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This document outlines the development process and makes recommendations for total antiskid/aircraft systems
compatibility. These recommendations encompass all aircraft systems that may affect antiskid brake control. It focuses on
recommended practices specific to antiskid and its integration with the aircraft as opposed to more generic practices
recommended for all aircraft systems and components. It defers to the documents listed in Section 2, for generic aerospace

best practices and requirements. The documents listed below are the major drivers in antiskid/aircraft integration:

1.
2.
Equipment
3.
4. RTCA DO-254, Deq
5. RTCADO-160, Eny
Engineering Consid
6. ARP490, Electrohy
7. ARP1383, Aerospa

In addition, it covers def
brake system engineer
evaluating antiskid syst
For definitions of terms
1.1 Purpose

To recommend minimu
aircraft system compati

2. APPLICABLE DOC

The following publicatio

ARPA4754, Guidelines for Development of Civil Aircraft and Systems

RTCA DO-178, Software Considerations in Airborne Systems and Equipment Certification

ironmental Conditions and Test Procedures for Airborne Equipment or MIL-§
erations and Laboratory Tests

jraulic Servovalves

ce - Impulse Testing of Hydraulic Components

ign and operational goals, general theory, and functions, which should be ¢
to attain the most effective skid control perfermance, as well as methg

bm performance.

used herein see Section 7.

M antiskid brake control design,practices, laboratory and aircraft test requi
Dility.

UMENTS

ns form a part of this document to the extent specified herein. The latest is

shall apply. The applicgble issue of .dther publications shall be the issue in effect on the date of the

event of conflict betwee
Nothing in this documg
obtained.

h the text of.this document and references cited herein, the text of this docu
nt, however, supersedes applicable laws and regulations unless a speci

ARPA4761, Guidelines and Methods for Conducting the Safety Assessment Process on Civil Airborne Systems and

TD-810, Environmental

pnsidered by the aircraft
ds of determining and

ements to provide total

bue of SAE publications
b purchase order. In the

ent takes precedence.
ic exemption has been

2.1 SAE Publication

Available from SAE International, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 877-606-7323 (inside USA
and Canada) or 724-776-4970 (outside USA), www.sae.org.

ARP490

ARP598

AIR1739

ARP4754

Electrohydraulic Servovalves

Aerospace Microscopic Sizing and Counting of Particulate Contamination for Fluid Power Systems

Information on Antiskid Systems

Guidelines for Development of Civil Aircraft and Systems
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ARP4761 Guidelines and Methods for Conducting the Safety Assessment Process on Civil Airborne Systems
and Equipment

ARP4955 Recommended Practice for Measurement of Static and Dynamic Characteristic Properties of
Aircraft Tires

AS8775 Hydraulic System Components, Aircraft and Missiles, General Specification For
AS22759 Wire, Electrical, Fluoropolymer-Insulated, Copper or Copper Alloy
2.2 U.S. Government Publications

Available from DLA Document Services, Building 4/D, 700 Robbins Avenue, Philadelphia, PA 19111-5094, Tel: 215-697-
6396, http://quicksearch.dla.mil/.

MIL-B-8075 Brake Control SYStems, ANSKid, Alrcralt WNeels, General Speciiicaton .- or
MIL-DTL-26500 Connectors

MIL-HDBK-217 Reliability Prediction of Electronic Equipment

MIL-HDBK-454 General Guidelines for Electronic Equipment

MIL-HDBK-5400 Electronic Equipment, Airborne, General Guidelines For

MIL-P-8564 Pneumatic Components (Inactive)

MIL-PRF-81322 Lubrication

MIL-STD-130 Equipment Identification (Active)

MIL-STD-461 Electromagnetic Interference Characteristics, Requirements for (Active)
MIL-STD-704 Electrical Power, Aircraft(Characteristics (Active)

MIL-STD-810 Environmental TestMethods (Active)

MIL-STD-882 Safety Requirements (Active)

MIL-STD-1568 Materials"and Processes for Corrosion Prevention and Control in Aerospa¢e Weapons Systems
MIL-W-5088 Aircraft Wiring (Inactive - see AS50881)

NOTE: DOD cancelledlertractive-decumentsay-be-apphed-by-the-contractor
2.3 NASA Publications

Available from NASA, Documentation, Marshall Space Flight Center, AL 35812, www.has.nasa.gov.

NASA TN D-1376 Influence of Tire Tread Pattern and Runway Surface Condition on Braking Friction and Rolling
Resistance of a Modern Aircraft Tire
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2.4  Federal Aviation Regulations
Available from:

U.S. Department of Transportation, Subsequent Distribution Office, SVC-121.23, Ardmore East Business Center, 3341 Q
7t Avenue, Landover, MD 20785.

http://rgl.faa.qov/

Federal Aviation Administration, 800 Independence Avenue, SW, Washington, DC 20591, Tel: 866-835-5322, www.faa.gov.

www.faa.gov.

Equivalent EASA CS specifications exist and are available at:

http://easa.europa.eu/dpcument-library/Certification-specitications

AC121.195(d)-1A Operational Landing Distances for Wet Runways; Transport Categoety.Airplanes
AC25-7 Flight Test Guide for Certification of Transport Category Airplanées
AC23-8 Flight Test Guide for Certification of Part 23 Airplanes

AC20-152 Design Assurance Guidance for Airborne Electroni¢’Hardware

14 CFR 25.109 Accelerate - Stop Distance

14 CFR 25.735e Antiskid Systems

14 CFR 25.1301 Function and Installation

14 CFR 25.1307 Miscellaneous Equipment

14 CFR 25.1309 Equipment, Systems and(Installations

14 CFR 25.1316 System Lightning Pfotection

14 CFR 25.1322 Warning Caution;“and Advisory Lights

14 CFR 25.1435 Hydraulic'Systems

2.5 Other Publications

NLR-TP-2001-242

L H £ 0A 2l Al £+ T Dlats LA 1 | +
|_yu|up|ou||||9 Ul ivivutTiTrirAanoerairt 1mto, tvauturiarl HCIUOPQbU L(J.UUI(JLUI_Y,
2.6  ARINC Publications

Available from ARINC, 2551 Riva Road, Annapolis, MD 21401-7435, Tel: 410-266-4000, www.arinc.com.

ARINC429 Mark 33 Digital Information Transfer System (DITS)
ARINC600 Air Transport Avionics Equipment Interface
ARINC604-1 Guidance for Design and Use of Built-in Test Equipment

ARINCG629 Multi-Transmitter Data Bus


http://rgl.faa.gov/
http://www.faa.gov/
http://www.faa.gov/
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2.7 NAS Publications

Available from Aerospace Industries Association, 1000 Wilson Boulevard, Suite 1700, Arlington, VA 22209-3928, Tel: 703-
358-1000, www.aia-aerospace.org.

NAS 1638 Cleanliness Requirements of Parts Used in Hydraulic Systems
2.8 RTCA Publications

Available from RTCA, Inc., 1150 18th Street, NW, Suite 910, Washington, DC 20036, Tel: 202-833-9339, www.rtca.org.

DO-160 Environmental Conditions and Test Procedures of Airborne Equipment
DO-178 Software Considerations in Airborne Systems and Equipment Certification
DO-248 Second Annual Report for Clarification of DO-178B

DO-254 Design Assurance Guidance for Airborne Electronic Hardware

QQ-P-416 Plating, Cadmium (Electrodeposited)

2.9 ASME Publications

Available from ASME, R.O. Box 2900, 22 Law Drive, Fairfield, NJ 07007-29Q0, Fel: 800-843-2763 (Y.S./Canada), 001-800-
843-2763 (Mexico), 973-882-1170 (outside North America), www.asme.org.

ASME-Y14.100 Engineering Drawing Practices

ASME-Y14.24 Types and Applications of Engineering-Drawings
ASME-Y14.35M Revision of Engineering Drawings-and Associated Documents
ASME-Y14.34M Associated Lists

2.10 |EEE Publications

Available from IEEE Opgrations Center, 445.Hoes Lane, Piscataway, NJ 08854-4141, Tel: 732-981-0060, www.ieee.org.

IEEE/EIA 12207.0 Standard for fnformation Technology - Software Life Cycle Processes
IEEE/EIA 12207.1 Guide<for Tnformation Technology - Software Life Cycle Processes - Life Cycle Data
IEEE/EIA 12207.2 @uide for Information Technology - Software Life Cycle Procesges - Implementation

Cancidarationa
COTTSTOCTTatIoTTS

3. ANTISKID, DESCRIPTION OF OPERATION

The antiskid system as used in this recommended practice is the group of interconnected components which interact to
prevent inadvertent tire skidding and contribute to shorter aircraft stopping distances by controlling excessive brake
pressure, including, but not limited to wheel speed sensors, control valve(s) and control unit.

The wheel braking system refers to all elements associated with the antiskid system, which coupled together provide
deceleration of the aircraft due to wheel brakes. The elements include but are not limited to antiskid control components
and associated hydraulic installation, electrical system interfaces, wheel(s), tire(s), and brake(s).


http://www.aia-aerospace.org/
http://www.rtca.org/
http://www.asme.org/
http://www.ieee.org/
https://saenorm.com/api/?name=8f2a4ae55f8fd4de53320c5ec72c3964
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The core function of antiskid control is stopping the aircraft as quickly as possible while maintaining directional control and
staying on the runway.

The antiskid system provides a means of detecting an incipient skid condition of the aircraft tires and functions to control
the brakes so as to maximize braking efficiency, minimize tire damage, and prevent loss of aircraft control. In operation, it
modulates the brake clamping force at all times to generate brake torque such that the tire runway friction force is maintained
close to its peak value, and thus gives the aircraft maximum available deceleration which results in the shortest possible
stopping distance.
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Figure 10shows typical mu-slip curves. The instantaneous tire-runway friction (mu or p) is a function of wheel slip, which is
the difference between [the forward speed of the axle and the rotational speed of the wheel multipljed by the rolling radius
of the tire. The shape of the mu-slip curve and\the location of the peak changes as the aircraft slows down, as well as with
runway condition, but there is always a_peak. It is this peak that antiskid needs to find to mgintain optimal stopping
performance.

Slip on the frontside of the mu-slip-cdrve is apparent. Tire stretching and twist about the axle cause the wheel to turn at less
than synchronous speef, even theough the tire is not actually slipping on the runway. For further explanation please refer to
AIR1739.

The performance of thg antiskid system is dependent upon the degree of compatibility achieved Hetween the skid control
equipment, the airplane’s landing gear (including wheels, tires, and brakes) and airframe, and the remainder of the brake
control system.

