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Model-Based Analysis of Control/Display
Interaction in the Hover Task

Sanjay Garg* and David K. Schmidtt
Purdue University, West Lafayette, Indiana

The effect of control/display interaction in the hover task is analyzed using an optimal control approach to
modeling pilot control behavior. The control/display configurations considered are those previously evaluated
in a flight research program. The experimental data base is reviewed, and the procedure for modeling the task
and the displayed information is presented in detail. All model-based results, time-domain as well as frequency-
domain, are found to correlate extremely well with with the subjective pilot ratings and comments. Time-domain
measures consist of root mean-square errors and control inputs, attention allocation to displayed quantities, and
magnitudes of task objective function. Frequency-domain measures include bandwidth, stability margins, and
pilot phase compensation. Results are also shown to agree with previous findings on task interference in multiaxis
tasks.

Nomenclature
/() = fraction of attention allocation to () task
g() - weighting on rate of control ()
p = body axis roll rate, deg/s
q = body axis pitch rate, deg/s
x,y,z = components of ground-referenced translation posi-

tion, ft
x,y,z = components of ground-referenced translation rate,

fps
Jp = model index of performance
W() = noise intensity in control channel ()
&ES = longitudinal stick position, in.
5Cs = collective stick position, deg
6,45 = lateral stick position, in.
5RP = rudder pedal position, in.
e () = error in () = commanded value minus actual value
f = damping ratio of second-order characteristic roots
0 = Euler pitch attitude, deg
QWO - washed-out pitch attitude signal, deg
T = time constant of first-order response, s
TN =.human's neuro-muscular lag time constant, s
TP = human's observation time delay, s
0 = Euler roll attitude, deg
<$>wo = washed-out roll attitude signal, deg
\l/ = Euler yaw attitude, deg
d)N - undamped natural frequency of second-order roots,

rads/s
()c = commanded value of ()
( ) m = maximum allowable value of ()

Introduction

T HERE is continued need to understand the interaction
between display sophistication and control system com-

plexity,1 especially in terms of its effects on the pilot's perfor-
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mance and workload in multiaxis tasks. In Ref. 2 it was hy-
pothesized that, for a given pilot rating, there exists an inverse
relationship between control complexity and display with min-
imum stability augmentation or a high level of control aug-
mentation with lesser display integration will be equally ac-
ceptable to the pilot. The hypothesis of Ref. 2 has been borne
out in various experimental studies3"5 conducted to investigate
the display/control tradeoff in the vertical/short takeoff and
landing (V/STOL) approach and landing task.

There are many approaches available to the control system
designer for the design of flight control systems, but the tech-
niques available for design of display systems are very limited
in number. Display design techniques rely heavily upon math-
ematical models of pilot behavior and, since the development
of an optimal control model (OCM) by Kleinman et al.,6 var-
ious display design techniques based on this model have been
suggested.7'9 More recently, a methodology has been pre-
sented10 that is intended to provide a systematic approach to
synthesizing pilot-optimal control and display augmentation in
complex, closed-loop, manual control tasks. This cooperative
synthesis technique makes extensive use of an OCM, both for
synthesis and analysis, and has as its basic premise the hypoth-
esis that the value of the pilot's objective cost function J p , as
obtained from the model for a properly modeled task, is corre-
lated with the pilot's subjective rating (PR).11 Such a hypothe-
sis has been corroborated using experimental data12'13 for sin-
gle-axis control tasks, and its extension to multiaxis tasks has
been hypothesized. However, to the authors' knowledge, no
extensive validation of the modeling procedure against experi-
mental data, in which both the control system and the dis-
played information were variables, has been carried out.

