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ABSTRACT

The National Transport Commission have shown thgtieémentation of Performance
Based Standards (PBS) improves companies’ prodiesvby minimizing the
transportation costs. This in turn has a positiffeceé on the South African economy.
The development of PBS in Australia was identifeetd developed in South Africa.
Computational modelling plays an important roleewaluating a truck’s performance
and dynamics for PBS adherence. This is becauspuational modelling can be done
quicker, safer, and cheaper than conducting phlyswaluation tests. In order to
effectively evaluate vehicle performance, it is essary to use an effective software
package. The following software packages were aedlyn this study: ADAMS/View
2011, TruckSim 8.0, and Yaw/Roll. Although the Matl Transport Commission has
found accurate agreement of results by softwarepamison, this research looks at the
ease-of-use (user effort required), cost, outpueergent and features (e.g. driver
models, tyre models, integrators, etc.) of theedéht software. This will assist other

vehicle dynamicists wanting to evaluate PBS designs
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1 INTRODUCTION

1.1 The Need to Address Road Problems in South Africa

South Africa’s productivity is directly affected ltlge efficiency of its freight logistics
system, to transport raw materials and manufactgoedis. Many of the manufacturing
areas in South Africa are situated at great distmfiom sea ports and airports. A great
portion of the costs of manufactured goods areufeth the transport of the goods from

the point of their manufacture to their final deation [1].

Further, the Department of Transport [2] (in parée the transport minister) has stated
that the South African economy has been takingnstram the exorbitant costs of road
accidents. The Automobile Association estimated thare than R100 billion has been
spent on dealing with collisions and fatalitiesidgrthe 2010 financial year. Between
years 2001 and 2008, the number of trucks involaeatccidents has been above 1,200
(with more than 700 deaths per year) between 20@12806, and over 500 per year
(with more than 330 deaths per year) in 2007 arf@B20These figures exclude the

statistics for articulated trucks [2].

The amount of road wear in South Africa is a furtb@ncern, which also involves high
road maintenance costs. According to the CSIR, 80%l heavy trucks on the road at

any one time are overloaded. These trucks are megge for 60% of road damage [3].

Performance Based Standards (PBS) is a possihiaolto reduce the costs of the

transportation of goods, to reduce collisions atdlities, and to reduce road wear.



1.2  Performance Based Standards (PBS)

Current standards for vehicles have focused orr tiglity to adequately haul their
loads up inclines, to ensure that their brakingesys adequately decelerate the vehicle
when fully loaded, to negotiate curves, and to utatte certain manoeuvres without
becoming unstable. Loading legislation focuses gile @nd axle unit loading, the
maximum vehicle and combination mass, and the icaygapacity of bridges (using the
bridge formula). These standards do address a @rggdety issues; however, there are
some aspects of heavy vehicle safety performangehvere not controlled adequately

by these standards.

The PBS approach, on the other hand, addressessatich as the highly important
aspect of a vehicle’s stability and dynamic perfance. PBS ensures that trucks are
stable on the road and can be manoeuvred in arsafe@er. Introducing PBS vehicles
does not only improve transport productivity by ueithg the costs associated with
transporting raw materials and minimizing the aufstielivery to the customer, but also
has road safety benefits as well. PBS is a setaoidards which specify the minimum
requirements of a heavy vehicle before the vehiele be considered to be safe. A
vehicle which is designed according to the PBS dateds conforms to performance
measures which directly assess the vehicle’s sdfetpducing these standards enables
productivity gains, and encourages technologicgrovements in heavy vehicles. The
standards focus on what a heavy vehicle is meabé table to do rather than what the
vehicle should look like, at the same time meesadety, road asset protection, and

environmental requirements [4, 5].

Implementation of PBS is, therefore, advantageaushé South African economy,
safety and road asset protection. It is thus nacgds determine how to evaluate the

adherence of heavy duty trucks to PBS, in an effechanner.



1.3  Effective Evaluation of Vehicle Dynamics

In order to effectively implement and evaluate RBSheavy vehicles, computational
modelling is often used since it has a number ofaathges over physical testing of
vehicles. Physical testing is time consuming dueéngirumentation, test set-up and
repetition of unsuccessful tests. It also coststamlore to conduct a physical test since
precision instrumentation is expensive. Physicalirtg is hazardous since there is
potential for damage to equipment, property, anchdns. Computational modelling is
less time consuming, costs a fraction of a physieat, and has zero risk. Another
benefit of computational modelling is that a vebidan be assessed, and design

improvements may be made, before the vehicle it bui

There have been numerous cases of validation opuatational test results with results
from physical testing which gives computational mitidg credibility for evaluating
PBS. However, there is a research need to determineh software are the most
effective ones to use for PBS evaluation and wh#ie agreement in results determined

by modelling using these software packages.

1.4  Objectives

The objective of this study was to assess ADAMSAV2011 (ADAMS), Yaw/Raoll,
and TruckSim 8.0 as suitable modelling packageshi®reffective evaluation of PBS in
South Africa. The project focused on comparingeise-of-use, cost, and agreement of

the software packages.

Although other software packages exist, the threatrmned here have been identified
by the NTC and have been identified as the mosttadye.



2 LITERATURE SURVEY

2.1  PBS Development in Australia

In 1999, Australia made the first steps to pas$tB$ legislation and was funded by
Austroads and the NRTC (National Road Transport @@sion). The first step in the
PBS project was to determine which performancedstals were most appropriate for
the regulation of heavy vehicles in Australia. Timgolved documenting the entire field
of potential performance measures relevant to heatycles, in NTRC reports [&nd
[7]. Next, several steps were taken to select titgal set of regulatory performance
measures. This was accomplished by using proceduarg8], the NTRC 2000a
document. Over 100 potential performance measuegs veduced to a set of 25, being

sufficient to cover safety and infrastructure issue

The set of potential regulatory performance measwere presented for review and
comment by the stakeholders. It was decided thaiesof the standards needed to be
reviewed, and it was requested that two more padioce measures be included. Many
of the potential regulatory performance measure® wensidered to be prescriptive in
nature rather than being truly performance basedfofnance measures that were
deemed to fall in this category were primarily tethto infrastructure issues. They were
reframed and outcome specific performance measuees formulated. For example,
three pavement related measures were replaced diggée, reframed, performance
measure. In this way, the total number of propgesdfiormance standards was reduced
from a total of 25 to 23 [9].

The next phase of the PBS project aimed at evalyeaind reviewing the proposed
performance standards by testing them against afsetpresentative heavy vehicles
from the Australian heavy vehicle fleet, to meadhee safety and infrastructure related

performance of the selected fleet vehicles agaihst proposed standards, and to
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recommend a final set of performance-based stasdarcheavy vehicle regulation. A
total of 139 representative heavy vehicles from #ustralian fleet were evaluated
against the performance standards, using compasadbomodelling. Results from field
studies on these vehicles were used to verify tleatling results. The agreements
between the measurements and the computer-basedittiores were accurate and
acceptable. It was found that a large number oftewj vehicles already met the
performance standards proposed for unrestrictedsado the Australian road network.
The study indicated that a range of design featilvats with adjustment, would enable
more vehicles to meet the standards and take aabyaof the PBS flexibility. From the
results of the performance evaluation and feedbrackived from stakeholders, the
proposed performance measures were reviewed. Aft#ner rigorous analysis, 20
performance measures were selected and 15 wer@emt useable and suitable for
performing heavy vehicle assessments for regulgiorgoses, while the other 5 require
further research. Table 1 summarizes the final gsed set of performance measures
[10].

Table 1: Proposed final set of performance measurg$0]

Performance Measures

# | Safety Related

Longitudinal Performance (Low Speed):

1 Startability
2 Gradeability
3 Acceleration Capability

Longitudinal Performance (High Speed):

4° Overtaking Time
5 Tracking Ability on a Straight Path
6° Ride Quality (Driver Comfort)

Directional Performance (Low Speed):

7 Low-Speed Offtracking




Performance Measures

8 Frontal Swing
9 Tail Swing
10 Steer Tyre Friction Demand

Directional Performance (High Speed):

11 Static Rollover Threshold

12 Rearward Amplification

13 High-Speed Transient Offtracking

14 Yaw Damping Coefficient

15° Handling Quality (Understeer/Oversteer)
16° Braking Stability in a Turn

Infrastructure Related

Pavements:
17 Gross Mass per Standard Axle Repetition
18 Horizontal Tyre Forces
19° Tyre Contact Pressure Distribution
Bridges:
20 Maximum Effect Relative to Reference Vehicles

a) These are considered essential but require furéserarch and development. [10]

b) “Acceleration Capability” and “Maximum Effect Relative to Reference Vehicles’ are designed to replace,
respectively, I'ntersection Clearance Time” and “Maximum Bridge Sress’. [10]

The reason why driver comfort is essential, ascaugid in Table 1, is because the level
of vibration, that a driver is exposed to duringarking shift, leads to reduced comfort

and decreased proficiency which contributes tqiei[10].



Mainly, minor revisions were made to many of thef@enance standards (in order to
clarify and remove any ambiguity rather than chatige meaning or intent of the
performance measure); however, a major revision wade to the performance level
for the specification for the rearward amplificatid his change allowed a significantly
larger number of vehicles to meet the performanegquirement of rearward
amplification, particularly truck/trailers and roatrains. Two of the original
performance measures, namely, load transfer ratid high-speed steady-state
offtracking, were found to be redundant and wereaeed from further consideration.
These redundant performance measures were foubd toghly correlated with other
existing performance measures. After a parametinitys parameters that were found to
be highly related to the performance measures wargine power/torque, driveline
gear ratio, centre of gravity height, axle loadfieelbase dimensions, tyre cornering
stiffness (which is the slope of the linear portadrthe tyre’s lateral force vs. slip angle

characteristic), and speed.

2.2  Computer-Based Modelling of Vehicle Dynamics

Further work performed by the NTRC in the PBS pbjecluded a comparison of
modelling systems to determine whether there iseptable agreement between
simulations from computer-based models of heavyicleh created by different
modelling packages. This work was also done to esfdrconcerns raised by
stakeholders about the reliability of the perforecenpredictions from different
computer-based models used by different serviceigos, since PBS is intended to
encourage and foster innovation in road transgont, computer-based modelling will
play a central role in both the development andialndemonstration of innovative
vehicles and concepts. Computer based models oheawy vehicles were created by
two consultants (Road and Transport Dynamics, armhsport Engineering Research
New Zealand) using three separate computer-basedellimg packages, namely,
ADAMS, UMTRI's constant velocity Yaw/Roll progranand AUTOSIM [11]. Each
consultant was provided with the same input dataaatl the same test manoeuvres
were performed (comprising of a pulse steer, siegrsstandard SAE lane change and a
7



90° low speed turn) in each model. It was found #iraulations involving only vehicle

responses were very close in agreement. Simulatiormdving a driver controller (a

controller that is designed within the software kzages to carry out the function of a
real driver) were found to be in good agreementieAment in the outputs from the
simulations in all manoeuvres was generally bettem 7% for the performance
measures considered. Preinal believed that acceptable agreement can be expected
from computer-based modelling and simulations mtedithe same input datasets are

used and accurate models are created [11].

Vehicle performance can be evaluated by eitheripllygesting and/or computer-based
modelling. Field testing of vehicles, although ressery for validation is neither

desirable, convenient, nor affordable. In additiesting vehicles that have low stability
thresholds for rollover or rearward amplificationriear limit manoeuvres is a high risk
activity which requires careful planning and adiis to the vehicle such as outriggers.
In the case where a broad range of performancectegistics are required, many field
tests would be required to be performed that woedpiire sophisticated instruments to
record numerous variables. Computer-based modetiihgehicles is an attractive

alternative to physical testing because it doesrequire a vehicle to be manufactured
and then physically tested. A number of proposduclke designs can be studied in a
wide range of situations and manoeuvres, and ampeuof variables in the model can
be viewed and studied. There is no safety and pippisk involved with computer-

based modelling compared to physical testing oficket. Computer models can be
used to identify problems or performance deficieacand correct them during the
design phase. Computer-based modelling, when cadparphysical testing, is a very
useful tool and provides a comprehensive, cosice¥ke safe and efficient way for

studying heavy vehicle performance under a widgeaof conditions [11].



2.3 PBS in South Africa

As a result of the potential benefits of PBS (swash safety, efficiency, and road
protection) that have been identified in Australldew Zealand and Canada, the
introduction of a pilot project of PBS in South i&ft was proposed by the CSIR as a
research project [12]. It was found that experiend@BS vehicles, especially regarding
design, manufacturing, and operation, was neededdanth Africa. Due to this,
demonstration PBS vehicles were commissioned bydiland Sappi, in the forestry
industry. The standards used to design the two &B8onstration vehicles included:
startability, gradeability, acceleration capabijlifyontal swing, tail swing, slow speed
swept path, tracking ability on a straight pathatist rollover threshold, rearward

amplification, yaw damping, and high-speed trarnsoéftracking.

