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FOREWORD

This report supersedes the material presented in an earlier
report, "A Computer Based Mathematical Method for Predicting
the Braking Performance of Trucks and Tractor-?rai]ers,“!by
R. W. Murphy, J. E. Bernard, and C. B. Winkler, dated Séptember 15,
1972. Also, the computer program described in this report super-
sedes the computer program associated with the earlier report.
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1.0 INTRODUCTION

Since mid-1971, the Highway Safety Research Institute (HSRI}
has been conducting research under the sponsorship of the Motor
Vehicle Manufacturers Association (MVMA)} to develop computer-
based methods for analyzing and predicting the steering and
braking performance of commercial motor vehicles. The initial
achievements of this research work were presented in two major
reports: (1) "A Computer Based Mathematical Method for Predict-
ing the Braking Performance of Trucks and Tractor-Traijlers,"”
September 1972, and (2) "A Computer Based Mathematical Method
for Predicting the Directional Response of Trucks and Tractor-
Trailers," June 1973 (References [1]* and [2], respectively).

The first report presented a comprehensive mathematical descrip-
tion (model) of the braking dynamics of commercial vehicles,
including detailed representations of air system dynamics,

braking systems, tandem suspensions, tire shear force performance,
and wheel rotational dynamics. That report also included descrip-
tioné of methods for obtaining the vehicle parameters needed to
use the simulation, and comparisons between vehicle test results
and predicted results to validate the capabilities of the
computer-based methods. The second repori described a perfor-
mance prediction method which contained all of the brake, suspen-
sion, and tire modeling features contained in the straight~Tine
braking performance program, plus the possibility for lateral,
roll, and yaw motions of the vehicle. As with the first program,
this second program was validated against experimental test results
on both straight trucks and articulated vehicles. The development
of these computer programs constituted Phases 1 and II of the
motor truck research study.

*Numbers in square brackets designate references given in
Section 4.



During Phase I1I, the work of Phases 1 and I1 was extended
significantly in the following studies:

1. Refinement of tandem-suspension models aiready
developed, and the formulation of models for
five additiocnal suspension types.

2. Development of over-the-road equipment for
measuring the longitudinal shear force
characteristics of truck tires.

3. Development of models for typical truck anti-
tock braking systems.

4. Extension of the straight-line braking program
to include provision for simulating a doubles
(tractor-semitrailer-trailer) combination.

5. Development of a brake temperature model to be
used for simulating the decrease in brake
effectiveness as a result of fade.

The results of these studies have been used to improve the

- existing computer programs by medifying and changing them
appropriately as new models and component-representations have
been formulated.

Detailed papers have been presented on the technical and
" scientific aspects of the work performed in Phases I, II, and
111 of this investigation. References 1 through 18 provide a
bibliography of papers and reports related to the motor truck
braking and handling project.

This report documents (under one tit]e) the refined straight-
1ine braking computer program which has been developed from the
research activities conducted since the initial braking perfor-
mance program was completed. These refinements are extremely
important because, in response to FMVSS 121, a1l (or nearly all)
new commercial vehicles will be equipped with antilock braking



systems. Thus, a useful simulation must be able to predict the
interaction of antilock system performance with brake charac-
teristics, tandem suspension dynamics, tire shear force proper-
ties, and wheel rotational dynamics during braking maneuvers.
The simulation described in the next section is intended to
provide this type of predictive capability.

In Section 2.0, the simulation methods are described from
the user's point of view. The meaning of the input data is
explained in the order that it is entered into the computer.
Example results illustrating the important features of the simu-
lation are presented. Due to the size and comprehensiveness of
the mathematical model used to describe the motor truck, Section
Z is divided into the following subsections:

2.1 Suspension Options

2.2 Input Data for the Sprung Mass

2.3 The Brake Models

2.4 The Tire Models

2.5 The Antilock Models

2.6 Rough Road

The body of this report ends with a discussion of {1} the
application of this simulation in predicting the braking perfor-
mance of commercial vehicles, (2) other approaches to predicting
braking performance, and {3) recommendations for research studies

to attain an improved understanding of commercial vehicle
braking.

The details of the computer subprograms are relegated to
several appendices. The titles of these appendices are:

A - Program Flow Diacrams
B - The Suspension Models
C - The Sprung Mass Models
D - The Brake Models

E - The Antilock Model






2.0 DESCRIPTION OF ?HE SIMULATION MODEL

The Phase 111 simulation program actually consists of three
individual digital computer program groups, one each for the
simulation of the straight-line braking performance of straight
trucks, tractor-semitrailers, and doubles combination vehicles,
In addition, a single group of subprograms, which model elements
common to each class of vehicle {viz., suspension, brake, and
antilock systems plus road profile) is employed in the operation
of each of the three main programs. Finaily, the IBM system
subroutine HPCG performs the digital integration of the state
variables.

For purposes of identification, the following 1.D. symbols
are applied to the four program groups:

I.D. Program Groups

PH3S Phase II1 - Straight Truck

PH3A Phase IIl - Articulated Vehicle
{tractor-semitrailer)}

PH3D - Phase TII - Doubles

PH3 Phase II1 - Support Subprograms

This organization of programs has allowed for efficiency
both in terms of program writing and use. The separation of
vehicle types intoc individual programs simplified program
writing and limits the veolume of "excess baggage" carried by the
program in actual use. The use of a group of supportive sub-
programs common to each of the vehicle programs alleviates the
need for repetitive programming of sub-system operation and
lowers the volume of computer memory needed to operate the
programs.




Each of the three vehicle program groups consists of a
MAIN program and INPUT, OUTPUT, and FCT1 subprograms. The
simplified flow diagram of Figure 2.1 shows the relationships
between all the individual elements of the simulation programs.*
(This figure is appiicable to each of the three vehicle programs. )

From the user's point of view, understanding the program
implies, largely, understanding the input data. The remainder
of Section 2.0 is intended to provide that understanding. As a
preface to the detailed material which follows, a short overview
of the organization of input flow will now be presented.

Although the volume of input data required is large, certain
steps have been taken to ease the user's burden in dealing with
the programs. First, the data has been grouped to correspond
with certain physical sub-systems of the venicle. (Table 2.7
indicates these groups and their order in the input flow.) Thus,
user alterations to a basic vehicle (for example, a change of
suspension type) are facilitated.

Second, a great number of options with regard to data entry
are available to the user. For instance, in modeling the brakes,
the user may choose to enter data in the form of "dynamometer
curves" or design parameters of the brake itself, depending on
what is available to him or on his choice of modeling technique.
The various options available in the program may be inciuded or
excluded from the simulation (and from the input flow) by the
entry of various "key" parameters located throughout the input
flow.

The first data group to be entered in using any of the
three Phase II1 programs is composed of a title followed by
several of these "keys," specifically those which cue the program
as to the use of the "Rough Road" coption and the various
suspension options to be used in computation.

*More detailed diagrams of the individual programs appear in
Appendix A.



l Bo Initimlizations in Main }

i

Cell INPUT®
Read and E£cho Input
INPUT may call:

INFOAL
INPSAS
INPAIR
BRAKE

BRAKEL
ANTLKR
ANTLKW

to réad and echo opticnal
data and initialkize

1

i Return to MAENI

Cell FCT1
Perform initislization and
static ceiculations
FCT) mey cell:
ONEOAL
DNESAG
ONEAIR
ROAD
to perform initializations
and static calcujations

Return to MAIN

¥
L

to initieglize brake talculation

- Call OUTPUT
Read the time increment
and initialize
OUTPUT may call:
BINIT

Return to MAIN

Y

Call FrcT

HPCG controls active program
flow and performs the inte-
gration of state variables

HPCG calls FCT and OUTP at
each time step

Call HPCG.

Return to MAIN

Call TORQUE to
celeulate brake torque

TORQUE may call:

TABLE

ANTLK

BCALCU
to perform optional
calculations

Return to FCT

Y

Tor may call:
ROADZ

to perform optional
calculations.
Calculate fromt suspension
forces and acceleration
Calculate position and
velocities of sprung and
unsprung masses

FLT may call:

SUSDAL

SUSSAS

SUSAIR

to perform optional
suspension calculations

Calculate sprung mass
acceleration

Return to HPCO

[ Write results
call OUTPUTL onte output bhuffer
Write the final output 1
Return to MAIN If output buffer full
i_ Brint results
Call Rerun |
Read rverun parameter 1f Velocity < 0.0
or
Return to MAIN Time > Time final
¥ set PRMT(S) = 1,
to cue HPCG to end
[ Restart or Exit | Integration

[ Return to HPCGC ]-

%Calls may be made to sub-
programs or ENTRY
statements within
subprograns.

Figure 2.1. Simplified program
flow diagram.



Table 2.1.

Data Group

I.

.

111.

VI.

VII.

KEYS

Suspensions

Sprung Mass

‘The Brakes

Tires

Antilock Systems

Other Options

General Input Flow

Explanation

Cues program as to the use of
"Rough Road" and suspension
options.

One suspension data group
entered for each suspension
on the vehicle starting from
front and working rearward.

Data describing the vehicle's
sprung masses.

Inciudes options for analytical
brake models or dynamometer

curves plus imbalance, hysteresis,
and fade.

Includes options for analytical
tire model or entry of u-slip
curves.

Optional data entry providing
for the modeling of a wide
variety of antilock systems.

”Rough‘Road“



An example for this group of input appears in Table 2.2.
The data echo, output by the program, which would result from
this input appears in Figure 2.2.

Table 2.2

Input Comments
Key Section Input '
Example Title: Format (20A4)
-1 Road Key: Format (I2);

delete for smooth road
00 ~ Rear Suspension Key: Format (12)
03 Trailer Suspension Key:

Format {I2); delete for straight
truck program

01 Dolly Suspension Key: Format (12);
dejete for straignt truck or
tractor-trailer programs

07 Second Trailer Suspension Key:
Format (12); delete for straight
truck or tractor-trailer programs

The first 1line of input is a user-selected title which will
be printed as a portion of the header on each output page.

The title is foliowed Dy a road key only if the user wishes
to impiement the "Road" option. If the user desires to simulate
vehicle operatign on any but a smooth road, a -1 integer must be
entered here. This signals the program to call subroutine ROAD
at the proper time and place. Subroutine ROAD is a user-supplied

subprogram which describes the surface on which the vehicle is to
operate. (Detailed requirements for this subprogram are given in
Section 2.6.) If the vehicle is to operate on a smooth road, the
road key is simply deleted.



KEYS:
KRCAD

KEY1
KEY2
KEY3
KEY4

ROAD KEY: O IMPLIES A SMOOTH ROAD
-1 IMPLIES A ROUGH ROAD

TRACTOR KEY

FIRST TRAILER KEY
DOLLY KEY o
SECOND TRAILER KEY
AXLE KEYS: SET TO 0

1
2

Figure 2.2.

FOR SINGLE AXLE

FOR WALKING BEAM

FOR BASIC FGOUR

SPRING TANDEM
SUSPENSION

FOR FOUR SPRING

TANDEM SUSPENSION

WITH SPRING-TYPE
TORQUE RODS

FOR FOUR SPRIN

TANDEM SUSPENSION

WITH LONG LOAD-LEVELER
FOR MULTIPLE TORQUE
ROD FOUR SPRING
SUSPENSION

FOR MULTIPLE TORQUE
ROD FOUR SPRING
SUSPENSION WITH SPRING-
TYPE LOWER TORQUE ROD
FOR AIR SUSPENSION

KEY Echo.

10

~ - I D



Following the road key, the suspension keys are entered.
These keys indicate to the program the parti;u?ar types of
suspensions on the vehicle to be simulated (exclusive of the
front suspension which must always be a single axle}. Keys are
entered in order for suspensions from fore to aft of the vehicle
and are only entered for suspension positions appropriate for
the vehicle being simulated. (See Table 2.2) The suspension key
code appears in Figure 2.2.

The following sections detail, in their order of entry, the
input parameter groups necessary to describe the vehicle being
simulated.

2.1 Suspension Options

Following the "key" input group, parametric data describing
each of the various suspensions used on the simulated vehicle are
entered. These data are, of course, grouped by suspension and
each suspension group is entered in order proceeding from front
to rear of the vehicle.

"Front suspension type is not optional and is always sing}e
axle. All other suspensions may be one of the eight options
Tisted earlier in Figure 2.2.

In the Phase IIl programs, entered values of spring rates,
coulemb friction, and viscous damping represent a total value
for a given axle (with certain exceptions for the air suspension),
i.e., the summation for both "sides." For exampie, entered spring
rates represent the sum of the spring rates of the right and left

springs on a particular axle.

Before discussing the individual suspension options,
several points common te more than one option will be considered.

In the following sections, a "Suspension Reference Point"

for each of the suspension types will be indicated in the
several figures. For mathematical purposes, these points locate

1



the suspension relative to the sprung masses. later, in
Section 2.2, these reference points will be used to identify
certain geometric parameters which describe the various sprung
masses of a simulated vehicle.

Among the input parameters for the various suspensions are
the effective viscous damping coefficients which model the effect
of the shock absorbers. These coefficients are the slopes of the
effective force~-velocity curves for the shock absorber. The
model is bilinear, as shown in Figure 2.3, thus allowing the user
to select different damping coefficients for jounce and rebound.
In all suspension models where viscous damping is present, the
damping mechanism is assumed to have a vertical orientation.
Thus, to determine the effective coefficient for use in the simu-
lation, the geometry of the actual mounting configuration should
be considered. For solid axle suspensions, the coefficient of
the shock absorber itself should be multiplied by the square of
the cosine of the angie between the shock absorber centerline
and vertical.

Velocity

ShapanC(n

Rebound Slope,
C{1+1)

Figure 2.3. Characteristics of the shock absorber model.
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Maximum couiomb friction is an input parameter for most
of the suspension models. Typically, this number derives from
the inter-leaf friction of the suspension. From the user's
point of view, this value is one-half of the force hysteresis
shown in the force defiection curves derived from laboratory
experiment. For example, see Figure Z2.4. Many truck suspensions
have no shock absorbers, and so coulomb friction provides the
only damping mechanisms in the suspension. In such cases, it is
particularly important to enter realistic values of coulomb
friction; if not, excessive suspension motions may result in the
simulation.

The single axle and walking beam suspension models allow
the option of nonlinear springs. To call forth this option, the
user must enter a value of -1 for the spring constant (K) when
entering suspension data. If K has been entered as -1, the final
entries for the suspension constitute the spring tables; first
the number of points in the table followed by the desired values
of deflection versus force properties of the spring. Up to 25
points in the table are allowable. (An example of spring table
use will be given in Section 2.1.1 - The Single Axle Suspension
Option.)

Certain subtleties of the use of nonlinear spring tables
should be addressed. First, the subroutine TABLE which handles
a variety of table inputs to the simulation (including spring
tables) is structured such that if parameter values outside the
range of entered points are reguired, the tabulated function
saturates in the y coordinate. For the spring fable this results
in a function of the form shown in Figure 2.5.

Thus to prevent spring saturation, the maximum and minimum
points entered should be well beyond the expected range of
operation. To be conservative, the minimum point should provide
a tensile force several times the unsprung weight;, the maximum
point should provide a compressive force larger than the sprung

13



Force
{Compression)

2 x Coulomb
Friction

Deflection

Figure 2.4. Determining coulomb friction from test data.
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12
g

Maximum
Point Entsred

Minimum
Point Entered

Figure 2.5. Subroutine TABLE saturation characteristics.

weight. In attaining these forces, excessive slopes must not be
employed. That is, the very large force inputs should be
accompanied by similarly large displacements. If excessive spring
table slopes are input, the dynamic capability of the simulation's
integration routine may be over-taxed causing the program to
“blow up."

In entering nonlinear spring data, it is very important
that the force data be accurate in both relative and absolute
terms. However, because of the manner in which tabular data is
handled, deflection data need be accurate in relative terms only.
For example, spring tables A and B shown in Table 2.3 are
equivalent while table C is quite different,

15



Spring Table A

Table 2.3

Spring Table B

Spring Table C

04 04 04

6.0 -30000. 210, -30000. 6.0 0.0
0.0 0.0 -4 0.0 0.0 30000.
8.0 20000, 4. 20000. 8.0 50000,
14.0  50000. 10, 50000. 14.0  80000.

The following sections describe the ihput data required for
each of the suspension options. Front suspension data is, of
course, identical to that of the single axle option. The
mathematical models for the suspension options are reviewed in
Appendix B.

2.1.1 The Single-Axle Suspension. A conceptual illustra-
tion showing each of the component parts of the single-axle

suspension model appears in Figure 2.6. Table 2.4 gives an
example of an input data set that might be used to implement this
model in a simulation run. Note that the data is entered in
alphabetic order. Figure 2.7 displays the resulting data echo
which is output by the program.

Note that the example data set calls for the use of spring
tables rather than the simple linear spring rate coefficient.
To call forth this option, the spring rate (K) has been entered
as ~1. Then, following the entry of all other suspension data,
the spring rate table was entered. The first 1ine of the table
indicates the number of points in the table. This is followed by
the entry of the deflection versus force data. 1If a 1inear
spring model was desired, the actual spring rate would have been
entered for K and the spring table deleted.

16



W /e

C1
c2

K1
CF

Suspension

Point

Refarence WSAH

Figure 2.6. The single-axle suspension model,
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Reproduced from
best available copy.

RTAx SUSDRINSION

21
c2
o

=
- %

K
431

SPET¥3 DFFLT
NO.
-, ANEN

2.0
3, 0N G0

14, 0000

Figure 2.

TNLUT DARAMRTEFRS:

1= EFAT SUSDPFESION |

VTSCOUS DANPING: JOUNCT (LE=SIC/IN)
VISCATUS DANDING: PEBOUND (LB-SEC/IN)
vAY, COGLORD PRICTION (LB)

SPEING RATE (LB/IN)

WTTGHT 0F LTADTNG AXLE (IBS)

TTICK {IM) Vs FOSCZ (LB)
OF FOINTS:
- 300NT LN
<o G
2UCAT LAY
52200000

7. Single-axle suspension data echo.

18

8.33
16.67
182G, 00
=Y. 00
1321.02



Table 2.4.

Input
8.33

16.67

1800.

1321.

04

-6.0  -30000.
0.0 0.0

8.0 20000.
14.0 50000.

Single-Axle Suspension Input

Comments

C1: Viscous damping coefficient in
jounce (1b-sec/in); Format (F15.3)

C2: Viscous damping coefficient in
rebound {1b-sec/in); Format (F15.3)

CF: Maximum coulomb friction (1b);
Format (F15.3)

K: Spring rate (1b/in); -1. entry cues
the spring tabie option; spring table
deleted if K is positive; Format (F15.3)

WS: Unsprung weight (1b); Format (F15.3)

Number of entries in spring table;
deleted if K has been entered as a
positive number; Format {I12)

Spring deflection {inches) vs. force
(1b); deleted if K has been entered
as a positive number; Format (2F10.3)

15



2.1.2 The Walking Beam Suspension. Figure 2.8 presents a

conceptualization of the walking beam suspension mode] avaijlable
as an option within the program. Table 2.5 presents an example
of an input data set which might be used in implementing the
model. The data echo program output which would result from the -
use of the data of Table 2.5 appears in Figure 2.9.

Compared to the single-axle suspension model discussed in
Section 2.1.1, the walking beam model has additional parameters
consisting of four geometric parameters plus PERCENT and, of
course, a second unsprung weight. The definitions of the four
geometric parameters (the AA's) should be made clear by Figure
2.8. Each of these parameters has a positive sense as shown in
the figure.

The input parameter, PERCENT, describes the effectiveness

of the torque rods in preventing inter-axle load transfer result-
ing from the application of brake torque. If PERCENT=100, the
torque rods will be "perfect,” i.e., there will be no inter-axle
Toad transfer or, in other words, all brake torque will be reacted
by the torque rod mechanism. If PERCENT=0, the torque rods will be
completely ineffective, i.e., there will develop sufficient inter-
axle load transfer to react the entire brake torque on the
suspension. Intermediate values of PERCENT will result in the
appropriate apportionment of the torque reaction effort between
the load transfer and torque rod mechanisms. Determination of

the appropriate value of PERCENT for a particular suspension may
derive from baseline vehicle testing.

2.1.3 The Basic Four Spring Suspension. The Phase Il

computer programs include five suspension options, all of which
are variations of the four spring tandem suspension. The basic
four spring model discussed in this section is the four spring
suspension with single torque rod and short lecad leveler.

20
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Input

24.0
26.0
8.0

18.0

0.0
0.0

4400.

30000.

100.

2078,

1972.

Table 2.5. Walking Beam Suspension Input

Comments

AAl: Horizontal distance from the walking
beam pin to the leading axle center (in);
Format (F15.3)

AAZ: Horizontal distance from the walking
beam pin to the trailing axle center {in);
Format (F15.3)

AMd: Vertical distance from the axle
centers down to the walking beam {in};
Format (F15.3)

AAS: Vertical distance from the axle
centers up to the torque rods (in);
Format {F15.3)

C1: Viscous damping coefficient in jounce
{1b-sec/in); Format {F15.3)

€2: Viscous damping coefficient in rebound
(1b-sec/in}; Format (F15.3)

CF: Maximum coulomb friction (1b);
Format (F15.3)

K: Spring rate {1b/in); -1. entry cues the
spring table option; spring table deleted
if K is positive; Format (F15.3)

PERCENT: Number between 0 and 100 indicat-
ing the effectiveness of the torque rods;
Format (F15.3)

WS1: Unsprung weight of the leading axle
{1b); Format (F15.3)

WS2: Unsprung weight of the trailing axle
(1b); Format (F15.3)

22



WALKING BEAM TANDEM SUSPENRSION

AAL
AA2

AL4
AAD

€1
c2z

CF

K
PERCNT
WS1
Ws2

HORIZONTAL DIST. FRUM WALKING BEAM

“PIN TO LEADING AXLE (IN} 24 .00
HORIZOMTAL DIST. FRUM wWALKING BEAM
PIN TO TRAILING AXLE fIND 26 .00
VERTICAL DIST. FROM AXLE TO w.B. [IN) 8 .00
VERTICAL LIST. FRUM AXLE YO
TORQUE ROD (IN] 18.00
ViSCOUS DAMPING: JOUNCE ON REAR AXLE(S)
{LB=-SEL/IN) 0.0

VISCUUS DAMPING: REBGUND DN HEAR AXLE(S)
{ Lo—=SEC/IN) : Q.0
MAX. CCULOMD FRICTICH,y REAR SUSPENSIUN (LB} 4400.00

SPRING RATE: REAR SUSPENSICN {LB/IN) 320000.00
PERCENT EFFECTIVENESS OF TCRQUE RODS 10000
WEIGHT OF FRCNT TANDEM {LBS) 2073.00

WEIGHT CF RCAR TANDEM (LBS) 1972 .00

Figure 2.9. Walking beam data echo.
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Figure 2.10 presents a sketch of the basic four spring
suspension in which all the geometric parameters necessary as
input are pictured. Note that all of the dimensions shown on
this figure have a positive sense. Figure 2.11 shows the data
echo computer output for this suspension and also serves as an
example input 1isting.

