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SECTION 1

Introduction

(1)

Piloted flight simulators are used extensively for both research
and pilot training purposes. It is well knownﬁa’ﬁ’u’S) that the addition
of motion in these simulations provides realism and gives a greater consis-
tency of research results between simulations and flight tests. Motilon
simalators have highly restricted movement, however, and techniques which
make an optimal usage of this restricted motion are not well understood.

The command signals for the motion simulator cannot be taken directly
from a computer simulation of the real aircraft's motion but first, must
be modified by logic which is traditionally referred to as "washout”

(6)

circuits. The traditional approach' ’ to designing such circuits is of
an empirical nature wh;ch uses pilot subjective opinion to arrive at an
arceptable compromise. |

This report summarizes the results of a research investigation whose
overall objective was to improve the techniques for designing such circuits.
A spacific objective was to p;ovide washout‘logic for the Ames All~Axis
Motion Generator described ij;%he Appendix. These objectives can be accom~
plished only gfter solving some closely related problems. These include
finding answers tb such questioné as:

1) What type of motion is important to the pilot?

2) At what level does @nomolous motion become distracting?

3) How can the effectiieness of washout circuits be tested?

il
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1 Hence, a great deal of effort was expended on these areas as well as on the
I design of operational logic.
Section 2 reviews the overall motion simuletion problem and
gsome fundamental assumptions about pilot sensed motion. Difficulties imposed
by motion cons*raints inherent in motion simulators and traditional washout
circuits are also described. Section 3 expands on the traditional solutions
to obtain washout circuits for multi-degree of freedom motion simulators.
Particular attention ig given to the problem of coupling which arises with
mﬁlti-degree of freedom simulators. A new concept incorporating certain
feedback control principles is also developed. With this concept, the
resultant washout circuitry orovides coordinated drive signals for rotse’.unal
and translational motions. This coordination ﬁermits a more accurate repre-
sentation of longitudinal and lateral force cues than previously used concepts.
Section 4 discusses the overall problem associated with experimentel
validation of washoutb circuitry}' The various congiderations discussed there
lead to the developnent of a simulated formation flying task. The results
fé: of an evaluation of this task are presented in this section. These results
coﬁparé fixed base (no motion) and nearly ideal motion. Section 5 reviews
the overall research investigation and makes sé%eral recommendations for

N continued research.




SECTION 2

Fundamental Congiderations

2.0 Review of overall problem. — In order to obtain a perspective on the

work discussed in this report a brief review of a piloted flight simulator,
with specific emphasis on the inherent difficulties with which this research
is concerned, is presented.

Conceptually a piloted flight simulator consists of the following

blocks:

1. A cockpit ("cab") which can be moved about via commands issued to
servo drive systems.

2. Airplane control devices (stick, rudder pedals, etc.) located in
the cab.

3. A computer which takes input signals from the controls and solves
thé;aircraft's equations of motion to determine its states (e.g.,
positions, velocities, attitudes and angular veloeities).

4. Assorted aircraft ingtrumentation and other visual indicators
wﬁich provide a measure of the alrcraft's state (as determined

by the computer) to the pilot.
~ The inetruments and visual display can be commanded‘to move in accor-
dance with the computed aircraft étaté- Ideally, the cab would also be
commanded td move about in accordance with the states that the real aircraft
would possesss Gene;ally, it is impossible to do this since the cdﬁéﬁs
mounted in a mechangéal structq;e'withylimited motion, In particulap,

such a cab can only move a few feet in any direction with limited velocity

v
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and accelerations. Similar limitations exist on arwilar rotations and
rotation rates.

Now the following dilemma rises. The pilot manipulates the controls
of the simulator. The computer determines the resultant motion of the air-
craft being simulated and sets the visual display to show this motion. The
computer also commands the cab to move, preferably just as the aircraft
would. However, since only limited motion of the cab is possible some
modification of the computer motion is necessary before it is used to
conmmand ¢ab motion.

The object of this research project was to investigate ways of using
the computed motion values to obtain signals representing similar motions
compatible with the cab's limitations. In general, the movement of the cab
must be inconsistant with the pilot's instruments and other visual displays.
However, a pilot's motion senses are also limited and he may attach far
more importance to some motion eues~than others. The most desirable signal
modification scheme would involve choosing an allowable motion which gives
the pilot the best sensed motion cues possible. Under some circﬁmstances,
for example, the best solution could be to give the pilot no motion at all.
This may occur when any allowable cab motion would be too inconsistant with
visually indicated motion and hence unrealistically confusing the pilot.

~ Two major problem arees are now defined. First, which motions can a

- pilot sense and which are important to flying({n ezgﬁfticular aircraft

<

perfonmlng a g1ven.task9 Second,'what logic SCheme(if anj?Will produce
re asonable pllot sensations compatlble with the cab motion limitat10ns9
Answers to these questlons requlre 8 great deal of experimental as well

as mathematical development and tne results frequently can be gixen only

L




qualitative interpretation. The design of such experiments and of evalua-
tion procedures which interpret their outcome are in themselves difficult

tagks

2.1 Discussion of pilot sensed motion. — The exact motion sensed by

a pilot is difficult to isolate. However, a ccubination of empirical,
theoretical and practical considerations leads to the working assumption
that a pilot can "sense" exactly the same motions as would a set of inertial
instruments mounted in his body. These instruments are three linear accel-
grometers and three angular accelerometers, which‘eense specific force (a
vector) and angular accelerations (a vector), respectiVely.l In subsequent
mathematical development it will be simpler to essume the angﬁlar instrﬁ-
ments are rate gyros rather than angular accelerometers. Part of the
reason for this is that some of the forces the pilot can sense are caused
by centripetal'type terms which deperd on angular rates.
The following definitions and notation is used4in_subsequent mathema-
tical development.
X a?j component vector representing the pllot's position W1th respect
“to inertial space (taken as earth fmxed) |
g a 3 component vector representing the force/uni£ mass exerted on
the pilot by gravity -
B specific force, a45 component vector of feree/unit ma.ss exerted
'von the pilot; represents allnndnefield forCee sﬁch eé‘the force

[

on the pilot exerted vy his seat.

X References 55 7; and 8 eqntaln some of the theoretlcal anﬂ empirlcal
‘reasons for these sensing QSSumpC1onsn - N «




® a3 vector representing rotation rates of the pilot.

f a letter under a vector indicates the frame in which the vector

el

is to be coordinatized while a numerical subscript refers to a

component of the vector. Hence f. 1is the first component of

p

I

1
f in the "p" frame.

Tc/p is a 3x%x% matrix which converts a vector expressed in the p frame

to its characterization in the ¢ frame. Hence x = Tc/p .
c p

(") A dot over a vector represents its time derivative taken ian some
inertial coordinate frame but possibly expressed in some other
frame as is indicated by the letter under it.

a) A,superscript is used to indicate a particular vector as defined

£(d)

in the text. For example, could mean the desired specific

force.

Two coordinate frames are particularly importﬁnt. The cab frame, indicated
by & ¢, represents a frame attached to the cab (pilot). The approximately
inéftial frame of most interest is fixed to the pit in which the cab drives
are mounted and will be denoted by p for pit frame. Witﬁ tpis notation,
we can write the equationc of motionl?el&t%ng the cab acceleration, gravityﬁ

and the specific force. The translational equation of motion is

x=f+g=T, f+g

P p P o/e c p ;
g={ 0 } £t/ sec” |
p 32-2 : ‘




where g 1s the force of gravity per unit mass acting on the cab and f
is the sum of all the nongravitational forces, called the specific force,
which the pilot senses. The transformation T obeys the differential

equation
T = 7(wx) (2)

where the c.ross product operator is used to refer to the anti-symmetric
matrix corresponding to the regular vector cross product.
The transformation from the cab to the pit exis-system is defined using

the three angles (see figure 4.1 of Appendix)

roll angle

S
[

6 = pitch gimbal angle

¥ = yaw gimbal angle.
Then

T ete) o s@)J[et¥) -s(¥) o] [1 o o

T e " o 1 o [Ys(y¥) c¥) o 0o clp) -s(p) (3)
s(0) 0 o8y |{ o o 3]0 se) clo)
L J 4 i U _

: {;/ 27
where c¢ and s refer to cosing and sine respectively.
, s af

If we define

w={a] (4) .

then by differéntiatingi43) to:obtain’ T ‘and subStitﬁting' f, T, and o

in (4) ana expanding the result, nine (9) differential equations in the

7 .



dependent variables ¢, 6, ¥ can be obtained (elements of the 3x3 matrix
on each side of the equation are equated). These nine (9) equations

reduce to the three gimbal angle differential equations

$ = p - (c(p)a - s(p)r)tan(V)
¥ = cle)r + s(9)a
6 = <1y (e(@)a-s(o)r) (5)

The pilot actually feels the specific force (in the cab reference

system)-

g: To/p (:L';-g) (6)

As a consequence of the previously stated assumptions regarding what a
pilot feels and does not feel, thé numerical value of g should be as
close as possible to the specific force vector aﬁ the pilot's location of
the aircraft simulated by the computer. The pilot has no sense of the
individual terms on the right hand side of equation (6) (attitude as
rep;esented.by T, cab acceleration, K, and gravity, g) so that these
taken individually do n0£ have to agree with the corresponding relations
for an actual airplane. This fact allows some trading of one motion for
another. |

The cab control system aqgepts as commands position signals and gimbal

angle commands. (In fact, the cab ?annot respond‘perfectly'to these commands .

but time deleys, inertias etc.,“will be ignored{here). Thefcélculation'of,
cab drive system signals requires a double integration of equation (1) and T

‘,;[ o
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8 single integration of equation (5). The initial conditions on velocity
(x), position (x) and attitudes (6,V¥ and ¢), are all free to the extent
that (5) and (6) have values consistent with comparable values for the

simulated airplane.

