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Display Augmentation in Manual Control
of Remotely Piloted Vehicles

S. J. Merhav* and A. J. Grunwaldt
Technion — Israel Institute of Technology, Haifa, Israel

The effectiveness of display aids for the manual control of remotely piloted vehicles by television during
landing approach is investigated. The task is lateral and vertical control along a required glide-slope trajectory in
the presence of lateral and vertical random disturbances. By superimposing suitable glide-slope reference lines
on the TV monitor, the glide-slope error can be derived directly from the visual field. It is theoretically in-
vestigated whether and under what conditions the display of higher-order state components, such as the vertical
velocity and/or acceleration, is required. It is shown that, for a body-mounted camera, essential angular rate
information can be detected from the vertical relative motion of the visual field due to vehicle pitching. This
information is required, in particular, for relatively slow vehicle dynamics. On the other hand, rapid pitching,
which occurs with fast vehicle dynamics, may be detrimental to its effective control. These disturbing motions
can be easily eliminated by a gyro-stabilized camera, but then the essential angular and pitch information is also
eliminated and control becomes difficult. A display configuration is, therefore, proposed in which position,
rate, and acceleration cues are derived from a single error displayed by special reference bars. It is theoretically
and experimentally shown that the effectiveness of the display configuration and the type of camera mounting
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(body-mounted or inertially stabilized) is highly dependent on vehicle dynamics and disturbance bandwidth.

Nomenciature
I'y, =required glide-slope angle
I' =glide-slope error
h, =height of the aircraft above the ground
h  =vertical deviation from the required glide-slope

V  =velocity vector

=vertical path angle

pitch angle

=angle of attack

=distance of the aircraft from the glide-slope/runway
intersection point

i

xR B

I. Introduction

HE manual landing approach of remotely piloted vehicles

RPV’s by means of an airborne TV camera encounters
similar difficulties as the lateral control task discussed in
Refs. 1 and 2. These difficulties can be attributed to the
narrow visual field (VF) and the lack of motion cues. In Ref.
2, some basic ground rules are proposed for the design of
simple display aids for lateral RPV control, which should be
superimposed on the TV monitor image. In this paper, these
ground rules are implemented to the landing approach of
RPV’s. The control task involves keeping the vehicle on a
required glide slope. A side view of the location of the vehicle
in a vertical plane is shown in Fig. la.

The glide-slope error is defined as

I'=h/R 1)

With sophisticated and expensive landing systems, the
glide-slope error I' is usually detected with the aid of a ground
station and localizer beam. T is explicitly shown on a display,
and the display gain can be chosen in accordance with the
accuracy at which the glide slope must be followed. Glide-
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slope control with visual field cues only, and without vehicle-
based reference lines, is based on the estimation of the height
h, and the range R from the apparent size and geometrical
form of the runway.

Naish,? considering human threshold effects, found these
visual field cues highly inaccurate and attempted to provide
additional positional and flight-path information by
superposition of conformal guidance symbology on the visual
field by means of head-up display techniques.* Van Houtte®
and Palmer and Wempe’® proposed computer-generated
pictorial landing display systems. Palmer and Wempe in-
vestigated guidance symbology, such as flight directors,
flight-path information, etc., to be added to the basic per-
spective runway image in the different stages of the approach.
Howard®!'® investigated superimposed display aids in the
visual RPV approach to landing.

RPV technology, however, facilitates augmentation of the
TV monitor image by glide-slope reference lines, enabling
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Fig. 1a) Side view of the landing approach.
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Fig. 1b) TV monitor image of lhe landmg approach.
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detection of T" directly from the VF. These reference lines are
depressed I'y deg below the true horizon, as shown in Fig. 1b.
The necessary signals for positioning these lines can readily be
obtained from a vehicle-mounted pitch gyro. T is thus
detected as the visual angle, subtended between these
reference lines and the glide-slope intersection point. In
contrast with instrument displays, I' is obtained here without
the need for measuring R and h, or a localizer beam.
However, the glide-slope error gain is determined by the VF
geometry and, thus, cannot be chosen freely. In this paper,
the usefulness of these superimposed reference lines is
theoretically and experimentally investigated for two basic
camera mountings —a bodv-mounted camera and an iner-
tially-stabilized camera.