Note that, in addition to the parameters which appear in
Figure 2.10, both viscous an§ coulomb friction are available for
input to the model. Also, different rates for leading and trail-
ing axle springs may be entered, however, the model is only valid
for small differences between these springs. The spring table
option is not available for this or any other four spring
suspension. Only linear springs are allowable.

acting at the contact interface of the leaf spring ends and the
vehicle frame, or load leveler. This parameter is important in
determining the inter-axle load transfer which occurs during
braking, A laboratory method for determining this parameter is
reviewed in Reference [8].

2.1.4 The Four Spring Tandem Suspension with Spring-Type

Torque Rods. This suspensicn option is a modification of the
basic four spring model which includes the use of spring-type
torque rods. Figure 2.12 illustrates the suspension and shows all
the necessary geometric parameters. A1l the dimensions shown in
this figure are positive. Figure 2.13 shows the data echo which
is output by the computer and also serves as an example input
listing. Notice that in addition to the geometric data, the input
1ist includes parameters for viscous and coulomb friction and for
spring rates.

Most of the input parameters for this suspension are
identical to those of the basic four spring suspension with 2
few notable exceptions. Referring to Figure 2.12, notice that the
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Rept‘od‘jc.
best a8t

BASIC FOUR SPRING TANDEM SUSPENSION

4t
Tab\e copY:

AAL AVERAGE LEAF SPRING LENGTH:
HHURTZONTAL DISTANCE FROM FRCNT TO REAR
L EAFE/FRAME CONTACT PUINT(IN} 40.85
AA2ZA MCRIZUNTAL DISTANCE FRCM FCREMCST LEAF/
FRAME CONTACT TO AXLE CENTER:
LEADING AXLE (IN} 21.60
AAZB FCRIZCNTAL DISTANCE FRCM FOREMOST LEAF/
FRAME CONTACT YO AXLE CENTER:
TeATLING AXLE {(IN) 19.25
AR AVERAGE VERTICAL DIST.FRCOM LEAF/FRAME
CONTACLT TO AXLE CENTER (IN} 10.00
A G CI5T. FROM FRONT LEAF/LOAD LEVELER ,
CCHTACT TO LOAL LEVELER PIRN [EIN) 6.75
AAS U1ST. FRLM REAR LEAF/LCAD LEVELER
CCNTACT TO LUAD LEVELER PINCINI 6.75
Ado( 1) VERTICAL DISTANCE FR0M AXLE CEANTER
UP TU TORQUE ROD: LEADING AXLE (IN} 7.00
Adol 2] VeRTICAL LISTANCE FRCM AXLE CENTER
UP TO TCOROQUE RCD: TRAILING AXLE{IN 7.00
AAT(L) LAVERAGE ANGLE BETWEEN TCRQUE RODS
ANU ROPITZUNTAL: LEADING AXLE (DEG) 13.00
LATL2) AVERAGE ANCLE ZETWEEN TURGQUE RGDS
. AND HORIZCONTAL:T TRAILING AXLE{DEG) ‘ 13.00
AA3Z(Ll) RCETLONTAL DISTANCE FRCM AXLE CENTER
FURWARD TOU TORGCUE ROD COMPLIANCE
CENTLRS LEADING AXLE (1IN} -1.00
AASL 2) C HURIZCWNTAL OISTANCE FRGM AXLE CENTER
FORWARD TL TORQUE RCD CUMPLIANCE
LENTCR:  TRALLING AXLE (IN) w]o00
vl VISCLUS DAMPING: JCUNCE Cn LEADING AXLE
{LB-SEC/IN} 0.0
Ll VISCOUS DAMPING: REBOUND ON LEADING AXLE
{L3-SEC/IN) 0.0
L3 VvISCOUS DAMPING: JOUNCE CN TRAILING AXLE
' (LB=SCC/IN) 0.0
C4 VISCOUS DAMP ING: REBOUNU ON TRAILING AXLE
(L8-SEC/INI 0.0
CFL MAA. COULLMB FRICTION, LEADING AXLE (LB) 4400.00
_CF2 _ MAX. CUULUMB_FRICTION, TRAILING AXLE (LB) __  4400.00
K1 . SPRING RATE OF LEAF SPRING:
‘ LEADING AXLE (LB/IN) 10400.00
K2 SPRING RATE OR LEAF SPRING:
TRAILING AXLE (LB/IN} 10400.00
MUS COEFFICIENT OF FRICTICN,LEAF-FRAME
CONTACT PUINT 0.320
. WSl UNSPRUNG WEIGHT:LEADING AXLE {LB) 2330.00
WS 2 UNSPRUNG WEIGHT:TRAILING AXLE (L8} 2074 .00

Figure 2.11. Basic four spring suspension data echo.
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ENUR SPRING TANDE® SUSPENSION w»]TH

SPRING

hay

Y Y

LY ¥4

443
AAd
AAS
AAB(1]
Ahb{2)
kaT(1)
AATL2)

AAB(1)

AdB(2}

L4881

ARG (2)

€
ce2
€3
€u
CFi
CFe
Ki
LT
KYIR|
KTRR
HMUS

WSy
32

Figure 2.13.

TYPE TORQUE RODS

AVFRAGE LEAF SPRING LENGTHE

HORIZONTAL DISTaw(E FROM FRONT TN REAR
LEAF/FRAME CONTACY POINRT{INY

HORIZONTAL DISTANCE FROM FOREWQGSY LEAF/
FRAME CDNTACTY TO AXLE CENTFRG§

LEADINGE AXLE CTNY

HORIZONTAL DISTANCE FRNM REARMNST LEAF/
ERAME CONTALT TO AYLF CENWNTERG

TRAILIMG AXLE (IN)

AYFRAGE VERTICAL DIST. FROM {E&F/FRAMWE
COMTALT- TO axLF LENTFR (Iwn)

HIST, FROM FRONY LFAF/LOAD LEVELFR
CONTACT TO LNAD LEVFLER PIN (INw}

DIST, FROM REAR [ EAF/LOAD LEVELER
CONTACY YO L0OaD LEVELER PIN{INY
VERTICAL DISTANCE FROM AXLE CENTER

UP TO YORGUE RNODt LEADING AXLE (IN)
VERTICAL DISTANCE FROM AXLF CENTER

P Tn YOROUE RPDe TRATLING AYLE(TN)
AVERAGE ANGLE BETWEEN TCRGUE RODS

AND HORIZDNTALE LEADING &AXLE (DEGY
AVERAGE ANGLF BETwEEN TORGUE RODS

AND RORIZOMTALD  TRATLING AXLE(DEG)}
HORIZONTAL DISTANCE FROM AXLE CENTFR
FORWARD YO TORGUE RDNg

LEADING AYLECIM)

HORTZONTAL DISTANCF FRDM AXLE CENTER
FORWARD TO TORNAUE RODy

TRATLING AYLE(INY

HORIZOMTAL DTSTAMNCE FROM AXLE CEMTER
FOPwARD T6 LNOWFR TNRQUE RADND FRAMF PINg
LEADTING AXLE (INY

MORITONTAL DISTANLE FROM AY[F CENTER
FORWARD TO LNwFR TOROUFE ROD FRAME PINg
TRAILING aYLE (IM)

VISCRUS DaMPING: JOUMCE Nk LEARING AXLF
(LR=SEC/TH)

VISCHUS NaAMPIMG: RFeNUNMD ON LEADING AX|E
(LR=SEC/INY

VISCOUS NAMPING: JOAUMCE ON TRATLING AXLE
{LR=SEC/TNY

VISCAUS DAMPINGy REBOUND ON TRAILING AYLE
{LBReSEC/IN)

K&Y, COLLDMAR FRICTYION, LEADING AXLE (LR}
HAX, COULNMB FRICTION, TRATLING aXLE (L8)
BEPRING RATE NF LFaF SPRING:

LEADING AXLE (LB/ZIM)

BPRING RATE NMR LFAF SPRINGE

TRAILING AXLE (LR/IN) .

EPRING RATE NF LNWER TORBUE ROBy
LEADING AXLE (LB/IN) _

SPRING RATE 0OF |LOWER TDRAUE RChy
TRAILING AXLE ((LR/IN)

COFFFICIENY NF FRICTION,LEAFeFRAME
CONTACT POINTY

HNSPRUNG WEIGHY s EaDING AXLE (LR)
UNBPRUNG WEIGRHTpTRAILING AXLE (LR}

rods data echc.

2B

2,0
4spe, 00
Gann, e

1aupa, AP

12400, 00
12568,29

M 2SO

25im,me
2874, 00

Four spring suspension with spring-type torgue



parameters AA6 and AAB locate the first "free point"” of the
torque rod member {i.e., the point where this member separates
from the leaf spring stack) with respect to the axle center. The
parameter AA9 indicates the horizontal distance from the axle
center forward to the point where the torque rod attaches to the
vehicle frame.

The torque rod spring rates (KTR1 and KTRZ) are linear
spring rates {1b/in) as would derive from the experiment indicated
in Figure 2.14.

2.1.5 The Four Spring Tandem Suspension with Long lLoad
Leveler. The parametric data necessary for the use of the four
spring tandem suspension with long load teveler (FSS-LLL) is very

much similar to that of the preceding four spring suspensions.
Figure 2.15 illustrates the suspension and indicates all the
needed geometric parameters. All dimensions shown in this figure
have a positive sense. Figure 2.16 contains a program-produced
data echo and also serves as an example listing of the required
input. Notice that in addition to the parameters shown in Figure
2.15, this 1ist also includes viscous and coulomb friction, and
spring rate entries.

There are some four spring suspensions in use whose operation
is similar to the FSS-LLL shown in Figure 2.15 (i.e., load level-
ing takes place between the rear contact points of the leading
and trailing springs), but which use a different load leveling
mechanism, possibiy as shown in Figure 2.17. Such a suspension
may be simulated by using the values of AA4 and AAS such that
(1) their sum indicates the proper span from spring contact point
to spring contact paint, and (2) their ratio indicates the
appropriate lever ratio. For example, using the notation of
Figure 2.17:

2%

L
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rod spring constant.

Figure 2.14. Determining the torque
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FOURSPRING TANDEM SUSPENSION WITH
LONG LOAD LEVELERS

Y B
haZA
AA28

4A3
ARd
AAS
AAG(1)
Abs(2)
AATL1)
AAT (2}
AAB(1)

YT RS

€1
e
€3
€y

] B
£F2
Ki

Ke

LED
“§2

Figure 2.16.

AVERAGE LEAF SPRING LENGTHKI

MORJZONTAL DISTANCE FROM FRONY 70 REAR
LEAB/FRAME CONTACY POINTLIN)

HORIZONTAL DISTANCE FRNM FOREMNSY LEAF/
FRAME CONTACT TO AXLE CENTER:

LEADING AXLE (IN) _
HORIZONTAL DISTANCE FROM REARMOSY LEAF/
FRAME CONTACT YO AXLE CENTER:

TRAILING AXLE C(IN)

AVERAGE VERTICAL DIST,FROM LEAF/FRAME
CONTACY 7O AXLE CENTER (IN}

PI8Y, FROM FRONT LEAF/LOAD LEVELER
CONTACT TO LOAD LEVELER PIN (IN}

DIST, FROM REAR LEAF/LOAD LEVELER
CONTACT TO LOAD LEVELER PIN(IN)

VERTICAL DISTANCE FROM AXLE CENTER

UP 10 TORQUE RODt LEADING AXLE (IN}
VERTICAL DISTANCE FROM AXLE CENTER

UP TN TORQUE ROD: TRAILING AXLE(IN
AVERAGE ANGLE RETWEEN VORQUE RODS

AND HORIZONTALY LEANING AXLE (DEG)
AVERAGE ANGLE BETWEEN YORQUE RODS

AND HMORIZONTALY TRAILING AXLE(DEG)
HORIZONTAL DISTANCE FROM aXLE CENTER
FORWARD T0O TNROUF RODg

LEADING AXLE(IN)

MORIZONTAL DISTANCE FROM AXLE CENTER
FORWARD 1D TORQUE ROD§

TRAILING AXLE(IN)

VISCOUS DAMPINGs JOUNCE ON LEADING AXLE
{LReSEC/IN)

VISCOUS DAMPINGY REBDUND ON LEADING AXLE
(LR=SEC/IN) ,

VISCOUS DAMPINGE JOUNCE ON TRAILING AXLE
(LBeSEC/IN)

VISCOUS DAMPINGY REBOUND ON TRAILING AXLE
(LR=SEC/INY

MAX, COULOMB FRICTION, LEADING AXLE (LS)
MaX, COULOMB FRICTION, TRATILING &XLE (LB)
SPRING RATE NF LEAF SPRING!

LEADING AXLE (LB/IN)

SPRING RATE OR LEAF SPRINGY

TRAILING AXLE (LB/IN) :
UNSPRUNG WEIGHT(LEADING AXLE (LB)
UNSPRUNG WEIGHTITRAILING AXLE (L8®)

data echo.
32

un, 00
19,00

21,80
9.58
26,795
26,7%
6,50
6,50
13,20

13,20
3.75

373
@, 4
8,8
%.0
n, B
4683, 00
Hu@n, B0
18000,90
10500, %8

2330,09
2874, 08

Four spring suspension with long Joad leveler
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ARG + BARS = ¢ (2.1)

ARG _ a d
A5 " b {2.2)
from which
ARG = _——%m—- (2.3)
' 1+ 2=
a
and
¢
ARG = (2.4}
ad
T+ v
obtains.

2.1.6 The Multiple Torque Rod Four Spring Suspension.

Aithough much of the parametric data required for use in the
multiple torque rod four spring suspension (MTRFSS) is similar
to that required by the preceding four spring suspensions, there
are several significant differences. These differences result
from the differing mechanisms by which this suspension reacts
brake torque.* A sketch of the MTRFSS showing many of the
required input parameters appears in Figure 2.18. Figure 2.19
shows a conceptualization of the suspension reflecting the manner
in which it is modeled in the simulation. Figure 2.20 presents
an exampie set of input for the MTRFSS by displaying the input
data echo which is output by the computer progranm.

The three figures should adequately describe to the reader
all the necessary input parameters with the following exceptions:**
AA6 and AA8, the parameters which locate the "center of torsional
compliance" of the torque rod mechanism; KTQ, the torsional or

*Details of the modeling of this mechanism are given in
Appendix B.

**Parameter subscripts are dropped since the following comments
are applicable to either leading or trailing axles.
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MULTIPLF TORAUE ROD FOUR SPRING
TANDEM SUSPENSION

LY B!

ALPA

LAPR

44%
had
¥ 1

YY1

aap(2)}

AAT(Y)

AAT(2)

AABC(L)

LAR(2)

L1

€2

£3

cd

CFri

cre

K1

K2

LA RE]
KYGe
WTRTOY
KIRTRZ
NACOEF]
NACQEF 2
BRETNY

W51
W§2

AVFRAGE LEAF SPRING LENGTHE
HORIZOMTAL DISTANCF FROM FRONY 70 REAR
LEAF/FRAME CONYACT POINTIUINY
HGP[7C4TaL DISTANCE FRND® FOREHOSY LEAF/
FRAMF CONTALT 10O &%LE CENTERGY
JEADING &XLE (IN)
HORIZONTAL DISTANCE FRDM REARMOST LEAF/
FRAME CONTART T0 AXLE CENTER
TRATLING AYLF {IN)
AVERAGE VERTVICAL DIST.FROM LEAF/FRAME
CONTALY TR OAXLE CEMTER (TN
NIST, FROM FRONT LFAF/LOAD LEVELER
COMTACT YO LNaAD LEVELER PIN (IN)
DIST, FROM Qpa® (FLF/LOAD LEVELER
CONTACT TO LOAD LEVELER PIN(TIN)
VERPTTICAL DISTANCE FanMm AXLE CENTER,
uUP D TORDUE RND COMPLIANCE CENYERM
LEADING AXLE {IM)
VERTICAL DISTANCE FRNM AXLE CENTER
P TO TORGUE RND COKPLIANCE CENTERE
TRATLING AXLE (IN)

AVERAGF ANGLE SETWFEN TORRUE RODS

anD HPRIZONTALS  LEADING AXLE (DEG)
AVERAGE MMGLF ARETWFEN TORGUE RODS

ANG HORTZONTALY TRAILING AXLE(DEG)
WOPIZ20NTAL DTSTANCE FROM EXLE CENTER
ECRAARD TN TARTIE 20an COMPLIANCE
CEMYFRY LEADING AXLE (N}
SEETZONTAL DISTANCE FROM AXLE CENTER
FOGWARND T6 TREOUFE ROD COMPLIANEE
CENTFRT  TRAILING AXLE (IN3
VISERAUS DaPINGy JNUNCE Ox LEANDING AULE
(LR=SEC/IN)
VISCOUS PAMPING: REBOUND ON LEADING AXLE
(LRhe=SEN/INY
vISCOUS DAMPIRG: JOUNCE OM TRATLING AXLE
(LR=SEC/IN)
VISLOUS DAMPINGy REBOUND ON TRAILING AXLE
(LRA=SEC/TIN)

MAY, COULOMR FRICTION, LEADING AXLE (LB)
wa¥, CRULO™A FPICTIOM, TRAILING kXLE (LB}
Ssznr RATE OF LEAF SPRINGY

LEADING AXLE (LB/IN)

SPRING RATE fH LFAF SPRING

TRATLING AXLE {(LB/IND
TORSIONAL SPRING RATE OF LEAF SPRING!
LEADING &XLE {INs|B/DEG)

TORSIONAL SPRING RATE OF LEAF SPQING!
TREILING AXLE (IN=aLB/DEG)

TURSIONAL SPRING RATE OF TOROUE
E0n ASSEMBLYS LEADING AXLE (INelLB/DEG)
TORSICHAL SPRING RATE OF TORGUE
2D ASSEMPLYD TRAILING AXLE {IwelLB/DEG
NOMINAL BXLE ANGULAR POSITION
CORFFICIENT: LEADING AXLE (BEG/INY
NOMINAL AXLE ANGULAR PAOSITION
COEFFICIENT: TRAILIMG AXLE (DEG/IN)
STATIC NORMA| LOAD PERCENTAGE?R
LEADING AXLE
UNSPRUNG WEIGHTILEADING AXLE (LE)
UNSPRUNG WEIGHTITRAILING AXLE (LB)

Figure 2.20. MTRFSS data echo.
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“wrap-up" spring rate of the leaf spring; KTRTQ, the torsional
spring rate of the torgue rod mechanism; NACOEF, the nominal
axle angular coefficient; and PRCTN1, the percentage of total
static normal tire load carried by the leading axle. To clarify
the meaning of these parameters, first consider the model of
Figure 2.19. Brake torques which are applied to either of the
sprung masses will be reacted by two mechanisms—one, the “wrap-
up" reaction of the leaf spring conceptualized by the torsional
spring KTQ, and two, the torsional reaction of the torque rod
assembly embodied in the conceptual element KTRTQ. The distri-
bution of the brake torque reaction between these two mechanisms
is dependent on the relative rates of the torsional springs and

on various positions assumed by elements throughout the suspension.

(The distribution of brake torque reaction is most important in
determining inter-axle load transfer.)

KTRTQ, then, is the effective torsional spring rate of the
torque rod assembly, or, using the notation of Figure 2.21:

KTIRTQ = === (2.5}

As shown in Figure 2.19, this spring produces a moment reaction
between the torque rod assembly and the sprung mass at their
conceptual attachment point which is the center of torsional
compliance of the torgue rod assembly. 1In akphysica¥ sense, this
point is the center of rotation of the sprung mass which results
from the application of a torque as shown in Figure 2.27. {In
the program input, this point is located by AA6 and AAS.)

KTQ is the torsional spring rate of the suspension's leaf
spring. This parameter may be determined experimentally or may
be estimated by the eguation:
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where K is the vertical spring rate of the leaf spring in
1b/in, AA1 is the length of the spring in inches and KTQ is in
in-1b/deg.

~ The nominal axle angular position coefficient is used by
the model to determine the angle 8SN of Figure 2.19. For the
user's purposes, it is defined as

jn 1

nacoEe = 98N (2.7)

5Pl 75p=0

|

o
i~

as illustrated in Figure 2.22. ({The motions indicated in the
figure should be determined under zero load condition.)

Finally, the parameter PRCTN1, the percentage of the total
static normal load carried at the front axle, may be considered.
The MTRFSS model, as shown in Figure 2.19, is indeterminate with
respect to static tire normal loads unless information describ-
ing the “preset" of the various torsional springs is known.
PRCTN1 provides this information. In entering this parameter,
two options are available to the user. First, he may enter a
value between (0) and (100) and the static normal tire loads will
be distributed between the two axles according to this entered
value. Second, the user may enter any value outside this (0} to
(100) percent range, and the program will assume that the “preset”
of the KTRTQ springs is zero. In this case, the static tire
normal loads will be calculated in a manner which is identical to
that which would be used for the basic four spring suspension.
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Axle housing angle
at static load S

Path of upper
<3§§:L“ torque rod

A S Displaced axle
housing angle

Axle center position
at static load

-

’ 4 ' zsp
Path of lower ~e ot .
torque rod ‘;Ff
pisplaced ax}e
center position
esN
/, 7 INACOEF
5P

Figure 2.22. Determinine NACOEF.
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2.1.7 The Multiple Torque Rod Four Spring Suspension with

Spring-Type Lower Torgque Rod. This suspension option is a

modification of the MTRFSS option (described in the previous
section), which includes the use of spring-type lower torque rods.
Figure 2.23 i1lustrates the suspension and Figure 2.24 presents
an example of the required input by showing the input data echo
which is output by the computer program.

