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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-Trailers," by
R. W. Murphy, J. E. Bernard, and C. B. Winkler, dated September 15,
1972. Also, the computer program described in this report super-
sedes the computer program associated with the earlier report.






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-Trailers,"
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-
tions 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 report described a perfor-
mance prediction method which contained all of the brake, suspen-
sion, and tire modeling features contained in the straight-line
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 I and II of the
motor truck research study.

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




During Phase III, the work of Phases I and II was extended
significantly in the following studies:

1. Refinement of tandem-suspension models already
developed, and the formulation of models for
five additional 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-Tine 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 modifying 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
IIT of this investigation. References 1 through 18 provide a
bibTliography of papers and reports related to the motor truck
braking and handling project.

This report documents (under one title) the refined straight-
Tine 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, all (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
2 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 Diagrams
B - The Suspension Models
C - The Sprung Mass Models
D - The Brake Models

E - The Antilock Model






2.0 DESCRIPTION OF THE SIMULATION MODEL

The Phase III 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. Finally, the IBM system
subroutine HPCG performs the digital integration of the state

variables.

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

I1.D. Program Groups

PH3S Phase III - Straight Truck

PH3A Phase IIT - Articulated Vehicle
(tractor-semitrailer)

PH3D Phase IIT1 - Doubles

PH3 Phase IIT - Support Subprograms

This organization of programs has allowed for efficiency
both in terms of program writing and use. The separation of
vehicle types into individual programs simplified program
writing and limits the volume 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
Towers 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 applicable 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 vehicle. (Table 2.1
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 included 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 III programs is composed of a title followed by

H

several of these "keys," specifically those which cue the program
as to the use of the "Rough Road" option and the various

suspension options to be used in computation.

*More detailed diagrams of the individual programs appear in
Appendix A.
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| bo Initializations in Main |

Call INPUT*
Read and Echo Input
INPUT may call:

INPOAl
INPSA6
INPAIR
BRAKE

BRAKE1
ANTLKR
ANTLKW

to réad and echo optional
data and initialize

lﬁReturn to MAIE]

Call FCT1
Perform initialization and
static calculations

FCT1 may call:

ONEOAl
ONESA6
ONEAIR
ROAD
to perform initializations
and static calculations

Return to MAIN

Y

] . Call OUTPUT
Read the time increment
and initialize
OUTPUT may call:

'BINIT
to initialize brake calculation

Return to MAIN

Y
Call HPCG

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

HPCG calls FCT and OUTP at
@ each time step
Return to MAIN

Call OUTP

o

Call FCT

Write results
onto output buffer

Call TORQUE to )
calculate brake torque Call OUTPUT1

TORQUE may call:

Write the final output

TABLE Return to MAIN If output buffer full

ANTLK .

BCALCU + Print results
to perform optional
calculations Call Rerun Y

Return to FCT R’“: rerun Pa;:?;‘e‘ If ‘°1°C;:Y < 0.0
Y grum to Time > Time final
set PRMT(S) = 1,

FCT may call: to cue HPCG to end

ROAD2 [Bestart or Ex{;] integration
to perform optional
calculations. [7Return to HPCG |

Calculate front suspension
forces and acceleration
Calculate position and
velocities of sprung and
unsprung masses

FCT may call:

SUSOAl

SUSS5A6

SUSAIR
to perform optional
suspension calculations

Calculate sprung mass
acceleration

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

Simplified program
flow diagram.

Figure 2.1.

Return to HPCG




Table 2.1.

Data Group

I. KEYS

IT. Suspensions

II1. Sprung Mass

IV. The Brakes

V. Tires

VI. Antilock Systems
VII. 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.

Includes 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 (I2)
03 Trailer Suspension Key:

Format (I2); delete for straight
truck program

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

07 Second Trailer Suspension Key:
Format (I2); delete for straight
truck or tractor-trailer programs

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

The title is followed by a road key only if the user wishes
to implement the "Road" option. If the user desires to simulate
vehicle operation 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:
KROAD

KEY1
KEY2
KEY3
KEY4

ROAD KEY: 0 IMPLIES A SMOOTH ROAD
-1 IMPLIES A ROUGH ROAD

TRACTOR KEY

FIRST TRAILER KEY
DOLLY KEY

SECOND TRAILER KEY
AXLE KEYS: SET T0 O

1
2

Figure 2.2.

FOR SINGLE AXLE

FOR WALKING BEAM

FOR BASIC FOUR

SPRING TANDEM
SUSPENSION

FOR FOUR SPRING

TANDEM SUSPENSION

WITH SPRING-TYPE
TORQUE RODS

FOR FOUR SPRING

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
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Following the road key, the suspension keys are entered.
These keys indicate to the program the particular 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 single
axle. A1l other suspensions may be one of the eight options
Tisted earlier in Figure 2.2.

In the Phase III programs, entered values of spring rates,

coulomb 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 example, 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 to 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

11



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

Slope, C(1)

Force
(Comp)

Rebound Slope,
Cli1+1)

Figure 2.3. Characteristics of the shock absorber model.
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Maximum coulomb 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 deflection curves derived from laboratory
experiment. For example, see Figure 2.4. 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 required, the tabulated function
saturates in the y coordinate. For the spring table 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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Maximum
Point Entered

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. -10.  -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 input 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 Tinear 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 line of the table
indicates the number of points in the table. This is followed by
the entry of the deflection versus force data. If a linear
spring model was desired, the actual spring rate would have been
entered for K and the spring table deleted.

16



K1

C1 CF
c2

Suspension
Reference WS1
Point

Figure 2.6. The single-axle suspension model.
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RTAg SUSPEINSION TNDPUT DARAMFTERS:

SINGL® AXLE EFAR SUSPFNSTON

1 VISCOUS JDAYPING: JOUNCE (LB=STEC/IN)
c2 VISCOUS HAMPING: PEBOUND (LB=SEC/IN)
oF “AY, COULOKB FRICTION (LB)

K SPRING RATF (LB/TN)

51 TIGHT OF LFADING AXLE (IBS)

SPFIN3 DFFLICTICN (IN) VS FOSCS (LB)
NO. OF EOINTS: 4

-o'"}"\{'"} ..3."0’\"';.(‘”??:“'\'*)
OJQ :u‘:‘
3. 00050 2OCNT GGG

14,0000 S0000,.6240

Figure 2.7. Single-axle suspension data echo.
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Table 2.4.
Input
8.33
16.67
1800.
-1.
1321.
04
-6.0 -30000.
0.0 0.0
8.0 20000.
14.0 50000.

Single-Axle Suspension Input

Comments

Cl: 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 table 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 (12)

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

19




2.1.2 The Walking Beam Suspension. Fiqure 2.8 presents a

conceptualization of the walking beam suspension model available
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
load 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 III

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 load leveler.

20
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Table 2.5.

Input
24.0

26.0

8.0

18.0

0.0

0.0

4400.

30000.

100.

2078.

1972.

Walking Beam Suspension Input

Comments

AA1: Horizontal distance from the walking
beam pin to the leading axle center (in);
Format (F15.3)

AA2: Horizontal distance from the walking
beam pin to the trailing axle center (in);
Format (F15.3)

AA4: Vertical distance from the axle
centers down to the walking beam (in);
Format (F15.3)

AA5: 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)

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 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 SUSPENSION

AAL
AA2

AA G
AAS

c1
C2

CF

K
PERCNT
WS1
WS2

HORIZONTAL DIST. FRUM WALKING BEAM

“PIN TO LEADING AXLE (IN) : 24.00
HGRTZOMTAL DIST. FRUM WALKING BEAM
PIN TO TRAILING AXLE (IN) 26.00
VERTICAL DIST. FROM AXLE TO WweB. (IN) 8.00
VERTICAL CIST. FRUOM AXLE TO
TORQUE RGCD (IN) 18.00
ViSCOUS DAMPING: JOUNCE ON REAR AXLE(S)
(LB=SEC/IN) 0.0
VISCOUS DAMPING: REBOUND ON REAR AXLE(S
(L8-SEC/IN) ' 0.0
MAX. COULOM3 FRICTICN, REAR SUSPENSIUN (LB) 4400.00
SPRING RATE, REAR SUSPENSICN (LB/IN) 30000.00
PERCENT EFFECTIVENESS CF TCRQUE RODS 109.00
WEIGHT UF FRCNT TANDEM (LBS) 2078.00
WEIGHT CF REAR 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 Tisting.

Note that, in addition to the parameters which appear in
Figure 2.10, both viscous and 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 Tinear springs are allowable.

The parameter MUS is the effective coefficient of friction
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 Toad 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 suspension 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
list 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 a
few notable exceptions. Referring to Figure 2.12, notice that the
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BASIC FOUR SPRING TANDEM SUSPENSION

AAl AVERAGE LEAF SPRING LENGTH:
HURIZUONTAL DISTANCE FROM FRCNT TQ REAR
LEAF/FRAME CONTACT POUINT(IN)

AA2A HCRIZUNTAL DISTANCE FRCM +CREMGST LEAF/
FRAME CONTACT TO AXLE CENTER:
LEADING AXLE (IN)

AA2B HCRIZCNTAL DISTANCE FRCM FCREMOST LEAF/
FRAME CONTACT TO AXLE CENTER:
TRAILING AXLE [(IN)

AA3 AVERAGE VERTICAL DIST.FROM LEAF/FRAME
CONTACT TO AXLE CENTER (IN) ,

AA4 CI>5T. FROM FRONT LEAF/LOAD LEVELER
CCONTACT TO LOAD LEVELER PIN (IN)

AAS UIST. FRCM REAR LEAF/LCAD LEVELER
CCNTACT TC LOAD LEVELER PINCIN)

Aldo(1l) VEKTICAL UDISTANCE +HROM AXLE CENTER
UP TU TORQUE ROD: LEADING AXLE (IN)

Aol 2) VERTICAL UISTANCE FRCM AXLE CENTER
UP TCO TCRQUE RGD: TRAILING AXLE(IN)

AAT(1) AVERAGE ANGLE BETWEEN TCRQUE RODS
ANO HORIZCNTAL: LEADING AXLE (DEG)

AAT(2) AVERAGE ANCLE cETWEEN TURGQUE RGDS

. ANU HORIZCNTAL: TRAILING AXLE(DEG)
AA3(L) HCRTIZCNTAL DISTANCE FRCM AXLE CENTER

FURWARD TG TORQUE ROD CGHMPLIANCE
CENTER:  LEADING AXLE (IN)

AAdL(2) HCRTZCNTAL OISTANCE FRGM AXLE CENTER
FORwARD TC TORQUE RCD CUMPLIANCE
CENTCR:  TRAILING AXLE (IN)

Cl VISCGUS DAMPING: JCUNCE CN LEADING AXLE
(LB=SEC/IN)
2 VISCOUS DAMPING: REBOUND ON LEADING AXLE
(LB-SEC/IN)
¢l VISCOUS DAMPING: JOUNCE CN TRAILING AXLE
| (LB=-SEC/IN)
Ca VISCOUS DAMPING: REBOUND ON TRAILING AXLE
(LB=SEC/IN)
CF1 MAX. CCULCMB FRICTION, LEADING AXLE (LB)
CF2  MAX. CUULUMB FRICTION, TRAILING AXLE (LB)
K1 SPRING RATE OF LEAF SPRING:
| LEADING AXLE (LB/IN)
K2 SPRING RATE OR LEAF SPRING:.
TRAILING AXLE (LB/IN)
MUS COEFFICIENT OF FRICTICN,LEAF-FRAME
CONTACT POINT
WSl UNSPRUNG WEIGHT:LEADING AXLE (LB)
WS2 UNSPRUNG WEIGHT:TRAILING AXLE (LB)

Figure 2.11. Basic four spring suspension data echo.
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FOUR SPRING TANDEM SUSPENSION wITH
SPRING TYPE TORQUE RODS

AAd

AA2A

AA2B

AAY
AAY
AAS
AA6(1)
AA6(2)
AAT(1)
AAT(2)

AABC(1)

AAB(2)

AAS9(1)

AAS(2)

o8|
€2
c3
Cu
CFi
CF2
K1
Ke
KTR}
KTR?
MUS

WS 1
LEY

Figure 2.13.

