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1. SCOPE:

This Aerospace Recommended Practice (ARP) provides recommended methods for measuring
performance of skid control systems. It includes test items and equipment.

1.1 Purpose:

The purpose of this ARP is to recommend, for design and evaluation purposes, methods of defining

skid control sy
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2.3.1 SYSTEM STABILITY: System stability requires that no unwanted oscillations occur within the sys-
tem. The primary source of stability problems in the skid control system has been the excitation of
the fore-and-aft mode of the landing gear strut, commonly referred to as "gear walk". Instability can
also occur within the control loop of the system itself.

2.3.2 SYSTEM STOPPING PERFORMANCE: System stopping performance pertains to determining
how close the skid control system comes to providing optimum braking while maintaining adequate
cornering capability. In the broadest sense, system stopping performance includes the braking
capability of fhe entire aircraft, and can be judged on the basis of stopping dlstaell;fce or related
parameters, pirplane deceleration, average braking force or average friction‘¢oefficient (u). In the
narrower context, only the skid control system’s capability is evaluated.

3. DISCUSSION:

Skid control perfprmance is being specified in greater detail in procurement specifications. Standard
procedures are necessary to test and evaluate equipment. The fellowing paragraphg will describe
various test methods and recommended procedures for evaluation of system performance.

4. TESTING:

Because it is neither the purpose nor scope of this\document to modify existing FAA or military
documents, the following paragraphs are test recommendations only.

Five types of tesfs can be performed on skid-control systems:

Airplane
Simulator
Dynamometer
NASA Langley Research*Center Aircraft Landing Dynamics Facility (ALDF)
Other Track [fest Facilities

©aooTw

4.1 Aircraft Testing:

Airplane tests are the final proof that the braking sysiem meets its performance requirements. This
applies both to stability and stopping performance.
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411

4.1.2 Test Conditions: The following test conditions should be run for the specific syst

41.21

Data: During aircraft tests, information regarding the following should be noted:

a.

o

o o

Aircraft configuration including weight, center of gravity, throttle settings, spoiler position, and

flap posit

ion

Approach/touchdown speed

Runway location, condition, type, and slope

Tire and
Atmosph
Detailed

The aircraft s

AT OS3ITATTSQ@ O Q0T

Wheel spg
Airplane
Airplane
Airplane
Engine th
Spoiler h
Strut con
Brake tor
Brake pe
Metered
Pressure
Pressure

rake - types and wear conditions, tire nftation pressure
eric conditions - wind speed and direction, temperature, atmospheér

system configuration
hould be instrumented to measure and record the following:

eeds

ground speed
ongitudinal deceleration
pitch angle

rottle positions

Andle position

pressions (nose and mains)
ques

dal positions

hydraulic pressure

at brake inlet ports

in return lines

. Center s

tor temperature-on each brake

Antiskid ¢ontrol valve signals
Landing gear vertjcal loads
Landing gear side-loads
Landing gear.drag loads

C pressure

ems.

Replacement Systems: Where standard certification data on an aircraft equipped with a skid
control system are available, select six or more of those performance critical stop conditions in
which the antiskid system was active, the aircraft was equipped with new tires, and the condition
of the brakes was documented. Repeat those stops with the replacement antiskid system and
compare the stopping distance with that from the original certification, or, if available, compare
performance using an appropriate version of Method 1 from 5.1.
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4.1.2.2 New System on a Noncertified Aircraft: Run at least six stops with the aircraft weight in the

range in which the antiskid system will be providing active control. Determine performance using
an appropriate version of Method 1 from 5.1.

4.1.3 Assessment: Airplane testing is the preferred test method since it evaluates actual usage.
However, flight testing can be very expensive.

4.2 Simulator Testing:

4.2.1

422

Simulator testipg is an efficient method of evaluating antiskid system performance
provides the mpost cost-effective means of conducting a wide range of controlled te
system. In addjtion, use of the simulator permits access to variables and the abilit
parametric studlies which allow an accurate assessment of the performance of the
simulators should be matched to the airplane using the test data.