Similar to lateral RPV control of Ref. 2, the TV monitor
image can be augmented easily by the display of higher-order
state components, such as the vertical velocity and/or ac-
celeration of the vehicle. It is experimentally investigated
whether and under what conditions the human operator
actually utilizes this information of higher-order state
components, and to what extent the augmented display im-
proves control performance.

II. Theoretical Analysis
A. The Vehicle Model

A roll-stabilized vehicle is considered. The forward velocity
V is assumed to be constant and thus only the short-period
vehicle dynamics are represented. The longitudinal and lateral
vehicle dynamics are then identical. Figure 2 represents a side
view of the vehicle with the associated forces and moments to
which it is subjected. Since small perturbations about the
reference trajectory are considered, the lift force F,, is
assumed to be proportional to w, in accordance with
F,,/m=Z,w, where m is the vehicle mass and Z,, is defined as
the vertical gain. Similar proportional relationships are
defined for the angle-of-attack stability moment and the pitch
damping moment according to T,/l,=M,w and
T,/1,=M,q, where q is the pitch rate, I, is the moment of
inertia of the vehicle about the y axis, and M, and M, are
defined as the angle-of-attack stability gain and pitch damp-
ing gain, respectively. The equations of motion and transfer
functions are derived in the Appendix.

B. Vertical Glide-Slope Control with a Body-Mounted Camera
1. Fixed Reticle

It is assumed that control about the glide slope is ac-
complished by keeping the vehicle axis in the direction of the
intersection point. This involves keeping the intersection point
I on a fixed reticle indicated on the monitor image. The
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Fig.2 Side view of vehicle with forces and moments. For small # and
a,h/V=0+a,w/ V=a.
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control error for relatively small values of # and I’y is then
given by

e=0+T=0+h/R 2)
(see Fig. 1a), and with Egs. (A7, A9, and Al0) in the Ap-

pendix, the transfer function of the controlled element
(vehicle + VF) can be written as

M;(s’+Z,s+Z,V/R]
sSSP+ (Z, +M)S+Z M+ M, V]

5(s) =

3)

where
Z,=2,-M,(Z;/M;) @

Equation (3) shows that H5(s) has two poles at the origin,
two poles determined by the vehicle parameters, and two
zeros determined by Z;, and V/R. Since R is a function of
time, the location of these zeros changes during the approach.
At the beginning of the glide slope V/R is small, so that one
zero is close to the origin and one is at s= —ZJ,, yielding a
closed-loop system with cone pole close to the origin. This
results in a large error in A, if the vehicle is subjected to
strong, low-frequency disturbances, ¢.g., a constant updraft,
Only at the end of the glide slope will the zero be sufficiently
removed from the origin to enable the error in 4 to be
corrected. Therefore, a fixed reticle is an inadequate display
aid for keeping the vehicle on the glide slope.

2. Glide-Slope Reference Lines
For glide-slope control with reference lines, the control

error e is equal to T'. HS (s) follows from Egs. (1) and (A9),
and is given by

(1/RYM,Z,,V— (1/R) Zss(s+M,)
s2A(s)

§(s) =

(%)

with A(s) given by Eq. (A10). Generally, since z; <M;, the
zeros in Eq. (5) are far away from the origin, so that the
control of this fourth-order system is nearly impossible
without rate information, particularly, if the two poles of the
vehicle dynamics are close to the origin. A block diagram of
the control system is shown in Fig. 3.
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Fig. 3 Block diagram of the control system for glide-slope control
with reference bars. '
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The human operator (HO) transfer function is represented
by H{(s) =N(s)/D(s) and the HO remnant source, com-
bining observation and motor noise, by v, (s). According to
Weir and McRuer, !! the basic structure of H(s) consists of a
gain, a lead-lag adaptive term, a neuromuscular lag, and a
time delay. From Fig. 3 and with Egs. (A9) and (A13), an
expression for the closed-loop power spectrum of I' can be
derived from

—(I/R)Z ,s(s+M,)D(s)

F Poang
) Dy (s)

w, (s)

L, IR IMsZL V= Z55(s+M,) IN(s) . (5) ©

Dcl (5)
where D, is the denominator of the closed-loop system.
Equation (6) shows that v,(s) is strongly filtered- since
Zs<Mj;, and that the filtering of w,(s) depends on M,.
Therefore, the I' spectrum will have little high-frequency
power. Apart from this, the static gain of I' is small due to the
relatively large value of R. Therefore, rate estimation from I'
will be quite difficult.