AVFRAGE LEAF SPRING LENGTH

HORJZONTAL DISTANCE FROM FRONT TN REAR
LEAF/FRAME CONTACT POINT(IN)

HORIZONTAL DISTANCE FROM FOREMOST LEAF/
FRAME CONTACTY TO AXLE CENTFRY

LEADING AXLE (IN)

HORIZONTAL DISTANCE FRNOM REARMOSY LEAF/
FRAME CONTACT TO AXLF CENTER}

TRAILING AXLE (IN)

AVFRAGE VERTICAL OIST, FROM LEAF/FRAME
CONTACY TO AXLF CENTFR (IN)

NIST, FROM FRONT LFEAF/LODAD LEVELFR
CONTACT TO LNADR LEVELER PIN (IN)

DIST, FRNM REAR LEAF/LOAD LEVELER
CONTACT TOU LOAD LEVELER PIN(IN)
VERTICAL DTSTANCE FROM AXLE CENTER

UP 1O TORQUE RNODs LEADING AXLE (IN)
VERTICAL DISTANCE FROM AXLEF CENTER

[P TN TORQUE RNDy TRAILING AXLEF(IN)
AVERAGF ANGLE BETWEEN TORQUE RODS

AND HORIZONTALt LEADING AXLE (DEG)
AVERAGE ANGLF RETWEEN TORGQUE RODS

AND HORIZONTAL: TRATLING AXLE(DEG)
HORIZONTAL DISTANCF FROM AXLE CENTER
FORWARD YO TORGUE ROMt

LEADING AXLE(IN)

HORTZONTAL DISTANCF FROM AXLE CENTER
FORWARD TO TORAUE RONY

TRATLING AXLECINY

HORIZOMTAL DTSTANCE FROM AXLE CENTER
FORWARD TO LNWFR TNROUE ROD FRAMF PINg
LEADING AXLE (IN)

HORIZONTAL DISTANCE FRNOM AXLF CENTER
FORWARD TO LNWFR TORRUE ROD FRAME PINg
TRAILING aXLE (IM)

VISCNUS NAMPINGY JOUMCE ON LEADING AXLE
(LReSEC/IN)

VISCNUS NAMPTNG; RERNUMD ON LLEADING AXLE

(LB=SEC/IN)
VISCOUS DAMPINGY JOUMCE QN TRATLING AXLE
(LR=SEC/TN)
VISCOUS DAMPINGY REBOUND ON TRAILING AXLE
(LReSEC/TN)

MAX, COULOMR FRICTION, LEADING AXLE (LR)
MAX, COULNMB FRICTION, TRATLING AXLE (L8)
SPRING RATE NF LFAF SPRING!

LEADING AXLE (LB/IN) .

SPRING RATF DR _FAF SPRING?

TRAILING AXLE (LR/TN) |

SPRING RATE OF LNWER TORQUE ROND

LEADING AXLE (LB/IN)

SPRING RATE NF LOWER TORQUE RODg
TRAILING AXLE (LR/IN)

COFFFICIFNT NF FRICTTON,LEAFeFRAME
CONTACT POINT

UNSPRUNG WEIGHTLEADTNG AXLE (LB)
UNSPRUNG WEIGHT:TRAILING AXLE (LR)

rods data echo.
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29,60

19,25
10,00
6.75
6,75
T.00
7,00
13,20

13,00
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19,00
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n,0
2,
Gupn,ne
4uan, 9
1400, AP
10400,00
1250,00
1250,06
2,250

23372,M0
2074,00

Four spring suspension with spring-type torque




parameters AA6 and AA8 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 KTR2) are Tinear
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 Load

Leveler. The parametric data necessary for the use of the four
spring tandem suspension with Tong load leveler (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, possibly as shown in Figure 2.17. Such a suspension
may be simulated by using the values of AA4 and AA5 such that
(1) their sum indicates the proper span from spring contact point
to spring contact point, and (2) their ratio indicates the
appropriate lever ratio. For example, using the notation of
Figure 2.17:
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FOURSPRING TANDEM SUSPENSION WITH
LONG LOAD LFEVELERS

AAY

AA2A

AA2B

AAS
YY
AAS
AAG6(1)
AA6(2)
AATC(1)
AAT(2)

AAB(1)

AAB(2)

Ci
ce
€3
o

cri
CF2
Kq

Ke

WS1
w32

AVERAGE LEAF SPRING LENGTH3

HORIZONTAL DISTANCE FROM FRONT TO REAR

LEAF/FRAME CNNTACT PCOINT(IN) 40,00
HORIZONTAL DISTANCE FROM FOREMNSY LEAF/

FRAME CONTACT TO AXLE CENTER!

LEADING AXLE (IN) . 19,00
HORIZONTAL DISTANCE FROM REARMOSY LEAF/ :
FRAME CONTACT TO AXLE CENTERS

TRAILING AXLE CIN) 21,00
AVERAGE VERTICAL DIST,FROM LEAF/FRAME

CONTACT TO AXLE CENTER (IN) 9.50
DIST, FROM FRONT LEAF/LOAD LEVELER

CONTACT TO LOAD LEVELER PIN (IN) 26,75
DIST, FROM REAR LEAF/LOAD LEVELER

CONTACT TO LOAD LEVELER PINCIN) 26,78
VERTICAL DISTANCE FROM AXLE CENTER

UP TO TORGUE RODI1 LEADING AXLE (IN) 6,50
VERTICAL DISTANCE FROM AXLE CENTER

UP TN TORQUE ROCE TRAILING AXLE(IN) 6,50
AVERAGE ANGLE RETWEEN TORGUE RODS

AND HORIZONTALt LEADING AXLE (DEG) 13,00
AVERAGE ANGLE BETWEEN TORQUE RODS

AND HORIZONTALt TRAILING AXLE(DEG) 13,00

HORIZONTAL DISTANCE FROM AXLE CENTER

FORWARD TO TORQUE ROD3

LEADING AXLE(IN) 3.75
HORIZONTAL DISTANCE FROM AXLE CENTER

FORWARD TD TORQUE ROD3

TRAILING AXLECIN) 3,75
VISCOUS DAMPING: JOUNCE ON LEADING AXLE

(LReSEC/TN) 2,a
VISCOUS DAMPING) REROUND ON LEADING AXLE

(LB=SEC/IN) | 2,0
VISCOUS DAMPING: JOUNCE ON TRATLING AXLE

(LBeSEC/IN) 9.0
VISCOUS DAMPING{ REBOUND ON TRATLING AXLE
(LB=SEC/IN) ”,0
MAX, COULOME FRICTION, LEADING AXLE (LB) wuan,09

MAX, COULOMB FRICTION, TRAILING AXLE (LB) 44pe,00
SPRING RATE NF LEAF SPRING

LEADING AXLE (LB/IN) , 10000,70
SPRING RATE OR LEAF SPRING1

TRAILING AXLE (LB/IN) tonoa,”0
UNSPRUNG WEIGHTSILEADING AXLE (L8) 2330,00
UNSPRUNG WEIGHTITRAILING AXLE (LB) 2074,00

Figure 2.16. Four spring suspension with Tong load leveler

data echo.
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AA7(1) AA6(1) l
AAS8(1)

Reference
Point

Alternate four spring suspension with Tong load leveler.
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AA4 + AAS = ¢ (2.1)

AA4 a d
m = ‘“—C (2.2)
from which
g o= —E (2.3)
1 + _b_C |
ad
and
_ 2
1+ —
bc
obtains.

2.1.6 The Multiple Torque Rod Four Spring Suspension.

Although 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 example set of input for the MTRFSS by displaying the input
data echo which is output by the computer program.

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.

**pParameter subscripts are dropped since the following comments
are applicable to either leading or trailing axles.
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AA1

A

Il

AA7(1)
AA6(1)
AA8(1) —»

Figure 2.18.

<¢— Forward

AA7(2)
AA6(2)

The multiple torque rod four spring suspension.
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MULTIPLE TORNUE ROD FOUR SPRING
TANDEM SUSPENSION

Aat

AdPA

AAPB

AAZ
AAd
AAS

AAG(Y)

AAb(2)

AAT(Y)
AAT(2)

AABR(Y)

LAB(2)

Ct

ce

€3

cd

CF1

CFe

K1

K2

K101
KTQe
KTRTOY
KTRTQ?
NACOEF1
NACOEF2
PRCTN}

WS\
wWs2

AVFRAGE LEAF SPRING LENGTHS o
HORIZONTAL DISTANCF FROM FRONT TO REAR
LEAF/FRAME CNONTACT POINT(IN)

ROPI7CNTAL DISTANCE FROM FOREMOST LEAF/
FRAME CONTACT Y0 AXLE CENTERg

LEADING AXLE (IN)

HORIZOMTAL DISTANCE FROM PEA?MOST LEAF/
FRAMF CONTACT TO AXLE CENTERY

TRAILING AYLF (IN)

AVERAGE VERTICAL DIST,FRNM LEAF/FRAME
CONTACT TO AXLE CEMTER (IN)

PIST, FROM FRONT LFAF/LOAD LEVELER
COMTACT TO L0OAD LEVELER PIN (IN)

DIST, FROM REAR LEAF/LOAD LEVELER
CONTACT TO LOAD LEVELER PIN(IN)
VEPTTICAL DISTANCE FROM AXLE CENTER,

UP 1O TORGUE ROD COMPLIANCE CENTER?
LEADING AXLE (IN)

VERTICAL DISTANCE FROM AXLE CENTER

1P TO TORQUE ROD COMPLTIANCE CENTER!
TRAILING AXLE (IN) ,

AVERAGF ANGLE RETWFEN TORQUE RODS

AND HORJZONTALSY LEADING AXLE (DEG)
AVERAGE AMGLF RETWEEN TORGUE RODS

ANT HORPIZONTALY TRAILING AXLE(DEG)
HOPIZ20NTAL DTSTANCE FRNM AXLE CENTER
FORWARD TN TORNLE ROD COMPLIANCE
CENTFRY  LEADING AXLE (IN)

NOPIZONTAL DISTANCE FROM AXLE CENTER
FORAXARDN Y0 TNRQUF ROD COMPLIANCE
CENTERY  TRATLING AXLE (IN)

VISCAUS DAMPTINGY JNUNCE ON LEADING AXLE
(LR=SEC/IN)

VISCOUS DAMPINGs REBOUND ON LEADING AXLE
(LReSEC/IN)

VISCOUS DAMPINGS JDUNCE OM TRAILING AXLE
(LR=SEC/IN) _

VISCOUS DAMPINGS REBOUND ON TRAILING AXLE
(LR=SEC/IN)

MAX, COULOMR FRICTION, LFADING AXLE (LB)
MAY, COULOMH FPICTTOM, TRATILING AXLE (LB)
SPRING RATE OF LEAF SPRING:

LEADING AXLE (L8/1IN) .

