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Predictor Laws for Pictorial Flight Displays

Arthur J. Grunwald*
Technion, Israel Institute of Technology, Haifa, Israel

Two predictor laws are formulated and analyzed: 1) a circular path law based on constant accelerations
perpendicular to the path and 2) a predictor law based on state transition matrix computations. It is shown that
for both methods the predictor provides the essential lead zeros for the path-following task. However, in con-
trast to the circular path law, the state transition matrix law furnishes the system with additional zeros that en-
tirely cancel out the higher-frequency poles of the vehicle dynamics. On the other hand, the circular path law
yields a zero steady-state error in followmg a curved trajectory with a constant radius. A’ combined predictor law
is suggested that utilizes the advantages of both methods. A simple analysis shows that the optlmal prediction
time mainly depends on the level of precision required in the path- followmg task, and guidelines for determining

the optimal predlctlon time are given.

Nomenclature
A =system matrix
a, =lateral, vertical inertial acceleration perpen-
dicplar to vehicle path
a;a, =control input spectrum, gust disturbance spec-
) trum break frequency
B =control matrix
Cy,Dy,E, =row vectors for computing a,

= predictor distance
I =identity matrix

K, =pilot gain on perceived angular error A
pP,pP, =row vectors for computing a,

b.p, =roll rate, roll rate gust disturbance
R,R, =lateral, vertical vehicle path radius

r =yaw rate -

s = Laplace operator

T, = prediction time

t ‘=actual time :

u =vector of control inputs

1A% =velocity vector and magnitude

W =disturbance matrix

w =vector of disturbance inputs

x =vector of perturbed vehicle states

X5:Xg =lateral deviation speed, lateral deviation
Xp:V5Zp  =body-axis coordinate system

X YirZi =inertial coordinate system (north-east-down)
YarZq =lateral, vertical deviation from trajectory

B,'Bg =sideslip angle, side gust disturbance

TLAE =first, second, third 1ntegral of state transition

S matrix

Ay, Ax =lateral dev1at10n dlfference, path- angle dif-

L ference between f and £ prediction method
8,,6, _ =ailefon, rudder deflection

6% = command @nput to augmented system

€ =lateral control error

A =perceived angular error

NNy =lateral, ver‘tical “displacement of vehicle symbol

on screen
v =arc of circular path between present and
predicted vehicle posmon
T =time shift i
® =state transition matrix
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X & =lateral, vertical path angle

¥,0,¢ =yaw, pitch, roll angle

Superscripts

c =circular path predictor law

f = full-order predictor law

! = linearized circular path predictor law

* kw =matrix generated with 4*, 4**; Egs. (15a,b)
Introduction

T is commonly recognized that predictive information,
. superimposed either on computer-generated pictorial flight
displays or on the visual field by head-up displays, markedly
contributes to.improved system performance.!”® Earlier
simulator studies with a tunnel display used in the
curved approach-to-landing!%!! have shown that a predictor
symbol, superimposed on the tunnel image, predicting the vehi-
cle position at a given time in adyance, both furnishes the
system with the necessary damping cues, and assists the pilot in
coping with the trajectory curvature forcing function by pro-
viding the correct control command information.

Since for in-flight dlsplays the predictive computations have
to be performed onboard and in-real time, with limited com-
putational resources, efficient.algorithms are essential. Ideally,
at every instant of time, the future time response should be
computed by solving the complete set of nonlinear equations of
motion of the vehicle many times a second. This ‘‘fast-time
model”’ technique was first implemented with analog com-
puters, operating iteratively in an accelerated time scale.!?
However, it was recognized that approx1mate ‘methods such as
a Taylor series expansion® or a regression technique,® demand-
ing far less computation resources, could be used as well.

