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report provides the results of the program of design, fabrication, integration and test
the AQUILA (XMQM-108) RPV System Technology Demonstrator preparatory to
ivery of this system to the US Army for engineering design test and force devslopment
and experimentation. System performance presented herein supports the conclusion
an RPV system can provide capaebilities for battlefield reconnaissance, target acquisi-
tion, and target designation. However, the reader is advised that system tests reported
herein were developmental in nature and the results are limited. Complets performance .
of the AQUILA demonstrator system can be obtained only through an appreciation of
the results in this report and the results of the Army’s engineering design and force develop-
ment tests. Engineering design tests were conducted by the US Army Electronic Proving
Ground with results published in Final Report/Engineering Design Test - Government *
(EDT-G) of Remotely Piloted Vehicle - System Technology Demonstrator, TECOM Project
No. 6-Al-83E-RPV-006, June 1978." Force Development tests were conducted by the
US Army Field Artillery Board and published in Force Development Testing and Experi-
mentation of Remotely Piloted Vehicle System/Final Report, TRADOC Project No.
6-Al-63E-RPV-003, 6 January 1978.**
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SUMMARY

The objective of the RPV-STD program was to provide the Army with hands-on
experience with modern RPV system capabilities in the field environment so that
the potential value of such systems could be assessed and system requirements
clarified. To provide this experience with effective hardware, without the cost
and time associated with an engineering development program, a short~span en-
gineering program was conducted in which emphasis was placed on the integration
and adaptation of existing and proven hardware elements, These elements were
drawn from previous RPV programs, military aircraft, general aviation, mis-
sile, and satellite programs, Commercial grade components were used, where-
ever appropriate, to minimize costs,

The Aquila RPV configuration was based on a previously flown RPV with an ex-
tensive flight history. The structural design required a completely new develop~
ment using lightweight Kevlar to minimize RPV weight, Flight control compo-
nents were drawn primarily from those previously demonstrated in aircraft and
missile programs; however, the flight control electronics (using a previously
proven concept) was developed specifically for the Aquila application. The
electrical flight control servomechanisms, while based on an existing airoraft
electrical actuator unit, required considerable development before they provided
acceptable control characteristics and reliability., The power plant was evolved
from an existing go-cart engine with modifications for mounting, propeller drive,
alternator drive, and throttle control. Cooling duct hardware was also modified
to reduce weight. A special alternator, based on a previously proven design,
was procured to provide electrical power. The various payload sensors were
integrated into a common electro-optical gimbal unit for interchangeability. In
addition, an existing aerial photo camera (with modified frame rate control) was
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used. All components were acceptance tested, and system tests were conducted
to ensure subsystem compatibility and function. Two wind tunnel tests were con-
ducted to evaluate and characterize the RPV configuration. Step-by-step check-
out procedures were developed for system verification and postflight preparation.

The ground support system evolved primarily through integration and adaptation i
of existing components. The Ground Control Station (GCS) was constructed using :
a standard Army shelter. The control console was constructed using commercial

grade monitors, plotters, and instruments. Commercial grade digital and video .
recorders were used for flight data recording. The computer used to checkout

and control the system and to navigate the RPV was also of commercial quality.

An electronic interface unit was developed to integrate the GCS elements via

proper tie-in and signal processing. Existing data-link elements were adapted

to the Aquila system. The launcher evolved directly from a pneumatic launcher

development in a previous RPV program. Launch loads were limited to 6 g.

The retrieval system required considerable development, as it was unique to

the Aquila program. The initial technique of using a tratling hook on the RPV

to arrest horizontal motion was abandoned in favor of a more reliable ground-

based vertical barrier. Horizontal straps were evolved from a previous RPV

recovery system to arrest the vertical fall of the RPV after absorption of the

bhorizontal momentum.

Ground tests were used to validate subsystem designs and hardware modifica-
tions, and to develop preflight checkout procedures. Because of the short time
between program initiation and initiation of flight testing (11 months), system
reliability was found to be insufficient to meet program objectives. After 5
months of fleld operations, and the loss of six RPVs, flight testing was delayed
for 4 months while a program of testing and modification was conducted to im-
prove reliability. Flight testing was then resumed and successfully completed, ' ﬂ

The Aquila system evolution approach made use of existing, proven hardware,
and commercial~grade hardware to speed system availability at a fraction of the
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cost of full engineering development. However, to provide an acceptable level of
operational reliability, more extensive development and testing was required than Q ‘
was indicated in the initial program definition. The extended program did provide ;

the required level of reliability, and the 149 test flights (including 65 contractor ;
flights and the 84 FDT&E and EDT flights) provided an extensive experience and ’
data base for Army evaluation, ! :
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Section I
INTRODUCTION

This volume, Volume II of three, describes the evolution of the system hardware
elements, Section II of this volume describes the technical evolution program,
Sections I, IV, and V describe the evolution of the RPV, the data link, and the
ground support system elements, respectively, Section VI describes the site

setup and the system geometry. Section VII states the conclusions relative to
RPV system development, '
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? Section IT
TECHNICAL PROGRAM DESCRIPTION

The Aquila Remotely Piloted Vehicle System Technology Demonstrator (RPV-STD) B
Program originally consisted of a 25-month program. The program was structured
on three key technical features: '

® Use of proven hardware:
— Launcher. Derivative of a previous subcontractor design
~ Airframe. Derivative of a previous subcontractor design with 60
successful flights
— Engine. Successful demonstrations on Army, NASA,and Air Force
RPV programs
— Data link. Proven design hardware modified for installation
— Servos, accelerometers, and rate gyros. Off-the-shelf proven
hardware
o Use of proven technique:
— Autopilot. Mechanization technique proven on Lockheed and Air
Force RPV programs
— Sensors. Techniques validated in Government laboratory tests
= Retrieval system. Adaptation of design used for larger aircraft :
= GCS8. Derivation of the technique used for Air Force RPV program )
e Positive margin of system performance: i
~ RPV. Weight margin to accommodate additional payload and/or 'z
full capacity; structural margin to minimize damage and permit '
| repair and refly capability
— Launcher. Weight margin to accommodate increases in RPV weight
= Retrieval system. Oversized to accommodate unknowns in retrieval
aoouracy |
- GCS. Additional computer core capacity for potential increased
j demands on software

18
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Based on these precepts, the program assumed an optimistic, success-
oriented nature. The original schedule, as proposed in Figure 1, reflects
those characteristics as follows:

¢ Early design commitment. Preliminary Design Review (PDR) in 6
weeks; build-to-baseline definition in 4 months, test-to-baseline in
6 months,

o Compact schedule. First flight scheduled 2 months after build-to-
baseline defined; initial system aoceptance 2 months after completion
of initial flight; completion of all hardware deliveries 17 months after
contract award

e Minimal contingency planning. Overlapping of design validation and
system validation flight testing without adequate allowance for analy-
sis, resolution, and verification of resolution to flight anomalies.

This approach was taken to provide urgently needed data to the Army for pro-
gram decisions. The approach produced hardware early, provided for early
recognition of deficiencies and their correction, and provided early operational
data. '

2.1 DESIGN

The final evolution of the Aquila Technical Program is described in Figure 2.
This figure presents a program schedule showing the relationship between the
key program phases and milestones. The following paragraphs discuss the
phases and milestones, and reference to this figure will be beneficial to the
reader's understanding.

The Aquila program contract was awarded on 20 December 1974, The Prelimi-
nary Design Review (PDR)was held on 5—6 March 1876. This review confirmed
the technical approach and hardware selections as originally proposed with one
major exception. A cost, schedule, and technical risk comparative study was
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performed between the originally proposed Westinghouse Blue Spot sensor and the
Honeywell Poise sensor. The results of this study were reviewed at the PDR and
the decision was made to change the baseline to the Poise sensor.

Changes recommended in the PDR were incorporated during March and April 1975
as the detailed design phase progressed. Design reviews were held at each of the
subcontractors during April and May to finalize design and to confirm interfaces,
The result of all these efforts was the achievement of the 90-percent design
release point in mid-June 1975,

2.2 FABRICATION/ASSEMBLY/TEST

Fabrication and assembly of Lockheed-provided hardware began in May 1975.

The first Developmental Sciences Inc. (DSI) airframe (RPV~001) was received

on 28 July 1975 and required additional efforts to correct interface discrepancies
and to effect weight reduction changes for subsequent airframes. RPV-001 with
subsystem hardware installed was released to Test Engineering on 27 August
1975, On the same date GCS-001 was also released to Test. Ground checkout

of both elements commenced on 28 August 1975,

The first All American Engineering (AAE) launcher was delivered on 19 Septem-
ber 1976. Launcher mounting on the M-36 truck,' installation of a new skeg
release mechanism, and interface validation with the engine started were com-
pleted and the tested launcher system was shipped to Fort Huachuca in late
November 1975, The first retrieval system was received at Fort Huachuca
directly from AAE. RPV-001 was oonipleted and system ready on 30 November
1976. GCS-001 and RPV-001, with landing gear installed, completed their final
checkouts and were on site at Crows Landing Naval Auxiliary Landing Field on
16 November 1975,
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2.3 CROWS LANDING FLIGHT TESTS

Taxi tests with RPV-001 at Crows Landing were completed as precursors to the
takeoff and landing of RPV-001 on 1 December 1975. In all, six successful
flights were carried out through 12 December without loss of RPV and for a total
flight time of 80 min, The objectives that were accomplished on these flights
included determination of the following:

® RPV airworthiness
¢ Autopilot capability
® RVP/GCS integrated performance

2,4 FORT HUACHUCA FLIGHT TEST — INITIAL PHASE A

GCS-002 launcher and retrieval systems were checked out and readied at Fort
Huachuca. The landing gear was removed from RPV-001 and minor refurbish-
ment accomplished before shipment. At Fort Huachuca a complete system
checkout was accomplished in time to support Flight 7, the initial Fort Huachuca
flight test, on 22 January 1976,

Between that date and 28 March 1976, there were six additional flights at Fort
Huachuca, Flights 8 through 13. During these seven flights, the following
flight test objectives were accomplished:

® Acquisition of data base to support automatic launch decision
o Verification of waypoint navigation

® Continued accrual of RPV performance data

o Continued demonstration of RPV/GCS integrated performance
o Limited parallel strap retrieval system evaluation

On six of the seven flights the RPV wes lost; four of the six orashes were attrib-
uted to system design deficiencies, two to human factors/procedural errors.
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The fact that the causes of these crashes were irregular and neither repeated
nor associated with the same hardware component led to the conclusion that the

level of system and design maturity and level of flight confidence testing were

inadequate to support a successful field flight test program,

On 4 May 1976, Fort Huachuca flight testing ceased, immediately followed by
the issuance of a series of instructions which resulted in implementation of the
Aquila System Reliability Improvement Program.

2,5 SYSTEM RELIABILITY IMPROVEMENT PROGRAM

The purposes of this program were to review, evaluate, and test the suspect ele-
ments of the system, to determine the areas of inadequacy and low reliability, to
devise acceptable system improvement changes, and to perform simulations and
system confidence testing to validate the acceptability of the improvements.

For 4 months, May through August 1976, all efforts were directed to implement
this program —e.g., risk reviews, system reviews, independent Army team
reviews, flight anomaly reviews, parachute backup recovery system imple-
mentation, increased system flight confidence testing, hardware and software
improvement modification, additional system simulations, procedural revi-
sions, and strengthening of test operations capability. At the completion of
these efforts, an Airworthiness Review was held at Lockheed on 3—4 August
1976. On the basis of information presented in this review, which verified that
all flight critical changes and recommendations had been incorporated, the
decision was made to resume flight testing at Fort Huachuca.

2.6 FORT HUACHUCA FLIGHT TESTS — FINAL PHASE A

Testing operations resumed at Fort Huachuca on 25 August 1876, with the first
fiight oocurving 13 September 1976. The original flight test planning was re-
vised to (1) preclude sensor testing until RPV and GCS systems were validated,
(3) refiect the logical derivation of flight-test requirements that evolved from
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the System Reliability Improvement Program, and (3) provide conservative
planning by scheduling contingency flights. This revised planning resulted in
14 flights whose basic objectives were to validate the following:

Automatic launch
Waypoint navigation
Search and loiter patterns
RPYV flight performance
Semi-automatic recovery
RPV/GCS interface
Software verification
Procedures evaluation
Army crew training

Sixteen flights ( Flights 14 through 28) were actually required to complete this
phase of the frogram. All objectives were achieved except for the moving box
search pattern and the dead reckoning mode of waypoint navigation. These ob-
jectives were delayed due to lack of validated software or minor flight control
hardware deficiencies, The first seven flights, which occurred between 13 Sep-
tember and 2 November 1976 (Flights 14 through 20), were conducted from the
RPAODS site; the remaining nine flights, which ocpourred between 15 November
and 21 December 1976 (Flights 21 through 28), were from a more open site at
Sycamore Canyon, The move to Sycamore Canyon was made to allow flight
operatigns out to a range of 20 km.

The system was oconfigured with incorporation of all changes agreed on during '
the Aifworthiness Review of 3— 4 August 1976. The radio control (RC) recovery
mode was retained for use in support of the validation of automatic launch and
retrieval and as a backup flight mode when the RPV was in visual contact.

During the 4 months, 16 flights were flown with loss of only 2 RPVs; 1.e., one

due to a low approach during RC (Flight 14) and the other a procedural-
hardware malfunction during trensfer of oontrol between RC pilot and RPV

e an e
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operator (Flight 19). There was one aborted flight due to errant data-link per-
formance (Flight 25) without loss of RPV, Following Flight 14 on 13 Septem-
ber 1976, the decision was made to replace the parallel strap retrieval system
with the trailer-mounted vertical ribbon barrier retrieval system. This
change was brought about because of problems with arresting array rigging,
overall complexity of operations, frequent replacement of components and
adverse impact of the trailing hook assembly on RPV performance., After
Flight 14 the only RPV loss was associated with the procedural-hardware
malfunction on Flight 19.

2.7 B MODIFICATION IMPLEMENTATION

At the conclusion of the Phase A Aquila flight test activity, there were still
system improvements that had not been implemented. Those improvements

not implemented were (1) noncritical flight system improvement changes,

which were bypaessed to concentrate on higher priority improvements for tests at
Fort Huachuca, (2) nonflight initial system improvements identified during final
Phase A flight testing at Fort Huachuca, and (3) system modifications required
to support the sensor-mission validation (Phase B) flight testing.

During the period from January through March 1977, the system improvements
or B modifications incorporated included the following:

¢ RPV-GCS electrical and mechanical changes to accommodate sensor
installation and functional performance

@ Dual-carburetor-system improvements to increase engine perform-
ance and improve accessibility

® GCS tracking antenna improvements to increase performance and
resolve roll instability problem

e RPV-GCS electrical and mechanical changes associated with deletion
of backup parachute system

¢ RPV mechanical and electrical design improvements associated with
installation of new accelerometers and servo motors to increase RPV
reliability
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e Software changes to improve system performance in areas of search
patterns, final approach pattern abort options, dead reckoning, roll
stabilization, targeting computations, and sensor capabilities

During this period Army crew {raining continued, Eight training flights for the
U.S. Army Electronic Proving Ground (USAEPG) crew were scheduled and eight
successfully flown. The first, Flight 30, was flown on 19 January 1977 and the
last, Flight 37, was flown on 23 February 1977. Primary objective of these
flights was USAEPG crew training, but some secondary objectives were accom-
plished as follows:

Roll instability evaluation

Dead reckoning evaluation

Retrieval system rerigging demonstration (time < 5 min)
Cross-wind retrieval demonstration (18 km/h)

RPV performance evaluation

By the middle of March 1977, the evolution of several significant B modifications
had matured to the paint where flight verification was required. Phase B RPVs
were a month away from delivery; therefore, two Phase A RPVs were modified
to accept the select B mods. '

Four flights were scheduled and all four were successful; the first, Flight 38,
was flown on 1 April 1977 and the last, Flight 41, was flown on 22 April 1977.
The following system performance evaluations were accomplished:

New accelerometer

Relocated RPV command antenna

GCS with B mods

Engine with B mod dual carburetor installation

New propeller
Roll stability resolution mod

27
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Heading hold/dead reckoning mod

Data link (C° and video) at 20 km and 1,000 £t/2,000 ft AGL
RPV position accuracy

Final approach software

2.8 PHASE B FLIGHT TESTING

The phase B flight test activity followed in the successful footsteps of the B
mod flight testing. The initial flight, Flight 42, was flown on 28 April 1977
and the last, Flight 65, was flown on 10 July 1977, During this period, 24
flights were flown with only one, Flight 48, resulting in the loss of the RPV,
The cause of RPV loss was a human factors error. During the process of
changing retrieval nets due to a wind shift and while the sensor operator was
aligning the ground camera, the RPV operator's video was dimmed to force
the student to concentrate on instruments. During this period of no RPV video
presentation, the RPV struck a hill south of the GCS. Subsequent investiga-
tion revealed a calibration problem in the GCS altitude circuits, which resulted
in erroneous altitude commands in manual mode; this fact contributed to the
problem but could have been avoided with proper RPV video monitoring.

The 24 flights are reported in Volume III of this report.
2.9 CONTRACTOR VALIDATION ACHIEVEMENTS

At completion of the Aquila contractor validation fesﬂng, the following system
characteristics and objectives had been demmnstrated:

Automatic launch

Semiautomatic recovery

Unstabilized sensor Iportormnce
Stabilized sensor performance
Panoramic camera (35-mm performance)
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Fully automatic waypoint guidance
Endurance of 3+ hours

Range of 20+ km

Area surveillance

Target detection and recognition
Sensor lock-on and centroid tracking
Laser target designation

2.10 ARMY SYSTEM DEMONSTRATION

The Army began system demonstration flight testing at Fort Huachuca using
Lockheed-trained Army crews from U.S. Army Field Artillery Board (USAFAB),
Fort 8ill, Oklahoma, and U.8. Army Electronics Proving Ground (USAEPG),
Fort Huachuca, Arizona, The first flight occurred on 20 July 1977, and by the
last flight on 18 November 1977 the Army had completed a total of 84 flights

in their test program. During this period an average of one flight per day was
achieved and, on occasion, two flights per day were achieved with less than

one hour turnaround time, In total, 149 flights of Aquila were made during the
System Technology Demaonstrator program.




Section 111
AIRBORNE SYSTEM (RPV)

The Aquils airborne system (RPV) consists of:

® Airframe
e Power Plant/Electrical Subsystem
o Flight Controls
® Sensors
o Data Link (airborne elements)
The RPV and its elements, as delivered to and tested by the Army, are de-
scribed fully in Volume I of this report, ""Aquila System Description and

Capabilities. " This section describes the engineering analysis design, devel-
opment and testing involved in the evolution of the RPV and its subsystems.

3.1 RPV EVOLUTION

The integrated airborne system evolved fram the variety of technologies, com-
ponents, and techniques drawn from previous and on-going RPV, aircraft, and
sensor programs. The Aquila program requirements were examined in light of
these existing capabilities, and the design and evolution approach was defined
and acoomplished. This process of evolution for the Aquila RPV is defined in

the following paragraphs.

8.1.1 Background/Situation

A variety of contractor- and Government-funded RPV and sensor programs had
been completed with various degrees of success at the time of initiation of the

Aquila RPV procurement. Several RPV programs, including Aequare (ARPA/
USAF), RPAODS (U.8. Army), Praeire I, 1l (ARPA) and Savoir (U.S8. Army)
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had demonstrated the ability of a mini-RPV and general requirements for carrying
modern targeting sensors. However, these early systems required close engineering
attention to operate and maintain, proved marginal or inadequate relative to flight
performance, and were deficient in terms of fleld operations characteristics for Army
"handg-on" operations,

Direct LMSC experience with the Lockheed "Tuboomer, ' the ARPA/USAF Aequare,
and other Lockheed RPV designs and other contractor experienées supported the
conclusion that an effective mini~-RPV design could be built and produced in sufficient
numbers and with sufficient design maturity to support a comprehensive Army field
evaluation of RPV capabilities. Evaluating the history of mini-RPV programs, the
Army derived a realistic set of specifications for an RPV system technology demon-
stration program, Specifications for the RPV of this system are indicated in the
following paragraph. '

3.1.2 RPV Specifications

The contract specifications for the Aquila RPV as an integrated flight vehicle are
summarized as:

e Performance
— Cruise airspeed (band) — 75—120 KEAS
= Maximum cruise altitude ~ 12, 000 ft MSL
— Time to climb 0-10, 000 ft MSL — 15 min
~ Takeoff/land conditions — 4,000 ft MSL 95°F
~ Typical operational altitude — 2,000 ft AGL '
- Winds (maximum for operation) — 20 knots, gusting to 35 knots
-~ Endurance — 1,5 hr (minimum)
- Operating radius — 15—-20 km from GCS8
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e Mass Properties
— Gross weight — 120 Ib maximum

' - Maximum payload capability — 30 1b
e Design
— Structural design load factor ~ 6 g
— Interchangeability of payloads — Phase I through Phase V
— Sorties per day — 4 (maximum)
— Total sorties per aircraft — 15 (maximum)
— Approach — Simple/low cost
— 8kill level of personnel — minimum
— Detectability/observability ~ minimum
— Design level — limited production

Further experience in the RPAODS test series led the Army to require the use
of a flight-proven air vehicle design. The LMSC approach to meeting these
requirements is indicated in the following paragraphs.

3.1.3 RPV Evolution Approach
Following a review of available RPV technology and related program experi-

_ence, LMSC made the following selections as baseline elements upon which to
base the evolution of the RPV-STD air vehicle to meet the Army requirements:

General Arrangement : DSI Sky Eye RPV

Power Plant McCulloch MC 101 engine/DuFresne
' Alternator

Flight Control Autopilot LMSC RPV Autopilot

Sensor GE Blue Spot

During the proposal effort, LMSC identified the basic adaptations necessary to
incorporate these and other elements into an effective RPV design. These

adaptations include:
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e General Arrangement. Modify the Sky Eye contours to {it the RPV-
STD requirements and to reduce observability, derive an internal
arrangement to support access, installation, checkout and cooling,
and to balance the RPV for stable flight. Wind tunnel test the con-
figuration to verify stability, controllability, and performance
characteristics.

e Power Plant. Convert the MC 101 engine to an aircraft power plant
with adaptations for the propeller, suitable carburetion, fuel system,
engine rpm control, cooling, and shock mounting. Procure a
DuFresne alternator and couple it through a flexible drive to the
engine. Characterize the resulting power plant in altitude chamber
tests, and establish assembly specifications and test procedures.

o Flight Control Autopilot. Adapt the second generation LMSC auto-
pilot concept to the RPV-STD, adding way point, dead reckoning and
specific discrete signals. Package the autopilot for the unique RPV
application. Test the autopilot components and functions, and evolve
checkout procedures.

o Sensor. Adapt the GE Blue Spot sensor to the RPV-STD mission
requirements and procure a family of sensors — unstabilized TV,
stabilized TV with scene tracker, laser ranger, and laser designator —
in the Blue Spot form factor for interchangeable installation in the
RPV.

Acooqmodttions built into the RPV for interfaces with the launcher, retrieval
system, and ground handling equipment were kept to a minimum with most of

the compromises assigned to the ground-based elements.

Using this basic approach, the evolution of the RPV began at LMSC in the |
summer of 1974. That evolution is discussed below.

e ey




3.1.4 RPV Evolution — General Arrangement

In preparation for the RPV-STD program, several designs were evaluated by LMSC,

In keeping with the Army requirement to use a flight-proven RPV, the Sky Eye

(Figure 3) with over 60 successful radio-controlled flights was selected as the starting
point for the Aquila airframe and Developmental Sciences, Inc., the Sky Eye developer,
was selected as the airframe subcontractor. After selection of the basic airframe
design arrangement, the design was examined against the specific requirements of

the proposed program to identify design improvements. The resulting configuration

is shown in Figure 4, Some of the major changes from the Sky Eye were:

o Landing gear removal and adaptation for catapult launch and hook
recovery

e Reduced propeller shroud size for reduced observability

e Blended wing-body for reduced observability and increased performance

e Minor wing twist and dihedral change to account for body geometry
changes

e Eliminated a float type carburetor for the engine

e Increased structural capability

A wind-tunnel test of a half-scale model of the resulting configuration was per-

formed in August 1974 at Lockheed's low speed 8- by 12-ft tunnel in Burbank,

California, Figure 5 shows the RPV in its test arrangement, The purposes of

_this test were to: .

e Obtain static stability derivatives and control 'coetfipionts to allow .}
formation of the autopilot design.

e Obtain data for basic aircraft performance characteristics.

e Determine engine power effects on performance characteristios. .

o Study a limited amount of flow field characteristics. o
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Figure 5. RPV-STD Initial Wind-Tunnel Test Model and Installation
in the 8- by 12-ft Subsonic Wind Tunnel

Following initiation of the program in December 1974, a second windtunnel
test was performed in February 1975, with the model modified to reflect the
evolving configuration. Some of the objectives of the second wind-tunnel test
were to obtain stability and performance data including the following:

Inclusion of a payload protector and recovery hook

Definition of the effects of a modified duct

Definition of the effects of the Bagley/Beasley wing tips e T
Definition of the effects of a drag brake

Calibration of the onboard air data system

Definition of the effect of increased elevon deflection angles

Definition of the effects of an upright engine installation

Definition of the effects of & larger sensor dome

Figure 6 shows the revised model in the 8~ by 12-ft wind tunnel.

As a result of the wind-tunnel testing, it was determined that for the selected
range of center-of-gravity locations (21% MAC 21%) the RPV would be stable




a. RPV-STD Model With Recovery Hook, Payload Protector, Drag Brake,
and Upright Engine Fairing

b. RPV-STD Model With Large Payload Dome and Film Camera Geometry

Figure 6. RPV-STD Model in Second Wind Tunnel Test Series
in the 8- by 12-ft Subsonic Wind Tunnel
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and controllable in all three stability axes. Drag and propeller thrust effici-
ency data, as they varied throughout the program, are shown in Figures 7 and
8. The low level of drag indicated in the first wind tunnel test series (Figure 7)
supported performance levels equivalent to or greater than those goals cited in
the contract statement of work. As the RPV design evolved and was better
defined, the estimated drag of the system increased. This increase in drag )
evolved from a multitude of design changes and from manufacturing techniques

that were undefined during the initial evaluation, Factors that increased

the drag during the RPV development include:

@ Recovery hook drag higher due to required configuration
® Gaps and slots in doors and joints larger than anticipated . ]
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Figure 8. Aquila Propeller Thrust Coefficient Estimates —
Variation With Design Maturity

e Payload protector not faired in stowed position as originally intended

® More cooling air (cooling drag) required than anticipated

o Bkin roughness greater than anticipated (minimum resin to reduce
weight) |

e Protruding wing tip fasteners required

o Rf antenna drag higher than anticipated (internal installation originally
planned)
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e Trim deflection (and drag) higher than predicted
e Push pad (launcher interface) load distribution channels produced added
drag.

Similarly the propeller efficiency in the pusher arrangement appears to be
significantly lower than originally assumed.

The final drag polar and propeller efficiencies (Figures 7 and 8) are estimated,
both in level and distribution, from flight test data. Since the flight perform-
ance of the Aquila RPV-STD proved to be adequate to perform the field evalua-
tion, expensive and time-consuming drag reduction efforts to restore perform-
ance to predicted levels were not conducted. Various propellers were tested,
however, to improve low-speed climb performance at the expense of the maxi-
mum speed. :

LMSC-L028081 (Reference 1) summarizes the wind tunnel test data and aero-

dynamic analysis of the Aquila RPV. Throughout preliminary design, the general

arrangement remained relatively fixed. At the preliminary design review, the
only observable changes from the originally proposed configuration were the ad-
dition of the large dome (to reflect the change to the "Poise' family of sensors),
"inversion" of the propeller shroud support arrangement to improve engine ac-
cess, support of duct loads during emergency skid landings, and provision of a
solid support for the recovery hook assembly. Mylar prints of the mold lines of
the configuration were developed at this time by LMSC and provided to the air-
frame subcontractor for mold development (see Volume I for mold line descrip-
tion).

Figure 9 shows the recovery hook assembly as proposed and as flown. The re-
covery hook assembly (described in the recovery system section of this report)
was ultimately placed within a fairing in front of the lower propeller shroud
support. In this stowed position there was no significant effect on aerodynamic
stability or performance. In the deployed position, however, the fairing
extended well below the RPV, and with the hook pole assembly, produced sig-
nificant drag and nose-down pitching moments. This effect contributed

(1) Lockheed Missiles & Space Co., Inc., Aquila RE
CDRL A00D, Aerodynamics, LMSC-L0280¢ !
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Pigure 9. RPV cmum With Deployed Recovery Hook
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directly to the loss of RPV 002 in test flight 9 at Fort Huachuca. These effects

also complicated the job of the RC pilot in recovering the RPV with the recovery
hook arrangement, These difficulties plus design and logistic problems ultimately
led to the deletion of the hook assembly and adoption of the vertical barrier recovery
system,

The general arrangement, frozen shortly aiter the preliminary design review
in April 1975, remained relatively fixed from that time until initiation of field
testing. During field testing, the deletion of the spinner and the hook recovery
system and some minor antenna relocations finalized the configuration.

Figure 10 shows the RPV mounted on the launcher during field tests at Fort
Huachuca. The unfaired, stowed payload protector, the large payload dome,
the cooling air ducts (nose and wing), the launch push pads and load distribu-
tion channels, the deletion of the recovery hook assembly, and the deletion of
the spinner can all be observed in this figure.

Figure 10. RPV General Arrangement During Field Testing
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3.1.5 RPV Evolution — Inboard Profile

The inboard profile of the Aquila RPV-STD evolved parallel with the general
arrangement., Overall height and length dimensions of the fuselage were se-
lected for compatibility with the major subsystems, e.g., payloads, engine,
fuel tank, and autopilot. The resulting aerodynamic fairings produced a gen-
eral arrangement which provided generous volume for the internal placement
of subsystems. Subsystem placement was driven by considerations of balance
for stability, access for checkout and installation, mounting provisions, and
favorable flow of cooling air.

The initially proposed inboard profile is shown in Figure 11. This arrange-
ment reflects the original consideration of the Blue Spot family of payloads.
The originally inverted engine (Sky Eye) arrangement was abandoned for im-
proved access to spark plug and carburetor installations, for improved fuse-
lage fairing, and to prevent fuel and oil from gravitating to the spark plug and
causing fouling during rich starts. The fuel tank was placed to minimize
center-of-gravity shift during flight. The flight control electronics package

" was shaped to lay over the payload installation. Flight Control sensors,

electrical system, and data link elements were housed in the nose., Access to
the internal elements was planned through two large doors on the upper surface,
a removable nose fairing and & removable engine cowl.

Changing to the Poise family of payloads early in the contract led to a signifi-
cant rearrangement of internal components as shown in Figure 12. The larger
volume sensor unit required a modified installation for the 886-mm film cam-
era, forcing it to the next bay aft. The payload electronics package was moved
forward to the nose bay. The sutopilot was repackaged and moved aft, Also,
the dats link encoder decoder was repackaged to fit within the sutopilot enclo-
sure to save weight by deleting the encoder enclosure. The command receiver
and power supply (conditioner) were placed under the flight control electronics




114

YPoId pasoquy (LIS-AJY ISHWI “I1 s g




M3ATY WBjso( AxeUwIyoad {3 JO SWILL O 8 9[PJoid pIeoqu] (LLS-AdYH °ZI omByy

S_wi(u wWild aQvOIAVd
JOLVNEILTY WW-6¢ , BI04
\I YALLIWSNWVIL
NOISIAIIL
[

rmwﬁw%_ mmw.%uﬁ“w ﬁoOuun\ﬁoOuzm
(1011d) BONASNVIL

AlddNs xw?OmL




——y

package on the same bulkhead. The gas tank compartment was flattened and
moved to the top of the compartment to clear the film camera. The position
on the center of gravity was maintained. This arrangement evolved to the

final configuration, which is described fully in Volume I of this report, This

internal arrangement, like the general arrangement, became basically frozen
shortly after the preliminary design review. Throughout the evolution of the
internal arrangement, consideration was given to maintaining adequate cooling
air flow for the heat-generating components. Access doors were sealed to
ensure that the air flow from inlets in the nose and wing stub flowed through
the body and into the engine cooling fan, As part of the reliability improvement
program in 1976, the effectiveness of the cooling air was evaluated. Temper-
ature surveys were made and, as a result of these surveys, a larger heat gink
was added to the voltage regulator, a larger air passage was provided behind
the wing scoop for the avionics compartment, and ventilation ports were added
to the flight control electronics package enclosure. While no flight failures
had resulted from overheating, these changes were made to provide more
cooling margin.