2.2 Mathematical description of motion constraints. — The Ames

All-Axis Motion Generator contains motion limits which can be (to a good
approximation) mathematically depicted by magnitude restrictions on
translational positions, velocities and accelerations, as well as itne
rotational angles, rates and accelerations. As an exanﬁle of these limi-
tations consider the lateral translational drive syétem. If we denote
lateral motion of the cab in the pit frame by the scalar y’a, the con-

straints for this motion are

ly(+)| < 9t
ly(t)] < 1hft/séc; | _* (7)

’;(t)' f 7ft/se02

Since the constraints involve defivatives (termed first - and second-order
constraints in some optimization 1iterature) only certai&\regions of the
phase space determined by y and’ Ng are,permitted‘at any given time
unless we are w1111ng to bounce agalnst a constraint at a later time.
Figure 2.1 depicts the portion of the phase)space which equations (7)

, dlctate, as well as the region which must be maintained to avoid )m:’t,(:m'r

hard stops at a later time. |

ke

2"‘Thé scalar y 1is the second ccﬁh’ponent of Jlg That is ¥y = X

v ’ bl
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Llt by L 4L 4 L4t s/ 1) velocity constraint
/ imposed by accelera-
/ tion and position
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_ D , 2) velocity constraint
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Figure 2.1 ~ Phase Plane Representation of All-Axis Lateral Drive Constraints.
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In this figure, boundaries 2 and 3 are determined directly from equa-
tions (7). Boundary 1 is obtained by congidering the maximum accelerations
which can be used to offset the velocity the cab has at a given position.
If the cab position strays from the inner region enclosed by the curved
lines, it is committed to a hard cutoff.

Tt is instructive to consider the simulation problems associated with
the constraints of equation (7) if only this channel were being used (no
tilts, forward accelerations etc.) and the computer indicated a constant
side force onithe pilot for a long duration of time. Figure 2.2 depicts

what would have to be done to simulate a specific side force of 2 ft/seca.

QL
3}
T}
2]
0T
& .
o Degired
o IZ
;O.q ]
q_" —— e - '
Y ‘
:'S 1 2 l 1 — s <> | e
w O ) L} . ¥ |
1 2 3
t-sec |
' :
|
W\'r ' lft,,Actual
___J

Figure 2.2 — Effects of Constraints on Ability to Generate a Constant Side

Force.
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As can be seen, after 2.4 seconds, boundary 1 is reached and full negative
acceleration of 7 ft/se02 is applied for approximately 0.68 seconds to stop
the cab just before hitting the position limits. This abrupt deceleration
would give the pilot a totally anomolous motion cue. Given only this
degree of freedom the only compromise would be to scale down the constant
acceleration and possibly change its profile somewhat althocugh eventually
the acceleration must go negative and then to zero or else the cab hits
the position limits. Alternatively, long constant accelerations could be

abandoned entirely.

2.3 Traditional approach to motion drive signal shaping. — The simple

example cited in the previous section illustrates the problem created by
constraints and suggests the possible motion cue modifications which must

be made. The most widely used modification consists of passing the computed
accelerations through linear netvgrks, historically referred to as washout
circuits, which attenuate low frequency accelerations and allow rapidly
varying terms (i.e., those with small integrals) to pass through. The term
washout in this report is used to apply to any compﬁter signal modificgtion
to obtain acceptable motion command signals:

The purpose of a washout filter in a translational cﬂannel is somewhat

different from that in an sftitude (rotational) chennel. To facilitate

understanding both types of washout, an example’of each type is presented.

2«541,'Washout for a translational channeloﬁ— Because the specific

force and gravity on an aircraftvarefbounded,mit foilows that its accelers-

~tion is also bounded (see equatioqkﬂl))‘%g acceleration limiting may not be

“\\-h\__..' .////

B , | 1z ' o ’ o




a problem. However, as with the simple example discussed previously,
specific force can be applied for a long time in one direction so that
large positions (much larger than the motion simulator limits) can build
up, A typical washout filter used to reject these long, slowly varying

(low frequency) accelerations is shown in figure 2.3.

desired } 2 command
acceleration s acceleration

2 2
s +2§whsﬂbn

Figure 2.3 - Washout filter for a linear drive channel.

The frequency and transient response'characteriStics of §uch a fllter are
illustrated in fiéure 2.4, The dampihg ratio was selected at the numerical
value § = 0.75 for illustrative purposes. In order to interpret these
graphs, we héed to ¢hoose a-value'of wn- ‘Tt should be noted from fig%re‘
2.5 that the steady state position for a éonstant desired acceleration‘is

(assuming zero initial conditions)
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(a) Frequency response for linear washout filter.
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(b) Unit step response for linear washout filter.

Figure 2.4 - Frequency and step response characteristics for translatioral
channel washout filter.
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Desired Acceleration

e

n

Posgition =

If we assume a constant desired acceleration of 7 ft/sec2 then to stay
within the 9 foot position limits of the All-Axis Génerator (see Appendix)

mh must be about

w = ‘/779 = .882 rad/sec

From figure 2.4a, it can be seen that if a]wh is larger than about 2,
éhe amplitude response is nearly constant. This ratio, m/whbz 2, corres-
ponds to ® = 1.76 rad/sec or a frequency of 0.38 H,- The phase lead at
this frequency is still high (approximately h5°). In a pilot control problem
the phasing of the signal is also very important. From figure 2.ha it is
seen_that the freduency must be greater than about J.HZ before the motion
reproduction of the pilot command éignals are appropriately presented.

The step responsé time history shown in figure 2(b) illustrates the
output of the high pass filter subjected to a step input in acceleration

(and sensed force) must occur to stop the cab. This reversal occurs when

L

\L\Vﬂx wnt is approximately'lﬁé.

In aeddition to high pass filtering, force scaling mey also be used.
For example, if a scaling factor of 1/4_ is used, then ® can be reduced
by & factor of l/2v Such scaling: allows the preservation of correct

direction at lower fréQuencies but with less than truffémplitude.

)

/ o e
i
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2.3.2 Washout for a rotational channel. — With the possible excep-

tion of stunt flying (barrel rolls, spins, etc.), the pitch and roll attitudes
are usvally constrained in the real or simulated aircraft. Yaw is not
constrained since steady turns are part of normal flying. Euler angle rates
for all cases are constrained. Hence, for many normal problems the attitude
cues could be exactly represented.with the gimbal angle capability of the
All-Axis Motion Generator. TIf only tilt channels are used, however, the

pilot will experience peculiar specific force sensations when coordinated
steady turns or other similar maneuvers are simulated. This effect can be
most easily demonstrated by considering a maneuver involving small angle
deviations from a level flight conditién. In this case the gimbal angles

will be small and are conveniently depicted by the vector

P
Pp=486
' ¥

For this4case, the cab and pit axis are closely 8&ligned and the transforma-

tion between them can be approximated by

| Tc/p ~ I~ (px) | ' (8)

In a trim condition, the airplane 1lift provides specific forces primarily

.i%ﬁgi;@ﬁ@éwwﬂa“ e

along the aircraft's (normal) axis, that is, f “should be approximately
. c o

of the form

16




However, substituting (8) into (6) without any translational motion (% = 0)

gives

0 32.26
£~ 0 + 4 -32.20 (9)

We see that the undesired specific force from attitude-only motions is

ol g
g(e) =pxg = -9l gl (10)

0]

Equation (10) shows that rotations other than about the gravity vector
create undesired forces. In simple physical terms, the unwanted forces are
proportional to the tilt angles.

If we only have a rotation channel; then this undesired force must be
acceptedQ However, we can reduce the effects of the force by using a
washout filter to gradually’festofékthe cab to an upright position (p = 0).

A circuit appropriate for this is iliustrated in figure 2.5.

