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AHSTRACT

An algorithm for the control of a six degree of freedom motion
simulation platform is developed. The motivations for including
motion ceing in a simulator are given. A model of a typical
sitmlator iz developed to investigate the performance of the motion
filter. Aircraft motion is transformed, via the aircraft pilot and
the simulator operator, into platform mation. The aircraft
configuration is typical of a large passenger aircraft. The platform
model is similar to the six axis synergistic platforms which are
common on £light training simulators.

Inputg to the motion filter comprise the acceleration of the aireraft
pilots centre of perception and a zero position command. Tilt
gyeneration is utilised to induce sustained translational cue

T i i are uging forward acceleration

and pitch acceleration inpubs.
The correlation between the pilot and operator vestibular responses,
as well as the wovement of che actuators relabive to their allowable

envelopes, are investigated.

Recommendations for further wark are given.
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~ samicireular canal response to platform -wtion input
- z axis translation (m}

- platform 2 translation error due to hydraulics (m)

- platform 2 translation in inertial space

- angular arientation of aircraft in inertial space (rad)

- platform attitude in inertial space without tilt = (8, 4
Vgl
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V)

- damping factor

~ natural frequency {rad/s)

- pitch angle {rad)
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- yaw arror of platform due to hydraulics (rad)

SUBSCRIPTS

x axis

y axis

z axis

aireraft

pilot

opevatoy

output

simulator platform




xi

i - inertial

- input
b - body
m - moving .
r - rotation
t - translation




FRAMES

fuselage reference frame

origin (CR) at centre of rotation of aircraft

xal positive forwards along aircraft axis

xa2 positive to the right when aircraft viewed from behind

xad pogitive vertically down when aircraft viewed f£rom
behind

fuselage inertial reference frame

origin {CR) same az for FRF

ail,ai2 and ai3 have fixed orientation in inertial space

with ail and ai2 in a horizontal plane

fixed fuselage reference frame

origin (8) at some fixed point on fuselage

£1,£2 and £3 have the same orientation as FRF

operator neutral refersnce frame

origin (PN} at operator's centre of perception when

platform is in its neutral position

onl,on2 and on3 have the same orientation as NPLATRF

operator reference frame

origin {P) at centre of

©l,02 and 03 have the same orientation as FLATRE

neutral platform reference frame

origin {(NPC) at the centroid of the platform mounting

points when in neutral position

pl positive forwards along platform axis in plane of
mounting points

p2 positive to the right {when viewed from behind) in plane
of mounting points

P3 positive downwards

platform reference tram.e

origin (PC) as for NPLATRE bub woves with platform

same orientation as for NPLATRE but moves with platform




CHAPTER ONE |

INTRODUCTTION a

1.1 BACKGROUND AND LITERATURE SURVEY (vl

Flight simulators have applications in both the fields of aircraft
design and development as well ag flight arew training. Obvious
benefits of training simulators are the substantial cost savings as
well as the ability to subject the aircraft crew to numerous £light
conditions, some of which might be potentially dangerous or even fatal
in a real flight situation. Evolution of engineering f£light
simulators ls providing analytical tnols to evaluate design concepts B

and product improvements in existing aircraft with & degres of s
precision that helps in achieving the desired results.

Simulator installations generally inciude the following components.
{a) aircraft dynamics model, (b) cockpit enviromment simulation
including instruments, force feel control sticks and rudder pedals,
commanication systems and an audio simulator, (¢ a visual dleplay and
{d} a motion platform. ‘Training installations provide pilots with a
similation of an existing aircraft for either training, certification
or refresher purposes, whereas in an engineering development simulator
the pilot's reaction and response to the model provide information
about the aircraft's acceptability and in later stages, constitutes a
training facility for test pilots. ‘Thus the realism required in K
simulators becomes apparent. The success of a Elight simalator
depends on the extent to which the operator can be led to believe that o ]
he is perceiving the real world. Under debate is the extent to which
sensory cues need to  be simulated to make this possible (Gundry (1],
Stewart {2] and Petry and Naish [3], et al). There is consensus,

however, that whatever cues are simulated, the performance of a
simulator may have o lot to do with the guality of the cues provided.
This is particularly true with regard to motjon cues.




Problems which have bad to be overcome to improve the cualities of
sensary cues include the generation of dekail and versatility in
visual systems, as well as the investigation of the effects of motion
cues and improving the performance of motion systems. Work in these
fields has been carried out by a mumber of comrercial simulator
manufactursrs as well as military and NASA establishments. Leaders in
the field include Singer/Link-Miles Div, Rediffusion, CAE, General
Dynamics and Rookwell Internaticnal. Research earried out at the
Technion, Israel Institute of Technology and the Massachussetts
Institute of Technology into simulater motion and the ' optimal
generation of wotion cues must rank as among the wost advanced te
date,

The work in this thesis concerns some of the aspects relating to
motion generation. an elementary model of a motion system is
developed which includes the major motion transformations regquired to
obtain platform motion as a function of the wodelled aircraft's £light
dynamics. The resnitant platform motion is intended to supply the
sinulator pilot with the necessary mobion cues to give the impression
of real flight. The aim is to develop an understanding of the
technology required in flight motion simulation and to develop a model
which could be used for the investigation of different approaches to
the transformation of real to platform motion.

Tremendovs advances have been made in the field of aircraft simulation
in both engineering and training applications. Developments in motion
rase technology have not been an exception in this regard and the
capability exists of producing high fidelity wotion on simulator
installations. Linear washout filters (Schmidt and Conrad 141), et
al) with certain performance limitations have been replaced by
adaptive and optimal control filtering technicues {(Parrish and Martin
[5] and LIS (6] et al). Various approaches have also been used in
the develorment of motion base conficurations. The number of degrees
of freedom and excursion envelope are determined by the type of
ajrcraft in question and the quality of motion reemired. According to
Woomer and Williams (71, a full six degree of freedom motion system
appears rot Lo be only appropriaste, but a necegsity to VIOL trainers.




There is a vertical motion simulator, Figure 1.2.1(a}, at the NASA
AMES research centre which has a Jarge amplitude motion in the
vertical and one horizontal degree of freedom and more limited motion
in the remaining four degrees of freedom. The United States Alr
Forces' flight & i 1 at the Wrigh S Airforce
base, Ohic, uses their IAMARS (large amplitude multimode aerogpace
research simulator) built by Northrop Corp as a primary tool in
aeronautic research (Figure 1.2.1(b)), Work that can be performed
includes pilot workload studies, aircraft handling quality studies and
aircraft suk design I t ard i, ien. The majority
of six degree of freedom motion platforms are of the type shown in
Figure 1.2.2(c).

FIGURE 1.2.1(a) : Vertical Motion Simulator {8}




FIGURE 1,2.1(b} : [Large Amplitude Multimode Aerospace Research A i
simulator (8] P !

FIGURE 1.2.1{c) : Six Degree of Freedom Motion Platform [8]




According to Baret [91, this type of platform with hydrostatic
bearings and hollow-rod jacks gives very smooth wevement and high
translational excursions due to the system geometry.

Work done at the University of Deift in Holland and at Parker-Hannifin
USA has provided ic s which yield very low

friction, stiction and twn-around knook charscteristics. This has
considerably improved the guality of motion obtainable.

In flight, the pilot of an aireraft is subjected to the effects of a
dynamic force enviromment which can be divided inte two types.
Firstly, there is disturbance motion, cnes arising from sources which
are external to the pilot contrel loop and secondly manveuvre motion
resulting from pilot initiated changes to the aireraft motion. Gundry
(1] has shown that the motion of the simulator, as a function of
Qisturbance and manceuvre motion, allows the operator to control the
simplator using similar sensorv cues and skills to those that he would
use in flight. This in effect allows the pilob to generate more lead
and gain than for visual cues alone. Figures 1.2.2 and 1.2.3 (from
Perry and Naish (31} indicate the effect of motion cues on control
response. Fiqure 1.2.2 (a) shows the response of the aircraft with no
pilot action and (b}, (e} and ()} each show a number of time historles
when the pilot was attempting to control the same situation with
differing simulation cues available to him, Figure 1.2.3 shows bhe
reduction in amplitude of bank disturbances when motion cues are
available to the operator. This is similar to chservations by Woomer
and Williams (7] indicating that confusion of apparent motion is
experienced on simulated shipboard notion withowt bhe motion system
activated and only a visval oue available: Hall 1101 concluded that
for the pradiction and evaleation of the handling dualities of an
alroraft using a piloted simsletor it may nob be sufficient for the
pilot to achieve & similar performance in the simmlator as in £light
but it is also necessary thab the pilot should adopt the same control
strategy. To achisve this it has been found essential to provide the
pilot with motion cues as no substibture in bthege circumstances has yet
been found, Previous studies (Perry and Naish [31) have shown also
that the need for mobion cves in simulation depends to a large extent
on the control and response chavacteristics of the aireraft in
guestion.
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It is obvious from the above that it is pertinent to include motions
cues into the realms of f£light simulation technicues. .

1.2 OBJECT

The object of this vesearch is to develop an understanding of the sie
principles of motion cue generation for aireraft £light simulators by -
developing a software model of a simulator motion platform a¢ well as
the proposal and investigation of a possible motion filter. The
model is simple and includes only essential cues and responses
necessary for adequate simulation, Of interest with regard to the
perfarmance of the motion filter is whether the motion generated
remains within the envelope of platform wotion and whether the

vestibular resgonse of the is sabi y when d to &y

the vestibular response of the pilot. T avoid ambiguity the aircraft
pilot will is referred to as the ‘piiot' and the simulator pilot as “'"
the ’operator’.

In designing the model a generic approach has been adopted so that the
eonfi tion of the 1 ta can be altered for further
research if required. For example, research inte various actuator
types can be done to determine the effect of Eriction and skiction on
operator vestibular response or the sffects of changing the platform

motion envelope.

1.3 SCOPE ]

For bthe purposes of this regsarch ithe platforr qeometry has been
modelled on the six actuator, wix degree of Lreedom synergistic motion B
system type (Figure 1.2,1{c)), which is probably the most common six ® ¢ k
TOF  type currently in use. Dimensional specifications for the medel
have heen obtained from a Uink-Miles platform such as the one in use
at the South African Airways training
system has been very successfully used, particularly for training

acility. This type of wobion it

simalakors. Amvong the more advanced research sipulators the bendency I

i

g
v (- . Co °
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is to have at least on~ degree of yranslational motion extended in its
envelope and often fewer than 6 degrees of freedom, This is necessary
to enable morz dramatic motion cues which are necessary in research
environments for particular applications to be inwluded. In the
comnercial training field the motion cue generation is approached less
rigovously., Here motion is required to augment the reslity of the
simulator envixonment whereas motion in research facilities is used to
give the pilot specific cues related to workload levels in, and

stability characteristics of, the aircraft.

Implications of the above on tha evaluabion of the proposed motion :
generating filter are that the nett gains of the motion filters are
lower than might be required in the case of motion for a research .
simulator because of the typically raduced motion envelope. i

Figure 1.3.1 s ws the general arproach used by Uink-Miles for the
motion control on one of their simulators.

ESIRED PLATEORN X

DESIRED PLATAORM Y| movioN systen
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FIGURE 1,3.1 : Typleal Mobtion Contrel System for Flight T




Provision is made for the inclusion of special effects dynamics,
including vibration due to engines, twrbulence and ground effects.
These, however, ars not of interest in this study. Of interest in
Figure 1,3.1 are the blocks indicating primary motion cue generation,
motion mystems geometric transformetions and motion system dynamics
and control.

1.4 MOTION ALGORITHM EVALUATION CRITERTA

For motion cues to contribute to the gimulation of the environment
they must have a similar influence on the sinulator operator ag the
real world motion would have on the aircraft pilot. This means that
there should be a transferability of piloting experience from a
simalator into the real world situation. The success of this transfer
between the simulator and the real world, is therefore, dependent on
the motion Eiltering technicue used, This in turn is also influenced
by the motion capabilities available on the simulator. Using a motion
based simalator, comparisons bebween smimulations with and withoub
motion are possible (Parry and Naish [6]), Indications can he gained
af the relative success of the motion generation algorithms used by
evaluating these results, An aven betler valuation is possible if the
correlation hetween these results and the real would can be
investigated.

In this research however, no simulator hardware is available on which
to conduct any experimentation. Evalvation of the aljporithm is
therefore done by comparing the vestibular respunses of the modelled
simulator operator and the aireraft pilok as well as monitoring the
platform moveent relative to its snvelope limits.

No analysis i hats been P with which to
accurately predict the suitability of a mobion generabing algorithm by
comparing the vestibular responses of a simulabor operator and an
aiveraft pilot. However, the followang criteria can be used to
predict the suitability or otherwise of a mation ing algorithm,

(1} The cue onset in the real world and in the simulator must be
synchronised.




The direction of the cues must be the same. If they are not
the same then it i possible that the simulator operator may
receive notion cues which are in conflict with his other cues.

The negative effects of this type of discrepancy are dependent
on both the magnitude and duration of the conflicting cue.

Intended motion cues must be of such magnitudes that they are
perceived by the simalator operator, Cue psreeption is both a
function of wagnitude and the number of obher cues which are
presented to the subject. Therefore, threshold values are
usually related to some perception probability and are not
abselute.
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CHAPTER TWO

THE DEVELOPMENT OF A GENERAL PURPOSE SIMULATOR MQTION SYSTEM MODEL

2.1 INTRODUCTION

This chapter invelves the development of the computer model of the
flight simulator motion system. To fapilitate the development, a
moduiar approach has been adopted. Each of the constituent blocks was
defined at the cutset and then the required interface variables were
determined. Thus, each element of the model could be developed in
isalation and then be integrated to foim the final model. Figure 2.1.1
shows the model flow diagram and indicates the interface variables
between each of the blocks.

ABERAFY FLGHT PROFRE GENERATON

ARCRAT ACLELLRATION

L R

PST ACLCRATN
EETRULAR
a

K01 10 GPERATOR HIVON RASFORNATION
o

SRLRATEA 10 FLAIFORR HOTRW TRAVSFORRATRN

PLATECRM PORTION OHAAND

L rORK POSIION 10 ACIUATOR LEROTH T

K108 LEwoTH
oA

RGTUATOR DA ROtk

ACTUATOR Leratn

ALTUATOA LUMOTH T0 REAL PLATFSR Positan {

SLAIFoRS posiion

FIGUKE 2.1.1 @ Simulator Motion System dModel Stimcture
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Aircraft motion, in six degrees of freedom, is translated into
eventual platform motion which is in turn transformed into the lengths
of the six platform supporting actuators. The configuration of the
platform to be modelled is shown in Figure 2.1.2, Control of the
platform is by means of actuator length comeands. A model of a
typical actuator and an hydraulic control system, yields an actuator
length output as a rasult of the input length cammand signal., The
output actuator lengths are then cperated on to yield the position the
platform would assume. 'The resultant platform position can then be
compared to the control position for evaluation of the platform,
actuator and controller dynamics.

FIGURE 2.1.2 : Notation and Configuration of Mcdelled Platform

Chapter Two outlines the devel of the I ical models and
transformations and Chapter Three gives details of the physical
properties ant dimensions of the particular system that has been
modelled.

The numerical implementation of the model as a computer program is
shown in Appendix D of this report. The model is writhen using ACSL
{11} (Advanced Continuous Simulatjon Language). This lanquage was
designed for the modelling and evaluating of continuous time dependent
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systems and it allows the display, in graphic or tabular form, of any
combination of variables as a function of time. It is a high level
language and is thus optimised for accuracy and not for speed and as
such does not conduct the simulation in real time. FORTRAN

subroutines are employed to do some of the purely mathematical’

transformations.

The reference frames are right banded with positive rotation about an
axis defined by the right hand screw rule and the first axig refers to
the x-axis, the second axis to the y-axis and the third axis to the
z-axis in a Cartesian axis sysfem. Rotastions asbout the three axes are
defined as (a) roll {phil-x axis, (b} piteh (theta)~ y axis and (e}
yaw {psi)-z axis.

2.2 AIRCRAFT FLICHT PROFILE GENERATION

In order to evaluate the notion transformation and filtering, the
resgonse of the model to step inputs will be investigated, Details
will be given in Chapter Four.

2.3 AIRCRAET TO PLLOT MOTION TRANSFORMATION

Alrcraft motion defined in texms of translational accelerations of the
aircraft in the FRF and the anqular accelerations of the FRF with
respect to the FIRP are transformed into aircraft pilot molion with
respect to the FRE. Account is thus taken of the diaplacement of the
pilot from the wentre of rotation of the aircraft, which induces pilot
translations as a result of the aircraft rotations.

Proviwsion is made in the medel for including relative motlon bhetween
the centre of rotation of the aircraft and the fuselage. This ocours
when an aiverall’s mass distvibubiop changes in Elight as wight be the
case when fuel is consumed in £light ov when some of the aireraft's
payload iz released.
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The pilot's position in the fuselage reference frame is defined as
follows

FIGURE 2.3.1 : Spatial Relation Between the Pilot, Centre of
Rotation of the Aircraft and the Fuselage

where S is some arbitrarily defined point fixed relative to the
fuselage. The centre of rotation of the aircraft {CR) is a distance
terx] from 8 in the FFRF and the pilot's centre of perception (CP)} is
a distance jpx| from $ in the FFRP. Thug

[%d} = [px] + {orx] (2,31}

where |[xd| is the distance betwsen the pilot's centre of perception
and the aircraft's centre of rotation. Vector px is fixed relative to
the FFRF while crx describes the position of CR with respect to S at
any particular time.

The aircraft and pilok are defined in the inertial reference frame as
follows.

Here xd defines the position of CP in the FRF and phi (4}, Lheta {6)
and psi (¥) define the amyular position of the FRP in the FIRF.
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Using equation {B-5) from 2ppendix B the following expression for the
pilot acceleration in the FRF, as a function of the aircraft velocity
and acceleration in the FRF, is obtained.

xp = X3 +xd+ 2owxd + (w+ wowixd
5 X+ ort + 2.weerk + (w4 wow) (erx ¢ px) (2.3-2)

Here, from Etkin (20},

0 -r p
w o= r 8 g 12.3-3)
“P q °
where
P io0 sing §
=4 = 0 cost  sinécos® ¢ {2.3-4}
3 0 ~gind cosécos® ¥

2.4 PILOT TC OPERATOR MOTION TRANSFORMATION

Chap.er Four details the investigation of the Pilot to Operator
motion f£iltering.
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2.5 OPERATOR TO PLATFORM MOTION TRANSFORMATION

Simalator operator motion, both tramslational and rotational,is
transformed to give platform motion. The caiculated platform motion

will thus result in the required operator motion.

