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PREFACE

The Flight Meclanics Panel (FMP) of the Advisory Group for Aerospace Research and Development hag
mainteined a continuing involvement in assessing the fidelity of aireraft simulation. Based on work
performed by an earlicr FMP Working Group on Approach and Landing-Simulation and in recognltlon of the
groving need for a common method of assessing motion quality the FMP, in October 1970, established Working
Group #0T - FMP Working Group on Flight Simulation Motion Quality. The Working Group was charged -with
defining and determining metrics of the hardware-delivered performance of the various degrees of freedom
of the-motion system, etc. Because "quality" could be inferred to include a study of the drive algorithms
of motion systems as well as the herdware-delivered performance, the Group suggested in May 1977 a change
in- its title to FMP Working Group on the Dynamic Characteristics of Flight Simulator Motion Systems. The
scope of the Working Group included attending to not only the “classical" characteristics of motion
generatlon systems, such as maximum travel and bandwidth of operation, but also to charscteristics
expressing smoothness of motion and the levels of interaction between various degrees of {reedom. The panel
4id not address the acceptebility of specific characteristics.

The Terms of Reference for Working Group #07 were promulgated in October 1976, and the:membership was
approved by the National Delegates Board -in-March 1977. At its first meeting on 18 and 19 May 1977 at NASA
Ames Research Center, the Working Group reviewed the Terms of Reference, defined-in moré detail its
projected scope, and tentatively identified the characteristics it was to study. At its second mceting at
the Royal Aircraft Establishment's facilities in Bedford UK on T and 8 November 1977, the Working Group
further refined and standardized the dynemic characteristics it planned to measure, heard presentations
by several of its members on preliminary study efforts, and-discussed plans of the membership to test
and verify the.characteristics. The third meeting of the group took place-on 21 and 22 April 1978 at
Brussels,. Belgium. -At this meeting, the results-of the study efforts of the members were discussed -and put
into formal context as definitive characteristics. Problems of measurement were discussed and alternatives

-tabled for review. At its final meetxng on 17 and 18 October 1978-at the Natxonal Aerospace Laboratory NLR

in Amsterdam, Netherlands, the draft of the Group's final report was reviewed and approved.

WORKING GROUP O7 -~ MEMBERSHIP

‘Mr. D.LEAN ~ Chairmen Mar 77 - Oct 78
Superintendent, Flight Dynamics Division (FSL),
Flight Systems Dept

Royal Aircraft Establishment

‘Bedford MKM1 6AE, Beds., U.K.

Prof.Dr.Ir. O.H.Gerlach - Chairmen Oct 78 -~ Jun 79
Denartmenp of Aerospace anlnegrlng

Delft University of Technology

Kluyverweg 1

2629 HS DELFT, Netherlands

Mr. J. C. DUSTERBERRY

-Reseerch Assistant to the Director
NASA Ames Research- Center

Mail Stop 200-10

Moffet Field CA 94035, USA

Mr. F. ERDMANN, Dipl.-Math.
Flight Simulator Department
DEVLR *
D=33 Braunschweig, Flughafen; Germahy

Dr. D. FALCO
=ABR11ALIA
Corso-Marche Ut
Torino, Itply

Ir.. W.P. KOEVERMANS

National Aerospacé Laboratory KLR
-P:0. Box 90502

1006 BM AMSTERDAM, Netherlands

Mr. K.J. STAPLES

Fl1ght Research Division

Royal -Aireraft Establishment
- Bedford MK OAL, Beds., UK,

Mr,.Js VALLE”

- Ingenleur -du. Centre de Simulation
Centré d"Essais .en Vol
13800 - Igtres, Frence

+Colonel P.T. KEMMERLING --Executive- Secretary
D;rector, Dxrectorate of’ Equipment EngineeFing
Aegonautzcal Sysfems vazszon
- - - -4 *Aabepar»mentﬂofwthe—Air—Force — - = -
‘Wright=Patterson Air Force-Base,.Ohio: h5h33, UbA

i

Cereo s




DR RN PVl B b b W e

Throughout the course of its activities, the Working Grour received valuable advice and assistance
from several research simulator motion system experts. Special acknowledgement for their contributions

Ir. M.Baarspul, and
Mr. J.G. den Hoilander,
Delft University of Technology, the Netherlands;

Ir. C.J.Jansen
National Aerospace Laboratory NLR, Amsterdam, the Netherlands;

Mr. P.Verey, and
Mr. D.Marshall,
Flight Research Division, RAE Bedford, United Kingdem;

Dr. E.Martin,
Directorate of Equipment Engineering, ASD, WPAFB, Ohio, USA.

Special appreciation is-also extended to Sadn LAdr D.Stangroom, Executive FMP, AGARD NATO, Paris,
France, for his outstanding assistunce during the entire course of the Working Group's activities.




CONTENTS

PREFACE
WORKING GROUP O7 MEMBERSHIP
! LIST OF SYMBOLS
, 1.0 INTRODUCTION
- 2.0 RECOMMENDED DEFINITIVE CHARACTERISTICS
' 2.1 GENRERAL INTRODUCTION
2.2 EXCURSION LIMITS
2.2.1 Definitions
2,2.2 Discussion
) 2.2.3 Measurement
‘ 2.2.4 Display
2.3 DESCRIBING FUNCTION
Definition
Discussion

1
2
3 Measurement
4 Display

wr

. 2.4 LINEARITY AND ACCELERATION:-NOISE

{ ; 2.4k.1 Definition
‘ ) 2.k,2 Discussion
. § 2.4.3 Measurement and Data Analysis

2.k.4 Display

2.5 HYSTERESIS

2.5.1 Definition
2,5.2 Discussion
2.,5.3 Measurement
. 2.5.4 Display
I
’; 2.6 DYNAMIC THRESHOLD
i
N 2,6.1 Definition
: s 2:6.2 Discussion
. 3 2,6.3 Measurement
. 2,6.4 Displey
‘ : 3.0 GENERAL DISCUSSION
! 3
v Fi . -
! H - 3.1 Lifearity
vl i 3.2 Acceleration Noise
. < 3.3 Hysteresis
’ ' 3 3.4 Bdcklash
i N 3.5 Constant Spegd:Measqrementé
! M 3.6 Other Factors
{ ; L .. ’ .
§ %.0 CONCLUSIONS 'AND RECOMMENDATIONS
‘REFERENCES
-APPENDIX-A GENERATION.OF SINUSOXDAL INPUT SIGNALS AND*ANALYSTS OF THE OUTPUT SIGNALS
APPENDIX B .NOTES ON:ACCELERATTON AND SPECIFIC.FURCES
APPENDIX-C 'FIGURES i oo
. # -
« - o = . :V

Page
I11
III

VI

-

O OV ! o Co o oo D = NAC (2,8 & &=

— - vy
w W

-
ww

13

19
22

23.

Coaw




R 3 s

p—

LIST OF SYMBOLS

a acceleration

A specific force

Ap peak value of acceleration noise

DFT Discrate Fourier Transform (App. A)

it describing function

IDFT Inverse DFT

ki integer number of periods within measurement length of 10.2k s
N nunber of samples per -measurement length (= 102L)

PSD power spectral density

r ratio

Tya high-frequency nonlinearity ratio

ry low-frequency nonlinearity ratio

T, acceleration noise ratio

Ty peak ratio

T, roughness ratio

RMS root mean square

T transformation metrix

t time

At sample time intexval

At time required to rrach 63 % of input acceleration (dynamic threshold)
o DFT constant

o standerd deviation

w ¢ircular -frequency (rad/s)

subscripts:

£ fundamental

i input signal

in “tiigh~frequéndy -nénlinearivy

in low-frequency nonlinearity-

n noise i
r roughness
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OYNAMIC CHARACTERISTICS OF FLIGHT SIMULATOR-MOTION SYSTEMS
1. INTRODUCTION

In the last five years, there has been a sharp rise in the number of simulation facilities employing
multiple degree-of-freedom motion systems; however, until recently no substantive attempts have been made
to measure the performance of these systems. Those measurements that have been made and published have aut
been made in a uniform way, so that it is difficult to ccmpare different systems. While data on the gross
excursions, velocities and accelerations of these systems have been generally aveilable in the literature,
dynamic response, noise and other lmperfections were usually neither carefully measured nor was informatiun
on them widely distributed. Tn the training environment particularly, there has been little incentive to
make sucl, measurements. Training simulators have only one objective - to train aircrews - and actual simula-
. tor performance is clearly not as essen.ial as an appearance of correspondence with "eality sufficient to
produce positive transfer of training. Changes in motion system behavior have traditionally been measuratle
only through subjective means such as pilot oplnlon. The hazard in this approuch within a research context
is that chauges made to improve pilot performance in the aireraft may prove-only to be changes which impruve
pilot performance in the simulator. With the appearance on the market of very large, high performence motion
systems, such as that being constructed by IML, France, it is becoming increasingly important that some
quantitative method of measuring anc. reporting the dynamic characteristics of flight simulator motion
systens be developed, as & first step towards the assessment of motion quality of all simulation devices.