SPRING RATE NR LFAF SPRINGY

TRAILING AXLE (LB/IN) )
TORSIONAL SPRING RATE OF LEAF SPRINGI
LEADING AXLE (IN=|B/DEG) .
TORSIONAL SPRING RATE OF LEAF SPRINGS
TRAILING AXLE (INe[B/DEG)

TORSIONAL SPRING RATE OF TORDUE

ROD ASSEMBLY$ LEADING AXLE (IN=LB/DEG)
TORSIOMAL SPRING RATE OF TORQUE

ROD ASSEMBLYS TRAILING AXLE (INeLB/DEG
NOMINAL AXLE ANGULAR POSITION
COEFFICIFENT: LEADING AXLE (DEG/IN)
NOMINAL AXLE ANGULAR PNASITION
COEFFICIENT: TRAILING AXLE (DEG/IN)
STATIC NORMAL LOAD PERCENTAGE?S

LEADING AXLE ,
UNSPRUNG WEIGHTILEADING AXLE (LB)
UNSPRUNG WEIGHT$TRAILING 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 torque 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:

KTRTQ = a—e‘S—T_O (25)

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 torque rod assembly. In a physical sense, this
point is the center of rotation of the sprung mass which results
from the application of a torque as shown in Figure 2.21. (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 equation:
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g = K+ AATY '
K0 = 47573 (2.6)

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 oSN of Figure 2.19. For the
user's purposes, it is defined as

o

63N
ISP

NACOEF = (2.7)

o

Z5P=0

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

Finally, the parameter PRCTNT, 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.
PRCTNT 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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Figure 2.22. Determininc NACOEF.
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2.1.7 The Multiple Torque Rod Four Spring Suspension with

Spring-Type Lower Torque 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 illustrates 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.

A11 parametric data required is virtually identical to that
of the MTRFSS with the addition of the geometric parameters AA9(1)
and AA9(2) (see Figure 2.23) and the torque rod spring rates, KTR1
and KTR2. These KTR parameters are the Tinear 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 allow selection of single-
axle or tandem suspensions and four-bar or trailing-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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Figure 2.23.

The MTRFSS with spring-type lower torque rods.



MULTIPLE TORQUE ROD FOUR SPRIMG
YANDEM SUSPENSION WITH SPRINGTYPE
LOwWER TORQUE ROD

AAt AVERAGE LEAF SPRING LENGTH?

HORIZONTAL DISTANCE FROM FRONT TO REAR

LEAF/FRAME CONTACT PAINTCIN) 49,00
AA2A FORTIZCONTAL OISTANCF FROM FOREMOST LEAF/

FRA“F CONTACY T0 AXLE CENTER}

LEADTING AXLE (TN) 19,00
AA2R ORIZOMTAL DYSTAMCE FROM REARMNST LEAF/

FRAMF CONTACT TO AXLE CENTER1: .

TRATLING AXLE (IN) ’ 21,00
AAY AVEKAGE VEFTICAL QISY,FROM LEAF/FRAME

COMTACT TO AYLE CENTER (IN) 9,50
YY) DIST, FROM FRONT LFAF/LOAD LEVFLER

CONTACY TO LOAD LEVELER PIN (IN) 6,75
AAS N1ST, FROM RFAR LEAF/LDAD LEVELER

CONTACT TO LOAD LEVELER PIN(IN) 6,75
AAB(Y) VERTICAL DISTANCE FRNM AXLE CENTER,

UP TO TORGUHE ROD CNMPLIANCE CENTERS

LEADING AXLE (IN) 6,50
AAG(?2) VERTTCAL DISTANCE FROM AXLE CENTER,

UP TN TORGWUE ROD CNMPLIANCE CEMTERS .

TRATLING AYLE (IN) _ 6,58
AAT(Y) AVERKAGE ANGLE RETWFEM TORGUUE RODS

AND HOPIZOMTAL: LEADING AXLE (DEG) 13,00
AAT(2) AVERAGE AMGLF RETWEEM TORQUE RNDS

AnND HORJZONTALE TRAILING AXLE(DEG) 13,70
AAB(Y) FORTZONTAL DISTAMCE FROM AXLE CENTER

FORWARD TO TORGUF ROD COMPLIANCE

CENTERT LEADING AXLE (IN) 3,75
AAB(?) HORIJOMTAL DISTANCFE FRAM AXLE CENTER

FORWARD TQ TOKRUF ROD COMPLIANCE .

CENTERS TRATLING AXLE (IN) 3,75
AAQ(Y) HOPIZONTAL DISTANCE FROM AXLE CENTER

FOPWARD TO LLOWER TORNUE ROD FRAME PINj

LEADING AXLE (IN) 12,00
AAQ(2) HORIZONTAL DISTANCE FROM AXLE CENTER

FOKWAKR TO LOWFR TORAUE ROD FRAME PINt ,

TRPAILING AXLE (IN) 12,00
€1 VISCOUS DAMPINGs JNUNCE ON LEADING AXLE

(LR=SEC/IN) 8,9
ce VISCOUS DAMPINGI RFHOUND ON LEADING AXLE

(LR=SEC/IN) 2,0
€3 VISCOUS DAMPINGS JOUNCE ON TRAILING AXLE

(LB=SEC/IN) 2,0
C4 VISCOUS DAMPINGS REBCUND ON TRAILING AXLE

(LR=SEC/IN) a,a
CFy MAX, COULOMB FRICTION, LEADING AXLE (LB) 4400,00
CF2 MAX, COULDMB FRICTION, TRAILIMG AXLE (LB) 4400,00
K1{ SPRING RATE OF LEAF SPRING!

LEADING AXLE (LB/IN) s 11000,00
K2 SPPING RATE OR LEAF SPRINGS .

TRAILING AXLF (LB/THN) i 1a0¢9,00
KTQ1{ TNRSIONAL SPRING RATE OF LEAF SPRINGS

LEADING AXLE (IN=LR/DEG) ) 70000,20
KTQ2 TORSTONAL SPRIMG KATE OF LEAF SPRINGH

TRAILING AXLE (IN=LB/DEG) ) 70000,00
KTR1{ SPRING RATE OF LOWER TORQUE RONS

LEADING AXILE (LB/IN) ) 1%09,08
KTR2 SPRING RATF 0OF LOWER TORQUE RONDS

TRAILING AXLE (LB/IN) . {non, a0
KTRTAY TORSIONAL SPRING RATF OF TORQUE

RON ASSEMBLYP LEADING AXLE (IN=|R/DEG) 70209,08
KTRTR2 TORSTOMAL SPRING RATF OF TORGUE

) ROD ASSEMELYt TRAILING AXLE (IN=LB/DEG 709008,09

NACOEF 1 NOMINAL AXLE ANGUIL AR POSITION

COEFFICIENTS LEADING AXLE (DEG/IN) ".90
NACQEF?2 NOMINAL AXLE ANGULAR POSITION )

COEFFICIFNT: TRAILING AXLE (DEG/IN) 2,008
PRCTNY STATIC NORMAL LOAD PERCENTAGES

LEADING AXLE 503,00
LE)! UNSPRUNG WEIGHTSLEADING AXLE (LB) 233n, 00

W82 UNSPRUNG WEIGHTITRAILING AXLE (LB) 2074,09
Figure 2.24. MTRFSS with spring-type torque 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.) Note 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
AA5 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,
AA7A(1) and AA7B(1) will not be read, and the leading axle will
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 (to 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 leading
and trailing axles (WS1 and WS2, respectively) and the viscous
damping coefficients, C1, C2, C3, and C4. As in other suspensions,
C1 and C2 apply to the leading axle, C3 and C4 to the trailing
axle; C1 and C3 are for jounce and C2 and C4 are for rebound.
Coulomb friction is not included 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. AL: the effective air spring area with respect

to load at the nominal operating height

. oL
A= 3 - (2.8)
0

2. AV: the effective air spring area with respect
to volume at the nominal operating height

A, = 3V (2.9)

v oh|, _
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

-~
1
1

(2.10)
P=P,

5. LO: the nominal operating air spring load

6. P, the nominal operating air spring (gauge)
pressure

7. VO: the nominal operating air spring volume

where in these definitions
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h is the height of the air spring
L s 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
plot 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 as 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, ho’ and nominal 1oad,L0. (Note
that L0 is the air spring load, not the axle load.) Then from
data such as given in Figure 2.27, nominal pressure, PO, and
volume, Vo’ may be determined to complete the definition of the
nominal operating point. The parameter AV is the slope of the
"Vol1" 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 load, 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 given in Appendix B, Section B.9.3.
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Figure 2.27.

The Operating Point is defined by:

Nominal Volume ; V = 870 in3
Nominal Height ho = 7.0 1in
Nominal Load 5 L0 = 8800 1b
Nominal Press 4 Po = 80 psig

The Dynamic Characteristics are:
Effective Area, Volume:

A = dv _ AV

= = &L =120 in2
v dhsho ah,

Effective Area, Load;

Constant Pressure Spring Rate;

AL
_ oL _ 1 _ 1b
Kp:'a—hlpo = - % T

*This plot applies to volume vs. height axes
only. A1l other plots apply to the load

vs. height axes only.

Example air spring data and model characteristics.
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Notice that each of the several air flow paths are
characterized as a "lumped" restriction, each with a character-
istic 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 hO 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
C = = (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

*Like 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
V : constant volume
P : pressure
P=P] at time t0

P=P2 at time t0+At

PV

Figure 2.29. Determining flow coefficient with a constant
volume experiment.




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:

P -P
_ vV e 2
C = X an 5P (2.12)
e 1
where P] = P at time t0
P2 = P at time t0 + At

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

P+ p
¢ = 3t & (2.13)
e

or in its integrated form

PP, V-V
C = - (2.14)

Pe -P At

where the new symbol, P is atmospheric pressure and

at’
V] = V 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 Tonger 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] at time t
0
V =

V2 at time t_+ At
0

Constant
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 load between the two axles is indeterminate. 1In
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. PRCTNI1 is omitted from the
input flow if a single-axle suspension is employed or if CINTR # 0.