After commissioning, the two PBS demonstration wulgs were monitored. This
involved recording data such as payload per trigrage trip speeds, kilometres
travelled per month, average monthly fuel consuamptmaintenance costs and records
of incidents and accidents. The observed improvésneere noted from the results of
monitoring of the two PBS vehicles compared to theseline vehicle. These

improvements are summarized in Table 2.



Table 2 Improvements of the PBS demonstration Vesit2]

Performance indicator Measured result

Payload Average improvement: 19.3%

Payload Efficiency Factor
(Payload/Gross Combination Massincrease from 69.3% to 70.5%
x 100)

Tons transported per month Average increase: 19.3%

Fuel consumption Average savings: 12.7%

Fuel savings (based on 700 000 )
485 000 litres per annum
tons/annum contract)

Fleet size Reduction of 17%
Incident/accidents* Reduction from 3.1 to 1.1 pemi
COz emissions (based on 700 00Q Reduction of 1 280 tons of GQer
tons/annum contract) annum

Road wear Reduction varies from 2 to 23%

* Based on a fleet of 45 new vehicle combinatiorrporating a number
of PBS design features [12]

Due to these improvements, the KwaZulu-Natal depant of transport has approved
30 additional permits for PBS demonstration velsicie the forestry industry. By
December 2009, 15 of these vehicles had already d@m®missioned [12].

Further PBS expertise was developed in South Afriban a contract was concluded
between the University of the Witwatersrand andl Hahgmore in 2009 to design a
PBS vehicle to transport pipes. So far, the Unitersf the Witwatersrand has
completed the initial conceptual development, MVehiconfiguration selection, and
simulations to determine conformance to the AustnaPBS measures. The design
approach has been based on the performance metsatre®re developed in Australia.
The design also conforms to South African axle laad bridge formula legislation.
According to Desseirt al. [5], eight performance measures were consideeedgsary

and sufficient for a safe vehicle in the contextha project. These eight measures were:
10



yaw damping coefficient, static rollover threshaldarward amplification, high-speed
transient offtracking, tracking ability on a stdaigpath, low-speed swept path, tail
swing, and frontal swing. Using an optimisation mip@n A-Double design was shown
to have met all of the PBS requirements with a 5®8tease in payload compared to the
baseline vehicle. The optimisation model was vedifusing a detailed model that was
developed in TruckSim 8.0. In comparison to theimsied model, the simulation

results from the software-based analysis provdzbtaccurate.

Although the proposed PBS standards have beenedefion the Australian context, and
may vary from country to country, most of them applicable for evaluating PBS in
South Africa. The long term goal of PBS in Southiéd is to review the applicability
of some of the PBS standards for South Africa.dirbe required that new measures or

requirements be introduced for the South Africantext.

2.4  Literature Review Summary and Focus of this Resealt

Since the time that the National Road Transport @@sion and Austroads, in
Australia, had initiated PBS legislation in 199%ep 100 potential performance
measures were reduced to a set less than 25 meabyr&lTRC review procedures,
being sufficient to cover safety and infrastructussues [8]. These proposed
performance measures were evaluated and reviewddskipng them against a set of

representative Australian heavy vehicle fleet.

Further work that has been carried out on PBS deduhe determination of acceptable
agreement between simulations from computer-basmtels of heavy vehicles created
by different modelling packages [11]. This was tddi@ss concerns raised by
stakeholders about the reliability of performancedictions from different modelling
packages. The simulations performed by differemtsatiants using different modelling
packages were in very close agreement (generailgritban 7%), according to Presn

al. [11].
11



As a result of the initiatives made in Australiaete was a need to gain experience in
PBS vehicle design, manufacturing, and operatioritfe South African context. Thus,
two demonstration PBS vehicles were commissionedMmndi and Sappi. After
commissioning, the vehicles were monitored by asiatydata such as average monthly
fuel consumption, maintenance costs and recordsra#d accidents. Many
improvements of the vehicles were noted which teduh further permit approvals for
PBS demonstration vehicles. More experience in RBS gained in South Africa when
the University of the Witwatersrand had designd®B& vehicle, for Hall Longmore, to
transport large pipes. Eight key PBS measures sidfieient for the design of the PBS

vehicle.

The objective of the current research is focusedheneffective evaluation of PBS in
heavy duty trucks, in the South African context.eThenefits of computer-based
modelling for PBS evaluation have already beenudised. Although the NTC has
already looked at the accuracy of computational etiiod), this research is an extension
of the NTC software comparison study. It lookstet various features of each software
(e.g. the different mathematical solvers; the d&fe means of creating driver
controllers, speed controllers, and tyre modelsg fiexibility of each software; the
ease-of-use (user effort required); and the costach software (which includes both

initial and support costs).

Although discussing the ease-of-use may be subgcthere is useful insight gained
from the author’s experience while conducting tbftvgare comparison. Ease-of-use of
each software has been broken down to cover: the &nd effort required to create
models in each software, how long it takes fordbkrer in each software to complete a
simulation, animation capability, and the systerhsumits that are available in each
package.

There are other software packages available touatalvehicle dynamics, such as
Recurdyn and DADS, however, the reasons for evalydahe mentioned software are

as follows: The software have been evaluated byNME€, and have already been
12



identified as a reputable software. ADAMS is alke most widely used software for
multi-body dynamics and motion analysis in the wWg3]. Although the NTC has
evaluated AutoSim, this software is no longer a@éd on the market. However,
TruckSim has been developed from AutoSim. This ligy WrukSim was chosen to be
analysed. Although ADAMS/View was chosen for thalgsis, ADAMS/Car is another
package that could be used, since it has driveentébuilders, road builders, test rigs,

and comes standard with truck-trailer assemblies.

This research has been presented at an internatpeea-reviewed, conference, at the
12" Heavy Vehicle Transport Technology Symposium (HYEY in Stockholm,
Sweden [14].

13



3 METHODOLGY

In order to evaluate the effectiveness of trucletsafor PBS, three different types of
software were utilised and compared. The refer&deuble simulated by Preet al.

[11] was modelled to perform four standard manoesivan SAE lane change, a 90°
low speed turn, a pulse steer input, and a steer stgput. These four standard
manoeuvres were selected by Prenal. [11] because they were designed to test for
specific performance attributes and, thereby, revgalifferent aspects of the vehicle
models and controllers (both open-loop control atased-loop control). The three
software packages ADAMS/View, Yaw/Roll and TruckS8n0 (as discussed in Section

2) were used.

The ease-of-use of the software packages was aedlily an engineering graduate
with no prior experience of working with the soft@gackages, in order to remove bias
from the comparison. Software quotations were abthifrom the local software agents
in South Africa in order to compare software costke output agreement of the
software packages was determined by plotting amdpesing the results as calculated
by each software package. The following two sestigive brief descriptions of the

standard modelled manoeuvres [11] and the softpackages.

3.1 Modelled Manoeuvres

SAE Lane Change

The SAE lane change is used to evaluate rearwarglifavation and high-speed
transient offtracking. The manoeuvre was conduetied speed of 88 km/h [11]. The
lateral displacement was 1.46 m over a longituddisiance of 61 m. A closed-loop

control was used for this simulation.

14



90° Low Speed Turn

The 90° low speed turn is used to evaluate low-dsaept path, tail swing, and frontal
swing. The centre of the steer axle is requirefbliow a path comprising of a straight
entry segment, 11.25 m radius, 90° arc and a &traigt segment. The manoeuvre was

conducted at a speed of 10 km/h.

Pulse Steer Input

The pulse steer input is used to evaluate yaw-dagngdihe steer angle was increased
from 0° to 10° and then back to 0° over a 0.5 sopefThe manoeuvre was conducted at
a speed of 100 km/h.

Step Steer Input

The step steer input is not required for PBS assest [15] but has been used in
previous validation studies by Preghal. [11] and Sayers and Riley [16]. The steer
angle was increased from 0° to 1° over a 0.25 sogeand then held steady. The

manoeuvre was conducted at a speed of 100 km/h.

3.2  Software Packages

The following sections give a background to eaclhef software packages that were

analysed in this research.

3.2.1 ADAMS/Niew

ADAMS is the most widely used multibody dynamicslanotion analysis software in
the world [13]. The ADAMS user is required to eitliriild a geometric model or else
import CAD geometries of the system. The bodies barrigid or flexible and the

15



interconnections between bodies relating the motgbrmody A to body B must be
defined. From these geometrical inputs, ADAMS gates the mathematical equations
that describe the kinematic and kinetic motion loé tsystem. The ADAMS solver
integrates the differential equations providingoluson that can be viewed in the post-
processor: a number of integrator algorithms aferedl. ADAMS is used extensively in

the automotive industry and any mechanical sysi@mbe modelled and analysed.

3.2.2 Yaw/Roll

Yaw/Roll was developed at the University of Michig&ransport Research Institute
(UMTRI) to predict the directional and roll respensf generalized articulated vehicles.
It is the predecessor of TruckSim. The program lsarused for stability, rollover as
well as low-speed turn simulations. The turning ea&bur of the vehicle can be
controlled either by defined steering inputs orabgriver model following a prescribed
trajectory. The equations defining the vehicle oesme are hardcoded, limiting any
extension of the model to account for specific reuents e.g. a steering trailer axle.
The differential equations are solved using a mtedicorrector integration method
[17].

3.2.3 TruckSim

TruckSim is a dedicated software tool for simulgtiand analysing the dynamic
behaviour of medium to heavy trucks, buses anddatied vehicles [18]. The truck
data and control inputs defining the manoeuvre eored are entered using data screens
with a graphical user interface (GUI). An extensigiety of axle, suspension, tyre,
brake, steering, payload and trailer configuratioas be selected. TruckSim can be
linked with Matlab Simulink if the required truclkomponent, feature or input cannot be

modelled using the data screens offered.

16



4 MODEL DEVELOPMENT

Although the B-double vehicle model was alreadyelieped in [11], there was no
information about the effort and the methods thatemused to model the vehicle and
road paths in the different software packages, witthanical properties, geometry,
controllers, etc. This section describes how thdoBble truck was developed and

modelled in each software package. It includes timy

* Tyre models,

* Suspensions systems,
* Roll centres,

» Fifth wheels,

* Prime mover,

* Trailers,

* Steer controllers,

* Speed controllers, and

* Manoeuvre paths/inputs,

were developed in each software package.

4.1  Tyre Models

The tyre properties describing how lateral forcd arlf-aligning moment varies with
slip angle, for different vertical loads, have bemmvided [11]. Appendix A [11]
tabulates the tyre properties used on the NTC Baldowuck.

In ADAMS/View, input files containing all tyre datzeeded to be created. In TruckSim
and Yaw/Roll, the tyre properties were completglgdfied within the Graphical User
Interface (GUI).
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4.1.1 Creating a Tyre Model in ADAMS/View

The Pacejka '89 Magic Formula [19] was used to tgvethe tyre model in
ADAMS/View, since it is most applicable to the givgre data in Prerat al. [11]. The
Magic Formula is defined in Equation (1) [19].

y(x) = Dsin(C [arctafBx — E(Bx — arctar{Bx))})
Y(X)=y(x)+S, @)
X=X+§,

In Equation (1), Y(X)is the lateral tyre forceF,; X is the tyre lateral slip angle;

B is the stiffness factoiC is the shape factoD is the peak factorE is the curvature
factor; S, is the horizontal shift; and, is the vertical shift. Each of these terms are
dependent on the tyre vertical load and camberear@pefficientsB, C, D andE are

each dependent on coefficierggtoa,,.

Equation (1) is also used for fitting the longitagli force vs. longitudinal slip curves as

well as the self-aligning moment vs. slip anglevesr of the tyre i.e.Y(X) can
represent the longitudinal forc€, , for the case of the longitudinal force curvesital
with the longitudinal coefficientd, to b, ; or Y(X) can be the self-aligning moment,
M,, for the case of the self-aligning moment cunadsr(g with aligning coefficients
C, to c;;). The method for determining the coefficients &ach case is defined by

Bakkeret al. [19].

In this study, a regression analysis was perfortoedetermine the various coefficients
for the tyres’ lateral characteristics and selfsaiing characteristics, since longitudinal
tyre properties were not necessary for the manesuthat were simulated. After

performing a regression analysis, the coefficidatshe lateral force and self-aligning
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moment magic formulae were determined, while ushegfact that the camber angle
was zero for the B-double vehicle. The curve fiesxevin close agreement with the tyre
properties given (as shown in Appendix A.1). Theffioients were entered into the
ADAMS/View 2011 Pacejka '89 tyre file (as shown Appendix A.2). Figure 1 and

Figure 2 show the curve fits for the lateral tyraacteristics and the self-aligning tyre

characteristics, respectively.