In operation, the pilot commands pressure or clamping force to the brakes in proportion to the pilot’'s brake pedal force
and/or pedal travel. If there are no incipient skids, the antiskid system does not interfere with the pilot input. If there are
incipient skids, the antiskid system overrides the pilot’s input and commands a reduction in the brake clamping force to stop
the incipient skids. It does this in a manner which seeks to continuously use the available tire-runway friction braking force
and minimize wheel skids. In unmanned aircraft, an onboard computer commands pressure or clamping force directly.
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The antiskid system controls the brake clamping force through a brake actuator (a skid control valve, an Electric Motor
Actuation Controller (EMAC), or some other means) in response to information obtained from the wheel speed sensor
(transducer). The wheel speed information is processed by an electronic controller which then sends a signal to the brake
actuator to modulate the brake clamping force. Upon command from the controller, the skid control reduces brake clamping
force. When the wheel spins up, the controller reapplies brake clamping force at a controlled rate through the brake actuator
until another incipient skid occurs or commanded clamping force is achieved. Several types of brake control-antiskid system

types are shown in Figure 2. Note that an alternative to the “Brake By Cable Configuration” is a “Brake By Master Cylinder”
configuration.

Note that many existing systems still use analog antiskid controllers, rather than digital computers with embedded
processors.
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FIGURE 2 - ANTISKID SYSTEM SCHEMATIC
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4. ANTISKID SYSTEM DEVELOPMENT PROCESS

ARP4754 should be followed. Figure 3 shows the general development process for antiskid systems.

FIGURE 3 - ANTISKID DEVELOPMENT AND TESTING FLOWCHART

LRU: Line-Replaceable Unit.

HITL: Hardware-In-The-Loop Simulation. Real-time.

Brake System
Architecture
Definition
Brake
Control LRU
Specification build
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Test equipment and fixtures should be developed to perform the validation and verification activities required by ARP4754.
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4.1 Configuration Consideration

The selection of an antiskid system configuration (architecture) is conditioned by considerations usually including the
following:

a. Number and arrangement of braked wheels
b. Degree of emphasis on stopping/cornering performance
1. Individual wheel control refers to the feature where each braked wheel is controlled individually, as a function of its
wheel speed. For this function each braked wheel requires its own wheel speed transducer, servo valve and control
circuit.
2 The antiskid system may be configured to control brake pressure to two or more braked wheels requiring skid

control. Pairing or grouping of wheels is a function of landing gear arrangement, performance required, and aircraft
directional stabjfity Tequiredand shoufdbe defimed i the procurement Specificatiorn.

c. Available space
d. Airplane electrical wiring configuration
e. Wheel brake friction variation

f. System cost
g. Reliability and maintainability
h. Weight
i. Failure modes/redundancy

4.2  Antiskid System (Qperating Environment
The antiskid system operating environment is the environment which the antiskid system feels in|performing its function.
The skid control operating environment includes'the wheel braking system, the airframe elastic stryicture (including struts),
the wheel dynamic load|ng, tire elastic properties, runway friction levels available, runway roughnesg, ambient and hydraulic
fluid temperature, and gxternal influences-including EMI, fluid susceptibility, etc.
4.3  Aircraft Braking Hnvironment

The aircraft braking environment-is that environment the aircraft experiences during the landing and braking phase of

operations including:| runway length/width/surface texture/slope/crown/contamination level, wind conditions,
temperature/pressure, touchdown velocity and alignment, and touchdown point proficiency.

4.4 Recommended Data Exchange

Technical data required for design and analysis should be defined in specification or formally agreed to in technical data
exchanges to assure the least amount of system deficiencies prior to aircraft test. Example data exchanges are shown in
Tables 2 and 3. Table 2 is an example of data supplied by the airframe manufacturer, airframe user, or the brake control
supplier/integrator. The higher the fidelity of the antiskid simulation models used in the development process, the more data
will be required. Table 3 identifies data and information supplied by the skid control manufacturer.
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TABLE 1 - AIRFRAME MANUFACTURER SUPPLIED DATA (TYPICAL BUT NOT LIMITED TO)

Parameter

Aircraft
(General)

Aircraft Weight - maximum takeoff, design landing, minimum landing weight, weight empty.

Aircraft velocity at brake application - maximum takeoff gross weight rejected takeoff, overload stop,
normal landing weight, minimum flying weight.

Geometric parameters - distance from ground to C.G. (maximum takeoff gross weight, normal
landing weight, minimum flying weight), distance from nose gear to main gear, distance from nose
gear to C.G. distance between main gear, distance from center of axle centerline to center of gear,
distance from ground to C.G. with extended main gear.

Aerodynamic parameters - aerodynamic drag coefficient (takeoff and landing), aerodynamic lift
coefficient (takeoff and landing), X, y, z locations for aerodynamic lift and drag, engine idle thrust,
engine decay characteristics and reverse thrust.

Miscellaneous - mass moment of inertia about C.G. (maximum takeoff gross weight, normal landing
weight, minimum flying weight).

Landing Gear
Shock Strut

; gear) vertical
mping rate (nose and main gear), main gear lateral and longitudinal stiffiegs, main gear fore-aft
natural frequency, main gear fore-aft damping ratio (percent of critical),-main gear torsional
stiffness.

Brake Hydraulic
System

Hydraulic lines - line length size and type of supply line, brake linegand return|line, location and size
of [restrictors, location of brake metering valve, antiskid control yalve.
Brake Metering Valves - pressure and flow characteristics, Hydyaulic Supply -+ maximum pressure
avpilable and flow characteristics.

Hydraulic supply and return pressure

Electric Power

If brakes are electrically actuated, electric wire location and size, means of selecting normal or

System reserve power to the brake system

Brake Liming contact pressure (psi), pressure volume characteristics, torque—pressufe characteristics

Component ingluding range of friction coefficients (hot brake, cold brake, worn brakes, neyv brakes), torque-
speed characteristics, weight of brake, moment of inertia of brake rotors. Number of stators and
rofors. Number of pistons and piston aréa:

Wheelftire Tife size and type, fore-aft spring rate, vertical spring rate, weight, normal tire |pressure and rolling

parameters raglius, wheel weight, tire peak ground coefficient versus velocity on normal diy runway, moment of

ingrtia of tire and wheel.

Miscellaneous

SKid control components - s¢hematic, envelope, and mounting requirements. |nterface
requirements for controller, control valves and wheel speed sensors.
System fault isolation and'indication requirements.

Saeed Requirements'- maximum and minimum operational speeds.
SKid control efficieney requirements -

Special Skid Centrol Features required - touchdown protection, locked wheel protection, paired
wheel contrahyauto-braking, warning devices for pilot, on-off switch, parking bfake, etc.

Operationahenvironment for components -
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TABLE 2 - ANTISKID MANUFACTURER SUPPLIED DATA

Antiskid Manufacturer Supplied Data

Electronic Schematics

Interface Control Documents (ICDs)
Operational Considerations

Failure modes and effects analysis
Requirements verification compliance matrix — confirmation of requirements compliance, and how to be verified
(inspection, demonstration, analysis test).

Skid control component characteristics — as required by customer for overall brake system analysis. Includes
weight, C.G, envelope, input/output characteristics, interface characteristics, control algorithms description.
Maintainability — recommended system maintenance and checkout procedures, required ground support
equipment.

Reliability predictions

Test procedures/reports — acceptance test, flight justification test, and qualification test.
Complete working drawings including proprietary data appropriately marked.

System safety evaluation in accordance with ARP4761

Simulation Tept Results

Data demonstrating compliance with DO-178 (Clarification in DO-248)

Data demonstrating compliance with DO-254

Data demonsfrating compliance with ARP4754

5. AIRCRAFT SYSTEMS AND AIRCRAFT OPERATIONAL GOALS, EFFECT)ON ANTISKID

51

Antiskid Interactigns with the Aircraft, Stopping Performance

Figure 4 shows some of the important interactions between antiskidcore function, aircraft systems,|and aircraft operational

goals.

Difectional
Landing il Passenger
Gear/AC Structure Comfort
_ Aerodynamic
Tires Surfaces
A Touchdown

Yigdn uhcs<:> Antiskid | ———> Event

Brakes Engine
Aircraft Electrical Vehicle Management
Power Aircraft Systems (VMS)

Geometry

FIGURE 4 - ANTISKID AIRCRAFT INTERACTIONS
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5.1.1 Aerodynamic Surfaces

For optimal stopping capability, it is recommended that the aerodynamic surfaces generate as much drag as possible while
directing the greatest possible load onto the main wheels while maintaining enough load on the nose wheels for effective
steering.

At high speeds, rudder control may reduce or eliminate the need for differential braking to maintain directional control.
5.1.2 Engine Thrust

The effect of engine thrust on stopping performance should be considered.

The effect of reverse thrust should be considered.

The effects of feathering propeller driven airplanes should be considered. The effect of propellers on aerodynamic surfaces
should also be consideled:

5.1.3 The Touchdown Event

The touchdown event affects stopping distance as well as the time it takes for antiskid\to reach the peak of the mu-slip
curve.

After a hard landing, if the aircraft bounces and significantly lowers the weight ehithe wheels, the task of antiskid initializing
itself to find the skid level may be much more difficult.

Note that a touchdown protection feature should be included to preventfrake application before toychdown and wheel spin
up.

5.1.4 Vehicle Managgment Systems (VMS)

Vehicle Management Siystems (VMS) may perform functions that might traditionally be performed ip the antiskid controller,
as well as additional fupctions that may affect antiskid performance and control. These functions might include (but not be
limited to):

e Touchdown protectjon

o Delay of brake application until such-application will not cause adverse aircraft structural issugs (Example: Delay until
all landing gears arg¢ on the ground)

e Limitation of brake forque magnitude or rate of application to prevent aircraft structural damage

e Directional control

Specification of antiskid performance requirements should take VMS limitations of brake application into account.
Conversely, the design of VMS software related to braking should take antiskid into account.

Interfaces between the VMS and the antiskid controller should be designed to have enough bandwith and speed (including
margin for potential expansion) to meet all of the control interaction requirements.

5.1.5 Aircraft Geometry

It is recommended that stopping capability and steering capability be considered when laying out the geometry of the main
landing gears, nose landing gear, and range of center of gravity location.

A center of gravity too far forward of the main gears, in relationship to the wheelbase (distance between the nose and main
gears) will increase the weight on the nose as compared to the main gears. As the aftward directed braking force is the
product of the weight on the main wheels and the tire runway coefficient of friction, the lower the proportion of weight on the
main wheels, the longer the stopping distance.
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Braking itself produces a nose down pitching moment on the aircraft. The higher the center of gravity, the more weight will
be transferred to the nose during braking.