The relevant axes are defined as follows :

FIGURE 2.5.1 : Operator and Operator Neutral Reference Frames

In the above Figure CP is the operator's centre of perception and CPN
is the position of CP when the platform assumes its neutral position.
PC is the centre of the plabform (gecmetric centre of the six platform
mounting points) and yd describes the gogition of PC with respect to
CP in the ORF.
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Operator motion {so) from the neutral position (CEN) results in a
tranglation and rotation of PC in the ONRF. The following equations
describing the motion of PC with respect to the platforms neutral
position in the ONRF.

P o= Tlyd) + xs (2.5-11
To obtain the movement of the platform from its neutral position, the
displacenent of PC from CP (yd) must be subtracted from egquation

(2.5-1}, which yields;

P o= Tlyd + xe-yd (2.5-2)

whexe T is the transformation matrix from body to inertial axes
(Bouation {A~6}, Appendix A},
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2.6 PLATFORM MOTION TO ACTUATOR LENGTH TRANSFURMATION s 1

Platform position is controlled by regulating the lengths of the six Ve
platform supporting actuators. Thus, the platform motion from its ey
neutral position will need to be transformed into actuator lengths.
The platform neutral reference frame has its origin at neutral
platform position eentre (NPC), Platform translation p from NPC in
the NPIATRF and platform roll, pitch and yaw result in a translation
of the actuator mounting points PML ko PME with respect to their .

neutral positions in the NPLATRE (see Figure 2.6.1). -

NPLATRF

5 - |
7 BATRE .

FIGURE 2.6.1 : Platform and Platform Neutral Reference Frames

The movement of each platform mounting point in the NPLATRF is
expressed as follows ¢ o

M s T(zd) +p (2.6-1)




k2
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where BM is the position of a m unting point in the NPLATRP and zd is
the position of a woun':ing point in the PLATRE. Wpatic: 2.6-1 ig
applied for each actuator mounting point (PML Lo PME). |

The base meunting point positions (BL to B6) arve defined in the i
NPLATRF, Actuator lengths are obtained by determining the distance
between thelr vespective base and platform mounting points in the
NPLATRF .

Thus for each of the six actuators :

e
k) W -
® 3 2 2 s
. ‘}fﬂ“ ali = { ¥ (Bin - PM.in)" ¥ (2.6-3) .y
k n=l o
4 . A
g where 1 =1 to 6. . N

The subscripts 1,2 and 3 vefer to the coordinates along the pl,p2 and
p3 axes in the NPLATRF and i refers to the i'th actuator {i=l te 6},

2.7 ACTUNTOR CONTROL: MODEL

To approximate a sophisticated hydrostatic actuator an idealised
approach has been adopted in setting up the actuator control model.

. The servo valve is considered to be linear and the actuator medel At
! includes only the effects of viscosity and leakage (Schwarzenbach and g
Gill 121, Effects such as compressibility, dnertia and the Fiw ]

possibility of the actuator being amgymetrical have been ignored as
the actuator control would become significantly more complex if they
were included. This added complexity would have has tio real influence
on the rest of the model. e
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The actuator model

qit)

and pith.a = p

s qe
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is arrived at as follows ;

PR L
at
ﬂx;t) where  is & constant
o g dxte) w dxlt) -
Al L g b St (2,7-1)

Taking the Laplace transform of 2,7-1

transfer finction;

u

B

x g a r
"

n

area of piston

leakage coefficient and
viscosity of oil.

hydr; alic flow rate
fluid pressure

actuator displacement.

and rearranging, gives the

12.7-2)

)
(n®/Pa)
{N/m}
(315
{pa)

{m}

A linear gain (kv) for the hydraulic servo valve has been assumed.

The controller is a position control loop.

general arrangement of the control loop.

FIGURE 2.7.1

Figouwe 2.7.1 shows the

¢ Actustor Model
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Thus the model transfer function in terms of the input position signal
{ip) and the cutput position (op) is as follows;

opi{s)

Tis) {2.7-3)

where ¥ is the gain relating loop position error and value input

current

ie k = mh/mand +
kv = m3/a/ma y

Thus, the input to this model is an actuator length command and the
output is t:he.actual actvator length.
2.8 REAL ACYUATOR LENGTH TO REAL PLATFORM POSITION TRANSFORMATION

on the yeal actuator

An inverse axis ion is now
lengths to obtain the real platform gosition. The difference between
the required and actual platform positions resalts from the contral
system characteristics as well as the physical properties of the
platform such as its inertia and actuator frietion ete,

2.8,1 SETTING UP OF EQUATIONS

The six ingut actumtor lengths are known as well as the base mounting
point coordinates in the NPLATRF. To determine the platform position
the actuator platform mounting poinks are reguired. There ave six
mounting peinks and thersfore eighteen wunknowns {6 points * 3
co~ordinates), thus reguiring sighteen ceuations for a solution.

Thus taking into account the facts that
{i} the actuator lengthg are known
{1i) the mounting points must remain coplanar
{13i) and the distances between Lhe mounting points on Lhe plane are

7 . @

s




known, the equations are constructed as follows :

Actuator Lengbhs

Six actuator mounting points in the NPLATRF are required to specify
the lengths of the six actuators as the base meunting point
2.8-1 the

length in terms of the base and platform mounting point coordinates.

coordinates remain fixed. 3

Six equations are derived in this manner, one for each actuator. The
equation is of the form
; e 2,172
alri =13 (Bf ~BMi_ 17} {2.8-1}
n n
n=l
where i = 1 to 6,
Coplanar Nature of Points PMl to PME
All of the six wmounting points lie on the same plane. Any three

points can be made to be on the same plane, here PM1, PM2 and PM3 are

taken to be coplanar. Now consider the followin matrix :

i, i, Bl 1

W, e, w2, L

- } M3, B3, 3, L
' LA U

where PMi iz the fourth point on the actuator mounting plane, The
condition for the four points (M1, PM2, PM3 and PMi) o he coplanor
is that

et (A} = 0. (2.8-2)

N

e e e o
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Thus, there are thiree equations resulting from the coplanar condition,
(%) PMt, Pm2, PM3 and PM4 coplanar, (ii) BML, PM2, PM3 and PM5
coplanar and (1ii) PML, PM2, PM3 and PM6 coplanar, s

Beuations (2.8~1) specify the distance of each mounting point from its
base point, equations (2.8~2) specify the coplanar nature of the six
points. Now the sguations specifying the distance between the
mounting points on the mounking plane are required. To uniquely
specify the position of six points on a plane, nine distances are
required. Each point PMi is specified by its distance relative to
three other points, IE only distances from bwo points are used then
there are two possible positions for the third point, the alternative

T paint being the mirvar image of the first about a line through the two £
H base points. The following seb of aquations uniguely relates each of 7 4
the six points to three other points. &
¥ &
j4e Gml2 = M - PML
i anld = PM3 - Pl
o amls = M5 ~ BML

am2§ = P4 - PM2

26 = PMG - B2 12.8-31 |

; amd34 = P4 ~ M3 o .

am3s = Py - PM3 i ?

i and6 = PG - bHd i |
: anse = BMG - M5
] B

where, - e
e 3 2,12 J
R (2.8~4) ] i

with dmij beiby the distance on the mounting plane between points PMi

and BM3. .
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Now the eighteen equations in eighteen unknowns can be solved to
determine the platform mounting point coordinates in the NPLATRF.

2.8.2 SOLUTION OF EIGHTEEN SIMULTANEOUS "QDATIONS

The truncated Taylor Series {Appendix C) expansion of eguations 2.8-1,
2.8-2 and 2.8-4 are combined to generate a set of eighteen
simultaneous equations of the form:

[C{18,18)1.1B(18)] = (RH5(18)] (2.8-5)

where E{18) represents the errcr betweeh the current root estimante
and the predicted salution, CM(18,18) iz the coefficient matrix and
RES{18) iz the right hand side of the equation, The iteration 3s
continued until the error is within the required linits and then the
final estimate of the roote is obtained by adding the error to the
last root estimate.

The follow'ng matrix equation is obtained.
ifni 1 leg - gy 1= [—fn 1 (2.8-6)

Here r; is the predicted ith root and g; ls the estimated ith root.
Also £, is the nth function evaluated at g; and f,; is the partial
derivative, with respect to the ith rook, of the nth Efunction
evaluated at gg.

Solution of the matrix of linearised equations is performed using the
Gause Elimination method with partial pivoting (Gerald (131}, The
augmented coefficient mwatrix B {esuation 2.8-7), with the right hand
gide of oguation 2.8-6 forming the 19'th column, is reduced by
lovating the pivot in each column and placing it on the diagonal and
then reducing the elements below the pivet. The solution is placed in
the augmentation column of the coefficient matrix. Checks to wmonitor
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the size of pivot elements are algo conducted

Here,
8f11 9fL2 . . . 8f118 ;€1
ag21 . e + ~£2
B = . . e [ (2.6-7)

af181  9£182 . . . 8£1818 + ~£18

2,8,3 DETERMINATION OF THE PLATFORM POSITION AND ORIENTATION

The centre of the platform (CP} is determined with reference to the
NFLATRF, This is subtracted from the center of the platform when in
the neutral position, CPNEUT, to give the translation of the platorm.
Using points PML,PM3,PM4 and PM6 the pitch, roll and yaw attitudes of
the platform are calculated.

2.9 SPECIFICATION OF MODEL PARAMETERS

Constants used thus far in the model development will be given values
and the model configuration will be fired. Data given, agproximakes
that which is typleal of most of the operational simulators of this
type.
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2.9.1  AIRCRAPT AND SIMULATOR PLATFORM GEOMETRIC SPECTFICATIONS

Data uged for the ajrcraft is btypical of a large transport type of |

aircraft., ‘ihe point § is taken to be at a point at the rear of the
cockpit. The centre of rotation of the aircraft (CR) is at a distance

arx = {-20,06; 0,0; 0,00

meters from § in the FFRE. The pilot's position in the FFRF is at a
distance

px = {1,5; 0,0; -1,0)
meters from point §.

‘The platform dimensions are ag follows,
actuator length min = 2,430m
max = 3,950m
neut = 3,160m
stroke = 1,520m

with the coordinates, in meters. The actuator base and platform
mounting pointe with the platfomm in the neutral position, in the
nentral platform reference Lrame are

PML = (41,126 ; -1,696 ; 0,000}
PM2 = (+0,906 ; -1,823 ; 0,000)
M3 = (-2,03% ; ~0,127 ; 5,000}
4 = (~2,031 ; 0,227 ; 0,000)
BMB = {+0,906 ; +1,823 ; 0,000}
MG = (+1,126 ; +1,696 ; 0,000}

. . ! =

e . M oa .

e B
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2.9.1  ATRCRAPT AND SIMULATOR PLATFORM GEOMETRIC SPECIFICATIONS

Data used for the aircraft is typical of a large transport type of
airoraft. The point § is taken to be at a point at the rear of the
cockpit. The centre of rotation of the airaraft (CR} is at a distance

erx = (-20,0: 0,0; 0,00

weters from § in the FERF. The pilot’'s position in the FERF is at a
distance

px = (1,5; 0,07 ~1,0)

neters £ram point 5.

The platfoxm dimensions are as follows,
actuator length min = 2,430m
max = 3,950m
newt = 3,160m
stroke = 1,520m

with the coordinates, in meters, The actvator base and platform
mounting points with the platform in the nentral position, in the
neutral platform reference frame are

EML = (+1,126 ; 1,696 ; 0,000}
M2 = (+0,806 ; -{,823 ; 0,000}
3 = (-2,031 ; -0.127 ; 0,000)
M4 = (-2,031 ¢ +0,127 ; B,000)
M5 = {+0,906 ¢ +1,823 ; 0,000)
BME = {+1,126 ; +1,696 ¢ 0,0000
s . . R -
-~ e
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§
§ +
= (42,310 ; ~0,165 ; +2,500) I
= (-1,012 ; -2,084 ; +2,500) ey
= (-1,298 ; -2,91% ; +2,500) i S
= 01,208 ; +1,919 ; +2,500) o
= <l,012 ;42,084 5 +2,500) S

= {42,310 ; +0,165 ; +2,500) .

The operator's position on the platform is described by

yd = (0,0; 0,0; 3,0} b

B 2.9.2  ACTUATOR MODEL PARAMETERS 2 d

For the purpose of this model the following values for the model have

been used. LT
cd

A = 0,0025 ) .

ko= 20,0 (ma/and :

kv = 0,008 (m¥/a/ma) "

Kl = 1,5 x 2074 (wdspa) .

and  w o= 20,0 iN/m) y

Figare 2.9.1 gives the step response of the model. MIL-SID-1568 {141 "

spexifies that for a simulator motion system that there iz no
overshoot for a scquare wave input signal of magnitude equal to @,05% o
{maximum command =mignal). Thiz model meets thiz specification.

The position inpuf command IR has the value 3
P = 0,075 m. [
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CHAPTER THREE

INVESTIGATION OF PILOT TO OPERATOR MOTION TRANSHORMATION

3.1 INTRODUCTION

As previously stated, the major concern in previding motion ig the
prevention of false cues. Much of the undesirable motion in
similators stems from the mechanical system, These effects have heen
ignored with the emphasis being placed on the generation of the
required cues.

The development of a filter which transforme aircraft pilot motion
into simulator operator motion iz outlined in the remainder of this
section.

In qenerating motion for a simulator platform the following are some
of the points which must be borne in mind Lo ensure the success of
simalator motien cues :

(i) the platform must be prevented from running into its mechanical
stops, as this detracts tremendously from the simulation
fidelity,

{ii) the motion cues must have Lhe norrect sense in order to prevent
the operator from becoming confused,

{iii) the cues must be waghed oub in such a way that the operator
remains unaware of the difference hetween his realisation of
the notien and the sensafion which would be experienced in the
real world and

{iv)  the motion miat be washed out so that subsequent motion cunes
can be accommodated ever if they are in the same dirsction.
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Validation of the filtker in this exercise will be done by (i)
determining the platform motion to establish whether it remains
inside the envelope allowed by the actuators and (ii) by observing the
correlation between the vestibular responses of the pilot and operator
to their respective motions to ensure that the operator receives
sinmilar cues to the pilot.

3.2 PILOT TO ORERATOR MOTION TRANSFORMATION DEVELOPMENT

The motions of interest are the translation accelerations ¥, ¥ and %
and the rotational accelerations P, § and I of the pilot and the
resultant motion of the platform as seen by the operator.

In orvder to achieve the desired motion cue generation the motion
Eilter nust have the following characteristics :

{i) accelerations must be washed out to limit travels regquired and
(ii) the platform must be driven by a zera position signal to some
neutral position.

An approach which iz widely used to conserve travel requirements and
generate sustained cues is to provide tilt angles, which are a
function of sustained translational aceelerations, and Lhereby use
gravity to enhance the realism of the cues. Therefore, the metions in
surge and pitch, sway and roll and heave and yaw are associated with
one another. The motion filter will be developed for the pitch/surge
axes and will then be expanded to inclide the other axes, The
vestibular model which will be used to evaluate the filter makes no
distinction between the three different axes fLor either the
semicirenlar canals or otoliths. The differences Dbetween the
pitch/surge, roll/sway and heave/yaw filters are limited only to sign
changes and not dynamic characteristics.

e
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3.2.1 PITCH/BURGE MOTION FILTER

Pigure 3.2.1 shows the block stiucture of the Piteh/Surge motion
filter.

The sperific force, £x, in the pilet's body reference Lrame is
filtered to provide the high and low frequency components. The high
frequency component of £x, f£xh, is used to generate the translational

. platform acceleration comm nds and the low frequenay component of

£x,£x1, is used to generate the platform tilt command, The specific
foree is calrulated by adding the pilots body reference frame
accelerations to the gravity components, which result from the
airerafts attitude in inertial space (o).

£x = %H o« (L] g (3.2-1)

where L i defined by equation (A-3) as given in Appendix A, The high
frequency component fxh is multiplied by a gain KAT and has
the graviby component effects of the simulator platform attitude
without the tilt component (x ) is subtracted from it before feeding
into the position command loop. This leop is driven by a zero position
command {x0} and the modified fxh, fh, is fed in as a disturbance
signal. The oubmut position from this controller is transformed from
body to inerktial coordinates by the transformation

x5 (T} 3 (3.2-2}

where T iz defined by ecuabion (A-6) Appendix A and %y is the
yimulator's attitude in inertial space.

In order to generabe the Lilt position command (th the low frespency
component of £x, £x1 ,is maltiplied by the gain KT, hag ibs sign
corrected by KI and is then multislied fy 1/g, as Follows:

o, gr. Pxb
e, = K. KL, U (3.2-3)

Y

|

e e s
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The rotational pitch acceleration ¢ is filtered and the high freguency
component (after being nultiplied by KaR), is integrated to give the
angular rate q. Thig is fransformed from body to inertial axes and
is then integrated to obtain the angular position of the simulator
©,. The transformation iz as follows;

g q = KBR.[&at
Y b = I . (3.2-4)
8
¥ i where
i
I 5 1 sinttar®  cosbtan®
RN )
R R = {0 cost -sin$ {3.2-5)
AU 0 sindsec® combsecd :
) The pitch tilk command obtained from the hLranslation acceleration

requirenent is added to ©, to cbtain the final platform angular i
position conmand,

8

AN

Ogt ¢ % * O 13,246)

In support of the above technigue, Stewart [2], indicates that it is N
possible to use a high Lrecy y P of ional acceleration e
to present tional leration and a low of i
rotational acceleration to simulabe transiational accelerations by a
component of g-avity. Other references, Sivan [15) and Dustebury and
'y 4 #hite (16] et al, indicdke tbat this is suitable for motion cue
» generation,  However, the position washout loop which treats the 1
acceleration as a disturbance is rot included in tne refevences. ;

e

A PEERES A
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FIGURE 3.2.1 Pitch/Surge Motion Filter Structure
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Stewart [2], indicates that the break frequencies for the high and low
pass filters could be 0,3rad/s and 0,25rad/s. Dustebury and whire
{161, indicate that the high pass break freguency of O0,7rad/s
represents an upper limit and also that attenuating factors of 0,6
{gains KAT and KAR above) are acceptable.