Figures 2.31 through 2.33 present examples 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 # 0 and, therefore, PRCTN1 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 AAl
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 two height control valves from
the network, if desired.
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AIR SUSPENSICN3 SINGLE AXLE

AAY HORIZONTAL DISTANCE FROM AXLE CENTER

T0 AXLE CENTER (IN) 2,0
AA2(1) HORIZONTAL DISTANCE FROM MAIN ARM/

BODY CONNECTION PIN REARWARD TO AIR SPRING

CENTER LINE (IN)SLEADING AXLE 39,00
AA3(1) HORIZONTAL DISTANCE FROM MAIN ARM/

BODY CONNECTION PIN REARWARD TO AXLE CENTER

(IN)SLEADING AXLE 29,50
AAUCY) VERTICAL DISTANCE FROM AXLE CENTER

DOWN TO MAIN ARM/AXLE CONNECTION PIN (IN)3

LEADING AXLE 9,00
AAS(1) VERTICAL DISTANCE FROM A POINT DIRECTLY

ABOVE THE AXLE CENTER ON THE LINE OF

ACTION OF THE TORQUE ROD,DOWN TO THE

AXLE CENTER (IN)tLEADING AXLE 12,09
AATACY) ANGLE BETWEEN THE HORIZONTAL AND A LINE

THROUGH THE TWO MATN ARM CONNECTION

PINS (DEG)SLEADING AXLE 12,00
AATB(1) ANGLE BETWEEN THE TORQUE ROD AND THE

HORIZONTAL (DEG):LEADING AXLE 12,70
ALY EFFECTIVE AIR SPRING AREA WITH

RESPECT TO LOAD (IN#%2)3LEADING AXLE 112,02
AV1 EFFECTIVE AIR SPRING AREA WITH

RESPECT TO VOLUME (IN%##2)3LEADING AXLE 120,080
Ct VISCOUS DAMPING: JOUNCE ON LEADING AXLE

(LB=SEC/IN) R,33
€2 VISCOUS NAMPINGS REBOUND ON LEADING AXLE

(LB=SEC/IN) 16,67
CEX1 MEIGHT REGULATOR EXHAUST FLOW

COEFFICIENY (INxx3/SEC)}

LEADING AXLE 2,9
CINy HETGHT REGULATOR INPUT FLOW

COEFFICIENT (IN%w3/SEC)

LEADING AXLE , 2,0
MOt NOMINAL AIR SPRING HEIGHT (IN)1

LEADING AXLE 7,00
KP{ CONSTANT PRESSURE AIR SPRING RATE

(LB/IN) SLEADING AXLE , 667,00
L0t NOMINAL AIR SPRING LOAD (LR)%

LEADING AXLE . 8800,a0
POt NOMINAL AIR SPRING PRESSURE (PSI)g

LEADING AXLE 80,00
PS AIR SUSPFNSION SUPPLY PRESSURE (PSIG)13 100,00
TLAG HEJGHT REGULATOR TIME LAG . 1,00
Vet NOMINAL AIR SPRING VOLUME (IN)13

' LEADING AXLE 870,09

W§1 UNSPRUNG WEIGHT (LBR)eLEADING AXLE 2@a78,00

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
IIT program describes the sprung masses of the vehicle to be
simulated. This is true for both the straight truck, tractor-
trailer, and doubles combination programs. In the following
sections, the appropriate input flow for the sprung mass data group
for each of these programs will 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 required 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 payloads on the vehicle more easily.

If the user wishes to simulate an empty vehicle, the payload
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SPRUNG

Al

A2

DELT

GRAD
J1

0
PJ
pPX

YA3S

M

E

RTZFERFNCY POINT ODF FRONT SPRUNG MASS CG TO
SUSPENSION {TN) 105,99
HORTZONTAL DISTANCT FROM SPRING ¥ASS CG TO

KFPFERANCT POINT O R7AR

SUSPZNSTON (IN) 60.00
STATIC VFRTICAL DISTANCE, FRONT AXLE TO

SPEUNG MA3S CG (IN) 27.67
PERCENT GRANE (POSITIVE IS UPHILL) 5,00
SPRUNG *A3S POLAR MOMENT OF INERTIA

(TN=1.B=SEC**2) 173492,07
WEIGHT OF PAYLOAD (LBS) 24000,00
POLLF MOMENT OF PAYLOAD (IN-LB=-SEC*x%2) 100000,00
HORIZONTAL DISTANCE FROM CENTER OF

FTAF SUSDPENSION TO MASS CENTER (IN) 30.00
VERTICAL DISTANC I FROM GLKOUND TO PAYLOAD

CENTYR OF MASS (IV) 72.00
¥AX, REML TINT FOR SINMULATION 1,00
INITIAL VFLOCITY (FPS) 88,00
SPROEG WIDIGHT OF [RUCK (LBS) 15€33.00

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 example 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
"Suspension 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 to 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 required
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 values from those of the trailers themselves. Either or
both trailers may be run "empty" by setting the appropriate pay-
load weight(s) to zero and omitting the remaining parameters
describing the payload(s).
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SPRIING MASS ¢

" EORTZON AL NISTANCE PROM TRACTOR CG TO

EPFERRTNCE POINT OF TRACTICL FRONT

SUSPENSTION (1Y) 25,90
A2 FORIZAN™I L NISTANCE FRCM TRACTOR C

RTFPRENCT POINT NOF THRACTNR REAK

SUSPENSION (I N) 106,10
23 EORIZONTAL DISTANCE FROM TRATLER (G

STYOWHETL (IN) 222,00
AL FARIZONT AL DTITANCT FEQV TRATILER CG 7O

TOPIRPNCT POINT OF TRATIER

SUSPFNSION (IN) 144 .90
RD FOPTZONTYL DTSTAINCE FICM 57TH KHEEL TO

PEFETTNCE YOTHT OF TRACTOR PEAR

SUSPFNSTON (TN) I
n VTRIICRL DISTANCE FROM STH WHETL

CORNTOTION DOWN TO TPACTOR €6 (IN) -4,5%
DI L7a" SPATIC VTRTICAL DI3TANCT, TRACTOR CG 7O

TEACTOR TRONT AXLT (TN) 313,30
nILT! 3 STATIC VIPTICAL DISTANCE, TRAILRER CG TO

TRAILIE AXTT(Z) (IN) 49,50

[*p]
3
o

p]
-3
3

GEADT PERPCENT 7PADE (POSITIVE TS UPHILL) 5.0
J1 TTACTOR POLLE MOYENT (IN-LB-SEC*%2) 53374,0%
17 TIATLTE PATAR MOSTNT OF INERTIA

(TR=TR=CT R 677200,0)
PE FUIGHT 0T PAYLOAD (LPS) P

TINT PAYTMUM TTRET TINE POR O SIMULATION (SiC) 1,00
VL TNITIAL VILOUTTY (FT/STEC) g, nn
W1 EPRUNG WO ICHI OF TRACTNR (L3S) 245,070
W SPRONG WFIGRT QF TRATLER (LRBS) 8120, 00

Figure 2.37. Tractor-trailer sprung mass data echo.

65




“UOL3IRPULQWOD S3[QNOP aYyj O sasseuw bunads  “ge'¢ unb L4

Sjulod 9oualdjay uoisuadsng ,

|[9A8] punoio |%|. _ t Vv v Lv113a
I | Lag | _

—x —% * —%— :
g 9agd ‘ 1
| gt ! szl —

| Sv1i13a Y\ |4| | gvii3ada I
Naeu | Iﬁ! ~Gog Paen | .H . =|
C¢Md &F e LMd Nm.e

EM ZM
ZXd . Ixd
v v
T T oy T T ey gV >

66



SPRUNG MASS
Al

| ¥

A3

Al

A5

a6

A7

A8

BB1

BB2

D

DD

DDD

DELTA1
DELTA3
DELTAS

GRADE
J1
J2

J3

PW1
PW2
PJ2

PX2

PZ2

TINF
VEL
w1
w2
W3
LL

HORIZONTAL DISTANCE FROM TRACTOR CG TO

REFERENCE POINT OF TRACTOR FRONT

SUSPENSION (IN) 35.90
HORIZONTAL DISTANCE FPRCM TRACTOR CG TO

REFERENCE POINT OF TRACTOR REAR

SUSPENSION (IN) 106.10
HORIZONTAL DISTANCE FRCM FIRST

TRAILER CG TO FIRST TRAILER

KING PIN (IN) 222.00
HORIZONTAL DISTANCE FRCOM FIRST

TRAILER CG TO REFZRENCE POINT OF FIRST
TRAILER SOSPENSION (IVN) -
HORIZONTAL DISTANCE FRCM FIRST TRAILER
KING PIN TO DOLLY TONGUE HITCH (IN) 376.00
HORIZONTAL DISTANCE FTRCK SECOND

TRAILER CG TO SECOND TRAILER

KING PIN (IN) 222,00
HORIZONTAL DISTANCE FRCM SECOND

TRAILER CG TO REFERENCE POINT

144,00

OF SECOND TRAILER SUSPENSICN (IN) 144,00
HORIZONTAL DISTANCZ FRCM CCLLY |
TONGUE HITCH 7O DOLLY 3TH WHEEL (IN) 72,00

HORIZONTAL DISTANCE FROM TRACTCR S5TH WHEEL

REARWARD TO RETFERENCE POINT OF TRACTOR KRZAR
SUSPENSION (IN) 0.0
HORIZONTAL DISTANCE FRCM COLLY

5TH WHEEL REARWARD TO DOLLY SUSPENSION

REFERENCE POINT (IN) 6.00
VERTICAL DISTANCEZ DOWNWARD FRONM )
TRACTOR 5TH WHEEL TO TRACTOR CG (IN) -4.50

VERTICAL DISTANCE DOWNWARD FROX

DOLLY FIFTH WHEZL TO DOLLY SUSPZNSION

REFERENCE POINT (IN) - 29.50
VERTICAL DISTANCE DOWNWARD FROM

DOLLY TONGUE HITCH 70 FIRST THAILER

SUSPENSION REFERENCE PCINT (IXN). 26.00
STATIC VERTICAL DISTANCE, TRACTOR CG TO

TRACTOR PRONT AXLE (IN) 33.30
STATIC VERTICAL DISTANCE, FIRST TRAILER

CG TO FIRST TRAILER AXLE(S) (IN) . 43.50
STATIC VERTICAL DISTANCE, SECOND TRAILER

CG TO SECOND TRAILER AXLE(S) (IN) - 45,50
PERCENT GRADE (POSITIVZI IS UPHILL) 5.00
TRACTOR POLAR MOMENT (IN~LB-SEC**2) 53374,00
FIRST TRAILER POLAR MCMENT OF INERTIA -
(IN-LB-SEC**2) 706200.00
SECOND TRAILER POLAR MOMENT OFP INERTIRA
{IN-LB=SEC**2) -— 706200, 00
WEIGHT OF FIRST TRAILER PAYLOAD (LBS) 0.0
WEIGHT OF SEZCOND TRAILER PAYLOAD (LB) 35000.09
POLAR MOMENT OF SECOND TRAILER

PAYLOAL (IN-LB-SEC**2) 75000,00 .
HORIZONTAL DISTANCE FROM REFERENCE POINT :
OF SECOND TRAILER SUSPENSION T0 SECOXD--

TRAILER PAYLOAD MASS CENTER (IX) 144,00
VERTICAL DISTANCE FROM GRCUKND TO

SECOND TRAILER PAYLOAD MASS CENTER (IN) 75.00
MAXIMUM REAL TIME FOR SIMULATION (SEC) 2.00
INITIAL VELOCITY (FT/SEC) 44.00
SPRUNG WEIGHT OF TRACTOR (LB) 9245.00
SPRUNG WEIGHT OF FIRST TRAILEPR (LB) 8120.00
SPRUNG WEIGHT OF SECOND TRAILEE (LB) 8120.00
SPRUNG WEIGHT OF DOLLY (LB) 1.00

Figure 2.39. Double combinations Sprung mass data echo.
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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 Tocated 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
line 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 deceleration 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 simulation 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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Figure 2.40.
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Simulated and measured deceleration
time histories.
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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 line 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 treadle 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

dP(I P-P(1 -
déh ey - (2.15)

*With one possible exception—Iine pressure/torque hysteresis
as explained in Section 2.3.3.
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where

p is the treadle valve pressure at time t

h

P(I) is the pressure at the 1t axte

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

TQ(1,1) is the time delay

TQ(1,2) 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

Ith axle is

P(I) = 0,T < 0 (2.17)

P(1) = PO(]-exp (TQt-Z )) ,T50 (2.18)

where
t = t-t, - TQ(I,1) (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(I,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(I,2).

