UNCLASSIFIED

AD NUMBER

ADB882855

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors; Critical Technol ogy; FEB
1971. Ot her requests shall be referred to Air
Force Flight Dynam cs Lab., Attn: FEM Wi ght-
Patterson AFB, OH 45433. This docunent contains
export-controll ed techni cal data.

AUTHORITY

AFWAL [tr dtd 20 Dec 1985

THISPAGE ISUNCLASSIFIED




AD BB2 gs5

Y
i —_
AUTHORITY:

At [h 20Dc®S




. . s is a FOF

\ - . WAYNE . KREGER

A
st

AFFDL-TR-70-128 o rety 03 4D 842 g55
béfore the GI'OTHER $ AFDU-TE- T /28
\,,. AIRCRAFT ANTISKID PERFORMANCE
- . AND SYSTEM COMPATIBILITY
& | ANALYSIS
;
i o BYRON H. ANDERSON

GENERAL DYNAMICS
CONVAIR AEROSPACE DIVISION
FORT WORTH OPERATION

TECHNICAL REPORT AFFDL-TR-70-128

FEBRUARY 1971

Aoproved ter pubiic rolease; Jekettion unfimited

governments or fpreign nationals may be mad
Air Force Flight Dynamics Laboratory (FE

AIR FORCE FLIGHT DYNAMICS LABORATORY
AIR FORCE SYSTEMS COMMAND Rt/
WRIGHT-PATTERSON AIR FORCE BASE, OHIO E

85 12 31 006
ASD 85 2475




e g m

Py
e
HEIIETS

. - O
A WL M L RN TE | I

o B e, s " NOTiCZ

.,

RN LN & .
RFARREEIRTET e 3 A R I A D

ot et eresnab e e s

When ‘Government drawings, specifications, or other data are used for any Jurpose
other than in connection with a definitely related Government procurement operation,
the United States Government thereby incurs no responsibility nor any obligation
whatsoever; and the fact that the government may have formulated, furnished, or in
any way supplied the said drawings, specifications, or other data, is not to be regarded
by implication or otherwise as in any manner licensing the holder or any other person
or corporation, or conveying any rights or permission to manufacture, use, or sell any
patented invention that may in any way be related thereto.

Copies of this report should not be returned ‘mless return is required by security
considerations, contractual obligations, or notice on a specific document,

200 - March 1971 - COX05 - 32-71-535




e o B o

P EEE it e en i N W T AN A | Sy Srves T awt o gt

AFFDL-TR-70-128

AIRCRAFT ANTISKID PERFORMANCE
AND SYSTEM COMPATIBILITY
ANALYSIS

BYRON H. ANDERSON
WAYNE C. KREGEF

Aroreved for public rolease; distribvition unibmited

Ohio 45433,
The distribution




AFFDL-TR-70-128

FOREWORD
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Paul M. Wagner (FEM), Project Engineer.

This report describes work conducted during the period
from August 1969 to August 1970. The study was performed
under the project leadership of Mr, R. C. Churchill, The
General Dynamics Report Number is FZM=-5560. The authors
wish tc acknowledge the assistance of Mr, R, C. Barrom,

Mr. C. W, Austin and Mrs. L. J.Schnacke for their efforts
in analog and digital computer programing,

The authors wish to thank Mr. Wagner for his guidance
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space Corporation is also acknowledged. This report was
submitted by the authors in September 1970.
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ABSTRACT

The operation of an aircraft antiskid wheel brake
control system has the potential for producing adverse
aircraft dynamic behavior and structural damage. Antiskid
operation is also a major influence upon stopping perfor-
mance, Unless the characteristics and effects of antiskid
operation can be defined, an aircraft's capability for
safe, reliable and economical accomplishment of its inten-
ded usage cannot be assured. This report presents an
analysis procedure for predicting antiskid operational
characteristics and the inter-related effects upon the
aircraft and its performance. The analytical procedure
is the development of mathematical equations for a com-
prehensive description of the antiskid system components,
the significantly influencing aircraft systems and the
characteristics of the surface upon which the aircraft is
operating. The mathematical description includes such con-
siderations as landing gear dynamics, tire elasticity,
brake torque response characteristics, antiskid e¢lectronic
circuitry, brake hydraulic control system dynamics, runway
surface profile and tire-to-runway friction characteristics,
Both on~-off and 'modulated" antiskid systems are analyzed.
Procedures for quantitative evaiuation of the influencing
parameters and examples of their usage a.e also presented.
The implementation of the analytical prediction procedure
by simultaneous solution of all the mathematical equations
on an electronic computer is described,
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SECTION 1
INTRODUCTION

An antiskid system is provided as a part of the landing
gear wheel brake control system of most large aircraft,
particularly those having full power brake actuation.
Aircraft operational experience has shown that an anti-
skid system is required because there are many occasions
where the maximum availatle friction force between the
tires and runway surface is insufficient to react the
applied brake torque. For ceses where excessive brake
torque is applied the antiskid system functions to control
tire motion so that 3kids are prevented and so that the
associated problems and hazardous circumstances which are
detrimental to safe, predictable and economical aircraft
operation are avoided. The antiskid function is accom-
plished by a group of ancillary components which provide
an automatic means for detecting and alleviating an
incipient tire skid condition by controlling brake torque.
An incipient skid is alleviated by temporarily reducing
brake torque to a value less than the torque heing produced
by the friction force at the tire-runway interface. Brake
torque reduction is sustained for a time interval of suf-
ficient duration to allow the wheel to regain speed. After
the wheel has regained speed, brake torque is reapplied.

The reduction and Subsequent reapplication of brake
torque results in an oscillatory braking force being applied
to the airplane. This oscillatory force has the potertial
for causing adverse dynamic loading of the airplane struc-
ture, for causing directional control difficulty and for
degrading the aircraft's stopping performancc. Therefore,
the antisk’d system must control tire motion in a way such
that objectionable or unsafe conditions other than those
related to tire skidding are not incurred. The need for
evaluating the potentially deleterious effects of an oscil-
latory braking force is now recognized because there have
been a number of instances where failure to do so has
resulted in severe operational difficulty and ir some cases
catastrophic landing gear failure.

The objective of this study is to develop analytical
procedures and techniques for predicting aircraft antiskid
operational behavior and its effects. These analysis




techniques are intended to help overcome some of the pre-
viously experienced problems or uncertainties and to
provide a foundation for a comprekensive evaluation of
aircraft antiskid performance and total system compati-
bility. It is also intended that these procedures be
capable of application during the conceptual design phase
of new airplanes. In the initial design of a new airplane
the capabilities of various candidate equipment which might
be used for stopping during the landing sequence or
rejected takeoff should be evaluated with respect to the
airplane's mission requirements. Factors such as stopping
performance, weight, cost and reliability should be consi-
dered when the influence of the braking equipment is being
examined to establish the overall effect upon the aircraft's
configuration. In such an evaluation, the performance of
the wheel braking system, including any applicable antiskid
equipment, is a major consideration. Use of an analysis
procedure whereby the effects of antiskid operation can be
accurately predicted provides the means for minimizing the
technical and financial risks of both the aircraft msnu-
facturer and the aircraft user. Inaccurately predicting
the wheel braking system's performance can result in an
airplane design unsuited for its intended usage, a costly
redesign program, or both.

This study mathematically describes the physical oper-
ation of antiskid equipment in conjunction with the airplane
and its other applicable components. The basis of the
mathematical relationships is the description ot actual
(or conceivable) hardware behavior rather than a compilation
of equations relating various parameters in a desirable or
compatible manner without regard to detail design features.
This approach is taken to assure all influencing parameters
are accounted for and to provide criteria for equipment
detail design and test. Also, by examining the individual
component behavior, the evaluation can include such consid-
erations as cost and weight along with performance charac-
teristies.

The essence of antiskid operation is the cumulative
effect of a number of successive events, where the inter-
vening occurrences and outcome of each is influenced by and
dependent upon the conditions resulting from preceding
events. Since these events occur quite rapidly and involve
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the behavior of the aircraft and many of its components,

the instantaneous condition of a very large number of
variables must be continually maintained with high accuracy
so that they are available when needed. Consequently, one
of the major problems associated with analyzing antiskid
operation is the magnitude of the computation task. It
will be noted that the study has analytical compcnents
encompassing several engineering and scientific disciplines
such as electronics, aerodynamics, mechanics and hydraulics.
Each of the individual analytical components is often
deserving of considersble more elaborate and complete
treatment. However, to provide an economically feasible
and comprehensible composite solution, the scope of the
individual analytical components has been limited to account
for only tuose effects or influencing factors which are of
traditional interest and which are required to achieve
reasonable agreement between observed operational behavior
and analytical results.
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SECTION II
ANALYTICAL APPROACH

The analytical approach of this study is directed
toward predicting the existence of adverse circumstances
which have caused varicus problems in the past and toward
providing information which is typically needed to estab-
lish detail design criteria and to define aircraft operating
procedures. Specific consideration is given to providing
the means for:

(a) Establishing the magnitude and frequency of dynamic
loading applied to the landing gear.

(b) Establishing the value of the braking force which can
be predictably and dependably achieved for verious
runway surface and aircraft operating conditioms.

(c; Determining individual component s.d system operational
characteristics which are required so that overall
aircraft performance objectives are achieved.

(d) Establishing the effects of varying performance
characteristics of individual components within the
brake control system to assure no incompatibilities
exist.

1. PROBLEM DEFINITION

Figure 1 is a block diagram showing the typical
arrangement of an antiskid system and its relationship
within the total aircraft system. This arrangement is
representative of most antiskid systems in current use
and the vecrious types of airplanes on which they are
installed. The major components, the significant forces
and their controlling elements are shown for a single
wheel main gear configuration of a nose wheel type air-
plane which is the usual case for fighter type aircrafc.
For airplanes having multiple wheeled landing gears and/or
multiple landing gears the same basic relationships prevail
with the addition of similar type components as appropriate.
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Antiskid systems usually operate by measuring a
wheel's motion, comparing the measurement to an index
of acceptability and causing brake torque to be decreased
or increased in accordance with some function of the dif-
ference between the measured motion and comparison index.
A detailed description of the operational behavior and
influence of the individual elements is presented in
Section III.

Since antiskid operation is btasically the control of
tire motion and since the motion of a tire is determined
by the forces imposed (the same as for any other object)
the study of antiskid cperation resolves itself into (1)
defining the forces on the tire and wheel and (2) estab-
lishing the resultant effects of these forces. It is
easily observed that the forces acting upon an airplane
tire and wheel are the forces between the tire tread and
runway surface and the forces from the airplane's landing
gear and brake. The values of these forces are established
by the wheel's relative position and relative motion with
respect to the runway surface and to the airplane. The
wheel's relative motion and position is determined by con-
sidering simultaneous and interrelated actions of the
aircraft and a number of its systems. The effects of the
following parameters are considered in this study.

(a) Tire circumferential deformation and its rate

(b) Tire radial deformation and its rate

(c) Brake torque as a function of velocity, the brake's
inertia, and actuation pressure

{(d) Brake actuation pressure as a function of the
actuation media's compressibility and inertia, line
restrictions and elasticity, variable flow areas
within valves and the actuation media's containment
vessels' (lines, brake housing, valve bodies) volume

(e) Elastic and inertia properties of the landing gear

(f) Aerodynamic forces upon the airplane

(g) Runway surface profile

(h) Tire-to-runway friction coefficient as a functior of
relative velocity and runway surface condition
including hydroplaning effects

(1) The aircraft's inertia and control surface position
including stability augmentation system effects.

TN



2. BACKGROUND

During the initial design and system development phase
for most new aircraft, it has become & customary practice
to analyze antiskid operation to define its effects and
thereby assure compliance with the airplane's stopping
performance objectives and assure adverse dynamic loading
conditions or directional control problems will not be
encountered. These analyses have usually been accomplished
by utilizing a set-up composed of hardware representative
of aircraft components interfaced with an electronic com-
puter (most often an analog computer). The computer is
used to solve mathematical equations describing the motion
of the aircraft and the landing gear, forces on the air-
craft, tire and wheel motion and tire-to-runway friction,
etc. The actual behavior of a laboratory set-up including
such components as the antiskid control circuit, hydraulic
brake valves and interconnecting lines is measured by
suitable instrumentation and fed into the computer to obtain
a composite solution. This analysis procedure is used
because a complete mathematical computer setup requires
greater computer capacity than is usually available and
because an accurate mathematical description for some com-
ponents such as the electronic antiskid control circuit is
often unavailable.

Some antiskid analyses have been performed using an
"all mathematical" approach; however, these have usually
been associated with academic endeavors or a comparative
evaluation of a spccific device and did not account for
all of the known signiticaut influencing parameters and
constraints for an actual aircraft antiskid sytem instal-
lation. While the hybrid hardware-computer analyses have
often satisfied their objectives, several factors have led
to a number of uncertainties for which the bounds are not
adequately established, either because of great difficulty
and expense or because of inadequate knowledge. These
uncertainties tend to obscure the analysis results and
generally detract from their credibility. The most signi-
ficant factor causing uncertainty is that the usual
definition for the friction force between the tire and
runway surface does not account for all the observed
variations. A second factor is the enalytical limitations
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associated with the use of actual hardware. The use of
actual hardware dictates that the analysis be performed
"real time" and complicates or prevents examlnation of
some parameter variations. Since some parameters have
a very high rate of variation with resy=ct to time, the
outputs from a "real time" solution can .e extremely
difficult to observe and interpret. Also, the instru-
mentation used to interface the havdware with the computer
introduces additional variables to an otherwise very
complex system. This study is intended to provide the
means for overcoming these problems and for minimizing
uncertainty.

3. ANALYTICAL PROCEDURE AND RATIONALE

The evaluation of antiskid operation is conducted
using a modular analysis technique whereby the problem is
divided into a number of modules or component parts, each
having defined inputs and outputs such that the outputs
from one or more components are provided as inputs to other
components. By combining all the analytical components, a
composite simultaneous solution is obtained. The analytical
modules are formulated so as to correspond to various air-
craft components or systems. The modules can be arranged
in a number of combinations representative of a variety of
aircraft configurations. In addition, the modular approach
allows maximum computation flexibility in that changes can
be made within individual modules without affecting the
overall analysis program. The predominate influencing
factors governing the choice of each analytical component's
content and treatment are experience and judgment as to the
degree of detail which is required to accurately establish
the timing or relative sequence of significant events. tLach
analytical module is formulated so that particular effects
or circumstances can be examined and so that its outputs
will supply the information needed as inputs to ocher modules.
It will be noted that some relatively insignificant para-
meters must be considered to achieve mathematical continuity.
To exemplify the analysis procedure antiskid operation for
a fighter type aircraft having a single wheel main landing
gesr arrangement is evaluated. All of the analytical com-
ponents, except for the antiskid control circuit, are
expressed in general terms and could te applied to almost
any airplane. The antiskid control circuits considered are
those specifically utilized on the F104 and the F-1l1.
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" For the case of the F~104 on-off antiskid control circuit,
the wheel speed input signal is arbitrarily adjusted to
account for the difference between the F-104 and F-111
tire sizes. All parameter values used to prove the validity
of the analysis procedures are those associated with the
F-111 airplane so that the analytical results can be com-
pared to available records of actual aircraft operation.
To analyze other control circuits will require that their
mathematical models be formulated and incorporated in the
compcsite solution. The detail assumptions and procedures
for establishing parameter values are presented in

Section IIiI within the description of each analytical
module.
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PARAMETER INVESTIGATIONS

The basic intent of this study is to account for the
influence of parameters and effects which have been
identified as responsible for previously experienced
operational difficulties or which are otherwise known
to significantly affect antiskid performance. Such
items as tire radial end circumferential spring rate,
the characteristics of brake torque variations with
velocity and actuation pressure, brake chatter and
squeal, hydraulic system response as affected by line-
sizes, component flow restrictions and metering valve
characteristics, the airplane's response to aerodynamic
forces and runway roughness, landing gear elastic
characteristics and the characteristic of the tire-to-
runway friction force variations are given particular
attention. The treatment of most parameters is that
which experience has proven gives satisfactory results,
However, to overcome somne previous antiskid evaluation
analytical difficulties associated with tire-to-runway
friction and hydraulic system operation and to examine
tlhie effects of brake chatter and squeal, some prelimi-
nary investigations were conducted.

A. Brake Investigation

Since an antiskid system controls brake torque
implicitly by controlling brake application pres-
sure, the hysteresis in the brake's torque response
to pressure changes must be accounted for. This
hysteresisresults from inertia of the brake moving
parts, friction forces on the artuating pistons due
to hydraulic seals and piston vide loading, and
from friction in the splined connections between
the brake discs and the wheel and between the
discs and the torque tube, To evaluate a typical
brake's torque response to rapidly changing actua-
tion pressure and to briefly investigate brake
chatter and squeal effects, a relatively complex
six-degree of freedom brake mathematical model was
initially formulated. 1In this aodel six discs were
treated as separate masses with individual axial
position, velocity and acceleration computatiom,
non-linear keyway and piston friction as a function
of axial velocity, non-linear brake lining friction
as a function of rotational velocity, and variable

10




elasticity to simulate the effects of disc warpage.
The model was gset up on an analog computer and sub-
jected to step input pressures and to sinusoidal
pressure oscillations of various amplitudes and mean
values at frequencies from 10 cps to 1000 cps. The
computer setup also included rotational and longitu-
dinal elastic deformations within the tire and brake
supporting structure. The set up was operated at
1/100 real time and at a number of aircraft veloci-
ties. By suitable choice of elastic, damping and
friction characteristics, both chatter and squeal
were produced at low aircraft speed. Using a key-
way friction coefficient varying froum 0.15 at zero
velocity to 0.10 at high velocity, it was found that
the brake torque oscillated in response to oscillat-
irg pressure at all frequencies up to 1000 cps. At
low brake rotational velocities (20-40 rad/sec) with
low frequency pressure oscillation where the minimum
pressure was the value for full brake release, the
brake torque oscillation had considerable deviation
from a sinusoidal variation. The phase lag between
instants of maximum torque and maximur pressure varied
from 15-20 degrees at 10 cps to 40-50 degrees at 100
cps to 110-150 degrees at 1000 cps. The oscillatory
component of the brake torque exhibited appreciable
attenuation at high frequency such that the amplitude
at 1000 cps was about 20 percent of the 10 cps ampli-
tude with constant pressure amplitude. Even though
there was .noticeable phase lag in the pressure-torque
characteristic, it was found that throughout the 10-
1000 cps frequency range there was no appreciable
phase difference between the displacement, wvelocity
or acceleration of the individual discs. Therefore,
a simplified model was formulated where all the discs
were treated as a single mass. The simple model was
set up and tested on the analog computer where its

torque response to varying pressure was confirmed to
be identical to the more complex model. The more

simple brake mathematical model is used in this study
ard is described in Section III. A significant and
somewhat unexpected finding of this investigation is
that a typical airplane brake can be expected to have
appreciable torque response when subjected to pres-
sure oscillations in the 100-200 cps frequency range

as might be associated with a hydraulic line resonance.
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B. Tire-to-Runway Friction Investigation

The usual and relatively arbitrary function relat-
ing coefficient of friction to tire or wheel slip
ratio has been used in most prior antisxid analvses
to establish the tire~to-runway friction force.
While there are many circumstances where the slip
ratio approach is adequate for examining most of
the aspects of antiskid operation, a number of
difficulties and undesirable effects are associated
with it¢s use. A major analytical problem is that
examinaticn of antiskid operation at low aircraft
speed is prohibited because the slip ratio compu-
tation would require division by zero. 1In addition,
the large differences in the friction coefficient-
slip ratio characteristic variation which have been
observed for changes such as aircraft speed, » ..way
surface condition and tire properties lead to a
number of uncertainties, particularly with respect
to stopping performance predictions.

To satisfy the objectives of this study, it was
considered necessary that a mathematical description
of the tire-to-runway friction coefficient be used
which would not have the above undesirable qualities.
To deveiop such a description, several hypotheses were
formulated considering the tire's elastic deformation
and its response to ground friction forces. Effects
such as tread stretch, tread circumferential displace- [
ment and variation of re=lative velocity between tire !
tread particles and the runway surface throughout the
footprint were examined mathematically. Because of
the extremely complex nature of a tire's elastic
behavior, these examinations quickly lead to an
analytical task at least equal to the scope of the
entire antiskid study. Even though this subject
deserves further investigation, a more simple hypo-
thesis accounting for most known variations and
effects was adopted to comply with this program's
objectives, For the purpose of this analysis, it

is assumed that: (1) the tire tread is a perfectly
flexible inelastic belt with radial and torsional
elastic attachment to the wheel., (2) All tread
particles within the footprint have the same rela-
tive velocity with respect to the runway surface

and the coefficient of friction between the tire
tread and runway surface is a function of relative
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velocity. (3) The function defining the friction
coefficient variation with relative velocity is that
established by testing a tire in a full skid.

A description of the tire and wheel mathematical
model utilizing these assumptions is contained in
Section III. The equations listed show that the
relative velocity between the tire footprint and
runway surface is determined by computing the tread
belt's C. G. (center of gravity) translational
velocity component parallel to the runway surface

and the angular velocity of a polat on the tread

belt about the C. G. The iootprint horizontal velo-
city component relative t the C. G. is computed from
the angular velocity and an apparent rolling radius.
The apparent rolling radius is the unbraked rolling
vadius plus a fraction of the tread belt's C, G,
horizontal displacement with respect to the wheel's
rotational axis. The net footprint velocity rela-
tive to the runway surface is then the sum of the |
tread belt C. G. translational velocity and the :
velocity of the footprint relative to the tread belt !
C. G. The mathematical expression for friction E
coefficient as a function of relative velocity is of
exponential form with coefficlents chosen to fit test
data.

This model was set up on an analog computer and
examined statically and dynamically. Statically, the
friction coefficient versus slip ratio (with respect
to the wheel) characteristic varies with axle velocity
in accordance with observations. This observed
variation is that the slip ratio value associated with
maximum friction coefficient is greater at low axle
velocity than at high axle velocity, and the value

of friction coefficient at maximum slip ratio
decreases as axle velocity increases. Figure ZA

shows friction coefficient versus slip ratio (with
respect to the wheel) recorded dynamically during an
analog computer run with an ON-OFF antiskid system.
Figure 2B ir a similar curve recorded dynamically
during wheel spinup from a full skid. For both cases
shown on Figure 2 axle velocity 1is constant.
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c.

Hydraulic System Investigation

From experience gained in conjunction with practi-
cally all antiskid development programs, it is
generally accepted that one of the more predominate
influences upon antiskid operation and aircraft
stopping performance is the time lag between the
antiskid control device's command for a brake tor-
que change and the actual brake torque response,
Hydraulic flow restrictions and the response charac-
teristics of che antiskid control valve and other
hydraulic system elements are responsible for most
of this time lag. In an attempt to minimize the
effects of the time lag many antiskid control de-
vices actually issue commands in anticipation of a
predicted circumstance, Confident prediction of
antiskid overall operational effects including the
resultant airplane stopvoing performance requires
that the hydraulic time lag be accurately accounted
for. Therefore, to comply with the objectives of
this study, a preliminary exploration was conducted
to establish a suitable mathematical model permitting
evaluation of antiskid conirol valve and pilot's
metering valve response characteristics and such
effects as hydraulic line resonant oscillationm,
During these explorations the operation of the
pilot's metering valve, antiskid control valve and
the hydraulic line connecting the control valve to
the brake were examined., In each case several
different mathematical descriptions were formulated
and investigated on an analog computer,

For toth the pilot's metering valve and artiskid
control valve mathematical descriptions accounting
for all component characteristics of an actual phy-
sical device and simpler descriptions eliminating
spool mass considerations were examined, While by
suitable choice of parameter values either mathe-
matical model can produce an accurate description,
the second order equations resulting from consi-
deration of spool mass cause analytical difficulty
because the inrertia is very small in comparison
with hydraulic pressure and spring forces. These
very high gain second order systems necessitate very
rapid integration; therefore, using the '"'massless"

first order equations is highly desirable to achieve
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computation economy. In Section III the pilot's
metering valve description (a part of the hydraulic
system) is the simpler first order system while the
control valve equations account for spool mass.
This anproach is taken to permit easy recognition
of the relationship between the control valve's
physical construction and its performance charac-
teristics, While bhaving the same facility for the
metering valve is desirable, it was considered ana-
lytically too extravagant. A metering valve having
satisfactory performance,by whatever physical means
it is achieved, will exhibit behavior in accordance
with the "massless' equation,

To explore hydraulic line resonant oscillation and
"'water hammer' effects, a ten element hydraulic
line model (ten degree of freedom) was initially
formulated and examined on an amalog computer with
On-0ff antiskid operation at one hundredth real
time. This model produced very excellent results;
however, the low intensity of the higher frequency
harmonics (above 100 cps) showed that a more sim-
plified model would probably be satisfactory.
Accordingly, a single degree of freedom model wes
formulated and tested in the same manner as the

ten element model, For the purpose of antiskid
evaluation, the single degree of freedom model gave
satisfactory results ard is described in Section III.

16
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SECTION III

DEVELOFPMENT OF MATHEMATICAL MODELS

This section is devoted to the exposition of
mathematical models for each of tie following total
system components:

Brake System

Hydraulic System
Airplanz System

Wheel and Tire System
Wheel Speed Sensor
Antiskid Control Circuit
Antiskid Control Valve
Horizontal Tail Control
dunway Systen

OO0~ BN

For some of the system components alternate models are pro-
vided, These alternate models arwe listed alphabetically
within each section. For exawple, 3a describes ar airplane
system modeled as a laboratory flywheel, 3b describes an
airplaue which has three degrees of freedom, and 3c describes
an airplane with six degrees of freedom. Each component
model is discussed as a self-contained unit without any
particular reference to the total system and each model, in
general, cnntains its complete mathematical description such
that it is essentially immune to changes within other models
of the total system.

Format and Convention 'Iseage

The presentation of the various sytems follows a common
format. Each system discussion begins with an introductory
explanation of its function or its characteristics relevant
to antiskid operation. Following this introduction is the
main bedy of the discussion under the heading, "A. Mathemat-
ical Descriptiou,' containirg the derivation of the equations
that describe the system Jdynamically. This section is con-
cluded with an equation flow diagram snowing the relationship
among the various system equations. A final discussion
follows under the heading, "B. Perameter Evaluation,' which
sets forth methods of determining the values of the constants
appearing in the system equations. The system presentation

17
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closes with a "Table of Par-necexs' which lists all of the
system variables and constauts

The flow dlagram which anpears at the end of Section A is
provided principally as an aid in thie preparation of the
digital cowputer program which solves the system equations.
This flow diagram could also be used for an analog solution
although other flow diagram arrangements would be more
efficient for that purpose. The following conventions apply
as to the usage of the flow diagrams: The triangles outside
the enclosing phaniom line denote variables which are uvsed
as inputs and outputs to other systems. The numbered
rectangles refer to equations within the system. As an
example, in Figure 5 the rectangle numbered 9 indicates

that Ter is a function of «# and s and that the equation
that gives the exact relationship is equation 1.9. No
constants are shown in these diagrams. The triangles
denoting integrators do not always contain an equation
number. If the input to an integrator is Xr and its output
is A¢ , then the equation is implied. Thus, as in Figure 63,
if the input to an integrator is R4 and the output is R4,
then the equation .«¢=fRedt , or equivantly, «ee = R,

is implied. Because of the size of the six degree airplane
system, the flow diagram in Figure 32 is slightly different.
Its use is strictly limited to the digital program generation.
It says that all equativns within one block must be written
before proce 1ing to the next block. Thus, the first vari-
ables to be solved for are Zsw, Zsw, Youn -+, Swmr . After
this Fw, Fuv, , Zcur are sclved for.,

After this XRHL , Kese 57", Fun ete.

The "Table of Parameters" is a listing of all variables and
constants found in the eguations of that system. Each
variable is identified by its symbol, description, units,
and "Type." The "Type" is listed as v, v(i), and v(o)
depending on whether the variable is only used within the
system, is received 3s an input from another system, or is
an output to another system. Each constant is identified
by its symbol, units, description, "type,' and value. The
"type' for each constant is always ''¢" and its value is
that used with the F-111 antiskid system.

Table 1 1lists the mathematical conventions utilized
throughout this study.
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Table 1 Explanation of Mathematical Convention

Convention Descripticn

# A dot over a variable denotes
differentiation with respect to time

Computer All variables are expressed in a
Notation form to harmonize with Fortran
character utilization. Thus a
vaviable Wy would appear as WTE
Alsc, in general, the following
practice is adhered to. If X,r

is a variable, then XTT is its For-
tran form, The symbol for Xir is
XTTD. The symbol for X,r is XTTDD.
The initial condition is denoted by
adding 0 (zero). Thus X;r at time =
0 is denoted by XTTDO .

Zep<=> The brackets "<, " are used exclu~
sively to denote the position of a
function argument. The script
is used to denote an arbitrary
variable. The parentheses '"( )"
are normally used to denote multi-

plication.
Parameter Within each table of parameters is a
Type column which lists the parameter
"t)’pe. L]]

v a variable
C a constant

v(c) a variable used as output to
another svstem,

v(+) a variable received as an iriput
from another system.

..... _._....,‘-.‘..-- o e -h--_...‘-..-..-... - - . .
\P‘{ '.\ +\ _.\ -}\.-_ Ec N, e o -J.“ w '\" .'-1\ ., F-‘ l\. \L -~ 1 .;\\ '}-\ DL ~'.‘..‘- ..--.h.‘ﬂc." UMEITI R C RN PR 'l-'.':‘.".
VAR P DR SN AP L ‘P o { e ‘n:;‘ "s_'n_';‘l_";_'ld_'l "H ‘- '-"-'L"‘-'-".:_'l‘.- L P AL A, DLy <
T‘T" |l as s s e e s e e N St el B T e L Em e e aom aoa L bdlarih e e s S 2 e S e S ]




Table 1 Explanation of Mathematical Convention

Convention Description

L,1.6,0,2. % For symbols appearing in equations
2aTema the following conventions are used.

I = Capital "i"

| = One

& = (Capital "Oh"

O = LZero

Z = (Capital '"zee"

2 = Two

© = Greek letter '"Theta' but is

treated in Fortran as capital(.

|Tb1| Placing a parameter symbol between two

‘ vertical bars denotes the absolute value
of the paramet~r. The absolute value of
a signed number N is defined as N when N
is positive and as -N when N is negative.
For example: |3| =3 and |-3] = 3,

M\NS_X.,X._,"X“,C,} The braces preceded by '"MIN" or 'MAX"
¢ " ' denote the value of the least (or
largest) of the constant or the para-

mﬂxgx',xﬁg" Xn, C.} meters enclosed within the braces.
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1. BRAKE SYSTEM

The conventional airplane brake consists of a series of
discs which are alternately stators and rotors. The stators
are restrained from rotating about the axle by splines or
keyways. The rotors are similarly connected to the wheel
and hence rotate with the wheel and tire. The brake torque
is produced by axially compressing the disc stack; usually
by hydraulically actuated pistons. Many brakes use return
springs to release the brake stack against the return pres-
sure of the hydraulic systen.

A. Mathematical Description

In this analysis Xpwill denote the brake piston linear
displacement. The plstons, rotors, and stators are treated
as a single mass system in the axial mode ( X¢ direction).
The forces acting on the brake mass in the axial mode are:

a. Brake actuation force: equals(brake pressure) (piston
area)

b. Force due to axial restraint

c. Keyway friction force

d. Brake piston seal friction force

e, Brake return spring force

£. Brake piston bottoming force

Figure 3 shows the brake system and the forces acting in
the axial mode. Each of the axial forces is established as
follows:

a. Brake Actuation Force

The brake actuation pressure Fa is received as an input
from the hydraulic system. The brake actuation force is
given by Fg Asr , where Jge 1s the total brake piston area.

b. Force due to Axial Restraint

The axisl restraining force reflects the elasticity in the
brake discs, the back plate, and the piston housing and is

a function of their cumulative displacements. A way to

derive this characteristic is from a curve of brake volumetric
displacement vs. brake pressure. This characteristic does

not include friction or returr spring effects.
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Let Fp denote the force due to axial restraint. And
defined by

(1.1) F = fg+ Foz
(1.2) ={Ca,<xp-s,,) + Dgy Xp i+ Xp2 Sy,

) it Xpe S,
(1.3) Fae ‘-‘{Csz (Xp = Sgz) + Dnaxp i+ Xp= Sg,
) i+ Xp < Sg;

c. Keyway Friction Force

be

Let the keyway friction characteristic be defined by a function,

Gg , where:

(1.4) Ge = [ 1.0 iF Xp 2 Vg
Gem + (1= Crm) Xp/ Ves 1§ Ves > Xp> 0
0.0 i+ Xp = o0
~Grm t+ (1-Gem) Xp/ Ves i3 0> xp? Yes
-0 i+ “Ves 2 Xp
wheel> ~

)

brake housing\ — Keyway
KF
“— Top

Roe piston seal
FaAgp™ e
3 = o
Fuﬁﬁrake piston \FQ
1 e hydraulic fluid
Rer
f—brake dises (disc stack)
SHHHAHHH M|

S AXLE
YKXL

Figure 3 Forces Acting on the Brake Discs
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Figure 4 shows Qrf as a function of Xp

1i Gp

Gpm \\\\\\h

O {
|

\\\\\ Vs

—

Figure 4 Keyway Friction Characteristic

The brake torque, 7sr ,is tranferred to the wheel and tire
through the rotor keyways. Torque, Tev, is also
transmitted to the axle., The major portion is transmitted
through the stator keyways. The remaining portion of the
torque is transmitted as piston side loading which results
from friction bYetween the pistons and the pressure plate.
Let 100 Hey denote the percentage of brake torque transfer-
red through the stator keyways and let 100 Hez denote the
percentage of torque transferred thiough the pistons.
Naturally, He: +Hez =/ The normal force on the
stator keys is thus He|Ter| /Rer ,  while the normal force
on the rotor keys is U%rh/Raa The total keyway friction
force is then given by

(1.5) Fir = |Ter| Ge Ak (J‘/m/ﬁaz + !/Ese)

d. Brake Piston Seal Force

Let Foz denote the seal frictim force. Then

(1-6) Fog = GF (Hm-'c. + Heorp Fa + ,Tﬂflﬂm’ HBZ/RGT>
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e. Brake Return Spring Force

The piston return force Fer 1is given by

(1.7) Fern= Fare + Car Xp

f. Brake Piston Bottoming Force

In the brake released condition, an axial force is
developed between the pistons and housing to balance
return spring preload. This piston bottoming force
is defined as:

(1.8) Fe= {- Ces (Xe - Se8) - Dsa Xe For Xe < Ses
o ForR X¢~>Seg
This concludes the discussion of the axial brake forces.

