














100 km/h. Figure 5 compares the responses of 
simulation and test at a speed of 72 km/h. In this 
and subsequent vehicle response figures. dotted 
lines denote simulation responses and solid lines 
denote test responses. There is, m general. good 
agreement in the directional response of the 
vehicle units, even though there are some small 
differences between the peak responses of lateral 
acceleration of both the tractor and traiier. The roll 
angle responses of the tractor and tratler predicted 
by the simulation are slightly higher than the test 
responses, but the amplitudes are too small to be 
significant and the correlation is good, Similar 
agreement was found at other speeds. 

4.1.2 B-Train Double 
The B-train double was sJrnulated for speeds rang­
ing from 47 to 89 km/h. With the "standard" tire 
characteristics, there was no agreement between 
simulation and test responses for the three vehicle 
units. By replacing the tire characteristics at the 
tractor drive axles with that of a "worn" tire. the 
Simulation agreed well with the test result, as 
shown in Figure 6. There is excellent agreement in 
the directional response and fairly good agreement 
in the roll response of the first and second trailer 
with the "improved" tire characteristics. Similar 
agreement was found at ot.her speeds, even though 
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the simulated responses appeared to have a higher 
damping at the end of the manoeuvre at higher 
speeds, possibly due to change of tire characteris­
tic at higher speed. 

4.1.3 c.Train Double 
Figure 7 shows the lane-change response of the C­
train double predicted by the simulation superim­
posed on the test result for a speed of 72 km/h. In 
this and subsequent simulation ofthe C-train con­
figurations. the steering characteristicS of the Ces­
chi axle were used for the B-dollies because of a 
lack of measured data for the steering properties 
of the Sauer axle. There is excellent agreement in 
the lateral acceleration response of all vehicle 
units throughout the manoeuvre. The vehicle 
showed a significant amount of second trailer 
swing after the trailer reached the left lane, and 
the simulation model predicted a similar response, 
It can be seen that the Simulation model produced 
an excellent prediction of the dolly steer angle 
throughout the entire lane-Change manoeuvre. 
Similar results were found at higher speeds, al­
though the level of agreement deteriorated at the 
end of the manoeuvre, possibly due to the change 
in tire characteristics as a function of speed. 
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(>train double, single lane change 
responses at 72 km/n 
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Cwualn double, single lane change 
responses at 72 kmlh 
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responses at 63 km/h 
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4.1.4 C-TnlIin Triple 
Computer simulation of the lane change 
manoeuvre for the C-traln triple was conducted 
between speeds of 35 and 89 km/h, at which point 
the test vehicle response became unacceptable. 
Figure 8 compares the simulation and test respon­
ses at a speed of 63 km/h. There is close agree­
ment in the directional response, and the first 
dolly steer angle response. While the simulation 
model predicted a similar steer response at the 
second dolly. the test data showed a very small 
steer angle. The difference in peak roll angle 
response is believed to result from transducer ac­
curacy and the torsional rigidity of the vehicle 
units. Again, there is a good correlation in the roll 
angle responses between test and simulation. 
Similar agreement was found at other speeds. 

4.1.5 7-Axle 48 ft Semi 
The 7-axle 48 ft (14.63 m} semi was tested from 47 
to 100 km/h. With this configuration, simulation 
using the "standard" tire characteriStics for all 
axles did not predict similar response as the test 
measurement. as shown in Figure 9. By changing 
the tire characteristics at the tractor drive axles 
and the third and fourth axle of the trailer with 
similar tire characteristics as that used for the B­
Train double, the Simulation responses were made 
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C-tram triple, single lane change 
responses at 63 km/h 
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to agree well with the test results. Figure 10 com­
pares the simulation and test responses at a speed 
of 92 km/h. There is excellent agreement in the 
directional responses of both the tractor and 
trailer, and the only parameters that do not have 
complete agreement are the roll angle responses 
of the tractor and trailer. However, they are small 
and there is a good correlation between Simulation 
and test response. Similar agreement was found 
at other speeds. 

The steady Circular turn course was laid out using 
traffic cones on a dry high-friction surface. as 
shown in Figure 11. The circle had a radius of 50 
ID (164 ft), with a 100 m (328 ft) long entry spiral. 
The vehicle was loaded, and the driver followed the 
approach at a specified constant speed, entered 
the circular turn as smoothly as possible, and fol­
lowed on the outside for 90 to 180, or as long as 
possible. A sequence of runs was conducted at in­
creasing speeds until the vehicle became unstable 
by roUaver qr trailer swing or the driver could not 
maintain either the desired trajectory or the speed. 