3.1.6 RPV Evolution — Mass Properties

The goal established by the Army for maximum all-up RPV weight was 120 Ib.
The primary reason for this goal was the desire for ease of handling by two
people. Initial estimates indicated that the maximum RPV wet weight for the
Phase IV and Phase V payloads and with 7 1b of fuel would be 119,73 Ib,

'nus left no room for weight growth, and provided an early indication of diffi-

culty in maintaining maximum RPV weight within 120 1b, Consequently, at the outset

a rigorous weight control program was established, Elements of that program
included:

o Assignment of weight bogeys to subsystem groups
o Buying more expensive subsystems where they provided weight
savings




o Reviewing designs to reduce weight
e Applying lighter weight materials where applicable

Program scope and resources led to compromises in the weight program
requiring a variety of guidelines and constant reevaluation of those guidelines
as the program progressed. Assignment of bogeys and rigorous design review
are difficult to assess in terms of weight saved. Purchase of lighter, more
expensive subsystems, and materiel substitutions are more easily evaluated.
Representative welght savings from these approaches are shown in Table 1.
This table shows that, without a concentrated weight control program, the
RPV weight could have easily grown to exceed the current weight of 146 1b by

22.45 1b,
TABLE 1. TYPICAL WEIGHT SAVINGS
h Lighter More Expensive Subsystems
Item Weight Saved (1b)
Voltage Regulator 1.0
Battery 1.0
Power Supply 1.0
Rate Gyros. 1.6
Air Data Sensors 0.8
Subtotal 5.4
Material Substitutions
Item Material Change
Airframe Kevlar for fiberglass
FCED Enclosure Graphite for aluminum
Encoder/Decoder Graphite (FCED) for sluminum
Engine Cooling Shroud Fiberglass for steel
Subtotal
Total

81

Weight Saved (Ib

12.5
1.8
1.78

10

17.08
22.45




The sensor and fuel weights also changed significantly during the program,
contributing to the RPV weight increase. Table 2 shows the weight variation
of these elements during the program.

TABLE 2. HISTORICAL VARIATION OF SENSOR AND FUEL WEIGHTS

Weight Allocation at Final Weight

Contract Go-Ahead Weight Increase
_Jtem (lb) (1b) (Ib)
Fuel 7(®) 15® +8
Sensor (¢ 1V/V) 33 39.95) +6.95

(a) 1.5-hour duration

(b) Increased duration to 3 hours

(c) Includes 2,1 Ib of ballast for RPV balance

Figure 13 shows a weight history of the Aquila air vehicle less the payload and
fuel. Preliminary estimates of the component weights resulted in an airframe
weight of about 74 1b. In November 1975, the first vehicle weight was recorded
at about 101 Ib. The weight of the next five vehicles steadily decreased to &
value of about 90 lb,where they stabilized. The primary reason for this de-
crease is the improvement in the airframe manufacturing process. Table 3
provides a tabulation of the component weights at the time of the proposal,
during LMSC field tests, and at the time of delivery to the Army.

The basic airframe structure of the Aquila was estimated to weigh about 33 1b;
in reality the final weight is about 39 1b, or 8 Ib heavier. This is due pri-
marily to the number of access panels and bracketry required as the design
matured.

The electrical group ultimately weighed about 6 Ib heavier than predicted.
nummmumwmmmagrmumuyudum
heavier altsrmator than predicted and to underestimating the wiring harness
weight.
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Figure 13. Aquila Aircraft Weight History
TABLE 3. HISTORY OF RPV-STD COMPONENT WEIGHTS (LB)

LMSC Field Test Delivered to Army

Reference Proposal A Modification B Modification
Wing Group 18.18 ' 18.82
Fuselage Group 32.79 20.36 20.66
Retrieval Group 5.48 3.46
Propulsion Group 12.94 16.26 15.98
Electrical Group 11.1 ' 16.90 18.17
Flight Control Group 10.18 10. 88 10.95
Data Link Group 8,72 8. 52 7.63

TOTAL 73.78 89,58 80.07

The propulsion group weight is about 8 b heavier than predicted. This is due
primarily to the design maturity of the installation with the addition of the sec-
ond carburetor, final design of the propeller mount, etc.

ThomnlproperuuoﬂhchuﬂaworouulyMthroughthomofaoomMr
program. The inputs to this program are the individual component weights and




spacisl positions within the airframe and the radius of gyration. The output of
the program consists of categorized weights, center of gravity, and moments
of inertia. The stability and control analysis of the vehicle showed that the
center of gravity of the all-up weight should be at the 21-percent MAC point
with a tolerance of 1 percent (+0.32 in.). To accomplish this and have inter-

changeable components for all vehicles, ballast kits were made up for each phase
payload. The weights in these kits were determined by weighing the actual vehi~

cle. Each vehicle has two types of ballast: one is payload dependent and the
other is basic airframe dependent and permanently installed.

The estimated mass properties of the initial vehicles were recorded in sum-
mary weight status reports. The weights of later RPVs were recorded in
actual weighing of the vehicles. After RPV weights stabilized, they were then
recorded only during the acceptance test procedure and the results were placed
in each vehicle log book.

A detailed description of the mass properties of the RPV, as delivered to and
tested by the Army, is given in Volume I of this report.

3.1.7 RPYV Evolution — Performance

Performance goals for the RPV-STD were established by the Army in light of
experience with previous RPV programs in which poor performance seriously
hampered the demonstration of RPV capabilities. Consequently, the goals set
initially for RPV performance contained considerable margin to ensure effect-
ive field demonstrations. . "

Initial estimates of RPV flight performance indicated essentially full compli-
ance with the Army goals. These estimates subsequently proved optimistic as
weight and drag increased and installed thrust efficiency apparently decreased
from original estimates.

g —————— it =
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Since the RPV was known to possess significant performance margin, the
approach to evolving the RPV performance involved judiciously yielding per-
formance capability in favor of schedule and cost considerations. However,
performance levels were closely scrutinized, and reviewed continually with
the Army to ensure that the performance did not fall below critical levels.

Table 4 shows the evolution of the RPV performance throughout the program.
The Army's desire for a cruise speed above 76 knots is fully satisfied by the
flight speed indication of 86 knots. The degradation in speed as the program
progressed is apparent. Cruise altitude did not vary greatly, and the specifica-

_ tion was met, Initial time to climb predictions proved optimistic and predicted

values increased rapidly with drag and weight increases. The final result, however,
was acceptable for the field test missions. The specified conditions for takeoff

and landing were ultimately exceeded with those operations ocourring at density
altitudes of 8,000 ft, Throughout the analyses of RPV response fo winds and gusts,
the 20-knot wind gusting to 35 knots criteria were met, The 20-knot wind condi-
tion was approached during field tests, but gusts were not monitored. The typical

.operating altitude was indicated to pace sensor character;sﬂcs. During the field

tests (particularly for the laser operations) an altitude of 2,200 ft was typical. RPV
endurance goals were met, but required an increase in fuel load from 7 to 15 Ib,
as weight and drag increased.

Detailed discussions of the major subsystems of the RPV are included in the
following paragraphs. . ‘ '

3.2 AIRFRAME

The principal components of the RPV-STD airframe during its evolution were

e Wings
- Panels
- Tips
- Elevons
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o Fuselage
Brackets

Payload protector

~ Recovery hook

— Fuel compartment/bladder
e Propeller Shroud

— Shroud

— Shroud supports

The airframe geometry was determined in conjunction with the general arrange-
ment and inboard profile, and guided by load-path considerations. Materials
were selected initially for low cost and lightweight rugged fabrication. Weight
growth led to the eventual selectiqn of lighter weight material and construction
techniques. The short schedule and iterative nature of the airframe evolution
required dependence on conservative design practices in lieu of proof testing

to ensure structural adequacy. Details of the airframe evolution are presented
in the following paragraphs.

8.2.1 Airframe Evolution — Background/Situation

Prior to initiation of the Aquila contractual program, a multitude of mini-RPVs
had been built and flown. Construction techniques for these airframes varied
from those used for model airplanes to composite and metallic techniques used
in advanced aircraft. Molded fiberglass was found to be the most popular tech-
nique with its great flexibility in application. With this background, and con-
sidering the number of aircraft (30), the airframe construction technique for
the Aquila program originally proposed by the airframe subcontractor included
the wet lay-up of layered fiberglass in female molds, vacuum bagged. The

Sky Eye wing construction, foam core with fibergiass skin, was also proposed
as the initial wing structure concept. These selections were made in consider-
ation of the successful history of the Sky Eye RPV, low cost, and some recog-
nised small weight penalty. Model airplane techniques were considered, but

L1
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were judged inadequate for the loads, handling and field environment antici-
pated. The more exotic fabrication techniques and materials were also exam-
ined and found to offer advantages, but with additional cost and fabrication
complexity. Given the Army requirement for a flight-proven airframe, the
successful history of the Sky Eye, together with the flexibility offered with the
wet lay-up of fiberglass provided a strong basis for the selection of that air-
frame technique for the Aquila RPV.

The early structural arrangements considered for the Aquila RPV provided
the first indications that significant departures from the Sky Eye concept would
be required. The early layouts indicated that access requirements eliminated
the efficient monocoque (or semi-monocoque) structural arrangement unlees
' heavy structural panels were used. Further, wing carry-through structure
interfered with effective internal component arrangement in the fuselage unless
integrated with fuselage bulkheads. These factors provided the point of depart-
ure for the Aquila airframe development.

3.2.2 Airframe Structure Requirements

Army requirements specified for or related to the airframe structure included:

Simple, low-cost, rugged design

Minimum time and skill for assembly/disassembly
Minimal detectability

Ground transportability

Lifetime of 15 one hour flights

Structural design load tactér ofég
Interchangeability of payloads

From initial anslyses, and further Army reviews, additional requirements were
levied, these included:

¢ Interchangeability of aircraft components
o Ultimate load factor = 1.25 times design load
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Payload protector: serves as an emergency landing skid (6 g vertical
and axial, 2.5 g lateral)

Paint

Break-away wing tips

These requirements were derived to produce a rugged airframe, and simple
RPV operations, and to set the basis for the airframe design approach.

3.2.3 Afrframe Structure Approach

The approach to the Aquila airframe structure included the following elements:

Subcontract the airframe structural design and construction to the

Sky Eye manufacturer.

Specify requirements and closely monitor progress to determine need
for advanced aerospace techniques.

Stress conservative design in lieu of extensive development testing.
Procure airframe with early interface definitions to meet tight flight
schedule. Change as required.

Require subcontractor performance of acceptance test procedure prior
to delivery.

Assemble RPV following verification of airframe characteristics.

3.2.4 Airframe Structure Evolution

The initially proposed airframe structure concept is shown in Figures 14 and
156. The outer wing panel of the aircraft consisted basically of a styrofoam
core of 1 Ib/ft> density,to which were bonded (with a PM 108A bond) preformed
0.020~in.-thick upper and lower surface epoxy fiberglass skins (Figure 14).
These skins were then closed out at the leading and trailing edges to complete
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the structural skin. The styrofoam core was hot-wire-cut from factory-
supplied MIL SPEC slabs. Styrofoam was selected over urethane because of
its availability and low density. Urethane forms (with the required quality
assurance) were available only in densities of 2 Ib/ t‘t3, and this imposed an
unacceptable weight penalty unless the core was lightened by hollowing out the
inside. The latter alternative raised questions of dimensional stability and
reduced resistance to handling damage, and would have resulted in greater
manufacturing complexity The leading and trailing edges were filled with

6 lb/ft density styrofoam in order to enhance the resistance to damage of
these particularly vulnerable portions. The trailing edge skin thickness was
increased to 0.040 in. to reduce handling damage. The wing skins were rein-
forced locally at the root for fastening to the stub wing‘.

The upper and lower skins were made of hand-laid fiberglass cloth and epoxy,
preformed to the airfoil contour in a vacuum-bagged female mold to ensure
that dimensional tolerances were maintained during the bond curing process.

The elevon-protecting wing tips (Figure 14) were fastened to the outer-wing
panels by frangible shear connections to help protect the outer wing panels
against damage by a sharp load applied to the elevon guards.

The wing tips were vacuum-formed from a fuel-resistant polycarbonate plastic
to facilitate their easy and inexpensive replacement. Closing ribs at both ends
of the wing panel sealed the foam core from exposure to moisture and fuel. An
elevator spar was provided to support the elevon and elevon servos.

The fuselage shell was fabricated in two halves (top and bottom) from 0. 032-in.-
thick epoxy fiberglass vacuum-bagged in female molds at room temperature.
The general arrangement of structural members is shown in Figure 15.

The fuselage structure was intended to be pure monocoque in that no longitudi-
nal stringers were provided (exocept for intercostals that frame the access
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doors). The fuselage was fabricated in four basic parts: upper and lower
fuselage shells and right-hand and left-hand wing panel attach stubs. Align-
ment of the fuselage shells during assembly was ensured by use of the female
layup molds, joined by locator pins, to hold the fuselage shells while the wing
panel attach stubs were bonded. The attach stubs, when bonded, formed
doubler hard points for attachment of the wing panels. The upper fuselage
shell provided wing bending and shear load carry~through, and the lower shell
contained integral mounting provisions for the aircraft subsystems and pay-
load. Large access doors were provided on the top of the fuselage to permit
easy access to the payload and other electronic components. The payload
components were installed from the top of the fuselage through the forward

access panel (Figure 15). All doors closed flush with the fuselage surface and
were retained by dzus fasteners.

The outer wing panels slid over the stub wing and were fastened to it by means
of a line of flat-head machine screws anchored into nut plates permanently in-
stalled in the stub-wing. Six screws on the top and six on the bottom completed
the installation. The molded-in recess in the end of the stub ensured an unin-
terrupted spanwise surface.

The engine was semirigidly mounted to the firewall through hard rubber
mounts, The cowlinﬁ, which was formed of fiberglass in the same manner as
the fuselage halves described previously, was mounted to the firewall. The
duct was attached directly to the cowling by three streamlined fiberglass sup-
ports. This whole unit (cowling, duct, engine) was mounted on the aft fuselage
frame through very soft engine mounts.

The duct was a styrofoam core with two-plece (inner and outer) epoxy skins
(0.025-in. thick). The spinner was also formed of fibergiass.

The tail-less, pusher configuration provided high potential for survival inas-
much as easily damaged elements were deleted or redesigned. A normally
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vulnerable portion of an RPV is the tail, because in a conventional configura-
tion, the tail has control surfaces, servos, etc., that make repair in the field
both difficult and complicated. The proposed simple, rugged duct minimized
these difficulties.

Additional steps were taken to further minimize repairs. For example, spe-
cially designed and easily replaceable wing tips served as guards for the ele-
vons. The outer panels had hardened leading edges in addition to the rein-
forced tailing edges. The wing panels were designed to be easily replaced by
spares (if damage was extensive) or quickly repaired in the field (if damage
was relatively small) using a simple repair kit supplied with each vehicle.
The outer panel-to-fuselage interface was designed so that upon very hard
impact in any direction on the outer panel, structural damage to the outer
panel and even break-off of this panel would occur well before critical loads
were applied to the center section.

The proposed structure was designed to withstand +6 g vertical and 16 g axial
design loads (applied through the launch and recovery hardpoints), and £7.5 g
vertical and +7.5 g axial ultimate loads.

During launch, 6 g were anticipated for the proposed aircraft, and 6 g axial
and 3 g vertical were anticipated during recovery. The fully loaded craft could
be lifted by its wingtips and a 2 g load applied while supported in this manner.
It could likewise be lifted by the duct and nose with 2 g loading.

Shortly after the program initiation,this structural concept began to show spe-

- cific deficiencies. First, wing carry-through loads caused excessive deflec-

tion predictions if reacted only in the fuselage shell. This condition was fur-
ther complicated by the large access door cutouts. It became apparent that
carry-through loads would require more substantial structure, such as bulk-
heads with edge caps. Second, the wire-cut foam oore for the wing could not
h-mhmmprm”bwﬂhudbrmlnmhdmw
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prevent bond voids between the core and the skin, providing the necessary
epoxy resulted in large weight increases. A more precise core shaping tech-
nique was required. Third, and perhaps most significant, the predicted RPV
structural weight became excessive, requiring consideration of lighter mate-
rials and structural design, To meet this last requirement, direct technical
consultation was provided to the airframe subcontractor and supported

the decision to select Kevlar as the principal structural material. Fourth,

soft mounting of the duct to move in conjunction with the engine produced heavy,
complex mounting hardware. Corrections of these deficiencies were presented
in the March 1975 Design Review, '

A sketch of the airframe structure presented at the Design Review is shown in
Figure 16. The airframe structure concept shown in this sketch is constructed
primarily of Keviar (PRD-49). The wing panels are fleld-assembled to the fuse-
lage at WS 13.0. The attachment design includes 10 screw fasteners each on the
top and bottom surfaces to collect load from the sparless wing. Wing load
carry-through is provided by two primary bulkheads at FS 128 and FS 146.25.
Other bulkheads at FS 13 and ¥S 158 provide for equipment and engine mount-
ing. The propeller shroud is rigidly supported by three struts that carry
forward to the fuselage structure independent of the engine installation. The
fuselage shell is 0.030-in., 3-ply Kevlar semimonoque construction, supported
by the bulkheads and closing ribs at WS 13.

The sparless wing is fabricated by bonding skins to a full-support foam core.
The styrene foam core is 6 lb/ft3 in the leading edge area and 1 lb/ft3 else-
where; it 18 cored for weight reduction and machined for precision fit in prep-
aration for bonding of the skins. The upper and lower skins are laid up in
female molds. The thickness is 0.016-in. one-ply over the span, increasing
in the 6-in. outboard of the field attachment to 0.080-in, three-ply. The skin
molds also serve as holding fixtures for the operation of bonding the core to
the skin.

.
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Figure 16. Basic Structural Arrangement
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The airframe structure evolved rapidly after the design review to the final
arrangement described in detail in Volume I. The major changes occurred in
the wing structure and attachment, and in fuselage bulkheads.

After further analysis and sample tests, the use of a foam core for the wing
was abandoned. This action waé taken primarily because sample cored wing
sections showed excessive warp and set when exposed to a combination of day
and night cycles. A second reason lay in the excessive cost of machining and
fabricating with the foam. After dropping the foam core concept, a two-spar
design with honeycomb skin for stiffness and shape retention was selected. In
addition, wing attachment was changed to take advantage of the spar geometry,
reducing the number of attachment screws from 20 to 8 per wing. This became
the final wing structure concept. Other structural changes, primarily in the
fuselage, were directed at weight reduction. The most significant of these in-
cluded the use of Nomex honeycomb in the fuselage bulkheads.

It is apparent that the structural conoept evolved from a simple concept with a
simple material to an advanced ooncept using advanced materials and assembly
concepts. This evolution was caused primarily by weight considerations.

This rapid change in airframe structural arrangement and the wide variation in
early structural assemblies presented a difficult challenge to the verification
of structural design integrity. This problem was further compounded by the
highly redundant nature of the structural geometry and the unavailability of
structural elements for destructive testing. (All early airframes were dedi-
cated to flight testing due to scheduling considerations.) Consequently, it was
required that structural integrity be verified primarily through conservative
design and supported by stress analysis. The subcontractor's structural integ-
rity analysis provided the necessary stress analyses. In this report, redundant
structural elements were approximated by conservative determinant models
and analyzed by simplified techniques. The resulting stress levels were
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reviewed to ensure the existence of a sufficient safety factor. Table 5 sum-
marizes the findings of the structural integrity report (Reference 2). The margins
of safety shown, almost without exception, safely exceeded the 0, 256 required, In
those few exceptional cases (i.e., alternator bracket flange, internal skeg bracket
flange) corrective structural design was initiated,

Selective nondestructive testing was conducted on critical items including the
propeller shroud (lift and side force design loads), the payload protector (three-
axis design loads), the engine mounts (deflection test to ensure propeller/
shroud clearance during recovery), and hook recovery line/fittings (pull tests
to design loads).

The pull test on the hook recovery lines and their anchors attached to bulkhead
147 was accomplished on each airframe configured with the hook recovery sys-
tem. The other tests were one-time proof tests. This limited testing plus
bonding tests conducted by the airframe subcontractor constitute the total
Aquila structural testing. However, this testing plus the large safety factors
obtained through conservative analysis were considered adequate to ensure the
structural integrity of the airframe. As the program progressed, analyses
continued to ensure structural adequacy when modifications were made. In
addition, functional tests were performed under simulated air loads for payload
protector and recovery hook deployment. During the reliability improvement
phase of the program, shock load tests and deployment tests were performed
on the interim parachute recovery system.

As a further check on structural integrity, handling loads were analyzed. It
was found that up to 80 percent design load was imposed in the wing attach
fittings during the assembly and checkout processes. This factor proved very
useful in locating poorly bonded wing fittings and reinforcemnont strips. The
fiight test program verified the airframe ltructnro in that no structural failure
occurred in normal flight or ﬁoid operations.

2pgvelopmental Sciences, Inc., Aguils Structursl Intes
E. Krachman, LMSC subcontract (iS10B7130 A, DSI job 2846-8SR, 30 Oct 1978
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As stated earlier, the airframe design was frozen early to permit the airframe
subcontractor to meet the rigorous airframe delivery schedule. It was recog-
nized that this approach would precipitate required modifications prior to com-~
plete RPV assembly. Twenty-four such changes were required, including
major redesign of the payload and recovery hook deployment mechanisms, sub-
sequent deletion of the hook assembly, addition of launch push-pads at the wing
trailing edge, stiffening of the wing skin around the cooling scoop, enlarging the
cooling air passage, and mounting bracket modifications.

Initial plans to paint the vehicles light grey to reduce observability during
flight were modified to provide the customer-preferred olive drab. After
several iterations, a prime coat of Deft, Inc. 02419 applied in accordance with
MIL-P-23377, and a top coat of Deft, Inc. 03GN40 (O.D. color) polyurethane
applied in accordance with MIL-C-83286 AF were selected for the finishing
technique.

' 3.3 POWER PLANT/ELECTRICAL SUBSYSTEM

The Aquila power plant (Reference 3) and electrical subsystem consists of the
following elements:

Engine o Voltage regulator

Fuel system e Electrical relay assembly
Carburetor o Battery
Propeller/propeller hardware

Engine mounts

Throttle controls

Alternator

Alternator mounting bracket

Flexible alternator drive shaft

Sunnyva

(3) Lockheed Missiles & Space Com Inc., Aquila ‘ t
CDRL AOOD, H %tem Develo opment, iﬂw‘W— . 5 =
e, Callf.,
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The power plant was located in the rear of the RPV with a pusher propeller
arrangement. Figure 17 shows the power plant buildup in three stages. The
hardware shown is characteristic of an early stage of evolution.

3.3.1 Background

The variety of RPV programs preceding the Aquila procurement had clearly
established that no qualified aircraft power plant'exlsted for mini-RPV appli-
cations. All previous RPV designs had required adaptation of an engine nor-
mally used in ground applications, or large model aircraft engines with spec’ |
fuel requirements. Lockheed participation in the ARPA Aequare and Army
Savoir RPV Programs had resulted in a set of proven techniques for convert-
ing the McCulloch MC101A/MC-101MC series of engines to acceptable RPV
power plants. Other RPVs, including the Sky-Eye, the USAF Academy Tele-
craft, and the Fairchild Sail-Wing RPV, had also used the MC101A and simi-
lar MC-101MC series of engines with success. In the Lockheed RPV programs,
techniques had been developed for remote starting after cold soak at 10, 000- -
foot altitude conditions. In addition, engine operations had been characterized
in altitude chamber tests at altitude conditions from sea level to 20,000 ft. In
short, at the beginning of the Aquila program a considerable body of experi-
ence existed with the MC-101A and MC-101MC engines in RPV applications.

Before its selection, however, a survey was made to see if a more suitable

engine existed. Table 6 summarizes the survey. It is apparent from this
table that with cost, weight, availability, and performance characterization as
selection criteria, there was no other reasonable choice.

A wide range of selectivity existed in finding an alternator baseline. Available
direct drive units, including airoraft and automotive units, were found to be
excessively heavy and were discarded as candidates. Small, lightweight units
required gearing up in rpm with gears and belts. These were discarded be-
cause of the short development time available to derive reliable drive systems.
The experience with the Aequare alternator and mounting arrangement pointed
to an adaptation of that system a3 & logical choice for the Aquila RPV,




(a) Preassembled

(¢) Ready for Installation

Figure 17. Aquila Power Plant
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TABLE 6. ENGINE CANDIDATE COMPARISON
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3.3.2 Requirements

Specific engine requirements were not cited in the Aquila procurement docu-
mentation except by inference. After design study and evaluation, a list of
requirements included the following:

Brake horsepower =11 hp

Low specific fuel consumption

Low dry weight

Demonstrated operation at altitude

Common fuel

Easy starting

Low cost

In current production

Reliable operation

Easy maintainability

Long life (15+ flights)

500 W electrical power

Regulated 28.4 +0.2 Vdc with = 5-percent ripple
Full power (500 W) output above 4,000 rpm
Alternator survival at 11,500 rpm for 1 min

3.3.3 Approach

The approach to the Aquila power plant evolution basically involved the following:

o Adapt the McCulloch MC101 engine for propeller drive, alternator
drive, and Aquila RPV installation.

¢ Verify performance, fuel consumption, and aititude operation in
altitude chamber tests.

o Procure a DuFresne alternator and regulator to the Aquila
specification.

e




e Design the power plant installation based on Aequare and Sky Eye
RPYV flight experience.
e Evolve assembly and test procedures to ensure reliable operation.

Initial plans called for the airframe subcontractor to procure, modify, and

install the engine, propeller, and alternator prior to delivery. As requirements
evolved to lighten the weight, change the carburetion, and modify the engine controls
and mounting, this task was moved to the contractor's facility.

8.3.4 Power Plant/Electrical Subsystem Evolution

The evolution of the McCulloch MC-101 engine into the Aquila power plant is
summarized in the following paragraphs. The final power plant configuration
is described in Volume I of this report.

Figure 18 shows an MC-101MC engine as delivered from the factory. Conver-
sion of the MC-101MC engine to the Aquila engine includes the following steps:

® Removal of unnecessary farts such as the recoil haad starter to pro-
vide a lighter weight configuration |

o Installation of a thermistor to monitor the engine temperature

o Inspection and modification of the engine (This includes safety
wiring all critical parts to prevent them from loosening due to
vibration, )

o Addition of the engine mounting bracket i

o Replacing the metallic cooling shroud with a lighter weight fiberglass T
substitute

o Installation of a resistor type spark plug to eliminate EMI problems

e Changing the oarburetion system to give better fuel consumption and
throttle control characteristics, as well as a smaller profile for
installation - L ‘ S

A discussion of the evolution of this proocedure follows.

]
j
!
i
/
!
!
}
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Figure 18. Factory Delivered MC-101MC Engine

81

Badlian s FXC SRS




Engine Mounting. Throughout the fabrication of the original single carburetor
and A model dual carburetor Aquila engines, the engine was attached to the air-
frame at bulkhead 155 by bolting four sections of extruded aluminum channel to
the engine block casting at points originally used to mount the engine cooling fan
shroud, These channel sections protruded radially about the crankshaft axis.
Each was drilled to accept the mounting stud of a Lord Model J-4624~27 shock
isolation mount. The bulkhead pickup was by four aluminum U-shaped channels
with flanges that bolted through inserts (for stiffening) in the honeycomb-filled
bulkhead,

The channel section brackets attached to the engine provided adequate support
to meet operational loads but did not provide for precise location of the engine,
nor for the precise positioning of the propeller within the propeller duct.

Other than the clamping force of the one attachment bolt per bracket, there
was nothing to prevent rotation of the bracket, Also, as a mounting bolt
loosened, or if the casting interface was not true, the brackets would not be
parallel.

The B model engine incorporates a single horseshoe-shaped bracket with four
tabs extending radially outward which replace the four channel brackets pre-
viously used. Attachment to the engine is through the same bolt locations used
before. This revised mounting method (see Figure 19) has nearly eliminated
the need for shims to align the engine (with its small weight penalty). As an
additional benefit, engine alignment is not affected by engine operating time.

Engine Cooling. The standard McCulloch cooling fan, which is cast integrally
with the flywheel, is used instead of free stream air engine cooling. This fan
provides supplemental cooling air to vehicle electronic components when the
vehicle is run statically or at low flight velocities. Cooling air enters the
vebicle at a nose opening and a wing root duct, and from these points it is
circulated through the forward bays to remove waste heat. After passing
through the 137 bulkhead the air enters the alternator compartment where heat
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that is generated by the alternator, voltage regulator, and throttle servo is
extracted. The exit path from the alternator compartment is through the
alternator mounting bracket and then bulkhead 155. The inlet to the engine
cooling fan faces the 4-in. -diameter exit passage of bulkhead 155. The cool-
ing fan forces air through the engine cooling fins and out through an aperture
which faces aft and is located sbove the level of the propeller spinner.

The shroud that mounte on the engine and directs air flow from the cooling
fan around the cylinder fins is a Lockheed~produced item. The original
McCulloch part was a two-plece metal design. Initially, a two-piece graphite
epoxy unit was the replacement, and a weight savings of approximately 1 1b

resulted. Eventually a redesign brought about a cost reduction for this shroud.

Fiberglass replaced graphite epoxy as the material for construction,and a per-
manent bond was used to reduce the number of pieces to one per engine. The
weight savings was essentially retained.

Carburetion. The original Aquila carburetion system was composed of com-
mercial McCulloch parts, although not those with which the MC101 was .
delivered.

The standard MC101 carburetor, a Walbro Corp. Model BDC-22 is intended
for go-cart racing applications of the engine, where high power is the central
consideration, nn,dthedutycyclooompruu full throttle and idle throttle.
Smooth rumning and low fusl consumption as well as weight and size are minor
considerations. Because these characteristics differ with basic Aquila engine
design philosophy, it was decided that the carburetion system should be
changed to meet aircraft requirements more effectively. The three carbure-
tors considered are shown in Figure 20. Early tests with a Walbro SDC-43
"cube' chain saw carburetor demonstrated several advantages this oarburstor

would provide. A MoCulloch manifold and reed set made $0 adapt the SDC-48

carburetor to the Model MC 49E engine were interchangeable with the MC101
engine. This installation, shown in Figure 21, was small enough that it

PO —— e
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could be totally contained within the fuselage. Weight was very low for the
system. Engine throttle response was greatly improved and fuel consumption
was very low. The main fuel jet was fixed by an orifice that would reduce
field adjustments. The one disadvantage was a reduction of maximum power
(by approximately 1) to 10 hp at 7,300 rpm. Since performance predictions
indicated that 10 hp was sufficient to meet requirements, it was decided to

" proceed.

The system was inetaned on vehicles v~ to No. 007. Operation with this con-
figuration went smoothly as it was relatively simple to adjust and worked well
with the flight controls rpm loop command circuit. It did have the drawback
of insufficient power, unfortunately magnified by drag and propeller inefficien-
cies, which were higher than predicted. As a result, performance values
were lower than predicted.

A decision to improve vehicle performance by increasing engine power was
made, but it was considered important to retain as many of the alﬁtribut'es of
the first configuration as possible. The dual carbureter, progressive control
linkage system was the design that resulted.

The theory of operation for the dual carburetor design was that the secondary
carburetor, another Walbro SDC-43, would only be engaged when full power
was demanded of the engine. Operation at lower power settings would be
accomplished using one active Walbro carburetor. Excellent control char-
acteristics and fuel consumption would be retained but maximum power would
be increased.

The equipment required to make this change consisted of another Walbro car-
buretor and McCulloch manifold. An adapter plate was milled from aluminum
plate that allowed the attachment of the second carburetor and manifold at the
bottom of the engine. A four-bar linkage with a slider section provided link-
age to the lower, secondary carburetor. The arm lengths and slider travel

87
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caused the secondary carburetor to engage at apbro:dmately 60 percent of
throttle travel. The wide open throttle position was reached simultaneously ‘
by both carburetors. ‘

The additional carburetor increased power to 11.7 at 8,300 rpm. Propeller
speeds during static running were raised to a nominal 8,000 rpm as oﬁposed
to the previous 7,200 rpm. This rpm change caused propeller spinners and
spinner mounting plates to fatigue fracture on a regular basis. Since wind
tunnel tests had shown very little drag reduction resulting from the spinner 4
installation, it was removed to reduce weight and eliminate the fatigue failure

problem.

