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- pilot was able to manipulate them to maintain an accurate manual hover.

The flight test of the above system was successfully completed and the
results quantitatively show that standard deviation position errors incurred
during a “bob—up” and remask maneuver may range as high as 30 feet radially.
The potential of the LDNS to provide low frequency velocity information for the
velocity vector drive was adequate when combined through complementary filter-
ing with attitude (high frequency) derived velocity.
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1. BACKGROUND

The tactical deployment of Army helicopters equipped with night vision
sensors during night operatic is revealed that a significant operational prob—
len, exists in maintaining a stable high altitude hover.’

The scenarios for a mid— to high—intensity conflict require that the fu-
ture Army hel icopters such as the Advanced Attack Hel icopter (AM!) ,  the Ad-
vanced Scout Helicopter (ASH) and others, operate at NOE ’(Nap—of— the-Earth)
conditions to increase their survivability. In the area of operations, these
helicopters must hover and remain concealed by natural and man—made objects,
“bob—up” to an altitude sufficient to acquire, identify, and designate or f ire
a missile and then rapidly descei~t until masked to avoid detection by the
enemy.

It is during these maneuvers that a pilot has difficulty in maintaining
a stable hover when viewing a Forward—Looking Infrared (FLIR) night vision
sensor, whether it is gimballed or rigidly mounted on the helicopter. Tests
conducted at CDEC1 , as well as flight tests conducted by Night Vision Labora-
tory (NVL ) 2, and Avionics Laboratory (AVL)3 verified the existance of a night
hover problem.

This problem was also recognized by the Army helicopter procuring com-
munity. The procurement specifications written for the MB helicopter in-
cluded a requirement for hover aid symbology . Due to cost constraints, an ad-
ditional stipulation was added which required that the hover aid be provided
from the planned AAH onboard sensors. In view of the above, the Avionics Lab-
oratory at Fort Monmouth initiated a program to provide a potential solution
to the tactical hover problem using AM ! onboard sensors.

2. INTRODUCTION

For the past several years the Avionics R&D Activity has been investiga-
ting the hover problem .3 Several flight tests were conducted on its Research
Aircraft Visual Environment/Experimental Vehicle for Avionics Research (RAVE/
EVAR) project helicopter to evaluate hover sensor and hover system concepts .”5
Some of these concepts utilizing symbology representing quantitative flight
information, pr imar ily position, velocity and acceleration (attitude) super—
imposed on a terrain presentation, were very •iuccessful. The position sensor
was a critical component required for a precision hover task. When position

‘CDEC Experiment 43.7llB.
2”Pilot Night Vision System (PNVS) Disp lay Eva Luation,” Night Vision Labora tory
In—House Report, July 1975.3Systeas Engineering Team , “Low Level Night Op erations (LLNO) Study , ” ECOM—44 17 , S

June 1976.
“Milelli, R. S., Johnson , D. C., Tsoubanos , C. M., “Manua l Preci sion Hover With
Superimposed Symbology on PLIR Image , ” AHS 31st Annual National Forum, Washing-
ton, DC , May 1975.
5Tsoubanos , C. N., “Design and f l ight Teat Evaluation of an 11? Hover System,”
Avionics Laboratory Technical Report ECOM—4520, Aug 1977.
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errors were derived visually from the scene (stabilized downlooking image) or
f r o m  a pos ition sensor such as the Actron Ind ustries da~light system, Random
Scene Motion Sensor (RNS),3 the results were optimum.3’ If position informa-
tion was not available , the results were poor. However, the AM! PNVS specif i-
cation and funding constraints do not allow additional sensors (i.e., position)
to provide the hover aid. Therefore, a f light test evalua tion was conduc ted
utilizing the concepts stated in the AAH PNVS specification to provide the
hover capability. The basic equipment, planned for the AAH, on which this
hover capability is centered includes the following subsystems.

a. Turreted PNVS FLIR with a field—of—view (FOV) 300 by 40°.

b. Helmet Mounted Display (HMD) with head tracker

c. Symbol Generator

d. Vertical Gyro

e. Lightweight Doppler Navigation System (LDNS) S

f. Other onboard sensors (altimeter , IVSI , etc.)

3. TECHNICAL APPROACH

The Pilot Night Vision System was simulated on the EVAR Project Helicop-
ter by utilizing its existing closed circuit TV system with a FOV of 45 0 by
60°. The head tracker concept could not, at this time, be integrated due to

S the lack of a turret. Ins tead , the daylight TV system line—of—sight in the
vertical axis was electrically altered to increase the downlook angle to that
which can be achieved by a head tracker and a turret—mounted FLIR.

The display medium used In these tests was a panel—mounted 8—inch diagonal
CRT situated approximately 24 inches from the pilot’s eye. The symbol gener-
ator was an analog version used in a previous hover flight test experiment.5

Finally, the Engineering Development (ED) model LDNS was integrated with
the symbol generator and associated instrumentation to drive one of the key
displayed parame ters , the velocity vector. Thus in the absence of a position
sensor , the symbolic presentation of doppler velocity and acceleration informa-
tion became the heart of this hover aid.

The above system referred to as the Doppler Hover System (DHS) concept
was initially tested in the Avionics Laboratory Tactical Avionics System Simu—
lator (TASS). The results of this simulation proved to be encouraging and re-
inforced the need for a flight test effort.