7 3
™ | I C \ LN
desired .. _8 ‘ v ) ) éﬁmmand
rotation rate ™ | = s+ (' /rop@tion rate

) \w 4,\% e

Figure 2.5. - washout,filtgr for a rotational'channel &

- 17 . o | ; :-‘\\;‘\‘




The frequency and unit pulse response for this first-order filter are
illustreted in figure 2.6. Shown in figure 2.6(b) is the rotation angle
vhich produces the undesired forces. As an example let the input pulse
amplitude be .2 rad/sec and the reciprocal time constant &, equal O0.5.
Then the max.imum undesired specific force, fmax’ occurs at t = 4 seconds

and has a value of

£ = (.2)(2)(.9)(32.2) = 11.6 £t/ sec”

This undesired specific force reduces with time since the cab gradually
restores to an upright positionn‘

The removal of the undesired force is accomplished by the added
anomolous rotation rate (difference betwgen input and output of figure
2.6(b)). We see therefore that at best only a compromise can be obtained
since in attempting to remove one anomolous "cue" we have introduced a
secon%>anomolous motion. One may also reduce the gain in the rotational

channel. This permits a reduction in anomolous forces as well as anomolous

rotation motions at the penalty of a reduced amplitude.

2.k CaﬁHtilts for the representation of longitudinal and lateral
force. — As was noted in section 2.5.1, the translational drives of a
motion simulator cannot provide the Cues aésociated.with the low frequency
comégnents of a specific force. It is possible to provide a "feel" of
l%ngitudinal an@/dr lateral fgrce bx;tiltipg the cab. For small angles,
| equation (10) showé that thenéorce is proportional to the product’of‘ﬁhe
tilt angles and the magnitude of‘éhe gravity vector, For a single'rotatioﬁ

channel ¢,,for example, we could4utilizeythe.roll comand logic illustrated

’ | 18
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in figure 2.7.

f " »
Z G(s) roll command
fsf = desired side force
lgl = magnitude of gravitational attraction per unit mass

Figure 2.7. - A roll command circuit for generating side force.

The transfer function .G(s) has been included in the command logic to
provide a means of suépressing some of the undesired rotation cues. In the
conventional aircraft the pilot sensed lateral force is primarily associated
with side-slip and yawihg'acceleration. The lateral force due to yaw
acceleration arises frog‘the'displacement of the cockpit from the c.g. of
the aircraft. Unless at least a secbnd-order lag network is used for G(s)
dbrqpt inpués as frbm rudder pulses (causing yawing acceleration) will
cause excessive cab rolling agéeleratiqp. Even with the second-order net-
work this anomolous rollingfaccéleration cue could be felt by the pilot as
an unusual'rdlling mbﬁént due tb rudder motion. A éomgwhat“similar problem
can exisb‘ih the pitch'channel, In this case unwantedzpitching acceleration
would result from‘such 1nputs'AS throttle moveménts;

In spite of these limitations, this technique is used successfully

with.the appropriate selection of G(s) (time lags) for particular situﬁtiohs.
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SECTION 3

Washout Circuits for Multi-Degree of Freedom Motion

Simulators

The procedure used to generalize the washout circuit design problem to
the multi-degree of freedom case will be ¢onsidered in three steps. First,
we try to provide the specific force cues with the translation drive chaunels.
Second, we try to obtain good,rotational acceleration cues using the rota-
tional channels. Third , compromises between the channels are made so that
rotations, for exampie, can be used to create side force cues using coordinated

washout logic.

3.1 Washout circuits for the translation drive channelso — In normal

flying tasks a pilot seems to resolve acceleration in a cab reference

f'rame. In level or trimmed flight conditions the specific force vector lies |
approximatély normal to the seat. If anomblous motion cues must be intro-
duced it_would seem desirable that the anomoliesgar151ng in a given cab
reference channel be restricted to that channel. Fofyéxample, some anomolous
normal acceleration motion assoéiated with a high g acceleration in the
normal axis of the aircraft can probably be tbleratedoy Some ‘anomolous
lateral motion associated with essentially the normal force p?enomen@ (as
causéd by normal force washout).is likely to be'unpléaéanto This coupling

~ phenomenon adds an additional deg?ee of compliCation to the multi-degree of

freedom simulator which is not inherent in the simpler cases of section 2.
o ; - 4o _
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3.1.1 Washout in the pit (inertial) system reference axis. — As

was shown in Section 2, the desired cab translation may be computed from
knowledge of what the specific force, f, at the simulated cockpit should
be. If f is specified in a cab fixed coordinate frame the relevant equa-

tion for computing translational motion is

X=T, £+g 11
b~ "plec § (11)
As has been previously noted ';l is bounded but the position, x, may get
P P
arbitrarily large. Hence the signal %X must be modified rather than just
p

integrated to give a cab position command signal which we will denote by

(c)

X = cab translational drive (position command
signal)

A washout circuit which will accomplish this end is depicted in figure 3.1.
The quantities Ka’ ® and £ of the figure are scalar gain, natural
frequency and damping ratio respectively. The damping ratio, £, must be
positive from stability considerations.

Assuming the translational drive system is perfect, the specific force

felt by the pilot, which will be denoted by f(p), would be

(p) e(c) _
£ T/l g)
- . .2 (e) (c) | |
= c/p<K£ p.-wn g ¢ .megwh g c’_ %) : B (12)

Substituting (11) into (12) gives the pilot sensed specific force as a

function of the desired SPeéific force. In.particular
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24
p by 2th
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-A
Figure 3.1 - Translational Washout Circuit in Pit Reference.
(p) 2 (c) -(c)
t=1 + - bl . - w .
g Kég Tc/p[(Ka l)% o ; 2o % ] (13)

From this equation, it is apparent that only for the special case of K = 1

and ®, = 0 will the specific force on the pilot be identical to the true
specific force cue.

If K, 1is arbitrarily specified as unity in equation (13), the

anomolous force sensed by the pilot, called f(e), can be written

#e) o

C

!Sl")

=T/, §°)+2§wn :g(c)] (1k)

S

3 The word uncompensated means without the lead compensatlon for mlnlmlzing
the effects of drive servo lags (see Appendix) .
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If the cab is aligned with the inertial system (i.e., no rotation angles
80 Tc/p = T) ‘then the specific force error time history in any channel
resulting from a step desired force command would be unity minus the time
history shown in figure 2.4. If, on the other hand, a rotation angle
exists, the transformation Tc/p will cause error coupling to occur. That
is, the error quantities for any channel in the brackets of equation (14)
will couple into all the channels of the specific force error as sensed in
a cab reference frame.

If the scaling Ka is not unity, the error in the pilot sensed specific

force can be written as

(e) ~ 2 (c) +(c)
f = (1-K )|£-T + T w X + 20w x (L
£ ( a)[c o/p %] c/p( % 8 X ) (15)
The second term is identical to equation (14) with the coupling effect

described above. It should be noted that the first term will also produce
coupling effects as the result of the use of the pit frame for washout.

If we assume small angles so that the approximation of equation (8) can be

utilized, and let ® =0, then equation (15) becomes

f(c) ~ (vl-Ka)[f- g -pxgl (16)
c e p D

The cross product term is a coupling effect. Aé a result, rotations about

s vector in the level plane of the pit will in general produce coupled lat-

éral and longitudinal fofées ‘analogous to those of thé~tilt of section 2.h,u,’
The coupling éfdblems ihherent in these examples might bé:partially

.%llevigged:by some,mpdification to thiélstraight-forward scheme of wéshout =

Jﬁirectly ih the}pit frame. ' | tg'f%¢
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%+1.2 fecaling of specific force in cab reference. — The coupling

problem associated with scaling cen be removed by appropriately scaling
the specific force vector in the cab refererce frame. If the commanded
specific force vector is redefined as being one g along the cab normal
axis plus the scaled perturbations of the desired specific force from one

g, the coupling problem is removed. Figure 3.2 illustrates this type of

scaling.

() 1T uncompensated

’5 } translational
' drive command
gignals

Figure 5.2. - Translational Waghout Circuit With Simple Scaling.

]

With this logic the actual force felt by the pilot is given by

£(P) g e+ 2By - £(1) (17)
c & ¢ '

The actual specif{c force is the scaled sum of desired specific force
and one g normal force minus the one g normal force, f(l>. If we

assume small rotations again
%(c)' = Ka[I"'PX](g*f('l‘)} - pr(l,); | (18)
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The first term of equation (18) is approximately the scaled linear accelera~
tion. If the task were such that the scaled relative position were bounded,
then the contribution of this term of x(c) can be made arbitrarily small
by the setting of K . The second termpof equation (18) is the drive
signal acceleration required to eliminate coupling due to rotations. This
term would cause unressonable displacements unless limitations on the rbta—
tion time histories which constrain the double integral of this term occur.
Although such a design can potentially remove the coupling, it forces

the rotation channels to be carefully designed to avoid the limiting of

the translatiorial channels.

5.1.5 Washout in cab reference. — It may appear that some of the

coupling problems could be removed by using an appropriate high pass filter
on the desired specific force vector in the cab reference frame.