30000 o++@++ NTC Tyre Cornering
Stiffness Data 8.821kN
Vertical Load

== Pacejka magic formula
curve fit: 8.821kN
Vertical Load

«+4ll-+ NTC Tyre Cornering
Stiffness Data:
26.544kN Vertical Load

=== Pacejka magic formula
curve fit: 26.544kN
Vertical Load

«++A++ NTC Tyre Cornering
Stiffness Data:
41.998kN Vertical Load

0 5 10 15 —@— Pacejka magic formula

curve fit: 41.988kN

Vertical Load

25000

20000

15000

10000

Lateral force[N]

5000

Slip angle [deg]

Figure 1: Lateral force vs. slip angle Pacejka '8&urve fit
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« <@+« NTC tyre aligning torque

1000 . data: 8.899kN Vertical Load"
900 e={fl== Pacejka magic formula curve
fit: 8.899kN Vertical Load
800 =eoX++ NTC tyre aligning torque
700 | data: 17.71kN Vertical Load
—_ e — Pacejka magic formula curve
£ 600 ﬁ <J fit: 17.71kN Vertical Load
€ 500 r /I\ +«+@-+ NTC tyre aligning torque
4] .
data: 26.564kN Vertical Load
g 400 y . — ° \
= ’/ "N\ === Pacejka magic formula curve
@ 300 Y Teee. fit: 26.564kN Vertical Load
g, 200 - NTC tyre aligning torque
=z data: 35.375kN Vertical Load
—
g 100 -+ Pacejka magic formula curve
0 fit: 35.375kN Vertical Load
T T T
0 2 4 6 8 10 NTC tyre aligning torque
data: 42.005kN Vertical Load
Slip angle [deg] Pacejka magic formula curve

fit: 42.005kN Vertical Load

Figure 2: Self-aligning moment vs. slip angle Padeq '89 curve fit

4.1.2 Creating a Tyre Model in TruckSim

It was not necessary to perform a Magic Formulaeitit, or to create a tyre input file,

to define a tyre in TruckSim. All the tyre charactécs and properties were directly
inserted onto the TruckSim GUI. This is shown igufe 3. The bottom half of Figure

3, which corresponds to Figure 1, shows the cunfekateral Tyre Force vs. Slip

Angle, which are created by directly entering thiee tcharacteristics, as they are in
Appendix A, onto the GUI.
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Vertical Force [ Use fire force table Animator Settings
Efiecive rolling radius: 500 mm

Tire width: 300 mm [ Use custom animator description
Unloaded (free) radius: 510 mm The Unloaded radius s also usedto | Animator: Shape Group -
Spring rate: 788.112 N/mm scale the animated wheel. | Single wi Stripe H
Maximum allowed force: 1000000 N
[ Animator: Sound Set ']
T [ Tire Sounds H
Fz
Model Option Inclination , Z - Dynamic Properties
Internal Tire Model - (gamma) e Tire and wheel spin moment of ineria
Rolling Resistance Moment Parameters {addediabssoin |nem::;¢:;he unsr:(runuz
Rr_c: 0 - The XY, Z axes Wheel spin axis 5 g-m:
Rrv: 0 hikm define the tire/ground Tire Lag
- coordinate system " Tire force or moment
[ Include rolling resistance due to Fx Center of Tire
2 Contact (CTC)
Fx, Mx__Z Ry
Shear Forces and Moments ; " By !
[ Longitudinal force: N )
slip (alpha) Fz, Mz :
Velocity of CTC -
[ Lateral force: Tire: Fy | i+ Sty SEDistancelrolled
| Fy - Michelin XZA 11R225/G -
L for Fx: 0 mm
[ Aligning moment: Tire: Mz - L for Fy and Mz: 0 mm
| Mz - Michelin XZA 11R225/G -
The models use modified equations to simulate
[ Camber thrust: -] tire lag for Fy and Mz at speeds below this
o8t speed: 0 kmih

Absolute lateral tire force (N) Top row: vertical tire load (N); X Axis: absolute
25619 slip angle (deg); Rest: lateral force (N)

24000- XAds 1 2 3
22000- - 0 |s821 2654481998
11 1587.68716.2199.
20000y 2 2 28B2E7166.57979€
18000~ 3 4 \763.£247515119]
ey 4 8 57924175193098,
5 12 3027.49377.5618.
14000~
12000~
10000~
8000~
6000~
4000~
188841
10 15 20 25 30 35 40 45 50 55 6.0 65 7.0 75 80 85 90 95 10.010511.011512.0
Slip angle [Alpha] (deg)
The tire model always adds a row for zero slip and a column for zero load.
Calculation of combined slip effects involves peak Fy at each Fz. Therefore, this data
mustinclude peak values for each load within the slip range that is provided.
Absolute lateral tre force (N) as specified in this dataset can be using additional
For details, search an echo file for "FY_TIRE". 8 5 | SetTable Size
Tire/ground friction coefiicient for this data: 08 - B9 [ Caleulator View 3D Map

Figure 3: TruckSim GUI for defining tyre forces vs.slip

4.1.3 Creating a Tyre Model in Yaw/Roll

In Yaw/Roll, tyre cornering properties and seligaling table properties are entered into
the data input file, which must be in the requifednat. The format is discussed in
detail by Gillespieet al. [17]. At each line, a particular dataset needsdaalefined (e.g.
in line 151, the number of tyre cornering forcesdweto be entered).
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Linear or non-linear tyre models can be definedehr tyre models can be defined by a
single tyre stiffness value that is entered (asnpeldegree) for each tyre on the
different axles. Non-linear tyres can be represkbie a tabular input in the input file.
The same needs to be done when defining tyre atigmnoments. Multiple tyre
cornering force tables can be defined for differgmés on different axles. The same

applies for tyre aligning moment tables.

4.2  Creating the Sprung and Unsprung Masses

This section describes how the dimensions, maspepies and mechanisms were
created for various parts of the B-double vehidach as axles, sprung masses,
suspension springs, roll centres, and fifth wheglsthe dimensions, masses, inertias
and other vehicle properties of the B-double vehiekre obtained from Preehal. [11]
and are presented in Appendix B. These data wezé a8 developing the vehicles in

the software.

4.2.1 ADAMS/View 2011

The first step in creating the ADAMS model was étest the preference of units and to
define in which direction gravity is acting. Thelex were the first parts created, after
the tyre models were prepared, in the ADAMS mo#éelch axle was created using a
cylindrical shape, using the ADAMS standard georestfrom the toolbar. The axles

were correctly sized and spaced, for each unit,vegm@ given masses and moments of

inertia at the correct locations.

The tyre parts were attached to the axles by us#wglute joints. Dual tyres were
coupled together. Once the tyres were attachedhdoakles, the tyre property files,
which contained the detailed information abouttifres such as dimensions and other

properties discussed in Section 3.1.1, were imdoend loaded for each tyre. In
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addition, the road was created by importing ther@ppate road file. In this case, a 2-D
flat road was imported (from the standard ADAMSdddes) and was specified for
each tyre. The road was fixed to ground and thusldvoot fall by gravitational force.
The tyres were attached to the steer axle in daimwiay to the other axles, except that
there was an extra revolute joint to allow for gteer action. The steer tyres were
connected to the steer axle by two revolute jojsitsce the steering mechanism was a
basic parallelogram [11]). One revolute joint aleathe rotation of the tyre about the
axis of the tyre. The other revolute joint allowtbeé steering angle rotation of the tyre.
These two revolute joints were connected in sefagire 4 shows how the steer joint
mechanism was created in ADAMS. The steer tyresewsemnected to the wheel

revolute joint, described in Figure 4.

()

L 0—_5//; 1

'“'h l egr axie
o I

revolute

joint O

Steer revolute
Joint

Figure 4: Schematic diagram of steer mechanism crézd in
ADAMS

Once the axles and wheels were created, sprungemagse created by creating block-
shaped parts for the tractor sprung mass and eadbr.t They were dimensioned
correctly, and were given masses and moments dianehich were specified at the
location of the centre of gravity of each sprungssal o connect each sprung mass to
the suspension system, combined springs and dameeesused. They were correctly
located and spaced and splines were specified fonedeeach spring’s force-
displacement curves. The damping coefficients efdhmpers were also defined at each

axle.
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In order to cater for rotation about the roll cendf the vehicle and to cater for vertical
translation of the sprung masses, a mechanism veaded that is similar to what is
shown in Figuredb. Figure5 shows how a revolute joint (which allows rotatjmarallel

to the longitudinal axis of the vehicle) is conmatin series to a vertical translation
joint to simulate the vehicle’s roll centres. Athaevolute joint, a torsional spring was
created to allow the effect of axle roll stiffngggth the correct magnitude of stiffness
defined on the torsional spring). This mechanisns weeated at each axle of the
vehicle.

Roll-centre
revolation
joint

P

Il
\'\
: |
Translational
joint

Figure 5: Schematic diagram showing the roll centrenechanism

Each unit of the vehicle, i.e. the prime mover,iléraone and trailer two, were

connected to each other at the hitch point (i.e. fifih wheels). This was done by
connecting the units with a ball joint. Torsionisgs were created at the hitch points to
create roll stiffness between the units. Figurenéws the B-double model that was

created in ADAMS, with a rendered view.
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Figure 6: The ADAMS/View B-double model

4.2.2 TruckSim [20]

When starting TruckSim, a new database is selewecteate a new model on the
TruckSim Run Control screen. Under the “Test Speatiions” heading, there are two
areas which link to datasets that define the ptaseof the vehicle and procedure in the
simulated test. TruckSim has a drop-down menu wihous vehicle configuration

options on the Run Control (home) screen, whickhes first screen to appear when
TruckSim is started up. The first step in creating vehicle was to select a three axle
tractor with two of three axle B-trailers, sinc8alouble was used for the study. Figure

7 shows a portion of the Run Control screen.

s View fielp

PESL B D X Boza

jous NextNew S i LbTool Parsfie Dekte ‘Swebar Refiesn Hep Lok,

Notes |

Run Control: Built-In Solvers Results (Post Processing)

‘You can write notes here for this dataset. = -
Run Math Model ][M“e"- I [ Animate ] O Set run color

[ Write all available outputs Show more plots:[8 ]

£ Show only these plots

Figure 7: TruckSim Run Control screen (“home” scree)

The TruckSim standard package offers thirteen gonditions, as shown in Table 3.

However, more configurations can be purchaseddditianal flexibility.
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Table 3 Standard TruckSim Configurations

TruckSim designation| SAE designation Common name

S S 11 2-axle truck

S_SS 12 3-axle truck

SS S 21 3-axle truck

SS_SS 22 4-axle truck

S S+s 11s1 2-axle tractor & 1l-axle semi-rail
S S+ss 11s2 2-axle tractor & 2-axle semidrai
S S+ sSss 11s3 2-axle tractor & 3-axle senietra
S SS+s 1251 3-axle tractor & 1-axle semidrai
S SS+SS 12s2 3-axle tractor & 2-axle seniletra
S_SS +SSs 12s3 3-axle tractor & 3-axle seailietr
S SS+SS+5ss 125252 7-axle B-double

S_SS + SSS + SSS 12s3s3 9-axle B-double (ngaisistudy)
S S+s+ds+s 11s1-1s1 5-axle A-double

Once the vehicle configuration was selected, thaildeof the vehicle were defined by
clicking on the first blue tab under the Test Sfieafions heading (as shown in Figure
6). Within this area, the lead unit and the traileere specified in detail.

Under the lead unit area, there are various sutiesscwhich are used to define the lead
unit, namely:

* The lead unit sprung mass. This is where the dimensions, massk,irertia

properties of the lead unit sprung mass are defifibd position of the centre of
gravity is defined here.

Tyres. This is where the tyres can be specified for eade, as discussed in
Section 3.1.2 and shown in FiguBe All properties of the tyres can be defined
on the GUI, such as: effective rolling radius, @ded radius, spring rate, spin
moments of inertia, rolling resistance moment patans, tyre models, lateral
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force variation with slip angles, longitudinal ferwariation with slip angles,

aligning torque variation with slip angles, andesth

» Seering whedl torque. The steering ratio can be specified here, ifal gieering

wheel torque / total kingpin moment.

» Engine power andtorque fraction of power per axle. This includes specifying

speed control.
» Hitch (i.e. fifth wheel) location and stiffness.
» Axle spacing. This is the distance between each axle.

» Suspension kinematics. This is where the wheel centre height, locatiérihe
centre of gravity of the axles, axle masses and embsnof inertia, jounce, roll-

steer, roll centre location, toe and camber armndéf

* Axle compliances. This is where the force-displacement splinesefeh spring;
shock absorbers (dampers); rebound stops; axlestiffihess; and the lateral

displacement between the springs and damperseéireed.
» Aerodynamics. Aerodynamics effects (drag and lift) are defihede.
» Brakes. ABS control and other brake system parameterdeatefined.

* Seering. Steering kinematics can be defined under thigiseowithin the
TruckSim GUI.

The main lead unit specification screen is showirigure 8. It shows different blue
buttons where are the main sub-sections can bededihen defining a unit of the

vehicle.