If the OCM is to be useful as a predictive design tool, it is
important that the model-based results reflect the qualities of
the overall system when a simple performance index is chosen
that represents a generic "critical" task. Also, all other model
parameters cannot be adjusted a posteriori to match results.
One objective of this study, then, is to determine whether not
only the model performance index but also other model-based
parameters are correlated with the pilot opinion rating when a
simple modeling procedure is used. In addition, it is to be
determined whether such a modeling procedure is appropri-
ately sensitive to the display/control interaction known to be
present. These objectives will be accomplished by performing
a model-based evaluation of a set of experimental data. The
data considered are those from Ref. 3, chosen because it con-
sisted of an in-flight investigation involving combinations of
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various levels of display sophistication and control complex-
ity. Moreover, detailed pilot comments were available, so the
analytical and experimental results could be more meaning-
fully compared.

In the following, the experimental database to be used is
first reviewed, and the control/display combinations to be
analyzed are briefly discussed. The modeling procedure used
in the analysis is then presented. The model-based time-do-
main results, consisting of values of the task objective func-
tion, root mean-square (rms) values of position errors and
control activity, and attention allocation predictions, and fre-
quency-domain results, using pilot describing functions
derived from the model,14'15 are then summarized. These time-
domain and frequency-domain measures have been used previ-
ously in various model-based studies16'17 to compare analytical
and experimental results. Finally, these results are compared
with the subjective pilot ratings and comments and discussed
in detail to gain insight into the pilot/vehicle/display interac-
tion in multiaxis tasks.

Experimental Data Base
A flight research program, undertaken to investigate con-

trol, display, and guidance requirements for vertical takeoff
and landing (VTOL) aircraft in a steep approach to landing
task under instrument meteorological conditions, is discussed
in Ref. 3. The X-22A variable-stability aircraft was used for
the experimental study. In all, 38 in-flight evaluations of com-
binations of 5 generic display formats and 5 levels of control
augmentation systems were performed. Although the complete
task considered was quite complicated, the design condition
for both the display systems and control systems, as stated in
Ref. 3, was precision hover. From the 38 cases considered in
Ref. 3, 6 were selected for modeling, based on pilot comments
indicating that hover was the task primarily affecting the rat-
ings and that crosswind and turbulence were not a factor.

The display sophistication and control complexity for the six
chosen configurations are shown in Fig. 1, along with the
subjective PR. The spread in ratings (2-7, on a Cooper-Harper
scale11) in Fig. 1 was wide enough for handling qualities anal-
ysis using the model. Note that, for the systems selected for
model-based study, the hypothesized tradeoff between dis-
play sophistication and control complexity is evident for com-
binations rated adequate-but-unsatisfactory (3.5 <PR<6.5).
However, a rating of satisfactory (PR<3.5) clearly requires a
high level of sophistication in both the display and the control
system. The three levels of control complexity and the two
levels of display sophistication considered in Fig. 1 are dis-
cussed briefly in the following.

Control Systems
The basic airframe dynamics of the X-22A aircraft were

modified using various augmentation schemes to yield generic
levels of complexity. For all the systems, the characteristic
dynamics were chosen to comply with MIL-F-8330018 specifi-
cations for level I handling qualities at the hover condition.

The vertical axis of the aircraft was unaugmented for all of the
systems considered in the study.

1) RATE: This system consisted of pitch rate q feedback to
the longitudinal stick dES, roll rate p feedback to the lateral
stock 6,45 and yaw rate r feedback into the rudder pedals dRP.
This type of augmentation is the minimum stability augmenta-
tion system (SAS) considered feasible for V/STOL aircraft.

2) ATT: This system was implemented as pitch attitude
command from the longitudinal stick and roll attitude com-
mand from lateral stick, using appropriate filters. The direc-
tional axis at hover was implemented as a yaw-rate-command-
heading-hold system.

3) ATT/RATE: This was the same as ATT system for the
pitch axis and the yaw axis. In the roll axis, this was imple-
mented as a roll-rate-command-attitude-hold system.

The approximate attitude transfer functions for the three
systems (as obtained from Ref. 3) are listed in Table 1. the
aircraft dynamics are decoupled between the longitudinal and
lateral-directional axes, while there was a small degree of cou-
pling between the longitudinal and the collective input.