An example of such a scheme is ghown in figure %.5-

Vi w—
2 . «(c) k uncompensatbed
5 2 5 BX JT /e — ’é = % % :} trans lational
S +2€,wns+wn ' A = ~ J drive command
e signals

Figure 3.3 - Translational Drive Washout Circuit in Cab Reference.

Since the washout dynamics are in the cab reference, we sée that the
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. rotation transformation does not cause a coupling. For example, the dis-
tracting force felt in the normal channel will not be transformed to the
side force channel as a result of rolling motions.

f This circuit has other problems, however, two of which are:

1) The specific force felt by the subject depei.. : on the rotation

(gimbal quantities)

(p) _ ule) _ y
S Y (9

The vector 'i(c) can have a zero value and the unwanted side
c
force of the cab rotations is felt by the pilot.
2) The fact that the double integral of x is bounded does not
c ;

imply that x(c) is bounded. This can be seen by using the
'p .

small angle approximation for Tc/p as follows

¥ (Chafts px¥ (20)
% p c c

é | Although the double integral of the first term of eguation (20)

is boundg& it 1s obvious that if @ 1is arbitrary it could be so
‘o selected that the double integral of the second term is not

bounded.

This problem might be overcome by additional washoﬁt in the pit refer-
ence frame in figure 5.1. The combination of both these circuits with
. appropriaxély chosen constants could give considerably less couﬁling;than
Vash&ut in piQ\réference“only‘(figure 3.1) and appears worthy of further

study“. Rt

)
ot

H
g
A
4
g
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5.2 Waghout for rotational channels. — Previous discussion has brought,

out two undesirable effects that can accompany rotational motion. First,
coupling terms occur due to translational washout logic. Second, anomo-
lous specific force vector cues of the type discussed in section 2 occur.
Hence it appears desirable to maintain the cab or restore the cab to an
upright position whenever possible, and keep any tilt rotations small. A
compromise between the presentation of the correct rotatioral cues and the
unwanted specific force cnues which result from rotations is required but
for simplicity we consider rotational motion only first.

The relationships between gimbal rates and cab rates and vice versa are

given by

19y [ e s(o)vants) || » |

Ké) =10 cl@)ely) -s(@)/ec(¥) |} a} =T o (21)
i o sl ) {[=]

e -1 p\gog'.‘: .

/ p 1 s(V) 0 o) ®

\q ={ o c@etv) @) |6|=1,.(6] (22)
BAFY 0 -s(o)e(y) c(cp'L v Y

Equation (21) can be used to illustrate the facé.thaﬁ washing out ﬁ@g body
rates by a high pass filter does not necessarily f@rce,the cab to return to
zero. Equation (22) can be used td illustrate that if washout is done in a
ginbal drive referencé; then a coupling between channels‘exists when‘simul—"
taneous rates are commanded. n

Figurefﬁgk illustrates rotational washout wherein either washout in

'body axis or gimbal drive axis dr,a~combination.may be obtained.
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} uncompensated
a glmbal drive
',ﬂ signals

Q

Calculation of T
and T g/c
p/e

Figure 3.4 - A Washout Circuit for Rotational Channels.
This circuit represents three channels of rotational calculations. The
scalar gain Em can be used to reduce the magnitﬁde of the cab motions.
The gain, Q, permits afbody axis washout whereas the gain, 8, permité
a cau gimbal axis washout. |
“As mentioned earlier some non zero value of B is necessary if we
want to insure that the cab returns to the upright position. The effect
of offset tilts, however, is task dependent‘aﬁd éaglbé.qnite smail.
A procedure which appears feasible forAChoosing Em’ a, énd ,ﬁ fér
a particular task and pilot involves the followipg three steps starting
with K =1 and @ =p=0. | S
1) Set K, as 'sma_.ii- as tdlefable for the task ,a:id pi-‘lo*c“ Jnvolved.
2) If K& is'nqh géro then set Q' at the smallest toléfabie‘ieQelg,

forfremovingrﬁnwanted'spe¢ific~forces created‘byytilts,
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5) If O is non zero and some residual offsets acerue during
the simulation experiments then adjust P to ‘the smallest

permissible value for compensating for the residual offset.

Typical values of K&f= 0.5 and O = 0.5 have been used by various inves-

tigators.

3.3 Washout circuits with coordinated translationali and rotationgl

drives. — The previous sections have briefly discussed some prdblems
assogiated'with the rotational and translational drives considered inde-
pendéntly. This section considers the combined problem in two steps.
First, the ideas of section 2.4 2re expanded. Offset tilt angles

can be used to actually provide longitudinél and side force cues for slowly
varying sbeéific forces. Second,rthe means of coordinating the rotational
and translational drive circuitry to utilize this effect is developed. The
compromisesl%#?qlved here will be trades between goodilongitudinal and lateral

force motion cues and the amount of anomolous rotational motion.

3.3.1 Command signals for cab tilts. — The specific force vector

felt by the pilot in cab axis reference is

(p) _ ;EC)_ i '
(P - 2,5 g i

(c) _

Assuming that % =0 and’,g
: , SN ¢

I

0O : !
( 0 ‘) then f(p) for a roll only type

e

rotation is

0

P o | 5002 sing N
b 32.2 cosp
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For small angles a rotation angle (in radians) equal to

¢ = - £,/32.2 (25)
c

where £2 = desired side specific force in,ft/seca, gives a proper force
cue. This obviously only works if hél is modest, for example legs than
2 or .5 g's. Under these circumsggnces the wrong sense of normal
force is small.

The maximum laterél acceleration of the linear drive is about .22 g's.
These sme.il rotations are therefore compatible with the maximum side force
of the lateral drive system. Rotation commands could be generated using
relations like equation (25) for one axis problems. However, an alterna-

tive relation is needed to compute rotation commands for three axis problems.

To find such a relation we examine equation (25). It can be seen that

when

g x.g = 0 ‘ (26)

the rotation angles produce the desired forces. But g in this equation
, ' c

can be written

0
g = Tc/p ' O'} = gravitational attraction per
¢ 30.2, unit mass in the cab frame
so that the choice of washout logic involves a scheme which drives the
gimbal angles sO that g will be parallel to f . Abfee&back’circuit

‘ cC c
which accomplishes this is given in figure 3.5.
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(a)_+

X f G, (s) T 1 uncompensated
¢ o z 1 &c s } gimbal drive
- signals
K@ I Calculation of
' l g and Tg/c
I (p) c
w=1q
gV o
P r

Figure 5.5 - A Washout Circuit for Rotational Drives Incorporating
Cab Tilt Features.

Precautions are taken in this logic to avoid large rotation angles.

In particular, the signal f is replaced with a scaled down version f(d).
c c
[ \
w )
a, -
= 2
f { KoTo ? (27)
“5262
\ /

where K, and K, are chosen so that in any simulation maneuver of

1
interest
, lKlfll ;<.o’2g
Cc
Ikl < .2
c

The conseqﬁencé of this definition is that

)
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Ig(d)l ~32.2 £t/sect
and, as usual
lg| = 32.2
so that
g x g(d)l = (52.2) sin (28)

where & equals the rotation angle error in the cross product.
In addition to commanding tilts for small specific force cues, the
circuit in figure 3.5 is used to washout gimbal angles. Specifically,
the g‘x.g(d) term provides negative feedback which drive gimbals to
align the two vectors. The output of the Gi(s) network will suppress
the command rotation rate ? .
The cross product terms in figure 3.5 do not limit rotations in the
yaw channel. The feedback, gur‘ is used for this purpose. This is a
vector proportional in magnitude to the yaw gimbal angle V¥ in the direc-
tion g . Hence, it acéounts for washout normal to the % X g(d) term.
C .
Gl(s) is a stable linear network selected to provide gond feedback
characteristics. Specifically, the network is chosen so that the overall
}system performance lies between the two extremes of
1) }a high gain (tight) system whidh'depicts lateral and ldngitudinal
cues‘accurately bum‘pr0vides large andmblous rotation cues fora
- rapid fluctuaﬁion of forces |

,'and
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2) a sluggish system which gives a nearly exact or proportional
feel of rotational motion cues at the expense of anomolous

force cues which will persist for long periods of time.

Specific choices of Gl’ KW etc. is accomplished by cut and.try variations

of the parameters.

%.3.2 Washout coordinating rotational and translational motion. —

The principles developed in the previous section can be extended to yleld

a technique for designing a coordinated rotational and translatiocnal washout
circuit. We sﬁért by transforming g(d> of equation (27) into the pit
frame rather than the cab frame. This is done so that a correspondence
between ihputs to the translational aﬁaﬁnels (which are in a pit reference
frame) and the inputs to the previously discussed rotation circuits can

be obtained.