27



= Vehicle: Lead Unit with 3 Axles; { 3A Trucks } NTC Comparison Tractor
Bl Ed

&

OK

=

£ 31 image scale

Sprung mass: Rigid Sprung Mass -]
NTC Comparison 3A Sprung Mass ||

Y. Height

0 1170 mm

No details of powertrain given

Hitch

56500Nm/deg Roll Stifness

[ Asrodynamics -

| No Aerodynamics

Tires: 3a lire group |
L]

Michelin XZA 11R22 5(G Steer, Drive/Tandem |+|

Powertrain: | Speed control (min. powertrain) ~

I Fracion  pwer: Axle 2
oftorque ) 05

Maxdmum Power (kW) 30000

[ Steering wheel torque |
[ /25 (Typical)

Axle 1 X distance back: Axle 3

Suspension type:| _Solid axle (Wl &C) _~| Suspension type:|  Solid axle (Ul K &C) -]

X distance back: 0 mm  Axle 2 3214 mm

Tandem for axles 2 & 3 j

Static load for rear axde of tandem:
Dynamic load transfer coefficient:
Load ransfer due to brake torque:

X distance back:

05
a
a

4586

im

mm

Suspension fype:|  Solid axe (flul K&C) -

Susp Kin:NTC_Comp 6t Steer, Single Whee! - Kinematicd~| NTC_Comp 171 Drive, Dual Wheels - Kinematio{~

H C_Comp 17 Drive, Dual Wheels - Kinw' M

NTC_Comp Drive 851 Leal 1.85m I~

Comp:| NTC_Camp Steer 61Leat 22m I [ il NTC_Comp Drive 8.5 Leal 1.85m
Brakes] 760 Capaciy 2 M | i Copacy A [ | ToRRem Capady A 3
Steering:|_Medlum (5 m) I [ No Steering - [ No Steering I
Miso. | Misc: M. Misc: I Misc: 15

Figure 8: Lead unit specification screen in TruckSin

The same subsections, except for the steering verekkengine specifications, exist to

define the other units of the vehicle (i.e. foilelaone and trailer two).

4.2.3 Yaw/Roll [17]

The Yaw/Roll program uses a list of input parangtdihe program starts by reading
the input parameter list which contains the vehadafiguration, initial conditions, and

steer inputs. The input data are “echoed” on tfst filage of output. The program runs
by solving the differential equations of motion tbe vehicle until the vehicle reaches a
default stop or until the required maximum simuatitime has been reached. At
various points during the run, simulation outpupiigited which contains data about the

time-based dynamics and forces of the vehicle. Sinmilation run is completed within

approximately one or two seconds.

The input data are identified only by position e input list and, therefore, the vehicle
data must be ordered exactly. The Yaw/Roll useruabfl7] defines the format of the

input data, line by line.
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The input data list will contain the following elemts:
» Title line (up to 80 characters)
» Simulation operation parameters
e Sprung mass parameters for each vehicle
* Axle loading parameters
» Unsprung mass parameters for each axle
» Suspension parameters for each axle
* Hitch parameters
» Suspension spring tables (optional)
» Tyre cornering force tables
» Tyre aligning torque tables
» Steering system parameters

» Steering control parameters (driver model or tite@isangle control).

Appendix C shows the input data .DAT file that wasated to model the NTC B-
double vehicle in for the SAE lane change simutaiio the Yaw/Roll program. The
data were inserted sequentially according to the&b specified in the Yaw/Roll user
manual. The vehicle parameter data were taken fRwem et al. [11] and are
reproduced in Appendix B. All the parameters wesaverted from Sl units to English
units before being inserted in the input file, show Appendix C. Appendix C also
contains the .OUT file that contains the “echoeafjut data as well as the tabulated

output results.
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4.3 Vehicle Controllers

Once all the parameters, parts, and dynamic mesimsnof the vehicle were created,
controllers were created to move the vehicle. Aoei®y controller was required to

ensure that the vehicle was moving at the corngeed. Steer controllers were needed
for the vehicle to execute the open loop controhogavres and the closed loop control

manoeuvres.

4.3.1 ADAMS/View Vehicle Controllers

Velocity controller

In order to accelerate the B-double from statidlégium to a desired speed, a velocity
controller was created. The controller was based rce function that was applied to
the centre of the drive axles on the tractor. Ttegmitude of the driving force was a
function of the desired velocity of the vehicle ahé actual measured velocity of the
vehicle. The controller was a proportional-integyag, and the function, which defined

the magnitude of the driving force, is describe&gquation 2.

Fy =Ko B ~V,) £, 1V, -, ek @

In Equation (2), F, is the driving force,K, is the integral gainK, is the
proportional gain,V, is the actual/measured speed of the vehicle, \§nds the

desired/set speed that the vehicle is to attain thedeafter, maintain. Figu@&shows a

schematic diagram of the velocity controller thasvdeveloped in ADAMS/View.
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V, —Velocity feedback measured
at preview marker
Figure 9: Schematic of velocity controller developg in
ADAMS/View

To create the velocity controller, a marker wadrasf on the vehicle. A measure was
created at this marker to measure the actual \wekjpted. A variable was created and
defined to be equal to the desired velocity of ¥kaicle. A force was created at the

centre of the two drive axles, in the forward Idadinal direction of the vehicle that
was as given by Equation 1. The difference betwégrand V, is the error which
causes the actuation (or driving force) i.e. thginlg force is applied proportionally to
the magnitude of the error between the desiredcitglcand the actual/measured
velocity, (V, -V, ). The magnitudes for the gain¥,and K, , were found by trial-and-
error until the best velocity control was observatihough it is possible to implement
proportional control to control the vehicle spepaportional-integral control was used
to gradually increase the vehicle speed to theekksipeed in a more critically damped

manner in a shorter time.

The method followed in ADAMS/View when building theslocity controller was as

follows:

* A design variable was created and was called “desired_velocitytestavith the

desired value for the speed.
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» A state variable was created and was called “actual_velocity”. Tvasiable

stored the measured velocity of the tractor antheker created on the tractor.

* An explicit differential equation, named “velocity_error”, was created tres

the difference between the desired velocity andatiieal velocity.

* A design variable was created, called “Proportional_gain”. Varioasues were
defined for this until the velocity controller wagtimised (as visualised in the

post-processor).

* A design variable, called “Integral_gain” was created and was defingth

various values until the controller was optimised.

* A drive-force function was created at the driveeaxhs shown in Equation (3):

Function = Proportional _gain[DIF 1(ve| ocity _error ) + Integral _gainl

3
DIF (velocity _error) ®)

In Equation (3),DIF1 (a function used in ADAMS for manipulating diféatial
equations) returns the function belonging to tHferenced differential equation. In this
case, it returns the error/difference of the acaral desired velocitie®IF integrates
the function belonging to the referenced differ@ngiquation. In this case, it integrates

the velocity error.

Open loop steer controllers

Two of the simulations were open loop control marwes and the other two
simulations were closed loop control manoeuvrese Tivo open loop control

manoeuvres were the pulse steer and the step Istegren loop control, no feedback is
required, so the required motion was directly inggben the steer revolute joints of
each steer tyre with no feedback measures in theatalgorithm. For the step steer

manoeuvre, Equation (4) describes the motion inghosethe steer revolute joints.

32



o= 50+51+51_5°sinHt_t°j77—£} L <t<t (4)

In Equation (4)t is time (S)to is the commencement time of the steer applicdspr,;

is the termination time of steer application ¢s)s the steer angle (de@yis the initial
value of the steer angle (deg) afidis the final value of the steer angle (deg). The
function shown in Equation (4) is known as the Hawe function. The Haversine
function is one of the common functions within th& of mathematical functions
available within ADAMS/View function builder. It lsathe format: “HAVSIN (X, xO,
hO, x1, h1)”. The variable “x” is replaced by timeith “x0” being the numerical value
of to; “x1” being the numerical value of, “h0” being the initial value of the steer angle,
0o, and “h1” being the final value of the steer andlg, For the simulation, the steer
angle was increased fronit® 1" in a time duration of 0.25 s. The Haversine fumcti
(“HAVSIN (x, x0, h0, x1, h1)”) was used at eachesteevolute joint, but with different
signs for the left and right steer wheels. The sigr manoeuvre was simulated at a
vehicle speed of 100 km/h. Figut® shows the shape of the step steer input that was

imposed on the steer revolute joints.
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Figure 10: Step steer input based on the Haversirfanction [11]
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For the pulse steer manoeuvre, two Haversine fonstiof the format “HAVSIN (X, xO0,
hO, x1, h1)”, were added together, in order to poedthe pulse shape. The steer angle
was increased from 0° to 10° and then from 10°°tov@r a 0.5 s time duration. The
pulse steer manoeuvre was simulated at a spee@Qokrh/h. The shape of the pulse
steer motion that was implemented on the steerdutgoints is shown in Figure 11

[11].

Steer Input {deg)
o

0o 01 02 03 0.4 05 06 07 0a 09 10
Time (s)

Figure 11: Pulse steer input based on the Haversirfanction [11]

Closed loop controllers

The two closed loop control manoeuvres that wareikited were the SAE lane change
and the 90° low speed turn. For the SAE lane ch@?tje the vehicle must follow the
path described in Figure 12.
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Figure 12 SAE J2176single lane change manoeuvre [21]

The vehicle is driverat a speed of 88 km/h (by the velocity controlien) a straigh
segment that is approximately 100 m in length. Véleicle is required to execute a l¢
change manoeuvre from a precisely prescribed paghadistance of 61 m. The late
displacementdr the lane change manoeuvre is 1.46 m. The ctetnated to execu
this manoeuvre was a lateral position compai.e. the lateral position of the tractor
the vehicle was measured and compared to the dgmiescribed SAE lane change p
thatis described in Figure 12, at regular longitudipasitions. This was accomplish
by creating a spline of the desired SAE lane chaaik c-ordinates and importing
into ADAMS/View. A measure was created on the preview matkemeasure th
vehiclesx andy co-ordinates. The actual and desired lateri-ordinates of the vehicl
were subtracted from each other. The resultingréfice is the error which was uset
change thesteer angle at the steer revolute joints. Equafindescribes the contr

algorithm for the SAE lane change manoeu

0=Kc [ﬂya_yd) )

In Equation (5),0 is the controlled steer anglK, . is the lane change proportiot
gain; y, is the measured (actual) lateral-ordinate of the tractor (measured at

preview marker); andy, is the desired lateral -ordinate of the tractor from the spli
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that was created for the SAE lane change. Thealaterordinates are compared at the

same longitudinal positions.

For the 90° low speed turn, the centre of the sa&kr must follow a path that is made
of a straight segment that leads into a circuldre®6 with an 11.25 m radius (which is
tangent to the straight segment). The curve thadsl®nto a straight exit segment. The
vehicle was maintained at a speed of 10 km/h. Alaincontroller to the SAE lane
change was developed but was different in thatyive angle of the vehicle was also

controlled. The control algorithm for the *d0w speed turn is given by Equation (6).

5=KLS [ﬂya_yd)+Kyaw[ﬂ¢a_¢d) (6)

In Equation (6), all symbols have the same definitas mentioned in Equation (5),

aw

except that K, ¢ is the proportional gain for the lateral co-ordearror; K, is the
proportional gain for the yaw angle comparisgn; is the actual (measured) yaw angle

of the tractor; andp, is the desired yaw angle which was determined ftioenslope

(tangent) of the desired path spline.

4.3.2 TruckSim Vehicle Controllers

Velocity controller

It was not necessary to create a velocity contralheTruckSim from scratch. The
velocity required was simply specified within th@rbcedure” area (found on the
TruckSim “Run Control” screen). Within this arehetvehicle velocity can be defined

under “Driver Controls”, as shown in Figure 13.
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=% Procedures; {** Quick Start Procedure } NTC_Pulse_steer #3

File Edit Datasets Libraries Tools View Help

E e VT ES LR Dl X
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Notes
e e e Driver Controls Start and Stop Conditions
[ Constant target speed '] 100 kmth [ Stop run at specified time or station V‘
Time (sec) Road station (m)
 Stant: ‘ 0
Braking: Brake control V] .Slo.p:’ 15 200
No Braking IV]

O Specify initialization details?

Aulo Shift and Auto Clutch (10 spd.) I+

Steering: Open-laop steer control ‘V]

Pulse_steer NTC M Additional Data

[ Misc: |

I
\
[ Shitting control: Closed-loop shift control V]
\
l
\

Figure 13: Velocity control in TruckSim

Open loop steer controllers

The two open loop manoeuvres have already beemustied in Section 3.3.1. To
simulate a step steer input in TruckSim, an opep-loontrol steering procedure was
selected under the “Driver Controls” section. Apssteer was selected by defining a

spline for the steer angle. This was done direwityhin TruckSim. This is shown in

Figurel4.