In this paper two slightly different approximate methods are
compared and analyzed. The first method assumes a circular
predicted path and is therefore very well suited for following
curved trajectories with constant radius sections. The second
method utilizes the linearized vehicle dynamics through state
transition matrix computations. Since the future values of
control .and disturbance inputs are not known, assumptions
have to be made as how these inputs vary over the prediction
span. The effectiveness of methods using sophisticated *‘ex-
act” models is therefore questionable, since the quality of the
prediction still depends on these assumptions. In this paper, it
is assumed that the control and disturbance inputs decay ex-
ponentially over the prediction span. The time constants of the
decay should be chosen in accordance with the power density
spectrum of the input:signals. This approach allows adapta-
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tion of the prediction to the input signals and is easily incor-
porated in transition matrix computations. Finally, the two
prediction methods are compared in a root-locus and digital
simulation study, for the lateral path-following task. On the
assumption of rapidly decaying input signals, both methods
yield very similar results in the lower-frequency modes.
However, in the higher-frequency mpdes, the state transition
method yields better results.

Predictor Laws

A tunnel display configuration for a three-dimensional ap-
proach is shown in Fig. 1. The desired winding and descending
three-dimensional approach path is presented to the pilot by
the perspective view of a ‘‘tunnel in the sky.” Superimposed
on the tunnel image is a perspective vehicle symbol, of which
the center of gravity indicates the predicted vehicle location T,
seconds in advance. The predicted vehicle location is a point
on the predicted vehicle path, at distance D= VT, ahead of
the vehicle, where Vis the vehicle velocity. The predlcted vehi-
cle path is assumed to be tangential to the velocity vector of
the vehicle V. The projections of this path on the x;¥; locally
level plane and on the x;z; locally vertical plane are hereafter
refetred to as the lateral and the vertical vehicle path
respectively.

There exist various ways to compute the predicted vehicle
location. Two different predictor laws are described hereafter.

Circularv ‘Path Predictor Law

A simple method for computing the lateral and vertical
vehiclé path is to assume that the inertial accelerations in
lateral direction g, (locally level plane) and in vertical direction
a, (locally vertical plane), perpendicular to the path, remain
constant over the prediction span. In that case, circular lateral
and vertical vehicle paths are obtained, with instantaneous
path radii R,(¢) and R, (¢), respectively. The corresponding
lateral an vertlcal path angle rates x and £ are computed from

X(t)=a,()/V and £(t)=a,()/V @

respectively. The situation for the horizontal path is shown in
Fig. 2. The actual lateral path angle and lateral deviation are

- denoted by x(¢) and y,(t), respectively, and their predicted
values T, seconds in the future by x°(¢+7T,) and y§(¢+T,),
respectively, where the superscript ¢ indicates that the circular
law is used. For relatively small trajectory intercept angle ¥,
sideslip angle 3, and path angle x, x° (¢+ T,) and y5(¢+T,)
are given by

X+ T,)=x(t) +2»(2) 2
; D/R, (1)
S (t+T,)=y,(t) +Dx(t) + D !
Ya( ) =Ya(t) +Dx (1) + I+\/I—[D/R[(t)]2 3
where for relatively small angle »,
D/Ry(t) =v(t) =T,x(1) @

A suitable control law might be that the pilot minimizes the
actual lateral deviation from the trajectory by minimizing the
deviation of the predictor symbol from the reference trajec-
tory. In that case the advantage of the simple law of Eqgs. (2-4)
is that in a steady coordinated turn the radius of the desired
trajectory will become equal to the radius of the predicted
vehicle path, which will enable a zero steady-state error in the
lateral deviation.

For small », the third term in Eq. (3) can be hnearlzed
which yields

Yo(t+T,) =pa(t) + Dx(t) + DT, (D) )

where the superscript £ indicates the linearized circular path
prediction. Using the expression y,(¢)=Vx(¢), Eq. (5)
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becomes

Ykt +T,) =ya(0) + Tppa(t) + 12 T;5,(1) ©

which is a Taylor series expansion until the second derivative.

The vertical predictor law is identical to Egs. (2-4). Since the
descent profile does not usually include constantly curved sec-
tions, the vertical path angle £ remains small. Therefore, for
the prediction of the vertical deviation Zg, itis suff1c1ent to use
the linearized expressmn