With a body-fixed camera, rate cues are, to some extent,
derived from the pitch motion of the vehicle. It follows from
Eqgs. (A7) and (A9) that with zero disturbances and Z; <M;, T’
and @ are related by a first-order lag in accordance with

sT(s) _(V/IR)Z,,
6(s)  (s+Z.)

Q)

It will be shown experimentally in Sec. I11.B that control of
the fourth-order system of Eq. (5) is still possible by virtue of
the rate information I'=A/R provided by . However, the
pitch cues have the following shortcomings

a. Limited Control Gain: Equation (7) shows that for small
Z,, and large R, a large pitch angle is needed to obtain the
required response of I'. However, § is limited by the field-of-
view of the camera, thus limiting the control gain. If a larger
pitch angle is required, for instance, in the presence of
powerful disturbances, loss of control will occur.

b. Increased Observation Noise: Rapid  motions will result
in increased observation noise in the perception of I'. With the
block diagram of Fig.-3 and Eqs. (A7, A9, All, and A13), the
following expression for the closed-loop power spectrum of ¢
can be found:

M,s’D(s) + (I/R)M,Z,,N(s)

[/ =
(S) Dc!(s)

w, (5)

Mé(s+Z;,)sN(s_)

U, ($) (8)
Dcl (S) !
As expected, Eq. (8) shows that the 8 spectrum has more high-
frequency power than the I' spectrum. The high-frequency
power, yielding rapid pitch motions, depends mainly on M,,.

C. Vertical Glide-Slope Control with an Inertiaily Stabilized Camera
1. Independently Steerable Camera

The pitch, yaw, and roll motion of an inertially stabilized
camera can be controlled independently and completely
_decoupled from vehicle motions. Thus, the pitch angle of the
camera can be preset I'y deg below the true horizon. The glide-
slope reference lines are indicated by fixed reference lines on
the monitor image. Glide-slope control now involves keeping
the intersection point on these reference lines. Apart from the
missing pitch motion, the control task is identical to the task
with a body-mounted camera. In Sec. IILB, it is ex-
perimentally confirmed that elimination of the pitch motion is
advantageous for fast vehicle dynamics. However, if the
short-period pole pair is close to the origin, the rate in-
formation provided by the # motion is essential, so that the
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Fig. 4 Block diagram of the control system for glide-slope control
with a rate-controlled inertially stabilized camera.

isolation of the pitch motion from the display may be
detrimental.

2. Rate-Controlled Inertially Stabilized Camera

With an inertially stabilized rate-controlled camera, the
camera pitch rate 6. is made proportional to the control
command according to #.=Ké. This mode of control is
commonly used for terminal guidance tasks. For glide-slope
control, the structure of the control system is shown in Fig. 4.
The addition of noise, indicated in Fig. 4 by v,, accounts for
the offset and inaccuracy in the positioning of the camera.
The relationship I'/6,. assuming Z; < M;, is given by

sT'(s) _(I/KR)Méz(VV
0.(s) A(s)

®

Equation (9) shows that §. also provides some rate in-
formation I'=/#/R, having a large phase lag for slow vehicle
dynamics. The usefulness of the camera motion 6, is,
therefore, questionable, since rate information is the most
needed for slow vehicle dynamics. From Fig. 4 and with Eqgs.
(A9 and (A13), an expression for the closed-loop power
spectrum of 8, can be derived:

KsA(s)N(s)

0C(S)= D(/(S)

v, (s)

N (K/RYZ,, (s+M,)N(s)
‘ DCI(S)

K
wg(s)+TvS(s) (10)

Equation (10) shows that the . spectrum has little high-
frequency power, since w, is strongly filtered. However, since
v, is integrated, a slow drift of 8. will result. Loss of control
occurs if 8, exceeds the field-of-view of the camera. Therefore
a rate-controlled camera is not suitable for glide-slope con-
trol.