A second order high pass filter has been used to genernte the high
frequency components of the accelerations and the low freguency

of fx is ined by i Fxh from £x. Initial
values of w = O,4rad/w, § = 0,8 and KAT=KAR=0,6 are used. A filter
of lowest possible orxder is desirable to minimize degradation of
wotion dus to phase lead (Sivan [15]1),

Thus the filter used is

2

EXHig) £l
2101 DN - M, (3.2-7)
Ex{s) AR

and fxl = fx - £xh, {3.2-8)

The high pass filters washout the specific force and rotatiodal
accelerations to zero and thus iulfill the Eirst requirements stated
above. Alone, thiz washout would yield a zero velocity state, but
some displacement of the platform from the neutral position would
result, The second filter in the translational controller then washes
out this position to zero. This filter (Pigure 3.2.2) treats the zero
position gignal as the command signal and the acceleration signal as a
disturbance.

v
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FIGURE 3,2.2 : Translational Position Washout Filter

The ions of the translational position washout filters
are;
T — (3.2-9)
Wrkig) &+ ki stk
and
olgy _ 1. X
st . L (3.2-10)

(ki) s+ kg s vk

Rewriting the above equations in terms of the [Eilter's natural

frequency and damping ratios, the following is obtained;

A wd
&% + 26w + Wn2

Q
kA
-
3
%

|
i
|

el (3.2-11)

=4
u
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giving k. ——%—

and k, = 25/Wn

where the gain k can be used to bias the output response magnitude
towards the disturbance input., An increase in the damping ratio will
cause the notion to be ALE ively a will
cause oscillabions which the operator might pickup and interpret
incorrectly. An initial valve of & = 0.8 and k = 1.0 has been used.
In determining the break £ ¥, account must be taken of the high
pass filter through which the disturbance command has been passed. The
higher the frequency, the sharper the resultant motion will be. To
avoid attenuating the full range of motion, this fregquency must not be
less than that of the high pass filter break frequency. A value of Wi
= 1,0 rad/s? has been chosen.

In deriving the above filter approach it has been assumed that the
pilot is insensitive ko the angular attitude of the alroraft in
£light. This is true for yaw and is an approximation for pitch and
roll. Therefore, it can be assumed that any permanent pitch or roll
attitude can be employed to generate the sustained acceleration as
discussed.

Thus far the argument has been developed using the translational
acqeleration cue as a baseline and then transferring to the rotational
axis. ILater in the report the results of a combined angular and
translational acceleration input, used to exwite the filter, will be
conmented mn.
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3.2,.2  ROLL/SWAY AND HEAVE/YAW FILIER

The same filter hasg been used for thase modes as for the piboh/surge
mode. The differences are in the sighs of some of the commands and in
the case of the heava/yaw motion there is no cross coupling between
the heave and yaw degrees of freedom. Thus, KT = 0,0 for the
heave/yaw filter. also, the specific force in the heave direction is
taken to be the heave acceleration without adding the effect of
gravity. If this were not done, situations would arise where large
travels would be used in simwlabing the force of gravity. For exanple
if some piteh tilt angle is implemented the platform would move to
maintain a cne g graviiational acceleration in the pilot's z axis.

In calonlating the specific force on the pilot along the surge axis, a
positive pikch induces a positive specific force component which is
added to the surge acceleration. A positive roll however, induces a
negative specific force and t has to be

from the sway acceleration to obtain the correct specific foree,

Gravity, which acts in the positive direction is taken to produce &
negative reaction in the z direction on the pilot and is Lherefore
specified as ~g in the model,

3.3 VESTLBULOR MODJE

The vestibular model of Sivan and Talwar 117) was used to evaluate the
sucecess or otherwige of the filtering technique. Acceleration along
the three translational axes and velocity in the three angular
diveckions about these axas, are sensed by the human vestibular
system. Otolith sensors sense translational acceleration in the body
axes and the rotational velocities are sensed by the semicircular canal
sensors. No distinction has been made between any of the otolith or
any of the semicircular canal transfer functions for the three
respective axes.

According to Stewart [2]1 there is no significant difference between
the perceptinon of rotabion thresholds for the x,y or 2 axes.
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The transfer functions are as follows (Sivan and Talwar {171 :

Yotols} = G : : :" A ts) 12.3-1)
o

where &, = 0,076rad/s

b, = 0.19rad/s

Gy = 2.168%/m and
Yoto (t} iz the otolith to input leration a{t) in the
body reference frame.

dsoutst = Gy S-Vsbs ot 13.3-2)
where G, = 39,5ls/rad

by = 0,369 and
yseelt) is the semicircular canal response to the angular velocity

glt) with respect to the body reference frame.

Inputs to the vestibular models are obtained firstly from the aircraft

input motion and secondly from the resultant platform motion. The
vestibular model outputs are expressed as
yotoi (&) = £ {srecific force on pilot)
ysced (€)= £ (aireraft rotational velocities) (3.3-3)
yotoo {t) = £ (specific force on operator) and
yseco (€} = £ (simulator rotational velocities).
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CHAPTER FOUR B
.
RESULTS_AND DISCUSSION
4.1 INTRODUCTION ﬂ
Selected results from both the motion filter model, Appendix D.2, and
- J the sinulator platform model Appendix D.1 are given in Appendix E.
.t Two input signals were used to drive the models, fThe first is a
% translational (surge! acceleration input and the second js a
A ional {pitch} leration input. This enables conclugions to be

drawn as to e effect on the operator of the cross coupl® 7 between
the surge, heave and pitch axes which is a result of the aircrafts
g geometry and wotion filter tilt angle generation. In order to enable
& comment on the suitability of the proposed washout scheme in terms of

SR the simulator motion envelope testrickion the Lranslational and
& rotational acceleration inpute are combinaed and the results platted. o

it As has been mentioped, the investigations have been limited to include
: only surge and pitch acceleration inputs.

A i In order to investigate the influence of the actvator charvacteristics,
on the performance, plokts to show the actuator length and operator
position error with respect to the desired input commands are also
included in Appendix E.

g Both the input acceleration commands are step functions shaped
’ generated by a second order low pass f£ilter with a break frequency of
X & @, = 3,16 rad/y and & damping factor of & = 0,8. The magitudes of the
% translational and rotational inputs are representative of the
G accelerations that might be experienced on a commercial training
similator.

The accelerabion inpat command magnitudes are as follows :
ACEM {SURGE) = 2,0 m/a/s
ACBM (PITCH) = 0,05 rad/s/s
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The pulse length for the acceleration command is arbitrary and that
for the rotational accelsration input was chomen go as to limit the
pitch attitude of the aircraft Lo a reasonable limit.

In addition to the above results, the effect of eliminating the pitch
angle generated by the translation acceleration motion Filter is
illustrated. This iz done using the Motion Filter Model only and not
the Simulabor Model.

4.7 MOTICN FILTER PERFORMANCE

The motion filter has been developed to enable the high Efreguency
componente of the translational and rotational accelerstions to be
used -to generate Lthe basic wotion cues. The low Erequency
translational 1 ion cue which is demanding in terms

of the reguired platform mobion envelope, is implemented by means of
the tilt generabion. Therefore the total wobion envelope requirement
is reduced. Of major importance in this wotion filtering scheme is
the choice of break frequencies for the compon~nt £ilters. Provided
that suitable cut-off freguencies and gains are chosen the reduction
in the required motion envelope can successfully be traded off against
the loss in motion cue Eidelity. On the translational acceleration
motion filtering axis there are two filters to be talen inku account.
Firstly; the specific force high pass £ilber and secondly; the
position washout filter, which is a low pass filter. Also on the
rotational acceleration filtering axis, there is a high pass Eilter
gimilar to the translabional avis bigh pass filter. The cross
covpling between the two filber paths is via the tilt generating low
i1 pass compliment of the specific force. Results are shown for the high
H pass filber break frequency of 0.4rad/s and the position washout
EFilter with a break Frequency of L.0rvad/s.

; Fiqures B.1.L te B.1.5, cbtained from the wobien filter model, show

some selacted variables which indicate the response of the motion
;‘ f£ilter, the pilot and the operabor, as a function of the translational
I acceleration ingut. in Pigure E.1l.l the translational pilot x

acceluration inpol #5 and the npecific forea on the pliot X are
gimilar because bhere i no aireraft piteh attitude which would cause
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a component of gravity to be added to xp. FXil and FXL arve the high
and low £ ts of FX res ively, The pitch tilt
comnand ©p is also shown. The pilot and operator x axis vestibular
responses, yotoi, and yotoo, respectively arve shown in Figure E.1.2.
The y axis indicates the vestibular response in terms of threshold
units (Sivan and Talwar {17}}. One threshold unit indicates a signal
with a detection probability of 0.7. As can be seen from this figure
the operator receives an indication of cue onset which is similar to
that experienced by the pilot. This is due to the translation of the
platform which is shortlived, The sustained cue, which is a function
of the tilt command, then becomes =zvident. The operator thus
recgives a similar translational cue te the pilot, except that the
% itude of the cue is mduced. This is apparently acceptable,
Stewart [5), What im important here is that there is no discrepency

in the sign of the cue. In generating the translational acceleration
cue the position washout filter is driven by a zero position command
and e i leration of the platform is inevitable.
This motion filter technique , however, by virtue of the tilt command
#liminates the effect of this as seen by the operator. Figure E.1.3
shows the pilot and operator vestibular r~ponses with the tilt angle
generation disabled.

as is indicated by Figure 8.1.2, The cue onset is below one threshold
unit. Increaging the wmotion required te¢ raise this above one
threshold unit, increases the mobion envel e required. Once again
thers is a trade-off between the desired cue and the necessary motion
requirement . As can be seen in Figwre E.1.5 the platform
displacements remain within the limits imposed by the motion platform
actuators. The scales for the translation envelope (+ 0.76m) and for
the rotatiopal envelope (& 0,17rad) indicated, are typically the
limits that can be expected on the mobion platform that has heen
pedelled. It is evident that the travels could not be exterded moch
more before going out of limits. Also no account has been taken of
the relative position of the cperator and the platform which will tend
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to jncrease the platform wotion to achieve the indicated pilot
motion. In section 4.3, comments on sipulator results where this was
taken into account are given. |

i

In order to achieve the results discussed, the inclusion of the tilt N
] angle has introduced a major difference between fhe pilot’s and the
¥ s ion of the situation, Fiqure £.1.4 shows the pitch

axis vestibular responses yscelp and yscce g of the pilot and the
;‘ operator. This diserepancy is inevatable and needs to be introduced i
= at acceptable levels so as not to debtract from the simmlation. BAny i
y reduction, however, will have o similar effect on the sustained cue A

The di indicated here appears to be unacceptably

high.

i Briefly then, the motion filter appears to yield a suitable operator .
: response with a sustained cue and suitable cue onset acccmpanied by b
the predicted pibch cue discrepancy. H

Thus far oply an x axis pilot translational acceleration command has
been implemented. Pigqure E.1.6 indicates the pilet pitch acceleration

command ¢ and its high freguency component gh., The pilot and operator
o § pitch vestibular responses, ysccigand yscoog respectively, in Figure
5. E.1.7 show reagonable similarity. The x axis responses (Figure E.1.8)
yotaiy and yotoo, show reasonable similarity. The x axis response of
. the pilot results from the pitch attitude of the aireraft. The
) simulator pitch, as well as the subtraction of the x axis gravity
5 component. from the position washout filter input, on the branslational

N L motion filter axis, causes the operabor response as shown . ‘This .
subtraction is implemented so that Lranslationsl cue generation is A
i freed from duplicating the gravity induced translational cue, which -
will be availabie by virtue of khe platform LAIL position. In "
transforming the g veckor from- inerbial to body forces for this i
purpese, the platform position is taken to be only that component
generated by the rotational acceleration f£ilter, and not that
generatad by the tilt command. Tf this were not mo, the effect of the i
plabform  tilt would be negated by applying a  cowpensabing
g tranglational acceleration to the system.
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Figure E.1.9 indicates the nobion of the operator in inertial space in
six degrees of freedom.

Thus, the motion presented to the operator has similar cueing effects
to those perceived by the pilot. Also, the motion envelope in which
the operator moves, is within the envelope of motion allowed of the
platform,

The filter break frequencies used in the model, yield reascnable
results in terms of wost of the pilot to operator motion
transformaticas., In order to increase the translational acceleration
cue onset, without increasing the platform motion envelope reguirement
the high pass break frecuency could be raised in vomjuction with the
gain KAT, This wowd however, increase the pandwidth of the tilk
comvand signal which would aggravate the already serious, tilt angle
compand irduced, rotational cue discrepancy. Meiry [18) suggests thab
the semi-circdar canals are known to behave like heavily damped
angular accelerometers which result in the perception of angular
velocities over the frequency range, 0,02 Hz (0,13rad/s} to 1,5 Hz
{9,42rad/s), and that the otoliths behave like linear accelerometers
which function dynamically over the frequency range 0,016Hz (0,1
rad/s) to 0,24z (1,57rad/s}. Thus, the bandwidth of the rotational
motion filter, 0,068z (0,4rad/s) up to the wotion platform dynamic
limits, and that of the translational motion filter, 0,06Hz {0.,4rad/s)
to 0,16Hz (lrad/s), both correlate with the vestibular dynamic ranges.
Also the bandwidth of the inpub command signal, 1Hz (3,ldrad/s) is
such that it covers the whole of the relevant frequency spectrum.

4.3 SIMULNTOR MCDET PERFORMANCE

In developing the motion Filkers there were two requirements which
needed to be mabt to ensure that the proposed solution could prove
guccessful . Firstly, the operator and pilot vestibulav responses
would have to show some definite correlation, and secondly, the
platform mobion restriction must nob be vicolated. The fivst of these
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has heen shown to be partially svecessful. The plots shown in figures
E.2.8 to E,2.31 give the response of the vestibular models and the
platform as a result of the translational and then the rotational
acceleration aircraft inputs to the system. The relative position of
the pilat to the centre of gravity of the airframe; and the operator
to the centre of the platform, cause rotational wobion €o be
transformed into a combination of rotational and translaticnal motion.
This has the effect of increasing the mobion reguirement of the
platform abwve those shown for the operator. (Figure E.1.9 for
example. )

Figure E,2,1 shows tha surge axis yotoix and yotoo, branslational
vestibular responses of the pilot and tiae operator to the x axis
acceleration input. Similarly Figure B.2.2 and E.2.3 show the 2z axis
tranzlational, and y axis pitch vestibular vesponses. Figure E.2.4
indicates the actuator lengths regmired bo provide the necessary
platform motion. Similar plots are given in Figures #.2.3 to B.2.8
for vestibular and plabform motion responses to the airoraft pitch
acceleration input signal. All of the vestibular responses are
similar to those discusszed in section 4.2.

The actuator lengths are plotted using a scale of 2,4 to 3,9m (Figures
F.2.4, BE.2.8 and E.2.11), This corresponds to the modelled actuator
length and travel characteristics. In both cases the agtuators remain
with the allowable limits. There appear only to be 3 plobs for the 6
actvators. This ig because the platform geometry is symmetrical about
the x-z plane and the actuators move in pairs (1 & 6, 2 & § and 3 &
4.

Provision iz made in the simulator model, to include an actuator/servo
wodel to investigate its dinfluence on the mobion fidelity. The
actuator model that has been ineluded, is a very simple ane and does
not have any extraordinary effect on the simulator nmodel However,
Pigures £.2.9 and £.2.18 have heen included Lo Indicate the error
between the command ackuabor length signal and the resultant actuator
length ALE, and the resnitant operator posilion error (X,Y,Z,e,é,v)e,
which are available from the model. Por this simulation run, bolh the
translabional x axiy and the piteh axis aireraft accelerations were
simultaneously used to drive the model.
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Figure E.2.11 shows the actuator length plots AL as a function of the
conbined inputs. Thig case could conceivably have been more
stringent than for just a single axis input, Once again the motion
requirements are shown to be within limits.

4.4 DISCUSSION
In order to conduck a true evaluation of the vestibular response

correlat it is y to ide results that have been
discussed in the light of the rest of the simulator environment. It

must. be stressed that the straight comparison between vestibular
responses on & threshold perception scale may not indicate the true
characteristics of the wotion filtering technicue used. Due to the
fact that the full molion is rarely presented in a simulator, the
characteristic which must he present is the correct representation of
cue onget, The magnitude of this cue must also be such that it is
perceived by the operator. This perception is influenced by the
workload or stress on the operator. If the particular flight reyime
under consideration is scraight and level Flight with little operstor
activity then he will be for more likely to perceive a nominal
turholence ‘hump':  TFor the case whera the operator is approaching a
landing under emergency condition which requirves large concentration
levals a similar bump might go annoticed. Also in a simulator £lighk
with a permigstant light tubulence condibion, supported by motion
cueing, the operator might well become habituated to the turbulence
and will therefors be less perceptive to that particular oue.

the cue ion achieved in terms of cue ongel and

perception levels could well be saticfactory.

A similar argument can be tsi for Tthose cues which dlsplay large
discrepancies between the requiaed pilot and resultant operator

responses. In terms of the piteh €ilt cue deviation it could e seen

“ il A T - P

e
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to be unsatisfactory. To improve the situation, either the magnitude
of the tilt gain could be reduced or the frequency component could be
reduced. Both of these options would be traded off against a
corresponding reduction in the sustained translational cue perception
of the operator. Once again, the only successful method of
determining the best solution would be to implement the controller on
a platform and elicit some responss from a group of operators. This
pitch tilt cue diswrepancy is evident in a mumber of operational
simlator installations (Link-Miles trainers for example) and the
results obtained are reported to he matisfaccory. Apart from the
minimisation of the di thers are a number of other reasons

why this is so.

Firstly, the other cues which the operstor receives enforce +his
perception of the required situstion. The false cue iy therefore
compensated for, Secondly, the effect of the tilt generation will not
necessarily have the same sharp risze which is evident in the plobs
shown and iz as a result of the steplike airoraft acceleration inpubs
thus, the major effect will be the angulav position discrepancy which
the vestibular system is relatively insensitive to.




CHAPTER BIVE
CONCLUSIONS
5.1 CONCLURTNG REMARKS

A motion filter has been developed which transforms aircraft mobion
into simulator platform motion. Although only surge and pitch motions
are investigated, the model extends to all six translational and
rotational degrees of freedom. Also shown, are the motion hbase
actuator lengths which are reguired to generate the indicated platform
motion. The simulator platform motion generation involves the
Following motion transformation and filtering. Aircraft motion is
transformed into pilot wotion (at the centre of perception of the
pilok}s This motion is then filtered to obtain simulator operator
motion. This is achieved by using the high freguency components of
the pilot's accelerstions {rotational and tranglational) as operator
motion inputs. Thus, the required operator displacements are
reduced. In order to ensure that the operator can accomodate a
series of translational motion inputs, the input acceleration is
treated as a disturbance by a second order filter which drives the
operstor to a neutral position, It is assumed that the attitude
requirements, imposed on the operator by the rotational acreleration
inputs, remain within acceptable limits. This would certainly be the
case for noxmal operation of a large passengey aircraft such as has

been modelled. Blso, to an of sustained
translakional acceleration, a tilt angle is generated which is a
function of the low y b lati 1 pilot acceleratior

The resultant operator motions are then transformed into actuator
lengths. The effects on the actuator lengths of sinple bhydraulic
valve and actuator characteristics are also shown.