ZHt+T,) =24 (1) + DE(O) + DT,£(0) @

It follows from Eqgs. (6) and (7) that a control law, based on
the deviation of the predictor symbol from the reference tra-.
jectory, will include a combination of position, rate, and ac-
celeration information. Current ' operational three-dimen-
sional and four-dimensional guidance systems used in com-
mercial aviation employ a similar combination of states in
their flight director laws. However, the tunnel display has the
advantage that, in addition to the control error of Egs. (6) and
(7), the tunnél image itself provides pure p0s1t10nal and vehicle
attitude information as well as a preview' of the trajectory for-
cing function. The information necessary to draw the tunnel
image is directly obtained from measurements of an Instru-
ment Landing’ System (ILS) or Microwave Landing System
(MLS) and of an onboard inertial platform or position gyros.
In addltlon the predictor symbol provides the damping.cues.
It is shown in the Appendix that the predictor motions can be
computed directly from measurements of body mounted ac-

TUNNEL CORNER
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Fig. 1 Tunnel display with perspective vehicle symbol.

DESIRED PATH

PREDICTED
,CIRCULAR PATH

VEHICLE

Fig. 2 Plan view of circular lateral predicted vehicle path.
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celerometers, sideslip and angle-of-attack sensors, and a ver-
tical gyro. :

Full-Order Predictor Law

For small perturbations about a nominal trim condition, the
linearized lateral or longitudinal vehicle dynamics can be
described by the following state equation:

x(t) =Ax(t) +Bu(t) + Ww(t) ®)

where x(#) is an m-dimensional vector of perturbed vehicle
states; u(¢) an n-dimensional vector of control inputs; w(#)
an f-dimensional vector of disturbances inputs; and A, B, and
W the (mxm) system matrix, (mXn) control matrix, and
(mx£) disturbance matrix, respectively. A linear prediction 7
seconds in the future, from the present time ¢ onward, is given
by

x(t+T)=8(T)x(8) + S . ®(0)Bu(t+o)do

T
6=

+§T 0<I>(a)Ww(t+a)dc : )

o=

where ®(7) is the transition matrix at 7 of the system of Eq.
(8). The prediction of Eq. (9) consists of three parts: The first
term at the right-hand side constitutes the homogeneous
system response, the second term constitutes the forced mo-
tion due to control commands, and the third term constitutes
the forced motion due to external disturbances. Since the state
of the vehicle x(¢) is, in most cases, available from

. measurements, or from a state estimator, the first term on the .

* right-hand side of Eq. (9) can be computed directly from these
measurements. However, the remaining terms depend on the
future values of # and w, which are not known. Assuming
u(t) and w(¢) can be approximated by first-order Markov
processes with break frequencies of @; and a, rad/s, respec-
tively, then the least-squares optimal prediction is given by

u(t+r)y=u(t)e (10a)
and

w(t+7)=w(t)e 2" (10b)

Thus, a suitable assumption is that #(¢) and w(¢) decay ex-
ponentially over the prediction span. For a rapidly varying
signal, e.g., very large values of a; or a,, the future value of u
or w is brought to zero quickly. On the other hand, for a
slowly varying signal, e.g., very small values of a, or a,, u or
w remain almost constant over the prediction span. By
substituting Egs. (10a,b) into Eq. (9) and defining

rin={"_ e (112)
r*(r)= S;o P(o)e“1°do , (1b)
r*(r)= S;o ®(0)e~%2°do (1ic)

Eq. (9) becomes
x(t+71) =3 (1)x(2) +T* (7)Bu(f) + T** (1) Ww(t) (12)
where ®(7) and I'(7) are given by the series expansions:
B(r) =L+ AT+ A2 (22/21) +... + A" (2" /nl) + .. a3)

T(r) =T+ A(2/20) + A2 (P /30) +..
+A* (" /nl) +... (14)
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where I is an identity matrix, and T'* (7) and T'**(7) are ex-
panded according to Eq. (14) but with the matrix A replaced
by

and A*=[A—al] (15a)

A**=[A—a,l] : (15b)

respectively.

The prediction given by Eq. (12) is elaborated hereafter for
the lateral predictor motions. However, similar developments
can be applied to the vertical predictor motions as well.

