
in Shibahata et al. (1993). The main design philosophy for the ESC system is that the 
system should help the driver to keep the vehicle controllable i.e. to avoid excessive 
vehicle side slip angles. This is achieved by using individual wheel brakes to control the 
vehicles yaw motion.  

When driving at constant speed on a straight road the stability control is of limited use. 
It is first when the vehicle is steered to negotiate a curve, changing lanes, or when 
avoiding obstacles that the system is activated. Two typical characteristics of a vehicle 
driving through a curve are oversteering and understeering. Figure 1 and Figure 2 detail 
how a typical stability system handles these two situations. 

 

Handling oversteer in a curve 
The system applies the brake on the outer wheel(s) to give an outward compensating 
moment. This moment prevents the car from rotating in to the curve and avoids rear 
wheel side slip. 

 

 
Figure 1  Curve negotiation with and without ESC during oversteer. 
 

Handling understeer in a curve 
The system applies the brake on the inner rear wheel to give an inward compensating 
moment. This moment suppresses the under steering behaviour and prevents the car 
from ploughing out of the curve. 
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Figure 2  Curve negotiation with and without ESC during understeer. 
 

The ESC controller tries to avoid sideslip angles that are too large. However, neither the 
sideslip nor the tyre-to-road adhesion can be directly measured. Therefore, a cascade 
control strategy is typically adopted (see van Zanten, 2000). On the top level, sideslip 
and adhesion is estimated using an observer. On the lower control level the ESC system 
uses quantities that can be measured. The quantities that are measured are vehicle yaw-
rate, steering wheel angle and vehicle speed. The steering wheel angle and vehicle 
speed are used to calculate a nominal vehicle yaw rate which is compared with the 
measured yaw-rate. If the nominal and measured yaw-rate differ to much the controller 
applies a corrective torque to the vehicle body by individually braking of the wheels. 

Among vehicle manufacturers there exist different strategies behind the implementation 
of ESC. Some implementations aim at reducing the vehicle speed during an 
intervention, while others focus solely on the vehicle stability. In many cases the engine 
power is reduced during an intervention, slowing the vehicle down even more. So far no 
research has addressed whether there are variations in the effectiveness of the different 
systems available in the marketplace (Ferguson, 2007). 

Note that although ESC increases roll stability, it is not the same as a decicated roll 
stability control (RSC) system. 
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3 NHTSA regulations regarding ESC 
In the USA, the National Highway Traffic Safety Administration (NHTSA) has issued a 
regulation which requires installation of ESC in all new light vehicles (weighing less 
than 4,536 kg) by September 1, 2011 (NHTSA, 2007). The final ESC regulation did 
adopt most of the elements of the proposed regulation (NHTSA, 2006), although some 
modifications were made. NHTSA concluded that it is extremely difficult to establish 
tests adequate, by themselves, to ensure the desired level of ESC functionality in a 
variety of circumstances. Thus, it was considered necessary to require vehicles to be 
equipped with an ESC system meeting definitional requirements and to pass a dynamic 
test. The definitional requirements specify an ESC system that: 

1. Augments vehicle directional stability by applying and adjusting the vehicle 
brake torques individually to induce a correcting yaw moment to a vehicle; 

2. Is computer-controlled, with the computer using a closed-loop algorithm to limit 
vehicle oversteer and to limit vehicle understeer; 

3. Has a means to determine vehicle yaw rate and to estimate its sideslip or the 
time derivative of sideslip; 

4. Has a means to monitor driver steering input; 

5. Has an algorithm to determine the need, and a means to modify engine torque, 
as necessary, to assist the driver in maintaining control of the vehicle, and 

6. Is operational over the full speed range of the vehicle (except at vehicle speeds 
less than 15 km/h or when being driven in reverse). 

The ESC system, as defined above, is also required to be capable of applying brake 
torques individually at all four wheels and to have an algorithm that utilizes this 
capability. Except for the situations specifically stated in part (6) of the definition of 
‘‘ESC System’’ above, the system is also required to be operational during all phases of 
driving including acceleration, coasting, and deceleration (including braking). It is also 
required to be capable of activation even if the antilock brake system or traction control 
system is also activated. 

The regulation also requires an ESC malfunction indicator to be mounted inside the 
occupant compartment in front of and in clear view of the driver. This indicator is 
required to illuminate after occurrence of malfunctions that can affect the ESC system. 

Since NHTSA could not find an appropriate performance test for understeer mitigation, 
the regulation also requries vehicle manufacturers to submit, upon the request of 
NHTSA’s Office of Vehicle Safety Compliance, ESC system technical documentation 
as to when understeer intervention is appropriate for a given vehicle. 

 
3.1 The Sine with Dwell performance test 
The vehicles are also required to pass a performance test for assessing oversteer 
mitigation. Several different test manoeuvres for assessing the oversteer performance of 
ESC equipped vehicles have been evaluated by NHTSA. To determine whether a 
particular test manoeuvre was capable of providing a good assessment of ESC 
performance, NHTSA considered the extent to which it possessed three attributes: 

• A high level of severity that would exercise the over steer intervention of every 
vehicle’s ESC system. 
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• A high level of repeatability and reproducibility. 
• The ability to assess both lateral stability and responsiveness. 

They found that the manoeuvre denoted Sine with Dwell was the most promising. This 
is a manoeuvre that is performed using a steering machine. The manoeuvre is easy to 
program and does not require rate or acceleration feedback loops. Thus, the 0.7 Hz Sine 
with Dwell will be used.  

The manoeuvre is initiated at a given velocity (80 km/h), with the vehicle driving 
straight ahead, with zero steering wheel angle. The steering wheel is then turned 
according to Figure 3. The handwheel movement follows a 0.7 Hz sine wave with a 
specific amplitude, with a 500 ms delay beginning at the second peak. 
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Time (s)

H
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Figure 3  The Sine with Dwell handwheel inputs. The manoeuvre is started with zero 
angle of the handwheel, which is then turned according to the graph. 
 

Two series of tests are conducted: one with right-to-left steering manoeuvre and the 
other one with left-to-right steering manoeuvre. Each series of tests begins with a run 
using a moderate steering wheel angle amplitude, and the amplitude is then increased in 
fixed steps, until the steering wheel amplitude reaches its final value, which is less or 
equal to 300 degrees. For all the tests, the vehicle must comply with the two criterions 
of lateral stability, which are described below. For the large steering wheel amplitudes, 
the vehicle must also comply with the responsiveness criterion, which ensures that the 
ESC system is not too aggressively tuned. The purpose for the responsiveness criterion 
was mainly to limit the loss of responsiveness that could occur with too aggressive roll 
stability measures incorporated into the ESC systems of SUVs. 

The tests are to be performed on a dry, solid-paved surface with a peak friction of 0.9 
when measured with an ASTM E1136-93 test tyre, in accordance with ASTM Method 
E 1337-90. The three criterions are: 

Lateral stability criterion 1: One second after completion of the steering input for the 
0.7 Hz Sine with Dwell manoeuvre, the yaw rate of the vehicle has to be less than or 
equal to 35 percent of the peak yaw rate 
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Lateral stability criterion 2: 1.75 seconds after completion of the steering input, the 
yaw rate of the vehicle has to be less than or equal to 20 percent of the peak yaw rate. 

Responsiveness criterion: The lateral displacement of the vehicle’s centre of gravity 
with respect to its initial straight path must be at least 1.83 m (for vehicles weighing 
3,500 kg or less) at 1.07 seconds after the initiation of steering. For vehicles weighing 
more than 3,500 kg, the lateral displacement must be at least 1.52 m at 1.07 seconds 
after the initiation of steering. 

To compensate for the slower steering gear ratios of large vehicles, a normalised 
steering wheel angle will be used, rather than an absolute value. The normalised 
steering wheel angle, “A” is the steering wheel angle in degrees that produces a steady 
state lateral acceleration of 0.3 g for the test vehicle, and is determined using a slowly 
increasing steer test at a speed of 80 km/h. 

