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speeds (i.e., flight-envelope speeds) at matched loft-ceil-
ings, etc. in a study of a 2-D vertical-plane chase. An ac-
count of differential-turn-maneuvering tactics is given in
Ref.9.
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Coordinated Adaptive Washout for Motion Simulators
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This paper introduces a new method of providing motion cues to a moving base six-degree-of-free-
dom flight simulator utilizing nonlinear filters. Coordinated adaptive filters, used to coordinate
translational and rotational motion, are derived based on the method of continuous steepest de-
scent, and the basic concept of the digital controllers used for the uncoordinated heave and yaw
cues is also presented. The coordinated adaptive washout method is illustrated by an application
in a six-degree-of-freedom fixed-base environment.

Nomenclature
: angular position break point, rad
= aircraft body axis translational accelerations,

m/sec2
: angular velocity threshold, rad/sec
: coefficient for position penalty in cost function,

per sec4
: angular velocity washout rate, rad/sec2
: coefficient for velocity penally in cost function,

per sec2
: damping parameters for second-order transla-

tional washout, rad/sec
: frequency parameters for second-order transla-

tional washout, rad/sec2
: inertial axis translational acceleration com-

mands, m/sec2
: body axis longitudinal and lateral acceleration

at motion simulator centroid location, m/sec2
: body axis vertical acceleration (referenced

about Ig) at motion simulator centroid loca-
tion, m/sec2
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r.2; Kx.
v.2; Ky

P,q,r

P V , I ; P V
t

= gravitational constant, m/sec2

= longitudinal and lateral cost function
= digital controller gain parameter

3 = longitudinal gain parameters
,3 = lateral gain parameters

= body axis angular velocity commands, rad/sec
= body axis aircraft angular velocities, rad/sec
— longitudinal adaptive parameters
= lateral adaptive parameters
= time, sec
— arbitrary time, set;
= angular rate weight ing coefficient, m4/rad2sec2

— commanded inertial translational position of
motion simulator, rn

— commanded inert ial angular position of motion
simulator, rad

= angular velocity input commands, rad/sec j
= time when \j/ reaches breakpoint , A, sec

T. Introduction

A NEW method of providing motion cues to a moving
base six-degree-of-freedom flight simulation has been de-
veloped at Langley Research Center. The method, coordi-
nated adaptive washout, is based on the idea of coordina-
tion of rotation and translation to obtain accurate longitu-
dinal and lateral force cues in a manner similar to the
work of Schmidt and Conrad.1 '2 The major differences
between the subject scheme and the work of Schmidt and

;|;A dot over a variable indicates the time derivitive of that
variable.
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Conrad are that the washout is carried out in the inertial
reference frame rather than the body axis system, and
employs nonlinear filters rather than the linear filters
used by Schmidt and Conrad.

Two types of nonlinear filters, coordinated adaptive fil-
ters and digital controllers, have been developed and are
employed in the new washout method. The design philos-
ophy for these filters was to present as much of the cue as
possible within the constraints of the motion base, with-
out regard to human factors criterion. Coordinated adap-
tive filters, based on continuous steepest descent, are used
for both the longitudinal cues (coordinating surge and
pitch) and the lateral cues (coordinating sway and roll).
At present, these filters are designed to provide transla-
tional specific force cues and rotational rate cues (motiva-
tion for the representation of rotational rates rather than
rotational accelerations may be found in Ref. 2, page 6).
The second type of nonlinear filter, the digital controller,
is used to provide the uncoordinated heave and yaw cues.
A first-order digital controller provides the yaw-rate cue,
while a second-order digital controller provides the verti-
cal specific force cue.

This paper will present the coordinated adaptive wash
out method, a discussion of the nonlinear filters, an evalu-
ation of the methods, and an illustration of an application
in a six-degree-of-freedom environment.