The linearized lateral dynamics, without stability augmenta-
tion systems and without integrations of the path geometry, is
given in the Appendix and is written shortly as

%o (1) = Agxy (1) + Bou (£) + Wow(t) (16)
where
A tA )
xo— [xI,XZ,X3,X4] = [ﬁxpxd))r] (17)
us [u,u,1'2 16,8, (18)
we [w, ;12 [B,.p,]" 9

and where 3 is the sideslip angle, p the roll rate, ¢ the roll
angle, r the yaw rate, 6, and 8, the aileron and rudder deflec-
tions, respectively, and 8, and p, the gust disturbances. The
lateral inertial acceleration a, is given by

a,=V(B+r) : 20)

which can be written as

a;=P;xXy+P,x, (21)
with ‘

P,A[V000] (222)

P,21000 V] (22b)

- Using Eq. (16), to eliminate X, Eq. (21) can be written as

a,=Cyxy+Dyu+ Eyw (23)
where .
Cy=P;Ay+P, (24a)
D,=P;B, (24b)
E,=P,W, (240)

The lateral deviation speed x; and lateral deviation x4 are ob-
tained by integration of a, and x;, respectively. Adding these
integrations to the system of Eq. (16) yields the following

augmented system: :

4 (1) Aot 01077 x50
50 =Gt 0o || ko
o] Lot 1ol xo
BO W0
+ __l_)_o—— u(t)+ -i,’;_ w(t) (25)
ot -
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Using the system matrix of Eq. (25) in the series expansions
of Egs. (13) and (14) yields

s()=| Gy} 1|0 @6a)
et 7t T
and
Ty (1) E 0 Eo )
I'(r)= _EQA;E;JT"T{(? 26b)

where ®,(7) is the state transition matrix of 4, at 7, and
T,(7), Ay(7), and E,(7) are the first, second and third in-
tegrals of ®,(7), respectively, which are given by the follow-
ing series expansions:

n

By (r) Bedor =T+ Agr ... + Aj——+t
n

@7

! 7?
Ty(7) éSo o, (v)dv=Ir+A, TR

n
+Ag-1—

(28)

o

n!

73
+Ao 3! +..

Ap(r) 'A‘S; Fo(r)dr 1
-2

+ A (29)

n!

~
T, +...

2 (A l
,’."40(1') =So AO(W)dW=IT+A0

n
3 T

+
N
=1

n! 30)

The matrices T'* (7) and I'** (7) are computed according to
Egs. (24a), (26b), (28), (29), and (30) with the matrix 4,
replaced by

Aj=Ag—a,l (31a)
and
Ap*=Ay—a,l (31b)

respectively.
From Egs. (27-30), the followmg useful relations can be
derived:

Ay =A R (7)+I(r2/21) 32)
To(r)=ApAs (1) +1IT (33)
&y (1) =ALop(n)+I . (34)

Using the expressions of Eqgs. (26a,b) in Eq. (12) yields the
predictions of the lateral speed of deviation x; and lateral
deviation x;, 7 seconds in the future:

A
X (14 71) SH(+7) = Cply ()Xo (1) + X5 (1)
+ CAL (1T)Bou(t) + 7Dyu ()

+CF*Ag* () Wow(t) + TE,w (1) 35)
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and
yg(t+r) X (t+7) = Colg (T)xo (1) + 75 (£) + x4 (1)
+ C3ES(1)Bou (1) + ¥212Dou(t)
+CPEE (1Y Wow(t) + BT2E,w(r) (36)

where the superscripts * and ** indicate that the correspond-
ing matrix is generated with A} and Aj* of Egs. (31a) and
(31b), respectively, rather than with 4,. The superscript f in-
dicates that the full-order predictor law is intended.

It is shown earlier that linearization of the circular path
prediction yields the second-order Taylor series expansion of

- Eq. (6). With }')'déaz; Ya=x; and y; =X, and, after substitu-

tion of Eq. (23), Eq. (6) becomes
Yt +7) XYL+ 1) = Co(12/21) x4 () + 75 (1) + X4 (£)
+ 12 Dyu(t) + LT’ Egw(t) 37)

The difference between the two prediction methods is defined
as

Ayy (1+7) 2 Axg (147) 2xf(t+7) =Xt +7) (38)

Subtracting Eq. (37) from Eq. (36) and using Eq. (32) yields
A+ 1) =CoABy(Dx ()