Display Systems
The primary instrument available to the evaluation pilot was

a cathode ray tube (CRT) that presented integrated vertical
and horizontal information. Other auxiliary information nec-
essary for successful completion of the flight task was pro-
vided through various instruments such as an electromechani-
cal attitude director indicator (ADI), airspeed indicator, and
radar altimeter.

The symbology of the CRT display was designed using the
guidelines of Ref. 19, so as to optimize the displays from a
"human factors" point of view. The type of information
available on this display was a variable in the experiment. The
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Fig. 1 Pilot rating for varying control/display combination.3

Table 1 Approximate attitude transfer functions (from Ref. 3)

System

,aN] = K(s

RATE

ATT

ATT/RATE

0.44(0.12X0.14)
(0.12)(2.94)[0.10;0.40]

[0.7;4.0] 0.44(0.12X0.14)
[0.7;2.0] '(0.12)(0.17)[0.74;4.29]

[0.7;4.0] 0.44(0.12)(0.14)
[0.7;2.0] . 17)[0.74;4.29]

0.40(0.06)0.74)
(1.62)(2.71)[- 0.025 ;0.45]

0.97(1.83)(2. 16X0.06)
1. 70)(2.48)[0.30;2.20]

(2) 0.40(1. 83)(2. 16X0.06)
(0) ' (0.17)(1.67)(2.60)[0.52;2.15]
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two electronic display formats (ED-2 and ED-3) considered for
this study are shown iii Fig. 2. Apart from the unique informa-
tion specific to each display, they both provide the following
information: 1) aircraft pitch and roll attitude information, by
means of a fixed aircraft symbol and a moving horizon bar, 2)
horizontal position (x and y) of the aircraft with respect to the
landing pad, by means of a moving pad symbol, 3) the heading
of the aircraft with respect to the landing pad, by means of
rotation of the landing pad symbol and a fixed aircraft tail
symbol, 4) the heading-referenced ground velocity of the air-
craft, by means of a velocity vector, and 5) the altitude error
through an explicit symbol, and an expanding landing pad
symbol.

Information specific to the ED-2 display was the altitude
error rate and commanded horizontal velocity. The horizontal
velocity command diamond is driven as follows:

xc= -0.19*ei yc = - .057ye]

so that for a step position disturbance, the aircraft will return
to hover in an exponential manner if the pilot keeps the tip of
the velocity vector centered in the command diamond.

The ED-3 display consisted of a three-axes flight director
including a horizontal bar (HEAR) — longitudinal stick (dES)
command; a vertical bar (VBAR) — lateral stick (dAS) com-
mand; and a vertical tab (VTAB)— collective stick (dcs) com-
mand. The logic driving the flight director signals was derived
using the classical manual control theory.20 The flight director
logic is

HEAR = Aicjt + KeBwo + Kqq

+ KppVBAR = Kyey +

VTAB = Kzez +

The values for the director gains varied as a function of the
controlled vehicle characteristics, and were selected such that
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the director element response to the pilot's control input is like
k/s in the anticipated region of crossover frequency.

Task and Display Modeling
The task to be modeled is precision hover. Frequently,

model-based studies of the hover task have considered velocity
gusts to be the disturbance driving the aircraft.9'12 However, as
discussed earlier, pilot comments for the configurations being
considered in this study indicate that turbulence was not a
factor in determining the subjective rating. Because the air-
craft's gust response is different from the response to pilot's
control inputs, modeling the pilot's task as regulation in the
presence of atmospheric disturbance is inappropriate here. It
will be more appropriate to model the pilot's task as regulation
against his own noise, or remnant.

In accordance with the modeling objectives discussed ear-
lier, the performance index was chosen to simply represent the
critical task of minimizing hover position error indicated on
the display. The corresponding performance index is listed in
Table 2. In Table 2, the maximum desirable values of the
position errors xm, ymy and zm were chosen to correspond to a
displayed pad deflection of twice the human's observation

Table 2 Task modeling

*/D, — J

dt

(No rudder input for ATT/RATE and ATT systems)

xm = 12 ft
Zm =8 ft
&Esm = 1 .4 in.
5csm = 5 deg

WtES =(0.2)2in.2

Wbcs = (O.I)2 deg2

g( ) selected to yield T/

ym = 12 ft
\l/m =5 deg
dAsm =1.3 in.
$RPm = 0.8 in.