It became evident after the Simulation of a few 
vehicle configurations that the tire characteristics 

C-tram triple, single lane change 
responses at 63 km/h 

FIGURE Se 



7 -axle 48 ft semi. single lane change 
responses at 72 km/It 

FIGURE 9 
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7 ~ule 48 ft semi, single lane change 
responses a.t 92 km/h 

FIGURE 10 

at the tractor drive axle had to be modified to 
achieve better agreement in the steady-state 
response between test and simulation of all the 
vehicles. The tire characteristics chosen for the 
drive axle of the tractor were the same as those 
usedfortheB-traindouble and 7-axle 48 ft (14.63 
m) semi in the lane change manoeuvre. 

4.2.1 C~Tram Double 
Figure 12 compares the steady circular turn 
response of the C-train double between Simulation 
and test at a speed of 55 km/h. Excellent agree-

Stead.y circular turn course 
FIGURE 11 

Cwtrun double, steady circular turn 
responses at 55 kmlh 

FIGURE 12a 
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ment is seen for lateral acceleration of all vehicle 
units. tractor yaw angle, first trailer articulation, 
and the roll responses. The difference between test 
and simulation in the dolly steer angle is not 
known at this stage. Stmflar agreement between 
simulation and test responses was found at oilier 
speeds. 

4 .2.2 Cm'rrain Trlple 
Computer simulation was conducted for the C­
train triple in the steady ctrcular turn manoeuvre 
at each test speed. Figure 13 compares the vehicle 
responses at a speed of 47 km/h. There is excel­
lent agreement for lateral acceleration of all the 
vehicle units and good agreement for the ron angle. 
except for the thlrd trailer roll, which was drifting. 
Excellent agreement can also be observed between 
test and simulation in the tractoryaw angle, trailer 
articulations, and the first dolly steer angle. While 
the simulation model predicted a similar steer 
response at the second dolly. the test result 
showed a different steer pattern, whIch is a little 
doubtful. Similar agreement between test and 
Simulation was obtained at other vehicle speeds. 

4.2.3 6-Axle 48 ft Semi 
Computer s:lmulations were conducted for the 6-
axle 48 ft 04.63 m} semi undergOing a steady cir-
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C-trwn double. steady circular turn 
responses at 55 km/b. 

FIGURE 12b 

cuIar turn for a number of vehicle speeds, ranging 
from 35 to 63 kn1./h. during which the traller ex­
perienced a heavy touchdown of the outrtgger. 
With this vehicle configuration. tires squealed 
even at the lower speeds, indicating that there was 
significant tire skiddirtg along the Circular path. 
Figure 14 compares the responses at a speed of 55 
km/h. There was excellent agreement in the direc­
tional and roll responses of both the tractor and 
semitra1ler. Test observation indicated that, at thIs 
speed, the inner wheels of one semitratler axle 
were airborne. Similar agreement between Simula­
tion and test responses was obtained up to the 
threshold of instability. 

4.2.4 7-AJde 48 ft Semi 
Computer s:lmulation of the 7-axle 48 ft (14.63 m} 
semI was conducted at speeds of 35,40, 47, and 
55 km/h for the steady circular turn manoeuvre. 
Results of the simulation indIcated that. with the 
existing tire characteristics, the simulation model 
failed to produce a close prediction of the lateral 
acceleration response of the vehicle even at a low 
speed of 35 km/h. Figure 15 compares the vehicle 
response between test and Simulation at a speed 
of 35 km/h. Test observation revealed that some 
of the tires at the trailer reannost axle had 
developed an irregular wear pattern resulting from 
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C-train triple, steady circular turn 
responses at 4., km/h 

FIGURE 13a 
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Catrain triple, steady d.rcmar turn 
responses at 4-7 km/h 
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6-we 48 ft semi steady circular turn 
responses at 35 km/h 
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the earlier test of the 5- and 6-rude configurations 
of this combination. It is likely that these tires had 
a very different cornermg characteristic than that 
used in the simulation, especially for this 
manoeuvre. Due to the scope of this work. no fur­
ther attempt was tnade to refme the tire data for 
this vehide. However, it is believed that better 
agreement between simulation and test response 
could be obtatned by reducing the tire cornering 
capacity at the semi-trailer's rearm.ost axle, 

In this manoeuvre. the driver approached an open 
high -friction test area at constant speed 'With a 
loaded vehicle and executed a sinusoidal steer 
input at the steering wheel. This created a 
sinusoidal lateral acceleration input at the tractor, 
which resulted in a Sidestep to the left dependent 
on the speed fu1.d steer amplitude, a vehicle trajec­
tory similar to the single lane change. The 
sinusoidal steer was simply a standard input used 
to detennine the vehicle's stability characteristics. 