A review of the recent literature indicates that only two United States facilities have conducted

quantitative studies bearing on the assessment of motion system dynemic characteristics. These facilities
are the Franklin Research Center (FRC) and the NASA Langley Research Center. The FRC has completed a
contrsct with-the US Air Force to test -an improved hydraulic servo valve that reduces or eliminates the
femiliar "turn-around bump" which occurs in many motion syst is when the platform slows down, stops, and
changes direction. Perhaps even more significant is the finc,ag that this improved valve does not exhibit
the tendency to instebility encountered with commercially e+ -ilable valves. NASA Langley has conducted
extensive research on its six-post motion system, with the principel -emphasis on the-development of improved
software, or drive algorithm techniques, for a synergistic six degree-of-freedom motion system. NASA's
contribution to motion dynamic characteristics has been to.add compensation terms to the drives of one of
these systems to achieve a five-fold increase in bandw;uth while ritaining an acceptably low "turnaround
bump". To improve motion smoothness, work siarted in 1968 .n the Netherlands at the Department of Mechanical
Engineering rf Delft University of Technology to develop a-motion system -with low friction. This was

- realized by introducing hydraullc Jjacks with hydrosta..c bearing,s, eliminating stick-slip phenomena, which

vere up to then present in existing systems (see Reference 1). towaday these jacks are being applied in

commercially available systems.

s B R

i

i . In Januery 1977, the Department of Aerospace Eng1neer1ng at:Delft Unxver51ty of Technology, the Nether-
- % -lands,. published-a p1oneer1ng study (Reference 2) which brought into.direct focus the need for -the-
; development of a universal-understanding of the dynamic characteristics. of* fl;ght simulator motion systems.
The Delft Study identified the characteristics of a.motion system: whzch determine “the fidelity- of motion
cues-asg: A

. . voro—————— s & 3 S e A 8

&, The -performance.limits in each dégfee>of~freeaog.‘ -
* b, The'ﬁotion—system describing*function,

e, The spectral power-distribition and:RMS value of the Accelération-ndise in-each-of the various _
degrees of freedom of the: notion sys

\ ) : 7 ¢ ]
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The initial efforts of Delft included not only identification of these cHaracteristics, but also the
development of generalizable procedures for measuring these parameters. This work cuntributed significeatly
to the definitions and procedures established by Working Group 07 - the Flight Mechanics Panel (FMP)
Working Group on Dynamic Characteristics of Flight Simulator Motion Systems.

Several useful results-can be expected from the publication of an uniform and systematic method of
measuring the dynemic quelities of flight simulator motion systems. The first, of course, has already been
mentioned. It will become possidle to compare directly the characteristics of two different motion systems
in terms-of smoothness, etc, and not just in terms of maximum excursion, velocity, and acceleration of the
several available degrees of freedom. A second possible use is to aid system designers and operators in
system diagnostics. The Vorking Group recognizes thit there are a-number of different disgnostic techniques
available to the engineer who-designs or tunes-a system of th's type, -and suggests that the techniques
described here are-an addition to that reper.sire. Specification is a third possible use of these
techniques. In specifying training simulators, the United States Air Force pioneered a widely distributed
motion system specification when it published MIL-STD-1558 in February 1974 {Reference 3).

It was outside the Terms of Reference of Working Group O7 to investigate the requirements of flight
simulator motion systems. These requirements are dependent on the aircraft to be simulated, its mission,
and whether training or aircraft research and development is the projected use of the simulator. In

training, the cost and availability uf other training aids are also important factors influencing the
requirenment.

It is important to recognize that the-Working Group was not required to make a Judgment on acceptable
characteristics. This is largely a physiological consideraticn. Furthermore, acceptability is unlikely to
be uniquely defined. While a maximum acceptable level of wiceleration noise might be-defined, other
characteristics may-be strongly task dependent, or even-depend on the presence of & visual system and on
its field of view. In this connection, the-Flight Mechanics Panel in conjunction with the Aerospace Medical
Panel has set up another Working Group (AGARD AMP-FMP wc1o) concerned with the Fidelity of Fl;ght Simulation
for Pilot Training. This-Working Groupr will include specialists in. human‘yerceptlon and traxnlng as well as
engineering specialists. .Should Working Group 10 choose to address the required quality, as well as the
fidelity, of motion, then it should be noted that it will ve only in the context of training; the -motion
needs- of research and development simulators may be very different.

Tnis AGARD-Report specifies a uniform method of measuring-and reporting those- characteristics which
might be used in writing performance-specifications.

The dynemic characteristics of flight gimulator-motion systems: -are- -not the only factors involved in
satlsfactory simuator motion, performance. In thosé casés where motion is . a- simulator- requlrement the-motion
system is used to¢generate at -the- pllot‘s station.a speczflc force- vector sxmllar to the- speclflc force
that would’be sensedeby the pxlot of the 51mula ed alrcraft or- other vehlcle. C 5 ralnts on the dxs

of” the computer algor;thm or mot;on lOglc te- ach*eve a- satxsfactorlly similar - specxf;c force 15, in- addxt;on
‘to the motlon system dynamlcs, an 1mportant conszderetlon. Tivolved- in this choice 4is the speed of the
slmulator computer, -for-long frame times- for the computatlon of the: alrcraft/motlon drlve -equations #ill add
a8 transport lag to ‘the -overall. system.,The software -and.. computatxon ‘time are therefore- crltxcal cho;ces
whzeh must be made 1n conaunct;on thh the motxon system djnamlcs 1n order to prov1de the system -user thh

drlve logic or- com§ ut r‘algorit
- -determining-thie- overell quelity of
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The recommended definitive characteristics which follow in paragraph 2 quantify the dynamic character-
istics of flight simulator motion systems in a standardized, repeatable fashion. Additional goals havé been
that these measurement techniques apply to systems with both electrical motor and hydraulic drives, and
those with independent and synergistically interrelated moticns in different degrees of freedom. It has been
the intent of the Working uroup that this measurement technique produces results which are mathematically
precise while easily relatable to physical phencmena.

In order to experimentally validate the measurement techniques considered before making final recommen-
cations, the members of Working Group 07 undertook to apply each.candidate-measurement approach to motion
simulators of varying types and size. Each candidate technique was attempted on systems with electric motor
drives as well as on systems with hydraulic drives with conventional or hydrostatic jacks, and on systems
with independent and with synergistically interrelated motions in the various degrees of freedom.
Displacement capabilities of these-various systems ranged from fractions of a meter to over 35 meters. Both
position and velocity servosystems were investigated. As a result of these preliminary studies, some
candidate techniques were dropped, others were modified, and a recommended set of measurements finally
evolved.

The remainder of this AGARD-Report is broken down into three paragraphs and three appendices which
relate to the experience, recommendations, and conclusions of WG 07.

-Paragraph-2 includes a definition of, discussion-of, and measurement -and display-methodology for each
of the recommended definitive characteristics, Since there is a great deal of interaction among the proce-
dures described, it is recommended that the reader familiarize himself with the entire contert of paragraph
2 prior to embarking upon the measurements required for any particular-characteristic., It is also importent
that the reader acquaint himself-with the content of Appendix A; this appendix provides the necessary
detail .and_background to assure consistency among the data taken and interpretation of those data from
system to system and from -operator to operator.

Paragraph 3 contains-a discussion of -alternative measurements which were considered, -and the -reasons
for not including these in the final recommended-set. Several comnents are also-made regardlng other
features-which, while-they may influence motion system performance, were-not among the alternatives consid-
ered for measurement and the ratidnale -for these omissions.

Paragraph 4 summarizes-the conclusions and recommendations resulting frem -the deliberations of Working
Group 07.°

Appendix B provides a deteiled discourse on the reasons for selecting acceleration as-the metric for
several of the characteristics. Comments in this-appendix delineating the difference between specific force
and ecceleration will be especially helpful to the reader who has not been heavily involved in the” field of
motion-simulation,

Appendix C contains the results of measurements made by several members of Working Group-07 employing
the techniques-recormended in paragraph 2. Thesé-measurements; made-on-a sclection of representative systems,
should serve-to illustrate the. measurement technlques and the methods of dats analysis and display discussed
in paragraph 2 and. Appendix A.

W
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2. RECOMMENDED DEFINITIVE CHARACTERISTICS

2.1 General introduction

In this report Working Group 07 has defined the engineering parameters that contribute to simulator
motion system dynamic chavacteristies. These characteristics are:

a. Excursion limits for single degree of freedom operation.
V.. Deseribing function.