A1l parametric data required is virtually identical to that
of the MTRFSS with the addition of the geometric parameters AAS(1)
and AAS(2) (see Figure 2.23) and the torque rod spring rates, KTR1
and KTR2. These KTR parameters are the linear spring rates of the
leading and trailing axle lower torque rods, as would be determined
by the method illustrated previously in Figure 2.14.

2.1.8 The Air Suspension. From the user's point of view,

the air suspension option is more complex than the other suspen-
sions. In addition to the parameters needed to describe the
mechanical system (similar to the parameters needed for other
suspensions), several other parameters are required to describe

the pneumatic system, including the air spring and the air delivery
network. Also, a variety of sub-options aliow selection of singie-
axle or tandem suspensions and four-bar or traiiing-arm

suspension linkages.

Starting with a description of the mechanical system
parameters, let us consider first a tandem suspension composed of
two, four-bar linkage-type axles, as shown in Figure 2.25. The
figure illustrates all the geometric parameters required by the
model to describe this type of suspension. Note that all the
dimensions are shown in this figure with a positive sense.

Using this suspension as a baseline, let us now consider
possible variations.
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MULTIPLE YORGUE ROD FOUR SPRIMG
{ENDE™ SUSPENSION WITK SPRINGeTYPE

Reproduced §
LO=ER TORQUF ROD hest a\"al'abferocn;py.

hat AVERAGE LEAF SPHING LENGTHE
HORTZONTAL DYSTANCE FRANK FRONT TD REAR
LEAFZFRAME CONTACYT PRINT(IN) 4,98
Ah3a WORIZCNTAL DISTANCE FRO™ FDREMOSY LEAF/
FRA“F CONTACT TO A¥LE CENYERY
LEADTAG AXLE {(Tn) §9,90
AAZR WARTZONTAL DISTACE FROM REARMAST LEAF/
FLanf CONTACY TO AYLE CENTERY
TRAJLING aXLE 1) ) 21,08
F Y'Y AVERAGE VEFTYCAL CISY,FROM LEAF/FRAME
COMTACY TO A¥LE CESTER (IN) 9.58
Y £18T, FROW FRONY LEAF/LDAD LEVFLER
COMTACT TN LNAD LEVELER PIN {IN) 4,78
AKS nIST, FROY RFAR LEAF/{NaAD LEVELER
COMTACY TH LDAD LEVELER PIN(IH) &, 75
2AB(Y) VERTICAL DISTAMCE FRAM AXLE CENTER,
UF T0 TORNIE ROD CNEPLIAMLE CENTERE b
LEADING &XLE (TN} 6,50
LAE(P) VERTTICAL DILTANCE FWOrH AYLE CENTER,
P TH YORQUE RND CNMPLIANCE CEMTERY
TEATLING AYLF €N} 6,58
AAT(1) AVERAGE ANGLE RETWFE® TORGUE RADS
45D RDPIFOMTAL:  LEADING AXLE (DEG) i3,00
AAT(2) AVERAGE AHGLF AFTLEEMN TORQUE RODS
a0 HORIZONTALL  TPaTLING AXLE(DES) 13,60
AAB(1) HORJZONTAL DISTANCE FROM AXLE CENTER
FORWARD TD TORROUF Roh COMPLIANCE
CENTEWS LEARING AXLE (IN) .75
ARB(7] RORIPOMTAL DISTANCE FRMM s¥LE CEMNTER
FORuerRD TN ThEAUF ROD COFRLIANCE )
CENTESY TRATLIHRG AXLE (IN) 3,75
A1} HEPI7ONMTAL DISTAHCE FROM AXLE CEHTER
FrPWaRA T LARER TORDUE 20D FRAME PINg '
. LEADTANG AXLE (TN) 12,08
LaR(2) FOBI?ANTAL DISTANCE FROMW AXLE CENTER
FruwARl TO LNWER TORDUE 20D FRAYE PINg ,
TRAIL TG AXLE (W) 12,98
€1 VISCOUS NAMPINGE JNUNCE ON LEADING AXLE
(LR=SEC/INY 8.9
ce VISENUS DAMPINGE RFROUND OW LEADING AXLE
(LReSEC/IN) 6,6
€3 VISCOUS DAMPING: JOUWLE On YRAILING AXLE
(LB=SEC/TN) #.9
o VISCOUS DAMPINGY FERDUND ON TRAILING AXLE
(LR=SEC/INY 2,@
tFy KAX, COULOYE FRICTION, LEADING LXLE ¢LB) 449a,88
LF2 max, COULDMR FRICTINN, TR&ILING AXLE (LBY 44pn,02
K1 SPERING RATF AF LEAF SPRINGI
LEAnTING SXLE (LB/ZIN) 1RpB0, 82
K2 SPBING RATE NR LEAF SPRINGQ
TRAMILING AXLFE (LB/YrH) 13006, 88
KTGL THRSTONAL SPRING KATE OF LEAF S§PRINGS
LEADING aXLE (Tx=LR/DEG) Tanee, 2@
KIG2 TORSTONAL SPRIMG HATE OF LEAF SPRINGY
TRAILING A¥XLE (IhalB/DEG) 70400A,58
KTR SPRING KATE OF LOWER TNRQUE RODY
LEADTING AXLE (LB/IN) 335, 3¢
KfR2 S$oRING RATF NF LOWER TORZUE RODR
TRAILING AXLE (LB/IN) | &3, 88
KTIRTRL | TARSIONAL SPEIMG RATF OF YORAUE
RON ASSEMBLY[ LEADING AXLE {(IN=LR/DEG) 7esen,as
KTRYIG2 targtaMal SPRING RATE OF TORBUE
] AOD ASSEMBLYT TRAILING aXLE (IN=LB/DEG 780508, 99
NACGEFY NOMING] AXLE AMGULAR POSITION .
COEFFICIENT: LLADING AXLE (DEG/IN} 8,88
NACODEF? NOMINAL AXLE ANGULAR POSITION
COEFFICIFNTY  TRAILING A¥YLFE {DEG/IN} 4,a8
PREOTNY STATIC NOWMAL {0AD PERCENTAGES]
LEADING AXLE 53,86
W31 UNSPRUNG WEIGHTILEADING AXLE (LB} 213a,20
82 UNSPRUMG WEIGHTITRAILING AYLE {,8) 2074,99

Figure 2.24. MTRFSS with spring-type terque rods data echo.
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Either or both of the axles of the suspension may be con-
verted from the four-bar type to the trailing-arm type. The
geometry of the trailing-arm axle is shown in Figure 2.26. (The
subscripts (1) and (2) have been deleted from this figure since
it is applicable to either leading or trailing axles.) MNote that
the definitions of AA2 and AA3 remain unchanged, the definition
of AA4 has been altered, and the parameters AA5, AA7A and AA7B
are no longer needed. In order to cue the computer program that
a particular axle is to be of the trailing-arm type, the parameter
AAS for that axle is entered as 0.0. When this is done, the pro-
gram will delete from the input flow the AA7A and AA7B parameters
for that same axle. For example, if AA5(1) is entered as 0.0,
ARTA{1) and AA7B(1) will not be read, and the leading axle wili
be treated as a trailing-arm type. If, in the unlikely event
that the user wishes to enter a true value of zero for the
parameter AA5 on a four-bar type axle, a very small non-zero
number should be entered instead.

The baseline suspension may also be converted to a single-
axle suspension. This is accomplished simply by entering a value
of 0.0 for the parameter AAl. Thereafter, all mechanical and
pneumatic parameters pertaining to the second axle will auto-
matically be deleted from the input flow. The pneumatic system
parameter, CINTR (tc be discussed later), will also be deleted.

A single-axle suspension may be of either the four-bar or trailing-
arm type.

In addition to the geometric parameters, the mechanical
system parameters also include the unsprung weights of the Teading
and trailing axles (WS1 and WS2, respectively) and the viscous
damping coefficients, C1, €2, €3, and C4. As in other suspensions,
€l and C2 apply to the leading axle, C3 and C4 to the trailing
axle; €1 and C3 are for jounce and C2 and C4 are for rebound.
Coulomb friction is not ﬁncluﬁed in the air suspension.
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Figure 2.26. The trailing-arm air suspension.




We will now consider the pneumatic elements of the air

suspension model. Each axle of the air suspension requires five

parameters to describe its air spring. Unlike the case for

other suspensions, these parameters.are for one spring only, not

the sum of both springs on the axle. The five parameters are:

1. A, : the effective air spring area with respect

L
to load at the nominal operating height

. 8L
AL E 37

L =
h hO

2. A,: the effective air spring area with respect

v
to volume at the nominal operating height

3V

v ah| e
h~h0

3. ho: the nominal operating height of the air
spring

4. Kp: the air spring constant pressure spring
rate at the nominal operating pressure

sL!

K Z - o

P ahi,_
p PO

5. Lo: the nominal operating air spring load

6. PO: the nominal operating air spring {gauge)
pressure

7. VO: the nominal operating air spring volume

where in these definitions

48
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ih is the height of the air spring
L is the load on the air spring
P is the gauge air pressure of the air spring

V is the internal volume of the air spring

These seven parameters may be determined from manufacturers'
published data. Consider Figure 2.27. This figure contains a
nlot of an example air spring characteristic [19] as published
by the manufacturer. |

To determine the necessary input parameters for the air
spring, first determine the nominal operating point of the air
spring, It is most convenient for the user to designate the
static air spring condition &s the nominal condition, although
somewhat better results may be obtained if the nominal condition
is defined as a "midpoint" in the operating range which the spring
will experience in a simulation run.* Either way, the user must
determine the nominal height, hb’ and nominal load,LD. (Note
that L is the air spring Toad, not the axle load.) Then from
data such as given in Figure 2.27, nominal pressure, PO, and
voiume, Vo‘ may be determined to complete the definition of the
nominal operating point. The parameter AV is the slope of the‘
“Yol1" plot {Figure 2.27) at ho' The constant pressure spring rate,
Kp, is the negative of the slope of the constant pressure plot
for P=PO at the operating point, (ho’ LO). The effective area
with respect to ioad, AL, is the rate of change of load with
respect to pressure at the operating point and along a line of
constant height (see Figure 2.27).

Besides the air spring, the air suspension model includes
accommodation for an air delivery system. The model allows the
inclusion of a height control valve to service either or both
axles and inter-axle air flow path. A schematic of the modeled
air delivery system is given in Figure 2.28.

*Further discussion is gfven in Appendix B, Section 8.9.3.
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Notice that each of the several air flow paths are
characterized as a "umped"” restriction, each with a character-
jstic flow coefficient. Flow paths through the height control
valves are characterized by an exhaust flow coefficnet (CEX) and
an input flow coefficient (CIN). An additional flow coefficient
{CINTR) describes the air line interconnecting the two springs.*

The height regulator valves also possess a time lag function
(TLAG). That is, the valve will exhaust {or fill) the air spring
only if the spring height has been greater {or less) than h0 for
TLAG seconds. On the other hand, the valve will return to its
closed position immediately when spring height equals ho'

Each of the flow coefficients may be determined by experiment.
Either a "constant pressure® or "constant volume" experiment might
be used.

Figure 2.29 illustrates, in concept, an appropriate constant
volume experimental setup.

The equation:

. dp
- ge (2.11)

where

V is the enclosed volume

P is the gauge pressure within the volume
P_is the constant exhaust (supply) gauge

C is the flow coefficient of the network
exhausting (supplying) the volume

t is time

* ike the air spring parameters, all of the flow coefficients
are for one side of the vehicle, not the sum of both sides,
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C: flow coefficient
P : constant exhaust pressure
¥ : constant volume
P : pressure
P=P] at time to

P=pP

9 at time to+At

A

Figure 2.29. Determining flow coefficient with a constant
volume experiment.
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applies to this arrangement of apparatus, and may be used, with
experimental data, to calculate the flow coefficient. Equation
{2.11) may also be used in its integrated form:

e 2

Vv
= in
at o 1

where P] P at time to

e
ik

P at time tD + at

A similar expression which may serve as the basis for a
constant pressure experiment is

P+P
_ at dv
or in its integrated form
P+P V, -V
. ar 4 1
¢ = PP 3 (2.14)

where the new symbol, P is atmospheric pressure and

at’
V1 = YV at time to
V2 = V at time to + At

A conceptualization of an appropriate constant pressure
-experimental arrangement appears in Figure 2.30.

The air delivery system described in the preceding para-
graphs may be much more complex than is generally needed. Often
the characteristic time lag of real height control valves will
be longer than the total time of a simulated stop. In such cases,
it behooves the user to simply enter a large value for TLAG {and
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C : flow coefficient

P : constant pressure
Pe : constant exhaust pressure
v : enclosed volume

V=V

1 at time to

V=Y

fl

? at time to + At

Congtant
Force

PV

Figure 2.30. Determining flow coefficient with constant
pressure experiment. '
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any value for the valve flow coefficients) or zero values for the
valve flow coefficients, thus effectively eliminating the valves
from the simulation.* Air flow between the axles of a tandem
suspension may, however, perform an important load-leveling
function and may, therefore, require accurate determination of
CINTR.

In addition to the parameters discussed above, one other
input parameter may be required for the air suspension. If a
tandem suspension is to be used, and there is no inter-connecting
air line between the two axles (i.e., CINTR=0), then the static
distribution of Toad between the two axles is indeterminate. In
this case, the input parameter PRCTN1 must be entered. The value
of PRCTN1 is the percentage of the total suspension static load
“which is carried by the leading axle. PRCTN1 is omitted from the
input flow if a single-axlie suspension is empioyed or if CINTR # O.

Figures 2.31 through 2.33 present exampies of required input
flow for three variations of the air suspension option. The first
example is of our selected baseline suspension, i.e., a tandem
suspension composed of two four-bar type axles. Notice that
CINTR # d and, therefore, PRCTN] does not appear. In the second
example, another tandem suspension, the leading axle is of the
trailing-arm type. AA5{1) has been entered as 0.0 to indicate to
the program the use of a trailing-arm axle and the parameters
AA7A(1) and AA7B{1) have consequently been deleted from the input
flow. In this example, CINTR = 0.0 has also been entered,
requiring the entry of the parameter PRCTN1. The final example
is of a single-axle, four-bar type suspension. The parameter AA]
has been given the value 0.0 to indicate a single-axle suspension,
and all parameters associated with the second axle have been
deleted.

*The use of zero valve flow coefficient is also the appropriate
method for removing one of the twc height control valves from
the network, if desired.

56



F e

dat2lol
TR P
g8*21g
ggtuln
3%
ge’dal
8a°*ag
de“an
futoage
R ‘wdde
e ioe
PB 499
3L
gotL
aa‘aast
v’e
B8'2

'3

1991
£1°8
19°98

e

mseds g N G e e i o et e (L b

-0YD3 BIEpP UOLSUIASNS AR JRQ-ANO4/URG~AN04 UBPUR)

FUxe INIVEVaLEiET) LMST 34 ONRdaSnD

37Xy ONIGYIN(8Y) AHOIds ONNudiNd

FRIS TR RS T TY

FINT) 3wnTT0A Inlads div TYninOn

Ity SNI0T Y

LANE)Y F3uNT0A Oniuds iy YrnlnlOn

YT IA41L BOLVINOIn k0] 34

§(9168d) JuNsSInd AldenS NeISHIsSNE uly
Fxy ONIQwnl

1(18d) 3unSSIud INTudE alv ralaon

Ixy INjavI]

1{15d) 3490$834c INIudE miv Tvnlaln

FRES BLETRIE I

LOgN) QY0 OnIwdS elv Vrsla0n
ERELBNRETIL NN

10871 av0 InlndS nly T¥ninOn

34y Snllroali(Nlsyl)

3L¥d ONnIHdS bly INNSSIud ANVISHNOD

375y 9n10¥30(NE/0T)

A1VH Onluds wlv 300NSSlad L169LSNGD

M4y onlllvag

FANT) AKOI3M OnTuds wly vnlwin

I1xy 9N1QYITY

Fi{nl) iH9I3H 9nloes sl Wiludn
{326/8%onl) In3131437303 HUTd SalndSuling
374y InEgsd

1023s/ewnl} Lndl3144303

HOT4 AidN] E0AY IO Fn inO[3N

IIXy 9%iGe

10338/l an3i0184300

#0Td LNdn! BOLYINDdN inI{IM

ERES LTI RIS TTY

L{336/8osenl) Inal2144303

#0774 LENTHXD MOLVIOG4Y W35

3Txv Onidel1N

${338/0ewnl) an3l]1 44400

MON3 ASAVHKZ HULYINTG3H LIn9idd
(nlrs238=87)

FNxy SNITIvn, NO ONNOB3Y TINLEWvQ SOVIGla
' (nL/230=0)

272¥ ONLYIvHL NO IINNOD 1ONIGA¥Q ROOIGIA
{n[/318=4)

37Xy ONEQYIY O OANQOGBAx 3INIdnVYQ SNUIBIA
(NIZ336=87)

3MEY ONIUVIY NO AONNCGT VONIJWVD SNIIGIA

28A
1§41

£2A
18A
9y
£d
204
104
201
[Jek]
Zdn
bdx
ZBH
1§10
Winid
ENE2
INI2
Zx3)

Ix3)
L]
LE;
)
0

egapel
2a°w2l
patzil
apeztt
ap*el
e@tel

el

a2l

B2l

g4°2}

et

25*62

9502

P ot

etk

ae"is

"1g°2 24nbir4

MUY NIV Ivmib(Zeen) BNTDA 01 1334834
HEIm YIav Onludg ¥lv 3AJ123443

37Xy ONIGw 30 E2wen]) JWNTIJA GL 13146834
wiln yiuv Snluds aly alild5443

30xy SNITIwnA(2ewnl) yvQT OL L1D3d51y

Wilw ¥3uy Onlnds alvy 3afi33443

Iy ONIAWIME(2e¥n]) OQvUY 04 3334834

Hilm ¥3uv Onleab wlvy 3411233343

31k On1TLvE1(33Q) Ttrinollaglm

IHL ONY Q0¥ 37eMd) 3Ml ~34%13d JFONY

J1xv 9nfOTITELITNY rindllaln

IHL OnY Qua FnbulLr dWi widwidd 3TNy

IMxv SnlMwsid€039) $Swld

NOLEZINN0D wa¥ NITW ¥l JHLE RI0ONaMy

INIT vy Uny My ia0ZTeus JHi wi33213d4 379Ny
3lar ONIQY3TRE230) Suld

NOTLJAnND) wiy NiVw OFrl 3HiE #900dRL

LT Y Onv ITinolloUA IHE nNFI@pId 319N
31sy 950 Vivulting) B3NID 3k

Inl 0L M=UG*Gud. NP0 341 40 NJLE3Y

40 anll IaL N0 B3Endd I76Y 3ng JAJHY
ANLIAWIC AnTO0d ¥ wWOBS 3D99pSEQ 9lllada
I InLG¥ITN I B3iNdd 3uy

Inl 01 N®OO'U0H Janal) 4] 30 NOTEDY

40 31T IML NG wIiadd 3NET dHLE dAUHY
AT433810 inldd v wudd dDdnvESEC Trdflula
FRIEELES NS FT

LANI) Nld HUTLIINGOD 31V/wyy NIVa DL "vGd
B3I830 XY Wagd IINVESIC TvliLuda

3lav 9nEQTIY

BANED Nld Nulid3nn03 30XV/Way nive 0L NuBU
H3in03d 3WAY wuHYd IInVESIQ T¥IILd3A

3Iy UnlTlvaliing)

HIENIAY IUNY O SuvmEvIN nle nOLL3dn03 Au0d
bV RIVH wOWd IInNvISIQ Tvin0ZTdln

ERTS N7 O I FRIREE

B3N JUXY OL Qavedvid nla ndlL2I0v03 Ayl
¥ NITh WOBd AJuviSIQ VeInNOZTalw

IVxy OnITIValidnl) 317 B3IL3D

INIudG wlv OLf Cuvmnvdy nlo s01123nnuld AQOE
SnBt KIvd wlpd 3I8YISEO WITENDZIa0A

3Mxy ONIUYITH(a1) ANET B3in3d

Anlude HIv OL dQuwymbvds nle NOEL2INNUD AQOE
FWd¥ NIVA WOHd FAINVIGIA VW LNOZDyOn

(NL) HILEN3D 47Xy O

H3LnII 3TXY WOH3 ZINVIEEOQ TviAnOZla0H

FIXY WIONVL

ZAY
JAY
ey
[ %1}
(Zle4vy

(1)aivy

(2)vivy

(Tivive

(Zlevy

(hIsvyY

(Zivve

{Llevy

(2)gvy

(4isvy

(gieyy

(1)zvy

jev

§NOIEN34RNE ¥l

o



g22i6t
peceied
62 249
8etoin
eats
peteel
e °Es
ge'eq
2449
és'oaeg
ge'vegee
B Lee
2099

["F R}

Letst
£5'g
L9°9%
£5i%e

-oyda elep UOLSUAASNS JLB JLBQ-UNn04/uwJe-But{Ledl wopuey

39av INITTwei {87} AHDIIN ANNY4aEND
Y anIAvYIVI{RT) ind13a INNBdEND
itxy anfilvsd

1{nl} InunTI0A ONIbak sl¥ TN TAON

' FINe oniQY I
FINT) IWNT0A INTudE 81Y TYNIAON
A InIi HQLYOEH LHDEIM

F(21%4) uamwmuua AldadNs nUISNI4ENS ulv
1xy Ox1dedd

39vin3IJede QY0 dvarUN ATEVAS
31y Onliledl

1{19d} 3unS53ud Onlxas uly Vvnlnin
kY 9nlorin

1{I6d) IuNSSIud Sniads alw Vrnlnln
A1xy ONEYlwys

t{u1) avoY 9nlade &ly FyvlaA0n

11y 9nfudvil

$0871) av0l Onfpas aly Tvulaus

3y Initiemibingsay)

30¥8 Inluds wly J8853dd ENVIENGD
Axy INFVITNIENLI/BTY)

3ive 9nladS By 3b0SS5Tad ENVESNGD
ANXY S lenl

P{nl} imal3n Onlyds nly T0nlaadn
1Y Snided

1{nl) LHDI3m% Snlags aly TenlaOn
{a3s/8wend) EN313534303 #Uld unindSaldidl
ERFLINEET RIS V)

1{33es8eenl) AINIDD13330D

W04 kNdgnl BOLYING Y 4a9]In

3lxy Ynjureitt

1{J2S/8soni) indlD1344037

m3Y4d diidnl BOLYING iy Le9l3H

3txv On}ilval

1(33879ewn]) INIIDT 443502

HOT4 LSNYRXI BUlYINnUdn IxO13M.