Define

d) (wﬂ{

( .
il =T £ =
p P/C c

gm} W (29)

The cab acceleration in the pit frame for the specific force given by (29) is

( |
;fgd)\
§=ﬁ”+g*(%m? i (30)
P p D | | |
\ ° /

The approximation that the_%hird cbmponent of  f(d)

g force is made in (EO)a This approximation is made since a normal force

is equal to minusg one
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of one g cannot be given to the pilot continuously except for ‘the cab in
an upright position (tilt angles are zero).

From (30) we see that % is in reality only a two component vector,
that is, the command acceleration of the vertical drive channel is zero.
If we develop a rotational error signal in the pit frame by expanding the

cross product

) } g (31)

gxf = J by
P p

then, we also have only two non zero components. Of particular ﬂ%ﬁa is that
(31) can be readily formed from (30) by a’sign change on one of the components,
an interchange of the two components, and a scaling multiplier of ,g' . As
a result of these fgctors, and by making an appropriate choice of rotational
error signal shaping, one can obtain a washout circuit coordinating the
rotational and translational drives.

Figure 3.6 illustrates a coordinated washout circuit incorporating the
various factors previously outlined. The functions of the various opera-

tions are indicated on the figure. As can be noted, the signal shaping

network has been selected with an s2 term in the denominator. This cor-
responds uo a double 1ntegrat10n which is the same oper&t;on used in
calculatlon of the longltudinal and lateral position drives. Hence, two
states of the shaping network correspond.with the two position drives.

As a matter of fact, the double integration in the positioanrive calculation

a
could be omltted and these drive s1gnals formed by the double integration
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of the shaping network. The shaping network was selected of the form
indicated as a result of these considerations and that this choice forces
the position drive signals to be bounded. This latter factor results from
the fact that the washout circuit is a feedback control circuit. The feed-
back results since the transformation, Tp/c is a function of the gimbal
angles @, 6, and VY. This feedback will be outlined in more detail
subsequently.

As was the case for the washout circuit of the previcus section, there
is no command from the cross product to drive the yaw gimbal to zero (wash-
out about the g wvector). This is quite obvious from equation (31) where
the third component is identically zero. In figure 3.6, the quantity
is Yed into the third chaqnel of the shéping network to provide the required
washout for rotations about tha g‘ vector (local vertical).

The output of the signal shaping network can be interpreted as the
washout rates in pit axis. These rates are transformed to cab axis and
summed with the desired body rates. In this washout circuit the desired
body rates are defined as the produgt of the scale factor, K«D), and the
“body rates, %, which come from the computer simulation of the aircraft.

The ¢losed léop’character of the washout circuit can be seen by assuming

the small angle approximation for the 'Tp/c transformation and examining

componéhté of the Véctor g(d)
‘ (a) _ ,pla) | p(d)
f - yf + Of
cl " ? |
£08) = [1 4 px1gl®) - \V‘fgd)*féd) - ‘Pf§(d) (32)
p S el e o |
@), (a) o (a)
e:gl * oLy F 23

L ¢ -
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With the definition of f(d) as glven in equation (27) we see that the

c
first component of f(d) is
P
£{8) = ({8 - y2{2)) - 52,20 (33)
p c ¢

Now if we interpret the bracketed term in (33) as the input and the 6 term

as the feedback we see part of the loop ¢losure. By assuming the product

transformation

Te/p Tale T 1

and referring to figure 3.6, the linear feedback circuit shown in figure

3.7 can be obtained for the pitch channel.

£(8) Q) ¢ | K(l)(K(é)s2+s+K(5))

c cT : 2
- s

ORI

32,2 b,

Figure 3,7 - Linearized Equivalent Circuif*ﬁf Pitch Channel.
The other two channels can be shown to be equivalent to'figure 5.7 PFor
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thoge familiar with stability analysis it should be obvious that the gains
K( 1) ) K(z) ,» and K(E) can be selected fto give a stable system. For the
washout circuits like the above which were used in the study, the gains
were =2t to obtain an appropriate transient response.

By examining figures 3.6 and 3.5 the following properties of this
washout circuit can be summarized

a. For small amplitude disturbances the tranglational forces are
properly presented for all frequencies.

b. Washout rates depend on the available lineesr travel and the
rapidity of the force variations.

¢c. For a constant force the dynamic characteristics are such that
the cab will arrive at the null linear position in the steady state. This
occurs as a result of K(E) > 0. The cab will be tilted to provide the
force in the steady state solution.

d. Rate commands are washed out at a speed dependénthéhhgain
settings. No undesﬁrgd specific force is felt for these rotation command
inputs. |

e. The third channel of the circuit is used for washout of the yaw
gimbal angle V. |

Hence, this washout circuit has many of the characteristics desired of
motion command logic. Because it is recognized that ldng.duraﬁgpn.normal
forces of other than one g cannot be commanded, we have essentially
rgduced the six degrees of freedom to five. | |

Since thé nQrmal force cues need consideration, it is recommended.ﬁhat

) .
R

they be introduced in this circuit by the use oi' the %echnigpeskoutlined

1y
i
i i
il
i
o
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in section 3.1, In this case, we need only consider washout for the normal
force in the cab reference since the remaining quantities are handled by

the cireuit of figure 3.6.
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SECTION 4

Evaluation of Washout Circuits

Previous sections illustrated several promising techniques for washout
circuitry for multi-degree of freedom motion simulators. Each technique
requires the determination of various parameters such as gains (scaling of
inputs), network time constants, etc. The choice of a particular technique
and these parameters represents a particular cémpromise between the true
motion that the pilot should sense and the motion cues that actually can
be realized with the constrained cab. At this point, a difficult problem
is encountered. We must findksome testing and evaluetion procedure which
(a) determines the "best" set of parameters to use in a given configuration
and (b) measures the effectiveness of # given configuration. This section

discusses the results of research on testing and evaluation procedures.

4.0 ReguiremEnts for an evaluation;pfocedure. - If only one wasghout
configuratidn were to be tested, and ' reasonable' parameters for it were
~ known from prior experiments, an efficient search technigque for improvement
might be implemented by using a particular task and trying'differgnt values
of parameters. However, the more general problem involves the follgwing
considerations. | o B
1) The prdéedures shoq}d‘aiways'give comparisons ofiparticular washoﬁ£
‘confiéurations.witﬁ'the €§o‘ab501ute extremes of reéi flight'ana
fixed.base simulation.,,ﬁhe first é#treme implies thd%;;*combind-'

‘;~tibn of};eai flight:tesfsvaﬁg Simﬁlattéhsﬁwduld‘be‘necessafy for

]
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evaluation unless a flight task with only limited motion (i.e. motion

which the. simulator can carry out.completely) is used.

2) Good performance indexes to measure how well a pilot perfoims a
given task in the simulator must be defined. This would permit
analyisis of the sensitivity of a pilot to motion cues and hence
indicate their relative importance. Pilot opinion provides one
such index but quantitative, less subjective measures such as
mean-square average errors between actual and desired pilot

response are also desirable.

3) Although a particular task and performance index might be found so
that 1) and 2) above are satisfied, there remains the problém
that the effectiveness of a washoﬁt circuit for one task may not
prove its suitability for another task since the relative impof;

tance of motion cues can be task and aircraft dependent.

These considerations make the design of testing and evaluation proce-
dures difficult. In thig investigation, for éxample, a first‘attempt at
-defining‘a test and evaluation procedure employed the simulated task of
. perfbrming a landing approach with a jet transport. Using pilot comments
as an evaluation index, it was determined that the motion provided with a
particular washout—circuit improved the overall simulator characteristics. -
waever, moderate'changes in the washout configuraxionldid not séem,tq alter
their opinions. It appears that this particular task (and‘airp;ane)‘ddes
ﬁﬁﬁ re@uire hi-fidélity motiqp and'hence is not a good test for washout
ciréuits. G | o
_Discussions'wiéhAméé'SGieﬁ£is%§'and,test pilotsfindicgted'that,the'
”importance of motion Cués is ampiifigd in‘gircraftqwith degraégd handling
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characteristics. If the landing task had been redefined with a poor air-
craft, however, no comparison of simulation with reslistic feel could be

accomplished without actually performing the test with an airplane.

4.1 Definition of a promising evaluation procedure. — In contrast

with the landing task, simulation of a relstive position task, such as
would occur in formation flying or refueling missions, appeared to offer
better prospects. If a lead aircraft (formation flying) or a tanker
(refueling) flys at a constant altitude and velocity, then the All-Axis
Motion Generator can theoretically provide proper motion cues if the pilot
is adept enough to stay within the 18 foot cube position limits of the
sinulator. The word theoretical is used since spurious (anomolous) motions
will always exist:due‘to imperfections in the mechanical systems associated
‘with the cab drives (éee Appendix) .