A short wheelbase and wide track (lateral distance between the main gears) will increase the yaw moment produced on the
aircraft when antiskid releases pressure on one side of the airplane but not the other, thus causing the aircraft to veer to the
left or right. Methods insuring that antiskid releases pressure on both sides simultaneously can alleviate this problem but
they may increase the stopping distance.

5.1.6  Aircraft Electrical Power System

The antiskid/brake control equipment should be compatible with the aircraft power quality environment.

For electric brake systems, the electrical power system should have sufficient voltage and current capability to meet the
needs of the brake system. Reserve electrical power should also be available if the primary electrical power system fails.

5.1.7 Brakes

5.1.7.1 Brake Respopse
Brake system responsg is a shared responsibility between the airframe manufacturer, the antiskid
brake manufacturer. The airframe manufacturer should manage the roles and respansibilities of

ensure that the system jas a whole is responsive enough for highly efficient antiskid gontrol.

manufacturer, and the
these three players to

Fast brake response is [desirable, as measured by both step and frequency response.

Brake fill time, or the time from the initial command to the brake and pisten contact should be minin

Brake release time shouild be as fast as possible. If a wheel locks up-or goes into a very deep skid,
reduce torque quickly t¢ allow it to spin up again. When antiskidsteommands zero brake torque, thg
system must be as fast|as possible.

Note that the response|
system or the electric b

of the system will be tested as a-whole, using a rig that duplicates the a
ake system (see 8.1).
51.7.1.1

Fluid Displgcement, Hydraulic Brake

Hydraulic fluid volume
amount of flow require
hammer when the pist

change from return. pressure to initial brake contact pressure should be
to quickly fill the-brake. In combination with long brake lines, high flow r
s contact thésbrake stack.

Hydraulic fluid volume ghange shodld be a minimum from initial brake contact pressure to maximun
both new and fully worp brake conditions (compatibility with the antiskid system should be confi
brake structural spring rpte and self-adjusters should be considered to accomplish the above. A brak

Nized.
antiskid must be able to

e response of the brake

rcraft braking hydraulic

inimized to reduce the
tes can result in water

N operating pressure for
med). A relatively high
e stiffness curve should

be defined in the procullement specification

Figure 5 shows how brake fluid displacement can be better or worse for antiskid hydraulic system response, depending

upon the brake design and brake wear level.
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worse

Pressure
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Volume

FIGURE 5 - BRAKE DISPLACEMENT, PRESSURE VS VOLUME
5.1.7.1.2  Fluid Passages, Hydraulic Brake

Ports and internal fluid|passages should be designed to assure minimum air entrapment and minimum flow restrictions.
However, this should b¢ balanced with the need to provide additional damping to minimize brake Yibrations. For example,
damping for the brake whirl modes of vibration:is frequently achieved by brake passage restrictions. [Flow restrictions should
not be so severe that, during a brake fill; 'an upstream piston contacts the brake stack noticeably before pistons further
downstream.

5.1.7.1.3  Communication and Cemputational Delays, Electric Brake
Communication delays petweén the antiskid system and the electric brake motor actuator (EMAC) gnd between the EMAC

and the brake actuatorg should be minimized. This lag is the equivalent of transport delay down g long hydraulic line in a
hydraulic brake.

The computation time of the EMAC (Electric Motor Actuator Controller) should be fast enough to maximize the response of
the electric brake actuator.

5.1.7.1.4  Electric Brake Actuator

The response of the actuators should be sufficient to allow for highly efficient antiskid control.

5.1.7.1.5 Mechanisms, Hydraulic and Electric

Brake release mechanisms, self-adjusters if employed, brake rotor wheel drive key interface, brake stator torque tube spline
interface, and hydraulic seals should be designed to minimize friction and the hysteresis associated with application and

release of the brakes. Excessive hysteresis can interfere with antiskid control and its ability to reduce brake torque as
required.
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5.1.7.2 Brake Vibration

Interactions between antiskid and brake dynamics should be considered. It is also sometimes possible to relieve adverse
effects of brake dynamics by changing the antiskid system characteristics.

Brake vibrations that can interfere with the antiskid control should be avoided. These include:
e Vibrations that cause cycling in piston pressure sufficient to interfere with antiskid’s modulation of brake pressure.

e Vibrations that occur at some multiple of wheel speed. Steel brakes with the same number of expansion slots in the
rotors and the stators are an example of a design that can produce this sort of vibration.

e Vibrations that cause the wheelspeed transducer to measure incorrect wheelspeed.

e Vibrations that excite Innr‘ling gear natural frnnlllr-\nrin:
5.1.7.3 Brake Frictiof Properties

A goal of brake design|for antiskid systems should be consistent friction characteristics: Antiskid| can adapt more easily
when the shape of the ffiction curve and its rough level is similar from stop to stop throughout the life of the brake.

.
55

Ifleal (non-existent) brake

Aircraft Velocity
FIGURE 6 - BRAKE FRICTION CURVE VARIATION

Figure 6 shows a variety of brake mu curve shapes. Each of these curves requires antiskid to adapt in quite different ways
as the airplane slows down. The flat, green curve is the “ideal.”

If, under some conditions brake friction increases throughout a given speed range and, in other conditions, brake friction
decreases throughout that same speed range, antiskid has to be tuned for both possibilities. The compromise may result in
a reduction in overall stopping performance.
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In addition, if the brake coefficient of friction is much higher in some conditions than others, antiskid is less able to use the
skid pressure level it has determined through its control action as a surrogate for the tire-runway coefficient of friction.

Antiskid should be designed and tuned to adapt to the full range of curve shapes and brake torque versus pressure gains
expected to be seen in service. However, extreme variation in the brake torque curve shapes and brake torque vs pressure
(or clamping force) may limit the stopping efficiency achievable by antiskid.

5.1.7.4 Dynamometer Testing of Brakes

Dynamometer testing of brakes is essential to the evaluation of the skid controls system for the evaluation of total antiskid
performance. Test data from landing energy and overload energy stops help determine:

Brake torque versus pressure or clamping force

e The effect of temperature and velocity on the values of developed torque

. Other nonlinear eff

pcts that need to be accounted for in the antiskid system tuning

Tests that better ch

. practerize brake torque hysteresis

This data should be usgd in simulator tuning of the antiskid system.

5.1.7.5 Reaction Tor@ue
ariations of the vertical
o deal with variations in
hiskid.

The brake’s torque sho
wheel loads. However,
vertical load, recognizin

uld be reacted in such a manner that brake applications result in minimal
As this may not always be possible, antiskid should be designed and tuned {
g that extreme variations may limit the stopping efficiency achievable by an

5.1.7.6 Zero Commahd

A zero clamping force Jommand should result in the complete removal of clamping force.

5.1.8 Aircraft Hydraulics (Hydraulically Actuated-Braking System)

The braking system hyc

and step response necgssary for antiskid t0 achieve optimal stopping performance.

The pressure source, W

should be designed witlh enough system flow to support antiskid.

Hydraulic lines should
necessary for high stop
should be made as sh

raulic components should be designed so that, as a system, they can achie

hether it comes\from shared aircraft system supplies or a pump dedicateg

be sized so that the total braking hydraulic system can achieve step a
ping performance antiskid control. The length of the lines between the antis

ve the brake frequency

to the braking system,

nd frequency response
kid valve and the brake

Dft"as possible. The effect on total braking system response of flex hose

5, swivels, filter fittings,

fittings, and valves should be considered.

The inclusion of an accumulator should be considered to reduce supply pressure drop during brake fill, to provide flow
during system supply pressure failure both for antiskid modulation and/or a given number of brake applications to meet
regulator and/or specification requirements, and to provide parking brake pressure.

The return pressure and return lines should be sized so that the antiskid system is never unable to reduce the brake pressure
below the piston contact pressure.
5.1.9 Tires

The effect of tire selection on the ability of antiskid to provide both directional control and high efficiency stopping should be
considered.
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The tire runway coefficient of friction goes down as tire pressure goes up by about 0.0011 per psi. However, particularly on
contaminated runways, and contaminated wet runways, the coefficient is also very dependent on aircraft velocity and the
type of contamination. See NASA TN D-1376, page 24.

The wider the tire aspect ratio, the lower the dynamic hydroplaning speed may be. See NLR-TP-2001-242, Hydroplaning of
Modern Aircraft Tires, National Aerospace Laboratory, NLR

VP=9\/5

Vp = 6.4,/p

Horne’'s Equation for dynamic hydroplaning (Bias ply)

NLR-TP-2001-242 Equation for dynamic hydroplaning (Radial-belt

Ve (kts) Dynamic hydroplaning speed

p: (psi) Tire pressure

ed)

The tires may interact v
Tire footprint area, infla
stiffness, relaxation len
friction characteristics a
when designing or sele

5.1.10 Landing Gear

The dynamics of the lar
as its mass, stiffness ar

Note that the flexibility
stiffness properties of t

modeling landing gear dlynamics, the effect of the aircraft strugture should be included.

Many types of landing ¢
that go into the selectio

ith the landing gear to produce shimmy-like motion. This is discussed marg
tion pressure, type(radial/bias), fore and aft stiffness, lateral stiffness,-ve
gth, mass, inertia, tread design and wear, rolling resistance, diameter, d
Il contribute to tire interactions with the landing gear and antiskid.system an
Cting tires.

ding gear, and how it will interact with antiskid control, depend up the georn
d damping properties. Fore-aft motion is the mestjymportant to antiskid con

Df the aircraft structure to which the landing(géar is attached will significar]

ne landing gear. This includes the wing, if\the landing gear is wing mounteg

ear arrangements are possible and’ are in use. Antiskid is only one of man
h of a gear configuration. Four-ofthe most common are shown in Figure 7.

thoroughly in 5.1.10.4.
tical stiffness, torsional
lamping characteristics,
d should be considered

etry of the gear, as well
frol.

tly affect the mass and
d. When analyzing and

y design considerations

Cantilever Gear Cantilever Tandem F
(Telescoping Strut) (Telescoping Strut)
sikwheel duslwheel

lly Articulated
(Trailing Link)

FIGURE 7 - TYPICAL TYPES OF MAIN GEAR

5.1.10.1 Cantilever Tandem Landing Gear

In this type of landing gear the truck mass and pitch dynamics are important, as well as truck pitch damping. Techniques to
minimize truck pitch oscillations should be incorporated in the design. Some gears of this type include a pitch damping
device. Brake torque take out, which may be directly reacted to the truck or to the shock strut above or below the truck pivot
point, is important as it affects the pitching moments on the truck during braking. As truck pitch alternately loads and unloads
the fore and aft wheels, antiskid is directly affected as it seeks the brake torque level that will provide maximum braking.
The loaded radius of the tire, and rolling radius of the tire are directly affected by truck pitch. The resulting wheels speed
oscillations feedback directly into antiskid control. The interactions of the truck and antiskid control should be considered
when this type of landing gear is selected.
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5.1.10.2 Landing Gear Vertical Suspension

As seen in Figure 8, the nose and main gears provide suspension for the aircraft. A sufficient amount of damping is needed
for antiskid to be able to obtain highly efficient stopping performance.