+CoEG (1) Bou (1) + C3*Eg* (1) Ww (1) (39

Similarly, the circular path prediction of the lateral speed of
deviation is approximated by

xX5(t+7) =x5(2) + 75 (2) (40)
Using Eq. (25), Eq. (40) is written as
X (t+7) =Cyrxy (1) + x5 (2) + 7Dou () + tEyw (2) 41

The difference in path angle between the two prediction
methods is defined as

Ax(t+7) & (1/V)Axs (t+7) & (1/V) Dt + 1) = X4+ 1) ]
42)

Subtracting Eq. (41) from Eq. (35) and using Eq. (33) vields
Ax(t+71)= (‘I/V) [CoApA ()X, (1)

CoAG (1) Bou(t) + Co*Ag* (1) Wyw ()] 43)

The advantages of the nonlinear circular path prediction of
Eqgs. (2-4) and of the linear state transition matrix prediction
of Eqgs. (35) and (36) can be combined by adding the dif-
ferences Ax(f+7) and Ayz(t+7) to Egs. (2) and (3). For
7=T,, this yields

X(t+T,) =X (t+T,) + Ax(t+T,) (44)
Ya(t+T,)=y5(t+T,) + Ay, (t+T),) 45)

This law combines the advantage of a zero steady-state error
in constantly curved sections with the advantage of a full-
order prediction given by the state transition matrix method.

Predictor Law Analysis

The lateral control error e is defined as the lateral deviation
of the predictor symbol from the reference trajéctory. It is
assumed that the pilot will bring the. vehicle back on the
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Fig. 3 Block diagram of pilot-vehicle system.
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Fig. 4 Contours of full-order predictor zero location as a function of
prediction time Tp and decay parameter a;.

reference trajectory by bringing ¢ to zero. A block diagram of
the pilot-vehicle system is shown in Fig. 3. For simplicity it is
assumed that the pilot acts as a simple gain on the perceived
angular error A=¢/D according to the control law: §, =K, A.
In this simplified analysis, the pilot time- delay and
neuromuscular lag are neglected. It is also assumed that the
- pilot does not produce lead compensation and that all the re-
quired compensation is produced by the dynamic
characteristics of the predictor.
First, the second-order predictor law of Eq. (6) is con-
sidered. For simplicity, y4(t+T,) is denoted by !, and

W+ T,) by yf The transfer function Hyap (s) is identical

to H{d (s) except for the addition of a pair of complex zeros
with a‘fixed damping ratio {=0.707 and a natural frequency
inverse proportional to T, according to w, =1.414/T),. These
zeros are a function of T only and are not 1nf1uenced by the
vehicle dynamics.

The transfer function Hy‘f' (s) for the full-order predictor

has a numerator and denommator of equal order (i.e., of

P - PREDICTOR

PG -PATH GEOMETRY

SO -SPIRAL DIVERGENCE

DR - DUTCH ROLL

RS - ROLL SUBSIDENCE

$/Wo - SERVO! RUDDER
WASH-OUT e Sie

jw — Tp=bsec
e Tp=Osec

Ky=4.31

K)\=093

Fig. 5 Root-locus plot for lateral deviation control with second-
order predictor.

~order 9, for stability augmentation system engaged). Six of

these zeros coincide with the poles of the characteristic equa-

. tion, representing Dutch-roll mode, roll-subsidence, and

stability augmentation system dynamics: One of the remaining
zeros is real and two are complex; all of them located in the
left half of the s plane. The complex zeros are equivalent to the
predictor-path zeros of the second-order predictor. However,
in contrast to the second-order predictor, these zeros depend
on the vehicle dynamics, prediction time 7,, and decay
parameter a;. Contours of the location of these zeros as a
function of T, and «, are shown in Fig. (4). For a,=0 s™1,
i.e., the control command does not decay over the prediction
span, the damping ratio is about £=0.33 and decreases with
decreasing prediction time. An increase in a,, i.e., increased
decay over the prediction span, improves the damping ratio.
For a=0.5 s~!, the damping ratio is similar to that for the
second-order predictor.
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Fig. 6 Root-locus plof for lateral deviation control with full-order
* predictor, a;=0s"1.