In order to validate the results obtained from the motion filtering,
Lhe vestibular response of the pilot and operator were compaved for
various input accelevations. The actuator lengths in each of these
cases were also monitorad.

h
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CHAPTER FIVE
CLNCLUSTONS
5.1 CLCLUDING REMARKS

A motion filter . s been developed «™* .. transforms aircraft motion
into simtlator platform mucswrs, Although only surge and pitch motions
are investigated. the model extends to all six translational and
rotational degrees of freedom. Also shown, are the motion base
actuator lengths which are required to genevate the indicated platform
motion, The simlator platform motion generation involves the
following motion transformation and filtering. Aircraft motion is
transformed into pilot motion (at the centre of perception of the
pilot). This motion is then filtered to cobtain simulator operator
wotion., This is achieved by using the high frequency components of
the pilot‘s accalerations {rotational and translational) as operator
mation inputs. Thug, the reguired operator displacements are
reduced. In order to ensure that the operator can accommodate a
series of translational motion inputs, the input acceleration is
treated as a disturbance by a second order filter which drives the

operator to a neutral position. It is assumed that the atiitude
sonal I

recquirements, imposed on the by the &
inputs, remain within acceptable limits. 7Thig would cerrainly be the
case for normal operation of a large passenger aircraft such as has
bean modelled. Also, to an of sustained
translational aci-'- ~abion, a tilt angle is generated which is a
function of the . « ©eguency translational pilot acceleration.

The resultant operator motions are then transformed into actuator
lengths. The effects on the actuvator lengths of simple hydraulic
valve and actuator characteristics are also shown.

In order to validate the results oblained from the motion filtering,
the vestibular response of the pilot and opevalor were compared for
various input accelerations. The actuator lengths in each of these

cases wers also monitored.
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Simalation rung were done for the pilot to operator motion filter and
then for the whole model, ie from the aircraft bo the actuator motion.
Two input accelerations were used for the pilot to operator motion
filter model, a steplike pilot surge acceleration and then a steplike E
pilot pitch acceleration with magnitudes of 2,0n/s/s and 0,05rad/s/s
respectively, The same two inputs were used for the simulator wodel. i

3 ,. Vestibular response plots were obtained for each of the inputs X

3 @ separately. The two inputs were combined, however, to investigate the '
B performance of the actuabors relative ko there motion limits. 5
i :
S

For all of the simulation cases investigated the actuator remained

. : within the prescribed limits. Also, the correlation between the pilot
o st ‘\ and vestibular plots has been reconciled with the filtering technique <
- 3 used. The tilt generation has been shown to improve the correlation
A between the pilot and op vestibula This success is

. v detracted from by the resulting misrepresentation of the pitch axis
vestibular response. Although this discrepancy is obvicus, it is

difficult to predict whether this would result in unacceptable cue Wl
levels in a simulator. Here, account must be taken of the supportive .
! affect of other cues on the desired pilot perception of his

environment,

In order to achieve a more realistic motion cue for simulator pilots
than has been developed here, the follawing two courses of action are
open, :

. Firstly, it is obvious that the limited travel which is allowed by the
motion platform configuration nsed imposes sevare restrictions on the
¢ translabional cue realisation. As has been done at a number of

simalator installotions the travel allowed by the motion system bas

Multinode Aerospace Research Simutator [81). The obvious implications
of this added capability is & substantial incresse in cost and h
h therefore the 6 avis synergystic platform which was modelled in

¥
& been increased (e.g. the Vertimal motion simulator and the Large
§
;
i

remained popolar.

¥ Secondly, the approach to the motion E£iltering technigue - conld

¥ aliminatie some of the major deficiencies of the proposed scheme.
n Becanse the plabform is driver to some zero or nentral position a

o
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proportion of its total envelop remains largely uwused. A
Qeterministic or optimised motion generating technigue which takes
into account the aircraft motion and predicted mancewvres could
continually 'shift' the neutral position in order to make maximum use
of the available motion envelope. A great deal of work is being done

in this regard (Sivan and Talwar [171) already.

5
8.2 SUGGESTIONS FOR FURTHER WORK o
(i} #odel performance can be investigated for the remaining four ; T
degrees of freedom.
{ii) Motion envelope requirements for pilot powitions with respect
to aircraft centre of gravity can be examined. 5 o
(iii) various platform configurations can be investicated to
determing relative suitability for particular applications. : 41
{iv} Research needs to be conducted in order to detemmine some i P
technique to enable the accurste predictions as to the o
suitability of varicus motion filtering techniques.  These : o
predictions need to be achieved without the use of a simulator
platform. g
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APPENDIX M
APPENDIX A o
4 AXIS_TRANSFORVATIONS >
R i
i To obtain the transformation matrix [L] which will transform a vector
| ; from an inertial axis system to & body avis system, rotations are -
. considered first about the yaw axis {psi}, then about the pitch axis
S {theta) and lastly about the roll axis (phi). Taking rotations about
F - the three body axes (x1, x2 and x3) the following is obtained
£ {Goldstein 1191,
N 1 K 0
3 hg <
4
T 1o [ .
3 Al
] g "
. P
o s L .
. ¥ I \ﬁ*\ K
1 i / ~xy? . .
. / :
k 4] 3
: %3 N
@ ¢
S FIGURE A.L : The Three Basic Rokabicns :
(a) about xi3 ;
{b) about xi2 and i
te) about xil i
%-;
H with the transformation matrices, B
i i
it "»
L .
S . - . N I !
» [ . N i
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B cos¥ siny 0
3y = -giny  cosy 0

cog® 0  -sin®
e = Q 1 0 (A-11
sin®@ 0 cos®

1 0 0
Li(¢} = a cosé  sind
0 -sind  cosd

The matrix L which transforms a vector from the body axis to the
inertia axis is the product of 11, L2 and L3 in the reverse order of

ion as the ion premuitiplies the vector arrived at in
tue previous step, Going from inertia into body oriented axes systems
the rotations are about i3 (¥), xi2 (&) and xil ($). Thus the
transformation is,

L o= LL{$ALUG)*L3(Y) (a-2}
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which yields,
: cosScogl cosOsing ~mind
5 L = sindsirBoosh-cosdsing  singsin®sini+cosbeost  sindcos®
g cosbyindoosyrsingsing  cosdsir®siny-sindcosd  cosdcos®
‘ 2-3) -
L Thus the vestor v; in the inertial axis reference frame is transformed
AR into v, in the body axis reference frome by the matrix L. :
<
] vy = Dy (549 :
K The inverse transformation from beody coordinates to inertial
; coordinates,
2 = -1
e vi = Iy,
SO 'q' is given by the transpose {(matrix T} of wabtrix L, This is true *
% because I is an orthogonal matrix.
i vy = Ty {a-3}
o
E vhere,
4 — —
p sindsi & bsioy i sgingaloy
” T o= cosOsiny  sindsir®sing+cosboosy  cospair@sing-zindcosy
LR ~sin® sindcos® cosdcoid
1
i - p—
¥
s (a-6) v
b ¥
- _ %
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APPENDIX B H -
.
POSITION, VELOCITY AND ACCELERATIGN IN AN ARBITRARY REFERENCE FRAME f’
WITH RESPECT YO A FIXED REFERENCE FRAME "
i

Ko Consider a point P in the body reference frame, FB{xbl,xb2,xb3), which
moves arbitrarily in the inertial reference frame, FI(xil,xi2,xi3}.
An expression is remuired which relates the wotion of P to the
‘nertial reference frame (see Figure B.1). According to Etkin (201

the following is obtained. N
S
. 5
. 'ﬂ ¢
k H
1 :
o .
; |
i .
M .
xit 42 ’
s
FICURE B.L @ Moving Quordinats System 1y
o
H #
o
k ¥
[
i s
! : : Y




r o= ro+rp (-1}

then the velocity of P in the inertial reference frame is

= ra, *+ tp, (B-2}

Now the velocity compopents of v; (egmations B-2} in ¥B are

Vo= Bevy v Lofvo +p) = vo, 4 Lurmy

where L is the transformation matrix as defined in Appendix A,

ion A-3 and ing the ivative,

v, % vy + B, ¢ wem, (B3}

where the first term of (B~3) ig the velocity of O relative to FI, the
second term is the welocity of P ralative to FB and the last is the
transport. velocity. Here

0 ~r q X1

wym Lo 0 pl . o= xyn (8-4)
~ p 0 33

- Beow e P X AN
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Differenciating vi and using (B-3), the acceleration of P in the body

reference frame is obtained.

ay,

where :

I.1.vi

Vb + Wb.Vh
a0y rph + e:zb.rpb + 2‘%1‘% W W KB

a0, + 1R, * 2yt Gy S )T (B-5)

vopty, vy, is the acceleration of O relative to FI

acceleration of P relative to FB
ial leration owing to 1 ageeleration

of FB

coriolis acceleration and

centripetal acceleration.
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APPENDLX C ]
Lo
TAYLOR SERIES EXPANSIONS
' ? Consider an equation of the form
4 £lxy.a) = GO ’
G 1
' Using the Taylor series and expanding the function about the point A
: x=a, y=b and z=c the following is obtained. T
3 |
S B
R Hxyy.z) = f(a,b,c)+ﬁx(a,b,c).(x—aHfY(a,b,c}.(y~b)*fz(a,b,c).(z—c) !
. =0 :
B b
. and writing in matrix form : f
{ v
R 51 i
1 telabe) folabie) £(abe)]. [x-al = [-fla/b.cl] ,:
& [y-bl {c-1)
- [E35)] {
%3
5 . 4
SR, where 8, ¥y and z are the predicted roots and a, b and ¢ are sgbiyates °j
of the roota. Thus, to obtain tle real roots the error matrix must be g
B reduced to zero by X ely updatd the root i with the 4
. & arror obtained, °‘ y
o !
4 sic
ke i
4
; “
? “
fi o
5 H
1 =
. t
x4
i <
i §
B i
i
’ B

- - N e DR




APPENDIX D

PROGRAM LISTINGS
D.1 SIMULATOR MODEL

Figure D.1 indicates the flow of the program as well as those parts of
" the program which ave fortran subrontines. The program runs a time
simalation of the modal and has a communication interval of @,050
seconds.  This neans that data from the model is stored at 0,050
p second i :ogrvals for displaying in either a printed or plotted format.
3 The caleculation interval is defined in each of the derivative blocks
of the program according to the requirements of that block, It is
specified by the command NSTEPS which fixes the number of calemlations
, to be done in each commnication interval. This in effect allows each
5 of the blocks to be sampled at the slowest posgible rate which in tuen
) drastically reduces the program execution time.

X It must be stressed that the model iz not intended to xun in real time
-3 and therefore steps taken to reduce the cysle rate are to reduce
¥ program execution time and therefore cost, and nol to obtain real time
g exeoution.

e

¢
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ACSL MAIN PROGRAN
- FORTRAN
; SUB-ROUTINES
o \, VoL o _AWRPY _}
O |
T PIRLAT |
1 (
N = AGpLAT ]
% I
4 v
o F |
8
FIGURE D.1 : Simulator Model Program Structure
i ] |
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PROGRAM FLY “SIMULATER MODEL "
Mo—ee SET UF INTEGER VALUES FOR ACEL PROGRAN == e it
wn
INTEGER N $" JACK ND. OR AX1S NO. "
INTESER IN £ PLAT. PUS. INITIALISING FLG. "
INTEGER FLG $" ACPLAT ERRUR INDICATING FLG. "
—=~= SET UF ARRAYS FOR THE INTERFACE VARIABLED —wmm——mmm——mem s u
ARRAY  DXACG): DDXA(L), DDXAA(G) » DIXATL(6) ..
SERX (33, DERX (3) , DOCRK (3) vee
XDUBY cen
IR () DOXF (5) e
S TNCGY 2 PLLAY s PUCA)  ACEMCS) » ONOF () .
1XB(6) e
SPe) e
VAL(A) vas
11P(&) e
SEL(AY L) 1TV CA)  OVITHG) e
SOR (6D DUP(A) e
JLERR{4) 1 ERR(E) , e
LAM1G) e
VBRG) P
1PERRLA)
ARRAY TSLCL (2), TELCRIZ),AN(3) 2 ACS)
DIMENSION VESTO(6)VESTIA), VESTER(S)
INITIAL
W UBALL LISTOE)
wa
COMMUNIZATION INTERVAL AND TERMINATION ——=mmmm—meme e “
CONDITION SPECIFICATIONS "
CINTERVAL CINT = 0,080  $"COMMUNICATION INTERVAL "
CONSTANT  TF = 10.00 $PAIMULATION LENGTH "
CONSTANTS INITIAL CONDITIONS FOR THE SENERATION OF THE ~——mmwme-d

AIRCRAFT FLIGHT MODEL PROFILES "
DERIVATIVE SECTION t ) "

™ ~INITIALISATION TIME (35) "
" FL ~FULSE LEMSTH (3) "
" ) ~FULSE WIDTH (&) "

v ACPM  —ACC. PULSE MAGNITUDE (M/E2)/(RAD/SZ) »
" ONGF -FULSE ON/OFF SWITCH "

v DJOLF. /7 X Y - ROLL  PITC  YAW "
CONSTANT TN = §,0, 1.0, 2 0, 0.0, 0.0, 0.0
CONSTANT FL =15.0 15,0 415.0 4 6.0 5 6.0 5 AD
CONSTANT PW = 5.0 » 5.0 5 8.0 5 2.0, 2.0 . 2.0
CONSTANT ACPM = 2.0 5 2,05 2.0, 0,05, 0,05, 0,08
ZONSTANT 1INOF = Q00 5 0.0 5 0.0, B0 e 0.0 0.0

s

R *




Me-——— AIRCRAFT ACCELERATION INITIAL CONDITION ¢
CONSTAMT DUXAIC = 0.0 s 0.0 3 o
+ 0.0 B [ 3 o

-——- CONSTANTS INITIAL CONBITIONS FOR THE TRANBFORMATION FROM ———--- *
Mem—we AIRCRAFT 7O AIRCRAFT-FILOT MOTION "
“ ¢ DERIVATIVE SELTION 1 ) "

CONSTANTS AND INITIAL CONDITIONS FOR THE TRANSFDRMATION —
FROM ALRCRAFT-FILOT 7O SIMULATOR-PILOT MOTION wmm—eem——e—
( DERIVATIVE SECTION 2 ) "

4

- .b CONSTANT
¥ CONSTANT

2 0,0,0,0.0 & HIuH PA“” FILTER NUM ARRAY " % ‘f
V0 04,0018 s - DEN e "

CONSTANT
CONSTANT
CONSTANT MK=1.0

ML= ((NV/(NN&%Z Qrr-le )/MK $" FOEITION FILTER ACC LOOF GALN
Mig2={ 2. O#ETR) /WN OEITION FILTER VELOCITY LO0F GAIN "

CONSTANT Oy L SEMIC.CANAL FILTER NUM ARRAY »
8 CONSTANT 16% $° SEMIC.CANAL FILTER DEN ARRAY " g o
" CONSTANT $° VALLEF FOR THE CTOLITH FILTER o
T EONSTANT pe . “ "
g CONSTANT s . Wi
' CONSTANT B + " %]
$ CONSTANT s - ]
CONSTANT %4 GRAVITATIONAL CUNSTANT M i x
»

$¢ FOSITION WASHOUT FILTER DAMPING RATIO *
¢ FOSITION FILTER NATURAL FREQUENCY "

L CONSTANT KT4=0.4 5“ ROLL TILT COMMAND GAIN “ 8
b CONSTANT KTS5=0.4 s PITOH TILT COMMAND GAIN " .

. CONSTANT KIA=1.0 $* ROLL TILT COMMAND SENCE "
N CONSTANT KIS=-1.0 s PITCH TILT COMMAND SENCE " 3

4 GONSTANT RKIb=1.0 %" YAW TILT COMMAND SENQE "

CONSTANT KA
RONSTANT KA

&% TRANS ALC COMMAND GAIN "
#" ROT ACLC CUMMAND GAIN "

CONSTANTS AND INITIAL CONDITIONS FOR THE ACTUATOR weme——cemmmm ot
AND ACTUATOR CONTROLLER MODEL " i [
¢ DERIVATIVE SECTION 4 ) "

- CONSTANT A
b CONSTANT

= <0025 $"ACTUATOR AREA  (M2) "

u.162 FUACTUATOR NEUTRAL LENGTH (M) " V
] CONSTANT $UCURRENT GAIN  (MA/M) " E
= CONSTANT $"RATE FDBCE 3AIN  (M/M/S) - i
LCONSTANT $"VALVE GAIN  (M3/&/MA) " wd
} CONSTANT $"LEAKAGE GAIN (M3/5/FA) "
L CONSTANT $"VISCOSITY " 2
L8
PR 0}

(
|
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ACTUATOR MUDEL INIT. VELOCITY CONDITIONS "
CONSTANT QVIZ = 0.0 a 0.0 a 0.0
’ Gaa 0 0.0 + 0.0
CONSTANT DV = 0.0 ’ 0.0 . 0.0
> 0.0 " 0.0 + Q.0

CONSTANT (FLAG) FOR THE INITIALISATION OF THE INITIAL ~——

GUESS FIOR THE ACTUATIOR LENSTH IN THE TRANSFORMATION FROM

ACT, LENGTH TG PLATFORM POSITION (SUBR. ACFLAT) ——owm——w
{ DERIVATIVE SECTION 5 )

CONSTANT IN= ©

END ¢ “END OF INITIAL *

LYNAMIC

e COUNTER FOR THE INITIALISATION OF THE FLATFORM NEUTRAL
Hea POSTITION CONBTANTE IN SUBROUTINE ACFLAT

IN=IN+1

DERIVATIVE $“SECTION 17
N3TEPS NSTFL = 1
wo
Mo BET 4 RERQUIRED SIMULATION ACGCELERATION INPUTS
wa
e T AIRCRAFT MOTION (XA) IN THE F.R.F. 1€ GENERATED A WELL
Ve A% THE MOVEMENT OF THE CENTER OF ROTATION OF THE ATCRAFT
v WITH RESPECT T0O THE FUSELAGE (CRX).
nue
PRUCEDURAL { XA, DXA, DOXA Y CRX » DURX s DOCRY=TN, PL.s PW, ACPM, ONOF }
BDXALL ) =OMPXPLL L1, BL (PULSE(TNCL) S FLOL)  PHOEY T TRACPMUL)
#INOF C1) )
ODXAL2)I=0.
DOXA(SI=0,
OOXA(AY=0.
DOXATS= (PULBE(TNCE) - PLUT) S FUCE) )=, 5D 42, ACPM{S) #ONOF (5)
LRXACS ) =CMPXPLL. 14 o BL RBWITGE, 4. 5 0, > DDXATEY )
DOXALL)=0,

SRX (1)
SRX(2)
SR
DDRX (1)
DURX(2Y
BCRX(DY
DDCRX (1)
DDCRX (2)
BOCRX(3)

Rk i

B

e e B i

-
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END

DALL XFERB(RDXAA=DDXA, &)
DXA=INTVC (DX AR, DDXATIC)

HERE THE AIRCRAFT MOYION IS TRANZFERED TO PILGT MOTION .
ACCOUNT I5 TAKEN OF THE AIRCRAFT-PILOT/S POEITION WITH
RESPEET TO THE AIRCRAFT CENTER OF ROTATION . FROVISION