¢. Linearity and acceleration noise.

d. Hysteresis,

e. Dynamic threshold.

Of particular concern-are those characteristics which result in unvanted cues, vhether correlated or
uncorrelated with thé command signals. Smoothness, jerk, backlash, and reversal bunp are common terms used

in discussions regarding motion quality. These are considered to be subsumed by ¢) linearity and accelera-
tion noise,

Acceleration has been chosen a3 the-metric for a number-of these characteristics even though it is not

the -metric that is conventionally used for some of them, such-as threshold and linearity. There are several
reasons for this choice:

The synergistic nature-of several of the platform motion system designs makes accurste meesures of
displacement in the various-degrees of freedom-difficult, if not impossible.

Specific force and angular acceleration-are the characteristics sensed by the pilot of a- simulator.
(The relationship tetween specific force and lireer acceleration is discussed in Appendix B).

3. Even if acceleration is not the divect input signal to the motion system, -the input signal is
computed from the desired acteleration.

The recommended churacteristics.a, b, ¢ and d are measured by applying & sinusoidal input signal to
the system. Irn order to obtain mutually comparable data, the methodology must be standardized. Appendxx A

- provides detailed 1n§ormat10n concerning the generation;.neasurement and analysis of output signals with
sinusoidal input signals.

The frequency and amplitude variation of this 1nput signel are sumsarized below:

Characteristic ‘ Input Signal Frequency Input ngnal

i Investigated (Note: N.at = (1024)(.01) = 10.24h s Amplitude

\ is assumed. See Appendix A for

: details).

gi - - - -

% a) Excursion , 13%55 Hz;. k; = 2, 5, 10, 20, 50 Amplitude varied

i - _ - .

i ) T k. 8 )

} b) Descriving-function | <5°zp Hz3k, =1, 2, 5, 8, 10, [| Amplitude fixed at

; . 10 TR g 567505 80, 100 | 10§ system limits

i ¢) Linearity and Tooon Heswk, =5 | Further analysis- of

§ eccelerat1on ‘noise F?0.2 - - data recorded under -a)

i c T -~ T i - s ;
. i d) Hyste vrosis: 1 £-0:01 Yz T "IOG-)‘Fa,nu i % system - -
i % ) LR ¢ - limits -
§ % — ———— = ————t = ~ -
i
¢ ,

In general, identification of system dynam1cs i3 simplified using.deterministic 1nput signals,
especially- if the przmnry inte¥est is in- -the- error of "the- system, If. the 1nput sxgnal is restricted to
a single- s1nusoxd, the: erfor-can: e determxned easzly.,Moreover, the-time invariant l1near1ty errors-are
eas:ly -separated from: stocuast1c errors. Another advantage of ihé- 31nusoxdal znput over other- elementary

determxnxstxc szgnals such as Jmpulses, steps or- ramps, 1s that it better resembles the continuous. signai
normally input dur;ng s;mulatzon. .

e i e A

The-neasured.- output acceleraticn-gignals cons1st of- a. per;odzc szgnal contamxnated by -& stochastic

component. After Dzscrete Fourzer Transfozmatzon, thzs s1gnal is: partxtloned 1nto -the- followxng components

E F\jx;dqin‘eg}té.l Or:Tirst harmonié (A) ’ »

. - Secohd-and-third harnonics. (B): :
o ~ Fourth.afid higher-harronics (c) :
’ o = -Stochastic-residue (o)} - - ) :

-
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The relationships involved are summarized in the fo}iowing diagranm.

HARMONIC _| "MOTION

: TP
INPUT | svstem ouTPUT
DFT

X; (k)

[20d, 300 R [1icriER HAR] |TLL FRERTUNDZ, e Fnisolkuug]

A B Ic lc#D L B+C+D
1 - : : ACCELERATION|  °
. : NOISE |
"DESCRIBING -LOW FREQUENCY HIGH FREQUENCY. ROUGHNESS j
FUNCTION  NONLINEARITY -NONLINEARITY. IDFT
PEAK
NOISE

Using the prescribed methodology, & limited-set of measurement runs is-sufficient to identify: the

descr1b1ng function (A), the-low frequency (B) and the high frequency (C) nonllnearxty, the acceleration
noise (B, C and D) and the roughness (C and.D).

The excursion limits- for single degree of -freedom operation are-divided into the:-system limits and. the
operational limits. The-system-limits are the absolute maxima-of motion: The operational limits iz .., the
usesble excursion llmxtsj, determined by means of-&n. objective crxterlon, are measured by varying the
exeltetxon amplitude-at certain specified frequencles until the.acceleration néise vatio exceeds a

standardized level. Increasing-and-decreasing the-amplitude-will .provide the upper- and’ lower lirmits
respectively.

The describing function is determined -from measurement at.an input amplitilde-of 10=%- of -the-system
limits at a set-of recommended frequencies.- The- date taken to determine the operatlonal limits- -at -approxima-
tely 0.5 Hz are alsd used.to calculaté-nonlinearity and Youghness.- THis- frequency is chosen’ as the basic
reference -frequency in order -to be consistent..with-a measurement prescribed in.Refexence 3, whlch is the
only “presently -known standard -for: mot1on system reguirements..

‘A very low frequency (<0.01 Hz) 1nput signal is-used to-measure-the -hysteresis-of each actuator sepa-
rately. The measured-response -time to-an acceleration step input is-used-to define the dynamlc threshold.

A detailed- descrxptlon and=discussion- of the- dlfferent measurement -procedurés is.given- if- the
paragraphs>wh1ch Tollow-in this sect:on. .

In concluding this .intrdduction-to the:déeéribtionfof'ﬁhéireeommeﬁged chefeeqefigtﬁés,e§gmé;n6tes are
offéred-regarding ‘the-choice:of” the-location at which the-characteristics-are deteimined..

Clearly, the- -characteristics measured at the:pilot's position-aye-of primary importsnce, HoWever this
is-not -always a practlcal ch01ce since this- posxtlon generally does Tiot-coincide-with the centr01d loca’cmnr
i.e., the.reference- pomnt for the-coritrol of the.jiotion.platform in: dlfferent degrees of- freedoms. Thus,
motion. generated within-a- sxngle degree of freedom for-the simulator may - q}t in mot1on at the- -pilot's
position thh several components',,.g., & roll~1np;t to-the motion system -may- generate mutually dependent

-roll.and-sway- components at the:pilct's posxtlon. In-such cases; the. determination of parasxtlc acceleretlons

(1n the- non-stlmulated degrees-of freedom) is hampered. For thls redson -thé-céntroid- location. is suggested“

-as-the locatlon where the charecterxstlcs are to be measured or transformed to. by computatlon. ‘For motion
_systems not hav1ng ‘8 unique- centro;d locatlon, e practlcal choice.must be made. In.any casej it is important

to.mention.the location of the reference po1nts -and- axes .for -the data presented. The points: at which the
measurements -were taken together wzth ~the’ usual pllot's position- should “be 1nd1cated

tn




e e o &

[

wr

AEa A e

2.2 Excursion-Limits

2.2.1 Definitions

Two types of excursion limits are distinghuished: system limits and operational liaits. The systen
limits are defined as the extremes for displacement, velocity, and acceleration which can be reached during
controlled single degree of freedom operation. The operational limits are defined as the amplitude of the
acceleration output signal, in response to-a single degree of freedom sinusoidal input signal, at which the
acceloration noise ratio (see para 2.4) reaches prescribed values. In general, upper and lower operational
limits will be determined. To the-extent that is achievable, it is recommended that the-operationsl limits
measurements be carried out for noise ratios, rp, of 0.2, 0.k and 0.8, This will cover a reasonadbly wide
range of motion system characteristics.

2.2.2 Discussion

The excursion limits of a simulator motion system are inherent in its basic engineering design. This
design is of cowrse influenced by the cleverness of the de51gner, the relative importance -to the user of the
megnitudes of the-various defining ~haracterxst1cs, and.economic considerations. These inherent limits can
be- compromxsed by simultaneous combinations of dlsplacement velocity, aud acceleration demands, and, in
the case of some systems, by simultaneous motion in other degrees of frealum, either because of the geometry
of the system or because of limitations of the system power supply.

The so called system limits are to be computed from elementary-design ,srameters or can be measared by
1solat1ug the llmlts to a simple form by- apply1ng approprlate command signals., Strict prescrlptlons resulting
in standardized system limits can hardly be given. Since it is not possible .o-standardize the means by
which system limits are-derived, published values for system limits should . be interpreted with care,

This is one reason why the so called operationel limits are introduced. Although it is of interest to
know the-systes limits, it is thought to be more important to have insight int.o the really usable motion
range. In this-context this means- & motion range reasonably -free from acceleration noise. This aspect is
reflected in the criterion defining the operational limits.