It should be noted that for the flight test phase there were two Engineer-
ing Development (ED) LDNS models available, one designed by Singer Kearfott,
the other by Teledyne Ryan. The Army was evaluating these and would eventually
select one of these dopplers to go into production for use on AM!, Cobri , and
TJTTAS helicopters. Each of these dopplers was separately tested in the DHS
concept. A quick disconnect and changeover from one system to the other was
implemented to allow ease of testing both LDNS systems.

I



5 -  - S - ~~~~ - _ _ _ _ _ _ _

4. SYST~ 4 DESCRIPTION

a. LDNS. The LDNS is a self—contained navigation system and does not re-
quire any ground—based aids. It consists of a Doppler Radar Velocity Sensor
(DRVS) ,  and a Computer Display Unit (CDU). For the Singer Kearfott version
only, the DRVS is packaged in two LRU ’s, a Signal Da ta Converter (SD C) , and a
Receiver/Transmitter Antenna (RTA). The RTA is rigidly mounted on the airframe
and aircraft angular motions are decoupled analytically through the use of ver-
tical gy:oscope information. With suitabl e head ing, p itch and roll inputs f r o m
standard aircraft attitude and heading systems, the LDNS supplies aircraft vel-
ocity, position and steering information in both visual and serial digital
(ARINC 571) form. The DRVS transmits microwave energy toward the ground in
four non—coplanar beams, and measures the doppler frequency shift in the back—
scattered energy. The four doppler frequency shifts are then sent to the CDU
for use in navigation and steering computations. Since the primary interest
of this flight test phase was the hover aid capability, a detailed technical
description of the navigation system, will not be - presented.

An optional Steering Hover Indicator Unit (SHIU) was used to convert the
velocities from serial digital form into analog form to ease the integration
with the analog symbol generator. In the hover mode the SHIU provides the

S values of three orthogonal components of aircraft ground velocity along—heading
S 

VH ,  across heading VD and vertical velocity V~ using analog needle movement
presentation. The signals that drive these pointers (needles) are converted

S from ARINC 571 type serial digital data format to analog voltages within the
SHIU. Provisions were made by both contractors to make available the hover
velocities in analog format to drive the analog symbol generator. The SHIU
hover presentation itself was not adequate as a kover aid due to its low gain
(30 KM/HR/DIV) and the lack of acceleration information.”

b. Symbol Generator. The TASS Integrated Trajectory Error Display
(TITED ) symbol genera tor which was used in this Doppler Hover System test was
the one previously used in the Optic IV Day/Night Hover System flight test
ef fort.5 Some minor changes were made to declutter the pilot’s presentation
and to provide the required signal shaping for the LDNS velocities. The new
symbology format is as shown in Figure 1.

c. Closed Circuit TV System, The EVAR project helicopter includes a
daylight TV camera fixed—mounted on the nose and a second one inside the “hook
well” mounted to look down. Each of the TV sys tems has a 45 ° vertical by 60°

S horizontal FOV. The line—of—sight of the camera located in the nose of the
aircraft was eJectrically biased to increase its downlook capability to approx-
imately —20° from the horizontal. This was required to approximate the anti-
cipated AAH PNVS downlook capability of —30°. -

The second camera, looking down, was used to record the ground scene for
eventual data reduction application and also in some cases to provide the pilot S

with —90° downlook to assess any improvement in hover performance over the —20°
downlook. More will be presented on this in the data collection section of the
report. The subject pilot was provided with a switch on his collective control
to allow him the capability to select either scene.

3
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d. Symbol Drive Requirements. The required sensors to drive the symbol— S

ogy include the vertical gyro, radar altimeter, instantaneous vertical speed
indicator (IVSI) , engine torque transducer, heading gyro, and LDNS. The ac— 

S

celeration, torque, radar altitude, rate of climb, and heading rate error de-
viation symbols all required the identical signal conditioning as for the Optic
IV Day/Night Hover System tests.5 The velocity vector drive and its signal
conditioning was changed from these previous tests. Due to the inherent dop-
pler noise, the velocity vector drive signal for hover was comprised of inte-
grated attitude for the high frequency and doppler velocity for the low fre-
quency, combined through complementary filtering with the crossover frequency
at 0.1 radian. This technique was shown to be successful in simulation and
also in the early RAVE flight tests.” Some experimentation was conducted dur-
ing this flight test training phase on the time constant for the LDNS velocity
signal. The time ccnst~nt was varied incrementally from 2.5 to 10 seconds.
At the lower value (2.5 sec), the velocity vector became unpredictable and the
pilot’s workload (stick movement) greatly increased. The time constant of 10
seconds was selected for use in the flight test. Figure 2 shows this comple— S

mentary filtering. Note that there are two signals wh ich may drive the veloc-
ity vector. The raw doppler signal scaled at 11 fps/inch is primarily for use
in the approach mode symbology , with provisions implemented in the symbol gen-
erator for use with the hover symbology mode. The other signal is only used
during the hover mode. Once the pilot stops the aircraft in the general hover

S area, he switches to the hover symbology mode having the complemented velocity
with the higher gain of 2.5 fps/inch displayed.