The Sine with Dwell test is initiated using a steering wheel amplitude of 1.5 A, which is 
then increased by 0.5 A for each test run, until the amplitude is the greater of 6.5 A, or 
270 degrees, provided that the calculated magnitude of 6.5 A ≤ 300 degrees. This results 
in up to 11 test runs in each series of tests. As stated above, the stability criterions must 
be satisfied for all these runs, while the responsiveness criterion must be fulfilled during 
each of the test runs with steering wheel amplitude ≥ 5 A. According to NHTSA, a 
normalised steering wheel angle of 5.0 A averages approximately 147 degrees for 
passenger cars, 195 degrees for SUVs, and 230 degrees for pickups. 

Note that it is the commanded steering profile (using a robust steering machine), rather 
than the measured steering profile that is used for calculating the normalised steering 
wheel angle. The reason for this decision is that even a robust steering machine cannot 
maintain the commanded steering profile with some vehicle power steering systems. In 
the case of vehicle power steering limitations, according to NHTSA’s experience, the 
first steering angle peak in Figure 3 cannot be met, but the second peak as well as the 
frequency of the wave form are usually achieved. Thus, they conclude that marginal 
vehicle power steering does not likely reduce the severity of the oversteer intervention 
part of the test, but it will reduce the steering input that helps the vehicle satisfy the 
responsiveness criteria. If, for example, the steering machine could not achieve a 
normalised steering wheel angle of 5.0, even when commanded to a normalized angle of 
6.5 because of vehicle limitations, the vehicle could not be tested for responsiveness if 
the actual measured steering wheel angle would be used. As a consequence, the lateral 
displacement required for large vehicles (for which power steering limitations could 
occur) is lower than that required for lighter vehicles. 

Since the ESC system is intended to intervene during the very beginning of a skid situa-
tion, it would usually operate at much smaller steering wheel angles than 300 degrees 
on slippery roads. Thus, it could be questioned if it is reasonable to include such large 
steering wheel angles in a performance test. We think that it is probably necessary to 
use large steering wheel angles in order to excite the system enough when performing 
tests on high friction surfaces such as dry asphalt. If the tests instead would be 
conducted on low friction surfaces, it would probably be possible to use smaller angles, 
but that needs to be further tested. 

A more detailed description of the test procedure that will be used by NHTSA can be 
found in Appendix 1. 
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3.2 Problems associated with an understeer performance test 
As mentioned above, NHTSA failed to develop an objective understeer performance 
test. They are doubtful that such a test, suitable for ESC performance evaluation, will 
ever be developed. The reasons for this are: 

• For a vehicle to be safe, the vehicle needs to understeer in the so called linear 
range of lateral acceleration. The linear range is defined as the region of hand-
ling where the lateral acceleration versus steering wheel angle gain remains 
approximately constant (the so called understeer gradient is constant). 
According to NHTSA, all light vehicles are designed to understeer in the linear 
range of lateral acceleration, and in this range ESC should never activate. Hence, 
tests designed to measure linear range understeer gradient (e.g. SAE J266 
(slowly increasing steer) and ISO 4138 (steady state circular driving)) are not 
suitable for evaluating the understeer mitigation performance of an ESC system. 
NHTSA has not found any test in the literature designed to measure the non-
linear understeer gradient over the full non-linear range of vehicle handling. 

• The technique used for mitigating excessive understeer is to apply unbalanced 
vehicle braking so as to generate an oversteering moment. NHTSA argues that if 
too much oversteering moment is generated, then the vehicle may oversteer and 
spin out with negative safety consequences. They point out that the idea of roll 
stability control (RSC) systems is to prevent untripped rollover my momentarily 
introduce excessive understeer. Thus, excessive understeer mitigation acts as 
anti-RSC. According to NHTSA, “ESC manufacturers generally do not perform 
understeer mitigation on high-coefficient-of-friction pavements for vehicles for 
which untripped rollover is possible (sport utility vehicles, pickup trucks, full 
sized vans)”. In discussions with NHTSA, ESC manufacturers have indicated 
that tests performed on a high friction surface at moderate to high speeds may 
not trigger any understeer intervention from this type of vehicles’ ESC systems. 
NHTSA concludes that a test performed on a dry high friction surface, requiring 
effective understeer mitigation, may compromise real world driving safety. 
Moreover, although there is no statistics yet quantifying the safety benefits of 
RSC, NHTSA does not want to “preclude implementation of RSC technology as 
the result of an inappropriate understeer mitigation test”. 

• Due to the reasons explained above, NHTSA believes that ESC understeer 
mitigation performance testing must be performed on a low-friction test surface. 
For a repeatable test with low test variability, ice or snow surfaces are discarded, 
which leaves low-friction test surfaces such as wet Jennite or wet basalt tiles. 
According to NHTSA however, even these solid surface low friction tests have 
historically been plagued with high test variability when compared with equiva-
lent tests on high friction surfaces. Moreover, they can also be confounded by 
hydroplaning, and will require large test areas, compared to what is available at 
the various proving grounds. NHTSA has performed numerous low-friction tests 
based on the “ramp steer” manoeuvre1, a test they believe is the best candidate 
for objectively evaluating ESC understeer mitigating performance. They con-
clude that improved water delivery and optimised water delivery-to-test-conduct 
timing will be necessary for reducing the test variability. New constructions of 

                                                 
1 The ramp steer manoeuvre uses a steering ramp (input at one of eight steering velocities) from zero to a 
target steering wheel angle, a brief pause, and a return of the steering wheel back to zero degrees. 
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new large Jennite or basalt facilities, which will be extremely expensive, will 
also be necessary for supporting ramp steer tests. They expect that a 
development of an understeer performance test, if possible, will take at least five 
years and require substantial financial resources. 

Due to the above arguments, NHTSA decided to, instead of a performance test, require 
vehicle manufacturers to submit, upon the request, ESC system technical documentation 
as to when understeer intervention is appropriate for a given vehicle. NHTSA thinks 
that it will be possible to construct a so called Understeer Presence test, to be performed 
on low-friction surfaces. Such a test would check that a vehicle is equipped with an 
ESC system that will limit vehicle understeer in at least some conditions. Since this kind 
of a test will not add any useful information to the submitted technical documentation 
on understeer intervention, NHTSA has no plans at this time to develop the Understeer 
Presence test. 

In addition to the arguments given by NHTSA, we also have some doubts concerning 
ESC understeer intervention performance tests at high friction surfaces. Due to the large 
lateral forces during a understeer situation at high friction, a large portion of the vehicle 
weight will be transferred to the outer wheels, leaving very little available grip on the 
inner wheels. Since the ESC system applies the brake on the inner rear wheel to achieve 
a compensating torque during and understeer intervention, the available grip on the 
inner wheels will be of great importance for the ESC performance. In contrast, on low 
friction surfaces, the weight transfer is much less, which allows the ESC to work as 
intended.  
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4 Potentials for ESC to increase traffic safety 
Accident statistics has shown that the introduction of ESC in passenger cars has led to a 
decrease of fatal injuries in traffic in several countries (see e.g. Linder et al., 2007; 
Ferguson, 2007). It is however not clear what the main benefit of an ESC system is. In 
the NCAP+ project four separate ways for the ESC system to provide safety benefits 
were identified. These will in this report be termed ESC benefit effects and are described 
below.  

1. A warning system for slippery roads. Most ESC systems indicate activation 
by a flashing light somewhere on the dashboard. Also, depending on the system 
activation, it may be heard (pump activation) or felt (pulsating brake pedal) by 
the driver. Some systems on the market also have an audible warning when the 
system is activated. System activation in a non-critical situation may work as a 
warning signal indicating slippery road conditions. 

2. Vehicle yaw stability. The ESC system is designed to help the driver maintain 
control and. to follow the intended path. The system provides this by braking 
individual wheels to control the vehicle’s slip angle. This has several positive 
effects. 

a. Because of the improved stability control the driver does not lose control 
in a critical situation and avoids an accident altogether. 

b. In a situation where the host vehicle is struck lightly (e.g. in a rear-end 
collision or a side-swipe) the increased stability control may help the 
driver maintain control and thus avoid a secondary collision. However, it 
should be mentioned that many systems, currently on the market, will be 
switched off in the collision moment. 

c. In a collision where the driver tries to steer away from the threat the 
increased stability control may cause the obstacle to be struck with the 
front end rather than the side. Being struck from the side is normally 
more dangerous than being struck in the front end, thus, in this case the 
improved stability will cause the driver to be better protected by the 
vehicles passive safety systems (assuming that the collision speed would 
be essentially the same for both types of collisions). 