Let Kv2 be the number of rotors. Let Wa be the
relative angular velocity between the rotors and stators
as received from the wheel and tire system. The brake
torque 7gr is then given by

(1.9) Ter = 2Rur Fg Rer s
Where «» 1is:

-ug Vg

(1.10) oo = (tfe, 7.et02 @ If Vgro
o " 1E I/g o]

-
~ ey ~itgz € 0 ° 15 Vg<O

Where Vjz is:

(1.11) Va=- Rgr Wj

Summing the forces in the axial direction yields:

(1.12) ‘\AMge )'(-p = PoHor -Fo-Fxe -For -Fer +Fag

In Equation (1.12) Wee is the brake mass which experiences
axial motion. Generally, Wés is the brake heat sink mass.
Figure 5 shows the relationship of the brake system
equations. Table 2 lists the system parameters.
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Figure 5 Brake System Equation Flow Diagram

25

te P TWN P u R -
\\th' “: ‘N.\- '\-JA\ N *-“'-'“'.\\ W0

*
g.5
l‘...

it

i gian



B, Parameter Evaluation

Figure 6 shows a plot of brake piston displacement as a
function of brake application pressure for a new brake.
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Figure 6 Brake Pressure Volume Characteristic

Assuming that no frictional effects are
present, Cpg and Ca, can be derived as follows:Since the initial
slope is due to spring return force only, then

(1.13) Cag =(%€) At =(?_2)(13.3)2 = 8850 Ib/in

From the other slope on the curve,

2
(1.14) Cy, =(£)A§, =(ﬁ£9)(‘n3.3) - 8850 = 4.20%10° b/in
AV -4

For a new brake Cp,=0.
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Assuming that the discs all move together, since the heat
sink weight is 138 LBM, then Wse = 138/386 = .358 LBF
SEC2/IN. The natural frequency is then w/, = Y&/ m

oR Wn= TCezx10%)f(.358) = 1315 RAo/Sec

Assuming that 77 = .0l (see page 117},

(1.15) Der= 7Ce - (o6.2x109) = £7/ /br sec/m
&n (/2/5)

It 1s assuried that Xp = () when the brake pressure is 100
psi. Thus

(1.16) Fape = Adr Po= (/2.3)(/100) = /3720 /b6F

3

Since the brake piston displacement is 1.55 IN~ before the

brake discs come into contact, then S& = 1.55/13.3 = ,1165 in.

Since the F-111 brake has 8 stators with 14 rubbing sirfaces,
Hei cannot be greater than 1/14., A conservatively high
value of Ha = 05 has been assumed and it follows that

Hez = .95.

The brake piston seals are equivalent to MS28775-219. The
seal friction force is established using the procedures
described in Reference 4., The seal sliding friction force

is a function of rubber compound hardness, amount of in-
stalled compression, length of rubbing surface, seal groove
projected area and applied hydraulic pressure. For the
MS28775-219 size seal having 10 percent installed compression
and 70 degree Shore A hardness the sliding friction force is
2.88 1bf plus 0.02 1bf per psi applied pressure per seal.
There are 10 pistons in the brake housing; therefore,

(1.17)  Hore

(1.18) Horr

Conservatively high values for the friction coefficients 4«
and «xe are estimated as &x = .15 and «xe = .10. GFM is
estimated to be 1.50.

(10)(2.88) = 26.8 |bF

(10)(0.02) = O.20 ibt/Ps/

Values for the following brake dimensional characteristics
are then from the appropriate brake component drawings:
RB-[ = 4,40 IN, RBT = 6,25 IN, and RBD = §,25 IN.
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Observations of braking stops indicate that for an
average F-111 brake lining,

ug‘ = ,15
uaz = .10
%g = .03 SEC/IN
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2. HYDRAULIC SYSTEM

The hydraulic system is the brake actuation power source
and is made up of the four components as shown in

Figure 7 : the pilot's metering valve, the antiskid con-
trol valve, the control line, and the brake piston housing.
The pilot's metering valve is a pressure regulator, usually
having a mechanical input, which has & steady state output
pressure (Pmv) at a level commanded by the pilot (Pcom).
The antiskid valve is a pressure regulator which has a
steady state output as dictated by the antiskid control
device, For a modulated antiskid system, the control valve
is a variable pressure servo type regulator and for an
ON-OFF antiskid system the control valve is an ON-OFF valve,
The control line is simply the fluid transmission line or
containment vessel connecting the control valve to the
brake housing. The brake htusing is a collection of
cylinders and pistons which act to compress the brake discs,
From a hvdraulic systam aspect, the control valve is a
variable area oriiice, where che orifice area is a function
of spool position., The control valve spcol position is
received as an input from computations described in a
section dcvoted to the operation of the controi valve,

In the description of the brake actuation system, there are
two principasl effects which should be accounted for. The
first is the time lag which exists betweeu the control valve
output pressure (Pcv) aud the actual brake pressurc (Pb),.
This lag is caused by the fluid's resistance to flow due to
inertia and friction and by the brake pressure's dependence
upon fluid volume within the pressure cavity. The second
effect is the instantaneous brake pressure intensity as
influenced by fluid inertia and the combined elasticity of
the fluid and the pressure cavity. Rapid valve operaticn
can cause pressure overshoot and oscillation du= to

"water hammer'' eifects. This overshoot can cause excessive
brake torque and may interfere with proper control valve
operation. The pilot's metering valve pressure drop and
response characteristics are included in the actuating
system description so that these effects upon antiskid
operation can be examined. To allow for & variety of brake
actuation systems which might be encountered, provision is
made to accommodate both hydrsulic and preumatic actuation
media, The line connecting the control valve and the brake
can be treated as a separate fluid cavity or the effects of
its volume may be lumped with the brake as would be appro-
priate for a short line.
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A. Mathematical Description

Figure 8 is a schematic of the brake hydraulic system.
The analytical procedures of References 5 and 6 are
utilized to mathematically describe the system.

Let Pcoy denote the brake pressure which is commanded by
the pggot and define Pggm such that it increases from a

minimum value, Pr, (reservoir pressure) to the desired steady
state value Ppp, as a linear function of time over an
interval, Tgp, as follows:

(2.1) Rom = T(Pcp—PR)//EP +Fr tF Oé'r-‘eTc':P
Pee e Tee<T

The metering valve attempts to maintain P,,, at the level

of Ppgy. The metering valve spool displacement Xyy is
defined by equations (2.2) and (2.3).

(2'2) VMV = ,'nV /fac‘om '/am.l/)

(2 3) XMV /mn/{ o, VMV 1F Smvy & Xmv
Vv VE Shave < Xemv £ Smw
nMKZO va} iF Xmv € Smve

; Let $<X,Y) be a function defined as follows:
| (a) For hydraulic fluid
| (2.4)  F<x, v = s (-9 Vx-Y[
(b) For compressible pneumatic fluids
: (2.5) w x>y and X 2Y/Rerir  waeee Rewr = [2/(3a+) T%
! b<xyy = x[i=Rear 2] /[ (Rewr*]

FX2Y and X # Y/Rc&rr

B<x V) = x[1- { /x)ﬁ_'] /(/

F Y2 X and Y £ X//?crm'
G(x, = -g<yxy
WwY2>X and Y2 X/Rcﬂﬂ'
PCX, Y = -gLY, XD
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Let Ap(x) be defined by:

(2.6) Any<r> = {Amvo , L&x—;-é,,wo
ma"{ AN)VL, x Amv:-/ vao} d x< O Myo

Let A,,. and A, be defined by:
(2.7) Apivs = Apv i Xpy?
(2.8) Amve = Amy < Koy
Then
(2.9) Gs = Apns $<R, B
(2.10)Gp = Anve ¢4 Ty, Y
Let Viyy be the fluid volume from the output of the meter-

ing valve up to the input of the control valve.
Then

2.11) Py = (Buuw/Varn (s -Gz - Gray +Gevr)
Let A.y(x) be defined by:
(2.12) Acyviax) = {Acw v o @u;:ﬁim
max { Acvi, x Aeve/Seved (8% < Savo
Let Acvy aud A.,; be defined by
(2.13) Acvs = Acv < Xay =Sy
(2.16) Acvie = Aev<=See - Xev 2
Then
(2.15) Qmv = Acvs @< Py, Pev?
(2.16) Qecve = Aeve #< Py, Pevie 7
(2.17) ‘5(- ve = (Bevr 7 Veve HQeve ~Gre *Gevz )
(2.18) Gec = Ape ¢ LPve, P2

e e T 'w‘m‘-‘?%’&'*{ﬂ"‘, ‘?_‘J:I""& \‘t"'-"'?:'\ '."r- T .'-'.':',"".'"‘.::‘ RN R
N U IO Sk B T R TR O I T - - w O, SN - D e o T o Rl b R~ O g -
A KA SRR T T T _-‘.\;.\_-.‘:*.\:,.f'..f‘,}"_"..‘ A e P e Al e TN T A AR AR
R GO, W L AL ORI RO T S D G UG SR MR L T Gk LR L VDA, RIS Yk, 8 AT
0 - PR R L e ™) * s m ow S ot &l B ol i o - i o e o = - [ il B s P, Fakk™ Falr” ol i=al I " s 0SS - Py - - - - - T 2T T m -




Tane veiume of the cavity occupied by the brake actuation
media is established by equation (2.19) as follows:

(2.19) Vs = Vso + Ases Xp

Three options for the control line mathematical description
are provided to cover a ivariety of circumstances which may
be encountered. The third option is representative of a
typical aircraft installation and is used in analyzing tae
F-111 system.

Tae first option is for a control line with aydraulic £luid
considering volume effects only. This option will not pre-
dict 'water hammer' but is satisfactory for many cases,
particularly for the cas2 of a short control line 50 inches
or less in length. The following equations describe the .
first option:

AT A L . A T A KK K. X K N Py T e el I,

(2.208)  Qecv = Quv - Qeve + Revz
(2.21a) Py = (Be NVs) (Qecv - Asrs Xp)
(2.222)  Pa; - Pey

| (2.232)  Ps = Pa;

(2.243)  Qp = Qev

The following equations are applicable to the second

option for the control line using compressible pneumatic
fluid,

(2.200)  Qev= Quv - Qeve *@Peve

i (2.21b) Pry = (8s/16) (Qev - e ABP:)‘(P/BB)
(2.225)  Par- Pey

(2.23) Py - Pa;

(2.24b) Qs = Qev

i

A S ~ar

u

35

;{Ff“§§ﬁgb

A e T T e
\ oy 4 0 &, o . ® . A T T M L) e u N
Y wid W .\}. o T M 7y oo o )

k"‘ .P:'ni" ) "-"'.".L-' "a T \" AL L AR “

et o



a7 o LRem
Aowvs . .
7 Lo Qs > =N |
: e ] 7 =1 l ‘T f
8 TApA > /0 Q‘
N A N Py PR
| ! N - |

|
- /3 /&ws,_,5. @Cmy

t b{f—lﬁ’qﬂ: S Reve L

pcrl
I? ——
v

/8 ®Rc f

T

: option 3
| control line

21 P‘":

2 o QCV:

I

_ I T -
‘L7%v Y&F% ‘ﬁv%v¢4£l Xe A\ Xe

Note: Sub:scitute partial equation flow diagram
be;ow for control line options 1 and 2.

QrcvX
options 1 & 2 Uy c"u"" @cv — Qs

* ' : I:: Fee ' 27| P o

2z fr (23] Ps !
Pev Ps I)ZP 7

control line

Figure 9 Hydraulic System Equation Flow Diagram

. 36

]

J

'

|

AT “ _1_ , 'L‘m" .‘."'."'."."."‘"-'.' .._.._-;"._.._.1-' AN .'}.__.‘ et
“ l - .'4‘ ,l_‘_q-.q"‘.-‘.‘.--_- l-" N--“- ..- 4.'..--l."‘ — -l !‘ L-‘ -t v -
;-$ \"o\.‘»._p. \ 'ﬂ\ i 3 ‘ Y L.‘-\."- .-. } ‘\J.:_.Lr,‘.ig__-._ AR R R~ R LI .i‘ b AT g
- _F LT e TR i e L "'\-"‘.J'L.T\_'H 'l ‘ ) o BT ™ B S g g g = el Pl ‘o Padinat 4 - o i Y b =




The third option is for a control line with hydraulic £luid
where both volume and inertial effects are considered and
is described by the following equations:

(2 ZOC) @cv— (AEL/f?HosﬂLYI%V fj&[ DRBL@CV“DTBL ch’@ev’)

@2.216) Fov = (8w /vhe ) Gy - Qeve - @ov #@evz)
(2.22¢) fbﬁj = (i&c.//,/ﬂ!.)(QCV ‘Qﬁ)
(2.23¢) Qg = Ao 2< Foz, B)

2.260) Sy = (Bs /i) G - Aorr Xr)

In this study the brake system hydraulic supply pressure,
Pg, is treated as a constant. If Pg varies significantly
due to operation of other aircraft hydraulic system equip-
ment, this variable pressure defined as a function of time
may be used.

B. Parameter Evaluation

For this study the third optional concrol line description
as applied to the F-111 is of primary interest. For this
case MIL-H-5606 hydraulic fluid is used. The hydraulic
fluid properties for a mean temperature of 100°F and 1500
psi are:

(1) Adiabatic bulk modulus: B= 248,000 psi

(2) Density: Awos.781 x 10°% LBF SECZ/IN®

(3) Kinematic viscosity: 4 .0267 IN2/SEC
The system supply pressure is 3000 psi and the return pres-
sure is 100 psi. 1Initially, all flows are zero and all
pressures except the supply pressure are at 100 psi. The
pilot's input command pressure P coM is also 100 psi. The
pilot's input Pggy will go from 100 to 1500 psi in 0.2
seconds. Thus Tpp = 0.2 sec and Pep = 1500 psi.

Metering Valve

When the metering valve spool is centered, the flow area
is essentially zero for both the return and supply lines.
In this spool position Xmv = 0.0, From equation (2.3) the
spool is constrained to stay between Smv and Smvu.
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| For the metering valve, Smve = - ,06 in and Smvu = ,06 in.
Howaver, when Amv is at + .05, the valve area has reached

, its maximum for the flow@:. When Xmv = « .05, the area is
' mavimun for the return flow®Re. Thus Smve= .05, By actual
mea:urement, with the valve full open (area = Amve ) at 100°
F, th: flow is 9.23 in3/sec. at 200 psiAP. Thus from (2.9)
-~ (2.10),

(2.25) Awio = Q/fRP= 443 /7200 =.653 w¥/ec) i)

In the F-1l1 system, the metering valve is situated next to
the control valve so that the volume Vww is quite small,
mv/ was calculated from the valve drawing as being about
1.0 in3, Also, the valve body is considered to be much
stiffer than the hydraulic fluid so that the effective bulk
modulus is the fluid modulus. Thus, B» = 248,000 psi.
Qmv was estimated from analog studies to be about .0S5.

Control Valve

For the control valve, Xev = 0.0 when the spool is centered.
At this point the flow area is zero so that Acve= 0,0. The
flow area remains zero for - .005 < Acv< ,00%. Thus the
valve has an overlap of .005 in. and Se. = ,005. An addi-
tional movement of .030 in., produces full area so Sc¢ve = .030,
By actual measurement at this position at 100°F, the flow

| is 7.7 in3/sec. at 50 psi A P. Thus

(2.26) Aevo »&/TBF = 77/1%0 = 1,090 8%/isec)UIbR ">

The following values are estimates of the return character-
istics of the control valve: Veva = 2.0 in3, Bevr = 248,000
psi, Are = 1.6 in%/(sec)(1b£)1/2.

Control Line

The control line is 1/4 inch outside diameter steel tubing
having 0.14 inch wall thickness and internal cross sectional
area, /8i, equal to .0386 in“. Because of the :hin wall,
the tube elacticity greatly reduces the bulk modulus. The
equivalent bulk modulus,Be, may be calculated from

(2.27) |
o 8y

E

15, 3 T AT A R D R Ay, 40 L~ ——_ e L YT . B T I
A N SR RN Ly U e D A T Tl i T T T L N G A e v s o e T A T o - )




Where B Fluid bulk modulus

=
]

Young's modulus of tube material
D = Mean tube diameter

Tube wall thickness

ct
']

Thus

(2.28) By (248x106)(.23¢) , , 7, 700

(304’/0‘)(.0/#)

The control/line length, S_., is 191 inches with various
types of flow restrictors according to the following table,

Table 3 Control Line Restrictions

Description K" Value* Number n nk
An815-4J Union .54 1 .54
ANB32-4J Union .54 1 .54
ANB21-4J Elbow (90°) 1.23 4 4.92
AN837-4J Elbow (45°) .89 1 .89
90° Tube Bend .01 12 .12
90° Hose Fitting 1.25 1 1.25
Total 8.26

* . xv%/2g Where V is the velocity in the line.

The "K' values in Table 3 were derived from information
contained in Reference ~

Equation (2.20c) is the result of summing forces on the

mass of fluid in the control line. The friction losses

are depicted by a turbulent flow loss Drer @& and a lami-
nar flow loss Des. Gev It is assumed that all the turbu-
lent flow losses come from elbows, etc., which are listed
in Table 3. The loss due to the line itself is considered
to be always laminar. This assumption of laminar flow for
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the line is justified for two reasons: (1) the loss in
the line is small compared to other losses in the system;
(2) the flow is normally laminar anyway (Reynolds hkumber
is less than 6000 for the F-111 system).

For the turbulent lpsses
(2.29) AP = pgA'h
= KpvyZ
- (kp/24%) @
Thus

(2.30) DraL = K p
2 (/?BL.).L

- (8.2.&)(.7?/4;0”9
2 (,0346)%

= LZ/L JhF Jc’cz///v'g

For laminar losses, at temperatures normally encountered,
the ‘'oscillatory" friction is higher than the steady state
friction. See Reference 9. The pressure loss can be
written as

(2.31) AP = Re (L/A%) &
For the steady state case as shown in Reference 6,
(2.32) RL.=8rr/ov

In Figure 10 values for this theoretical steady state Ry, !
are compared over a range of temperatures to values from
Reference 9 which were experimentally established for
oscillatory flow. Since the hydraulic flow in the brake
control line associated with antiskid operation is transi-
tory, the laminar flow resistance base on experimental
measurements for oscillatory flow is used.

o " il § 1 4 o+ e

P

[

‘

. .‘L"~")‘h!-!o .‘.!nE."'-""-"-'l-!'-"‘-:!--h “—' w E.‘-."..' = 3 N T a R e M e T e T \—'\\

ok = '-‘-"-‘-"*""‘\'x"‘x"“""-"\'\\‘-"-‘S"’ e e S 4‘.!5 W e e e
SN e T . -"..-“‘h ."-}"h"‘\ e e ‘o. e .--_|o“ o Nt * K LR . n -1'_.‘- PR ICT T B
L\.‘-_'.‘\, LA }.'_s._. A e T 69y ™ ' Bk s e S TS OO S




|
— Cxperimental
"Oscillatory"

2.0 K:\\M

1.0

R, x 10% LBF SEC/IN’

|
6 X —f
\ ¥ ~rif g
\/r—"lheolhtlcal

9 Steady State

4 - X i
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-100 0 100 300

Temperature (OF)

Figure 10 Hydraulic Fluid Damping Characteristic

From Figure 10 at 100°F R.for the experimental oscillatory
case is 1.5 X 10”4, LBF SEC/INZ

Therefore:

Drge= (R)(Se) = (r.5x107*)191)
(Ao}’ (.0386)%

s 19.22 /bF_)’éC///ﬂ;
When a "lumped parameter" type anal sis as described by
equations (2.20c), (2.2lc) and (2.22c¢) is used for the con-
trol line the resulting natural frequency is somewhat lower
than the actual line, if the actual line volume,\/m., is
used. The value of Ve. is adjusted as follows to achieve
the correct natural fre uency for the ''lumped parameter"
description.

(2.33)
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Consider hydraulic fluid flowing through a line with cross
sectional area, 4, and divided into segments having equal
length, S, as shown below.

K |2

0+ @ : —~ G2 } Q5§
P ————

If each segment is treated as a separate pressure vessel
having volume, V, with a flow in and a flow out, and if

equations of the form of (2.20¢) (2.21c) and (2.22c) are
written for these pressure vessels, neglecting friction,
the following expressions are obtained:

(2.38)  Qa = (AfpS)HA-P)
(2.35) P = (BVNR ~-Qy)

(2.36) P = (B/V)(QRe-4)

By substituting equations (2.35) and (2.36) into equation
(2.34) differentiated once with respect to time the fol-
lowing differential equation is formed:

(2.30) & = (Ap5)(BM) [ (@@ -(6:-@3)]

or

"

1]

(2.38) Qo+ 2(AB/PSY) @y = (AB/p5V)(Qi+@;)

Equation (2.38) establishes that the natural frequency of
each line segment is:

2.39 = . 1248
( ) Fn ’pSV ces

However, vibration theory considering distributed mass and
elasticity establishes the speed of sound, C, in the line
as:

(2.40) C = ' E&?ﬂ /n/Gec
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For fundamental mode oscillation in a closed end tube having
length, S, the natural period,T., is:

(2.41) Tz = 2§/t SEC

Therefore, the natural frequency, .9, , of an actual tube
segment is:

(2.42)  gn=1/Te = (1/25) Y8/ ces

By equating the two expressions for natural frequency,
equations (2.39) and (2.42), the volume of the line segment
which will have the same natural frequency as the actual
is established as:

(2.43) V= z245/7"
Thus,

(2.44) VoL :-_5_ Heor Se. = (RI.038L)19/) = /. #95 w3
2 ﬂz

Brake Housing

The brake housing has ten pistons of 1.33 in? area each.
Since the number of pistons serviced by one control line
is five, then Azps= 5(1.33) = 6.65 in<,

The fluid volume in the brake housing with the pistgns
bottomed (Xp=0) 1is 8.00 in3. Thus Yéo = 4.00 in3 or one-
half the total volume. The orifice coefficient A4o was
estimated to be about 2.0 /v "/J‘ec 16F 72,

Operational Systems

The option 1 system neglects the line inertial effects. The
parameters have the same value as the corresponding parameters
for the option 3 system, escept that Vg, should include any
line volume. Thus, for the F-111 system, with the option 1
system, Vgo = oo + .038¢ (/9/) = /456 7

The option 2 description is used for systems with compressible
pneumatic fluid. The appropriate parameters will be evaluated
for nitrogen at 100°F as the fluid media and isothermal
processes are assumed except for orifice flow calculations.
While the heat transfer characteristics of the brake

system components have not been rigorously evaluated, the
usual component installation is such that assuminig isothermal
processes is valid. The mathematical description of the brake
actuation control system using compressible pneumatic fluid

is written using equations of the same general form as for
those describing the hydraulic system, thereby minimizing the

-------- Nttt e P Sp— S e Ay & s e S,
A% = LRI, PR IC R PN I R ML O e T IR T
i e ~ i RN K

s - Aq-"-- . ot R - - P ' = - T T e, PR . -
L AR AT A AT A T tLaTy B . - - S - et .
i l“-':_' hY ‘\\."\‘1"'\'\-“-1\L\-‘ A A LS L R S R T N L R D L OB

- " - - - - DRI = - - Y - - - . CRE I 5 - -

s 4 A EEmeE T

[

et Tal

2w LTIt e

.-
pu
A EERE PP " T



the number of equations and enhancing computation flexibility.
Utilizing the hydraulic equations when pneumatic fluid is used
requires that the appropriate parameters be expr-ssed in suit-
able mathematically equivalent terms. Consider the character-
istic equation of state for a perfect gas:

(2.45) P= MRT
v

And the definitionn:

dP _ 2P dm 3P v, 3f dT
(2.46) 5= Sy gF T3V IF TaT dF

For the assumed isothermal process, substitution of
equation (2.45) into eguation (2.46) gives:

@ (s} (1)

For those cases, such as for the metering valve and contrel
valve pressure cavities, where the volume is not changing,
YV is zero and equation (2.47) reduces to:

(2.48) p(e\_fr_) m

For hydraulic fluid, ﬁ is described by equations having the
form of equation (2.49) below. (See equation (2.11) for
instance.)

2.49)  p- (E)a

Noting the similarity between equation (2.48) and equation
(2.49) it is obvious that if RT is used in place of 8 and
if m is used in place of ®, the "Hydraulic" equations can
be used for ccmputing performance of a system using oneu-
matic fluid. Thus, By = Beve = Bmv = R7T.

For nitrogen R = 662.4 v [bF/1bm°F and at 100° F

RT = (662.4) (460 + 100) =371 x 108 v 1bf/Jom.

Since P/RT = M/V, equation (2.47) can be written as

(2.50) P - RT>[/PJ -[f—)skj
v RT
tquation (2. 21b) is obtained by substituting Bs for RT,
Ases Xp for V , and @ for m 1in equation (2.50), thereby

accounting for the change in brake voluwe caused by piston
movement.

Equation (2.51) below, from Reference 6, describes the mass
flow rate of a gas from a container having high pressure,
P+ , through an ovifice of area,f,, to a container having
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P

low pressure, F.

Y- i
2.51 '=c007/zc _ /N
( o (—éﬂ— f-f) / k/pL d

Equation (2.52) below, from Reference 6, describes the
volumetric flow rate of hydraulic fluid through an asrifice
under similar circumstanczes.

(2.52) R = Co/qo( 1/2;/)) ;/2;-/91_

Both equations (2.51) and (2.5Z) can be written in the form
Q= Ae G P, ) where #<{fi F.? 1is a flow function as
defined by equations (2.4) and (2.5) for the appropriate
circumstances and where A-is a flow coefficient accounting
for orifice and fluid properties. For the case of hydraulic
fluids a value of Co VZ/ = /035 ﬁv,éﬁfﬂb*c has been
established by experlence as belng representative of an
average orifice (i.e., (o= 0.65). The metering valve flow
coefficient, Amvo , previously computed is 0.653 HV/G%T /b5
therefore, the apparent actual orifice area, Ao , for the
metering valve is As =0 653//03.5: . 6.1’/«!‘/0“2 e

For the case of the pneumatic system with nltrogen at 100°F
as the working fluid and using Cp= 2300 in 1bf/1bm® F, and
R = 662.4 in 1bf/ibm °F:

(2‘53) /‘-’f"va = Cﬂlqo ZGCﬁ
£ / T

= (.8)(.é3lx|df) 2 (zﬂﬁ(ZEZa)
624 "—?_65___
= 0 ¢3%107 1bm in*/Ibe sec

Using the same procedure establishes that:

Acvo = O. 7k xm_:_.- fbm mz//bf-' Sec

Are = 0.658 x07° lbm mz/IbFJec
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3a  AIRPLANE SYSTEM (FLYWHEEL)

Figure 11 shows the model for the airplane system as it
might be simulated with a dynamometer flywheel. set-up. The
mass Wa 1s supported by the tire and is dstermined by the
percentage of the airplane weight carried on one main gear.
The mass Wir represents some part of the airplane structure
whicn could vibrate in sympathy with certain ground discon-
tinuities such as wing mounted fuel tanks or armament. The
foices Fro and Fa. act on Wa because of gravity and
aerodynamic lift, respectively.

A, Mathematical Description

The shock strut stroke is denoted by Zsas .
This stroke is determed by Z and Zwaw.

(3a.l) Zsm=Zwm~- 2
(3a.2} Z::M —‘éwm—é
The shock strut force Fumis given by ejuation (3a.3)

(32.3)  Fum= Fums<Zsm *Duwr Zsm *Avm <Zs/n>z.m!z.:m’

Let Zso and Zsor denote the height and slope of the ground
(or flywheel surface). Let Sm denote the tire deflection.
Then S5» and Sm are determined by

(3a.4) Sa = max{o.o, Zc;a <XF> 'Zw:u}'
(3a.5) Sm = Zeor < X&) VE -i;w»n

The force Fwm acting vertically upward on the tire is then
given by

(3a.6) Fum= Sm (CMT +Dmr.s:m)
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Figure 11 Flywheel System Model
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Summing forces in the vertical direction on the unsprung
mass W,,, , there follows:

(3a.7) Wawy Zwm = Fram ~ F\-m + Torv

Where Fery 1is the tire unbalance force.
For the mass Wy, , summing forces vertically gives:

(32.8) Wag Zag = Far
(32.9) Fag = Car (Z ~Zae) * Dag(Z-Zap)

The aerodynamic 1ift and drag forces F,_ and F,, are
defined as follows:

2
Ca Ve
2
Cap Ve

(32.10) Fa_

(3a.11) Fap
The equation which determines Z is given as

(3a.12) (Wha- WAE)Z = Fum + FAL_ - FLl'é‘ - F};R

The equation for the flywheel velocity is given by
(3a.13) WarVe = Py ~Fap -2 FBT
where Fry, is a force equivalent to engine thrust and Wir

1s the airplane mass. The ailrcraft's longitudinal dis-
placement 1s established by

(3a.14) Xg = gvpd.t + Xeo

The equation flow diagram for the alrplane system
(flywheel) is shown on Figure 12,
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B. Parameter Evaluation

Shock Strut Characteristics

Figures 13 and 14 show the main gear load and damping
characteristics for one gear.
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Figure 13 Main Gear Damping Curve
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Figure 14 Main Gear Air Load Curve
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Vertical Tire Characteristics

In equation (3s.6) it has been assumed that the tire loading
characteristic is given by an equation of the form

(3a.15) F - S(c+D3)
Let the following terms be defined for a tire:
Fr = Rated load
Pr = Rated pressure
Sz = Rated deflection

I1f P 1is the actual pressure, then obviously the tire spring
rate, C , is

(3a.16) C-= P)fe_)
il S»

From reference 1 (Equation 132) the damping force, F, ,
is established as:

(3a.17)  Fo =(Q£) s
w

It is assumed that the damping force is related to the
undamped natural frequency at rated conditions. The un-
demped ~ature=l frequency,w , is established as:

(3a.18) wtfg:ﬁ_{_gzy;%—

Where G = 386 IN/SECZ. Also from Equationsl137 and 138 of
Reference 1°

(32.19) 7~ 2% /[1+(@/R)]
Where ?g—— o0,

The main landing gear shock strut linear damping coefficient,
Ovm, is set equal to zero for the example problem.

The unsprung mass, Wwv, experiencing vertical mgtion is
6.44 1bm. Thus, Wev = (644)/386 = 1.667 1bf sec</in.
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As previously assumed in Equation (3a.l5), Fo=S05
Equating the two expressions for Fp at rated deflection

(3a.20) 7 C - S=D

Lo
Cr

(3a.21) D= WC . 7k __E_)}/;fi
K (.S‘k)" (pﬂ )

For the 47 x 18 - 18 26 ply raving F-111 main tire,
P=F; = 150 psi

Fe = 38,100 1b. and S& = 4.00 IN.

Thus

(3a.22) Cm P &\ - (/50)(FBi00) b
T )( ) (150)(4.00) = F/W

(3a.23)  pOur= ,4) 7/?.2

__(/f0)(.1)(381001 £0 - 2424 bF sec/mw?
(750) “(¢.00* /386

Aircraft Characteristics

For the example problem, an airplane weight of 57,000 1b,
is used. The static vertical load on one main gear is
25,200 1bs. so that

(3a.24)  Wy=25200/5 = 650 :b;m%v.