II. Coordinated Adaptive Washout

The washout circuitry is illustrated in block diagram
form in Fig. 1. Assuming that it is desired to create in the
body axis of the motion base the same motion situation
present in the body axis of the simulated aircraft (ignor-
ing for the moment the base constraints), the body axis
translational accelerations and rotational rates of the air-
craft are transformed into the inertial axis system of the
motion base through the Euler angles of the base. The re-
sulting inertial specific forces and Euler rates are then
available for washout by the nonlinear filters. As shown in
the diagram, coordinated adaptive filters are used for both
the longitudinal cues (coordinating surge and pitch) and
the lateral cues (coordinating sway and roll). A first-order
digital controller is used to provide yaw-rate washout, and
a second-order digital controller provides the heave cue.

Transformation of the washed-out translational acceler-
ation and rotational rates back into the body axis of the
motion base is then provided in order to compare the
washout commands to the aircraft motions. The compari-
son is presented in real time in the form of the time histo-
ry overlays on a cathode ray tube.3 Overlays of the inertial
situation are also available.
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Fig. 2 Frequency response comparison of linear and adaptive
filters.

Coordinated Adaptive Filters

The adaptive filter used to coordinate both surge---pitch
and sway -roll was originally derived as an adaptive filter
for single-degree-of-freedom application. Figure 2 presents
a comparison of amplitude ratio and phase lead of this
nonlinear adaptive filter and a linear filter for the same
motion base constraints over the frequency range of inter-
est. The comparison is presented for both the first- and
second-order single-degree-of-freedom case, and since the
amplitude arid phase response of the nonlinear adaptive
filter changes with the magnitude of the input, the worst
case comparison for the nonlinear filter, that of maximum
input amplitude, is presented. As can be seen, the steady-
state amplitude and phase response of the adaptive filter
is better than that of the linear filter for both cases.

The extension of the adaptive filter to a coordinated
adaptive filter is presented in Ref. 4. In this extension, the
two-degree-of-freedom small angle approximation case
was treated. The present paper will further extend the
adaptive filter to the six-degree-of-freedom environment,
beginning with the full derivation of the longitudinal filter
and then a brief derivation of the lateral filter.

Longitudinal Filter

Given the longitudinal specific force in the inertial axis
system of the motion base, / , , x , to be

fiyr --- tfx(cos 0 cos il)) + ay(sin (b sin 0 cos ijj

• cos (j) sin ^) + (fSiZ •- #)(cos 0 sin 0 cos fy

+ sin c/) sin / / / ) (I)

where

define a cost function, Jv, as

</* - \(fi,x - *)2 + fMOa - O) 2 + b|x2 + C^k2 (2)

Define the control laws (the adaptive filters) as

P.v, /O — 1,2,3) are adaptive parameters.
Applying continuous steepest descent5 yields

(5)

Fig. 1 Coordinated adaptive washout circuit. j -.1,2,3
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/^ _ J?_\
£x, j a/>x,.;/

(6)

+ Wx(9a -

The state sensitivity equations are obtained by assuming
that the parameters are independent, and that the deriva-
tives are continuous in the adaptive parameters and
time,5'6 such that

Thus

( dx \ _ 9/?Xi t 8f { x /_?r*L\ _ ^L_
I __ I __ i J j x ' /^Y 1 "———*—— ^v I / ^Y ~

+ (fStZ — g)(cos <p cos 9 cos (10)
assuming

8c/> = 0.

Expansion of Eq. (9) for j = 1 yields

cos

cos 0 cos

cos 9 cos ^

However, since <i()/dpx,i (0) = 0, then ()i)/()px,i (t) — 0,
which implies

Simultaneous integration in real time of these five first-
order Eqs. [(7), j --1,2,8; (9), / = 2,3] and three second-
order Eqs. [(8), j = 1,2,3] yields the adaptive parameters
P*,i> P.r,2, and pA.,a used in the control laws, or adaptive
filters. Selection of the values of the washout constants
Wx, bx, CA-, dx, e.v, Kv,./» and pxj (0), / = 1,2,3] must, of
course, be based on the constraints of the motion base and
the flight environment, as well as the desired emphasis of
the washout (i.e., to represent specific force, rotational
rate, or some combination of both).

Coordination Analysis

With the completed derivation of the longitudinal filter,
it is now possible to examine the coordination aspects of
the filter design. However, the analysis is greatly simpli-
fied in the two-degree-of-freedom small angles approxima-
tion case. Therefore, for the purposes of discussion, as-
sume av — /.s,z — 0 and that small angle approximations
are valid.