In general, 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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100

PRESSURE (PSI)

— — — TREADLE VALVE OUTPUT
ee—.— TRACTOR FRONT AXLE
--------- TRACTOR REAR AXLE
——— TRAILER AXLE

| | 1 1
0.2 0.4 0.6 0.8 1.0

TIME (SEC)
! TQ (3'])

Figure 2.41. Typical empirical brake pressure application
response curves.
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Figure 2.41.

Typical empirical brake pressure application
response curves.
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The time-pressure points used to produce the treadle valve curve
in Figure 2.42 were:

Time, sec Pressure, psi
0.0 0
0.1 100

The brake time response parameters used were:

TQ(1,1) = TQ(2,1) = 0
7Q(3,1) = 0.15
1Q(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 TQ
must be entered for each axle. For example, for a three-axle
vehicle:

7Q(1,1 1Q(1,2
10(2,1) TQ(2,
7Q(3,1) TQ(3,

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 TQ values

.15, .23

03 Number of pairs in
table

0., 0.
Table of treadle

.1, 100. valve pressure vs.
time in the format

1., 100. time, pressure

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
either case, the input data follows the treadle valve pressure
versus time table.

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

[f, on the other hand, brake modules are specified, the
brake torque 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 follows:

If 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.
Each table should be headed by an integer in I2 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 Follows 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., 0.

100., 25000

Note that the torque values are the total for one side of
the vehicle in in-1bs. 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 axle.

If modules 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 multiply 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 logic is 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 axle.

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

L= T(1+

TR = T(1 - AMAC
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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
labeled Teft side, and the normal Toads 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 s1ip 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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Figure 2.43. Measured brake torque vs. line pressure for an S-cam
brake. No wheel Tockup.
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Figure 2.44. Measured brake torque vs. line pressure for an S-cam
brake, with wheel Tockup.
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sufficient line pressure was supplied to lock the wheel, resulting
in the increased hysteresis indicated by the horizontal solid
Tines 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 Tower torque values in these figures derive
from user input data, either in tabular form or from the brake
modules, and the upper torque values in the figures are linearly
related to the lower values by a factor of HY and HYL,
respectively.

A flow chart for the hysteresis algorithm, which is in
subroutine OUTPUT, is presented in Figure 2.46. The HY and HYL
values are entered on separate records in F15.5 format as shown
in Table 2.8. Note 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(2) only sufficient data for number

of axles on simulated vehicle.

Input data to the brake fade algorithm
ILOCK
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Torque values

HY *T 1-~~-——X

v
'l values {rom
tables or modules
Torque
T A "typical"
' cycle

Line Pressure

Figure 2.45a. Brake torque cycle, no lockup.

Torque values
HY #T1

T1 values from

tables or modules
Torque

A "typical" lockup
cycle

Line Pressure

Figure 2.45b. Brake torque cycle with lockup.
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Subroutine
"QUTPUT"

OUTP
Entry "TORQUE"

AKIM(I) = HY

|
I

Compute T(I)

Initialization

If (SLIP(I).GE.1.)

= HYL

| T(I) = AKIM(I)«T(I)

yes D 0
AKIM(I) = HY
AKIM(I)
(0 >:§§E§ij:> no noﬁ\\z££1\i\TOLD(I
Yes
T(I) = TOLD(I)
TOLD(I) = T(I)
Continue

Yes

Save TOLD

Figure 2.46. A flow chart of the hysteresis algorithm.
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2.3.4 Brake Fade. A survey of the Titerature or a cursory
examination of germane empirical data will indicate that the
frictional forces generated at the 1ining-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 1ining and drum, and results in various
levels 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 2.3.1.

Other, more subtle, interactions between the geometry and
the friction forces, such as changes in linings and drums due to
temperature, are also important [20]. These latter interactions
give rise to time-dependent torque changes at a constant line
pressure which have come to be called "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 Tining-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 leading
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 equation

kvey = 24 (2.20)
subject to the boundary condition
-aVu = a

where
u = temperature within the body
k = diffusivity of the body
a = conductivity of the body

q = heat flux at the body surface.

To facilitate the calculations of the temperature at the
Tining-drum interface, Equation (2.20) may be simplified
according to the following assumptions (see Figure 2.47):

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

(2) 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.

(3) The rate of energy input per unit area at the
drum-Tining interface is constant over the
rubbing area of the drum.

(4) A constant proportion of the heat generated
at the drum Tining interface is assumed to
flow into the drum.
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Figure 2.47. Schematic diagram, brake drum and 1ining.
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Under these four assumptions, which have been previously
used in the analysis of the temperature in brake drums [21],
Equation (2.20) may be significantly simplified, viz:

a—“—(x,t)=k—a—7(x,t) 0<x<L t>0 (2.21)

under the boundary conditions

au _ _8Ta

% (0 1) = - (2.22a)

ou _

S (Lt =0 (2.22b)
and with the initial temperature profile

u(x, 0) = u.(x) (2.22¢)

0

where
u = drum temperature
t = time

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

o = drum material conductivity
k = diffusivity of drum material

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

L = drum thickness

g = proportion of the heat generated which
enters the drum

T = brake torque

Q = wheel spin rate




A good approximation for g8 (see [21]) is given by

1

B:
e L S
Aap C
0
where
Cp = specific heat of the drum
p = 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 g is about .95.

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

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

where X satisfies the homogenous boundary conditions

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

where the prime indicates differentiation with respect to x.
Substitution into Equation (2.21) yields

I| T

X'
']k— = —‘X—‘ = -2 . (225)

where the dot indicates differentiation with respect to time.
Thus

X''+22X = 0 (2.26)

The solution to (2.26) is
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Ccos A x+Dsinax, »#0 (2.27a)

><
1

X = T+ Dx =0 (2.27b)

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

D =D =0 (2.28a)
=N =
and i n 0,1,2,... (2.28b)
Thus
u(x, t) = An(t) CoS A 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
) \
An(t) =T 5 u(x, t) cos A X dx (2.30a)
L
At) = o+ [ u(x, t)dx (2.30b)
0 L 0

Differentiating An with respect to time yields

A (t) = % f %’— (x, t) cos A X dx (2.31a)
0

A(t) = % f g—“f(x, t)dx (2.31b)
0
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But

_ 3%u
-——(X, t) = ké')’("?_'(x’ t)

thus

2k 82u

An(t) = r‘f ax?
3

32u
axz &

o
=

Integrating by parts twice gives

_ 2 fau :
An(t) = 1 [;x cos A X + A u sin An{]

L

L 0

A (t) =

o
=
x i<
—~
>
—
—
I
o r—

Noting that

(0, 1) = - () -
au _
——X-(I-g t) -
and
L
2[ )
T 0 u(x, t) cos AX dx =

S
co Anx dx

ZkAﬁ
- — u(x, t) cos A X dx

A1)

90

(2.32)

(2.33a)

(2.33b)

(2.34a)

(2.34b)

(2.35a)

(2.35b)

(2.36)



the following ordinary differential equations are generated:

An(t) a2 A (1) = S A1) (2.37a)

A(t) =

k
0 Et-f(t) (2.37b)

with initial conditions from Equation (2.30)

1

A(0) - %fo u(x, 0) cos A x d (2.38)
L

A(0) = -]L—fo u(x, 0)dx (2.38b)

Thevso1ution 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 n2, 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(to) for
t>t,. In that case

Zf(tO)L 2f(to)L -kkﬁ(t—to)
An(t) = W + (An(to) - W e (239)

Substituting into Equation (2.29) and noting that

nmx _ nl 6x , 3x2
cos = =z - )

(2.40)

3&)‘ —

2

yields
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f(to)L 6x , 3x2

u(x, t) = Ao(t) + T (2 - L—‘*rz—)
o 2f(t )L\ -ka2(at)
0 n noa x
+ }; (%n(to) - &;757——~>e cos — (2.41a)
where A=t -t (2.41b)

and the temperature at the interface is then

flt )l 2£(t )L\ -kx2 at
u(0, t) = Aglt) + 52—+ X (An(to) - -2——(2)—)——>e n 4
o 1

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) = ﬁ‘: A.(t) cos n 7 X (2.43)

and the error, E, would be

E(x, t) = i A, (t) cos n T X (2.44)
N+1
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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

Equation (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 wide time interval, it is only necessary that f(t) be
known at the beginning of the interval. Clearly, 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 relationship between the
computed temperature and brake torque. Research at HSRI has led
to the somewhat surprising finding that a linear relationship is
extremely useful, i.e.,
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HOREIR AN E‘ﬂ—)] (2.45)

t is time
T is the brake torque
T. is called the "unfaded brake torque"

u is the computed temperature change, at the
lining-drum interface, assuming a uniform
initial temperature

b¢ is a user input constant called the "fade
factor."

The values of Ti will be computed either from user input
tables of Ti versus line pressure, or from the brake modules.
This Ti value will then be modified downward to reflect the
assumed linear effect of the increasing temperature at the
1ining-drum interface. The amount of this modification will
depend on the user input "fade factor," O¢-

As an example, consider a run in which a constant Tine
pressure, Pi’ of 60 psi is applied which results, through a
table lookup calculation, in brake torque Ti = 100,000 in-1bs.
In addition, assume the user has input a fade factor 6e = 800°F.
The brake torque, T(t), would then be computed using Equation
(2.45), e.g., if Uit reached 200°F, the brake torque would drop
to 75,000 in-1bs.

Several spin-down dynamometer time traces have been examined
to ascertain the range of validity of Equafion (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 Ty at the applied pressure. Typically,
dynamometer results are supplied as graphs of T3 versus pressure.
The time-history data used to make these graphs are not generally
available.
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Figure 2.49. Data from a spin-down dynamometer test.
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Ti and 6 can be determined which will yield a torque-time
relationship in close agreement to dynamometer results for a
given initial velocity and inertial Toad. However, it should

be noted that the value of Ti may vary with the initial speed of
the spin-down test, with higher values of Ti corresponding to
Tower initial speeds.

Input Data for the Brake Fade Algorithm

The input data required for brake fade calculations
immediately follows 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,
no brake fade parameters should be entered, and temperature and
brake fade calculations will not be performed. In addition, if
the fade factor, P 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
lockup of any wheels.
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Table 2.9.

Data

1.5

5.75, .95, .017, .
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, Ocs °F

Initial temperature, leading
tandem

Leading tandem brake data
Initial temperature, trailing

tandem

Trailing tandem brake data
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Some results from this run are presented in Figure 2.50.
Several comments on the fiqure are in order.

1) The "non-faded" brake torque is indicated by the
dashed lines. Note that the front axle torque
was much Tower 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 lining-
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 lower 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, Ti’ and the brake torque, T, is a maximum
at this point.