For a velocity of V- =/2400 IN/SEC and a representative
tire-to-runway braking coefficient of .45 at the main wheel,
the tire load is 21,400 1bs. Thus FiLp = 21,400 1b.

The total aircraft mass is Wpr=57000/6 = /478 le;ec’/ﬂV.
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The mass Wre is used to simulate some airplane resonant

effect, For illustrative purpgses, it is assumed that

Wag = 1000 LBM = 2,59 LBF SEC “/IN and has a natural’

frequency of 12 cps. Therefore, since w = 21(i2) = 75.4¢ rad/soc
and k= mw?,

(3a.25) Cap = CUZWR,?_ = (75.4)%(2.59) = 14,720 lb/in
Using 3 percent critical damping gives

C.OB) 2 ‘JC‘RI?_ \/\vlﬁlz =
(03> 2\ (147203(2.59) = (1.72 Ib sec/in

(38.. 26) DAQ

i}

The initial conditions are calculated for equilibrium,

At time = 0, let X. = 0 so that Z¢p{Xg> =0 |
since Z¢p<0> is dlways 0. Let Vo = 1200 IN/SEC and |
assume that Ca. = Cap = 0O

From equation (3a.6),

(32.27) Spy = Fum /Cmr = 21,400/9530 = 2,245 in

From equation (3a.4),

(32.28) Zimo = -2.245 1in,

T e

From figure 14, when Fyms = 21,400 lb.

rar

Zsym = 23.98 in and from equation (3a.l),

* vEEE Y &
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(32.29) Z¢ = Zumo — Lgm = =2.245 - 23,980 =-26.225 IN.
Also Zppe= %o = -2b.225 0. ]
(
For the example problem the effects of aerodynamic L
forces are not included in the flywheel simulation; E
therefore, Cao = 0,0 and Ca. = 0,0, )
The unsprung mass moving vertically, Wwv , is the
same as Wsw described in the Section 4a Wheel and K
Tire System (Flywheel) for horizontal motion. There- E
fore, Wwv = 1,60 1bf sec?/in. 4
The average en;ines idle thrust is 1000 1bf. i
Therefore, Fru = 1000 1bf, -
i
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3b. AIRPLANE SYSTEM (3 DEGREE)

The three degree airplane system is built around a rigid
body airplane which is allowed to move vertically, hori-
zontally (parallel to the runway centerline), and rota-
tionally in the pitch mode, This model provides for the
interaction of the anti-skid system with those effects
which are related to airplane pitch., This includes such
pitch effects as change in the aerodynamic lift, drag, and
moment due to change in wing angle of attack, change in
the aerodynamic 1ift, drag, and moment due to changes in
elevator deflection as dictated by the stability augmenta-
tion system (pitch mode), change in tire loaaing due to
braking pitch moment, and the effect of ground slope and
roughness as reacted through both the main and nose gears,

A. Mathematical Description

Figure 15 shows the three coordinates which describe
the airplane position relative to reference points on the
earth's surface,

Figure 15 Airplane Coordinates
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Figure 16 shows the gear extended dimensions as mea-
sured in the airplane's water line-fuselage station refer-
ence system,
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Figure 16 Airplane Geometry

Let Zeo{x>denote the runway profile height and let Zgpp<%>
denote the runway profile slope.

Nose Gear

Let Zgy and Zs,, denote the nose strut stroke and stroke
velocity. From Figure 17 , Zg, and Zsy are given by

Zwnt Ty - B - SHNQ
é»vum . 2 - Sn—su C:)
The nose gear shock strut force is then given by
(35.3) Fen = Fong{Zond Do Zon * AvéZan) Zsy |70

Fou, the normal ground force at the nose gear is given by

(3b.1) Zey

(3b.2) Zs,

(3b.4) Fun = S (Cur Duréu)
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where 5y is the nose tire deflection. S, and S,, are given
by:

maLx { O,O) 'Zc-,-o< wa> + Rgru - Z—WN}

ZQDP< Xw~> kwu - 2‘7—wu

(3b.5) S,

ft

(3b.6) Sy
Summing vertical forces on the nose wheel,
(3b.7) Wwu '?—.wu = Fon - Fun

(3b.8) Fop =z uRRN NN

Main Gear

Let Zs., and Z¢,, denote the main gear stroke and stroke
velocity:

(3b.10) ng = Z-wm "'Z + SHMQ
The main gear shock strut force is given by:

(3b.11) Fym = Fris{Zsm> * Dum Z'SM +Am<£sm>%sm|2ml

Let Sw denote the main gear tire deflection. Then the
tire normal force is given by:

(3b.12) Fae = SmblCmt + Dyt Si)
max i ®.0 , ZapiXwmy +Rorm -2 o }

Eepp< XWM> X"WM - é.wrv\

(3b.13) Sy

"

(3b.14) 5
Summing vertical forces on the main wheel,

(3b.15) Wum Zwm = Frum - Fum + Fory
Figure 18 shows the model of the main gear., With the
assumption that the gear weight is much less than the air-

plane weight (that is,w,<<W,), it follows that:

(3b.16) Wy S:u écr = fFuSeu — F_G(Sc‘vu""zcrl.) -Ts

64

P S I e . e - e Y A ., LI P R Y D) NP A" Vit
\“\. ‘.“‘»\.‘q'.."" B I S AR e R S S e - S S S Ay A
DR YR i T T et e R . N SR T et T L=

I




w

\
sotweulq sueidaty /1 2In314g ...w‘.

LI g Srasy

A}
P e
P

LR .
AR T LT TR

'y
L) .- -
...- ._—v .
vl
B e ™ S T o T T A B S o P IR N B e P T T IR et T, ey ., 4, La, A, a, a, A, P o R R T S S R TN T ]




2 o
| - Ontien |
: O | Seu
‘ F“"—:? l
- ] ]

Figure 18 Main Strut Model
where Z, is determined by:
(3b.17) ZgL = Ser™ Tsm
F5u can then be computed from

(3b.18) Fou = (Fo el + Vs )/ Seu

where
' (36.19) Fy = Seu (Cu (@ -6¢) + Du (Q-6c))

T, and F, are outputs from the tire and wheel system. The

horizontal axle reference location is denoted by xAx- Xax
is given by:
(3b.20) Yax = X =~ Sum + (Seut 260 ) b6 |
- - . [
(3b.21) Xax = X+ (Seut ) Cs |
\
!
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Thrust

Referring to Figures 16 and 17 , if [, is the thrust,
then

(3b.22) Fruv = Fry (At Q)
(3b.23) Tr = O1n Fn

Aerodynamics

The dynamic Air Force (3, is given by:
(3b.24) Qa = )?ZAEEF Rua /zs8.0

The aerodynamic lift, drag, and moment are then given by:
(3b.25) Fau = Cau@a

Cap @n

(3b.27) Tam = Cam@a

(3b.26) Fap

1f x,v denotes the wing angle of attack relative to the air,
then:

(3b.28) xw = e + (180/T)(Q - E/X)

Let S41 denote the horizontal tail deflection. Then the
aervdynamic coefficients are given by:

(3b.29) CaL = GaLt BaL=w + Eay Our
(36.30) Cap = Gao t Baveww * EapSur
(3b.31) Cam = Gam + Bapets + Epm Spur
Dynamics
Referring to Figure 17 ,
(35.32) Wa 2 = Far* Fray "WaG + 2Fym + Py
(3b,33) WASi = Frn " Fap T 2Fou ~2Fg - Fow

(3b.34) Wio Q= FuuSun-2FumShum 72 o0 Suma + Trn
+ Tam -~ 2 Fu (Seu +Sumu) - Fon (2 -2604)(.,.”\[
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where

X+ S+ S Q
k'*svué

(3b.35) Xwn

e T N T T A TR

1

(3b.36) S(wu

E Figure 19 shows the system flow diagram,
N
% B. PARAMETER EVALUATION
5 Shock Strut Characteristics
i Figures 20 and 21 show the nose gear load and
i damping characteristics,
8 T T
7 --
~ et
N
&
N 5 [
3 I
| ;
: 2 4
. 2 3 g
o3 < |
i

. | PR TR
-ty T SR e e

Stroke Zg,, (in)

Figure 20 Nose Gear Damping Curve

Nose Tire Characteristics

L R

W See also page 57 of the flywheel system. The 22 x 6,6-10
16-ply rating nose tire has a rating of 9150 1lbs, at 190

iy psi. The deflection is 1.50 inches., The operating pres-

" sure is 190 psi, Since these are two nose tires,

) (3b.37) Cur = (_P_) e o= @3)(22(9&0) = 12,200 lb/in

B Pe/ S 190/ (1.50)

n
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Filgure 21 Nose Gear Air Load Curve

4 (R)ve

(1)(2)(9150) (190 . /1,50 = 50,6 Wb sec
(1,50)* (190) 356 e

Since = 0.1,

(3b.38) Cur

The nose tire rolling resistance coefficient is Upgy =
.020 and the unsprung nose tire mass (mass of tires, wheels,
axle, and lower shock strut) is Wy, = 175/386 = ,453 LBF
SEC”/IN. The nose tire undeflected radius,Rer~, is 10.8 in.

Main Tire Characteristics

The main tire undeflected radius, Ro‘rm, 1s 23.32 inches,
The other main tire characteristics are computed as shown
on page 56,




Main Gear Characteristics

The F-111 main gear spring rate parameters were computed
from load-deflection data recorded duriag structural
testing and correlated with data from jig drop tests and
from flight tests.

Figure 22 shows the model which has the same form as that
described in equations (3b.16) through (3b.21) and in the
wheel and tire system, The rotational spring rate of one
main gear about its pivot is 26 »10% w ib/vad.

The remaining values are calculated (at static position) as:

S = Z1,C i

Wy = 278 tba = ,722 Vb 5¢c?/in
(3b.39) l Wow = W = 644 /bm = /. 667 lbFsect/in

(-G = 20,000 Vb /vn

Thus from figure 22 , (, is given by
- 2 3 2 _
(36.40) Cy = Cuiery/Sew = 26x165/217 = 59,0¢c\b/in

The first mode natural frequency of the model is 21.84 cps.
Assuming that % 1is .054 (about 3% critical), then evalua-
ting the damping at w = (2T 2% ) = 137.¢ vad/scc
there follows:

(3b.41) Dy = % Ce = (359X 20c,000) = 76,6 b scc
L B nd) in
De = 72Co = (es9)(5e cc0) = 232 1h s
(3b.42) Do = L% L (}%7_5’) s
oy
o } T
Seu
] G w
1 aar— —— %
2‘i'l- Wew
0 A —'—,
g
GG‘J 2%,

Figure 22 Main Gear Strut and Wheel Model
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Aerodynamic Data

e T

For finding the gerodynamic data, the F-111A is landing

with flaps at 340, wings swept to 260, and spoilers ap-

plied, oAn equilibrium airplane condition of %, = 2° and
Sur =5 1is assumed., For these conditions,

et el T

(3b.43)C =003 i = .126 day’ 3o = .c22 cl.,;)'
St IOurt

(3b.44)Cp=,258 ACp = .ooom,a" 3Cp = mceede)
AW QSHT

T ere——

LTSl TR " s 2T

(3b.45)Cmy= 000 3y = <025 e’ JCuow = =025 2 ey’
3 Aw o SaT

e S B

The aerodynamic reference point is F.S. 526.8, WL 197.2.
Assuming the airplane C.G. at F.S. 519.0, WL 180,0, if !
AXx and &Y are given by:

T AT et e o

FOA - FSCG

v

(3b.46) &x 526.2-519.0 = 7.8 tnches

u
il

(3b,47) Ay = WLA - WILG = 197.2 - 1860 = 17 2 inches h

Then if C = 108.,5 inches is the length of the M,A.C., then
(mC at the airplane C.G. is given by:

JEX.

(30.48) CuC = CuaC —Coox +Cpay

(0.0)(108.5) - (0.43)(7.8) + . 258)(172) <7424 srches

A A T X T .

{
1
4

Also,

1

(30.49) e = e -3Loax + Cpavy
R dotw Doty X

(-.025)0835) - (29)(78) + Le.0)Ui72) = ~.374

(3b,50) 9w = CaaC - ICe x +3C, oy
S5ar ASar 2Snr DS hr

(-,0352)(10£.5) - (.022)(7.8) ~(.603)(17.2) = -3 759

Thus from equations (3b.29), (3b,30), and (3b.3%),

R A A L O N soamss o T g e SR Cru )
[ e L T L L e L O R R 0o o R o o' oo S YASA S TN
"""""""""""""" SR T T R R R RN o LSO R TR R0 R O S o R k‘b'.‘r‘-'i \'t‘.‘

........................ A O T D R S A e AN A P ot NP 'O 2
& e = - Cal hd = - i Ll - -




(3b.51) CAL = Ch = 0,13
Ba. =(3C./d«w) = .128 dag '

E.m__ =(QCL/QS.‘“—) = 022 Ll_cu.;}"'

CAD = CD = ,258
Bao =(3Co/detw) = 0.0 des’
EAD ZCQCD/QSHT) = - 0036 dﬂfa-'

(3b.52)

Cam = CmC = 3,424
Bam = { dCmC/ 3uw) = =371 wn/degy
EAam :(;CME/-QSHT) = - 3,788 GrL/c{cra

(3h.53)

(3b.54)

GaL = CaL = Barxw - EaL ST

= a3 -020)(2) - (e2z ){-5.¢) = -.¢Cie
(3b,55)

Cap = Bap *w ~ Eap Onr
250 - (0,0)(2) - (-,003¢)(-5) = , 240

i

“ho

1t

(3b,56) . ~ )
Gam = Cam ~ 5hm«”(w - Ef\M bHT

3.42¢ —(-.370)(2) = (~,3759)(-8) = 2.286 1IN

tnitial Conditions

Assume that at time = 0.0 seconds the airplane velocity is
2400 in/sec = Xo. The airplane is shown in Figure 23
with brakes off,

__,_,_o-._,—-'—'_/ s_ /
( N | T e
HL —t
WaG
P = O
Fron o 2Fum R

Figure. 23 Airplane Initial Equilibrium Forces
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Assume that xw = 3° and Sur = -50, then from equations
(3b.29) (3b.30) and (3b,31), there follows:

(3b.57) Car= (-.016) + (128)(3) + (.c22)(-5) =0.222
(3b,58) Cam= 12.28¢) +{=.37))(3) +(~-3.759)(-5} = 15,973

Since Sun = 258,9,9km = 32,6 inches, Ty, = 20,000 in/1b,,
and if the estimated value for Hy; is 97,2 inches, then

(3b.59) Fum = (( Tria + Tam) ¥ (Suw- Hsr}-"u)(WAC- - FaL )) 1
(Spu S wa )+ Her ().:m~yn) 2

Now from equations (3b.24), (3b.25), and (3b,26),
(3b.60) Qp = (2900)°(525)(,00230)/2¢8 = 25000 |b

(3b.61) Fp = (,222)(25000) = 55001b

(3b.62) Tam = (19.973)(25000) = 499,3¢0 inlb

Thus,

(3b.63) Fum = ) ({319 3¢ ) + (25757000 - 5500))
2 (« Sa)+ (57.2)(0)

So

L1

(3b.64) Fum = 22528 1b

and

1"

(3b. 65) F}Ju W,‘G - Fn\_ -2 FN,V\

57000 - 5500 -2(22998) = 5524 b

1

Assume that when time = 0 that Xwm= 0.0 inches, then
Zoo<Xwm»= 0.0. Then Xwy = 295.1 inches so that Zgpl{Xww)
= (9.676-9,703)12 = -,32 inches, Refer to the runway sys-
tem for values of Z.,. From equation (3b,12):

(3b.66) Sy =(22988)/(5530) = 2.41 in

Thus from equation (3b.13)
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(3b.67) Zwmo = 23.32 —2.4) T 20,91 in

1
Pty o

From Figure 14 in the flywheel system, if Foms = 22,950
lbs. then Z<w = 24,00 inches, Now, from equation (3b.4)

[t I

P el

(3b.68) S =(5524)/ (12,200 = .46 in

L
et et I

From equation (3b,5), there follows:
(3b,69) Zwno = (=.32) +{ 10.80) -(9¢) = 10.02 tn

Also, from Figure 21,if F ¢ = 5,600 1bs, then: Zgu = 5n

Rearranging equations (3b.1) and (3b.9)
(3b.70) Z, t Suu Qo = Sun + Zwwo — Zsm
(36.71) Zo - SimGu = Sim ¥ Zwms ~ Csm

Solving these two equations,

(3b,72) Q. = .0329 BASIANS

$2.36 Lo

i

(3b,73) Z.
Finally,
(3b.74) Ao = Xwmo ¥ Spm = 36,20 in

(3b.75) G = Qe = 0329 RAp,AMS

The values of the following parameters as listed in Table
6 are established by the airplane's dimensional and mass
characteristics: oo, olew, Aer, Sec, Sitm, fnn, Sym, Svw,

Srn, Wa and Wra,

\ For the example problem the degsity of air at standard
A conditions, sea level and 59.6 F, is assumed. Thus,

N Rwa= , 00238 Sivgs /Fr3
>

The shock strut linear damping coefficients, Dva for the

nose gear and Dym for the main gear, are set equal to
zero for th~ example problem.
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3¢,  AIRPLANZ SYSTEM (6 DEGREE) 4

The six-degree airplane systein is built around a rigid b
body airplane which is allowed to move vertically and
horizontally (both parallel and perpendicular to the run-
way centerline). Also, the airplane's yaw, pitech, and roll
effects are considered, This model considers all the ef-
fects found in the three-degree airplane system, The pur-
pose of the six-degree airplane is primarily two-fold: the
first is to evaluate the effects of the anti-skid system
on the airplane's directional stability; the second is to
evaluate any anti-skid system degradation caused by air-
plane yaw and side drift movement,

a? T Pty Y Y T KT L L

For the nose gear, the model considers the tire and strut
characteristics in the vertical direction. Also, the nose
tire's yawed rooling characteristics are included. The
steering loop is closed by providing a "pilot" function
which provides an input to the nose tire, The "pilot"
function depends on the airplane's yaw angle., The two
main gears are treated as two distinct systems except for
any structural coupling which may exist between the two,
Provisions are made for side wind perturbation and for
aerodynamic effects caused by airplane yaw and roll.

TaTeT N TERA T, L

I PR T e
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A, Mathematical Description

Figure 24 shows the six coordinates which describe the air-
plane position relative to reference peints on the earth's
surface,

[
¢ Q-
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>
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Figure 24 Airplans Coordinates

81

R A e S Y Al - 7 | S g g el Al 3 -l A VPR R

3™

N

»

s
°

" .
...........
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘



BN AR

Viey 18 a crosswind, The runway is oriented so that its
centerline coincides with the x axis for 0 inch runway
heights (Z¢p = 0). This analysis assumes that the pitch
(@) and rcil (P) angles are small, Let Z,,{(X,y>denote the
runway profile and let Z,,,<{x,y>denote the runway slope
(Zeup<x%,Y> = 3Z¢p { X,y?/3x). Figure25 shows the airplane
as measured in the fuselage station-water line reference
system,

Nose Gear

Let 24, and ZSN denote the nose gear stroke and stroke
velocity. Then we have that: -

(3cu1) ZSN = ZWN+SVN "Z -SH”Q
(3c.2) 25»-: = :z-wu - 21 - SHNQ
The nose gear shock strut force F,,, is then given by:

(3c.3) Fyy = vus< ZSN) + Dvm ZSN + Avm<zsn> ZSN | ZSHl

Figure 25 Airplane Geometry
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Figures 26 , 27 , and 28 show the forces acting on the
airplane as seen in the different planes, Let F_, denote
the lateral force on the nose wheel at the axle, Then:

(3c.4) Wwu Yo = Fons = Fin

Where Fgyns 1s the lateral component of the sliding or cor-
nering force of the nose tire., The load F,,, is caused by
the nose wheel trying to move laterally relative to the
airplane., 1If this lateral displacement is denoted by Y, .,
then:

i

Cin Youu * Din Youn
(3¢.6) Yo = Yn-Y ¥+ ( Z-+SHNQ)P = Sk
3e,7) QDLN-_- )-/N'y"' (E+SHMQ).P + (_li-'i'SHMQ)p"SHM'i

(3¢.5) Fin

"

Now F,,, is given by:
(3¢.8) Fun = Sn (Cur+ Dt Sy)

where
(3¢.9) Sy = max § 0.0, Zap X, YD + Rern = Zuns }
(3.10)50 = Zupp< Xwn s Yo Xww = Z wae

Summing vertical forces on the nose gear unsprung weight:
(3¢.11) Wun Zum = Faun - Fu

Assume that the pilot positions the nose wheel with a rate
proportional to the airplane yaw angle. Thus:

(3c.12) éu = min{o, - Gpr R it SN = Onmax
—_GPILR lﬁ |@~l<lemmnxl

mam{o> ~-Gpp R ot On £ -6nianx

On gives the yaw angle of the nose wheel with respect to
the airplane¢ . The vaw angle of the tire with respact to
its direction of motion is given by6yaw.

(3¢.13) Byay = Ou* R = ( 7/ Xwn)
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Figure 28 Airplane Dynamics (Roll)
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The steering characteristic is developed from Reference 1

(p. 30). Let Uy;r be the coefficient of friction between

the nose tire and the ground. Then the maximum force nor-
? mal to the tire in the plane of the ground is Funrr where:

i (3c.14) FRyre = Upre Fan

Using equation (79) and 80) from Reference 1 :

(3¢.15) Urr = | PucGvaw/ Fure if Fure >0

@] lj‘ FNTF' £ 0
(3¢.16) Fuc=s Fure i+ Uer = 1.5
¥ Fare (Ugrr - 4 Ugr/27) it JUerl< 15
~ 1B o Ugy £ -1.5

‘ Thus, Fucrs corresponds to Fy,r.e in Reference 1 and Pwc
is the cornering power given by:

. A . s

(3¢.17) B, = }cm Sy - Cps S if Sn £ Se
Cp3 - Cp4SM if Swn > SPI

The actual normal cornering force Fy.r 1is not Fy. , but
lags Fy.ec because of the tire relaxation length, The ex-
pression for F. .. is given by:

(30.18) ﬁNCF' = (. E\’CF‘S - FNCF )( XWM /QVRL)
Having obtained F,. , then from Figure 29 ,
(3C919} FSUS = FNCF' wﬂ_,(e:u* R> - uREN F-NN M<6N+R>

(3c.20) Fuy = Fycr wim$ONtRY + Ugen Fun cow (O TR)

Fsns
Byt R

;.___r

Figure 29 Ncse Tire Cornering Force
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Main Gear
Let Z;., and Zsw denote the stroke and stroke velocity.,
The additional subscripts L and R refer to the left and
right side of the airplane (looking forward).
(3C.21) ZSMQ = ZWMR. - E— + SVM + SHmQ + SGW P
(3¢.22) Zgme = Zwmr = &+ OpmQ + Oqw P
(30.23) ZSMI— ZWML, - Z + SVM + SHMQ - SGWP

{3c:24) %'SML. = 'Zwmx_ ~Z2 + SymQ - Séwé

The main gear shock strut forces are then given by:
(3¢.25) Fupp = »'Ms< Zsma> +DVM Zsmr A< Zsme? Zsmz‘zsmnl
(30-26) Fl;ML_ = FVMS< ZsML> ""DVM zsm.*' Avm< ZSML> ZSMLIZ.SMI_I

Let S, denote the main gear ti-e deflection and let F,,

be the associated load, Thus, in the vertical direction,

the relation between the load and tire deflection is given

as follows:
(3C.27)F;4M|z = SMR (Cr * Dpar Sr-m,)
(3¢.28) Fume = Spag (Crar # Daar S )

max { 0, Zept Xwmr ,yMR> FRerm ~ ZWMR}

ZGDP<XWMK,\/MR> XWME B Zwma

(3¢,31)5, < max"LO, Zep XWM._,VMJ T Rerm -_Z\NML.}

(3¢.32)5m0 = Zaop<Xwme, Ymi? Xwme - Z i

(3¢.29)Smp,

(3¢.30)Smn

Summing forces in the vertical direction on the main gear
wheels,

(3.33) WWM Zwmrz Fr:lmtz - F'nv'-: + FGRVR

I

(3¢.38)Wwm Ewmr = Fame = o + Forve
Figure 30 shows a side view of the left hand main gear,
With the assumption vhat W,<< W,, €;r and Gs. are des-~
cribed by:

a8

. =
N TR X . Ly YW,y T
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(3¢.35)Wo Seo Bee = SevFur + (Seu+ Zorr) (o~ Fra-Far) - Tor

(3¢.36)W, Seusr = SeuFur + (Seut Zar X P~ - ) - Ta
where

(3¢.37) Zere = SeL - Esmz

(3¢.38) ZerL = Ser -~ Zemu

The forces Frp and Fr_ are used to impart the correct mo-
ment into the gear,

!
. /B\ __"F"_”"__‘i I
: eEL b S‘H.
Eﬂl. =
TsL [
FI"R ’/ ‘EL F"I'I.
| = XaxL ‘E

Figure 30 Side View of the Main Gear Strut

The overall gear system model is shown in Figure3l. 1In
order to transmit torque properly, the forces Fype and
Frie are applied equal and opposite on different sides of
the gear., Thus,

(3¢.39) Free = Fer (Sow ~ Sss)/z Ses

(3¢.40) Frie = For (Sew ~Ses)/ 2S¢s
If it is assumed that 100 H, percent of this torque is
taken directly into the airplane, then 100 Hg; = 100-100 H,

percent is transmitted through the gear, Thus,

(3C941) FTI{ = HG F‘rge

(3C.42) FTL_ HG FT"LG
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All spring loads A

W, Fo(t)
positive in tension < " —R
SouGer
l - fi 4 Sew
' Fue Wu Fer |—-+ i ‘
\ Frio =s— @ — Frz —""—"""*-—( T
‘ g | s
i
W m i
i :5;. : l
| 1
|2 |
| 5
1 o ;
||~ '
!
.' FI.IL ew“' F"I- __'.lﬁ
J ] FTIL"'—' —_—Fre |7
s . . ) F-
5“.9‘., ew\m I-“"II

‘“ Seu
! .’ \ ”
| =
i an..u..,im.g
+f £Rp o K
s i \(?/ OC e |— ¢
|
eﬁﬂ'jg:‘-—-_l xnj)(l_ P

Figure 31 Main Gear Model
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Let Qg and Q. be the difference between the gear rotation
and the airplane rotation. That is,

(3c.43) Qe = Q - Ogr
(3c.44) QL = Q ~ Qe
Q - Gee
Q - e

S Pl .l v i Y &

(3c.45) Qg

)

(3c.46) Qu

Then we can find constants Cyu, ,Cyuz , Dy, and Dy, such
that:

i T

(3¢.47) R = Seu (Cu Qz"cuzQL)+Seu(Dwé2 - Du:.Ql_)

(3¢.48) FuL = Ssu (Cut Qr=Cu2Qn) +Seu (DUIQL" -Du.zQR.)

It then follows, assuming negligible strut moment of in-
ertia that:

(3.49) Fppe = (Fer+Fre “Fr) Zeet e )/ Seu
(3¢.50) Fouc = ((Fer+ Fo- Fre ) Zow + Ts )/ Seu

TV A b S

As outputs to the tire and wheel systems we need to com-
pute X,x and Y,x. X, is shown in Figure 30. Y., is as-
sumed to be the undeflected tire footprint position in the
y direction,

T A o N

(3e.51) Xax = X + ScuR + SumuQ +(Seu.+ 2l O - 1Sifim

< N

(3¢.52) Xaxe =X = SewR +SumuQ +(Seut Z612)06r — Shm

R i

(3c.53) S(AXL. = Y + Sew é + SvmuQ"’ (Seu"'zsu.)éu
(3c.54) 5(”,;= X - sté + Svmu.d +(Seut ZGLR)éGIZ

IS o b

(3co55) YaxL= V- Sew = (Sum =SymuQ =~ (Sen +ZeL ) Gsr ) R
- (SVMu+ Ssu + ZGLL) P

(30. 56) yAy.g_= Y+5c,w - (SHM "SVMI.&Q = (Ssu.“' EGLRJGGP-)R
~(Symu+ Sew * Zera) P

"o ‘AR P T

(3c.57) 5’...;“_"‘ Y - (Swm _.vau.Q‘(Seu* ZG.LL)SGL)é
+(SVMU.Q +(SGM+26LL)GGL)Q

- (SVMu t Scu, + ZéLL) i)
?1

o RS R et | P e Y

B BUL A R g s gen Bes M e e meen b s B e e e e e e o o

I S e S e T e 0 "M SO I B I A T T A |



(30.58) y}\xg = )., - (SHM "‘SyMuQ - (Scu""ztl.rz)egg)é
+ (SVMMQ + ( Stsu_'f E.&LE )eg;p_) E
- (Swvw. "SGu.+ ‘?-GLE)P

Engine Thrust

Referring to Figures 26 and 27, if F, is the engine
thirust, then

(3¢.59) Fruy = Fon Catrn +Q)

(3¢.60) Ty = Spy Frp
(3(!.61) Frﬂs = FTH?

Aerodynamics

The following eight equations apply as in the three-
degree model.

(3C.62) QA = ).(zAst EHA/ZBB

e e T LR T o e Iy e

St

(3¢c.63) Fr = CaLQn
(3c,64) Fap =CapQa
(3¢.65) Tam = Can@a

(3€.66) %w = oo + C1go/m)(Q ~ 2/X )
(3¢.67) CaL= Ga + Bacotw + EacSur
(3c.68) Cap= Gap + Bavotw + Epp Sur
! (3¢.69) Cam = Gam + Bamotw + EpaSur
y Let Vyy denote the wind gust velocity as shown in Figure 24
. If ¥ and 3 are defined by:
. (3¢.70) ¥ = (Vuy + ¥)/ X
f} (3c.71) 2 = (1o/m)(¥=-R)
; Then /3 is the angle of sideslip,
!
§ 92
1
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Let Qar denote the dynamic air pressure (including side
wind) multiplied by the reference area. Then:

(3¢.72) Qur = ({Vigy # 90"+ X*) Ager Run/ 288
Then the aerodynamic yaw moment is given by:
(3c.73) Tav = Can /3 Qar
and the aerodynamic side force is given by:
(3c.74) Faey = Cay B Qar

Finally, an aerodynamic force Fag, due to a combination of
lift and pitch is:

(3c.75) Fas, = Fac P
Refer to Figure 27 as to the direction of these forces.

Dynamics

Referring to Figures 26 and 27, summing forces in the x,
y, and z direction,

(3¢.76) Wo Z = FaL* Frny ~WaG + Fome *+ Fupe t Funa

i

(3c.,77)WA.)E Fra = Fap "‘Fouz"'Fow."Fuz"'F::L" Fons

Fews = Fsrr = Fore + Fou + Fase = Fasy

H

(3c.78) W, ¥
Summing moments about the C.G. we have:
(3c.79) \fftQé = Fun St~ Fume Sum = FumeSnm T Four Sumu

+ FoulSvmu * Ton + Tam - Fur (Ssu + Sypmu)
- FU.L (Sf.‘-u.'*'svmu) = FDN (Z _ZGD<XWM>J

(3¢.80) Wrg B = FinSnn +Ses (Fue = Fuu + Fouc - oD T2,
+ 2Ha( Free - Frie ) Ses

(3e.81) Wip IS = (]'_VML_FVMQ) st + F;sv Hap
-(Z “‘?-e,p<x,y>) (Fore + FerL t Fuu)

X + S +Svn@
X +SVNQ

1i

(3c.82) X

(3¢.83) Xy
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B. Parameter Evaluation

Nose Gear Characteristics

Based on a nose gear lateral natural frequency of 12 cps,
we have wn = 2w(1l2) = 75.5 RAD/SEC. Since Wwy = .435, then:

T " EN. 2" " o o v R .

(3¢.84) Cin = Winn @2 = .435 (75.5)° = 2480 Ib/in

‘ Using % = ,054 as in the calculation of D; in the three-
degree model.

(3¢.85) Dy = 7 CLu/wn = (.054)(2480)/75.5 = 1.78 Ibsec/in
The steering or cornering characteristic parameters are

obtained from Reference 1. Based on Figure44(a) in Refer-
ence 1, the value for Unre is:

i e . SRR R B B

.