Experiments were conducted to see if the formation flying task could
be used in testing washout circuit configurations. The primary Sbject of
these experiments was to determine if this task could give comparisoné
between completely realistic motion and fixed base motion. Washout ecircuits,
of course, would give intermediate/%otiOnsn-

‘Tests were conducted utlllziﬂg a variety of ;;mulated aircraft and lead
‘airplanevmotions- Several pllOtSKtOOk parf/in tha tests, and, as will be
seen in the subsegquent descrlptloﬂ%, Ll 1nd1cat10ns are that smgnlflcant

»dlfferéngés exist ‘betweeh reab»ana1f1XEd'bHsé'motmon'for“thms,taqkﬁ Hence, W

i
7

1%*%@ earélqﬂlte appfoﬁrlétédefﬁbvaﬁuatldn nf‘waéhoyt‘circultswwwwhg

1 ,
formation fl;lng task and experiments:nonﬁhﬁtedswlll now:: beﬂdiscussed,
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4.2 Description of the formation flying task. — Elements of the

formation flying task simulation are illustrated in figure 4.1. The pilot
in the cab is given a visual display generated by the REDIFON. The display
congists of a model of the Convair 990 whkere the REDIFON camera is initially
positioned directly behind the 990. A sketch of the TV display for initial
conditions is illustrated in figure 4.2. Shown also in figure 4.2 are the
approximate boundaries for the lateral and vertical drives of the All-Axis
Motion Generstor. When motion is used the pilot must control the simulator
to remain within these boundaries or soft limits are reached which cause
erroneous motion cues. |

With reference to Figure 4.1, the pilot controls are stick, rudder,
and throttle. These quantities plus initial conditions are the inputs to
“ the aerodynamic simulation. A constant head wind (approximately 140 knots)
is used in the problem and the aircraft is initially trimmed so that initial
transients of the problem are very small. The aerodynamics used are repre-
sentative of a small twin Jef transport. Table 4.1 gives the characteristics
of the aircraft which wﬁre #%ﬁmlated. The roll damping and roll coupling
terms are varied to give it valLes of lateral handling characteristics
which are referred to herein as GOOD, FAIR, and POOR. 8Six degrees of
freedom.are 51gulated for the aircraft and v1sual display. ILongitudinal
motion is the only motion cue not provided to the pilot. This cuerwas
elim;nated since the pilots had trouble with limlts);n the longitudinal
Chanﬁel of~thé motion simulator. Visua&‘cues (depth perception) are.not
sufficient in the two-dimensional TV display to permlt the pilot to tightly

control the 1ong1tud1nal separatlon. .
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The motion drive calculations shown in figure 4.1 are effectively one
to one relative motion. That is, no washout is used when motion is given

to the subject. The motion drive systems are disengaged for the fixed base

X 14

data.

Approximate position limits
for motion drives.

Figure 4.2 - Sketch of Visual Display f3? Formation Flying Task.



_ TABLE 4.1

CHARACTERISTICS OF SIMULATED AIRCRAFT

f_hxsicé.l Properties

8.25
775
s | 690. J 335, | xt | 0.

ol

11.08 I, |125000. [ I,

b | 71.2 ‘ 120312.

1 =

o]

. X%
Derivatives (Stability Axis)

CD a=0 ’ .098 CZ a=0 ' 2
(e] I
CDa | ST 'y [ 76
aCD /ba o 1.82 | Cn a=0 | = +025
c, @=0 | -.0653)=.a729- 1122 | 3¢ /oa -.93
- ‘ _ “p
X, J -.253] -.506 | ~.506 ¢, @=0 , 375
C | ." ".oh‘"l' ) 0‘22‘ ‘ 3"-11 C ‘ 5 055
‘ep d | Ly | |
c, -.1722 302"
W |, B
02‘5' | 021 Cmq |  =12.3
Cma . =1.022 | Cma el =402 e
- —T 923 — = ’ - ————
Y . ’ n ‘
5 — — = ,
n R | -+l CoF 0 T ~ 1 -¢32

Pllot position ahead. of cg (£t). :
*% A

Where three values are given they are for the a,i raft in the order GOOD,

FATR, POOR from left to right in the table.
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The REDIFON calculations shown in figure 4.1 include a random forcing
function for the REDIFON vertical and lateral drive. This gipnal has peak
amplitudes of about 3 feet and could be reasonably well approximated by zero
mean white noise through a 100 second time constant first order filter.

The subject's task is to hold the Convair 990 in the middle of the TV
display: that is, in the initial condition position sketched in figure L.2,
For each condition of the airframe and motion type the subject is requested
to perform this task for about two to three minutes. On Jine calculations
of the performarice are made of mean and variance of the three position

errors where

Hl-

Mean of error =

_ |
f error(s)dt

<0

a [t 2. 2
Variance of error =/§'Jr (error(t))“dt-(Mean)
- “0 .

Since the random forcing function comes frow magnetic tape, the
problem‘disturbances are nearly 1dent1cal for all c&ses and all subjects.
The standard deviation is bhezsquare root of the varmance Mean value

data althou%ﬂwayalggble are npt summarlzed. One should not attempt to

deduce that the above Quantiﬁies are statistical. They are simply a readily

- caleulated performanCe measurE'for the experiment

| The order of airframes in carrylng out the test was GOOD, FAIR, POOR,

Tb? subject was glven thie flxed base mode for famllLarizatlon for éach

_ airframe. In'sqmewcases the,subgects requested:motlon for thls same purpose.

{\

Following familiarization,the data runﬁwitthotion\was attempted., If the

18



subject could control the problem for the desired time, the next problem was
begun. Otherwise, the subject was allowed additional trials with the same
motion. The fixed base dats werz teken following the motion run for each
case. Some sybjects also requested more than one trial for the fixed base
data run.

In addition to the performance calculations, and questionnaire data,
other quantities were also noted. In particular, strip chart recordings
were made of about 24 quantities and FM tape recoxds were made of 15 relevant
quantities which give time histories of pilots visual and motion cues and
his control output for each case. Following the completion of the tests the
subjects were interviewed for comments and were asked to fill out a ques-

tionnaire.

u-ﬁ Discussion of pilot questionnaire d&ta. = The results of the

pilot response to the questionnaire are shown in Table 4.2. As noted on
the table, the number of pilots checking a given column is indicated. ©Six
‘Anes test pil&%s took part in'the simulation tests, Two of these six flew
~the simulatedvt§sk for data runskon’two‘diffarent(occasions. The question-
naire results abe for the first trial only.

‘In review;ﬁé?the answegs’tquuéstions 1, 5 and 6, one sees that over-
all "fair” rating foébmotiogfgnd unacceptable rating for»fixed base is
indicated. Answérs to‘questions_ea and 4 generally imply the overall im-
pression ﬁpax the mo@}on/was'éoﬁsidered helpful. Question 2b shows that
without métion there Vas geheral agreement‘between pilots @hat their perfor-

- mance was poor to unacceptable.

/!
A

B
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The spread in snswers to question 3 Ls believed traceable to the
simuletor motion drive enomalies (See questions 9 and 10). Some pilots
were more aware of these deficiencies thsn others.

Question 5 was introduced to se whether pilots thought a formation
flying Hask might be useful in overall handling quelities evalugilion. The
reason for the question is that true reistive motion (except for drive
system ancmalies) for such a task can be represented on the AlleAxis Generstor.
The answers indicate that without motion such an evaluabtion of handiing
qualities is not worthwhile. With motion it appears such an evaluation is
promising and the question probably should be given further attention.

The answers to questions 7 and 8 indicate a strong agreement between
pllots on the difficulty of the task compared to real problems. The reasons
for this difficulty are believed to be as follows:

a) The visual cues are not nearly as good as they would be in i

the real problem. |

b) The airplane used was somewhat slugglsh for such a tight forma-

tion flying problem compared with alrﬁraft on Whmch the pllots

had flight experience.

The pllots comments indicated that both items are true to some degree and
vwhich is wowst depends on the 1ndiv1dual pilot's experience.
The answers to question 9 1ndlcame that wmth.motlon the audxble noisges
are both evident and distracting to the magorlty‘of theapllOtS»;“Thls is ' -
with one to one motlon where audibile nomse level 1s fo some deqfee correlatad
Wlth visual and motlon cues. With washhum clrcultrv it is belleved.that
these audible ﬁ01ses will be more dlstractlng since they will not necessarily

be correlated with visual cues.,
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1.

TABLE 4.2

SUMMARY OF PILOT QUESTIONNAIRE RESULTS

How well do you think you could determine the boundary
between UNSATISFACTORY and UNACCEPTABLE handling quali-
ties for a formation flying task? *

a) Moving Base
b) Fixed Base

¥
2. How well did you perform the task?

a) Moving Base
b) Fixed Base

How realistic was the motion fidelity with respect
to the visual display?

How helpful was the motion in performing the task?

If this task and oimulation were used on an arbitrary

aircraft not necessarily requiring formation flying,

how well would it aid in evaluating handling qualities?

Note: Formation flying could be simulated for many
points in the flight envelope.