Figure 5 shows a root-locus plot of the system with the
second-order predictor. The plot in the upper right corner
shows the reduced scale. It is clear that the predictor zeros are
largely responsible for stabilizing the system. For T,=8 s, the
loci departing from the spiral divergence pole and from one of
the path geometry poles (dotted line) will terminate at the
predictor zeros. A minimal gain of K, =0.93 is required to
stabilize the system. For 7, =4 s, these loci arrive at the zeros
associated with the Dutch-roll mode and the minimal gain to
stabilize the system is much higher, i.e., K, =4.31. The
reduced-scale plot shows that the three poles of the stability
augmentation system move outward along asymptotes of 60,
—60, and 180 deg. For a high pilot gain this migh result in
high-frequency oscillatory instability. However, under normal
circumstances this high gain will not be reached.

Figure 6 shows the root-locus plot for the full-order predic-
tor with @, =0 s~!. In contrast with the second-order predic-
tor, the higher-frequency poles of the system are cancelled out
completely by six zeros of the predictor. Also, for the full-
order predictor, the three remaining zeros are responsible for
stabilizing the system. For T, =8 s, the minimal gain for ob-
taining stability is K, = 1.40 and, for T,,=4 s, K, =7.50, thus
requiring a higher pilot gain than the second-order predictor.
However, the basic difference with the second-order predictor
is that the root-locus plot does not have asymptotes, so the
high-frequency oscillatoric instability is not present.

Figure 7 shows the root-locus plot for the full-order predic-
tor with-@; =0.5 s~!. The plot is identical to the one for ¢; =0
s~1, except for the fact that the damping for high pilot-gain is
much better. The minimal gain for obtaining stability is
K, =0.94 for T,=8 s and K, =5.05 for T, =4 s. These values
are lower than the ones for ¢; =0s71.

The Choice of Predictor Distance

The root-locus plots of Figs. 5-7 show that, for a suffi-
ciently high pilot gain, the dominant closed-loop system poles

J. GUIDANCE
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Fig. 7 Root-locus plot for lateral deviation control with full-orderr
predictor, a, =0.5s1. '

will be located at the predictor zeros. Thus, the closed-loop
system bandwidth will increase with decreasing 7,,, while the
systemn damping remains more or less constant. However, the
pilot-gain required to reach the zeros will drastically increase
with decreasing T),. This pilot-gain should be selected such
that the closed-loop poles are sufficiently close to the zeros on
one hand, and the control commands and vehicle motions re-
main within reasonable bounds on the other hand. Since with
the proportional control law the control commands are pro-
portional to the predicted lateral deviation, they highly depend
on the actual lateral deviation as well. Therefore, the smaller
the actual lateral deviation, the higher the allowed pilot-gain.
In order to establish the relation between lateral deviation,
prediction time, and pilot-gain, a series of computer simula-
tions was carried out in which a straight reference trajectory
was entered from an initial off-center location, while the in-
itial vehicle heading angle and trajectory heading angle were
equal. The second-order predictor was used. The results of
these simulation runs are summarized in Fig. 8. The dotted
lines establish the upper limit on K, for given y,(0) and as a
function of T,,. This limit was chosen such that at all times the
constraints ¢=<30 deg, p<1 rad/s, and 6,=<30 deg were
satisfied. The solid line establishes the minimal required pilot
gain to obtain a stable system, as a function of T,. Figure 8
shows that for a larger initial lateral deviation, i.e., y,(0) =450
ft, the minimal required prediction time is at least 6 s. For T,
less than 6 s, the minimal gain for stability will exceed the up-
per gain limit for y,;(0) =450 ft. The dot-bar line indicates the
““best choice’’ for the gain, as a function of 7,. It is the
minimal gain required for the lateral deviation to settle within
5% of y,(0) within 60 s.

Figure 9 shows the curves for the ‘‘best choice’” of T, and
K, as a function of y,(0). The initial lateral deviation y,(0) can
be interpreted as the level of precision required for a particular -

- task. Thus the graph of Fig. 9 shows that for given vehicle

dynamics and velocity the ‘‘best choice’” of T, is a function of
the task definition. For increasing level of precision, T,
reduces from 10 to 4 s.
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Discussion

1) Both prediction methods provide the essential lead zeros
for the path-following task. ’

2) For limited gain, the circular path or second-order
predictor is basically equivalent to the full-order predictor. In
cases 'in which computational resources are limited, the
second-order predictor is recommended.