During the training flight, a velocity (VH, VD) offset appeared. This
bias was apparent for both dopplers and appeared to be caused by the digital
to analog conversion. A bias adjustment was added to the symbol generator to
correct this problem. A digital symbol generator, such as that planned f or
the AM!, would use the digital velocity directly, and therefore, eliminate
this problem.

e. Pilot Control Unit. The subject pilot had at his disposal a control
unit which allowed him to select the symbology mode to be displayed. A de—

S scription of this unit and its functions may be found In reference 5.

f. Data Collection and Recording.

(1) DAU. The onboard Data Acquisition Unit (DAU)6 was used to re—
cord the aircraft states which included the following parameters: pitch, roll,

S 
heading, pitch rate, roll rate and yaw rate, cyclic, collective, pedal position,
torque, radar altitude, rate of climb, and raw LDNS velocity outputs.

5 (2) Video recorder. During the actual hover test runs, the downlook—
ing image video was recorded for future data reduction. The recorded downlook—
ing image was used to measure position accuracy as the pilot attempted to main—
tam a stable hover. The video recorder audio track was used to record a com-
posite normal audio conversation during the flight as well as a 1—second time
code pulse of a 5—KHz tone. The tone was required to synchronize the video
tape with the DAU tape for the data reduction phase. The DAU recorded the time
code directly.

6Gunderson, R. P., “RAVE Project Pha se II Final Report,” Technical Report
ECON 5001, March 1975.

5
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5. SYSTEM INSTALLATION AND GROUND TESTING

a. Installation. Most of the above equipment was previously installed
on board the EVAR project helicopter. The new equipment, LDNS, tone generator,
and the downlooking TV camera installation was performed by Naval Air Develop-
ment Center (NADC) EVAR project support personnel.

b. Ground Testing. At the completion of the mechanical and electrical
installation, ground tests were performed by NADC and ECOM personnel to check

• the overall system integration. The interface of the LDNS with the symbol gen-
erator and the pilot control unit was checked and verified. The polarity and/
or phasing of the doppler outputs and the velocity vector were also verified.
The downlooking camera picture quality and the pilot video select control were
checked and found satisfactory. The tone generator output was checked by
making a sample video tape recording and verifying it by playback.

6. SUBJECT PILOT TRAINING

Although the subject pilots were familiar with the concepts being investi-
gated, adequate time was allocated to the two subject pilots to train on the
proposed cells. Both pilots were CH—53 qualified ~nd had flown the EVAR proj-
ect helicopter from the 3rd station,3 in a variety of projects. Some initial
simulator training was conducted at the Avionics Laboratory Tactical Avionics
System Simulator (TASS) for conceptual and procedural familiarization prior to
aircraft training.

For the training phase, as well as for the data collection phase, the EVAR
helicopter was flown by the command pilot from the front seat to the vicinity
of the hover area. The subject pilot was at his station monitoring the super-
imposed symbology on the forward—looking TV. He was instructed to have selec-
ted the “Approach Mode” symbology on his control unit and be observing the
hover performance of the command pilot. The velocity vector presented on the
displayed image was raw doppler velocity scaled approximately 11 f t/sec per -

inch on the display. As the command pilot approached the hover area and -

brought the aircraft to a stable hover, the subject pilot assumed control of
the helicopter and attempted to continue the hover. These attempts were un-
successful since the low velocity gain was not easily resolved by the pilot
especially for very low drift rates. This low velocity gain presentation did
not provide the pilot with adequate damping information to assist him in sta—
bilizing the helicopter and minimizing its drift. Increasing the velocity
vector gain only increased the inherent doppler noise and did not aid the test
subject in performing his task.

When it became apparent that the subject could not eliminate the drift,
the command pilot resumed control of the helicopter and re—established a stable
hover. The subject pilot now switched the symbology to “Hover Mode” which pre—

S sents complemented velocity information on the velocity vector (Figure 2).
This action also allows the velocity vector attitude component to washout and
operate about the helicopter trim attitude.7 The subject pilot then coordina-
ted with the coum~and pilot and at his consent took control of the aircraft and

7Shupe, Dr. N., Clark, R. G., Quad A Hover Paper, April 1976.

7
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attempted to hover using symbolic information of velocity and acceleration and
a forward image TV presentation of the terrain. The initial training was at a
constant altitude (60 ft) with the front seat pilot holding altitude and head-
ing. As the subject pilot’s performance improved, he was requested to assume
control of altitude and heading. As pilot proficiency and confidence increased

S at the constant altitude hover, the bob—up, high altitu4e and remask maneuvers
were added.

Due to the nature of the conceptual hover system, the initial position
reference selected by the subject disappeared from view during the bob—up ma-
neuver. As the pilot ascended to a higher altitude, in the absence of a posi—
don reference, he had to minimize both the velocity vector and the acclera—
tion symbols excursions in order to maintain a stable hover. Having achieved
the desired high altitude, the pilot once again had to look to the TV presents—
tion and select a new hover position reference.