Equipment
include the

equired: The simulator used to evaluate the antiskid system perfor
imary antiskid components under test, namely; the control electron
antiskid contfol valve. Simulation of these components would most likely result i
performance|estimates. Hence, the simulator should include a hydraulic mockup

. The simulator

sts on the antiskid
to conduct

system. However,

mance must

ics and the

N overoptimistic
of the brake

system inclugling the components from the brake metering valve to the brake. The return line

pressure, digmeter, and length should also be matched. The main function of the
b the hydraulic response of the skid control system. The computer ¢
ne and landing gear dynamigs, tire/runway friction force generatior]
generation models. The brake torque models should include the dy
uency response. Where-possible, the results obtained from the sim
th airplane flight test'data.

is to duplicat
include airplg
brake torque
pressure freq
correlated wi

Test Conditig
range of the

Testing shou

a.

Consistept-tire to runway friction levels from 0.05 to the maximum expected

d be conducted with:

hydraulic mockup
simulation should
models, and
namic torque-
ulator should be

ns: The antiskid-system should be tested over the operational weight and speed
aircraft for gfound operations.

ground coefficient

(usually about 0.60)

. A wet runway profile (u increasing as speed decreases)

Step changes in runway friction coefficient
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4.2.3 Assessment: Computer simulation can be viewed as a static test technique since there are no
rotating wheels, tires, or brake rotors included in the test equipment. This technique generally
evaluates response times and hydraulic lags of the skid control device. The fidelity of this test
technique can be improved by the inclusion of experimentally verified brake torque-pressure
frequency response characteristics obtained over a range of operational conditions. These data
should be available from the brake manufacturers who must generate these data during
dynamometer testing to satisfy specification requirements.

4.3 Dynamometer[Testing:

Dynamometer [testing consists of stops using passive inertia (also known asyinertia equivalent) or
active control ¢f the dynamometer road wheel dynamics to simulate the aireraft. Dynamometer
testing providess the capability of performing stops with the complete antiskid system loop, including
the control ele¢tronics, the antiskid control valve, the wheel speed transducer, and an active brake.
To complete the simulation, either the landing gear strut or a strut simulator should|be included in the
test.

4.3.1 Equipment Required: The dynamometer test should inglude the following minimum equipment: a
wheel, brake| and tire; a simulated axle; the wheel speed transducer; and a mogkup of the brake
hydraulic sydtem including the brake metering valve, the antiskid control valve, and hydraulic
tubing repregentative of that on the aircraft. Inclusion of a dynamic simulation of|the landing gear
fore-and-aft motion is necessary to assess.gear dynamic response. For all tests|performed, the
following qugntities should be recorded with respect to time:

Hydraulig pressure at the skid control valve inlet port
Hydraulig pressure at the brake inlet port

Dynamometer speed

Aircraft wheel speed

Skid confrol valve sighal

Brake torque

Drag forge (Ground Reaction Force) if available

Wheel load

Brake pedahtransducer position (for brake-by-wire systems)

mST@ ™o oo0oTy

4.3.2 Procedure: The aircraft wheel radial load should be applied by a loading mechanism which
controls the ram pressure to reflect the aircraft loads during braking.

Consideration should be given to adjusting the tire inflation pressure for appropriate deflection for
each load condition.
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4.3.2 (Continued):

Both lift and weight transfer effects (due to deceleration) should be taken into account. The weight
transfer may be computed on the basis of aircraft landing gear geometry and center of gravity

location alone. The weight transfer associated with nose gear flexibility/compres
ignored.

sion may be

System performance can be evaluated using the methods described in 5.1.1 and 5.1.5.

4.3.3 Assessment] From a performance standpoint, dynamometer tesfing has several shortcomings.

Most dynamometers do not account for the deceleration component due to aerod
can affect th¢ antiskid system control characteristics. The curvature of thexread

contact regign of the tire and the friction characteristics of the rubber on’steel ar
those of rubler on concrete or asphalt. In addition, gear walk stability is not easi
may not be cpnclusive on a dynamometer, even if an actual gear,is used. Becaus

ynamic drag. This
wheel distorts the
b different than

ly assessed and
e of these factors,

the correlatign between the performance of a system on the dynamometer and the system on a

runway is nof identical.

However, dypamometer testing can be viewed as dynamic testing since rotating
brake rotors
improved by fthe inclusion of "pitch-plane" landing.gear simulation fixtures that re
curvature effgcts and duplicate the fore-aft dynamic response of the aircraft lang
fidelity of thepe dynamometer tests can alsoche improved by using aerodynamic
and programmable tire load-speed profiles.

