












vertical loads) between the measured points the side force and aligning moment values from the ADAMS tyre 

models will generally be slightly greater than the corresponding values from either Yaw/Roll or AUTOSIM, as 

illustrated in Figs Sea) and 5(b). With a greater number of input measured data points used in the component 

model the match between the models may be expected to improve. 

The models created in Yaw/Roll and AUTOSIM assumed that pitch motion of the sprung masses are small. The 

pitch angles were checked (both for the B-double, and for the truck/trailer described later) and they were found to 

be less the 0.3° thereby confirming that the small angle assumption had not been violated. 

The suspension forces are next compared in the second plot in Fig. 4(b). The suspension forces reach a maximum 

of about 55,000N confirming they are within the range and in the non-linear region of the component models that 

are based on the suspension data shown in Figs 2(a) and 2(b). Fig. 4(b) shows there is also close agreement 

between the outputs from the three modelling systems, except for the slightly larger amplitude 2Hz oscillation in 

the drive axle suspension, which appears in both the Yaw/Roll and the AUTOSIM outputs; it may be a by-product 

of the assumption of small pitch angles used in these two models but not used in the ADAMS model. 

Fig. 4(c) shows there is little difference in the lateral accelerations and the roll angles, thus confirming there is 

close agreement between the three modelling systems. The small differences that do exist are likely due the 

differences in the tyre models discussed above. 

Due to the very abrupt nature of this manoeuvre, it can be seen in Fig. 4(c) that the prime mover momentarily 

reaches a peak lateral acceleration of 0.45g. In a steady turn if this value were sustained it would be sufficient to 

cause roll over. However, because the prime-mover is coupled in roll through the turntable to the unit behind it, 

and because the event is short in duration, a significant roll angle is prevented from developing. Similarly, the 

lateral acceleration of the second trailer reaches a peak that is slightly greater than 0.35g, and the roll coupling to 

the unit ahead of it also prevents a large roll angle developing. 

b) Truck/Trailer 

The truck/trailer is a dynamically more active system than the B-double, comprising two sprung masses that are 

not coupled in roll but connected through a pin coupling. Its motions are much more complex than that of the B­

double providing a greater challenge for the modellers and testing additional features of the modelling packages. 

The simulation outputs for the truck/trailer are compared in Figs 6(a) and 6(b). These include tyre slip angles, yaw 

rates, lateral acceleration and roll angles of the sprung masses. 

The first observation that can be made is that the responses of the truck/trailer are not as smooth as those of the B­

double and take much longer to reduce in amplitude; there being residual oscillatory motion even after 10 seconds 

of run time. 

Fig. 6(a) shows the greatest differences in slip angle, exhibited by the trailer, is small, being no more than about 

0.5°. 

Yaw rates, lateral accelerations and roll angles are shown in Figs 6(a) and 6(b). These variables also indicate there 

is close agreement between the models. The differences that are apparent mainly occur around the peaks, and 

there is a small difference in the zero crossings at several locations. 

Lateral acceleration, which is a key measure for vehicle stability, is compared in Fig. 6(b) showing that all three 

units are subjected to high levels in this manoeuvre; approximately O.4g for the truck and about 0.45g for both the 

dolly and the trailer. Overall the agreement between the models is considered to be good. 

4.1.2 Step-Steer (Steady-State Response) 

a) B-double 

While the pulse steer compares the transient responses of the models over a broad range of lateral accelerations 

and frequencies, the step steer simulation was designed to compare the performance of the models in a steady turn 

at one specific level of lateral acceleration corresponding to 1 ° of steer angle. 
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The results for the B-double step steer simulations are compared in Fig. 7, which show the lateral acceleration and 

the roll angles of the three sprung masses. There is very close agreement across all three models and both 

variables, and the maximum difference in the steady state values are 3.0%, 2.0% and 2.1 %, respectively, for roll 

angle, yaw rate (not shown) and lateral acceleration. 

In a similar exercise Sayers and Riley (1996) compared various Yaw/Roll models with models of the same 

vehicles created in AUTOSIM (aka TruckSim). Except for a small difference in speed (96.5krnlh compared with 

100krnlh in this paper) the step steer test specified in this paper is identical to the one used by Sayers and Riley 

(1 996). 