FIGURE 8®)SUSPENSION

For optimal antiskid stopping performance, the landing gear should be designed to provide adequjate suspension, quickly
damping out aircraft cyglical vertical, pitch, and ralmotion and the resultant variations of the weight on the main wheels.
Figure 9 illustrates two gxamples of how landing gear design choices can result in poor suspensior].

Step in the shock &tnif spring curve Side loads on the bearnings can fause the
shock strut to stick
o s
£ /
2 --
g o :
&
L
Strut Compression

FIGURE 9 - SHOCK STRUT STEP AND STICK
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Shock struts with steps in the spring curve should be designed so that the on-ground vertical load is never in the range of
the step. Operating on the step results in significant vertical load changes on the gear with little or no stroke change. This
results in poor antiskid efficiency. Similarly, a shock strut that has excessive sticking due to excessive bearing friction will
result in the same problem with vertical load. Sticking generally results from side loads on the bearings. In cantilever gears
and some other types of gears, braking forces produce side loads on the bearings. Other landing gear arrangements may
generate significant side loads unrelated to braking forces.

Figure 10 illustrates how aircraft vertical, pitch, or roll oscillations can drive skidding. Any of these oscillations will result in
oscillation of the weight on the wheel. If the magnitude of this oscillation (Ww) is significant compared to the average weight
on the wheel, antiskid may be unable to track the skid level (brake torque required to skid the wheel) without driving the
wheel into a deep skid each time that the weight on the wheel drops. Note that the skid level is directly proportional to the
weight on the wheel. Also note that changes in the rolling radius driven by changes in tire compression driven by the weight
on wheels oscillation can be reflected into the wheel speed measured by antiskid.

Antiskid can, and should be tuned to av0|d drlvmg alrcraft p|tch oscnlatlon but |f there is I|ttle damplng in the pitch mode,
this may result in loss gf-ste S v kicHeyel, so, when weight on
wheel oscillations becqgme large in amphtude sk|ds will result OveraII (not mstantaneous) stopping performance is a
compromise between aggressively tracking the skid level and avoiding the excitation of pitch) If'the landing gears provide
little to no damping, antiskid will have to be tuned more towards avoiding pitch excitation 'and legs towards aggressively
seeking the skid level.

And note that the primafy input antiskid must use to try to accomplish this is wheel speed.

For these reasons, adefjuate aircraft suspension is critical for high stopping efficiency antiskid.

Wheel speed —

PR
Weight ‘
" on the wheel . __

.

Torque for optimal instantaneous stopping performance = Skid lefel

J/

)’_.- \ F 4 \ F;
S J N\ V4 W S

Torque to damp pltch oscﬂlanon should be at lts maximum wheu \\. 1s increasing the fastest

FIGURE 10 - AIRCRAFT PITCH, ROLL OR VERTICAL OSCILLATION

Further explanation of how locked out main gear suspension can affect antiskid may be found in AIR1739.
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5.1.10.3 Forward Raki

ng

For optimal antiskid stopping performance, and maximal fatigue life of the gear drag brace, forward raking of cantilever main
landing gears should be avoided.

Forward raked gears may be inherently unstable under braking and they may present particular

highly efficient antiskid
Further explanation of h

Also, note that, in both
occurs because the ver
produces a moment tha|
forces will pull the drag
tension to compression
skids. These reversals

stopping performance.

5.1.10.4 Gear Stability
Requirements for antisk
Main gear shimmy is pa
for antiskid to deal with

into shimmy.

Landing gear shimmy p
modes of the gear. Shi

I tends to rotate the gear forward. Reacting this'moment puts the drag brace

FIGURE 11 - FORWARD RAKED GEAR

control.
ow forward raked gears may affect antiskid may be found in AIR1739.

cases shown in Figure 11, the drag brace is under compression when th
ical load transferred to the axle/wheel by the tire'is forward of the center of

brace into tension. Antiskid modulation may’cause reversals in the loading

then back to tension, particularly whenghe antiskid releases large amounts
n loading may reduce the life of the drag brace. Tuning antiskid to limit thes

id with respect to gearistability may be found in 0.

rticularly problematic for antiskid. A main gear with a low shimmy stability m
as the ordinary.antiskid modulation necessary for high performance stopp

mmy-results from interaction between the landing gear (and related aircraf

difficulties in achieving

ere is no braking. This
potation of the gear. This
n compression. Braking
of the drag brace, from
Df pressure due to deep
e reversals may reduce

argin may be be difficult
ng may excite the gear

Fimarilyiinvolves simultaneous fore-aft, lateral, and yaw motion of the gear, §lthough it can excite all

structure) and the tire.
he axles describe a sort

The tendency to shimm

y may also be affected by the vertical loading on the gear. During shimmy t

of figure eight motion asthe airplane rolls down the runway.

A shimmy analysis of the main gear should be performed. Insufficient stability margin should be a cause for concern. Brake
torque and brake forces at a constant level are generally considered to improve shimmy stability margin. However, antiskid
must modulate brake torque as it constantly seeks the skid level. Gear oscillation may feedback to the antiskid controller
through wheel speed. If the gear is only marginally stable, and is close to the edge of self-generated oscillations, antiskid
may push it over. To avoid this, antiskid may have to be detuned, resulting in less efficient stopping performance. In this

case, antiskid stopping

efficiency requirements should be relaxed.

The targeted stability margins should reflect the state of the art of shimmy analysis and simulation, which is not yet

sufficiently predictive fo

r aircraft and antiskid designers to be entirely confident in its results.

If a shimmy damper is used to improve shimmy stability, a tolerance analysis should be made to ensure that production
shimmy dampers behave as expected.
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The gear structure, in combination with the related aircraft structure to which the gear is attached, should be designed so
that lateral, fore-aft, and yaw modes of vibration are not too close to each other in frequency, to avoid motion in one mode
from exciting the others.

Single wheeled, cantilever gears, may be most susceptible to shimmy type motion in combination with antiskid modulation,
as braking forces may tend to twist the gear about the shock strut axis, causing the axle and wheel to not be aligned with
the direction of travel of the airplane (see Figure 12). If the wheel is not aligned with the direction of travel, the tire will have
to twist to compensate, thus producing side loads and twisting moments on the gear. This can lead to shimmy-like behavior
during antiskid cycling, and may cause antiskid cycling if antiskid is not tuned to ignore the variation of wheelspeed caused
by the tire twisting. Note that a severe enough twist angle will cause the tire footprint to slip relative to the runway. Once the
tire slips relative to the runway, the tire-runway coefficient of friction will drop (backside of the mu-slip curve) which, if antiskid
is operating near the peak of the mu-slip curve, will produce a skid. Antiskid, will reduce brake torque to allow the wheel to
recover from the skid and this in turn will feed back into the tire and gear, possibly resulting in repeated skids and brake
releases. Antiskid must be tuned to avoid this behavior. Figure 13 shows both longitudinal friction and cornering friction as
a function of wheel slip ratio.

) The leading edge of the
The footprint tire footprint is laid
stays connected down on the runway
to the nunway
(no slip)
-~
Stretching of the tire 5\“ “T.'?f;
between its footprint and L R
the wheel produces a lateral 2
force on the wheel s Moment on shock strut
¥ produced by the
A A i3 tire/runway friction
Stretching of the tire between 2 force twists the shock
its footprint and the wheel strut
produces a moment on the
wheel
: s [ Direction of travel
Cycling of antiskid will cause of the airplane
the tire runway friction force tg
cycle. This will cause the angle
of the axle and wheel to gycle)
which will cycle the tire Iateral
force and twisting mment.
v Tire/runway friction force
FIGURE 12 - TIRE TWIST
5.1.11 Directional Conrol
All airplane aspects thdt €entribute to directional control should be considered as a whole, along |with antiskid and brake
control. Such aspects incitrere:

e Wheel base (distance from main gears to the nose gear)

e Wheel track (lateral distance between left and right main gears)
e Nose gear steering

e Aerodynamic steering

o Differential braking

Aircraft with design aspects that result in more difficulty with directional control may require antiskid that is not optimally
tuned for the best possible stopping performance.
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5.1.12 Passenger Comfort

In some cases, smooth brake control and passenger comfort may be a more important consideration than antiskid stopping
performance. This might be the case with some business jets. In these cases, antiskid should be tuned to minimize pressure

cycling that can be felt or heard by the passengers.

5.2  Antiskid Integration Interaction with Other Aircraft Systems

521

Integrated Modular Avionics

Placing the antiskid controller in an Integrated Modular Avionics rack (IMA) presents particular problems for antiskid

development, integratio

n, and troubleshooting. Two types of IMA are considered:

1. Antiskid shares processor time with other aircraft functions

2. Antiskid has dedica

In both cases, integratig
is provided with equipm|
include:

1. Cost

2. Standard I/O bus sd@

control that would

ed cards In the [IVIA TaCKk

n of antiskid may be problematic. The airframe manufacturer should eqsure

that the test environments created by the antiskid supplier can readily simul
normally be received from the aircraft (weight oniwheels, aircraft speed,

outputs from the antiskid control that go to devices on the aircraftiike cockpit displays and n

Note that large port
computer takes the
control.

3. A well-defined and

Sharing a processor is

ons of antiskid integration may take place in a full HITL simulation environme
place of the aircraft in supplying informationlike weight on wheels and aircr

pasy to implement integration environment

broblematic to the antiskid suppler for a number of reasons:

Antiskid is processgr intensive. As antiskid algorithms improve, and as the number of auxiliary

becomes more processor intensive.

nsor is no longer‘eonnected to a brake control unit that is specialized for int
that sensor..The most important input for antiskid now comes from an outg

Equipmenty’and built in test software becomes more problematic to design,

general, will be more difficult. As the antiskid supplier no longer has control

ent and an IMA integration environment that is sufficient for antiskid integral

hat the antiskid supplier
ion. Factors to consider

hte inputs to the antiskid
btc.) as well as receive
aintenance computers.
ent where the simulation
hft speed to the antiskid

functions connected to
braction and calculation
ide source.

test, and troubleshoot.

over all of the hardware

net over loads on the processor nat related to antiskid _troubleshaating wi

This has the potential to increase by orders of magnitude the time it takes to troubleshoot.

1.
antiskid increase, it
2. The wheelspeed se
of wheelspeed fron
3. BITE (Built-In Test
4. Troubleshooting, in
and the related 1/0O
5.

other than antiskid may require reverification of antiskid software.

| cross many suppliers.