3. Vehicle roll stability. For vehicles prone to rollover, ESC systems have an 
added value in that it counteracts vehicle roll over. 

a. Untripped rollover. In an untripped rollover situation the vehicle often 
has a large slip angle, which will cause the ESC system to activate. 
Activation of the system will brake the outer front wheel. This will 
reduce the lateral force that can be achieved by the wheel which in turn 
will counter the imminent rollover 

b. Tripped rollover. Many of the rollover accident are so called tripped 
rollovers. This means that a vehicle, with some lateral slip, strikes an 
object that causes it to rollover. However, since the ESC system tries to 
reduce the vehicle slip, this may also reduce the risk for having a tripped 
rollover.  

4. Reduced collision speed. The ESC system tries to achieve improved stability 
control by activating individual brakes. Activating the brakes will of course also 
reduce the vehicle’s speed. In a critical situation where the ESC system is 
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activated, the system will reduce the collision speed due to the automatic 
braking. A speed reduction may not always be positive, as one could argue that a 
hefty speed reduction during an ESC intervention could increase the likelihood 
of being struck from a vehicle from behind. 

NHTSA estimates that ESC is most effective in reducing single-vehicle crashes that 
results in rollover. They estimate that ESC will prevent 71% of passenger car rollovers 
and 84% of SUV rollovers in single vehicle crashes. It is also estimated to reduce some 
multi-vehicle crashes but at a much lower rate that its effect on single vehicle crashes. A 
vast majority of rollover accidents occur when a vehicle runs off the road and strikes a 
tripping mechanism such as a ditch or a kerb. Thus, the main benefit from ESC to 
reduce accidents according to NHTSA is that ESC assists the driver in keeping the 
vehicle on the road during impending loss-of-control (NHTSA, 2007). 

A driving simulator study in the National Advanced Driving Simulator (NADS) at the 
University of Iowa (Papelis et al., 2004) compared driver performance in critical loss of 
control situations both with and without the aid of ESC systems. Two ESC systems 
were implemented in two different cars. A total of 120 participants from three age 
groups (18–25, 30–40 and 55–65) balanced by gender completed the study. Each of the 
participants was subjected to three critical driving scenarios either with or without and 
ESC system. Results showed and 88% reduction in loss of control with the presence of 
and ESC system. Overall reductions in loss of control were substantially the same for 
each of the events across gender and age groups. Thus, from this research it is clear that 
ESC systems provide a significant safety benefit by helping drivers maintain control of 
the vehicles during critical steering manoeuvres. 

Another driving simulator study using the NADS has been conducted with the purpose 
to assess whether presentation of a visual indication of ESC activation affects the 
outcome of a crash-imminent event (Mazzae et al., 2005). The participants of that study 
were divided into 5 groups: one group driving without ESC, while the other 4 groups 
had ESC activated, but used different ways to indicate during ESC operation (including 
no indication at all). The results of the study suggest that providing the driver with a 
visual indication of ESC activation (either flashing or steady telltale) does not improve 
the outcome of a critical loss of control situation. Presentation of an auditory indication 
of ESC activation, on the other hand, was shown to increase the likelihood of a road 
departure, particularly for older drivers. That is the only study that we have seen that 
addresses the driver response to ESC activation presentation. 

Apart from NHTSA’s estimations, it seems that currently very little is known on how 
much each ESC benefit effect contributes to safety. Within the NCAP+ project, VTI has 
spoken to leading researchers in Sweden on the effects of ESC and looked at some 
different accident databases (see Linder et al., 2007). The current accident databases do 
not hold suffient information for this contribution to be deduced. Knowlede of such 
safety effects is imperative if good test procedures are to be designed for ESC systems. 
We therefore conclude that a simulator study to address these issues would be an 
important step forward. 
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5 Influence from different road surface conditions 
5.1 Accident Statistics 
A number of studies have examined the effectiveness of ESC in different road 
conditions. Lie et al. (2004) estimated that the reduction of accidents with personal 
injuries were greater in wet and icy road conditions compared with dry roads (9% on 
dry roads vs. 32% in the wet, and 38% on snow and ice). For crashes with serious and 
fatal injuries Lie et al. (2006) reports that while the effectiveness of ESC on dry surface 
is not significant, the reduction on wet and ice or snow covered road surfaces is in the 
order of 50%. Thomas (2006) found higher effectiveness for ESC on wet and icy road 
compared to dry roads, and the differences were more pronounced for severe crashes 
(serious and fatal injury crashes were reduced by 9% on dry roads, 34% on wet roads 
and 53% on icy or snowy roads). Farmer (2006) reported a 69% reduction of single-
vehicle fatal crash risk for cars on wet roads, compared to a 49% reduction on dry roads. 
Also, according Paine (2005), research carried out by Japanese NCAP (JNCAP) showed 
that the number of ESC-sensitive accidents decreased by 36% if vehicles were equipped 
with ESC, and the improvements were greater for wet road accidents compared to dry 
road accidents. 

 
5.2 Practical problems of testing 
From the extensive series of testing carried out by NHTSA in order to develop suitable 
ESC and Rollover performance tests, many conclusions regarding the suitability of 
different test surfaces were made (NHTSA, 2007). They discarded ice and snow 
surfaces due to the high test variability. Solid low friction test surfaces such as wet 
Jennite or wet basalt tiles were also considered to have high test variability when 
compared with equivalent tests on high friction surfaces. Moreover, large Jennite or 
basalt facilities does not exist, and will be extremely expensive to construct. In 
NHTSA’s tests the wet surfaces introduced an undesirable combination of test varia-
bility and sensor malfunction, and were thus also discarded (Forkenbrock, 2005). 

In NHTSA’s regulations, the ESC tests must be carried out on a dry, uniform, solid-
paved surface that produces a peak friction coefficient of 0.9 when measured using an 
American Society for Testing and Materials (ASTM) E1136-93 standard reference tyre. 
The test should be carried out in accordance with ASTM Method E 1337-90 (rev. 1996) 
at a speed of 64.4 km/h (40 mph), without water delivery. The test surface must have a 
consistent slope between level and 1%. In addition, the ambient temperature during the 
tests must be between 7˚C and 40˚C. 

The practical aspects of using different test surfaces are summarised in Table 1. 
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Table 1  Practical aspects of different test surfaces. 

Surface Advantages (practical) Disadvantages (practical) 

Dry asphalt • Easy to specify 

• Low test variability 

• Higher speed is needed to 
induce loss of control due to 
good grip 

• Increased risk for rollover 
during test, which may 
require outriggers mounted 
on the test vehicle 

Wet asphalt • Easy to specify 

 

• High test variability 

• Sensor malfunction risk 

Low friction solid 
surfaces 

• Easy to specify 

 

• High test variability 

• Expensive 

• Can be confounded by 
hydroplaning 

• Requires very controlled 
water delivery 

• Sensor malfunction risk 

Ice and snow  • Hard to specify 

• High test variability 

• Tests cannot be conducted 
all around the year 

• Tests can only be conducted 
at geographically suitable 
locations 

 
5.3 Validity of the test results 
The statistics presented in section 5.1, indicate that ESC has a greater accident reduction 
effect on slippery surfaces. This raises the important question whether tests conducted 
on one kind of surface can be used for drawing conclusions on the performance of that 
particular vehicle on another kind of surface. More specifically, can high friction tests 
be used for assessing low friction ESC performance? The answer to that question is not 
clear to us at present time. 