4.4 NASA Langley| Aircraft Landing Dynamies Facility Testing:

The Aircraft Lgnding Dynamics_Facility (ALDF) at NASA Langley Research Cente
capability to tept the dynamic characteristics of a complete landing gear with wheg
tires under a controlled setofitest conditions. An actual landing gear can be loaded
load of 70 000 (b in a large-carriage and tested at speeds up to 220 knots. The run
1800 ft long and can he-paved in concrete or asphalt, with or without pavement gr
pavement surface.may be dry, wet, flooded, or covered with ice and snow.

wheels, tires and

re included in the test equipment. The<fidelity of these dynamometer tests can be

duce road wheel
ing gear. The
drag simulation

" has a unique

Is, brakes, and
up to a maximum
vay test section is
poves. The

This facility is ideal Tor testing total system compatibility of the Tanding gear and control loop stability
in the absence of aircraft tests. In some situations, such as the Space Shuttle orbiter, this may be the
only option available. The gear can be tested under a set of normal or adverse operational

conditions.
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4.4 (Continued):

Normally, assessment of antiskid performance (airplane stopping capability) is not recommended on
ALDF because of the inability to duplicate such individual aircraft characteristics as aerodynamics,
engine thrust, load transfer between the main and nose gear during braking, and aircraft
deceleration profile. Furthermore, the facility is not long enough to evaluate a complete braking stop
through the total speed range during a single test sequence. Lack of ALDF availability is another
reason for not recommending testing there. Frequently, there is a long test program backlog on
ALDF and this would cause a real problem for an airplane program which usually has a two-year
design phase.

However, in the absence of airplane and/or simulator tests, ALDF can be used efficiently to test the
total brake control system compatibility with the gear to ensure that no oscillatory YVibrations are
introduced. The gear can be tested (within the limits of vertical loading) at various prakes-on speeds
to ensure systém compatibility. An indication of the system assessment using ALOF is given in 5.4.

4.5 Other Track Tgsting:

Other test tracks are available including the Naval Air Test Facility (NATF), which may be configured
for full gear ingtallation testing. This facility has similardimitations to the NASA Langley ALDF, but for
some aircraft gpplications, full-stop testing may be possible.

5. DETERMINATION OF ANTISKID SYSTEM PERFORMANCE:
5.1 Aircraft Tests:

Stopping distapce performance for the airplane should be determined from measured stopping

distance, and may be presented(as‘an average friction coefficient or as an antiskid|system efficiency.
The average friction coefficient.or antiskid system efficiency can be calculated by any of the following
methods.

5.1.1 Method 1A: [The average friction coefficient is calculated by first calculating an average braking
force. This ayeragébraking force is obtained by recording the instantaneous values of the brake
torque and wheel rotational velocity for each braked wheel during the stop. Brake energy is
calculated by integrating the product of brake torque and wheel speed from brake application to
stop.

R
BE = j(TBm) dt (Eq. 1)

tA
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5.1.1

(Continued):
where:

BE
B
(O]
ta
tr

Net brake energy from a single brake
Measured brake torque

Measured wheel angular velocity
Time of brake application

Time of brake release

The net brak
by dividing th
energy abso

where:

FBA
BET
BE;
NB
SB
PCE}

The percent
can also incl
estimating th
maneuvers g

b energies from all the wheels are summed and the average brakin
e total net brake energy by the measured stopping distancefwhile
bed by the tire (wheel bearing rolling resistance is assumed-to be n

NB

BET = Y BE,
i=1

BET 100

FBA =SB "PCEB

= Average braking force
= Total net brake energy
Brake energy for brake'i
Number of brakes
= Measured stopping distance from brake application
B = Percent of total energy absorbed by brakes

pf total epergy absorbed by the brakes, PCEB, in Equation 3 is incl
ide the energy absorbed by the tires. Reference 2.2.1 presents equ
e braking energy dissipated by the tire during aircraft braking and c
sca.function of the tire braking and/or cornering forces and the whe

j force is obtained
accounting for the
egligible).

(Ea. 2)

(Eq. 3)

Ided so that FBA
ations for
prnering

el slip ratio.