The dual carburetor A model increased power available, maintained low fuel
consumption, and had good throttle control; however, it was difficult to set up the
fuel mixture ratios and linkage, It was necessary to carefully balance mixture .
ratios and throttle openings in order to maintain smooth idle, to provide rapid
acceleration and low fuel consumption at cruise power, and to obtain maxi-

mum power. Once initial adjustments were made at the Fort Huachuca test

base it was usually possible to run the engine many hours prior to a need for
readjustment,

One mechanical failure problem that initially plagued the dual carbxretor sys-

tem was breakage of carburetor butterfly shafts. At first, the standard Walbro

brass shafts were retained, but as failures occurred due to the increased loads

imposed by the control linkuges which bore directly on these shafts, the shafts

were remanufactured of stainless steel to the original design. This change

reduced the frequency of breakages but did not totally eliminate such occur-

rences. The shafts were eventually redesigned to eliminate stress risers, . '
and the material was changed to 4130 steel. This completely eliminated shaft |
breakages. A long-term wear problem remained in that the high bearing loads i
elongated the throttle shaft bearings, which are the unbushed holes drilled in 'f !
the aluminum carburetor castings, ‘
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A third Aquila carburetor configuration is the B model system in use on all
RPVs from aircraft No. 014 on. The intent of this design was to eliminate
problem areas of the A model system. A new induction manifold and reed
block is used which is manufactured for the McCulloch racing engines. The
reason for its use is that it is designed to allow a tandem dual carburetor in-
stallation, one carburetor above the other. An adapter plate is required to
interface with the Walbro ""cube' type carburetor. A revised linkage (Figures
22 and 23) accompanied this design change which simplified carburetion ad-
justments. Carburetor models were changed from the SDC-48 to SDC-58. The
SDC-58 is essentially equal to the SDC-43 but has a relocated low-speed fuel-
to-air adjustment screw that allows improved access for adjustments, Power
and fuel consumption changes were not the object for the A to B model change
and power was not changed; however, fuel consumption at partial throttle
settings was reduced.

Exhaust System. The exhaust system is comprised of a short stack which is
formed from a length of mild steel seamless tubing, 1.375-in. inside diameter.
A mandrel is used to shape the upstream end to the outline of the engine
exhaust port. A steel flange is welded to the stack to provide an interface to
the engine mating bolt pattern, At first, the gas flow is directed aft but then it
turns upward at a 45-degree angle before exiting the exhaust pipe.

The propeller hub is extended away from the engine in such a way that a 8-in.
clearance exists between the aft facing engine exhaust port and the forward
edge of the plane of propeller rotation. This clearance provides sufficient

* gpace to employ an unrestricted exhaust pipe and to allow substitution of a

muffler system if required.

The exhaust system employ’ed is designed to perform two basic functions: di-
rect exhaust gases out of the fuselage and provide minimal restriction to
exhaust gas flow. This indeed is the case, since removal of the exhaus: causes
po significant change in peak propeller speed. Tuned exhaust systems were
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avoided because of problems associated with use of such devices. A tuned
exhaust system can raise power output, but at the expense of good engine con-
trol and the necessity of packaging a bulky, heat-emitting device.

Throttle Control Servo Installation. The servo actuator used to control the throttle
position is identical and interchangeable with those used for vehicle elevon con-
trol. Basically, two servo installation designs have been used throughout the
Aquila program. The first design was used with the original Vsingle carburetox

and the dual carburetor A model. The second design is used in conjunction

with the B model dual carburetor system.

The earliest design employed a single Walbro SDC-43 carburetor on the
McCulloch MC-49E manifold and the carburetor was located on the starboard
side of the engine with the throttle butterfly shaft aligned with the longitudinal
axis of the vehicle. The servo actustor was mounted, using an adapter block,
to the forward side of bulkhead 1556. The servo actuator output shaft was co-
linear with the carburetor butterfly valve shaft. A tubular steel extension

shaft with a flanged end was attached to the actuator output shaft flange using
four screws. The carburetor end of the extension shaft was externally threaded
to accept a 1/4-28 thread. To complete the attachment, a Lovejoy AO-35 flex-
ible coupling was used. One end was modified in such a way that it was inter-
nally threaded to match the extension shaft. The carburetor side of the coupling
and the butterfly valve shaft were drilled to use a roll pin for engagement. A rub-
ber spider was fitted between the coupling halves to provide transmission of
torque while allowing relative angular movement between the throttle shaft and
servo actuator extension shaft. Fore and aft play were provided by leaving an
air gap between coupler halves and the rubber spider. This air gap was .
adjusted by rotating the servo side coupler on its thrndc toeither advance or
move away from the carburetor. Oncoﬁuldjummwumdo tjammt
mdghten.dmnhecom.rbhckitinpom mmwuﬁtmeht '
muedmmmm urwnhaﬁnhﬂvototbowmmrmm«
orientation. *




Single carburetor operation went smoothly with the original servo installation;
however, difficulties arose when the same system was used to operate the A
model dual carburetor. The increased loads caused by friction, higher mass
and spring tension of the dual carburetor linkage caused large and unpredict-
able deflections in the rubber spider coupler. Spiders of increased durometer
rating (hardness) were tried, which did improve the characteristics of the
throttle response; however, increased amounts of engine-induced vibration
were transmitted to the servo actuator, posing a threat to actuator life. The
B model dual carburetor redesign provided an opportunity to eliminate the
vibration found in the former throttle linkage. In its stead, the servo actuator
drives a cam linkage through a cable.

The servo actuator is repositioned so that the output shaft is perpendicular to
the longitudinal axis of the aircraft. Attached to the servo output flange is a
lever arm which engages a steel cable at a pivoting joint. The cable pene-
trates bulkhead 155 into the engine compartment. A nylon sheath positions

and protects the cable within the engine compartment (Figure 22). A threaded
fitting at bulkhead 155 positions the cable sheath relative to the cable providing
adjustments to throttle position. A barrel fitting is attached to a control cable
at the cam end, which slides into a recess in the cam. A roll pin is then
inserted into the cam to prevent accidental disengagement. A mounting shaft
1s threaded into the edge of the adapter plate used to mate the carburetors and
induction manifold. This shaft is the pivot point for the cam. The cam, shown
in Figure 23, is a machined steel plate that has separate bearing surfaces for
the followers of the two carburetors. The primary carburetor bas a steel pin
follower that is driven by a slot in the cam. This provides constant retention
of the follower. A torsion spring on the primary throttle shaft is used to
eliminate backlash of the follower in the slot. The slot constantly varies in
radius relative to the cam pivot point except at the maximum throttle position
where a constant radius exists. Since the slot has excess length at the idle
position, the cam is without a hard stop that could overload the servo actuator.




The secondary carburetor cam follower is driven by an outside edge of the
cam. It has a torsion spring which is necessary to provide a force to keep the
follower in contact with the cam surface and to keep the secondary butterfly
valve closed when not in contact with the cam. The cam does not open the
secondary carburetor until it has traversed through approximately two-thirds

of its travel. The two carburetors reach the wide open position simultaneously.

The throttle is adjusted so that the engine idles between 3,500 and 3, 800 rpm
when the servo is not under the autopilot rpm loop control. The autopilot rpm
loop, when operating as in flight, will hold idle rpm to 4, 000 +200. This sys-
tem allows the autopilot to keep idle speeds lower in a descent than if a fixed
stop were used to set an idle position. A sheathed steel cable which éljdes in
a nylon outer sheath is used to pull the cam to the idle position. A torsion
spring wound on the cam pivot shaft drives the cam to the wide open throttle
position. If the cable were to break, or if power were disconnected to the
servo actuator, then the throttle linkage would move to the wide open position.

Propeller. The Aquila propeller, shown in Figure 24, is of laminated birch
construction, It is a simple two~bladed design with a 19,5-in, diameter. The
blade activity factor is 150 with a blade angle of 20 deg at the 75-percent
chord. This propeller is manufactured by Propeller Engineering Duplication
of San Clemente, California. Initial flight testing of Aquila vehicles was
carried out using a propeller of similar design manufactured by the Sensenich
Corporation of Lancaster, Pennsylvania, The activity factor and diameter of
both designs are equal but the Sensenich used a higher blade pitch angle, 21.5
deg at 75~-percent chord. This change to the lower blade pitch angle was to
allow the engine to operate at higher speeds to increase power available for
climb at lower airspeeds.

Engine Assembly and Acceptance Testing. All Aquila engines have been
assembled and tested in accordance with specifications which describe tests

and modifications to be performed by shop persomnel, Engines assembled
prior to the B model dual carburetor configuration underwent an internal
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inspection. The engine was sufficiently disassembled to allow measurement of
piston to cylinder bore clearances, measurement of piston ring clearances, and
inspection for foreign objectives or incorrect assembly. Experience showed
that this effort was not required since clearance adjustments required were of a
minor nature, and since engines were delivered clean and properly assembled.

Assembly of all engines required checks and tests which are currently in effect.
Each engine ignition is checked for proper ignition timing and corrected if neces-
sary. Each engine is modified as required to fit the thermistor, exhaust stack
and engine mounting bracket. Aquila induction manifolds are fitted prior to an
air pressure leak check. The leak check entails fitting air tight plates over
orifices and then pressurizing the engine to 12 lb/in.z The pressure loss is
observed for a required time period; if it exceeds a specified level, then the
technician must use a liquid solution to find leaks and bring those found within
specification by replacing gaskets or sealants as required.

Fastener torques are specified and correct use is verified by Quality Assurance
personnel throughout the operation. Safety wire is installed at specified loca-
tions to ensure that fastener torques are maintained. Following completion of
the requirements of the assembly specification and acceptance by Quality Assur-
ance persommel, the engine is transferred to the facility test location.

The engine is next subjected to an Acceptance Test Procedure that is witnessed
by Quality Assurance persomnel. The engine assembly is installed in a test stand
which simulates an actual vehicle installation. Carburetion is set to deliver a
slightly fuel-rich mixture and then the engine is run at varying but relatively

low power settings for approximately one hour. If compression tests show the
piston rings to be sealing normaliy the testing is continued, Maximum rpm, fuel
consumption, and ease of throttle control are the main items of interest. Fuel
mixture settings are varied to achieve proper rumning; however, the engine must
pass all tests with the same settings to qualify. If the engine passés all tests,
aocceptance is noted, and then the engine is installed in a flight vehicle or

stored.
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3.3.5 Propulsion Performance and Functional Testing

The Aquila propulsion system has been the subject of a wide variety of tests.
The objective of this testing has been to evolve an engine configuration that
performs its functions in a reliable, satisfactory, and efficient mamner.

Knowledge gained from previous experience with RPV engines was combined to
produce the initial Aquila flight configuration. Since that time, testing has con-
tinued throughout the program to match engine capabilities to current vehicle
requirements.

Carburetion and Control. During March and April 1975, static ground tests were
conducted to characterize the power potential, fuel consumption, weight, bulk,
and adaptability to closed loop control of candidate carburetion systems to be
employed with the McCulloch MC-101IMC engine.

During these tests the MC-101MC engine displayed superior control character-
istics when coupled to the Walbro Corp. SDC-43 carburetor. Weight, bulk, and
fuel consumption characteristics of this system were superior to any of the other
three systems tested. However, with this configuration the maximum power was
the lowest (approximately 10 hp).

Altitude Tests. During May 1976, ground tests were run at altitude to determine
altitude effects upon the fuel consumption, power, and control characteristics of

the Walbro carburetor-equipped MC-101MC and the next most acceptable option,

a Tillotson HL series carburetor.

Altitade range was limited to 8,000 ft or less for this test since remote sites
in mountains looal to LMSC were used. The results demonstrated that the
relative differences between the carburetion systems were stable over the
altitude range of the test.




Fort Belvoir Altitude Tests. In July 1975 altitude chamber tests were con-
ducted at the Fort Belvoir altitude chamber, to characterize the performance
of the engine configuration over the range of altitude expected in flight tests.
Figure 25 shows the test arrangement.

Figures 26 and 27 graph horsepower output and fuel consumption as a function
of altitude. It is interesting to note the low specific fuel consumption data
recorded.

Installation Testing. During the period of August through September 1975, the
completed engine installation, including throttle servo actuator, exhaust system

and enclosed engine were tested. The objective of this testing was to ensure
that no mechanical or thermal problems existed in the complete installation.

The installation demonstrated satisfactory operation as tested. Ambient air was
supplied for induction and cooling requirements. No abnormal power losses
were observed. Engine cylinder head temperature remained at 390° F or below
regardless of the duty cycle. Engine control by the throttle servo was very
good.

Alternate Fuel Tests. In October 1975, a test was conducted to determine the
feasibility of increasing the power output of the McCulloch MC-101MC by chang-
ing fuel mixtures while retaining the Walbro SDC-43 carburetor. By changing
from a gasoline-based mixture to an alcohol base, it was possible to increase
power to over 11 hp, It was found that modifications were required to the car-
buretor that caused its control response characteristies to deteriorate. Fuel
consumption was increased by a factor slightly less than two. MIL spec aircraft
fuel was selected over high test automotive fuel due to the lower rate of bubble
formation observed with the aircraft fuel in altitude chamber tests. Use of
regular automotive or MO gas was discontinued due to the potential for detona-
tion with those fuels.
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NOTES: 1. AQUILA ENGINE, SINGLE CARBURETOR
2. ALTITUDE CHAMBER DATA — JULY 1975

ok DENSITY ALTITUDE
SEA LEVEL
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& 8 5,000 FT
§ (1520 M)
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§ 10,000 FT
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Figure 26. Engine norgopwer - fingle Carburetor
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BRAKE SPECIFIC FUEL CONSUMPTION (LB FUEL/HP/HR)

NOTES: 1. AQUILA ENGINE, SINGLE CARBURETOR

N

ALTITUDE CHAMBER DATA - JULY 1975

DENSITY ALTITUDE
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15,000 FT
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(1520 M)
T . / SEA LEVEL
7F
g
6
) [ i
L ! N
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ENGINE SHAFT SPEED x 1000
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Pigure 27. Full-Throttle Specific Fusl Consumypion
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Starting Tests. In November 1975, a series of static ground tests was conducted
to determine a starting sequence that could be inserted into the computer oper-
ated launch procedure.

Cool mornings were the times chosen to conduct tests. Various throttle positions
were tried to determine the optimum setting. Forty percent of wide-open throttle
was found to produce the best results and required no choking or priming,

Thermistor Calibration. In November 1975, thermistor calibrations were accom-

plished, The location chosen for the thermistor that indicates engine tempera-
ture during flight is offset downward from the engine cylinder head. A correla-
tion between true cylinder head temperatures at the thermistor location was
required.

By installing a flight item thermistor and comparing the readings obtained to a
thermocouple at the spark plug base, a temperature difference of 40°F was
found in the 300 to 400° F range, with the spark plug TC the hottest.

Dual Carburetor Develgm ent. During the period of March through May 1976,
a series of static ground tests was accomplished to test ways of adding a second

carburetor to the MC~-101MC engine to increase peak power output. A progres-
sive linkage was to be employed to allow one carburetor operation at low power
levels so that fuel consumption would remain low and throttle response

acceptable.

Four manifold configurations were tested during this period. The majority of
tests were propeller stand runs; however, a dynamometer was employed to cali-
brate the results, The tiepig'n ohosen"fqr use g;{qduced the greatest power, 11,7
hp, and eliminated the need for casting a new manifold. A second carburetor
and manifold unit, as previously used, was attached to the bottom of the engine
with & simple plate adapter. A four-bar linkage was designed with a sliding sec-
tion that provided the progressive feature required. Fuel consumption was
increased over the stngle oarburqt?r engine.
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The testing included many runs to determine optimum fuel jet sizes and linkage
geometry.

Altitude Chamber, During June and July 1976, a series of altitude chamber
tests was conducted. The objective of this series, which was again conducted at
the Fort Belvoir altitude chamber, was to characterize the performance of the
dusl carburctor engine configuration at altitudes representative of actual flight
conditions. Figures 28 and 29 graph horsepower output and fuel consumption as
a function of altitude.

Developmental Testing ~ B Model Dual Carburetor Configuration. During Jan-
uary and February 1977, the deployment of the dual carburetor engine for flight
testing incurred some problems. The engine was difficult to adjust properly,
although it would maintain adjustment once set. The linkage caused no serious
in-flight problems but tended to wear out rapidly. A test program was required
to find a revised configuration which eliminated these problems.

A replacement induction manifold was found which allowed the carburetors to be
mounted adjacent to one another. The four bar linkage was then replaced by a
cam driven by a cable from the servo actuator. The cam used two separate
ramps to provide progressive opening of the carburetors. Tests involved the
varying of cam ramp shapes and fuel jet sizes in order to operate the engine as
desired.

Field Tests. During April 1977, prior to full deployment of the B model dual
carburetor engine configuration for fleld use, a prototype system was sent to
the Fort Ruachuca test base to ensure proper operation of the system at that
altitude (4,800 ft).

Engine runs indicated that a problem did exist in that the ability to accelerate
rapidly was sensitive to altitude changes, A revised arrangement of fuel
metering jets was found that eliminated engine stall when the throttle was
rapidly moved with the engine idling.

103

1 e U N A RO s AL G e AR O

A LY 8 e A




NOTES: 1. AQUILA ENGINE (MC-101MC),
DUAL CARBURETORS
2. PROPELLER LOAD —~ ALTITUDE
CHAMBER DATA - JULY 1976

n
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ENGINE BRAKE HORSEPOWER

DENSITY
ALTITUDE

SEA LEVEL
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ENGINE SHAET SPEED x 1000
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Figure 28. Engine Horsepower — Dul Carburetors
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BRAKE SPECIFIC FUEL CONSUMPTION (LB FUEL/HP/HR)

1.2
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NOTES: 1. AQUILA ENGINE (MC-101MC), DUAL CARBURETORS
2. PROPELLER LOAD-ALTITUDE CHAMBER DATA

—  DENSITY
ALTITUDE 4 HP

8 HP

|
I
/

10 HP

é | 7 8
ENGINE SHAFT SPEED x 1000

Pigure 20, Partial Load Specific Fuel Consumption
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Altitude Tests. In May 1977, because of the altitude sensitivity shown by the B ;
model engine, an altitude test was conducted at the Lockheed "STARS" altitude
chamber located in Sunnyvale. The purpose of this test was to determine the
acceptability of the B model engine at high altitudes. !

Runs were made at several altitude levels up to 16,000 ft, A strip chart record .
of rpm and throttle position was made for all runs. A throttle control system i
that could open the throttle at predetermined rates was employed for consist-

ency. Five separate fuel metering arrangements were tested. The arrangement
arrived at during the April field tests at Fort Huachuca was the best system x
tried and was adopted for the flight vehicles.

Fuel Line. During the course of the May altitude tests bubbles were observed
forming in the fuel line downstream of the quick-disconnect coupling when oper~
ated at altitudes in excess of 8,000 ft. In June 1977, tests were conducted to
determine the cause of bubble formation and to arrive at a modification to eli-
minate the cause. ]

R N T ARy

PRV WY U S e— VY

An electric pump, accumulator, and valve arrangement was constructed that re- s '
created the flow and pressure conditions of the altitude chamber. This device |
showed that bubble formation was resulting from air outgassing from the fuel as ;
it made a transition from the small diameter outlet of the coupling to the rela-
tively large volume of the fuel line. A change of fuel-line size with sleeve joints i
produced a more constant area path for fuel flow,which eliminated the possibility

of severe bubble formation.

Installation Losses. A modification made to the B model vehicles was the inclusion
of a temperature transducer in the engine compartment. Data could then be

made available defining the elevation of engine compartment temperatures

over ambient. Once these values were known, a test was run to determine the
extent of power loss during fleld tests due to the elevation of induction air
temperatures.
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Test data taken in June 1977 demonstrated that losses up to 10 percent of peak
power were being sustained during flight tests or at launch conditions on hot
days.

3.3.6 Electrical Subsystem

Alternator. The alternator is a three-phase rotating field alternator requiring ex-
ternal field excitation supplied by the Aquila battery. The unit is derived from
that used in the U.8S. Alr Force Aequare program,providing additional output
power with the attendant penalty of increased weight: as used on Aquila, it pro-
vodies up to 600 W at a regulated voltage of 28.2 Vdc (max.) when driven at

4,000 rpm or faster.

The power sizing for the proposed RPV~-STD was estimated to require 500 W of
power. As more detailed vehicle requirements became known, the power re-

quirement was increased to 600 W. Table 7 compares weight and power output.

TABLE 7. ALTERNATOR COMPARISON

Aequare RPV-8TD Aquila
(USAF) Proposed (U.S. Army)
Power Qutput (W) 300 500 800
(4000 rpm)
Weight (Ib) 5.4 6.4 7.8 (max.)
(actual) (est.)
Finish Aluminum, N/A Gold,
no finish anodized

Reguiator. The regulator is a compact 3.5-oz proportional regulator controlling
the fleld excitation to maintain the output at 28,2 to 28.4 Vdc. In the original de-
sign for the charging system the vendor proposed a switching regulator which
required no heat sinking. This design was not available for the Aquila dus to
design fallures experienced in the switching transistors at high temperatures.
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Cousequently, a proven proportional regulator was substituted. The propor-
tional unit required approximately 9 in. 2 of finned aluminum heat sink stock
and is mounted to the Aquila bulkhead at F8 147.

Alternator Drive Coupling. Previous experience gained with the Aequare
program had demonstrated that an alternator should be mounted directly to the
airframe and not to the MC;101 engine. The remote drive developed for
Aequare was considered to be the best alternator drive available. A flexible,
wound steel wire shaft is fitted with a swaged sleeve at the alternator end and
pinned to the alternator armature shaft. An aluminum adapter is bolted to the
engine flywheel that is broached with a 0. 25-in.-square hole. The flexible
shaft is squared at this end and inserts into the adapter at the flywheel center-
line. This arrangement allows engine movement in all axes while torque is
continuously transmitted to the alternator.

The alternator is attached to the forward side of bulkhead 165 by a bracket
which is a Kevlar cylinder with flanges at both ends. The flanges provide loca
tions for screw fasteners that attach the alternator to the bracket and the
bracket to bulkhead 156. The cylinder is not solid, and several air passages
are cut lengthwise to allow cooling and induction air flow to the engine
compartment.

Power output as derived from vendor test data is given in Figure 30 as & func-
tion of rpm.

38.3.7 Fuel System Evolution

Two basic requirements were established in the beginning for the fuel system:
first, the tank would be a bladder; second, it would be removed from the
airframe to be refusled. A bladder provided two important advantages: it
would be more resistant to shock damage than a normal rigid tank, and, by
expelling all air from the bladder during the fusling process, it would be im-
possible for the éngine to ingest afr from the tank in unusual mansuver attitudes.
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2 - AVAILABLE POWER AT 4000 RPM 21.3 A x 28.2 VDC = 600.7 WATTS

REGULATED
VOLTAGE

8
T

24

18- .
20A

OUTPUT VOLTAGE (VDC)

16
14} 8A

LJ 1 1 1 L ] ) 1
2 3 4 5 é 7 8

ENGINE SHAFT SPEED x 1000

Figure 30. Alternator Output Voltage — Variation With RPM

The requirement for removal from the airframe to fuel the tank and the need
to have a rigid-walled container for a bladder led to the installation of a Kevlar
box under the central fuselage access hatch. Thus, the bladder container or
cage could be easily removed by removing the access cover.

In addition, a convenient method of disconnecting the fuel line was required,
80 a conventional quick disconnect coupling was added to the system. The
masle portion of the coupling was fitted to bulkhead 137 located in the wing root
area, Lifting the fuel tank provided access to the coupling. In practice, the
quick~-disconnect coupling was difficult to operate since it was not possible to
use two hands for the operation. The design was modified in such a way that
an aluminum bracket extended below the fuel bladder cage, to which the male
portion of the coupling was fixed. By lifting the acoess cover and then resting
it on the fuselage side, the quick-disconnect coupling was easily operated.
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The plastic bladder was pierced at one location only for the fuel-line fitting.
Tygon, a clear plastic fuel line, was used anJ was secured at fittings by pull-

ing the Tygon over the fitting nipple and then wrapping it with two loops of
0.032-in.-diameter safety wire. The fuel line was originally a 0,25~in, -internal-
diameter formulation B-44-4X,

During testing at the "Stars" altitude chamber in May of 1977, bubbles were ob-
served forming at the downstream side of the quick~disconnect coupling at density
altitudes in excess of 8,000 ft. This resulted in erratic engine behavior when
large bubble accumulations entered the carburetion system. Further testing
demonstrated that the coupling was not leaking air but that air was outgassing
during the transition fromthe 0.125~in, internal diameter of the coupler to the
0.25-in, internal diameter of the fuel line. The bubbles observed were assumed
to be composed basically of air since an accumulation of air within the fuel line
would be reduced in volume in inverse proportion to atmospheric pressure
changes, but would not go back into solution with the gasoline, as it would be
expected to do, at sea level pressures.

Following this discovery, a design change was tested and then installed on all
B model RPVs. A replacement fuel line w'*h a 0.125-in. internal dlameter
was substituted for all applications downstream of the quick~disconnect cou-
pling, and a sleeve was used at all fittings to minimize changes in internal
cross sectional areas.

The result of the design change was a major reduction in bubble formation:
bubble accumulations would break away suddenly upon a rapid change in fuel
flow and move to the carburetion system. The replacement fuel line used was
Tygon formulation R-3603 to provide increased resistance to hardening due to
exposure to gasoline.

Tests run to demonstrate the ability of the engine mounted carburetor/fuel
pump to empty the fuel tank bladder were completely successful. The tank was
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totally flattened as the fuel pump vacuum drew all the fuel contained to the en-
gine. There was no observed tendency for the upper tank wall to collapse
across the tank outlet and shut off the fuel supply to the engine. Although
these observations were encouraging, there remained the possibility that an
unusual loading or flight dynamic condition could cause the fuel tank outlet to
be closed prior to total fuel exhaustion. Following January of 1977, all B
model fuel tanks incorporated a rigid fuel line extension, internal to the fuel
tank that was capped on its end but slotted lengthwise to allow fuel flow if the
tank walls collapsed upon it. '

A method of indicating a low fuel level condition was required for the vehicle.
A search was made for a fuel flow meter that would provide an integration of
fuel used, which in turn could be compared with a known fuel load and conse-

quently indicate the amount of fuel remaining. The lightweight fuel flow meters

studied lacked sufficient accuracy at the low flow levels to provide measure-
ment, The method developed provided a hinged lever arm that followed the
fuel bladder as its height diminished with fuel used. A micro switch was
tripped by the lever at a predetermined point to indicate 2 1b of fuel remain-~
ing.

Following January of 1977,two changes were made to the fuel low indicator for
B model vehicles. A shim was added that changed the indicating level to 3 Ib
remaining as opposed to the former 2 b, Also, a disconnect electrical con-
nector was added for the micro switch circuit to ease fueling operations.

After April of 1977,a modification was made to the fuel line at the point of exit
from the fuel tank. Formerly,the Tygon tube exited the fuel bladder and was
then forced into a tight radius turn to reach the quick-disconnect coupling. B
model vehicles were equipped with a 90-deg elbow that eliminated the tight
radius turn and the possibility of an accidental closure of the fuel line. In
addition, the special fitting was provided inside the tank to prevent the flexible
tank wall from sealing the exit orifice. Another change incorporated on the
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B model vehicle was the addition of stencilled instructions on the fuel bladder
to specify the fuel mixture to be used.

Flight experience with the final fuel system has indicated no known instances of
improper fuel delivery due to trapped air in the fuel tank. The fuel tank does
not tend to burst in a crash landing.

3.4 FLIGHT CONTROL SYSTEM

The principal elements of the Aquila flight control system are:

° Flight controls electronic packagé (FCEP)
— Pitch autopilot
— Heading autopilot
- Altitude autopilot
o Sensors
— Altitude transducer
— Air speed transducer
— Rate gyro package (heading and pitch)
— Accelerometer
-~ Magnetometer
o Controls
— Elevon servo actuators
— Engine servo actuator

A description of the field tested system is given in Volume I of this report.
The analytical and hardware evolution of the system is discussed below.

3.4.1 Background

Prior to the Aquila program, the flight control systems for RPVs had ranged
from simple radio control (RC) with direct control of the asrodynamic control
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surfaceé, to complete digital autopilot design. The requirement, therefore,
was to select the proper approach for the special Aquila requirements.
Fxperience had flight proven a simple analog/digital concept in the Tuboomer
RPV and in the Aequare program. The concept had been assembled on regular
PC cards that provided design and checkout flexibility while providing reliable
electronic operation. The concept combined aerospace and general aviation
techniques into a proven autopilot electronic-‘system. It was a logical decision,
therefore, to select this system and approach for the Aquila RPV.

A wide range of sensors suitable for RPV application existed from aircraft and
missile developments. The task at hand, therefore, was to select or specify,
procure, and (if raquired) adapt the sensor for the Aquila application.

Flight control servo-actuators presented quite another problem. No flight
qualified servo-actuators existed in the load range anticipated. The Tuboomer
had used mutomotive headlight actuator motors with an LMSC-developed servo
electronics system. Aequare employed radio control servo units, which were
unacceptable for the Aquila application, ’

The Aquila autopilot design approach was determined against this background.
3.4.2 Apbrowh

The approach to the Aquila autopilot and flight controls evolution included the
following elements.

Hardware Approach. The hardware approach is as follows:
e FCEP
-~ Develop a third generation of the proven Tuboomer/Aequare system
= Use PC card construction for flexibility
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— Use space system proven card retention techniques

— Design circuits and select components for low (electrical) stress

— Use special enclosure design and fabrication to reduce weight

— Combine the data link encoder/decoder into the FCEP to reduce
enclosure and cable weight

b3

e Sensors

~ Use high quality pressure transducers for accuracy (use data in
RPV location) T

— Adapt mirsile components for gyros and accelerometer — specify
adaptations and procure

— Use a three-axis magnetometer — high quality — for heading
indications

e Controls. Specify and procure a new servo-actuator.

&
Analytical Approach. The analytical approach to the autopilot and flight con-
trols development included the following:

Use progressively updated computer models for analysis

Provide conservative damping rates for all loops

Close all RPV stability loops on board to avoid loss of control due to
pilot error

Use simulation to validate recovery flight path stability and control
Analytically verify acceptable stability and control in all flight modes

Testing Approach. The approach to testing and validating the autopilot and
flight controls involved the following:

Ground tests
— Eleotronically test each assembled PC card against approved
acceptance test procedures

= Electronically test the assembled FCEP against an approved

acceptance test procedure
= Acceptance test and/or calibrate all sensor components
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— Acceptance test all servo actuators
— Conduct complete RPV systems test prior to shipment for field
tests
o Flight tests
— Provide radio control capability for initial flights

— Provide switching system to build up the autopilot and separately test
different loops in order to isolate design weaknesses

3.4.3 Requirements

The basic requirements for the autopilot and navigation capabilities were for
performance consistent with the required operational levels. Specific require-
ments included the following:

o Augmented stability
e Link-logs maneuver to recover link
e Pre-programmable flight path control with operator override/
correction
-~ Repetitive search patterns
~ Loiter orbit
— landing approach
- Ascend/level off
e Automatic and manual flight path control -
e Autopilot modes
~ Heading command/hold
- Altitude

A further basic requirement was the simultaneous development of the RPV
stability loops (closed on board the RPV) and the flight path stability loops
(closed through the GCS computer) to ensure flight path and RPV control and
stability in all flight modes. The analytical evelution and RPV hardware evo-
lution are described in the following paragraphs.
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3.4.4 Flight Control and Navigation — Analytical Evolution

Guidance loops for the RPV-STD were designed with good stability margins as
a basic requirement. Guidance equations for the various modes were either
linear or could be linearized for small perturbations about a nominal path.
Although no strict requirements were imposed, guidance gaing were normally
set to provide at least 50 percent of critical damping for motion about the
nominal path. Guidance loop bandwidths were made as high as possible with-
out significantly affecting airframe or autopilot stability characteristics. After
design to linearized requirements, large-amplitude stability was verified by
simulations.

Since no contractual requirements were specified for the airframe stability

characteristics other than that they be adequate to meet program objectives,

no arbitrary stability requirements were imposed. Whereas it was recognized

that each airframe or autopilot mode must have positive damping to avoid

catastrophic flight, the more significant aspect of stability was felt to be that

associated with gust response. Recovery was considered to be the most criti-

cal phase of the RPV-STD mission; therefore, a low-amplitude, well-damped

gust response transient was necessary if the aircraft were to follow the de-

sired approach path with a minimum of disturbance. This motivation shaped

the design of the(autopilot and suggested the incorporation of a normal accel-

erometer to provide a quick response signal to the elevon to alleviate vertical

gust loads. Stability against lateral gusts was improved by tilting the roll-yaw

gyro for roll rate dominance while retaining only enough yaw rate to ensure an .
adequate heading rate reference. With this gyro orientation, stability augmen-
tation of the Dutch roll mode was difficult since only elevons were available
for lateral control. Furthermore, since no vertical w.srodynamic surface was
available for yaw damping, the airframe Dutoch roll mode was only lightly
damped. However, since the Dutch roil amplitudes expected to occur in flight 5
did not appear to be large enough to degrade target location accuracy or jeop- ’
ardize any other aspect of the RPV-STD mission, this low damping was oon- !
sidered no cause for oconcern, and no design modifications were attempted. i
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3.4.4.1 Flight Control/Navigation System Loop Evolution. The RPV/STD
flight control/navigation system underwent significant changes from its incep-

tion to the final design. The basis for these changes lay primarily in the
results of analyses and simulations previously derived from LMSC independent
development programs, which provided the technology necessary to understand
many unique aspects of the RPV-STD program.