The models created by Sayers and Riley (1996) were designed to match their Yaw/Roll models, and some of the 

modelling assumptions they used were adopted in this study7. For the same reasons given in Sayers and Riley 

(1996), hysteresis has been excluded from the suspension spring models in this study, though the non-linear load­

deflection characteristics of the suspension springs was retained; Sayers and Riley (1996) further simplified their 

models and made the suspension springs linear. 

Figs 9(a) and 9(b) taken from Sayers and Riley (1996) show the lateral acceleration and roll angle responses of the 

sprung masses of a 5-axle tractor and semi-trailer to a 10 step steer input. The lateral acceleration transients for the 

tractor sprung-mass shown in Fig. 9(a) are nearly identical, expect for the sharp peak that is centred on 1 s, greater 

for one of the modelling programs (which one is not known) by about 15%. When the transients have reduced in 

amplitude and the steady state turn conditions have been established, the AUTOSIM model is seen to predict larger 

sprung mass lateral acceleration by roughly 4.5%, which is reflected in prediction of larger sprung mass roll angles 

by about the same amount, as shown in Fig. 9(b). 

When compared to the results presented in Sayers and Riley (1996), there is closer agreement between the models 

in this study under fewer modelling assumptions and with a more complicated vehicle. 

Nevertheless, Sayers and Riley (1996) make the point that some simplifications had been made that introduce 

small errors. They conclude that the Yaw/Roll equations contain a subtle error related to the coupling that 

accounts for about 2% of the difference from the equations derived by AUTOSIM. This may additionally account 

for some of the differences in the outputs from this study. 

b) TruckITrailer 

The same variables used to compare the B-double step steer responses were used for the truck/trailer. The lateral 

accelerations and roll angles are shown in Fig. 8. The agreement in the outputs between the modelling packages 

for the truck/trailer is not as close as for the B-double. Even though the small amplitude oscillations matched 

almost exactly, there is a small constant offset between the program outputs; Yaw/Roll and AUTOSIM 

consistently showing lower values for the variables considered. 

While the tyre models may account for part of this discrepancy, there are other differences between models such as 

the detail and treatment of the pin coupling in Yaw/Roll. In addition, the error in the hitch equations referred to in 

Sayers and Riley (1996), discussed above, may also account for some the observed difference. 

The differences in the steady state values for roll angle are 2.8% for the truck and 8.5% for the trailer, and for yaw 

rate and lateral acceleration the differences are, respectively, 7.0%, and 7.5%. Given there is uncertainty of a few 

percent about the output from YawlRoll this match is still considered to be acceptable. 

4.2 Closed-Loop Control 

4.2.1 SAE Lane Change 

a) B-double 

The simulations presented in this part of the paper deal with the manoeuvres that require use of the steer 

controllers. The steer controller can be considered a mathematical equivalent of a driver trained to perform a 

specific task. Just as there are differences in steering performance between drivers, there will also be subtle 

The assumption of small pitch angles that is used in the Yaw/Roll program was also used in the AUTOSIM models created 
by TERNZ but not in the ADAMS models created by RTDynamics. 
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differences between the perfonnances of steer controllers created by different modellers. The task of the steer 

controller in the SAE lane change is to follow a prescribed path. 

In the SAE lane change test procedure, the path of the vehicle, measured at the centre of the steer axle, is required 

to not deviate by more than ±150mm from a precisely prescribed path over a distance of 61m. The paths followed 

by the B-double models are shown in Fig. lO(a) together with the path specified in SAE 12179 (Society of 

Automotive Engineers, 1993). All three models are within the specified path tolerance, as revealed in second plot 

shown in FiglO(a), showing the lateral error in position is within a range of ±15mm for Yaw/Roll and ADAMS, 

and within ±30mm for the model created in AUTOSIM. This level of precision in path, following performance 

would be challenging for a driver to consistently achieve in practice. 

The influence of the slightly different steer paths is compared in Figs lO(b) in the yaw rates and lateral 

accelerations for the three models. The yaw rates show the responses are similar; the most significant differences 

occurring on the peaks; of the order of 10 to 15% on the major peaks and much larger on some of the smaller 

peaks. Also evident is some high frequency in the Yaw/Roll and AUTOSIM responses due to activity of their 

respective steer controllers; seen more clearly in the lateral acceleration trace which is the second plot in Fig. 