Flew uN1Qedy

1{33Ss8wonE) 403121443037

AQTS LSNTMXI HOLYINGOIN IM9] 3K
(rlr2iS=-ul}

2KV On11Iv8L NO ONADH3IE IONIda¥( SN0CISIA
(Hi/)38=-9)

TIXY SNIYIYEL RO AINAOL TSN]dAvG SDUDSTA
- (N1/7235=8T)

3UXY 9INEATIT MO GnN0U3S 3Inldw¥U SPUJSIA
CEYSELLIR M

a0 91093 Ny Il EONdwTU SRQDETA

26N
(3:1]

Z8A
feA
avi
£o
Inidbd
204
16d
207
109
2d¥
Tdn
28n
105
Blull
Nl2
_z—w
2x33

1233
83

. 3

22
13

en'ozi
gute2y
o2t
a2l
CERF!

83"zl

apsat

IR

Bu's

25762

ga‘ed

- 31

2w °a%

@94

"2€72 a4nbiy

FIv ANIMlveil (Zeeni) Awn90A 04 134934
Milm Y397 ONludS ®lv ATL23443

3y ONIAvITE(ZasnD) 3WNTI0A DL AI34534
Hilis v3nY ONI&dS iy 3ADE33#43

2I%¥ onllvsid {Zeeni) G0 0L L3458

Hilm vIdy INTHdS iV 2A1L023443

FIKY INICvIIN(2evn]) dv0Y QL 1334538

Hilm ¢347 ONloaS bly 3A1L23443

Iiny SNITIvEa0{93d) IVINOITH0H

A4l ONY G0s FNAY0L 341 n3dnk3d 39NV

IVaw GnlVral?{23Y) Snlg

NOIAIT4N0D wiv NIvH 0%l Inl RINVEHL

ANIY ¥ OnY yinDZIaum 3ni NIFnidu 379NY
AN ONIVpYmitinIy HILn3d 3nY

Inl B4 K®OTTOUA AINHm04 3H) 40 ~0110¢

40 3INIT 3Wi NO BIANED TIXV IMi JAuBEY
AT3238IQ INIOd ¥ wida 33InVISIU Tviligda
3y InIVEvad

BENIY NId NODLIINNDD 3UXv/ugy Ni¥n 31 WNROG
HAln33 3IxY WOH4 IInwLS1Q IvIiisg3a

30y aN[Qe3Td

E{al) nlda NOFLIINNGD Ju¥udswa¥ N1V¥m UL N<0Q
H3Ln33 3Wxv wQud 3InviSEa WWIlidIA

Iy anfYivelting)

dILNDY FIne 0L Juymuvia nld NOLLJIINNGD 4004
LT} :qu WOHd FINVISIG 1y inOITHOn

3y Salgvitial)

HIINFD TUIx¥ Ui JuvmdvIg nNig NOLLIINNGD AUGH
fway nivd wutd IInvesiQ TvlnGlIxOH

Nxy INIVwaft{nD) drelY BIINID

Anlddg #1v U1 Ouvymdvds NId nO1E2INN0D AGOY
/uBY nivW Wodd IInvLSIA YeAnOZis0M

3Ux¥ INFGTIVN (NI AaDTY BIINID

AnIndg olv OL Guywuviy tld w01L23INGGT AGOY
FANY N1TA WUHY IIN¥LS10 v in0ZTHOH

(NI} #3in3D 3xv 04

M3In3D IRy wOU4 IInvESIA Nvin02)aln

FIAY witdnri

2A¥
1Av
Zlv
{14
(Zynivy

(2)vivy

{eisvy

{2invy

(ilevy

(2)gwv

(i)gvy

{22y

[A2T42

ivy

INOESH3IJENTE HlW

58



ATR SUSBPENSIONg
bai

a2t}
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TLAG
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LE-B

SINGLE AXLE

HORIZONTAL DISTANCE FROM AXLE CENTER

T0O AXLE CENTER (1MW)

HORIZONTAL DYSYANCE FROM MAIN ARWM/

BODY CONNECTION PIN REARWARD TO AIR SPRING
CENTER LINE [IN)ILEADING AXLE

HORIZONTAL DTSTANCE FROM MATN 4RM/

BODY CONNECTION PIN REARWARD Y0 AXLE CENTER
(IN)RLEADING AXLE

VERTICAL DISTANCFEF FROM AXLE CENTER

DOWK TO MAIN ARM/AXLE CONNECTION PIN (IN}g
LEADING AXLFE

VERTICAL DISTANCE FROM A POINT DIRECYLY
ABOVE THE AXLE CENTER ON THE LINE OF
ACTION OF THE TORQUE ROD,DDWN YD THE
AXLE CENTER (IN)}:(LEADING AXLE

ANGLE RETWEEN THE HORIZONTAL AND A LINE
THROUGH THE TWO MAIN ARM CONNECTION

PINS (DEG)ILEADING AXLE

ANGLE BETWEEN THE TORQUE ROD AND THE
HORIZONTAL (DEG)SLEADING AXLE

EFFECTIVE AIR SPRING AREL WITH

RESPELTY 7O LOAD (IN=wZisLEADING AKLE
EFFECTIVE AIR SPRING AREA WITH

RESPECYT TC VOLUME (IN#w2)3LEADING AXLE
VISCOUS DAMPINGE JNUNCE ON LEADING AXLE
(LB=SEC/INY

VISCOUS NAMPING: REBOUND ON LEADING AXLE
{(LB=sSEC/IN)

HEIGHT REGULATHR EXHAUSY FLOW
COEFFICTENT (INxx3/SEC)¢

LEACING AXLE

HEIGHT REGULATOR INPUT FLOW

COEFFICIENT (IN#w3/SEC):

LEADING &XLE ,

NOMINAL AIR SPRING HEIGHT (IN)g

LEADING AXLE

CONSTANY PRESSLRE AIR SPRING RATE
(LB/IN)SLEADING AXLE '

NOMINAL AIR SPRING LOAD (LR)¢

LEADING AXLE

NOMINAL AR SPRING PRESSURE (PSI3}t

LEADING AXLE

AIR SUSPENSINON SUPPLY PRESSURE (PSIG)S
HEIGHT REGULATOR TIME LAG .
NOMINAL AR SPRING VOLUME {IN)}
LEADING AXLE

UNSPRUNG WEIGHT (LB)ILEADING AXLE

Figure 2.33. Single four-bar air suspension data echo.
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2.2 The Sprung Masses

The third grouping of data in the input flow of the Phase
[II program describes the sprung masses of the vehicle to be
simulated. This is true for both the straight truck, tractor-
traiter, and doubles combination programs. In the following
sections, the appropriate input flow for the sprung mass data group
for each of these programs w€11 be described. The mathematical
models of the sprung masses are described in Appendix C.

2.2.1 The Straight Truck Sprung Mass. Figure 2.34
illustrates all of the input parameters regquired by the straight

truck program to describe the vehicle’s sprung mass. Figure 2.35
gives an example of the sprung mass section of the input data echo
which is output by the program. Note that the order of the data
is identical to the required order for input of this data group.
In addition to the sprung mass parametric data, three other
variables, GRADE, TIMF, and VEL, are included in the data. GRADE
is the slope {in percent) of the roadway with a positive entry
implying "uphill" and negative, "downhill." The variable TIMF is
the maximum real time that the simulation will be allowed to run.
In a braking simulation run, the program will be halted whenever
the vehicle comes to a stop or when the time reaches TIMF seconds,
whichever occurs first. The parameter VEL indicates (in ft/sec)
the initial velocity of the vehicle.

Most of the sprung mass parameters are self-explanatory
from the information provided by Figures 2.34 and 2.35. Recall
that the “Suspension Reference Points" referred to in these figures
have been defined earlier for each of the suspension options
available,

Notice that the weight, pitch moment of inertia, and center
of gravity position of the vehicle's own sprung mass and of the
payload mass are described separately in the input data. This
allows the user to change payfoads on the vehicle more easily.

If the user wishes to simulate an empiy vehicle, the payload
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SERUHG YASS

A% RTFERFNCY POINT OF FRONT SPRUNG MASS CG TO
. SUSPENSION (TN) 105,29

A2 BOFIZONTAL DTSTANCT TEOY SPRING ¥ASS CG TO

BERFTRENCT POINT OF RZAR

SHSFCNSTON (IY) 60.00
DELT M1 STATIC VFRTICHKL DISTANCE, FRONT AXLE TO

SOFUNG MA3S CG {IN) 27.67
GRADE PRRCINT BRADE (POSITIVE IS UPHILL) 5,00
31 SPRUES “A435 POLAR MOMINT OF INERTIA

(TN=T.B=3EC%%2) 123492,00
13 WSIGHT OF PAYLOAD (LBS) 246090.00
3 POLIF MOMTNT OF PAYLOAD (IN-LB=-S2C%%2) 190000.00
o WORIZONTAL DISTANCE PROY CENTER OF

ETAE SUSPEINSICN 70 MASS CENTEE ({IN) 30.00
P VIETICAL DISTRNCZ PRPOM GROUND TO PAYLOAD

CINTER OF 1SS (IN) 72.00
TINF vn¥, RLEL TINT FOR STMULATION 1,00
vT L TNITIML VTLOCITY (FPS) 88.00
1 _ SPRMEG WIIGHT OF DRUCK (LES) 15G33.00

Figure 2.35. Straight truck sprung mass data echo.
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weight {(PW) is simply entered as 0.0. When this is done, the
other parameters describing the payload {PJ, PX, and PY} will
be omitted from the input flow.

2.2.2 The Tractor-Trailer Sprung Masses. The parameters

required by the program to describe the two sprung masses of a
tractor-trailer are illustrated in Figure 2.36. In Figure 2.37,
an exampTe of the input data flow is given by showing the input
echo output of the computer program. As was described in Section
2.2.1, the parameters GRADE, TIMF, and VEL are also included in
this input group.

Several of the geometric parameters referred to in the
figures locate the various centers of gravity relative to the

“Syspension Reference Points. These points have been defined

~
earlier in Section 2.1 for each of the various suspension options,

Data describing the vehicle's payload (PW, PJ, PX, and PY)
are entered separately from similar parameters which describe the
inertial properties of the trailer itself. Thus the user may
easily change vehicle loading from run te run. If an empty vehicle
is desired, the user enters a payload weight of zero (PW = 0.0}
and the remaining payload parameters (PJ, PX, and PY) are omitted
from the input flow.

2.2.3 The Doubles Combination Sprung Masses. The input

required to describe the sprung masses of the doubles combination

is similar to, but, of course, more extensive than that reguired

for the straight truck and tractor-trailer simulations. The doubles
input data are described in Figures 2.38 and 2.39. The inertial
properties of the payloads for both trailers are again entered as
separate vaiues from those of the trailers themselves. Either or
both trailers may be run "empty" by setting the appropriate pay-
Toad weight(s) to zero and omitting the remaining parameters
describing the payload{s}.
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SPRITNG MAGS

]

(5

B

B®

ced from 3
?é:};r o:vuallable copy.

HOSTZON] AL “”“TAVPT TENA TRACTOR CG TO
STFERTNCT DOAINT AT TRIACICL FRONT
SHUSPTNEIOT (1H)

HOFIZANTLL TTSTANCL FTRCK TEACTOR CG ID
ITELEFNCT POINT N7 THRACTCR RIAE '

SUSPENTION (IN)

EARTZONTREL TISTANCE FROY TRAILET CG6
CoyHHETL (IN)

HORTZONT AL DISTANCT FRO® TRATLIS CG 70
PTPIOFNCT POINT OF TOATLLE

SHSPFNSION (TXN)

ROTTZORTAL DT STLNCT FPIOF 5TH WHEEL TO

P TECITNCTY PNTHT OF TRACTOR FEAR
TUSPFESION (TN)

Y RYICAL DISTANCE F30¥ ETH WHEEL
SARNTCTINY DOWN TO TTACTOP €4 (IN)
STATIC VTETICAL NISTANCI, TRACTOR CG TO
~SPCTOR TRONT AXLT {IN)
€TATIC VIPTICAL DISTANCY,
TEAILIF RXTT{S) (IN)
PEPCENT 7ELDF O (DASTTIVE TS UPHILL)
TTACTOR POLAF MOYFNT (IK-LB=5ECE%2)
TERTLTE PATAF ¥OSTUT OF INTETIR

O TN Rl

FUIGHT 0T PAYLOLD (LES)

PAYTYLOM TTAT TING FOD OSINHLATION (SIC)
TNMITIAL VILOWTTY (FT/SEC

CPIUNG T IFAT QF T2RACTOP  (L3F)

SPENNG WEIGNT QF TRATLAP® (L1S)

a1
3
)

+4

BALI®WE C5 TO

Figure 2.37. Tractor-trailer sprung mass data echo.
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SPRUNG MASS :

a1 HORIZOKTAL DISTANCE FACR TRACTOR CG TO
REPERENCE POINT OF TRACTIOR PRONT
SOSPENSION (IN) 35,90
A2 RORIZOKTAL DISTANCE FRC® TRACTOR CG TO
REFEREKCE POINT OF TRACTOR REAR
. SUSPENSION (IN) 106. 10
A3 HORIZONTAL DISTAKCS PHCHM FIRST
TRAILER CG 70 FIRST TRAILER
KING PIN (IN) 222,00
Al HORIZONTAL DISTANCE PRCH FPIRST
TRAILER CG TO RESFIRENCE POINT OF FIRST
TRAILER SUSPENSION (IN) . 4a,03
LS HORIZONTAL DISTANCE FRCH FIRST TRAILER
KING PIN TO DOLLY TONGUE HITCH (IM 376.00
A6 HORIZONTAL DISTAKCZ FRCHM SECOND
TRAILER CG T0 SECOND TRAILER
KING PIN (I%} ' 222.00
a7 HORIZONTAL DISTANCE PRCM SECOND :
TRAILER CG TO REFERENCT FOINT :
OF SECOND TRAILER SUSPINSION (IN) 144,00
L8 HORIZONTAL DISTANCT FRCM LCLLY
TONGDE HITCH 70 DOLLY 5TH WHEEL (IN) 72.00
BE1 KOKIZONTAL DISTANCE FROM TRACTCRE 5TH WHEZL
REPARKARD TO RSFEKPKCEZ POINT OF TRACTOR KZIAR
SUSPENSION {IN) 0.0
BB2 HORIZONTAL DISTANCE FPCHM COLLY
5TH WHEEL REARWARD TO DOLLY SUSPENSICH
REFERENCE POINT (IN) 6.00
D VERTICAL DISTANCE DOWNWARD FROM
TRACTOR 5TH WHEZIL TO TRACTOR CG (IN) ~4,50
pD VERTICAL DISTARCE DOWNHEAFD FROZ
DOLLY FIFTH WHESZL TO DCLLY SUSPEINSIOK
REFEEENCE POINT(IN) _— 29.50
DDD YERTICAL DISTANCEZ DOSNWASD FRCY
DOLLY. TONGUEZ HITCH 7O PIRST TRAILER
SUSPENSION REPIRENCE POINT (IN). 26.00
DELTA1Y STATIC YERTICAL DISTANCE, TRACTOR CG =0
TRACTOR PROND AXLE {IX) 33,30
DELT A3 STATIC VERTICAL DISTANCE, PIRST TRAILE®R
CG TO PIRST TRAILER AXLE(S) (IK) 43.50
DELTAS STATIC VERTICAL DISTANCE, SECOND TEAILER
€6 .TO SECOND TRAILER AXLZ(S) {IN) . 45,50
GRADE PERCENT GRADE (POSITIVT IS UPHILL) 5.00
J1 TRACTOR POLAR HOMEINT (IN~LB-SEC*#%2) 53374.00
32 PIEST TRAILTE POLAR XCHENT OF INERTIA .
(IN-LB~SEC*%2) 756200, 00
33 SECOND TFAILZR POLAR MOMENT OF IKERTIR
(IN-LB=SEC**2) — 706200. 00
PY 1 WEIGHT OF PIRST TRAILER PAYLOAD (LBS) 0.0
PR2 WEIGHT OF SECOND TRATLER PAYLGAD (LB) 35009.09
?J2 POLAR XOYENT OF SECOND TRAILER :
PAYLOAD (IN-LB~S5ZC%*2) 75000, 00
PY2 HORIZONTAL DISTANCE FRCM REFERENCE POINT
OF SECOND TRAILER SUSPENSION T0 SECOND-
TRAILER PAYLOAD MASS CENTER (I¥) 144,00
P72 VERTICAL DISTAKCE FROM GRGUND =0
SECOND TRAILER PAYLOAD MASS CENTER (IN) 75.00
TINFP MAXIMUM RERL TIME FOR SIXULATION {SEC) 2.00
VEL INITIAL VELOCITY (PT/SEC) 45,00
w1 SPRUNG WEIGH™ OF TRACTCR (LB) 3245.00
W2 SPRUNG WFIGHT OF FIRST TRAILEF (LB) B120.00
w3 SPRUNG WEIGHT OF SECOND TRAILEER (LB} 8120.00
B4 SPRONG WEIGHT OF DOLLY (LB) 1.00

Figure 2.39. Double combinations sprung mass data echo.

‘ 67



The dolly requires only one inertial parameter--its weight.
The simulation assumes the dolly to have zero moment of inertia
and to have its center of gravity located at the fifth wheel.

As in the truck and tractor-trailer programs, the parameters
GRADE, TIMF, and VEL are also included in the sprung mass data
group. '

2.3 -The Brake Models

The stopping distance capability of any commercial vehicle
has first-order dependence on the brake torque. Unfortunately,
the relationship between brake line pressure and brake torque is
extremely difficult to quantify. There are two factors underlying
this difficulty, namely, (1) the characteristics of the brakes
often change with time, and (2) appropriate brake torque versus
Tine pressure data is often difficult to procure.

In spite of these obstacles, reasonable calculations can and
have been made. For example, time averaged torque values, from
spin-down dynamometer data or from the deceleration history
measured during vehicle testing, may be used to predict braking
performance. Although fluctuations in deceieration due to fade
are ignored in this procedure, reasonable predictions of stopping
distance may well result. Consider, for example, Figure 2.40 in
which simulated and measured deceleration time histories are
presented for a straight truck.* Note that although the simulation
ignores brake fade, the time average deceleration, and thus stopping
distance, is quite accurate.

The first two braking subsections of this report will con-
cern the simuiation of time average brake torque. This may be
done using brake modules or tabular "dynamometer curves," as
discussed in Subsection 2.3.1. The next two subsections discuss
the simulation of brake imbalance and hysteresis, both of major

*A more detailed description of this test is given in Reference
3.
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interest in antilock system modeling. Finally, a methodology
for the prediction of brake fade will be discussed in sub-
section 2.3.4. - It will be shown that the newly developed fade
algorithm will allow calculations very much similar in character
to the TEST curve presented in Figure 2.40.

2.3.1 Time-Averaged Brake Torque. The time-averaged brake
torque is assumed to be a unique* function of the Tine pressure
at that brake. In the absence of the intervention of an anti-
lock system, the line pressure at each brake is a function of the
time history of the treadle valve pressure and the time delays
inherent in the air system. In the next subsection the computa-
tion of the line pressure without an antilock system is discussed.
The antilock brake algorithm is explained in Section 2.5.

Brake Timing.

In the absence of intervening antilock logic, the response
of the brake system to control inputs applied at the treadie valve
is characterized by two parameters (per axle): the time delay,
and the rise time. The time delay is defined as the time elapsed
from the instant that the pressure starts to rise at the output
of the treadle valve to the instant that pressure starts to rise
in a given brake actuator. For the purposes of this program, rise
time of the brake is defined as the time elapsed from the instant
that pressure starts to increase in the brake chamber to the
instant that the pressure reaches 63% of the commanded value, as
a result of a step application of pressure at the treadle valve.
The simulated pressure response at any given axle is given by the
equation

) - g (2.15)

*With one possible exception—Iline pressure/torque hysteresis
as explained in Section 2.3.3.
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where
P js the treadle valve pressure at time t

P(I} is the pressure at the axle

t = t - TO(I,1) (2.16)

TQ(1,1) is the time delay
TQ{I,2) is the rise time.

Equation (2.15) can be solved for a step application of

treadle pressure Po at time to. The pressure response at the
th

IV axle is
P(I) = 0, T < 0 (2.17)
P(I) = PO(I-exp (TIT%_%T)) LT 0 (2.18)
where
t o= t-t - TO(1,T) {2.19)

The response at the Ith axle to a step pressure at the
treadle valve is delayed by time delay TQ(I,1). The pressure
will then rise toward PO, reaching .63P0 approximately
TQ(I,1) + TQ(1,2) seconds after the step application at the
treadle valve. Thus, the time delay is TQ(I,1) and the rise
time is characterized by TQ{I1.,2).

In genéra?, the pressure at the treadle valve varies with
time. Thus, provision is made in the program for the user to
specify a table of values for pressure versus time.

An example is given for illustration. Typical brake
pressure response curves are given in Figure 2.41. The curves
calculated using Equation (2.15) above are given in Figure 2.42.
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The time-pressure points used to produce the treadle vaive curve
in Figure 2.42 were:

Time, sec Pressure, psi
0.0 0
0.1 100

The brake time response parameters used were:

70(1.1) = TQ(2,1) = O
7(3,1) = 0.15
TQ(1,2) = TQ{2,2) = TQ(3,2) = 0.23

The TQ's are entered following the sprung mass data group.
The entries are two per record in 2F10.4 format. One set of T
must be entered for each axle. For examp1e,'f0r a three-axle
vehicle:

7Q(1,1) T0(1,2)
T0(2,1) TQ(2,2)
TQ(3.1) TQ(3,2)

Note that the number of TQ data pairs must equal the number of
axles on the vehicle.