S During the remask maneuver, again in the absence of a position reference,
he had to minimize the velocity vector and acceleration excursions to maintain

S established hover and slowly descend. As he approached the desired altitude,
he searched the TV image for his initial low altitude position reference. If
during the remasking procedure the- subject pilot could not locate the initial
reference point, he would not continue to descend or move about randomly, but
would turn control over to the front seat safety pilot. This was especially
true when he could not see what was beneath or on the sides of the helicopter.

Training was completed when the pilot showed confidence using the system.

7. PLIGHT TEST CELL SELECTION

The hover flight maneuvers conducted during the testing phase were pri-
marily the “bob—up” and “remasking” and a hover maneuver at constant altitude.

-
, 

Four cells were configured for the test phase using TV imagery with sym—
bology.

These are:

Cell la, Constant altitude — utilizing 90°—depression TV image.

Cell 1. Constant altitude — utilizing the 20°—depression image.

Cell 2. “Bob—up” and “remask”— utilizing the 20°—depression TV image.

Cell 3. “Bob—up” and “remask” — utilizing the 20°—depression or the 900~
depression TV image, selected at the pilot’s discretion.

Two additional cells were implemented as baselines. These two cells were
flown from the front seat and are:

Cell •. Baseline 60—feet hover out of the window.

Cell 2a. Baseline “Bob—up” and “Remask” out of the window.

8
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Some “bob—up” trials were attempted without synibology but were quickly
terminated due to pilot inability to stabilize the helicopter.

Approximately 100 runs, 50 for each LDNS, were flown by subject pilots
CW3 Chuck Tidey and Mr. Chuck Nay (NVL). Each run was approximately 2—5 min-
utes long. Unfortunately not all runs were recorded due to a malfunction of
the Data Acquisition Unit (DAU). The usable runs for data reduction were 30
runs, 13 using the Singer and 17 using the Ryan Doppler.

8. PLIGHT TEST EFFORT

The simulated AAH PNVS and Doppler Hover System (DHS) concept was success—
S fully flown by the subject pilots at the NADC Airfield. Prior to lift—off , the

LDNS velocity bias (described previously) would be adjusted. With the helicop-
ter rotor turning, a reflector was placed underneath the LDNS antenna, The
Doppler system would go into the track mode and the displayed velocity vector
would indicate voltage magnitude which was verified by a voltmeter measurement.
By adjusting the bias potentiometer implemented in the symbol generator, the
offset was cancelled. This procedure was performed for every flight and re-
checked at the completion of the flight.

Before each subject pilot attempted to hover, the front seat pilot had
S to stabilize the helicopter into a stable hover for approximately 1 minute.

This technique was required to allow sufficient time for the attitude portion
of the complemented derived velocity to “wash out.” This problem was solved
in the simulator by using filters with time—varying time constants while switch-
ing modes, However, there was insufficient time to implement this fix in the
aircraft analog symbol generator. Once the velocity vector reached the heli-
copter reference symbol (Figure 1) indicating the filter was properly initial-
ized, the subject pilot assumed control of the helicopter and attempted to
hover in place. From this stable hover at 60 feet altitude the subject pilot
performed the specific cells described earlier.

9. DATA REDUCTION

To generate the X—Y position information from the video recording of the
downlook image, an electronic light pen system was used. The light pen system
generates a voltage proportional to the movement of the light pen on the sur-
face of the TV image. The operator initiated the digitizing of the video in-
formation by holding the light pen on the surface of the TV monitor over some
prominent reference in the TV image. He then allowed the video recorder to
replay the recorded imagery of the particular run. As the ground image informa-
tion changed, the observer would manually move the light pen to follow the move-
ment of the initial selected reference point. Every 0.1 second the X and Y
voltages representing light pen position were -automatically recorded in digital -

S 
format. This new digitized tape with samples of data every 0.1 second was syn— S

chronized with the DAU flight data tape for the actual ground position error
computation. The ground position error computation, which accounted for heli-
copter attitude, heading and altitude, was calibrated using a video reccrding S

of a measured grid on the ground. To determine the accuracy of the video to

9 
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digital conversion one run was reproduced several times. The cumulative fre—
quency of the mean of the several trials is shown in Figure 3 with the minimum
and maximum deviations about this mean. This small error (less than 5 feet)
Induced by the light pen conversion was considered acceptable.

The data reduction program, in addition to computing ground position error,
computes the mean, standard deviation, variance, maximum, minimum, range and
initial and final values of a number of variables. A sample copy of a computer S
printout is shown in Figure 4. In addition to the above computations, histo-
grams and time histories of the doppler velocities, V11 and VD, the altitude, S

and positional errors, are also computed, as shown in Figures 5 and 6.

10 • FLIGHT TEST RESULTS

The results of the DHS flight test effort are shown in Figures 7 through
24. To best explain the various figures, each cell flown will be analyzed
and a comparison will be made.

a. Constant Attitude Trials. Cell 4’ , Cell la, Cell 1 (Figure 7) shows
the cumulative frequency of the hover radius performance about the mean posi— S

tion as flown by the front seat subjects (Cell 4’) and the third seat subject
pilots using Cell la (downlook TV) and Cell 1 (forward—look TV). This figure
indicates that for a constant altitude hover, the front seat pilot, with all
the cues that are available to him as he views the world outside the cockpit,
performs a better hover. There is a slight degradation in positional hover per-
formance using the Cell la configuration and a further degradation using the
Cell 1 configuration.