% Bz, X
(BT _pasie
oo Lowei
AR Pk e o e Aaia. s;:mg wheel angle (deg) Funclion type! Spline Interpolation, flatline extrapolation  + 'Dﬁrge (sec), Angle (deg)
f 1.747,0
1.748,0
257 1 17490
f 1750
ool | 1.7625, 0.163896743
T 1.775, 0611793545
4 1.7875. 1362418448
175~ : 1.8, 2.38728757
4 1.8125, 3.861185235
‘ 1825, 5152684345
150 1.8375, 6825118753
} 1,85, 8.63728757
oyl 1.8625, 10.54456919
i 1875, 125
1.8875, 14.45543081
100- 1 1.9, 16.36271243
19125, 18.17488125
1.925. 19.84731565
75- 1.9875. 2133883476
1.95, 2261271243
1.9625. 2363758155
B0 1.975, 24.38820645
1 1.9875, 2484610426
25 2,25
1 2001,25
2002, 25
00—+, A A ! | | \ ! 200325
050 100 200 300 400 500 600 700 800 900 1050 10,25
Time (sec)
Steering wheel angle (deg) as specified in this dataset can be transformed using additional parameters. - e
= For details, search an echo file for *STEER_SW". [ Galeulator [ Excel | [Viewin WinEP
&

Figure 14: Creating a step-steer input in TruckSim
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In Figurel4, it can be seen that the steering wheel angieineaeased from°@o 25in
a time period of 0.25 s. Since the steering raths gpecified at 25:1, the steer angle on

the wheels was actually increased fromid1” in 0.25 s.

The pulse steer manoeuvre was defined in a simidgr to the step steer manoeuvre.

The spline created for this is shown in Figlige

= Control: Steering (Open Loop); Pulse_steer_NTC [L]
7

ol ot Dotoss e
T | Steerti4 -

G S s

L5 e s

s

Steering wheel angle (deg) Function fype:  Linear interpolation, flatline exirapolaion ¥ Time (sec), Angle (deg)
250- | 0,0

‘You can write notes here for this dataset.

el ‘ 002.0
200- ‘ 005,0
175 008,0
150~

125-

100~

25~ \ 024,0

059 100 200 300 400 500 600 700 800 900 1000 1100 1234 0280
Time (sec) 0290

Steering wheel angle (deg) as specified in this dataset can be transformed using additional parameters.

For details, search an echo file for "STEER_SW". B8 [ | Caloulator Viewi

Figure 15: Creating a pulse-steer input in TruckSim

Again, since the steer ratio is 25:1, the actuaérstvheel angle is changed from 0° to
10°to 0° in 0.5 s, although the input steering Wia@gle changes from 0° to 250°to 0°in
0.5s.

Closed-loop steer controllers

For the closed-loop controllers, the user defitesdriver path follower (as opposed to
defining the steer motion described for the opaploontrol). Splines were imported to
define the paths. In addition, the preview distaiocehe controller was defined directly
on the user interface. Figuks shows the driver path follower that was created
TruckSim for the 90low speed turn.
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Figure 16: TruckSim driver path follower for the 90° low speed

turn

Similarly, the driver path follower for the SAE karchange was created as shown in

Figurel?.

ontrol: Steering by the Closed-loop Driver Model; { Lane Change;} SAE Lane change

FEile Edit Datasets Libraries Tools View Help
24y O R 8
Home. Prevous Next New Save Undo Redo Lbtool parfie Do St e
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additional parameters. For details, search an echo file for "LTARG". e
Preview time: Constant M E8 [ | Calculator @

Figure 17: TruckSim driver path follower SAE single lane change
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4.3.3 Yaw/Roll Vehicle Controllers

Yaw/Roll is only capable of constant velocity manees. It was not necessary to
develop any velocity controller. The forward velgcrequired (in feet/second) is

specified exactly in the third line of code in ihput code.

The steering of the vehicle can be controlled ia ways [17]:

» Steer angle: The steering input can be controliedddinition of a time versus
steer angle table. If this option is used, a pesitialue equal to the number of
lines in the time/steer angle table is enterechen 377" line. The 378 line is
skipped and the first line of entry starts on ti@"3line of the input code. The

required steer angle is entered alongside theuvahe, line by line.

» Driver model: This method makes use of specifyimg prescribed path which
the vehicle is to follow. This option is activatbyg entering a negative number
on the 37¥ line of the input code, with the numerical valupial to the number
of lines in the table defining the desired trajegtoThe path is defined by
entering two values (a longitudinal co-ordinate amresponding lateral co-
ordinate, consecutively) per line from the $7the of code. The units for the
values are to be entered in feet. The table shmedgh with 0, 0 and extend for a
longitudinal distance equal to or greater thandiséance the vehicle will travel
during the simulation, plus the distance equivaterthe driver preview interval

(which is defined in line 378 of the input code).

In Yaw/Roll, the preview distance as well as thiwalrtransport lag can be defined for
the vehicle controllers. Again, this is done byeemg the numerical values in the

correct position within in the Yaw/Roll input file.
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5 MATHEMATICAL SOLVER COMPARISON

The following sections describe the various math@ahsolvers that are available in
ADAMS/View, TruckSim and Yaw/Roll.

5.1 ADAMS/Niew

ADAMS makes use of differential algebraic equatiémisthe model formulation. This
means that ADAMS/View deals with a large numbewvafiables compared to solvers
for ordinary differential equations (ODEs). This@lmeans that ADAMS/View takes
longer to complete a simulation than a softwarekpge that deals with ODEs. A
benefit of ADAMS/View using differential algebraiequations is that every force,
displacement, velocity, and acceleration can beilsited in the model. The step size of
the solver can be adjusted for the accuracy aneé tieguired for the simulation.
ADAMS/View has a number of options for integrattitat can be used in the solver and
each have their individual advantages. There atierapfor forward explicit integrators
and also backward implicit integrators [22]. Gellgraexplicit integrators tend to be

less stable than the implicit integrators.

The integrators available in ADAMS/View are stiftégrators. A system is classified as

highest overdamped eigenvalue
highest underdamped eigenvalue

stiff when > 200.

Each integrator has various indices, which candbected. The integrator index defines
the amount of times the equations are to be difteated to get a system of ordinary
differential equations. The higher the index, therenchallenging it is for the solver to
converge. For some solvers there is an option rib@dices the original index-3 (13)
problem to an analytical equivalent index-2 (I2)ldem. Index-2 is a slower option, but

is more robust and accurate.
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Although the different integrators are describedhia MSC ADAMS help files, Figure
18 classifies the various integrators that arelabt in ADAMS/View according to
solver speed, robustness and accuracy, which willbe seen in the help files. The
classification has been given by an MSC ADAMS safiv representative at an
ADAMS/Solver advanced modelling seminar [22]. TheST&-F and WSTIFF

integrators are quite similar.

HASTIFF, ST1
GSTIFF, SI2
GSTIFF, I3 HHT
HASTIFF SI2
SPEED
HASTIFF, ST1
HHT
HASTIFF, SI1
GSTIFF, I3 GSTIFF, SI2
ROBUSTNESS
HASTIFF, ST1
GSTIFF, SI2
HHAT GSTIFF, I3 HASTIFF, S11
» |ACCURACY

Figure 18: Integrator classification in ADAMS/View [22]

A GSTIFF, SI2 numerical integrator was selectedhitime step of 1e-03 seconds for
the simulation of the B-double truck in this study.
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5.2 TruckSim

TruckSim makes use of ordinary differential equadidéor the model formulation, which
means that the solver has to deal with less vasaht each iteration of the simulation.
The benefit of this is that it would take less titngun a simulation in TruckSim than in
a package which uses differential algebraic eqnatior the model formulation. The
drawback of this is that the evaluator does noeleacess to as many variables (in the

results) as one would have in a package which salifeerential algebraic equations.

5.3 Yaw/Roll

Yaw/Roll being the predecessor of TruckSim, alstves differential equations of
motion and uses a predictor corrective integratiwthod for solving the equations of
motion [17]. There are no options to select différsolver/integrator methods within
Yaw/Roll.
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6 SOFTWARE COST COMPARISON

Table 4 is a comparison of the costs of the thiferdnt software, used in this research.
The costs are from quotations provided by creddd#ware distribution companies.
Yaw/Roll is freely available. The costs for TruckS8.0 and ADAMS/View 2011 and
software support, for one year, are shown in Tdbl@ruckSim is vehicle modelling
specific, less flexible, requires less user effbut, has a higher cost. On the other hand,
ADAMS/View, is used for general mechanical systetyisamic analysis, more flexible,
requires more user effort for vehicle modellingt bas a slightly lower cost. Although
Yaw/Roll is freely available, it requires a largemount of user effort and is not as
flexible. There are a number of simplifications tthigere made when designing the

software [17].

Table 4 Software Package Purchase Costs

Yaw/Roll ADAMS/View TruckSim 8.0
$0 $31,673 $32,625
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7 SOFTWARE OUTPUT COMPARISON

In this section, the software packages’ outputscarapared to evaluate the agreement
of the results from the four manoeuvres that haenlsimulated. As noted in Section 3,
these four manoeuvres were selected (as discugs@demet al. [11]) because they
were designed to test for specific performancebaiies of a vehicle and thus reveal the
different aspects of the vehicle models and coletr®l |.e. to evaluate the software

packages, it was not necessary to simulate eveg/rR&noeuvre.

7.1  SAE Lane Change

Figure 19 and Figure 20 show the respective yaw aaid lateral acceleration of the
vehicle units during the SAE lane change. The tessiow good agreement between

the three software packages.

6 Adams tractor

YawRoll Tractor

4 Y
) , 3 N N O N I PP TruckSim Tractor
J i Adams Trailer 1
6

(L A YawRoll Trailer 1

Yaw Rate [deg/s]
o

4 8 10
-2 \ \ A B Y TruckSim Trailer 1
-4 Adams Trailer 2
-6 YawRoll Trailer 2
8 TruckSim Trailer 2
Time [s]

Figure 19: SAE lane change: yaw-rate
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Figure 20: SAE lane change: lateral acceleration

7.2 90 Low Speed Turn

Figure 21 shows the paths of the steer, drive temlér axles during the 90° low speed
turn. The centre points of the axles are plottedi the trailer axles are for the rearmost

axle. There is excellent agreement between thevaodtpackages.

- e Steer Axle Adams
= == Steer Axle Yaw/Roll
T 60 1 = = Steer Axle TruckSim
'g 55 - Drive axle Adams
';-é 50 - = = = Drive Axle Yaw/Roll
= === Drive Axle TruckSim
£ 45 -
E Trailer 1 Adams
b= 40 n .
°g° = = = Trailer 1 Yaw/Roll
~ 35 === Trailer 1 TruckSim
30 Trailer 2 Adams
0 10 20 30 40 50= == Trailer 2 Yaw/Roll
Lateral Position [m] e Trailer 2 TruckSim

Figure 21: 90° low speed turn
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7.3 Pulse Steer

Figures 21 to 24 show the respective articulatiogles between the units of the vehicle,
yaw rates, lateral accelerations, and lateral siie of the vehicle. There is good

agreement between the software packages as showovbyimilar the output curves

are.

6

5 A\

4 2 1
&3 1 Yaw/roll Turn Table 1
9
» 2 : Adams Turn Table 1
© o
51 b I TruckSim Turn table 1
L; 0 :'j Yaw/Roll Turn Table 2
2 K
£ g 1 s y 6 ¢ 10 Adams Turn Table 2
< o

2 J / ------ TruckSim Turn Table 2

5 v

-4

Time [s]

Figure 22: Pulse steer: articulation angle
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Figure 23: Pulse steer: yaw-rate
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Figure 24: Pulse steer: lateral acceleration
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Figure 25: Pulse steer: lateral tyre slip angle

7.4  Step Steer

Figure 26 shows the yaw rates of the vehicle whitsng the step steer input. There is

excellent agreement between the software packages.
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Figure 26: Step steer: yaw-rate
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8 DISCUSSION

8.1 Ease-of-use

The ease-of-use of the software focused on the &nukeffort to build a model, the

solver time, animation, system of units and theilflidity of the package.

Of the three software packages evaluated, ADAMSIMiequired the most user effort
to build a vehicle model able to evaluate PBS caangk. The geometry of the truck
defining the relationships between the moving beditthe truck system needed to be
developed. The gains and structure for a longitidspeed controller and driver model
needed to be designed by defining the mathemattationships of the drive torque
and steering in terms of the vehicle states. ADAYI&A provides a number of tyre
models, which require tyre parameter or coeffiddntbe entered. The package was not
able to directly read in the tyre side force an@ tligning moment tables presented by
Premet al. [11]. A regression analysis was performed ondhebles to determine the
coefficients of the magic tyre formula which wemgtezed into ADAMS. The Pacejka

89" model [19] was used.