Another concern is how the test outcome is affected by the quality of the tyres. The 
issue of test robustness due to tyres, loading, etc. is discussed in section 8. 
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6 Driver behaviour in relation to ESC 
As has been concluded earlier in this report, the presence of an ESC system in a car 
results in a significant reduction of accidents with personal injuries. Hence, ESC could 
be considered a very important safety system for vehicles of today. In spite of this, not 
many studies has been performed in order to understand driver behaviour in relation to 
ESC. Driver’s knowledge and attitude towards support systems in their cars would 
possibly be crucial for the use and handling of the car. A Canadian survey study 
concluded that the awareness of ESC among Canadian road user was very low. Out of 
the 1,068 respondents, only 60% had ever heard of ESC and of those, 1% mentioned 
ESC as a safety feature available in cars (Rudin,-Brown and Burns, 2007). Another 
survey was conducted in Sweden in cooperation with VTI. Threehundred and fifty car 
owners received a questionnaire concerning their knowledge, awareness and attitudes 
towards ESC. Half of the drivers had a car with an ESC system and half drove a car 
without an ESC system. Ninety percent of the drivers who owned a car with ESC were 
aware of the system, although 20% of those were not aware of how activation of the 
ESC is indicated in their car. Furthermore, the drivers thought that their driving 
behaviour was relatively unaffected by the ESC system (Alnervik, Gullquist and 
Gåverud, 2008). Interesting to note was that out of the people who owned a car that had 
no ESC, 50% still thought that their car was equipped with ESC (Månsson, Vogel and 
Gabrielsson, 2008). The studies mentioned are surveys concerning knowledge and 
awareness towards ESC system. Suppose now that knowledge and awareness of a safety 
system in the car has influence on the driving behaviour and handling of the same 
system. It would be of importance to study how driver behaviour might influence the 
safety features of the ESC system. As a starting point in exploring driver behaviour in 
relation to ESC, a focus group study was performed in the present project. The focus 
group method was chosen in order to be able to discuss with drivers in a bit more detail 
how they perceive the ESC system in their daily driving and also to draw a background 
to upcoming studies on driver behaviour.  

 
6.1 Method 
Participants 
Owners of Audi A4, the models of 2003–2005, were chosen as participants for the 
study. The reason as to why Audi A4 was chosen was that among the cars in Sweden 
who had ESC as a standard between 2003–2005, Audi A4 is the second most common 
car. Car models of 2003-2005 were chosen to avoid interviewing drivers of brand new 
cars, possibly more interested in the latest technology. The owners of the most common 
car, Volvo S40, had already been involved in a survey study on ESC in relation to 
driver behaviour. Also the S40 model changed in the middle of 2004, why some Volvo 
S40 have ESC as a standard and some do not. Audi A4 denotes their stability control 
system as ESP but for the sake of stringency in the present report, the stability control 
system in this text will be denoted ESC. 

The participants were found through the Swedish Road Administrations road traffic 
register of car owners www. vv.se/fordonsurval. A list of Audi A4 private car owners in 
the area of the city of Linköping was ordered. The list comprised 35 names of which 
every 5th name was chosen for recruitment. A letter including information and invitation 
to a focus group study was sent out. 
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Six individuals were recruited for the focus group study. Unfortunately, one person 
forgot about the meeting so only five individuals participated in the study. 

 
Table 2  Background information on the participants of the focus group study. 

 

Background information on the participants 
 

Gender 4 men, 1 woman 

Age 28; 54; 59; 63; 63 

Driver’s licence for how long? 10; 35; 41; 45; 45 

Kilometres driven per year 1500; 1900; 2000; 2000; 2500 

Amount of cars they have owned with ESC 1; 1; 2; 3-4; 4 

The period of which they had owned their 
present Audi A4 

4 months; 1 year, 3 years; 3 years; 4 years 

 

Procedure 
The participants were welcomed to VTI and showed to a room were two cameras were 
rigged and coffee and sandwiches awaited. The discussion started with informal small 
talk and an introduction to as why they were there. The whole purpose of the focus 
group was revealed at a later stage in the discussion so that the purpose wouldn’t spoil 
the participant spontaneous reactions to the research questions at hand. The focus group 
was administered in a semi-structured way, hence, the moderator had preprepared areas 
of interest but encouraged a spontaneous discussion between the participants in relation 
to the questions. After the discussion, all participants filled in a questionnaire with 
background information on themselves (see Table 2). The participants received a 
monetary compensation of 500 sek. 

 

Research questions 
The research questions that sought to be answered during the focus group were the 
following: 

• Is the driver aware of having an ESC system in the car? 

• What knowledge and practical experience does the driver have considering 
handling and use of the ESC system? 

• Is the driver aware of any change in his/her driver behaviour as a consequence of 
the ESC system? 

• What is the perceived use and acceptance of the ESC system? 
 
6.2 Results 
Is the driver aware of having an ESC system in the car? 
In relation to this question the participants all stated they were aware of having an ESC 
system in the car. The extent of the certainty of the answers were a little bit varying 
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though. It turned out one person mixed support systems up and thought that ESC was 
incorporated in the ABS system. The participants claimed they were not surprised when 
the system intervened since, according to their experience, it only intervened when they 
logically already understood they needed it, for example, on slippery roads. One partici-
pant thought the system was very sensitive and that it intervened very early before a 
critical situation arose. None of the participants claimed they asked for the system when 
they bought the car. It was “something that was just there” and they hadn’t thought of 
asking for it in particular. 

 

What knowledge and practical experience does the driver have considering handling 
and use of the system? 
All participants had experienced the system to intervene when driving. According to 
their perception they didn’t handle the car in any particular way in relation to the system 
nor did they perceive the system to take over or make the car behave in an unnatural 
way. They understood that the system was active by the lamp that lit up on the dash-
board. One driver thought that the steering was a bit spasmodic when the system was 
active. None had been in a real critical situation like avoiding animals or similar were 
they thought the system could really help them. On the contrary, they thought that the 
situations were the ESC had intervened so far could have been handled in an adequate 
way even without the system. According to the participants, the system was active very 
rarely, 3–4 times per year, and the only way to know it was active was the fact that the 
lamp lit up. The system was activated mostly during winter on slippery roads. 

 

Is the driver aware of any change in his/her driver behaviour as a consequence of the 
ESC system? 
None of the drivers thought that they drove differently as a consequence of knowing 
that they had the ESC system in their car. They all claimed they would make the same 
choices in driver behaviour concerning for example speed, turning and overtaking even 
if they hadn’t had an ESC system. They said their driving style and driving choices 
were made according to the prevailing road and traffic conditions as well as their 
perception of their own driving skill. This assessment of their driving was made not 
only for the ESC system but in relation to all support systems in the car. As a conse-
quence of this, they claimed they did not change their driving behaviour when the ESC 
lamp indicated an intervention, but rather kept on driving as if nothing had happened 

 

What is the perceived use and acceptance of the ESC system? 
The participants thought that they were helped by the system in their driving. In spite of 
that, they didn’t put all their trust in the system but perceived they drove according to 
their own skill and not relying on any particular support system to be able to handle 
upcoming traffic situations. The acceptance of the ESC system was total. The partici-
pants all thought that driver support systems in cars is a very good idea. A discussion 
arose on how autonomous a car can be before the driver feels that he looses control of 
the driving situation. It was not considered desirable with autonomous cars that take 
over driving in different situations. As far as they were aware, today’s existing support 
systems, including the ESC system, are all within the limit of acceptance. 
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Some concluding remarks from the participating drivers 
The ESC system was considered to work well the way it is today. All participants 
thought the ESC system has a good interaction design and that a blinking lamp is 
sufficient for communicating that the system is active. Also, the lamp is lit when the car 
is started to indicate that the system is in function. This was also considered good and 
adequate. 

 
6.3 Discussion and conclusions in relation to the overall ESC test 

method 
The focus group study renders a brief insight into how normal drivers perceive the ESC 
system in their cars. As has been shown, the drivers did not rely on the support systems 
of the car but claim they drove according to road and traffic conditions as well as their 
own perceived driving skill. Neither did they experience that the car behaved in a parti-
cular way when the system intervened which in turn did not render any particular 
behaviour from the drivers. This indicates that theory of the use of the ESC system as a 
warning for when roads are slippery might be false. However, subjective statements of 
own behaviour might not be the same as actual behaviour and need further study.  

These insights all have consequences for the future study of driver behaviour in relation 
to ESC systems. It is evident from the focus group study and the surveys earlier referred 
to, that there is a need for a different method for the study of driver behaviour in relation 
to ESC.  