(3¢.86) Uyrg = F'%r,e(max)/ Fa = 25000/45200= ,553

Using equation 82 from Reference 1, if K= (P+.,44R)w? =
(1.44) (190) (6.6)2 = 11,920 1b. then:

e a

(3¢.87) Cot = L2 CeK/d = (1:2(87)(11820) /22 <7760 1b/Rad in

(3¢.88)Coz = 8,6Cc K/d*= (857)11920) Ji22) < 12253 Ib/Rad "

LS S R

(3¢.89) Crs2, 0074 CeK = L.0u74)(57)(119.20) = #5792 1b /Rad

(3e.90)Cpp= ., 3¢ CeR/d = (. 54)0s7)(1420) 22 = 10500 i /adin
(3¢,91)%p = .0875d = (og7s){22) = 1.925 in

o' " r N A

From Figure 43 in Reference 1 we see that the cornering
force lags the yaw angle. Equation 63 in Reference 1
shows that the equation which describes the curves in
Figure 43 is given ty:

" o

-/
(3¢.92) Fy n=(1-¢ * L‘s) F;,rma.x<eww>

where Ly is the tire yawed rolling relaxation length.
Differentiating this equation, there follows:

LE T

(3C.93) C_I_'E;,r = _e___f/u’ Fy,rmag<eyaw>

o= Ly
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“x/Ly
Eliminating e results in:
(3c.94) Fy r + Ly ddpz,r = Fov max $Oyaw?
x
Equation (3c.18) is obtained by using:

(3¢.95) dfyr = dFR,r/dx x Fuce
dx dt dt X wiu
where iz is assumed for large airplane velocities that
Xwn = dx/dt, We see that the parameter S,,_  is the relax-
ation length, From Figure 39 of Reference 1, for most
conditions, S, 1ic obtained from:

(3¢.96) SyeL= 6w (2.8 -8 P/P)
= (6)e.6)(28-8)= 7.92 in

Main Gear Characteristics

For many airplanes which have a conventional strut arrange-~
ment (similar to a B-58) most of the moment about the shock
strut ¢ is taken out through the shock strut. 1In this
case equations (3c.4l) and (3c.42) would use Hg = 0.0.

In the case of the F-111 gear the opposite result occurs so
that Hg= 1.0 and H, = 0,0. The following values apply to
the F-111 gear:

Wy = 723 Ib sec®/in
Wivm © Wiy = L 667 Ib sec/in

SGH. = 2100 in
(3¢.97) Sew = 6000 n
Ses = 20.00 in

( He = Lo

Hap = 0.0

If loads Y't) = F@&) = F. are applied as shown in
figure 31 , then because of symmetry, the result will be
that Qe =@, . But then equation (3c.47) says that
Cw=-Cuz = Fur/Seu @z but Cu= Fue/SeuQr

as shown in the 3 degree model. Thus

(30.98) Cul—CL{Z_ = Cw = SS_‘OOO b/ in
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With the maingear at static, if a drag load of 18,000 1b.
is applied to the left gear at the ground and -18,000 1b.
is applied to the right gear at the ground the observed
deflections with Q = 0 are Q. = .0236 rad and Qe = -.02326
vad. (Assuming a lateral beam torsional spring rate of

43.0x10% inib/rad).

In the equations which describe the gear loading Tse and
Ts. can be chosen as 0 if Z,. . and 2.  are the dimensions
to the ground instead of the axle. Thus Zs. = Tey ™ Zeer~
2.2 + 12,9 = 21.4 in. Equations (3¢.35), (3c.36), (3c.39),
(3c.40), (3c.4l) and (3c.42) can then be combined to give

(3¢.99) foe ~Fur =(Se.u+2¢-,._,)(f‘_ﬁ_z : FGL)( |+ HG( SG,,S! ~ Sﬁ‘))
&5

(=178

= (210+ 214\ (~36000) 1+ (e0-20)) = -Z12,000b
() e (557

21.0 2o

Subtracting equation (3c.48) from (3.47) results in
(3¢.100) Foe - For = (Cui + Cuz) SeuQr = (Curt Cuz ) Seu QL

So that

(3c.101) Gy, + Cye = Z212000 = 214,000 |b/in
(2)(21.0)(~.0236)

Adding and subtracting equations (3c.98) and (3c¢.101)
results in

(3¢.102) Cwi = 55007 14000 = [36,500 b/in
2

(3¢.103)Cuz = 219,000 ~ 59000 77,500 1b/in

=4

At a fore and aft natuiral frequency of 137.5 rad/sec,
the damping coefficients D,, and D,, are given as

(,054)(].3(ax|05) = 53.4 ib sec/in
(137.5)

(3c.104) Dui = 7ZC|.L|/LU

(3¢.105) Duz = 7Cuz/wo = (054)(.775x10%) = 30,5 b sec/in
(137.5)
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Aerodynan.c Characteristics

The coefficients for equations (3c.62) thru (3c.69) have
beer derived in the 3 degree model. For the F-111A in the
landing configuration and wings swept tc 26 degrees as des-
cribed in the 3 degree system, Cysz = .0014 and Cy, = -,021,
Then the coefficient Ch, 1s calculated from

(3¢.106) Cay = ~Cyg = .02) deg’
Let A X = FSA - FSCG as in the 3 degree system where

FSA = 526.8 and FSCG = 519.0. Let b be the wing span.
If b = 756 in., then

(3Co107) CAM bCN'B - AX Cyﬁ

n

(2¢.108) Can = (75¢)(.0014) = (7.80)(~.021) = 1222 1/ doc

Airplane Characteristics

The parameters listed in Table 7 describing the airplane's
dimensional and mass characteristics are those previously
derived in the 3 degree model or simply a listing of the
appropriate values applicable to the F-111 for which no
derivation or computation is required,
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4a, WHEEL AND TIRE SYSTEM (FLYWHEEL)

Figure 33 shows the componerit.s of the wheel and tire sys*em,

rd
f,fff”;—ﬁmhmtixf ,// Wheel
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Figure 33 Components of the Wheel and Tire System

In the vertical, or Z direction, the axle, brake, wheel,
tire, and lower shock strut are combined and operate as a
single mass point. A description of this mode is found in
the airplane system. The airplane system furnishes various
inputs to the tire and wheel: vz the airplane (flywheel
surface) velocity; fum , the vertical load between the tire
and pavement;5,, , the tire deflection., Thke brake torque
Tar 1s an input from the brake system.

s T T -

The horizontal displacement of two mass points is con-
sidered, One mass point is made up of the axle, brake,
wheel, and the inner part of the tire and its location 1s
designated asX,, . The other mass point is the tire tread
and its location is designated as Xyv.

In rotation, there are three mass points: the axle and
stationary brake elements make up the first; the brake
rotors, wheel, and inner tire make up the second; and the
tire tread makes up the third, The angular positions of
these three mass points are denoted respectiveliy as Os,
Ow . and 6., Let Fo be the horizontal force acting on the

f A AN EERYT ALK LR A R P M T R 0
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axle and let fyr be the net horizontal force between the
wheel and tire tread, Figure 34 shows the location of
these forces, Far is the horizontal force between the tire
and the flywheel surface,

Py TSN ELPLWERFRERS: LN

Tread

R

Figure 34 Tire Horizontal Model

A, Mathematical Description

Equations describing the tire and wheel behavior are de-
veloped by referring to Figure 34 . Forces F; and F,,
are defined by equations (4a.l), (4a.2), and (4a.3) as
follows:

(4a.1) Fy = ~Con X, ~ Den X,

2 S T T A R T3 L e SR e A o O T T

L 4
-

(‘+a 2) 7T = CTT’(XTT w) * E']'T' ( XTT - Xy)

ALt

(4a.3) DTT(Xy - Xw) = BEor (XT‘T - )(v)
- Equations (4a.2) and (4a.3) describe a type 2 spring-
. damper system as defined by Figure 38 and discussed in
é the parameter evaluvation,
o
0
A
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Let Wgw denote the mass of the axle, wheel, brake and inner
part of the tire. Let Wrz denote the appropriate tire

tread mass, Summing forces in the horizontal direction
glvas:

(43.4) Wow Xu = Fs + Fir
(4a.5) Wre XTT =7 FTT - FBT + FGRH

Where F.,, is a force produced by tire unbalance, the cor-
responding vertical part of this unbalance force is de-

noted byFsev . These two forces are given in equations
(4a.0) and (4a.7).

(4a.6) Fopp = Kye W: w2l By)
(4a.7) Foev = Rre W«: coa K Gy)

Wr and ©r are the rotational sneed and position ot the tire
tread.

The rotational schematic of the wheel and tire system is
shown in Figure 35

Tread

/ B Wheel + Rotors

Axle + Stators

7

T (——+

Tﬂ H\ ». T.T

-,

— Far

Figure 35 Tire Rotational Model

Let Tz; and T be defined by equations (4a.8), (4a.9), and
(4a.1C) as follows:

(4a.8) Tor = Cor(8y,-6;7) + Epr(6,,-0y)
(4a.9) Dgr(6y-67) = Epr(6,,-6y)

10




(4a.10) Ty = Cpe B + Dpg &5

lLet Hy be the height of the axle above the ground., let
Ter be the torque on the tire that produces rolling resist-
ance, These two quantities are given by:

(&a 11) HT‘ EQT"S

| (68.12) Tep = | Sm( Dsg+ DypWy) if Wr>o
| o} if WT =09
SM (_Dgg +Dv2w1-) if WT<O

If Tar is the brake torque, then torques can be summed to
‘ obtain the following three equations:

(6a.13) Wis8g = Tar-Ts
‘Tz-r "TBr
(4a.15) Wr By = HeBoir + Tor = Tag

(4a.14) Wiy 6w

The rolling radius of the tire is obtained using the
methods of Reference 1. Denoting the rolling radius as
R, it is defined as:

' (4&.16) F\D"l" = EGT—%SM - U-Eé()(rr-xw)

let Vi denote the velocity of the tire footprint . Rela-
tive to the flywheel surface withwy = 0, let Vp be the .
relative velocity including Wry.

r

(4a.17) Ves = Ve + Xor
(4a.18) Vg = Vas ~— RrWr

Here Vi is the velocity of the flywheel surface. Adopting
the convention Wr =87 ; We =6¢; and Wy, = Gw, the
relative angular velocity between the stators and rotors
is denoted by ws and is established by:

(4a.:9) Wg = Wy - W

When a tire is moving over a runway with any appreciable
amount of standing water or slush, a hydrodynamic "wedge"

11
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of water starts separating the tread and runway surface,

It is assumed that the length of this '"wedge" is propor-
tional to Ves and at hydroplaning speed, V.y , the tread

is completely separated from the runway. In equations
(4a.20) and (4a,.20) the coefficients Cny and Dwy are used
to define hydroplaning effects and water drag on the wheel,
For dry runway conditions, Cyy and Duy are zero. The hori-
zontal force between the tire tread footprint and the run-
way surface is established by equations (%4a.20), (4a.2l),
and (4a,22) ar follows:

(4a.20) Fumr = Frm (1 = Caty (Vs / Viy)®)
. 2
(4a.21; Far = FyueUr + Duy Vas

(4a.22) Ur = [ Un + (Urp- ExVes) €% if Vp5o0
o v if VE=O

of
"LLn - (u.Tz" ETVIZS) £ i J_f \fg‘(O

Figure 36 is an equation flow diagram showing the re-
lation between equations (4a,l) through (4a.22).

B. Parameter Evaluation

Gear Characteristics

The mass Wgw is made up of the mass of half the shock strut,

half the lateral beam, the axle, the wheel, tne brakes,
and all but one-third of the tire tread. The sum of the
masses of these components totals 616 LBM. Thus, Wew =
616/386 = ) .60 b sect/in . The fore and aft natural fre-
quency of the gear (as calculated from deflection data) is
Z1.8%¢eps = 37,5 rad/sec . Using the gear mass, with all of
the tire included (644 LBM), the spring ratz Cgucan be
calculated as:

(4a.23) Cou= mw): = (044')(I‘37b) = 31,500 lb/in
38(0

A typical approach to estimate the damping coefficient
is to use 3% critical. Thus,

(4a.24) Dew= (03),_-‘/ Ce =(oe)J +4)31500 = 13.8 lbsec

"
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Tire Tread Characteristics

The principle underlying the calculation of the tire fric-
tion coefficient is that compared to the rest of the tire,
the tire "footprint" is totally inelastic. (The tire "foot-
print" is that portion of the tire tread which is in con-
tact with the ground). Thus, if the w 'ocity of the foot-
print and the friction vs. velocity curve for the rubber-
surface interface are defined, the tire friction coeffi-
cient is established. 1In order to predict tha motion of
the footprint, the tir~ tread is assumed to behave like an
inelastic ring which is supported on the wheel as shown in
Figure 37.

Inelastic ring

torsional springsﬂ\ Translational springs,

3
&
q“.
e
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Figure 37 Tire Tread Model
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The horizontal position of the footprint 1s assumed to be
the same as the h:-izontal position of the ring center of
gravity, A frictional force F; applied at the ground can
be resolved into a translational force F = F; acting at

the rirg C.G., plus a moment M = F,H acting about the ring
C.G.

For an actual tire with distributed mass and elasticity ap-

proximately one-third of the tire would move with the foot-

print in response to force, Fu., Therefore, it is assumed
for translation the mass cf the ring, Wy , 18 one-third -£
the tire tread mass, wBich is 84 LBM. Thus, Wre = (84)/3
386) = 0.0725 LBF SEC/IN.,

For rotation the total tire tread mass is assumed to move
in response to moment, M. Thus, the mogent of inertia 2
about its cinter of gravity is wWrr = MR = (84/386) (237) =
115 LBF SEC®/IN.

References 1 (page 22) and 10 (Figure 8) are used to obtain
values for the torsional and translational spring rates

as shown in Figure 37 . Under the application of the force
fus the peripheral movement at point b is about 20% of the
peripheral movcuent at point a {(Figure 37 above). The ex-

pression for the fiotprint spring rate from Reference 1 is:

(48.25) Kx = .6d (P+ 4Py) § So/d

Where for the F-1ll with a vertical tire load of 25,000 1b,

1= 46,65 in, = Tire diameter
P = 150 psi = Tire operating pressure
% Pr = 150 psi = Tire rated pressure
o So = 2.75 in, = Operating (static) deflection
|
Y Thus,
B 3
5 (4a.26) Ky = (.6)(4.65)(5)(150) Jzns/%.es = 8/50 /b /in
:3 The application of Fy, = 8150 1lb, causes the footprint to
- move one inch., At point b, the movement is .2 inches,
M Assuming that the movement at point b is all due te rota-
g tion, the apparent torsional spring rate is:
"
L —
N (4a.27) Cgr = (g) HF, . (23.32) (2257} 8/50) BF S rad
N 2/ (2 &7 /9.5 mbE/s
= 115
o
F
L e T e e T e T L S L it




D PR e

o e T TN e R e A e T T A, A R T s M

L e . )

e E—

e L e o

. e m_ by

Since .8 inches of the 1.0 inch footprint motion is due to
tread C.G. fore and aft translation, the apparent spring
rate is:

(4a.28) Crr = F, = 8150 = 10,200 Ib/in
8 .8
x L
F_* | — T
= I .
Fig) —et ?
K [~
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Figure 38 Tire Damping Models

It is well publicized and generally accepted that the
elastic and damping characteristics of tires and other
structural devices are not accurately described by the
mathematically convenient linear spring-viscous damper
representation over a wide frequency range., The behavior
of rubber-like materials is particularly different than
that described by the conventional m~del. To establish
suitatle mathematical descriptions of the various damping
forces for tires and other elements of cuis study, several
models were explored, Figure 38 depicts the fwo types of
elastic systems which are used, The Type 1 model is a
conventional system with viscous damping and Type 2 is a
visco-elastic system, having elasticity and damping which
varies with frequency, To compare the two, consider the
effec.s of driving each with a variable force F(t) = Fo
coewt , In each case, the resultant deflection is

x = Lo ch(wt ~ @)

The loss coefficient, B, is defined by B =lan¢ . For a
conventional system (Type 1 with ¢ and k constant), the
loss coefficient which is a measure of the damping is
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given by:
(4a.29) 3B = cw/k

Reference 1 assumes that ¢ is of the form ¢ =7 k/o where
% and k are constant. From this:

(4a.30) /3 = %

Reference 8 seems to indicate (p. 55) that the loss co-

efficient for tire tread rubber is somewhere between the
above two values,

For the Type 2 system, shown in Figure 38,with ¢, n, and k
constant, the loss coefficient is given by:

(4a.31) 3 = (9%’)/ (' + (c'r%’)z(”'a))

To represent a tire, the values (c/k) = 1.56 x 10'3 sec, and
(n/k) = 0.520, were used to compute values of 3 for a

range of frequencies. /3 versus w is shown in Figure 39

for both Type 1 and Type 2 models, along with values of /3
taken from References 1 and &, The value from Reference 1
is shown constant at all frequencies because the value is
not identified with any frequency. The above values of
(e¢/k) and (n/k) were chosen because they gave /3 values in
best agreement with authoritative data,

el il . P e i g R s W e el e R

T N ek el Sl e W

Figure 39 shows both Type 1 and Type 2 models have rela-
tively poor correlation with both data sources. Reference
8 indicates # is highly dependent upon temperature and tire
rubber compound as might be expected, During damping model
exploration, both Type 1 and Type 2 systems were examined
dynamically on an analog computer, It was found that dif-
ferences in their behavior were observable; however, sincec
the damping forces are relatively small compared to the
other forces, this difference was small. Either model is
equally satisfactory for evaluating anti-skid operation,
The Type 2 svstem is used for the tire because it is in
closer agreement with recorded observations, The peak in
the /3 versus frequency curve for the Type 2 system is in
keeping with most of the contour plots for rubber-like
materials as shown in Reference 7 and 8.
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The tire elastic and damping coefficients are:

(1.5¢%163) Cyr = 15.9 b sec/in

n

(4a.32) Drr

Err = (.52) Cyr = 5300 ib/in
Dot = (Ls5ax163) Cpr = 30,400 inlb sec/rad
Epr = (.82)Cor = 105 %10%inlb/vad

; T 7
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Figure 39 Model Loss Factors
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The equation (4a.16) for the rolling radius Kr is a re-
statement of equation (76 b) of Reference 1, To allow for
circumferential decay length other than those equal to the
outside free tire radius, a coefficient Ugp is provided.
For this study Ugpg is set equal to 1.0.

Avle Parameters

The observed torsional natural frequency of the axle (with
brake stators) is 125 cps. The calculated value for

its moment of inertia is 16,8 LBF SEC“/IN, Thus, the
torsional spring rate,Cps , is established as:

eTE TR A A s N " et T e A e ¢ b

(42.33) Cps = (27125)%(16.2) = 10.4x10% inlb/rad

) For the steel axle, a value for 7 (in the Type 1 system in
Figure 38 )is probably something less than .01 (Reference

5 7). Thus, at resonance, if cw/k = %, then the damping co-
efficient is established as:

i (4a.34) Dpg = k7z/w = (104x10°)(.01)/(2m125) = 132 iInlbee/md
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Tire Rolling Resistance

From Figure 17a of Reference 2, the rolling resistance co-
efficient, £ is given by #r = ,012 + 1 x 1072v where v is
the axle speed in INCHES/SEC. Thus,

(42.35) Tep = pr FreRr = (012 + 1x16°V) e Ry
Or alternately, = (.02 + 12166 Ry J(For/$)(s) Ry

Since Fre/§=Cwr, the rolling resistance coefficients are
established as:

(4a.36) Dgp = .012 Cour Ry = (.012)(8520)(20.57) = 2350lb
(4a.37) Dyp = 1%10 Car E’rz = (9530%10 N(20.57) = 40.3 bsec

Figure 40 shows the friction coefficient for a tire slid-
ing (i.e. full skid) on a dry concrete runway as a func~
tion of velocity, This data is taken from Reference 3 and
is applicable to a typical runway contaminated with rubber
deposits from previous airplana operations, Table 8

below lists the appropriate coefficients for equation
(4a.22) which apply for dry and wet runway surface condi-
tions,

Table 8 Runway Friction Characteristics

LA A A A N S S

I e B o

SYMBOL UNITS WET DRY
CONCRETE CONCRETE
ey 1 m=--- .050 .200
Urz | ====- 180 _, 450
Er SEC/IN .065 x 10_j +065 x 10_,
« SEC/IN 1.0 x 10 2.5 x 10

iy LR "

SRS PR R R R A T e e i T

. BRI e A R,
-]

Initial Conditions

All initial conditions, except wheel and tire rotational
cpeed, will be set to zero, From the airplane system at
time = 0, V¢ = 2400 and S, = 2,245, Using equation
(4a.16) results in:

(4a.38) Ry = Rgr ~35m = 23.32 —13 (2.245) = 22,67 \n

In order that Y, be zero, equations (4a,18) and (4a,19)
show that:

119




1200

000

(:n/sec)

600

120

T 0 B 0.7 S 15 0 50 T 3 T T T
o — -y .r...m - o H w ! S _ﬁ .“ m
' .-.n..nlnu.un.. s .II1..“ -t _—. ..-....:..'.“:.._nn c+
1 g g o “w eEEn et BeBa
b e e e RS
Gl - + - TS — e 5 me me b mr—— - t
i e M . 4 a-lg ! ! 1 & s i
= S EgEapRmReEs __ PR e LA
VAN SR T A o + 4 1 s !
L85 A O R Pl D . ol | ! B
8 e O P |....m.|...n..1ﬁ.- ! M"_#._..._.ﬂ_"
1 2 B ST 150 U I | - e .
15 05 5 505 B 1 __m. f 1 | o BB
B SEE b “4.-_. »M.,rm---h.m P ] [
Inn. s g S ” 1 i ! :
L R e .m. + & = + h_. = - b“..-f_
Timh ’ - & §-4 i i Shares |._I .q. & » ]
TR A M B G t i e R w y D Attt
i i A A L i ,--._..M
I R LTS O A S 1k 2 PO R S T e Bt |
v v - . — ..|..1.t. I_Ta
4 - - - ¥ .H.. bt 4= - o e " v
EEN AT EE RN SRS R & i }
B - R IR I 13 4
. it DR I e
0 5 5 0 6 W0 NGNS BB Y O O B B D ol 6 . :
5 1 Y +|..| lr."_h PR " i * * "ut. [ S - o L
T R e i im0 e b T o i 0 aRds:
T T 1 ! I 3 4 . -+
e e e e e § R - P
O o I SRR e A i AT M L™ T 1 - ..‘*._.q T SR N
i S M . 4 +— . T + 1 i T S = vl A P_!_ 11 ‘_. ar—a<f ...lu.l..
T 1 ,..:Tﬁ._ ,FL;ﬂ-u.uiu.-Tm...T:-.-.,Jﬁ.. T TH B i
ISH AT IR pNSEnEE RNt neEn . e ansERe=y 4 i i S S
1 o G K s £ [ 0 1L .I:.ﬁ -+ I ¥ —— b i
..... ] |JF| = i 0 00 H,._.L?J..i.. A o o b 2
S s EEpSeausssSSSE SORL By soaa Sass eS8
i | B | I i Il 4 i
—i- — e T | I | b b 1!
H s Eesmasasaa: Het e T S e B
—4- L4 kRl A |H| + _.. d 8 - + - S R e N - | 4
1_..... :..m..:..-_ll.. _..H..u...u... 4......_. T e M.I .w...:. _ ._.. u i F—— g e 4
L. H i L - |u. ....Hv.. Lt 3. L L1 & H ..*I | = i h
T | G 0 T O ] 11 SRS AESH RS
e .Hm_. b ..__..v ) I I ”_.......T.. Yook .|“ T\_ M.HL |__ . ._ .
-t 0 0 £ g S B ._.pﬂ~¢na sESEEanS auAREEE s g RS
ma 1 I 0 0 Qe i | ||ﬁﬁ me #. LI I i [ Lt 11 ) ISEpSSeN
= 55 B o6 50 a0 S O £ . o A A A B A O A A o

4

JUSTOTIIS0D UOTIOTAL

Figure 40 Tire Sliding Friction Coefficient
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(4a.39) ©,, = éwa = Ve /Ry = 2400/22.67 = 105.9 rad/sec
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4b, WHEFL AND TIRE SYSTEM (3 DEGREE)

Figure 41 shows the components of the wheel and tire
system. The wheel and tire system

(o)
k\\ f// Shock Strut
PN&Q Tread
Lower // Wheel
Shock Strut 1 Stators K
\ Rotors Bress
\ Axle
\\.
\ '
( N\
—= XAx xw

Figure 41 Components of the Wheel and Tire System

for the 3 degree airplane system is essentially the same as
for the flywheel model. The Airplane System still furn-
ishes the tire deflection Sy and the tire vertical load

Fsma . The ground speed, however, is no longer furnished by
the Airplane System, but is found by summing forces on the
tire, wheel, brake, and axle mass. The horizontal force
exerted on the axle by the airplane is calculated by obtain-
ing the translational (X,4) and rotational (6;) gear
positions from the Airplane System.
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"__

Tread C.G.

\

Wheel and Brake C.G.

—— FET

Ground

Ref

Figure 42 Tire Horizontal Model

Referring to Figure 42 equation (4a.l) in the flywheel
system changes to

(4b.1) Fg = C@(XAK“XN) +Dt='(;<'\>'-">‘(\~)

Equations (4b.2) through (4b.9) are listed for com-
pleteness, although they are the same as (4a.2) through
(4a.9) .

(hb.2) Frr = CrrXpr = Xw) + Epr (Xpp = Xy)
(46.3) Drr (Xy = X ) = Exr ( Xyr - Xy)
(4b.4) Wow %w = Fe + Frr

(45.5) Wre Xer = ~Frr = Far * Toen

(b.6) Fern = Ree Wi cumu {5

(4.7 Fery = Rie Witcoa <Oy
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Figure 43 shows the rotational model of the wheel, tire,
axle, and lower strut with the gear rotation O added.
Inciuding the effect of © there follows:

(45.8) Tpr = CQT(ew'Qr) +E21-(ew "ey)

(45.9) DET(G;/ _@T) = E»QT(ew_e‘l)

(45.10) Tg = Cpy(Bs ‘e(:») t Dps (és'ée) .

—1 G

Tread

- Wheel + Rotors

Figure 43 Tire Rotational Model

Fquations (4b.11) through (4b.16) are the same as (4a.ll)
through (4a.l6).

(4b.11) Hy = Rar - S

(4b.12) Tep = S ( Doz ¥ Dy Wi) Wy o
c It Wr=o0
Sm (- Dsz T Dypinr) Fwreo
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(4b.13) WpgBg =Ty — Ty
(45.16) WrwBw = ~Tor = Tar
(b 15)Wrr €1 = Hr For + Ter - Tee

(4H.16) R+ = Kpr "éSM = u-EZ(XTT‘XW)

R s r A A

wtalal

Because the ground is now stationary equation (4a.17)
becomes

(4b.17) Vps = Xrr
The remaining equations are unchanged except for noting
that the outputs Xwm and Xy, required for the Airplane
System are obtained by renaming Xyr. Thus Xum= Xypr and
Xwem = Xvy . Continuing,

(4b.18) Y = Vpg - Ry Wr

(4b.19) Wy = Waw — Ws

(4b.20) Fome = Fam (1 = Cry (Vo /VHV)Z)

L R o S e Sy R w a a v e T YL

- — 2.
(4b.21) Far = Fump Wy + DH‘# VFZS

Y ,
(4b.22) Uy = Upy + (Un ~ErVos) € 0 1 Vpso
o " Ve =0
~Up - (Wr2-ErVesde 2 i$ Ve<o

o U P
= o TR < e e T

S Er LI, PR

*o e

L e T

TN
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B. Parameter Fvaluation

' The parameter values for this system are essentially the

‘ same ags» for the wheel and tire system that corresponds to
the flywheel system. One difference 1s the valuves for
Cs and D which are derived in the Airplane System (3
derree). These values are

I

260,000 lb/in

(4b.23) 3Cc,
7Q.6 1b sec /in

De

Since this system moves with the a_rplane the initial con-
: ditions should mat:h the Airplane model. Thus

| (.23 | Xrro = 0.0 i
Xvye = 2400 1/ sCC

Ll

o.C in

(4b.25) g Xwo
2900 in/sec

X wo

From equation (4b.16)
(45.26) Ry = Rer -35m = 23.32 - .80 = 22.52 IN
Thus for a '"'spun up" tire, we have from equation (18)
(45.27) Wy = Ype /Ry = 2400/22,52 = 106.7 rad/sec
Then
{(4H.28) éw = éwo = 106.7 rad/sec
Also from equation (10), choose Oso

(46.29) O = Opo = .0329 rad/sec
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4e, TIRE AND WAEEL SYSTEM (6 DEGREE)
The wheel and tire system for the six degree problem is the
same as that described in the three degree system except for
inclusion of the lateral mode. Equations (4c.l) through
(4c,17) are the same as (4b.1l) throuagh (4b.17) in the three
degree system,
A, Mathematical Description

(4c.1) Fo =Cq (Xax~Xw) + Do (Xax - Xw)

(4¢.2) Frp =Cre(Xpr ~Xu) + EqrlXer = X,)

(4c.3) Drr (Xy=Xw) = Exr(Xsr-X,)

(4eut) WeuwNw = Fo + Frr

(4c.5) Wre Xrr= = Fro - For + Fops

(4¢.6) Fory = Rye Wy wamm{B7)

(4c.7) Fory = Rea Wi2en (G

(4c.8) Tpr = Cor(Bw-6;) + Epr (0, -6,)

(4c.9) Dpr(6,-6;) = Eor (8,,-8,)

(4c.10) T = Ces (85-66) + Dps (65 - &)

(4c.11) Hy = Rgr = Spm

(4¢.12) Ty, = Sm (Dse *‘Dvrzwr) if Wr2o
O (5 WT =0
Sm (=D * Dy Wy) if Wr<o

(40.13) Wx5é5 = TBT - .TS
(4c.14) Wrwéw= —Ter ~ Tar

(4.15) WirBr = HpFor +Tor — Top
(4¢.16) Rr = Ror = 5 5m = Uee (Xrr-Xu)

(4c.17) Vas = Xyr = Xy also Xum = Xor

136
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Equation (4b.18) which gives the relative velocity between
the footprint and the ground is changed to account for the
lateral footprint velocity Y .

(4c.18) V, =J Vaa + V.2

Equations (4b.19) and (4b.20) are unchanged,
(4c.19) Wz = Ww - W
(4c.20) Fumr = Fum () = Cuy (Vas /Viy)™)

Now Vgx is the relative velocity in the x direction so
(4c,21) Vex = Ves =~ Rr Wr

Thus, the angle Zr which defines the friction force direc-
tion as shown in figure 45is given by

(4c.22) By = tar'{ Y/ Vex?

View looking dowm
Ve Y
h T
e
a N
Fwd < ot \\e;) —_— F
Verx BT
1 \Tire Footprint
Y
Fev
T
Figure 45 Footprint Friction Components
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Thus, Fgr is now given by
(4¢.23) Far = Fume Ur 02 <277 + Dy Vas

and
Ve

_« ,
Ur + (Urz ~ErVes) € tt Vg >
o it Yp <o

(4e.24) Uy

The lateral friction force Fey 1is given by

(46c.25) Foy = Fume Uy wamt {310
The airplane produc. ' a lateral position Yix of the axle,
If Y. is the lateral ocation of the footprint, then a lat-
eral force Fsy is proa ced and

(40.26) FST = CST (YA)( _’Y;VJ) + Dsr(yf\y“ 9;\/1)

Finally, forces can be summed laterally on the footprint to
obtain

(4e.27)  Wre Y = Fsr - Fey
B, Parameter Evaluation

Wheel and Tire System Parameters

Most of the narameter values were derived in the wheel and
tire system that was used with the flywheel, The only addi-
tion is the evaluation of Csr and D;p.
From reference 1 (p.15)

(4c.28) Kp = Tw (P +.24F)(1 - T(S6 /WD)
Assuming that $. = 2,245 in., then

(4c.29) Cor = (2)018)(1.24)(15¢)(1- 7(2.245/18))

(4¢.30) Cst= 6460 lb/in

K

Using con =y K/m =Ve460/.0725 = 298.9

Using 7 = .1 (from page 50 of Kef. 1) results in
B (46c.31) Der = 2 Csr/wn = (1)(0450)/2984 = 2.165
k
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Initial Conditions

The only difference between this and the three degree sys-
tem is evaluating Yuo and Ymo . It should be that Ywme = Yax(®)
Since this system is used for both right and left sides, then
Yemo Will differ, Assume that this system is used as the
right wheel and tire. Then, Ymo = Yaxr as in equation
(4c.56). From this equation at Time = 0, (since R = P = 0),
then

(4€.32) Yo = Yaxe = Yot Sew = O +60 = (O in
Similarly

.