The ADAMS software developers, MSC Software, hawevetbped a module,
ADAMS/Car, specifically for vehicle dynamics stuslieThe module includes speed
controllers, driver models, event builders, roadldaus, and preconfigured vehicle
configurations including a truck and trailer assgmbrhe module addresses the
significant effort required to build a vehicle mbdsing ADAMS/View. However, the
ADAMSI/Car software package costs more than the A[SMew software package.
The ADAMS/View package (i.e. ADAMS/View and the teged ADAMS/Solver) is
approximately half the cost of the ADAMS/Car packag.e. ADAMS/Solver,
ADAMS/Niew, ADAMS/Tire and ADAMS/Car). ADAMS/View $ required for
ADAMS/Car.

51



Yaw/Roll required an intermediate user effort. Tiieeed to convert parameters from
metric to Imperial units to analyse the vehicle amhverting the results back into
metric units was time-consuming. Furthermore, thet input files, DOS operating
system, and rigid rules governing number formattivege difficult to work with. The
text file input must conform exactly to the inpotrhat requirements i.e. even an extra
trailing zero added to an input parameter or aieparspace will cause an error.
Substantial care was required to correctly enter wbhicle data into the text file.
Yaw/Roll was the most limited of the software pagpds evaluated: the modelled
vehicle was limited to a maximum of four vehicleitarand eleven axles and the road
surface was constrained to be flat. The lattericti®in precludes the use of Yaw/Roll to
calculate the tracking ability on a straight paBSPmeasure, which requires the vehicle

to traverse an uneven surface.

TruckSim required the least user effort to buildeticle model compared to ADAMS
and Yaw/Roll. The vehicle details were capturedeasy to use data screens. The
modelled vehicle was limited to thirteen vehicledaaxle configurations (See Section
4.2.2); although add-on modules expanding the \ehaonfigurations could be

purchased.

Using a standard PC of average computational pgwigh 3.24 GB of RAM at 1.17
GHz and a 280 GHz processor), the ADAMS/View mai#Ved in approximately two
to five minutes, the TruckSim model in half a meuwnd the Yaw/Roll model in

approximately two seconds.

Both ADAMS and TruckSim offer sophisticated posbgessor animation capabilities
which allow the vehicle motion to be viewed as ded. Yaw/Roll cannot animate the
vehicle motion. The animations were found to beeswely useful in debugging models
as well as convincing the South African road autles and truck operators of the

benefits of PBS and the fidelity of the simulati@sults.
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8.2  Flexibility

ADAMS offers a choice of systems of units (incluglimetric and Imperial). TruckSim
uses metric units. The vehicle model in Yaw/Rollstioe entered in British- American
units. This was found to be particularly frustrgtias the vehicle input parameters

needed to be converted.

Of the software packages evaluated, ADAMS/View m&tkthe most flexibility. There

are no limitations in ADAMS on the number of vekidlnits or axles that can be
modelled. Yaw/Roll is limited to modelling a maximwf four vehicle units (including

dollies) and eleven axles. The Yaw/Roll user-manyalr], lists a number of

assumptions made by Yaw/Roll. The most importanthefe is that the road surface
must be flat and horizontal, damping in the tyreassumed to be small with no tyre
relaxation length being modelled, the suspensionpilag is considered to be linear and
no load sharing occurs between axles. A furthewbeak is that Yaw/Roll must be run
using the DOS operating system or else a DOS eorutatist be used. The TruckSim
solvers are optimised for each vehicle and axldigoration. The standard package
offers the thirteen configurations shown in Tabldf& vehicle and axle configuration

not listed in Table 3 is required then this confagion must be purchased as an add-on.

The Yaw/Roll restrictions on vehicle configuratioasd the need to buy expanded
vehicle configurations as add-on modules in Truok@ire factors to consider when
evaluating the software’s cost effectiveness forSPBnalyses. PBS encourages
innovation to improve vehicle safety and produtyivand the innovative vehicle

solutions may not conform to standard configuration
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8.3  Mathematical Solver Comparison

ADAMS/View solves differential algebraic equatioméen simulating a multi-body
dynamic system. This means that ADAMS/View dealshwhore variables than an
ordinary differential equation solver. This alloti® user to have access to every force,

displacement, velocity, and acceleration for eawhmonent in the model.

TruckSim solves ordinary differential equations wtrsgmulating a manoeuvre. It deals
with less variables than a differential algebrajaaion solver. This means that it takes
less time to solve the equations of motion. Howgtee drawback is that the user

cannot view every force, displacement, velocityaceceleration.

Yaw/Roll also solves differential equations of neotiand uses a predictor corrective
integration method for solving the equations of it The user cannot view every

force, displacement, velocity, or accelerationdach component of the model.

8.4  Software Output Comparison

There is good agreement between the software paskagyseen from the results of the
yaw rate, lateral accelerations, tyre slip angées] articulation angles of the vehicle
units for the SAE lane change, pulse steer inpdtsa@p steer input; and the positions of
the steer axle, drive axle, trailer 1 and traildo2the 90° low speed turn. For the SAE
lane change, the high frequency variation of thevfRoll results (See Figure 20) is due

to the irregular and rough steering of the Yaw/Rloler model.

It is important to note that the accuracy of a cataponal model is highly dependent

on the quality of the vehicle input data used wHefining the vehicle parameters. It is
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thus recommended that the PBS evaluator take gegatthat the vehicle input dataset

is complete and is accurate before conducting gpoteional model.

8.5 Cost

The purchase cost of either ADAMS or TruckSim istjaver $30,000. This includes
software support for one year. Yaw/Roll is freelaidable. This is the main advantage
of the Yaw/Roll software. The beginner PBS analgstaluating the best choice of
software package must decide if the increasedMfilityi and ease-of-use justifies the

cost of commercial software.

8.6 General

It is left to the vehicle dynamics analyst to decihether increased flexibility and
ease-of-use are justifiable. Again, it should beedothat the accuracy of any
computational model is highly dependent on the emxu of the input data of the
vehicle. 1t is, therefore, important to ensure thtiag¢ input data of the vehicle are

accurately known.

55



9

CONCLUSIONS

Three software packages (ADAMS, Yaw/Roll and TruakSwvere successfully
evaluated for the suitability to evaluate PBS caamue of vehicles. The
evaluation was in part subjective but it is hoped study provided useful
insight. In summary, the evaluation results ar¢ tha

- ADAMS is the most flexible

- Yaw/Roll is the cheapest

- TruckSim is the easiest to use

There is good agreement between each of the seffparkages.

ADAMS and TruckSim are capable of evaluating a#l #BS measures required
for an assessment. Yaw/Roll is able to evaluateostimll PBS performance
measures; the Yaw/Roll limitation that the road trhes flat would preclude its

use to evaluate tracking ability on a straight path

In developing vehicle models in ADAMS, Yaw/Roll antruckSim, the
expertise to evaluate PBS compliance in South afhias been extended. The
results of this study will assist the beginner PBfalyst in evaluating the best

software package for analysis.
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APPENDIX A: Tyres

A.l. Tyre characteristics

Table A.1 and Table A.2 tabulate the tyre side doand self-aligning moment
characteristics that were used on the B-doubleclebly the NTC.

Table A.1: Tyre side force characteristics [11]

Vertical Force (N)

8,821 26,544 41,998

Slip Angle

(deg) Lateral Force(N)

1.00 1,587.8 3,716.2 4,199.3
2.00 2,822.8 7,166.9 7,979.6
4.00 4,763.5 12,475.6 15,119.2
8.00 6,792.4 17,519.0 23,098.8
12.00 8,027.4 19,377.1 25,618.7

Table A.2: Tyre Aligning torque characteristics [1]]

Vertical Force (N)

8,899 17,710 26,564 35,375 42,005
Slip Angle

(deg) Aligning Torque (Nm)

1.00 38.0 1153 1994  280.7 339.1
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2.00 59.7 1939 356.7 5208 634.7

4.00 74.6 255.0 491.0 7595 9724
8.00 50.2 195.3 366.2 599.5 802.9
12.00 28.5 123.4 246.8 4042 5222

A.2 ADAMS/View Tyre property file

The text below is the tyre property file that wasdified to be an input into
ADAMS/View 2011 for the B-double vehicle. The caeignts determined by the curve
fit (from a regression analysis using the Pace@é@tyre model) are shown within this
file:

S MDI_HEADER
[MDI_HEADER]

FILE_TYPE = 'tir

FILE_VERSION = 2.0
FILE_FORMAT = 'ASCII
(COMMENTS)

{comment_string}
Tire - XXXXXX'
'Pressure - XXXXXX'
"Test Date - XXXXXX'
‘Test tire'

'‘New File Format v2.1'

$ S — UNITS
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[UNITS]

LENGTH ='mm’
FORCE = 'newton’
ANGLE = 'radians'
MASS = kg’

TIME ='sec’
$ e
[MODEL]

lusemode 1 2 3 4 11 12 13 14

I smoothing X X
I combined X X X X
X

I transient

PROPERTY_FILE_FORMAT ='PAC89'

USE_MODE = 14.0
TYRESIDE = 'LEFT'

$ e ——————————
[DIMENSION]
UNLOADED_RADIUS =525
WIDTH = 300.0
ASPECT_RATIO =0.75
$ e ————————
[PARAMETER]

VERTICAL_STIFFNESS  =788.112

62

_______ DIMENSION

------- PARAMETER



VERTICAL_DAMPING ~ =0.0
LATERAL_STIFFNESS =190
ROLLING_RESISTANCE ~ =0.0

$ e

[SHAPE]

{radial width}

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.9

$

0.0

0.2

0.4

0.5

0.6

0.7

0.8

0.85

1.0

[LATERAL_COEFFICIENTS]

a0

al

az2

a3

a4

ab

a6

1.3

-10.158

999.633

4419.32

64.25803

0

0.0385
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a7 = -3.29155
a8 = 0
a9 = -0.01176
al0 = 0.38915
all=o0
al2 = -4.90888

al3 = 395.8012

$ S — ----longitudinal

[LONGITUDINAL_COEFFICIENTS]

b0 = 1.65

bl =2

b2 = 354

b3 =7

b4 = 135

b5 = 0.00954
b6 = -0.0173
b7 =-0.06391
b8 = 0.199864
b9 = 0.0299
b10 =-0.17600
$ e e e e e e aligning

[ALIGNING_COEFFICIENTS]

cO =17
cl = 0.338806
c2 = 9.483614
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c3 = -0.04675
c4 = 2.941738
c5 = -0.04698
c6 =0

c7 = 0.001705
c8 = -0.14752
c9 = -2.645129483
cl0=0
cl1=0

cl2 = -0.17024
cl3 = 46.6223
cl4=0
cl5=0

c1l6 =-0.0112

cl7 = 0.56516
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APPENDIX B: B-double (Input Dataset) [11]

B.1 Layout Drawing
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Fig. B1 Layout drawing for the reference B-double.
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B.2 Dimensions

B.2.1 Sprung Masses

Table B2.1 — Key Dimensions for Sprung Masses (B-dble)

Prime
Dimension Mover Trailer1 Trailer2 Vehicle
Front overhang (m) 1.10 1.43 1.32
Wheelbase and S-dimension (m) 3.90 7.90 9.50
Kingpin lead (m) 0.20 -0.10
Rear overhang (m) 1.37 1.875 2.70
Overall length (m) 6.37 11.205 13.52 25.00
Cabin and load length (m) 2.45 7.45 13.52
Space between units (m) 0.92 0.66
Kingpin to rear (m) 20.20
Width (m) 2.50 2.50 2.50
Height (m) 3.30 4.30 4.30
Deck height (m) 1.30 1.30
Load volume (m3) 55.875 1014 157.275
Number of pallets (1170 mm X
1170 mm) 12 22 34
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B.2.2 Unsprung Masses (Axles)

Table B2.2 — Key Dimensions for the Unsprung MassgB-double)

Dimension Steer Drive Trailerl Trailer 2

Axle spacing (m) 1.372 1.250 1.250

Spring and damper half-track
(m) 0.425 0.425 0.500 0.500

B.2.3 Wheels

Table B2.3 — Key Dimensions for the Wheels (B-doud)

Dimension Steer Drive Trailer1 Trailer 2
Tyre width (m) 0.300 0.300 0.300 0.300
Dual-tyre spacing (m) 0.350 0.350 0.350
Tyre half-track (m) 1.100 0.925 0.925 0.925
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B.3 Mass Properties

B.3.1 Sprung Masses

Table B3.1 — Mass Properties of the Sprung MasseB-fouble)

Mass Parameter Prime Mover Trailer1 Trailer 2
Number of Masst 1 1 1

Mass (kg) 6,400 20,100 34,100
Mass moment of inertidy, (kgm?) 7,883 31,540 53,509
Mass moment of inertidyy, (kgm?) 39,713 332,371 647,646
Mass moment of inertidz, (kgm?) 38,497 321,768 629,658
Inertia products (kgm?) 0 0 0