4) The shape of the deceleration trace is typical of
vehicle 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 "u-sTip" curves which may be
expected to vary with load 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-road interface, or
(2) tabular input of u-slip data. The closed-form solution,

99



ﬂml \\
3
%)
kN
oS 10
SN
Sx
uEu —
~ stk
1 1 1 S | |
250f ST T T T
FRONT
R 200 TANDE
5|
S ..
~ £ 50l
DS f -
R / FRONT
le = \\l/’ ' .
An) \ S
xQ 100 |/
50+ -—----- Unfaded brake torque, T,
. Brake torque, T
1 ! | 1 1 1
300
Q,
250 .
S FRONT
N TANDE)
&, & 200
SIS FRONT
@23 150
S o
S 10
50
TIME [sec]
Figure 2.50. Simulated stop of a three-axle straight truck.
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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
tire data [11] has indicated that the model is of Timited accuracy
in some cases. Thus provision has been made for direct entry of
u-slip 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 tire-road contact patch.
The Tocation 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, MUZERO, 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(Q)

SLIP oot (2.46)
-CS(SLIP)
FX ToSLIp f(r) (2.47)

f(x) = (2-x)x A <1 (high SLIP)

(3.48a)
= A > 1 (low SLIP)
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-MUZERO (N)(1-FA-XDOT-SLIP)(1-SLIP)

2CS(SLIP) (2.48b)

where
CS is longitudinal stiffness, in pounds
FA is the friction reduction parameter, in sec/ft
MUZERO 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 Static 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 [1]. 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«A (2.49)

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

The input data related to the tires follows the Tlast
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(1) 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) x
: SCLLS (1bs/s1i
p)
3 |5=0
CS(N) Note: This is a "one tire value
FA(T)
Function reduction parameter
FA(N)
JS(1)
’ Spin moment of inertia, includes
both sides, in 1b. sec?
35(N)
KT(1)
' Tire spring rate (1bs/in)
. Note this is a one tire value
KT(N)
uy(1)
Low speed friction coefficient
no(N)
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Several notes, called out in Table 2.10, will be

elaborated upon here.

1)

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 longi-
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 equations with the tire

parameters. Thus the JS value, Tike 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-s1ide 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 Moo should not be entered.

After the last KT entry, the tables should be entered, first
for the front axle, next for axle 2, etc. The first entry in the
table is the number of speeds, in I2 format. The second entry
is the first speed and the number of loads at that speed, F10.4,
I2. The next entry is the first load and the number of u-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 Toad is below the
Towest entry in the table, the u-slip pair corresponding to the
Towest value will be used. If the speed or Toad 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 Toad, i.e., a constant u-slip curve. Note that the lowest
speeds must be entered first and the Towest loads must be entered
first.
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Table 2.11. Entry of ,-Slip Tables

Data Comment
9500. The last KT (see Table 2.10)
02 Two speeds in the front axle table
10. , 02 Ten ft/sec, two loads
5000. , 03 5000 1b, three pairs to come
0. ,0 L .
This is the p-slip curve for
2, .7 10 ft/sec, 5000 Tbs.
1. , .6
10000. , 03 10000 1bs, three pairs to come
0. ,0 . .
This is the u-slip curve for
-2, .8 10 ft/sec, 100000 1bs.
1.,
50. , 02 50 ft/sec, two loads
5000. , 03 5000 1bs., three pairs to come
0., 0. . .
This is the p-slip curve for
2, .58 50 ft/sec, 5000 1bs.
1., .5
10000. , 03
0. , 0. .. .
This is the u-slip curve for
2, .67 50 ft/sec, 10000 1bs.
1. , .5
01 One speed for axle 2
10. , 01 10 ft/sec, one Toad
5000. , 03 5000 1bs, three pairs to come
0. ,0 .. .
This is the u-slip curve for
2,
axle 2
1.,
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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 u-slip data. However,
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
Tong 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 pu-slip data. These
data may be entered in the form shown in Table 2.12. Note we have
entered p-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 simulation
used with the Phase III 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
10. , 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

AxTe 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
wq and &d. 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/OFF 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 Tistings 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.£3, is simply a Tisting of various variables
and parameters which might be considered to be of some importance
or interest to an antilock system. A user selects, for pro-
gramming purposes, a particular variable/parameter by referring
to its variable I.D. 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
included 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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OMEGADOT

XDOT
XDDOT
POFF1

POFF2

PON1

PON2

TOFF1
TON1
XDOFF

XDON

WOFF

WON

WDOFF

WDON

WDMAX

WDMIN

Table 2.13.

Variable/Parameter Definitions

Definition

10

11
12
13

14

15

16

17

18

19

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 cycle

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

Vehicle velocity at Tast
"OFF" signal

Vehicle velocity at last
"ON" signal

Wheel speed at Tast "OFF"
signal

Wheel speed at last "ON"
signal

Wheel acceleration at last
"OFF" signal

Wheel acceleration at last
"ON" signal

Maximum wheel acceleration
in last cycle

Minimum wheel acceleration
in last cycle

113

Units

(sec)

(ft/sec)

(ft/sec?)

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

(psi’f
(psi)
(psi)

(sec)
(sec)
(ft/sec)

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

(ft/sec?)



Symbol
TPMAX1

TPMIN]

WLOCK

TLOCK

SLON

SLOFF
PMAX1
PMAX?2

PMIN]
PMIN2

PD
ON
TMOD

SLIP
P
CYCNT

SQUARE

SQUARN
TOFF2

TON2

FOST

Table 2.13 (Cont.)

Time of maximum pressure in
Time of minimum pressure in

Parameter having value 1.0 if
wheel is Tocked; otherwise
having value of 0.0

Time ramp beginning at start
of any wheel lock

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 0
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

[.D.
Code Definition
21

last cycle
22

last cycle
23
24
25
26
27
28

before Tast
29
30

before last
31 Treadle pressure
32

0.0
33
34 Wheel slip
35 Brake pressure
36
37
38 SQUARE - 1.0
39

before last
40

before last
41

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

Units

(sec)

(sec)

(sec)

(psi)
(psi)

(psi)
(psi)

(psi)

(sec)

(psi)

(sec)

(sec)




Symbo]
FOS2

FOS3
GPCNT
WMAX1

WMAX2
TWMAX1
TWMAX2
WMIN
TWMIN
TPMAX2

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

I.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)



vG 2 84nbL4

NINAM

J40aM

NIWNM

_ .
|
; -
|
|
R .
XVWAM :
_ ! 14401
|
| _ .,
] = y
_ 440
SWTL | _ ! I NO NO
Jueserd—"  No1 ! ZNoL—"} |
I
| ! “ |
| | |
| _ _
_ ! _
1
| _ ! L ——7440d
T
-] !




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,
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 a 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, and 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 to the FORTRAN code. Such a table
or array is provided for each axle 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:

C,x

1 + C,x, + C,x + C.X

tOoxy + Cgxg + Opxpyy + CoXgyg (2.50)

1
The Ci (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 Xss (i=1,...,5) and Vi (i=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 the 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-output 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
1/Twp + 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/rwdp + 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, along 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 signals, Wy and
éd’ 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 Td’ which represent the first-order filter time constants
of the wheel sensor and its derivative circuit. The variables,
wq and &d’ appear in the user dictionary as OMEGA and OMEGADOT,
I1.D. codes 3 and 4. (The symbols » and w are used interchangeably
throughout this section for uwy and &d.)

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

3.5.4 Control Logic Module. The control logic is

characterized by a set of eight inequality expressions 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:

A
o= Snvinr ¥ S2vi ¥ Si3vis * SiaVig¥ia

tCigVigWac o , i=1,8 (2.51)

where
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Solenoid

Inequality Expression Logical Variable Logical Operator Command
F, 20 Ly
0P, ,
F, 20 L,
OP23 * OFF
F, 20 L
3 3
} 0P34
F4 20 L4
) » ON
oP
78
>
Fg 2 0 Lg

Figure 2.56. Control logic module.



Cij o (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 inequalities, F] through F4, are used for
generating the "OFF" signal; the last four inequalities for the
"ON" signal.

As an example, suppose the condition

o < - 100 ft/sec2*

or

-5 - 100 > 0

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

4 (-1.0)a + (-100.)1.0 > O

Fy 100.)1.0 > 0

with -1.0 and -100. required as c;; and c;,. OMEGADOT, (@),

would be selected from the user dictionary for 11 and the unity
parameter, 1.0, would be selected as UPE 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 I1.D. codes from the user
dictionary, '4' and '1' for OMEGADOT and the unity parameter,
respectively.

*See definition of OMEGADOT on page 113.

122




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 inequality
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 Fj.i 0, then the
logical variable Li associated with Fi assumes the value TRUE.

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

four Togical 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 Fp must be satisfied or else F3 or F4 be
satisfied (F], F2, F3, and F4 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 LZ) OR (L, ORL

3 4)
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The same discussion applies to the "ON" signal and associated
logical variables L5, L6’ L7, and L8.

The user specifies the logical operations between L] and
L2, L3, and L4, and between the bracketed expressions by means
of three logical operator switches, 0P12’ 0P34, and 0P23,

respectively. Input values of O imply Togical "OR" operations;
values of 1 imply logical "AND" operations. The same rules apply
to logical variables L5, L6’ L7, L8 and their Tlogical operator
switches 0P56, 0P78’ and 0P67' The general forms of these
Togical equations are:

OFF

n

(L] OP]2 L2) OP23 (L3 OP34 L4) (2.52)

and

ON = (L. OP

5 OPgg L

P (L, OP., L) (2.53)

6) 67 ( 7 78 8

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, 5 is the delay between the
evaluations of F1 and the evaluations of either FZ’ 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‘ Ty is the delay between the
time of generation of the "ON" signal and the time that F] 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) o< -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) o> -.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

F, = -0-50>0
C-I] = '].0
C-IZ = '50.

The variable I.D. codes for 1 and V12
would be "4" and "1," corresponding to
OMEGADOT and the unity parameter from

the user dictionary.

Similarly, for (2),

Fpo= -u+.9%>0
C2~I ="].0
Cop = .90
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The variable 1.D. codes for Vo and v
would be "3" and "5".

11

Since F3 and F4 are not required, no input for these expressions
would be needed. OP,, should be entered as 1 since OFF = L, AND
L2. OP23 and OP24 have no meaning here and can therefore be
either 0 or 1. The time delay between F] and F2 implies

T 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

Fe = w+5>0
Cgy = 1.0
Cep = 5.0
With variable I.D. codes for Vg1 and Vg
of "4" and "1".

Likewise

Fe = w-.8x2>0
Ce1 = 1.0
Cep = -.8
With variable I.D. codes for Ve and Vo2
of "3" and "5".

Since F7 and F, are not required, no input for these

expressions would bg needed. OP56 should be entered as 1 for
the required "AND" operation, while OP67 and OP78 are meaning-
less here and can be either 0 or 1. The time delay between F5
and F6 requires T3 = 0.05. The time delay between the "ON"

signal and the test for the next "OFF" signal requires Ty T 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 flexibility, 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 Cij is AO (its initial value),
if uij < b]. If uij’ the adaptive variable, is greater than
its breakpoint value of by, Cij is equal to A].

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

Ao if Uss < b] and z.j < b2
Cij = A] if Ujs > b] and Zij f-bz (2.54)
A2 if Zij > b2

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

A0 if uij g_b]
Cij = A] if uij > b] and zij-i b2 (2.55)
A2 if uij > b] 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 Towest
rotational rate (omega) for a given axle is selected by the

control logic 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. If, however, a logic sampling period
greater than the digital 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 ft/sec, the antilock
simulation is inactivated and line 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 possible 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 "OFF" signals generated in the control logic module.
Once a control signal is received there is normally 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 Fall and Rise Rates

The pressure rise is defined to be exponential in time with
the -upper pressure Timit set by the treadle valve output or by
a programmable 1limit 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 Tower 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 PFEi,
(i=1,3); the three exponential rise rates are defined as PREi,
(i=1,3). For reasons of flexibility these fall and rise rates
are defined to be functions of variables denoted as €] and Y
respectively. €] and e, are defined by the general form
expressions:
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[ g

€1 H]v] + sz2 + H3v3 + H4v4w4 + H5v5w5

H>

ey = GyVp + Gyvy + Bavg + Gavgwy + GeVeWg

where Hi and Gi’ (i=1,5) are the constant coefficients of each
term, and vj and Wi (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 X1, X2, X3, and X4 along the €1 and e, axes
separate the fall and rise rate regions.