WsM =(0.18)2in.2

WdRP = (0.036)2 in.2

^ = 0.2 s in control channel ( )

Table 3 Observation vectors

Longitudinal
ED-2

x
X
0

z
z

Table 4

ED-3
x
X
e

HEAR
Z

VTAB

Lateral
ED-2

y
y
€y

System performance for longitudinal

A: rms, zrms,
System ft ft

RATErED-2 3
RATE:ED-3 2
ATTa:ED-2 1
ATT:ED-3 1

.87 0.66

.41 0.50

.49 0.39

.24 0.33

0rms,
deg

2.82
2.10
1.08
1.01

ED-3
y
y

VBAR

task

BES rms, dcs rms,
in- d«g ^.ong

0.44
0.40
0.34
0.34

0.21 0.33
0.20 0.24
0.21 0.15
0.20 0.14

Fig. 2 Electronic display formats.3 ATT/RATE system is same as ATT system for longitudinal task.
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fig. 3 Optimized fractions of attention for longitudinal task
(/long = 0.5).

threshold (a visual arc of 0.05 deg at the pilot's eye21). Such a
choice reflects the requirement of precise control of position.
The yaw attitude \[/ was included in the task performance be-
cause for the RATE system there was no heading hold mode,
and pilot's rudder control activity was required to maintain
heading in hover. The value of \l/m was chosen subjectively by
the authors, considering 5 deg to be quite a large deviation.
Based on the work in Ref 12, the maximum values of allowable
control deflections were chosen to be one-quarter of the total
control manipulator travel, and the weightings on the control
rates were chosen to yield a neuromotor lag time constant rN
of 0.2 s in each control channel.

Additive neuromotor noise was considered injected through
the control manipulator by the pilot. The intensity of the noise
for each control channel is also listed in Table 2. These noises,
along with the observation noises, model the remnant, and
they result in pilot's control noise to signal ratio? of between
—10 to —13 dB, considered reasonable for multiaxis human
control tasks.

It is significant to note that the regulation of the flight
director signals is not reflected in the index of performance. In
a situation where both the status information and the director
display signal is available, it is assumed that a well-trained,
motivated pilot will use the director signal only if it helps him
perform the critical task, which is reflected in the performance
index. Minimizing errors involving the director signal in the
index of performance directly is considered to lead to an im-
proper model. The effect of the director display, then, appears
only in the perception portion of the model, not in the task
objective (index of performance). If a flight director signal
truly aids the pilot's performance, then the model should indi-
cate a large fraction of the pilot's attention being allocated to
the flight director signal, even though the regulation of the
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Fig. 4 Optimized fractions of attention for lateral task (/ia, = 0.5).
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flight director signal is not explicitly included in the perfor-
mance index.

The guidelines that were adopted in designing the displays in
Ref. 3 are of importance when selecting the cues available to
the pilot. Two of these guidelines are

(i) No attempt is made to have the pilot estimate absolute
error or error rates implicitly by the rate of change of a position
symbol on the display. When rates are displayed they are dis-
played explicitly.

(ii) The scaling of the various symbol motions is selected so as
to be acceptable to the pilot while not significantly degrading
overall system performance.

In view of these two guidelines, the pilot's observation vector
was considered to consist of only the explicitly displayed
variables, and the thresholds were chosen to be very low. The
observation vectors for the longitudinal and lateral part of the
task for the two displays being considered are listed in Table 3.