/*,* = ax -
and

x,i(ax ~ gO) - dxx ~ exx (11)

For the case of a sustained forward acceleration, +a.v,
the translational channel is coordinated with the pitch
channel in that the translational channel presents the
onset of the cue until the pitch channel has time to aline
the gravity vector to present the sustained portion of the
cue (0 operates to null a* — #0, the drive signal of x ) .

For the case of a positive pitch rate, +6a, accompanied
by no acceleration change, ax — 0, the gQ term in Eq. (11)
induces a negative specific force via translation to offset
the positive false cue created by the temporary misaline-
ment of the gravity vector during the pitch-rate cue pre-
sentation.

Lateral Filter

As the derivation of the lateral filter follows the same
pattern as that of the longitudinal filter, only the equa-
tions are presented.

fi,y = ax(cos 9 sin ^) + ay(sin </) sin 9 sin $
+ COS 0 COS ij})

+ (/s,2 ~ ^)(cos (/> sin 9 sin ^ — sin 0 cos ifj)

Cost Function

jy - \(fi.y - y)2 + f (*. - *)2 + hfy* '+ ^2

Control Laws

y = Py,\fi,y ' d*y ~ e»y
Py,3<t>a

Adaptive Parameter Rates

State Sensitivity Equations

= 1,2,3

=-• 0

— = [aj,(cos (?) sin 0 siri «> - sin $ cos i/,') -(/SjZ - g)

/ \ 1 O(P(sin <p sin 0 sin if) + cos 0 cos ^)j7r~^~j j = 2,3

Digital Controller

The two remaining degrees of freedom, yaw and heave,
are represented without coordination by use of the second
type of nonlinear filter, the digital controller. This filter is
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Fig. 3 The design concept of a first-order digital controller.

designed to provide as much of the onset cue as possible
before inducing washout through logical switches. Figure 3
illustrates the design concept of the first-order digital con-
troller. From time 0 to n, a scaled version of the input is
commanded. From time T\ to ti, a linear decay is applied
to reduce the command to the threshold value, B. Wash-
out then occurs at the threshold value unless a new input
is received (i.e., 72).

A — max - B2

2C

KD = {

The design concept of the second-order digital controller
is quite similar, although the mechanization is more com-
plex. Figure 4 shows the amplitude and phase versus fre-
quency plots of a linear filter, an adaptive filter, and a
digital controller for the same motion base constraints.
Both first- and second-order digital controllers show im-
proved response characteristics compared to the linear
and adaptive filters. As with Fig. 2, the worst case com-
parison, that of maximum input, is presented. The servo
characteristics of the simulator tend to remove the discon-
tinuities induced by the logical switching of the digital
controllers. For study purposes, the dynamics of the simu-
lator were represented by second-order low pass filters7

which were fed the output of the digital controllers.

III . Evaluation

In order to evaluate the washout circuitry, it is neces-
sary to choose a motion base to which the circuitry is to
be applied. Naturally enough, the Visual Motion Simula-

PHASE LEAD,
: 80 deg

2 3 4
FREQUENCY, rad/sec

(b) SECOND ORDER FILTERS

VELOCITY ACCELERATION
PITCH
ROLL
YAW
VERTICAL
LATERAL

±i5°/sec
±22° ±157 sec
±32° ±!5°/sec

+0.762,-0.991m ±0.6!0m/sec
±i.2i9rn ±0.610 m/sec

±50°/sec^
±50°/sec^
± 50°/secr
±0.6g
±0.6 €

Fig. 4 Frequency response comparison of the three types of
filters.

LONGITUDINAL +1.245,-1.219m ±0,610m/sec ±0.6g

Fig. 5 The visual-motion simulator.

tor of Langley Research Center has been chosen for this
evaluation.7"9 Figure 5 shows a picture of the simulator
and also presents the constraints of the base in each de-
gree of freedom. These constraints are presented for mo-
tion in a single degree of freedom. However, due to the
synergistic nature of this base, motion in one degree of
freedom changes the position limits that may be obtained
in each of the other five degrees of freedom. For example,
with 10° of pitch, vertical travel is reduced to about ±0.7
meter.