The focus group gave a brief insight in how drivers think when encouraged to reflect 
upon their behaviour. Overall, the participants gave the impression that they did not 
reflect or react, much at all, to the ESC system. On the contrary, they described the 
system as an integrated part of the car and were even unsure about how it worked. 
Hence, an important aspect of future studies would be to understand how drivers of 
different levels of awareness of the system affect the actual behaviour of the car in a 
situation were the system is activated. 

To understand how drivers behave and how they perceive a system it is crucial to 
capture driver behaviour, experiences and perceptions in direct relation to experiencing 
situations where the ESC has intervened. The mentioned aspects of driver behaviour 
should be studied both in a quantitative way, using objective measures, as well as in a 
qualitative way using subjective measures. These ambitions could all be met in a 
driving simulator study. Objective measures like chosen speed, steering wheel angle and 
stress (ECG) could be combined with subjective measures like perceived stress, and 
interviews on the situations experienced in the simulator. 
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7 VTI track tests 
While developing evaluation methods it is vital to understand the properties and 
features of the entity that is to be tested. As a step towards a more practical test method 
an exploratory track test was performed at Mantorp Park racing track in October 2007. 

The main objectives of the track tests were: 

1. Provide hands-on experience for the participants of the project 
2. Test two different manoeuvres (Modified ISO 3888-2 and “Closing radius”) 
3. Assess the test-ability of ESC in a car (on dry asphalt) using real drivers 

The ISO manoeuvre was chosen because it is a common manoeuvre to assess oversteer 
performance and according to NHTSA the modified version is better for exciting the 
ESC system compared to the original manoeuvre (NHTSA, 2006). The “Closing radius” 
manoeuvre has been proposed by NHTSA as a possible understeer performance test 
manoeuvre, and we regarded it as a feasible manoeuvre to test at the Mantorp track. 

 
7.1 Methods and test design 
Although the purpose was set rather unspecific the methodology was chosen to provide 
results with a reasonable degree of objectiveness. We used a combination of measures 
to judge the performance of vehicle and ESC. The performance test consisted of the 
double lane change manoeuvre denoted Modified ISO 3888-2. This manoeuvre, shown 
in Figure 4, prescribes a severe lane change test with obstacle avoidance. The vehicle 
enters the course at a particular speed and the throttle is released. The driver then 
attempts to drive through the course without striking the cones. The test speed is 
progressively increased until instability occurs and the course cannot be handled. 

• As performance measure for the vehicles, the highest speed that each driver 
could handle was used. 

• Each driver also gave a subjective judgement of their experiences from the test 
of each car. 

 
Figure 4 Modified ISO 3888-2 course layout. 
 

The intention with the understeer manoeuvre test was more to get a feeling for how the 
system acts during a typical understeer situation, rather than trying to assess the 



 

VTI rapport 634A 27 

performance. Prior to the test drives, a background survey was distributed in order to 
check for influence of experience and driving habits. 

 
7.2 The tests 
There were a total of 9 participants in the track test, 2 female and 7 male, all being 
researchers at VTI. On average, the test group had a typical mileage of 16,400km per 
year and had been holding a driving license for 22.4 years. Only one participant 
normally drives a car equipped with ESC whereas ABS was common equipment for 
everyone. More than 60% had been driving on a closed circuit/race track prior to this 
test but only one third had some previous experience from safety driving courses. 

Four different passenger cars were used in the test: 

1. Toyota RAV4 

2. Volvo V70 

3. BMW 118 

4. BMW 320 

 

 

Car # 1: Toyota RAV4 

 

Car # 2: Volvo V70 

 

Car # 3: BMW 118 

 

Car # 4: BMW 320 

Figure 5  The four passenger cars tested in the VTI track tests. 

 

The track was dry with no direct sun, and the air temperature was 10–15 deg C. 

Each run started from stand still and the car was accelerated up to a constant speed 
before entering the manoeuvre course. Usually the initial speed was set to 65 km/h, and 
was increased in succeeding steps of 5 km/h until the driver was unable to pass through 
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the course correctly. At that point a velocity 2.5 km/h lower was also tried. The highest 
speed with a correct passage was noted as result. 

To control the learning effects and to minimize the influence from co-driving colleagues 
the order of the cars was balanced. Each car contained a driver and a passenger, and the 
balancing technique was managed by separating the driver and the passenger after a 
completed test run. In each car the driver walked to the next car forward in the line-up, 
and took the passenger seat. The passenger, on the other hand, walked two cars 
backwards and took the driver seat. 

Immediately after testing a car a participant had to give a subjective judgement on their 
perception of the car’s behaviour. The driver had to judge:  

• how strong or clear the ESC intervention was 

• if the ESC showed any signs of intervening (lights or signals) 

• if the ESC did make any difference in managing the manoeuvre. 

 

Although a semi-structured survey form was administered it was obvious that most of 
these judgements were extremely difficult to make for the participants. 

No rigorous test schedule for the “Closing radius” manoeuvre was used, since the 
purpose of that test was more to get a feeling for ESC understeer intervention, rather 
than trying to assess the system performance. 

 
7.3 Results 
The maximum entry speeds for the different cars and test drivers are presented below in 
Table 3. For each car, and each driver the mean values, and the 95% confidential inter-
vals are shown. The tests results indicate that the variance among the test drivers were 
large, so that no significant conclusions can be made regarding the performance 
difference between the cars. It is clear that while some test drivers experienced large 
performance differences between the cars, other drivers could hardly discriminate 
between them. 
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Table 3  Result of the VTI test runs. 

  Maximum Manoeuvre Speeds (km/h)     

       Mean 95% CI

  Car #1 Car #2 Car #3 Car #4    

Driver 1 75 75 75 80 76.25 2.45 

Driver 2 60 72.5 72.5 75 70.00 6.63 

Driver 4 75 82.5 80 90 81.88 6.13 

Driver 5 70 77.5 70 75 73.13 3.68 

Driver 7 60 70 75 80 71.25 8.37 

Driver 8 75 70 75 70 72.50 2.83 

Driver 9 82.5 77.5 82.5 75 79.38 3.68 

         

Mean 71.07 75.00 75.71 77.86    

95% CI 6.22 3.38 3.16 4.71    

 

At the end of the test day, five of the participants were asked to individually rank the 
cars in order of preference ( see Table 4). The result of this subjective evaluation was 
more consistent than the objective results. 

 
Table 4  The subjective ranking of the cars by the test drivers 

 Driver 1 Driver 2 Driver 3 Driver 4 Driver 5

Rank 1 Car #3 Car #4 Car #4 Car #4 Car #1 

Rank 2 Car #4 Car #3 Car #3 Car #2 Car #3 

Rank 3 Car #1 Car #1 Car #1 Car #1 Car #4 

Rank 4 Car #2 Car #2 Car #2 Car #3 Car #2 

 

Concerning the “Closing radius” manoeuvre, it turned out to be very hard for the drivers 
to achieve understeering. The high friction of the test track would demand higher speed, 
and more aggressive steering than what was possible at the Mantorp test track. Thus, we 
have no other results concerning understeer to report. 

 
7.4 Conclusions from the track test 
For drivers that are unfamiliar to test/race track driving the learning effect must be 
treated in a systematic manner. The learning effect is critical since most drivers quickly 
learn the basic steps in handling the course, which also is necessary for the test to be 
successful. Accordingly, novice drivers can only be regarded as novices for a short 
initial phase of the tests.  

One of the down sides of having a preset manoeuvring course, like the modified ISO, is 
that it gives a poor representation of obstacle avoidance in a real panic situation. First of 
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all, the driver is fully aware of what is going too happen and what path to follow and 
secondly, it is the driver who decides when the manoeuvre is initiated. 

It is obviously very difficult for the normal driver to perceive when and how ESC 
intervenes in a manoeuvring test.  

The ability to handle the car is fundamentally affected by the inherent dynamic 
properties of the car.  

At moderate speeds ESC has only a minor effect on the manoeuvrability on dry asphalt. 
Due to good grip the modified ISO does not give rise to slip angles that are large 
enough to excite the ESC. 

A certain amount of skill and education is required in order to handle the car through the 
test course (ISO). None of the drivers did ever loose all control over the vehicle during 
the modified ISO test, which implies that it is difficult for an untrained driver to push 
the limits of the car with that manoeuvre, when driving on a high friction test track. 