The observation time delay rp was chosen to be 0.2 s and the
"full attention" noise to signal ratio was selected to be - 20 dB
for each observation. The pilot's full attention was assumed to
be devoted to the control task, with the attentional allocation
between the various observations optimized using the proce-
dure in Ref. 9. In terms of attentional allocation between the
longitudinal and the lateral tasks, it was found that an equal
allocation of attention (/Jong =/lat = 0.5) led to best results
(lowest value of Jp) for the systems being considered. This result
is also consistent with the findings in Ref. 8.

Modeling Results
The time-domain model-based results of the rms values of

the position variables (x, y, z), the attitude angles (6, <£, i/O, and
the control activity (5ES, 6CS, dAS, dRP) are presented in Tables
4 and 5. The optimized allocations of attention are plotted in
Figs. 3 and 4, shown as percentages of total attention in each
axis. From Figs. 3 and 4 we note that a large part of the
attention is in fact devoted to the flight directors for the ED-3
systems, indicating that the task performance, as modeled, is
enhanced by the director display. This is also consistent with
the pilot comments that the flight directors were very useful in
accomplishing the control task. With reference to the model-
ing procedure discussed in the previous section (i.e., the regu-
lation of flight directors not explicitly included in the task
objective function), this result tends to confirm the validity of
the modeling procedure, indicating that the procedure leads to
results consistent with the crossover model,22 the theory used
to design the flight director logic.

The comparison between the magnitude of the objective
function (Jp = /Plong + JPJ and the subjective PR for each con-
figuration is summarized in Table 6. (The numbers in brackets
are the pilot ratings on a Cooper-Harper scale). We note that,
for a given type of display, as control complexity is increased
(down the columns in Table 6) the pilot rating improves, and
so does the value of the objective function, likewise for in-
creased display sophistication (across the rows in Table 6).
These results are also plotted in Fig. 5, showing the correlation
between pilot rating and the value of the model objective func-
tion. Except for one configuration (discussed later) all of the
other configurations lie within the ± 1 rating region. (Note
that the straight line correlation shown in Fig. 5 is a hand-fit
based on the results for just the six configurations being stud-
ied herein).

Frequency-domain analysis is also of fundamental impor-
tance in understanding the pilot/vehicle/display interaction.
Furthermore, such an analysis helps tie in the optimal control
model results with the crossover model.22 As discussed earlier,
the augmented vehicle dynamics being analyzed in this study
are decoupled between the longitudinal and the lateral axes.
Moreover, in the longitudinal axis, the coupling between the
pitch and the collective input is deemed too small to be of
major significance. Thus, the pilot's task will be considered
here as three separate single-axis tasks. The generic block dia-

Fig.6
input.

Generic pilot/vehicle/display block diagram for each control
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Table 5 System performance for lateral task
CONTROL ED-2 ED-3

RATE A A
ATT/RATE Q

ATT Q

I I- 1 1 1 I T ^
.2 .3 .4 .5 .6 .7 .8 .9 1.0

•OBJECTIVE FUNCTION (J )

Fig. 5 Correlation between objective function Jp and pilot rating
(PR)*

y rms,
System ft

RATE:ED-2
RATE:ED-3
ATT/RAtE:ED-2
ATT/RATE:ED-3
ATT:ED-2
ATT:ED-3

4.43
3.33
4.72
3.86
2.51
1.95

<f) rms,
deg

3.07
2.34
3.75
3.01
3.80
3.45

\l/ rms,
deg

0.49
0.44
0.14
0.11
0.19
0.18

dAs rms,
in.

0.43
0.39
0.46
0.42
0.34
0.33

6/?p rms,
in- JP\*

0.07 0.40
0.07 0.31
-- 0.42
-- 0.34
— 0.20
-- 0.18

Table 6 Comparison between objective function
Jp and pilot rating (PR)

Control/Display
RATE

ATT/RATE

ATT

ED-2
0.73a

(7)b

0.57
(4.5)
0.35
(4)

ED-3
0.55
(4)

0.48
(3)

0.32
(2)

bPR.