These 11m1ts form the boundary of-the motzon ‘range with an acceleration no.se ratio lower than the
indicated velue. It prov;des an objective measure of usable performance envelopcs. The operatlonal limits
are measured-with 51mu1taneous demands -for combinations of displacement, veloecity, and-acceleration,

2.2.3 Measurement

As already poxnted out in the dzscuss1on, the determination.of the system ..mits wil differ from system
to system. Consequently, no-particular method- of measurement is recommended. Hou»ver, in order to increase
the usefulness of published figures, the- _procédure used-to-arrive at these- figures-must be indicated.
Further, it is of" vital importance to indicate.whether-or not there- are limiting factors other than those
reflected in the defined systen limits, One such-limitation-would be any short-tcim capabilities, such as is
the -case when & relatively low.hydraulic flow capaczty is backed up-vy accumlatcies.

The operational Yimits are measured by applying sinusoidal input signals-of Jifferent amplitudes at
several frequenc1es. The signal. generatzon and “basic data anslysis must be- perfonued according to-the-prece-
dures outlined in Apﬁendlx A. The-frequéncy-of the sznu501dal input s;gnal ‘is-sel at-a discrete value and
the amplxtude is increased.from zero up to-the system llmxb for that frequency. Tuis:is repeated through
the entire band of usable frequenczes. If it is et-all feaszble,~the measurementQ should -be.performed at
least at the- follow1ng frequencies:

(g;/10.2h)°ﬁz3 k. =2, 5,.10; 20 and 50

It is-possible-that if data are taken only- at the. frequencies- recommended- above, the contours for the
operational llmlts, 88 dlscussed in paragraph 2,24, will not close, see-Figure CL for- example. The range
of measurements .at the- Yow- frequency end of “the spectrum can_be -extended -by- takzns ‘k; = 1, If this'is not

—surr;czent the numuer ~of samp;es and/or vhe-semple-tine 1nterval may “be 1ncréaeen 1fi order “to lnciease “the
:product ‘N. At which in turn incéreases-the - frequency resolut;on. Systen. resonances or “the possibility of

damage may rule out obta1n1ng sufficient-data to-close ‘the -contours at :high. frequeLezes.

Upper and- 1over limits fot- acceleration noise ratios: (refer to paragraph 2.4 _for the definition of
the -noide. ratio, ¥ ) of r, ‘0.2, O.h and '0.8 can-be -found by 1nterpolat10n in the mander 111u trated in
Flgure 1. In this glgure, for a. glven rrequency, the- determzned noise ratios-are. plottcd versus the amplltude
of the. output wvelocity: This amplltude 1s computed from ~the- standard- deviation of the fundau*ntal of the
acceleratzon -output sngual (aga1n sae. paragraph ‘2.h4) ‘by-using ‘the followlng equatzon'

V2gy  10.2M0y L Lag

8= (———— ‘n,
%= O TR s s

(Qngts‘fof«cg.in;m/sacfof¥tiéps;atipn.and,1ntrad/s?‘fOtrrq%qtions—are gssuped).
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Fig. 1 Noise ratio graph

For real measurements: see-Appendix C, Figures C1 and C2.
2,2.% Display

The system limits can be displayed-in tabular form,
freedom system. -

o;» OUTPUT VELOCITY AMPLITUDE

typilcally as shown below for a three-degree-of-

] TRAVED VELOCITY ACCELERATION -
: HEAVE + 3 m + 1. n/s ; i ;g m/sa
ROLL + B rad %1.28 rad/s + 19, rad/52
i 16 +13 /s + 1090 /s
PITCH * +27 .rad * .9 ra.d/s‘;- -: 25 rad/s
- ox155° +.50 °/s 815 o2
. . =li6o ¢

TABLE 1: Tabulated system limits.

The operational limits as well-as the system limits for sinusoidel input signals-can be-displayed.in

-a diagram of velocity versus: i‘requeney. To obtain a- convenient plot, the logarithms -of the velocity ampli-
-tudes- for -the relévant limits-are plotted versus- the loganth.ms of “the frequency. The lines for the. system

limitg drawn in the sample fzgure, ‘Figure:2, are computed by assummg that the maximum:amplitude of the

_sinusoidal outpit-signal is- gwen by- the- system limit, In the.case of dsymmetric lmxts, the lowest value

is taken. Lines:indicating an- acceleration:-noise- 'boundary can- “be mterpolated between the measurement

points-ot- the- operamonal Timitss

LOG YELOCITY |.
m/s:0r 1ad/s

| -~ OPERATIONAL
A LIMITS:

VELOCITY
_ SYSTEMLIMIT

"L0G FREQUENCY, Hi

Fig:2- -Excursion limits for sinusoidal input signats.

‘For-real measurements.see Appendik:C, Figures:C3 through=C6.-

o i St

[OR—

LWl ae

2

BEY W B ey




i

R £ LR N,

' Pronne

2.3 Describing function
2.3.1 Definition

The motion system describing function at & given frequency is defined.as the complex ratio of the
Discrete Fourier Transform (DFT) coefficients for the fundemental fregquency of the -measured output and input
accelerations.
That is,
Xo(ki)
A
) ks
for a sinusoidal input signal with an amplitude of 10 % of the system limit at the frequency To.ay Hz.

2.3,2 Discussion

The -describing function defined here is the so called "sinusoidal input describing function" commouly
used in the-area of nonlinear systems (Ref.5). This definition is.consistent with the procedure used to
determine the describing function after the-computation-of the Discrete Fourier Transform (see Appendix A).
The basic analysis used 40 determine the describing function is identical to that performed in determining
the acceleration noise-and related parameters, and is decribed in. paragraph 2.h,

The values of the describing-function are not identical to corresponding values of the system transfer
function. Actually, all motion systems have more or less nonlinear- dynamlcs. Consequently, they do not have
unique- transfer functions. Strictly speaking, the describing function is only valid at the -measurement
frequency and amplitude. However, for only slightly nonlinear systems, the-describing function values
generally do approvimately match the transfer funcuion of a linear system. In such cases, this transfer
function can be corsidered.a linearized descr1pt10n of the system dynamics.

The - descrlblng function- values prov1de information concerning the dynamics of the system loop-con-
trolling the motion simulator, However, since tle concept of lead. compensatlon is generslly adopted in the
area of simulation, the descrlbzng function values should be measured- for the lead compensated system as
well, in order to show the actual motion system dynamzcs.

2.3.3 Measurement

The méasurements have to be carried out with sinusoidal input signals, accordlng to the procedures
outlined.in Appendlx A, using an- amplltude of 10 % -of the -system limits. As fer -as is feasible, the
followxng range-of “input frequencies is recommended:

(k./1o;2h), Hz; k; = 1; 2. 5 8, 10; 15, 20, 50, 80, 100

The operational limits-have-also been measured.at the frequencies underlined.
The measurements are-to be performed for-each degree-of freedom, for - both the uncompensated-and the lead
compensated :systenm..
2.3.4 Display
The test results are.displayed in the form of Bode plots showing the modulus [H(f)[ and- phase angle

k.
3 H(£), where £ = -élatﬂﬂz.

-For each degree-of freedom: of motion; one plot -shows-the. describing. functionwalues for ‘both the uncompen-

sated -and- the lead compensated motion- system, see Flgure 3.
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2.k Linearity and accelerastion noise

2.4.1 Definition

Acceleration noise is herein defined as the perturbation of the output acceleration from its nominal
value. For sinuscidal input signals, as considered here, the nominal value of the output acceleration is
defined by the sinuscid having the same frequency as the input sinusoid. The amplitude and phase shift
are obtained by minimizing the mean square of the difference between this sinusoid and the actual output
acceleration (as is performed in a DFT routine).

Two kinds of acceleration noise are distinguished here:

a) The acceleration noise in the stimulated degrees of freedom: e.g., heave acceleration noise caused
by heave motion

b) The acceleration noise in the nonstimulated degrees of freedom, called parssitic acceleration
{e.g., pitch due %c¢ heave motion), which expresses the levels of interaction between the various
degrees of freedonm.

Acceleration noise includes ali deviations from the response of an ideal time-invariant linear system
and therefore encompasses effects due to external disturbances.

In order to obtain further insight into the nature of the acceleration noise, the following two main
acceleration noise components are defined:

a) A component reflecting the harmonic distortion.

This component has its spectral power concentrated at frequencies hermonically related to the
input frequency.

b) A stochastic component, which is the residue of the acceleration noise minus the harmonic
distortion component.