Yo = 0.0 in/sec

il

(4c.33 Ymo = Yaxnm
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3. WHEEL SPEED SENSOR

The primary input parameter to an electronic antiskid
control circuit is an airplane wheel speed signal. For
conventional control circuitry the input must be a direct
curvent voltege. The wheel speed sensor may have any one
of several forms such as a D.C. tachometer or an A.C.
tachometer with variable voltage or frequency converted

to a direct current voltage by suitable electronic cir-
cuitry. The control circuit input signal, Egq, is a
function of the wheel's angular velozity relative to the
axle (tachorieter mount) and the characteristics of any
assoziatcd electronic cirzcuitry used for radio interflerence
suppression and/ov for conversion of 4.C. fregquency or
voliage signals to D.2. voltage. To provide trhe means fer
rathemarically deszribing the control circuit input signal
for a variery of wheel speed sensors, two appronaches are
taken. The first, identifiecd as Option 1, is applicahle
wphenever there is a perceptible phasc lag between actual
wheeL speed and the antishid ziravit inpry as is generally
rhe 2ase wherc A.J. voltage signals are converted to D.C.
or where a D.C. tachometer is driven through an clastic
coupling. o second simpler matrhematical description,
called Option 2, is provided to minimize computation
difficvlty and exnense where no significant phase lag
exists,

A, Mathematical Description

Cption 1

Assume that a D.C. tachometer generator js mounted on the
axle and is driven by the wheel. The output of the hypo-
therizal gencrator is assumed to be applied tc a linear
force motor which acts upon ¢ single degree of freedom
damped spring mass system as shown on Ficure 47  The
control circuit input signal, £g , is proportional to the
mass displac@ment. By adjusting rhe relative character-
istics of the linear force motor, hypothetical generator,
spring, mass and damper a mathematical description of a
wide variety of wheel speed sensors can be accommodated.
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Figure 47 wheel Speed Signal System

The outrut of the typotketical cenerator,£ws, is proport-
ional to the vheel s angnlar velozity relative to the axle,
Wg, as defined by cquation (5.1). Angular velocity, Wa,

is obtained as an output of the tire and wheel syster.

(5.1) Ews = Gws Ws

The forze produced hy che linear forze motor, Fws, is pro-
portional to the gernerstor oviput,Ews, as defined by
equation (5.2).

(5.2) Fws : Cwg Ews

The hvpothetical mass diSplacement,xmu; is obtained from
equation (5.3) which results from summing forces on the
kypothetical mass, Wws.

ve ) C’ g DW g
5D K= s e UKl gy (Rws)

The anfiskid circuit wheel speed input voltage signal, &g,
is proportional to the hypothetical mass displacement, Xws,
as defined by equation (5.4).

(5.4) Eg = Cegv Xws + Esw
In equation (5.4), Es¥/ is any extraneous "noise" which
might be present due to the operation of other aircraft
systems, etc.

The equation flow diagram is shown on Figure 48.
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Option 2

For cases where the wheel speed transducer is a D.C. tach-
cmeter, or equivalent, driven through a rigid coupling
(such as the F-104 and F-111) there is usually very small
difference between the actual wheel speed and antiskid
control circuit input (i.e., very low phase lag or atten-
vation) and the extra mathematical complication incurred

by using a very high gain second order equation is not
justified. For these cases the antiskid control circuit
input voltage may be considered proportional to the wheel's
angular velocity as defined by equation (5.5).

(5-5) EG = C—;wuc Wg + EJ/V

No equation flow diagram is shown for Option 2.

B. Parameter Evaluation

Option 1

The objective of using a single degree of freedom damped
spring mass system to describe the antiskid control cir-
cuit input is to provide a mathematical "tool" whereby
phase lag within the wheel speed sensor device can be
accounted for. Consequently, the values for mass, spring
rate and damping coefficient are chosen to produce the
desired effect rather than to describe physical devices.
The other coefficients are chosen to achieve compatibility
with the control circuit. For the F-111 modulated antiskid
circuit let the hypothetical tachometer coefficient be the
same as for the actual F-111 tachometer, 12 volts per thous-
and RPM. Therefore:

/2 X GO
(5.6) Qws = Foogr = Q147 voersse /fao

Let the force motor coefficlent, the elastic system spring
rate and output voltage coefficient all be equal to unity
so that for steady state conditions the control circuit
input, £G, is the tachometer output. Therefore:

Cwg = 7.0 16F/vour
(5.7) Cws = 1.0 1bF)smen
Ccav /.0 VOLT'///VCA/

i
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Based on information furnished by the Goodyear Aerospace
Corp. the component characteristics and arrangement which
is usvally utilized for converting A.C. frequency to D.C.
voltage produces about 30 degrees (or greater) phase lag
at 5 cps. The following equations from reference 12
describe the single degree of freedom system's behavior
when an oscillatory force Xo K Sivw is applied.

X . ,
ow VDT fruf

%V;J - 2 (w/a’nl__.
/= (&uh)?

In these equations ¢ is the phase angle,§= Dw.s/zww;w,,
is the damping factor, wa = ¥Cws/wawsy 1s the undamped
natural frequency, w 1is the frequency of applied oscil-
latory loading, and X/Xo 1is the magnification factor.
If the degree of attenuation and phase angle are known at
a particular frequency, the undamped natural frequency and
damping factor are established. Assuming two pevcent
attenuation and 30 degree phase lag at 5 cps, the equations
above give an undamped natural frequency of 14.6 cps
(91.2 ngﬂ;u) and a damping factor of 0.746.

For an undamped natural frequency of 91.% £A¢/ssc and a
spring rate,(ws , of 1.0 1b¢/s~ the mass, Wws, is estab-
lished as ©./85x/0°%1bfsrc®/)v. The damping coefficient,
Dus » 1s established from the mass and damping factor as

(5.9) Dws = 0.1623x107% 1bf rec f1n/
Option 2

For use with the F-111 modulated antiskid control circuit,
use the actual F-111 tachometer output of 12 volts D.C. per
1000 RPM. Therefore:

/2% 60
(5.10) Qwoc= Gogrzn = O-NET viersze faso
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For use with the on-off antiskid circuit as installed on
the F-104 (and B-58) the tachometer output is 20 volts per
100C RPM. To make the on-off circuit compatible with the
F-111 requires that the difference in tire size {46.5 inch
dia. for F-111 versus 22 inch dia. for B-58) also be

accounted for. Therefore, for the on-off antiskid circuit
use:

(5.11) Gwoc = (dll‘L?)[?fﬁ)( ,if) 0.4 vdx-i"f:.‘-—'c:/,f’ﬂp
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6a, MODULATED ANTISKID CONTROL CIRCUIT

After introduction of on-off type antiskid systems, it
became apparent fiom various analyses and studies of test
results and cperational performance that braking effec-
tiveness could be increased if the number of antlskid cycles
and their intensity could be minimized. To minimize anti-
skid cycling ozcurrences and intensity, it is necessary to
control the amount of brake torque being applied such that
the available friction torque is not exceeded for as much
of the time as is possible., A number of devices utilizing
various principles of operation have been used for this
purncse, These devices predominately utilize the principle
of regulating or '"modulating' brake pressure to keep its
value as near as possible to that which will produce a skid.
One of the first of these type devices is a hydraulic pres-
sure modulator comprised of an orifice and accumulator
installed upstream from the pilot's metering valve and
configured such that repetitive antiskid cycling causes a
temporary reduction in pilot's metered pressure. The
Convair Model 880 airplane's Hytrol MKI antiskid system
with hydraulic modulation is a typical example of this type
installation.

A subsequent development was the Bendix system which is
used on Grumman ASA and Lockheed Cl41 aircraft. This

system combines hydraulic modulation accomplished within the

off-on type control valve with two levels of skid detection,
(i.e., brake pressure reduction in two steps controlled by

skid intensity). Further improvements have been achieved by

utilizing a servo type pressure regulating valve with elec-
tronic control to achieve a wide range of control charac-
teristics and better accommodate widely varying runway
friction conditions encountered during aircraft operationm.
The Goodyear Adaptive system used on General Dynamics F-11l1
aircraft and the Hytrol MK II system used on McDonnell-
Douglas F4C and LTV A7A aircraft are examples of the servo
valve type systems. Within each of the typez or classes of
systems there are a number of variations in circuitry and
component arrangement depending upon the aircraft type,

landing gear arrangement and configuration, and the airplane's
mission requirements. For this progiram a mathematical model

of the F-11l1 airplane's Goodyear Adaptive Antiskid Control
Circuit is developed. Models for other type circuilts can
be developed using similar procedures.
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Figure 49 1is a block diagram showing the basic functional
elements of the Goodyear adaptive antiskid control circuit
as used on the F-~1ll airplane and showing the relationship
of the control circuit to the other brake system components.
During antiskid circuit operation, a wheel speed signal is
provided as an input to a deceleration detector. Within the
deceleration detector the whezl's deceleration rate is com-
puted and compared to a thresnold value pruevided by a skid
detection threshcld circuit element. The deceleration
detector produces a skid signal proportional to the amount
by which the wheel's deceleratinn rate exceeds the threshold
value, The skid signal is applied to a valve control
amplifier which in turn produces a valve control signal
proportional to the input skid signal plus any pressure bias
signal which might exist. The valve control signal is
supplied to the antiskid control valve (a servo type pres-
sure regulator) for brezke pressure control and to a modu-
lation circuit element. The modulation circuit element
interprets the valve control signal and provides a pressure
bias signal to the valve control amplifier and a threshold
control signal to the skid detection threshold circuit
element. The wheel speed signal is also supplied to the
locked wheel prevention circuit elements consisting of an
airplane speed reference and a wheel sneed comparison
element, When the airplane speed reference indicates that
the airplane's speed exceeds ''locked wheel arming speed"
(usually 2C mph) and simultaneously the wheel speed is less
than that which should exist for a slightly lower airplane
speed (usually 10 mph), the wheel speed comparison circuit
element produces a skid signal sufficient to fully release
the brake. Locked wheel arming speed is chosen as some
reasonably low speed below which a locked wheei is not
particularly detrimental. The locked wheel feature is
deactivated below iocked wheel arming speed so that the
airplane can be brought to a complete stop. The aircraft
circuit also incorporates circuit elements for failure
detection, automatic cutoff and prevention of brake appli-~
cation prior to touchdown. These logic type functions do
nct affect aircraft stopping performance and are not
included in this analysis.

A. Modulated Antiskid Circuit Mathematical Description

A simplified schematic diagram of the Goocdyear adaptive
antiskid circuit for one wheel as used on F-111 type

aircraft is shown on Figure 50 . This circuit accom-
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plishes deceler<tion skid control as previously described
in the control cirscuit functional description as follows,
An input voltage, Eg , is provided by a wheel driven D. C.
tachometer generator (GeN). £s charges .he deceleration
detector, capacitor,l:, through resistance R4 and diode 08
during wheel spin-up. For normal wheel deceleration rates,
with no ircipient skidding, the generator voltage will
decrease relatively slowly and a small current will flow
from the positive side of €+ through R¢ , the generator,
Re, Rz, and transistor @r to the negative side of Ci.
This current discharges capacitor C; and causes its
voltage to closely follow £. Transistor &; is the skid
detection threshold circuit element., Q. is a current~
limiting device that offers very low impedance to current
below its chreshold value and extremely high impedance to
any current above that threshold. The threshold is con-
troiled by <z ., Diodes Dz and O3 provided bias voltage
for the operation of @. When an incipient skid occurs,
the generator voltage decreases rapidly and since Qi limits
.ne discharge current into C:, the voltage at the negative
side of (i decreases rmd causes current to flow through K54,
Re , Rz, and K7 . The current into the base of Qz is
amplified by &:, @3 , @s, @+ and &7, (the valve control

" amplifier) to produce a voltage across £, the antiskid
valve coil. Voltage applied to the antiskid valve causes

' brake pressure to be reduced proportionally and thereby
alleviate the incipient skid, Antiskid valve voltage is
feedback to the amplifier input through K7 to stabilize
amplifier gain against changes due to temperature and
component characteristic variations.
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Antiskid valve voltage pulses are transmitted to the modu-
lation circuit elements through capacitor C4 . Within the
modulation circuit element, consisting of C4, Ru , R,

! D7, 3 ,C:,D9 and (%, each increase in voltage to the valve
g produces an increase in the charge onC3. Voltage on C3
causes ¢ to chargeCz . Since z discharges through Kgg, WBA/
and K1 , the voltage on(z provides a threshold control
signal toQ@. The charge onC3 , and in turn on Cz . is

a function of the amplitude and frequency of valve voltage

0 pulses. Voltage onCz is also applied to Q;through Agg

and ¢ to provide a pressure bias signal to the valve con-
trol amplifier, The operation of the modulation circuit
element results in an automatic threshold change to the skid
sensing circuit and a bias to the valve control amplifier

to match the braking conditions being encountered.
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The equations listed in Tables 13, 14, 15, 16, and 17
describe the circuit's operation in accordance with the
equation flow diagram shown on Figure 51 . The assumptions
and procedures used to develop these equations are described
in Appendix I. The circuit has twelve possible modes of
operation depending upon the instantaneous conditions which
exist. The conditions which define the circuit's mode of
operation at a particular instant are; (1) the current,
Ac4, into capacitorC4 is either positive, negative or

zero, (2) the valve control amplifier is operating either

in the cutoff mode or in the amplification mode, and (3)

the modulating circuit element is either providing a pressure
bias signal or it is not., Table 18 1lists the twelve cir-
cuit modes resulting from combinations of the above circum-
stances., The valve amplifier condition is indicated by
current Aegz; being equal to or less than C607 in the cutoff
mode and being greater than C607 in the amplification mode,
9 The pressure bias signal is indicated as existing when

ﬁ voltage Vs is greater than zero and as not existing when Vg

is equal to or less tham zero.

The circuit condition which exists at a particular instant
is established by assuming a condition and using the equa-

oL tions applicable to the assumed condition to test for the
validity of the assumption., For instance, circuit condition
Ik number 1 assumes that current Ac4 is positive; therefore,
&% equation 6a-N8-1 from Table 16 must indicate a positive
&ﬂ value of Acq¢ for the assumption to be correct. If so,
. then the egquations for Req2 and VA are similarly tested.
If the assumed condition is correct, the applicable equations
wﬁ are used to compute the various currents and voltages. If
hn the assumed condition is found t.0 be incorrect, other

i conditions are successively assumed and tested until the
correct condition is found.

o, B. Parameter Evaluation

Y

e Table 19 lists the parameters defining the modulated cir-
Hﬁ cuit's operation. The values for the constants are computed
v from various circuit element characteristics (resistance,

v capacitance, etc,) as described in reference 13 and in the

semiconductor component manufacturers catalogs.
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; Table 13 Modulated Antiskid Circuit Equation Summary

) Equation No. Equation

_i (6a-1) Ver = f Vo dt

(6a-Al) Var= Acr Coos

i (6a-2) Vea= f Vez dt

: (6a-A2) Vez= Acz Coor

(6a-3) Vey- [ Vs di

! (6a-A3) Ves= Acs Coo

: (6a-4) Ve [ Veq dt

3 (6a-4A) Vea. = Aca Coli

ﬁ (6a-5) (Eg-Ve) = Fe- Ve

(6a-6) Arws ':{Cé/? For ViE> (615" pno Ec < Cor¢
=(O For VF£(615 04 Eg 2(oiL
I (6a-LW-1) Mvar = Azaz + Puws

(6a-N3) /ic;-{ﬁw Vs Guy-Rane  FR few> O
i Ves Cort - Al sas FoR fleg £ 0
(6a-N4) Ev=Aps (we+Caor

(6a-N5-n) See Table 15

w (6a-N8-n) See Table 16

3: (6a-N10) Hez= Aeqz iz [EV-(&-%;)](Q/;

: (6a-N11) 1= Fog-Fer -Heal

z (6a-N14) fez =(Aeqq + Rea-ler Cér¢ For Rcq < 0

94 ~Ver (o1 For Aea 20

[ i

LA
I.‘
=~
= 150
I‘-
™
O
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Y
n
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Table 13 Modulated Antiskid Circuit Equation Summary

: (Contd)

i Equation No. Equation

fj (6a-Q-1C) ;4(2'“ = Cm{'@' VC';L PR (Eé"vq) <o
= Fok (564/0) 20

i =0 For Vg, 2 [&;c/(éa(
{ (6a-Q4) feas=  Céi4 Arae

(6a-R10) Ag = (£ Ve, ) Cbao - Céa

l, =0 fok Cé}-lfq) < (Z,z//['zw

(6a-VB-n) See Table 14
(6a-vQ4) /43034 = [Vﬁi-f/a.) Ciz22 - (o5
Fr [lé "'I/Cz)> 552.176},22'
Ao = (Vs - 1/4;) -éféﬂ/f@z 2
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Table 14 P

ressure Bias Signal Condition Test Equations

Circuit
Condition, n

Pressure Bias Signal Test Equation
(Equation 6a-VB-n)

1&2 v8 = VeaCm - Coos (Ea‘-lé/)-C%s'(I/c'ﬂl/@) + 7
3&4 Ve = Ver G ~C967 (Eg-ii) - Cge0 (Ves+leq) +Cate
5& 6 VB = VeaCm-Csse ( Eg-Ver) +Css9
7&8 Vg = Ve Cm -Csio (£e- Vo)) +C561
9 & 10 Vi= lé'z Cm -C.f!.z(fg-l/cz)-(fez (lézﬂfu)ffaz’;.
11 & 12 Vo= Veo Cm -Cs85 (Es-Yer)-Csge (Hor +Vea) + Csay

Table 15 Summary of Equations for Computing

Current Aos

Circuit Applicable Equation 6a-N5-n (See Note)

Condition, n

1 &2
3&4
5&6
7 &8
9 & 10

11 & 12

Aos = Avat Ceoe - Acg

Hos = AVAL Cooe Ceog ~Ceos - Fee
Hos = Avat Ceoe

Hos= Arvar Ceoe Cgos - Caos

Aes = Avar Coos - Acs

Aos = Hvar Céoe Ceoe - Cdos - Hes

Note: For all circuit conditions if /‘70540, set Avs=0
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Table 16 Capacitor C4 Current Mode Test Equations
Circuit Applicable Equation (6a=N8-n)
Condition, n
1 HAeg = = (E6 Ve ) Ca16 - (Vegvlleg) Cazr = Carp
2 Hea= Veo Caso ~(Ea-te) Cer9 - Wesrbes) Cewr - oz
3 Aca = ~(Ec VedCo65 - (Uegrea) Co70 - a7/
4 Aca = Yoz Carg (£ We,)Carz - (Ves fch)aw -lags
5-P *Acq = ~(Es i) Csai =(Ves rla)Csy7 r (549 v
5-N Aot = (et Cs50 + Wat o) Cso5 =Ly
6=F +fcq = Voo Cose -(Lst, ) Casy ~(Ves ! %4)&37 ~Las¢ Amo
6-N - Acq = Ver C555 (G-t Cose Hloothes) C535 557
7-P +fleq = - (E6-Yo,)Co96-(Ves i-l/a) Cstr + C538 Amn
7-N “Heg = (Ea-K)Cst0 +(fezitba) sz —Csts
8-p t Acq = Uy Csta -(Ee-Ver)Csps ~(Ue s #Wba)Cs7 -Coag ANy
8-N - Acq = Ve Csts +{Fg Vo) Cspo ¥(Yoat¥es) Cozy - Grar
9 flea = ~(Eg ) Csvs (Mg tled) 520 + (590
10 Hea = Voo Cspa—(Fa-Vo)lsi3 -(WatWea) sy +Loge
11 Heg = ~(£s -V&)Cﬁa ~(WortVes)Cops + (597
12 Seq = Voo Csos ~(Eatbr) Covo ~Ubarts) Cstg' #Cio

'''''''''
.......

..........
..................
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Table 17 Valve Amplifier Operating Mode Test Equations

Circuit Applicable Equation (6a-Q2-n) (See Note)
Condition,n
1 Acaz = -(Es-Ved Cs6 - (Vo1 +Vea) C457 + (258
2 Aeaz = Vez Ce61 - (Ea-Ve) G459 - (Ves tiog) Cob0 +C 462
3 Heaz = -(EG-VCI)CMG'(%JH/u)C%#? + C448
4 Aear: Y2 (350 - (Eg-Ver) C449 - (s # Vou ) Ct51 + Casz
5 Acqz= - (F&-Ver) CS + Css2
6 Aear = Vez Cszz ~(Ec-ies)C534 -Cs35
7 Acaz = - (Es-Ver)C52¢ + 527
8 Azazr = Vez Cs2p- (Es "VC‘/)(f.Zf ~-C 530
9 Aeqz = =(Ee-Ver)Csus - Vez +Veg) Csee +C 527
10 Aeqz = Vea Copo- (La-Ve))Csa5 - (Vesrlls) Cs - Cor
11 Aeqr = ~(Eq-Verl Cors - (hz tVer) Cs76 +C577
12 Aeaz = Vez Cs7p - [Es-Vei) C579 - (Vez #Vea)Csgo - C581
Note: For all Circuit Conditions if Amwoj Ser AE@e=0©
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Table 18 Modulated Antiskild Circuit Conditions

i Clrcuit Capacitor C4 | Valve Amplifier | Pressure Bias
; Condition | Current Mode | Operating Mode |Signal Condition
4 (See Note 1) (See Note 2) (See Note 3)
1 Ace > O Aeaz £ Ceo7 Vg £ o
. 2 Aeg> O Aeaz = Céo07 Ve >O
g 3 Aee >0 Acgz > 607 Ve £ o
i 4 Hee >0 HFezz > 607 Va>o
i 5 Heg=0 Aewz < Co07 Ve <o
6 Ace =0 Hear € Coo7 Vg > O
é 7 Hee =0 Hegz > Céor Ve <o
' 8 Act =0 Aewe > (607 \V.
-‘; 9 Are £0 Ataz 2607 V# <o
i 10 Acg <O Aear £ C607 Vg > o
;E 11 Aee <O Heaz > Ceo7 Vé <o
i 12 Ace <O a2z ¢ (607 Vg > O
Notes:
;
i 1. Capacitor (4 is charging for Aca>0, static
: for Ace -0 and discharging for A:¢ < O.
: ?  The valve amplifier is amplifying for
: Aeq: >Cso7  and is cutoff for Aeqz =Cé07
I 3. A pressure bias signal exists for >0
: and does not exist for W <o.
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6b. ON-OFF ANTISKID CONTROL CIRCUIT

Most aircraft on-off type antiskid systems operate accord-
ing to thc functional block diagram shown on Figure 52

The various functional elements may be electrical, mechani-
cal or a combination of electrical and mechanical devices.,
1f during braking the brake torque applied to the wheel
exceeds the amount which can be reacted by friction at the
tire-ground interface, the antiskid system operates to pre-
vent tire skids as follows. A wheel speed signal is pro-
vided to a deceleration detection element where the wheel's
deceleration rate is computed and compared to a threshold
value which is provided by a skid detection threshold ele~
ment., The deceleration detectnr produces a skid signal
whenever the wheel's deceleration rate exceeds the thres-
hold value. The wheel speed signal is also supplied to a
wheel spezd veference element and a wheel speed comparison
element., The wheel speed reference element is a "memory"
device which produces a "comparison index." The "compari-
son index'" is the wheel's initial unbraked speed minus an
adjustment to account for the aircraft's deceleration, The
wheel speed comparison element compares wheel speed to the
"comparison index" and produces a skid signal whenever the
wheel speed is less than the '"comparison index.'" The
deceleration detection element initiates a skid signal and
the wheel speed comparison element maintaing the skid
signal until the wheel has regained most of its initial
speed, The skid signals from both the deceleration detec-
tion eiement and the wheel speed comparison element are
transmitted to a valve control element which acts to con-
trol the antiskid valve such that the brake is released
when a skid signal exists and the brake is applied when a
skid signal does not exist,

An electrical system of the form shown on Figure 53

or & mechanical device as shown on Figure 55 are the most
coumoli means usea for implementing the on-off antiskid
system funcrion.

Electrical On-0fi Antiskid System

Figure 53 is a schematic diagram of the Goodyear elec-
trical on-off antiskid control circuit as used on the Lock-
heed F104 and General Dynamics B-58 aircraft. This circuit
accowmp.ishes on-oft an.iskid control according to the pre-
ceding functiocnal description as follows: The wheel speed
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(B) Mathematical Identification Showing Transistors
and Diodes in Terms of their Equivalent Circuits

Figure 53 Electrical On-0ff Antiskid Control Circuit
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indication element, a wheel driven D. C. tachometer
generator (GEN), supplies an input voltage EG which is
proportional to wheel speed. EG charges capacitor Cl
through RS, Diode D1 and Resistance RG during wheel spin-
up. Capacitor Cl is both the deceleration detector and

the wheel speed reference element. For normal wheel decel-
eration rates, with no incipient skidding, the generator
voltage decreases relatively slowly and a small current
will flow from the positive side of Cl througt R5 and
through D2 and R1, (GEN) and RG to the negative side of

Cl. This current discharges Cl and causes its voltage to
closely folluw EG. The amplifier comprised of R2, Ql, R3,
R4 and Q2 acts as the skid detection deceleration threshold
element, the wheel speed comparison element, and, in con-
junction with relay K1, the valve control element. When
an incipient skid occurs, the generator voltage decreases
rapidly. R5 and Rl limit the discharge current flow into
Cl so that the voltage at the positive side of Cl increases.
The value of the voltage at the positive side of Cl is pro-
portional to wheel deceleration rate., The amplifier charac-
teristics are set so that when the voltage at the positive
side of Cl is a value Vsor or greater, enough current flows
into the base of Ql to cause Q2 to conduct sufficiently

for relay K1 to actuate, When relay Kl actuates the supply
voltage is applied to the antiskid valve coil LV. The
voltage across the antiskid valve coil, EV, is equal to the
supply voltage. Actuation of relay Kl also causes Rl to

be disconnected from ground so that the resistance in the
discharge path of Cl is increased to aid its action as a
wheel speed reference. Voltage Vsor is the skid detection
threshold. More modern versions of this circuit utilize
transistors to perform the function of relay K1; however,
their operation is the same, Resistor R5 is the speed
reference adjustment element,
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A-«l Electrical On-0ff Mathematical Description

The mathematical description of the electrical circuit's
operation is developed from Figure 53(b) which is the
schematic from Figure 53(a) with the transistors and
diodes shown in terms c¢f their equivalent circuits and
the appropriate currents and voltages identified.

The voltage across capacitor Cl is defined by:
(6b-1-1) Vei = f Ver dt
where (6b-1-Al1) Vi, = Ac, Cros ( Cos - '//C')

Current ACl is established by summing currents at node
as:

(6b"1‘N1) /46‘; = Ao: + '424— - /?02

Using Ohm's law and summing voltages around the ioop of
which RD1 is a part, current ADl is established as:

(6b=-1-R1) Hoi= Eg-Ves —Eon//?m For (Eg-Ve-£5,) >0
= O For (&g -I/CJ"EJI)(:O

To combine constants, write equation (6b-1-<Rl) as:

¢
4401 {55 V%thﬂ% (707 FoR (Eg- V) C;?:

Cr07

=0 f-a.QLEG VCr) Croe

Noting that because of diode D1, Aot is restricted to
positive values only.

In a similar manner, using Ohm's law and summing voltages
around the loop containing R4, current Aes+ is established
as:

(6b-1-V2) Hrq = (Eg—\/cJ/Rq- IR ﬂe‘?r(fé-l/a)(?os’
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Summing currents at node N2 gives:

(6b~-1-N2) Hoz = Asai + Ar

By Ohm's law the voltage across RD2 is

(6b-1-V3) Voz = Aoz Roz

For the case where no skid signal exists and relay K1 is
not actuated, Rl is connected to ground and a current
ARl may flow. Using Ohm's law and by summing voltages
around the loop R1, D2, Cl and (GEN), Ary is established
as :

(6b-1-V4) Ari = \/Cl"‘Eq 'Eoz—l/oz/JQ\

By substituting equation (N2) into equation (N1) current
Act is established as:

(6b=1-N1) ' HAeci= Ao+ Are - Aag: - #ri

Since the variables EG and VCl are always used in the
form of their difference, define the difference as:

(6b-1-3) E¢-ve) = Eq-Ve

By substituting (6b-1-V3) and (6b-1-N2) into (6b-1-V4),

(6v-1-V4) 1 ﬁR] - (V(f "EG “‘Eaz) _ ;?5&’] 'QDZ_
Koz + Ry ED}. - E!

By summing currents at node (N3), current AEQlL is

(6b-1-N3) Heci= Fpaz + FArs

By summing voltages around the loop containing R3 and the
base and emitter of Q2,

(6b=1-V5) O = Vk3 - Veaz - Virz
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Note: For Q2 the base-emitted junction
potential has been omitted to reduce
mathematical complexity. This is jus~
tified because whether or not Q2 is
conducting has negligible effect on
current Ac:,

By substituting (6b-1-N3) along with the Ohm's law
expressions Asaz = Vege/Keaz sve Aeaz= Vigz/Reaz
and the transistor characteristic Asez - (4ac, +/) Asg2
into (6b-1-V5) and solving for Asgz ,

(6b-1-v5) * Asqz = Heq) R3
Kogz + K3 v+ Rewy (hreg +1)

By substituting (6b-1-V5)' and (6b-1-N3) into the Ohm's
law expression k7 = Ars K7

L3
(6b-1-2) Vks = K3 "75@![/ " Raen +Rs v Reaz hrars)

By summing voltages around the loop R3, REQl, EQl, RBQL,

- R2, RD2, Cl and (GEN)
i
?-‘:j' (6b=1=V6) = Vi3 +Veqi +Eq) +Vioar +Viz + Epz +Vog ~Ver + Ea

By substituting (6b-1-2) and (6b-1-V4) along with the
Chm's law expretsions Vzq = Asai Rsa) ; Ve = Mear Rea) and

::;Z: Viez = Laer R and the transistor characteristic

; Hogr Rz

N Hegi = (hresri) B into (6b-1-V6) and solving for Agq::
I

N e / _

™ (6b-1-V6) Aaay = (Ve 55) Cros - Cron - o () > 22
::r‘: - O l/ ‘__C?GZ.
W - FOR /(}"EG:)_

a0 ey
A

o)

¥ For the case where relay K1 is actuated and Rl is dis-

{;@ connected from ground the same substitution is made except
:ﬂ*: that Vp; = #s@: Rez 1is used in place of equation (6b-1-V4).
iy For the actual circuit components used on the aircraft,

N the resulting equation has coefficients that are negli-

rg gibly different from (6b-1-V6)'; therefore, equation
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(6b-1-v6) ' will be used for both cases.

The value of /18q: which causes relay K1 to be actuated
is defined as, C700, the skid detection threshold current,.
From this definition and equation (6b-1-V4)'

(6b-1-V4-1) Ari = (Ver-Es) Coog - Crro - Mg (i
Fok en < Corop

= O Fox H8a1 = Crop

- I.
.
.:,
I. . b
|‘1‘...l
{

1

s
W
R
»
£
A

P R

When relay K1 is not actuated EV = 0, when relay K1 is
actuated EV = VS; therefore,

(6b-1-EV) Lv=0 ror g < 7on
Vs or Hbar= C oo

A
i

73 (]

" P I

K o “.- -A -.l‘-
. s =

2
L3

The equation flow diagram for tbe electrical on~off con-
trol circuit is shown on Figure 54,

B-1 Electrical On-0ff Parameter Evaluation
Table 20 lists the parameters and their values as

applicable for the General Dynamics B-58 control circuit.
(The same circuit is used on the Lockheed F-104,)
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Mechanical On-0ff Antiskid Device .

Figure 55 is a schematic drawing showing the operating
principles of a commonly used mechanical on«off antiskid ;
device of which the Hydroaire Hytrol Mk i and Dunlop
Maxaret units are typical examples, The device operates as y
follows., The rotor {the wheel speed indication element) is
connected to the aircraft wheel by some positive means such
as a direct connection or gear train, etc., so that the
rotor's angular velocity is a constant ratio of aircraft
wheel speed. During spinup the motion of the rotor ic
transmitted through the clutch to the drum, The clutch is
configured such that it is self-energizing fo. rotation in
the direction of wheel rotation associated with rforward air-
plane motion, shown here as counterclockwise. Stop (DS1)

on the drum engages stop (FS1) on the flywheel, thereby
transmitting torque to cause the velocity of the flywheel

to be the same as the drum, The flywheel and the drum are
connected by spring (CA)and damper (DA). As the aircraft
wheel and rotor decelerate, a clockwise torque is trans-
mitted through the clutch to the drum and from the dium
through spring (CA) and damper (DA) to the flywheel. The
amounkt of this torque is proportional to the product of the
rotor's deceleration rate and the flywheel's inertia. The
torque compresses spring (CA) so that the fiywheel moves .
counterclockwise with respect to the drum, For steady i
airplane wheel deceleration the amount of relative motion
hetween the flywheel aud drum is proportional to the decel-
eration rate. A suitable merhanism (usually a set of elec-
trical contact points or a cam device) connected between

the flywheel and drum causes a valve to be actuated so Chat
brake pressure is relieved whenever a pre-established amount
of relative motion occurs. The clutch is also configured

so that when the torque from the rotor to the drum is
clockwise, the torque capacity is limited to some slightly
greater amount than that required to initiate brake release,
If the rotor experiences greater deceleration than that
required to initiate brake release, the clutch slips and
allows the drum and flywhael to overrun the rotor. The
flywheel's inertia reacted by the drag of the clutch main-
tains a torque on spring (CA) so that the relutive motion
between the drum and flywheel (skid signal) is sustained
until the flywheel's kinetic erergy is dissipated or

until the rotor has regained sufficient speed to eliminate
clutch slippage. For this device the flywheel's inertia
causing displacement of spring (CA) and damper (DA) is the
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FLYWHEEL

A, Functional Schematic

B. Mathematical Representation

Figure 55 Mechanical On-Off Antiskid Device
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deceleration detector element, the clutch's overrunning
drag torque on the drum is the reference adjustment
element, the clutch is the wheel speed comparison ele-
ment and the rotational kinetic energy of the flywheel is
the wheel speed reference element,

A-2 Mechanical On-0ff Mathematical Description

The mathematical description of the mechanical on-off anti-
skid device is developed by referring to figure55(b)  which
defines the applicable parameters and shows flywheel stop
(FS1) represented by a spring-damper system, Also, a
spring-damper system is added between the rotor and clutch
carrier to represeat the small motion which actuatly occurs
during clutch operation.