MAY-JUNE 1989 CONTROL/DISPLAY INTERACTION IN THE HOVER TASK 347

Fig. 7 Pitch axis pilot/vehicle/display block diagram for ED-2 display.

gram for the pilot/vehicle/display system in each axis (or con-
trol input) is shown in Fig. 6. In Fig. 6 w8 corresponds to the
modeled pilot remnant disturbing the vehicle, zp is the con-
trolled variable of interest for control input dp (e.g., x for 5ES),
and yp is the vector of observed variables for this axis. The
pitch-axis pilot/vehicle/display block diagram for the display
format ED-2 is shown in Fig. 7 as one example of all the pilot
loop closures considered in that axis. Analogous block dia-
grams could be considered in other axes. Frequency-domain
representations of each of the blocks corresponding to the
pilot (P() in Fig. 7, for example) are obtained from the opti-
mal control model, using the procedure in Ref. 6.

From an inspection of Figs. 6 and 7, it is clear that for a
given control/display combination, measures of the quality of
the overall loop closure—such as crossover frequency and sta-
bility margins—can be obtained by breaking the loop at the
pilot output (or the vehicle input, marked X in Fig. 6). Exam-
ples of the loop-transfer function with the loop broken at the
control input dES are shown in Fig. 8 for the RATE:ED-2 and
ATT:ED-2 systems. The loop-quality measures of crossover
frequency «c, gain margin (G.M.) and phase margin (P.M.)
are defined as shown. These dES loop transfer functions for the
RATE:ED-2 and ATT:ED-2 systems show that the magnitude
slope at crossover is - 20 dB/decade for both the systems. This
was true of the loop-transfer functions for all of the three axes
for the various control/display combinations considered in
this study.

An important measure of pilot workload in the frequency
domain is the pilot phase compensation at the loop crossover.
But, since the pilot (model) in the systems being considered is
multivariable (i.e., more than one input into the pilot for each

control channel (see Figs. 6 and 7), the phase information can
only be obtained from some form of an equivalent pilot com-
pensation as, for instance, in Refs. 14 and 15. An inspection
of Fig. 7 reveals that the individual pilot describing functions
can all be reflected into a single equivalent pilot compensation
at any of the inputs into the pilot model. The most meaningful
way, however, is to consider the equivalent pilot describing
function at the display variable providing primary command
information to the pilot. These command signals are the veloc-
ity-error signals (e^ e^ e^) in the three axes for the ED-2 display
format, and the three flight directors (HBAR, VBAR, VTAB)
for the ED- 3 display format. An example single-loop equiva-
lent block diagram with equivalent pilot compensation in the
pitch axis for the ED-2 display is shown in Fig. 9. Examples of
the equivalent pilot describing functions are shown in Fig. 10
for the pitch axis of the RATE:ED-2 and RATE:ED-3 sys-
tems. Since the pilot describing functions in Fig. 10 include the
effect of the modeled neuromuscular lag rN and the observa-
tion time delay rp , the model-based pilot phase compensation
at crossover (*pc) is defined as

tan

In Fig. 8 coc was defined, and 4. eq is defined in Fig. 10 for the
RATE: ED-2 system, for example.

The loop quality metrics and the equivalent pilot phase com-
pensation for the three control channels dES, f>As> and 5Cs and
listed in Tables 7, 8, and 9, respectively. Considering the pitch
axis (Table 7) first, note the low stability margins and the very
high pilot lead compensation for the RATE:ED-2 system.
Comparing the ED-2 systems with the ED-3 systems shows
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that a major effect of providing the more sophisticated display
(ED-3), for both the RATE and ATT systems, is to reduce the
amount of pilot phase compensation. It is noted that this
reduction in pilot work load is a major reason for improved
pilot ratings with a more sophisticated display. As shown in
Ref. 10 and elsewhere, improved performance (e.g., rms error)
is almost a secondary effect. However, it is also interesting to
note that the value of the objective function (as modeled) is
sensitive to these effects (see Fig. 5).