15 MADE FOR CONSIDERING CASES WHERE THE CENTER GF ROTATION
VARIES WITH TIME + SUCH A% WOULD BE THE CASE WHEN THE
AIRCRAFT MASS AND MASE DISTRIBUTION CHANGE AS FUEL IS
CONSUMED IN FLIGHT

PROCEDURAL ¢ EXFy DDXF XD

TXAR.DDXA, CRX DPRX‘DULRX)
CALL AIRFI( DXP>DEXF, XD

BXA, DBXA. CRX, DCRX;DUCRX)

END
END $"OF DERIVATIVE SECTION 1v

DERIVATIVE $“SECTION 2%
NSTEFS NSTFZ = 5

e

n

AIRCRAFT Ta ATRCRAFT-FILOT TRANSFORMATION et e e e

- GENERATE SIMULATOR-PILUT MOIVEMENTS
m N
PROCENURAL (DOXP1» BOXPZ, DOXF3s DDXP4, DDXFPS, DOXPA=DOXP)
DUXPL=LUXP (1)
LOXPE=DRXPLZ)
DOXPE=UDXP(3)
FUXPA=DRXF (4)
DOXPS=00XP (5)
DEXPE=DDAF (L)

END

* CGALDULATE THE AIRCRAFTS ROTATIONAL FOSTTION "
DXF4=INTESFCDOXP4, 8.0)

NTEG(DDXFS, 0.0)

DYPE=INTEG (DDXPA, 0. 0)

PTRANSFORMING RATES FROM BODY TO INERTIAL AXED"

BA4=DXFA+ BIN(ASIATANCAT) *DXPHE+ QOS(AS)I#TANIAS) *DXPL

DAS= COE(A4) #OXFS~ SINCA4) #EREG
DAb= CEINCA4 Y /DOELAS) ) #DXPE+ (COS(AL) ZC0E (AS) ) #DXRE

YINTEGRATING FOR FUSITIONY
AL=INTEG (DAL, 0, 0)
AS=INTEG(DAS, 0.0}
AG=INTEG (DAL, 0.0)
* CALCULATE THE BPECIFIC FORDE INPUTE
" ORILGT VESTIBULAR INPUT *
FXFYL=DOYP SINC(AS) #G
FREV2=DDXP2+S IN(AS) 4005 AS) %0
FXPYI=DOXPR+CDS (A4) #C0E (AT ) #G-13
"oMETION FILTER INFUT ¢
FYP{=DOXF1
FYXPR=0UXPI
FXPE=DOXP2
" YESTIBULAR RESPONTE DF PILOT *

o b e s PR L . e
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YIOTOLI=G0# CA/BO) #LEDLAG(AD, BO: FXPVL, 0. 0)
YIOTO2=G0% CAD/BO) #LEDLAG (AL BD: FXPVE, 0.Q)
YIOTOE=0E0% CAD/ B HLEDLAG(AGY BT, FXPVE 0.0)
Y IGCRA=G58TRANL 1, 1, TECM , TBOLEZ, DXFP4)
YISCUD=GE#TRANC Ly L, TEC0L, TEO0Z DXPS )
YISCOA=GERTRANC L, £, TSODY, TRODZ, IXPE)
GENERATE HIGH AND LOW PASS COMPONENTS UF SPECIFIC FORCE
FHI=TRAN{ 2,2, N, B0, FXFL)
FHE=TRAN( 21 253N, 21, FXP2)
FHI=TRAN{E, 2y OGNy G0, FRFS)
FXPLLI=FXF1-FHt
FRPL. KPE-FHZ
FRPLI=FXFE~FHS
SUBTRALT BRAVITY COMPONENT IF PLATFURN POSTTION FROM ...
FLATFORM ACCELERATION COMMAND.
FXPH{=KAT#FH1-{~ SINCXNRT ) 33}
FXPHZ=RAT#FHZ-( SIN(XNR4) %05 (XNRS) #G)
FXPHE=KAT#FHI-{ COS(XNR4 ) #C0S (XNRS) #5-3)
FILTER THE SPECIFIC FORCE DRIVING SISNAL FOR OUTPUT POSITION
1B1={FXFHL=MRE (MEZEDST451) 3/ (1, GeMitrML )
FXPHE-MRS (MEZD3ZASE) 1/ (L, O+ MKAEMKL)Y
FXPHI-MIOF (MK2RDSIHI2 ) /7 (1L OepiCuiiil )
DEL1=INTEG(DUSL,0.0)
LE2= INTES (DRSS, O, 0)
DE3=INTEG (DDSS 0.0)
S1=INTEG(DSL, 0.0)
Se=INTES(OF2, 0.0)
B3=INTEG(DSS, 0.0)
TRANSFORM THE DISPLACEMENTS FROM BODY TO INERTIAL AXER
XSi=l TOB{XET ) #COSINSE) YRSL ...
+(BIN{XSS) #5 INCXEE) ®ODS{ XS6)—COS(XS4) #STIN(XSA) I #E2 ...
+{CUS(XE4) #INCXES) #COS (XE6) +3IN{XS4) #SINCXEE ) ) #T3
Xga={ CUOG{XSE) MIINIXSL) Yl oL,
+(SINCRBA) #BTIN(XES ) #BINCXSA ) OO XS 4)»P0¢(Xcé))*52 s
+(COS(XB4)*R IN(XSS)%”XN(Xﬂbl-bIN(X 4 ) #ODE(XB4) ) 5
REF={ SIMIXBT) )85 (L.
+{ blN(XbQ)*Lﬂo(XQS))*b

+{ SO XS4 #COS (XSS PSR
GENERATE TILT CMDS AS FUNCTION OF SPECIFIC FORCE ¢
PT4=HTI4%KTAS (FXPLE/G)
PTS=KIS*KTSH{FXPLI/G)
ETL=0.0
GENERATE HIGH FASS COMPONENT OF AIRCRAFT ROTATIONS ©
DDPHA=TRAN(E, 24 AN, G, DDXP4)
DOPHI=TRAN (2 25 AN, RL DOXPS)
DOPHA=TRAN(R, 2, 6N, 610, DDXPS)
BENERATE THE ROTATIONAL VELORITY COMMANR FROM THE ...
ATRCRAFTS ROTATIONAL ACCELERATION "
Dip4=INTED (DOFHE, 0. 0)
DES=INTEG(DDFHS, 0. 0)
LS4 INTES (DOPHA, 0.0)
TRANSFORM ROTATIONAL RATES FROM BODY TO INERTIAL AXES
DXS4=054+ SINCXNRAY#TANCXNRE) #
LX&ES= COS(XNRA) #*

— SINCXNAS)

#{EE
nXBe= (BINCXNRA) /COEOXNRT) ) #DES+ LODE (XNRA) /05 CXNRS) ) #D54

INTEGRATE FOR POSITION ¥
XNRASINTEGLDX G4, 0. 0)
XNRT=INTEG(OXEE, 0. 0)
KNRE=INTEG (DX Sk, 0. 0)

TILT COMPONENT TO POSITION COMMAND
XS4=XNRA+FTE

XeD=XNRS+FTS

XE&=XNRG

A

=

ESE O05 (XNRS) STANCXNRS) %084

UIPE.
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DIF. TQ OBTAIN ROTATIONAL VELCDITY IN BODY REF FRAWE “
XVA=DERIVT (0. 0. XS4)
AVS=DERIVT (0.0, XES)
AVE=TERIVT (0., 0, X546
TRANGFORM FROM INERTIAL TO BODY REF FRAMES "
DV4=XVa+ BINLYES) #XVb
DV COS(XS4) #XVELFIN(XEA) #COD (XED) #XVA
BVa= ~EIN{XE4) #XVEHLDS (XG4 ) #00S ( XET) XA
* DALCULATE THE SPECIFIC FUORCE EXPERIENCED BY THE OPERATOR “
FXS1=DpSi~ SINCXEG) #0
FREZ=ROS24SIN(XR4) #0005 (KST )
FXSS=DR33r00S (XBA) #C0D ( XET) #0-13
¥ YESTIBULAR RESPONCE OF DPERATOR "
YOOTOL=004% (AQ/BO) $LEDBLAG(AD, BO, FX51,0.0)
YOQTL O AT/ #LEDLAG (AT, BO, FXE2, 0. 0)
YOOTO: 2 (A0 /B0 Y #LEDLAG AT, BO, FXS2,0.0)
YORDUA=GETRAN (1, 1, TEO0L, TSO0Z, DVS)
YOS SUTRANL Ly 1, TSCCL, TSC02, DVS)

YORCCA=GE#TRAN(L, 1, TSCOL, TSCC2, IVE)
PROCEDURAL (X5=X21, XS2, X523, X54, XS5, X556}

XE(L)=X51

XS(2)=XE2R

XS{3)=XST

XS(F)=X55
XB L&) =X

END
FROCEDURAL(VESTI, VESTD, VESTER=Y 10T, YIOTOZ, YISTOR, YOOTOL ...
2 YISCOA, YIECUS, YISTOL, YOSO04, YIECLS, YOSCOe ..
2 YQOTOZ, YOOTOS)

VESTI(1)=YIOTOL

VESTI{2)=YI0OTO2

VESTI() =YIOTON
VESTI{4)=Y13004

VESTI(S) =YIS00S
VESTI(4)=YIS004
VESTO( 1) =Y0OTOL
VESTO (2} =YQOTOZ
VESTO (B =YO0TOE

VESTO(4) =YQS004

VESTO(S) =Y(SCes
VESTU (&) =YQSECS
VESTER(1)=VESTL(L)I-VESTO(L)
VESTER(2)=VESTI(Z)-VESTO(2)
VESTERCI) =VESTL () -VESTO D)
VESTER(4)=VESTI(4)-VEZTO(4)
VESTER(SF)=VESTI (51 ~VERTO{S)
VESTER(&)=VESTI (&) -VESTOL)

END
END $"0F DERIVATIVE SECTION =

DERIVATIVE $»3ECTION 3"
NITEFE NETFS = 1
wu

Ve SIMULATOR-RILOT TO PLATFORM MOVEMENT TRANSFORMATION & —m—mweeeet

B SIMULATOR~PILAT MQTION IS TRANSFERED TO PLATFDRM MOTION . "

bl MOTION DF THE GEOMETRIC CENTER OF THE PLATFORM IS .
4~ CALOULATED . "

wu

FRUCEDURAL (P PT=XS)




. 65

CALL PIPLAT(F,PI=XS)
END

FLATFDRM TO ACTUATOR TRANSFURMATION

ACTUATOR LENGTHS ARE CALCULATED TQ GIVE THE REGUIRED
PLATFORM MOTION .

PROCEDURAL (AL=F)
CALL PACT(AL=F)

END
END $"0F DERIVATIVE SECTION 2 "

RERIVATIVE $"3ECTION 4"
NSTEPS NSTP4 = S

we

e ACTUATOR MODEL

o

bl THE ACTUATOR LENDTHS CALCULATFT 19 FACT DRIVE A MODEL QF
b THE ACTUATOR CONTRIL AND HYDRAULICE WHICH QUTRFUTS THE
ad ACTUAL ACTUATOR LENGTHS THAT WOULD BE ACHIEVED IN THE REAL
W WORLD WHEM TAKING INTO ACCOUNT THE PHYSICAL PROPERTIER
g OF THE SYSTEM .
PROCEDURAL (QVy GP=aL)
DO 410 N=i,4
IR =AL (N -ALNEUT SLNPUT POSITION (M)

ERR(NY=IP(N)-OF (N) SUERROE COMMAND (M)
CHN) =IHERR(ND SUCONTROL CURRENT  (MA)
M) =EVHCT (N $UVALVE DELIVERY (M3/F)

BVANI =GN 7 (A+KLEMU/AT S "OUTPUT VELORITY  (M/S)
410. . CONTINUE
CALL XFERE(DOP=0Vs &)
OP=INTVC(DOF, OVID} SOOUTPUT FOSITION (MY
Do 420 N=1,6
AMIND =0P (N) +ALNEUT $"REAL ACTUATOR LENBTH (M)
LERR(N)=IF(N)~OP(N)  $"LENRTH ERROR (M)
420. CONTINUE

END
END $"0F DERIVATIVE SECTION 4

-
EECTION 59

el REAL ACTUATOR T4 REAL PLATFORM TRANSFORMATION e ———————— S—)
wu

ue THE REAL ACTWATOR LENGTHS ARE TRANSFORMED BADK TO ACTMAL
h- PLATFORM POSITION .
wa

PROCEDURAL (PR, FLE=AM, IN)

CALL ACFLAT (PR FLG=AM, INY

o0 S10 N=1,6

FERR (N)=FR{N}=P(N)

S10., CONTINUE

Y
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END

" FROGRANM TERMINATION CONDITION *
TERMT (T.GE, TF-CINT)

END & “END OF DYNAMIZ

END ¢ “END OF PROGRAM

NS DRI

N
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QOOGDRONGRDONANO00a000G00EE K
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(SRR ER SRR RERERR RS SRS RS R ERRRER RS EENE w3 ATRPL w4
#*

*
*H
TRANSFER €F AIRCRAFT T9 FILOT MOTION ®
e
BUBRDUTINE AIRFI(DXA:TUXA: CRX, DORX, DDCRX,
DXF DDYP . X1
THIS BUBROUTINE CALCLLATES THE AIRCRAFT-FILOT MOTION
A% A RESULT OF THE AIRCRAFT MOTION . IT TARES INTO ACCOUNT
" THE RELATIVE POSiTIONS OF THE AIRCRAFT-PILOT S SENTER OF
FERCEFTION AND THE CENTER OF ROTATION OF THE AIRCRAFT .
PROVISION IS MADE IN THE PROGRAM FOR A CHANZING
RELATIONGHIF BETWEEN THE AIRCRAFT-FILOTYS FOSITION WITH
RESPECT TG TO THE CENTER OF RGTATION OF THE AIRCRAFT .
THE EQUATIONS ARE OF THE FORM :-
TRANSL. (DUXFP1= £AZ. (CDOCRXI+HLDDXAT+LWI, COXATY
2. LW CDORX 1+ CROWI+CWNT)Y L £XDT)
RUT. LOXPI= LDXAI
RT. IDDXFI= LDDXA)
WHERE:~ CXDI= PILOT POSITION IN AIRCRAFT
= CORXI+LPX]
AND RERXI= POSITION OF C.R. IN SIRCRAFT
LPX1= POSITION OF PILOT IN AIRCRAFT
£Al= AXIS TRANSFORMATION MATRIX
tWl= ANGULAR ROETATION MATRIX
LOWI= DLW /DT
COOWd= DLCOWIY /DT
LXAl= AIRCRAFT MOTION IN & D.OWF.
LLXAl= D(CXAL) /DT
LopXAT= DILDXAIY/NT .
LXP3= AIRCRAFT-FILOT MOTION IN & D.Q.F.
LOXFI= DCLXFIY/OT
CODXPI= DECDXPI}/RT
INFLT  « XACE.2%3) (M)
DXACL 2REBY (WMD)
DOXA(L, 2&3)  (M/8/8) ALRCRAFT POSITION,
KAC4, 5461 ¢ ) RATES AND ACCELERATIONS W.R.T.
DXALA Skb) (73 THE INERTIAL REFERENCE FRAME.

DOXAC4,5%6)  ( /5/%)

CRXC1,283) (M) MOVEMENT OF 2.R

DORA (L2283 (M3) WyR«T. THE AIRCRAFT
DIDCRN(1,2%3)  (M/8/8) REFERENCE FRAME.
QUTRUT = XPO1,283) )
OXF L. 2%E) (M/E) AIRCRAFT-FILOT FOSITION,
DDXF{L223) (M/8/38) RATES ANL ACCELERATIONS
P4y EE) ) W.R.T. THE FIXED AIRCRAFT
DXP4sSue)  C /5) REFERENCE FRAME.

DOXRLA> S%6)  ( /8/8)

FILOT CENTRE OF FERCEPTION

XD{1,2%3) (M)
L W.R.T. THE CENTRE OF ROTATION,

XO( 4, 5D

PSSR
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DIMENSION DXA(6)s DBXACA)
+CRX(3), DCRX (3) , DDCRX (3)
s DXF(6) , DOXF L6}

DINENSIDN FXCE) 3 XILAY 8412 88(6) W3, 3)
2 XD(A)

. P XUE) BN (6D

- SWW R 3 WE(S,3) , TW(S, 3)
DATA - FX(1,2%3) (M) FILOT POSITION IN ALRCRAFT
W.R.T. FIXED AIRCRAFT
REFERENCE FRAME.
DATA (PX(D), I=1,B1/L.5, 00 v~/
Lo 101 I=1,.3

XD(DI=CRX (1) +PX(T)
CONTINUE

BET UP MATRICES FOR TRANSFORMATONS

SET UP MATRIX W{(E:3)

W3yt
WE ==, 3

W%, 3= 0.0

BET UP MATRIX DWC3,3)

DW(La1)=

DW (S 1) =-DW(1:3)
DS, ) =-OW 2 3)
LW &)= 0.0

SET UP MATRIX WW(Z:3)

D 102 I= 113
oo % oudm1,3

ww(z.d)noo.o

o102 K=1,3
WEC Ty )= (15 b 14 ()
WDy =W T )+ WS (Tl

CONTINUE

FERFORM TRANSFORMATIONS &-
AIRCRAFT-FILOT TO BIMULATOR-PILOT MOTION.
CALCULATION DOF RATES OF CHANGE

noo1e8 I=i,

BHCII=0.0
oo o109 J=1.3

vt

h,
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S =2, 0% (1> ) #DCRX ) +
COWCE ) +WWE T ) Y ¥XDC) Y
Ele PR TS DRIV
CONTINUE
DOXF (1) =DNCRX (1) +DDXALI) +B8(T)
CONTINUE

CALCULATION OF ROTATIDNZ

DO 112 I=4,A
DYXP(I)=DXACI)
BOXPCIY=DDYAL LY

CONT INUE

RETURN

END

R

R e
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wx PIFLAT %8 o1
¥ '