At flywheel stop (FS1) there is a torque, TS, which is
exerted on the flywheel by the drum, if drum stop (DS1)
is in contact with #51. 1If the mass of FS1 is considered
small in compariscn to the stop spring (CS) and stop dam-
per (PS) then, setting the sum of torgues on FS1 at zero:

(6b-2-1) Ts = Cs (%-Y)-DsY

Where Cs(¥%-¥) 1is the stop spring torque, (LEG?) is the
stop damper torque and )Xo is the free length of spring CS.
Since TS results irom a ccntact force, it cannot be less

than zero; therefore, if Y +(6p-&¢) 1is less than ©Fs
then TS = 0. Rewriting equation (1) solving for ¥ gives:

(6b-2-2) Y= cs (%-¥)-75/ 0s
Y is then established by:
(6b-2-3) Y= fi dt

Y as computed from (6b-2-2) and (6b-2-3) is compared to
Grs - (Bo-0¢) to establish TS. If TS is other than zero, it is
computed from (6b-2-1) using Y = Ogs-(60-OF) ané Y- -(8p &),
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Substituting the above expressions for ¥ and ¥ into
(6b-2-1) gives:

,,_
A

N (6b-2-1-1) TS = cs[)f° ~Gcs + (€0 -erﬂ * 05 (©0-6¢)

FoR [ v+ (G0-©F) -5;;] EB
= O For LY+ (6p-6¢) O] <O
Summing torques on the flywheel gives:

(6b-2-4) Sr = [ Ts +Cal(©0-6x) +Da(Gp -é:)]/W:w

Summing torques on the drum gives:

(6b-2-5) So = [-Ts -Ca(G0-6¢) -Da (é,,-éé)ﬂc]/wo

Where Tc is the clutch torque.
Subtracting (6b-2-4) from (6b-2-5) results in:
(6b-2-6) (S,-&:) = (ws+wmm )7 ‘G(@a-gﬁ)"ﬂﬁ/én"ép_)]

+ 7c/Wp

By integrating (6b-2-6) twice, (Go-&F)
and (6,-©¢) are established as

(6b-2-7) (60-60) = [ (&0-60
(6b-2-8) [QO—QF) = f(én-éﬁ)d{'

Substituting velues for (©,-@) and (&p-&r) computed from
(6b-2-7) and (6b-2-8) into equation (6b-2-4) and integrating
once esteblishes ©¢ as follows:

(6b-2-9) Se =Jfér dt

Combining the results from (6b-2-7) and (6b-2-9) establishes
Sp as:

(6b-2-10) Op = (Go-Gf) + Oc
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The clutch will now be examined.

The torque exerted on the clutch carrier by the rotor, ¢,
is defined by:

(6b=2-11) Te= Cc (80-©c) +De (Br-Ec)

I1f, as for the flywheel stop, it is assumed that the clutch
carrier inertia is negligibly small, the torque between the
clutch and the drum equals the torque between the rotor

and the clutch carrier. 1In this case equation (6b-2-11) may
be solved for (Ox-S¢) and by integrating once (©<-&.) is
obtained:

(6b-2-12) (Se-6c)= f(é&-éc)dt'

Where (6q-©.) is obtained from the following version of
(6b=-2-11)

(6b-2-11-1)  (Sr-Ge) = [Te - Cc (Or-6%)] / De

It follows that:

(6b-2-13) S = Or - (Sr - &)

If the clutch is configured so that there is no slipping
for counterclockwise torque on the drum, S must equal So
and any difference between ©r and &, must be relative
veloc1ty between the clutch carrier and the rotor (i.e.

&. -@c). If Sois substituted for Sc in equation (6b-2-11)
the ; the resulting equation can be used to compute the
tory e required to force &c to be equal to ©o . There-
fore, making this substitution,

(6b-2-11-2) Te= Cec(©r-6c) + Dc (Gr-6n)

Equation (6b-2-11-2) adequately describes the component

of clutch torque due to relative velocity; however, the
component due to relative dicplacement is not satisfactor-
ily described because the torque direction is independent
of relative position. To compute the rlutch torque for
all conditions, equation (6b=2-11-2) will be modified and
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a procedure for establishing the clutch condition will be
defined. The clutch condition is established by the tor-
que direction. The torque direction is determined by exam-
ining the direction the drum is attempting to move relative
to the clutch. The direction of the drum's attempted move-
ment relative to the clutch is established by comparing the
drum velocity, ®, , to the velocity, &cs, of a hypothetical
or "index'" clutch, The "index'" clutch will be permitted to
have slight slippage on the drum for counterclockwise
torque so that there is a preceivable circumstance to
indicate torque direction. To describe the "index" clutch
motion relative to the rotor, equation (6b-2-11-1) is
modified by substituting S and Secn for G. and S as
follows:

(6b-2-11-14)  (6e-8a) = [ 7 - Celoe-0c)] /e

The clutch torque, T¢ , is defined by equation (6b-2-11-3).
(©r-Ocw) is obtained from equation (6t-2-12) and Gcw is
then established from equation (6b-2-13), noting that in
each case © and Sc+ are used in place of @ and & .
The clutch condition is established by the difference
between G+ and &% as follcws:

For (e'cu-éu) >0 Clutch torque is positive on the
drum (clutch attempting to have
positive velocity with respect
to drum)

For (Bcn-6o) =0 Clutch is not attempting to

move relative to drum

For [Btw-8Bo) <O Clutch torque is negative on
the drum, (Drum is attempting
to have positive velocity with
respect to clutch}.

Now that the clutch condition is defined, equation (6b-2-11-
2} is modified so that the torque direction is established
by the direction of relative velocity between the drum and
the clutch as follows:
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& (6b-2-11-3) Tc = Ge < Seubod | Cc (6~ 0| * Oc (Er &)

;E:; For 3 Gc{Ben G0 cc(e«—scu)}+0c(éa-éa) >C 750
Far

i! = Crsp

::E: Fog{GQe {Scn -GlCe (Q-&'ﬁ)’* Dc (ég 90)% <750
A

S
-

The function Gc<{Gcy 6> is defined as follows:

]
R
Al m iy

(6b"2"1"") Ge (écu-éo) = +LO For CQ::H"GSD) >'O

e e
—F
oty

= O FoR (écn"éo) =0

:i-;_‘l = Lo e (’9::51 -9.0) £ 0
-
FQ The constant C750 is the value of clutch drag torque when

the drun is overrunning the clutch,

The amount of relative motion between the flywheel and drum
(&,-5<) is the skid signal. To be compatible with the
electrical antiskid control circuits, assume the skid
signal is produced by a set of electrical contact points;
therefore,

(6b-2-15) Ev= Vs rFor (©,-0:) = C751

=0 R (&p-pe) < C 787
C751 is the skid detection threshold value of (©p-&F)
Also, fer compatibility with the other parts of the

analysis, let the input be derived from the wheel speed
sensor output, EG, as follows:

(6b-2-16) Sg= C752 Eg

€752 is the conversion coefficient. The equation flow
diagram for the mechanical on-off antiskid device is
shown on Figure 56 .

B-2 Mechanical On-Off Parameter Evaluation
No parameter evaluation has been accomplished for the

mechanical on-off device because it is not applicable to
the aircraft being considered.

189




mex8e1q MOTd uoTienbd 20TARQ IFO-UD TBOTUBYIIW 9§

A .mmVp

=) [
A —~— 5
A
-
= TV e ol
) 1 =
pe————
n.._....
i -9 =
cewer |7 ore) Aﬂ.-@
R R
! [
I
“rln.?_..l “ 9.@ @ ==
<ok we El . =
[
1
- - Intyh
ﬁ: g -Y¢ ) 2] FLNTOSAY
W= > 50

190

LR

L L

2 ;*ﬂ--,-ﬁu Va
e i




7. ANTISKID CONTROL VALVE

Alrcraft antiskid control systems typically utilize a two-
stage electrically operated pressure control valve. The
first stage contains an electro-mechanical device such as

a torque motor, solenoid or linear force motor which posi-
tions a hydraulic flow regulating element (flapper, nozzle
or spool) such that a control pressure is produced. The
control pressure is a function of the valve input pressure
and the electrical input signal. The first stage control
pressure is applied to the second stage hydraulic flow
controlling power spool. The secord stage spool is posi-
tioned by forces produced by the control pressure and valve
sutput pressure in a manner such that output pressure is
controlled in proportion to the first stage control pressure.

A. Mathematical Descrintion

First Stage

The function of the first stage can be described mathe-
matically by considering the control pressure producing
element to be a single degree of freedom damped spring
mass system as shown in Figure 57 acted upon by a force,
Fev , proportional to the electrical input signal.

(7.1) Fev=Csev Ev

Cse

%

AR RN

F%v —  Wise

Dse

L. X 3¢

Figure 57 First Stage Spring Mass System
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Tie first stage control pressure, Psc , is defined as a
function of the mass position, Xs¢ , according to Figure 58.
Xs¢ is established by equation (7.2) which results from
summing forces on the first stage mass, Wsc.

oo Fev  Che Dse_ )
(7.2)  Xsc = Woe WXSL " Wee Ase

fo

o =t Y
oy
e el

{l

R 1

=

Rsc

|
Xsem Xscx

FIRST STAGE MASS PES/7/ON, Xsc

E Figure 58 First Stage Control Pressure - Mass Position
:.:f{ Relationship

3B

- (7.3)  Psc = Rsc (Pav-Peve) + Pevs

(7.4) Ksc = (1.0 /= Kse € Xsem

r,:.:_ g
t:.:‘-. = [ Kser-Ase 12 Xsem< Xse< Xsea
frel XKscr- Xsem
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Second Stage

The physical arrangement of the F-111 antiskid valve second
stage is shown schematically in Figure 59 . Most other
antiskid valves have the same operating principles.

INLET o, foue  RETURN
CAVITY Lﬁ r(){ J‘ CAVITY
fq:\"vﬂ
Poc by 27 s sirfrizozzzgzad e
Pscy %

POSITIONING ar? L» +Xev
SPRING e

Figure 59 Antiskid Valve Second Stage

As described in the hydraulic system, the metering valve
output pressure, v, is supplied to the antiskid control
valve second stage inlei. When the second stage spool is
displaced in a positive direction a fluid passage opens
permitting hydraulic flow from the metering valve to the
antiskid valve outlet cavity. When the second stage spool
is displaced in a negative direction a fluid passage opens
permitting hydraulic flow from the outlet cavity to return.
Therefore, the second stage spool position defines the
hydraulic flow areas. The second stage spool position,
Xev 5 is esio™lished by equation (7.5) which results from
summing forces on the spool mass, Wev. Figure 60 shows a
schematic of a single degree of freedom damped spring mass
system representing the antiskid valve second stage spool.
Springs,(¢vs , and dampers, Jcvs, are stops representing the
spool's longitudinal restraint caused by its contact with
the valve body. The forces acting on the spool are the
positioning spring force, damping force, stop spring and
damper forces and forces due to outlet cavity pressure, Aov,
and control chamber pressure,;%cv.
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Figure 60 Second Stage Spool Forces
Summing forces on the second stage spool give:

. ‘ C \
(7.5) Xev = (P,scv'-pcv) %%a = (Xeve ‘Xcv) ch—v\/ - %’ \X‘W)

Wev
+ Fevse  Feusa
Wev Wev

(7.0)  Feyse = O 1F Xev= ~Sewvr
C Vs
o = (Xew- fcwa) *-—--‘,_.i U(CV) IF Xev < ~Seue

(7.7) l“-cujn = O 18 XevE Seva

= :Ji}(_‘/rc#rﬁm am U( ) i1F Xev >S5 cva

The control chamber pressure, F%CV, is established by the
first stage control presure causing flow through the control
orifice,Aevc, and the control chamber volume, Yoy , as
follows:

(7.8) P.ch - Vgc /C\?Jc. Acvp /(cv)

Scv

(7.9) VS:‘V = /chﬂ (Xcvc “’rXCV)
(710 Qsec = Arve F< Pse, Prev)
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The function g X ¥\ 1is defined in the hydraulic system.
The hydraulic system contains provision for leakage flow
associated with first stage pressure regulation and spool
fit. Since these small flows have no c¢ffect on the valve's
performance in the zase urder consideration, they have not
been zomputed. Thevefore, the following equations apply:

(7.11)  Qew =0

(7.12) &CVZ: 0

(7-13) chg = 0

The Control Valve Equation Flow Diagram is shown on Figure 61
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B. Parameter Evaluation

The parameters used for describing the antiskid valve's
first stege behavior are established from measured fre-
quency response performsnce characteristics along with some
features of its physical construction. Frequency response
test results from the F-111 antiskid valve show 25 degrees
phase lag at 5 cps. From various experiments it is known
that the first stage accounts for most of the phase lag.
The F-111 valve's approximate 700 cps undamped natural
frequency is quite high compared to a more usual 100 cps
value. Since antiskid cperatior. is generally 10 cps or
less and since the low frequency phase lag can be accu-
rately described with a lower natural frequency system, an
undamped natural frequency of 100 cps will be used to mini-
mize computation difficulty.

Coefficients Cscv and Cse are set arbitrarily so that static
values of Xs¢ will be compatible with values of Xscs and
Xscx (which are also arbitrarily chosen) and the proper
valve voltage - output pressure relationship is achieved.

In this example the following values are assigned:

Csev = /.2 16F fvort

Csc = /1,0 1bF/1nck
(7.14) Xsem = b invewss

XSC& = /4¢ INENES

For 100 cps (628 Rap /sec ) undamped natural frequency and
Csc=1oibi/w » the mass Wsc is computed from (Wa)®= Cre/Wic

(7.15) Wse = 254 £)0°° JbF sec®/w

Using the equations relating natural frequency and phase
angle listed in the wheel speed sensor parameter evaluation
and assuming the first stage has 20 degrees phase lag at

S cps, the damping factor is established as 763 . For
the values of Wse and (5. above this damping factor
results in:

(7.16) Dsc = /1.6 %1077 1bF sec fmen
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The area, Acve, the stop clearances,Slfa-and Seva , and tne
mass of the second stage spool, Wev, are computed from the
spool's physical dimensions as shown on the valve drawing.

Aevp = 0,05 7 *

Wev = #1.5 X167 (e sec®/iw
(7.17) Seva = 007 ew

Save = 0,07 Men

The positioning spring rate, Cev , and spool dawping cczrfi-
cient were established based on the valve's transient
response characteristic where it was observed that a 50 cps
about .5 critically damped transient pressure oscillation
appeared. From this observation

Cev = 4.0 76F /1w
(7.18) Dev= 13.0 51077 JbF sec fim
The stop spring, Cevs , and damper, Dcv’&, characteristics

are arbitrarily chosen to be as high as possible within
computstion capability.

Cevs ~ S000 [hf/iv
(7.19) Ocvs = 1.5 /éFsec/ov
The control orifice srea, Aevc , and control chamber length,

Xeve , are established b, the valves physical dimensions as
shown on the valve drawing.

Aeve= 0.009 w*
(7.20) Xeve=s O] inver

The control chamber fluid bulk modulus is that of MIL-H-5606
hydraulic fluid as used in the hydraulic system.

The undeflected positioning spring length was computed

assuming it produced approximately the same force on the
valve spool as 25 PSI pressure differential.

(7.21) Xeve = 0.2 iwew

Table 21 1ists the paramete < and their values which are
applicable to the F-11l1 an. .«1ld control valve.
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8. HORIZONTAL TAIL CONTROL

In the 3 degree and 6 degree airplane models, the tail
position can be controlled by two different means. The
first is simply to require that the horizontal tail rotation
be fixed at some value Syr. The second is to fix the input
commands Sgst and F,y and then let the stability
augmentation system adjust the tail setting ST .

A. Mathematical Description

Figure 62 shows a control system representation of the
stability augmentation system.

SEST
Q |+B|o5 + Bzo 52 R'-* Ry GE Ri | R"* Ps I i:
|+ B..S +B;.Sz = I+ B|35 !+ BIA‘-S"’BZ@SE * - H'BJSHS
R 5

& GCA ALk GPP -‘-_F&
system constraints
-~ 36 Vsec & ém‘ £ 36Vsec
-25%°<5,;%15°

Figure 62 Stability Augmentation System

Using figure 62 as a guide, the following equations describe
the stability augmentation system.

(8.1) Sere = Grp Fex
Where Fpx is the force exerted by the pilot on the stick,

(8.2) R = GCASSTK
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Let Ug and Uge be defined by

(8.3) Ug = (l.%e)fé dt

(8.4) uqq=qu dt
Also, let Ug and Ugr  be defiued by
(8.5) Uy, =f52,dt
(5.6) Uge, =fu.g;d.t
Then
(8.7) K, = (uoq’f BioUq + Bon - Uge - B Ugi )/ Ba,
(8.8) R.= Ri- Ko
Let Ugy ,Ups ,Uges , Upe , and Ugpe be defined by
(8.9) ugz=f22dt
(8.10) uas=f123dt
(8.11) Upes =fu23dt
(8.12) Upy = f&dr
(8.13) Uggps =_[umdt

Then

(GP Uez ~ ues )/ 813
(8.15) 24- = (U.RRB - u.ggq, - 814 u.|z4)/ 824-
R4 t 'Sssr —Ssrn

(8.14) R4

H

(8.16) Ks
Because of rate and position limits, the equations

that describe S,, in terms of Rs must be modified to
reflect these limits, Let Syrp be defined by

(8.17) Sprp = (Ry - Sur)/ Bien
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Then
(8.18) Suvt = { Suromx i} Spre » Onromx
Sute if ~Snromx £ Syre € Spromx
~ Surpmx F Spre ¢ ~ SuTomx
(8.19) ém- = min{o.o,SHn} it Sur 2 Shimax
Shri i+ Syrmtn < Sut € Sprmax

ma«{o.o,smnz ‘+ Sut € Sprmin

Finally the stick position Fex may be positioned as
a function of time by specifying two times and two loads.

(8.20) Fex = { © it Tpxz € Texy
F—Pm it T £ Tox ¢ TPX'-‘-
Fexa it Texi< Texz22 T
Fexi + ( Fpra - Fle)(T“Tpxe)/(Tsz"Tle)
A it Text < T < TPK‘Z

B. Parameter Evaluation

The values for the F-111A system parameters are listed
in Tuble 22. In using this system for a braking problem
the usual procedure is to first choose a steadystate
value for Syr(Swhrss). Set Suro = Snss = Sgst and set
Fpxzo ( Tex1 = Tsz_ =o0),

Set all other initial conditions to zero.
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Figure 63 Horizontal Tail Control Equation Flow Diagram
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9a. RUNWAY SYSTEM (FLYWHEEL AND 3 DEGREE)

This runway system is essentially the same as the runway
system for the 6 degree. 1In fact, the relation between
the tuo is given by Zgp<x? = Z4p{%,0) and

Zopelx) = Feppln,07 . Even though this system is like
the 6 degree system, the equations are listed below which
-cake advantage of the fact that it takes less computer
time to calculate Zgpd¢xy than Zgplx,e) .

The data describing the runway is in tabular form and
consists of runway elevation values as shown in table 24
as described in discussion of the 6 degree runway system,
The data is from the center strip from station 4574 to
station 6574,

A. Matheratical Description

Let Hpcl) 5, 15 1,2, ==+ 1001 denote the elevations

at two foot intervals, As an example, Hp (5) = 3,686

If = is a distance measured down the runway where x

is in inches, then z = Zgpdx> and w= Zgpp<la)
correspond to the elevation in inches and the slope in
inches per inch, The values for z and w are determined
as outlined below. The function Zsp will have the pro-
perty that Z;,<e> = o.

Let X go be a constant such that o¢& X,p0 < zoco.
The input X .- in feet is derived from x such
that o ¢ X, ep < 2000 and for some integer k

(9a.1) Xigr = Xigo + x/12 - 2000k

Let n be an integer such that - 71-1)¢ X pp 2 2h
and define Z4p by

(93.2) ZGCO: ch(n) +(chcﬂ+l) - HE‘C(”))( X;_zo‘Zh"’Z)/Z
If m is an integer such that 2(m-1)% X, pp < 2m
then 2 and w are given by

(93.3) z =12 (Hﬂcim)-P(HE'_C(mH)—}-lkr(m))(XLBF -Zm+2)//2 - ZCGO)

Lt

(9a.4) w (Hec tme1? “Hacom) 2
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9b. RUNWAY SYSTEM (6 DEGREE)

The runway system is not actually a "system'" in the same
sense as the brake system, for example, The runway system
is simply a function called by the airplane system to
supply values for ground slope and elevation. The data
describing the runway is in tabular form and consists of
runway cievation values as shown in Table 24, Except for
a slight mcdification, the data in Table 24 is taken from
station 4574 to station 6574 of runway 25 from reference 1i.
The left elevations and right elevations are 10 ft. to the
left and 10 ft. to the right of center respectively. The
elevations have been modified slightly so that the eleva-
tions at station 4574 match those as station 6574. This
is done to provide an essentially '"endless' runway by
repeated use of a ba<ic 2000 ft. strip.

x

.
..
..
.
[
~"
N
WP
pud
Y
L

Y
F_‘ )
T

A, Mathematical Description

Let Hyep() , Hectd , Hpd, i=1,2, .- 1001 denote the
elevations at two foot increwents of the right, center,
and left runway strips respectively. As an example,

Mg i) = 9,550 and Hgpc(s) = 9,686, if x is a distance
measured down the runway, and ¥y is a distance measured
out from the center of the runway where x and vy are in
inches, then 2z = Zsp<%,y) and w= Zesp<lx,u?
correspond to the elevation in inches and the slope in
inches per inch., The values for z and w are determined
as outlined below. The function Z;,will be chosen in such
a way that Z.,<{o,x> = 0.0 inches,

Let X_ ¢ and 7 .- be the inputs in feet. Thus,
(9c.1) Yige = y/12
Let X .o be a consta::t such that 0 & X, ,o < 2000. X_p¢
is a8 number such that 02 X, .r < 2000 and which also satis-

fies the following equation for some integer K.

(9c.2) Xizp = Xigo * %x/12 = 2000 K
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Now let n be an integer such that 2(n =1) ¢ Xi.ro < 2n.
Define Zggo 5 Zc.,co, Eero as follows:
(9¢.3) Zogo = Hem‘“’*é(Hze‘”"'\"Hm(m)(xl.eo“ln*'z)
(QC.A') ZGCO = Hzccn) + LZ(HQCCW'”)_HEC(”))(X'«EO —2?‘}'\’2)

(9¢.5) Zoro = Hp () + L {Hy tned- Hy tn1)(Xigo-2n +2)
L 2 L

Now let m be an integer such that 2(m-1) £ X z¢r < 2m
Define Zeex, Zacx , and Zg x as follows:

(9¢.6) Zenx = Hoptm) +3 (Hm(m*')'HEECM))(XLeF —2m+2) - Zgro
2

(9C.7) Z(;CK = HECCM) +%(H2c(m1l)"' HQC (m))( XLEF '2m+2) - %CC'O

(9¢c.8) ey = H,z,_cm)+:;_(Hg,_(mm—Hg,_(m))(X,_g: =2m +?.)- [P

1£f Y-._zpao N then

(9¢.10) z = 12 (Zocx + (Zggx‘ZC-,cx)(yg_zr;/lO)

(9c.11) = = (Yiee /20)(Hee tme) = Heptm = Haccmen + Hgetmd)
+ 12 ( Hpc tm+1) - H,ec(m))

If Yierp<c , then

(9c.12) E = ’Z(ZGCX +(Zscx_2-c,g_x)(yj_gp/|0)

(9¢.13) w = ( YLQF/ZO)(HRCCMﬂ)- Hee () - Hpim i) +Hp_._(,m)\}
+3 { Hpeom+n) ——Hrzc(m))
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Table 24 Three Track Elevation Profiles

( Stations and elevations are in feet )

...........

212

ELEVATION
STATION

LEFT CENTER RIGHT

4574 9.597 9.703 9.593
4576 9.596 9.699 9.586
4578 9.593 9.696 9.581
4580 9.590 9.696 9.580
582 9.590 9.686 9.580
4584 9.589 9.696 9.622
4586 9.580 9.688 9.629
4588 9.574 9.685 9.625
4590 9.570 9.686 9.616
4592 9.563 9.693 9.622
4594 9.564 9.704 9.634
4596 9.563 9.692 9.616
4598 9.556 9.676 9.611
4600 9.558 9.676 9.613
4602 9.552 9.694 9.612
4604 9.59 9.699 9.627
4606 9.595 9.711 9.641
4608 9.600 9.704 9.601
4610 9.604 9.703 9.605
4612 9.59 9.696 9.602
4614 9.585 9.697 9.606
4616 9.572 | 9.699 9.608
4618 9.569 | 9.702 9.607
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Table 24 (Contd)

x

Elevetion Elevaticn Elevaticn
Station Station Station
Lefy Center Right © Left Center | Right Laft Center | Right
4620 F.565 9,697 F.511 4767 9,557 F.667 9.587 4900 9. 590 9 716 3. 603
4622 %.572 9.6%8 9.411 ) aT62 9. 5460 9,668 9.564 | 1 4902 9.593 F.714 F.582
a6 % 9,573 9677 F59% 4764 9,56 9,668 9. 561 4904 9. 593 5. 717 9. 585
4626 9,533 9,687 9.58% &T1664 3.565 9,678 9,568 4906 9.598 9,714 9,587
44528 9,58% 9.69) F.572 474617 9 .557 |, 9.676 9.567 49n8 9, 591 9, 711 9. 584
463r F.583 9,481 9. 593 47710 F.563 9. 566 9,564 4910 3.583 F.716 9,578
46132 9,584 F.b94 F.337 4172 9551 660 9,557 4912 9,589 9.713 9.585
4524 9.591 9,499 .54 4774 | 9.56% .57 9.551 4914 3,592 9,712 9. 581
4636 F.5%313 9,498 9.601 776 |- 9.565 G675 9, 561 4914 9,588 9,711 9,585
4438 9. 59 9,693 9,337 5778 Fe556 9.4677 9.567 4319 9,587 %, 710 %, 592
4543 9.5 9.49] 9,577 4783 Se560 9.5678 §.574 ] | #4929 9,589 9,705 9.585
[Y.LY 9.588 | 9.491 9,533 4782 9,557 9.678 3,575 4922 9.5896 F.6960 9,578
Wbt 3,586 S.687 3.5489 4T 94 9. 552 9,683 9,574 4924 %.5848 9.485 9.576
Lb4 b 9,594 F. 667 9.53) 4186 ] 9.556] 9.686 9.580 4926 9. 589 9, 498 3. 572
4848 9.593 9, 648 9% 589 4788 9.571 9.582 7.536 4924 9.5485 F.731 9.571
4650 9,568 | 9.6T3 F.557 %7197 9,572 9,703 9,587 4930 F. 586 9, 702 9,572
4652 9.573 1 9.65%7 9. 563 &792 9.573 F.702 9.531 4932 9,593 9,711 9,571
4554 9.574 9.674 9,353 4794 ] 9.587 G, TG4 9. 594 4934 9. 5%4 9,707 9,568
4656 9.572 F.681 9.55% 4796 9,582 | 9.T02 9.587 %936 %, 590 9, 699 9. 56%
45%3 9.555 ¥ .665 9,557 4798 9.516]_ 9.702 ) 9,588 4938 9. 5%0 9.692 9,567
LY.1.14 9%57) T b 5% 9.564 4577 9.557 9.697 | 9.590 4941 9,558 9,484 %, 566
4662 9.5T7) 9.659 F.561 48C2 S. 530 9. 696 9,584 4962 3.583 7,687 9,57}
£1-1.13 9.573 ] 9.474% F.55% 450% F.593 9,599 9.593 4944 9. 581 9.688] 9,568
4558 O T e L_&19 Q, 54 LRA . 539 9.73) 1 9,588 f 4945 9.582 7.682 9.562
4b68 9.5T2 9.677 F.555 4338 9.53% 9.4698 9.585 LX) 2. 54n F. 692 9. 567
576 | 9.577F 9,677 | 9,554 4817 | 9.588 ] 9.596 | 9.579. 4957 | 9.576F 9.679| 9.569
4572 9.57) 9.494 F.574 4812 F.55% F.697 | _y.581 24952 9,576 9,678 9.578
4674 | 9.563 F 9,441 2,551 4114 9.531 9.698 9,583 4954 ?.571 9,687 9. 578
4575 9.571 9.685 9.5437 4816 5.5781 9.700 9.583 49558 <E75 F.682 F.579
4578 | 9.5717 9,637 e 531 4318 9.579 9.493 9.579 4958 9.551 9,689 9,585
4680 F.5T4 1 9,687 9.59% &R20 %572 9. 5636 2.573 4950 |  9.581 7.686 9.581
K642 9.55% 7.L91 F.589 %322 | 9.538] 9.679 1) 9,574 4962 3. 582 9.478 9,585
4876 | F.564 | .88 9,587 w824 9, 559 9676 9,574 4964 9,583 7.695 9.589
LI -1 9,533 3,692 F.338 4326 ?.,5991 9,680 9,568 4966 9. 580 9. 499 9.588
485 F.549 1 F.487 3. 590 4828 9.590 F.586 9.5T1 2548 9.578 9.109 9.587
453) 9,571 J.69 534 4837 9.593% 9. 609 9. 574 4970 F.5T4 9. 696 9. 585
4592 9.578 | 9.435 9,537 4337 9.535 9,58% 9,581 4972 F.5764 9,685 9,585
h694 °,.578 F.b32 9.597 4834 ] 9.596 9.4593 9,585 497 & F.5T1 F.682 9.58¢4
4h9¢ 9.577 .67 9.532 4935 F.595 |, 9.595 9,594 4976 %.576 9.6%0 9.579
b F.545 1 9.7 F.616 45138 9,537 ] 9.5698 9.599 4918 9.576 9. 685 3.58)
40 ] st 9.696 ] 9.571 4851) 9,537 9.17% ] 9.603 4980) 9,573 9,879 9.523
41N2°}1 9.567}) 9.655 F.6720C 4842 9,548 9, 110 F.5948 49482 | 9.58) 3.678 9.588
4704 F.557 9.7 9,573 4844 9.5886 9.704 9,594 4984 9.575% 9. 691 9,592
4106 9.571 %, 72 9.596 48461 9.590 9.591 9,537 4984 %.585 9.498 9.591
4708 9.57) 9.7 9.5)3 4849 9.591 9.689 9.596 4938 %.593 9. 695 3.5%95
4719 2.568] 9.69% 9,595 &R51 9.538 F.595 9.595 4990 F.590 9.699 9.589
4712 7.55%% G696 9,525 4152 %.579 F.594 | 9.598 4992 F.589 9,689 9,591
4714 9,562 9.695 %, 533 4454 9.577 9.4383 9,535 4996 %,593 9.G9% 9,592
4T1% 9.558 | 7.671 9.596 43558 5,585 9,693 . 595 4996 9.597 9. T4 9,597
47148 9. 567 9. 6938 %.531 4157 9,508 9.695 9.59) 4998 %.593 9. 709 9. 597
4725 9.562 6491 3.593 %967 9.558 9,694 ] 9,587 5301 5.613 9.732 9.59%
4722 9.55% 9. 589 9.5} 4352 9.59] 9,690 9.585 2002 9. 602 5. 715 §.602
4724 4,565 ] 9.699 9. 592 4865 $5.535| 9.680 9.595 S0d4 9.5603 7.703 Dbl
aT26 9.55%5 7.487 F.5392 4865 9,595 F.583 ] 9.832 5304 9. 607 9. 724 9. 609
4128 | 9.578| 9.69 | 9.59% 4368 | 9,594 9.680 1 F.6M 5308 9,605 9.728| 9.419
4730 9.59) 9.493 9.52 437h 9,599 9,692 9. 603 5019 9, 608 9. Tan 9,613
&732 S8,5A2 5. 430 9, h04 LAtz 5.59n1 9.4R%5 9,630 5712 9,529 9.721 F.blk4
4734 9,579} 7.499 F.5)3 4974 | 9,537 F.585 9.5948 5nl4 F. 607 9% 710 §.5611
4736 ] 9.579 | 9.65) 9,539 4874 9.5 | 9.578] 9.59% 55l 9.537 3. 103 9. 604
4713 9.578 9671 9.594 4374 3. 584 9.477 9. 595 5nls g.5a7 9,711 9,593
&T4C 9.5718 ] 9.6% 9.5a7 4337 9.53) 4.57) 9,534 5320 9.586 . 701 9.5%2
4742 9.575 FabhTh 9.587 43832 9. 595 9.585 9. 594 5022 9.547 9.651 9.5813
4744 9.51) S.6T6 §.515 EEELY 9.599 9.5688 9.595 ! 5324 9,588 §.682 9. 580
4Thb 9.517 9.43% F.572 4835 %< 610 9 693 9.594 5uZé 9.551 Febbi 9,577
4749 9.533 3,685 9.57) 4343 9.632 9.599 9.594 50249 9. 582 9.671 9.515
£750 9.58T] 9.6T0) 9.5T1 429 F.632 9.72¢ 9.579 52317 9,581 9,572 9.576
4772 9.582 ? b A% 9.57) 4392 9.53% 9,703 9.598 5032 9.542 9.679 9.578
4754 9,581 9,640 9. 572 4493 35997 9.713 7.337 5314 9.590 9.584 9.583)
4,56 9.5483 F.673 F.5T4% 4394 9.579% 9.7T15 9.596 501316 9.589 9,892 9.585%
F 750 9,512 3.674 T511 43919 %.596 9.71% 9,573 5733 9.5882 9631 9,587
213
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Table 24 (Contd)