IO(b). 

b ) TruckITrailer 

The two variables used to compare the B-double responses in the lane change for the truck/trailer are shown in Fig. 

11. The first plot in Fig. 11 shows that all three models meet the path requirements. There is less error in the steer 

controllers for the ADAMS and Yaw/Roll models in this task than AUTOSIM. 

It was also observed that the errors in lateral position are larger for the truck/trailer models than for the B-double 

models , suggesting the prescribed path task for this vehicle is more challenging for the steer controllers. 

Furthennore, it was also noted that the steer inputs for the truck/trailer were different to those for the B-double; the 

truck/trailer controller is required to be more active for the duration of the run, there are a larger number of path 

error reversals, and the nature of the error is more erratic indicating a dynamically more active vehicle. This is 

seen very clearly in Fig. 12, which compares the steer angle inputs from the steer controller to the ADAMS 

truck/trailer and B-double models in the same manoeuvre. The number and size of the steering reversals is much 

greater for the truck/trailer, indicating there is a corresponding increase in "workload" imposed on the steer 

controller. 

A driver in a real-world lane change task matching this one may be exposed to a similar increase in workload. The 

contrasting examples of the B-double and the truck/trailer illustrated suggests that the number and size of the 

steering reversals is likely to be correlated with configuration and class of vehicle and may provide a useful 

vehicle-specific measure of driver workload or some other vehicle-performance related issue. Steering reversals 

have been used in driver behaviour studies as a measure of driver workload and performance, including driver 

fatigue (McLean and Hoffmann, 1975). 

The increase in steering activity leads to a more dynamic response, as evidenced in the yaw rate plot in Fig. 11. 

The agreement in the outputs from the models is clearly affected by the now larger differences in the magnitude 

and sequencing of steer input between the controllers. 

These results emphasise the central role of the steer controller in closed-loop prescribed path tasks, suggesting the 

path tolerance specification for the SAE lane change may be too large for computer-based modelling. This also 

suggests that the current path tolerance may also be too large for physical testing of heavy vehicles leading to 

significant variability between runs (discussed later in the paper). 

4.2.2 Low-Speed Turn 

The vehicle factors influencing responses in a low-speed turn are different to those in an evasive manoeuvre such 

as the lane change. In a low-speed turn the vehicle mechanical properties such as mass, suspension and tyre 

characteristics play only a very minor role because the (inertia) forces acting on the masses and on the suspensions 

due to motion are no longer large enough to be significant. In a low-speed turn wheelbases and the location of 

couplings play a significant role in determining offtracking performance. 
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For the above reasons, the task of the steer controller in a near zero-speed path following task is different to the 

lane change. As such, the steer controller - although still required to follow a path - is now dealing with a system 

possessing essentially no dynamics, and its characteristics would be required to be adjusted or adapted accordingly. 

a) B-double 

The paths of the steer, drive and trailer axles from the B-double low-speed turn simulations are compared in Fig. 

13 and it to be of the order of a few percent. 

b) Truck/Trailer 

The same variables are compared for the truck/trailer in Fig. 14 showing a similar level of agreement between the 

models. 

4.3 Performance Measures 

4.3.1 Comparisons 

Direct comparison of the traces from the simulations presented in the previous Sections of this paper provides a 

very detailed view of how well the responses match across a large number of variables in four separate and distinct 

simulations. However, in order to help the end-user to determine whether or not to consider the performance of a 

vehicle as acceptable, the outputs from the simulations are usually condensed into one or several numeric values 

corresponding to one or a number of different performance measures. Several performance measures from Prem et 

al (2001a) are normally calculated from the outputs for the same or similar manoeuvres described in this paper, and 

the B-double and truck/trailer models have been compared in this way in Tables 1 and 2 using the safety-related 

performance measures that are listed. 

Multiple entries for rearward amplification and load transfer ratio appear in Tables I and 2. These entries 

correspond to calculations based on the outputs from the SAE lane change and pulse steer simulations. Rearward 

amplification and load transfer ratio can be calculated not just from the SAE lane change but also for any 

manoeuvre involving an abrupt steer input, though the results and threshold levels of acceptability may not be 

directly comparable with those from the SAE lane change. 