Software verification activities may be increased by orders of magnitude as changes in software for aircraft functions

IMI implementations of antiskid must be validated according to DO-178 (along with DO-248 clarifications) and DO-254.

52.2

Communications Buses

Standard communications buses and protocols should be used as much as possible. Non-standard communications buses
and protocols can increase the difficulty of creating the hardware and software environment for antiskid system integration.
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Cockpit and Maintenance

The antiskid system failure indication should be provided in the cockpit, as a message through the Crew Alert System, or a
discrete “inop” warning lamp preferably mounted in a prominent location within the pilot’s field of vision during the landing
and braking phase of flight, to indicate that there has been a system malfunction. Annunciation of system malfunction should
be considered during the system design to preclude unsafe pilot reaction to minor system faults.

If an electrical on/off switch is incorporated into the design, the switch inoperative failures mode or antiskid off mode should
be made clearly visible to the pilot.

The failure detection logic should be of the “passive” type; that is, it will function to provide failure indication, visual or audio,
without altering remaining skid control capability. The antiskid system should fail with “brake clamping force as metered by
the pilot,” except for systems with four or more control valves, where the affected wheel may be isolated (made to free roll).

The cockpit failure indication system should be designed so that the antiskid control unit drives indication off, so that a
disconnected or removgdTontrotteranmuTnciates o fault:

5.2.4 Hydraulics

5.2.4.1 Fluid Cleanlipess and Filtration
Antiskid valves can be

protect the valve.

hdversely affected by fluid contamination. Filters should bedncluded on thelinlet and brake ports to

5.2.4.2 Leakage

Requirements for leaka
entire braking hydraulic

ge of antiskid components should take into acecount the architecture and @
system. Leakage lower than is possible forthe proposed antiskid valves sHh

perational profile of the
ould not be specified.

6. ANTISKID REQUIREMENTS
6.1 Stopping and Cofnering Performance

The antiskid system, in
runway conditions from

conjunction with the aircraft-brake system, should be capable of function
maximum rolling speed to the lowest speed compatible with ground handlin

ing efficiently under all
g of the aircraft,.

The system should be {uned for optimum-.braking performance throughout the control speed rang
operational conditions, |[ncluding a variety-ef runways such as dry, wet, icy, etc.

b over a broad range of

The system should typi
the needs of the particy
important than stopping

ally providebraking efficiencies in the order of 90% or better. Efficiency g

efficiency and stopping distance. Antiskid efficiency calculation methods

Developed Mu Efficien
methods. Developed M

Cy~(ATR1739B, 5.2.2) and Developed Acceleration Efficiency (AIR1739B,

Is will be dependent on

0
lar aircraftIn some cases, directional control ability, tire wear, or some ot)Ier criteria may be more

re defined in AIR1739.
b.2.4) are the preferred

Efficiency is a measure

of total aircraft stopping performance, including aerodynamic effects, engine effects, etc.
The system should operate in such a manner as to maintain tire cornering capability.

The antiskid system should not impair the pilot’s ability to apply and release the brakes or adversely impact the controllability
of the aircraft.

Both stopping ability and directional control are dependent upon available friction (i) between the tire and runway as well
as the weight on the wheels.

Skid level in a hydraulic system is typically defined as the brake pressure above which a skid will occur. With an electric
brake, the skid level is the clamping force above which a skid will occur. As the brake torque gain, the weight on the wheels,
and the tire-runway coefficient of friction change continuously throughout a stop, the skid level constantly changes as well.


https://saenorm.com/api/?name=8f2a4ae55f8fd4de53320c5ec72c3964

SAE INTERNATIONAL

ARP1070D

Page 27 of 58

A typical tire braking force (friction) wheel slip characteristic is shown in Figure 13. With increasing brake clamping force,
the tire is forced into an incipient skid, in which the tire begins to traverse onto the “back side”, or the negative sloped portion,
of the p-slip curve (tire braking curve). A typical friction coefficient versus slip curve is also shown in Figure 1.

04
N
N\
* § From NASA data, 20 x 4.4 Type VIl Aircraft Tire,
\ TN D8252
A
2 03]
> A\
| \ _
2 \ / Tire Braking
> A
& \
w N
= 024 N
i \
8 \
E N A H*—_
'-é \w/ Tire Side Mu
1 \
£ 0.1 N
S~
\
h
~
~
T
= Y
0.0 . : s .
0.0 02 04 06 D.8 10
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With increasing brake (
negatively sloped portig
detect the skid level, an
force curve. To maintai
curve.

Additional, specific area
a. Rapid initial adjustn

b. Operation at partial

s that need t6:be addressed are:

hent to the-optimum control clamping force

metered clamping force levels

lamping force, the tire is forced to the peak of the mu-slip curve and over
n of the curve, at which point a skid will occur. The antiskid system should utilize some means to
d modulate the brake clamping force near that level, in a narrow range near
N cornering capabilitys-the control should prevent large excursions onto the

onto the “backside,” or

the peak of the braking
backside of the mu-slip

c. Rapid adjustment to changing runway conditions

d. Control of high onset brake clamping force (spikes)

Since the total braking function involves more than the antiskid system and wheel, brake and tire assemblies, determination
of the total airplane stopping performance is usually the responsibility of the airframe manufacturer.

Methods for “tuning” antiskid to meet these objective are discussed in Section 8.
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6.2 Landing Gear Stability

The antiskid system should not induce nor be adversely affected by landing gear instabilities. As this is a system issue, see
5.1.10.4, all of the interested parties should share responsibility. See AIR1064.

The antiskid system should not induce any adverse loads on the landing gear structure or the airframe. The system should
not induce any undesirable motion or dynamic instability in the gear or airframe such as gear walk, truck pitch, or airplane
pitch. Note that the antiskid system should not be considered to be a damping system with the capability to actively damp
out vibrations induced by system dynamics external to the antiskid system. Consensus on the allowable magnitude and
frequencies of oscillations should be included in the antiskid requirements documentation.

In view of the fact that some skid control cycles result in oscillatory loading of the landing gear structure, it is considered
good practice to perform analysis to show that the oscillatory or torsional loading resulting from skid control cycles does not
cause structural damage to the landing gear or airframe. The following variables are considered pertinent to this analysis.

a. Antiskid system resporse THaracteristics
b. Brake assembly regponse characteristics
c. Brake system respgnse characteristics (hydraulic system response or electric power‘system refsponse characteristics)
d. Airplane gross weight and moments of inertia

e. The elastic and damping characteristics of the landing gear

f.  Airplane aerodynamic characteristics

g. Pilot initiated actions (pedal braking, adjustment of aerodynamic.surfaces, etc.)
h. Tire to runway frictipn for various tire tread and runway conditions

i. Tire pressure
j.  Tire stiffness charafteristics

k. The brake’s pressufe versus torque characteristics and variations in brake frictional coefficientg resulting from different
energy levels.

I.  Brake system command pressuré:characteristics
m. Elastic (stiffness) and damping characteristics of the tires

n. Aircraft directional nespanse and characteristics

0. Landing gear natural frequency (fore/aft, torsional)

p. Landing gear vertical suspension capability (shock strut damping, stick slip due to bearing side loads, shock strut spring
curve)

g. Brake/wheel structural characteristics and natural frequencies
6.3 Aircraft Pitch Excitation

The antiskid system should not introduce any undesirable airplane pitching characteristics.
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6.4 System Features

The following features may be required for the system in addition to the basic skid control functions depending upon the
aircraft configuration and landing distance requirements. The Procurement Specifications will define the type of system and
the performance criteria required.

6.4.1 Touchdown Protection

The System should provide continuous release of brake clamping force where there is the possibility of applying brake
clamping force before wheels are on ground, rotating, and ready for braking Strut compression with wheel rotation override
intelligence is normally employed to determine the aircraft is on the ground and wheels are rotating and ready for braking.
In selection of touchdown protection, the probability of introducing additional failure modes and failure points should be
considered.

6.4.2 Locked Wheel Protection

The system should incorporate means to release clamping force to the brake for any wheel whightig|rolling at a speed some
preset fraction of the bgst available measure of equivalent airplane speed. The system shall’releage brake clamping force
until the situation is corfected. The preset amount should preclude the release of brakes during normal turning maneuvers.

6.4.3 Hydroplaning Frotection

Hydroplaning protection provides an extended release of clamping force to a-braked wheel which fails to spin up due to
hydroplaning at high speed on a flooded runway. Hydroplaning protectiopymay be implemented in a number of ways,
including:

e The use of an airplane ground speed reference which is externalcite the antiskid system, such &s an Inertial Reference
System. Brake relepse is based on the wheel speed being less'than a set percentage of the ground speed reference.
This method of hydfoplaning protection also provides touchdoewn protection as well as protectipn against hydroplaning
that occurs in the nfiddle of a stop, well after touchdown.

e A combination of “weight on the wheels” signals, a properly chosen delay function and comparispn with the wheel speed
of trailing wheels (where available).

6.4.4 Emergency Opgration
The antiskid system negds to function only.on the normal braking system. The backup brake systgm, if used, should meet
the minimum requirements as stated in the procurement specification. It should be possible to stpp the airplane with the
antiskid system turned pff.

6.4.5 Parking Brake

If a parking brake is present,the antiskid system should consider those issues related to parking| such as antiskid valve
|eakage and incorporat' n=0f lh;\rl( hrake pnlllilnmpn'r into the HITI setup as needed

6.5 Wheel Speed Transducer

The wheel speed transducer is the primary feedback to antiskid control. The antiskid controller should be paired with the
wheel speed transducer such that a highly accurate measurement of wheel speed can be made during every antiskid control
cycle.

A wheel speed sensor should be provided at each braked wheel or group of braked wheels which are restrained to rotate
together to assure detection of incipient skids. The wheel speed sensor installation should assure accurate sensing of wheel
angular motion. In most cases, constant velocity coupling between the wheel and wheel speed sensor should be provided
to remove any velocity effect resulting from offset between the centerlines of rotation.
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Wheel rotation sensing devices are generally located within the wheel axle or in areas adjacent to the wheel. Axle housed
units are usually subjected to brake heat. Those mounted on the brake or adjacent to the wheel may be subjected to brake
heat and/or outside elements such as rain, slush, etc.

The effects of vibration, concentricity and tolerances on the accuracy of detection of the actual wheel motion needs to be
considered in the design of wheel speed sensing devices and their installations.

Attention should be paid to the failure modes and wheel speed transducer susceptibility to EMI and vibration.

Wheel speed transducers are discussed in more detail in AIR1739.

A number of different types of wheel speed detectors are presented below. Note that this list does not preclude the use of

new and different techn

6.5.1 Inertia Type

ology for detection of wheel speed.