SIMULATOR PILOT TO FLATFORM TRANSFORMATION bl
e
SUBRIUTINE PIFLATIXS.F,PI}
© |
< &
o THIS SUBROUTINE DALCULATES THE MOTION OF THE CENTER OF n
=3 THE PLATFORM AS A RESULT OF THE ZIMULATOR-PILOT 3 MOTION . 4
[ THE FROGRAM TAKES INTD AUCOUNT THE DISPLACEMENT BETWEEN i
o THE SIMULATOR-PILOT S CENTER OF PERCEPTION AND THE CENTER ;
[ OF THE PLATFORM . NO PROVISION I2 MADE FOR RELATIVE MOVEMENT
C OF THE SIMULATOR-PILOT WITH RESFECT TO THE PLATFORM .
5]
o THE EQUATIONS ARE OF THE FORM :—
[
[ TRANS. [PI= [CI.CYRI-LYDI€LXS] :
< ROT Lf3= (XS] H
4
o
= WHERE: — [YDI= 3-FILOT POSITION ON PLATFORM
c L[Cl= AXIS TRANSFORMATION MATRIX
s LRI= ANSULAR ROUTATION MATRIX
o {DRI1= D(LR1Y /LT
[ LXEI= 2-PILOT MOTION IN & DLO.F.
c LRJ= PLATFORM MOITION IN &6 D.OLF.
[}
c %
o INPUT = KEC1 283) (M) OFERATOR FOSITION W.R.T
© XS(415%6) () INERTIAL SFACE i
[ OUTPUT - POL-248) (M) PLATFORM POEITION W.R.T. %
Q P4 SR6) () INERTIAL SFACE ;
o I
DIMENSION X2(4) :
. 1PLLYPILEY
DIMENSION YD&)
. PTLEGE)
. RE=24ch RN 25 3]
< §
s DATA — YD&) (M) FILOT POSITION ON SIMULATOR Ji
o PLATFORM W.R.T. PLATFORM REFERENCE ¢
19 FRAME. i
© B
DATA (YD(1), I=1,2)/0.0,0.0,3.00/

W
i SET UF

* ZET UP

T{1.1)
T2

“Tim=

“Tza=
T(z,2)=

'T(2y3)=

MATRICES FOR TRANSFURMATONG

TRANSFORMATION MATRIX T(3.3)

COB(XE(S) ) *COS(XSIA))

SINCXS(4) ) #EINCXS () ) #O03{XS(4) ) -G (XG(4) ) #
SIN(XS6))

COB(XE4) I HBINCXSE) ) RE0S (XS4 ) 4HINCXE(4) )%
SINCXS(A))

COS(XB(S) ) #EINCXE(6))

SINCKE(4) I REINCKG(S) ) #SINCXECS ) ) 4COB(XG{A) I
COB(XE(6))

COS(XE(4) YRSINIXE(S) ) #SINCXS(4) ) =SINCXS(4) 1%
COS(XEC6))




?
o o \ 3
I
. i
n i
T3 1) =-BINCKE(S))
TR 2= SIN(XB(4) ) COS(XE(H))
TE3, )= COSCXE(4)) #E0S(XE(5))
CALTULATION OF DISFLACEMENTS 1
- oo So2 I=1,3 o
i ¥(11=0.0 &
o0 803 J=1,% il
SAI=T T ) (YR(UIHKE ) n
YLD =Y (DI 450D i
303 CONTINUE o
P(I)=Y(I)~yD(1) L f
PICI)=Y(L) I
302 CONTINUE L
#* b
g * CALCULATION OF ROTATIONS I
g * i
L ol 310 1=4,4
L FLIY=XS(1)
. - 310 GUNTINUE .
. RETURN ) !
END : ‘
s N i
. i
§ i
i
{ ?1

!
{
!
+
i
i

<
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EACT ##
R e
# CALGULATION OF ACTUATOR LENGTHS. e
L ik

NDQODGOOOONOONDO0G00

oD

BUBRIUTINE PACT (P, AL)

THIS SUBROUTINE CALCULATES THE MOTION REQUIREL OF THE

ACTUATORS TO BIVE THE REQUIRED PLATFORM MOTION . THE

LENGTHS, RATES AND ACCELERATION 0F EADH OF THE 3IX ACTUATORS

ARE TALCULATED . THE MOTION OF THE CENTER OF THE PLATFORM 15
TRANSFERED TQ THE MOLINTING PUINTS OF EACH ACTUATOR AND THEN THE
RELATED ACTUATOR LENGTHE ARE DETERMINED .

THE ERQUATIONS ARE OF THE FORM i~
EPMI= CF1.LZDI+LPY H

WHERE: ~ £ZDB3= MOUNTIoG POSITIONS ON FLATFORM
CFI= AXIS TRANSFORMATION MATRIX
ANGULAR ROTATION MATRIX
CPI= PLATFIIRM MOTION IN & D.QLF.
CPMI= MOUNTING FOINT MOTION IN 3 0.0,

AND -
= ZERT((BL-PNM1)##2+(B2-PM2) ##24+ (BI-PM3) #3%2)

WHERE: = B = ACTUATOR BASE POINTS
AL = ACTUATOR LENSTH
INPUT = FOL2%E) () PLATFORM FOSITION
B4, Sub) () W.R. T, INERTIAL SFACE
QUTPUT = AL(1-4) M) ACTUATOR LENGTHS

DIMENZIDN #(6)

. BAL(&)

DIMENZION ZDCoyb)aFM(&,4)
PR

1B A ALL(Sv 4}

1F(&s4)
1 EBLLY s 2y o)
DATA - IRt 3) {M) ACSTUATOR MOUNTING POINTS
ON FLATFORM
DATA - B(&3) (M) . PLATFORM NEUTRAL POSITION

CONSTANTS.

DATA ((ZD(I,d)sd=1,23),I=1,6) /41, 126, 1,694, 0.0,
SEER 0.0,
=R QEL, 0. 1272040y
=2 OEL,+0.127,0.0y
0L P0G, L BRE 0.0,
ARG+ L. 6T 0.0/
DATA  ((B(I,J) et 3y 1= 1yb)/+2 310,—0 iOuVZ SO0,
014» 4y 20300,
29, ~1. 919, 2,500,
—1.293:*!.919v2.500v
=1.012,+2.0F4. 2,500,
F2.3105+0. 165, 2,500/

W
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SET UP TRANSFORMATION MATRIX F{3.3) .

F(ly )= COS(F(S) ) w008 (P () et
FUla2)= SIN(P(4))#SIN(P(S) JROOS (P (6) ) —BOS (P (4) )%

. SINCP(6)) L ]
F1,3)= COB(P{43)#BIN(P(S) ) 200G (P (&) ) +BINIF(4) )% :

. SINGP(LY Y ; p
FU2 )= COS(F(S) )%BINGPLA) I ;
E(2a2)= SIN(PLA) ) BINCPIS) ) SINCP (6) ) +HEOS(P(A) bx :

. COB(P6)) :
FU2,3)= COS(F(4))#BINCE(5) ) WIIN(F (L)) —BINCF(4) ba 4.
. CUB(PLAY) &
F{3 1) =-SIN(F(5)) '
i Fl32)= BINCP(E) ) #COS (P(5)) 5
] F{3,3)= COB(P(4) }#COS(R(S)) '
el -
##  PERFORM TRANSFORMATION 3-
*%  PLATFORM MOTION TO ASCTUATOR LENGTH MOTION |
- i i
RN M o
. * CALCULATION OF ACTUATOR MOUNTING POINT MOTION i
* ]
OO B0 N=1.6 ;
bl * 1
: A * CALCULATION OF DISPLACEMENTS :
# i
Tk . Do B11 IS1,3@ §
24N 11 =00
o 812 J=1,3 :
SODY=F (I, D #ZB (N, ) i
T ZAN: DI=ZIN, DI +5 0D |
: Lz SONT THUE :
. PMIN, 1)=F (1342 (N, 1) i
B 3 311 SONTINUE b
! 310 CONTINUE i
¥ * |
* CALCULATION OF ACTUATOR LENGTH MOTION ;
. *
= : LY 219 N=isd ;
#* o
» CALCULATION OF ACTUATOR LENGTHS "
*
AL(N)=0.0 (
I 20 I=1,% B
ALL AN, Y= (BN T)=PMIN, 1)) %22, 0 i
AL IN)=AL (NI +ALL IN, 1) }
320
. RT(ALINY)
. 319 CONTINUE
RETLIRN
END
1
{
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ettt bt 555555 5E #x ACFLAT %
CALCULATION DF  ACTUAL PLATFORM FOSITION AS A RESULT i
OF ACTUAL ACTUATOR LENGTHS o
3

BUBROUTINE ACFLAT (AM, IN:PR.ELGH
INTEGER FLO

EQUATIONS DESCRIBING (1) THE ACTUATOR LENGTHS AS FUNCTIONS
OF THE BASE AND PLATFORM MOUNTING FOINTS .

€2} THE COPLANAR NATURE OF THE PLATFORM
MOUNTING FOINTS AND  ¢3) THEIR BFATIAL RELATIONSKIP WITH EACH
QTHER ARE AFPROXIMATED USING TAYLOR SERIES EXPANSIONS .
THE RESULT 1S A SET OF EIGHTEEN EQUATIONS IN EIGHTEEN UNENOWNS
WHICH CAN BE EXPRESSED IN MATRIX FORM A FOLLOWS .

CTOLE 18I 3. (ECLE) T = [RHST

WHERE E(123)=E{4»3) I8 THE ERROR BETWEEN THE CURRENT VARIABLE
E&TIMATION AND THE SOLUTION PREDICTED BY THE TRUNCATED
TAYLOR BERIES APPROXKIMATION OF THE FUNCTION THE COEFFICIENTS
OF WHICH ARE EXPRESSED IN THE SOUARE MATRIX T(1d, 1),
SOLYVING THE MATRIX EQUATIONS USING AN INITIAL GUESS 5 PSI{6.3)
FOR THE ROOTE AND UPDATING THE ESTIMATE USING THE CALCULATED
ERRIR THE TRUE SOLUTION CAN BE ARFROACHED .

THUEZ E{NsI) = PS5 DD -PSIN. D) ()

orR FE(N, I (Jedd= BN, T +PE(N, ) 0D
WHERE . PE(N. I)}{J) 15 THE J'TH GUERS AND FS(N.I) (J+1) IS THE
JHUYBT GUESS UF THE ROODT FS(NLIF .

THE PROGRAM DONTINUES THE ITTERATION LINTIL THE GREATEST ERROR

15 LESS THAN OR EQUAL TO E-3 . THE FINAL ESTIMATION OF THE RODTS
OF THE ERUATIONG (PO) IS5 CRTAINEL RY SUMMING THE ERROR AND THE
LAST ESTIMATE OF THE ROCT . POINTS P7 . P& AND OF ARE THEN
GEMERATED T FACILITATE THE CALCULATION OF THE PLATFORM
DISPLASEMENTS AND RUTATIONS { ABOUT THE THREE AXES ) WITH
RESPECT T THE NEUTRAL FLATFOM FOSITION

INFUT - AM(L=a) (M) ARTUATOR LEMGTHS
FECA,E] (M) CURRENT FLATFORM FOSITION ESTIMATE
UTPUT - FRE12E3) (MY PLATFIIRM DISFLACEMENTS
FRE4,3%6) () PLATFORM ROTATIONG

DIMENSION AM(&).PR(A)

DIMENSION B{Ab,E) Dldsb)y

- T (20, 20),

. FS(Ad3)PEILA, D),

. FALBY GUIRD - HOL@)

. FOCLE &2 B) > ED(LR 423 HOLE, 403D
. EC& 3 POCAL 5D
B F746) 1 PE(S)  £F Ca) CRNEUT (5)

DATA - D&, &)
Bl&,3)

FLG=1
DATA D78 /3.1%57/

- e e

PR T . P, N
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503

S0%

B 75

DATA ({FBIMNT) s I=1,3) Nt a6 /41, 1260 1. 6961 0.0y
+0. 70y =L, B3 0.0,
=2,031, 0. 127, 0.0,
~2, 3Ly . 227, 0.0,
+0, B0y +1, 823, 0.0,
iy LBb 4L 456, 0.0/
DATA  CBUNLT), I=12 3 Nel, 4) /+R. 310, =0, 165, 2.5,
~1.082, 2,084, 2.5,
~1.298, ~1. 719, 2. 5,
=1 @1 T LT
=1.01%, +2, 084, 2.5,
F2e3101 40,165, 2.5/

DATA {{DEN- 1)y Xmda6) N=1, 8)
7 0,000 5 0.254 .« 3,528
0,000 » 0,000 »
0.000 + Q.O00
G.000 1 0.000
0,000 5 Q.000 »
IF {IM.OV.1) G0 T9 583
DO S01 Nw=isé
oo 501 I=1,8
PS(N, 1)=PRI(N. I}

v 3646 5 3.B24 5, 3,392
v B.52% 4 3446 B.C26

Q000 5 0254 . 3,528 4 F.bbb

0.000 5 0,000 5 2,392

0,000 5 0,000 5 O.000

@
il
I
@
[P

0. 254

CONTINUE

SET UP 13 SIMULTANEOUS EGUATIONS TO DETERMINE THE PLATFORM
FOZITION A5 A FUNCTION OF THE ACTUATOR LENGTHS

ZEY UP ACTUATOR LENBTH ERUATIONS

EGN
EGN
E@N
6N
£aN
EGN &

LENGTH DF ACTUATOR
» " »

(LY A YR

- " " B

O R

DO S02 N=1,6
F(N}= 0.0
o3 503 I=1,3
FINI=F (DA (B(Ny DI=FEIN. T) )2, 0
CONT INUE
FN)=F (N)=AM{NY #2, O
CONTINUE
0D 504 N=l,b
i 504 Ieis b
L0 =05 J=1,3
FI(N, I,u)= 0,0

IFCILERNY FO(N2 D= 2 08 PS(T. =BT, U))

CONTINIE
DONT INUE

SET WP COFLANAR CONDITION EHUATIONS

SET ZERG ELEMENTS OF BURUATIONS = 0.0

00 S04 N=7.9
BN = .0
00 S06 Imi.b
LG S04 =13
DN Ted) e 0,0

-

IR T

e g
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AINT INUE
BN 7 - POINTE 1.2,3%4 ON PLATFORM COPLANAR

B7YRPEL, 1) # 0 PE(E, RY#DE (S, ) =FB (2, 2) #PE (4, 3) -PE (2, ) #PE(3, 1)
PSR 3IRPG L Y HPS(E, Z)#PEL4, 3) —PEE, 3 #FE (4,20~
FE(LEIRC PR, 1) #PS (3 ) -PE(2, 1) #PE (4, 3) -PS (2, 3 #FE(3. 1)
PG (2, 3V #PBL4, LI APS (R, 1) #PBLA, ) ~PELE, 3 #PE (4, L) )+
PECL 2% PE(Z, DIRPE(3, ) -F3 (2, 1) #F304, 2)-PS(2, D) #PE0E L
RS 2V PS04, DI4PE{T, LIPS (4, 2) PR3, ) #PS(4, 1))
—EE(E TIRPS(F, ZI#PS(4, 30 +PE {2y 1) #PE (3. 31 8PE(4,2)
AFELE BYHFE(S, 1) ¥FS04, ) -PS{2, 2) %P3 (3, 2 #PE (4, 1)
SPELZI)EPROT, 1) HPE (4, 2)HPD (2 3 #PE 02, Z) PS4, 1)
GDU75 15 1)= PECZ,Z)#PS{3, 3)-PE(R ) #PE (4, 1) -PS(2, 3)#PE(3, 2)
APPSR ) HPE (4, RIGPECR, Z)#PS (4. ) -PSU(E, ) #PE(4, 2
DD(711727=—P&(2 LI#PS13, ) +PS(2, 114PS (4, ZT+PE(2, 21 #P5{S, 1)
~PE(2, 3 4P3(4, 1) ~PE(T, 1) #PE (4, 3)+PR(3, 3 #PS(4, 1)
GD(7»1:3)~ P2y LI RPBLE, 2) ~FEIE, 1) #PE(4, 2)~PS(2, 2)¥PS (2, 1)
AR I RPD (45 1 1APE(3, 1IRPE(4, 2) P30 ) #PE(4. 1)
GD(7:£,1)- PROLe2I#(PRUS, 3) -PELT, 3) ) HPE(L, 3) R (PELE, 2)~FE3(4,2))
PS(SVE)*P5(413)+P (3:3)*P$(4v2)
bU(71-.2)‘ PROL O#PS{B 3)-P2LA,3))+PELL, BV IPSCR, 1)4PE4, 1))
HRE (3 1) PG4 3) P°(3v3}#93(4v1)
GD(7x_»3)— PBCLy DI# (PS4, 2)-PS G R APE L, 2) BIPS (S, 1) -PE4, 1))
SFEOE 1Y RPE 4, 2) P33, 2) PS4, 1)
GD(7)JyL)' PROL 2R (PSR 3) —PE 4, BY HPEULL, 3) M (PS4, 2)-PS (2,20 )
HPECE ) RFF (4, D) ~FE(Z 3IRFPI (4, 2)
BD(?:?:Q}— FL LY (PE(43)-PE(T, 3) ) +PELL, S)HPEIE, L) -FS(4:1))
E{Z, LIRS (4, 3)+PE (2, R)#PE(4, 1)
PU(7 3= PS(!vl)%lP {2, 2)=PE(4, 21 )APS (L, 2)8(PE(4, 1) -PE(2, 1))
RS2 1 #PS (4, R)~PSIZ 2 #PE(4, 1)
DD(7:4 L= PHL I # (PS03, N ~PS {2, 8) ) +RSUL, 3YR(PBLZ, 2 -PE(3,2))
~PBORE 2V HPR(F 3 PG (2, 3) PSR B)
GD(7 452)= PS(i:l)*(P {22 B)=FEE ) FPS L3N MIPS I3, D -PE(R, 1))
FOEy LIRPE(T &) —PE(2, B)HPB{3, 1
GD(7 4v3)= P (1 LIPS, 2)~PECE ) IAESIL, 21 (PH(2, 1) -PE(E, 1))
Dy 1IRPECS, 2)HFE (R 2 HPF(E 1)

EBN & ~ POINTS 1,2.3%&5 ON FLATFORM COPLANAR

G(B)*Ps(lxl)*( P (2 2YRPRCT P «PE (R 2YFR (G 2 ~PE(R, B #PE(S. )
. PE{2, 3)HPE(S, 2)+PE 3, 2 #FS (Svﬁ) PR3, 3)#RB(S5, 2 )—
. P3(112)*( PE(E, 1) ¥PE (5, 3 ~FS(2 1)#PHIS. R ~PE(R, B)#PS (3, 1)
. HPE Ry B RPEIE, LIPS (E, LI PSS, ) P B wPS(S 1))+
N PE(L B ¢ PE(2, 1) ¥R (212 ~PF (2 1) #PS (5, 21 -PR{2y 2) #8535, 1)