Furthermore, Egtration 3is-derived-stuchthatthe energy-absorbedby-thebrakes and tires is
isolated from all the other braking forces associated with an aircraft stop that are not related to the
brakes. Examples of these ancillary forces, which are identified in Reference 2.1.1, include
aerodynamic drag and retardation forces from such sources as deceleration parachutes and
reverse thrust.

The average friction coefficient is the average braking force divided by the aircraft weight minus the
average aerodynamic lift minus the average load on the unbraked nose wheels.

_ FBA
(WT—LIFT,—Fpp)

Ha

(Eq. 4)
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5.1.1 (Continued):

where:

UA = Average friction coefficient

WT = Aircraft weight

LIFT5 = Average aerodynamic lift

Fna = Average load on unbraked nose wheels.

The expression in the denominator of Equation 4 represents the load on the main-gear wheels.

The relationghip between main-gear wheel loads, aircraft geometry, and braking| drag is illustrated
in Figure 1.
ot ——— L P
et X »-'q L-X —=———
[ ﬁ , }
A F Aircraft center E
H M of gravity N
e
| FB
FIGURE 1 ~‘Aircraft Landing Gear Geometry
Fy(L=X)-FgA
Fy = — < B~ H (Eq. 5)
where:
L = Spacing between nose and main gears
L-X |=_sBistance from center of gravity to nose gear
X  |F2Distance from center of gravity to main gear
Ay = Axle height above ground contact
Fg = Braking force
Fmv = Main-gear load
FN = Nose-gear load

5.1.2 Method 1B: This method is identical to Method 1A except that the percent of total energy
absorbed by the brakes variable, PCEB, is eliminated from Equation 3 which then becomes as
follows in Equation 6:

-10 -



https://saenorm.com/api/?name=e4a191e960c7399bcbb21ada65680108

SAE ARP862 Revision B

5.1.2 (Continued):

and FBA is the braking force due to the brakes only. Some manufacturers consider this method to
be a better indication of antiskid performance than Method 1A.

5.1.3 Method 1C: In this method the average friction coefficient is calculated indirectly from the
measured stopping distance. A value for the average friction coefficient is assumed and the
stopping distance is calculated based on engine thrust and aerodynamic lift and drag. The
calculated stopping distance is compared to the measured stopping distance and the friction
coefficient is[adjusted and a new stopping distance is calculated. This iterafive grocedure is
repeated unt]l the difference between measured and calculated stopping distange is less than a
specified tolgrance.

5.1.4 Method 1D: [In this method the average friction coefficient is calculated from measured brake
torque and the moment of inertia of the wheels and tires according'to the followihg equations:

B

FIGURE 2 - Forces and Torques on a Braked Wheel

-11 -
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5.1.4 (Continued):

The following equation defines the balance of torques on a braked wheel as shown in Figure 2.

where:

Wheel angular acceleration

The tire footy

When Equat

A possible a

Wheel and tire moment of inertia
Deflected tire radius

Free tire radius

Brake torque

Wheel vertical load

Wheel drag load

Tire footprint center of pressure shift

rint center of pressure shift can be definedas

F
d=-L
k

re spring constant

on 8 is substituted into Equation 7, the following relationship is defi

o= (TB + o)
(RD+F?V)

bproximation of Equation 9 would be:

where:

UR
Up

. (TB+lo)

[1-25)r
Up

Rolling resistance friction coefficient
Drag force friction coefficient

Fp »Up > HR

hed:

(Eq.7)

(Eq. 8)

(Eq. 10)

A typical value of the rolling resistance up might be 0.02, and for a braking effort near the tire skid
point, the denominator of Equation 10 is approximately equal to 0.95 R.

-12-
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5.1.4 (Continued):
The average coefficient of friction is then defined by the following equations:
NB FDi
n= Y| (Eq. 11)
. V.
i=1 i
IR
u LI (Eq. 12)
AT ta-tg
ta
where:
NB H Number of brakes
u 3 Instantaneous friction coefficient
ua = Average friction coefficient
ta 5 Time of brake application
tr 5 Time of brake release
Implementation of this method involves instrumentation to measure wheel speeds and
accelerations, brake torque, and main-gear wheel loads.