D. Display Augmentation by Rate and Acceleration Cues
1. Velocity-Vector Symbol

In Secs. 11.B.2 and I1.C, it is shown that not in all cases can
rate information be obtained from the pitch motion of the
camera. However, the monitor display can be easily
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Fig. 5 Monitor image with glide-slope reference bars and velocity-
vector symboi.
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Fig. 6 Monitor image with augmented glide-siope reference bars.

augmented by rate and/or acceleration cues. Kleinman'?
found that augmentation of a glide-slope display by a
velocity-vector symbol is useful for a relatively heavy aircraft,
such as the DC-8.

Figure 5 shows the display with glide-slope reference lines
and a velocity-vector symbol. The control task involves
keeping the velocity-vector symbol on the intersection point /.
The control error is then defined as

e=y+h/R (1)
or
€(s)=(1/V)(s+ V/R)h(s) (12)

Due to the relatively small /R ratio, the zero in Eq. (12) is
close to the origin, thus giving rise to a large glide-slope error.
Therefore, keeping the velocity-vector symbol on the in-
tersection point is not necessarily a sufficient control strategy.
The vertical path angle v =#4/R is indicated on the monitor in
Fig. 5 as the deviation of the velocity-vector symbol from the
glide-slope reference lines. This rate information may well
serve as an inner rate loop closure, but an outer positional
loop closure is still required to implement glide-slope control.
A disadvantage of this display configuration is that both rate
and positional cues y and T' have to be perceived and
processed independently.

2. Gtide-Slope Reference Lines Augmented by Rate
and Acceleraiion Information

A display configuration was sought in which positional,
rate, and acceleration cues are included in a single control
error. Such a configuration is shown in Fig. 6. Rate and
acceleration cues originate here from the rotation of the glide-
slope reference lines about the point C. The angle of rotation
@ is determined by g=ah+bh where a and b are propor-
tionality constants. # can be measured on board by an ac-
celerometer and # by measuring « and 6, since A= (a+6) ¥,
or by direct measurements. It follows from Fig. 6 that the
control error for a point s, on the runway guideline, a
distance 42 B off the intersection point, is given by

e=a(B/2RYh+b(B/2R)h+h/R (13)
or

€(s) = (1/R) [(aBs?/2) + (bB/2)s+ 11h(s) (14)
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Fig. 7a Plan view of
the landing approach.
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Fig. 7b  Monitor image.

where B is the runway width. Equation (14) shows the
presence of a second-order lead term, independent of vehicle
or VF parameters. The location of the zeros is independent of
R and, thus, does not change during the approach. The
proportionality constants ¢ and b can be calibrated for a given
B and ¥ so that the two zeros yield a stable and well-damped
system. The control task then simply involves the alignment
of the augmented glide-slope reference lines with the points s;
ands,.

It should be noted that with this display configuration,
glide-slope control, as well as the creation of zeros in-
dependent of R, is achieved by proper use of the VF cues,
without the need for measuring R or A.

E. Lateral and Combined Lateral-Vertical Glide-Slope Control

Figure 7 shows a plan view of the landing approach. The
control task involves keeping the vehicle laterally on the glide
slope. The necessary VF information is mainly derived from
the runway centerline which, however, is only indicated for a
looking distance D> R. Since, numerically, V<R, the V/D
ratio is limited to a relatively small value. In Refs. 1 and 2, it
is shown that iateral control display aids, such as a fixed
reticle, velocity-vector reticle, or vehicle-path reticle will not
be useful for small values of V/D, since the controlled
element will have a zero close to the origin.

A display aid more suitable for lateral glide-slope control is
a lateral glide-slope bar, as shown in Fig. 7b, indicating the
direction of the glide-slope reference trajectory. This in-
formation may be obtained from an onboard directional gyro
or compass. The iateral glide-slope error p=7/D is then
defined as the visual angle, subtended between the intersection
point and the lateral glide-slope bar. Lateral slope control is
then identical to longitudinal glide-slope control, so that the
analysis in Secs. II.A-IL.D is valid for lateral glide-slope
control as well.
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Fig. 8 Combined display configuration with augmented laterai and
vertical.