There is an evident need to surprise the test driver to mimic the behaviour of real 
obstacle avoidance (or even to trigger ESC). 

We conclude that it is hard for non-expert drivers, using a double lane change 
manoeuvre on high friction surfaces such as dry asphalt, to excite the system enough for 
an evaluation of ESC performance. 

We had problems achieving understeer intervention with the “Closing radius” 
manoeuvre due to the high friction available at the test track.  
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8 Proposed test methods 
In Section 4 different ESC benefits effects where discussed. Currently it is not clear 
how important each effect is. In this study it is assumed that each one of them have 
some importance. A comprehensive test of the safety of an ESC system would need to 
consider all of the benefit effects. Below, proposals for test procedures that address each 
of the different benefits separately are suggested.  

1. A warning system for slippery roads.  

Two parts of the warning system need to be evaluated: 

a) How early in a skidding situation the system is activated. 

b) What kind of feedback the driver gets during system activation. 

The first part could possibly be tested with, for example, driving in a circle with 
increasing speed. The ratio between the speed, where the system becomes active, 
and the highest attainable speed could be a useful measure of how early in the 
skidding the system intervenes. It is not clear to us at this point if this test, which 
is performed during static conditions, is suitable for assessing the ESC interven-
tion limit since ESC is designed to intervene during a dynamic manoeuvre. It is 
also not clear from a user acceptance point of view, whether an early or late 
warning is preferred. There probably exists a lower and upper limit of this ratio, 
for when this driver feedback becomes useful. Further research would be needed 
to establish acceptable limits. 

How the feedback is given to the driver is important. Information could be given 
in many ways, most often using visual or audible warnings. For the purpose of 
warning for slippery roads one could imagine that visual information is given to 
the driver for a limited time period after the ESC system has become inactive. 
The simulator study conducted by Mazzae (2005) is the only study we have seen 
that address this issue. We conclude that guidelines for evaluating the driver 
feedback require further research. 

2. Vehicle yaw stability 
As described in Section 3, NHTSA has chosen to use a performance test that is 
carried out by a steering robot. This has two advantages: it ensures repeatability, 
and it allows for a manoeuvre that is severe enough to produce spinout even on 
high friction surfaces. However, one can argue that because vehicles may be 
optimised to meet a specific ESC test, such a test should replicate a somewhat 
“typical” emergency situation in order not to compromise real world safety. In a 
comment to NHTSA´s proposal (Paine, 2005), Daimler-Chrysler suggested that 
the ISO 3888-2 (double lane change) manoeuvre should be used as it can be 
regarded as a typical accident avoidance scenario, and is internationally 
recognised. ISO 3888-2, shown in Figure 6, prescribes a severe lane change test 
with obstacle avoidance. The vehicle enters the course at a particular speed and 
the throttle is released. The driver then attempts to drive through the course 
without striking the cones. The test speed is progressively increased until 
instability occurs and the course cannot be handled. 
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Figure 6  ISO 3888-2 course layout. 
 

Three failure modes during this test are spin-out (oversteer), plough-through 
(understeer) and rollover. The measure of performance is the maximum entry 
speed and Daimler-Chrysler recommends that the speed and failure mode should 
be published rather than a star rating. Daimler-Chrysler has also addressed 
NHTSA´s criticisms of ISO 3888-2: 

• NHTSA argues that the entry speed criterion may disproportionately 
favour ESC that utilise simple brake intervention. D-C state that the 
tendency to brake-intervention ESC to slow the vehicle down during the 
manoeuvre would likely be beneficial also in a real world situation by 
reducing subsequent impact speeds. 

• NHTSA argues that the narrow lanes may make the course too difficult 
to follow. D-C say that the lane width specified in ISO 3888-2 is deter-
mined by the test vehicle width, in order to minimise driver influence. 
They claim that it is acknowledged that that the test does not require 
adequate driving expertise. Driver influence can be minimised by having 
several drivers complete several runs each. Three professional drivers 
should be used and they must complete the test at the same entry speed 
without hitting a cone. 

• NHTSA argues that the 11m left lane results in the development of less 
roll momentum than is produced, for example, in the Consumer Union 
double lane change test (which uses only one pair of cones in the left 
lane). D-C state that the ISO test is more typical of a manoeuvre drivers 
are likely to perform in the real world. The Consumer Union test is also 
subject to a high degree of variability in steering input. 

• NHTSA argues that the timing of the steering reversal may result in criti-
cal load transfer at peak lateral acceleration in some vehicles. This effect 
is somewhat arbitrary. D-C think that the purpose of the test is not to find 
the most critical conditions specific to each vehicle, but to compare rela-
tive stability of different vehicles during a typical limit-handling 
manoeuvre. They state that ISO 3888-2 represents such typical 
manoeuvres, and is the least problematic of all available tests. 

It can be argued that using professional test drivers, the tested vehicle will be 
handled in a way that is out of reach for the ordinary driver. This may lead to 
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vehicle optimisation that suits a professional driver, but could be suboptimal for 
the common driver. In that sense, the Sine with Dwell manoeuvre (see Section 
3.1), which is performed using a steering robot, represents a more objective test 
of the oversteering intervention capabilities of the vehicle. Hence, we prefer the 
0.7 Hz Sine with Dwell manoeuvre for the oversteer performance test over the 
ISO 3888-2. 

With respect to the impact of erroneous driver behaviour during a critical situa-
tion, research is scarce. TRL has carried out a study (according to Paine, 2005) 
that did attempt a very limited assessment of how the ESC system would 
respond when the physical limits of the vehicle were greatly exceeded and where 
counter steering from the driver was also applied at the same time as the correc-
tion form the ESC. They found no adverse effects. It should be pointed out, 
however, that the study was limited to two manoeuvres and only one vehicle.  

As described in chapter 2, ESC is constructed to prevent loss of control for both 
oversteering and understeering situations. The oversteering manoeuvre should 
thus be complemented with a manoeuvre that induces understeer. NHTSA failed 
to construct a suitable understeering performance test due to a number of reasons 
(see section 3.2). However, they were looking for a test that could discriminate 
between a vehicle equipped with an ESC system and a vehicle not equipped with 
ESC. A manoeuvre that can detect a dangerous amount of understeering should 
be easier to construct. Whether a vehicles passes such a test due to the ESC 
system or excellent chassis/suspensions is not important. We see no reason to 
demand that a vehicle is equipped with an ESC system to be awarded points if 
the handling performance of the vehicle is such that it passes the performance 
test. It is however clear that the design of an understeering test would need a 
considerable amount of field testing. 

Any performance test, whether oversteering or understeering, must be robust in 
the sense that no significant changes to the result should occur if small test 
condition changes are made to the vehicle. Such changes could be increased/de-
creased load, or different or worn tyres. The load problem could be solved by 
performing two tests, one with a fully loaded vehicle and another with just the 
driver and no extra load. The influence from tyres may prove to be more 
difficult to handle. How important the tyres are for the test result needs to be 
clarified through a field test before any conclusions can be made. 

Finally, the test surface for the performance test has to be specified. It is clear 
from chapter 5 that from a practical point of view a dry, high friction surface is 
preferable. The statistics presented in section 5.1, indicate however that ESC has 
a greater accident reduction effect on slippery surfaces. This raises the important 
question whether tests conducted on one kind of surface can be used for drawing 
conclusions on the performance of that particular vehicle on another kind of 
surface. More specifically, can high friction tests be used for assessing low 
friction ESC performance? Just as with the issue of tyre performance, insight 
regarding the role of surface can only be gained through field tests. 

3.  Vehicle roll stability 
The NHTSA Fishhook test is currently used by USNCAP for assessing the roll 
stability. The dynamic manoeuvring test uses a heavily loaded vehicle, to 
represent a five-occupant load, and a full tank of petrol. Using a fishhook 
pattern, the vehicle simulates a high-speed collision avoidance manoeuvre – 
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steering sharply in one direction, then sharply in the other direction – within 
about one second. Test instruments on the vehicle measure if the vehicle's inside 
tyres lift off the pavement during the manoeuvre ("inside" meaning the left 
wheels if turning left, and the right wheels if turning right). The vehicle is 
considered to have tipped up in the manoeuvre if both inside tyres lift at least 
two inches off the pavement simultaneously. 