Figure 8 shows the positional standard deviations in the longitudinal,
lateral, and vertical (altitude) axis. One significant observation is that
the longitudinal position standard deviation of Cell 4’ is much greater than
the lateral position standard deviation of the same Cell. The only explana—
tion for this is that the front seat pilot must look over the instrument panel
for some ground reference to control the fore—aft aircraft movement. This
reference is some distance away from the helicopter and it appears to move not
only when the helicopter translates but also with altitude and attitude changes..
This coupling in the longitudinal axis of altitude, attitude, and fore—aft

S translation adversely affects the pilot causing larger position errors. The
coupling is not as pronounced in the lateral axis and a probable explanation
for the smaller position errors.

Altitude control appears to be somewhat difficult for Cell la and Cell 1.
Whereas the front seat subject altitude deviations are less than 2.5 feet, the

S other two cells are greater than 7.5 feet. It is the experimenter’s belief
that the front seat pilot neglected to disengage the automatic altitude hold
and thus the reason for the small deviations for Cell 4’.

The hover radius mean, standard deviation and RMS of the constant altitude
cells are shown in Figure 9. The hover radius about the mean is minimum for

S the front seat case. There is very little difference in the standard deviation
for Cell la and Cell 1, as shown in Figure 9.
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Finally for the constant altitude cells, Figure 10 shows a plot of the
primary flight control cyclic, collective, and pedal standard deviations in
percent of full travel. Here again the front seat subject control actions are
in the order of 1 percent for Cell la the control movement excursions increase
to around 2 percent with a range of 1.6 to 2.80 percent. For Cell 1 the ex-
cursion range is from 1.0 to 3 percent. This plot of control displacement,
primarily cyclic, has been used to indicate a measure of workload (activity) S

and one may conclude that the subject pilots, flying the display with symbology ,
work harder than the pilot flying from the front seat. The plot further sub-
stantiates the above statement that the automatic altitude and heading hold
control might have been engaged for the front seat, Cell -4 ,  as can be observed
by the low, less than 1 percent, deviations compared to the other two cells.

The symbolic presentation for heading was criticized by the pilots as not
being very useful as displayed. Helicopter heading statistics are not presen-
ted. The data reduction program did not compute the heading deviations about
a mean or reference heading. Therefore, by summing all the runs for the par-
ticular cell and computing some arbitrary mean and the standard deviation about
this new value would be meaningless. An analysis of the individual runs indi-
cates that the heading standard deviations for some of the runs were in the
range of 2 to 3 degrees. This would Imply that the subject pilots resorted to
the automatic heading hold rather than use the heading symbol to manually con-
trol heading.

Overall, a comparison of the DHS constan t alt i tude cells indicates that
there is no significant difference in hover performance using these cells.
The test subject flying the display perform~d equally well as the subject fly-
ing out of the window. The only differencf is that they had to work harder to
achieve similar performance.

b. Bob—up/Reinask Trials.

(1) Cell 2*. This baseline cell was flown by the front seat pilot
and will be used to compare similar maneuvers flown using the symbology . The
results of these trials are shown in Figures 11 through 14. Figure 11 shows
the cumulative probability of the complete bob—up and remask maneuver. The

5 results are broken up into five separate sub—cells. Initially the subject was
instructed to maintain a 60—foot initial hover (Ill) for approximately 1 minute.
On cue he was requested to bob—up (BU) to an altitude between 150—200 feet.
Once he stabilized at this high altitude, he was instructed to maintain the
high hover (HE) for an additional minute . On cue, again the pilot was re—

4 
quested to remask (RN) to a low altitude approximately 60 feet and maintain
this low altitude hover (UI) for another minute. The total time required to
complete the run was approximately 5 minutes.

The reason for presenting the results in five sub—cells was to permit a
means of determining which maneuver caused the greatest hover performance er-
rors. This is best illustrated by Figure 11. The Ill and UI hovers have only
5—feet error at the 50—percent point. At the higher altitude the error ap-
proaches 10 feet. However, the bob—up and remask maneuvers double in magni-
tude to 20 feet. One explanation offered is that since the pilot is given an 

S

additional task, that of controlling or changing altitude, he may trade—off
ground position accuracy to concentrate on altitude, especially during the
remask maneuver. Also collective changes couple with fore—aft cyclic correc—
tions further contributing to the position error increase.
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Figure 12 shows the mean, standard deviations and RNS. The maan radius
and RMS j ump from approximately 5 and 7 feet at the IH to 17 and 20 feet dur-
ing the bob—up and settle back to 10 feet at the higher altitude. They again
jump to 17 and 20 feet during the remask and settle back to around 5 feet at
the low hover. The maximum standard deviation for this cell is less than 9
feet which occurs during the remask and the minimum standard deviation is 2.5
feet occurring at the low hover.

A comparison of standard deviations of longitudinal and lateral position
errors (Figure 13) indicate that the major contributing factor in the radial
hover errors during bob—up and remask are errors in the longitudinal direction.
Since, during the bob—up and remask, collective changes also effect the cyclic,
which mechanically couples into the pitch axis, it is very possible that this

S 
coupling may affect the longitudinal position accuracy.