The values in Tables 1 and 2 indicate percentage differences as low as 1.9% and generally well below about 7% 

for the majority of the measures from the simulations, except for the truck/trailer SAE lane change simulations, 

which shows a maximum difference between the models in excess of 30% on two of the measures. This is a direct 

result of the greater deviation from the desired path taken by one of the models and suggests that to achieve 

acceptable levels of agreement, equal to or better than say 10%, a path tolerance smaller than ±150mm will be 

required. 

For the B-double simulations a deviation of less than ±30mm led to differences between models in the SAE lane 

change of 6.1 %, 3.3% and 7.3%, respectively, for the high-speed transient offtracking, rearward amplification and 

load transfer ratio performance measures. 

Using the above as a guide, it is recommended that for computer-based models proper execution of the SAE lane 

change requires that the front axle of the vehicle does not deviate by more than ±30mm from the desired path 

defined by the test course. 

This conclusion is equally applicable to physical testing and suggests the current tolerance on the path for proper 

execution of the test manoeuvre may lead to significant variability in test results. It is recognised that a path 

tolerance of ±150mm may be difficult to achieve in practice, and a tolerance one-fifth this value will be more 

difficult to achieve consistently, if at all. A statistical approach may need to be considered. 

4.3.2 Concluding Comments 

The pulse and step steer simulations provide a direct measure of vehicle responses to precisely defined steer inputs 

in the absence of a steer controller. Tables 1 and 2 show that there was closer agreement between the performance 

measures for the pulse steer simulations than for the SAE lane change. 
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Given the above, the pulse and step steer tests could be considered as viable alternatives to the SAE lane change, 

having the benefit of avoiding introducing additional differences from the steer controllers that are necessary to 

perform the prescribed path lane change. The tests would provide very precise and repeatable steer inputs to the 

vehicle, and excite them over a range of frequencies, rather than a single frequency (O.4Hz) that may coincide with 

a lightly damped resonant response in a particular vehicle. 

Test methods do exist for evaluating the road holding ability of passenger cars that are based on pulse, step, 

random and sinusoidal steer inputs (International Standards Organisation, 1988), and similar tests involving 

pseudo-random and pulse steer inputs recently have been proposed for heavy vehicles (International Standards 

Organisation, 2000). 

5. SOURCES OF VARIATION AND SOME PRACTICAL CONSIDERATIONS 

5.1 Sources of Variation 

5.1.1 Input Datasets 

One of the key inputs to any modelling work is the dataset describing the mechanical properties of each 

component. It is not a trivial task to collate, interpret and make use of the input data describing each and every 

part in the model. In some cases these data will not be available and will either need to be estimated or physically 

measured. 

If the datasets are either incomplete or the input data are inaccurate, the predictions from the models will either be 

inaccurate or in the worst possible case the predictions will be meaningless. The level of accuracy is an important 

issue and some parameters will have a much greater influence on the accuracy of the models than others. The key 

parameters should be identified either from previous similar studies or through parametric studies, and every 

attempt made to obtain accurate input data for all of the important components. 

5.1.2 Component Models 

The component models are another source of variation that can lead to differences between the outputs from 

simulations. In the study of vehicle dynamics, the tyres and the suspensions are key components having a 

significant influence on vehicle responses. It is therefore essential to include all of the necessary properties in the 

component models. 

Piecewise linear interpretations versus continuous functions for tyres, for example, as illustrated in this paper, can 

lead to differences in the estimation of tyre forces - though this can be addressed by simply using more data and 

better defining the component model characteristics. However, inappropriate simplifications in models, such as 

the use of linear characteristics for tyres and suspensions in manoeuvres where the components will be operating in 

the non-linear regions will lead to errors. Further, using the component models outside of the range of the 

measured data on which they are based will also lead to inaccurate outputs from simulations. 

5.1.3 Vehicle Models 

The number of components that are used to define the model, and the way the various component models are 

connected to each other, referred to as the topology, will define the overall vehicle model. The level of detail in 

the model and number of separate component models required will be dictated by the problem at hand; highly 

detailed models do not necessarily produce more accurate results, and a high level of detail may not be necessary. 