5.1.5 Method 1E: Drag Force/Torque/PressureEfficiency: As an alternative to stopping distance
performance] efficiency calculations based on measured parameters can be mafe for those
aircraft tests jwhich include direct measurements of drag force, brake torque, or brake pressure.
For this method the drag force;brake torque, or brake pressure curves should bg integrated from
brake application to brake release to get the actual area under the curve. The pgaks (not
transients) of the curves may be connected and integrated to get the optimum aftea under the
curves. The efficiency of'‘braking is defined as the ratio of the actual area divided by the optimum
area as shown in Figure 3.

A better appfoximation can be made by using a velocity-weighted summation. Thus summation is

done by mul

by velocity before the integration is performed.

or brake pressure

For this method of estimating antiskid braking performance, the drag force curve would be the first
choice for analysis. If this parameter is not available, then the brake torque curve or the brake
pressure curve may be substituted. Antiskid braking performance estimates based on the brake
pressure curve will probably be the least accurate in this group.

-13-
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Brake release, t
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FIGURE 3 - Brake\Pressure, Brake Torque, Drag Force, and Friction Cqgefficient
Time Histories. Dry Runaway, 40 x 14 Aircraft Tire,
Speed = 99 Knots, Tire Vertical Load = 13 900 Ib

-14 -
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5.2

5.2.1

Simulator Tests:

Methods described in 5.1 can be used for performance evaluation to match the simulator. The
simulator can then be used to assess and tune the antiskid system. The availability and controllability
of variables not measurable on aircraft tests allow direct calculation of antiskid system efficiency on a
computer simulator. Several efficiency calculation methods are available on a simulator as described
in the following paragraphs.

Method 2A:
aircraft to sta
efficiency is
friction force

topping distance efficiency is the ratio of the minimum distance refjuired by the
p for a given condition and the actual distance required to stop{ Stgpping distance
falculated by first conducting a simulated stop with the antiskid-system off and the
held equal to the maximum available friction coefficient times the instantaneous

vertical tire lgad. This defines the perfect stopping distance. A stop is then madg with the antiskid
system active to define the actual stopping distance. The efficiency'is then obtained by dividing the
perfect stopging distance by the actual stopping distance. This’method is described in Reference
2.1.3 and is ¢lefined by Equation 13:
X
N = XPLfeﬁxmo (Eq. 13)
actual

where:

n = Stopping distance efficiency

Xperfget = Minimum aircraft stopping distance

Xactual = Actual aircraft stopping distance
NOTE: Wheh the simulation-assumes a constant deceleration stop, then the perfect stopping

distance can be defined by Equation 14:

2
x - o (Eq. 14)
fect =~ 5., o :
perfec 2“‘maxg

where:

Umax = Maximum available friction coefficient

g = Acceleration of gravity

Xo = Initial aircraft velocity

-15 -
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5.2.2 Method 2B: Developed p efficiency is the ratio of the average friction coefficient actually

developed during the stop and the average available friction coefficient. The developed p efficiency

as follows:

eous braking forces by the instantaneous vertical main gear loads.

matho inctantanoouc friotinn ~nnflinianto 1n thna Aciatian halaag:

Calculate the instantaneous actual and available friction coefficients by dividing the

Calculate the distance-weighted average actual and available friction coefficients for the entire

is calculated
a.
instantan
b.
stop by
where:
W =
Vi =
S =
c. Calculatg
coefficien
This method

history repre
under the da
release reprg
effort. The sa
coefficient de
line divided b
by the systen
the area und

oy o o e T C OO S TGO COCTTCIC T IO T O oo uotroTT o CTOvY S

Distance-weighted average p = é ju1 ds

y
n = 3 I“1Vi dt

Instantaneous p
Instantaneous velocity
Total stopping distance

the developed efficiency by dividing'the distance-weighted averag
t by the distance-weighted average available friction coefficient.

shed curve divided by the time increment between brake applicatio
sents the average peak coefficient available to the antiskid system

n over the braking effort. The ratio obtained by dividing the area und
er thetdashed line is a measure of the antiskid system efficiency.

is depicted graphically in-Figure 3. The dashed line in the friction cq
sents the maximum available friction coefficient to the antiskid syste

lid curve in the friction coefficient time history represents the instan
veloped by-the antiskid system during the braking effort and the arg
y the duration of braking activity represents the average friction coe

(Eq. 15)

(Eq. 16)

b actual friction

pefficient time

m and the area

n and brake
during the braking
taneous friction

pa under that solid
fficient developed
er the solid line by

-16 -
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