Hub cap or rim driven
type of transducer is no

6.5.2 DC Generator

DC generators have an

6.5.3 AC Inductive T)
Most modern antiskid s
proportional to rotation
permanent magnet. As
vary the reluctance in th
These transducers can
speed, wheel speed ca
backwards wheel rotati

A typical AC generator
from its rotor to the whe
centerline and the rotal
dynamics causing whee

An alternative arrangery
axle with the second u
must be given during in
compared to controller
modern antiskid with th

otating masses on overriding clutches operating switch(es) or hydraufic/p
[ suitable for modern antiskid systems.

output DC voltage signal respectively as a function of wheelspeed.
pe Generator

ystems use an AC generator. The AC Generatorproduces an output voltag
hl speed and number of rotor teeth. A magnetic field is generated either
the rotor turns, the alternating alignment and misalignment of the teeth in
e magnetic current. This results in an alternating current with frequency prop|
measure speed down to 5 to 10 knotsi’depending on tire radius and num
nnot be reliably calculated. Neither can this type of transducer distinguis
bN.

ype of wheel speed transducer is mounted, and fixed, to the axle. It requirg
el hubcap. The coupling should be designed to compensate for any misalig
ional axis of the wheel: It should be stiff enough and have enough damp
| speed mismeasutement from twisting and bending of the coupling.

nent is a two,piece unit (sensor-exciter ring), in which one piece is station
it mounted.ifi-and rotating with the wheel or hub cap. If a two piece unit i
stallation.te air gap tolerances, and effect of wheel deflection to provide s
input{saturation for reliable wheel speed detection. Producing a wheel sp
s arrangement may be extremely difficult to impossible.

heumatic valve(s). This

e signal with frequency
with a DC current or a
the rotor and the stator
prtional to wheel speed.
ber of teeth. Below this
h between forward and

s some sort of coupling
hment between the axle
ng to prevent spurious

Ary and mounted in the
used, special attention
litable signal amplitude
bed signal sufficient for

Figure 14 shows the toothed rotor/stator arrangement of an AC Generator wheel speed transducer. As the rotor rotates, the
teeth come into and out of alignment. The magnetic coupling and decoupling associated with the teeth coming in and out
of alignment generates an approximately sinusoidal wave shape. A poorly designed coupling between the hubcap and the
rotor (with free play or too low a spring rate and low damping) can result in rotor oscillations relative to the hubcap which
can produce spurious wheel speed pulses.
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Stator, mounted to axle

~ Rotor, connected ¢
to hubcap through

coupling, rotates
teethoutof 4 ame speed as

(trough
of

Poorly designed coupling ca @mtor to vibrate relative to the hubcap
ing in spurious wheePspeed pulses
Y

4
FIGURE 14 g?{/HEELSPEED AC GENERATOR

6.5.4 Optic Sensor C)O
Optic sensors are used| in conjuncti ith fiber optic inputs and output. Optic sensors contain sofne method of reflecting
or interrupting the light input from t source. The modified light signal is returned to the controllgr through the fiber optic
cable. Separate input and out[@es are recommended. This sort of sensor is rare, but has beer] used successfully with
modern antiskid. Use of this of transducer may be appropriate when there are significant magnetic fields in the vicinity
of the axle that might ce.u(soggblems with AC inductive generator transducers.

6.5.5 Hall Effects Transducer

Another wheel speed transducer that has recently appeared on a production airplane is a Hall effects based transducer.
Hall effects sensors include a ring of magnets attached to the hubcap which interact with a ring of hall effects sensors
attached to the axle. This transducer is contactless and requires no coupling to a hubcap. Advantages of the Hall effects
transducer include the ability to measure wheel speed down to zero and to distinguish between forward and backward wheel
rotation.
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6.6 Runway Condition

The antiskid system should be able to adapt to the full variety of runway conditions that will be seen in service. These
include:

e Irregular roughness

e Regularly spaced concrete slabs
e Slope

e Crowning

e Paint stripes

e Water andice patcihes

e Contamination, tire frubber, hydraulic fluid, water, ice, etc.
e Grooved

e Ungrooved

The procurement specification should detail the scope of the efficiency requirement relative to runway condition.

6.7

The antiskid system sh

6.8

6.8.1 Hydraulic Equipment-General

It is recommended that]
14 CFR 25.1435.

Atmospheric Congition

Temperature
Altitude
Wind from any dire¢tion

Precipitation

Design and Construction Goals:and Considerations

buld be able to adapt to and operate under, variations:

hydraulic components conform to the applicable requirements of AS8775

Type Il equipment and

Hydraulic units should operate satisfactorily with the specified hydraulic fluid, filtered and controlled to a contamination level
of Class 9 or other value per NAS 1638 as specified by the airframe manufacturer. All testing should be accomplished with
the specified operating fluid.

Operating temperatures should be considered according to the procurement specification and regulatory requirements.

Hydraulic units should function satisfactorily over the full range of aircraft supply pressure and return line pressure.
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Initial consideration should be given to provisions for decreasing brake release time. Subsequent analysis should show that
components of the skid control and hydraulic brake system, when functioning together, are capable of achieving the required
skid control cycle. This analysis should take into consideration possible limited hydraulic capacity which may adversely
affect the braking system when combined with the flow rates that occur during skid control cycling. Extremes of operating
temperatures, which will be encountered during the operation of the airplane, should also be considered in this analysis.
Particular attention should be devoted to return line capacity to ensure adequate antiskid response can be achieved.
6.8.1.2 Brake Metering Valves

The valve should be designed to provide smooth metered pressure with increasing pedal load/travel. Valve ports and
internal fluid passages should be sized to permit adequate flow to and from the skid control valve. Consideration should
include initial brake response in addition to subsequent cyclic reapplication of pressure by the skid control valve. Additional
consideration should be given to the metering valve’s compatibility relative to the demands placed upon it by skid control
valve in the application
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6.8.1.3 Skid Control Valve

The valve should be de
braking hydraulics systg

igned so as to result in adequate step and frequency responsewhen incofporated into the aircraft
m.

It is recommended that
and ARP490 and be sui
stability with life and ter

In systems where an a
supply port is not isolate
valve, which would blee
reduction in valve perfo

It is considered good p
system response time,
performance is usually

These units are genera
not be mounted on the

valves be designed in accordance with the applicable requirements of the pr
table for the brake control system environment with special emphasis upon ¢
hperature, tolerance to service handling and moisturessealing.

pcurement specification
ontamination tolerance,

ccumulator is used for parking or as a stored-passive energy device and
d from the accumulator when brake pressuré.is not commanded, internal le
d down accumulator pressure, should be minimized. However, consideratio
Fmance that may result from reduced jinternal leakage.

actice to perform studies to deternine the effects of the skid control valve
bnhanced if the skid contral valve is mounted as close as practical to the br

ly installed in the wheelwell or within the fuselage adjacent to the wheel we
anding gear unspring mass without giving adequate consideration to the fq

rity of the vibration spectrum
e wiringweight

lic.system complexity due to installation of additional return line including h

e antiskid servo valve

h
ikage of the skid control

should be given to any

locations upon antiskid

hydraulic tubing complexity, weight and cost, and hydraulic system maintaipability. Antiskid system

ke being controlled.

|. However, they should
llowing:

bse and swivels.

a. Theincreased sevs
b. Increases in airplan
c. Increases in hydrad
d.

failure.
e. Increased gear iner

tia loading

Increased vulnerability to foreign objects thrown up by the tires and to damage from a tire carcass in the event of tire
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6.8.2 Hydraulic Lines

It is recommended hydraulic lines and fittings be designed to minimize restriction of flow with the objective of optimizing skid
control response time. However, one-way restrictor or flow regulators may be used to reduce initial pressure-on rate when
required. Before installation on the aircraft, the effect of these restrictors should be considered in hardware-in-the-loop
simulation.

a. Size: Hydraulic lines for supply and return should be selected to provide minimum pressure drops compatible with flow
requirements of the brake metering valves, skid control valves, and brake assemblies under installed environmental
conditions.

b. Type: Hydraulic tubing, rather than hoses, should be installed downstream of the brake metering valves where possible
to minimize the accumulator effect during pressure changes.

c. Parking Requirements: System parking requirements should recognize internal leakage of the skid control valve. Shutoff
valves may be usedtobtockguiescemt ffowtosystenTretur Parking brake pressure stoufd tiemaintained in a manner
such that thermal expansion and contraction of the hydraulic fluid is compensated. Otherwise.the brake can be seriously
over pressurized or|can lose parking torque due to pressure reduction.

d. System Bleeding: Hrovisions should be incorporated to minimize entrapped air within_ the systgm. Reverse bleeding of
the system should pe limited to those installations which provide adequate intetnabor external|means to prevent entry
of contaminants info hydraulic components. Some skid control valves, for example, can be|rendered inoperative if
contaminants reach valve spools and orifices. Self-contained inlet filters in_these control valves|are not effective during
reverse bleeding. System designers should consider location of bleedervalves, integral bleedifg devices, and number
of personnel plus efluipment necessary for proper system bleeding.

e. Hydraulic fuses: Hydraulic fuses in the lines should be considered,to prevent breaks in the lines between the antiskid
valve and brakes frbom dumping the system hydraulic fluid and:te prevent fluid discharge onto Hot brake assemblies.

6.8.2.1 External Leakage
External leakage should be minimized under all operating.temperature and pressure conditions.
6.8.3 Electrical Design

The system’s Airborne|Electronic Hardwaresshall comply with the guidelines provided by RTCA DO-254 in the scope of
FAA AC 20-152.

6.8.3.1 Control Unit Configuration.and Location

It is considered good practice to\petrform design studies to determine if overall advantages in airplgne wiring weight and/or
cost can be obtained by packaging the control unit components in more than one box. The contrgl unit should be readily
accessible to facilitate plectrical checkout and, if possible, should be installed in a temperature @nd pressure controlled
environment of the airciaft-to minimize need for temperature compensation. T

6.8.3.2 Electric Power Requirements

It is recommended the antiskid system should conform to all applicable requirements of the procurement specification, and
should give specified performance from the power source configuration specified in the detail specification. Consideration
should be made for dealing with out of specification aircraft power. Addition of new or upgraded antiskid systems to older
aircraft should comply with the power quality standards present on the aircraft, and not the latest version of the applicable
standards documents.

During transient power interruption the system should not fail or revert to “brake pressure as metered by the pilot.” Control
system performance, after sustained loss of power and/or reapplication of power, is to be defined by the procurement
specification. Sufficient redundancy and isolation should be maintained to minimize total system and asymmetrical failures.

The antiskid supplier should anticipate that fluxuations in aircraft power may be greater than those specified by the airframe
manufacturer.
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6.8.3.3 Electromagnetic Interference (EMI)

Consideration should be given to EMI design requirements sufficiently early in an antiskid system design program to
preclude operational problems on the aircraft.