Further, if a high level of detail has been included it will require more input data and the computer simulation will 

take longer to run. 

In the study described in this paper the topologies of the various models were not defined, each Consultant 

determined model detail by referring to the input dataset and the descriptions provided in the accompanying text. 

5.1.4 Test Manoeuvres 

If meaningful comparisons of the outputs from simulations are to be made, and vehicle performances compared, 

then the test manoeuvres that are simulated must be identical. Small differences in the specification of a test (size 

of steer input, test speed or path followed) can lead to significant differences in outputs from simulations. In the 

study described in this paper each Consultant used the same precisely defined test manoeuvres. 
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5.1.5 Modelling Packages 

The modelling package (software) should not lead to any significant differences in simulation outputs nor should it 

introduce any errors. The software should be robust, free from coding errors and thoroughly tested, preferably in a 

wide range of applications or at least in the application in which it will be used. 

As discussed in this paper, it was assumed that the three modelling packages used in this study would not need to 

be verified or validated against experimental tests because they have been verified in other studies. For the models 

and simulations carried out, excellent agreement in the outputs from the modelling packages was demonstrated, 

except in the high-speed prescrib~d path simulations where the path deviations led to poor agreement between 

models. 

5.1.6 Post Processing 

The end-user may require the outputs from the simulations to be condensed into one or several numerics 

corresponding to one or a number of different performance measures. In order to prevent errors from occurring 

when computing a particular performance measure, the same outputs from the simulations should be used and the 

same (or similar) calculations performed. This requires both a clear description of the outputs that will be used in 

the calculations and a clear description of either the actual calculation or the performance measure. If these 

considerations have not been addressed adequately there is chance of introducing errors that may range in 

significance from small to substantial, the latter occurring in the worst possible case. 

5.2 Practical Considerations 

While the modelling packages may be free from error and perform "as advertised", the predictions from the 

models created by a particular Service Provider will strongly depend on the Provider' s ability to create a realistic 

and accurate model. The model will need to contain all the necessary features that will ensure accurate simulations 

and robust predictions, as well as conduct simulations in the standard agreed test manoeuvres to the specified 

tolerances. 

The final test of whether simulation outputs are adequate can be determined when the predictions from the model 

are compared to actual measurements derived from physical testing. When computer-based modelling has been 

used to support a new design, final "sign-off' should only occur when the computer-based performance predictions 

have been confirmed in practice. 

6. SUMMARY 

Computer-based models of two heavy vehicles were created by two Consultants using three separate computer­

based modelling packages; ADAMS, UMTRI's Yaw/Roll program and AUTOSIM. Comprehensive input datasets 

were developed for a non-descript B-double and a non-descript truck/trailer. The same datasets were supplied to 

each Consultant. Identical simulations were performed using the same test manoeuvres comprising a pulse steer, 

step steer, standard SAE lane change and a low-speed 90° turn. 

Time histories of a wide range of variables from the simulations were compared as well as numeric values from a 

selection of performance measures. For the more stable of the two vehicle models, the B-double, the time histories 

from the pulse steer and step steer simulations were in close agreement between all three modelling packages. 

Agreement in the outputs from the simulations in all manoeuvres was generally better than 8% for the performance 

measures considered. These were marginally influenced by the characteristics of the steer controller in the SAE 

lane change though agreement was still generally better than 8%. 

The truck/trailer model, representing a less stable and dynamically more active vehicle compared to the B-double, 

produced larger but acceptable amounts of variation in the pulse and step steer simulations and low-speed 90° turn. 

However, in the SAE lane change the differences between the models were much too large as a result of the greater 

deviations in the path followed. To achieve acceptable agreement in the SAE lane change between models, a 

deviation from the desired path not greater than ±30mm is required and is recommended. 