The Tast TQ entry is followed by tabular entries of time
versus treadle valve pressure. The initial entry for the table
is the number of points in the table in 12 format. This should
be followed by paired (pressure, torque) values, two per record.
in 2F10.4 format. The line pressure histories shown in Figure
2.42 were generated using the input data presented in Table 2.6.
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Table 2.6. Input Data Used to Generate Figure 2,42,

Data Explanation

0., .23

0., .23 TG values

15, .23

03 Number of pairs in
table

0., 0

Table of treadle
.1, 100. valve pressure vs.
time in the format
time, pressure

———r
L]
o

Calculation of Brake Torque

Brake torque may be generated by means of torque-line
pressure curves, such as would be obtained from a brake dyna-
mometer, or by means of brake modules in which detailed design
parameters for the brakes on each axle must be specified. In
ejther case, the input data follows the treadle valve pressure
versus time table.

[f dynamometer curves are used, one table of vajues of line
pressure versus torque must be supplied for each axle. Then, in
the course of the integration process during the simulation, a
lTinear interpolation is made to produce the value of brake torque
for the given instantaneous value of brake Tine pressure at each
axle.

If, on the other hand, brake modules are specified, the
brake torgue is calculated using the brake system parameters
specified by the user. Brakes must be specified on an axle-by-
axle basis. 'OptiOns include: no brakes, S-cam, dual or single
wedge, duo-servo self-actuating, duplex, and disc.
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The data should be input as foliows:

[f tables are to be used, the data for each brake should
be entered starting with the front brakes. This data should
immediately follow the time versus treadle valve pressure table.
€ach table should be headed by an integer in 12 format indicating
the number of tabular entries for that axle in 2F10.4 format. Up
to 25 pairs per axle may be input. The data listed in Table 2.7
indicate dynamometer curves for a three-axle straight truck.

Table 2.7. Line Pressure Versus Brake Torque
for a Three-Axle Truck

Data Explanation

03 ' Foliows the last treadle
valve vs. time entry

0., 0.

15., 0.

100., 150000.

03 Start of data for axle 2

0., 0.

15., 0.

100., 250000

03 Start of data for axle 3

15., O. '

100., 25000

Note that the torgue values are the total for one side of
the vehicle in in-lbs. The above table indicates a pushout
pressure of 15 psi at each axle, with a maximum of 150,000 in-1bs
front and 250,000 in-1bs on each rear axie.

If moduies are to be used, the integer -1 should be entered

immediately following the treadle valve pressure versus time table.
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Then the parameters describing the brake are entered. A list
of the brake options and the input variables for each option are
presented in Appendix C. (These modules are the same as those
presented in the Phase I report [1].)

2.3.2 Brake Imbalance. Brake imbalance is not usually

considered in straight-line braking simulations, since the model

is a "bicycle,”" and yaw moments are not calculated. The normal
course of action is to calculate the brake forces and normal forces
for only one wheel per axle, and then muitiply by two to find the
forces to use in the differential equations describing the vehicle
motion. There are cases, however, when it is useful to perform
calculations separately for each side, as will be shown below.

The present simulation is intended to be useful both for
the study of brake fade and the study of antilock systems. Brake
imbalance interacts with brake fade by causing a different heat
flux to be applied to the brakes on the left and right side. More
important, brake imbalance directly affects antilock operation
since the input signal to the antilock legic 1is dependent on the
spin rate of each wheel on the axle.

Side-to-~side imbalance may be simulated in the following
way. The user should enter, immediately following the last entry
of the dynamometer tables or brake modules, the parameters XMAC(I},
one for each axie.

The brake torque, T, which has been calculated from the
dynamometer tables or modules, will then be entered in the
following way:

_ < XMAC
L = T(1 + Tﬁﬁ')
_ YMAC
TR = T(1 - Tﬁﬁ—)
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where TL and TR will be assumed to be left and right side values,
respectively. Note that XMAC = 10 will result in a left side
torque about twenty percent higher than the right side torque.

Since the brake torque is different from side to side,
separate wheel spin calculations and brake force calculations
must be performed. This will be reflected in the output by an
additional page of information for each axle. In this case, one
page for each axle will be labeled right side and one page will be
Tabeled left side, and the normal loads and brake forces printed
on those pages will be one side values rather than the sum of the
left side and right side values normally printed.

The XMAC parameters are entered one to a record in F10.4
format. Note if XMAC{1) is entered as a negative number, XMAC(2)
through XMAC{N}, where N is the number of axles on the vehicle,
are not to be entered, and imbalance will be ignored.

2.3.3 Hysteresis. Although hysteretic effects are found
in many mechanical systems, it is only recently that hysteresis
of commercial vehicle brakes has been a subject of considerable
interest. This interest is a by-product of the intense study now
being applied to antilock braking systems.

Some data illustrating hysteresis in commercial vehicle
brakes has been presented in Reference 10. It is shown that
hysteresis may be more pronounced if the wheel spins down to a
locked condition and back up again, rather than cycling from low
to high slip values without wheel lockup. This is illustrated in
Figures 2.43 and 2.44 which are reproduced from Reference 10.

In Figure 2.43, measured brake torque versus line pressure
data are shown for an S-cam brake subject to slowly varying brake
line pressure, These data were measured at constant spin rate
on the HSRI mobile brake dynamometer. In Figure 2.44, further
measured data are given for the same brake. In this case, however,
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sufficient line pressure was supplied to lock the wheel, resulting
in the increased hysteresis indicated by the horizontal solid
lines in the figure.

Provision has been made to simulate hysteresis in the
brake torque/line pressure relationship. For each brake the user
may enter the parameters HY and HYL. The brake torque will then
cycle over the loop shown in Figure 2.45a if wheel lock does not
occur and over the loop shown in Figure 2.45b is wheel lock does
occur. Note that the lower torgue values in these figures derive
from user input data, either in tabular form or from the brake
modules, and the upper torgue values in the figures are lTinearly
related to the lower values by a factor of HY and HYL,
respectively.

A flow chart for the hysteresis algorithm, which is in
subroutine CUTPUT, is presented in Figure 2.46. The HY and HYL
values are entered on separate records in Fi5.5 format as shown
in Table 2.8. MNote that the HY and HYL entries follow the XMAC
imbalance input. Further, note that if HY(1) is set to zero,
the remaining HY and HYL will not be read, and hysteresis will be
neglected.

Table 2.8. Entry of the Hysteresis Data.

Data Explanation
XMAC Torque imbalance coefficient
HY(1)... If (HY(1}.EQ.0) don't enter
any more HY or HYL
HYL{1)
HY (2) Additional entries for up to
nine axles (doubles). Enter
HYL{Z) only sufficient data for number
. of axles on simulated vehicle.

Input data to the brake fade algorithm
ILOCK |
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Figure 2.45a. Brake torque cycle, no tockup.

Torque values
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tables or modules
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Line Pressure

Figure 2.45b. Brake torgue cycle with lockup.
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Figure 2.46. A flow chart of the hysteresis algorithm.
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2.3.4 Brake Fade. A survey of the literature or a cursory
examination of germane empirical data will indicate that the
frictional forces generated at the lining-drum interface should
be expected to be a function of brake geometry. The choice of
leading and/or trailing shoes, for example, affects the pressure
distribution between Tining and drum, and results in various
Tevels of so-called "self-actuation” [1]. This information is
input to the simulation through the modules or tables of dyna-
mometer data, as discussed in Section 2.3.7.

Other, more subtle, interactions between the geometry and
the friction forces, such as changes in linings and drums due to
temperature, are also important [201. These latter interactions
give rise to time-dependent torque changes at a constant lTine

P e

pressure which have come to be calied "brake fade.”

To date, it is not within the state of the art to
accurately predict brake fade under all conditions. Nevertheless,
useful estimations of brake fade are feasible using the existing
technology. These estimations will be based on computed tempera-
tures of the lining-drum interface coupled with routinely available
"average” torque-line pressure information.

Accordingly, in the following subsection, the method of
temperature calculation as a function of an arbitrarily varying
wheel spin rate and brake torque will be explained. It will then
be shown how a reasonable estimation of brake torque and brake
fade may be modeled on the basis of calculated temperature and
conventional dynamometer data.

Brake Temperature Calculations

This subsection contains a detailed analysis including the
physical assumptions and the mathematical considerations Teading
to a means of calculating drum surface temperature. The result-
ing computational scheme can be programmed concisely for incorpora-
tion in simulations of vehicle braking performance.
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The description of temperature within a body with no heat

source is given by the heat flow or diffusion eguation

Qr

subject to the boundary condition

where

q .

To

- o Viy = a

= temperature within the body
= diffusivity of the body

= conductivity of the body

#

heat flux at the body surface.

facilitate the calculations of the temperature at the

lining-drum interface, Equation (2.20) may be simplified

according to the following assumptions (see Figure 2.47):

(1)

Since brake drums have radii which are large
compared with the drum thickness, the drum may
be modeted as a flat strip.

Since, in the course of one braking maneuver,
we expect no appreciable heat loss through
the drum during the braking application, the
outer drum surface is assumed to be insulated.

The rate of energy input per unit area at the
drum-1ining interface is constant over the
rubbing area of the drum.

A constant proportion of the heat generated
at the drum lining interface is assumed to
flow into the drum.
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Figure 2.47. Schematic diagram, brake drum and lining.
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Under these four assumptions, which have been previously
used in the analysis of the temperature in brake drums [21},
Fquation {2.20) may be significantly simplified, viz:

2 pa
Ht)=kgp ot 0cxsl >0 (2.21)

a0

under the boundary conditions

au _ _gla
o (0> t) , (2.22a)
qu _
x (Lt) =0 (2.22b)
and with the initial temperature profile
u {x, 0) = uo(x) (2.22¢)
where
u = drum temperature
t = time

x = spacial coordinate, x=0 at the drum-lining
interface, x=lL at the outside of the drum

a = drum material conductivity
k = diffusivity of drum material

A = total drum area which contacts the iining
during a wheel rotation

L = drum thickness

g = proportion of the heat generated which
enters the drum

T = brake torque

¢ = wheel spin rate
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A good approximation for g {see [21]) is given by

1
3:
e Sl
Aap C
p
where

Cp = gspecific heat of the drum
¢ = conductivity of the drum

and the quantities subscripted with L are the corresponding
properties for the lining. For most drum-shoe combinations, the
value of B is about .95.

A solution to Equation {(2.21) may be found in the form

ulx, t) = X(x) A(t) (2.23)

where X satisfies the homogenous boundary conditions

X'(0y = x'(L) = 0 (2.24)

where the prime indicates differentiation with respect to x.
Substitution into Eguation {2.21) yields

3| 3v

T . s (2.25)

where the dot indicates differentiation with respect to time.
Thus

X''"+ 32 X% =0 (2.26)

The solution to (2.26) is
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[§]

Ccos A x+Dsinxx, »#0 {2.27a}

X = T + Dx A= 0 (2.27%) ‘ .

Application of boundary conditions (2.24) to Equations
(2.27) yields

D = p = 0 (2.28a)
S0 . g, |
and Ap =T n 0,1,2,... (2.28b)
Thus
ulx, t) = zAn(t) cos 2 x (2.29)
n=0

where the summation is a Fourier series solution for u valid over

the interval [0, L]. The Fourier coefficients An(t) are given by
5 \
An(t) = T ) u{x, t) cos A dx (2.30a)
L
A(t) = 1 f u{x, t)dx (2.30b)
0 L o

Differentiating An with respect to time yields

tl

An(t) = % L %? {x, t) cos *X dx (2.31a)
L
3
A1) = ij; 2 (x, t)dx (2.31b)
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the following ordinary differential equations are generated:

! 2 A '
An(t) + kan An(t) = O f(t) (?.37a)
! = K
Aty = o flt) ; (2.37b)
with initial conditions from Equation (2.38)
L
A(O)m-z-f u(x, 0) cos i x dx o (2.383)
n L o i n ’
L .
A (0) = lf ulx, 0)dx (2.38b)
0 L o

The solution of Equations (2.37) for the An may be handled
numerically for arbitrary f(t). Further, it should be noted
that the coefficient of the An term increases with n?, an indica-
tion that the An will rapidly approach zero with increasing n.

The numerical solution of Equation (2.37a) may be facilitated
by consideration of a constant forcing function f(t ) for
t > to In that case

aren aren

Zf(tG)L 2F( O)L -kkﬁ(t to)
A(E) = mmpmp— + A(L) - e (2.39)
Substituting into Equation (2.25) and noting that

2
IX LT - 2 3

(2.40)

:!\l —t
Ll
o
w1
o

2
1
yields

?F“ wling Tags Marl
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f{t )L 2
- 0 6x , 3x
U(Xs t) = AO(t) + ba (2 - L + LE )

o 2€(t L} -krZ{at) ‘
0 n nmn X
+ % (An(t(}) - m‘w‘—“‘“)e cos —““E“‘““"‘““ (241&)
where At =t -ty (2.41b)

and the temperature at the interface is then

f{t_ )L 3 2F(t LY -kx2 at
u(0, t) = Aglt) + 3 O+ X (An(te} - ——g"—gr—-)e n
o ] -l am

(2.42)

Equation (2.41) is also useful for the numerical calcula-
tion of u as a function of time-varying forcing functions f(t).
Consider Figure 2.48 in which f(t) is approximated by a series
of steps at wide. The temperature u(x-, t) may be found by up-
dating t, f(to), and An(to) at the beginning of each new time
step, and reapplying Equation {2.41).

Of course, it is possible to find u by solving Equation
(2.37a) numerically for the first few coefficients An and neglect-
ing the higher order terms. (This solution could be mechanized
either be repetitive solution of Equation {2.39) across intervals
At wide, or through the use of some more traditional integration
techniques such as the HPCG package [{22].) Thus we would have

N

u(x, t) = A (t) cos d E X (2.43)
1

and the error, E, would be

E(x, t) = &% A (t) cos P——"Tl_—-—’i (2.44)
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Use of the first N terms of Equation (2.41) rather than
(2.43), however, is the far superior method, since the error is
limited to the neglected exponentially decaying terms on the
right-hand side of (2.43), rather than the entire sum Tisted in
(2.44).

Confidence in this procedure has been gained by a compari-
son with the closed-form solutions given by Newcomb and Spurr
in Reference 21, where the solution for the temperature rise at
the Tining-drum interface for a constant spin-down rate is
presented. Computations employing only the first three terms
in the sum in Equation (2.41) lead to numerical results virtually
identical to those given in [21].

The Use of Brake Temperature to Predict Brake Torque

fquation (2.41) may be used to predict brake temperature
as a function of arbitrarily varying brake torque and wheel spin,
i.e., for any forcing function, f{t). Although f(t) may be
known a priori, as when the torque and spin rate have been
recorded as a function of time in a dynamometer test, and it is
desired to compute the time-varying temperature, this is not a
necessary condition. To calculate temperature, u, at the end of
any at wiﬁe time interval, it is only necessary that f(t) be
known at the beginning of the interval. C(learly, then, the
solution presented in Equation (2.41) is ideal for use in the
simulation where calculations take place at at = .0025 second
intervals.

The complexity of this procedure is involved mainly in the
temperature calculation—Equation (2.41) must be solved (dropping
high order terms) for each brake. However, the success of the
procedure also depends on the assumed relationsnip between the
computed temperature and brake torque. Research at HSRI has led
to the somewhat surprising finding that a linear relationship is
extremely useful, 1.e.,
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T(t) = T, [ - “m] (2.45)

where
t is time
T 1is the brake torque
T. is called the "unfaded brake torque”

g is the computed temperature change, at the
1ining-drum interface, assuming a uniform
initial temperature

er is a user input constant calied the "fade
factor.”

jhe values of ?f will be computed either from user input
tables of Ti versus line pressure, or from the brake modules.
This ?% value will then be modified downward to reflect the
assumed linear effect of the increasing temperature at the
jining-drum interface. The amount of this modification will
depend on the user input “fade factor,” B

As an example, consider a run in which a constant line
pressure, Pi’ of 60 psi is applied which results, through a
table lookup calculation, in brake torque T@ = 100,000 in-1bs.
In addition, assume the user has input a fade factor Be = 800°F .
The brake torgue, T(t), would then be computed using Equation
(2.45), e.qg., if Ut reached 200°F, the brake torgue would drop

to 75,000 in-1bs.

Several spin-down dynamometer time traces have been examined
to ascertain the range of validity of Equaiinn (2.45). It has
been found that for test data in the form given by the solid line
in Figure 2.49, this model will work very well.* The constants

*Note that the torque time history shown in Figure 2.49 yields

a single value of Ta at the appiied pressure. Typically,
dynamometer results are supplied as graphs of Ta versus pressure.
The time~history data used to make these graphs are not generally
available.
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Ti and e can be determined which will yield a torgue-time

relationship in close agreement to dynamometer results for a

given initial velocity and inertial Toad. However, it should F
be noted that the value of T1 may vary with the initial speed of‘
the spin-down test, with higher values of Tj corresponding to
Tower initial speeds.

Input Data for the Brake Fade Algorithm

The input data required for brake fade calculations
immediately foliows the last hysteresis parameter, XMAC. There
are eight parameters per axle to be entered, first:the initial
temperature, F10.4, then seven more parameters on one record,
7F10.4. A sample data listing for a three-axle straight truck
is presented in Table 2.9.

Note that if the first entry for the first axle is negative,
noc brake fade parameters should be entered, and temperature and
brake fade calculations will not be performed. In addition, if
the fade factor, Bes is set to zero, temperature will be
calculated but fading will be neglected.

A Sample Run

“The data presented in Table 2.9 were entered for use in the
simulation of a 165-inch wheelbase, three-axle straight truck.
The total weight of the vehicle was 45,825 1bs, with axle loads
11,936, 17,594, and 16,295, respectively. The timing parameters,
TQ, were those presented in Table 2.6, and the line pressure/
brake torque relationship was taken from the tables presented in
Table 2.7. The treadle valve pressure rose to 85 psi in .05
second, and the initial speed was 60 mph. The force levels
generated at the tire-road interface were sufficient to prevent
Tockup of any wheels.
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Table 2.9,

Data

1.5

5.75, .95, .0%7, .
7.5, 750

0.

5.75, .95, .017, .
7.5, 750

0.

5.75, .95, .017, .

7.5, 750

Input Data to the Brake Fade Algorithm.

Explanation

The last hysteresis entry

Initial temperature, front
brake, °F. (Note, if this is
< 0, don't enter the rest of
the data in this table.)

Front brake data, 7F10.4, in
the following order:

Drum conductivity, 1b/°F sec

Beta (portion of heat flux
into drum)

Drum diffusivity, in¢/sec

Drum thickness, in.

Width of rubbing area, in.

Drum radius, in.

Fade factor, Bes °F

Initial temperature, leading
tandem-

Leading tandem brake data
Initial temperature, trailing

tandem

Trailing tandem brake data

S8



Some results from this run are presented in figure 2.50.
Several comments on the figure are in order.

1) The "non-faded" brake torque is indicated by the
dashed lines. Note that the front axle torque
was much lower than the leading tandem axle brake
torque, as would be expected from an inspection
of Table 2.7. The trailing tandem axle time history,
which is virtually identical to the leading tandem
axle time history, is not shown in the figure.

2) Note that the calculated temperature at the 1ihing~
drum interface reached about 230°F for the front
axle, and about 300°F for the leading tandem axle.
(The trailing tandem also reached about 300°F.)
This reflects the Tower brake torque applied at
the front axle.

3) The temperature at both the front axle brakes and
the leading tandem axle brakes reaches a maximum
about mid-way through the run. Thus brake fade,
as indicated by the difference between the unfaded
torque, Té, and the brake torque, T, 75 & maximum
at this point.

&) The shape of the deceleration trace is typical of
vehicie test data. In this case, the resulting
stopping distance was 290 feet,

2.4 The Tire Models

The relationship between the longitudinal forces at the
tire-road interface and longitudinal slip is normally thought
of as characterized by so-called "p-slip" curves which may be
expected to vary with ioad and speed. This may be done in either
of two ways: (1) a closed-form solution based on the mechanics
of the shear force generation at the tire-rcad interface, or
(2) tabular input of u-slip data. The closed-form solution,
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which was based on a well-known tire model [23], has been used

with some success since the inception of the MVMA truck braking

analysis. (See, for example, [1}.) However, recently procured F
tire data [11] has indicated that the model is of limited accuracy
in some cases. Thus provision has been made for direct entry of
u-siip data to the program.

In the following two subsections the use of the closed-
form solution and the tabular input options are discussed.

2.4.1 The Analytical Tire Model. The analytical tire model

used in this program is adapted from a more general model developed
for use in a previous study. In this model, the tire-road shear
force is generated on the basis of equations which approximately
describe the deformation field over the {ire-road contact patch.
The location of the point on the tire carcass associated with

the point in the contact patch where sliding starts in a braking
maneuver is evaluated as a function of longitudinal slip between
the tire and the road, vertical load, and sliding velocity. A
thorough discussion of these équations, including comparisons of
predicted tire force data to experimental data, have been reported
in Reference 23. The tire parameters needed for the model (which
in this program considers longitudinal and rotational motion of
the tire only) are CS, the rate of change of brake force with slip
at zero slip, MUZERQ, the low-speed locked-wheel friction coeffi-
cient, and FA, the friction reduction parameter.

The brake force versus slip equations are summarized

as follows:
. 1 - RR(a)
SLIP O0T ‘ (2.46)
-CS{sSLIP)
A s CRRACY (2.47)
f(ay = {2-a)n A < 1 (high SLIP)
(3.48a)

= A > 1 (Tow SLIP)
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L = -MUZERD (N)(1-FA-XDOT-SLIP){1-SLIP)
2CS(SLIP)

(2.48b)

where
€S is longitudinal stiffness, in pounds
FA is the friction reduction parameter, in sec/ft
MUZERD is the low-speed friction coefficient
RR is the rolling radius

N is the normal force at the tire-road interface

The normal force, N, on the tire from the road through the
contact patch is a function of the $tatic load, the tire spring
rate, and viscous damping in the tire. Values for the rolling
spring rates of various truck tires, as determined from experiment,
have been presented in [11. Although no similar data is available
on values for truck tire viscous damping coefficients, it is
reasonable to assume (for example, see References 8 and 10) that
the tire damping coefficient is of the order of 2% critical. Thus
the user must input only the rolling spring rate, KT; the damping
at the tire-road interface is calculated based on the unsprung
mass and the tire spring rate.