As in the vertical case, the lateral glide-slope line for an
inertially stabilized camera is also indicated by a fixed reticle.
Prior to entering the glide slope, the camera axis is directed
parallel to the direction of the glide slope, and control is
accomplished by alignment of intersection point and fixed
reticle, indicating the camera axis.

By rotation of the lateral glide-slope bar about the same
center C as the two longitudinal glide-slope bars, lateral rate
and acceleration cues can be displayed. The combined display
configuration is shown in Fig. 8. In order to accomplish
lateral control, a third reference point s; must be indicated on
the runway centerline. Similar to the vertical case, two zeros,
independent of R, are thus obtained.

It is of particular interest whether the HO is able to use
these displayed higher-order cues in the combined lateral-
vertical glide-slope control task. Due to the increased task
complexity, improperly processed higher-order information
might result in a deterioration of performance. The ex-
perimental results of the combined task are discussed in Sec.
I11.B.2.

HI. Experimental Program
A. Description of the Experiments

The experiments involve the following data:

forward velocity (constant V=42.5m/s
during the approach)

required glide-slope angle I'y=13.2deg
initial height hy, =720m
initial range . R;=3000m
average rate of descent =10.2m/s
final height =108 m
final range =450m

The purpose of the program was to investigate the ef-
fectiveness of the display configuration proposed in Sec. II.E
for body-mounted and inertially stabilized cameras, for
various vehicle dynamics and disturbance spectra, and to
validate the theoretical considerations given in Sec. I1. In this
program the same RPV simulator as in Refs. 1 and 2 has been
used.

The field-of-view of the camera is =10 deg horizontally
and 7.5 deg vertically. The reference bars are straight bright
lines superimposed on the TV monitor image. The control
task is to minimize the vertical or vertical-plus-lateral glide-
slope error. The monitor is positioned 2.50 m from the
operator. Each approach started with an initial glide-slope
error of 0.55 deg and lasted 1 min.

Two subjects participated in the experimental program.
Subject 1 had previous extensive simulator training with
compensatory tracking tasks and lateral vehicular RPV
control, and performed ~20 training runs of 1 min each.
Subject 2 had no previous simulator training and underwent
~120 training runs of 1 min each. Both subjects yield
basically the same results. Only the results for the first subject
are presented in this paper.

The variances of 6, h, and the control force u were
measured and normalized with respect to the variance of w,.
The rms value of w, was about 3 m/s. In all experiments, w,
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was first-order bandlimited white noise with the bandlimit at
1.5 Hz. Three break frequencies were considered: 0.1, 0.4,
and 1.6 rad/s. The constants ¢ and b of the augmented glide-
slope bars were caiibrated so that the two zeros were located
atS;,;=0.5+0.5/.

B. Results
1. Vertical Glide-Slope Control

The experimental results for three pole-zero configurations
are shown in Figs. 9-11. The vehicle parameters determining
the three configurations are summarized in Table 1. The
normalized pitch, height, and control variances V; (deg/m-
s~12, v, (m/m-s ~')?, and v, (deg/m-s ~')? were determined
as a function of the disturbance break frequency a,, for
a;=0.1, 0.4, and 1.6 rad/s. Results for four camera display
situations at @,=0.4 rad/s are shown. The results for the
other values of @; do not differ significantly. Each point
represents the average of a set of six to twelve 1-min runs. The
vertical lines indicate the standard deviation of the set. The
experimental results are summarized below.

a. Results for Configuration 1: Configuration 1 represents
the dynamics of a Navion low-wing light aircraft, with
Z,=—2.024 (rad-s)”! and two vehicle poles at s;,=
—2.05+2.96 . Figure 9 shows that:

1) Both the pitch and control variances V, and V, for the
inertially stabilized camera are considerably higher than for
the body-mounted camera, indicating poor damping and large
overshoots. This indeed confirms the assumption of Sec.
1I.B.2 that essential rate information is derived from the pitch
motion, and thus contributes to the stability of the system, in
particular, for the relatively slower RPV vehicle dynamics.