The basic concept of the RPV-STD onboard flight control system experienced
little change during the design and development phase of the program. Mech-
anization details, however, underwent significant change. The original auto-
pilot was designed to incorporate three electrically independent closed loop
systems to provide:

® Airspeed control
o Altitude control
¢ Heading control

The final design retained this basic control concept, although the autopilot
categorization was revised to the following semi-independent closed loop
autopilots:

¢ Pitch autopilot

. @ Altitude autopilot
¢ Heading autopilot

Block diagrams of the three fully evolved autopilots are shown in Volume I of
this report. Each autopilot is uniquely characterized by its control element:
in-phase elevon motion is the control element in the pito'h autopilot; engine
rpm is the control element in the altitude autopilot; differential elevon motion
is the control element in the heading autopilot. In contrast with the original
design conoept, however, the flight varisble controlled may vary with the
guidance mode. Activation of siitohes sccording to gutdance mode is shown
in Volume I. Discussion of the thtee autopllot loops is presented in the follow-
ing sections. L '
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Pitch Autopilot. In all guidance modes except the final approach, the pitch auto-
pilot controls airspeed; during final approach, the pitch autopilot controls the
vertical displacement from the ideal approach path, which coincides with the
boresight of the approach TV camera. In the originally conceived version of

the flight control system, in-phase elevon motion was to be used to control air-
speed during all guidance modes. .However, early in the program it was real-~
ized that the tight control requirements imposed by the recovery process neces-
sitated a control system with as fast a reaction time as possible for controlling
flight path deviations, whereas vehicle airgpeed control during approach was not
so critical. Therefore it was decided to interchange the control roles of the ele~
von and engine during final approach; that is, the elevon would control path de-
viations, and the engine would control speed. This complicated the clean divi-
sion that had originally existed between the speed and altitude control loops,
but a switching logic was developed that minimized the requirements for addi-
tional flight comntrol electronics to accommodate the dual control roles imposed
by this approach. Six-degree-of-freedom simulafions of the recovery dynamics
verified the great improvement brought about by this change and more than
justified its cost.

The original RPV-STD flight control concept had no provision for a pitch rate
gyro or normal accelerometer. Because of the requirement for more damping
in the short period mode, it was decided that a rate gyro should be incorporated
to measure pitch rate, the output being fed through a gain to the elevons to
provide short-period damping. The normal accelerometer was added to pro-
vide a fast control loop for vertical control during final approach. It served a
secondary purpose by providing a signal for damping phugoid motion.

In the original flight control concept of the RPV-STD, phugoid damping was
achieved by & derived rate signal obtained by passing the output of the airspeed
transducer through a lead filter. Dynamic simulations disclosed the existence
of violent short-period instabilities due to errors induced in the pitot-static
system by angle-of-attack variations. Furthermore, the amplification of noise
from the airspeed transducer by passing the signal through a rate filter was of
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considerable concern. With the existence of a pitch rate gyro and a normal
accelerometer, however, effective phugoid damping signals could be shaped
by ""pseudo-integration” of either signal, i.e., passing the signal through a
first-order lag circuit with a time constant considerably greater than the time
constant of the phugoid mode. Studies were performed to determine the rela-
tive merits of the two methods. It was found that the filtered accelerometer
signal was superior to the filtered rate gyro signal in every respect. Both
signals provided adequate phugoid damping; however, the accelerometer signal
caused smaller pitch excursion and altitude variation during a gust and exhib-
ited a milder coupling effect during a turn. Based on these results, the accel-
erometer signal was chosen for the phugoid damper input. Because of the high
dc gain of the phugoid damper, a dc washout circuit was also incorporated into
the filter. Figures 31 and 32 show the results of 6 degree of freedom (DOF) simula-
tions to determine the pitch responses to gusts and turns, respectively, in
order to obtain performance comparisons of the two phugoid damping concepts.

Initial flight tests showed sporadic accelerometer errors that seriously
affected the aircraft performance. Inspection of the flight records revealed
considerable wandering of the phugoid damper signal with frequent saturation
(limits were set at +10 deg). The accelerometer errors were attributed pri-
marily to deterioration of the output signal potentiometer induced by in-flight
vibrations. It was decided to replace the accelerometer with a force balance
servo unit, which was smaller and inherently more accurate. Flight perform-
ance was much improved with the new accelerometer. However, occasional
bursts of phugoid type motion were observed, which signal simulation event-
ually showed to coincide with periods of damper saturation, as fllustrated by
the signal time history shown in Figure 33. This curve was generated by pass-
i ing actual flight acoelerometer data through a simulated phugoid damper filter.
This was necessary since the cutput of this filter was not monitored during
flight. 1t is clear that the high amplitude oscillations started at the same time
signal saturation oocurred. As a result of this operation, the phugoid damper
suthority imits were raised from 410 to 415 deg. Simultaneously, the pitch
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Figure 33. Aquila Flight 44 Simulated Phugoid Damper Signal

outer loop trim authority and the pitch outer loop authority limits were in- :
creased from 10 to £15 deg to permit these signals to adjust the elevator trim ’ 1
commands to allow for spurious phugoid damper outputs.

In accordance with the decision to use the elevon to control vertical path dis- : S
placement during final approach, a filter was designed, with the accelerometer ! :
signal as input, to produce a Z signal for comparison with the telemetered ; .
command ic . Since the resulting filter was similar in form to the phugoid
damper filter, common circuitry was used so that during final approach the
output of the phugoid damper signal was switched to an additional lead filter
and the output used to compare against Z o+ The 16-sec time constant in the
pseudo-integrator and dc washout portions of the phugoid damper, however,
proved to be an unsatisfactory approach, since the transient introduced in this
filter at the initiation of the final approach mode created offset recovery
errors whose magnitudes had not diminished to acceptably small values when
the aircraft reached the recovery net. Therefore, the Z filter time constants
were changed from 16 to 6 sec, and separate circuitry from the phugoid
damper was required for this portion of the Z filter.
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Other features incorporated into the pitch autopilot during the developmental

phase of the program were:

e A 4-sec lag altitude command filter to reduce peak transient loads
due to step changes in the altitude command

@ An elevon gain scheduler to reduce the gains at high velocities and
associated nigh dynamic pressures

® A -0-deg elevon bias command to provide capability for higher nega-

tive elevon settings in accordance with okserved airframe trim

requirements

Altitude Autopilot. The final design of the RPV-STD altitude autopilot is

basically equivalent to the original conception with only a few modifications.

As originally conceived, the commanded altitude is compared to the output of
an altitude transducer, and the error is fed through a gain and limiter to gene-
rate a climb rate command. The altitude measurement is passed through a
differentiating filter and the resulting h estimate is compared to the com-
manded climb rate. The climb rate error is then passed through a
proportional-plus-integral gain to generate an engine rpm command. An rpm
seasor provides the feedback in the rpm servo loop, which is closed @round

an inner throttle servo loop,

The decision to use the elevon to control vertical path deviation during final
approach required transfer of the speed control task to the engine. Thus,

during the final approach mode, altitude error and the feedback altitude rate
are switched out and replaced by speed error. Thus, the title autopilot be-

comes gomewhat of a misnomer, since during final approach the controlled
flicht variable 13 airspeed. |

Farly flight tests revealed that fluctuations in the altitude rate signal were
heing introduced by angle-of-attack changes. It was concluded that angle-of-
attack feedhack was heing Introduced in the altitude rate loop through the alti-

tude pressure port located in the nose section. It was found that the value of
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the time constant ™ in the altitude rate loop could be increased significantly
while maintaining adequate gain and phase margins in the loop. This would
permit more effective filtering of frequencies in the short period range. The
final design value of Tp Was 4 sec, which proved to be adequate to filter out
the undesired frequencies.

Observed quantization effects due to coulomb friction or deadband in the actu-
ator servos led to analyses and simulations to determine what effects such
phenomena might have on the RPV performance. One consideration was the
effect of throttle servo deadband on aircraft performance. Figures 34 and 35
show the results of a 6-DOF simulation of the vehicle dynamics with a 2, 5-
percent throttle servo deadband. Since the full throttle range corresponds to
an 80-deg servo displacement, the assumed deadband was equivalent to a total
servo free play of 4 deg. The variations in speed, altitude, and engine rpm
associated with the limit cycle oscillations caused by the deadband were
observed to be quite small and were not expected to cause any significant
adverse effect on the RPV performance.

Abort provisions in the initial design of the RPV-STD altitude autopilot included
a step input directly to the throttle at the initiation of the abort command. This
had the tendency to kill the engine. Therefore, a change was made to input

the throttle command at the summing junction ahead of the integrator inside

the rpm servo loop. This resulted in a command signal to the throttle that

was ramped at 25 percent per second, thereby reducing the probability of
killing the engine.

A 1-sec lag filter was incorporated to reduce the transients associated with a
step input.

Heading Autopilot. The original heading autopilot consisted of an inner head-
ing rate loop closed through a rate gyro with an outer heading loop closed
through a magnetometer. The inner loop is always cIoud, but the outer loop
is closed only during the dead reckoning mode.
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The inner (heading rate) loop is closed through a rate gyro tilted so as to pick
up components of both roll and yaw rate. Originally, the gyro signal was com-
pared directly with the heading rate command to generate a heading rate error,
which was passed through proportional and integral gains to produce a differ-
ential servo command to roll the aircraft into the direction commanded. Sub-
sequent design studies revealed that a feedback filter increased the loop band-
width significantly. Gyro tilt angles which resulted in predominantly roll rate
indication with adequate yaw rate to produce a heading rate reference were
found to be most desirable from a lateral gust stability viewpoint. The tilt
angle selected was 20 deg downward from the longitudinal axis of the RPV.
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This heading rate loop was formulated early in the program and remained
unchanged during most of the demonstration flights. However, high~frequency
servo/airframe instabilities were observed prior to launch,which hampered
prelaunch checkout activities. A first-order lag circuit with a 0.016-sec

(10 Hz) time constant was ingerted in the loop immediately after the rate gyro.
This eliminated the prelaunch vibrations while not significantly decreasing the
loop phase margin,

The outer loop of the heading autopilot is active only when the dead reckoning
mode is being employed. In this mode, the heading autopilot receives its com-
mands in the form of sine and cosine of the desired heading, stored onboard
the aircraft in a circulating register to permit transfer to successive legs of

a dead reckoning pattern. These commands are mixed with the X- and Y-
magnetometer outputs according to the sine difference formula to produce an
error signal, which (for level flight) is the sine of the heading error. Multi-
plication of this error signal by a proportional gain produces a heading rate
command which then completes the outer loop.

The original outer loop design incorporated sampling logic such that the error
signal would be computed and sampled only when the roll-yaw rate gyro output
was low enough that a near-wings-level flight condition was indicated, thereby
ensuring that the Y-axis magnetometer output would not be corrupted by the
dip angle component of the magnetic field vector. After each sampling, an
open loop heading rate profile would be commanded, after which the wings
level condition would again exist, and & new heading error could be computed
and sampled and a new heading rate profile generated.

It was determined, however, that the sampling system just described was not
necessary and that the heading autopilot could be made to work with a continu-
ally closed outer loop if the outer-loop gain were maintained at a sufficiently
low level. That is, the error signal computation would ignore the roll condi-
tion of the aircraft (as indicated by the output level of the roll-yaw rate gyro)
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and perform the computations as if the airplane were flying atraight and level.
The errors introduced thereby would affect the nature of the response to a
given heading command but the steady-state values would not be affected.

Simulations were performed on the LMSC 6-D digital program to determine
the response to various direction commancs, using an outer loop gain [KH =
0.1 (deg/sec)/deg] which provided adequate damping in the heading mode for
all directions and an airspeed of 100 KEAS. Figures 36 through 43 show the
heading and roll angle response to various heading commands (HC) for initial
heading angles (H) of 0 and 180 deg. Velocities of 60 KEAS and 100 KEAS
were simulated. It can be seen from the figures that a steady-state error
normally exists between the commanded and the final steady-state heading.

An error analysis of the heading autopilot. showed that this steady-state error
arose because the X-magnetometer axis was not precisely horizontal. The
simulations illustrated in these figures were based on the assumption that the
X-magnetometer was oriented parallel to the aircraft longitudinal axis. In the
straight-and-level flight condition, therefore, the X-axis magnetometer would
be tilted from the horizontal by an amount equal to the aircraft angle of attack.
The corruption of this magnetometer output due to the dip of the magnetic field
vector can be shown to introduce a heading error which, for small pitch error,
is approximately equal to the magnitude of the pitch error angle multiplied by
the tangent of the dip angle and the sine of the heading command. Since the
dip angle in the vicinity of the RPV-STD flight tests is approximately 65 deg,
the steady-state heading error induced by the X-axis magnetometer pitch error
is approximately 2.7 times the pitch error times the sine of the commanded
heading. Since the aircraft flies a speed range for vhioh tho mgle of attack
varies by approximately 5 deg, tilting the X-axis magnotometor for zero pitch
error at the midrange angle of attack would result in & maximum pitch error
of about 2.5 deg. This transiates into & maximum steady-state heading error
of almost 7 deg.
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An additional error source is bias error of the roll-yaw rate gyro in the inner
loop. A bias error of 0.5 deg/sec, for example, will produce a steady-state
heading error of approximately 19 deg. Since this amount of heading error

was considered to be intolerable, an integral gain was added to the outer loop to
trim out the steady state error due to roll-yaw rate gyro bias error. The
output of this contribution to the heading rate command was limited to +2 deg/
sec to avoid large buildups and overshoots for a large turn angle command,

In the autopilot linear stability analyses, initial gains in the RPV-STD flight
control system were established by performing linear closed-loop stability
analyses of the airframe and associated avionics. Root locus and Bode plots
of the varjous autopilot loops were constructed. The analyses showed the
successive effects of closing the loops in the pitch and altitude autopilots.

The aircraft speeds associated with the analyses were 120 KIAS and 48 KIAS,
which adequately bracketed the capabilities of the RPV,

In preparation for the RPV-STD initial flight tests at Crows Landing, extensive

6-DOF simulation was performed to verify the validity of the airframe/flight

control system and to ensure that the planned autopflot loop engagement se-

quence had no hidden pitfalls. Figures 44 and 45 show the responses of the

open-loop airframe to elevon impulses in roll (5 g and pitch (35), respectively.

A lightly damped Dutch roll mode is seen in the response (sg) of the roll-yaw

rate gyro. Spiral divergence is evident from the slowly increasing roll angle

(¢) . In the longitudinal mode, a well damped short period mode 1s seen in |
response to the pitch disturbance. Figure 46 shows the response to a throttle '
servo impulge (GTH). The lightly damped phugoid mode is clearly evident in :
the altitude and velocity traces. '

Figure 47 shows the differential elevon, roll angle, and yaw rate (body fixed)
responses to a heading rate command 3 deg/sec after closing the inner loop of
the heading autopilot. Pitch elevon and throttle servos are assumed fixed dur-
ing this maneuver. Figure 48 shows the altitude and sideslip angle variations
resulting from the maneuver.
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The next step in the autopilot engagement sequence was the closing of the short-
period damper loop. Figure 49 shows the response to an initial elevon dis-
turbance with the damper loop closed. The mums angle-of-attack history
shows that the short-period mode damps out almost immediately after the
initial excitation,
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The engagement of the phugoid damper — the next step in the sequence — was
expected to excite phugoid motion in the aircraft in the process of closing the
loop, since the phugoid damper had a very low bandwidth and was expected

to have some output when the switch engaging this loop was closed. This out-
put could be due to the disturbance associated with rolling out of a turn, which
would induce a transient in the output of the damper, the residue of which would
cause a step change in the elevon command when the switch was closed. Fig-
ure 50 shows the effect of engaging the loop for an initial phugoid damper out-
put of 6 ft/sec. The resulting dive and recovery occurs with the throttle servo
fixed and no speed error signal to the elevon.

Figure 51 shows the response to be expected to a 3-deg/sec turn command
with the short period and phugoid dampers engaged. A much greater altitude
loss occurs than in the case shown earlfer with these damper loops open with
the same turn rate command. This is because the accelerometer begins to
pull more load in the turn, resulting in significant phugoid damper output and
subsequently a positive (trailing edge downward) command to the elevon,

Figure 62 shows the transient to be expected from engagement of the airspeed
loop, assuming an initial RPV airspeed of 60 KEAS and a commanded airspeed
of 57.5 knots at the time of loop closure. - Another simulation — not shown
here — showed that for a 5-knot error between commanded and indicated air-

~ speed, a change in altitude of approximately 25 ft might result.

Next, with the airspeed loop engaged, a 3-deg/sec turn was commanded. The
transient responses in roll angle, airspeed, and altitude to be expected from
this command are shown in Figure 63. Much smaller speed buildups and alti-
tude losses are noted in this case, since the speed error now introduces a nega-
tive command to the elevon, counteraoting the spurious command from the
phugoid damper.
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Figures 54 and 556 show the responses to full and quarter throttle commands
with the phugoid and short period dampers engaged and the airspeed control

loop closed. As expected, tight airspeed control is maintained, while the RPV

adjusts to a climb or descent rate compatible with the throttle setting.

Finally, the response of key parameters to engagement of the altitude loop is
shown in Figure 56, based on an assumed altitude error of 100 ft at the instant
of closure. The plots show that the vehicle climbs to the required altitude and
levels out with very little fluctuation in airspeed. Engine rpm peaks quickly
and gradually decays to its trimmed condition,

3.4.4.2 Guidance Mode Evolution. The RPV-STD system was designed with
six guidance modes from which any required mission could be constructed.
These modes are as follows:

Manual
Waypoint
Loiter

Spiral Search
Dead Reckoning
Final Approach

Although these modes have retained their same basic character throughout the
program, some changes have been incorporated which have resulted in needed
improvement in performance. These changes are discussed in the following
subsections. A seventh section is included to discuss the RPV-STD launch.
Although not a separate guidance mode, this phase deserves special attention
because of the increased sensitivity of performance to mission success.

Manual Mode. During the manual operating mode, the RPV is in a semi-

automatic control mode. Alirspeed and altitude are controlled by thumbwheels
on the manual flight control panel. Heading rate is controlled by a rate com-
mand knob, which allows up to 46 deg/sec turn rate commands, and & manual
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trim knob, which is used primarily for trimming out bias errors originating in
the roll-yaw rate gyro.

Waypoints. Waypoints are locations defined by the universal transverse
mercator (UTM) coordinate system. Each waypoint has a five-digit northing
coordinate and a five-digit easting coordinate. In addition, each waypoint is
assigned an altitude and airspeed that the aircraft will be commanded while
flying from the first waypoint to the second waypoint, Altitude and airspeed
control are achieved in exactly the same way as during the manual mode.
However, heading rate commands are variable and computed in the GCS com-
puter according to the following guidance law:

-Hg = S (KDD)LiM + (KDR D) L

(

where
HC =
D ™
D =
KD =
KDB =
KDI =

+H 1)

heading rate command

lateral deviation from desired ground track (straight line
between WP 1 and WP 2)

time rate of change of lateral deviation

proportional gain

rate gain

integral gain

He =~ gtarting value for integral term
BIAS

The value of D in the guidance equation is based on RPV coordinates computed
from smoothed values of RPV range and azimuth relative to the tracker.
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The original waypoint guidance equation had only a proportional and a rate
term. The integral term was added early in the program to eliminate standoff
errors resulting from bias errors in the roll-yaw rate gyro. This term intro-
duces an additional characteristic motion in the waypoint guidance mode, char-
acterized by a slow exponential decay. A magnitude of gain small enough that
the stability of the primary waypoint motion was only minimally affected was
chosen.

Early flight tests revealed the existence of a limit cycle instability in the way-
point mode,which occurred at long ranges when the RPV flight path was nearly
in line with the range vector. This instability took the form of a periodic roll
oscillation at a period ranging from 2 to 4 sec. The amplitude of the oscilla-
tions was associated with peak heading rate commands of +6 deg/sec corres-
ponding to the limiting values in the waypoint guidance algorithm. Analysis of
the flight data showed that the observed heading rate commands could not pos-
sibly have caused flight path deviations of sufficiently large magnitude to have
generated those commands. This reasoning led to the conclusion that the RPV
position computations must be in error. Correlation of roll angle (from video
tape playbacks) with tracker azimuth angle showed that an azimuth error was
induced by afrcraft roll. This error was attributed to antenna polarization
effects and was later confirmed by field tests. The effect on the system dy-
namics is obviously enhanced at long ranges (where a given azimuth error
produces a larger RPV position error) and for RPV motion along the range
vector (a condition in which the azimuth error sensitivity is most pronounced).

Root locus analyses and point mass guidance simulations verified that the in-
stability was caused by roll-tracker coupling. Efforts to alleviate this
instability constituted a significant engineering effort on the RPV-STD pro-
gram. The following changes were incorporated into the waypoint guidance
equation to eliminate this instability:

¢ Reduce all waypoint guidance gains
e Smooth range and azimuth data over 0.5 sec (previously 0.8 sec)
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o Change command update interval to 0.5 sec (had been 1 gec)

e Compute D from digital algorithm to simulate
D = [6 (1+0.45)]/[(1+6)2] [had been computed from second back-
ward difference formula, i.e., I')1 .= (Di'Di-z)/zl

¢ Limit allowable rate of change of HC

All of the above changes had a beneficial effect on the stability of the system.
However, the last of the listed changes was the most effective, although it
was discovered that if the limit imposed were too small, it could introduce
enough lag into the primary guidance mode that a ""snaking" motion could
ceeur, which would build up into a large limit cycle motion about the waypoint
line. The limit finally incorporated into the guidance equation (Hch

1.2 deg/sec ) was set large enough to minimize the probability of this occur -
rence and small enough to provide adequate reduction of the amplitude of the
roll-tracker coupling oscillations.

Loiter. Any time the loiter button is activated and waypoint registers 70 and

71 are all zeros, the RPV must enter the programmed lofter paitern using
the last calculated RPV position coordinates as the loiter point. Airspeed
and altitude commands in the loiter mode will be the same as commanded
prior to loiter activation. '

The original guidance equation implemented for the loiter mode was:

Ho = (Kp L + Ky L), o | )
where
L = radius from loiter point to RPV
L = rateof changeof L
KL = proportional gain
K,y = rategain
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The loiter mode has worked well in RPV-STD flight tests. It has at times
exhibited the same roll-tracker coupling problems apparent in waypoint flight;
however, the problem has not been as pronounced in loiter because of the
absence of sustained flight in a direction parallel to the range vector. Point
mass simulations of the RPV position following loiter mode guidance were run
to evaluate the loiter mode guidance scheme (see Figure 57). Generally, the
higher value of Ki.. was found to provide improved loiter performance in
" strong wind conditions, although at the expense of increased noise to the ele-
von servos. The gain chosen was felt to provide adequate performance under

windy conditions while maintaining the noise at an acceptable low level.

During the course of the RPV-STD program, an improvement in the loiter
guidance e_quation was incorporated, represented by (signal limiters not shown)

H =iiC°+KL(L-L°)+Ki‘l"..+/KLI(L-Lo)dt (3)
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Figure 87. Loiter Guidance — Effect of Variation in KI'. ‘




where L o is the desired loiter radius and IFICO is determined as the value of
the steady-state turn rate compatible with the selected value of L o and the
RPV speed. This guidance law permits the selection of the loiter radius inde-
pendently of the gain KL .

Because of the similarity in the forms of the waypoint and loiter guidance
equations, the guidance software was designed with many points of comman-
ality in the computation of the heading rate commands for the two modes.
Therefore, some changes in the loiter guidance equation mechanization were
effected as b‘ybroducts of the changes to the waypoint guidance equations.
Examples of such changes are:

e Increased update rate of guidance commands
e Digital algorithm used for rate computation

e Limit imposed on i-ic
e Gains reduced

All of these changes were discussed in the waypoint guidance section.

Spiral Search. If waypoint 60 airspeed is zero, a spiral search pattern will
be flown about the present RPV position when the search command is given.

The guidance equation for this mode is designed to produce a path which spirals
outward from the RPV location at the time of initiation of the search mode.

The guidance equation for the spiral search mode is as follows:

K, L
o - (H+ 1at)
LIM
where
L = radial distance from point where search was initiated
L = rate of change of L
T = time lapsed since search was {nitiated
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KL = proportional gain
Ki‘ = rate gain
ﬁCLIM = 16 deg/sec

The search mode has worked well from the beginning, No significant changes
have occurred since its inception, except for certain changes incorporated in
waypoint because of roll-tracker coupling problems and changes incorporated in
search because of software commonality char_acteristics e

Dead Reckoning. The dead reckoning mode was designed to give the RPV the
capability of self-guidance while out of contact with the data link. Commands
to the flight control system are stored onboard the aircraft in the form of sin
(magnetic heading), cos(magnetic heading), lag time, altitude, and airspeed.

Three consecutive dead reckoning legs may be flown; therefore, three sets of
stored data are required. ¢ '

This is a basically simple guidance mode and has not undergone any significant
changes during the development of the RPV-STD system. Any evolutionary
development in this mode has taken place in the outer heading loop of the head-
ing autopilot and was discussed earlier in this section.

As indicated in Section 4.4 of Volume III of this report, three dead reckoning
legs were flown, and the command data link was reestablished. Analysis of the
data indicated anomolies in positioning the legs and in reestablishment of the
command link. Software and circuit changes to correct these anomolies were
not accomplished in light of higher priority objectives. Consequently, this flight
mode was not available for evaluation at the time of delivery to the Army,

Final Approach. The final approach mode is by far the most demanding of
controlled airframe performance and has received a major share of attention

in engineering design and development. Extensive analog and digital simula-
tions were conducted.

The commands issued by the GCS during this mode are as follows:
58 _




i, = [(KY (d + dbnY)mM T (KYR (d+dy) iY)LIM Z]LIM ., ®

+ f (K“(d + db)AY)mM4dt + HCBIAB

ty LM 5

2 =[K (d + )A].
c z (4 + % 2)dg,

where

PN N

e T TR R L RN e e L

ﬁc = heading rate command

d = range from ground video camera to RPV

db = range bias (constant)

KY = Jateral proportional gain

Ky; = lateral integral gain

AY = lateral angular deviation from vertical approach plane
: iY = time rate of change of AY

LIM 1-6 = lateral guidance signal limiters
Zc = vertical velocity command
K, = vertical guidance gain

: -AY = vertical angular deviation from glideslope

bCypy = limiting value of ic
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(6)

These commands are designed to keep the RPV on a 4-deg glide slope that
intersects the vertical net in its approximate center. An operator-controlled
cursor tracks the RPV via a ground~mounted television camera aligned with,
and establishing, the glide slope. Offsets of the cursor from the center of the
TV screen, A, (vertical angular offset) and Ay (Iuteral angular offset, are
used in the computation of the guidance commands presented above.
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Control of the cursor is effected by an operator using a two-degree-of-freedom
control lever that generates cursor rates. iY and iz proportional to the
lever displacement components in the two directions of freedom. The cursor
offset amplitudes are obtained by integrating the cursor rates.

Early in the RPV-STD program, it was determined that the time lag of the
operator in his efforts to track the RPV image with the cursor was

a potential source of error. Both digital and analog computer programs were
developed to simulate the recovery process. Human operator transfer func-
tions were used in the digital program, which included the complete RPV non-
linear equations of motion; simulated electronics; and analytical models of
sensors, servos, and engine dynamics. The analog program used linearized
perturbation equations for the RPV and engine dynamics, and simulated servos
and avionics. Human operator control was incorporated by tying the simulated
aircraft motion into an oscilloscope to simulate the RPV image on the TV
screen and generating a cursor image driven by the operator's control action.
Guidance commands were computed using analog elements with the cursof off-
sets and rates as inputs. The guidance commands were tied into the RPV dy-
namic simulation to complete the loop. These simulations were later comple-
mented by an analog simulation (Reference 4) , which allowed improvements in
the RPV dynamic simulation and tied in the actual avionics and GCS software to
the simulation, These simulations provided much insight, which contributed
greatly to the success of the recovery operation.

The following brief summary illustrates the changes incorporated during the
course of the program:

e Range biasing in the guidance equations allowed the recovery gains
to be tightened as the RPV approached the recovery net.

® An integral term in the lateral guidance equation permitted washout
of lateral offset error due to incomplete gyro bias trim.

o Guidance gains were adjusted for optimum recovery based on actual
operator experience in simulated recoveries.

(4) Lockheed Missiles & Space Company, Inc., 1a tem Test rt
CDRL AOOD, System Simulation, LMSC- é%%%li. % g. m!e. gﬁﬂ.,
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e Electronic cursor gains were adjusted to optimize operator perform-
ance in controlling the cursor to follow the RPV image.

A significant source of error associated with the RPV recovery system is
caused by the transient induced in the accelerometer lead filter when the RPV
undergoes the transition from straight-and-level flight to a 4-deg glide slope.
If the output of the filter just before transition is zero, the output immediately
after would be (assuming a dirac delta transition) VTRUE sin 4° . This
effective initial error in 2 (the vertical velocity normal to the glide slope)
would decay gradually during the approach and would result in a gradually
decreasing standoff error that is proportional to the gain in the vertical
guidance equation. The exponential rate at which this standoff error changes
is a function of the time constant r Ag in the filter. The formula for this
standoff error (for an ideal transaction) can be shown to be approximated by

V_ sin 4° -t/1A
T (1 -t )e 3 )

€, = -
z 2 Kz TAg

The value originally set for Ag Was 15 sec, which represented a filter iden-
tical to that of the phugoid damper. This allowed a dual purpose for the filter
during approach and other modes. However, since this yielded an unaccept-
ably large standoff error at recovery, it was necessary to build a separate
filter for the accelerometer signal during approach. Recovery simulations
indicated that TAg = 5 sec would provide good control performance while
reducing the transition standoff error to an acceptable level.

Results of a typical recovery simulation are shown in the plots of Figure 88.

These curves show the vertical error from the glide slope, assuming no initial

displacement error. The resulting transients are csused by overshoot as the
RPV crosses the glide slope. A slight velooity buildup occurs as the RPV
pitches over and starts its descent. This excess velooity decreases again as
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the engine backs off in response to the negative speed error signal. When the
aircraft reaches the recovery net, the simulation shows that the airspeed has
dropped back to the desired approach speed (=~ 48 KEAS). The simulation
assumes an abort command of ic = 10 ft/sec initiated just prior to recovery.
The simulation disclosed the danger of such a design, since approximately 6
‘gec after abort initiation the airspeed has dropped back to 35 KEAS, and the
aircraft is dangerously close to a stall condition. This abort concept was
abandoned because of the stall danger. Present abort provisions consist of a
transfer from approach guidance to Waypoint guidance. Abort in the current
version must be triggered earlier in the approach phase than the original con-
cept required.

3

The effects of sharp-edged gusts on miss distance are illustrated in Figures
59 and 60, which show the vertical and lateral errors caused by a 15-knot step
wind injtiated at varying distances before recovery. A headwind was used to
excite the vertical errors, and a sidewind was assumed for the lateral errors.
A vertical wind of this magnitude was considered highly unlikely at such a low
altitude. The most critical time to be hit by either a head or side wind is
seen from these plots to be about 100 ft before recovery. If the wind hits
later than this, it has little time to create a significant disturbance; if it hits
earlier, the RPV flight conf:rol system has time to adjust.

Launch. During launch, the RPV is flying with a fixed airspeed command and

a heading rate command that has been biased to trim out the feedback signal

resulting from roll-yaw rate gyro bias. The engine is responding to an alti-
tude command which is high enough to cause full throttle operation.

Extensive launch simulations were performed early in the RPV-STD program,
using & 6-DOF simulation which had been developed under LMSC independent
development funds. These simulations considered a largé number of varia-
tions from nominal conditions including head and tail winds, side winds,
altitude variations, launch speed variation, RPV weight variations, tipoff
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rates, angle of attack, and flight-path-angle variations. As a result of these
simulations, it was found that the velocity command at launch (and about 20 sec
thereafter) was the most critical parameter in a successful launch. The indi-
cated airspeed at launch should exceed the airspeed command by several knots
to ensure a sharp climb angle. It was found that angle of attack was relatively
unimportant. The RPV quickly adjusts to the proper angle of attack after
launch, Therefore, it was decided to design the launcher for a single angle of
attack launch, thereby simplifying the launcher design.