The chronology of the subject washout has not ad-
vanced to the point of validation in a flight simulator util-
izing the subjective opinions of pilots in the simulated
flight environment. Rather, the feasibility of the approach
has been evaluated open loop; that is, taped data from a
fixed-base flight simulator have been used to drive the
washout circuitry. The evaluation phase has consisted of
comparing the resulting motion commands with the air-
craft specific forces and rotational rates.

Inertial vs Body Comparisons

Figure 6 displays the results of driving the circuitry
with flight data obtained from a fixed-base simulation of a
jet transport (DC8-707 class). The simulated flight data
consist of an elevator doublet, an aileron doublet, and a
rudder doublet applied in sequence while flying straight
and level. The comparison of aircraft specific forces and
rotational rates to washout commands is presented in the
inertial axis system. Examination of each degree of free-
dom reveals that the coordinated adaptive filters have
been adjusted to present good specific force cues, f ^ x and
/V, v , at the expense of the rotational cues (note that the
coordination burden is heavier for sway and roll than for
surge and pitch).4 The second-order digital controller is
unable to present much of a heave cue in the 0.5-m avail-
able travel for this case, while the first-order digital con-
troller has no trouble at all in presenting the low magni-
tude yaw-rate cue.

Examination of the same results presented in the body
axis system in Fig. 7 reveals a different picture, however.
The fidelity of the surge cue in the body axis at t ~ 23 sec
is poor. Thus the contrast between inertial axis and body
axis comparisons is illustrated. Body axis comparisons
present the combined effects of all degrees of freedom on
the individual cue. For example, /.S,A, the surge body axis
cue is made up mainly of a sustained pitch angle that is
coordinated with fore and aft translation, and also the
vertical component.
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Fig. (i Washout comparison to flight data in the inertial axis system.

Since so little vertical travel is available with this par-
ticular base, examination of this restriction on the surge
cue presentation was suggested. Figure 8 displays the lon-
gitudinal results of assuming infinite travel in the inertial
vertical channel. No changes were made in the washout
circuitry for the other five channels. The data are present-
ed in the body axis system, as will be all subsequent data.
Fidelity of /.s,x is now excellent.

Modification of the Washout
Because of the vertical travel limits of the motion base,

presentation of a good heave cue is impossible. However,
poor presentation of the heave cue degrades the presenta-
tion of the surge cue for the subject washout circuitry. In
order to lessen the impact of the vertical travel restriction
on the washout operation, the following modification was
made to the circuitry in regard to the body to inertial
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Fig. 7 Washout comparison to flight data in the body axis
system.

transformation. The inert ial surge and sway required to
contribute to the body axis heave would not be represent-
ed. Thus

f i , x — tf*(cos 0 cos $) + <2y(sin <p sin 9 cos^
-- cos 0 sin ijj) — g(cos <p sin 9 cos * / > . + sin (p sin 0)

/f,y — «x(cos ^ sin ^) + fly (sin 0 sin 0 sin ip
+ cos 0 cos $) - g-(cos 0 sin 0 sin ^ - sin 0 cos </;)

.2

R. 0
rad/sec

- 2

« - A
^\/^J\J\^^

! 1 1 1 ! 1
b) 0 10 20 30 40 50 60

TIME, sec

Fig. 8 Body axis longitudinal results for infinite vertical
travel.

9) cos 9)
+ (fs,z ~~ g)(cos 0 cos 9)

The results presented in Fig. 9 illustrate the use of this
modification. No other changes have been made in the
washout circuitry or parameters, and the second-order
digital controller is again being used to present the heave
cue. Comparison of Fig. 9 with Fig. 7 shows that the mod-
ification of the circuitry has improved the fidelity of the
pitch-rate cue, as well as the fidelity of the surge cue. No
degradation of the heave cue is noticeable.

IV. Conclusions

Validation of the modified coordinated adaptive wash-
out will be carried out utilizing a moving-base simulation
of a 737 jet transport at Langley Research Center in the
near future. Further extension of the method to represent
rotational accelerations rather than rotational rates is also
to be examined.
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