TR, B RFS (5, L APE(E, D#PS (5, 2 PS03, 2 #PE(5, 1))
~PEE 1 IRPE (3, 2 #FE(T, I 4APS O, 1) PROS 3) #PS(S, B)
(2 @Y =PS(2, 2) P55 (23, 3)#PE (S, 1)
~PE (R, B HPB(E LIrFE(S 21 HPE R, DIEPS (0, 2) #PS(S, 1)
BOUE, L 1= PE(R 21 ePE0E, 1) =P, DPSE 1) -FRCE 3I#PSC &)
HRE (R F) #EE (5‘2)+Pb(3v VEPSB (5, 3 ~PE(S, 3) #PE (S, 2)
PD(9y172)=-Pb(Zvl)*P By FIAFS (2 2 IAPES D FPE(E D) #PR R, 1)
2y HPY (5»1) GO LY RPECE 3 PHC3 D HPI(S, 1)
GD(Q'lv3> PQ( P LVEFBOH B PR, DI#PSCR 2)-PSU2 2) #PS(3, 1)
HEE (2, 2)RFES DI AFS (S, 1) #PS 05 2) ~P3E, 2 (5, 1)
PD(B:A:I)" FE(1, 2VHPSUES, 3 -PE (32 ) APD L B (RS, 2) ~PE(E, 2))
=FE 030 2 #PE (5, 3)+P5CE 3) #PECT 2)
BB, 3,2y PE(Ly LH(PEE, 5) - S5 ) VAP (L, BV (PECE D ARST, L))
. +PE(E DI RPT T B) -PE (S 3)#PE(S, 1)
GOUE, 23 PE(L 1RSUS, 2 -PECE, ) VeFE L ) % (PS¢, 1) -FS(S, 1))

. ~PE{E, 1) #FR(5: 2)+FS I EEE(5. 1)
EOE, 3y 1) = PROLEVH(FEE H) -RE(S 8 )P (L, 3) # (PSS, 2) ~PS(2,2))
. HPE (22 2)HFE () 3) -FE R, BIHPE (T, 2)

n L PV T




& Ak

(23

i

ok kU

=3
N

77 -

GRSy 3,2)= PSOL, 1) #(FE(S, 3Y-PE(2,3) 1ePE(1, 3) #(F5(2, 1) -F5(5. 1))
~FE(2, 1) #PS (S, 3)+PS (2, ) #PE(T, 1)

GB(uwByu)- FSUL 1w (PELR, 2Y=PE(E, 2) ) +PE{1, Z2) % (P55, 1) -PS(2, 1))
PG 1IRPRIE, 2)-FE{R2 2IRPS(S, 1)

GD(Z Sy )= PSUL 2Y (PS8, 3)-FE(2, 3) 1 4PS (L )R (P (2, ) ~PE(3.2))
—PROZ, ) PR, B) PSR, 2)#FS(3, 2)

GD(315.2)= FECL DR {PECE B -FE0T, 3) ) HPE (L ) #(PS0T, 1) -PE(2, 1))

- +PR{2, 1Y HPE (G, 3 -FS(2, D) #PE0R 1)

BO(R, H,3)% PECL, LI#(PE(E, 2)-FE(2, 2] )4PEUL 2I#{PS(2, 1) -F513. 120

. —FE(E DI HFE{E, VPR, 2)#FS(E, 1)

EQN 9 — POINTE 1,2, 8% ON PLATFORM COPLANAR

B(v) FS{1,1)%( PS(2, B)4PS(33) PR (2, 21 P56, 8 -PE(Z, B #PE(S, 2)
FPE( Ry 3PS, BIHRE U, BI#PS (4 B)~PE(E, Z)#E5 (4, 2) )
FSOLHLEMEC PROZ, 1) #PS(E B ~PE(2, 1) #F8(4, 3)~PS(2, 3)4PE(E, 1)
PR BV HPE (b LIPS LIRPE(4, 3 ~FS4R, BI#S(4y 1) )
PE(1,30%( PEIZ, LI#PSIE, 2 -PE(Z, 1IRFS(A, 2)-PS (2. Z)#PG(3, 1)
HEE(E ZYHPD (A LI FPE(E, LIPS 4, 2)-PS(3, 2) #FE(6, 1))
RS2 LIPS (3 B HPE (S, B)HPS (L, 1) #PSLE, ) #PE(4, 2)
S0 R)EPS(S, LI #PE (4, B) PR, 2)#PS O, 3) #FE(4, 1)
“PE(R, BVRPECE, LIRS (6, 2)+PB(E, 3 RPS(3, 2) #PE(&, 1)
BE(S:1,10= FE{ZE)HFSI3, B ~PBLZ, 2)#P3 (46, 3) ~P3{R, B)#PE(S, 2)
HEROZ, 3PS (6, 2)+PE (T B RPE (61 3) ~PE {3, 3)#PE (4 2)
PECZ, 1Y HPS (3, BIAPE (R, 1P #PE L6, DIHPS(Z, 2 #FS(E, L)
—FE (2 :3)*P€(b DI-PS 03, 1Y #PS A, 2I4FS03, 3) #PS(6, 1)
UD(Q Ly@= P (‘vi)*Pa Sy 2) -(’yl)%P“(va) PE(E, 2)#FS(T, 1)
Sy 2)EPB A 1) HPEON, 1IRPS (6,2 B E)RPEL, 1)
GB(?vai)“ PS(X‘Z)*(Pa(évS)—Pb(B 3))+PS(1 3)*(Pa(u;2)'?$(6u2))
. ~ESLE, B #PS (4, B ARPELE, 2 #FPS (4, 2)
GO, 2, 2= PEC(L, 1) (PR3, 3) - PB(Avd))*Ph(1y3)*(PS(3:l)*PS(A,l))
RS (E L) PB4, ) -PS{S, B)#FE(4, 1)
bEf(’iw(:B)' FEOL 1R (ER(6: 2)~PE{F 2 I+PE{1, 2)${PS(R, 1)-PSL4, 1))
- S4B, LIPS (4 2)HPS (3, 216814, 1)
BOEY R, 1= PSULLE) R (PRI, 3)-FB(6:3) ) +FS (1 38 (PRLL, D) -PB(E, 2))
. FPE(Z ) #PE G B -PE R, B PB4, 2)
GROZ, 3y 2)= PSCL 1) dPR{S, B ~PS (2, 3) )+PE (L1, 3% (FE(2, 1) ~P3(6, 1))
. ~PB2, 1) #PE (6 3 +PE(Z, BIRPE6, 1)
BECPS & @)= PR0L, 1) % (PR, R) =PSB (4, ) VPSS 2R (PB4 1I-PE(E 1))
FE(R, 1) #FS{h, 2) PS(ZVZ)*PE(be)
GRCP2bs 1= PRI, 2y (PEOE, 3 —PE(E, 2 HFS(1,3) #IPS(2, 2)~PE(S, 2))
. —PELE, ) EPB (3, B)FEB(R, B)#FE(I,2)
GO{T 16,20 PEOL LB (PS(E, 3)-FE0E, 31 0 +PSLL 3PS 1) -PBCE, 1))
. APELZ, I RPE(E, B) -PRLR2, 3) #FE(Z,
[ RV FECL LR (PSS, 2) ~FE (2, B) ) +FE UL BIRIPE(R. L) ~PEUS, 1))
. —PE02, 1) #FE0E, 2) +FBLE, ) #FPS (3 1)

-GD(9,1 2)

SET UFP MOUNTING POINT DISTANCES

BET ZEROD ELEMENTS OF EQUATIONS = 0.0

0O S07 N=10,12
HiN)= G0
w907 1=1.A
o 8507 Jd=1,3
BN Irc)= 0.0
SONT TNUE

EGN 10 - DISTANCE BRETWEEN MOIUNTIMN POINTS {2

HLOY= (PS(1a 11=PS0E, 1)) #6204 (PECL 2 -PR(2: 2) ) 4242, 0

. APE L ~PECZ0E) ) 2 0B L, I #UR. 0

S A S S P 8

g

il
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HE(10, 1, 1) 2.0% (P31, 1) -FS(241))
HOCL0, 3 2)= 2 08 (PSLL,2)-FE(2,2))
RO, 1302 2.08(PE(1.3)-PE(2,3))
HOCLG, 2y D) =-HD L0, 1, x)
HOL0y 222 m=HO (10, 1,2

HO(10,2 ,3)=‘HB(XO;113)

EON 11 - DISTANCE BETWEEN MOUNTING FOINTE 1%3

HOLL) = (PS(L 1) ~PSIS: 1) D2, O+ (FS(1, 2)-F2(3, 2) 1 #%2. 0
. FCPELL, 3)-PELE, 3) ) #x2, 0-DU1, ) #42,0

HO(11 15102 2 08(PSLL, 1) PS03, 1))

HE(LL, LaBh= 2.0#(PS(LZ)-PE(Z 20D

HE(11, 3, 30 2. 08(PEUL,3)-PS(2.3))
HOCLL, 3, 1kt iy, Ly 1)

HOCLL 30 22 =~HD {11y 2520

HEC14, 3, 3)=-HD(11,1,3)

EQN 12 - DISTANCE BETWEEN MOUNTING ©OQINTS {3

HiiZ)s (PE(1, 1) -P3(5 1) 1882 0+(PE(L, 2)-PS U5, 2) ) 442, 0
. H(PS(L,B) -PBLT3) ) w2, 0-0( 1. H) #6320

HE{1Z, 110 2.08(P3(1, 1)-PE(T 1))

HECOLE, 1a 20 ZLOM(PE(L, 2)-FE(H, 2))

HE(12, 1, 3= 2, 0%(P3(1,3)-P3{S, 3))
HOCL2: 5, ) =—KHD{12, (s 1)

HE(12, 5 2y =-HD(1%,1,2)

HOL2, 5, 3 2-Hu{ 12, 1.3)

EEN 13 ~ LISTANCE BETWEEN MDUNTING PDINTS 2%4

HEa = (FS(2y 10~FE (4, 1)) 832, 0+ (PS(2, 2)-FS{4,2) ) #42. 0
. (PSR 3 ~FE (4, 3) JHnE, Q DR, 4) ¥%2.0
HDOES, 2 1)= 2,04 (PE(2,11-FE(4,1))

HDULB, 25 2)% 2. 08{PE(2, 2)~PS(4,2))

HD (13, 203, = 2,08 (PE(2,2)-PE(4,3))
HE{13, 40 L)=-HD(13, 2,4}

HO(33, 4y 2)==HD( L3, 2, 2)

HDCL3, 40 B =-HO( 13, 2033)

EGN 14 - DISTANGE BETWEEN MOUNTING PRINTS 226

Hil4)= (P22, 1)~FS{6) 1) 12, 0H(PE(2, 2)-P5 {4, 2) ) #e2.0
+(PE02, 3) <P (A, 3) ) #82, 0-DLR, &) #9220

Hﬂ(141av1)= 2 OR{PE(2, 1)-P3(4s1))

HDUL14, 2, 2)= 2, 0(FS(R .2)—?8(5'2))

HD(18, 2, 8) = 2.05(PSL2,3)-PE(4,E))
HDE14, by 1) e-HO( 4,2, 1)

HO(14, &, 2)=~HD(14,2,R)

HEC1 Gy b3 =~HI{ 14, 2,3)

EBN 15 - DISTANCE BETWEEN MOUNTING POINTE 2k4

H{1S)= (PS03 1) ~FS04, 1) )l 0+ (FS (3, 2)~FE(4, 2) e, ¢
B +(PS(3,¢)-P°(4,?))*«2.Q-ﬂ(5,4)**2.0
HO{IS, 85 1= ZoOR(FE(E, 1)~ F“(4v17)

HO LS, 8 2= 208 (FPR(H, ) -FE4,2))

HB(LE, 3y 3= 2.0*(PS<3:3}"F§(4‘S))

HOCLS, 4y 1) ==HI( 15,31 1)

HI( LS, 4 2)=—HO{ 15, 3. 2)

HOCLSy 4130 =-HD {15, 5, 3)

EGN 16 = DISTANCE BETWEEN MOUNTING FPOINTS B34S
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H{l&y= (PR3, 1)-PS(S, 1) )2 0+ (FS(F, 2) ~PE(E, 2) ) #x2. 0
+(P°(313)-P9(5 B YRFELO-DLE )RR O

HD(161a71)= S 0R(PS(3, 1)~PE(5, 1))

HO(14:3, 2)= 2,08 (PS(3,2)-P3S5,2))

HD{14:3:2)= 2008 (PB(2,2)-FE(S,3))

HOL L4 1)

HD (14,:23,2)

HOC16, 5.3y =—HO (14,5, 3)

EGN 17 - LISTANCE BETWEEN MOUNTING FOINTS 4%4

HO17im (P304, L) ~PE(4) 1) )2 0+ (PS(4, 2)=P5LA, 2) ) #02. 0
(PS(4vJ)—Pa(bv3))**2 O=D(8yh)HH2Z.0Q

HD(1714v1)= LOR(PS (45 L) -PE(6,1))

HD{17:4+ %)= 2.0*(PS(412)—P5(6.2))

2 ORIPER{AZ)-PEL:3) )

HD(17144 1)

HO(17.:4,2)

HOK L7 42 3)

EGN 12 ~ DISTANCE BETWEEN MOUNTING POINTS S%é

HE1g) = (PR{S, 1)~FS(&, 1) ) 2. O+ (PE(S, 2) -] P“(é;z))**z.o
HES{SBT~PE (A 3Ny O-0 05, &) 42

HD(IS Syld= 2.00{FSCS, 1) -FS(4 1))

H(18, 5y 2] 2 AR {PELD, 2) —FE (6, 2))

HO(18. 5. 3= 2,00 (PS5 31 -PS(6.3))

HD(lS S.1)

HECIS, &0 2)=-HOC L&, 54 2)

HD LSy 4a BY=-HD(13, 5.8

SET UP MATRIX T8, 13)
oo S0 NSl b

K=1
Dt S0P Isl, b
oG0P J=1, %
TN KI=FD{Na Taud)
Ketlet
CONTINUE
TN, ) ==F ()
CONT INJE

oo Si0 N=7 ?
K=

DQ Sl I=1.6
o0 5it J=1, 3
TN, KI=GI(Ny Iy )
Kk L
CONT INUE
TN, K)=—-G(N)
CONTINUE

00 512 N=16, 12

=
o 518 I=1.4
o0 513 =1,
TAN Y =HI(N, Dy od)

K=t
CONTINUE
TN, Ry==H(N)
CONTINUE
@
LN « e o
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K S

SOLUTION OF LINEARISED ERUATIONE

€.F, GERALD APPLIED NUMERICAL ANALYSIZ 2ZND ED.
PP132

ELIMINATE MATRIX VALUES LERE THAN 0.0001

D0 544 N=i.12 ’
D2 544 1s1,19

SN IFCABRS(T(NG L))o LT 2. 0E-4) TN, I)= 0.0
. H44  CONTINUE

1 1 #*
* BEGIN REDUSTION OF THE MATRIX DIAGONAL DOMINENCE EY -
* CHANBIMG ROWS 8
. *
L D 514 1=1,17
AR IPVT= I §
: IPl= 141

. OO S5 J=1F1, 18 t
: - IF(ABS{TCIPYT: 13D LT ABE(T(L I))) IPVT= O ¢
AN 515 CONTINUE X :
. 1F {((AES(T(IPVT,I)).AT.1.08-8)) G TQ 777 j ]
. IF (IPVT.EQ. T} B0 TO 551 2 -

: D S16 JOOL= 1,19

5 SAVE= T(I,J50L) ) '
i T(I JCOL Y TUIRVT, JROL)

- i TUIPVT,JCOL) = SAVE -]
Sib CONTINUE
7 ]
3 * REDUCE DIAGONAL TO LINITY
" te #*
g51 DD 17 JROW= TP, 1

IF (T CIREW, 1), EQ 0) B0 TR S17
RATIN= TOIROW, 1/T(I, )

1 D0 §1& KOoOL= IR1,19
: T(ROHA QCOL 1= T¢UROW, KEOLY -RATLONT (1, KDDL )
. 518 CONTINUE
g . 517 CONTINUE

514 CONTINUE
IFCARS(T{LG: 18)) . LT 1, 0E~5) 130 TU £398

*
# GALCULATE VARIABLES FROM 1@TH TG 18T
*

FOIE 19T (18, 19 /TS, 18)
po G1% NN=2, 16

- NVBL= 19=NN
b L= NVEL+L 3
VALUE= T(NVEL,19)
DO OS2 R=L, 18 "
3 A VALUE= VALUE-T(NVBL: K)#T (K, 1)
- F20 SHNTINUE
TONVEL, 19)= VALUE/T(NVEL, NVEL)
§ T CONTINUE
#*
#* SET UP ERRGR MATRIN E{&,3)
#*
WJROW=1
BG 52 I=1,4
oD 821 J=1.3
i KOOL=1%
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E(Tvad)= TOIROW, KODL )
SROW=JROW+1

CONTINUE

LER=0

no 922 I=i,6

DO S22 J=1,3

IFCABS(R( T, ) ) BT, 1 OE-5) LER=X

CONT INUE

i)

IF ERROR GREATER THAN E-4 SET UP NEW GUESS (PS(46,3) MATRIX)Y

IF(LER.GT. 1) GG TD S52
5D TD 553

552 oo S2: I1=1.4
o 538 J=1,3
PE(I D)= ELI, D4PE(I.0
2% SONT INUE
Gl TQ 555
#*
#* ELSE IF ERROR ACCEPTABLE BET UP FINAL PO MATRIX PO(As3)
#
SER na Sz4 I=1,4
OG §24 J=1,3
BOLLadi= ECT, D HPSTLJ)
524 CONTINUE
e
E2ad DETERMINE POSITION OF PLATFORM RELATIVE TO THE
FE NEUTRAL FOSITION
£y
#*
#* SET UP POINTS P7 P3 AND CP
#*
oo 525 I=1,3
F7(0)= (POCE, D +PO4, 1)) /72,0
FE(l)= (PO{1: DI+PILI)I/2.0
GRLI= Q.&43BER(PECLI-P7() IHF7LT)
325 CONTINLIE
B
= DETERMINE DISPLACEMENTS FROM NEUTRAL FOSITION
*
DATA (CPNEUT(I} I=1,3)/ 0.0,0.0:0.0/
DO 526 1=1,3
PR{L)= GP(I)-CPNEUT(I)
26 CONTINUE
#
* DETERMIME ROTATIONS OF FLATFORM
*
PR{A)= ASINCIPOCR, 31 =FO(4, B} /0(2.4))
PR{SYI= ASINCIF7 (R)=-PE0E)) /078)
PR{G)I= AZIN((P7{2)-P&(2))/072)
Do B27 I=1.b4
IF(ABG(PRCTI I LT, 1 0E~4) FRUI)®O,
527  CONTINUE
Do SEE I=1,4
DO 528 J=1, 3
PELILY
S28  CONTINUE
GOOTO 99
777 FlG= 777
=k FLO= ZEQ
e RETURN
END
20, 34,31 USLR, IR, CONBAS, 1. BREKLNEG.

*# END OF LISTING k%

SR LB
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!

i

D.2 WASHOUT FIUTER MODEL t!
b

The following is a listing of the washout Eilter model. It was Lk

daveloped independently from the rest ¢ F the simulator model and then {d

the two models were integrated.
- o
R
. N
N

i

N ¥
1

¢!