Figures 61 and 62 show the results of some typical simulations. The first
figure shows how the angle of attack quickly adjusts for initial angles of attack
of 5 and 9 deg. The second figure shows how the launch velocity affects the
climb profile. In each of the three curves shown, the airspeed command is
85 km/h, or 45.8 knots. For a true launch velocliy of 56 KTAS, the climb is
good out to 24 sec, at which time the speed command 1s increased to 92 km/h.
After the increase, a slight dip in the profile is seen, although the climb rate
is still substantial. For VL = 50 KTAS, the climb profile is seriously de-
graded, but the launch would probably be successful. The third curve,

VL = 44,7 KTAS, shows a climb profile which would definitely result in a
crash,

Tailwinds at launch result in lower indicated airspeeds that have the same
effect as lowered airspeeds. It is therefore not recommended to launch with
a tailwind. Launching into a headwind, on the other hand, has a beneficial
effect. The indicated airspeed will be high, and the RPV will climb steeply in
an attempt to lose speed.

3.4.5 Flight Control and Navigation-Hardware Evolution
The flight control and navigation hardware includes the flight control electronics
package and the multiple transducers and servo actuators. The Aqqlla RPV repre~

sents the third-generation RPV flight control system designed and built by LMSC.
The prototype flight control system was flown at Hamilton Air Force Base, Calif-
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ornia, on 29 June 1974, in the "Tuboomer" research test vehicle RTV-2, The
second-generation flight control system was used in the Aequare RPV,

Flight Control Electronic Package (FCEP). Although based in many ways upon
the previous generation hardware, the Aquila FCEP included several new

features as well. The prelaunch checkout, launch, recovery, and dead reckon-

ing imposed several new operating modes in the FCEP electronics. Each of
these modes required switching of analog signals to initialize, complete, or
modify the pitch, altitude, and heading control electronics. The Aquila flight
control system uses nine operating modes and six test modes, and has four
spare modes compared to the two operating modes and one test mode used in
the previous generation.

Experience gained in the previous generation of equipment indicated that the
switching requirements of these modes were highly subject to change during
the system development. In order to minimize the impact of design changes
on the hardware, programmable read only memories (PROMs) were used to
store the switch closure patterns. The address to the PROMs is derived from
the signals that determine the mode, i.e., the telemetry commands, the link
loss detector, the low voltage detector, and the link loss timer. Using this
approach had made it possible to modify, add, and delete modes by replacing
not more than four PROMs on the mode control printed circuit card.

The introduction of the approach mode used during recovery introduces two
major control loop revisions. The altitude loop is disabled in this mode and
the throttle is controlled by airspeed. The pitch loop, which normally con-
trols the airspeed, is revised in this mode to control the z-axis velocity. This
new mode introduces new control circuits not used in previous generation
designs.

The dead reckoning mode also introduces a control loop not previously used.
The earlier generations had all carried magnetometers for instrumentation
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purposes, but in the Aquila the RPV heading loop i8 closed on the magnetom-
eter during the dead reckoning mode. The remsaining control loop electronics
(i.e., the pitch, altitude, and heading) are similar in design to the previous
generatior.s,

The dead reckoning mode also introduces the requirement for storing informa-
tion received via the telemetry for use as commands during the dead reckon-
ing mode. This is accomplished by storing selected pulse-code modulation
(PCM) telemetry commands in three separate digital circulating registers,
each representing the RPV commands for a separate leg of the dead reckoning
mission. During the dead reckoning mode the data from the circulating regis-
ters is fed to the PCM decommutator for decoding in the same manner as in
the normal real-time operation. This method of storage required fewer com-
ponents than would have been required by other techniques considered, makes
use of the decoding and analog-to-digital features of the PCM decommutator,
and eliminates the requirement to switch several digital and analog command
signals between the PCM decommutator and dead reckoning signal source.

Both analog and digital circuits have been used in the implementation of the
FCEP. The control loop electronics are implemented using analog techniques,
while the mode control and dead reckoning storage use digital techniques.
Signal conditioning functions for telemetry or airoraft power control use both
techniques.

Electronic components (resistors, capacitors, integrated circuits, etc.) were
selected prior to starting the design and were standardized as much as possi-
ble throughout the design in order to minimize the stocking and spares re-
quirements. This was more successful in the analog design than in the digital
design. The flight control loops are implemented using five integrated cirouit
types. The digital design uses approximately twenty different integrated cir-
ocuit types.
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The design of the electronics agsumed a maximum ambient temperature within
the FCEP of 85°C. Discrete power dissipating devices are limited to 50 per-
cent of their rating at this temperature. Capacitors are derated to 50 percent
of their voltage rating. All analog integrated circuits are used at less than .
70 percent of their voltage rating. The digital circuits combined CMOS and
TTL technology. The CMOS integrated circuits were used at 33 percent of
their maximum voltage rating. Voltage derating of the TTL devices is not
possible; however, these devices were very lightly loaded. The FCEP also
contains the PCM telemetry encoding and decoding electronics built by AACOM
Incorporated. These electronics were incorporated in the FCEP to eliminate
the weight of an additional housing and the cabling that would be required to
connect the FCEP to a separate PCM encoder/decoder assembly. The prox-
imity of the PCM encoder/decoder functions to the flight control electronics
also minimizes the ground loop and noise problems on the command and status

signal lines.

The FCEP electronics are packaged on conventional two layer printed circuit
boards. Due to the evolving design requirements it was necessary to update
(B change) the printed circuit boards during the program. These updates
were included on RPV 8/N 6, 14, and up.

A matrix assembly contains both the card connectors, the package 1/0 con-
nectors, and the intercomnect wiring. This is a hand wired assembly using
crimp terminations at the 1/0 connectors and solder sleeve terminations at

the card connector. Wire wrap termination techniques were considered but
connector unavailability within the program schedule prevented its use. Multi-
layer board interconnect was dismissed as not practicel during a development
phase due to the high probability of change. Several changes were made prior
to the fabrication of RPV 8/N 1. The matrix wiring was also revised at RPV
8/N 14 to accommodate wiring changes required by circuit changes on the

printed circuit boards.

170

A T




The FCEP enclosure is fabricated using Lockheed LLM graphite/epoxy pre-
preg with a DLS 77 epoxy impregnant. This product was developed by the
Lockheed Georgia Corporation for lightweight airborne electronice enclosures.
The use of this material reduced the weight of the FCEP enclosure over an
equivalent design using aluminum. Fabrication man-hours of the enclosure
were also reduced by this construction.

The FCEP electronics is tested at two levels prior to assembly in the RPV.
The printed circuit cards are individually tested and the matrix continuity is
tested prior to assembly of the package. The FCEP is then agsembled and
retested as a unit, '

Three problems occurred during the evolution of the FCEP. The first prob-
lem was the discovery of a white material that developed on the printed cir-
cuit card connector. This material exhibited high electrical resistance and
resisted normal cleaning attempts. The connector (A-MP 588577-4) consisted
of a blue polyurethane molded shell with blue anodized aluminum pin protector
sides and gold over nickel plated brass pins. Analysis identified the material
as aluminum oxide or aluminum hydroxide corrosion products, originating from
the pin ptotéctors. Aluminum exposed via pin holes or scratches in the blue
anodized finish had combined with cleaning solvents used during the printed
circuit card assembly. The close proximity of the pin protectors allowed the
compound to migrate to the connector pins before drying. The pin protectors
(optional in this connector) were removed and the problem never recurred,

Electronic component failures were the second problem in that they were ex-
tremely high for a short period of time. This was identified as improper
handling and storage combined with low humidity, which resulted in damage to
CMOS integrated circuits caused by static electricity. Handling procedures
were modified and special grounded assembly benches were empioyed. These
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precautions reduced the CMOS component failure rate to a normal level com-
parable to non-CMOS devices. These failures were occurring at the piece part
and card level. No static failures were obgerved at the FCEP assembly level.

Heat within the FCEP created the third problem. Due to the construction of

the PCM bit synchronizer, air flow around this printed circuit card was
restricted. This created a localized hot spot which affected the operation of

the PCM telemetry. This occurred sporadically in ground tests but not during
early flights. Concern for cooling implications with the parachute installation
used only in early test flights with a Sony TV camera (Reference 5) led to a
thermocouple temperature survey (initial ground tests had used temptabs) during
the reliability improvement program, This later survey identified the PCM bit
synchronizer temperature as near limit, Cooling vents were added to the FCEP
top cover to improve the air flow, and consequently the reliability of the bit
synchronizer.

Rate Gyro. The flight control design requires two rate gyro signals.’
Previous generation design had utilized two single-axis units for this function.
A two-axis unit was selected for the Aquila RPV in order to reduce the size,
weight, and the additional cabling,

The unit selected is built by Hamilton Standard and uses the Hamilton Standard
Supergyro as the basic sensor. This sensor has been in production for sev-
eral years and has been used on both aircraft and missile programs. The
assembly includes a 28 Vdc to 400 Hz inverter for motor excitation and de-
modulators necessary to provide a dc output. The measurement range is

430 deg/sec in the pitch axis and +50 deg/sec in the roll/yaw axis.

Zero offset error in the roll/yaw axis results in a differential in the elevon
positions, an especially undesirable feature during launch. A self-gzeroing
circuit was designed and included in the unit by the manufacturer to reduce
this offset. This feature did not prove to be reliable due to poor repeatability
and long-term drift. The circuit was subsequently disabled,and the launch

(5) Lockheed Missiles & Space Company, Inc., A%una RPV %stem Test Report,
CDRL AOOD hute Sys Deve ent Tests -1.028081, Part
, Sunnyvale, o ar ,
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procedures were modified to include the operator adjusting the trim from the
ground station via the heading trim control based upon information from the
status telemetry.

The zero offset was also affected when the 28 Vdc power bus dropped below 24 V.
Proper operation is needed over the range of 18 to 30 Vde. A circuit modifica-
tion was made to correct this problem at the same time that the self-zeroing
circuit was disabled.

Servo Actuators. The servo actuator was designed and built by Simmonds

Precision. The unit requires 28 and +15 Vdc power and weighs approximately
0.7 Ib. Output shaft rotation is 80 deg full scale, the rotation being internally
limited by mechanical stops. Stall torque is in excess of 20 in. -lb.

The servo actuators required considerable evolution before they performed
satisfactorily. The initial units were not stable when connected to their specified
load, had excess granularity in shaft rotation, inadequate strength in the output
shaft material, and tended to have motor failure after a few hours of operation.

The units were extensively modified (Reference 6). The servo feedback poten-
tiometer was found to be one source of the granularity. The design of potentiom-

. eter used a wiper wire that is pulled over the conductive material when rotated

in one direction and pushed when rotated in the other direction. The wiper
tended to hang up, then skip when pushed. The potentiometer was repiacéd with
a unit of better internal design. This reduced the granularity but did not elimi-
nate it entirely.

A new output shaft design was prepared and incorporated for added strength.

1a RPV System Test Report
%—Mmaou, Part 7,
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Several design attempts were made to cure the oscillation and granularity prob-
lems without a major redesign. Backlash in the gears between the motor and
the feedback potentiometer allowed the servo actuator to limit cycle. The
actuator gearheads were disassembled and the gears plated, then reassembled.
The plating reduced the backlash and (in conjunction with minor changes in the
electronics) eliminated the oscillation in some, but not all, units.

A new servo amplifier design was prepared at LMSC and substituted for the
original design. The major difference was the method used to derive the rate
damping signal required for stabilization. The original design derived this
signal from the feedback potentiometer. In the original design the rate damping
signal was lbst when the gears between the motor and the feedback potentiom-
eter were moving through the backlash region. The replacement design derived
the rate damping signal from the back EMF of the motor between power pulses.
Replacing the original electronics with the new design finally eliminated the
oscillation and granularity problems.

Motor failures were still a problem., The servo actuators developed '"dead spots"

that were traced to out-of-round commutators in the motor. During operation
the brushes would skip due to the out-of-round condition and cause burn spots
on the commutators. These burn spots were in turn the cause of the actuator
dead spots.

The motors were disassembled and rebuilt to correct this condition. A replace-
ment motor from TRW Globe was evaluated and found to be an acceptable
replacement. New Globe motors were purchased and included in all servo
actuators built for RPV 14 and up.

Accelerometers. The accelerometer used in the original Aquila flight control

design was a spring-masgs suspension design with a potentiometer output. The
unit was built by Bourns Incorporated.
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In the course of flight analysis of early RPV flights, during the recovery ap-
proach, it was noted that certain accelerometers had a tendency to stick or hang
up and not respond properly. Further investigation of flight records indicated

that this condition had been building up and was a function of accumulated time
on the accelerometers. ‘

Several units were disassembled for investigation. The problem was identified
as wear on the potentiometer element due to the vibration produced by the RPV
engine. Additional units were sent to the vendor for analysis. The vendor
agreed with the LMSC analysis and suggested that another type of accelerometer
be considered as very little could be done to correct the problem in the existing
design.

A second (and more rugged) accelerometer was selected and evaluated in flight
on RPV 8/N 12. This unit is built by Systron Donner and is a closed-loop servo

accelerometer. The evaluation flights were successful and the new device has
been included in RPV S/N 14 and up.

The replacement accelerometers are powered by +15 Vdc, weighs 8 oz and has
a range of -4 to +8 g.

Altitude Transducer. The altitude transducer is a llghtweight‘ (6 oz) unit that
operates over the barometric altitude range of -1, 000 to +10,000 ft. The unit
requires 760 mW of power at +16 Vdec.

This transducer is a catalog item from Rosemount Incorporated and had been
used previously on the Aequare RPV. This unit has performed successfully on

both the Aquila and the Aequare programs with no design or manufacturing
problems. '

Airspeed Transducer. The airspeed transducer provides a dc output signai
proportional to indicated airspeed over the airspeed range of 30 to 130 knots.
The transducer weighs 6 oz and requires 750 mW of power at +15 Vdc.
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This transducer is similar in construction to the altitude transducer and is also

a catalog item built by Rosemount Incorporated. This transducer has been used
on the Aequare and Aquila RPVs with no apparent problems.

Magnetometer. The magnetometer is used to resolve the earth's magnetic field

in three orthogonal axes. The two axes in the aircraft horizontal plane are used
for heading control during the dead reckoning flight mode. All three axis meas-

urements are used by the ground station computer for targeting calculations.

The magnetometer was built by Superconducting Technology Incorporated. This

unit operates from the 28 V power bus and requires 980 mW of power. The out-

put signals‘ are propprtlonai dc levels indicating both the magnitude and polarity
of the sensed field. The unit weighs 3.5 oz.

This transducer has unfortunately gone out of production during the time span
of the Aquila program. Due to a low volume of magnetometer sales,the'manu-
facturers have dropped the magnetometer from their product line and dis-
mantled their test and repair facility

A second source for this device which is electrically identical has been located.
Although not identical dimensionally, this unit will mount in the RPV with no
modifications to the mounting hardware. This potential second source device
is manufactured by Develco Incorporated.

3.5 SENSORS

The sensor packages for the Aquila RPV included the following equipment for
the designated sensor phases:

Phase I: unstabilized zlmballéd TV camera, sensor electronics,
and ballast kit

Phase I1; wt_nbmud gimballed TV camera, panoramic film camera,
sensor electronics, and ballast kit
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Phase ITI:  stabilized gimballed TV camera, sensor electronics, and

ballast kit
Phase IV:  stabilized gimballed TV camera plus laser locater/ '
designator, sensor electronics, and ballast kit
Phase V: stabilized gimballed TV camera plus laser locater/
designator, sensor electronics, and ballast kit

These elements are described in Volume I of this report. This section de-

scribes the evolution and ground testing of the various sensor units.

3.5.1 Background

At the point of procurement initiation for the Aquila program, all of the speci~
fied sensor functions had been flight demonstrated in RPVs or aircraft., Candi-
date TV/laser sensor prototypes existed in the Praeire, Poise, and Blue Spot
configurations developed by Philco-Ford, Honeywell, and General Electric
respectively. Existing panoramic film cameras included the Actron 70-mm and
Perkin Elmer 34-mm units., What remained for the Aquila program was to
select the fibm camera, and to develop a family of EO sensors and designators
within a proven geometric and mechanioal frame compatible with interchangeable

installation and operation within the Aquila airframe,

3.5.2 Requirements

The Aquila procurement documentation identified specific requirements for the
sensors and for system accuracy using the sensors. These requirements are
summarised in Tables 8, 9, 10, 11, and 12, for the Phase I, II, I, IV, and

" V sensor operations respectively. Other requirements included:

o Interchangesbls installations (phase to phase) in the RPV
o Compatibility with the RPV data link and command telemetry
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e Compatibility with the RPV electrical power system .
e Compatibility with the RPV ground and operational environment - 4
— Acceleration ' '
— Vibration
- Temperature
— Pressure

These requirements were incorporated in the sensor subcontractor specifica-
tions. g : !

3.5.3 Approach

—m— e

The approach to evolution of the Aquila sensors included the following:

o Definition of sensor interfaces ;

e Specification of sensor requirements : o

e Procurement of sensors from an electro-optical and a photographic
sensor subcontractor

o Qualification testing at the subcontractor facility

e System functional verification at LMSC ' %

o Flight validation testing

Some of the major considerations were to use currently developed and flight-
tested paylcads, compact, lightweight sensors with minimum technical risk,

the same TV and line-of-sight pointing mechanism in all phages to reduce
training, complete derotation in azimuth and elevation to reduce operator error,
modular design to permit transition between phases, and a laser range finder-
designator that is compatible with all laser guided ordinances. The initially
proposéd arrangements are shown in Figure 63. Sensor testing and trouble
shooting were closely coordinated with Army technical personnel.
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3.5.4 Sensor Evolution

The Westinghouse-developed Blue Spot and the Actron KA-84 camera were used
as the payload baseline in the proposal stages. The selection process was done
with strict attention to the requirements. Performance synthesis studies were
completed as an integral part of the selection process. An existing methodology
was employed to predict the performance of the proposed electro-optical ele-
ments of the system. The study methodology included the analysis of the Army
Night Vision Laboratory RPV flight test data and psychophysical experiments

in the prediction process. Studies were done in the areas of system resolution,
field-of-view requirements, effects of linear motion, effects of RPV motion,
effects of contrast losses on system shades of gray, lens losses, and vidicon
losses. The proposed subsystem met all requirements with the exception of the
0.2-mradian laser beam divergence. The system was still able to meet the
operational requirements with the 0.5-mradian beam divergence.

Additional technical and cost analysis was done in response to questions from
the Eustis Directorate. The questions were in the area of variable laser pulse
rates, laser beam divergence, remote focus, automatic light control, Pﬁase I
sensor configuration, and aerial panoramic camera. As a result of this further
study, the baseline for the Phase II camera was changed’rfro,m a 70-mm Actron
camera to a 35-mm Perkin Elmer camera. The specifications affected were
weight reduction, increased number of frames, lower power consumption, and
reduced cost. Another baseline change was made when a cost effective and
technical risk study was done between the Westinghouse Blue Spot and Honeywell
Poise sensors. The results of these studies were reviewed by the Army at a
meeting with LMSC and the decision to change to the Honeywell Poise sensor
was made. The relatively minor change in form factor and arrangement is re-
flected in Figure 84. Note the separate payload electronics package. Key capa-
bilities for each sensor j:lnu is also reflected in this figure.

188




-y —

REAL-TIME
SURVEILLANCE-
SSOPHASE  us
unstasiuize 4~ proro
; s
N PANANDTULT S~ A P .
N < ) :
TILT+15 DEG/_”SN _ PANORAMIC />\ LPHASE  ~
-60 0EG _~ SN CAMERA  _Tamiizep WU} -~ TARGETLOCATION
< FILM LENGTH: < ARTILLERY ADJUST -
~ @asm L WORHES N PHASE
AN unmanes o7 S SHECER AN _~Fls
~ ck > _FOV_~ pLus LASER &7 LASER
~ “AUTOTRACK '~ SER
~_~-" 23Mx23M RANGEF INDER NES'G{,“(}A OR

SN RGEAT < N __AND ADD'L GYRO_ ~

2 SKM 7 S
45 M PLUS LASER
< :?';GKEM \,< DESIGNATOR
d 100-M CEP < Gn < FUNCTIONS
S, 50% _~ TASER SPOT
\y/ ON2.3-M x2.3-M TARG?\
95% TIME AT 2.5-KM RANGE

Figure 64, Aquila Payload Sensors.

Requirement Evolution. Sensor system requirements have evolved from the
Army specification set forth in the request for propos:1 . These requirements
were analyzed using a combination of theoretical study and performance evalua~
tion. The analysis considers some of the fpllowlng'poinfé', ‘

The detection of typical tactical vehicles occurs when the minimum image dimen-
sion subtends 1 +0.25 TV lne pairs; recognition occurs when 3 +0.5 TV line
pairs are subtended for targets on road and off road. These values correspond
closely to the detection and recognition criteria for the detection and recognition
of general targets by raster-scanned imaging sensors. The overall sensor ‘
resolution is a product of the optics modulation transfer functior and that of the
camera. Using this type of analysis, resolution and field-of-view requirements
were set at 450 lines per TV picture height static and 230 lines dynamic at
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12 deg field-of-view. This resolution will allow detection of a tank at 3,000 m
on-road and 1,500 m off-road for an unstabilized system. Recognition at

1,000 m is possible. The shades of gray requirement takes into consideration
contrast between target and background, contrast losses due to the atmospheric
path, lens system, and vidicon tube. Seven shades of gray were needed with one
additional shade for losses incurred because of vehicle dynamics, data link,
ground display, data storage, and human observer. Field-of-view specifica-

tions evolved by the Army included a 12- to 20-deg WFOV (with 20 deg preferred)

of a target. This specification was analyzed and it was determined that a 12-deg
field-of-view would give a higher percentage of probability of detection.

THe Phase II aerial camera is used in conjunction with an unstabilized TV
sensor and provides photosurveillance. The primary requirements were deter-
mined to be film capacity, flexibility for selection and control of operating con-
ditions, low cost and simplicity. The 70-mm camera was initially selected for
image detail, standardization for photo processing and image interpretation.
Cost became a primary factor, and a trade-off study revealed that the lighter
weight 35-mm camera with 1.72-ft resolution satisfied the requirements.
Camera operation at low altitudes and at low or high speeds dictated the variable
frame rate capability. The ability to select a camera that was flight tested and
lightweight limited the field considerably.

Sensor suppliers were visited and data collected to make sure that the require-
ments did not exceed the state-of-the-art capabilities. An analytical model was
employed to predict detection and recognition capabilities of several different
camera tubes. Included in the analytical model are the optics, sensor, and
scene parameters, The primary reason for the better performance of silioon
is the increased target background contrast provided by the extended red spec-
tral response. Although the silicon camera tube and 8-18 vidicon show essen~
tially the same resolution for high contrast patterns, tactical target background
spectral reflectivity when convolved with the solar spectrum favors the silicon
spectral region. The EBS tube, which employs an 8-30 photocathode ahead of a
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silicon-intensified target, provides higher gain and hence better performance at
lower light levels. The spectral response is not quite as "red" as the silicon
vidicon, but it is better than the S-18., An intensified EBS tube has the highest
gain, and hence will provide the best low light level nerformance. The modula-
tion transfer function of the intensifier and coupling is such that the high light
resolution limits its performance more than the others. Because the initial
concern is with performance during daylight, clear weather conditions, the
silicon vidicon was selected. :

Static resolution requirements remained the same as for the Phase I sensor,but
dynamic resolution changed to meet the added detection and recognition require~
ments. The stabilization of line-of-sight motion to 3 mradians/sec for aircraft
motion was determined to allow 300 TVL/ph. The detection requirements were
increased to 5,000 m on road at wide field of view and 2,500 m off road. The
recognition requirement is 2,200 m (with 50 percent probability). The ambient
light range of 10 to 10,000 ft L. must be automatically adjusted. In the auto-
matic tracking mode, the sensor video signals are gated and processed to
derive angular error signals in azimuth and elevation. These signals drive

the gyroscope torquers to produce line~of-sight angular rates which minimize
the tracking errors. The results of analysis show that line-of-sight tracking
accuracy is mainly determined by the degree of stabilization. The contributions
of line-of-gight rate and acceleration are small compared to the air-frame
motion induced line-of-sight motion and effects of video tracker noise. Overall
sensor stabilization was required to be 50 pradians per axis.

The Phase IV and Phase V performance requirements include the TV sensor

used in Phase III and incorporate a laser range finder/designator that is bore-

sighted with the TV sensor line of sight. The tracker is used as an integral

part in an automatic mode. The primary requirements of the laser are range.

accuracy for target location and laser energy for laser guided ordnance. Target ’
location is specified to an accuracy of 100 m circular error of probability v
(CEP) and 76 m (50 percent probability) in altitude. The laser range accuracy :
corresponding to this specification is 6 m out to a range of 3 km.
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To satisfy the laser designation requirements to designate a 2.3 m

by 2.3 m target with 90 percent energy at 95 percent of the time, a

radial error of 188 pradians and a beam divergence of 200 uradians is
needed. If the tracking error approaches 50 uradians then the beam divergence
may be 500 ymradians. The requirements of variable pulse rates around the
10- and 20-pulse/sec rates are governed by the requirements of the laser-guided
ordnance that is presently available. A 75 mJ, Q switched Nd:YAG laser meets
these requirements. :

Phase I/Phase IT Unstabilized TV Sensor Evolution, Phase I and Phase II both
require a TV surveillance type sensor. The original Army requirement in the
request for proposal used the same TV sensor for both phases of the demonstra-
tion. The sensor was to be unstabilized and to have two interchangeﬁble lenses
of 12- and 20-deg field of view. The requirements were reviewed at the Pre-
liminary Design Review. The selectable lens requirement was changed to a

6 to 1 zoom lens to be controlled by the operator. At a later date, lenses on all
phases were changed to a 10 to 1 zoom lens. This increased zoom range was
provided at the same cost by using a standard off-the-shelf zoom lens, This
allowed commonality and reduced operator training.

Honeywell subcontracted the whole of the Phase 1/I1 TV sensor to the Systems
Research Laboratory except that they provided the gimbal housing, 10 to 1 zoom
lens, and acrylic plastic dome. The common gimbal housing provided for iden-
tical mounting requirements and would allow interchangeability of sensors in
the RPV. The dome and lens satisified the commonality condition. The Sys-
tem Research Laboratory requested a change in the silicon vidicon size to give
the ability to meet the 450-line resolution specification. The vidicon size was
changed from 2/3~in, to 1-in, diameter. Further design change was required
in the camera circuitry to obtain the required resolution. The magnetic deflec-
tion yoke and optical alignment mirror were changed. The resolution specifica-
tions were also more precisely defined. Resolution was defined with a specific
degradation for esch corner in both horizontal and vertical directions. The orig-
inal specification required 450 TV L/ph. The specification was changed to 450
TVL/ph in the horizontal direction and 350 TV lines in the vertical direction
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with a degration to 340 TV lines horizontal and 260 TV lines vertical in three
corners and the fourth corner to be greater than 300 TV lines horizontal and
230 TV lines vertical.

During the initial flight tests of the Phase I sensor a dome breakage problem
was encountered. The problem was traced to the type of epoxy that was being
used to attach the acrylic plastic dome to the metal extender ring. An adequate
bond was not being maintained and the dome was slipping free and catching in
the wind, which shattered it during flight. This was corrected by selection of a
different epoxy. Weight reduction was a continual problem. Progress in this
area was usually inhibited by increased performance requirements, The sim-
plicity of the sensor configuration changed as the program developed. The
weight specifications were increased after all possible weight reductions were
accomplished. '

Phase II Minipan Camera Evolution. The panoramic photo reconnaissance
camera was required to demonstrate a Phase II type mission. The baseline de~
sign was changed from a 70 mm camera to the lighter, less costly 356 mm Mini-
pan camera manufactured by Perkin Elmer. The original off-the-shelf design
was changed in three areas. The lens assembly needed to be covered by a
three-piece glass window assembly. The intervalometer was originally mounted
externally and was moved to an internal position. Along with the intervalometer
a frame rate control was added to allow frame rate selection and frame count
from ground control. All other interfaces were compatible, and the mounting was
adapted to the RPV as originally desigaed.

Phase III Stabilized TV Sensor Evolution. The Honeywell-developed Phase Il
sensor was designed to accomplish target acquisition, The same TV camera
and lens were used on a stabilized gimbal,which enabled better dynamic resolu-
tion. An autotracker was developed by Honeywell and underwent several design
changes. The initial tests of the video tracker were performed at Honeywell
and it was determined that the slew rate commands during autotrack were too
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high. When track lock was lost, the gimbal slewed off target too severely. The
test was a laboratory type and proved that real target tracking was required to
adequately evaluate performance. The next test was conducted from a tower at
LMSC, These tests revealed that additional reduction in the loss track time
period was required to maintain a 4-deg field-of-view shift limit. The contrast
sensitivity was also changed. The nadir area o1 -87 deg required additional
controls, since spinning would occur as the sensor line of sight (1.OS) entered
this position. Autorotation of 180 deg when in autotrack in a sector of £75 deg
azimuth was added to allow tracking while flying over a target. The manual
mode did not require this provision but control was to be maintained in this area.
Also at this time the azimuth dead spot position in the azimuth encoder was
moved from 225 to 270 deg.

The development of Phases III, IV, and V was undertaken in separate design
projects. The requirement of commonality dictated the combination of design
and interchangeability of common parts. The cage position of 0-deg azimuth
and -6-deg elevation required a mechanical lock for launch and retrieval. A
friction brake was used on the Phases I and II sensor but the additional weight
of the Phage II, IV, and V sensors prohibited this method. Flight tests later
proved that the Phase I and II sensors also needed a physical lock position. The
mechanical cage mechanism on the Phase III, IV, and V sensors could nbt with-
stand the 6 g acceleration force that was applied by the launcher. Two problems
were encountered in this area. The engagement of the cage pin was not great
enough, and movement of the elevation gimbal bound the cage motor, which pre-
vented the uncaging of the sensor after launch. Another cage problem was en-
countered during launch that resulted in the azimuth encoder gears slipping out
of position. This gave a false alignment command to the gimbal drive motors
to put side loading on the cage motor and also prevented uncaging of the sensor
after launch. After redesign of the cage mechanism to allow greater cage pin
engagement, and adding extra set screws to the azimuth encoder gears the un-
caging of the sensor after launch was no longer a problem.
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During evaluation tests of the sensor, which involved the Otter manned aireraft,
a command link dropout problem was discovered. Because of wing and landing
gear interference, ground control link was lost occasionally during flight tests.
During loss link intervals the sensor would accept random commands and mal-
function. After evaluation of the data,a buffer module was designed and inserted
in the command cable to latch the commands present at the time of link dropout.
Continued Otter flight tests proved this a successful change and allowed further
test and evaluation of the sensor before actual Aquila flights. Earlier flight
worthiness vibration tests were conducted at Honeywell. Honeywell document
APP-166-0027 (Reference 7) contains a full report of these tests and their
findings. The main areas of consideration were temperature and vibration.

Phase IV/Phase V Laser Ranger/Designator Sensor Evolution. This sensor
development was primarily laser oriented. Weight reduction continued during
this phase of the sensor program. In an attempt to meet the original weight
requirements, alternate types of material were used for gimbal fabrication.
PRD-49, a Dupont-developed Kevlar material, was used but proved to have
insufficient stiffness. Resulting deflections caused excessive boresight errors.
The Kevlar material was disqualified on this basis. Two types of magnesium
material were tried before a suitable gimbal design was established. Later tests
showed that additional ribs were needed to eliminate mechanical resonance. The
resulting sensor design exceeded the weight specification. RPV weight and balance
requirements were reevaluated to accomodate the increase of sensor weights.

The 12-in.~diameter transparent acrylic plastic dome produced additional
development efforts because of its effect on laser boresight. The specification
of 0.25-mradian change in boresight over an azimuth change of 360 deg and an
elevation change of +10 and -30 deg demanded a more critical selection of dome
material. Optical screening was employed, whichureqtnred hand testing and
careful evaluation of material before the forming process was begun. An addi-
tional electronic compensation circuit was added to eliminate the effects of the

(M M. G. Secord and J. R. Tuominem, Report of Flight Worthiness Tests on

the YG1165A01 "r"', Phases I and II, Avionics Division, Honeywell, Oct 1976
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small imperfections that remained after forming. Domes that did not meet the
opticai specification of the laser qualified domes were used on other phase
sensors. Another dome-related problem was discovered during Aquila flight
tests and was corrected by a modification to the RPV. The problem was that a
combined movement of the air frame structure, sensor shock mounts and gim-
bal deflection allowed the dome to impact the skin line aft of the sensor opening
during launch. This required the removal of minor aircraft skin and structure
to enlarge the sensor opening in the bottom of the fuselage.