The tip-up/no tip-up results are then used with a Static Stability Factor (SSF) 
measurement as inputs in a statistical model that estimates the vehicle's overall 
risk of rollover in a single-vehicle crash. 

4. Reduced collision speed 
The 0.7 Hz Sine with Dwell manoeuvre for the oversteer performance test could 
also be used to calculate a reduction in collision speed. The time period that is 
applied for the second lateral stability criterion, 1.75 s after initiation, may be 
used. The vehicle speed at that point should be recorded for all of the tests with 
increasing steering wheel amplitude. 
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9 Conclusions and needs for future studies 
We have discussed the possible benefits from ESC on traffic safety, and concluded that 
further research is needed before a test can be specified. In addition to increasing the 
yaw stability of the vehicle, ESC benefit effects that were identified are 

• A warning system for slippery roads. ESC activation indication may act as a 
warning system to the driver about slippery road conditions. 

• Reduced collision speed. In a critical situation, ESC activation may reduce the 
collision speed and mitigate the outcome of the collision. 

• Improved vehicle roll stability. ESC may also stabilise the vehicle with respect 
to untripped rollovers. Most rollovers are however tripped rollovers which can 
occur when a vehicle, with some lateral slip, strikes an object or slides off the 
road. These rollovers also benefit from ESC as it aids in keeping the vehicle on 
the road. 

The relative importance of each effect is unclear. NHTSA reckons that the ESCs main 
benefit is that it helps to keep the vehicle on the road, which effectively lowers the 
number of rollover accidents. In comparison to the situation in Europe, their statistics 
are based on vehicles where a large share are rollover prone. Regarding the driver 
behaviour when driving with ESC, research is scarce, but indicates that drivers of 
different gender and age groups benefit positively, to substantially the same degree from 
ESC. A focus group study conducted by VTI suggests that drivers do not rely on the 
support systems of the car, but drive according to road and traffic conditions, as well as 
their own perceived skill. There is a clear need to study the aspects of driving behaviour 
with ESC in a more quantitative way, using a driving simulator. Such a study would be 
designed to also increase the knowledge regarding the two first benefit effects. 

We suggest that the Sine with Dwell manoeuvre which is performed with a steering 
machine is used for assessing the yaw stability control of the ESC equipped vehicle. We 
believe that it measures oversteer intervention performance over a wider spectrum, 
compared to using professional test drivers. Some questions remains to be answered 
however: 

• Can the oversteer performance of an ESC equipped vehicle on slippery roads be 
established using tests on high friction test surfaces? 

• How important is the tyre performance effect on how well a vehicle performs in 
the Sine with Dwell manoeuvre?  

For Northern countries it is important to establish whether the ESC performance of a 
vehicle equipped with winter tyres, and driving on an icy/snowy roadway can be 
assessed by tests performed on dry asphalt, using a vehicle equipped with summer tyres. 

We believe that two field tests, one performed on dry asphalt and one on ice/snow-
surface, incorporating a small number of vehicles and a range of different tyres would 
answer these questions. 

Thus, in the next phase of this project we intend to perform a driving simulator study 
and two field tests, addressing the above concerns. For further insight in how ESC 
affects traffic safety we would like to see a Field Operational Test, logging ESC 
intervention for a large number of vehicles during an extended time period. Such data is 
missing today, and would contribute greatly to the understanding of how ESC benefits 
to traffic safety. 
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1 How to perform and evaluate the Sine with Dwell test 
This appendix describes the details of how to perform the Sine with Dwell manoeuvre 
according to the regulations in NHTSA (2007). All details of the procedure is not yet 
published, but will be specified in “the NHTSA Laboratory Test Procedures for 
Standard No. 126”, which to our knowledge, only exists in a preliminary version. 

 

1.1 Test conditions 

• The ambient temperature is between 7°C and 40°C. 

• The maximum wind speed is no greater than 10 m/s for passenger cars and 5 m/s 
for multipurpose passenger vehicles, trucks and buses. 

• The tests are conducted on a dry, uniform, solid-paved surface. Surfaces with 
irregularities and undulations, such as dips and large cracks, are unsuitable. 

• The road test surface must produce a peak friction coefficient of 0.9 when 
measured using an American Society for Testing and Materials (ASTM) E1136–
93 (1993) standard reference test tyre. The test should be carried out in 
accordance with ASTM Method E 1337– 90 (Reapproved 1996), at a speed of 
64.4 km/h (40 mph), without water delivery. 

• The test surface has a consistent slope between level and 1%. 

 

1.2 Vehicle preparation 

• The ESC system is enabled for all testing. 

• Test Weight. The vehicle is loaded with the fuel tank filled to at least 75 percent 
of capacity, and total interior load of 168 kg comprising the test driver, 
approximately 59 kg of test equipment (automated steering machine, data 
acquisition system and the power supply for the steering machine), and ballast to 
compensate for differences in the weight of test drivers. When required, ballast 
shall be placed on the floor behind the passenger front seat and if necessary in 
the front passenger foot well area. All ballast shall be secured in a way that 
prevents it from becoming dislodged during test conduct. 

• Tyres. The vehicle is tested with the tyres installed on the vehicle at time of 
initial vehicle sale. The tyres are inflated to the vehicle manufacturer’s 
recommended cold tyre inflation pressure(s) specified on the vehicle’s placard or 
tyre inflation pressure label. Tubes may be installed to prevent tyre de-beading. 

• Outriggers. Outriggers must be used for testing trucks, multipurpose passenger 
vehicles, and buses. Vehicles with a baseline weight under 2,722 kg must be 
equipped with ‘‘standard’’ outriggers. Vehicles with a baseline weight equal to 
or greater than 2,722 kg must be equipped with ‘‘heavy’’ outriggers. A vehicle’s 
baseline weight is the weight of the vehicle delivered from the dealer, fully 
fueled, with a 73 kg driver. Standard outriggers shall be designed with a maxi-
mum weight of 32 kg and a maximum roll moment of inertia of 35.9 kg-m2. 
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Heavy outriggers shall be designed with a maximum weight of 39 kg and a 
maximum roll moment of inertia of 40.7 kg-m2. 

• Automated steering machine. A steering machine programmed to execute the 
required steering pattern must be used for the test. The steering machine shall be 
capable of supplying steering torques between 40 to 60 Nm. The steering 
machine must be able to apply these torques when operating with steering wheel 
velocities up to 1200 degrees per second. 

• Data collection. The following parameters need to be measuered: steering wheel 
angle, yaw, pitch and roll rate, as well as longitudinal, lateral and vertical 
acceleration. The accelerometer shall be located as close as possible to the 
position of the vehicle’s longitudinal and lateral centres of gravity. The sensor 
specifications have not yet been made public, but will be described in “the 
NHTSA Laboratory Test Procedures for Standard No. 126”. It is currently 
planned that the following sensor specifications will be used: 

Yaw rate:  Range ±100 degrees/s; 

Nonlinearity ≤0.05% of full scale. 

Steering machine encoder  Range ±720 degrees; 

 Resolution ±0.10 degrees 

 (combined resolution of the encoder and D/A   
converter). 

Accelerometers: Range ±2 g; 

     Nonlinearity <50μg/g. 

In the tests conducted by NHTSA further specifications on the accelerometers 
were: 

 Bandwidth > 300 Hz 

 Resolution ≤ 20 μg 

 Output noise ≤ 7.0 mV 

 

1.3 Test procedure 

• Inflate the vehicles’ tyres to the cold tyre inflation pressure(s) provided on the 
vehicle’s placard or tyre inflation pressure label. 

• Brake Conditioning. Condition the vehicle brakes as follows: 

1. Ten stops - with an average deceleration of approximately 0.5 g – are 
performed from a speed of 56 km/h,. 

2. Immediately following the series of 56 km/h stops, three additional stops are 
performed from 72 km/h. When executing these stops, sufficient force is 
applied to the brake pedal to activate the vehicle’s antilock brake system 
(ABS) for a majority of each braking event. Following completion of the 
final stop, the vehicle is driven at a speed of 72 km/h (45 mph) for five 
minutes to cool the brakes. 
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• Tyre Conditioning. Condition the tyres using the following procedure to wear 
away mold sheen and achieve operating temperature immediately before 
beginning the test runs. 