The test was run at speeds of 63, 84, and 94 km/h, 
which were the actual speeds in the gear that came 
closest to the target speeds of 60, 80, and 100 
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A-train double, sm:il,Soidal steer responses at 
63 km/h, S.8 is steer period 

FIGURE l6a 

328 

km/ h. Steer periods within the range of 1 to 5 s 
were used. 

4.3.1 A-'fi"ahl Double 
Simulation of the sinusoidal steer manoeuvre of 
the A-train double was conducted at 63 and 94 
km/h. 

Figure 16 shows excellent agreement between 
simulation and test results for the lateral accelera­
tion and articulation responses of all the vehicle 
units at a speed of 63 km/h. The difference in the 
dolly articulation angle is due to malfunction of 
the articulation measuling device at the pintle 
hook. Sttnilar agreement between test and Simula­
tion was obtained with different steer periods. 

The stability of various configurations can be sum­
ll".ar1zed in terms of rearward amplification, which 
is the ratio of the lateral acceleration of the rear­
most milt to that of the tractor, Figure 17 com­
pares the rearward amplification of the A-train 
double as a function of steer period at 63 and 94 
km/h. In this and subsequent figures for the rear­
ward amplification, the symbol plus represents 
test results and the square represents simulation 
results. Both the test and Simulation results show 
a similar trend in the rearward amplification as a 
function of steer period for both vehicle speeds. 

A-tram. double. smusoidalsteer responses at 

63 km/h, S.8 is steer period 
FIGU'RE lSb 



4.3.2 iV:rrmn. Nple 
S1mulations were performed at the vehicle speeds 
of 63, 84, and 94 krn/h with the sinusoidal steer 
manoeuvre for the A-train triple at different steer 
periods. Figure 18 shows the compartson of the 
dynamic responses of the A-train triple between 
simulation and test results at 84 km/h. with a 
steer period of 2 s . Simulation results for the direc­
tional response of all the vehicle units agree wen 
with the test responses, and there Is good correla­
tion for the roll responses at 84 km/h. The dif­
ference in first-dolly lateral acceleration was 
possibly due to the roll response of the A-dolly. 
Simulation results indicated that. at 94 km/h, the 
simulation model can sttil predict the dynamic 
responses of the test vehicle. except that the 
simulation predicted a higher damping at the end 
of the steering manoeuvre. Similar agreement was 
found at other operating conditions. Figure 19 
shows the simulated rearward amplification su­
perimposed on that of the test results as a func­
tion steer period at 63, 84, and 94 km/h. There is 
a definite agreement between test and simulation 
in the trend of rearward ampli,.'kation as a func­
tion of steer period. 

4.3.3 is-Axle 48 ft Semi 
Both computer simulation and test were con­
ducted for the 5-axle semi with the sinusoidal 
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A- train double rearward amplification 

vs steer period 

FIGURE 17 

steer manoeuvre at 63, 84, and 94 km/h. Figures 
20. 21, and 22 show the Simulated response su­
pelimposed on the test results at 63, 84, and 94 
km/h, respectively. with a steer period :In the 2 to 
3 s range. There is excellent agreement in the 
directional response of all the vehicle units below 
84 km/h. Although Simulation did not predict the 
measured peak roll angle of the tractor and trailer, 
there was a good correlation in the roll response. 
At 94 km/h, the model predicted a somewhat dif­
ferent response than the test responses. This is 
possibly due to the difference in the tire charac­
teristics between test and Simulation, which 
showed up when the vehicle was operating at 
higher speed. Simtlar agreement was obtained at 
the other steer perfods. Figure 23 shows the com­
parison of the trailer rearward amplification as a 
function of steer perfod between simulation and 
test results at 63, 84. and 94 km/h. There is ex­
cellent agreement in the trend of the rearward 
amplification with respect to steer period between 
test and Simulation for the three speeds examined. 

5. DISCUSSION 

One of the maj or concerns facing the transfer of a 
relatively large computer program from a 
mainframe to a minicomputer is the execution 

A-train triple. sinusoidal steer responses at 

84 km/h, 2.0 s steer period 

FIGURE 18a 
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A-train triple. sinusoidal steer responses at 
84 km/h. 2.0 s steer period 

FIGURE lSb 

A-train triple. sinusoidal steer responses 
at 84 km/h, 2.0 s steer period 

FIGURE 18c 
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5-u:le 48 ft semi, sinusoidal steer responses 
at 63 km/h, 2.0 s steer period 