CG height above ground (m) 1.250 2.000 2.000

CG position aft of steeraxle/kingn
(m) 1.049 2.327 5.600

B.3.2 Unsprung Masses
B.3.2.1  Axles

Table B3.2.1 — Masses Properties of the Axles (B-dlale)

Mass Parameter Steer Drive Trailer 1 Trailer 2

Number of axle 1 2 3 3
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Mass per axle (kg) 404.0 608.0 408.0 408.0
Mass moment of inertidy, per axle

(kgm?) 145.3 238.8 87.8 87.8
Mass moment of inertidyy, per axle

(kgm?) 20.4 33.9 2.1 2.1
Mass moment of inertidz, per axle

(kgm?) 163.7 238.8 87.8 87.8
Inertia products (kgm?) 0.0 0.0 0.0 0.0
CG height above ground (m) 0.500 0.511 0.514 0.514
B.3.2.2 Wheels

Table B3.2.2 — Mass Properties of the Wheels (B-dbie)

Mass Parameter Steer Drive Trail@railer 2
Number of wheels per axle grc 2 8 12 12
Mass per wheel (kg) 98.0 98.0 98.0 98.0
Mass moment of inertidy, per wheel

(kgm?) 6.9 6.9 6.9 6.9
Mass moment of inertidyy, per wheel

(kgm?) 12.3 12.3 12.3 12.3
Mass moment of inertidz, per wheel

(kgm?) 6.9 6.9 6.9 6.9
Inertia products (kgm?) 0.0 0.0 0.0 0.0
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B.3.1 Axle Group Loads

Table B3.1 — Axle Group Loads (B-double)

Design Parameter  Steer Drive Traildrailer 2GCM

Axle group load (kg)6,000 17,000 22,500 22,500 68,000

B.4  Turntables (Fifth Wheel)

Table B4 — Mechanical Properties of the Turntable$B-double)
Design Parameter Prime Mover Trailer 1

Roll stiffness (Nm/deg) 56,500 56,500

Pitch stiffness (Nm/deg) 0.0 0.0

Yaw stiffness (Nm/deg) 0.0 0.0

Longitudinal compliance

(m/N) 0.0 0.0
Lateral compliance (m/N) 0.0 0.0
Vertical compliance (m/N) 0.0 0.0
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B.5 Suspensions
B.5.1 Springs
B.5.1.1 Geometry

Table B5.1.1 — Suspension Spring Geometry (B-double

Design Parameter Steer Drive Trailer Trailer 2
Alignment of
springs vertical vertical vertical vertical

Roll centre height
(m) 0.700 0.600 0.714 0.714

Roll-steer angle
(deg) 5.0 5.0 5.0 5.0

B.5.1.2 Spring Properties

Table B5.1.2 — Spring Properties (B-double)

Design Parameter Steer Drive Trailer1 Trailer 2

Load-deflection characteristics (see Spring
Tables below) Steer Drive Trailer1 Trailer 2

Coulomb friction (Hysteresis) 0.0 0.0 0.0 0.0

Aukxiliary roll stiffness per axle (Nm/deg) 432 1%9 9,380 9,380
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B.5.1.3 Spring Tables

The following tables give the force/deflection cheteristics of springs used in the
suspensions. These were derived from data presentee comprehensive truck size and
weight study managed by the Roads and Transpartétgsociation of Canada (RTAC)
and reported in Ervin and Guy (1986). The valuethe tables shown below are simply
the average of the compression and extension gre®lfxom the spring tables given in
Ervin and Guy (1986). The name of the spring fiitan the RTAC study from which the
force/deflection curves were derived are giverhim lheadings for each axle. For example,
the RTAC data from spring fil8T6T: Sp.lHRef.Frt was used to create the force/deflection

curve for the steer axle, as shown below.

a) Steer — ST6T:Sp.IHRef.Frt

Table B5.1.3(a) — Steer-Axle Spring Force/DeflectioCurve (B-double)

Force Deflection

(N) (mm)
-91,440 -381.0
-5,206 -19.1
-667 0.0
5,562 25.4
11,347 50.8
17,020 76.2
32,215 139.7
49,513 215.9
89,333 393.7
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b) Drive — ST6T:Sp.ARD244.16

Table B5.1.3(b) — Drive-Axle Spring Force/Deflectio Curve (B-double)

Force Deflection
(N) (mm)
-172,535 -76.2

22,693 -31.8

26,753 -12.7

29,924 0.0
33,539 12.7
37,989 25.4

153,012 76.2
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Cc) Trailers 1 and 2 - ST6T:Sp.AR9517.16

Table B5.1.3(c) — Spring Force/Deflection Curve foAxles on Trailers 1 and 2 (B-
double)

Force Deflection

(N) (mm)
-92,330 -63.5
22,693 -34.9
28,478 -12.7
31,147 0.0
34,429 127
41,993 381
125,78

5 76.2

B.5.2 Dampers

Table B5.2 — Dampers (B-double)

Design Parameter Steer Drive Trailer 1 Trailer 2

Alignment of damper vertical  vertical  vertical \edl

Bump and rebound damping
coefficient (Ns/m) 3,502 13,658 13,658 13,658
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B.6 Tyres
The same tyres are used on the steer, drive alet tles.

Tyre side force and aligning torque characterisdies to slip angle at zero longitudinal slip
are based on data presented in Ervin and Guy (1886)EI-Gindy and Kenis (1998),
respectively. Tyre relaxation length and vertidaimping have been modified for this

study; both have been set to zero.

B.6.1 General

Table B6.1 — General Tyre Characteristics (B-double

Design Parameter Steer Drive Trailer 1 Trailer 2
Number of tyres perax 2 4 4 4

Rolling resistance (%) 0.0 0.0 0.0 0.0

Tyre relaxation length (m) 0.0 0.0 0.0 0.0
Peak friction value (-) 0.8 08 0.8 0.8

Locked wheel friction value
) 0.7 0.7 0.7 0.7
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B.6.2 Ride Characteristics

Table B6.2 — Tyre Ride Characteristics (B-double)

Design Parameter  All locations

Vertical stiffness (N/mj88,112

Vertical damping
(Ns/m) 0.0

Loaded radius (m) 0.500
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APPENDIX C: Yaw Roll Model

C.1 Input .DAT File for B-double SAE Lane Change Snulation
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.T020427ES
LT1T7254783
. 730903455
. 743056553
.TE3T78ETTS
. T63166399
.TT71278044
LTTE202502
. 784025481
. TBEB35419
. 792723418
. 795783018

82



351.
352.

354

355.
357.
358.
3a0.
362,
364.
365.
367.
369.
370.
372.
374.

3735

377

383.8

04
6303
33072
97114
61156
25158
g9z24
53282
17324
B1l366
45408
0945
TI482
37534
01576
63618

2966

8.83702

57744

385.
387.

a8
a1

390.
392.
393.
395.

396

398.
400.
401.
403.
405.

406.82

408.
410.
411.
413.
415.
416.

418

413,
4z21.
423.

424,

428.

42

429,
431.
433.
434,
4386.
437.

4339

441.2

442,
444,
448,

21786
85828
4387

13912

8.77954

41996
068038
TOO08
34122
98164
62206
28248
90289
54332
18374
418
45458
105
T4542
38584
02626
BEEEE
3071
34752
58794
22838
B&ETE

5092

8.14962

79004
43046
07088
T113

35172
99214
63256
27298
9134

25382
19424

[E Y Y T T T Y Y T I T Y T T T Y T T Y T T Y Y Y Y T I I Y T Y Y Y Y Y " T " Y YT Y Y Y Y Sy g

. 795783018
. T98109957
7959801852
. 800858175
801679563
802067962
E02226164
B0Z2Z257565
B0225T7T755
B0225T7755
BO225TT755
802257755
B0225T7755
BO2257T755
B02257T755
8022537753
B02257T755
B02257T755
8022537753
B0225T7755
B02257T755
B0225T7T755
B0225T7755
BO225TT755
802257755
B0225T7755
BO2257T755
B02257T755
8022537753
B02257T755
B02257T755
8022537753
B0225T7755
B02257T755
B0225T7T755
B0225T7755
BO225T7755
802257755
B0225T7755
BO2257T755
B02257T755
8022537753
B02257T755
B02257T755
8022537753
B0225T7755
B02257T755
B0225T7T755
B0225T7755
BO225T7755
802257755
B0225T7755
BO2257T755
B02257T755
8022537753
B02257T755
B02257T755
8022537753
802257755

83



447 .
4439,
451.
. T755592
454,
456,
457.
459,
4a0.
. 59844
464,
465,
467,
469,
470.
. 440896
474,
475,
36222
479,
480.
. 28348
483.
485.
487.
. 84516
490.
128
493,
495,

452

462

472

477

482

28
[=1-1

492

4397

498.
500.
501.
503.
505.
506,
508.
510.
511.
513.
515.
516.
518.
2320.
521.
523.
224,
528,
S52E8.
528,
531.
533.
534.
536.
538.
539,
541.
542,

83466
47508
1155

39634
03676
67718
3176

95802

2388
87928
5197

16012
20054

08138

T21l8

00264
64306

9239
56432
20474

48558

Too42
40684
04726
68768
3281

96852
60894
24936

Moo

o P

88978
5302

17062
81104
45146
09188
T3IZ3

37272
01314
65356
29388
9344

57482
21524
85566
49608
1365

TTe92
41734
05776
69818
3386

97902

=]

[ T R B [ T R s [=]

[=]

(=]

[=) [=] [ R |

[=]

=]

[=] [=] [=] [=]

=]

[=]

(=]

[=]

L O T L T T e Y Y Y Y Y Y O T T It e Y Y N T Y Y Y Y Y e T Y Y e o T T T Y S Y
[=]

D O 0 O o0 0 C0 o0 0 (0 ) CO0 CO ) €O CO 0 €0 o0 0 0 0 0 0 0 0 (0 ) 0 CO ) CO 00 0 €0 0 0 C0 0 0 0 0 Co C0 0 CO0 O ) O 00 0 O 0 0 C0 0 CO Co 0o
=]

Ra B3 ORI K3 R ORI RS ORI K3 R ORI RS R ORI RS ORI ORI R ORI ORI R RI R3 RY RI R3 K3 R3O RY Ry R3 ORY K3 R K3 RI OR) K3 K3 K3 K3 R) Ry RS R) K3 ORI R) ORI ORI RY ORI R) K3 RD ORY R3O RD R
Ry K3 ORI ORI ORI ORI R ORI ORI ORI ORI ORI R ORI ORI ORI ORI R ORI ORI ORI ORI ORI R ORI ORI ORI ORI ORI R ORI ORI ORI ORI R ORI ORI ORI ORI R R ORI ORI ORI ORI R ORI ORI ORI ORI ORI RN ORI ORI ORI ORI ORI ORI R



C.2 QOutput .OUT File for B-double SAE Lane Change Bnulation

R e T T

=]

8basa.B.dat

[

File = Z8x

# OF SPRUNG MASSES = 3
TCTAL # OF BXLES = 8
GROS5 VEHICLE WEIGHT = 1499%15.10 LB.
FORWARD VELOCITY = 54.55 HM.P.H
PEAK FRICTICNAL COEFFICIENT = .73
DISTANCE RHERD HEIGHT BELCW ROLL STIFFMNESS TYPE CF
COF SPFRUNG MASS SPRUNG MASS (IN.LB/DEG) CONSTRAINT
C.G. (INCHES) C.G. (INCHES)
CN UNIT # 1 -11z2.24 3.15 500081.50 1
ARTICULRTICN PT # 1
CM UNIT % 2 91.81 32.688
CM UNIT % 2 -223.35 32.688 500081.50 1
BARTICULATICN PT # 2
CN UNIT # 3 220.47 32.68
TYPE OF CONSTRAINT : 01 CONVENTICNAL 5TH WHEEL

02 INVERTED 5TH WHEEL
03 PINTLE HOOK
04 EKING PIN(RIGID IN ROLL & PITCH)

CLOSED LOOP PATH FOLLOWER INPUT

R R R AR R R AR AR R R R R R R R R

DRIVER LAG = .00 S5EC
FREVIEW INTERVAL = .15 S5EC
CLOSED LOOF TIME = 9.00 BEC
RAMP-STEEE ERATE = .00 DEG/SEC

# OF POINTS IN PATH TABLE =500

X (FEET) Y (FEET)

.00 .00
1.64 .00
3.28 .00
4.92 .00
6. .00
8.20 .00
9.84 .00
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k.
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[yl

-1
-1

[5]

moom oo~

w 1w W w o
aonow O

m

100.
101.7
103,
104.

[ LT (ST O T % R
W=l oo b R

73:-_,

-1
m

=]

(%]

moa n

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
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106.
108.
1089.
111.
113.
114.!¢
11&.
118.
113.7
1z21.
123.
124.
1286.
127.
123.5
131.
132.8
134.
136.
137.1
139.
141.
142.
144.
146.
147.
1439,
150.
152.
154.
155.
157.
159,
1a0.
laz.
la4.
1a5.
1la7.
1a8.
170.
172.
173.
175.