The Nd:YAG laser developed by International Laser System had some laser out-
put power problems during development. These problems were traced to the’
polarizer. A replacement for this part by one fram another vendor eliminated
this characteristic. The laser tests with an integrated system revealed a re-
quirement for magnetic shielding. Mumetal was used to encase the laser compo-
nents,which included the laser battery. The dome guard and filter wheel acted
as antennas and picked up the magnetic field of the power supply. These metal
parts were removed and replaced by nonmetallic parts. The interference was
observed in the video during laser fire. The original beam divergence was
specified as 0.6 mradian, The laser that was developed was able to maintain

a beam divergence of less than 0.3 mradian. An additional laser-related
problem was discovered during laser range accuracy tests. Range readings of
twice the proper value were continually observed. Analysis showed the cause
to be a shift enable pulse that was being applied one~half count early. The
shifted data then carried an extra count in the most significant bit position.

" The integration and system tests of all phases of sensors were conducted at

Fort Huachuca, Arizona, with a fully operating Aquila system. These tests
are described in Section IV of Volume II of this report. .
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Section IV
DATA-LINK SYSTEM EVOLUTION

The Aquila data-link system consists principally of the following:

o Ground-Based Equipment

Ground command transmitter
Ground telemetry receiver
Ground encoder/decoder
Tracking antenna system

® Airborne Equipment

Command antenna

Command receiver

Encoder /decoder
Video~telemetry transmitter
Telemetry antenna

The final system is described in Volume I of this report. This section de-
scribes the evolution of the data-link system,

4.1 BACKGROUND

As RPV hardware has grown in complexity, data-link requirements have be-
come more comprehensive. The selection and adaptation of existing light-
weight satellite, missile, and airoraft data-link hardware has been the primary
approach to the acquisition RPV data-link elements, This approach was em-
ployed successfully on the Tuboomer, Aequare, and other RPV programs,
Consequently, the Aquila data link was generated in the same manner.
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4.2 REQUIREMENTS

A summary of the requirementis recognized for the data link at the onset of
the Aquila program included the following:

Data Link

— Range: 20 km

— Altitude: 2,000 ft AGL and above
Command~Control (including telemetry)

— Range: 20 km .

= Altitude: 1,000 ft AGL and above

Fail-safe response to link loss

Telemetry of RPV status data

RF compatibility with test range

Protection against inadvertent RF interference

4.3 DATA-LINK SYSTEM APPROACH

The evolution approach for the Aquila data link included the following:

Analyze the link requirements and specify components.
Procure and/or adapt existing proven hardware.

Acceptance test the system elements at the vendor facilities.
Integrate the data-link system elements into the GCS and RPV
systems,

Validate system operation in anechoic chamber, range, ground,
and flight tests,

4.4 DATA-LINK SYSTEM REQUIREMENTS EVOLUTION

Evolution of the data-link system was based on meeting the primary require-
ment of providing a reliable link over the RPV operating envelope of 20 km and

10 kft AGL. Another requirement was to provide precision real-time RPV
location data for navigation and payload target locating,
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It was also desirable to minimize development risk. This was accomplished
through mechanizing the data-link system with vendor off-the-shelf hardware.
Quality and performance tests were performed at the subcontractors on a
package level with LMSC witnessing such tests. The system test was per-
formed at LMSC to verify conformance with the data-link requirements.

The data-link system requirement did not change from the start of the pro-
gram to its completion. However, the data~link configuration went through
two cycles of design changes to arrive at the present configuration. The first
major design changes were the "A" changes resulting from the Aquila Phase I
testing at Crows Landing. The "A" cba.nges' involved data-link system
compatibility-type changes and identification of critical interface specifica-
tions for each data-link element. These specifications resulted in extensive
testing of each data-link component and an analysis of system requirements,
The next set of changes resulted from the Aquila Phase II testing at Fort
Huachuca, resulting in the "B'" changes. These ""B" changes were based on a
desire to increase the link margin of the data-link system.

Summaries of the data-link margins for each of the three data-link configura-
tions are given in Tables 13, 14, and 15, As indicated by the tables, the
changes resulted in significant improvements, The link closure range was

increased by a factor of 150 for the command link, a factor of 456 for the telem-

etry link, and a factor of 5 for the video link.

Frequency selection was based on hardware availability, required bandwidth,
range and pointing accuracy, physical constraints (size and weight), and fre-
quency allocation availability (icensing). Production flight and ground hard-
ware in the D (1 to 2 GHz), E (2 to 38 GHz), and G (4 to 6 GHz) bands 1s avail-
able. Of the three, G-band was the most attractive for the following reasons:
(1) high-gatn capability (tracking accuracy) of the ground antenna, (2) physical
constraints (portable) on the ground antenna, and (3) frequency allocation

availability. Furthermore, a portion of G-band (4.4 to 5 GHz) has been
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TABLE 13, LINK ANALYSIS — ORIGINAL DATA LINK

Uplink
Command Transmitter Power (10 W) +40 dBm
Transmit Antenna Gain +12 dBi
Space Loss (20 km) -133 dB
Polarization Loss -3dB
Airborne Receive Antenna Gain -10 dBi
Receiver Sensitivity -(-66) dBm
Fade Margin: -29 dB
Downlink ™ Video
Video Transmitter Power (10 W) +40 dBm +40 dBm
Transmit Antenna Gain -15 dBi -16 dBi
Space Loss (20 km) -133 dB -133 dB
Polarization Loss -3dB -3dB
Ground Receive Antenna Gain +24 dBi +24 dB1
Receiver Sensitivity =(-76) dBm =(-82) dBm
Fade Margin: -11 dB -5 dB
TABLE 14. LINK ANALYSIS —"A" CHANGE
Uplink
Command Transmitter Power (10 W) +40 dBm
Transmit Antenna Gain +12 dBi
Space Loss (20 km) -133 dB
Polarization Loss -3 dB
Afrborne Receive Antenna Gain -74B
Receiver Sensitivity =(-64) dBm
Fade Margin: M
Downlink ™ Video
Video Transmitter Power (10 W) +40 dBm +40 dBm
Transmit Antenna Gain . «-TdBi -7 an
Space Loss (20 km) -133 dB -133 dB
Polarization Loss 0dB 0dB
Ground Receive Antenna Gain +24 dB{ +24 4B
Receiver Sensitivity =(-85) dBm =(-83) dBm
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TABLE 15, LINK ANALYSIS —"B" CHANGE, FINAL CONFIGURATION

Uplink
Command Transmitter Power (10 W) +40 dBm
Transmit Antenna Gain +24 dBi
Space Loss (20 km) -133 dB
Polarization Loss 0dB
Airborne Receive Antenna Gain -10 dBt
Receiver Sensitivity ~(-94) dBm
Fade Margin: +15 dB
Downlink ™ Video
Video Transmitter Power (10 W) +40 dBm +40 dBm
Transmit Antenna Gain -7 dBi ~7 dBi
Space Loss (20 km) -133 dB -133 dB
Polarization Loss 0dB 0dB
Ground Receive Antenna Gain +24 dBi +24 dBi
Recelver Sensitivity -(-88) dBm -(-85) dBm
Fade Margin: +12 dB +9 dB

designated by the military services for drone and RPV use. Finally, experience
has shown that obtaining allocations in the D- and E-bands is a long and difficult
process because of already overcrowded conditions., Preliminary study indicated
G-band availability at all Army test sites envisioned for the demonstration program.

Frequency allocation requests for the primary frequencies of 4, 530 GHz (video/
TM link) and 4. 861 GHz (command link) were approved for use at Sunnyvale,
Bicycle Lake, Fort Huachuca, and Fort Sill. Sets of alternate frequencies of
4851/4520 and 4841/4510 GHz were approved for backup (command/video).

4.8 AIRBORNE DATA-LINK COMPONENT EVOLUTION

4.5.1 Antennas

The initial RPV antenna development involved selection of antenna location to
provide the best radiation coverage ovor the RPV operation envelope. Since
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the development of the vehicle occurred in parallel with antenna development,
testing was initially performed with the half-scale model. A number of loca-
tions compatible with the aerodynamic and structural requirements were inves-
tigated (Reference 8). The locations and patterns were traded off against gain
coverage, hardware complexity, and operational reliability. After the analysis,
the forward nose and aft shroud locations were selected as optimum. These
locations are depicted in Figure 65.

Another consideration was use of a common antenna for both uplink and down-
link, This would involve the addition of a diplexer. A tradeoff on the size,
cost, and weight penalty of one antenna and a diplexer versus two antennas re-
vealed a significant advantage with two antennas.

The original antenna selection was a biconvex blade antenna manufactured by
Tecom, However, radiation patterns of this antenna revealed that a deep null
existed in the azimuth plane, which should have approached omnidirectional
characteristics. A substitute anterna was designed by LMSC to provide an
omni-coverage independent of ground planes. This antenna was a sleeve dipole
configuration that was subcontracted to Tecom for fabrication.

During the Phase I Aquila testing, a full-scale Aquila RPV was available for
verifying antenna patterns. These patterns revealed two large -15 dB null
areas on the bottom-mounted antemma. This discrepancy was caused by an
added hook assembly that was to be used for recovery of the RPV, which was
not fully defined at the time of half-scale model tests. Therefore, for the ""A"
change, another location was selected after a series of measurements was per-
formed on several alternate locations. The selected location was a top, for-
ward area with the antenna mounted on a 12-in, mast. This location is shown
in Figure 66,

(8) Lockheed Missiles & Space Company, Inc., la RPV System Test

CD% AOOD= RPV Antenna Patterns, LMSC-L028081, Part 5,
alif,, y
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During the Phase II Aquila testing, it was determined that the mast-mounted
antenna was vulnerable to physical damage during RPV recovery operations.
At the same time the recovery method was changed to a net recovery, elimi-
nating the requirement for the hook assembly. Therefore, on the ""B" change,
the command antenna was moved back to the aft shroud location,

4.5.2 Command Receiver

The command receiver was a standard off-the-shelf airborne receiver that was
used at various frequency bands; it was developed and manufactured by
AACOM. The design was modified to operate at the command link frequency
of 4,861 GHz. During Aquila Phase I testing, extensive problems were en-
countered in closing the command link even at relatively short ranges. After
link loss in the first Crows Landing flight, laboratory tests revealed that the
receiver was very susceptible to interference, particularly on the downlink
frequency. This interference was entering the receiver through the antenna
port and also through the wiring harness.

During the "A" change, the receiver was modified in three areas: (1) the local
oscillator frequency was changed, (2) EMI filtering was increased within the
recelver, and (3) additional acoeptance testing procedures were incorporated.
The receiver local oscillator frequency was changed from 4,681 to 5. 031 GHz
such that the local oscillator is operating above the command frequency. In
the original condition the receiver was especially susceptible to video trans-
mitter interference since the image frequency of the receiver was 4. 511 GHz,
which was only 19 MHz off the video transmitter frequency of 4, 530 GHz, The
added EMI filtering eliminated the possibility of interference leaking into the
receiver, bypassing the preselector.

The added scceplasioe tests included a receiver sensitivity test tied in with the

bit synchroniser to verify a lock condition, Also, an EMI test was performed
to demonstrate immunity of e reveiver to the video transmitter signal.
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These added tests ensured the proper performance of the command receiver
when operating in the RPV environment,

During Phase II testing, several command link problems occurred and no data
were available other than theoretical calculation of the margin actually avail-
able for the command link., Therefore, on the "B" change, all the command
receivers were retrofitted with a received signal strength output to the telem-
etry status. This signal was then available to aid in the evaluation of the com-
mand link. All analysis indicated that the theoretical analysis agreed with the
TM data.

4.5.3 Video Transmitter

The transmitter is a modification of an existing G-band transmitter design
developed by AACOM. The modification involved increasing the power output
from 5 to 10 W, The transmitter is a solid-state design utilizing power ampli-
fication at one-third the output frequency and then is used to drive a power
Varactor tripler to obtain the required 10 W at 4, 630 GHz,

In the Mod ""A" change, thesubcarrier level was increased from -28 to -20 dB
below the video power output, This provided an 8-dB improvement in the
telemetry status link with negligible change in the video link,

4,5.4 Encoder/Decoder

The encoder/decoder design is essentially a standard AACOM unit that has
been used on other RPV programs. The unit is repackaged onto throe printed-
circuit cards for integration into the Aquila FCEP,

During Phase I, testing problems were encountered on decoding the command
signals out of the receiver, The decoder had problems locking on the com-
mand signal initially, and reacquiring lock after link loss. This was traced to
a problem in the bit synchronizser phase-lock circuitry. The bit synchronizer
was locking up on noise, and when a command was received the phase-lock




loop would not break out of the lock with the noise. A problem was also en-
countered in the phase-lock loop locking on quadrature phase which injects a
step error of approximately 640 m or multiples thereof into the ranging of the
RPV. Two modifications were made in the decoder bit synchronizer to rem-
edy these problems: (1) the phase-lock loop was inhibited when the signal-to-
noise ratio of the input signal from the command receiver was less than unity,
and (2) the phase-lock loop was changed to prevent the locp from locking on
the quadrature component of the input signal.

4.6 GCS DATA LINK ELEMENTS EVOLUTION
4.6.1 Tracking Antenna .

The tracking antenna system (Reference 9), consisting of the radome, antenna
pedestal, antenna dish, feed network, and antenna control unit, is a version of
the tracking antemna system initially developed for the Patuxent River Naval Air
Test Facility by EMP, Inc., Chatsworth, California.

On the initial interfacing of the tracking antenna to the GCS it was discovered
that inadequate isolation existed between the transmit and receive antenna sys-
tem. This caused saturation of the preamplifier, degrading the receiver sys-
tem. This was remedied by the addition of a bandpass filter in front of the
preamplifier.

After the Phase I testing, comprehensive tests of the tracking antenna system
were performed. These tests revealed the following deficiencies in the antenna
system: (1) excessive boresight shifts were measured as a function of trans-
mitter antenna polarization and (2) there was inadequate antenna beam coverage
in the elevation plane, leaving large areas in the RPV operation envelope where
the video/TM link would not close.
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The "A" changes involved changing the feed on the parabolic dish from a pair
of crossed dipoles to a pair of vertical dipoles. This change reduced the bore-
sight shift versus polarization from %1, 2 to +0, 5 deg and versus elevation
angle from +0, 3 to £0.05 deg. A low-gain antenna system was added to pro-
vide coverage in the elevation plane. The low-gain antenna system consisted
of a pair of helical antennas mounted in front of the dipole feeds. The high-
gain and low-gain antenna system selection was controlled by the GCS com-
puter via a set of coaxial switches. In addition to these changes, a prelaunch
data-link confidence test was incorporated by adding a calibration network on
the antenna pedestal, The network consisted of 50-dB attenuators that are
switched into the uplink and downlink signal paths,

For the "B" change, it was desired to increase the margins for both uplinks and
downlinks. This was accomplished by changing the low-gain antenna system
from a two-elemént to a four-element array. The receiver feed network was
reconfigured to reduce losses and improve the receiver noise figure. To in-
crease the uplink margin, the command transmitier output was diplexed into
the receiver antenna system, thereby increasing the effective radiated power
by 12 dB. A summary of antenna changes is shown in Figure 67,

During the "B" chaages the tracking servo loop on the antenna system was
tested and analyzed. As a result of this study, the following modifications
were incorporated into the antenna control unit: (1) stabilization of the bias
circuit in the servo loop, (2) balancing the demodulator circuit, (3) addition of
a null gate operated by the received rf level, and (4) increasing the servo gain
for the low-gain antenna,

4.6,.2 Command Transmitter

The command transmitter is a crystal-controlled, solid-state transmitter that
is adapted from a standard model developed and mamufactured by AACOM. The
transmitter meets a1l advertised specifications and was compatible with all
other data-liak elements, No changes were instituted during the program.
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4.6.3 Video-TM Receiver

The video-TM receiver is a standard, fixed-frequency, ground-based re-
ceiver developed and manufactured by AACOM, Inc. The receiver performed
per vendor specifications and no modifications were made during the program,

4.6.4 Encoder/Decoder

The encoder/decoder design was adapted from previously developed AACOM
PCM encoder/decoder units. The encoder/decoder was repackaged into the
9- by 7~in. printed circuit card for installation into the EIU package. The
encoder/decorder performed per vendor specification and no changes were
made during the program.

4.7 SYSTEM EVOLUTION

Since the data link wes envisioned to be minor modifications of off-the-shelf
operating data-link hardware, the data-link development was assigned to
data-link subcontractors: (1) AACOM for the transmitters, receivers, and
encoder/decoder; (2) EMP for the GCS tracking antenna; and (3) Tecom for

the airborne antennas. The subcontractor's advertised component perform-
ance parameters were used in determining the ability of the data link to meet
Aquila data-link requirements. Becs::se of the tight development schedule,
minimal system tests were performed prior to Phase A testing; however, dur-
ing Phase A Aquila testing, it was evident that the data link was not meeting

the requirements. Engineering actions were initiated to isolate the deficiencies

and recommend solutions.
A comprehensive test program was conducted on each data-link component,

The outcome of these test programs was an expanded set of performance
specifications for each compenent to ensure compatibility among the parts of
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the RPV data-link system. Deficient areas were negotiated with the subcon-~
tractors to obtain a tradeoff for the optimum point of partitioning the
specifications.

Extensive antenna measurements were performed on the tracking antenna
revealing the major changes required A tradeoff was made as to whether
these changes should be contracted to EMP (the vendor for the tracking an-
tenna) or whether LMSC should institute the changes. Several factors were
considered in reaching this decision. The major factor was scheduling.
These changes were to be made between Phase A and Phase B testing. Also,
the changes to all the data-1ink components were to be performed simultane-
cusly. Therefore, various performance parameters were likely to change
depending on whether the other components were successful in meeting their
new specifications. Finally, the test data measured on EMP's antenna test
range did not agree with LMSC's measured data. Since all data and specifica-
tions were based on LMSC measurements, it was imperative that a uniform
set of performance data be available for analysis,

In view of the schedule and interface definition problems, it was decided that
LMSC should make the changes on the tracking antenna system. This provided
the flexibility of delaying the freeze on the antenna performance requirements
until after the negotiated changes with the other data-link contractors had
been verifiad,

After the completion of the "A" change, each component was again evaluated
and the total link measured. Analyses were performed on the initial Phase B
flights to verify the bench measurements and theoretical link calculations.

Analysis of the Phase B flight data indicated that two areas of data-link im-

provement were needed: (1) more link margin was desirable and (2) the low-
gain antenna tracking loop gain was low, providing poor tracking performance.
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Tradeoff studies were made in areas of the data link where improvement could
be made without impacting the schedule or the configuration of the RPV, which
would negate the Phase B testing. A study and measurement program was
also initiated to determine whether a single antenna could provide adequate
elevation coverage on the GCS, This would solve the poor low-gain tracking
problem and eliminate the c_omplexity of a dual antenna system. This study
yielded an unacceptable compromise of marginally providing elevation cover-
age at the expense of degrading the "A" conﬂgxriﬂoh high-gain antenna per-
formance. Therefore, the '"B" changes /were instituted to provide the required

improvement with minimal risk to schedule and to achieve desired performance.
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. Section V
GROUND SUPPORT SYSTEM

The Aquila Ground Support System (GSS) consists of:

¢ Ground Countrol Station

Launcher

Retrieval System

Electrical Generators

Ground Support, Test, and Checkout Equipment

These elements are arranged within specified guidelines to ensure harmonious
and reidable operation, The GSS and its elements, as delivered to the Army,
are described in Volume I of this repcrt, This section describes the signifi-
cant analyses, design, development,and testing involved in the evolution of the
Ground Support System and its elements.

6.1 GSS EVOLUTION

The integrated ground support system evolved through operational require-

ments and considerations, and changes necessitated by design changes in the
: varjous system elements. The evolution i8 characterized by an increase in
: mobility through truck and trailer mounting of components, and variations in
arrangement to improve operational reliability, The evolution of the GSS is
described in the following paragraphs.

5.1.1 Beckground-Situation

In previous mini~RPV programs, mhuPrueireangPAODB, the ground sup-
mmmommmmmmmtwmnuhormm-
eration for mobility, operational relfability, or Army hands-on operation,
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The short life and scope of these programs did not warrant such considera-
tions. Army experience with mobile systems such as the Hawk Missile System
provided a basis for establishing the mobility requirements for an Army Mini-
RPV system, However, the scope of the Aquila system technology demon-
strator program required some cost and schedule compromise from the effort
required to provide full mobility. Consequently, the initial approach was
selected to provide truck transportable, ground-based system elements. This
approach was to be modified considerably as operational considerations event-
ually led to increased truck and trailer mounting of the primary system
elements,

Ground layout of the system elements was determined primarily with consider-
ations for clear launch and recovery flight paths and logical arrangement for
system operation. Because of the unique nature of the Aquila system, no other
precedents were available, The criteria for GSS layout and operation were ini-
tially derived from the Army procurement documentation. Refinements were
derived from actual field operations. The initial requirements for the GSS are
described in the following paragraph.

5.1.2 GSS Requirements

A summary of the initiating contract requirements for the ground support
system follows:

Commonality with all five sensor/mission phases

Up to four sorties per day — 4 days per week, 1 hour per flight
Launch and recovery in unprepared areas

Minimum crew for total system operation

Minimum time and skill required for assembly and disassembly for
launch and recovery operations

Minimal detectability by enemy of launch and recovery operations
o Ground transportability requirements compatible with existing con-
ventional Army ground vehicles '
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o Maximum compatibility with and utilization of current and near future
standard military equipment

e Navigation and control systems suitable to program objectives

e Ground control elements contained in a suitable air-conditioned/
heated mobile shelter, including:

— Navigation system

— Control console

— Displays

— Recorders (video)

— Ground data link

— Computer '

e Minimum length launch and retrieval systems, fully portable, and
transportable on standard Army ground vehicle; minimum ohgerv-
ables; no more than two people required to set up, tear down, and
operate to launch or recover one aircraft; minimum time/skill to
operate

o Insofar as possible, standard ground support equipment available
through 8B 700-20, "Army adopted and other items of material
selected for authorization" :

¢ BSystematic checkout prelaunch procedure, adequate to ascertain
adequate subsystems performance prior to launch; all necessary
checkout of equipment transportable and compatible with the GCS
and launch and retrieval systems; minimum time and skill for
checkout

§.1,3 GS8 Evolution Approach

The approach to meeting the Army requirements included the following:

e Commonality. The Ground Control Station console was designed to be
compatible with any RPV-payload-mission options by proper switch
positioning on the control panels,
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Operational rate. Checkout procedures and equipment were gene-
rated to support the specified mission rates, subject to logistic sup-
port and crew rotation.

Operation in unprepared areas. Truck access, clear launch-
recovery paths, clear rf paths, and reasonable cable paths between
system elements were the only constraints to be observed.

Minimum crew/time/skill for total system operation. Emphasis on
automated computer operati:ms and simple mechanical systems and
interfaces minimized personnel requirements.

Minimal detectability. Use of standard Army elements (where pos-
sible — trucks, shelters, trailers) subject to camouflage techniques,
and use of minimum size elements such as launcher and retrieval
systems — compromised only for reliability — were employed to
minimize detectability. No smoke-generating elements (such as
launch rockets or starting cartridges) or high-level noise generators
were selected.

Transportability-compatibility. No special vehicles were required,
and no major modifications of existing vehicles were allowed. Only
conventional Army equipment was required as GFE.
Navigation-control. The computer in conjunction with the ground
data-link elements was used extensively to ensure the redulred navi-
gational and control accuracies,

Ground control elements. A soft mockup was used to establish proper
man-machine interfaces and input-output displays, equipment, and
techniques, Digital and analog simulations were used to update and '
refine the design, B
Minimum length launch-retrieval, These were established primarily ‘
by the RPV load capebility — 8 g fore, aft, and vertical, Recovery e
length was left flexible to establish requirements for reliable clear-
ance of frame elements by the RPV during field tests. *
Systematic checkout, The RPV suitcase tester and GC8 computer
were employed in step-by-step procedures to ensure reliable
checkout.
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5.1.4 GSS Evolution

The details of the G8S evolution to meet system requirements are contained
primarily in the discussions of the GSS elements that follow this section.
However, it is appropriate to discuss the evolution of the GSS site layout at
this point, to "frame" the overall evolution of the GSS,

Figure 68 shows the initial site layout concept. Initially it was anticipated

that two shelters would be required to house the required ground control ele-
ments. All elements, including the shelters, launcher, and retrieval system
were truck transportable and ground-based during operation. A truck-mounted
crane was required for loading and placement of system elements, A suitable
distance was provided between the launcher and retrieval systems and the
tracking antenna to ensure that the RPV speed did not tax the antenna slew
rate. Launch and recovery corridors were parallel insofar as practical with

a swivel and switchable capability for the launcher and switchable capability
for the retrieval system to accommodate wind direction for launch and re-
covery operations. Launch and recovery paths were kept clear of other sys-
tem elements. An RPV assembly area (tent) was located close to the launcher.
Other elements were located to be compatible with reliable safe operation,

Figure 69 reflects the site arrangement envisioned at the preliminary design
review, All elements remained ground based for operation, but truck trans-
portable, Through careful design and interface review, the need for the sec-
ond shelter was eliminated. The assembly area was repositioned to minimize
the possibility of truck traffic over the interoonneoting cables. During the pre-
liminary design review, site set-upand tear-downtime appeared tobe excessive
because of insufficient mobility of the major system elements. Consequently,
the decision was made to operate the GCS and launcher from truck-mounted
positions and to trailer mount the generators to enhance mobility and flexibility
and to eliminate the need for a crane. The resulting GSS arrangement is shown
in Figure 70. This site concept was selected for field testing. During field
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Figure 69. Preliminary Aquila Site Layout
215




I0OUNEY PuUB §OO POMON-~XINLY, TIIM Noke] 9Ig Beymby "oy oandiy

216




At e gt = e

testing: the arrangement was refined to eliminate multipath problems under
certain circumstances and to improve operational reliability and efficiency.
The procedural refinements are reflected in Reference 10. In addition to the
procedural evolution, adaptation of the,vertical barrier recovery system
(trailer mounted) completed GSS evolution, Figure 71 shows the final site
concept, which is described in Volume I of this report.

5.2 GROUND CONTROL STATION (GCS) EVOLUTION

The Aquila Ground Control Station evolved from an S-280 standard Army shel-
ter. The shelter is fitted with a heater/air-conditioner for personnel comfort
and equipment air conditioning. The station contains all system controls
(except launcher control box and electricial generator controls), displays, and
recorders, including:

® Ground Control Console:

RPYV controls-displays

Sensor controls-displays

Tracking antenna controls-displays
Plotting boards

Weather data display
Intercommunication controls
Electronic interface unit

Computer processing unit
Ground data link

Teletype

Digital Tape Recorder
Auxiliary Electronics Cabinet
Video Recorders

Paper Tape Input Unit
Air-Conditioner Coutrols

(10) Lockheed Missiles. & Space Company, Inc., Technical Manual for EA_g&h
tem Techno Demonstrator, System Desc on -D056908,

()
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a. Site Layout (Typical)

b. Deployed Aquila System
Figure 71. Pinal Aquila Site Layout
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This section describes the evolution of the GCS; the final system is described
in Volume I of this report.

5.2.1 Background

In prior Mini-RPV programs —1i.e., Aequare, Praeire, and RPAODS — no
integrated ground control station that controls all system operations and is
suitable for Army hands-on operation had been developed. However, experi-
ence with these programs provided insight to the Army as to the desired
characteristics for a technology demonstration system. As a result of this
experience and experience with such field systems as the Hawk missgile sys-
tem, the Army formulated requirements for a system that would provide Army
hands-on experience with an RPV control station with capabilities representa-

tive of those envisioned for tactical RPV systems.

5.2,2 Approach

The approach to ground control station evolution was driven primarily

by Army requirements. These included the use of a standard Army shelter
and inclusion of specified displayé. controls, and recording capablilities.
Component selection was directed primarily at low-cost components with ade-
quate performance to represent the performance capabilities of a tactical sys-
tem, while lacking its ruggedness and (to a lesser extent) its reliability (and
at a small fraction of its cost).

Insofar as practical, within the scope of the program, routine tasks and deci-
sions were programmed for performance by the computer processor unit.

A soft mockup was used to evaluate the display-controls arrangement through
the performance of mock missions.
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5.2.3 Requirements

The requirements for the Ground Control Station are essentially described in
the GSS requirements list, subsection 5.1. 2.

5.2.4 Ground Control Station (GCS) Evolution

As originally proposed, the Ground Control Station was to consist of two
S-280 shelters: one containing mission control electronics and operator's
positions and the other containing support and test equipment, noncritical
mission hardware, and a maintenance area. This configuration is shown in
Figure 72,

Cost and schedule constraints led to the final, single-shelter arrangement.
The mission hardware from the second shelter was accommodated in the
single shelter through addition of another equipment rack to the left of the
RPYV operator position and some wall-mounted bracketry to the right of the
sensor operator, The additional, or auxiliary, equipment rack came as top
and bottom halves, with the bottom containing electronics and the top used
initially for miscellaneous storage. The location initially chosen for the digi-
tal tape recorder proved undesirable because of that unit's tendency to pull
dirt from the floor into its vacuum tape positioning chambers. This led to its
being relocated in the top half of the auxiliary rack. The final GCS component
arrangement is shown in Figure 73, :

The Figure 72 Shelter Number 1 console location proved undesirable with the
addition of the auxiliary console. The control console was moved to a long
wall, the wall to the left as the door is entered. The air conditioner and its
input and output ducts were relocated on the wall opposts the door.

Console installation was a problem with the existing shelter entry dimensions,
80 2 large panel was cut into the wall behind the control console. This panel
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" Figure 73. Ground Control Station
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is large enough to enable installation of the console in one pifece. Being that
large, it contributes a significant part of the shelter's structural strength and
must be installed during movement of the shelter, The panel is secured by

a number of screws around its periphery.

Additionally, a hole was cut for the antenna assembly in the shelter ceiling
above and within the outline of the right console section. This was framed for
strength and ducted to provide cooling air to the transmitter, and a molding
was added to attach the radome. Three leveling screws and two bubble levels
were installed for leveling the antenna during site setup.

Two holes and an external support framework were required to mount the air-
conditioning unit on the outside of the shelter. The thermostat control was
installed to the right of the door, inside the shelter.

Further shelter modifications included adding interior lighting,” an AC power
distribution panel, two cable entry panels, an external weather station on an
extendable mast, lightning arresting gear, an external public address speaker,
two warning sirens, and a beacon.

In normal operation the shelter is strapped oiito the bed of an M-36 truck. To
1ift the shelter, a strongback (single point) lifting structure capable of an
8, 000-1b working load was fabricated.

5.2.4.1 Console Structure. The initial console concept is shown in Figure 74,
Much rearrangement and refinement of components occurred before the final
item, but the basic two-man control concept remained relatively unchanged.
Figure 756 shows the design mockup that was used in human factors evaluation
studies to determine panel location in the comsole and switch-function location
on the panels. Figure 75 {llustrates an interim configuration during evaluation
of the use of two X-Y plotters for navigation display of RPV position. '
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@ Antenna Control Unit @\ Communication Control Panel

% Pilot's Video Monitor @ Computer Terminal Keyboard and Printer
Launch Control Panel Computer Magnetic Tape Recorder

(® Flight Control Panel Blower

(® Flight Control Joystick and (5 Computer Paper Tape Reader
Waypoint Entry Controls (Desk Top) Sensor Operator's Video Monitor

(&) Console Power Supply Remote Video Recorder Control Ponel

(2) Computer Sensor Control Panel

(8) X-Y Navigation Plotter Sensor Joystick end Miscellaneous
(9) Navigation Data Panel Semsor Control Functions (Desk Top)

(0 Dato-Link Control Panel
Figure 74. Initial Ground-Control Console Equipment Layout




Figure 78. Ground Control Console Soft Mockup
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Contract obligation was to provide a real-time navigation display compatible
with 1:50, 000 and 1:100, 000 tactical maps covering an area of 25 by 26 km.

A single 11- by 17-in. plotting surface was originally proposed as a cost-
effective solution by using a switching technique to allow use of both scale
maps during a mission. However, the Army preferred a system in which no
switching would be required. A plotting table with a 25- by 25-in, usable sur-
face was investigated but rejected because of high initial cost (approximately
15 times that of the single, smaller, plotter). In addition, that unit would
have required customizing the console —1. e., not using standard 19-in. -wide
modules. The final solution was to use two 11- by 17-in, plotters and to con-
figure the system such that any scale map could be used on either plotter.