Elcvation Lfa -Blevation . Elevation
tica tion Staticn

j:-‘ Laft Center Rigit 1 Lery Center Right Leflt Center Right
e 50 | 9.581 | 9.689 | 9.587{ | s180] 9.586| 9.735¢ 9.430 5320 9.657| 9.805) 9.695
SN42 § 580 F 9.686 | 9.582 1 15182} 9.5771 9.7%0 ] 9.433 5322 9.658| 9.810] 9.892

5048 | 9.578 | 9.682 { 9.578 51841 9,597 . 9.745]. 9,530 53241 9.667| 9.803| 9.893

SN46 | 9.5B5 | 9.6%3 | 9.572 s1e6 | 9.632| 9.755| 9.443 5326 9.668| 9.799] 9.692

SCL8 | 9.572 | 9.680 [ 9.57) 51881 9.599) 9.75¢| 9.600 5326 9.578| 9.797| 9.889

$95C [ 9.57L [ S.683 | 9.547 S19)) 9.590 ] 9.750 | 9.637 5330] 9.675] 9,803| 9.699

5052 | 9.575 | 9.604 | 9.56% 5192] 9595} . 9.75T ] 9.50L 5332 9.677| 9.806| 9.495

S04 | 9,579 § 9.686 | 9,575 | |.5)394] _9.82L). 9.T56] 9.650 5334 9.680] 9.812] s5.697

5056 | 9.580 ] 9,655 ] 9.588 S196| 9.597T) 9,752 | 9.452 5336 | 9.686{ 9.811| 9.702

5058 | 9.569 | 9.69% | 9.5%1 5195] 9.595] 9.745| 9.439 $338| 9.689] 9.823} 9.702

S0 | 9.5F8 [ 9.702.| %593 5200 9,595 9.741 | 9.533 53421 9.683] 9.812]| 9.704

5082 | 9.532 | 9.696 | 9.591 5202 9.591] 9.74T] 9.435 5342] 9.680)0 9.811 | 9.703

5064 [ 9.5T7 ] 9.886 | 9.5%53 52041 9.563)| 9,750 | 9.648 53441 9.675] 9.807| 9.7C5

5066 | 9.598 ] 9.679 | 9.579 5206 S.610) 9759)..9.655]) ] 5346 9.572| 9.813 | 9.599

5068 | 9.569 [ 9.663 | 2.55% 5238 94623 9,767 | 94559 5348 9.680] 9.81&6| 9.701

570 | 9.575 | 9.662 | 9.557 S219] 9,630 9,719} 9.662 5350 | 9.694[ 9.818| 9.7C4

5072 | 9574 | 9.665 | 9.59) 5212 9.623] 9.TTZ| 9.661 5352| 9,699 9.010( 9.704

074 | 9.568 | 9.666 | 9.562 S214] 9.626] 9.755| 9.559 5354 9.705| 9.813] 9.7(é

5076 | 9.5TL | 9.670 | 7.557 5218] 9.623] 9.788| 9.8680 5356 9.T10| 9.811] 9.708

SA7TA | 9.56%9 ] 9.675 | 9.5%5 S218] 9,619 9,773 | 9,557 53581 9.71%| 9.817] 9.707

s3an { 9.558 | 9.679 ) 9.56¢ s223] s.e20] 9.772| 9.450 5360 9.707| 9.809)] 9.599

5082 1 9.565| 9.690 | 9.553 '$222) 9,622 _9.765 | 9.6%9 5362 | 9.699| 9.813| 9.7u0

snas 1 9.559 | 9.697 ] 9.570 52241, 9.62T1 9.76L] 9.648 S364 | 9.697| 9.806 ] 9.700

ﬁ S0B6 § 9.566 | 9.685 | 9.58% s226] 9.528| 9.768] 9.652 5366 9.697| 9.808] 9.7C1
5088 1 9.555 | P.666 3 9.557 s228| 9.624) 9.757] 9.8%8 5358 9.702| 92.802) 9.7u3

™Er 5090 § 9.5%3 ] 9.664 1 9.5%56 S231] 9.43)] 9,756 | 9.657] $370] 9.798| 9.797] 9.7n&
) 5092 § 9.565] 9.663 | 9.557 5232 . 9634 . Fe1TE ) Fedbi 5372 %.783 7.7990 9,708
o 094 | 9,545 | 9.674 | 9,552 52347 9.647| 9.777) 9.461 5374 % T19| 9.811] 9.705
o 5996 | 9.564 ] S.672 | 9.568 52367 %.637] 9.765] 9.692 5376] 9.731| 9.822| 9.711
o 5398 { 9.552 | 9.678 ] 9.557 S238 7 9.625). % TTT] 9,859 | S5378] 9.737] 9.835] 9.715
SI00 ] 9.565 | 9.69 | 9.574 | | 52421 9,627 9.7T78| 9.950 5380 9.744! 9.832]1 9.721
RS 5172 ] 9.585 | r.Th2 | 9.57¢ S52e2| %022] 9.775) 9.688 5382 | 9.748] 9.8331 9.722
2 stes 1 9.565 | 9.736 | 9.577 s2e8 | 9.638] 9.779] 9.675 $384| 9.751] 9.835| 9.732
5176 | 9,573 9.7 | 9.5M 52461 9.643] 9700 9.684 5386 | 9.767] 9.837| 9.73

=g -S108 ] 9.56% 1 9.712 1 9.5?% 52451 9.641) 9.779| 9.689 S38A|. 9.7&4] 9.852] 9.729
W S110 | 9,566 | $.699 ] 9.582 S250 | 9.645} 9.780] 9.695 s390| 9.768| 9.850 ] 9.733
EoAAS 5112 | 9.571 ] 9.697 | 9.577 52521 9.653] 9.7TL} 9.897 $392) 9769 9.854| 9.735
RN sit4 | 9.568| 9.6941 9.583 52541 9.655) 9.783] 9,.702] 1 $39+| 9.773] 9.465| 9.73s
LTS S116 | 9.554 | s.858 | 9.517 52551 9,654) 9.783] 9,703 5396) 9.780] 9.862| 9.731
a}. S118 | 9.581] 9.689| 9.57S S258F 9.657] 9.79)| 9,735 .5398) 9.781| 9.865| 9.738
Pt 5123 ] 9.552 | 9.4678( 9.55) 52631 _9.662] 9.793] 9.714 5430 9.777] 9%871| 9.737
A - 5122 | 9.542 ] 9.475 | 9.5%% 5262 9.663F 9.787[ 9.719 5422] 9.177) 9.88C| 9.737
S124 | 9.54%| 9.678 | 9.572 52641 G 4531 9,787 9.798 5404 9.777] 9.670| %743

S12e | %.339) v.oir, 9,571 s256¢ 9.654] 9.784| 9,705 S40&6| 9.7831 9.862] 9.742

5128 | 9.537{ 9.872 | 9.547 s2e8f 9.684] 9.786{ 9,892 5608] 9.787| 9.858| 9.745

-S13C 1 9.536 1 9.657 | 9.555 5273 9.650| 9.787] 9.675 5410] 9.782! 9.868| 9.757

S132 | 9.5471 9.667 ] 9.567 $2721 9,65T) 9.7851 9.483 S412| 9.785| 9.885| 9.76u

1346 | 9.549 | %.657 | 9.548 52743 9.455] 9.782| 9.681 S4ls| 9.786 9864 9.783

"S136 | 9.539] 9.661 | 9.561 S2T6) . 9.050) 9.789] 9.575 5416] 9.783| 9.871| 9.763

s138 | 9.535 ] 9.652 | 9.553| }.5278] .9.651|. _9.780| 9.667 5418| 9.717] 9.873| 9.7a2

S1AC | 9542 9.653 | $.549 5200 ] 9.633] 9.778] 9.562 5420 9.775| 9.877| 9.780

5142 | 9.545 | 9.651 | 3.557 S282( 9.629] . 9.768] 9.662 $422| 9.730] 9.833| 9.766

sis4 | 9.548] 9.666 | 9.555 52961 9.6%281 9,757 | 9.557 S424) 9.787] 9.880| 9.77)

Ste6 | 9.552 | 9.678 ) 9.573| | Semef %,621) 9.775) . 9.66% 5426| 9.763] 9.872| 9.775

s148] 9.555] 9,872 ] 9.57¢ 52581 9,433) 9,718) 9.547 5428) 9.70%5] 9.869) 9.777

SIS | 94552 9.675 | 9.573 | 52971 %.039] 9.773] 9.687 se3n| 9,787 9.862)] 9.784

5152 ) 9.565| 9.666 | %519 5292 9.643] 9.775] 9.666 5432| 9.79u] 9.857| 9.78s

v S156 | 9.585] 9.674 ]| 9.573 s294) 9.65%] 9,789 9,666 S434[ 9,791} 9.875[ 9.793

S156] 9.578| 9.698 | 9.535 5296 9.664] 9.793] 9.6%59 S438] 9.798f 9.887( 9.793

s158] 9.590( 9.705| 9,590 5298 9.652) 9.801| 9.537 S438] $.795 9.883 9.792

s16n | 9,599 9.715| 9.8 53331 9,657} 9.8CL| 9.474 S44n] 9.787| 9.802| 9.787

5162f 9.589| 9.718 | 9.4 5392 9.653] 9.805| 9.587 S642| 9.708| 9.887] 9.785

S164 | 9,589 ] 9.723 | 9.477 53041 9.651| 9.808]| 9.629 Se4d| 9.781| 9.877| 9.783

sisa | 9.598] 9.719 | 9.513 s3re| 9.s57] 9.806] 9.s8s sS4kt 9,777 9.87G| 9774

5188 ) 9.632) 9.723 | 9.617 53905] 9.657] 9.,8Mm] 9.691 5468 3.785| 3.066( 9.773

S1Te | 9.631 ) 9.735 ] 9.515 S3LY] 9,859 9.801] 9.b6% s45a] 9,791 9.885] 9.7s&7

S172] 9.%99| S.7W{ 9.623 5312 9047 98291 9.699 54521 9.784] 9.857| 9.784

51761 9.592| 9.738 ] 9.527 530y | 9.69)] 9.80871 9,701 5654] 9.770] 9.855| 9.763

- S176 ] 9.592] 9.732( 9.633 $316] 9,655 3.93T1 9.7)0 52560 9.771) 3.856] 9.767

51781 9.597| 9.73¢ | 9.53¢ 5318 9.660( 9.885[ 9,702, 5458] 9.772 s.ane] e.Te?
g s B o ]
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Table 24 (Contd)

r Elevation I B Elevation Elevetion
Station StAt oD Station
Left Center Right : Left Center Right Left Centcr Right

5463 9,772 9.860 9,753 5633 9.83B§ 9,917 9. B62 57401 9,954] 17.058 F.94 4
5462 9.781 F.B61 9.789 S6032F 94837 | 9,925 1 9.351 5T42] 34967 10.052 F.943
545 Y. 768 9.859.-1 9.737 56041 9.8 Y.921 F. 082 5744 F.964| 10.056 T4
5466 9. 78T 9,858 9.791 5536 {  9.831 9.931 Fe366 5746 9.962] 12.0049] 9.946
5468 F.T&S 9.092 9.788 S6CA] _9.836 ) 9.937 F. 278 5T43 | 9.970{ 19.056 9.95%
5470 . T8S 9,888 9,792 551) | 9.828] 9.936 9,875 5750 9.972] 10,064 . 9856
5472 F.797 9.893 G795 | " | 5612 9827} 9526 | 9.874 5752 9.,972] 13,089 F.97%
S4T4 9,871 9.997 9.93) | _ [ 5514 ) 9.82¢) 9.939 ] 9.876] ]| ST54} 9.947| 10.088{ 9.977
5478 9,873 9,9 . 797 5616 .828 | 9.945 | 9.979 5756 9.,966] 11.092 9,981
5478 7.87% 9.9 9.735 56181 9.829] 9.953 9.876 57531 9.974] 10,091 3.973
5480 2,812 9.915 9.799 ] _ 1 5822] 9.837] 9.957 9,997 5760 %.982] 17.098 %.985
5492 9,811 F.927 9.803 5622 9.841] 9.9546 9. 804 5762 9.980( 12.101 9.982
5484 9.812] 9.927 9.8C6 | | 56241 9.8461 9,953 9,991 ] ] 5To4 | 9.976| 13.097 9.985
5434 9,819 9.929 9.513 5526 ] 9,848 9,961 ] 9.BT?| ) 5Tes6 !  9.975] 1n.0%8 9.%38)
5488 9.E18 F.922 9. 837 5628 ] 9.846 | 9,973 9.984 5768 9.979] 19.100 9,974
5473) 9.815 9.927 9.827 543N ) F.843) 9,972 9. 887 STT3| 9.978] 10.087 9.975

| 5492 9. 807 9.931 9.801 5532 | 9,84%] 9.978 9,893 5172 9.967] 10.094 %9706

L] 5494 9.877 9.920 9. 793 5634 _SeB50] 9977 | 9.896 5774 9.972] 13.187 9.975
5495 9. 733 9.919 G782 1 | 5639 | 9.859 )] 9.979 9,906 5716 9. 970] 10.092 . 974
5498 9. 792 3. 918 9.776 | _| 5638 .3.860 9. 588 | _9.90% 57781 9.9587] 132,097 3375
5509 9. 795 7.935 G.7T% 5641 | F.8b4| 9,993 ] 9,916 5780 F.363] 10,0095 3. 976
5502 e.797 3. 903 %.7TN 5642 | 9.867T ) 9.999 ) 9.925 5782 9.963] 132.089 9.979
5504 9,829 94925 F.775 5644 | 9.862 ] 10,906 %.927 5784 9.%57| 10. 084 9.976
55ra ) 9.797 9. 904 S.7719 5646 9. 857 ] 10.308 ] 9.929 5786 9.943] 13.377 F.977
5508 F.799 9.905 F.79% 55481 9.862] 13.911 9.936 5788 9.934| 10.067 9.979
5516 9,799 9. 9C& 9.7588 5650 ] 9.873 f 10.717 | _9.945 5790 3.930) L3.067 9.983
5512 9.802 3.972 9.735 5652 ] 9.883 ) 10.021 ] 9,951 57921 9.927) 10. 064 9. 982
551a 9,801 9, 904 9. 784 565% 1 9.897 ] 10,023 9,752 519 9.9141 17,062 9.902
5516 9,831 9,903 795 ] | 5655 | 9,897 .10.n41 | 9,955 5796 F.915] 10.06¢ 9.978
5518 9. 80% 9. 992 Ge TOD 5558 | 9.931 ] 13,4} 9,956 5798 F.9121 10.074 9. 975
5527 9,873 .97 9.795 54867 F.9071 10,039 G 356 5800 9910 ) 12.071 9.97%
5522 Y. 832 .89 9.870 $5621 27,912 | 13,339 ] 9,954 5802 9.973] 10.073 e 384
5524 F.8:1 9,970 9,803 56641 F.916] 10,0486 9,349 5824 | .9.925| 12.J91 9.987
5526 9,895 9.974 9.9)% 5656 ] 9.914 1 106,239 0,945 5806 9.927| 13.088] 9.994
5528 9.8"1 F.839 9.827 5668 | 9.911 | 18.033 | 9.9%2 59019 9.933] 12,105 ] 10,9€1
5530 9,797 9.897°) 9.91% 5972 9.9131 12.23) 9.939 5810 9.942| 1G.1311 19,002
5532 9. 797 9.97% 9.82% 5672 ) F.916 | 10.m020 9.932 5812 7.947| 12.12% 9.994
5534 9,799 9.913 9.327 5574 ] _9.914 ] 10.028 | 9.%26 5914 9. 363 19,123 9. 991
5538 .84 9.909 9,826 56764 9.926] 30.037.1 9,929 5316 F.965| 12.108 9.986
5538 9,898 9,929 9.827 5578 | 943929 ] 13744} 9.937 5818] 9.973] 12.113 9.987
5549 3.817 9,933 9.827 5080 | 3.926 | 10.06% | 9.94% 5820 9.973] 1).134 9.985
5542 9. 025 23T 9.929 5582 ) 9.923 | 10,157 9.950 | 5822 9.375] 19.101 9.985
3355 s.822 fdeiers 2 2,223 SLCA | TeT3T | AT, OS82 e T 5d¢ 9.9702] 13,995 3.988
5548 9. 823 9.927 9.935 5686 1 9,333 | 13.382 ] 9.549 5870 9.967} 10.091 9,987
5548 9.8528 3.98 9.839 5688 % 930] 10,052 9.951 5829 2.963] 1).095 9.999
5550 F. 826 %2.927 %.9%) B B-11 R 9.923 ] 13154 9.75% 5830 9,961 173105 | 10,004
5552 9.82n 9.9310 S 843 5692 9.936 | 180.355.] 9.952 5832 9631 12.127 ] 10.711
5554 9,822 9.933 9.5¢7 5694 ] 9,947 10,053 ] 9,949 5834 9.960| 10.118) 10,215
5556 9.821 9.922 9. 850 5696 | . 9.9%4 | 10.34% F362 5836 9.959] 12.121 | 10.014
5558 9.822 3.930 9.95% 5698 | 9,939 10.028 | 9.937 5838 9,953 19.115 | 10.21)
5569 9, 829 S. 950 3. 862 S5TIX ] 9.9391 10,732 9,329 584 9.960] 10.111( 10,017
5562 9,833 G947 F.855 S5T02 | . 9.914§ 10,029 | 9.92% 5842 F.96T7] 124105 | 10,31
5564 9, 847 %. 958 %.B58 5706 ] 9.917 | 10.026 | 9.925] | 5844 9,943 17.103 | 10.0609
5558 9,84} F.F4T 9.862 5106 1 9,913 ] 10,030 ), 9,922} .| 5B4% F.957) 10,115 | 10,304
5568 9. 849 3,947 9. 861 5728 | _9,921.1.12.336 |, 9.93% 5848 Fe964| 10,1102 [ 12.702
5573 9.845 9.9561 9.863 1 ] STI0 | . 9.9294{ 10,740 | 9,943 58510 T 977) 10,103 9.994
5572 9. R3s 9.948 1 9.855 | | STIZ2 | 9.931 1 1D.144 | 9.947 58521 = .985)] 12.115| 9.995
5574 9.841 7963 9,971 5714 | 9,929 | . 10.n44 |  9.949 5854 9.990( l0.l11 9.99)
5574 9. 841 9. 962 9,378 S5TI4 ] 94335 [ 132,352 ] .9,952 ] ] 5855 9.991] 19.105 9.993
55718 F.843 F.523 9,877 5718 9.933 | 10,455 Y954 5859 9.988 | 13,105 9.994
5580 F.0845 9,963 9.979 5712} F.934 | 10,756 9.953 5869 9.987) 10.100] 10.90)
5582 9,840 S.9TC 9,875 5722 9.539 | 10,248 7.342 5862 9.939 | 1).3%5} 10.70)
5584 %.819 9.953 2.37% 5724 9.9318 | 18.250 Fe 949 5864 9.9834 10.091 9.999
5588 9.841 9.354 9. 952 5126 9,940 ; 10,.75% 9,357 5866 9.971| 10.588 9.992
55R8 9843 9.956 9.861 57291 9.,9%5 | 10.049 9. 956 5868 9.962| 10,992 2.983
5590 9. 835 9. 943 9.951 573) | 9.943 | 12.154 9.955 5870 9.957| lo.081 9,98%
5532 F.836 9.93% F.082 5732 % 950 | 10.053 9.9546 5872 9.952| 10.088 9.379
5594 F. 434 9. 93 LY-1-F 573% | 9.9%) | 12.24)3 F.549 5874 9.9%0 ] 1%.072 3.976
5534 9.83) 9.911 9.865 81346 9,959 ] 10,041 9.943 5904 9762 12,064 PR
5598 9.83) 9,918 9.8%) 5733 | 9,956 ] 13,349 9.939 5374 #.5947 ] 10.05] ‘?.?u:l
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Table 24 (Contd)

Elevation 1 Eievation Elevation
Station fiation Stutlaon
Left Certer Right Tt Center Bight Lett Center Hight
5881 9,945 | 12,055 9.357 &) 22 9,967 | 10.082 9.979 5140 9.9371 10.C79 ] 10.1711
5882 F.943 | 19,041 9.954 22 9,954 | 10,083 9,975 4192 9.337 | 13.086 [ 13.012
5884 Y%7 | 13,025 9.9%7 624 9.953 | 10.286 9,972 -3Y-1 9,938] 10. 0781 10.015
5886 9.9%3 | 12.026 2. 946 6026 9,953 | 10,787 9,375 6166 FIRCE 15,298 ] 10.714
5948 9.9%5 [ 12,028 7.952 6128 9,957 | 10.276 9.971 6163 9,940 12,093 | 10014
5890 9.952 | 13.n21 9. 957 511 9,960 | 1£.385 9,373 6171 9.,938] 1J.096| 1¢.1"9
5892 9.957 [ 12.038 9.357 42132 9,953 10.396 9,972 5172 .9431 12.078 9,993
5894 9,961 | 13.053 a,981 3134 ] 9.959 ) 10.392 9.359 5174 9,945] 10,085 | 10.UGh
5894 9,953 | 17065 9,994 8035 S.9713 | 10.795 9. 9564 6176 9,942 17,080 ] 194335
5898 | 9.971 | 12,071 {13,300 6333 | 9,97} | 12,793 9.960 6178 9,939] 10,79 luat'ti2
59nr 9.978 | 123,075 | 10.1)6 6040 9.973 | 10.089 9,959 618n 9.942 13070 | 10,002
5902 9.993 [1).072 [11.))8 5342 9.978 | 1)."89% 9,958 6182 9. 938 10.062 9.993
S9r 4 110 AN2 [ 10LN91 | 10.009 6N4h 9976 | 10,087 9.955 6194 F.942 ] 17.059 9,995
5906 [12,009 | 13.089 13.737 646 | 9.973] 10.704 9,955 6196 9.955§ 10, Ns3 9,995
%908 10,017 § 13.172 | 10.903 6048 9.973 | 17.08% 9.351 4198 9.946 | LI.N5ET 9.986
5313 113,032 | 1t.112 9.937 6352 9,972 | 10.094 9. 944 41995 F.943 | 1J.T65 9.385
5912 10,027 [ 13,114 |10.7232 6)52 9,993 | 10773 9.344 6192 9,934 | 15,062 9.973
5314 j17.1079 [ 19,117 [ 16,24 16054 9.931 [ 10.u82 9. 946 6194 9.936| 17,049 9,962
5916 | 10.,n38 [ 1M.116 f17.718 [ 3L} 9,392 | 13.089 9.951 41956 9,93C| 13,049 9.955
518 | 1N,C40 | 17.118 | 10010 &0 58 9. 938 | LN.193 9.949 6198 9.929} 1).0L59 P.954
5920 | 12.n4l | 17.119 | 1) 15 [ 2 1-¥] 2.972 | 17,292 9.95% 6200 9.927] Ln.C49 9.954
5922 | 1r.038 | 12,199 | 10.001 bCo2 9.9 | 10.297 9,352 6202 9.92%9] 1r.081 9955
5924 | 13.038 113.123 11).932 2) 64 9.979 | 10.991 9,942 6204 9.922| 10.075 . 949
5926 | 10.013 | 1n. 113 9. 998 (3] 1. 9. 970§ 10.09) 9.343 6206 9,914 17.071 9.946
e 592% 9.934 | 17.105 | 10,9)7 60648 9.970 | IN.262 9, 942 62019 9.912] Lu.Cél 9,945
ol 5935 9,983 | 10LL1L J12.2%4 6T 9.973 10,276 9.355 4210 9.9001 LN, 071 9. 949
e 1 5932 9990 | 13,110 | 13,034 60T2] 9.976] 10,083 9,943 4212 9. 0897 10.040 9.953
fis 5934 9.997 | 10,093 112,902 LITA 9,977 | 13,786 9,958 6214 9.894] 192.058 9.949
- 5936 9,987 [ 1.1 24 9.937 sCTH 9,993 | 10.188 9,973 6216 9,887 1}.362 9.949

5938 9,991 {1Y.n98 9.37) 4278 9.993 ] 17,188 9.981 6218 9.889] 13.061 9. 944
- 5947 9,982 [ 12,093 9, 991 6083 9.930 | 10,173 9.993 6220 9,887 17,363 9.941
s 5942 9,983 [13.091 9,734 6382 9.993 ) 10,108 9.986 6222 9.885| L0.N6E 9.935

5944 9.983 | 10,099 9,931 [ Jad 11 9,937 | 10.79% 9.395 L224 9,880 | 13.761 9.929

5945 9.976 | 13,098 9.975 60(:36 5930 | 10.089 9. 996 6226 9,877| 10.055 9.925

5948 9,982 [ 12,092 9.980 6289 .29 | 13,392 | -9.998 6228 9,873 10.0T63 9916

5953 9.933 [ 1).h9] .94 6097 9 993 (| 16,183 9, 996 6237 9.867| 10.061 9.914

5952 | 10.D?3 [ 13.995 9.987 4392 9.97T | 10,2798 9.996 6232 9.860| 13.055 9.912

53564 | 13,728 | 13.1M 9.992 6" 94 9.976 | 1C. P89 9. 991 6234 9,853 11.243 3.915

5956 | 10.079 1 13,125 9,937 6394 9,954 | 13.792 9.982 65236 9,850 10.044 9,922

5958 [ 13.719 | 17,123 | 12,210 & 9a 9,955 10.083 9. 983 5238 9,846 13,041 9.921

5967 | 10,073 | 10,135 111,937 6177 9,957} 12.385 9.984 6240 9.841) 17.131 9.719

5962 | 10,050 | 12,1238 | 19,062 6112 9.956 | 10.0T6 9.9419 6242 9.8441 12.021 F.91s

5964 %.995 | 12.128 7.937 6104% 9.941 | 10.081 9,988 6244 9.854| 12.015 9.909

5966 9.994 | 12.115 9.9488 6lUb 9,957 ] 10.279 9.794 626b 9.8681 12.0748 9.901

59689 9,933 | 13.1Mm 7334 61219 9,955 | 1C.076 9,987 L2418 9.843 9.997 9,393

59710 9,987 ) 1G. 177 9.977 6117 9,952 | 10.774 9.338 6250 9.B44] 10,029 9.898

5372 9.997 [ 12.09% 9.7 6112 9.946 | 1D.072 9. 985 6252 9.840] 10,7018 9,394

5974 9. 984 ) 12,097 9.959 6lls ] 9.9%%} 10,277 9.732 4254 9.8367 12.013 9. 899

5976 9.397 | 12.099 9,959 6116 9.943 ] 10.N79 9.975 6256 9.833 | 13.022 7.903

5978 9,991 [ 17.095 9.954 6118 ] 9.9%1§ 12,271 9.977 6258 9.877] 10.01) 9.8993

5980 9.993 | 10.058 9,957 4120 9.941 ] 10.079 9.975 6257 9.823 ] 13,201 9,891

5982 9.992 [ L3.N95 9.33) 6127 3.938 | 10.063 9.963 b2be 9.821{ 19.03¢ 9,885

5984 5.997 | 10.090 9. 947 6124 9.938 | 10,372 9.369 6254 9.821 9.783 9.893

5986 9,995 | 1}.092 9.355 6125 9.935 | 10,774 9,948 62606 9.82¢ F.956 9.879

5988 | S.987 ) 10,994 9.957 6128 9957} 10,273 F.272 6261 9.828 3.958 9.881

5997 9,934 | 17.073 9.963 4137 $.936 ] 10072 9,917 62Ty 9. 830 9.963 9.982

5992 9,583 | 17.243 9.957 6132 9933 | 17.0T6 9.974 6272 9.8 3 9.964 9.88]1

9994 9,975 | 17.038 9.966 6134 9. 937 | 10.759 9,910 4274 9.931 9.972 9.379

5996 9976 | 1J.098 9.954 6135 9,343 | 13377 9.369 62 . 9.8132 9.9748 9 REa

5998 9.975 | 10.CB6 9.965 6133 9, 94t 10,070 9.767 6278 9.913) F.994 9.995

6010 9.977 1 13.075 7435 6141 9.934| lu.”61 3.970 6280 9. 027 9. 994 9.585

63(2 99601 17,071 5. 959 Bl42 ] 9.935| 10.272 9.971 5282 9.8213 9.97¢ 9,997

6004 9.95Y ] 12,072 9.353 blos 9,937 10.Nn66 9.972 6284 9.8210 ?.973 9.391

&0C 4 9.945 | 17.073 9. 9465 bl4b 9.933 { 10.767 9,277 6236 9,824 9,967 9,99

4108 9.95) ] 12.n71 9,958 6143 5.936 1 1C.7686 9, 98] 6288 9.8213 3.958 Y72

-1 U 9.956 | 17.0M68 9.977 615 9932 1).074 9.987 6290 9.327 F.949 | 9.379

sC12 9.955 | 1).077 9.931 £182 G. 930 ] 10,069 9.998 6212 9.91% 3.957 9T

60114 9.953 1 13.0n79 9716 b156 9,93) ] 12.766 | 12,324 6294 9. AN 9.9)2' 9, 863

&rls 9.967 ] 12.0P1 9. 937 6154 9.932 | 17.)82 | 13.)25 L2594 F.927 T.9%4 9.455

6014 9.955 1 LY.010 N.33% 4159 9,938 | 12070} i in #2094 9.491% 9, 851 9,153

|
——— )
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Table 24 (Contd)