Regarding the effect of control augmentation, we note from
Table 7 that improving the vehicle dynamics not only leads to
reducing pilot phase compensation, but also to a large im-
provement in stability margins. Although the improved dis-
play (ED-3) leads to improved margins, a dramatic improve-
ment owing to attitude augmentation is evident. Not only are
improved margins indicative of less susceptibility to pilot vari-
ations, but also low margins reflect high multitask workload.
In Refs. 23 and 24, for example, high side-task workload was
indicated in this fashion, and task interference was considered
significant in cases having low stability margins.

The trends for the roll axis (Table 8) are similar to those
discussed for the pitch axis. That is, the improved display leads
to reduction in pilot phase compensation, whereas increased
control augmentation brings about substantial improvement in
the overall loop quality and reduction in pilot workload. How-
ever, it is interesting to note that the stability margins for the
ATT/RATE system in the roll axis are just as bad as those for
the RATE system, thus reflecting the difficulty of the lateral
task here, as commented upon by the pilot ("Tendency to roll
too much. . .").

Considering the collective axis (Table 9), note that the major
effect of increased control augmentation in the pitch axis (re-
call that the vertical axis dynamics are the same for RATE and
ATT systems) is to increase the crossover frequency in the dcs
loop and, hence, improve the performance in the vertical task.
This result is consistent with the experimental findings in Refs.
23 and 24, wherein it is reported that the performance in the
secondary task improved as the controlled dynamics in the
primary task were made easier.

Interestingly, the results for the pitch axis and the roll axis
(Tables 7 and 8) indicate that the loop crossover frequency is
lower for the ATT systems as compared to the RATE systems,
whereas the performance (rms errors) is much better for the
ATT systems (see Tables 4 and 5). Although for a given closed-
loop system, higher loop crossover frequency does indicate
greater disturbance rejection, the issue here is that the two

DO
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3
£ —2O. -

20.

O.

O
E

<D
TJ

C
O

Q>0)
0

JCa

-40.

ISO.

90. -

— 9O. -

-180.
0.1 1.0

systems (RATE and ATT) respond very differently to external
disturbances. For example, the forward position disturbance
response to noise injected at the control input dES (or remnant)
is compared in Fig. 11 for the RATE and ATT systems. Note
that the frequency content of the effective disturbance is much
higher for the RATE system as compared to the ATT system.
Therefore, the required pilot/vehicle loop crossover frequency
to reject the disturbance is much higher for the RATE system
than the ATT system.

Configuration Analysis
The comparison between the model-based time and fre-

quency-domain results presented in the previous section, and
the pilot comments from Ref. 3, is summarized below.

1) RATE:ED-2. Pilot comments indicate that attitude in-
formation is very important. ("Hard to get enough attitude

Table 7 Frequency-domain results—dEs loop

G.M., P.M., 0>e, 4/?<
System dB deg rads/s deg

RATE:ED-2 6.3 24.0
RATE:ED-3 9.0 28.5
ATT:ED-2 12.0 49.0
ATT:ED-3 13.5 44.6

0.93 6
1.05
0.57
0.68 -3

Table 8 Frequency-domain results — 8As loop

G.M., P.M.,
System dB deg

RATE:ED-2 6.0 22.8
RATE:ED-3 8.2 27.4
ATT/RATE:ED-2 5.4 22.7
ATT/RATE:ED-3 8.0 29.5
ATT:ED-2 8.6 43.5
ATT:ED-3 11.2 49.5

We, 4.J9C
rads/s deg

0.95 6
1.06 -3
0.88
1.07 -6
0.71 -2
0.85 -5

Table 9 Frequency-domain results — dcs loop

G.M., P.M., Wc, 4/?(
System dB deg rads/s deg

RATE:ED-2 12.5 48.0 0.60 -4
RATE:ED-3 11.0 43.0 0.75 -3
ATT:ED-2 10.0 40.5 0.85 -3
ATT:ED-3 10.0 39.2 0.95 -2

\S MT} 6ES x

V 6ES
(+) ES

*̂  ———
X

X

!i
X

frequency — rod/see

Fig. 8 Loop-transfer functions at control input
Fig. 9 Block diagram with equivalent pilot compensation (ED-2
pitch axis).
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RATE:ED—2

frequency — rad/sec

Fig. 10 Equivalent pilot describing functions in the pitch axis.