Figure 76 fllustrates the final console configuration. Notice the use of two
sections of sloped panels — a result of the previously mentioned human factors
evaluations. Also, note that the computer keyboard and printer has been re-
moved from the center desk area (it is now a free-standing teletype unit lo-
cated to the immediate left of the console) and that the desk area in general
has been cleared.

5.2.4.2 Provisions for Console Equipment Cooling. In mid 1975 during field-
test operations at Fort Huachuca, various console components and subassem-

blies were monitored for excessive temperature rise under various ambient
conditions. These tests uncovered some local hot spots within the console.

As a result, the following critical area cooling modifications were added to the
coasole: (1) another blower was added above the power supply to draw air
through that unit and around the computer; (2) the existing lower center console
blower was reducted to direct air through the Electronio Interface Unit (EIU)
in the area of the range counter module, the telemetry encoder, and the bit-
synchronizer board; and (3) the console was better sealed to maintain & pre-
dictable cooling air flow. After these modifications, the oonsole electronics
was operated successfully without air conditioning for 456 min. The shelter
ambient temperature increased from 90° to 105°F during this test.
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VIDEO MONITOR (EVM-14R)

WAYPOINT COMMAND STATUS PANEL (6577321)
MANUAL FLIGHT CONTROL PANEL (6577317
WAYPOINT GUIDANCE PANEL (6577313)
X-Y PLOTTER (6577400)
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INTERCOM PANEL (6577505
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VIDEO MONITOR (EVM-14R)

DATA LINK STATUS PANEL (6577344
SENSOR CONTROL PANEL (6577469
SENSOR HAND CONTROL PANEL (6577465
TEST AND 110 PANEL (6577325

BLOWER (6577300-9

ELECTRONICS INTERFACE UNIT (65773500
POWER INTERFACE UNIT (6577524
COMPUTER PROCESSOR UNIT (4577312
POWER SUPPLY (169967) ‘
IN-FLIGHT DIAGNOSTIC

ELECTRONICS ASSEMBLY (3502419
LASER SAFETY SWITCH (35258

Figure 76, Final Ground-Control Console Component Location
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5.2,4.8 Console Control Panels. The panels visible in Figure 74 are the
result of a first-cut design based on previous experience with other RPV sys-
tems. As the overall console layout evolved so did the groupings of controls
that eventually became individual control panels. The goal was to group simi-
lar functions on a panel and locate panels by mission function. Thus, all
sensor-oriented controls and displays moved to the right, pilot controls to the
left, and common functions to the center.

Sensor Control Panel. The initial panel concept is shown in Figure 77 ; it
hardly resembles the final one. Sensor attitude and target location displays
were moved to the video monitor to ease the operator's task. Also, all the
function switches associated with the stabilized platform and auto tracking
system have been added. In response to range-safety requirements, a safety
switch was added in series with the laser arm panel switch, This safety
assembly connects to the rear chassis of this panel and extends, by retract-
able cable, to the front of the console.

Data-Link Status Panel, This panel, indicated in Figure 76, was included
with the thought that it would be very useful during system development test-
ing and continue to be useful during the remainder of the program. This has
proven true even though some of the data are now also displayed on the in~

flight diagnostic panel.

When the switchable attenuators were installed in the antenna assembly to
check data-link health before launch, the switch that controls the swltohjng
relays was installed on this data-lnk status panel.

Sensor Hand Control Panel. This has been the most extensively modified R
panel in the GCS. This was the result of various iterations gone through in |
finally selecting a joystick. The panel rests in a cutout in the desk area in
front of the sensor operator, and the fivst joystick used was a pistol-grip b |
device that was pivoted below the panel surface, spring loaded to return to , i '
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center, and acting on potentiometers in its base. The top of the stick con-
tained three switches used for payload autotrack and slew rate control; the
front trigger was the laser fire command.

Problems immediately apparent with this unit were its size and sluggish
response (due mainly to it being a wrist-driven mechanism), Operator fatigue
was a problem because of the elevated hand position and inadequate provisions
for the operator to rest his elbow,

During field testing this joystick proved adequate in controlling payload line of
sight, but the response seemed unsuitable for control of the RPV during re-
covery, Recovery simulations were performed, the spring loading for the
two axes was verified, and a decision was made to evaluate some different
control units.

From the standpoint of minimizing hardware changes it was desirable to keep
the same joystick outline, so trials were made with a fixed pistol-grip assem-
bly with a thumb-controlled strain-gage-type control at the top of the stick.
This was better from a response viewpoint but was still an operator fatigue
problem. Since one of the more critical operations — recovery — must be
performed at the end of a mission, fatigue is a significant problem.

The final solution was to use the strain gage control but eliminate the pistol ;
grip entirely and mount the control with a short handle protruding above the *
panel surface. This meant that the previously stick-mounted controls had to
be maved onto the control panel. So the panel was redesigned and at the same SN
‘time trimming potentiometers for the two-axis outputs were added. The poten- |
tiometers in the first joystick had a center deadband; the strain gage did not, .
and drifts tended to develop. i

Duln'gthoﬂmoﬂnRPVmbdngnownwlﬂnhookreoovoryayatomaboard, 1\
the switch that manually deployed the hook was located on this panel, When §
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the hook was removed, that switch evolved into one that manually releases the
payload shield.

Flight tests with the stabilized payload led to making the command that turns on
the payload gyro a computer-generated command based on RPV roll angle. Its
source initially was a switch on this panel ~ now an unlabeled switch,

In-Flight Diagnostic Panel. This hardware was a relatively late development
coming in response to a noted need for a "quick-look" source of RPV flight
control data. A panel was first built as a piece of test equipment and iristalled
above the console in GCS 2, After several months of field usage the present
panel was designed with the added capabilities of displaying pertinent data
from the new subcommutated telemetry channels and also displaying the com-
manded antenna gain,

Communjcation Control Panel, The search for a quick-delivery field~usable
intercom system led to one normally used in sound-stage work. Modifications
of the off-the-shelf model were necessary to add another headset jack plus
switches to control the external beacon, siren, and public address system,
Inadequacies were noticed in the audio drive level to the video recorders and
the public address system; in mid-1976 a modification was made which added
an extra 20 dB of gain to those outputs.

Manual Flight Control Panel. This panel was designed to contain most of the
aircraft-related functions that would be of use to the RPV pilot. It was to be

the pilot's primary source of flight data, with the video monitor usable as a
secondary aid during manual autopilot operations. When the RPV was modified

to carry a parachute, this panel was modified to add the manual parachute deploy

command switch when the perachute was installed. With deletion of the para-
chute from the system, that switch was disabled.

231




L

Waypoint Guidance Panel, This panel is the primary means of entering and
monitoring missjon waypoint information. It is hardwired to a circuitboard

in the computer. During the earlier field testing operations, this subsys-
tem was plagued with intermittent noise problems (which would oceasionally
clear data or enter erroneous data). The problem was associated with cable
harness routing, and each ground station exhibited its own variety of the prob-
lem, Several iterations of installing different filters to solve one fault and
uncover the next were required to clean up the electronics.

At one time the data entry pushbuttons on the panel extended above the panel
surface., This allowed clipboards, notebooks, elbows, etc., to perform
unauthorized waypoint modifications. As a solution,a plastic guard was de-
vised to surround and protect critical switches.

5.2.4.4 Console Computer, The central processor (CPU) is an off-the-shelf
Data General Nova, The CPU has capacity for ten 15-in.~square circuitboards;
the data processing system uses seven such boards, One of the three remain-
ing card slots i8 occupied by a board containing the hardware for the waypoint
data entry and display electronics. As mentioned in the waypoint guidance
panel discussion, these electronics suffered from serious noise problems —a
mix of CPU clock and strobe pulse interference plus the driving of long signal
lines to the waypoint guidance panel. A large amount of effort in the area of
switch debouncing and pulse edge filtering was devoted to clearing up the prob-
lem. When the ground station was configured to accept the trainer-simulator
(T8) it was decided to locate part of the electronics for this on the remaining
space of this circtﬂtliocrd. Trainer-simulator cabling is routed around the
CPU from the board and terminates at an added bracket at the rear of the unit
where the remainder of the T8 electronics conmect. This added subsystem
suffered from interference similar to that of the waypoint electronics.




5.2.4.5 Console Electronics Interface Unit (ETU). This is the switching and
meeting place for most of the console data and dc power paths. It was origi-
nally envisioned as a circuit-card cage and comector panel with enough spare
card slots and connector space to handle future system needs. All the card

slots and most of the spare areas were filled well before the first Crows Landing
tests took place. The chassis i8 modified to mount the telemetry ground encoder-
bit synchronizer bolted along one side. It was located here to minimize lengths

of critical signal paths: ranging pulses, for example. Further information on
that unit can be found in the section on the data link.

Another smaller circuit is bolted to the chassis; it mixes command telemetry’
with a gated tone used for dead-reckoning recovery in the RPV, The tone was
originally supposed to go through a slip ring to the antenna where the mixing
would be done in the command transmitter. However, the transmitter inputs
were not compatible with that approach, and the mixing was moved into the
console. As part of the trainer-simulator addition, a relay assembly was
fixed to the rear of the chassis to switch video to the simulator control box.

RPV Range Counter. During field testing, there appeared to be an intermittent
problem with the circuitry that accumulates counts from a crystal clock and
thus determined RPV range from the GCS. Investigation showed that the count-
ing elements were operating near their design limits at the then 60-MHz
crystal frequency. That frequency was halved and the circuitboard modified
accordingly. Use of the 30-MHz clock meant that the weight of the least sig-
nificant bit of the accumulated round trip range increased from 5 to 10 m,

X-Y Plotter Drive. Noise in the data used to locate the RPV would cause the

plotters to jitter, smearing the pen track. Filters were added in both plotter
drive circuits to smooth the plotter response.
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Auto/Manual Command Select, This circuitboard selects the source of three
main aircraft attitude control commands. Present selection is between the
computer and the manual panel controls. During system development flight
testing a third source, the radio control (RC) pilot control box, existed. Prob-
lems were encountered with the RC mode of operation,which led to the loss of
an RPV, It was decided to give the RC pilot another selectable mode that
would make use of some of the aircraft autopilot's gyro stabilized control
loops, This board was modified to implement that change.

Sensor Slew Command. This is a miscellaneous board built around the cir-
cuitry which generates slew commands for the different payloads and the GCS
video monitor cursor from the same joystick. The only problems encountered
involved slew control command polarities. It began with misinterpretation of
the sensor specifications and continued through evolution of the joystick with
the inevitable "which way is up" discussion relative to joystick elevation
commands.

Analog-to-Digital (A-D) Converter. This board, like most of the others in the
EIU, went from design to fabrication without benefit of an intermediate, bread-
board stage. Difficulty was encountered in getting the A-D converter device
(relatively new and with a preliminary data sheet) to operate properly. Once
in the system,a part of the onboard data multiplexing circuitry (@ recirculating
counter) was prone to multiple count the ringing edges of its clock.

Telemetry Decoder. After this board was built it was discovered that the
status data it was to decode had a 20-bit delay relative to command data. This
exceeded the previously assumed number and required some circuitry changes.

Flight tests revealed the need for a means of trimming out bias in the com-
puter controlled heading rate command, Those circuits were added here.
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Since the RC pilot could not always hear the RPV, a circuit was added to feed
a tone with a frequency proportional to rpm into his headset. The tone was
reconstructed from the telemetered rpm data.

Telemetry to CPU. This circuit generates interrupt requests to the computer
at the telemetry word rate. It turned out to be not always desirable to inter-
rupt the computer. For example, the computer diagnostic test programs do
not know how to handle an undefined (to them) interrupt request. The solution
was to add circuitry to disable the interrupt function until the flight program
calls for them,

CPU to Telemetry. This board was originally designed as a port through

which the computer could transfer data into the command telemetry bit stream.

One of the trainer-simulator additions was to create a way for the computer to
generate pseudo~-status telemetry data, simulating a closed link to an RPV,
That task was accomplished by creating a new circuithoard. More recently a
modification to ease computer processing was made by tying together input and
output of the 32-bit shift register on this board,

Early in the test program a design weakness became evident — loss of down-
link telemetry while in the manual flight control mode caused the link loss
mode to be commanded. This caused unnecessary loss of hardware in a situa-
tion where the tommand link was still active. The logic on this board was
revised to force the link loss mode off whenever manual flight control was
selected.

Data-Link Status., This board has lamp drivers for indicators located on
various console panels, With random status data these lamps would randomly
flicker and the filament turn-on current would induce random noise spikes into
other system displays. Surge-limiting resistors in the drive lines cured the
problem,
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Switch Interrupt Processing., Several mission-oriented panel switches reach
the computer through this card. On two occasions during prelaunch activities
none of those switches were operative. The reason was a failure in the con-
trol box at the launcher, which put a 15-V level on one of the other lines going
to this card. The circuitry was dc coupled and the voltage was enough to dis-
rupt the entire circuitboard. To prevent that happening, the line from the
launcher has been ac-coupled into the circuitry,

Lapsed-Time Counter and Camera Frame-Rate Control. Among the circuits
here are two frequency generators. One was initially required for use as a

telemetry command to bring the RPV out of the dead reckoning mode; the
other was a spare. Addition of the low-gain antenna added the need for a sig-
nal to drive the gain select relays on the antenma, The spare tone generator
and a spare computer output from another board were used and mixed with the
existing tone since there was only one available wire (slip ring) to the antenna.
As mentioned in subsection 5. 2. 4.5 the dead reckoning tone and the trans-
mitter were not compatible, A board change was made to remove that tone
from the slip ring. At that time another command was required at the antenna
to control the relays that switched the rf attenuators, The board circuitry was

again changed to add a gated tone signal (same frequency as the dead reckoning
tone) back onto the slip ring.

Video Interconnect, This is the console video subsystem and includes several
circuitboards. Most of this circuitry had been breadboarded previously and
consequently most problems occurred in the areas of board layout and noise
interference, The computer input-output bus runs and is terminated in the
EIU. It consists of around 20 signal lines with different phases of a 1-MHz
clock on them, This induced herringbones on the video monitor presénhﬂons
and also interferred with the video sync separators, causing the alphanumeric
characters to jitter. Added filtering, both digital devices and video signals,
decreased the noise to usable levels. A separate on-board voltage regulator
was added to stabilize the outputs of several monostables which determined
character positions,

b




o W

& e

This circuitry also generates the video cursor, positions it in response to the
console joystick, and inputs that position to the computer. Noise was disturb-
ing the end of the video field horizontal sync pattern and causing errors in the
counter that generates horizontal cursor posgition data to the computer.
Another circuit modification solved that problem.

5.2.5 Digital Tape Recorder

This tape recorder was included in the GCS to provide another, more con-
venient means of computer data entry. It has become the only method used to
load flight programs. All program versions are stored on magnetic tape; all
mission telemetry is recorded on magnetic tape. Recently an extensive hard-
ware test program for console calibration and failure location has been
included as another systein tape. A comprehensive set of diagnostic programs
for checking the computer and its peripherals is available on one of the sys-
tem tapes. )

Initial console location of the tape recorder was under the console desk — the
only open area at that time., This proved not only awkward from an operator
point of view (bending under the desk to load tape, recorder door interfering
with leg room) but it was undesirable from a reliability viewpoint since the
recorder's vacuum-operated tape positioning chambers would suck up dirt from
the floor, contaminating the tape and causing excessive tape head wear. Addi-
tion of the auxiliary equipment rack afforded a convenient, usable place to
relocate the recorder.

6.2.8 Air-Conditioner Heater
The air-conditioning system, which is fixed to the outside of the shelter, ini-
tially exhausted air directly into the shelter and onto the sensor operator., As

a result of elevated component temperature problems discovered during field
testing the system had deflectors added to both the inlet and exhaust to provide
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more uniform cooling of the entire shelter, a greater volume of air into the
radome for transmitter cooling, and an air flow directed behind the console
for cooling its electronics. The deflectors also reduced the noise contributed
by the air conditioner inside the sheltei'. In an attempt to force the operators
to maintain a benign climate for the missile hardware, the system power
switch was bypassed, ensuring that at least the ventilating fan is operating
whenever the shelter is being used.

5.2.7 Paper Tape Reader

The paper tape reader (PTR) was initlally considered to be one of the prime
mechanisms for loading programs into the computer. Early in the program

it was used as such to enter development-debug programs and computer
diagnostic tapes. As the system matured, the digital magnetic tape unit took
over as the main means of program entry, and the PTR fell into a backup posi-
tion and then into disuse.

The PTR's original location in the console was occupied earlier by the telem-
etry receiver; the PTR now is wall hung by a bracket slightly below the air-
conditioner outlet duct,

5.2.8 Video Recorders

As mentioned earlier, the two video tape recorders (VTRs) were to be located
in the second shelter. With deletion of that shelter another location was found
on the shelter wall opposite the door and immediately above the air-conditioner
1“““!

VTR selection was made on the basis of low-o0ost, stop-slow motion playback
capability, size compatibility for shelter installation, and up to 1 hour record-
ing time. The selected units are industrial-commercial type recorders and
have not proved to be as rugged and maintenance free as desired. To solve
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the remote playback synchronization problem caused by frequency drift of the
diesel generator power source, a precision 60-Hz inverter was installed in
the GCS as a buffer.

5.2.9 Miscellaneous

Remote Manual Control System, Figure 78 depicts the control elements of the

remote control, or radio control (RC), system. The pilot's control unit was a

modified hobbyist-type RC box. The other unit was located in the GCS and con-

tained a switch and coding to select various control mode words which acted to

enable different aircraft autopilot control loops. Not shown is the test circuit- 4
board which substituted for the auto-manual command select board in the EIU ‘
and allowed selection of a hybrid arrangement of flight control commands,

That board was used in any development test flights where computer control

was not used.

During flight testing the shared control of mode selection between RC pilot and
GCS pilot proved to be awkward, so the system was modified to eliminate the -
box in the GCS. The new control scheme gave the RC pilot the capability of i
selecting the regular RC or a new "augmented RC" mode. Augmented RC

allowed control from the RC box with all RPV autopilot loops active except

altitude, One of the EIU circuitboards had to be modified to allow that arrange-

ment of commands, At the same time the RC box was completely rebuilt inter-

nally, replacing the original handwired board with a printed-circuit variety ]
and, in general, ruggedizing the box. A tone indicative of engine rpm was
added to the RC pilot's headset; some box controls were relocated for con- i
venfence and some were guarded for safety. -

DC Power Supply. The most desirable location for the power supply assembly
required & small, therefore efficient, unit, Fortunately, the one meeting ’
these requirements also happened to be one of the lower cost units evaluated.

Although no specific problems have occurred due to overheating, a console

blower has been added to ensure adequate air circulation through the assembly.
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Figure 78. Radio Control Unit and Autopilot Mode Test Box
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Time Code Generator. The time code generator was selected to provide tim~
ing data to the computer for tagging magnetic and video tape records and for
timing pulses in the EIU. - e -

5.3 LAUNCHER SYSTEM EVOLUTION

This section describes the evolution of the Aquila pneumatic launcher system
(Reference 11) from the early preproposal conceptual studies through the de-
sign, fabrication, developmental testing, and finally system validation testing.
These efforts culminated in the final launcher system configuration whose
detailed description and summation of demonstrated capabilities are docu-
mented in Volume I of this report.

5.3.1 Background

During the 2 years prior to submittal of the Aquila RPV-STD proposal ,

(30 August 1974) Lockheed studied and evaluated various launch systems based
on pneumatic, mechanical, linear electromagnetic, gas generator, and rocket~
powered catapult principles. The rocket system was not considered a viable
candidate but could be worthy of future consideration if proper emphasis is
placed on resolution of concerns regarding crew safety, fire hazard, and
smoke-generation characteristics. The gas generator system, although it con-
trols the fire hazard and essentially eliminates smoke generation, required
specialized solid or liqtdd"fue]s.. Furthermore, these fuels must be provided
with an independently generated ignition source, or they must be hypergolic.
Electromagnetic systems proved to be very heavy and also unsuited to remote
site operation, LMSC and All American Engineering Company, the launch sys-
tem subcontractor, therefore concentrated their conceptual evaluation on pneu-
matic and mechanical acceleration catapults,

Two operational, scaled systems were used to obtain confirmation of theoreti-
cal design analyses and operational experience. One system was pneumatic,

11) wuuﬂluhspmoComm, Ino., Aquila RP
- CDRL AOOD her Deve. t, LMSC-1.02808
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and the other was mechanical, using a bungee cord accelerator. Both systems
were tested and have proved to be capable of meeting the program's objectives
and requirements, The capability of remotely charging the ac;;Ierator cham-
ber appears to favor the pneumatic system for unprepared field operations
when compared to the operations and subsystems required for resetting the
bungee cord mechanical system. The pneumatic system is also very easily
deactivated right up to the last moment before RPV launch in the event a laumch
postponement is desired, |

Finally, selection of the pneumatic catapult avoided a costly development phase
and made use of existing launcher technology. The pneumatic system as built.
by All American Engineering Company (AAE), Wilmington, Delaware, ‘was
selected as the Aquila proposal baseline because it was basically an off-the-
shelf system expressly designed for launching small aircraft on the 200-Ib
category at speeds to 70 knots,

5.3.2 Approach

The basic tenents of the Aquila launcher system approach were as follows:

o Maximum utilization of existing off-the-shelf hardware

o Maintain initial concept providing modifications only if basic require-
ments could not be achieved or if cost-effective improvements in
service life, maintainability, mobility, reliability, and operability
can be achieved within contractual imitations

The basic approach consisted of the following steps:

o Approval of baseline design with interfaces defined and controlled

o Detailed design, fabrication, and extensive developmental testing
conducted by the suboontractor, AAE, at his special facilities with | A
Lockheed monitoring the effort ‘ i

o Mobility implementation and GSE interfacing provided by Lockheed »
with design and fabrication at Sunnyvale and checkout at Fort Huachuoca :
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o Launcher-involved flight testing conducted by Lockheed at Fort
Huachuca; troubleshooting of anomalies resulting from field operations

“provided as joint Lockheed-AAE effort =~ — S

e Design deficiencies negotiated with and resolved by AAE
¢ System improvements negotiated with the Army

5.3.3 System Requirements

The initial basic launcher system operational requirements were as follows:

e No more than two people shall be required to set up, tear down, and
operate this system and launch one RPV,

e Minimum time and skill shall be required for assembly, disassembly,
and launch operations,

® There shall be minimum observables during launch operations.

e Launch shall be possible from unprepared sites.

e The launch subsystem shall be common to all phases of the program,

Lockheed mobility studies in May 1976 showed the feasibility of truck mounting

(M36, 2-1/2 ton, 6x 6 truck) the baseline launcher system. As a direct result
of these studies, launcher-system mobility became a launcher-system opera-
tional requirement.,

To meet these operational requirements, the launoher-lystem design must
have the followlng characteristics:

e Lightweight components, none of which separately exceeds 200 1b,
which is the normal maximum weight that two men can readily lift
and carry short distances (This goal was eventually waived in
favor of using existing components. )

o Small-size components that separately do not have any packaged
dimensions exceeding 20 ft, which is the normal maximum length that
two men can handle effectively in rough field conditions (Eventually
waived to use existing hardware. )
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o Simplicity of design to facilitate and speed assembly, disassembly,
operation, and maintenance at remote, unprepared field sites

o Adaptability of installation to accommodate 2 wide variety of field -
conditions such as desert, brush, forest, glens, mountains, and
Snow cover .

e System reliability to maximize operational successes and thereby
reduce costs

® Little or no emission of noise, smoke, fumes, light, or other observ-
able features

The critical launcher-to-RPV interfaces were identified as follows:

o RPV-to-shuitle mount, Five points consisting of the two midwing
support rest pads, the two aft wing thrust fittings, and the skeg keeper
. ® RPV umbilical interface. Established on the RPV starboard side
along BL 9, 22.
o RPV'M cooling, Duct to opening in port side forward wing root
area; the ground mating interface is contoured to provide easy hand
removal prior to launch

5.3.4 Evolution

Design. The Aquila launcher system has evolved from the original basic con-
cept of a ground-mounted, rotatable launcher into the current mobile truck-
mounted system. The significant areas of modification and improvement are
given in this section.

System Mobility. The Army's desire for mobility gave added impetus to the
study of truck mounting for the launcher and RPV launch support equipment.
Candidate Army vehicles weve studies and mobility concepts reviewed.
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The M36, 2-1/2 ton, 6 x 6 truck with the installation concept shown in Figure
79 was selected. Most components have been through-bolted with locking
hardware; notable exceptions are the ground-cooling system, which rests on a
rubber pad,and the control box, which has a 30-ft cable for remote (for safety
of launch) operations,

Shuttle Evolution, The launcher concept is based on equipment in existence
prior to August of 1974, The interface between the Aquila RPV and the
launcher required development of an interfacing shuttle assembly., The base-
line shuttle design of 1974 is shown in Figure 80, The interfaces shown are
the five points on the aircraft — two wing support pads that provide midwing
support, two trailing-edge supports that also restrict rotation about the cen-
ter of gravity, and finally a skeg keeper that holds the RPV until launch re-
lease is achieved at the end of the launcher piston stroke.

System performance tests conducted at the AAE facility in 1975 showed no evi-
dence of shuttle structural faflure. Subsequent flight testing was conducted at
Fort Huachuca and resulted in a launch failure (Flight 14A) on 25 August 1976.
Motion pictures taken at the time of the attempted launch show the RPV react-
ing to the applied launch acceleration. The "'settling”" of the RPV into the aft
wing supports and the resultant spring return caused the RPV skeg keeper to
disengage prior to achievement of launch speed, The RPV pitched up and over
the launch rafl, completing two reverse turns before impacting the ground in a
nearly horizontal attitude, ' =

The skeg-keeper fingers were designed to compensate for some RPV move-
ment, and no immediate reason could be found for a premature release. Sub-
sequent investigation of the launcher shuttle showed a buckling of the flat-plate
design, which created an excessive misalignment between skeg and keeper.
The crash of the RPV is attributed to this failure of the shuttle. The buckling
is a direct result of the method of decelerating the shuttie that is allowed to
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impact on two hydraulic shock absorbers,stopping the 115-1b shuttle in 10 in,
The resulting deceleration is in excess of 130 g and resulted in a gradual fail-
ure of the shuttle plate.

Since the buckling failure mode is a reiatively slow process requiring many
shuttle operations, it was decided i retain the flat plate as an interim design
with modifications to minimize launch acceleration effects between RPV and
shuttle,

The interim shuttle (Figure 80) was redesigned at two fundamental interface .
areas. The aft wing loads were transferred into the wing roots by addition of
external channels on top and bottom of the wing and bolted at the wing-to-
fuselage attach points. The channels terminate in a push block which inter-
faces with a redesigned shuttle thrust fitting. An expendable soft shear rivet
restrains the RPV in the launch position. At the end of the launch stroke,
when the shuttle has begun deceleration, RPV momentum shears the soft rivet
and the RPV becomes airborne,

The second change was in the design of the skeg keeper. The restraining
spring was discarded and the angle of the keeper fingers was decreased from
35 to 10 deg. This provided a better holddown to the RPV skeg and maintained
easy exit for the Aquila at launch,

The final shuttle design (Figure 80) i8 expressly designed to survive the high
deceleration loads by rugged I-beams in the longitudinal directions, Torque
loads in the wing supports (forward and aft) are reacted through stiff hollow
tubes into the I-beams. A significant feature of the deeign is the reduction of
shuttle weight from 115 to 85 1b, The design includes a dagger assembly and
neoprene catcher, which prevents the skeg-keeper arm sssembly from rebound-
ing and possible launch interference. The forward arms are restrained from
rebound by friction pads about the arm pivot points,

delunfiones




Launcher Electronics. The launcher electrical /electronic system controls,

operates, and interlocks launch sequencing. Functionally, the system can be
separated as follows:

Visual status indicators

Compressor on-off and pressure limits
Safety interlocks

Launch velocity counter

Manual launch control with safety key
Emergency alarm interconnect

Remote interface for GCS launch command
Intercom

The electrical/electronic system has worked reliably throughout the demon-
stration program, with the exception of the velacity counter system. As
originally designed, the counter was a noise susceptible single-ended circuit
that did not provide sufficient noise immunity for the GC8 computer. An
improved circuit with differential inputs was later installed. The velocity
counter sensors presented another problem area insofar as their proximity to
the decelerating shuttle, This is a high shock load environment that has
caused transistor failure and has caused the operating points of the magnetic
pickup to shift from the normal. The magnet to irip the velocity counter sen-
sors rides on the crosshead of the piston assembly. Shock transients at this
location cause demagnetization of the magnet. This is being alleviated by in-
stallation of magnets made of Alinco VIII material, which is only slightly
affected by the shock load encountered during the deceleration process.

The majority of the velocity counter electronics have been transferred from
the sensor location near the shock absorbers to the control box, which is Jo-
cated remotely from the launcher,

Another improvement is the addition of a counter on the control box, which
provides an improved acouracy determination of velocity over that obtainable

P




through the GCS computer., The GCS can determine time only in plus or minus
0.5 ms increments, which 18 equivalent to plus or minus 2 knots, The velocity
counter can resolve the time to 20 us, which 18 equivalent to 0. 08 knot.

Accumulator Evolution. The accumulator and surrounding structure are sub-
jected to shock load when the shuttle assembly impacts tho front-end hydraulic
shock absorbers. In July of 1976, AAE experienced a weld failure in the
accumulator structure at the head of the launcher where the shock absorbers
interface with the accumulators. The weld failures were first experienced Ly
AAE on another program and, as a result, the company performed a field
retrofit by welding reinforcing material to the accumulator structure and then
hydrostatically verifying accumulator integrity.

A second weld failure point was detected at the accumulator base pedestal
mount. This structure was modified slightly by AAE. A launcher similar to
the Army LP20-209 model was procured by LMSC for RPV testing, During
design of this LMSC unit, a new heavy-duty pedestal was designed and procured
for use on the truck-mounted launchers. The new pedestal will no longer per-
mit rotation of the launcher about the pedestal base. Since the launcher is not
required to be ground mounted, this loss of flexibility is acceptable.

Dryer Evolution, Field experience has shown the basic launcher to be a reli-
able, functional item. There have, however, been periods of downtime that
are directly attributable to excessive moisture in accumulator, pistons, con-
trol valves, and seals. The compressor has no means of moisture removal
prior to delivery of air to the accumulator. The air temperature is often over
180°F when the delivered air exceeds pressures of 100 psig, Under even
moderate humidity conditions, as much as a litre of water has been drained
from the system, The liquid precipitates out of the air when cooled in the
accumulator and the air pressure control panel at ambient temperature, and !
causes deterioration and rusting of seals, valves, and control regulator. To ’
provide increased time between required maintenance, a regenerative dryer

has been added to the system, '
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Test Resuits.. The summary of results from launcher tests is presented in
Table 16. These tests include the first developmental test at AAE on

18 August 1976, the preflight developmental testing at Fort Huachuca, actual
RPV flight test demonstrations at Fort Huachuca, and the new shuttle develop-
mental testing at AAE and subsequent completion of RPV flight-test demon-
strations on 10 July 1977. During this period 190 launcher tests were made.

These tests equate to a launcher reliability of 0. 98 for all launchings, and to a
launcher reliability of 1,00 for all launchings with the current lighter,
improved shuttle.

During the period of the 190 launchings, the RPV weight varied from 126 b to
over 145 Ib. Developmental testing with inert weights or duminy projectiles up
to 165 1b occurred on several occasions. Launch velocities for Aquila RPV
varied from 45.6 to 52 knots. Test data for other than RPVs approached 60
lnots launch velocity.

On the basis of these results showing high reliability under widely varying con-
ditions, the concepts of launch and launch support have been shown to be valid
and repeatable in day-to-day use. '

Performance. Launcher performance capability has been confirmed by test
for launch velocities to 60 knots and for vehicle weights up to 200 1b, The
accumulator pressure required to launch the RPV can be closely approximated
by an expression where pressure is linearly proportional to the weight and to
an exponential power of the velocity, For the current shuttle (weight 85 Ib), the
experimental test data was used to derive the following:

-4 ,,1.866

P=28T16x10 "V

W) ®

where

P = initial launch pressure (psig)

V = RPV launch velocity knots)

W = total weight; RPV weight plus 85 Ib for shuttle @b)
: - 261




TABLE 16. LAUNCHER TEST SUMMARY

Launcher

Total Success Failure
Test Type
Demonstration Flight
Airborne 59 59 0
Launch 1 0 & 1(')
Developmental
RPV-003 11 11 0
ITV 49 46 3®
Blivit 31 31 0
Shuttle _39 _39 0
TOTAL ' 190 186 4
Launcher T
Serial Number
9753 95 91 4
9754 70 70 0
10756 | | 25 26 °
TOTAL 190 186 4
Shuttle Type
Original — Flat Plate — 115 1b 131 127 4
Current —1 Beam — 86 1b _89 _59 [}
TOTAL " 100 186 4

(@) RPV-008 launch incident,
(®) All three failures due to improper test setup —1i,e., failure to watch
installation tolerances.