Simulations that provide a direct measure of only the vehicle responses to precisely defined steer inputs generally 

lead to consistent results than simulations that require steer controllers and closed loop path following. When there 
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is a choice, open loop manoeuvres should be selected in preference to closed loop manoeuvres that require the use 

of steer controllers. 
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TABLES & FIGURES 

Table 1 - Performance Summary for the B-double 

Testl Performance Measure ADAMS YawlRoll AUTOSIM Max % Diff 

PS2 Yaw Damping Coefficiene 0.545 0.550 0.559 2.6 

PS Rearward Amplification (_)4 0.873 0.890 0.887 1.9 

PS Load Transfer Ratio (-) 0.773 0.729 0.729 6.0 

SAE High-Speed Transient Offtracking (mm) 347 337 330 5.2 

SAE Rearward Amplification (-) 1.304 1.266 1.300 3.0 

SAE Load Transfer Ratio (-) 0.380 0.369 0.354 7.3 

LST Low-Speed Off tracking (mm) 5518 5658 5513 2.6 

Table 2 - Performance Summary for the truck/trailer 

Testl Performance Measure ADAMS YawlRoll AUTOSIM Max % Diff 

PS2 Yaw Damping Coefficient3 0.238 0.270 0.263 13.4 

PS Rearward Amplification (_)4 1.269 1.163 1.230 9.1 

PS Load Transfer Ratio (-) 0.982 0.961 0.931 5.5 

SAE High-Speed Transient Offtracking (mm) 840 635 663 32.3 

SAE Rearward Amplification (-) 2.252 1.895 1.889 19.2 

SAE Load Transfer Ratio (-) 0.943 0.923 0.707 33.4 

LST Low-Speed Off tracking (mm) 2117 2174 2190 3.4 

FOOTNOTES: 

1) PS denotes Pulse Steer, SS denotes Step Steer, SAE denotes the SAE lane change, and LST denotes the Low-
Speed 90° Turn. 

2) The pulse steer used in this study is more aggressive than the one specified in Prem et al (2001a). 

3) Calculation based on the amplitude of the second and fourth peaks of the yaw rate response. 

4) Rearward amplification for the pulse steer is based on the ratio of sprung mass lateral accelerations. 

Fig. l(a) Computer-based model of the reference B-double (RTDynarnics' model shown). 
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Fig. l(b) Computer-based model of the reference truck/trailer (RTDynamics' model shown). 
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Fig. 2(a) Force/deflection relationship for the 
truck and prime-mover springs 
(adapted from Ervin and Guy, 1986). 
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Fig. 3(a) Side force characteristics for a 
Michelin XZA l1R22.5 truck tyre 
(from Ervin and Guy, 1986). 
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Fig. 2(b) Force/deflection relationship for the 
trailer springs (adapted from Ervin and 
Guy, 1986). 

1,200 

1,000 

E 
~ 800 

C 
cv 
E 
0 600 
:lE 
O'l 
C 
·2 

400 .~ 
<C 

200 

-

_41,993N 
__ 35.365N 

_~ __ >-- ---G--- 26,557 N 

o .•.•.• {) •.•••.• o 17,705 N 

B,897 N 

4 6 8 10 12 

Slip Angle (deg) 

Fig.3(b) Aligning moment characteristics for a 
Michelin XZA 11R22.5 truck tyre 
(from El-Gindy and Kenis, 1998). 
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Fig, 4(a) Tyre slip angles and vertical forces from the B-double pulse steer simulations_ 
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Fig_ 4(b) Tyre self-aligning moment and suspension forces from the B-double pulse steer simulations_ 
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Fig.4(c) Lateral acceleration and roll angle from the B-double pulse steer simulations. 
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Fig_ 6(a) Slip angles and yaw rate from the truck/trailer pulse steer simulations_ 
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Fig. 6(b) Lateral acceleration and roll angle from the truck/trailer pulse steer simulations. 
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Fig. 7 Lateral acceleration and roll angle from the B-double step steer simulations. 
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Roll angle response (from Sayers and 

Riley, 1996). 
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Fig. 10(a) Steer paths and steer axle lateral position error for the B-double in the SAE lane change. 
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Fig. lO(b) Yaw rate and lateral acceleration for the B-double in the SAE lane change. 
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Fig. 11 Steer axle lateral position error and yaw rate for the truck/trailer in the SAE lane change. 
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Fig. 13 
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Fig. 12 B-double and the truck/trailer steer angle inputs in the SAE lane 

change simulations (RTDynarnics' ADAMS models). 
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Fig. 14 Trajectories and offtracking for the truck/trailer in the low-speed turn. 

404 

----l 

120 150 

-ADAMS 
- YawlRoll 

- AUTOSIM 

120 150 