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

Pressure Fall:

PFE] 2.3
PDFALL or 0 — 23 —-P
p + PFE
1,2,3
Pressure Rise:
PRE
1,2,3
PDRISE or Pd - T PRE] > 2 - P

where PFE],2,3 and PRE1,2,3 defined above are functions of €

and €95 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
Timit as zero pressure. Three fall rates and three rise rates
may be specified as in the exponential case. The linear fall
and rise rates are denoted as PFLi and PRLi , (i=1,3),
respectively. Again, for programming flexibility, the linear
fall and rise rates are defined as functions of variables
denoted as €3 and €g respectively. €3 and gy are defined by
the general form expressions:

[ o2

eg = R]v] + R2v2 + R3v3 + R4v4w4 + R5v5w5

1>

ey = SqVp t SVt Sgvg  SyvpMy + Svewe

where Rj and Sj , (j=1,5) are the constant coefficients of each
term, and vj L (j=1,5; k=4,5) are variables/parzmeters
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) [PFLi(e3)] . (t-to) + P(to) H (fall)

P(t-t,) [PRL.(ey)] - (t-t,) + P(t)) s (rise)

X5, 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,
1inear, or both exponential and linear characteristics will be
computed. The following key defines the IPKEY values required
for each case:

0 , exponential
IPKEY = 1 , linear
2 , exponential and linear

The exponential and 1inear option (IPKEY=2) returns a
pressure 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
= 5.0 for
differences between treadle valve output

approximate value of (0.2)"

pressure and line pressure of 50 psi or more,
and an approximate exponential rise rate of
(0.33)'] = 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)'] = 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
H] = 1.0 } o= ey = 1.0
G] =-1.0 , G2 = 1.0 b= ey = Pd -P
Variable I.D. code for Pd = 31. o
See User Diectionary
Variable I.D. code for P = 35.
X] = X2 = 0.0
PFE] = PFE2 = PFE3 = 4.0
X3 = 0.0, X4 = 50.0
PRE] = PRE2 = 3.0, PRE3 = 5.0

The number of terms required for € (1 term) and €y

(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 flexibility. 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 output
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 limiting 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, is read. A value of -1 or less
negates the use of this option, while values greater than or
equal to O 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 = V1v] + V2v2 + V3v3 + V4v4w4 + V5v5w5

A |
PDRISE = w]v] + wzv2 + w3v3 + w4v4w4 + h5v5w5

where,

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

Vis Wy (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
cycle rather than to treadle pressure. PDRSE would then be
defined as simply

PDRSE = (1.0) POFF1
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where 1.0 is w] and POFF1, the maximum pressure from the last
cycle, is selected from the user dictionary for Vi In this
case, the coefficient, 1.0, and the variable I.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 treadle 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, €gs S shown in Figure
2.65. eg is defined as a general form expression:

eg = Pw]v] + szv2 + Pw3v3 + Pw4v4w4 + Pw5v5w5

where

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

Vis W o (i=1,5; k=4,5) are variables/parameters
selected from the user dictionary.
Note that the FZi 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 FZi and Zi’ (b) PERIOD, and (c) coefficient values and
variable I.D. codes used in the general form expression for
eg - As before, a key for the pulse-width modulation option,
IPWMKY, is 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 in 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 in 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 programmable one-shots are provided under this option
and can be used for several different 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 numarical value of 1.0 or 0.C. These are
available in the user dictionary under the names F0S1, F0S2,
and FOS3.

The one-shots used in the program operate according to the
following rule: If a trigger or input condition (inequality)
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,v, + 0S,v, + 0S

™ Vs + 0S,v,w, + 0Spvewe, > 0

3¥3 A 5V5¥s

where

OSi (i=1,5) are constant coefficients for each
termm and possess the adaptive coefficient feature.

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

Each one-shot trigger is programmable by a general form
expression as shown above. The one-shot time durations are
denoted as TOS1, T0S2, and TOS3 and are required as input for
each one-shot used.

General Purpose Counter

This option allows the user to generate a count sequence
by incrementing a counter by 1 every digital time step, if a
particular inequality expression is greater than or equal to 0.
The variatle containing the count is called GPCNT and is in the
user dictionary with the I.D. code 44. The general form
expression is given by

GP]V] + GPyv, + GP3V3 + GP4v4w4 + GP5v5w5 > 0

144



Trigger Condition

A

FOS1

TOS1 TOS1
e |t
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Figure 2.66. One-shct operation.
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where

GP. , (i=1,5) are constant coefficients for each
term and can be adaptive.

Vis W o (i=1,5; k=4,5) are variables/parameters

from the user dictionary.

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

desired whenever a particular condition is satisfied, then a one-
shot 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 sampling 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 Input 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

+ Cyx, + C + Cex

Coxp * Coxy + Caxg + Cyxpyy + CoXoys

1M1

where

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

each term.
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Xis Yy (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 I.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 expression.

The following data input sequence

is what would be required for defining a general form expression:

(1.D. code of x])
(I.D. code of xz)
(I.D. code of x3)

, number of terms

(1.D. code of x4),(I.D. code of y4)

(1.D. code of x5),(I.D. code of y5)

Coefficient of X
Coefficient of x2

Coefficient of x3

Coefficient of Xg¥4

Coefficient of XgYg

If NT is 5, the above format is used.

; I1 format

F10.4 format
F10.4 format
F10.4 format
2F10.4 format
2F10.4 format
F10.4 format
F10.4 format
F10.4 format

: F10.4 format

F10.4 format

If NT=M<5,
only M I1.D. code cards and M coefficient cards are required.

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

quadratic representations, but can be linear 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,
X - w - 10. The required input for this would be:

3 number of terms required; I1 format

variable 1.D. codes from the user

3. dictionary corresponding to X, w,
1. and the constant; 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 w > 25 and
t <2.0

0.2 ift>2.0

The input required would now become:

3

5 , s 4. , 2 )

3.

1.

1. , 0.5 , 0.2 » 25. , 2.0 R
-1.

-10.

where the numbers 4. and 2. are the I.D. codes for o 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 I.D. code card and fields 53 and 5 of the coefficient card
should not be used. Negative I.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, uij > b
interpreted as

'l’

Reference was made in 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 I.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 (columns 51-60, 61-70) and are used to specify
the adaptive vartable I.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.
Ist alternate FZi card: 0. .05 .10 .25 .45 5.
2nd alternate in card: 0. .025 .05 .12 .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
(I.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 example.
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Antilock Input Stream

Before 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 01, the following
key and input parameter discussion applies for each axle.

IALOPTi 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. A1l 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 list 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.

151



Input Description Format
ILOCK global antilock key 12
IALOPT1 IALOPT for axle 1 12
OPTION1 side-to-side option, axle 1 12
NOFF1 No. of 'OFF' inequalities I1
to follow
M1 No. of terms in 1st inequality I1
ID1
Ml variable I.D. code cards 4F10.4
for logic inequality 1
IDMl
1,1
: Ml coefficient cards 5F10.4
|
M2 No. of terms in 2nd inequality I1
ID1
) M2 variable I.D. code cards 4F10.4
. for logic inequality 2
IDM2 |
€21
} M2 coefficient cards 5F10.4
Ca M2
M, No. of terms in 3rd inequality I1
For NOFF1 inequality expressions, NOFF1 < 4,

e e e e et e mm e e e e e e e = e mae e e eme e e e el s = e e— e = e e—
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NON No. of 'ON' inequalities I1

to follow
M5 No. of terms in 5th inequality Il
ID, |
) MS variable I.D. code cards 4F¥10.4
]
. for logic inequality 5
IDMS
CS,l \
) M5 coefficient cards 5F10.4
Cs Ms
M6 No. of terms in 6th inequality Il
For NON1 inequality expressions, NONl < 4.
T1s Tys T35 Ty Logic time delays 4F10.4
IPKEY Pressure modulator key Il
N1 No. of terms in €, Il
expression (IPKEY=0,2)
ID1
; N1 variable I.D. code cards 4F10.4
IDNl
1
N1 coefficient cards 5F10.4
N1
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N2

ID

IDNZ

PFE1 PFEZ PFE3
PRE1 PREZ PRE3

N3

ID

ID

N3

N3
N4

ID

IDyy

No. of terms in the €,
expressions

N2 variable I.D. code cards

N2 coefficient cards

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

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

N3 variable I.D. code cards

N3 coefficient cards

No. of terms in €y
expression

N4 variable I.D. code cards
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I1

4F10.4

5F10.4

2F10.4

2F10.4

3F10.4

3F10.4

I1

4F10.4

5F10.4

I1

4F10.4



SNg

Xg Xg

X, Xg

PFL1 PFL2 PFL3
PRL1 PRL2 PRL3
Ton® TOFF

Tw» Twp

OPy;5 OPy3, OPg,

0 0 opP

Psgr OPgys OPyg

IPDKEY

N5
ID1

IDN5

N5
N6

ID

ID

N6

N4 coefficient cards

€4 break-points

€4 break-points

linear fall rates

linear rise rates

pressure modulator time delays

wheel rate, acceleration

time constants

logical operator
logical operator
treadle pressure

No. of terms for

N5 variable I.D.

switches
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

I1

4F10.4

5F10.4

Il

4F10.4




1
Vi
) N6 coefficient cards 5F10.4

N6

IPWMKY pulse-width modulation key 12

PERIOD period of pulse-width modulated F10.4
square wave

N7 No. of terms in €c expression 11

ID1
N7 variable I.D. code cards 4F10.4

IDy7

PW1

, N7 coefficient cards 5F10.4

PWN7
TMOD .

21,22,23,24,25 PERTOD table break-points 5F10.4
TMOD .

FZl,FZZ,FZS,FZ4,FZ5 PERTOD table input 6F10.4
alternate/adaptive FZ. input 7F10.4
(see Section ) 7F10.4

I0SKEY one-shot option key 12

N1 No. of terms for 1st one-shot I1
expression

1D,
N1 variable I.D. code cards 4F10.4




0s. |

0S

N1

TOS1

N2

ID

0S

OSN2

TOS2

N3

ID

IDy+

0S

OSN3

TOS3

N1 coefficient cards

time duration of 1lst one-shot

No. of terms in 2nd one-shot
expression

N2 variable I.D. code cards

N2 coefficient cards

time duration 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

5F10.4

F10.4

I1

4F10.4

5F10.4

F10.4

I1

4F10.4

5F10.4

F10.4

(N3 and/or N2 must be entered (as 0) if only the first

or second one-shots are used.)