The harmonic distortion component represents the distortion due to time invariant nonlinearities. This
component is further subdivided into:

- lov-frequency nonlinearity, which is the sum of the second and third harmonics
- high-frequency nonlinearity, which is the sum of the fourth and higher harmonies.

The combination of the high-frequency harmonic distortion with the relatively high frequency stochastic
disturbance is considered to be a measure of the roughness of the response, and provides an indication of
the smocthness of the motions produced. Besides presenting acceleration noise components in terms of
standard deviations, dimensionless ratios are introduced which are normalized to the standard deviation of
the fundamental of the acceleration output signal.

2,4,2 Discussion

In paragraph 2.3, the concept of deseribing functions has been discussed as ¢ suitable technique to
describe the dynemic capabilities of a motion system. Since only the fundamental harworic component of
the response is taken into account, this deseribing function technique pertains solely to a nominal
response,

In this paragraph, linearity and acceleration noise are considered as phenomena reflecting other
aspects of the dynamics of a motion system. Acceleration noise as well as (non)lznearlty may be discussed
in terms of acceleration errors., The nominal response or reference signal is defined to be the fundamental
harmonie.

The date analysis adopted, based upon the determination of the power per frequency interval of the
output signals (see Appendix A), provides the capability of o detailed enelycic of the ncceleraticn noisc
component. The principles of the analysis are discussed below,

The response of an ideal time invariant system, which is not necessarily linear, to a sinusoidal
input signal generally results in a pure periodic component., This periodic component can be partitioned
iuto a fundamental (first) harmonic and higher haxrmonics. The second and third harmonics can be looked
upon as first order estimates of asymmetric and symmetric distortion respectively. The combination of these
estimates provides a description of linearity errors resulting in relatively low-frequency components with
respect to the nominal response. As the human motion receptors are less capable of detecting these low
frequency errors, the second and third harmonics are not taken into account in calculating the roughness.
The fourth and higher haxmonics similarly provide a description of the relatively high frequency linearity
errors.

The acceleration noise ratic gives an average value of the acceleration noise. Whether this noise will
be perceivable depends on the actual time history. The absolute meximum of this time history is presented
as the peak value and expressed as the peak ratio r_, which is the maxxmum value divided by the amplitude
of the fundemental. P

In practice, motion system output accelerations will consist mainly of & periodic component, but will
Lo more or less contaminated by a stochastic fomponent. Nondeterministic external disturbances.as well as
error sources within the system (e.g., dry friction) are responsible for this contemination. The power of
thisstochastic component will generally be spread over the whole frequency range considered, while the
periodic components appear-at frequencxes hermonically related with the fundemental frequency. Clearly,
if transient effects are pregent the periodicity of the deterdinistic responsé component is distorted. In
such cases, 'the pure determxnlstlc response component will exhlblt .pover not concentrated at hermonics.

For this reason, the responge must be-completely statzonary tefore startxng the sampllng procedure.

N




The roughness component has been defined as the sum of the higher harmonics and the stochastic
component. This implies that within that content, no distinction is made between pure deterministic
roughness and roughness resulting from stochastic disturtances. One illustration for the rationale belind
this definition is the well known motion reversal bump. This unwanted disturbance can be either a
deterministic bump, accurately reproducible, or a more or less random bampy response at several levels of
motion. It is clear that both these phenomena equally contribute to a degradation in the smoothness of a
system.

2.h.3 Measurement and data analysis

All the characteristics mentioned above are computed from the time histories already recorded during
the measurement of the operational limits (at the 5/10.24 Hz frequency, with amplitudes from zero up to the
excursion limits). For each set of measurements for the various degrees of freedom, the accelerations within
all six degrees of freedom are measured in order to determine the acceleration noise and the corresgonding
parasitic accelerations.

Driven axes

An estimate of the spectral power distribution is obtained from the DFT of the sampled sequence of the
appropriate acceleration output signal.
Measurement and basic data analysis shall be in accordance with Appendix A. The average power in each
frequency interval is equal to the mean square value or variance of the signal in the corresponding
frequency interval. .

From the separr.e power components, the variance of the various components is computed in accordance
with the relationcnips given below.

2 2 .
- fundamental output op =0 (ki)’ k; =5 (i.e., TE?EF Hz frequency)
2_ 0 2 2
- acceleration noise o, = I a(i) -0p
i=1
1 . . e _ 2 2
- low frequency nonlinearity . oy =o (2ki) + 0 (3ki)
o
k.
. N 2 o2
- high frequency nonlinearity On = £ o°(1k;)
n1=h 2
2_ % 2 2 2
- roughness o = iEI (i) - O = O1n

where m = 350, which limits the highest frequency considered to 35 Hz.

The time history of the acceleration noise is reconstructed by using the inverse Fourier transforn
(IDFT) on the DFT of the acceleration signal, after X(k) for k=ki and X > m has been eliminated. The peak
value of the noise is then given by: A, = mex { [xn(n)l ).

The results of the measurements will be further expressed by means of the following dimensionless

ratios:

& Modulus of the deseribing function |H(w, A)] = of/oi
b Acceleration noise ratio r, = an/of

¢ Peak ratio r, = Ap/(af' v2)
4 Low-frequency nonlinearity ratio Ty = oln/af

e High-frequency nonlinearity ratio Ty nE chn/of

£ Roughness ratio . = °r/°f

Undriven axes

The standard deviation and peak value of the parasitic acceleration can be determined from the recorded
time histories directly.

|
|
.|
1

2;4.4 Display

Driven axes ‘

~ The standard deviation and the peak value of the acceleration noise are plotted versus the amplitude of
the nominal output velocity, see Figure U,

- The time history of the observed acceleration signel will be displeyed as shown in Figure S.
- The vaiues obtained for |H(w,-A)|, Tus Tpo Faps Ty and r_, will be displayed versus the acceleration
smplitude (V2. o,) a8 illustrated in Figure 5.

Undriven axes

- The stendard deviation and pesk value of the parasitic accelersations ere -presented veérsus the amplitude
of the nomihal output velocity (as in Figure 4).
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Fig. 4  Acceleration noise during heave sinusoid excitation

For real measurements.see Appendix C, Figures. C11 through C15.
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For real‘measurctients see Appendix C, Figures C16 through.C19.
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2.5 Hysteresis
2.5.1 Definition

Hysteresis is defined as the difference in output displacement error resulting from the seme
magnitude of command displacement acting in opposite directions of motion. The result is expressed as an
absolute displacement and as a percentage of total available displacement. This definitioa in:ludes the
backlash of systems where backlash is not forced to one side due to gravity forces.

2.5.2 Discussion

Hysteresis is primarily of importance when tilt is used to generate low frequency specific forces
longitudinally and laterally.

In most cases the hyster:sis will be of a very small magnitude, so that a very accurate position
measurement is necessary. As it is not considered feasible to acquire such a precise position signal in
each degree of freedom at the centroid, the hysteresis of each actuati. will be measured separately and
converted to hysteresis per degree of freedom.

Instead of plotting actual output against input position command, a better display of hysteresis is
obtained by plotting the outrut displacement error versus input position command.

2.5.3 Measurement

The measurement is made using a very low frequency {< 0.01 Hz) sinusoidal command signal in order to
avoid the effect of dynamics. For systems with a large travel it may be possible that even with 0.01 .z
the effect of dynamic will be present necessitating the use of a lower frequency. The amplitude is to be
as great as possible before any limiting device comes into operation. If there is reason to suspect that
the hysteresis might b: different for very small amplitudes, an additional measurvement with a small
amplitude (e.g., 1 % 0 stroke) can be made.

2.5.% Display

The test results are recorded on an XY plot with unequal calibration factors, in such a way that a
clear plot is obtained, see Figure 6.

QUTPUT
DISPLACEMENT
ERROR
—— HYSTERESIS
—att
COMMAND
DISPLACEMENT
'

Fig.6  Hysteresis plot

For reasl measurements see Appendix C, Figures C20 and C21.
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2.6 Dynamic threshold

2.6.1 Definition

The dynamic threshold is based on At, the time required for the output acceleration to reach 63 % of
the input acceleration command.

2.6.2 oiscussion

When the command input signal to a motion system remains below a certain threshold, the motion
platform will not move at all. Because the acceleration input will be integrated once (for velocity
controlled systems) or twice (for position controlled systems) the motion platform will start to move
after some time, even for very small acceleration inputs. Therefore At, the time required for the output
acceleration of a system to reach 63 % of the acceleration command, has been chosen as an indication of
the dynamic threshold of the system, regardless of whether the system has a position or velocity threshold.
The larger the time At, the greater the dynamic threshold of the system.

At is composed of & part due to the dynamics (lag) of the motion system and a part due to threshold,
hence the suggested name of dynamic threshold. By way of example, for a system with a position threshold,

the threshold part of tae time 4%t will be a function of the acceleration input according to: position
threshold = 0.5 a; . at"=.