EMI tests should be performed on the antiskid system installed in a simulated aircraft network. EMI compatibility should be
demonstrated on aircraft as well as simulated aircraft network as part of normal aircraft testing. Equipment should be
protected against lightning strikes.

6.8.3.4 Wiring
External wiring should be installed in accordance with MIL-W-5088 and should be of the type specified in procurement

specification or AS22759. Internal wiring should be compatible with accepted industry standards and the configuration.
Appropriate protection from external noise should be provided for sensitive circuits such as the wheel speed sensing circuit.

6.8.3.5 Connectors

External connectors shquld be environmentally sealed, high vibration resistant, screw type connectdrs. The largest pin sizes
should be used wheneyer possible and the maximum spacing maintained between the pins:When| connectors are located
in close proximity on the same unit (valve modules, control units, etc.), positive means:to prevent|misconnection such as
different shell size, wirelrouting, or clocking connectors should be considered.

6.8.3.6 Environmental Stress Screening

Components should be[capable of successfully completing environmental:stress screening tests as part of the acceptance
test program.

6.8.4 Environmental

The environment in which the components should operate ‘individually and as a system should [be compatible with the
aircraft installation envifonment and tested according to RTCA DO-160 or MIL-STD-810, as detgrmined by the airframe
manufacturer.

The environmental limifs under which antiskid shiould function and the extended limits under whijch the antiskid system
components should syrvive without damage should be identified by the airframe manufactuler in the procurement
specification.

The basic function of antiskid is to stop.the/airplane, which happens only on the ground, and only after an accelerated stop,
a rejected takeoff, or @ landing. The-normal and reasonable sequence of events leading to ajrcraft stops should be
considered when specifying the environmental limits for antiskid system components.

Antiskid components are located in different areas of the aircraft. For example:

e Valves are often (a hmlgh not. al\/\/ayc) located in the wheel well
e Brake control units are generally located in protected avionics bays

e Wheelspeed transducers are generally located within the axle

The location of each component should be considered when specifying the environmental limits.
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Environmental conditions that should generally be considered for antiskid components include:

Temperature and A

Humidity

Vibration

Sand and Dust

ltitude

Temperature Variation

Operational Shocks and Crash Safety

Explosion Atmosphere

Fungus Resistance

Salt Spray
6.8.4.1 Acceleration

The antiskid system shg
on the aircraft.

6.9 Software Develoy

g

Virtually all modern
microprocessor technol

uld function properly when exposed to translational ac¢elerations consistent

ment

ntiskid systems employ digital microprocessors. If the brake control
pgy, software development and testingshould be done in accordance with

and should comply with the guidance for the appropriate software level of RTCA DO-178 along

RTCA DO-248. If the b
should be done. This in

a. Documentation of r
b. Code execution

c. Performance, timin
d. Built-in test equipm
e. Failure response te

ake controller incorporates digital'microprocessor technology, software do
Cludes all the following phases:

bguirements, design, and ceding

j, and data handling
ent (BITE).tests

S5tS

with those encountered

er incorporates digital
the design specification
ith the clarifications in
umentation and testing

Code analysis and documentation versus part checks ensure that software is properly coded and implemented. Code
execution, performance, timing and data handling tests are done on the simulator. These tests ensure that the controller
performs as intended. BIT check and failure response checks ensure that BIT monitors the operation status and detects the

faults.

If the controller incorporates digital technology, built-in-test (BIT) procedures must be incorporated in the code. The BIT
system should be capable of detecting critical faults with 95% or greater confidence level and it should not compromise the
operation of the antiskid or the auto brake system (if used). The detected faults should be isolated to a replaceable unit.
Software management and discipline must be employed to ensure control of configuration and proper validation.
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7. COMPONENT TESTING AND EVALUATION

Testing of individual components of the antiskid system equipment provides valuable data for assessing the total system
performance and environmental compatibility. Laboratory test data on brakes, antiskid valve, and metering valve
characteristics, etc., are useful in developing an overall simulation of the brake control system. Component tests should
demonstrate operational compatibility throughout environmental ranges.

Component testing and evaluation can be broken into:

a. First Article Inspection

b. Environmental Tests

c. Endurance Tests

d. Hydraulic Tests

e. Performance Tests
7.1 First Article Inspection
Prior to the testing of gny component a first article conformity inspection should ©e performed. Each antiskid LRU (line
replaceable unit) shouldl be examined to determine compliance with the requiréments of the specification provided by the
airframe manufacturer |and the detail specification with respect to materigls, workmanship, dimensions, weight, and
markings.

7.1.1 Environmental Tests

Unless otherwise specified in the detail specification, the antiskidcomponents should be subjected to environmental tests
in accordance with RTGA DO-160 or MIL-STD-810, and as spé&cified herein.

The following sections dlescribe additional tests or test conditions particular to antiskid brake contrgl systems.
7.1.1.1 Vibration

Mounting (mechanical, [electrical and hydrautlic) should simulate aircraft installation. Wheel-driven [units should include an
axle-hubcap simulation

7.1.1.2 Combined Ernjvironmental-Tests

In the event a combined environment is more severe than individual tests, consideration should be|given to including such
combinations in compohent éyvaluations.

7.1.2 Endurance Tests

The antiskid system components, installed in a simulated hydraulic and/or electrical network, as appropriate, should be
subjected to the following tests.

7.1.2.1 Transient Cycling

The antiskid system components should be subjected to 20 000 power-on transient cycles of electrical and hydraulic
pressure impulse cycles at the rates specified in the detail specification.

A more rational duplication of transient cycling during repeated takeoff and landing profiles may be considered, if applicable.
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7.1.2.2 Wheelspeed

Sensor Flight Cycling

The wheelspeed transducer should be tested through a number of flight cycles. The number of flight cycles should be
determined by the airframe manufacturer. An example flight cycle follows:

a. Taxi out (Constant wheelspeed at typical taxi speeds)

b. Short dwell (Zero speed prior to takeoff)

Takeoff roll (Aircraft acceleration during takeoff roll to takeoff speed)

ICal wheel acceleration at toucnhdown. Acceleration rate may be limite

Y.

t deceleration during a landing roll)

c.

d.

e. Short dwell (Zero wheelspeed)
f. Landing spinup (T

g. Landing roll (Aircra

h. Taxiin (Constant w

i. Short dwell (Zero W

heelspeed at typical taxi speeds)

heelspeed)

Aircraft acceleration, de¢celeration, takeoff speed and landing speed may he adjusted to reflect d

altitude, air temperaturg

Five percent of these ¢
accordance with Sectio

Five percent of these g
accordance with Sectio

7.1.3 Hydraulic Testq

Hydraulic components
7.1.3.1 Additional En

In addition to the test
accordance with AS87
anticipated landings in t
brake pressure is appli
set-up should match th

, etc. for given percentages of the flight cycles.

ycles may be performed at a high temperature; to be determined by the a
N 4 (Temperature and Altitude) of DO-160.

ycles may be performed at a low temperature, to be determined by the a
N 4 (Temperature and Altitude) of BO-160.

bhould be tested as specified in AS8775 or FAR 25.1435.
durance Cycles fer\Hydraulic Components

ng in 7.1.2~the hydraulic components should be subjected to addition
/5. The number of additional cycles should be determined by adding th

bd thfeugh the skid control valve) and multiplying the total by a safety fact
b aircraft as closely as possible (hydraulic line sizes, lengths, components|

Despin (Typical despin deceleration rate. Decel rate may be limited by available test equipment)

ailable test equipment)

fferent aircraft weights,

rframe manufacturer in

rframe manufacturer in

h| endurance cycles in
£ maximum number of

he life ef-the gear and the maximum number of anticipated parking brake applications (when parking

br of two. The hydraulic
etc.) when performing

endurance testing.

Impulse qualification testing should equal or better real world environments.

7.1.3.2

Extreme Tolerance Analysis

The units used for pre-production component tests should be physically measured and the electrical output determined.
These measurements should be compared with the proposed production tolerances. Based on performance of hydraulic
leakage and electrical output exhibited during the component tests, the performance at the extremes should be analytically
determined. Performance at the extremes should be within the limits identified in the detail specification.

7.1.3.3 Pressure Dro

p Test

The hydraulic units should be subjected to a pressure drop test in accordance with AS8775.
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7.1.3.4 Fluid Contamination Tests

The hydraulic units should be capable of operating at least 10 hours when supplied with the specified hydraulic fluid
contaminated to an appropriate class level of NAS 1638. Contamination count should be made in accordance with ARP598.

All hydraulic components should be functionally endurance tested at maximum contamination levels allowed by the
procurement specification to prove components function correctly (no jamming, hesitation, etc.) and do not fail prematurely.
7.1.3.5 Impulse Test

The hydraulic control units should be subjected to an impulse test at system operating pressure in accordance with

ARP1383. Details of the test should be defined in the procurement specification.

7.1.4

Performance Tests

Performance tests of a
7.1.4.1 Valve Tests

Flow and pressure gain

on system performance.

8. SYSTEM LEVEL A
The primary tools for ag
a. Real-time-hardware
b. Dynamometer testi
c. Flight test

(a) and (c) are the prim
Man in the loop testing
Man in the loop simu
approximations to full a
Dynamometer testing w

have demonstrated. Dy
cases where investigat

USKIA system compaonents provide data essentidl 10 Systeln level pertorma

characteristics of the metering and antiskid valves are useful in“assessing

NTISKID PERFORMANCE AND SAFETY TESTING ANE EVALUATION
complishing system level performance testing, antiskid tuning, and evaluati

-in-the-loop (RTHITL) brake control simulation

9

can be used in combination with RTHITL simulation to include pilot inters
ation often uses muodels with lower fidelity than those used for antisk
ntiskid are often used’in man in the loop simulations as well.

ith antiskid in the loop is not required in the design of antiskid systems, as ¢
namometer tests including antiskid in the loop are performed in some cir
on of theiinteraction between antiskid control and rotating hardware (brak

speed transducers, whe

el speed transducer couplings) is required and there is some question in the

hry tools for accomplishing system level performance testing and evaluatior].

ce and evaluation.

the impact of the valve

on are:

ctions with the system.
id tuning. Low fidelity

irrent and past systems
umstances, typically in
bs, wheels, tires, wheel
fidelity of the simulation

(or suspicion of unknovxlns) in‘modeling the behavior.

Caution in the interpretation of the results of testing with antiskid in the loop on a dynamometer should be observed, as
antiskid may perform differently on a dynamometer than it does on an aircraft. Note that the number of test cases is limited
both by cost and the number of dynamometer stops that can be performed each day.