157



IGPKEY general purpose counter Kkey I2

NG No. of terms in general purpose Il
counter expression

I, |
) NG variable I.D. code cards 4F10.4
IDNG
GP1
NG coefficient cards 5F10.4
GPNG
TSMPLE control logic sampling period F10.4
IALOPT2 IALOPT for axle 2 12
OPTION2 OPTION for axle 2 12
Same input format as for axle 1
IALOPT3 IALOPT for axle 3 12
OPTION3 CPTION 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 Tists. 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" signals and 60 ms.
for "ON" signals. The supposed exponential pressure rates are
functions of wheel acceleration defined as follows:

(0.1)7" = 10.0 for & < -100 ft/sec?
Pressure Fall Rate " =

(0.2)") = 5.0 for & > -100 ft/sec?

(0.2)7 = 5.0 for & < %0 ft/sec?
Pressure Rise Rate =

(0.1)71 = 10.0 for & » 50 ft/sec?

The following choice of input parameters would satisfy the
above antilock system:
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0.01

—
"

w
Tod = 0.02

C = -1.0

11

+F1

C12 = -50.0

C = 1.0

51 N FS
C52 = 10.0

I.D. Code for w = 4.

I1.D. Code for 1.0 = 1.

Tl = 13 = T4 = 0.0
Tz = (0.2
H1 = 1.0
-)-61

H2 = 100.0

X1 = -10000.0
X2 = 0.0
PFE1 = 10.0
PFE2 = 5.0
G = 1.0

1 > e,
G2 = -50.0
X3 = -10000.0
X4 = 0.0
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PRE1 5.0

PREZ

10.0

OP12 OP23 = OP34 = OP56 = OP67 = OP78 = either 0 or 1

TON 0.06

TOFF = 0.04

The following input list would be required:

161




01 ILOCK

-1 TALOPT

01 worst-wheel side-to-side option
1 NOFF1

2 M1

4, 1.D. code for w

1. I.D. code for 1.0

-1. 1st term coefficient, C11
-50. 2nd term coefficient, C12

1 NON1

2 MS

4. I.D. code for w

1. I.D. code for 1.0

1. 1st term coefficient, C51
10. 2nd term coefficient, C52
0. 0. 0. 0. T4

0 IPKEY

2 N1

4. I.D. for w

1. | 1.D. for 1.0

1 | "1 1st term coefficiert for e
100. 2nd term coefficient for €
2 N2

4. I.D. for

1. e, I.D. for 1.0

1. lst term coefficient for ¢,
-50. 2nd term coefficient for €y
-10000. 0. Xl’ X2

-10000. 0. Xqy X4
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10. 10.

.06 .04
.01 .02

TINC
TRUCK

10.
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PFE1, PFEZ2, PFE3

PRE1, PRE2, PRE3

ToN® TOFF

Tw» Twp

0 0 OP

P1gs 0Py,
OP ¢, OP.,, OP

34

78
IPDKEY

IPWMKY
IOSKEY
IGPKEY
TSMPLE
TALOPT

2

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

Fio= X -w-14>0, for X > 50 ft/sec
= x-w-11>0, for X <50
AND
Foo = -w-1220
OR
Fy = SLIP - .50 >0

ON signal generated when

m
it

-Xx+w+10>0

5
AND

Fe = ©=-20.>0
OR

Foo= o -250. >0
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Pressure Modulator:

TOFF © .010 sec.
1

b) One exponential fall rate of 14. sec .

c) One exponential rise rate of 14. sec”!.
-1

a) TN .015 sec. ;

and one linear rise rate of 45. sec

The exponential and linear pressure rise regions 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
PMAX1 1is the maximum pressure in the last cycle
t is time
TPMAXT is the time of the maximum pressure in
the last cycle
and 85. is the rate of decay.

By subtracting the above expression from brake pressure,
P, the €9 and €g general expressions become:

€9 P - PMAXT + 85 T - 85 TPMAX]

and

n

P - PMAX1 + 85 T - 85 TPMAX1,
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the switching point occurring at to Tty T 0. Therefore, the

desired rise characteristic can be simulated by the following

set of pressure inputs:

Xo=X, = X5 =Xq =

3 4 7 8
PRET = PRE2 = 14.
PRL1 = PRLZ = 0.

The following input list would

0
, PRE3 = 0
R PRL3 = 45.

be required:
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01

01

.50

ILOCK
IALOPT1

OPTION1

NOPF'1

M1

11
12

13
M2

21

22
M3

31

32
NON

M5
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35.
27.

85.
85.

61

62
M7

71
72

IPKEY

N1

N2

> 52
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14.

14.

35.
27.

21.

85.
85.

14. 14.
14. 0.

Xy, X

X5, X,

PFE1, PFE2, PFE3

2

PRE1, PRE2, PRE3

N3

N4

Xg, Xg

X7, Xg

PFL1, PFL2, PFL3

PRL1, PRL2, PRL3

ToN’ TOFF

T T
w ’ wD

0 0

OoP

P12y 0Py3,

0P, O

IPDKEY

34

Pe7> OPqg

IPWMKY

IOSKEY
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L0001
01

01

TINC
TRUCK

IGPKEY
TSMPLE
FALOPT

IALOPT
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Qutput-Echo Format

Figures 2.68 through 2.71 show an example 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 I.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 2.59) is used, the word "AND" appears between
the First and Second Adaptive 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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vl

F(1)

EPSILION 2:

G(1)
G (2)
G(3)
G (u)

EPSILICN 3:

BR(1)

EPSILION 4:

5(1)
5(2)
5 (3)
S (4)

ONE-SHOT 1:

0s1(1)
as1(2)
0s1(3)
051 (4)
0s1(5)

CNE-SHOT 2:

0sz (1)
052 (2)
0s2(3)
052 (4)

*% NON-ALAPTIVE ANTI-LCCK PARAMETERS. **

TAU1
TAU2
Ta03
TA U4
x1
X2
X3
Xu
PFE1
PFE2
PFE3
PRE1
PRE2
PRE3
X5
X6
X7

EXP.

EXP.

COEFFICIENT (1) .

COEFFICIENT (1)
COEFFICIENT (2)
COEFFICIENT (3)
COERFICIENT (4)

COEFFICIENT (1)

COEFFICIENT (1)
COEFFICIENT (2)
COEFFICIENT (3)
COEFFICIENT (4)

COEFFICIENT (1)
COEFFICIENT (2)
COEFFICIERNT (3)
COEFFICIENT (4)
COEFFICIENT (5)

COEFFICIENT (1)
COEFEFICIENT (2)
COEFFICIENT (3)
COEFFICIENT (4)

LOGIC TIME DELAY
"

EPSILON 1 BREAR-PT

EPSILON 2 BREAK-PT
”

PRESSURE FALL RATE
"

PRESSURE RISE RATE
”

"
EPSILON 3 BREAK-PT
”

EPSILON 4 BREAK-PT

5.0000

1.0000
-1.0000
200.0000
-200.0000

5.0000

1.0000
-1.0000
200.€000
-200.0000

-1.0000
1.0000
-20.0000
20.0000
-6.0000

0.0
-0.1000
50.0000

1.0000

-5.00C0
2.50cC0
12.5060
12.50C0
12.5000
14.0000
14.000¢C
0.0
0.0
50.0000
-5.0000

Figure 2.70.

100.0000
-100.0000

100.0000
-100.0000

-10.00C0
10.0000

35
27

21, 1 36

35
27

45

47, 1 6
1, 1 :

41

Antilock output echo.

1.500
1.500

-16.000
-16.000

Gt

......
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G/l

xe
PFL1
PFL2
PFL3
PRL1
PRL2
PRL3
TAUON
TAUOPE
TAUW
TAUWD
OP12
OP23
0P34
OPS6
oP67
oP78
TOS1
TOS2
TSAMPLE
CPTION

#%% AYLE 2 WILL HAVE TEE SAME ANTI-LOCK SYSTEM AS AXLE 1

*%% AXLE 3 WILL HAVE TEE SAME ANTI-LOCK SYSTEM AS AXLE 1

" 2.5000
LIN. PRESSORE FALL RATE 0.0
L] 0.0
. " 0.0
LINF. PRESSURE RISE RATE 0.0
' " 0.0
" 40.0060
FRESSURE-CN TIME DEIAY 0.0150
PRESSURE-CFF TIME DELAY €C.0100
TINME CCNSTANT-WHEEL RATE 0.0100
TIME CONSTANT-WHEEL ACCEL. 0.0100
LCGICAL OEERATOR SWITCH 1
" 0
" 0
LOGICAL OPERATOR SWITCH 1
" 0
(1] 0
ONE-SHOT TIME DURATION 0.0200
ONE-SEOT TIME DURATION 0.0206
ANTI-1LGCK SAMPLING RATE 0.0010

SIDE-TO-SIDE 1

*%% END INPUT **x

Figure 2.71.

Antilock output echo.



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 Tist, the last three options have been documented
in the Phase I report [1]. 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 flow.

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 Tisted in Figure 2.72.
Notice that there are three entry points *o the subprogram, viz.:

1. the SUBROUTINE ROAD statement

2. the ENTRY ROADS statement

3. the ENTRY ROAD2 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 ROAD2

statement is the active entry point which is used during
simulation. The initialization portion of the program
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SUBRUOUTINE RUAD(AL,A2,A3,A4,A5,A64AT,A8,881l,8B82)
DIMENSION CNST(9),ROADZLL9)
[w=2
ICOUNT=1
RETURN
ENTRY ROADS(DL,D2)
60 TO (1424344) ,ICCUNT
1 CNST(1l)=Al
CNST(2)=—-A2+D1
CNST(3)=-A2-D2
GO TO 5
2 CNSTUIW)=—A2+BBl-A3-A4+Dl
CNST{IW+1)=—A2+BB1-A3-A4-D2
GG 10 5
3 CNSTI{IW)=—A2+BB81-A5~-A8-BB2+Cl
CNST{Iw+1)=-A2+BB1-A5-A8-BBZ-D2
GO0 TO 5
4 CNST(IW)=—A2+3B1-A5-A6-AT-AB+Dl1
CNST{IW+1l)=—A2+8BB1l-A5-A6~AT-A8~-D2
5 [W=IwWw+l
IF (U2 oNEe 0o4) IW=TWtl
ICCUNT=ICCOUNT+1]
RE TURN
ENTRY RUAD2(X,ROADZyKAXLE)
DO 100i I=1,KAXLE
AXLEX=X+CNST(I])

1001 CUNTINUE
RETURN
END

Figure 2.72. Subroutine ROAD Tisting.
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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(I)
where I=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 Tongitudinal position of the sprung mass c.g., X (in earth
coordinates), to ROAD. With this va]ue{ the values of the CNST
parameter, and the user-supplied road profile, ROAD, calculates
the vertical height of the road under each axle, i.e., ROADZ(I)
where I=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(I) = f(AXLEX)

where

ROADZ(I) 1s 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 vehicles) 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.
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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 presented 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 investigations.
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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 FMVSS 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 aser 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 all significant discrepancies between simulation
and test results have been analyzed and corrected to obtain
satisfactory agreement between 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 example 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 produced. 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 wheel which is closest to locking. Con-
sequently, the wheel which is not close to Tocking may be producing
a level of braking force which is considerably less than optimum
if the brake imbalance is large. Clearly, 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 the 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) variation of tire characteristics from axle
to axle (in particular, variations in peak
and slide braking 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
equations 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. It 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 than 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 required 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
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provides preliminary results 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 simplified 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 best 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 [25, 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 prediét vehicle performance.
Equally cTear 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.
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The commercial vehicle brake does not appear to be well
understood at this time. The presence of brake variability
hinders attempts to use a Timited 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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