2) For the body-mounted camera, augmentation of the
glide-slope reference bars by the higher state components
yields lower values of Vy, V,, and V,,. This confirms that, in
addition to the rate information provided by the pitch motion,
the higher-order information imparted to the glide-slope bars
is also used.

3) A stabilized camera with augmented glide-slope
reference bars yields a performance very similar to the body-
mounted camera. This demonstrates that the rate in-
formation, lost as a result of the elimination of the pitch
motion, can be effectively reestablished by the augmented
glide-slope lines. For the stabilized camera with augmented
lines, the variances are even slightly iower, probably because
the higher-order information is perceived directly, whereas

~
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Fig. 9 Experimental results for configuration 1 (Navion).
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Fig. 10 Experimental results for configuration 2.
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Fig. 11 Experimental results for configuration 3.

Table 1 Parameter values of longitudinal vehicle dynamics and display constants

Vehicle dynamics Display Runway
Zg,*® M;, poles, constants width
V,m/s m-s_z/deg Z,,1/rad-s rad-s ~2/deg M,, 1/m-s Mg, 1/s 512 a,s%/m b,s/m B,m
1 (Navion) 42.5 0.358 2.024 0.575 6.206 2.077 -2.05+£2.96;
I 42.5 0. 2.0 0.26 0.047 0. —~1+j 0.08 0.08 50
Il (Mini RPV) 42.5 0.406 7.14 2.43 1.575 2.1 ~4.6+7.8
2deg = degree control stick deflection
Table2 Experimental results for vertical and combined glide-slope control
Configuration 1 Configuration 3
(Navion) Configuration 2 (miniature RPV)
Ve? Va Vu Vo Yy Va Ve Vi Vi
BMP® Ve 2.60¢ 2.25 0.034 3.10 4.56 0.010 3.78 2.07 0.027
+0.80 +0.052 +0.011 +0.83 +2.59 +0.003 +0.78 +0.32 +0.012
C 2.76 2.07 0.049 4.79 2.97 0.027 3.94 2.60 0.028
+0.78 +0.59 +0.001 +1.98 +1.13 +0.009 +0.78 +1.39 +0.006
BEMA vV 2.14 1.30 0.013 2.89 2.43 0.0074 2.71 1.36 0.010
+0.07 +0.78 +0.001 +0.54 +0.84 +0.0046 +0.56 +0.69 +0.003
C 1.87 1.60 0.020 2.70 1.71 0.010 2.89 1.67 0.0089
+0.39 +0.64 +0.005 +0.43 +0.59 +0.002 +1.07 +1.11 +0.0041
1S vV 7.64 1.82 0.158 3.98 8.60 0.173 3.81 1.31 0.011
+0.82 +0.51 +0.037 +1.20 +3.20 +0.066 +1.25 +0.46 +0.003
C 8.63 3.86 0.170 Impossible to control 6.54 1.85 0.045
+2.92 +0.14 +0.007 +2.25 +0.76 +0.011
ISA vV 2.55 1.39 0.019 3.33 1.90 0.028 2.40 1.34 0.0054
+0.55 +0.49 +0.003 +0.81 +0.67 +0.013 +0.39 +0.39 +0.002
C 3.05 2.47 0.028 11.20 5.36 0.113 2.74 1.36 0.0086
+=1.10 +0.74 +0.011 +5.55 +3.33 +0.069 +1.02 +0.32 +0.0029
a Vg (deg/m-s ~ l)2 Vy (m/m-s l)")‘, V, (deg/m-s ~ ) — pitch, altitude, and control variances, respectively.

BM, body-mounted camera; BMA, body mounted camera with augmented bars; 1S, merllally stabilized camera; ISA, inertiaily stabilized camera with augmented

bars

€V, vertical control task; C, combined |

ateral-vertical task.