This method of measurement will also detect eny time delays that might occur between the computed
motion drive signal and the motion system response. An advantage of this measurement is the ability to
compare systems with different drive-laws, such as position or velocity control.

2.6.3 Measurement

An acceleration step input, from which the appropriate drive signal is derived, is used as the input
signal to the motion system in its neutral position. &t is measured at several input acceleration levels
in both directions. To remove the influence of backlash before the measurement is made, the neutral

position must be reached by means of a premeasurement square wave input as indicated in Figure T.
[+
)

INPUT ACCELERATION

1

| ' o TINE
PRE-MEASUREMENT—
SQUARE WAVE : I '
MOTION AT STANDSTILL \MEASUREMENT
IN ITS NEGTRAL POSITION
FILTERED OUTPUT
ACCELERATION A
0.63 o, |
L]
\ ;/  —»=TIME

Fig.7 Measurement of dynamic threshold

The output acceleration will be sempled with a sample time T_ of one millisecond, or, if that is not
feasible with T_ as small as possible. A pre-sample first-order lowpass filter with a time constant of 10
milliseconds will be used to reduce high-frequency signal noise. The sampled acceleration will still show
the influence of cross-talk from the AC power supply, and at the lower acceleration levels this will lead
to an optimistically small value of At. Therefore this signal is additionally filtered by a digital moving
average filter. Averaging is performed over Ny = 20 samples for 50 Hz and over 17 samples for 60 Hz power
supplies. Corrections are applied for the delays due to the filter operations (0.01 s and 0.095 s for
By, = 20; or 0.01 s and 0.08 s for n., = 17). A% very low acceleration levels, At decreases due to the

relatively larger amount of noise at different frequencies on the output acceleration; this region of
input acceleration may be considered not measurable.

2.6.4 Display '

At is plotted as a function of 8 nput 25 illustrated in Figure 8.

O MEAN VALUE

a T STANDARD DEVIATION

. onpyT (LOG SCALE)

Fig.8 Dynamic threshold

For real measurements see Appendix C, Figures €22 through C27.
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3 GENERAL DISCUSSION

During the course of its deliberations, the Working Group has considered a number of alternative ways
of defining the characteristics of motion systems. The definitive characteristics recommended are contained
within paragraph 2. In this section, some of the alternatives considered are iiscussed along with the
reasons why these alternatives were not adopted. In addition, some discussion is devoted tc features which
have been judged inappropriaste to this task since they do not form the basis for mecasurement of the actual
characteristics, even though these features undoubtedly influence the performance of a motion system.

3.1 Linearity

Retaining its concept of the acceleration vector as the important metric, the Working Group originally
defined linearity error (Reference 4) as the absolute value of the difference between a constant accelera-
tion input and the measured, steady~-state acceleration output.

A number of difficulties arise with this definition. A time delay is clearly involved between thoe
generation of the input and the measurement of the output if a steady-state condition is to be achieved.
This time delay should be as long as possible to ensure that all transients in the respouse have decayed.
On the other hand, an excessive time delay results in system limits being violated. For systems with either
a fast response or extended system limits, this presents little difficulty. However, some systems may be
trapped between these two limitations. Applying the input from an offset position of the motion system in
order to extend the available time delay (unless a veloeity limit is the restriction) can result in a
measurement different from that obtained from the neutral position, particularly for balanced systems. Tne
direction of the initial input, perticularly for unbalanced systems or those with unequal area ,jacks, can
also affect the measured error. Finally, the noise of the measured signal can make the accurate determination
of the degree of nonlinearity difficult.

3,2 Acceleration noise

The original definition utilized the Discrete Fourier Transform (DFT) technique described in Appendix A,
but merely presented the results as peak and rms values of the perturbations from the nominal acceleration
output. This is a simple procedure but much useful information is suppressed. In particular, a given level
of noise may be obtained either from a distorted sine wave output, or by a high frequency variation about
a relatively pure mean response. The technique of analysis adopted now allows these two conditions to be
distinguished. In the process, it permits the extraction of a measurement of linearity error which obviates
the difficulties indicated above (Para 3.1). Furthermore, it allows the low frequency nonlinearity, which
will probably be of little concern to the pilot, to be distinguished from the high frequency nonlinearity,
which mey or musy not be of concern (depending on the frequency of the input). It can also distinguish the
rouglness, which is always of concern. Yet this technique still produces a measure of overall noise. The
presence of isolated or discrete disturbances (e.g., "reversal bump") cannot be uniquely identified from
the DFT analysis, but these are readily illustrated by subtracting the fundamental frequency from the DFT
and generating the inverse DFT.

Utilization of this technique requires no additional measurements; a&ll that is involved is further
analysis of signals already recorded under the operational limit measurements described in paragraph 2.2.

3.3 Hysteresis

This is the one characteristic in which displacement is used as the important parameter. Initially the
conventional hysteresis loop was defined by plotting output displacement against commanded displacement.
However all the systems measured exhibited very small hysteresis, and only at very small values of the
input was it possible to generate a significent loop. Consequently, it is now recommended that displacement
error be plotted against input displacement. Ideally the displacement between earth and the chosen reference
pcint, normally the centroid of the platform, should be measured. This is not generally practicable. In
mest cases, the measurements would be derived from the position transducers located on the motion system,
and usually fitted to the actuators. Compliances which mey exist beyond their end points, backlash in
particular, is not then-detectable. The Working Group has decided that the rather eleborate ingtrumentation
required for proper measurement is not justified for a characteristic which appears of little significance
in a well designed and serviceable system. Important potential sources of hysteresis, such as backlash in
the position transducer, friction, or spool valve nonlinearities, should be exposed by the technique
proposed.

3.4 Backlash

Backlash is associated with some form of dead zone or mechanicel slop in a system. It is apparent that
backlash can influence a system's behaviour, regardless of whether the system is unbalanced or balanced.
‘In a balanced system its presence will be much more apparent since a drive force of the order of the
friction force in the backlash zone is likely to consume the freeplay, whereas for an unbalanced system
gravitational forces normally, but not always, have to be overcome.

The impulsive nature of the discontinuities due to backlash led the Working Group to believe that it
could be detected by acceleration measurements. The technique (Reference 4) devised was & natural extension
of that for dynamic threshcld (paragraph 2.6) where the initial time to reach 63 % of the commanded
acceleration was defined as Atq, and the time for the output to reach 63 % of e commanded reversal in
acceleration was defined as At,. The backlash was defined as At, - 4t,, wleve these times are measured for
the same change in acceleratiofi (i.e., both magnitude and direg%ion).

Appliceticn of this technique (References L, 5 and 6) led to meny results indicating negative backlash,
vhich is clearly imposcible. Further congideration indicates that this result is scarcely swrprising. The
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technigue nepends on an assunption of system linearity. The raversal commend is generated when the systenm
is in & state different from that for the initial command. Counsequently, for a nominally bLalanced sysien,
the balanve rams will be applying a different force at the initiation and at the reversal commands.

To further test the validity of the technique, NLR (Reference 7) mounted two accelercmeters on their
motion system, one fixed and the other with adjustable backlash. For backlash greater than i mnm, they
found that the technique produced plausible results. However, at more realistic values of backlash - for
example 0.2 mm - the expected time delay was obscured by the effects of friction and/or structurai
dynamics; again At2 was less than Atl'

Tne Working Group concludes thai the original definition was unsatisfactory and has been unable to
conceive of an alternative. It should be noted, however, that any adverse effects of backlash are contained
within the measurements of accelerstion noise, and may also contribute to the results of hysteresis,
although not now necessarily separately identifiable.

3.5 Constant Speed Measurements

The Working Group deliberated on the desirability of separate acceleration noise measurements at
constant velocity (Reference 2). Since these measurements would provide no information in addition to that
now obtained with the noise measurement technijue adopted, these separate constant velccity measurements
have been omitted. Such tests may, however, still be useful for diagnostic purposes (Peference 2).

3.6 Other factors

The Working Group is well aware that motion systems have many features vhich are germane to their
performance and which have not so far been considered. Of special note in this regard is the servo control
system. The design of such systems is considered to be adequately covered by well established techniques
and is likely to be perculisr t., each system in use. The latter fact creates certain difficulties of
interpretation. It is desirable that the characteristics of the motion system be measured in as near a
basic configuration as possible. However, meny control systems have inextricably built into them
compensation networks to correct for such things as phase lag or amplitude attenuation. It is neither
considered reasonatle nor practical to ask that such control systems be dismantled. It does however require
that any compensation should be clearly defined in those systems where it is not possible to also measure
the basic system, in order to avoid misleading comparisons among various motion systems,

Tt is well known that hydraulic oil temperature affects the performance of many motion systems. It is
assumed that measurements will be made at the normal operating temperature of the oil.