V]
|
i

e . . N
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PRUGRAM " MOTION TRANSFORMATION FILTER k
INITIAL :

ARRAY TROOL(2) » TRCCR(R) - ANCE) G0 (R) ! |
DIMENSION DOXP(&)» XE(6L), VESTO(6) . VEETI(4), VESTERIL)

DONSTANT ACDTON=0.0 v
CONSTANT ACCRON=1.0 L

CONETANT ACCT=Z, 00 $" ACCELERATION COMMAND (M/55) “ J
CONSTANT ACCR=0, 08 $4 BCCELERATION COMMAND (RAD/ES) B 7
3 i CONSTANT BN=1.0,0,0,0.0 $" HIOH PASS FILTER NLM ARRAY " -y
] CONSTANT D=1.0:0.64:0.16 % 7 - 4 DEN " 7
CONSTANT %9 SEMIC.SANAL FILTER NUM ARRAY “ w
- CONSTANT $" SEMIC.CANAL FILTER DEN ARRAY
ety CONSTANT Gi=2. 16 $* VALUES FOR THE OTOLITH FILTER "
. CONSTANT AURO, 074 ' 4 o
CONSTANT BO=0., 19 5 . “
CONSTANT G5~37.51 5" . “
CONSTANT E3=0. 1479 ' ¢ "
. CONSTANT 5% GRAVITATIONAL SONSTANT " .
S CONSTANT TION WASHOUT FILTER DAMPING RATIO ¢ .
CONSTANT $* POSITION FILTER NATURGL FREGUENCY
CONSTANT
ML= C (MIC/ (N2, 03 ) -1 )/mv ¢4 POSITION FILTER AGG LOOP GAINY
Micz= (2, OXETAY /4 POSITION FILTER VELOGITY LOOF GAIN  *
| s CONSTANT KT4=0.4 s“ ROLL TILT GOMMAND GAIN "
] CONSTANT $0 PITCH TILT COMMAND GAIN .
- CONSTANT KI4=1.0 S ROLL TILT COMMAND SENCE "
S CONBTANT KIS=-1.0 &" PITCH TILT GOMMAND SENCE "
CONSTANT $* YAW TILT COMMAND SENGE "
: CONSTANT s TRANE ACC COMMAND GAIN o
- CONBTANT s ROT AGG COMMAND BAIN u
. SINTERVAL SINT = 0.050
A CONSTANT TETOP = 10.0 .
i3 | END $"OF INITIAL"
S DYNAMIT
DERTVATIVE
NSTEPS NSTF = S

o C“HENERATE TRANSLATIONAL AMLC ROTATIUNAL ACCELERATIONS IN THE FRF"
2 PROCEDURAL ( DOXP=ACET 5 ATCTON, AGCR » ALTRON)

i DOXP (L) SOMPXPL (L 105 0,51, (FULEECL. . 15,5 5, ) ) »ADCT#ARZTON)
BRYP(Z) =000

DOXP (3 =0, O

DOXP(4)=0.0

ADXFAS = (PLLEE(Q. + 6.5 24 ) = BIHATCR#ATORLINS S .

DUXP (4)=0.0

EMD
a- PROCEDURAL (DDXF L, DDXFE, DOKFR, DOXP4, DOXPS, DDXP&=QDXP)
y =OOXPLL)

IDRF (2 )
DX CR)
DXF{4)
FXPLC L S1REWLTEBE. 4, 5 0.0, DUXP(S) )
NXFCS)

END
" CALCULATE THE AIRCRAFTS ROTATIONAL POSITION ¥
DXP4=INTEG(DDXP4,0.0) )
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LXPS=INTEG(DDXPS, 0. 0)

DXPA=INTES (DDXPE, ¢ Q)

"TRANSFORMING RATES FROM BODY TO INERTIAL AXERY
jal

AG=DIXFA+ SIN(AG)#TANCAS) #DXPS+ COS(A4)#TANIAS) ¥DXFA

L

YINTEGRATING FOR POSITION"
A4=INTEG(DA4,0.0)
AS=INTEG(DAS, 0. 0)
AL=INTER(DRL, 0. 0)
CALCULATE THE SPECIFIC FORCE INPUTS ¢
PILOT VESTIBULAR INFUT *
FEX1=DDXF1- SINCAD)#3
DXP2RSINCAZL) %005 (AS) 10
FEX2=N0XPI+00S(AL) #IDS(ADS) #0-G
VEETIBULAR RESPONSE OF FILDT *
YIOTOLI=G0% {A0/B0) $LEDLAG (AT, BG: F3X1,0.0)
YI0TO2=0G0%{A0/BO) +LEDLAG{AD, B3, FEX2,0.0)
YIOTOE=00% (A0/ B0} #LEDLASLAD, BO, FEXE3, 0..0)

Y1aoo #TRAMC T, 1, TSCCL, TECCZ. DXP4 )
Y 1S00E:; ATRANC L5 1, TEOCL , TSOOZ, DXPS)
Y1BoCA=0S5TRAN( L, 1, TSCEL, TSCCE. DXPA)

CENERATE HIGH AND LOW PASS COMPONENTS OF SPECIFIC FORCE ©
FHI=TRAN (2, %, WM, G0 FSX L)
FH2=TRAN(2, 2, BN, RO, FSX2)
» 25 GN> B0 FEX3)
Hi

FAXLZ=FEXI-FHY
FSXLA=FEX3-FHE
SUBTRACT GRAVITY COMPINENT OF FLATFDRM POSITION FROM ...
FLATFORM ACCELERATION COMMAND
FEXHI=HATHFHL - (= eIN(XNRS)*G)
FEXHI=ATHFHZ = STNCAINRY ) #CAS ¢ XNRE ) 43}
FEXHI=KATHPHE=( GOS CXNRA ) #00S CXNRS) #6-~3)

FILTER THE SPECTFIC FORCE DRIVING SIGNAL FOR OUTFUT POSITION "

LOREZ(FREAHL-MO MEERTFI+EL 2 )/ (1 ORPIKEMIL )
DOSE= (FSXHZ~ME* {MRIRDB2452) ) /7 (1. O+ME#MEL)
FEYHI-Mit (MR2#DS3+33)) 7 (1, O+MKEriKL)
NTED({LDE1,0.0)
DFR=INTEG(DISE, 0, 0)
OEH=INTEG (DS, 0, 0

fa:

20
S2=INTEG(DE2, 0.0)
Ba=INTEGB(DEE, 0.0)

TRANSFORM THE DISPLACEMENTS FROM BODYV TO INERTIAL AXES »
DS XS #C0S (K36 Pt
+HOSIM(XR4 ) #FIN (XS 5)*|UC<X”6)-PDb(X T4 ) #EINCXSE) ) #E2
+(CUS(XS4)*$IN(X“E)%FU AREE)+EINCXEA ) RSINOXBE) ) %@

Rz ( 5 KT P RSIN (XSS ) S#EL
FUSINC 34)*51N(X3u)*$IN(X 3o ) PD0E ( XB4 ) #COTCXTE) ) RER
HODDE (XS4 ) #SIM(XE! 5)%SIN(Xab)—ulN(X34)*LﬂS(XH6))*%”

K l CRRE -3
+{ SINOXES ) HODS (X! W))*BZ
+( COSCXBA) #OOSXES) Y 5T

GENERATE TILT POS AND RATE OMDS A% FUNCTION OF SPECIFIC FQRCE "

FT4=K I ARKTAR{FEXL2/3)
PTS KIS*KTS%(F SXL1/0G)

GENERATE HIUH PASS COMPONENT OF AIRCRAFT ROTATIONG *
DOPHA=TRANCZ: 2y (N, QD DOXE4A)
DOPHS=TRAN (2, 2, BNy BRD, DUXPS)
LOPHA=TRANCE s 24 AN, G5 DOXP&}

GENERATE THE ROTATIONAL VELOCDITY COMMAND FROM THE ...

COS(A4) #OKPS— 2INC(A4) #OXPS
DAL= CBINCAL) /COB(AS) ) ROXPE+{CUELAG) /C05 (AS) Y #DXPE

St
'

="




"
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AIRCRAFTS ROTATIONAL ACCELERATION ¢
DS54=INTER(DDPHE: 0, 0)
DES=INTEG (DDFHE, 0, 0)
DE6= INTEG(DDPHE, 0. 0)
" TRANSFORM ROTATIONAL RATES FROM EODY TO IMERTIAL AXER
DXS4=024+ FIN{XNRS)#TANCXNRT) #0555+ Cﬂ%(XNRAX*TAN(XNRS) * DL
DXS5= TS (XNRS ) #QES- SINCXNRA *DB4
LX b= (SINCANRA) /TS XNRS ) ) #05! §+(CGS(XNR41/CD€<XNR53)#D
" INTEGRATE FOR FOSITION
XNRA=INTEG{DXE4, 0. 0)
XNRE=INTES(DXES,0.0)
XNR&=INTEG (DXEA, Q.0
"OADDR TILT COMPONENT TO PORITION COMMAND "
XS4=XNRA+PT4
XBG=XNRS+P TS
XSBbh=XNRE
*ORIF. TD OBTAIN RDTATIDNHL VELJCITY IN BODY REF FRAME *
XVA=DERIVT L. 0, XE4
XVS=DERIVT (O, D;X”S)
XVA=DIERIVT (0. 0, X8
TRANSFOERM FROM KNERT!QL TO BUDY REF FRAMES *
Va=X\Vq+ BIN(XSS)#XVE
Ays= OS5 (X54) #XVSLIINCXSA) #IO0S (XBS5 ) #XVE
o ~EHINCRSA) RRVIHFOOS(XBH) #LOSIRITI AV
" CALCULATE THE SPECIFIC FORICE EXPERIENCED BY THE OPERATOR
EX&1=DDE1~ HIN(XEH) 45
ERSL=DDFRHSINIABA) REOS{XSE ) #G
FXEG=ODSIHI0S{ X4 ) %005 (XBE) wii-0
" VESTIBULAR RESPONCE OF OFCRATOR
YOOTD o LA/ BOD #LEDLAGL AL, B, FXS1,0,0)
YOOTOR=00% (AQ/ BO) #LEDLAS (A, BO, FXS2, 0.0
YOOTOS=304 { AQ/ BN #LEDLAG (A, BO, FXE3, 0,0}
YOSDDA=GERTRANCL {5 TE0UL, TEO0D, V4 )
Yosoc: S*TRAN( L4 L2 TSROL S TEOCE, DVS)
YORSCA=GERTRAN (14 1+ TBOG, TEOCE, Ldk)
PROCS DURMR- CVESTER=YTUTOL, Y IOTOE, YIOTOE, YOUTUL, YOUTOR, YO0 ...
1 YTECD4, Y ISC0S, ¥ [E006, YOSO0H, YOSCUS, YIB00s )
VESTER(1) =Y 1OTOL-YORTIL
VERTER(2)=YTOTOE-YOOTO2
VESTER<3)=YIDTDB—VDOTDS

VESTER(S LCE YObbLS
VESTER (4 ) =Y ISCLA-YOSODA

END
PROCEDURAL ( XB=XE1, XB2, XE3, X84, K55, X84
B1

. x»:wﬂx'
35) =X5
rtAis

ENTI
FROCEDIRAL (VESTL, VESTO=Y LOTOL, Y TOTOR, Y 300G, YODTDL, YRATOE, YOOTaS L.,
.e + YIBCO4 YISUDE, Y IB006, YOROGS, YORICS, YOSCC4)
YESTI(1)=YIDTOL
EETI(RI=YINTOZ
VESTI(R =Y IOTIOY
VEBTI(4)=Y L5004
VESTI{S)=YIBNCT
VERTI{4)=Y S0
VESTC( L) =YmaTIL
¢ VESTO Ry =YOGTOZ
i VESTOH ) =YOOTOZ
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VEST(4)=YRZ0C4

VESTO(E) =YISCCS

‘ VESTO( &) =YOEGCE

5 i END i 4
«

TERMT (T.GE. (TETOP-CINT)) b

END  $*0F DERIVATIVE" .

END $UOF DYNAMICY

END  #"0F PROGRANY

20,822,485, UCLP: IR, CONRIS, O, ZEBKLNS. % END OF LISTING ##
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0.3 ACTUATOR MODEL
N
The ACSL impl tation of the as in Figure 2.7.1 is listed
below.
[
RN i
A
'
5
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FROGRAM " OACTUATIOR CONTROL MODEL "
INITIAL

CONSTANT A = L0025 $UACTUATOR AREA *

CONSTANT ALNEUT = 3,142 $°ACTUATOR NEUTRAL LENSTH
CONSTANT K =20.0 $"CURRENT GAIN "

CONSTANT KR U5 $RATE FEEDBACK GAIN *

LONSTANT KV 3 BE-3 $UVALVE BAIN

CONSTANT KL 1.3E-11 $ LEAKAGE BAIN "

CONSTANT M = 10.0 $"VISDOSITY ¥

CONSTANT OV = 0.¢

CINTERVAL CINT = 0.010
CONSTANT TETOP = Q.1
END $"0F INITIAL"
DYNAMIC
DERIVATIVE

NSTEPS NSTP = &
IP=FULEE(O.» 10,31 #0. 0795
ERR=IP-0OF

QV=6L/ (A+KLEML/ A

OP=INTEQ{QV, 0.0)

LERR=1P-0F
“ALTLATOR MODEL

TERMT(T.GE. (TETAP-CINT))
END  $"DF DERIVATIVE"
END SYOF DYNAMIS™
ENDU $0F PROGRAM®

20,38, 17 00LF IR, CONBAS. 0. 06AKLNS. ## END OF LISTING
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APPENDIX_E

15

XP, X, FH, FXL (n/s/s)

-15

2 MOTION FILTER MODEL
=

250

LEGEND 1 [ ;()F: ]

2- FXH-
3- FXL-
Lo 8 -

3
PN
SN
=
pad
-
2| —, 7
=% C
3 /
& \ /
,
5 \./
®
g . ; : : \
! [y 8 10

FIGURE EA1 : SURGE ACCELERATION

INPUT AND WASHOUT.
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LEGEND 1 yotoly ~ ==-=

2~ yotooy - T

S MOTION FILTER MODEL

= -+ —— —— -

- } \
7 / -
= -
Z ; d TN
; 3 // ~ 2 \ ~ ~
2 - >~
2 e —_—
g
EF

o

T

B T : r - Y

! 2 h 6 8 10

1 (sec}

FIGURE E.12 + SURGE AXIS VESTIBULAR RESPONSE (SURGE INPUT)




o9

LEGEND 1 - yotoly « —emm

2 - yofooy ==~

<. MOTION FILTER MODEL
=
« |
= P ataant et
,
e | / \
g
23 \
1 —
g | _ 7. e, N
i N N
£ z
£
@,
=4
<@
P ; - . , ,
i 4 8 ®
+ (sec)

FIGURE E13 : SURGE AXIS VESTIBULAR RESPONSE - NO TILT (SURGE INPUT)

AN
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LEGEND 1 - ysceig - ———
2 - yseeog- T
S MOTION FILTER MODEL
w,] TN
= { \
= { \
Z 2 \
= I
S ol ] \\
2° / .
2 Vi N
n ) g
£, ™~ Vi
i 1 /
\ 7/
i /
\ /
= \ /
f \ //
\\/
© .
o T T 7 —r |
Yo 2 & [ 8 10

t {sec)

FIGURE Ef& : PITCH AXIS VESTIBULAR RESPONSE (SURGE INPUT)
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@, MOTION FILTER MODEL

LEGEND 1 ~ Xg ~ —mwmn -
2.2y - ———
3. B T

Ys 4

h
o]

P
n
E
o
oS g
o
25l
b
v
g ; — T r— -
T & 8 10
t {sec)
FIGURE E.15 : SIMULATOR OPERATOR MOTION (SURGE INPUT)




LEGEND 1 - q -

z-qh-
. MOTION FILTER MODEL
=
=4
< L
£
)
TN s
o | iy / e
ooy \\ § mem e mm e RS
B } /7
by \\ !y
s 4y i
\. \\.J
2 \./
T
= T | E— T T !
To 2 4 8 1
t [sec)

FIGURE E.16 : PITCH ACCELERATION INPUT AND WASHOUT

al
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LEGEND 1 - ysteig « ——
2 - ystgog - 77T
B -
7
}/'\\\
- 78RN
= /AN
o 7o\
Z \
S /// \\ \\
3 A\
g/ AN —
£ 2 \\ T
ES .\ \__//.’
s
- r T . : ,
! 3 10
¥ {seq)

FIGURE EA7 : PITCH AXIS VESTIBULAR RESPON

o W w ae

SE (PITCH INPUT)
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LEGEND 1- yotgiy = —mmme i
2 - yotooy - T ' *
o MOTION FILTER MODEL
5
b P
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2 O T —
5o 7
% | :
3 L
- [
!
) !
i
s —
Iy 2 4 6 ] 10 |
t Isec) i
i
i
A
t
|
|
3 FIGURE E.1.8 : SUPGE AXIS VESTIBULAR RESPONSE (PITCH INPUT) :‘
W N . e
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LEGEND 1 - X =~ ——

2 -
3.

't

7, = e
B =

wl

st

w2 MOTION FILTER MODEL
S| S
N
- ~
a8 / [
&g ; J
i
=8 § / J—
R e
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> BN T eI
> vl .8 ~ e
X Tl N
+ 1
wy mU’\
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}
i
i
i
¢
FIGURE E9 : SIMULATOR OPERATOR MOTION (PITCH INPUT) E
[
i
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LEGEND 1 - yotoy, - ——-~—
2 - yotooy =~
= SIMULATOR MODEL
2 SV
1/ N
I J /——"\\
ES / e s
22 /o ” \ N
= 4 7 \, ~
g L/ NN
&
£ 9
es
=,
T
b T T T T 1
7 2 L 8 8 10
t (sec)

FIGURE E2.1 : SURGE AXIS VESTIBULAR RESPONSE {AIRCRAFT SURGE INPUT)
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!
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LEGEND 1 - yotol, ~ —— .
2 - yotoo, - === '
o SIMULATOR MODEL
i
z
: £
e
= [ S o
& [~ 7
3 -
E < <
=
W
v 2 N § 8 B}
T (sec) -
FIGURE E.2.2 + HEAVE AXIS VESTIBULAR RESPONSE [AIRCRAF) SURGE INPUT)
e . i
L - By
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I
Sy
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LEGEND 1-ysc:ie ERU—

2 - ysteog -

(THRESHOLD UNITS)

-0.6

18

~3,0

FIGURY E.2.3 « PITCH AXIS VESTIB

ULAR RESPONSE (AIRCRAFT SURGE INPUT)
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LEGEND 1 ALY
Catg 1

20 AL2 4
Lais 3

31 AL3
t ALk L

o SIMULATOR MODEL
&

24

tisec

FIGURE E.2.4 : ACTUATOR LENGTHS {AIRCRAFT SURGE INPUT)

ey e L e e WA
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LEGEND 1- yotoly = —===
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