Each result is the average oflwelve 1-min runs.

with the body-mounted camera,

perceived with a first-order lag.
b. Results for Configuration 2: Configuration 2 represents

an aircraft heavier than the Navion with Z,, =

and two vehicle poies at s, , = — 1 %/.
The results in Fig. 10 show that for the stabilized camera,
Vs, Vi, and V), are very large, indicating a poorly damped

the rate information is

—2 (rad-s) ~!

system resulting in low system performance. Augmented
glide-siope lines are able to reestablish part of the necessary
higher-order information, but for a body-mounted camera V
and V, are still lower. Also, for this configuration a body-
mounted camera with augmented lines yields the best per-
formance.

¢. Results for Configuration 3: Configuration 3 represents
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a miniature RPV with Z,, = —7.14 (rad-s) ~! and two vehicle
poles at s, , = —4.6+£7.8 j. With M, = ~1.58 (m-s) ~!, the ¢
spectrum has a high bandwidth, as can be shown by Eq. (8).
The results in Fig. 11 show:

1) The body-mounted camera yields the largest values of
V., and ¥,. Most likely this is caused by the rapid pitch
motions which result in increased observation noise.

2) For the body-mounted camera, augmented glide-slope
lines yield considerably lower values of V, and V, than
regular lines. This demonstrates that, in spite of the rapid
pitch motions, the higher-order information provided by the
augmented lines is successfully used.

3} A stabilized camera with augmented lines yields the best
performance. The fast pitch motions are eliminated and the
higher-order information is successfully provided by the
augmented lines. Even for this rapidly responding vehicle,
higher-order information is shown to be useful, since it in-
cludes information about the disturbance, enabling the
execution of a counteracting control action before a sizable
glide-slope error develops.

2. Combined Laterai-Vertical Glide-Slope Control Task

In the combined glide-slope control task, the lateral and
vertical vehicle dynamics are assumed to be identical and
completely decoupled. The rms value of the lateral distur-
bance v, was about 2.25 m/s and the vertical disturbance 3
m/s. The filter break frequency in all cases was 0.4 rad/s. The
constants ¢ and & related to the lateral augmented glide-slope
line were calibrated so that two zeros at s,,= ~0.5+0.5/
were obtained. The resuits for the three vehicle configurations
for combined control and vertical control only are presented
in Table 2. Each result represents the average of a set of 12
approaches of 1-min duration and are summarized as follows:

1) The results of the combined task show similar
characteristics as the vertical task, but are more pronounced.
Thus, for all three vehicle configurations, the relative im-
provement of performance with augmented lines is larger for
the combined task than for the vertical task only. This in-
dicates that for the combined task the display of higher-order
information is successfully used.

2) The stabilized camera yields a strongly deteriorated
performance, in particular, for the combined task. This shows
that combined control becomes particularly difficult if rate
information is missing. For all three vehicle configurations,
augmented glide-slope lines yield a strongly-improved per-
formance.

IV. Conclusions

1) The experiments confirm the theoretical analysis
showing that system performance for a given display con-
figuration and camera system strongly depends on the
utilization of higher-order information by the HO.

2) The proposed combined augmented display is feasible
for RPV lateral and vertical glide-slope control, and can be
realized by utilizing standard onboard instrumentation.

3) An inertially stabilized camera yields inadequate system
performance for vehicle dynamics with w, <V2 rad/s, since
essential rate information is missing. However, this in-
formation can be successfully reestablished by augmenting the
glide-slope reference lines by higher-order information.

4) For a body-mounted camera, the higher-order in-
formation, imparted to the glide-slope reference lines, yields
improved system performance for slow as well as fast vehicle
dynamics.

5) A body-mounted camera is disadvantageous for vehicle
dynamics with w,>7 rad/s because of the rapid pitch
motions.

6) The field-of-view for a body-mounted camera should be
chosen in accordance with the maximum required pitch angle
for a given disturbance spectrum.

7) In the combined lateral-vertical glide-slope control task,
the higher-order information imparted to the glide-slope bars

J. AIRCRAFT

is successfully used, and yields a considerably improved
system performance.