Another parameter of interest, as shown on Figure 14, is the mean and
standard deviation of the altitude for the IH, HH, and LH. The excursions
about the mean altitude at the IH is 16 feet. At the higher altitude this is
reduced to 8 feet and at the LH it is reduced to 4 feet. From this plot one
may give the explanation that for the initial hover the front seat pilot man—
ually controlled altitude. At the higher altitude as well as the low hover,
it appears that the automatic altitude hold might have been engaged. However,
since there was no recording of the actual altitude hold state, one can only
raise the possibility that the front seat pilot did, in fact, have the alti-
tude hold engaged. This can also be inf erred from the flight control char-
acteristics, that the altitude hold will maintain altitude within 5 feet of
the selected value. - 

-

Overall, as was expected, the front seat pilot performed a normal, not a
precise hover. It should be noted that the subjects flying in the front seat
were all Navy pilots. The bob—up and remask maneuvers are not typical Navy
maneuvers. It is possible that with additional training, the performance for

S the bob—up and remask maneuvers may be improved.

(2) Cell 2. The results of Cell 2 are presented in Figures 15
S 

through 18. For this cell, the subject pilot used the DHS with the 20°—de-
pression fixed forward TV image and hover symbology to perform the bob—up and
reinask maneuvers. The cumulative frequency of the hover radius about the mean
position (Figure 15) shows some interesting results.

Due to the nature of the configuration with only a 20° depression, the
- pilot ground position reference is some distance away from the helicopter. As

he attempts to perform the Initial Hover (IH), using the displayed information, S

it is quite difficult  to distinguish between altitude and fore—aft movement.
Thus the position errors increase. In comparison to the results of Cell 2a at
the 50 percent point, there is an increase of almost 10 feet for Cell 2. How-
ever, the bob—up and remask errors are reduced by at least 5 feet. It is
rather difficult to explain the reduction in position errors when the pilot

S loses his selected initial ground reference during the bob—up and remask maneu— 
S 

-
vera. The technique devised for these maneuvers was to have the pilot null the
velocity vector and the acceleration (attitude) excursions. By nulling these 

S

quantities there should not be much short term position variation. It may be
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deduced that the technique was effective since it reduced the position errors,
Once the subject ascended to a higher altitude, he searched the TV image for a
new hover reference point. During the remask maneuver, the above technique of
milling the velocity and acceleration vectors was again applied.

In comparison, the front seat pilot has to interpret ground velocity or
acceleration visually. As the helicopter increases altitude, these cues tend
to become less reliable, thus a potential for a less accurate hover. In the
Cell 2 implementation, the pilot did have a very accurate velocity and accel-
eration cue. By minimizing their magnitudes, the position errors naturally S

are also reduced. There is, however , a large increase in positional error for 
S

the Cell 2 high altitude hover (RH) and low altitude hover (L I I ) . The symbology
only provides the pilot with damping information, it does not provide him with
low frequency (position) drift information. Therefore, he is dependent upon
the imagery movement which is less effective at higher altitudes, to obtain
position information. At the higher altitude, the ground posiion reference,
selected by the subject pilot at the completion of the maneuver, is at a much
greater distance away from the helicopter. The farther the ground reference
is from the aircraft the more difficult it becomes to sense image movement and
to distinguish between altitude changes, attitude changes and fore—aft move-
ment.

At the low altitude hover (LII), the subject pilot might have tried to re-
acquire the initial ground reference point and, in the process of wandering,
did increase his position errors. Again the data In Figure 15 show the hover
radius about the mean position of the individual sub—cells and not the errors
measured about the Initial or starting point of the hover run.

The trend of position error excursions is further shown in Figure 16.

S 
Here the mean standard deviation and RMS of the hover radius about the mean
all indicate that for the IH, BtJ, and RN the errors are substantially less
than for the HR and somewhat less than for the LII. The standard deviations
of the longitudinal and lateral axis (Figure 17) appear to indicate similar
errors with the lateral axis being slightly greater.

Altitude deviations about the mean for the IH, HH , and LH are shown in
S Figure 18. The altitude standard deviation for the III and LII is about 12 and

10 feet, respectfully , while the HR is about 24 feet. This high altitude
standard deviation at 200 feet may be attributed to the displayed altitude in-
formation. The range of altitude displayed was from 0 to 1,000 feet. The in—

5 
formation displayed is linear from 0 to 200 feet. Beyond this value the scale
becomes non—linear and has a lower gain. Since the mean altitude recorded was
centered at 200 feet, the pilot would have been observing the altitude above
200 feet in the non—linear range. The decreased sensitivity of the display

S above 200 feet could possibly account for the large standard deviation. 
-

(3) Cell 3. As described earlier, C-?ll 3 is similar to Cell 2 with
an added attraction. The subject pilot was given control for selecting either
forward—looking imagery (Cell 2) or completely —90°—downlook imagery. Thus,
Cell 3 provided the pilot with whichever imagery he desired as he performed the
various maneuvers. It was anticipated that this cell would provide the best
hover position accuracies throughout the maneuvers.
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The results of this cell are shown in Figures 19 through 22. The cumula-
tive frequency of the hover radius (Figure 19) shows that at the 50-percent
point, the position errors for the five maneuvers are less than 22 feet. This
plot of Cell 3 compared to Cell 2 is very similar, with the exception that the
remask and bob—up maneuvers of Cell 3 show more deviation between them in posi-
tion accuracy as compared to the same maneuvers of Cell 2, Figure 15. The per-
formance of the high altitude hover and low altitude hover are statistically
similar. They do tend to be slightly better than the results of the same man-
euvers for Cell 2. Looking at the hover radius about the mean position (Fig-
ure 20) , it is quite apparent that the greatest error is accumulated during the
remask maneuver, while for Cell 2 the greatest error is during the HE. From
the longitudinal and lateral deviations (Figure 21), it is obvious that the