177.

180.
ilgz.
183.7
185.
1a7.

88.
130.
191.
193.
195.
196.1
198.
200.
201.7

1 s RN k)
oy R0 b O o Ry

[ )
O

68

L T

Ry B3
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300.
301.
303.
305.
306.
308.
310.
311.
313.
314.
31a.
318.
319.
321.
323.
3Z4.
3Ze.
328.
329.
331.
333.
334.
336.
337.
339.
341.
342.1
344,
3446,
347.
349.
351,
352.
354.
355.
357,
359.
360.8
362,
364.
3685.1
367.
369.
370.7
372,
374.
375.
377,
378.
380.
382,
383.
385.
387.
388.

390.
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=
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322,
393.7
385,
398,
398.
400.
401.
403.
405.1
406, 1
408.
410.
411.7
413.
415.
416.
413.
419,

421.58

423.2
424.8
426.
428.
4238.7
431.
433.
434.7
436.
437,
439,
441.
442,
444,
446,
447, ¢
449,
451.
452 .7
454.
456,
457,
459,
480.
482 .
464.
485,
467.
469,
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472,
474,
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479,
480.
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487

as
4390
492

4395
497

498,
.33
S01.
503,
.25
sS0e.
.53
.17
511.
.45
.08
.73
37
.01

500

505

S08
510

513
515
5le
2148
220

521,
23

523

524.
.57
22
529,
.50
.14

528
528

531
533

20

-1

)

.43
.13
483,
.41
.05

77

63

a7
6l

8
(=]

=]
a

65

83

ga

78

534.78

536
538
539
541

54z,
544.
.28
547.
.54
S5l.
552,
.46
.10
T4
559.
.02

546

549

554

556

557

561

5az2.
.30
565,
.39
23
370.8
.51
.15
.78
.43
.07
.71

564

S67
S639

572
574
575
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.70
.34

8
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o
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File =

Z2Ex2Ebasa.B.dat

# OF RXLES ON THIS UNIT = 3

WEIGHT OF SPRUNG MASS

= 14110.00

UNI

R

T# 1

R

LB.

ROLL MCMENT OF INERTIZ OF SPRUNG MASS =

PITCH MOMENT OF INERTIA OF SPRUNG MASS

YAW MOMENT OF INERTIA OF SPRUNG MASS =

HEIGHT OF SPRUNG MASS CG RABOVE GROUND =

LORD ON EACH AXLE (LEB.)
BYXLE WEIGHT (LB.)

BY¥LE ROLL M.I (LB.IN.SEC**2)
X DIST FROM 5F MASS CG (IN)

HEIGHT OF RXLE C.G. ABOVE
GROUND (INCHES)

HEIGHT OF ROLL CENTER AEBCOVE
GROUND (INCHES)
HALF SPRING SPACING (IN)
HALF TRACE - INNER TIRES (IN)
DUAL TIRE SPACING (IN)
STIFFNESS OF EACH TIRE (LE/IN)
ROLL STEER COEFFICIENT
AUX ROLL STIFFNESS (IN.LB/DEG)

SPRING COULCME FRICTION -
PFER SPRING (LE)

VISCOUS DAMPING PER SPRING
(LB.SEC/IN)

SPRING TABLE #
CCORNERING FORCE TABLE #

ALIGNING TORQUE TABLE #
File =

R¥LE #

la.

43.

4500,

1

1

EEEEEE R

13227.

2.87

Z2Ex2Ebasa.B.dat

1 RXLE #
R
T4 18739.
2204
.18 5432
.30 -85.
.69 20.
.58 23.
73 lg
31 23
.00 1s.
24 4500
.00
.52 15002.
.00
.00 78
2
1
1

92

69764.43 LB.IN.SEC**2
351460.50 LB.IN.SEC**2
340698.20 LB.IN.SEC**2
45.21 INCHES
3 R¥LE #

29

.00

01

.00

.00

2 R¥LE #
R R
z9 18739.
.62 2204.
03 5432,
24 -1389.
iz 20.
62 23.
.73 lg
.53 29,
78 13.
.24 4500.
.00
01 15002,
.00
.00 78
2
1
1

HEEEEREEEE O REEERREEE RERERREEE  RREERRREE RRRERRR



# OF RXLES CN THIS UNIT = 3

WEIGHT OF SPRUNG MASS

= 44313.00

UNI

R

T# 2

R

LB.

ROLL MOMENT OF INERTIL OF SPRUNG MASS =

PITCH MCMENT OF INERTIA OF SPRUNG MASS = 2941483.00

YAW MCMENT OF INERTIZ OF SPRUNG MASS =

HEIGHT OF SPRUNG MASS CG ABCVE GROUND =

LOARD ON ERCH AXLE (LE.)

BXLE WEIGHT (LE.)
BXLE ROLL M.I (LE.IN.SEC**2)
X DIST FROM 5P MASS CG (IN)

HEIGHT OF RXLE C.G. ABCVE
GROUND (INCHES)

HEIGHT OF ROLL CENTER ABOVE
GROUND (INCHES)
HALF SPRING SPACING (IN)
HALF TRACK - INNER TIRES (IN)
DUAL TIRE SPACING (IN)
STIFFNESS OF EACH TIRE (LE/IN)
ROLL STEER COEFFICIENT
LUX ROLL STIFFNESS (IN.LB/DEG)

SPRING COULCOME FRICTION -
PER SFRING (LE)

VISCOUS DEMPING PER SPRING
(LE.SEC/IN)

SPRING TAELE #
CCRNERING FCRCE TABLE #

ARLIGNING TORQUE TABLE #
File =

27812%9.00

2847647.00

8

&7

70

-11

.69

.00

.00

.00

.00

B¥LE # 4 R¥LE # 5 RXLE #
EEEEEEEEE REREREERE RRRREERER
16534.67 16534.67 16534.
1763.70 1763.70 1763,
4085.87 4085.87 4085.
-170.1% -21%9.41 -268
20.24 20.24 20.
2g.11 2g.11 28
15.69 15.69 13
29.53 29.53 23.
13.78 13.78 1s.
4500.24 4500.24 4500.
.00 .00
83020.00 83020.00 83020
.00 .00
T8.00 T8.00 78
3 3 3
1 1 1
1 1 1

2Bx2Ebasa.B.dat

93

LE.IN.SEC**2

LE.IN.SEC**2

LE.IN.SEC**2

TE.T74

INCHES

R¥LE #

HEEEEEERE REERREEEE  RRERAERRE  RERRRRREE  RRREw



UNIT # 3

EEEEEEER R

# OF AXLES ON THIS UNIT = 3

WEIGHT OF SPRUNG MASS = 75178.00 LB.

ROLL MCOMENT OF INERTIA OF SPRUNG MASS =

PITCH MCMENT OF INERTIZ OF SPRUNG MASS =

YAW MOMENT OF INERTIA OF SPRUNG MASS =

HEIGHT OF SPRUNG MASS CG ABCVE GROUND =

473555.00

5731668.00

5572473.00

BXIE # 7 RXLE 4 & BAXLE § 9

LORD ON EACH RXLE (LB.) 16534.67  16534.67  16534.67

LXLE WEIGHT (LB.) 1763.70 1763.70 1763.70

BXLE ROLL M.I (LB.IN.SEC**2) 4095.87 4095.87 4095.87

¥ DIST FROM 5P MASS CG (IN) -104.33 -153.54 -202.76

HEIGHT OF AXLE C.G. ABOVE 20.24 20.24 20.24

GROUND (TNCHES)
HEIGHT OF ROLL CENTER RBOVE 28.11 28.11 28.11
GROUND (INCHES)

HALF SPRING SPACING (IN) 13.63 13.63 139.69

HALF TRACK - INNER TIRES (IN) 29.53 29.53 29.53

DUARL TIRE SPACING (IN) 13.78 13.78 13.78

STIFFNESS OF EACH TIRE (LB/IN)  4500.24 4500.24 4500.24
ROLL STEER COEFFICIENT .00 .00 .00

LUX ROLL STIFFNESS (IN.LB/DEG) 83020.00 £3020.00 83020.00
SPRING COULOMS FRICTION - .00 .00 .00

PER SPRING (LB)
VISCOUS DAMPING PER SPRING 78.00 78.00 78.00
(LE.SEC/IN)

SPRING TAELE # 3 3 3
CORNERING FORCE TABLE # 1 1 1
ALIGNING TORQUE TAELE # 1 1 1

SPRING TABLE # 1
[ —
FORCE DEFLECTTON

94

LE.IN.SEC**2

LE.IN.SEC**=2

LE.IN.SEC**2

T&.74 INCHES

RXLE #

EEEEA R AR RERARARRA  RRARARRAR  RARRRRARA  RRRRRA AR



LB INCHES

-20556.53 -15.00
-1170.35 -.75
-143.96 .00
1250.38 1.00
2550.89 2.00
3826.24 3.00
T242.22 5.50
11130.82 8.50
20082 .86 15.50

SPRING TAELE # 2

EEEEEE  RERERER

FORCE DEFLECTION
LB INCHES
-38787.42 -3.00
£101.52 -1.25
6014.31 -.50
€727.18 .00
7538.86 .50
8540.26 1.00
34398.47 3.00

SPRING TABLE # 3

EEERER REEEREE

FORCE DEFLECTION

LB INCHES

-20756.61 -2.50
5101.5% -1.37
6402.11 -.50
Jooz.1z2 .00
7733.94 .50

9440.40 1.50



TIME
(SEC

(SRS

)

9440

282

28277

.40

&7

1.

3.

50

o0

CORNERING FORCE TABLE # 1

HRE AR RRE RRRRR RARRRERAR

LATERARL FORCE

1283.

5267,

9441

.00

04

33

.52

Vs,

BLIGNING TORQUE TABLE # 1

EREEEEEE RmEEER REREEEEER

ALIGNING TORQUE W5.

6562 .

13060.

159589,

FORWARD LATERAL

.00

7.76

.14

SLIF ANGLL
1.00 2.00
356.95 634.53
835.43 1611.18
944.04 1793.88

SLIP ANGLE

1.00 2.00
336.24 528.36
1020.36 1715.88
1764.60 3156.860
2484.12 4608.84
3000.8 5616.84

= 28x28basa.B.dat

VERTICAL

POSITICN POSITICN POSITION

(IN)

(IN)

(IN)

.000
122

ROLL
ANGLE
(DEG

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

o

1526.

33938.

51392.

SPRUNG MLSS #

R R R R R R R R

YRW
ANGLE
(DEG

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

1

PITCH FORWARD

ANGLE

.000

88

.309

.466

-364
-381
.333

96

VEL
(DEG) IN/SEC

980.
960,
980.
960,
980.
960,
980.
980,
980.
980,
980.
980,
980.
980,
980.
980,

12.00
1804.63
4356.14
5759.31

12.00

252.24
10%2.00
2184.12
3576.96
4621.20

LATERAL

VEL

IN/SEC
0o
00
0o
00
0o
00
0o
00
0o
00
0o
00
0o
00
0o
00

ROLL
RATE

YAW
RALIE

PITCH

RATE

DEG/SEC DEG/SEC DEG/SEC

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

o k-
%)

i
R

=]
[E=1

[N

LATERAL
ACCH.

IN/SEC**2

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

STEER
BNGLE
DEG



TIME

LD LD LD LD LD LD LD LD LD L R ORI RD ORI ORI R R ORI ORI RD B B S s

(SEC)

R e e e S I =

.00
.10
.20
.30
.40
.50
.60
.70

.90

oo
10
20
30
40
50
1)
70

ao
oo

.10

FORWARD

POSITICN

(I}

-203.8
-111.
-11.¢

8

176.

.

272,
368.
464,
560,
656,
752,
848.
948.

1044,

1140.

1236.

1332.

1428,

1524.

1820.

1716.

1s812.

1908.

.00 -.208 .00
.00 -.288 .00
.00 -.418 .00
.00 -.570 .00
.00 -.832 .00
.01 -.587 .00
.06 -.420 -.02
.25 -.280 -.086
-8B -.265 -.13
1.45 -.354 -.24
Z.886 —-.488 -.38
4.21 -.573 -.52
6.12 -.568 -.75
8.80 —-.482 -1.07
11.82 -.390 -1.04
15.49 -.352 -1.53
19.686 —-.407 -1.860
25.82 -.502 -1.52
28.35 -.560 -1.86
33.03 -.588 -1.58
37.54 -.549 -1.52
41.75 -.464 -1.41
45.67 -.393 -.73
49.30 -.355 -.69
52.1% -.380 -.05
54.75 -.446 .36
File = 28x28basa.B.dat
LATERAL VERTICAL ROLL
FOSITICHN POSITICH ANGLE
(1) (IN) (DEG)
.00 [a]e]4) .00
.00 o3& .00
.00 121 .00
.00 142 .00
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