Hydraulically powered systems often can operate continuously only at some fraction of their meximum
capability. Maximum performance is obtainable for a limited period by back-up accumulators. In general
.h» definitions call for measurements of a single axis at a time; under these conditionsy, limitations due
to aveilable continuous power are unlikely to be significant for systems with independent axes. Synergistic
systems, on the other hand, may well be limited even when only one axis is driven. It is particularly
important that due regard be paid to this feature, particularly during measurements of excursion limits
(paragraph 2.2).

Syrergistic systems have very different excursion limits under multiple exis drive in comparison with
single axis drive. The Working Group has not considered it practical or useful to address the question
of the driving of several axes in this context since the matrix of possible combinations is excessive. The
results obtained depend on the priorities ussigned to various axes; those priorities are not necessarily
unique even for any one system and may also be task dependent.

A number of other features of motion systems also affects their performence. These include bleed
orifice settings, seal or piston leakage, valve center characteristics, distortions and resonances in
drives and support structure, among others. These are largely design features which the Working Group has
not considered within its terms of reference.
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I CONCLUSIONS AND RECOMMENDATIONS

The Working Croup has agreed that the production of specific force and angular accelerstion is the
raison d'etre of motion systems in piloted flight simulators. The physical limitations on the size of
motion systems mean both that certain other characteristics need to be measured and that acceleration can
be used as a more appropriate metric for both translational and rotational motions. A total of nine
different terms often used in the description of motion system quality or limitations have been identified.
Several of these are interrelated and the definitions have been reduced accordingly to measurements under
five separate headings.

Of the five headings, three (excursion limits, descriting fuaction, and linearity and scceleration
noise) are obtained from sinusoidal inputs of varying frequency and amplitude followed by analysis using
she Discrete Fourier Transform technique. The other two healings require step inputs of acceleration of
varying amplitudes {(for dynamic threshold measurements), and the measurcment of displacement using a very
low frequency sinusoidal input {for hysteresis). Consequently, a compact series of tests has been defined
which does require, however, adequate data logging facilities and fairly sophisticated analysis.

Tha describing function of motion systems is often measured in the course of designing compensation
networks to correct for amplitude and phase deficiencies, but it is exceptional for a complete series of
tests to be made determining all the important characteristics which are defined in this report. Tae
Working Group strongly recommends that such measurements be made 8s an ald to determine the validity of
any results obtained from simulation. In research and development, it is axiomatic that the characteristics
of the equipment .sed in any experiments should be properly identified, quantified and published.

The characteristics of the motion systems of several of the members of the Working Group have been
measured and a selection of the results is presented in Appendix C. These results indicate that for a
number of representative systems, application of the techkniques recommended i3 practical and produces
meaningful descriptions of the systems.

Backlash is the one feature which the Working Group considers worthy of separate identification and
quantification and for which no suitable technique of measurement has been devised. If its presence is
significant, it will be subsumed by acceleration noise and possibly by hysteresis. However, its value as
a diasgnostic is such as to suggest that further effort should be expended to resolve this deficiency.

The work of AGARD FMP WG 07 here reported forms one small element in the considerstions of AGARD
AMP-FMP WG10 on the fidelity of flight simulation for pilot training. The question of fidelity depends not
only on the quality of the equipment, with unacceptable equipment producing un.anted or false inputs to
the pilot, but also the techniques of usage. The manner of usage is dictated by the need to reproduce
those features of the real world which meke a significant contribution to the way the pilot behaves, or
to his ability to learn correctly. It would be appropriate for WG10 to recommend further work aimed at
defined specification requirements. Insofar as the quality of equipment is concerned, it would be
appropriate for a separate Working Group to do for, say, visual systems, what WG 07 has done for motion
systems. To this end, AGARD has proposed to set up such a Workirg Group on visual systems. This is
strongly supported. Computational, auditory and control loading systems fall in the same category, and it
is recommended that consideration be given as to whether these systems are amenable to the same sort of
treatment.

The Working Group has not set standards of acceptebility for any of the measured characteristics.
It is recommended that further work be done to set such standards. It is recognized that both the task and
the dynemics of the vehicle will be important facters, as will other components of the simulator equipument.
However, a limited set of vehicle dynamics and a few tasks under IFR conditions would form a starting point
for trials based on subjective assessments un several different systems, and would eliminate the major
effect of the visual system in confounding motion simulator investigations.




T

4

-

18

REFERENCES

1 Koevermans, W.P.
Jansen, C.J.

2 Hollender, J.G. den
Baarspul, M.

3 Anon.

4 Kemmerling, P.T., Jr.

5 Verey, P.H.
Marshall, D.K.

6 Erdmann, F.
Biertiimpel, E.

T Jansen, C.J.

TR e e

Design und performance of the four-degrees-of-freedom motion system of the
NLR research flight simulator.

NLR MF 75038 U, 6 October 1975.

(Paper 17 AGARD-CP-198, October 1975).

Messurement of the motion quality of a moving-base flight simulator.
Memorandum M-264, Delft.

Delft University of Technology, Department of Aerospace Engineering,
January 1977.

Six-degree-of-freedom motion system requirements for aircrew member
training simulators.
MIL-STD-1558, 22 February 19Th.

Dynemic characteristics of flight simulator motion systems.
Paper 20 AGARD—CP-2h9, April 1978.

The measurement of flight simulator motion system quality snd performance
RAE Tech Memo FS198, July 1978
RAE Tech Memo FS198A

Commen%s about New Measured Qualities of a Velocity-Controlled Hydraulic
Servo-System for Heave.

DFVLR, Arbeitsnotiz 153-08, April 1978.

Some explorutory measurements on the motisn system of the NLR flight
simulator in behalf of AGARD FMP WG 07.
NLR Memorandum VS-78-012, 10 April 1978.




- S T W

. A ety
 SORIINA PO . WA A o W A

APPENDIX A

GENERATION OF SINUSOIDAL INPUT SIGNALS AND ANALYSIYS OF THE OUTPUT SIGNALS

INTRODUCTION

The generation of the motion system input signals and the sampling and analysis of the output signals
must be standardized in order that different systems may be compared with each other. For convenience, as
is explained in the main text, sinusoidal input signals are used in most of the prescribed tests. The
procedures prescrived are to be followed in detail in order to assure mutually comparable results.

Signal generation date sampling

Figure Al shows the general signal flow for signal generation and lata logging. The prescribed sampling
interval is 4t = 0.01 s, vhich results in a Nyquist frequency of 50 Hz (314 rad/s). Since the frequency
content of interest extends up to 35 Hz (220 rad/s), the contamination of the measured signals by cross-
talk from AC power supplies must be eliminated in practice. The measured signals must be analog prefiltered
in case they contain power above 65 Hz (L08 rad/s) in order to avoid aliasing effects below the upper
frequency limit of 35 Hz. The design of the presampling filter will be a compromise between overall accuracy
and complexity. The unly stringent requirement placed on the filter is the reduction of any signal power
above 65 Hz to an insignificant level priov to sampling. The distortion due to presampling filtering in the
frequency range of interest, i.e., lower than 35 Hz (220 rad/s), can be corrected during discrete signal
processing. The order of the low pass presampling filter influences the necessary correction. As the order
increases, the amount of necessary corr?ation decreases, and a corresponding increase in the overall accuracy
results. The run length will be 1024 (2'") samples at 100 samples per second, resulting in a frequency
resolution of (1/10.2%) Hz (0.0977 Hz or 0.6136 rad/s).

The input signals are generated in the time domain using the following expression:

2n k.
X(n. At) = & sin [(E-A—t) (n . At)] , 0= 0,1,2,...,N-1

vwhere:
a = amplitude of the input signal
27 ki
¥t = frequency of the input signal (rad/sec)
ki = integer number of periods of the input signal within the measurement length of

N samples (N = 102L)

By computing the time series of the input signals using the expression given above, an integer number of
periods within the sampling period is guaranteed. Before starting the sampling:procedure, the response of
the system must bte stationary; there must be no influence from transients due to improper initial conditions.
The moments at which the outputs of the digital to analog converters are updated and of the instants in

time of the signal sampling must be carefully synchronized (preferably controlled by the same clock). The
sample time At must be accurately held constant.

Analysis of the output signals

The set of characteristics computed from the output signals are related to the standard set of mutuslly
independent output signals. Let the standard set of output signels be represented by:

%g(t)
¥.(t)
x, (t) = z _(t)
B (%)
8 (t)
¥ (%)

The standard output signais %, (t) can be computed from a suitable set of transducer signals gm(t)
according to:

8

4

%y (8) = ['rm] z (¥) (a1)
The matgix'[Tm] depends on the location and type of the measurement transducers.