-

- 

greatest error is caused by the fore—aft axis or the pitch axis of the helicop—
ter. One explanation for this error increase is due to the Cell 3 configura-
tion and the technique the pilot used to maneuver the helicopter during the re—
mask maneuver.

At the command to remask, the subject pilot selected the downlook image
and searched the picture for the initial ground reference. As stated pre-
viously, the 90°—downlook was rigidly mounted on the helicopter, thus causing
helicopter attitude changes to appear as transitional movements in the image.
This had a destabilizing effect as the pilot attempted to hold position. The
strategy used successfully by the pilots to fly the symbology with a stabilized
downlook image in a previous tests’ was to place the acceleration symbol on the
selected ground reference. In their attempt to use the above technique with the
unstabilized image, they discovered that an instability resulted. As the pilot
moved the acceleration symbol over the target, the helicopter attitudes would
couple with the displayed Image and the point being chased would move farther
away. This movement became more pronounced at lover than at higher altitudes.
The subject pilots finally resorted to use the downlook image only to locate
the original ground reference. During the remask they would use the downlook
only for a quick look to assure themselves that they were in the vicinity of
the initial ground reference. The main remask maneuver was completed mainly
with the forward look with only quick downlook glimpses.

The altitude deviations for Cell 3 are shown in Figure 22. Here only the
altitude deviations for the maneuvers of interest are depicted. Again, as in
Cell 2, the subject pilot using the DHS does maintain altitude with sufficient
accuracy (less than 15 feet) for the initial and low hover. He does appear to
have a problem holding an accurate altitude at the high hover. The explana—

S 
tion for the high deviation of 45 feet is as explained for Cell 2. Since the
pilot is beyond the linear scale of displayed altitude, he does not easily ~-~ee
changes in altitude. This problem can be avoided by displaying altitude line-
arly to an altitude greater than is expected to be used for high hover.

Some additional data of interest are shown in Figures 23 and 24. Figure
23 depicts a comparative presentation of the helicopter pitch and roll attitude
standard deviation. As can be seen from this figure, the Cell 2a attitudes are

S quite small (0.6°) with very little deviation (0.2°) for the individual sub—
cell. There is, however, an appreciable increase for Cell 2. Both pitch and
roll deviations increase to greater than 2.0 and 1.5°, respectively. No sig-
nificant deviation for any individual sub—cell for the roll attitude can be
seen. There is, however, a significant excursion of the pitch axis during BU. 
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One explanation offered is that in order for the pilot to perform the EU maneu— S

ver, he may have desired to maintain the original sight picture as long as poe—
sible. In attempting to do this he would cause a rocking—type motion, which
would increase the attitude deviations and not the position errors. An alterna-
tive to this is to translate the aircraft aft as he increases altitude to main-
tain the original sight picture. This action naturally produces greater posi— S

tion errors. The data shown in Figures 17 and 23 substantiate the explanation S

of the rocking motion.

Figure 23 also shows an increase in helicopter attitude deviation for
Cell 3 over Cell 2a. This increase, however, is substantially smaller than - 

IS

that depicted for Cell 2. One explanation may be that since Cell 3 includes
a downlook image, the subject pilot can readily see the selected ground refer-
ence, and the rocking motion described above is not required.

There appears on Figure 23 a reversal of aircraft attitude behavior be-
tween Cell 2 and Cell 3. While Cell 3 follows the normal trend shown on
Cell 2a with roll attitude having the larger deviations, the reverse is true
for Cell 2. The most likely explanation may be that in the absence of a posi-
tion reference, the pilot requires larger changes in pitch attitude to maintain
the original sight picture.

On Figure 24 are plotted the results of flight control deviations in per—
cent of full travel. Once again the results of Cell 2a or the front seat pilot,
activity is centered around 1.3 percent with lateral cyclic having the maxi-
mum displacement. The deviations from maneuver—to—maneuver tend to be insigni—
ficant.

S 

For Cell 2 and Cell 3, there is significantly greater cyclic control dis-
placement as compared to Cell 2a. This displacement can be associated with
pilot increased workload as he tries to maintain an accurate hover using the
DUS. Collective control deviations have more than doubled for Cell 2 and Cell
3 as compared to Cell 2a. There appears to be no significant difference of
collective deviations between Cell 2 and Cell 3.