The normal force on the rolling tire is

N = NS+KT .A+CF .4 (2.49)

where Ao is the change from the static distance between the tire
and the road.

The input data related to the tires follows the last
braking data. When the analytical tire model is used, the data
must be input in the form shown in Table 2.10.
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Table 2.10. Input Data Relating to Tires.

Parameter Comments

ALPHA(T) ' Static rolling radius, front tires
(inches)

ALPHA(2) Static rolling radius, axle 2

Notes: 1) enter only the radius of
the tires on the lead
tandem for tandem axles
. 2) enter a minus sign before
ALPHA(N) ‘the radius if dual tires are
to be simulated on an axle

CS{1) -
’ :%gi (1bs/slip}
S=0
CSIN) Note: This is a "one tire value
FA(T)
Function reduction parameter
FA(N)
35(1)
; Spin moment of inertia, includes
both sides, in 1b. sec?
JS(N)
KT{1)
: Tire spring rate {1bs/in)
. Note this is a one tire value
KT(N)
gl
- Low speed friction coefficient
g (N)
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Several notes, called out in Table 2.10, will be

elaborated upon here.

1)

2)

3)

4)

Since the tire model is nonlinear, brake force
calculations must be made for one tire, then
multiplied by the number of tires on the axle.
Thus it is necessary to call out dual tires
wherever they occur. The callout mechanism is
the sign of the ALPHA entry; the negative sign
will call for dual tires.

As a convenience to the user, the radius of the
tires on a trailing tandem axle is assumed equal
to the radius on the leading tandem. Thus an
ALPHA value for a trailing tandem must not be
entered.

It is important to note that all of the tire
data entered into the Phase III simulation is
data for one tire. This includes the Tongi-
tudinal stiffness, CS, and the tire spring rate,
KT.

JS is considered an inertial parameter rather
than a tire parameter. It has been grouped

with the tire parameters since it fits into

the wheel spin eguations with the tire
parameters. Thus the JS value, like all inertial
descriptors in the program, includes the entire
spinning mass assembly, rather than only one side.

2.4.2 Tabular Input Data. Truck tire test data recently
procured in a study at HSRI [11] has indicated that a substantial
peak-to-slide brake force ratio may occur at low speeds as well

as high speeds. Since the analytical model assumes the peak-to-
slide ratio is a function of the product of the speed and the
input “friction reduction parameter," FA, the model is inadequate
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in some cases. Consider, for example, Figure 2.51 in which
measured data is presented along with "best fit" curves generated
using the tire model to match the data gathered at 40 mph.

Since the model is of limited utility in some cases, pro-
vision has been made for the direct entry of u-slip tables. The
tabular entries, which may be a function of both speed and load,
should be input in the following way:

The first CS in Table 2.10 should be set to a negative
number. The remainder of the parameters for the analytical model,
including CS, FA, and g should not be entered.

After the last KT entry, the tables should be entered, first
for the front axie, next for axle 2, etc. The first entry in the
table is the numoer of speeds, in 12 format. The second entry
is the first speed and the number of loads at that speed, F10.4,
12. The next entry is the first load and the number of p-slip
pairs at that load, F10.4, I2.° The next entries are the u-slip
pairs at that speed and load, first slip then u, 2F10.4.

Up to five speeds and five loads may be entered for each
axle, and the appropriate u value will be found by interpolations
over both load and speed. If the speed or load is below the
lowest entry in the table, the u-slip pair corresponding to the
Towest value will be used. If the speed or load is higher than
the highest entry in the table, the u-slip pair corresponding to
the highest pair will be used.

An example is given in Table 2.11. Note that this table
is for a two-axle vehicle. The front wheels have u-slip tables
at two loads, 5,000 and 10,000 1bs, and two speeds, 10 ft/sec and
50 ft/sec. The second axle has a u-slip curve at one speed and
one load, i.e., a constant p-slip curve. Note that the lowest
speeds must be enteved first and the lowest loads must be entered
first.
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Table 2.11.

Entry of 1-S1ip Tables

Comment
The last KT {see Table 2.10)

Two speeds in the front axle table
Ten ft/sec, two loads
5000 1b, three patrs to come

This is the u-slip curve for
10 ft/sec, 5000 1bs.

10060 1bs, three pairs to come

This is the p-slip curve for
10 ft/sec, 100000 1bs.

50 ft/sec, two loads

5000 1bs., three pairs to come

This is the u-siip curve for
50 ft/sec, 5000 1bs.

This is the p-slip curve for
50 ft/sec, 10000 1bs.

One speed for axle 2
10 ft/sec, one load

5000 1bs, three pairs to come

This is the p-slip curve for
axle 2
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It is apparent from Table 2.11 that the input data can
become quite tedious. There is no respite from this problem if
the tires on each axle require different y-slip data. However, f
provision has been made to avoid unnecessary repetition of input
data. If the "number of speeds entry” is set to a negative
number, say -I, then the u-slip data will be the same as the data
for axle I. This option may be used for any axle number, IA, as
long as IA is greater than I. Thus data for the first axle must
be entered.

An explanatory example will be useful here. Consider a
nine-axle vehicle with the tires on the front axle and the tires
on the last four axles having identical u-slip data, and the
tires on axles 2, 3, 4, and 5 having identical u-slip data. These

Aata mav
gata may

[

e entered in the form shown in Table 2.12. Note we have
entered u-slip data at only one speed and one load for
convenience here—up to five speeds and five loads may be used

for any axle.

2.5 Antilock Simulation

The documentation presented in this section represents a
major extension and revision of the previous antilock simulatioh
used with the Phase II1 truck and tractor-trailer programs. The
greater flexibility now available is primarily the result of
the addition of a dictionary, or table, containing variables and
parameters pertinent to antilock system operation. Additional
features and options, such as general purpose counters and one-
shots, were added for extended flexibility. The simulation con-
centrates on the three areas common to most antilock systems:

(1) wheel speed sensor, (2) control logic module, and (3) pressure
modulator. Axle-by-axle systems are allowed for, as well as three
side-to-side options: (1) worst wheel, (2) best wheel, and

(3) average wheel.
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01
16. , 01
5000. , 03

Table 2.12

Axle 1 data

Axle 2 data

Axle 3 data = axle 2

Axle 4 data = axle 2

Axle 5 data = axle 2

Axle 6 data = axle 1

Axle 7 data = axle 1

Axle 8 data = axle 1

Axle 9 data = axle 1
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A block diagram showing the relationship between the
antilock elements and the main program is shown in Figure 2.52.
The wheel speed signal, w, is received from the main program and
processed by the wheel sensor wherein an effective time delay
occurs resulting in delayed wheel speed and acceleration signals
wy and éd. These signals, along with vehicle velocity, x,
vehicle acceleration, x, and feedback from the pressure modulator,
are input to the control logic module. The control logic module

outputs an ON/CFF solenoid command signal to the pressure modulator

which in turn generates the brake pressure, P, returned to the

main program.

A complete description of the antilock simulation and
explanation of its use is presented in the following sections,
Appendix E contains three input listings and characteristic time
history traces which can be used for representing basic features
exhibited by three antilock systems in use today.

2.5.1 User Dictionary of Variables/Parameters. In order

to offer much greater flexibility to the program user as regards
variable and parameter programming choices, a table or dictionary
of such variables/parameters has been added. This dictionary,

as shown in Figure 2.53, is simply a listing of varijous variables
and parameters which might be considered to be of some importance
or interest to an antilock system. A user selects, for pro-
gramning purposes, a particular variable/parameter by referring
to its variable I.0. numeral shown in Figure 2.53. Each of these
variables/parameters are defined in Table 2.13 and Figure 2.54.
If a user has need for additional variables or parameters not
inciuded in the dictionary, they can be added by rather simple

- additions to the FORTRAN code.

The purpose of the dictionary is to allow the program user
to select, from a wide variety of possible antilock variables/
parameters, only those which are of interest to the particular
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TIMF

OMEGA

OMEGADOT

X007
XDbOT
POFF1

POFF2

PON1

PONZ

TOFF1
TONT
XDOFF

XDON

WOFF

WON

WDOFF

WDON

WDMAX

WDMIN

Table 2.13.

1.D.
Code

Variable/Parameter Definitions

Definition

1
2
3

10

11
12
13

14
15
16
17
18
18

20

Constant; Unity Parameter
Time in simulation

Wheel speed at tire-road

“interface {expressed as an

equivalent translational
velocity)

Wheel acceleration at tire-road
interface (expressed as an
equivalent translational
acceleration)

Vehicle velocity
Vehicle acceleration

Brake pressure at last "OFF"
signal

Brake pressure at "OFF" signal
in next to last cycle

Brake pressure at last "ON"
signal

Brake pressure at "ON" signal
in next to last cycie

Time at last "OFF" signal
Time at last "ON" signal

Vehicle velocity at last
“OFF" signal

Vehicle velocity at last
“ON" signal

Wheel speed at last "QFF"
signal

Wheel speed at last "ON"
signal

Wheel acceleration at last
"OFF" signal

Wheel acceleration at last
"ON" signal

Maximum wheel acceleration
in Tast cycle

Minimum wheel acceleration
in last cycle

113

Units

(sec)

(ft/sec)

{(ft/sec?)

(ft/sec)
(ft/sec?)
(psi)

(psi)
(psi)
{psi)

(sec)
{sec}
(ft/sec)

(ft/sec)
{(ft/sec)
{(ft/sec)
(ft/sec?)
(ft/sec?)
(ft/sec?)

{ft/sec?)



Symbo]
TPMAX]

TPMIN?

WLOCK

TLOCK

SLON

SLOFF
PMAX
PMAXZ

PMINI
PMINZ

PD
ON
TMOD

SLIP
P
CYCNT

SQUARE

SQUARN
TOFF2

TONZ

FOST

Table 2.13 {Cont.)

Time of maximum pressure in
‘Time of minimum pressure in

"Parameter having value 1.0 if
wheel is locked; otherwise
having value of 0.0

‘Time ramp beginning at start

Wheel slip at last "ON" signal
Wheel slip at last "OFF" signal
Maximum pressure from last cycle
Maximum pressure from cycle

Minimum pressure from last cycle
Minimum pressure from cycle

Parameter having value of 1.0
during "ON" signal; otherwise

Time of modulation for the pulse-
width modulated square wave

Cycle counter beginning at O
and incrementing its count by
1 every "OFF" signal

Pulse-width modulated square
wave having value 1.0 or 0.0

Time of "OFF" signal in cycle

Time of "ON" signal in cycle -

1.D.
Code Definition
21
last cycle
22
last cycle
23
24
of any wheel lock
25
26
27
28
before last
29
30
before last
31 Treadle phessuke
32
0.0
33
34 Wheel slip
35 Brake pressure
36
37
38 SQUARE ~ 1.0
39
before last
40
before last

4]

First one-shot variable having
value 1.0 during one-shot firing;
otherwise having value of 0.0
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{sec)

(sec)

(sec)

{sec)
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Symbol
FOS2

FOS3
GPCNT
WMAXT

WMAX2
TWMAX
TWMAX?2
WMIN
TWMIN
TPMAX?2

TPMINZ

Table 2.13 (Cont.)

Second one-shot variable
Third one-shot variable
General purpose counter
Maximum wheel speed in last

Maximum wheel speed in cycle
Time of maximum wheel speed
Time of maximum wheel speed
in cycle before last

Minimum wheel speed in last

Time of minimum wheel speed

Time of maximum brake pressure
in cycle before last

1.D.
Code Definition
42
43
44
45
cycle
46
before last
47
in last cycle
48
49
cycle
50
in last cycle
51
52

Time of minimum brake pressure
in cycle before last
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Units

(ft/sec)
(ft/sec)
(sec)
(sec)
(ft/sec)
(sec)
(sec)

{sec)
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|

system he is attempting to simulate. Those familiar with the

previous antilock simulation may recall that such variable/

parameter choices were fixed and limited to wheel speed, r
acceleration, and four or five other variables. Thus, the

present approach should eliminate most problems where the user

was handicapped with the previous program because & particular

variable or parameter was not available. '

Within the antilock variables/parameters are stored in an
array of dimension 60 called VARIB(J), J=1,60. Therefore,
VARIB(1} contains the constant 1.0, VARIB{2) contains the present
value of the time, t, ahd so on as defined in Table 2.13. Variables
VARIB(53) through VARIB(60) are not defined but can be used as
storage locations for alternate variable/parameter definitions
specified by the user and added tc the FORTRAN code. Such a table
or array is provided for each axie of the vehicle.

2.5.2 General Expression Form. Throughout the remainder

of this chapter a particular algebraic expression will be
encountered repeatedly. It would therefore be helpful beforehand
to define each term in the expression and then discuss its
purpose. The expression referred to is of the general form:

CEXT + C2x2 + C3x3 + Caqu& + Csxsy5 {2.50)

The C, (i=1,...,5) are constant coefficients for each term.
Any of these coefficients may be adaptive to as many as two
different variables, This adaptive feature will be discussed
in detail in Section 2.5.4., The X (i=1,...,5) and Yis (1=4,5)
are variables or parameters available in the user dictionary.
Note that the fourth and fifth terms are quadratic in form. During
execution of the program the X, and Yis which the user has
selected from the dictionary to form some relationship, are
actually assigned values from tnhe array VARIB{J).
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The purpose of these expressions is to allow the user to
form various algebraic relationships between the variables and
parameters available in the dictionary, subject to the form of
the general expression (2.50). A form of this general expression
appears in almost every section of the program from control logic
inequality expressions to evaluation of one-shot conditions. Only
those terms necessary to form a desired expression are required.
Some simple examples illustrating the use of these general
expressions are presented_in the following sections.

2.5.3 Wheel Sensor Module. The primary effect of a
wheel sensor is a phase shift and/or time delay between the actual

wheel rate and the derived wheel rate. This input-ocutput relation-

ship can often be described adequately by transfer functions of
various order and/or transport time delay expressions. The
present version assumes a general first-order filter of the form
}/rmp + 1 relating actual wheel rate to derived wheel rate, where
T, is the time constant of the filter and p is an operator
denoting differentiation with respect to time.

Many antilock systems make use of wheel acceleration derived
from the output of the wheel sensor. This normally involves
additional delays along with a differentiation process. The
assumed transfer function here was taken as p/rmdp + 1 relating
derived wheel rate to derived wheel acceleration. The derived
wheel acceleration calculation normally takes place within the
electronic control unit. However, since it, aiong with wheel
rate, is a primary input to the control unit logic, it is included
here within the wheel sensor module so that the control unit can
be characterized by logical or decision-making processes only.

The wheel sensor module can then be described by the input-output
relationships shown in Figure 2.55.
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The delayed wheel speed and acceleration signais, wy and
Qd’ are used as the primary inputs to the control logic module.
The assumed wheel sensor and derivative circuit input-output
relationships are therefore described by two input parameters,
T, and T.4° which represent the first-order filter time constants
of the wheel sensor and its derivative circuit. The variables,
wy and &d, appear in the user dictionary as OMEGA and OMEGADOT,
[.D. codes 3 and 4. {The symbols w and w are used interchangeably
throughout this section for wy and &d.)

Other variables are provided as possible inputs to the
control logic module, however, no similar operations are attempted
on these other input variables. '

3.5.4 Control Logic Module. The control legic is

characterized by a set of eight inequality expressionﬁ which the
user forms as conditions for generating "ON" and "OFF" signals.
Associated with each arithmetic inequality expression is a

logical variable. These logical variables, reflecting the state
or polarity of the inequality expressions, are logically combined
to generate the "ON" and "OFF" signals. "ON" is defined here as
air being applied to, or "ON," the brake air chambers. Figure
2.56 summarizes the overall structure of the control logic module.

Inequality Expressions.

Each of the eight arithmetic inequalities has the general
form:
F. & CoqVian F ConVin t ConVun + CopV. W

i ithil 127142 3713 4714714

* CigVigWis o , i=1,8 (2.51)

where
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Cij , (j=1,5) are the constant coefficients of each

term.

Vijr Wik o (j=1,5; k=4.5) are the variables/
parameters selected from the user
dictionary. '

The first four inegualities, F] through F4, are used for
generating the “OFF" signal; the last four inequalities for the
"ON" signal.

As an example, suppose the condition

® < = 100 ft/sec?*

-w - 100 > 0

was used as the first "OFF" condition. Then F1 would become

Fy 8 (41,04 + (-100.)1.0 > 0

with -1.0 and -100. required as c¢;q and c;,. OMEGADOT, (@},

would be selected from the user dictionary for Vi3 and the unity
parameter, 1.0, would be selected as Vip- As will be described

in detail in Section 2.5.7, five numbers would be required as
program input for forming this expression: {a) the number of terms
involved in the expression, (2); (b) two coefficients, (-1.0)

and {-100.); and {(c¢) two variable I.D. codes from the user
dictionary, '4' and '1' for OMEGADOT and the unity parameter,
respectively.

*See definition of OMEGADOT on page 113.
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A simple description of the sequence of operations taking
place within the antilock control logic module is as follows:

During a braking maneuver, the variables/parameters
selected by the user are substituted in the user-defined inequaiity
expressions., These expressions are evaluated, and based upon
their polarity, OFF signals or ON signals are sent to the
pressure modulator. At the beginning of the braking maneuver,
evaluation of the inequalities associated with generating the
"OFF" signal takes place until an "OFF" signal is generated.
Attention then is focused on the inequalities associated with
generating an "ON" signal until an "ON" signal is generated. This
sequence continues until either the treadle valve pressure demanded
by the driver falls to near zero, or until the vehicle velocity
decreases to below some cut-off velocity.

Logical Variables

Each of the eight inequalities has assigned to it a logical
variable that is defined as TRUE if the inequality is satisfied
as shown; FALSE if not. In other words, if F, > 0, then the
logical variable Li associated with Fi assumes the value TRUE.

If F, < 0, then Li assumes the value FALSE. Since there are four
inequalities for the generation of the "OFF" signal, there are

four logical variables associated with the "OFF" signal. The
purpose of these logical variables is to facilitate the genera-
tion of an "OFF" signal by allowing them to be "AND"-ed and "OR"-ed
together by the program user., If, for example, the user had
decided that F, and F; must be satisfied or else Fy or F, be
satisfied {FT’ F2, F3, and F& having been previously defined by

the data set selected by the user}, the proper "OFF" signal would
be defined by the following expression:

OFF = (L] AND L2) OR (L3 CR L4)
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The same discussion applies to the "ON” signal and associated
logical variables L5, LB’ L7, and Lg.

The user specifies the logical operations between L1 and
LZ’ L3, and Lq, and between the bracketed expressions by means

of three logical operator switches, OP]E’ 0P34, and OP23,

respectively. Input values of 0 imply logical "OR" operations;
values of 1 imply logical "AND" operations. The same ruies apply
to logical variables L5, La, L7, L8 and their logical operator
switches 0?56, OPTS’ and 0P67' The general forms of these
logical equations are:

OFF

1]

(L] 0P12 LZ) 0923 (L3 0P34 L4) (2.52)

£u
=
[=W

ON = (L5 OP56 LG) OP67 (L7 OP78 LB) (2.53)
The user is required to input data only for the number of
inequality expressions needed. The details relating to data
input for the inequality expressions and logical operators are
explained in Section 2.5.7.

Time Delays

Four programmable time delays are available in the control
logic. The first time delay, T is the delay between the
evaluations of F1 and the evaluations of either F2’ F3, or F4.
The second time delay, ;2’ is the delay between the time of
generation of the "OFF" signal and the time that F5 may be
evaluated in the generation of the next "ON" signal. T3 is
the delay between the time of evaluation of F5 and the time of
evaluation of either F6, F7, or F8' T4 is the delay between the
time of generation of the "ON" signal and the time that F-E may
be evaluated in the generation of the next "OFF" signal. For
time delay effects other than those described here, the one-shot

variables (Section 3.5.6) may be employed.
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Example

A brief example covering the above outlined features should
prove helpful. Consider an antilock system which generates an

¥

"OFF" signal subject to the following laws:

1) & < -50 ft/sec’
and 2) at a time .05 second after (1) is satisfied,
w < .9 x must also be satisfied.

Suppose the corresponding "ON" signal must satisfy the
following requirements

3) ©> -.5 ft/sec?
and 4) at a time .02 second after (3) is satisfied,
w > .8 x must also be satisfied.

Suppose also that once the "ON" signal is generated during any
cycle, the test for the next “OFF" signal must not take place
for at least 0.1 second, guaranteeing a certain amount of brake
on-time.

Rewriting {1} as

Fi = -w-50>0
c1't = -1-0
C’iz = "50.

The variable 1.D. codes for Vi1 and Vio
would be "4" and "1," corresponding to
OMEGADCT and the unity parameter from
the user dictionary.

Similarly, for (2},

Fo = ~u+ .9%x>0
C21=—].0
Cop = .90
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The variable [.D. codes for V21 and Vll
would be "3" and "5".

Since F3 and Fd are not required, no input for these expressions
would be needed. 0P, should be entered as 1 since OFF = L, AND
LZ' OP23 and OP24 have no meaning here and can therefore be
either 0 or 1. The time delay between F1 and F2 implies

3% 0.05. Since there is no time delay specified between the
generation of the "OFF" signal and the evaluation for the next
"ON" signal, T, = 0.0. )

Similarly, for the "ON" criteria, (3) may be rewritten as

F5 = w+5>0
Cqy = 1.0
Cep = 5.0
With variable 1.D. codes for vg, and Veo
of "4" and "1",

Likewise

Fo = w=-.8x>0
Cg1 = 1.0 ‘
Cgp = -8
With variable 1.D. codes for v, and Vo2
of “3" and "5".