~ a) Moving Base
b) Fixed Base

Rate your impression of the usefulness of tnis
gimulation as a training device for formation
flying or refueling.

») Moving Base
b) Fixed Base

* Note: Number in column indicates the number of pilots

with indicated rating.

** Two of the pilots rated this question on the basis of

the airplanes. That is, they rated their performance
better (as it was) for the GOOD airplane than for the
POOR. For simplicity, the average rating was used in
the summarv.

o1

EXCELLENT

GOOD

FAIR

POOR

UNACCEPTABLE

- N

n -
-




TABLE (CON'T)

7. Rate difficulty of the htask in relation to real

formation flying.

a) Moving Base
b) Pixed Base

* 8, Rate difficulty of the task in relation to a real

refueling task.

a) Moving Base e
b} PFixed Base

Do Were audible simulation noises evident?

~a) Moving Base
b) Pixed Base

If so, werejthey distracting?

a) Moving Base
b) Fixed Base

10. Were drive vibrations evident?

If, s0, were they distracting?

11. Did you have any tendency toward disorientation?

i .x

a) Moving Base
b) Fixed Base

Two pilots did not answer quebtlcn 8 as a result of 1nexper1ence
with the real refuellng task.
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The answvers to question 10 indicate that drive vibrations are both evi-
dent and distracting to the majority”of the pilots. This vibration problem
is believed to be cei-ed primarily by the lateral drive channel (See Appendix).
Tt is recommended that 3ome experiments be conducted to isolate this problem
and correct it, if possfhle&

The answers to question 11 generally indicated little problems associated
with disorientation, with or without motion. One pilot ¢ommented that in the
fixed base cases he occasionally had problems of moving the ailerons in the
wrong direction.

Tt is believed that the answers to question 11 will change when washout
1s introduced. That is, some other tests have indicated that anomolous noi’on

¢can cause a feeling of disorientation.

4.4 Discussion of measured tracking errors. — Table 4.3 contains the

gtandard deviation of the tracking errors for each of the pilots. Thé data
from Table 4.3 is summarized iﬁf?igures 4.3:§pd 4.4, Both figures 4.3 and k.4
indicate considerable differences between movion and fixed base. Generally
speaking, with motion there was considerably less variance (scatter) in
performance between the different pilots. “The larger scatter with motion
for the POOR aircraft is believed partially due to the soft limits. That

" is, two of the pilots reached the lateral or vertical limits and had problems
resulting from the lack of proper ;inear accéleyation cues. ‘Thislisﬁbelieved
to have caused a larger transient théﬁ ﬁbuld,have'been encountered otherwise.
The POOR aircraft is of course harder to éOntrol so this is & second factor

‘contributing to‘the larger scatter.
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Two ¢ the pilots (C and D) actually improved performance with motion
in going through the GOOD, FAIR, POOR airplane sequence. This is undoubtedly
associated with the learning process about'‘the simulation .and.task.

Of particular note is the large scatter in the fixed base results which
generally increases with the degrading of aircraft handling qualities. One
of the pilots who controlled the FAIR and PCOR aircrafts well with motion
could not controfl. the aircraft in fixed base.

These data emphasize the importance of motion for this type of flight
task. Hence, it should provide a means of evaluating differences between

various washout circuit configurations and various parameter settings.

4.5 Sample time histories showing effects of motion. — As was mentioned

in section 4.2, strip chart recordings were made of about 24 quantities.
Figure-h-S is a sample time history of some relevant quantities which are
useful in understanding differences between fixed base and motion. The
case shown is for the first sample for pilot E of Table 4.3 for the POOR
aircraft. By comparing the time histories for motion versus fixed base one
can note a significant difference. This difference is most evident in the
yaw and roll rate time histories. Without motion cues the pilot is not able
to damp the dutch roll mode. In the fixed base case the roll rate tnd yaw
rate historiés are somevwhat siﬁilér to a limit cycle behavior in a non-iinear
feedback control system.

With motion the mode ié either not excited or well aamped-‘ The additive
damping possible from the motion cues is believe&4the most 1ikely facfor,

The characteristics ghOWn'here were pregent for ;il'the pilots to some
degree. Pilot D, who‘coﬁldvnot‘control the’airframe fikéd base, had a roll

aﬂd,yaw rate time histories characteristics of an oscillatory unstable sysfem.
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TABLE 4.3 STANDARD DEVIATION OF TRACKING ERRORS

COMPONENTS
PIIOT ATIRPIANE, MOTION] X ft. Y ft. Z £t Comments
GOOD M 31 L.05 2.21
F 35.6 10 5.65 changed to
FAIR - M . 2.8 - no rudder
CF — | 21.6 .
POOR M (" 7.1 h.a¢ : .
~ F 2b.6 | 29.6 12 Uncontroilable |
GOOD M 28 2.5 2.7
F 37.6 ll-.lllv; 12.5
FAIR M 10.6 2,76 2.02
F 73 15 5.
POOR M 70.5 5.7 2.6
P 99 31.8 | 15 Uncontrollable
GOOD ] 7.8 544 3 .14 ' | :
| F 14,9 3.56 2.14
FAIR M 27.2 3.08 3.07
o F 25.4 5.4 5.05 changed control
POOR M 32 2.881 5.5 |l . technique (no
F 38 12.2 2.36 rudder) lost at end
"GOOD M 12 Bt .9k
F 23.6 Hett 2.66
- FAIR M 16.3 3.34 2.78
r F 12.4 12 3.2 Uncontrollable
POCR M 19.2 2.12 2,07
P —_— 11.97 7.5 Uncontrollable
GOOD u &1 2.95 1.54 | DNot available
‘ M 16.2 2.4 .995
FAIR F 15 4 1ok
o M 13 .4 3.4 1.76
POOR F 2.8 | 20.6 2.9
GOOD M 9.6 2.06 .Ol5
F 7.65 1 2.61] 1.01
. FAIR M 8.6 2:25 1 1.0
F 1;9-3 5.6 1.66
: M 15 . 5 1.0
POOR F 29.8 8.3 2.17
GOOD , M 156 4.0 R
F. 500 h.3 1.75 ;A ‘
 FAIR M 343 L7 o 3.22 Disturbance
o F 19 8.4 3.186 | of target
POOR | M 58.5§ 8.2 10.9 out - -
F 78 3% 19

2
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Standard Deviation of Vertical Error (fit)

r- scatter for fixed base
L2

—O- 8average value

scatter with one to one motion

20 -

15

10 -

*
/N
=10
—qupr
\/

ATRPIANE TATERAL HANDLING CHARACTERISTICS

GOOD

- FATR

POOR

*0One pilot could not éontrolgproblem laterally.
This, point neglected in scatter and average.

Figure 4.3 - Summéry of Standard Deviation of Vertical. Error
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Standard Deviation of Lateral Error (ft)

scatter for fixed base

b O

average value

scatter with one to one motion

50 4 /
25 o
X
*
20 |
15 -
10 —
N
_-—On—
p "'"0"",‘}
‘ ;1" ‘ . . senfle (Y
. o r G V |
ATRPLANE LATFRAL HANDLING CHARACTERISTICS
GOOD_ ,, _FATR POOR

% One pilot could not control problem laterally.
This point neglected in scatter and aversge.

Figure 4.4 - Summary of Standard Deviation of Lateral Error.
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" SECTION 5

Concluding Remarks and Recommendations

One of the original objectives of the investigation described in this
report included the stbudy of the application of modern oplimal ~ontrol to
the development of motion drive circuits. As 1s well known, this theory
can be a péwexful tool if the problem is a type which satisfies the following:

1) System input characteristics are definable in a copvenient

" mathematical form.
2) Desired systoum response characteristics are specified in a
convenient mathematical form; |

3) System limits and other constraints are specified.

From the discussion given earlier, it should be clear that for piloted
similation problems the input characteristics of item 1) are the motion
simulator drive signals which are task dependent and to some degree subject
(test pillot) dependent. That 1s, the specific force vector and rotational
acceleration vector time histories we would like to precisely match are
dependent on the problem (including the airplane pilot ete.) for which the
motion simulation is belng used.

Thé desired system response charachteristics (item 2) should be as close
a match of forces and rotational acceleration as possible. Problems arise
in specifying fhis iﬁ the form of a precise mathematical performance Index.
In pérticular a scalar functibn of the important variables4is desired‘which:f
is & minimum when the "best" compremise is obtained in those instances

where the exact match 1s imgossible.

29

[ T L



5

¢

ITtem (3) 1s satisfied in that the limite of the All-Axis Motion

Generator are rcasonsbly well approximated by the simple model. discussed

.in the Appendix. However, some hidden variahles which can affect the

pilot's comments are not well understood. For examnple, both audible noise
level characteristics and simulator vibrational characteristics depend on
the motion simulator "state" and inputs. Furthermore, these characteristics
were both noticeable and distracting in the tests described in Section k.
From optimal control theory considerations these "hidden" factors need be
weil enough understerd so “hat they can be handled either as constrainte

or possibly included in the performance index.