1. The test vehicle is driven clockwise around a circle 30 meters in diameter at 
a speed that produces a lateral acceleration of approximately 0.5 to 0.6 g for 
three laps. The test is then repeated in an anticlockwise direction.  

2. Using a sinusoidal steering pattern at a frequency of 1 Hz, a peak steering 
wheel angle amplitude corresponding to a peak lateral acceleration of 0.5–
0.6 g, and a vehicle speed of 56 km/h, the vehicle is driven through four 
passes performing 10 cycles of sinusoidal steering during each pass. The 
steering wheel angle amplitude of the final cycle of the final pass is twice 
that of the other cycles. The maximum time permitted between all laps and 
passes is five minutes. 

• Slowly Increasing Steer Test. The vehicle is subjected to two series of runs of 
the Slowly Increasing Steer Test using a constant vehicle speed of 80 ± 2 km/h 
and a steering pattern that increases by 13.5 degrees per second until a lateral 
acceleration of approximately 0.5 g is obtained. Three repetitions are performed 
for each test series. One series uses counterclockwise steering, and the other 
series uses clockwise steering. The maximum time permitted between each test 
run is five minutes. 

From the Slowly Increasing Steer tests, the quantity A is determined. A is the 
steering wheel angle in degrees that produces a steady state lateral acceleration 
(with applied filtering as specified in section 0) of 0.3 g for the test vehicle. 
Utilizing linear regression, A is calculated, to the nearest 0.1 degrees, from each 
of the six Slowly Increasing Steer tests. The absolute value of the six As 
calculated is averaged and rounded to the nearest 0.1 degrees to produce the 
final quantity, A, used below. 

• The Sine with Dwell test. Initiation of the first Sine with Dwell test series shall 
begin within two hours after completion of the Slowly Increasing Steer tests. 

1. Without replacing the tyres, the tyre conditioning procedure described above 
is performed immediately prior to conducting the Sine with Dwell Test. 

2. Check that the ESC system is enabled by ensuring that the ESC malfunction 
and ‘‘ESC Off’’ indicator (if provided) is not illuminated. 

3. The vehicle is subjected to two series of test runs using a steering pattern of 
a sine wave at 0.7 Hz frequency with a 500 ms delay beginning at the second 
peak amplitude as shown in Figure 3 (the Sine with Dwell tests). One series 
uses counterclockwise steering for the first half cycle, and the other series 
uses clockwise steering for the first half cycle. Between each test run, the 
vehicle (stationary) is provided with a coll down period (1.5 to 5 minutes). 

The steering motion is initiated with the vehicle coasting in high gear at 80 ± 
2 km/h. 

The steering amplitude for the initial run of each series is 1.5A where A is 
the steering wheel angle determined from the Slowly Increasing Steer tests.  
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In each series of test runs, the steering amplitude is increased every run by 
0.5A.  No run will result in a steering amplitude greater than that of the final 
run, specified below. 

The steering amplitude of the final run in each series is the greater of 6.5A or 
270 degrees, provided the calculated magnitude of 6.5A is less than or equal 
to 300 degrees. If any 0.5A increment, up to 6.5A, is greater than 300 
degrees, the steering amplitude of the final run shall be 300 degrees. 

Upon completion of the two series of test runs, post processing of yaw rate 
and lateral acceleration data is done as specified below. 

 

1.4 Post data processing – Calculations for performance metrics 
Yaw rate and lateral displacement measurements and calculations must be processed 
utilising the following techniques: 

 

1.4.1 Data filtering 

• Raw steering wheel angle data is filtered with a 12-pole phaseless Butterworth 
filter and a cutoff frequency of 10Hz. The filtered data is then zeroed to remove 
sensor offset utilizing static pretest data. 

• Raw angular rate data is filtered with a 12-pole phaseless Butterworth filter and 
a cutoff frequency of 6Hz. The filtered data is then zeroed to remove sensor 
offset utilizing static pretest data. 

• Raw acceleration data is filtered with a 12-pole phaseless Butterworth filter and 
a cutoff frequency of 6Hz. The filtered data is then zeroed to remove sensor 
offset utilizing static pretest data. 

 

1.4.2 Data transformations and construction of other measures 

• The lateral acceleration data at the vehicle centre of gravity is determined by 
removing the effects caused by vehicle body roll and by correcting for sensor 
placement via use of coordinate transformation (to be specified in the laboratory 
test procedure). 

• Steering wheel velocity is determined by differentiating the filtered steering 
wheel angle data. The steering wheel velocity data is then filtered with a moving 
0.1 second running average filter. 

• Lateral acceleration, yaw rate and steering wheel angle data channels are zeroed 
utilizing a defined ‘‘zeroing range.’’ The methods used to establish the zeroing 
range are defined below: 
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1. Using the calculated steering wheel velocity data, the first instant steering 
wheel rate that exceeds 75 deg/sec is identified. From this point, steering 
wheel rate must remain greater than 75 deg/sec for at least 200 ms. If the 
second condition is not met, the next instant steering wheel rate that exceeds 
75 deg/sec is identified and the 200 ms validity check applied. This iterative 
process continues until both conditions are ultimately satisfied. 

2. The ‘‘zeroing range’’ is defined as the 1.0 second time period prior to the 
instant the steering wheel rate exceeds 75 deg/sec (i.e., the instant the 
steering wheel velocity exceeds 75 deg/sec defines the end of the ‘‘zeroing 
range’’). 

• The Beginning of Steer (BOS) is defined as the first instance filtered and zeroed 
steering wheel angle data reaches -5 degrees (when the initial steering input is 
counterclockwise) or +5 degrees (when the initial steering input is clockwise) 
after time defining the end of the ‘‘zeroing range.’’ The value for time at the 
BOS is interpolated. 

• The Completion of Steer (COS) is defined as the time the steering wheel angle 
returns to zero at the completion of the Sine with Dwell steering manoeuvre. 
The value for time at the zero degree steering wheel angle is interpolated. 
(marked T0 in Figure 7). 

• The second peak yaw rate is defined as the first local yaw rate peak produced by 
the reversal of the steering wheel (denoted ψ& peak in Figure 7). The yaw rates at 
1.000 and 1.750 seconds after COS are determined by interpolation. (see Figure 
7). 

• Determine lateral velocity by integrating corrected, filtered and zeroed lateral 
acceleration data. Zero lateral velocity at BOS event. Determine lateral 
displacement by integrating zeroed lateral velocity. Zero lateral displacement at 
BOS event. Lateral displacement at 1.07 seconds from BOS event is determined 
by interpolation. 
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Figure 7  Steering wheel position and yaw velocity information used to assess lateral 
stability.(from NHTSA; 2007). 
 

 

1.5 NHTSA performance requirements 
During each test performed during the Sine with Dwell test procedure, the vehicle with 
the ESC system engaged must satisfy the stability criteria (1) and (2). It must also 
satisfy the responsiveness criterion (3) during each of those tests conducted with a 
commanded (not measured) steering wheel angle of 5A or greater, where A is the 
steering wheel angle computed according to “Slowly Increasing Steer Test” described 
above. 

1. The yaw rate measured one second after completion of the sine with dwell steering 
input (time T0 + 1 in Figure 7) must not exceed 35 percent of the first peak value of 
yaw rate recorded after the steering wheel angle changes sign (ψ& peak in Figure 7) 
during the same test run. 

2. The yaw rate measured 1.75 seconds after completion of the sine with dwell steering 
input must not exceed 20 percent of the first peak value of yaw rate recorded after 
the steering wheel angle changes sign (ψ& peak in Figure 7) during the same test run. 
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3. The lateral displacement of the vehicle centre of gravity with respect to its initial 
straight path must be at least 1.83 m for vehicles with a gross vehicle weight rating 
(GVWR) of 3,500kg or less, and 1.52 m for vehicles with a GVWR greater than 
3,500 kg when computed 1.07 seconds after the Beginning of Steer (BOS). BOS is 
defined in section 0. 
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