Elevatlon - 1 Elevation Elevetion
Station Stat lor tation
Left Center Rignt - — laft -} Certer I Right - - Left Center Right
5377 | 9,818 | 9.937 | 9.852 6392 1 9,754 | 9.884 ) 9,779 66841 9851) 9.752] 9.857
6302 | 9,817 9,935 | 9,852, 6394 | 9.783 | 9.856 | 9.175 54867 9.651] 9.755; 9,557
8395 | 9,822 1 9.937 | 9.849 6396 | 9.727| 9.293 ] 9,772 | 5688 ] 9.668] 9.751 ] 9.549
6306 | 5,815 9,934 | 9.355 6398 | 9,723 | 2.846 | 9.7%% 58371 9.683)F 9.TITL 9, 645
6308 | 9.811 ] ¢.928 | 9.852 647 ] 9.7T19] 9.85% | 9,781 64921 9.661 ] 5.736 ] 9,439
6310 | 9,899 | 9,931 | 9.351 6422 | 9.T7L6 [ 9.849 | 9.730 56960 9,638) 9.730 ] 9.437
8312 | 9.807 | 9.938 ] 9,847 408 | 9.721 1 9.855 | 9,779 53961 _9.6361 9.T732 ] 9.540
6314 { 9.876 ] 9,937 | 9,355 6406 | 9,727 ] 9.85% | 9.730 6498 9.835) 9.73n | 9.5643
6316 | 9.803 ] $.939 | 9.843 5608 1 9.734 1 9,845 | 9.734 [ 65701 _9.637 ] 9.734] 9,837
6318 | 9.795 ) 9.943 } 9,351 6610 | 9.744 | 9.849 | 9.787 | 65021 9,641 ] 9.736 ) 9,435
8320 4, 79% 9. 964 9,835 8412 9.759 9.85) 9.T35 | 6504 | F.6%2 9,738 9.641
6322 1 9,739 | 9.949 | 9.822 8414 ) 9.753| 9.855 | 9.77s 6508 | 9.6580] 9.738 [ 9,542
6324 | 9.784 ] $.947 | 9.829 6415 19757 | 9.896 | 9.774 6508 9,661 9.739| 9.84l
6326 | 9.7811 9.948 ) 9,830 6418 | 9,759 ] 9.858 | 9.7™3 6530 ] 9.660] 9.737 | 9.8539
6320 ] ©.783) 9.949 | 9,322 6622 1 9.758 9.862 | 9.77) (6532} 9.638) 9,739 9,537
6330 | 9.782 1 9.941 | 9.833 1 |6422] 9.755| 9.859| 9.77% | 6516 ) 9.639] 9,735 1 9,539
6332 | 9.793 ] 9.944 | 9.837 8424 9.752| 9.851 ] 9.7565 63161 (9,637 9.735] 9,637
6334 | 9.7886 9938 9,834 6426 | 9.75% 9,862 | 3.75%3 83181 9.636 1 9.733 1 3,535
5336 | 9.787 | 9.956 | 9.862, 64201 9,751} <.056 | 9.760_ | 552 | _9.633]1 9.7361 9,638]
4338 5, 794 9.956 | 9.84) 6439 9T k4 3.859 9,755, 65221 9,827 9,740 9.537
634) 9,795 9,950 9,839 5432 9.739 9,852 9, 751 | 6526] 9.626] 9.733 ] 9.634
5342 9.79) 3.954 9,815 5434 9,732 T84T FeT43 552% 9.52Y1 9.731} 9.530
6346 | 9,792 | 9.934 | 9.8)% 5436 $.729] 9.8% | 9.733 3528 ] 98620)_ 9T27] 9.825
6346 | 9.794 | 9.938 | 9.3y 6638 | 9.724| 9.3 | 9.724 65321 .9.812| 9.721| 9.820
6348 | 9.793) 9,923 | 9.826 6440y 9,721} 9.831 ]| 9.720 | 65321 9.6081 9.713] 9.616
635) | 9.784 § 9.931 | 9.325. 5%%2 1 9.7171 9.827 ] 9.720 6534 9.410] _9.704] 9.409
6352 | 9.783| 9.921{ 9.825 b444 | S.T16)| 9.828 ] 9.714 6536 'l 9.702 ] 9.524
6354 | 9.78) | 9.929 | 9.820 b%45 ) 9,716 | 9.922 | 9.733. 6538 1 _ _.9.T13} 9.597
63546 | 9.779] 9.924 | 9.812 54681 9.717T| 9.822 ] 9.707 6562 1 | 9,595 1 9.594
6359 | 9.782 ] 9.914 | 9.89)4 5453 9.,7201 9.821] 9.711 | 654&2 '] %7011 9.595
6360 | 9.798 | 5.927 | 9.804. 64521 9.72L) 9.827 } 9.713 65 &k | | 9.698 | _9,592]
63562 ] 9.79C | 9.910 | . 9.798 | | 8454 _9.718 ’_‘M!JL_ 9, 7141 6544 L9696 ) 9.5
6356 ] 9,794 | 9.9 | 9.733 6456 F 9.721 ) 9,831 % 9.719] _B548 J. 9.699 1 9,593
6366 | 9.797] 9.97:| 9.786 4458 9,721 9.830( 9.720 55%2 7 9.702 1 9.%30]
8363 ) 9.795( 9.9.2 | 9.738 6450 | 9.T720, _9.824 ) 9,720 45821, 381 9,706 ] 9.504
6310 ] 9,794 9,915 | 9.765 64621 9.724| 9.829] 9.711 45562 9 1 9,592 ) 9.525
6372 | 9.794 | 9.1 | 9.754 se84 ) 9,718 ) 9.827 | 9.711 _6558 9,704 | 9..95
RENZY 2. 792 9. 30Y 9. 786 BE66] S TAT]_ 9817 ) 94710 65531 L 9.T07_ ¢ 9,512
8376 | 9.737 | 9.90& | 9.738 5468 | 9.698 ] 9.812.] 9.704 6540 9.708 | 9,801
6378 ] 9.782| 9.898 ] 9.791 8671 ) 9.693 ] 9.858 ] 9.598 5552 9.7%4 | 9.594
6380 | 9.79) | 9.908 | 9.788 | | 6472} 9.6931 9.81L] 9.683 65564 94935 _9.587
6382 | S.778} 9.99) | 9.784 6674 9,682 | 9.799 | 9.532 6566 ) 9,590 ) 9,695 9.585
6384 | 9.776 | 9.901 | 9.785 6676 S.8801 9.786 | 9.681 | 5568 | 0 92%96.] 9,599
6386 ) 9.774 | 9,888 | 9.78% 6e73] 9.67v] 9,777} 9.880] 657) 9. 702 ) .59
6388 | 9.773| S.a8% | 9.779 648 ] S.660] 9788 ] 9.573 6572 9,701 ] 9.533
L 6390 | 9.762 ] 3,879 § 9,716 L5692 ) 94653] 9.75 9,663 ] L6574 2.ICIL 9.%93
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SECTION IV

TOTAL SYSTEM ANALYSIS

Three different total system mathematical models have
been formulated to perform antiskid analysis., The first
model which is referred to as the flywheel system repre-
sents an antiskid system installed on a wheel and brake
which are mounted on a dynamometer., The second system,
referred to as the three degree system, represents an
antiskid system installed on a wheel and brake mounted on
a rigid airplane which is allowed three degrees or freedom
(longitudinal translation down the runway, translation
vertically, and pitch rotation)., The third system, referred
to as the six degree system, represents a rigid airplane
having all six degrees of freedom and equipped with a con-
ventional single wheeled main landing gear incorporating
independent antiskid control of each brake. All of these
systems are created utilizing the models described in
Section IIi. The basic reason for utilizing three models
is economics. The six degree system takes at least twice
as long to run as the flywheel system and not all antiskid
system parameters require the sophistication of the six
degree system, However, it might be necessary to check
certain effects under the most comprehensive circumstances.
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The ''Basic Control System' is made of the following
models as described in Section III:

1. 73rake System

2. Hydraulic System

3. Wheel Speed Sensor

4. Control System

5. Antiskid Control Valve

To form the flywheel system, the ''Basic Control System
is combined with the 3a. Airplane System (Flywheel), 4a.
Wheel and Tire System (Flywheel), and the 9a., Runway System,
To form the three degree system, the 'Basic Control System'
is combined with the 3b. Airplanz System (3 Degree), 4b.
Wheel and Tire System (3 Degree), 8. Horizontal Tail Con-
trol System, and 9a. Runway System. The six degree system
incorporates two separate "Basic Control Systems' and two
separate 4c. Wheel and Tire Systems. These are combined
with a 3c. Airplane System (6 Degree) which utilizes the
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8. Horizontal Tail Control and 9c¢. Runway System (6 Degree).
The model flow diagrams are shown in Figures o4 , 65 , and
66 . When utilizing the 'Basic Control Systems' with the
six degree system, the variables communicating with the
airplane model are reidentified to correspond to the right
or left side of the airplane. Thus, Xaxzx is Xax in the
right side and Xax;. is Xax 1in the left side,

ii
|

The high degree of modularity used in this analysis is
desirable for three reasons, The first reason is that it
is easy to combine the component models together to form
different types of overall systems, This is true not only
from modeling ccnsiderations but especially from program-
ming aspects. /s an example, the only basic change re~
quired to accomnodate a twin or tandem gear would be to
remodel the strut in the airplane system. The second
reason for modularity is the difficulty in Leing completely
general. Should a compenent arise which is not described
by the existing models, it is easy to create a new program
for the new model without having to modify the operation
of other systems, Thus, from the programming point cf view,
to incorporate a new wheel speed sensor for example, the
new model program can fall back on the existing read, write,
RS and logic statenents of the existing wheel speed model, The
!F input and output variables of the new compcnent model are

PR
== -
Tar i Py S

BT |kt

-

automatically incorporated properly into the overall compu-
tational procedure, unless some new variables are defined.
The third reason for using a mocdular approach is to take
advantage of the different response characteristics of the
different component models, 1In the digital procedures uti-
lized for computation, essentially a '"fixed step'' integra-

¥ tion technique is employed. The step size used in a "slow'
i responding model does not have to be as small as one used
[ in a "fact" model. Thus, different component models uti-
o lize different size integration steps which minimizes the
!! overall time of computation,
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SECTION V
SAMPLE CASE ANALYSIS

A digital computer solution of the composite total
system mathematical models for the flywheel and three
degree systems have been programed and checked out. In
addition, during the development of the individual compo=
nent mathematical mode1s an analog computer program was
used to conduct various explorations and prove the equa-
tions. Figure 67 presents an example of on-off antiskid
operation as recorded from the analog computer program of
the flywheel system. The analog computer results are
shown because they are more easily related to aircraft
operational data. The digital computer program is a
solution of the same equations.
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APPENDIX 1

DERIVATION OF EQUATIONS DESCRIBING
THE OPERATION OF THE GOODYEAR ADAPTIVE
ELECTRONIC ANTISKID CONTROL CIRCUIT

The mathematical description of the opcration of the
Goodyear adaptive electronic antiskid control circuit as
shown on Figure 50 is developed with conventional cir-
cuit analysis techniques using Kirchhoff's Laws. Figure

68 is the schematic diagram from Figure 50 with the
transistors and diodes shown in terms of their equivalent
circuits and the various currents and voltages identified.
The transistor and diode equivalent circuits are adapta-
tions of equivalent circuits developed and described in
references 13, 14 and 15. Some of the diode forward resis-
tances are combined with other resistance in series with
the diodes and are not shown separately. Also, since the
current through R¢ (the output resistance of the wheel
speed signal source) has three non-mutually influencing
components, Kg is included in R3 , Rpgp and Rj5 to simplify
equations. Other simplifications will be described and
discussed during the development of equations.

Referring to Figure 68 , the circuit equations are
developed as follows:

The voltage across capacitor C, is defined as:

1) Ve, = /vé. dt

(A1) Vér: ACl/Cl OR \/C.“l‘:/qC\Cfai)g

HAc, is the current through Ci and C) is the capacitance.
Ac, is established by summing currents at node 6{5 as:

(v11)  Ac,= Aos- Az
Using Ohm's law and summing voltages around the loop

of which Rpg is a part, Agg is established as:

(R10) Aos = (Eg-Vei-Eos)/Kos For (Ea-Vei-Eox) >0
=0 FoR (£ -V, ~Eog )< 0
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Noting that because of diode D, Ape is restricted to
positive values only,

To combine constants, write equation (R10) as:
(R10)  Apg = (E6-Ve)Cozo-Cozi  For (E6-¥)>Cooflai
=0 R LEG ¥ )€ Co28/Coz1

By summing currents at Node @, current f,; is established
as:

(N12) Hiz = k3 + Aeqi

Substituting equation (N12) into equation (N1ll) gives:

(N11)* &'/ = Apeg - ARz - Aea)

To compute fcgi it is desirable to first obtain equations
for the voltages at the base and emitter of @), in terms of
the base and emitter currents and the appropriate voltage
sources. The voltage at the base of & is VR| . Summing
currents at Node@ establishes current Ag; as:

M) AR = Hsqi+ Area

Summing voltages around the loop A1 Ken Kgg to Voo
gives: Vkea +Vred = Vo2 - VR, . If the current through
diode 4 is assumed negligible, then Arga = #RG4.
(Because of the relative resistances, the current through
D4 is a very small fraction of the current through Kgg).
By Ohm's law, Vege +Vwes = Aesa (K 8A PRE’B) and

Ver = /4% K1, Substitution into equation (N1) and

solving for yp, gives:
' VCL { f/
(N1)' g, = Rl(”BQl + ,eg,,;fgg,g)/ /+/(’9n r/@gs)
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The voltage at Node@is Foarloz . (Here two diodes
Pz and 03 as shown en Figure 50 are combined in an
equivalent single diode). Summing currents at Node @
establishes current floz as:

M2):  Apz =~ Are - Ars - Aea

I I )

'
|
rh
-
"
s
Py
t.
.

By Ohm's law, VRp: =/oz Roz, VR4:/Aké R+ , and

(VE5A +VR53) = ARs | Rsa+ RsB) (Note: Because of the
relative resistances, Agé is a very small component of

the current in f54 and is assumed to be zero when computing
Vo2 .) Summing voltages around the appropriate loops
establishes that VQ¢ = Vsi-VRoz -£o. and  Vipsp +esg
Vepz + &0z .« By substitution into equation (N2) and
solving for Vg, gives:

n

1 VS.' J -
(N2) o - bn (/?4 ,Qﬁr,@a) A%esu]
Vroz = 0 I | =
+
( Roz . ¥ Ksa -HQ:B)

Summing voltages around the loop thrc gh which Agy,
(the base of current &) flows resulis in:

Q-1)  E£pz+VYroz -VRz - Vear -Eai-Vegi=lVe = O

By substituting ez = A£q1 Kz ) Veat = Aeail Keal
amd V3Q1 = A8y Réqy  (From Ohm's Law) along with equations
(N1)', (N2)', and the basic transistor relationship
Heq| = Lhr-‘&'lfl) Asgi into equation (Q-1) and solving for AEg |

@Q-1)'  Aeai= Cpoz - (:;,o.a ez | WHERE
- 3 Bo2 [I Re 95)///@92 ¢ (;/ + Vs //)/Zz ’:{{- ':?f [G’!(

;EZ.-P ReQi + fhg::.,..) (hre, *f")/[l .(’. 1+ '/(é’a;,* 7 —ZJ

Cooz

CGO.'?‘-' /e(*'RB
Rex + ,/ _1_ 4L
§R1+REQ\+~-—-—-—-————(hFE'“ +(hFE("‘/( Ro ﬁ Qr)t
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My And where in the above Ks=Rs»+Rsn and Kg=K£en +Rsa.

> _

; For & to operate as a transistor, Vcg1 must be positive.

o Using equation (@- l) , the basic transistor characteristic
(Q2) Acq - hpﬂ,ﬂggl/{hﬁc,ﬁ) and bywriting the voltage loop
equation through D)_ QL RS, Cy andl,éicfv) it can be shown

that Vrq) is positive for (Eg-Ve;) negative; therefore,
equation (Q-1)' is applicable only for (£g-V,)< O ,
Substituting {G-1) into (Q~2) gives the following equation:

(Q-1C)  Acg = Cova - GooxgVer  For (Ea-Ve) <o

=0 For (Eg- Ve ) =0

=0 For Ver = Coas/Coos
hFEi )

Coot = (602 \mmr

hr-';.-u
Coos = Cooz (hu—,rl)

By summing currents at node @, current /4g; is established
as:

MN0) ARz = Aeqrt+ AR

To compute the compoaents of A3 (1.e.,A=qz2 and Ar7) it
is desirable to have equation (N10) in a form where gy
expressed in terms of the appropriate voltages and resZs-
tances., By summing voltages around the loop KV, R1,R3, C|
and GEN,VYg7is established as:

V7)Y V7= Ev-Ve; - lEe;—I/c,)

Substituting equation (V7) along with V{3 = 4r3 K7
and Vg7=4x7 K7 1into (N10) gives:

N10)' g - Aear B (Eeba)

)+ K, (R1f£i\ (K1rlz)
To combine constants write as:
N10)y'  AR? = Aear Com t+ LLE a/-(t’c-t/c,)](g,;
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To compute current A&@z , sum voltages around the loop
through which #gy2z flows:

(Q-2) Vy-VBge-E@r -VEdz -VRs - (Ea-Ve)) =0

LIS SRS RRE R 3

Here voltage Vy i3 the base voltage on Q2 and is either

(Vasg - o) or (Veo -Vkeg-£Epe)  whichever is the largest;

therefore, there will be a version of equation (Q-2) for

" each of these conditions. To establish which condition
exists, it is necessary to compute Mem -I/ﬂc) and (%Z'M“fby)

B . =
(L. .

e

Ry ‘m
JE T
e lata,

-
- i

During derivation of Equation (N2)' it was observed that

5 VRSA +IRSR = VRDL +ED2 and it was assumed that /K¢ was
o small when compared to Aes . Using the same assuaption
o V058 is established as follows by Ohm's Law:

a%

L (R-5) Vs = Aks Rs

oy By substituting /445 (Lsar K5d) = VRsa + Vs

:\\\“ into equaticn (R-5) above gives:
1 (R=5)" Vesg = KsB (Vevz i-Eu'L)/(/ﬂm rfs&)
&
&
L By substituting equation (N2)' for Ys2 and investigating

the influence of A:a, within its allowable range, it can
be seen that for practical purposes }4¢s53 is a constant.

#

T
.';":‘?!:.' S

e 1%
)

¥
et LT

To compute WAL , it can be seen that Ak¢ equals Aswz
when vy, is yesg-1k, ; therefore, Vi.<A6idr A¢ by Ohm's

N o g B
L

v
W7

law.
b
:;"-IE'_: By Ohm's Law Vk¢# = /%968 K88 . Since the current through
i:ﬁ;-{ D4 is very small and may be assumed zero, and since A4a|
e is such a small component of the current through R1 that

it can be assumed zero, by Ohm's Law:

(V8)  Ares = Aren - ch./ (R +Rep + Roa)
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Therefore:

' | /et rKar ' ~
(VC)_“V&?B-—E()‘;) = LVCL [’T%‘ZEB) - L_._047

=3

To establish whether Vy-= U/KS/J - '//Qo) OR

[ W ' RITK-?QH ! -
Vy = 41(,{_’7_:@/»#/{?9,‘5)"‘:”¢/

A voltage VB will be defined as follows:

VB . Ri+RKen - ~ .
(VE) Vg:[vcl(ﬁ.mm ”Q_;,g\ to#] (MC;‘-’E '/1’6//5:?1)

if VB> o, (vY-1) Vy= L Ver O ‘504?

if <o, vy-2) \y- [ Vesa - Ke Asa;j

where Cn\ above is defined as:

O K, Kop )
MT K r Ron+K8A

Before proceeding with the computation of /%7 , the valve
control amplifier and modulation circuit elements will be
examined to develop equations for £yand Vcz .

By summing currents at Node@current Aps is established
as:

(N5) fos = Hva - Hecq

The veoltage at Node@ is defined as Vx. Summing voltages

around the loop kv, [, , s and Vx gives:

(VX) Vx = Evr+Ep, + Vs + Eps

(&v) £Ev = Aoz Cwe v Ca07
236
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By summing currents at Nede @, current fg/; is established
as:

(N4) fiei1 = Av - Aps

By substituting equations (N4), (N5), and (EV) into
equation (VX) and by using Ohm's Law to establish that
Ev= Avkv, Yrir = ARi7 K17 and Vieos = Aps Ros', VK is
established as: /

U R Tt a T g A

(VX) " Ve = Aos Cavo + Ceoy

TP

T

By substituting equation (EV) into (N4) and using the
relationships v =44y and  Viis=4rir K7 EV 1is established
as:

7

“tETe

(N§)! Ev=Hos Cqo0 + Cao7

The operaticn of tramsistors Q2, Q3, Q5, Q6, and Q7 will
now be consideced to develop an cquation for current Ava
(Valve Control amplifier Qutput Current).

"
’
fa
.
P
I

By summing currents at Node@ current fys is established
as:

{N7) Ava= Regr v Aig

By summing currents at Node @, current 4,; 1is established
as:
(N13) Al = ARt He4

By suwming currents at Node , current ARio is
established as:

(N6) Ario= Aeqo - H3q1

By summing currents &t Node current /70§ is established
as:

(N9) A= feqs ~-ABds
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Sumning voltages around the loop, BEQ'I ’ R.BQ'I and £,
gives:

(V10) Ve = Veq1+Eqr + l/l?cﬂ

By using the relationships Rio = ARio Rio VERT = Aeqq Reay
and V5Q7:f}gd—, £3Q? as established ﬁy Ohm's law
along "ith the transistor characteristic A=q7 = (heer H) ABdal
and substitution equation (N6) into (V10) and

solving for Ag¢;;

Heqw Rio = E@n

[lUﬂFFq i"l) fegq—; r){ﬂ&j r /€JU7

By substituting (V10)' and (N6) into the relationship
Vi = AR Rao

(A20) Ve = Hew Coor + Caoz Eg

(v10)'

Asar =

Summing voltages around the loop R10, Q,__—Qé} RBQ(,/
/?Ea{) Rrys and Kg gives:

(V) O Vos tVeqw vEQL +Viw + Veas + Eas +Vgas - Vg

By substituting equations (Al0) and (N9) into (V9) along

with transistor characteristics Aeqe =lhFrec+/) H80

and fAegs = Lhres 1) Abas and the Ohm's Law relation-

sllyips Vg =Aks R s Vea, =Rcae Kego > VBau = H880 Roal
cqS'= Aege feg s a4 Vgue = Asqs Kegss and solving for

Aeq !

vy’
,454,6_ ACQ-? £q - (‘:—Qb +Eay + (403 EQ";)

2
[C‘H)g_ + ,\?EQG + ﬁQ_{,_Mjﬂ & f@&?r t IQG -
(L‘F&: ”) ./AFE!H)U]&:‘ H)
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Substituting equations (N13), (N6), (N9), and (V9)' into
equation (N7) along with transistor characteristics
Acas = (heesrt) Asqs and Aespo = Lhess r/) 1} 86

and solving for Ay, gives:

(N7) ' Ava = Acay Caoa - Cstos

It should be noted that these operations involving Q5, Q6,
and Q7 assume that Acas is large enough such that Avs is
not negative and that the applicable supyly voltage.:, Vsl
and VS2, are large enough to keep Vcgn, and Vcgs
positive at all times., The latter assumpt:.on can be
proven to be true for the range of currents experienced
during circuit operation. If f@3 is not greater than
C405/C404, insufficient voltage is developed across R9
to cause Q5, Q6 and Q7 to operate, For A<a3 less than
C405/C404 all of Aeas goes through R9 and Aus = /4ca3
therefore, equation (N7)' has two forms depending on the
value of /}cqg . Write these two forms as follows:

(N7)" Ava = Hegs Ceoy - Cows  ron feos 70“0-‘;%}‘
= Heqs ol Acai {-_-C‘vfa%wf

Supply voltage VS2 is large enough so that voltages VCazg
and VeR3 are always positive and a small leakage current
Acaso flows. All the equations developed here are for
the increment of Acqz above the leakage value.

By using the transistor characteristics Acaz = hres Asas
Acar = Aeqr hrer / (hpsar )

Aand if at Node N15 ius-p , Aegsr = Aeqa

then:
(Q3) Acas = Aear Couvd
WheRs Céo@ = Q_Li:gz)(- LLFE?')
(hess + /)

The operation of the modulating circuit element will now
be examined. To ~ompute valve voltage EV from equation
(N4)' the value of current 4ps which is established by
Equation (N5) is required. Equation (N5) shows that a
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component of Aps is }?a . Before developing equations for
computing fc¢ some observations relative to the operation
of C4 and Q4 are helpful.

.
.
Y

o
)
AR P

By summing currents at Node current /3:4- is established
as:

4
v

b I «
e T

v
S

£
e ’r" PRl

(N8) Sfeq = Arn —Arie

o |
o)
-t

I it
O
T )
. L O T
[Ra .

-
—a

However, because of diodes D7 and D9 currents s#&n and ARIZ
have limitations depending upon the direction of voltage

v
E

oty across the diodes. Summing voltages around the loop C3,
ol R11l, D9, C4 to VX gives:

(V11) Ves ‘+1//?)t rE04 -ri/(;§£ V=0

e

A,
. . 5
L SR

oy

e gt}
b Ry

Substituting equation (V1l) into the expression
VRi1 <Aen Ku @as established by Chm's law gives:

,
A%

oo A
r.-.“i'

VD' ge = VX = Vey -£p4 Ve 3

For (I-Vege =2, -Ié;) >0

A7
--"1"#: . .
H Because of D9, fe, = O cok. (Vi Vey - Eoq 4{;)'50

Summing voltages around the loop €3, R12, D7, C4, to VX
gives:

(V12) Ve, -V -£o7 -fl/c’;c VX 70

Substituting equation (V12) into the expression
VRi1=Ariz K188 established by Ohm's law gives:

V12)' e = .z #/»EMH@#/X Fox (Vs £00 f‘/‘"'ga O
K12

Because of D7 /l;,, = ¢ e (‘/L'I-EW'/"“"/‘) £0

Summing voltages around the loop C3 through Q4 to C2 gives:

w-a4) V3 '1/5524-504 “Vege -Vea =0

. - R - TR, .- o T T T
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Since the currents #4624 and Ae«¢ in transistor Q4 are
restricted to positive values only, voltages VBQ4 and VEQ4 ar
are always positive; therefore, equation (V-Q4) shows that
VCZ2 is always less than VC? by an anount at least equal to
EQ4. Also, because of diodes D7 and D9, no current can

flow from C3 through R11l, D9, L7 and R12 to C2. For these
circumstances, it is observed (1) that for #c4 positive,
all of Acq passes through R11 and all of Agn is Ac¢

and (2) that for A¢¢ negative, all of Acq passes through

R12 and all of ARIZ is — Acq.

Since there cannot be positive Aeit and positive Ariz.
simultaneously, equation (N8) evolves to:

(N8) ' Jiee = Ak £,0 ARw >0
Aeqg =0 For ARit=0 Awmp JSri2=0
Heqa = ~ Ariz FoR ARz >0

By substituting equations (N5), (VX)' and (N7)" into
equations (V11)' and (V12)', equations for A4 are
developed for each case.

The remaining equations for the modulation circuit element
will now be developed. Substituting the expressions

Voqe = Aeqe Rege and Vege = Aea4 Ksdq as established by
Ohm's law along with the transistor characteristic

Acae = Lhegy H) ABaqe into equation (V-Q4) and solving for
Apgaq 8lves:
(V-Q4)' Ve - £aq - Ve
[R&u +hree + ‘\ KEM]

For (Ves-Eaq Ver| 7 O

Asaq =

=0 For (Vey -Eqa~Vex) S 0
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To combine constants, write equation (V-Q4) as:

w-a4)  Aaag = Wo; ) Cozz -Coz3 |
FuR (.I/CJ' l/h) 7z 8623/66'22—

=0 J:O'Au/c;')é:—)&céli Coz2

Also, since current AEQ4 is needed, define the transistor
characteristic as equation Q4:

(Q-4) Aeaq = Hsue Céry
where Co/y = (hree r /)

By summing currents at Node (:::) current A%z,is
established as:

Ny Hez = Aeaa - Arie - Ares

Using the same assumption relative to AK## as was made
for equations (N1)' and (V8) and by Ohm's Law Ags#4
is established by equation (V8) as:

(V8) in = Veo (Repeated)
KirRen + Ke3

By summing currents at Node(::)current Ak} is established

as:
(N3) Hes = Ari-firm - Asge

Current Aﬁ/{— is computed from Vc,; = ﬁﬂm /€/¢
established by Ohm's law and A4¢¢ is computed from
equation (V-Q4)' and Equation (Q-%4).
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Equation {N8)' establishes that:
ARz = = fcq Fuok HAeg .o

= J FoR Acqg 20
fen = Hee For fHeg >0
= 0 Fok fleg £0

Substituting the above and equation (V8) into equation
(N14) gives:

1 )
(N14) /ﬁcz, = /¢£Q4 + /4(:4 - léz Cold For feqd <O

Aeas — oy Con e Aea = 0

Similarly, by substituting the above A%)Ito fes
relationship and | s~ 444 £14 into equation (N3)
/3¢3 is established as:

N3 s

Heq - l/cg C6/ - 1 8aq IR Aed >0
~ Wy Cor5 - Hoag Fr Aeg €0

i

The voltages across capacitors €2, C3 and C4 are established

by:
[ Vez dt

(éo? Aeca

(2) Ve o

1]

(A2) Ve 2

3) Ves = f Ves dt

(A3) Ves = Cénp Aes

0! Veg = f Ve dt
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(A4) Veg = Céuy Scd

Sy
—h LA A A

Y
S =
RN A

All of the equations describing the antiskid circuit's
operation have now been developed; however, to obtain a
computer solution of these equations, they have to be
converted to a suitable form so that there are no ''closed
loops." Also, since the equations for'/%ﬁ?z,,4MW'dh/.ﬁb¢
have different forms depending upon which circumstances
exist, a procedure must be established to define which

x

oyl
o

-
-3 iy
LR e

E1Y5
-
-

x
-

AN

e form of equations (Q2), (N7)'" and (N8)' applies for each

W) , 4 .

e instance. There are twelve (12) possible combinations of

2Ty circumstances as shown on Table 18 ., The procedure for

i! defining which condition exists will be to assume a condi-

A tion and develop a set of equations based on the assump-

e tion. Using these equations, the assumption will be

s tested. If the test is affirmative, the assumed condition

.vﬂ exists, If the test is negative, the assumption is

ﬁ incorrect and other assumed conditions are tested until
an affirmative test result is obtained. To illustrate

";; this procedure, the equations for circuit condition 4 will
Vi be developed:

Fa0 For circuit condition 4 A¢¢ is positive,Abg;greater than
.I! Cws/fewe and VB greater than zero. Substitute equation (N3)
pr and the applicable version of equation (N7)" into equation
t vx)'.
';.L:r}:
o0 Wx)'-4 Vi = (Acas Coos ~Coos -—ﬂw) (o + Co/
Fel,
Ek}j From equations (N8)' and (V11)' Ae4 is established as:
Y (NB)' - P AC4=' \/X-ch--foq”/bs
R
Substitute (VX)'-4 into (N8)'-P and solve for A4
(N8) '-P4
] - 24
ﬁ(q. = /?CQT ("‘ﬂ‘r‘d‘foc - (_l/cq-”é.?) - (L‘gqf-(w:(#ua-&«m)
(H + Coper0) K +C w0 At Cwuo
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tﬁ Now substitute equations (N5), (N7)" and (N8)'-P4 into
B equation (N4)' and solve for EV
(N4) '=4
Ev = Rv [ﬂcaq Cave R1Cvor + [\/c,.“lf;;) Coor = (Coos P ~Eps rd‘m) Cout,
R0

+ f#d?{fnré'#w>]

Substituting equations (N4)'-4, (N10)', (Vy-1),
and (Q3) into equation (Q-2) and solving for Agzqs gives:

(Q-2)-4 /45@2; - (Eg - )Cw; #Vez Cyso —(Lé!?‘é‘f)cafl +Cecz

Substituting equations (Q-2)-4 and (Q3) into equation
(N8) '-P4 gives:

(N8)'-P4 g - -5 Wy ) (472 Ve, Corg - (Ves rVea)Cagq - Cazs

Substituting equations (Q-2), (N10)', (N4)'-4, and (Vy-2)
into equation (VB) results in:

(VB-3,4)  VB= Vealon - (g (Ec-Ve)) = Cosr (Vo V) +C i

Now using equations (VB)-4, (Q-2)-4, (Q3) and (N8)'-P4
the assumption that Aee> O, Acad > € 5 /(w4 and V3 >0
can be tested., If the test is affirmative, then values
for Acq4 , Aez and EV can be computed, If the test is
negative another condition must be tested for.

Tables 14, 16 and 17 are a summary of test equations
developed in the same manner as above. Since equation
(Q3) establishes a linear relationship between Asaz and
Acaz and since Aeq2 needs to be computed as a step in
the computation of /%, the test equations for Aeqz will
be performed implicitly by computing A£ezz and comparing
its computed value to C607 where C607 is defined as:

c607 = __C#05
(Z¢¢0¢)55204)

Currents /7c¢ and Heg2 are computed using the applicable
test condition equations.
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As shown on Figure 49 the locked wheel prevention cir-
cuit elements also have an input to the valve control
amplifier., In the equations thus far it has been_assumed
that the locked wheel skid signal, Aws at node (N15), is
zero. When computing the valve voltage, it is necessary
that the non-zero value of Aiws be accounted for. If fwy
is not zero then equation (Q3) is:

(Q3-1) Acas = Cooo feqr v hees Aows

T

Eaips
£ T T

i
i
y
ile

Since Awws is a two valued variable (i.e. either zero or
the value required to drive the amplifier as necessary to
achieve full brake release) insofar as valve

voltage computation is concerned, it can be considered as
a current which can be added to Aeqs in Equation (Q3).

If we define a current Awez , valve amplifier input
current, as:

aw-1y  Avar= Aear + Arws

and tieat this current like Asa: in equation (Q3) and if
we substitute equations (Q3) and (N7)" into equation (N5)
an equation for computing fps is formulated for each cir-
cuit condition, Current Aps is then used in equation (N4)
to compute EV. Table 15 1lists the version of equation
(N5) which is to be used for computing current 4os for
each circuit condition.

Since the variables EG and VCl are always used in the form
of their difference, we will define the difference as

equation (5)

(5) Ec-Vo = (Ec-W,)

For the cases where the antiskid control circuit mathe-
matical model is used with the flywheel system or three
dimensional airplane system, the flywheel velocity, VF,

or the airplane velocity, X, as applicable, will be used

as the airplane speed reference circuit element. The

wheel speed comparison element will be described as follows:

(6) Arws= Cciz  ForR VE>Cors awe £E6 < Cs46
- s) Fur Ve EComw 0R Eg 2 Coib
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