After a reasonably thorough review of available literature, it hecame
obvicus that there was insufficieny informetion to permit the direct appli-
eation of optimal control theory. That is, necessary eleméﬁ%s like the
mathematical form of the peérformance index would have to be assumed rather
than based on factual evidence. These missing elements were recognized
early in the present investigation and an indirect engineering approach

described was adopted with the objectives in the order of

A. Determine intermediate solutions which can be used for the
All-Axis Motion Generator. |

B. Utilize experiments to validate and improve the washout
aonfigurations for operational tasks.

C. Define and conduct experiments to obtain the missiné informatiion

which prevémt the direct application of optimal~céntroi theory.

A large portion of this report has dealt with objective A. Results

of work related to this objective included:



ay» A review and mathematical formulation of the basic problem of

reproduction of motion cues as would be sensed in a real elrcraft.
Examination of the influence of motion simulator constraints on
the gbility to reproduce the ideal motion cues. This examination
has shown the following comments applicable for the Ames All-Axis
Motion Generator.

Normal Force Cue - Cannot in general be precisely provided. Motion

simulator constraints in the vertical channel force one to omit
this cue entirely or to supply only scaled and/or high frequency
compenents of the ideal'moticn.'

Lateral and Iongitudinal Force - For restricted ranges in magni-

tude these cues can be accurately provided. Requires use of cab
tilts and the resultant anomolous rotations to do so, however.
The magritude of anomolous rotations in providing accurate force
cues ig dependent on the maximum allowsd cab travel in lateral
and longituﬁinal directions.

Rotational Cues - Can be precisely provided for meny flying tasks.

Problem arises since cab tilts can cause anomolous forces. This
problem generally’reqﬁires the use o% anomolous rotation cues to
reduce unwanted forcés. |

Traditional and new washout circuits have been described and

developed. Both the traditional and new configurations compromise

- the ideal motion,ih4satisfying~motion»simulator constraints. The

new configurations-deQeloped a@pea§ to offer a potentially better

compromise from the following considerations.

o
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1) The translational drives are coordinated with rotational drives
by means of a feedback type washout network. This allows side
and longitudinal force cues to be accurately provided or modified
in some arbitrary fashion suck as scaling.

2) Anomolous robational cues result. However, their magnitude
would appear to be smaller than that given by the traditional
waghout circulb design appyvach.

3) The parameters one selects are related to available travel,
input ranges and anomolous rotational cues. As a resull, evalua-
tion of appropriate settings for a given simulation may require

less experimentation than the traditional washout circuits.

Objective B has beenlpartially completed as follows:

8,

Some experiments with a landing approach task of a jet’transport
were completed as discussed briefly in Section 4.

Two relatively general purpoéé subroutines forluse on the EAT
digital compﬁters have been formulated. These routines compﬂte
drive signals for the A11~Axis Motion Generator based on either
the traditional or ﬁhe new washout configurations-

The sﬁbroutines disevssed in (b) are currently in u;e for &

research investigatica on a VIOL aircraft- landing approach problem.

ObjeCtive C has been completed to the fpllOWiﬁg extent:

&0

A task and simulation hasgﬁeén‘defined and.testedywherein‘mOtiOﬂ

cues have a very meagurable influence.

: Washouﬁ drive circuitry has been developed-~herein a nearly

Yn N
> 4

S ‘ e
independent control of motion cues is possible.
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Applicable analysis procedures have been investigated to the extent
that there appears promise in gaining information to relate:

1) Pilot aubjective opinion

2) Measur:d pilot performance

3) Measured pilot response to real and anomolous cues

These factors on Objective C have laid the ground-work for conducting

experiments and analyzing the results in order to obtain information on the

performance indices for washout circuits,

Recommendatioris

Three recommendations for continued effort are:

1.

W?Shﬁut problem.

Complete the evaluation of the washout,circuits developed for the
All-Axis Motion Generator. (Objeébive B discussed previously.)
Dééument the results of the tests and description of the sub-
routines employed in the investigahion.

Initiate both an experimental and analytical program aimed at
gaining a better understanding of the importance of the various
motion cues. Particular emphasis along lines which obtain the
information in a form of ‘a performance index for washout circuits
is desired. As méntioned earlier the ground work for such a study
has been accoﬁplishe& under Objéctive c.

Make continued improvement in the washout circuits subroutines

f_designed'fOr‘general purpose useage. As these routines are used

for different tasks and aircraft by research investigators both
their good and bad features will become evident. Documentation of

these characteristics should permit a better understanding of the
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Appendix

The All-Axis Motion Generator

Table A.1l gives a NASA summary of the All-Axis Motion Generator charac~-
teristics. Some additional information about the motion generator is

presented here.

Limits
The limits indicated in Table A.l are determined by protective relays
in the drive system. The quantities sensed by the relays are not accelera-
tions or velocities at the pilot's location in the cab. Rather, they are
quantities such as drive motor current which is proportional to drive torque.
The driVe load is not a pure inertia but includes such factors as cable
stretch, structure bending, friction, play in support structure and so forth.
If any limit is exceeded in any of the channels, an automatic shutdown
of all drive channels is made. These shutdowns produce a nuisance factor
which could be removed by iﬁcorporétion of soft limiting in the drive command

circuitry.

Gimballing

.The cab gimballing follows the order of

"Ritéh - Quter Gimbal
i

Yaw - Middle Gimbal
Roll - Inner Gimﬁal

Figure A.l is an illustration of these rotations.
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Figure A.1-The Ames All-Axis Motion Generator



Translational Drive Systems

The translational drives are track-wheel-supports driven by electrical
motors through cables. The mass of the load in the various axes follows
the order

Vertical - Inner Drive - Lowest Mass
Iongitudinal - Middle Drive - Middle Mass

Lateral - Outer Drive - Largest Mass

The characteristics of the response of these position drive servos fopllows
the inverse order of the mass, i.e., the lateral system is the’most sluggis.:
in response. In the longitudinal and lateral drive systems, wheels on tracks
support the structure. The weight of the structure holds the wheels to the
tracks.

The vertical drive has five wheels on each of two tracks to constrain
the cab and gimtial structure to vertical motions. The center of”gravity of
the cab-gimbal structure‘(see Figure A.1l) is cbnsiderably forward to ﬁhe
drive track wheel gsseMblies. Some evidence‘dbtaine; from sinusoidal tests
suggests that there is play in the drive support assembly. If the cab is
driven vertically or longitudinally the weight resulting from the offset
center of'gravity of the cab gimbal structure would tend to hold the wheels
to the vertical dnive'%racks. When ﬁﬁe‘support Strﬁbture is driven laterally,
however, the offsef center of gravity of the cab combined with some play in
the Wheéls can cause anombibué gide forces and yaﬁing rates. The sinusoidal
results tended to suppért this tﬁeory inrthat lateral andmolous motions are
the most‘significant. For gxampléi if one drives the lateral servq,with
about a  1H signai:of a ve}yrsmall amplitude’then cab mounted,lateral
accelerometer output is by’névmeéns7§inusoidal. Insteéd it appea£$ to bé




o BT TR AL

SRRy

dominantly damped oscillatory motion with a higher natural frequency than
1LH -

Such characteristics can result from the play in the actual drive
assenbly. Visual inspection during the 1E, excitation tends to
support this theory. The vertical tracks appear to oscillate at 1 Hz-
However, the cab lateral distance motion seen from the front of the cab
has a high freguency damped oscillation excited at a 1 Hz repetition rate.
Note that the visual distance measure observed includes both distance due
to lateral travel of the vertical drive tracks as well as rotations about
a vertical axis. Play in the wheel assembly would allow apparent lateral

distance motions under theconditions tested.

Lead Compensation

The NASA tests have defined lead compensation network constants for
all the drive channels. The compensation is of the form shown in equation

(A.1) for the translational drives.

Y, =8y tay ity (A.1)
¥, = a linear drive command
y = desired (calculated) linear drive position
y = dy/at
§ = d?y/dt2
’al and a, = compensation coeffiCients (different numerical

values for each channel). This experimentally-determined compensation
causes the cab mounted accelerometer outputs to follow y with near zero

error to modest frequencies (e.g. - 1_2;ﬁz).
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Approximete Model

Assuming lead compensation is used and anomolous motions and limits
neglected then the servo response is effectively perfect for the bandwidth
of interest. As a result, we can use the approximate model of a perfect
servo except for the limits given in Table A.l and the anomolous motions
discussed previously.

Experimental evidence has suggested that anomolous motions are less
noticeable if the simulated problem contains some rough air. In this
instance the subject cannot readily distinguish the rough air from the
servo anomolies. Hence, the approximate model suggested becomes more

accurate for simulated pilot control problems in turbulent air.

10
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