Again it should be stressed that while using the DHS and flying from the
third pilots seat, the pilots experience difficulty in holding an accurate
heading. One explanation was that the heading symbol could not be readily ob-
served due to its shape and location on the bottom of the display. In addi—

S dition, the symbolic presentation of heading error Information which also con-
tained heading error rate information, might not have been understood by the

S subject pilots as to what the symbol represented and how to use it to cancel
S heading deviations. It became apparent when the pilots could not maintain

heading they resorted ti,, the automatic heading—hold. The data reduction re-
sults of the individual heading standard deviation for a large number of runs
confirmed that the heading hold system was engaged. The heading standard
deviation calculations were in the order of 2 to 4° which is within the capa-
bility of the heading—hold system of the helicopter. This explanation tends
to contradict the previous statement about the pilots holding heading manually.
However, it is possible that the automatic hold was engaged and the heading

S deviat~.one are probable if the helicopter was not heading directly into the
- S wind. The front seat pilot would be able to achieve this much easier than the
I 3rd station subject pilot.
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At the completion of the data collection phase, some transition test runs
were made fron an approach to a hover, terminating with the bob—up and remask
maneuvers . For this task, the subject pilot utilized the forward—looking image
and the raw doppler velocity vector information set at 11 fps/inch. He made an
approach to a specified ground reference at a 60—foot altitude and tried to
hover by zeroing out the doppler velocity. He then switched to the downlook
image and to the high gain velocity signal of 2.5 fps/ inch derived from the
complementary filtering. At this point, he attempted to maintain position by
using the downlook imagery only, while the velocity vector transient , due to
the large attitude change upon coming to a hover, “washed” out and presented
useful information.

This maneuver was much too difficult to perform. The subject pilots could
not readily bring the helicopter to a complete stop at the selected site. They

S 
would either undershoot or overshoot the hover spot. These results reinforce

• the need for a transition to a hover symbology mode and the implementation of
the time varying time constants for the complemented velocity information for
future tests.

11. SUBJECT PILOT COMMENTS

In general, the participating subject pilots provided favorable comments
S 

on the DUS. They flew the system with very little training and experienced no
disorientation or vertigo. Of the different cells flown they preferred Cell
3. “The downlooking (90°) capability provides the pilot with absolute assur—
ance that the remask portion of the bob—up maneuver can be accomplished quickly
into an obstruction free area.” One further states “The elimination of the

S downlooking capability will be detrimental to both the attempting of and tne
accomplishment of night vision hover and bob—up maneuvers in tactical situa-
tions.” As far as the other cells, Cell la did not provide “...adequate in-
formation in regard to maintaining adequate aircraft heading and rotor blade
clearances from obstacles.” Cell 2 was deficient in providing “...adequate
information in regard to maintaining the aircraft’s position over a selected
hovering point.”

It was their opinion that the hover symbology acceleration, velocity and
altitude was necessary to stabilize the helicopter and to improve hover per-
formance. They felt that the heading symbol was of very little use as pre—

S sented.

12. CONCLUSIONS

Based on this flight test effort, the following conclusions are reached.

a. The hover system derived from concepts stated in the MI-I PNVS speci—
S fications was successfully flown.

b. Velocity derived from each contractor ’s engineering development LONS
and the vertical gyroscope through complementary filtering was successfully
used during the testing.

c. Raw (unfiltered) doppler velocity from the LDNS at 11 fps/inch dis—
played was not adequate to assist the pilot in the hover task due to doppler

S noise.
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d. Symbolic presentation of acceleration, velocity, and altitude are
necessary to stabilize the helicopter and to improve hover performance when
flying a PNVS—type system.

e. Symbolic presentation of heading as displayed, based on pilot comments, S

was not adequate, forcing them to use the automatic heading hold of the heli-
copter.

f. There appears to be no significant difference in pilot hover perform—
ance at constant low altitude between the Doppler Hover System (DHS) and that
achieved under VYR.

g. In the absence of a position reference, the test subjects performed
the high altitude, bob—tip and remask maneuvers with less accuracy. Standard
deviation position errors may range as high as 30 feet radially with the larg-
est errors occurring during the high altitude hover and remask maneuvers .

Ii. Of the various cells flown, the one with the option of forwardlook or
downlook image (Cell 3) was selected by the subject pilots as the preferred
configuration, since the presentation of the downlook image increased pilot
confidence during the remask maneuver.

1. The unstabilized downlook image of Cell 3 may have a destabilizing S

effect and decreases positional accuracy during reinask as compared to the re-
sults of the forward—look image of Cell 2.

j. The approach to a hover maneuver was not readily accomplished with
the selected cells and the symbol generator tested.

13. RECOMMENDATIONS

The following recommendations are offered:

a. That the MR PM be made aware of the DHS flight test effort.

b~ That since AM! PNVS constraints do not allow implementation of a
Cell 3 configuration, Cell 2 which very nearly approximates the PNVS, be Im-
plemented to provide the hover capability.

c, That the research effort to provide displayed position information be
continued with a flight test effort to determine the potential of digLtally
integrating the LDNS velocity to derive this parameter.

d. That the heading error and derived heading error rate symbol be uiodi—
fled to display only heading error in a horizontal tape (thermometer) format
on the upper portion of the display in future trials.

e. That an in—house investigation followed by flight test, be conducted
to determine manual versus automatic heading hold requirements.

f. That some further investigation be conducted to optimize symbology
gains when used with an unstabilized downlook image.

g. That the approach/transition to a hover mode be incorporated into the
hover system capability.
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