Since F7 and F8 are not required, no input for these
expressions would be needed. OP56 should be entered as 1 for
the required "AND" operation, while OP67 and 0P78 are meaning-
less here and can be either 0 or 1. The time delay between F5
and 56 requires Ty 7 0.05. The time delay between the "ON"

signal and the test for the next "OFF" signal requires T4 = 0.10.
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Adaptive Coefficients

Many antilock systems possess adaptive capabilities for
changing coefficients involved in their control logic. For
this reason, and increased programming flexibilify, an adaptive
coefficient feature is provided for in this program. Each
coefficient, Cij‘ involved in the inequality expressions may be
altered to change its value as a function of one or two
dictionary varaibles in the manner shown in Figures 2.57 and
2.58.

In Figure 2.57, the value of Ci} is Ao {its initial value),
if uij < b1. If uij’ the adaptive variable, is greater than

its breakpoint value of bq, Cij is equal to A].

If two adaptive variables are involved, as illustrated in
Figure 2.58,

A if ”"ibq and Z..ibz

0 1] 1
Cij = Ay if Uss > b, and 245 < by (2.54)
A2 if 2352 b2

By including an additional numerical switch in the input,
the two adaptive variable case may be altered to:

Ao if u.. < b

0 ij - "1 _
Cij = A] if uij > b] and Zij-i b2 (2.55)
A2 if U1J > b1 and Zij > b2

as illustrated in Figure 2.59.

The details of the numerical input format are explained
in Section 2.5.7.
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Side-to-Side Options

Three different side-to-side options per axle are available.
One antilock system is allowed for each axle with the same
pressure being returned to both sides for each of the available
options. These are summarized below:

OPTION 1 - Worst Wheel. The wheel having the lowest
rotational rate (omega) for a given axle is selected by the

'contro1 togic as its input. The same pressure is returned to
both sides based on this input.

OPTION 2 - Best Wheel. Same as Option 1 except that the
wheel with the highest rotational rate is selected as input.

OPTION 3 - Average Wheel., Both wheel rates are averaged

by the control logic module and used as input. The same pressure
is returned to both sides.

See Section 2.5.7 for the numerical input and format
required for each option.

Logic Sampling Rate Control

The program user is asked to specify a logic sampling period,
TSMPLE, which controls the rate at which the antilock logic is
interrogated. If TSMPLE is specified to be less than or equal
to the digital simulation time step, then no sampling rate
control is in effect. 1If, however, a logic sampling period

greater than the digitel simulation time step is called for,
all control logic and special option features pertaining to the
control logic module are interrogated at time intervals set by
the logic sampling period, TSMPLE. Wheel sensor computations
and pressure modulator activities are not affected.

For vehicle velocities less than 7 fit/sec, the antilock
simuiation is inactivated and Tine pressures will follow the
treadle pressure.
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2.5.5 Pressure Modulator. The pressure modulator valve

is simulated by two time delays and several programmable rise
and fall rates for both exponential and linear characteristics.
The programmable rise and fall rates make possibie the simula-
tion of relatively complex pressure modulator activity
including designs involving pneumatic logic or pulse-width
modulators.

Time Delays

The input received by the pressure modulator is simply the
"ON" and "OQFF" signals generated in the control logic module.
Once a control signal is received there is normaily a time delay
before actual pressure reduction or increase takes place. These
time lags are denoted in the simulation as ToN and TOFF and

are program inputs specified by the user,

Exponential Fali and Rise Rates

The pressure rise is defined to be exponential in time with
the -upper pressure iimit set by the treadle valve output or by
a progranmable 1imit PDRSE offered as a special option and
explained in Section 2.5.6. Likewise, the pressure fall is
exponential in time with its lower limit as zero pressure or
by a programmable lower limit, PDFALL, offered as a special
option ‘and defined in Section 2.5.6. As many.as three pressure
fall rates and three rise rates can be programmed. The fall
and rise rates referred to are defined as the inverse of the time
constants associated with the exponential pressure rise and fall.

The three exponential fall rates are denoted as PFEQ,
{i=1,3); the three exponential rise rates are defined as PRE
(i=1,3). For reasons of flexibility these fall and rise rates
are defined to be functions of variables denoted as €y and €09
respectively. € and €y are defined by the general form
expressions:
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where Hi and Gi’ {i=1,5) are the constant coefficients of each

+ G,v

+ H.v., + H,v W

+ G3v

47474

+ G,v,w

47474

* Hgvog

+ Bgvghg

term, and Vs and Wy s {j=1,5; k=4,5) are variables/parameters

available in the user dictionary.

These relationships are shown in Figures 2.60 and 2.61.
The break-points Xqs Xz, X3, and X4 along the €1 and £, Xes
separate the fall and rise rate regions.

In terms of transfer function notation, the above
relationships can be expressed as:

Pressure Fail:

PDFALL or

Pressure Rise:

PDRISE or

0

P

PFET' 2.3 o
p+ PFE1’2,3 .
PRE1,2,3 -
p + PRE1’2,3

where PFET’2’3 and PRE.]’&3 defined above are functions of £q

and €55 respectively, and p is an operator denoting differentiation
with respect to time.
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Linear Fall and Rise Rates

The pressure fall and rise, under this option, is linear
in time with an upper limit as treadle pressure, Pd, and a lower
1imit as zerpo pressure. Three fall rates and three rise rates
may be specified as in the exponential case. The linear falil
and rise rates are denoted as PFLi and PRLi , {i=1,3),
respectively. Again, for programming flexibiiity, the linear
fall and rise rates are defined as functions of variables
denoted as €3 and Eg respectively. €3 and ey are defined by
the general form expressions:

1>

€3 R]v] + R2v2 + R.v. + R,v W, + R.v_.wW

33 47474 5°576

eg & Syuy ¥ Spvp ¢ Syug + Spvgy + Spvgwg
where Rj and Sj , (3=1,5) are the constant coefficients of each
term, and Vj W s {i=1.5; k=4,5) are variables/parameters
available in the user dictionary. These relationships are
illustrated in Figures 2.62 and 2.63. The pressure returned is
given simply by the following two equations:

P(t-to) [PFL1(33)} . (t~t0) + P(to) ; (falil)

P(t-to) [PRL1(54)] . (t-to) + P(to) : (rise)

XS’ X6, X7, and X8 are the associated break-points similar
to the exponential case.
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Pressure Modulator Key

A pressure modulator key, IPKEY, is read during input just
prior to any data related to the pressure modulator. The value
of this key distinguishes for the program whether exponential,
Jinear, or both exponential and linear characteristics will be
computed. The following key defines the IPKEY values required
for each case:

0 s exponential
IPKEY = 1 . Tinear
2 . exponential and linear

The exponential and linear option {IPKEY=2) returns a
pbressure representing the summation of the exponential and linear
pressure computations.

Finally, all coefficients appearing in the general form
expressions for the pressure modulator possess the adaptive
coefficient feature.

Example

Consider the following example of a certain pressure modulator
having only exponential pressure fall and rise characteristics:

1)  "ON" delay = "OFF" delay = 0.05 seconds.

2)  The exponential pressure rise rate assumes an
approximate value of (0.2)"1 = 5.0 for
differences between treadle valve output
pressure and Jine pressure of 50 psi or more,
and an approximate exponential rise rate of
(0.33)'1 = 3.0 for pressure differences of less
than 50 psi.

3}  The exponential pressure fall rate is approximately
constant for all line pressure values with a fall
rate equal to (0.25)7 = 4.0,
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This could be simulated by the following choice of input

parameters:
IPKEY = 0
TON = 0.05
ToFF = 0.05
Hy = 1.0 b= ey = 1.0
6, =-1.0, G, = 1.0 }=> ey =Py - P
Variable I.D. code for P, = 31. ' _
| See User Diectionary
Variable I1.D. code for P = 35.
Xy = X = 0.0
PFE1 = PFE2 = PFE3 = 4.0
X3 = 0.0, % = 50.0
PRE] = PRE2 =3.0, PRE3 = 5.0

The number of terms required for ey, (1 term) and €5

(2 terms) would also be required as input as explained
in Section 2.5.7.

2.5.6 Special Options. Four special options have been

“included in the model in order to facilitate simulation of
certain features displayed in some actual antilock systems while
also providing increased programming fiexibility. The four
options referred to are: (1) treadle pressure modulation/
programming, (2) pulse-width modulated square wave, (3) three
programmable one-shots, and (4) general purpose counter. Each
of these options will be explained in the following sections.

Treadle Pressure Modulation/Programming

Most pressure valves operating without antilock interruption,
and many under antilock cycling, follow or are limited above
by the treadle pressure application; while similarly, the ottput
pressure of these valves fall to treadle pressure or zero
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pressure when treadle pressure is decreased or removed. However,
in some valves, during antilock cycling, pressure may rise to
some 1imiting pressure less than treadle and/or fall to some
pressure greater than zero. Such treadle modulation or pro-
gramming of demanded pressure is a feature which is allowed for
under this option.

Prior to any input for this option, a key, IPDKEY, for
treadle pressure modulation, 15 read. A value of -1 or Tess
negates the use of this option, while values greater than or
equal to 0 activate the option. Variables PDFALL and PDRISE
become the demanded pressure during pressure fall and rise periods,
respectively. These variables are defined by the following
general form expressions:

[

PDFALL V}v¥ + V2v2 + V3v3 + V4v4w4 + V5v5w5
. a ) ,
PORISE = w1v1 + w2v2 + w3v3 + N4v4w4 + h5v5w5
where,

Vj and wj . (j=1,5) are constant coefficients
for each term. The adaptive coefficient feature
is provided for these coefficients.

Vj’ LI {j=1,5; k=4,5) are variables/parameters

selected from the user dictionary.

As an example, suppose an antilock system operated so as to
always rise to the maximum pressure attained in the previous
cyclie rather than to treadle pressure. PDRSE would then be
defined as simply

PORSE = (1.0) POFF1
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where 1.0 is NI and POFF1, the maximum pressure from the last
cycle, is selected from the user dictionary for vy In this
case, the coefficient, 1.0, and the variable 1.D. code for
POFF1, 7, would be required as input for the option.

Pulse-Width Modulated Square Wave

A time, or pulse-width, modulated square wave is provided
as an option for general use. This option was motivated by a
particular antilock system known to possess such a feature for
purposes of treadie pressure modulation. The square wave
generated under this option can be used in any portion of the
program and is available in the user dictionary under the name
SQUARE. Figure 2.64 illustrates the parameter and variable
relationships which define the square wave. The period of the
sugare wave, PERIOD, is constant. The amount of time modulation,
represented by TMOD, may be variable and programmable. This is
accomplished in the program by allowing the ratio, TMOD/PERIOD,
to be a tabular function of a variable, €p» as shown in Figure
2.65. €g is defined as a general form expression:

€g = Pw]v1 + Pw2v2 + Pw3v3 + Pw4v4w4 + PN5v5w5

where

Pwi , (i=1,5) are constant coefficients for each
term. The adaptive coefficient feature is
provided for these coefficients.

Vio W s {i=1,5; k=4,5) are variables/parameters
selected from the user dictionary.

Note that the F’Z,i values in the TMOD/PERIOD table should
not be greater than 1.0 or less than 0.0. Values of 1.0 ideally
signify 100% modulation; values of 0.0, no modulation. (In
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|-

actuality, the degree of modulation attainable depends on the
simulation time step used and the period chosen for the square
wave. ) _ | ;

Input data required for this option includes: (a) five
pairs of FZ, and Z,, (b} PERIOD, and {c) coefficient values and
variable 1.D. codes used in the general form expression for
Eg - As before, a key for the pulse-width modulation option,
IPWMKY, 15 read prior to any input for this option. IPWMKY values
greater than or equal to 0 enable the option.

If desired, two additional sets of FZ,i values may be input.
Each set is associated with a specific variable/parameter chosen
by the user from the dictionary and a break-point for that
variable/parameter. If the specified variable exceeds the break-
point value for the given FZi set, that FZi set replaces the
original or previous set used by the program. The purpose of this
is to allow for some adaptive capability within the in table,
if desired. The details of the numerical input for this adaptive
option are explained in Section 2.5.7.

One-Shots

Three progranmable one-shots are provided under this option
and can be used for several difrerent purposes. Two common uses
are: (1) simulating time delay effects and (2) as auxiliary
binary variables for use.in any general purpose expressions.

The three one-shots, as defined in this document, are binary
variables having the numerical value of 1.0 or 0.C. These are
avaitable in the user dictionary under the names F0S1, FOSZ, .
and FOS3.

The one-shots used in the program operate according to the
following rule: If a trigger or input condition {inecuality)
changes from negative to positive, the one-shot will change
its value from 0.0 to 1.0 for a fixed length of time, specified
by the user, then return to 0.0. During a one-shot firing (1.0
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value), the trigger input is disabled and cannot effect recurrent
firings from this state. The one-shot is reset for another
firing by two necessary occurrences: (1) the time duration of
the present one-shot firing has been exceeded, followed by or
concurrent with, (2} the trigger condition being negative. A
trigger condition value of 0.0 is interpreted by the program as
positive. See Figure 2.66.

The trigger condition is defined by the general form
expression:

0S,vy # 0S,vy * 03;v5 + 0S4vawy * 0Sgvgws > 0

where

0s., (i=1,5) are constant coefficients for each
term and possess the adaptive coefficient feature.

Vis Wy (i=1,5; k=4,5) are variables/parameters
from the user dictionary.

fach one-shot trigger is programmable by a general form
expression as shown above. The one-shot time durations are
denoted as TOS1, T0S2, and T0S3 and are required as input for
each one-shot used.

General Purpose Counter

This option allows the user to genérate a count sequence
by incrementing a counter by 1 every digital time step, if a
particular inequality expression is greater than or equal to O.
The variatle containing the count is called GPCNT and is in the
user dictionary with the 1.D. code 44. The general form
expression is given by

GPIV1 + GPyv, + GPovs + GP v W, + GPovewe > 0
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Figure 2.66. One-shct operation.
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where

GPi , (i=1,5) are constant coefficients for each

term and can be adaptive.
Vis W s {i=1,5; k=4,5) are variables/parameters

from the user dictionary.

If the above inequality is satisfied, tﬁe'GPcﬁT count .is
incremented each time step. If only a one count increment is

desired whenever a particular condition is satisfied, then a one-
chot could be fired for a time period equal to or less than the
digital time step, with the general purpose counter incrementing
jtself every one-shot firing.

The above discussion applies whenever the logic sampling
period is specified as less than or equal to the digital
simulation time step. If the user specifies a larger logic
sampling period {slower sathing rate}, then the general purpose
counter will be incremented only each logic sampling period.

The counter can be reset to zero by allowing the inequality
expression to become less than or equal to -10,000.

2.5.7 1Input Data Format - General Form Expressions. The

most frequently occurring form encountered by the program user
is the general form expression which appears in almost every
program segment and special option. As discussed in Section
2.5.2, it has the form

Cyxqg * CoXy + Caxg + Cyxpy, + CoXoyy

where

C (i=1,5) are the constant coefficients of

each tevm.
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Xio ¥y (i=1,5; k=4,5) are variables/parameters
available in the user dictionary.

The user defines a given general form expression for the
program by inputting three different pieces of information:
(1) the number of terms in the expression required (1 to 5),
(2} the variable 1.D. codes corresponding to the Xis ¥y from
the user dictionary for each variable/parameter used in con-
structing the expression, and (3) the coefficients of each term,
Ci’ used in the expresséon. The following data input sequence
is what would be required for defining a general form expression:

NT » humber of terms s 11 format
(1.D. code of x1) : ; F10.4 format
{1.D. code of x2) ; F10.4 format
(1.D. code of x3) ; F10.4 format
(1.D. code of x4),(I.D. code of y4) s 2F10.4 format
(1.D. code of xs),(I.D. code of yE) ; 2F10.4 format
Coefficient of X1 ; F10.4 format
Coefficient of X, ; F10.4 format
Coefficient of X4 . ; F10.4 format
Coefficient of Xg¥a ; F10.4 format
Loefficient of XgYeg ; F10.4 format

If NT is 5, the above format is used. If NT =M < 5,
only M 1.D. code cards and M coefficient cards are required. Note
that the second fields of the I.D. code cards are used only
for the 4th and 5th terms. The 4th and 5th terms allow for
ouadratic representations, but can be Tlinear if one of the two
variable I.D. codes is selected as 1.0 (unity parameter).
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Constant terms are represented by the unity parameter, 1.0,
and the desired constant coefficient.

As an example, consider the general form expression,
% - w - 10. The required input for this would be:

3 number of terms required; I1 format

variable I.D. codes from the user
dictionary corresponding to X, w,

1. and the constanty F10.4 format
1. the Ci coefficients for each of
-1. the terms; F10.4 format
=10,

Adaptive Coefficient Input Format

As explained in Section 3.5.4, an adaptive coefficient
feature exists to allow the coefficients appearing in the general
form expressions to change value as a function of one or two
variables from the user dictionary and their associated break-
points. The third and fourth fields (columns 21-30, 31-40)
of each variable I.D. input card are used to identify the
variable{s) to which the corresponding term's coefficient is
adaptive. Similarly, the fourth and fifth fields (columns 31-40,
41-50) of each coefficient card are used for specifying their
associated break-points. The alternate coefficients are
specified in the second and third fields (columns 11-20, 21-30)
of each coefficient card. Consider the example from the previous
section and suppose it was desired to alter the coefficient of
x, i.e., 1., to values of .5, and .2 according to the following
rule:
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1.0 initial or nominal value
Coefficient of x = 0.5 whenever > 25 and i
t « 2.0

0.2 ifts>2.0

The input required would now become:

3

5 , ; 4. , 2 .

3.

1.

1. ,» 0.5 , 0.2 . 25. s 2.0 '
-1.

-10.

‘where the numbers 4. and 2. are the I.D. codes for » and t,
respectively, and occur on the I.D. card for x in fields 3
and 4.

If only one adaptive variable is required, then field 4
of the I1.D. code card and fields 5 and 5 of the coefficient card
should not be used. Negative [.D. codes are permitted for the

adaptive variables. This will cause the program to invert the
sign of the adaptive variable. It would be used if one found
it more convenient to have the adaptive condition, ”ij > b],
interpreted as

-uij > - b} » (u_

Reference was made 1in Section 2.5.4 to a numerical switch
which allows the adaptive coefficient feature to be defined by
Equation (2.55) rather than by Equation (2.54). If this optional
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definition. is desired, any negative number should be entered

in field 2 {columns 11-20) of the variable 1.D. card. Normally,
this field is not used except when 4 or 5 terms are needed in

a general form expression. In the case of a 4th or 5th term
and the optional definition, the negative of the variable I.D.
code should be used in field 2.

Pulse-Width Modulation Table - Adaptive Capability

The adaptive capability for the FZi table is implemented
by the following numerical input procedure: If field 6
(column 51-60) of the first FZi card is non-zero, two more
FZi cards are read. Each of these cards maintain the same five
fields for the alternate FZi input. However, two additional
fields are included {coiumns 51-860, 61-70) and are used to specify
the adaptive variable 1.D. code and its associated break-point
for that card (alternate table). The second alternate card takes
precedence over the first alternate in the event both break-
points are exceeded. The following sample input is an example:

Z; card: -30. -10. 0. 10. 50.

Ist FZ, card: 0. 10 .20 .50 .90 99.
1st alternate FZi card: 0. .05 16 .25 .45 5.
end alternate in card: 0. 025 .06 2 .22 5.

The number 99, in field 6 for the 1st FZi card simply
causes the next two cards to be read. Both alternate cards are
adaptive in this case to the same variable, vehicie velocity
(1.D. code 5; field 6). The respective break-points are 50,
ft/sec and 70. ft/sec. The effect of this input is to cause

_the program to use table 3 for speeds above 70 ft/sec, table 2
for speeds between 70 ft/sec and 50 ft/sec, and table 1 for
speeds less than 50 ft/sec. The adaptive variables do not have
to be the same, as in the gxample.

150

50.
70.



Antilock Input Stream

Refore any input data for the antilock subroutine is read,
a key parameter (ILOCK) is read which determines whether or not
any axle of the vehicle possesses an antilock system. If any
or all axles do, the key parameter {ILOCK) in the input stream
should be set to 01 {I2 format}. If no antilock system at all
is desired, ILOCK should be set to 0. No antilock data should
follow ILOCK if ILOCK is 0. For ILOCK set to O], the following
key and input parameter discussion applies for each axle.

IALOPT1 is a key which must be entered for each axle on
the vehicle. A value of less than zero implies that a new
antilock system follows. All of the parameters described below
must be entered for this axle. A value of zero implies there
will be no antilock for axle i, A positive value, for example,
j, entered for IALOPTi implies that axle j will have the same
system as axle 3. Note that i must be greater than j. Thus, if
IALOPT3 = 01, axle 3 will have the same antilock system as axle
1.

The numerical inputs for OPTION, the side-to-side option
key, are as follows:

OPTION
01 => Worst Wheel
02 => Best Wheel
03 => Average Wheel
(12 Format)
The following 1ist defines all the input parameters available

for each antilcck system used (one or none per axle). The
parameters required should be entered in the order given below.