3) The full-order predictor yields zeros that coincide with
higher-frequency vehicle' dynamics poles. Therefore, for a
higher gain, the full-order predictor is superior in the high-
frequency modes.

4) The approach, assuming exponentially decaying input
signals over the prediction span, allows adaptation of the
predlctlon to these signals and is easily 1ncorporated in the
transition matrix computation.
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5) The optimal predlctor distance is subject to the required
lateral accuracy.

6) The improvement obtained w1th sophisticated exact
models is questionable, since the future input signals are not
known

Appendix

The linearized lateral equations of motion of the vehicle, for
small deviations from the nominal trim condition, are given by

; Y, 0 gU —17[ 8
b | Lo o L p
é o I 0 0 &
; N, N, 0 N r
Y; i -Y, 0
L L 5 L, —-L' | [ 8
4| e T S b ¢ @A
0 0 5, 0 0 ?,
Ni, N Ny =N

where Y5=Y;/U,, B=v/U,, B, =v,/U,, U, is the component
of Vin the x,-body axis direction, g is the grav1ty acceleration,
and the primed derivatives L/ and N/ are given by

o Li+ N /L Az0
' I“]JZ(Z/(Ixx/Izz)
N;+LJ,. /1,
Nj=—— e A2
Y B P,/ (I, /L) (A20)

where i can be 8, p,r, §,, 6,; and I, I,, and J,, are the vehicle
moments of inertia about the x,, and z,, axis and product of in-
ertia in the x,z, plane, respectively. The stability derivative
notation is B, = (1/C)(8B/dA) | ;n, where B can be Y (total
force in y, axis direction), L (total rolling moment), or N
(total yawing moment); A canbe v, 8, p, r, 6,; 6,; and Cis m
(vehicle mass) for Y, I, for L, and I, for N.

In this study, the stability derivatives of a DC-8 aircraft are
chosen, in the approach-to-landing, trimmed at a nominal
airspeed of 243.5 ft/s and with flaps extended to 35 deg. The
dimensional stability derivatives are derived.from Ref. 12. The
lateral stability augmentation system includes a roll-rate on
aileron feedback, a yaw-rate on rudder feedback with washout
and a sideslip on rudder feedback. Aileron and rudder servo
actuators are modeled by first-order lags with a 10.-rad/s
break frequency The equa‘uons of motion of this system are
given by

8,=—10.05,+10.0[1.0p+5, ] (A3)
8, = —10.06,+ 10.08.0r,,— 8.08] (Ad)
fu=—10r,+F (A5)

where r,, is the state of the washout filter, and §,_is the com-
mand input to the system, originating from a lateral control
stick motion. Turn coordination is accomplished by means of
the sideslip on rudder feedback, which eliminates the need for
a rudder command. - ‘

The lateral and vertical path accelerations o, and a,, can be
computed from the specific forces measured by accelerometers
in body axis direction ag, ay., aZ , by using vertical gyro
measurements of pitch and rofl angle Flrst the inertial ac-
celerations in body axis direction a;,, @, , azb are computed
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from
a. ', = @, —&sind (A6)
a;,b =ay + gcosfsing (A7)
ai =aj, +gcosfcosp (A8)

Second, a; and a, are computed from
a,=aj, cos¢p— a;, sing (A9)
a,= a;b sing + agb coso . (A10)
The lateral displacement of the vehicle symbol on the
display screen is equivalent to the lateral visual angle N, at

which the symbol is seen in the Xps Vb s % body coordinate
system, which is given by

A(1) =B+ D/R.(1) (A11)
¢ I+~ 1—1D/Ry(1)]? -
with
D/Ry(t)=Tpa,(1)/V (A12)

Similarly, the vertical displacement A, of the vehicle symbol
on the display screen is computed. In this case, the sideslip
angle B is replaced by the angle-of-attack o, and the lateral
path acceleration g, is replaced by the vertical acceleration a,.

Tt is clear from Egs. (All) and (A12) that the variables
necessary to position the predictor on the display are the out-
puts of vehi¢le mounted accelerometers, of a vertical gyro,
and of sideslip and angle-of-attack sensors.
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