G
ni

6O.

40. -

20. -

-20. -

-6O.

RATE

I
1.0O.I 1.O 10.

frequency — rod/sec
Fig. 11 Power spectra of disturbance response (xd/WsES).

information from electronic display. Performance very poor,
got large attitudes trying to get to and stay over the spot.")
Model-based results agree, indicating very high attention allo-
cation to attitude angles 0 and </>, and larger rms values of x,
Z, and 6 than for all other systems. Also, the relatively large
rms value of y and low stability margins, as compared to most
other systems, agree with the pilot comment that "Poor atti-
tude control makes airplane move left and right too quickly."

2) ATT/RATE:ED-2. The major pilot complaint was the
difficulty of the lateral task. ("Tendency to roll too much
when making lateral corrections.") This is reflected in the
model-based results in terms of high value of Jp^ (slightly
higher than RATE: ED-2, even), the high attention allocation
to the roll attitude <£, and low stability margins.

3) ATT:ED-2. Although for this case the value of Jp would
indicate a better pilot rating than obtained, the pilot phase
compensation is higher than with ED-3. Moreover, pilot com-
ments indicate that he was confused as to what to do with the
altitude rate error circle and was scanning to the radar altime-
ter to help pick up lead on altitude. The pilot also seems to
have had other concerns. For example, he states, "today we
have to watch the engines closely since it's warm." It is specu-
lated that some of these factors may have had a bearing on the
degraded pilot rating for this particular configuration.

4) RATE:ED-3. Pilot comments about flight directors are,
"Very good. Proper directions and very comfortable." The

model-based result of almost all attention being devoted to the
flight directors is consistent with these comments. Also, pilot
comments indicate that pitch control was a problem in hover.
The large rms value of 6 for this system as compared to
ATT:ED-3 and higher phase compensation in pitch than in roll
reflect this difficulty.

5) ATT/RATE:ED-3. Pilot comments are, "A bit more
attention to bank angle control is required than I'd like, is the
biggest problem, is a mildly unpleasant deficiency." Although
high attentional allocation to 4> is not indicated, model-based
results for this system show much higher attentional allocation
to y as compared to that for the RATE:ED-3 and ATT:ED-3
systems. This implies that pilot compensation will be more
than just closing the flight director (VBAR) loop.

6) ATT:ED-3. Pilot comments are, "A dream—good infor-
mation, good control." Model-based results showing almost
all attention being devoted to the three flight directors, low
phase compensation, high stability margins, and good time-
domain performance are all in agreement with these com-
ments.

Therefore, not only is there a good correlation between the
pilot rating and the value of the model objective function, but
the other model results all echo the pilot comments.

Conclusions
Using an optimal control modeling approach, the display/

control interaction in the hover task was analyzed for a set of
VTOL vehicle configurations previously evaluated in a flight
research program. A modeling procedure that consists of
choosing the model objective function to reflect the simple, yet
critical task of regulating hover position, with all model
parameters set to "standard" values is suggested, and was
found to lead to time and frequency-domain results consistent
with the pilot comments. Model-based frequency-domain
analysis revealed again that the major advantage of display
augmentation is to reduce the pilot workload, while improve-
ment in closed-loop (rms) performance is secondary. Control
augmentation, when properly implemented, leads to both re-
duction in pilot workload and significant improvement in pi-
loted system performance. All model-based frequency-domain
results involving pilot compensation and loop-transfer func-
tions were found to be consistent with the well-known cross-
over model.

The results of this study further enhance the applicability of
the optimal control modeling approach, not only as an analyt-
ical tool to evaluate the handling qualities of piloted systems,
but also to be used in model-based display/control design
techniques.
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