It should be noted that this complete listing is presented
to define the order and format of any required input data. The
program, however, requires as input only that quantity of data
needed to define a particular system.
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Input Description Format

ILOCK global antilock key 12
IALOPT1 IALOPT for axle 1 12
OPTION1 side-to-side option, axle 1 12
NOFFl No. of 'OFF' inequalities Il
to follow
M1 No. of terms in 1st inequality I1
IDl
. Ml variable 1.D. code cards 4F10.4
for logic inequality 1
IDyy
»
1,1
’ Ml coefficient cards SFl10.4
Cy M

M2 Ne. of terms in 2nd inequality Il

for logic inequality 2

. .
* g M2 variable I.D. code cards 4F10.4

M2
€1 <

) M2 coefficient cards SF10.4
C2 M2
M3 i No. of terms in 3rd inequality 11

For NGFPl inequality expressions, NOFF; < 4.

e e e o e mm e e e e e e e e Sem e S mme e e s SR s omm e e mee S e SRR me mm m
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NON

M5
1D
IDys

5,1

5, M5

M6

No. of 'ON' inequalities
to follow

No. of terms in S5th inequality

M5 variable I.D. code cards
for logic inequality 5§

M5 coefficient cards

No. of terms in 6th inequality

For NON., inequality expressions, NONl < 4.

iD

IDNl

N1

Logic time delays
Pressure modulator key

No. of terms in €4

o

expression (IPKEY=0,2

N1 wvariable I1.D. code cards

- N1 coefficient cards
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Il

Il

4F10.4

5F10.4

11

4F10.4

5F10.4

5



N2

PFE1 PFE2
PREL PREZ

N3

iD

IDNB

N3

N4

1D

IDy4

PFE3

PRE3

No. of terms in the €,
expressions

N? variable I.D. code cards

N2 cpefficient cards

€1 break-points
€, break-points
exponential fall rates
exponential rise rates

No. of terms in €5
expression {(IPKEY=1,2)

N3 variable 1.D. code cards

N3 coefficient cards

No. of terms in €4
expression

N4 variable I1.D. code cards

I1

4F10.4

5F10.4

2F10.4

2F10.4

3F10.4

3F10.4

I1

4F10.4

5F10.4

I1

4F10.4



LN
5
Sng
Xg  Xg
X, X

7 8

PFL1 PFLZ PFL3

PRL1 PRLZ PRL3

Ton® TOFF

Twr Twp

OplZ’ OPZS’ OP34

0 0 0P,

Pegs OPgqs

IPDKEY

N5

IDl

IDNS

WNS

NG

1D

IDyg

N4 coefficient cards

€z break-points

€4 break-points

linear fall rates

linear rise rates

pressure modulator time delays

wheel rate, acceleration

time constants

logical operator switches

logical operator
treadle pressure

No. of terms for

NS wvariable I.D,

switches
modulator key

PDRISE

code cards

N5 coefficient cards

No. of terms in PDFALL

expression

N6 variable I.D.
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code cards

5F10.4

—

2F10.4

2F10.4

3F10.4
3F10.4

2F10.4

2F10.4

311
311
iz

Il

4F10 .4

5F10.4

11

4F10.4



VNG
IPWMKY

PERIOD

N7

PWy7

2y 3lgylngyl,,i

1272273274775

FZ

‘1,F22,FZ

3,PZ4,FZS

IOSKEY

N1
IDb

IDN1

N6 coefficient cards

pulse-width modulation key

period of pulse-width modulated

square wave

No. of terms in € expression

N7 variable I.D. code cards

N7 coefficient cards

%%%%5ﬁ table break-points

gMg?OD table input

alternate/adaptive FZ. input
(see Section: )

one-shot option key

Ne. of termé for 1st one-shot
expression

N1 variable I.D. code cards
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5SF10.4

12

F10.4

Il

4F10.4

5F10.4

5F10.4

6F10.4

7F10.4
7F10.4

12

I1

4F10.4



0S

OSNl
TOS1

N2

ID

IDNZ

TOS?Z2

N3

ID
IDN3
0S
OSN3
TOS3

N1 coefficient cards

time duration of 1lst one-shot

No. of terms in 2nd one-shot
expression

NZ variable I.D. code cards

N2 coefficient cards

time duraticn of 2nd one-shot
expression

No. of terms in 3rd one-shot
expression

N3 variable I.D. code cards

N3 coefficient cards

time duration of 3rd one-shot

157

S5F10.4

F10.4

Il

4F10.4

5F10.4

F10.4

Il

4F10.4

5F10.4

F10.4

(N3 and/or N2 must be entered (as ) if only the first
or second one-shots are used.)



IGPKEY ceneral purpose counter key 12

NG No. of terms in general purpose 11
counter expression

ID

1
' NG variable I.D. code cards 4F10.4
IDyg
GPl
NG coefficient cards 5F10.4
GPNG
TSMPLE control logic sampling period F10.4
IALOPT, TALOPT for axle 2 12
OPTION2 OPTION for axle 2 12
Same input format as for axle 1
TALOPT, IALOPT for axle 3 | 12
OPTION, QPTION for axle 3 12
Same input format as for axle 1
End of antilock input
TINC
TRUCK
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The following section provides two example problems and
their associated input lists. Appendix E contains three anti-
lock data sets which exhibit pressure and wheel slip
characteristics similar to those depicted in Figures E.1 through
E.3.

Example Problems

EXAMPLE 1.

Suppose an antilock system possesses the following
features: (1) a wheel sensor time delay effect of 10 ms. and
another 20 ms. delay in the derivation of wheel acceleration,
{2} control logic which generates an "OFF" signal once the
wheel acceleration falls below -50.0 ft/sec? and an “ON“'signal
for wheel accelerations greater than -10.0 ft/sec?; (3) pressure
modulator time delays of 40 ms. for “OFF" signils and 60 ms.
for “"ON" signals. The supposed exponential pressure rates are
functions of wheel acceleration defined as follows:

(0.1 = 10.0 for & < ~100 ft/sec?
Pressure Fall Rate =

(0.2)"1 = 5.0 for & » 100 ft/sec?

(0.2)") = 5.0 for & < 50 ft/sec?
Pressure Rise Rate =

(0.177! = 10.0 for & > 50 ft/scc?

The following choice of input parameters would satisfy the
above antilock system:
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T = 0,01

W

Tod T 0.02

= -1.0

11 +Fy = -w - 50.0 >0
C12 = -50.0

C = 1.0 .

51 > Fg = &+ 10.0 >0
652 = 10.0

. Code for w = 4.
Code for 1.0 = 1.

Ty = Ty T T,

12 = (0.2
Hl = 1.0 .

-+ El = w + 100

H2 = 100.0
Xl = ~-10000.0
XZ = 0.0
PFEl = 14.0
PFEZ = 5.0

G1 = 1.0 .

T E, =W 50.0

G2 = -50.0
X3 = -10000.0
XA = 0,0
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PRE1l = 5.0

PRE2 = 10.0
OPy, = OPyg = OP5, = OPgo = OPgn = OP, ¢
Tgy = 0.06
TOFF = 0.04

The following input list would be Tequired:
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-50.

-10000., 0.
-10000. 0.

ILOCK

[ALOPT

worst-wheel side-to-side option

NOFF1

M1

1.D. code for w

1.D.. code for 1.0

1st term

2nd term

1
NOI\1

M5

coefficient, C11

coefficient, ClZ

1.D. code for w

I.D. code for 1.0

lst term
Znd term
Ti
IPKEY
N1
I.D. for
I1.D. for
lst term
2nd term
N2
I.D. for
I.D. for
lst term
Znd term
Xl’
Xy

coefficient, CSl

coefficient, C52

W

1.0

coefficiert for
coetficient for

5]

1.0

coefficient for
coefficient for

X,

Xy
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10. 10.

.06 .04
.01 .02
il
000

TINC
TRUCK

10.

PFE1, PFE2, PFE3
PRE1, PREZ, PRE3

Ton* TOFF

Tw* Twp

0 OoP OP

23° 34
OP7

Pigs

o 0

Pogs OPgys

IPDKEY

8

IPWMKY

. I0SKEY
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TSMPLE

IALOPT2

IALOPT3



EXAMPLE 2.

Simulation of an antilock system having the following
features:

Wheel Sensor: T T .010 seconds
w wd ,
Control Logic:

OFF signal given by

Fyo= X - w-14>0, for X>50 ft/sec
= X-w-11>0, for X <50
AND
Fy = - -12>0
OR
Fy = SLIP - .50 2 0

ON signal generated when

-
il

-x + o+ 10> 0

5
AND
Fo = w -~ 20, >0
u |
F 3 w - 250. >0
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Pressure Modulator:

= 015 sec. ; = .010 sec.

-1

a) gy TOFF
b) One exponential fall rate of 14, sec
-1 -

and one linear rise rate of 45. sec71.

c) One exponential rise rate of 14. sec

The exponential and lirear pressure rise regiohs are determined
by a decaying time ramp from the maximum pressure in the previous
cycle. For pressure below this time ramp, the pressure rise is
exponential; for pressure greater than the time ramp, the
pressure rise is linear (see Figure 2.67). The decaying time
ramp can be written as

PMAX1 - 85. (t - TPMAX1)

where
PMAXT is the maximum pressure in the last cycle
t s tine
TPMAX1 is the time of the maximum pressure in
the last cycle
and 85. is thes rate of decay.

By subtracting thes above expression from brake pressure,
P, the £y and €q general expressions become:

P - PMAXT-+ 85 T - 85 TPMAX1

it

2

and

H

Eq P - PMAXT + 85 T - 85 TPMAX1,
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the switching point occurring at to T Egq " 0. Therefore, the
desired rise characteristic can be simulated by the following
set of pressure inputs:

Xy =Xy =X = Xg = 0
PRET = PRE2 = 14. , PRE3 =0
PRLY = PRLZ = 0. , ° PRL3 = 45,

The following input list would be required:
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01

01

.50

TLOCK

IALOPTl
OPTION1
NOFF}

M1

i1
12

13
M2

€1

22
M3

31

32
NON

M5
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10.

PO N

-20.

35.
27.

85.
85.

61

62
M7

71
72

IPKEY
N1

N2
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14, 14. 14.
14. 14, 0.

35,

27.

21. 1.

85.

85.

.015 .010
.010 .010

X X

1°* 72

X X

30 24 ,
PFE1, PFE2, PFE3

PRE1, PREZ, PRE3
N3

N4

X, Xg

X X

7* 78
PFL1, PFL2, PFL3

PRL1, PRLZ, PRL3

ToN® TOFF

T, T

w wD

0 0 OoP

P1gs OPyq,

OPSé’ op

TPDKEY

34

670 9P

IPWMKY

TOSKEY
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L0001
01
01

TINC
TRUCK

IGPKEY
TSMPLE
TALOPT,

IALOPI3
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Output-tcho Format

Figures 2.68 through 2.71 show an exawple output-echo from
the antilock subroutine. The first output page is simply the
user dictionary of variables/parameters. The succeeding pages
represent a computer echo of the input. The "First" and
“Second Adaptive Value" columns refer to the alternate coeffi-
cients available with the adaptive coefficient feature. The
"First” and "Second Adaptive Variable" columns echo the
variable 1.D. codes for the two adaptive variables, while the
columns labeled "First" and "Second Break-Point" contain their
associated break-points. If the secondary adaptive coefficient
definition {Figure 2.5%¢) is used, the word "AND" appears between
the First and Second Acaptive Variable columns in the output
echo for that coefficient. Any input not associated with a
general form expression is listed under "Non-Adaptive Antilock
Parameters."

The echo shown in Figures 2.68 through 2.71 is for the
second antilock data set of Appendix E.
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2.6 Rough Road

The preceding subsections of Section 2 have discussed all
the major areas of the Phase III simulations. The programs
also contain a variety of minor options. These include:

1. Rough Road
2. Mechanical Actuation of the Parking Brake
3. Brake Torque Applied to the Drive Shaft

4. Proportioning Valves

_Of this 1ist, the last three options have been documented
in the Phase I report {11. The rough road option will be
covered here.

In the Phase III program, the user is given the option
of simulating vehicle performance on either a smooth or rough
road. As was discussed in Section 2.1, the “Rough Road" option
may be called into play by the entry of a -1 value for the
ROAD KEY. A smooth road is employed by the simulation if the KEY
is deleted from the input fiow.

A rough road may be of any profile chosen by the user.
To input the desired road profile, the user must modify the
ROAD subroutine appropriately. The ROAD subroutine subprogram
which has been supplied to the user is listed in Figure 2.72.
Notice that there are three entry points to the subprogram, viz.:

1. the SUBROUTINE ROAD statement

2. the ENTRY ROADS statement

3. the ENTRY ROADZ statement
The SUBROUTINE ROAD and ENTRY ROADS statements are both
"initialization" entry points which come into play prior to
the actual calculation of vehicle performance. The ENTRY ROADZ

statement is the active entry point which is used during
simulation. The initialization portion of the program
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SUBRUUTINE RUADIALWAZ AD AL AS AL AT AB,8BL,882)
DIMENSION CNST(9) ,R0ADLIS)

[w=2

ICOUNT=1

RETURN

ENTRY ROADS{DL,D21}

WO TU (1 e2e3s4) o ICOUNT

1 CNSTL)=4A] )
CNST(2i==A2+D1
CNST(33)=-42-D2
GO TU 5

& UNSTIIW)=—A2+BBl-A3~A4+D]
CNSTIUIW+L)=—A2+BB1~-A3-A44~02
CC YO 5 ‘

3 OCNSTUIWI=—AZ+BD1-A%=-A8-BB2¢(]
CHST(IW+Ll)s=—A2+BB1--A5-A3-BRBZ~D2
GO T0 5

G CNST{IwW)=—A2+3Bl-AB~A6=AT-AB+D]
CNST{IW+])=—A2+BB1--AS5-A6-AT—AB-D2

5 IW=]wW+l
IF (U2 oNEe 0Oo) ITWs=lw+l
JICOUNT =T L0UNT+1]

RE TURN
ENTRY ROADZ{X,ROAD.KAXLE)
DO 1004 I=l.+KAXLE

1001 CONTINUE
RE TURN
END

Figure 2.72. Subroutine ROAD listing.
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establishes the relative positions of the various axles of

fhe vehicle with respect to the vehicle's sprung mass c.g. (the
tractor sprung mass for articulated vehicles). These relative
positions are expressed by the values of the parameters CNST(TY .
where 1=1,2... no. of axles on the vehicle, counting from front
to rear. {If an axle is forward of the c.g., its CNST value

is positive; if aft, its CNST is negative.)

In the active portion of the program, the simulation passes
the longitudinal position of the sprung mass ¢.g., X {in earth
coordinates), to ROAD. With this value, the values of the CNST
parameter, and the user-supplied road hrofile, ROAD, calculates
the vertical height of the road under each axle, i.e., ROADZ(1)
where [=1,2,... no. of axles on the vehicle, counting from
front to rear.

To input the desired road profile, the user need only
provide a statement {or statements) which describe the profile
in the form:

ROADZ(1} = f(AXLEX)

where

ROADZ(1) 1is the vertical dimension of the road
in feet with the positive direction
upwards

AXLEX is the horizontal dimension of the road
in feet with the positive direction forward
and the zero position directly below the
sprung mass c.g. (of the tractor for
articulated vehicies) at time = zero.

The correct position for such a statement (or statements) is
shown by the shaded area of Figure 2.72. This shaded area is

the only portion of the supplied program which the user need

alter.
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Two examples of road profiles and the appropriate "user-
supplied" statements appear in Figures 2.73 and 2.74. Figure
2.73 indicates the road profile defined in the ROAD program
supplied (Figure 2.72). A road of sinusoidal profile is shown
in Figure 2.74.

179



‘giduexs (Qyoy sdueqanisip daig "g€L°2 auanbL4

[ejxe jucl) 0} ojdurexy)
| L A AR >
— Y b + l TT: S
;|%11|1|r1t||u
* @ 14 L0
{ -

‘0={1jZAVOY (0G 19" X3IXV) 4
I'={1)ZQv0d (St 1D XIIXV} H

180



“ardwexa QYo 2AEM SULS

(aixe o1y 10} ajdwiexy )
XXV >
Yol

&

bt g B4nby

-

e B —

213

e ?m:xq :.mw
X

A

¥ Zo

us ¢'0— = (1)Zavoy

181






3.0 APPLICATIONS, CONCLUSIONS, AND RECOMMENDED RESEARCH

A computer simulation for analyzing the braking performance
of commercial vehicles equipped with antilock systems was
described in detail in Section 2 of this report. The use of
this simulation requires an extensive set of parametric data
to represent a motor truck. Apparatus and techniques for
measuring the needed parametric data are described in References
1, 2, 6 through 11, and 15 through 17. In particular, methods
and special devices for measuring (1) the shear force performance
of truck tires, (2) the torque response of pneumatic brakes,
and (3) the pressure modulation characteristics of antilock
braking systems are praesented in References 15, 16, and 17,
respectively.

The comprehensiveness of the mathematical model used in
this simulation can be either an advantage or a disadvantage,
depending upon the application. Clearly, the simulation can
be used to investigate the influence of changes in suspension
design, brake characteristics, tire properties, and antilock
system design on the braking performance of a specific vehicle.
However, simpler vehicle models [24, 30] requiring much less
parametric data, can be used to advantage in certain applications
where general results or trends are of interest.

In the remainder of this section three topics are
discussed: (1) application studies based on the capabilities
of this simulation, {2} conclusions concerning this approach to
the simulation (prediction) problem, and {3) areas for further
research jnvestigations.

PTecsting tags dak
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3.1  Applications

An initial version of this computer program has been used
to aid in predicting compliance with FMVSS 121. Reference 14~
presents data showing good agreement between simulation and test
results for a truck which was equipped with an antilock system
to study braking performance in the tests specified in FMYSS 121.
Certainly, the prime application of this computer program has
been to aid in developing and evaluating vehicles that will meet
the requirements of FMVSS 121. |

Since the prediction of the braking performance of a current
model of commercial vehicles is a complex problem with many
interacting elements, it is very difficult to be sure that the
simulation will perform accurately in every case under every set
of circumstances. Until the simulation has been used
successfully in an extensive number of well understood cases,
the oser should proceed with caution. To start with, it is
envisioned that simulation and test results for a baseline
configuration of a particular vehicle model will be obtained and
compared. After ail significant discrepancies between simulation
and test results have been analyzed and corrected to obtain
satisfactory agreement bétween simulation and test, the
simulation may be used to predict the influence of changes in
vehicle components or service factors (loading, inflation pressure,
wear, etc.) on braking performance. (An examplie of the use of
the procedure described above is given in Reference 29.)

Since trucks are often tailored to the buyer's needs and
desires, many different configurations of a basic vehicle type
may be preoduced. The simulation provides a tool for evaluating
the influence of these configuration changes on Stopping
performance.

Vehicle components, for example, commercial vehicle brakes,
are known to have differing characteristics from sample to
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sample of the same type of component. Estimates of the range
of variability of the mechanical properties of basic vehicle
components can be used to define parameter variations for use
in the simulation. Once the parameter variations are defined,
the simulation can be used to study the influence of component
variability on stopping distance.

Although this is a straight-line braking model, side-to-
side differences in brake torque properties (brake imbalance) are
allowed. It is assumed that the driver steers to correct for
the moment produced by any imbalanced brake forces and that the
steering-induced side forces have a negligibly small effect on
braking performance. The reason for allowing a brake imbalance
option is that current antilock systems control both wheels on
an axle based on the wh=el which is closest to locking. Con-
sequently, the wheel which is not close to locking may be producing
a level of braking force which is considerably less than optimum
if the brake imbalance is ilarge. C(learly, this effect can have
an undesirable influence on stopping distance, and it needs to
be considered in predicting brake performance.

The paragraph above provides an example of tﬁe detailed,
specific type of problem which can be addressed with this simula-
tion. Other typical applications of the simulation include the
effect on wheels-unlocked stopping distance of:

{1) brake proportioning front to rear

{2) axle loads as a function of loading, suspen-
sion type, and vehicle geometry (wheelbase,
center of gravity location, and axle position)

(3) wvariation cf tire characteristics from axle
to axle {in particular, variations in peak
and slide traking force values)

(4} <changes in antilock system design for the
entire vehicle or from axle to axle
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(5) changes in brake operating characteristics such
as fade, effectiveness, and hysteresis.

An example set of results covering effects (1) through {5} for
a particular vehicle is given in Reference 29.

3.2 Conclusions Concerning the Simulation Problem

The simulation approach described in this report provides
a direct, albeit complex, method for obtaining quantitative
predictions of vehicle braking response. Operating this simula-
tion is in many ways analogous to conducting a vehicle response
test. The control input, brake pressure, is selected before the
test (or simulation run) and then used in the test {or simulation
run}. Vehicle response to the control input is measured (or
computed). Thus, if the vehicle parameters are accurate and the
équations describe the vehicle adequately, then operating the
simulation is nearly equivalent to conducting skid pad tests.

Operating the simulation has several advantages over
vehicle testing. 1t is inexpensive and safe. The influence of
changes in vehicle components can be determined without fabri-
cating and installing new components. The simulation output
contains data on many more variables thar can be measured with
a reasonable amount of instrumentation on the test vehicle.

The main disadvantage of the simulation is the need to
obtain parametric data. The effort, cost, and time reqguired to
measure vehicle parameters may be as large as the effort, cost,
and time required to instrument an existing vehicle and make a
few vehicle tests. However, the cost of testing will exceed the
cost of simulating as the number of specified test conditions
increases. |

Other approaches to the problem of simulating (predicting)
braking performance exist. A simplified program {24] has been
developed to complement this program. The simplified program

186



provides preliminary recults which can be very helpful in

planning simulation studies and in understanding the results

from the complex computer program. Another approach is the
indirect, or so-called "inverse," approach in which the stopping
time history is chosen, and the brake pressure required for this
time history is calculated by the computer. This type of approach
appears to be more useful in directional response studies of
driver demand than in braking performance studies.

The simpiified program described in {24] has an option
which allows the user to select various brake proportioning
arrangements. With a few trial runs the user can find a satis-
factory proportioning arrangement. Clearly, programs can be
written which will find an optimum proportioning for a given
vehicle configuration. That type of program is aimed at the
vehicle design (synthesis) problem. The large simulation
described in this report is an analysis tool. To use it in the
design context. the user can analyze a number of design possi-
bilities and pick the bast design, but this program does not find
an optimum design automatically (i.e., by itself).

3.3 Recommended Research

Recent state-of-the-art reviews [2%, 26, 27, 28] are in
total agreement in two areas:; (1) the scarcity of experimental
work performed to validate predictive models, and (2) the need
for accurately characterizing truck tire mechanics. It seems
clear that more vehicle test programs are needed to verify that
our understanding of truck mechanics {as represented by our
simulation models) is sufficient to preditt vehicle performance.
Equally clear is the need to obtain truck tire shear force perfor-
mance data. Further studies of truck tire mechanics should be
performed now that appropriate tire testers have been developed
for truck tires,

187



The commercial vehicle brake does not appear to be well
understood at this time. The presence of brake variability
hinders attempts to use a limited number of test runs to determine
vehicle stopping performance. Further studies are needed to
examine the variability, fade, and hysteresis exhibited by air-
actuated brakes.

The use of antilock systems on commercial vehicles
increases the complexity of the simulation problem. Efficient,
simple means for representing antilock systems are needed.

And finally, once validated against vehicle test results,
the simulation programs should be used to conduct large-scale
parameter sensitivity studies for

(a) providing aids to vehicle design, and

(b) studying the importance of modeling
simplifications and assumptions.
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