Prior to flight test, a letter certifying safety of flight should be prepared and submitted to the procuring agency.

8.1 RTHITL Brake Control Simulation

Computer simulation testing should be conducted to ascertain the degree of robustness that exists within the control loop
of the antiskid system. Simulation tests should be devised to evaluate response over the entire envelope of aircraft braking
operations.
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Behavior important to assess includes:

a.

b.

m.

Parameters that should

-

Stopping performance and antiskid efficiency

Gear fore-aft stability (gear walk)

Truck pitch (for gears with trucks)

Recovery from abrupt changes in the tire-runway coefficient of friction

Response of the sy

stem to pilot pedal inputs

Performance on contaminated runways

Performance on rough runways

Reaction to tire bur
Touchdown protect

Locked wheel prote

Gear retract braking

Response to spurio

Failure modes

Aircraft weight and
Center of gravity lo
Tire-runway coeffic
Step changes in thg
Brake torque gain g
Gear stiffness

Gear damping

5t
on

ction

us wheel speed

be adjusted over a range of values to accomplish that assessment include
moments of inertia
Cation
ent of friction (mu)
tire-runway coefficient of friction

nd shape ofthe brake torque gain curve versus energy or aircraft speed

Partial pedal modul

ation

Runway height versus runway position

Aerodynamic device properties

The components of a real-time-hardware-in-the-loop (RTHITL) simulation are typically:

1. Simulation computer

a. Deterministic real time operating system

b. A variety of input and output devices used to connect with real hardware
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2. Hydraulic simulator or Electric brake simulator

c. Hydraulic lines, valves, brake

d. Electric brake, electric motion actuation controller

3. Brake control/antiskid computer

Figures 15 through 17 show examples of hardware-in-the-loop simulation set ups.

'Hydraulic Mock Up :
: accunmlator aircraft :
pedal command : supply :
Simulation Load : E
Computer Fixture ! aircraft :
Models Of: - Aircraft = E retum :
Pedal | Oumput Commmunication ! f
Aircraft —— B [ antiskia valve cumrent :
Wheel~—__ | | | Wheelspeed : :
Tire —& XDCR . K !
Brake T Sinmlator A !
A 1 \Q fuse :
ADC ADC RN pressure :
P%m xdcr :
O a
A‘\Q ---------------------------------

FIGURE 15 - HARDWARE IN THEY.OOP EXAMPLE, ANTISKID SYSTEM
N C\)b [ T ) e o ) o ) S S e
Q\\ ' Hydraulic Mock Up :
. pedal : accummlator aircraft E
peﬂ&umnd | = supply :
o = : { stmt :
Simulation - xder |or[pedal| | 0
Computer e sinmlator| | xder : aircraft !
Models Of - 1 i retum :
h i v i control .
Pedal {_Output [] bt L ; |
‘Gwmuﬁt (‘O - control - H !
Wheel ———____| — . i :
Tire = XDCR ' ;
Bm}:eT Simulator ! |

FIGURE 16 - HARDWARE IN THE LOOP EXAMPLE, BRAKE BY WIRE SYSTEM
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| Electric Brake Mock Up
pedal ' I
pedal command W : :
| ! .
Simulation Load A |ai pedal| |
Computer Fixture sinmlator| | xder : :
Models Of: Aircraft -y . : :
Pedal | Output Commmumications [ | = ' :
Aircraft ~—* Bus st brake command bus electric !
Gear | computer : motor !
o . o : actuation '
Tire —+ XDCR . i ;
Brake Torgge Simulator ! R :
: load load :
ADC ADC ! = i |
clamping force [ - brakes :

FIGURE 17 - HARDWARE IN THE LOOP EXAMPLE, ELECTRIE BRAKE SYSTEM

Brake Actuation: A mod
part of the simulator. Th
the art of real time math
or predictive enough fg
physical mock ups.

Hydraulic simulation rig
unique for each airplang

1. Brake metering val
2. Non-rotating brake
3. Pump, accumulator
4. Representative line
5. Skid control valves

Electric Power: If eled
characteristics that are

kup of the actual hydraulic system or electric brake system should be built
is is done to ensure the highest possible fidelity of brake actuation simulati
ematical/digital simulation of hydraulic and electric:brake actuation systems
r the purpose of antiskid development, integration, tuning, and testing, w

. Use of the following hardware should be considered.
e(s) (for antiskid systems)

stacks and pistons.

, reservoir, and other.€omponents

5 and hoses between brakes, valves, and components

trically./actuated brakes are used, the simulator should provide the g
bXpected on the aircraft. Particular attention should be given to power outpy

and used as an integral
bn. The present state of
s not advanced enough
thout significant use of

S typically include all of the hydraulic components associated with the bralde control system and is

ame electric response
t capability and reserve

power characteristics.

The brakes should preferably be actual aircraft brakes, or a hardware simulation having the same stiffness and response
characteristics. An objective of the hardware system is to achieve representative initial brake application, release, and
transient response. Brake pressure or clamping force is measured and interfaced with a computer simulation of brake torque
versus the input. The use of the mockup ensures accurate brake system response and allows detailed antiskid evaluation.

Prior to HITL simulation, frequency and step response tests should be run on the hydraulic or electric brake rig. A variety of
full and intermediate steps should be run. Frequency response at several amplitude levels and DC command levels should

be run.


https://saenorm.com/api/?name=8f2a4ae55f8fd4de53320c5ec72c3964

SAE INTERNATIONAL ARP1070D Page 43 of 58

Controller: During real time testing, a prototype breadboard or an actual controller is in the simulation loop as shown in
Figure 15. Wheel speed information from the computer is sent to the controller using a wheel speed sensor interface. In
some instances, this can be replaced by an actual wheel speed transducer with a motor drive that is controlled by the
computer to introduce the nonlinear effects of the wheel speed drive mechanism. In addition, prior to the availability of the
controller card, a simulated model of the controller can be used to test and validate the computer simulation.

As the computational capability of modern processors improves, the potential to digitally simulate the braking system
hydraulics and the brake control computer increases, although real time, high fidelity, component level simulation of braking
system hydraulics is still beyond current processors.

8.1.1  Aircraft Body Dynamics Simulation

Aircraft body dynamics, landing gear dynamics, tire/wheel dynamics and brake torque as a function of real brake pressure
or brake clamping force are simulated by the simulation computer using mathematical models consisting systems of
differential equations and supporting algebra and linked to the hydraulic or electric brake rig and to the brake control
computer. Figure 18 shpwsafreebody diagramof-the—airptare:

The diagram shows a gix degree of freedom model (6 DOF) of the main aircraft. Two main/landing gears, each with two
wheels are shown. The|number of main landing gears and wheels per landing gear may vary-consiglerably. The degrees of
freedom are:

X Longitudinal popition of the aircraft center of gravity along the runway centerine
V. Lateral position| of the aircraft center of gravity relative to the runway centerline
Z. Vertical distancg of the aircraft center of gravity from the ground.plane

0: Aircraft pitch argle

¢: Aircraft roll angle

! Aircraft yaw angle

The aerodynamic forceg and moments are (about'an aerodynamic reference point):

Fr Lift
Fp: Drag
Fy. Lateral aerodyrjamic foree<(crosswind, rudder ...)

Mp. Aerodynamic pltch.moment

Mg Aerodynamic roll moment

My: Aerodynamic yaw moment
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Other forces and moments are (gear forces and moments are about the gear attach points):

rce transmitted from the main gears to the aircraft body

Vertical force transmitted from the right main gear to the aircraft body

errstitted-fromrtheteftmamgeartothe=ireraft body

rected forces transmitted from the main gears to the aircraft body
] force transmitted from the right main gear to the aircraft body

] force transmitted from the left main gear to the aircraft body

hnsmitted from the nose gear to the aircraft body

w- Aircraft weight
Fr Total thrust

Frs. Thrust, engine 1
Frz Thrust, engine 2
Fg Total vertical fo
Frgrt

Fogi Vertical force tr
Fg Total aftward d
Fer Aftward directe
Fer Aftward directe
Fy. Vertical force tr
M,s:  Total pitch mo

ent transmitted from the main gears to the aircraft body

Although the diagram dpes not show the main gears generating lateral forces, roll moments, or ya

gear and wheel/tire mo

The minimum aircraft bg
vertical motion, and pitdg

els could certainly do so.

dy degrees of freedom necessary.for antiskid system simulation and tuning
h.

Adding the roll degree ¢f freedom allows better evaluation of the effect on antiskid of crosswind ar]

excite the roll mode, sU
antiskid’s interaction wi
the pilot's contribution

steering might also be j

ch as a rough runwayhAdding the lateral and yaw degrees of freedom allq
h directional controlxHowever, adding the ability to steer the airplane in th
0 steering must{inSome way, be simulated. The simulation of nose whg
roblematic.

v moments, high fidelity

s three: forward motion,

d other inputs that may
ws better evaluation of
b simulation means that
be| steering and rudder
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FIGURE 18 - AIRPLANE FREE BODY DIAGRAM
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8.1.2

Figure 19 shows the thr

Cantilever Gear
(Telescoping Strut)

single wheel

Landing Gear Simulation

ee basic gear types that are seen most often on new airplanes.

Cantilever Tandem
(Telescoping Strut)
dual wheel

Fully Articulated

(Trailing Link)

However, there is a vas

The mathematical mod
models, the behaviors 1

At its simplest, the shod

The fore aft gear motion of a cantilever gear can be modeled as & simple mass spring.

These simple models m
with problematic gears,

Some gear arrangemer
complexity of the equat

Higher fidelity models 1nay be created through the use of gear stiffness and mass matrices. The

eigenvalues that are fa
integration step times n
the order of the stiffnes

As always, the fidelity a
simulation computer.

FIGURE 19 - TYPICAL TYPES OF MAIN GEAR

t array of gear mechanical designs and configurations beyond those shown

b| of the gear should be designed so as to generate,-iwhen coupled with th

k strut may be modeled as a non-linear spring-with square law (orifice) dan

ay be adequate for antiskid tuning butthey may also fail to produce behavio
as described in 5.1.10.

ts, such as the fully articulated gear, are inherently non-linear in their geom
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too high for the numerical methods used to solve the differential equations
ecessary for real time simulation. In this case, modal methods may somet
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above.
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btry, thus increasing the

se models may include
to remain stable at the
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nd complexity of models used in real time simulation are limited by the computation capability of the

The following figure, Figure 20, presents a free body diagram of a landing gear. (The right gear is shown.) The gear is shown
as a black box because of the wide variety of gear structures used on airplanes. It is also very important to note that the
flexibility of the airframe structure that the gear attaches to must be included in the flexibility modeling of the gear. The
flexibility of the airframe structure is often greater than that of the gear itself.
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