The measured transducer -sigrals in digitized form are distorted by -the.chatacteristics pr(jw) of the

analog presempling filter. Signals not. compensated for the presampling filter dynamics are indicated below
by an apostrophe (g'm(t)). In Figure A2, a block Ciagram of the basic signal processing is shown. The

first part of the processing embraces the calculation of the Discrete Fourier Transform- (DFT) of the
standard output signels, symbolically written as:

% (k) = DFT { %, (n) } ,+k = 031,2,+. N1 (42)
In the block diagram of Figure A3, this part of the-processing is presented in detail. If the transformation -

netrix Th describes & linear transformation, the computetion of;zo(k) can easily be reduced, as will be

“shown later on,(ﬁqqgtion,A6j. In general, however, the calculation proceeds as follows:




oy o 2w

First, the sampled time sequence x'(n) ere corrected for the presempling filter characteristics (K __ ). For

reasons of computational effxcloncy, the operation can best be performed in the frequency domain. The DFT
of x! (n) may be computed via & Fast Fourier Transform (FFT) routine, yielding

X! (x) = DFT { X! (n)} (a3)

Using

X, (0 = XK/ (F1K)

the presampling filter dynemics are completely eliminated. Applying the Inverse Discret Fourier Transform
(IDFT) yields the corrected measured signal sequences in the time domain:

¥ (n) = IDFT { X ()} (Ak)

From these time sequences for gm(n), the standard output signa.s go(n) can be obtained using Equation (A1).
Finally the output signals 50(n) are transformed to the frequency domain by computing the DFT of these
sequences.

The complete procedure described above may be combined into:

DFT §A {n)
(k) = DFT { ['rm] . IDFT ( —3—— )} (A5)

pf N LAt
It can easily be seen that if Tm describes & linear transformation, Equation (A5) can be simplified to:

DFP (IT ]. x' (n)}
Xy (k) = - (a6)

2 bij k)
N At

The ,ower per frequency interval og(k) for the different signels can be computed from their DFT coefficients:
&) = ¢ |x(x)] 2 (A7)

where C is a constant which depends on the definition of the applied DFT, as wiil subsequently be shown.

Since extensive use of DUFT concepts is made deriving the results presented in this report, and since the

definitions embodied in these DFT concepts are presented in the literature in different ways, clarity in

formulation is demanded in order to avoid confusion. We herein define the DFT of a sequence of N samples
as:

2 1 kn
N-1 =T
X(k) =DFT { x(n) } =a £ x(n) e » k =0,1,2,., N-i (A8)
=0
The corresponding IDFT is: .(2 3 kn)
x(n) = IDF? { X(k) } =% T xk)e , n=0,1,2,...H-1 (49)
k=0

where o is an arbitrary constant For instance in Reference Al, a definition has been used specifying a
equal to 1/N, while in Reference A2, o is taken equal to 1. As both X(k) and x(n) are periodic with
period N, according to (A8) and (A9), shifted versions of the definition outside the ranges 0,1,...,N-1
can be found in the literature as well.

Tt can be shown that an estimate of the power per lJrequency interval is given by the following expression
when the factor a is retained (Reference Al):

o?(x) = —-— [l x(x)]2 {x(n-x)lg] , k= 1,2,...,(321- 1) (a10)
a

Since |X(x)] = [x(N—k)l and " [X(x)| I ),

this relation can be simplified to:

o%(x) = [x(x)
o N

n

(A1)
a%(0) ='71'2' Ix(0)] 2
a N

Teking distinet combinatioqs of ihe frequency intérvals, the power of the separate components can be
computed as is done in pardgraph-2.h.3 in the main teéxt.

The reader familiar with spectral snalysis of ssmpled time sequences will note that the-go-called
unsmoothed spectral estlmate has been used to estimate the power per frequency interval in {A10) and (A11).
If stochastic signals are present, Equation Al11 provides en inconsistent estimate of the power per
frequency interval (References A2 and A3). Hqwever, the averaging of sequent1a) estimates- or the
appllcatxon of an approprlate windowscan prov1de & consistent estimate. The tvges of n;gnpls considered
in, this . report are basically determlnlst;c per;odlc signalis eantum1nated by a raelatively small stochastx.
component. In this case, the var. ancc of the- estxmate of the power in & frcquencx.1nterval conta;nxng the
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contributions of the deterministic part of the signal is relatively small. In the final presentation of
the results (paragraph 2.4.L!, only figures obtained by surming over mutually orthogonal stochastic power
contributions are considered. This results in small variances for the estimated sums. The only acceptable
smoothing procedure for the analvsis involved is averaging over sequential estimates. This is sometimes
referred tc as the Barlett procedure (Reference A2). This procedure consists of repeating the measurements
and the basic analysis. Application of any other known smoothing procedure is unacceptable due to the
bias introduced, which results from leskage. The leakage involved will violate the fundamentals of the
analysis presented. If the prescrived run length and samplc interval are used without smoothing, the
analysis will pormally result in sufficiently consistent estimates. Only in those cases where the signal
contains a relatively large stochastic component will the consistency be poor and smoothing become
necessary. In such a case, the question can be raised whether it will be worthwhile producing accurate
figures for inaccurate systems.

REFERENCES
Al Newland, D.E. An Introduction to Random Vibrations and Spectral Analysis,
Longman, London 197S.
A2 Oppenheim A.V. Digitel Signal Processing.
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APPENDIX B

NOTE ON ACCELERATIONS AND SPECIFIC FORCES

In this report, frequent use is made of two closely related, yet distinctly different notions
pertaining to translation motions, viz:

. . . e
~ (linear or translational) acceleration,‘a,
~ specifie force, .

In the present context, translational accelerations, 3, can perhaps be best defined as the second time
derivative of digplacement, or, a&s the case may be, as the first time derivative of velocity.

Specific force, A, is defined as the external - i.e., nongravity - force acting on a body, per unit of
mass of that body.

Both acceleration and specific force have an identical dimension. They are related by the fact that the
(linear) acceleration of a body is the vector sum of the specific force acting on that body with the
acceleration due to gravity, g:

T=t+3

The prevailing confusion between I and % is certainly not diminished by the fact that any
"accelerometer” is sensitive to the specific force-not to the acceleration, which the neme of the
instrument misleadingly suggests. This applies equally to the various sensors in the human body which act
as accelerometers, such as those in the vestibular system. They are all sensitive to specific force rather
than (linear) acceleration.

One of the purposes of equiping & manned flight simulator with a motion system is to generate at the
pilot's station the same angular accelerations and specific forces - rather than linear accelerations - as
would occur in actual flight. Since the motion capabilities are constrained, the objective is to at least
generate nearly the same angular accelerations and specific forces. It therefore makes sense to discuss the
dynemic characteristics of motion systems, as far as the translational motions are concerned, in terms of
gspecific forces rather than accelerations.

On the other hand, the most fundamental and persisting limitation of any motion system is its limited
displacement capability with additional constraints resulting from velocity and acceleration limitations.
Displacement as well as velocity result from acceleration; consequently, the limits can only be discussed
in terms of acceleration.

Fluctuations in the specific force vector can either be due to fluctuations in the linear acceleration
or fluctuations in the orientation relative to the gravitational force vector. For this reeson disturbances
can be better discussed in terms of acceleration rather than specific force errors. These fluctuations
are therefore described in the report in the usual way as accelération noise.

From the foregoing, it is clear that from the point of view of the pilot sensing the simulated motion,
one would be interested in characteristics in terms of specific forces rather than (linear) acceleration.
However, as argued above, this would not uniquely describe the system characteristics. For this reasoen,
linear acceleration is used as the metric for translational motions.
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APPENDIX C
INTRODUCTION

The results presented in this Appendix are a first trial of several Workang Group members to measure
and present the recommended characterisiics as prescribed in paragraph 2. It is expected that in the near
ture more dynamic characteristiecs of flight simulator motion systems will become available.
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excursions, velocities and accelerations of these systems have been generally available
in tlie literature. dynamic respense, noise and other imperfections were usually neither
carcfully measured nor was information on them widely distributed.

This Advisery Report specifies a uniform method of measuring and reporting motion
performance characteristics, developed by a Working Group of the Flight Mechanics
Panel of AGARD. Such a uniform method, in addition to aiding system comparison,
can assist in system diagnosis and might be used in writing performance specifications.
The definitive characteristics selected for system description are excurssion limits,
describing function, linearity and acceleration noise, hysteresis, and dynamic threshold;
definitions and methods of measurement and display are given, illustrated by
measurements on particular motion systems.

This Advisory Report was prepared under the sponsorship of the Flight Mechanics
Panel of AGARD.
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