FIGURE 20 



IS-axle 48 ft semi, sinusoidal steer :responses at 
84 km/h, 2.7 s steer period 

FIGURE 21 
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5-ule 48 ft semi, sinussoidal steer responses 
at 94 km/h, 3.0 s steer period 

FIGURE 22 

speed. With the onginal yaw/roll program, the 
execution speed was painfully slow. The speed 
ratio for an 8-axle tractor sem!trailer was 400: 1. 
In other words, the program required 400 s of 
computing time to generate 1 s of data. After all. 
the code simplification. reduction in matrix al­
gebra. a.'1.d use of vector instructions. the execu~ 
tion speed :ratio was improved to about 100: l. 
Thus, the new version was four times faster than 
the original yaw I roll program on the HP-WOO 
minicomputer. Table 3 shows the execution speed 
ratio for the nine vehicle configurations simulated 
in this program. It ranges from a low of 74:1 for 
the 5-axle semi to a high of 250: 1 for the triples 
combinations. 

It was found during the course of modifYing the 
UMTRI yaw Iron program that there was a problem 
with the modelling of the pintle hook mechanism. 
The analysis assumed that with the pmtle hook 
arrangement, the trailing unit Is free to bounce, 
roll. yaw, and pitch with respect to the towing unit. 
Using this assumption. simulation of an A-train 
double tenn!n.ated after a few steps because of 
numerical problems in the integration process. 
Examination of the vehicle response revealed that 
there was an unstable pitch motion of the dolly, a 
direct result of the lack of a pintle hook vertical 
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5-ule 48 ft semi rearward amplification 
vs steer period 
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constraL'1.t. The problem could be avoided for the 
first 8 s if the dolly centre of mass, axle, and fifth 
wheel placement were all assumed at the same 
longitudinal position. However, if the simulation 
was extended further. an "unexpected" rollover of 
the trailing unit occurred due to the dolly pitch 
motion, as shown in Figure 24 for an A~tram 
double undergoing a steady circular turn 
manoeuvre at a speed of 40 km/h. By imposing a 
vertical reaction at the pintle hook in the MTC 
program. the "unexpected" rolIover was sup­
pressed. as shown in Figure 25 for the same 
manoeuvre. 
Table S - Simruation speed ratio of various 

configurations 

Vehicle co~i_o_I1 ____ S_i_m_w_a_ti_o_D_s..::.pe_e_d_r_a_t!_o_ 

5-axle 45 ft semi 

5-axle 48 ft semi 

6-axle 48 ft semi 

7 -axle 48 ft semi 

B-trafn double 

A-train double 

C-trn1n double 

A-train trlpie 

C-tmin trlple 

74 

74 

82 

90 

120 

144 

144 

250 

250 

A-train double, steady circular turn responses 

at 40 km/h (no vertical restraint) 

FIGURE 24 
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The result of this study has demonstrated the ef­
fect of tire wear on the dtrectlonal response of the 
vehicle. It was observed that some of the tires at 
the rearmost axle of the 48 ft (14.63 m) sew..! 
developed an irregular wear pattern as a result of 
earlier tests in the 5- and 6-axle semi configura­
tions. Thus, the tires ofthe 'i-axle 48 ft (14.63 m) 
semi had a somewhat dtlferent characteristic than 
the original tire data. The effect of this was 
demonstrated in the steady Circular turn 
manoeuvre, at which the Simulated response was 
higher than the test responses. Furthermore. 
some vehicle configurations were found to be 
much more sensitive to the tire characteristics 
than others. such as the B~train double and the 
7-axle 48 ft (14.63 m) semi. Proper data must be 
used to generate results that are representative of 
the actual vehicle responses. 

Even though efforts were made to select input data 
that were representative of the physical com­
ponent. it was not possible to get the precise 
characteristics of all components because of a lack 
of measured data. The tractor front suspension 
compliances and tractor drive axle tire charac­
teristics are two examples where no data were 
available, and the input characteristics were 
selected from e..~sting data that were considered 
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A-train double, steady circular turn responses 

at 40 km/h (with vertical restraint) 
FIGURE 25 



to come closest to the actual component, Data for 
the other suspension compliances and tire charac­
teristics were selected from the genertc product 
(I 6). All of these may affect, to a certain extent, the 
directional and roH responses of the vehicle. 