Appendix
The vehicle is subjected to the following forces and
moments (Fig. 2):

F5 =vertical component of the thrust
F,, =lift force

T =thrust moment about the y, axis
T, = angle-of-attack stability moment
T, =pitch damping moment

The equations of motion are given by

LO=T,+T,-T, (AD)

mh'=~F,—F, (A2)

where ééq, m is the vehicle mass, and /, the moment of
inertia of the vehicle about the y, axis. For small per-
turbations about the glide-slope trajectory, the forces and
moments are given by

Fs/m=2Zyb (A3a)

Fo/im=Z,(w-w,) (A3b)
Ty/1, = M;sb | (A3c)
T/l =M, (w—w,) (A3d)
T,/1,=M,q (A3e)

With Egs. (A3a-A3e), Eqgs. (Al) and (A2) can be written és
G=M;s+M, (w—w,) —M,q (A4)

h= =262, (w—w,) (AS5)

where w= Varand #= V(a+86). The state vector is defined as
x=collg 8 o h}, and Egs. (A4) and (A5) can be written as

q(r) -M, 0 M,V 0 q(t)
163} 1 0 0 0 0(¢)
a(t) I B -Z, 0 a(t)
h(t) 0o v Voo lawm
M, M, ]
0 0
+ 8(1) + w, (1) (A6)
-Zs/V ~Z,/V
0 0

From Eq. (A6), the following transfer functions can be
derived: )

Q(S) — M65+M§ZW—Z<SMW

= A7

Hy() = X (A7)

Lo als) = (Zy/V)s—(Z;/VIM, — M, Ag

=56 T As) (A8)
h(s)  —Zys?—Z;M,s—ZM,V+Z, MV

H§ (S) 6(.5') SZA(S) ( )
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A(s) =[s2+(Z, +M)s+Z M, +M,V] (A10) 2Grunwald, A. J. and Merhav, S. J., “A Study of Display
Augmentation in Visually Controlled Vehicles,”” Technion,
qg(s) M,s Aeronautical Engineering (TAE) Rept. No. 284, Haifa, Israel, May
Hi, (s)= =Als) (A1D) 1976.
We (8) (s) 3Naish, J. M., “Control Information in Visual Flight,” 7th An-
nual Conference on Manual Control, June 1971, p. 167.
Hs, (s) = als) _ = (Zw/V)s=(Zu/VIM; =M, (A12) 4Naish, J. M., “Head-up Display for the Visual Approach,”” 8th
wg We (s) A(s) Annual Conference on Manual Control, May 1972, p. 159.
5Naish, J. M., ““A Conformal Head-up Display for the Visual
HE (s) = h(s) N —Zws2 —Zqus a3 pAp1p3r3oach,” 9th Annual Conference on Manual Control, May 1973,
"8 w, (s) s?A(s) SVan Houtte, N.A.J., “A Perspective Glidesiope Indicating

The noise process is modeled by passing zero-mean
Gaussian white noise w, with covariance W, through the first-
order filter

We=—aWw, +Ww (Al4)
where w, is the output of the filter.
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Spacecraft charging by magnetospheric plasma is a recently identified space hazard that can virtually destroy a spacecraft in
Earth orbit or a space probe in extra terrestrial flight by leading to sudden high-current electrical discharges during flight.
The most prominent physical consequences of such pulse discharges are electromagnetic induction currents in various on-
board circuit elements and resulting malfunctions of some of them; other consequences include actual material degradation
of components, reducing their effectiveness or making them inoperative.

The problem of eliminating this type of hazard has prompted the development of a specialized field of research into the
possible interactions between a spacecraft and the charged planetary and interplanetary mediums through which its path
takes it. Involved are the physics of the ionized space medium, the processes that lead to potential build-up on the
spacecraft, the various mechanisms of charge leakage that work to reduce the build-up; and some complex electronic
mechanisms in conductors and insulators, and particularly at surfaces exposed to vacuum and to radiation.

As a result, the research that started several years ago with the immediate engineering goal of eliminating arcing
caused by flight through the charged plasma around Earth has led to a much deeper study of the physics of the planetary
plasma, the nature of electromagnetic interaction, and the electronic processes in currents flowing through various solid
media. The results of this research have a bearing, therefore, on diverse fields of physics and astrophysics, as well as on the
engineering design of spacecraft.
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