Some vehicles experienced a significant drop in 
speed when they made the steady circular turn. 
Clearly. this affects the steer angle, lateral ac­
celeration, yaw rate, and other responses. The 
s:lmulations all assumed steady initial speed 
through the manoeuvre. It. would have been pos­
sible to enter t.he fOIWard speed as tabular input 
in the same way as the steer input. However, the 
Euler equations in the model assume a const.ant 
forward speed, and to pemtlt longitUdinal ac­
celeration would have taken a great deal more ef­
fort. than time permitted. Since longitudinal 
acceleration was low. it might have been a 
reasonable approximation to interpolate the "con­
stant" speed in the same way as the steer input. 
but this was not tried. Because of these differen­
ces, the path followed by the vehicle in the simula­
tion often diverged quite far from the actual path. 
There was also divergence of the path followed by 
the vehicle in the Simulation from the actual path 
in the lane change manoeuvre. In this case, 
however, the divergence was due to small differen­
ces in initial yaw angle and yaw rate, as well as 
vehicle slide. integrated over a fairly long period. 
Both of these divergences are a consequence of 
using the measured steer input. When it is neces­
sa..ry- to Simulate a vehicle following a specific path, 
the yaw/roll program pemtlts the pat..iJ. to be 
specified and requires the use of its driver model 
in a closed-loop mode of operation (14). This fea­
ture was not needed in this work. so was omitted 
to reduce memory requirements. 

When Simulation of a given test run was con­
ducted using the measured steer input, certain 
responses were obtained which depended upon 
the model, its implementation as a computer 
program, and the input data which represent the 
subsystem and components. While the test 
responses may be different for the same operating 
condition because of small variations ill. steer 
input and random and non-random vartables, 
such as wind effect, tire wear, road friction charac­
teristics. etc .. the computer program should give 
precisely the same results with the same input 
data. If the computer program is numerically 
stable, it is expected that a series of simulations, 
each using the steer input of a test run, would have 
similar variations to the varf-ation between test 
responses if the model a.,d data are reasonably 
representative of the actual vehicle. There remain, 

however, sample variations between tires and 
suspensions, for instance, and, possibly, assump­
tions regarding quantities such as hitch and frame 
stlffnesses. It is legitimate to suppose that varia­
tion in such data, over a range reasonable to rep~ 
resent the production and wear differences 
between these components, will result in differen­
ces in responses that are not la...-ge when compared 
to the gross response. 

This type of comparison was not investigated in 
this work. Most test conditions were on..iy run 
twice, with further repetitions only when earlier 
runs were obviously defiCient. This was necessary 
to maintain schedule with a test program of this 
scope:. There was, then, no clear need to conduct 
parametric variations in the simulation, except as 
appeared necessary where assumed values were 
adjusted to improve the match between test and 
simulation in an overall sense. ThiS work has been 
concerned more with an overa1limpresston result­
ing from nine vehicles in three manoeuvres and 
various test conditions than with a detailed and 
precise match for Just a few conditions. It is evi­
dent that simulation results can be made to match 
test data from individual runs :If the proper data 
are used, whether that data are obtained by direct 
measurement or deduced, as necessary. to achieve 
a match. However, if genertc data result in a 
reasonable agreement for individual runs, say 
within the repeatability of individual test runs, 
and they also give the trend observed in test over 
a. number of runs, then this work creates con­
fidence that the simulation is broadly applicable. 

6. CONCLUSiONS 

The UMTRI yaw froIl program has been success~ 
fully installed on the HP-WOO microcomputer at 
MTC. Simplification of the program code and 
utilization of the computer system's vector in­
structions enabled the modmed program to ex­
ecute in a reasonable time. 

The program was extended to allow simulation of 
triple trailer combinations up to a maximum of six 
vehicle units. By including the improved version 
of the B-dolly model developed at UMTRI, the MTC 
version is capable of simulating a C~trtple train 
with steerable axles. 

In spite of shortCOmings in the input data, and 
other details that cannot be, or have not been, rep­
resented in the model, the yaw/roll program still 
provided a reasonable prediction of the dynamic 
responses for most of the vehicle configurations, 
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namely, the 5-axle 45 ft (13.72 m} and 48 it (14.63 
m) semis, A- and C-train doubles. and A- and C­
train triples. in the sinusoidal steer and lane 
change manoeuvres over a wide range of speeds 
and steer periods. 

It was also demonstrated that if a better repre­
sentation of the ttre characteristics at the tractor 
drive axles was used, the yaw lroll program was 
capable of predicting a fairly accurate response of 
the B-train double and the 6- and 1-axle 48 ft 
(14.63 m) sentltratiers in the sinusoidal steer and 
lane change manoeuvres and all vehicles except 
the 7-axle 48 ft (14.63 m) semi in the steady cir­
cular turn. 

'This study has shown that. with the proper input 
data. the yaw I roll program can provide fairly ac­
curate prediction of the directional and roll 
responses of a wide range of vehicle configurations 
under various steering manoeuvres and operating 
conditions. 
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