Based on this,ujti#ﬁon. the performance plot (Figure 81), showing initial pres-
sure as a function of launch velocity and RPV weight, was generated and used
during Aquila testing. .

RPV acceleration loads can be found theoretically, but a more direct method is
found when experimentally determined g values for various shuttle weights and
launch velocities are plotted versus the kinematic values for linear accelera-
tion. Figure 82 is such a plot of data from Aquila and from other programs that
use pneumatic catapults. The straight line is the theoretical linear accelera-
tion; the data points are experimental data. As can be seen, the linear accelera-
tion approximation holds very closely for a wide range of data. Thus, the g
values of Figure 81 are those for an ideal linearly accelerated RPV, When

using the chart, the 6-g restriction for acceleration should be maintained; thus
the launch velocity selected should not exceed 52 knots.
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Conclusions. The prime objective for the Aquila RPV-STD launcher develop-
ment program was to produce a reliable launch system which could be used
repeatedly for developmental flight testing and which would offer the potential
for further development into the highly mobile, low observable launch system
which would support any RPV mission in any field environment, The linear
pneumatic system developed for Aquila has shown proven reliability in excess
of 98 percent under widely varying conditions. The system provides prelaunch
conditioning to the RPV and the proper inclination and attitude during launch,
The system i8 truck-mounted (2-1/2-ton long bed M36), and has demonstrated
mobility in 1imited field usage. The design of the basic system has been aug-
mented by RPV support systems which also provide mission mobility,

During development, problems relating to shuttle redesign, addition of dryers,
and modification of velbcity sensors were successfully resolved, The current
system has shown mobility, flexibility, and high reliability during flight tests,
and the original objectives have been met,

5.4 RETRIEVAL SYSTEM EVOLUTION

This subsection describes the evolution of the Aquila retrieval system (Refer-
ence 12) from the early preproposal conceptual studies (which led to selection
of a parallel strap system) through design, fabrication, development testing, and
early system validation flight testing. Problems occurring during early system
validation flight testing led to introduction of the vertical barrier system. The
detailed description of the current vertical barrier retrieval system and its
demonstrated capabilities are documented in Volume I of this report.

5.4.1

During the 2 years prior to the submittal of the Aquila RPV-STD proposal on
30 August 1974, Lockheed and All American Engineering (AAE) ~ the subcon-
tractor — studied, evaluated, and tested various retrieval systems. Table 17

(12) Lockheed Missiles & Space Company, Inc., Agaﬂa ?_gV _B_éltem Test Report,
CDRL AOOD, Retrieval System Devel ent ~L028081, Part 6,
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summarizes the evaluation of the various systems considered, versus desired
system characteristics, The arrester line/parallel strap system was selected
as the proposal baseline primarily because it was the only system whose cap-
abilities were demonstrated and because no other system offered significant
potential for improved site operations and minimal potential for RPV losses :
due to near misses. To further support this selection, Lockheed, AAE, and
Development Sciences, Incorporated (DSI), completed a series of full-scale
aerial tests to demonstrate the operational feasibility of the parallel strap sys-
tem, A dummy DSI ""Sky Eye" RPV airframe, properly ballasted, was used in
these tests. Figure 83 shows photographs of some of the significant pieces of
equipment used during the tests., Dynamic dead-load tests simulating the
energy, inertia, mass, and other physical characteristics of an in-flight RPV
were conducted. Force, distances, deceleration rates, and deflection data
were obtained for analytical evaluations of the system design and retrieval
dynamics theory. Figure 84 presents photographs of the dummy RPV in vari-
ous stages of the successful retrieval process. Arrester line engagement,
RPV deceleration, RPV throw-distance, parallel strap maximum deflection
under RPV load, and g-load levels were all within the desired design limits.
The operational success potential of the parallel strap system was demon-
strated, and the system concept was judged to be developable for effective,

safe RPV retrieval,

5.4.2 Approach . ‘

The basic approach for the Aquila retrieval system was similar to the Aquila
launcher system, i.e.: ’

e Maximum utilization of off-the-shelf hardware

o Maintenance of initial concept, providing modifications only if basic
requirements could not be achieved, or H cost-effective improvements
in service life, maintainability, mobility, reliahility, and operability
can be achieved within contractual limitations

287
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The following steps were carried out in the implementation of this basic
approach: .

1'

Baseline design was approved with interfaces defined and controlled,
Detailed design, fabrication, and exténsive development testing were
conducted by AAE at their special facilities with Lockheed monitor-
ing the effort. .

Early involvement in Lockheed-conducted flight testing at Fort
Huachuca; troubleshooting of anomalies resulting from field opera-
tions and system modifications to improve reliability provided by
joint LMSC-AAE efforts. (Early problems relating to complexity,
reliability, and maintainability of parallel strap system as well as
adverse impact of trailing hook assembly on RPV performance led
to the decision to change the baseline system to the vertical barrier
retrieval system. The vertical barrier system was selected for
development after an exhaustive study of more than 40 mini-RPV
retrieval systems. )

New baseline system was originally conceived as a mobile system
and was designed, developed, and tested at AAE,

Minor design deficlencies in the new baseline system would be
resolved and negotiated with AAE,

System improvements would be negotiated with the U.S, Army.

5.4.3 System Requirements

The basic retrieval system operational requirements are identical to those of
the launcher system and are as follows:

o No more than two people shall be required to set up, tear down, and
operate the system and retrieve one RPV,

¢ Minimum time and skill shall be required for assembly, disassembly,
and retrieval operations.

o There shall be minimum observables during retrieval operations.




¢ Rstrieval shall be possible from unprepared sites.
¢ Retrieval subsystem shall be common to phases of the program,

The same Lockheed studies that showed the feasibility of truck mounting the
launcher also showed the feasibility of trailer mounting the parallel strap

system.

To meet the requirements of practicality, low cost, reliability, and field
maintainability, the system must have the following characteristics:

o Lightweight components, none of which separately exceeds 200 Ib

¢ Small size components that separately have no package dimension
exceeding 20 ft .

e Design simplicity to facilitate speed of assembly, disassembly,
operation, and maintenance at remote unprepared field sites

e Ability to accommodate a wide variety of field conditions such as
desert, brush, forest, glens, mountains, and snow cover

o System reliability to maximize operational successes

¢ Little or no production of noise, smoke, fumes, lights, or other
observable features

Other specific design characteristics which evolved are as follows:

¢ Environments for retrieval- Fort Huachuca, Arizona; Fort 8ili,
test demonstrations Oklahoma; and/or other similar places
@ RPYV descriptions:

[P

<y

Y

° Waomdvdociti 38 to 58 knots, low-approach angle
o Capture loads 6 g in the three major RPV axes
261
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- Weight (including fuel) 140 Ib nominal
— Length " 6 ft nominal

- Wing span 11,9 ft nominal
~ Body ddameter 12 in, nominal

-~ Propeller shroud diameter 22 in, nominal




® Retrieval crew

® Retrieval crew skills

e Duty cycle (RPV-STD
aircraft)

® Recycling time

e Life

e Safety

e Ambient winds during
operation

o Design altitude

e Installation and disassembly
times

® Reorientation of retrieval
direction time

¢ Retrieval direction

o Mobility

Two persons

Minimum

4 gorties per day; 4 days per week; 1-
hour flight time per sortie (minimum)
10 min maximum

250 retrievals between overhauls,
minimum (not including consumables,
i.e., fluids, straps, and lines)
Remotely activated system

20 knots, gusts to 35 knots, 4, 000-ft
altitude at 95°F

4,000 ft (MSL) at 95°F (hot day)
Maximum 1 hour each (2 men)

Maximum 10 min (2 men)

Bidirectional retrieval capability
Mounted, transportable, and opera-
tional on two Army M345 trailers,
each capable of being drawn by one
Army M35 or M36 truck

6.4.4 Evolution of Parallel Strap System

System Description. During the initial phases of the RPV-STD Program, a
system employing an RPV trailing engagement hook and called the Parallel

Strap Retrieval System was used,

Figure 85 is a sketch of the Aquila RPV in a final approach to the Parallel

Strap Retrieval System. The RPV is shown with a deployed trailing engage- 5
ment hook prior to engagement with one of an array of 10 horizontal arresting |
lines. The arresting lines are arranged on a 45-deg inclined array ahead of |
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the landing net. Upon engagement of the hook with any one or more of the
lines, the vehicle will be decelerated to zero forward velocity and then
pancake-landed into the landing net. Deceleration forces are generated by
two rotary hydraulic energy absorbers to which the arresting lines are
attached through a system of pulleys and sheaves,

Figure 86 shows an Aquila in final approach just before a successful retrieval,
Figure 87 shows the RPV being decelerated after hook engagement and just
before its successfil pancake landing in the net.

Development Testing. Flight test activity, which employed this horizontal
parallel strap system, was preceded by an intensive design and simulated flight
test program to develop and qualify the system, LMSC as the prime contractor
was supported by All American Engineering Company as the subcontractor.

Figure 88 shows photographs of an Aquila inert test vehicle (ITV) in the proc-
ess of retrieval during a simulated flight test. The ITV had the external con-
tours of the Aquila airframe and was ballasted to the appropriate gross weight
(120 1b) and center-of-gravity location. It was also instrumented to record
axial, transverse, and vertical loads as a function of time during retrieval,

Note, in Figure 88, the action of the deployed payload protector shielding the
payload from adverse effects of impacting the horizontal landing net straps.

These tests were conducted on an aircraft taxiway at the Wilmington, DE,
airport, The Parallel Strap Retrieval System was installed alongside the
runway ramp. The ITV was suspended from a structure mounted on a 2-ton
truck, With the hook already deployed, the truck was accelerated along the
aircraft taxiway to the desired ground speed. At the appropriate moment
before trailing hook engagement with the horizontal arresting lines array, the
ITV was released automatically into a free-flight, unpowered glide. High-
speed motion picture photography recorded the ITV retrieval trajectory, hook
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Figure 88,

Aquila Inert Test Vehicle (ITV) in Process of Retrieval
During Simulated Flight Test. (Top Photo) Approach at
45 lnots immediately before ITV release and free-flight-
glide hook engagement; (Center) ITV decelerating after
hook engagement and before landing in net; (Bottom)
Retrieved ITV at rest in landing net
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and arresting line dynamics, and subsequent ITV and landing net impact mo-
tions. Thirty-five simulated flight retrieval system development tests were
conducted before the system was committed to actual flight retrieval of the
Aquila,

Three types of tests were conducted during the retrieval system simulation
test program:

e Static (ITV Drop) Tests. These tests were conducted to obtain quali-
tative data of ITV vertical deceleration loads on the landing net from
various pendant engagement altitudes,

e Dynamic (ITV Engagement) Tests, These tests were conducted at a
maximum velocity of 48 knots,. The tests were conducted by accel-
erating the test truck and releasinf the ITV at the proper time to
perform a dynamic engagement of the ITV tailhook system into the
recovery system pendant network,

e Dynamic (No ITV Drop) Hook Engagement Tests. The tests were to
study the action of ITV pole and hook assembly with the engagement
pendant network without jeopardizing the 1TV,

Three types of data were obtained — instrumentation, photo, and visual
observation,

For the static (ITV drop) tests, the results are shown in Tables 18 and 19.

Typical accelerometer traces are presented in Figures 89 and 90, Maximum
vertical deceleration was measured at 5.2 g from a drop height of 12 ft with
20 ft-1b tape tension (Figure 89).

For the dynamic (ITV engagement) tests, instrumentation traces were obtained
of: ' '

® Water twister tape tension
o Water twister rpm
o ITV engagement and landing accelerations
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Figure 80. Acceleration Data from 9-19-75 Static Drop Tests
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Data from these tests are furnished in Table 20.

The recovery system was shown to be satisfactory for the recovery of the
Aquila vehicle. During normal arrestments and landings up to 48 knots, the
recovery system did not impose accelerations in excess of 6 g. Engaging
velocities to 58 knots were not accomplished because of test truck limitations.

Theoretical test data and actual test data indicate that the a.xié.l acceleration
values will remain below 8 g up to 58 knots (Figure 91).

The development testing also included an intensive engagement hook develop-
ment program involving proper design of the hook and hook system, its stow-
age aboard the RPV, its proper in-flight deployment, and estimates of its drag
and aerodynamic control moment effects on the flight characteristics of the
vehicle.

Figure 92 shows a typical hook engagement of the arresting line array, and
Figure 93 shows closeup views of the hook and hook assembly. Note the keeper
that permits an arresting line to enter the throat of the hook but prevents its
expulsion. Figure 94 is a sketch showing the relationship of the Aquila RPV,
deployed hook assembly, and arrestlng’ line array immediately before hook
engagement.

Several undesirable features of the arresting-hook/parallel-strap system be-
came clear in the course of its development and use and contributed directly to
the loss of RPVs,

e The deployed RPV trailing hook induced undesirable drag and control-
moment effects on the RPV during its final approach to the retrieval
site. i

o The extremely lightweight structure required for the engagement
hook assembly (approximately 1.7 1b) provided very limited dur-
ability when subjected to retrieval engagement loads (from one to
not more than three retrievals before major repair).
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Figure91. Axial Deceleration Data (ITV)
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Figure 92. Typical Hook Engagement of Arresting- Line Array

® Proper stowage of the engagement hook assembly on the RPV
required special personnel training and skills to ensure readiness
in flight for remote deployment of the hook assembly on command.

® The intricate nature, extremely light weight, and low-drag require-
ments of the hook assembly — combined with its limited life before
repair — made the engagement hook assembly a costly item.

= pareliel with the Aquila flight test program involving the arresting hook/
meuiisl strap retrieval system, highly successful development tests were
ng candusted en the vertieal barrier retrieval system, which eliminated
sogiineesss ok of mabiiity and high damage potential — with tall pole frames
o -qriine +ortingl ant aystoms. AS a result of these successes, the vertical

P



R T

Nrme

Figure 93. Engagement Hook Assembly. (Top Photo) Hook;
(Center) Hook assembly folded and ready for
insertion into sheath; (Bottom) Hook assembly
sheathed and ready for attachment to RPV
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barrier system was adopted for subsequent Aquila flight tests, thereby elimi-
nating the problems of the hook assembly and hook engagement. As an added
advantage, the vertical barrier retrieval system was developed as a mobile
item, on standard Army transport equipment, that would not require any
ground-staking and would be deployable at unprepared sites with very little

or no site clearing. '

The vertical barrier system was selected for development after an exhaustive
study of more than 40 different mini-RPV retrieval system concepts, all of
which were identified as adaptable to tactical Army multimission RPVs.
Through various combinations and permutations of these individual systems,
the list is easily expanded to well over 100.

5.4.5 Evolution of Vertical Barrier System

5.4.5.1 System Description. Figure 95 shows the concept of the vertical
barrier system and Figure 96 its method of RPV flight retrieval. Basically,
the system consists of two vertical barriers placed at either end of one hori-
zontal RPV landing net. Two vertical barriers are employed to permit RPV
retrieval without i'eorlenﬂng the retrieval system relative to wind direction.
Operationally, the vertical barrier serves to absorb and dissipate the flight
kinetic energy of the RPV, and the horizontal landing net serves to absorb the
potential energy of the RPV resulting from its arrested height above the land-
ing net.

The flying and structural characteristics of the Army multimission RPV and
its final approach guidance system indicated that a vertical barrier having a
vertical dimension of 15 ft and a horizontal span of 35 ft would be appropriate.
This overall size would provide an effective retrieval window of 12 ft (vertical)
by 21 1t (borizontal). This size is based on the location of the RPV center of
gravity at impact and provides ample safe margins for the wing span and pro-
peller shroud outside the retrieval window itself.
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¢. RPV at Rest in Landing Net

Figure 96. (Concl.)




Each vertical barrier net, supported between two vertical poles, is connected
at its four corners by lines through pulleys to two rotary hydraulic energy
absorbers. The energy absorber assembly consists of a hydraulic-fluid-filled
housing with two sets of eight stator vanes fixed to the top and bottom of the
housing. Nine rotary vanes attached to the rotor shaft are located in the space
between the upper and lower sets of stator vanes. The rotor shaft is driven
by a tape reel on which a roll of high-strength nylon tape is stored. When the
in-flight RPV engages the vertical barrier net, the nylon tape connected to the
vertical barrier pays out and the desired arresting force is provided by the
hydraulic fluid in vortex motion induced by the rotor. The rotor and tape reel
have a common shaft, so that rotation of the tape reel during RPV retrieval
deceleration spins the rotor vanes at a high speed. To make the system ready
for another RPV retrieval, the nylon tape is rewound on the reel, thereby also
reerecting the vertical barrier in its proper place. A hold-back brake
mounted on the energy absorber housing provides the force needed to maintain
the vertical barrier erect in winds to 20 knots and gusting to 35 knots.

The horizontal RPV landing net has a width of 25 ft and a length of 60 ft. These
dimensions are an appropriate match for the 15- by 35-ft vertical barrier and
provide the desired RPV deceleration characteristics within the structural load
limits of the Army muitimission RPV,

The landing net consists of 1-3/4-in.-wide, high-strength dacron straps spaced
1 ft apart over its entire 265-ft span. The straps are stored on reels for easy

field setup and strikedown. The reels are equipped with a ratchet drive so that
the straps can be tensioned properly to 10 ft-Ib of torque with a torque wrench.

The entire retrieval assembly is mounted on two standard Army M346 trailers,
each of which can be drawn by a standard Army M36 or M36 truck.




5.4.5.2 Development Testing.

Test Facilities. The mobile vertical barrier system was constructed and a
development program was conducted consisting of 21 inert RPV vehicle re-
trieval system development tests and 11 RPV structural retrieval tests.

The retrieval system was mounted on two M345 trailers obtained from Army
inventory. A full-scale inert RPV te~t vehicle was constructed of wood and
metal, It was instrumented with three-axis accelerometers to measure axial,
vertical, and transverse retrieval loads. Ballast was added to bring the vehi-
cle gross weight to 140 b and was balanced to properly locate the center of
gravity.

A pneumatic launcher was used to accelerate this inert test vehicle to veloci-
ties ranging from 83.5 to 51.5 knots. Figure 97 shows this inert test vehicle
mounted on the pneumatic launcher in preparation for a retrieval system test.
The vehicle was launched for impact into various points on the vert:lca‘i barrier
net and at various vehicle attitudes.

During retrieval, instrumentation in addition to the accelerometers measured
the initial impact velocity, gathered force-time-distance data from the energy
absorber, and located the point of impact. High-speed motion pictures were
taken to evaluate the trajectories and motions of the vehicle during retrieval.

Following these retrieval system development tests, 11 additional development
tests were conducted to evaluate the effects of retrieval on the RPV structure
and gkin. An actuasl RPV alrfrlmé was used for this series of tests. Six of
these tests were conducted in the same mamner and over the same general
range of conditions as the retrieval system development tests, using the wood
and metal inert test vehicle. '

287

A



1891, 1843139y 10] JOYOUNET ONBWNAUJ UO PIJUNOI S[OTYOA IS JI0Uf

.

16 @andrg

AL CHRNAL ., WS tﬁwmf,

—
- L

- —

288



LA e

Rbanats R TRy Ty

The remaining five tests were conducted with the RPV pneumatic launcher
mounted on a standard Army M36 truck. Figure 98 shows the RPV airframe
vehicle in battery position on the launcher before being launched into the
retrieval system. In both portions of the complete test series, the same
RPYV instrumentation was provided and data were obtained.

Development Test Results, Development tests were run in August 1976 at
Wilmington, Delaware, and in September 1976 at Fort Huachuca.

Summaries of the data obtained in the 32 development tests conducted on this
program prior to actual RPV flight retrieval demonstrations are presented in
Tables 21 and 22. Table 21 presents the data on all 21 tests obtained with the
inert test vehicle (ITV) shown in Figure 97; it also presents the data obtained
in the first six tests using the RPV structural test vehicle (AQ-003) shown in
Figure 98. (The five shuttle-only tests are not included in these totals.)
Table 22 presents the data obtained in the last five tests using the RPV struc-
tural test vehicle.

Figure 99 shows a series of photographs of the ITV after launch and in various
stages of retrieval. Because only one such photograph was taken in any single
test, the series is necessarily composed of photographs of the ITV from differ-
ent tests. The test during which each photograph was taken is indicated in the
caption; the corresponding test data are in Table 21.

Figure 99(a) shows the ITV in free flight just as it leaves the pneumatic
launcher but before it impacts the vertical barrier net. This photograph was
taken during test event 18; a summary of data obtained is shown in Table 21.
The following specific facts can be noted: the velocity of the vehicle at the
instant of the photograph was 33. 5 knots; the vehicle impacted the center of
the vertical barrier net; it approached the net in a horizontal flight path; the
yaw or skew angle was 0 deg; the maximum vertical load upon impacting the
landing net was 1, 8 g; the transverse loads were negligible; and the retrieval
was 100-percent successful, with no damage either to the ITV or to any por-
tion of the retrieval system itself.
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d. At Rest in Landing Net (Test Event 14)

Figure 99. (Concl.)
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Figure 99(b) shows the ITV just as it impacted the vertical barrier net. This
photograph was taken during test event 15. The velocity of the ITV was 51.8
knots, and the vehicle impacted the vertical barrier net in a high-center loca-
tion. This impact location was obtained by inoreasing the elevation of the
launcher to a 5-deg incidence angle. Thus, the ITV is rising into the vertical
barrier net along a 5-deg incidence angle. The maximum axial loads experi-
enced were 2.6 g; the maximum vertical loads experienced on impact with the
landing net were 4.2 g. A small transverse load of 1.2 g was also measured
in this test. This test was also 100-percent successful.

Figure 99(c) shows the ITV being decelerated after impaot into the vertical
barrier net. This photograph was taken during test event 14. Table 21 shows
that the velocity of the ITV at retrieval was 49,5 knots. Other data obtained
for this test can be found in Table 21. This test was also successful.

Figure 99(d) shows the ITV as it appeared after successful retrieval and at
rest in the parallel-strap, horizontal landing net. The vertical barrier straps
are spaced along the entire wing leading edge, thereby distributing the re-
trieval deceleration loads over the entire wing span in a desirable manner.

Structural Loads Experienced By RPV. Figure 100 presents & typical set of
three-axis force traces of the loads experienced by the RPV structural test

vehicle during launch and retrieval. This set of traces was obtained during
test event 31. Table 21 shows that the RPV vehicle was launched at a velocity
of 51.2 knots, impacting the vertical barrier in the high-ocenter portion, travel-
ing on a +5-deg flight-path inoidence angle. The maximum impactograph loads
listed are those obtained from force traces like those shown in Figure 100. The
accelerometers in the impactograph instrument were orisuted so as to meas-
ure axial, transverse, and vertical loads relative to the RPV fuselage axis.

In Pigure 100, point A marks the initiation of the launch acceleration of the
RPV. This load increases very rapidly to s peak value of about 6.8 g. A
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small vertical load on the vehicle was also recorded at this time and is due in
part to the 5-deg angle of attack of the RPV and in part to mechanical takeup
in launcher shuttle clearances in the vertical direction. At point B, the launch
acceleration has been completed and the RPV released into free flight. The
recorded RPV velocity at this point is 51. 2 knots.

After a short free-flight glide of about 10 ft, initial contact with the vertical
barrier starts with an increase (point C) in the longitudinal forces measured by
the vehicle. The deceleration loads increase to a maximum value of about 2.7
g and then decrease until the RPV has been stopped in its forward flight (point
D). The RPV then drops into the horizontal landing net, making an initial con-
tact at point E. At this time a sharp rise in the vertical as well as the longi-
tudinal loads occurs up to point F.

The rise in the longitudinal loads accompanying the rise in the vertical loads
results from cross-coupling due to the small nose-down impact of the RPV
upon engaging the landing net. A small transverse load was also recorded.
After the initial landing impact, four additional oscillations of rapidly decreas-
ing load amplitude were recorded. Table 21 shows that the structural RPV
was retrieved during this test event without damage to the vehicle or to the
retrieval system.

Figure 101 presents the retrieval force, tape-reel and -rotor revolutions, and
time traces of both the right- and left-hand hydraulic energy absorbers re-
corded during RPV retrieval. The energy absorbers, connected to each side
of the vertical barrier net, provide the RPV deceleration forces. A revolu-
tion counter was mounted on the tape reel, and a force transducer was mounted
within the connection between the tape and purchase rope connected to the
corners of the vertical barrier net. In gemeral, the two energy absorbers
provided about equal retrieval loads and energy absarptions.
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However, the right-hand absorber was initiated about 40 ms before the left-
hand unit. This was due to a small difference in right- and left-hand retrieval
loading and to the hold-back brake force, which for this series of tests was

set at about 40 1b on each energy absorber. The expected similarity of the
shape of these load curves to the shape of the longitudinal deceleration force
curves measured on the RPV, as shown in Figure 100, ia evident by comparison.

Figure 102 presents the measured maximum axial deceleration loads imposed
on the RPV by the vertical barrier net during retrieval as a function of RPV
retrieval velocity. These loads do not exceed 3 g at velocities up to 51.5
knots. All but one data point are those developed in tests where maximum
retrieval loads are generated only by the hydraulic action of the energy ab-
sorbers. As would be expected, the maximum hydraulic load gradually in-
creases with increasing values of initial RPV impact velocity. However, if
the RPV has not been fully stopped by the hydraulic action of the energy ab-
sorbers before the energy-absorber tape has been fully payed out, the RPV will
be arrested in a final phase by elastic loading of the vertical net system and
the payed-out tape. The theoretical elastic loading curve for this system is
seen to rise very rapidly with initial RPV impact velocity. In fact, it crosses
the hydraulic load ourve at about 63 knots and reaches a 6-g RPV axial load
value at about §8 knots.

: One test point was obtained at which elastic loading was encountered as shown :
i in Figure 102. The shape of the RPV axial load ourve with elastic loading |
present as measured with the accelerometer impactograph is shown in Figure
103. For the conditions of this RPV retrieval test, the elastic load developed
was lower than the maximum hydraulic load developed. It is estimated, how-
ever, that the elastic load will always exceed the hydraulic load at all RPV
velocitiss greater than about 83 knots. The elastic loading curve can be ,
shifted to higher RPV impact velocitive by increasing the payout distance of L
‘ the energy-absorber tape. When this 1s done, of course, the RPV decelera- :

R ana e RS R

tion distance will also be inoreased,
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Figure 104 presents the maximum vertical deceleration forces experienced by
the RPV ITV as a function of vehicle retrieval height above the landing net.

At a maximum RPV retrieval height of 15 £t above the landing net, a measured
vertical impact load on the RPV of 6.5 g was measured. This force rapidly
decreases to about 3 g when the RPV impacts the vertical barrier at about 6.5
ft above the landing net. -

i4

A 6-g vertical load is induced into the RPV structure after a 14-ft drop into
the horizontal landing net. A 14-ft drop is the maximum fall that the RPV will
experience when it enters the top boundary of the vertical barrier retrieval
window from a horizontal or 0-deg flight-path approach angle. The test date
for the 15-ft drop were acquired by increasing the incidence angle to a +10.5
deg (or rising) trajectory into the vertical harrier net. Such a flight trajectory
is not normally to be expected, : ud “ai.e 22 shows that structural damage to
e wing did occur in these two teet aver._a. In fact, the usual flight-path
approach angle is slightly negative éppr > mately -4 deg); so the actual drop
into the landing net will be slightiz le-- tiicu 14 ft when the vehicle enters the
vertical barrier net at the upper=.uv.* . -~~=ry of the retrieval window.

Sufficient data were not obtained to resolve the spread of the data in Figure 102
ac 104, All the data obtained to date have been plotted on these figures. In
addition to the effects of RPV vertical impact height and RPV impact velooity,
the data include the effects of RPV skew angles to 24 deg and flight-path incli-
nation angles from 0 to +10.5 deg.

Tran'l'nru loads never exceed approximately 2 g in either direction and have
not been plotted.

The hydraulic fluid used in the energy absorbers was standard automotive
transmission fluid. Pigure 105 presents the viscosity of the fluid used as a
function of temperature. The development tests reported herein were con-
ducted over a temperature range from about 50° to 100°F. No change in per-
formance with temperature was noted.
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In this temperature range, the theoretical contribution of fluid viscosity to
peak retardation forces generated by the energy absorbers is not greater than
about 3 percent. Thus, no measurable effects with temperature would be
expected over the temperature range of these tests. However, the viscosity
of the fluid does increase very rapidly as temperature is significantly lowered.
For example, if the fluld temperature is decreased to -15°F, the viscosity
contribution to energy-absorber retardation-force generation will be about 30
percent of the total force. Since the viscous contribution is principally addi-
tive, the hydraulic deceleration loads will be increased significantly over
those shown in Figure 102. Furthermore, at about -40°F, the viscous contri-
bution will be about five times the total hydraulic force generated in these
development tests. Thus, for extreme cold weather operation, the hydraulic
fluid used in the energy absorbers must be changed to a fluid of lower viscos-
ity, but of approximately the same fluid density.

Flight Test Results. Following these tests, over 40 successful consecutive
Aquila RPV flight retrievals were achieved by late June 1977. The first four
flight retrievals were made using the "Sky Eye'" RPV. It was guided into the
retrieval window by an operator using visual-guidance radio control of the
RPV. Following these tests, the Army Aquila RPV was used in the next 36
flight retrievals, of which the last 30 were made with a closed-loop RPV con-
trol system using a semiautomatic retrieval guidance system and the RPV
autopilot system. Figure 108 shows the Aquila in the process of deceleration
just after engagement with the vertical barrier net; Figure 107 shows the RPV
nearly fully arrested by the vertical barrier net; and Figure 108 shows the
vehicle at rest in the horizontal landing net at the conclusion of a successful
flight retrieval.

Based on the data and results of the development test program, however, the
field installation of the Vertical Barrier Retrieval System was modified in two
respects. First, the length of the landing net was increased from 45 to 60 ft,
to inorease the distance between the point of RPV impact on the landing net and
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Figure 107. Aquila RPV at Nearly Full Arrest by Vertical Barrier
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the end of the horizontal landing net. A desirable secondary effect of this
change is to reduce slightly the maximum vertical deceleration forces induced
into the vehicle from those shown in Figure 104.

Second, the hold-back force on the energy absorbers was increased from 40 to
97 Ib. This change was made to increase the capability of the system to main-
tain the vertical barrier net in an erected retrieval position against winds.

In the course of the flight test program, wind effects on the vertical barrier
net indicated that the currently deployed system with the 97-1b holdback force
was sufficient to maintain the vertical barrier net in place in winds up to 13.5
knots at a 4, 500-ft altitude on a standard day.

From a military operational standpoint, the Aquila RPV is capable of flight in
winds to 20 knots gusting to 85 knots at a 4,000-ft altitude on & 96°F day.
Figure 109 shows the estimated capability of a 160-1b hold-back force to main-
tain the vertical barrier net in position against winds at various altitudes for
hot, cold, and standard days. It can be seen that the 160-1b hold-back force
will meet the Aquila RPV flight criteria at the design altitude. This force is
recommended for future fleld test operation in accordance with Aquila RPV
design flight criteria. An examination of maximum tape tension force devel-
oped on the energy absorbers shows that the lowest value developed was 200 1b
at an RPV inert test vehicle velocity of about 41 knots. The margin of 40 Ib
appears adequate for a proper release of the hold-back on the energy absorber
during RPV retrievals. This also requires that the RPV have a ground speed
of not less than sbout 41 knots.

It should be noted from Figure 109 that, at sea level on a standard cold day,

winds exceeding an estimated 28. 8 knots will cause the net to fail to remain
erected even with the 160-1b hold-back force on each ensrgy absorber. This

n
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Figure 109. Maximum Velocity of Headwind Against Which Vertieal
Barrier Will Remain Erected (Hold-Back Brake Release
Load of 160 Ib on Each Energy Absorber)
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oocurs because of the increased air density at sea-level cold-day conditions
oompared with the design conditions —~ a 95° F day at 4, 000-ft altitude.

Conclusions. A Vertical Barrier RPV Retrieval System that has been success-
fully developed and demonstrated is far superior to RPV retrieval systems re-
quiring an RPV airborne deployable engagement hook. The Vertical Barrier
Retrieval System design emphasizes and has demonstrated the following:

RPV adaptability (Sky Eye and Aquila successful retrievals)

No requirement for RPV airborne retrieval equipment

Selection of retrieval system orientatfon to accommodate change in
wind direction

Retrieval at unprepared sites (Fort Huachuca, environments)

System mobility (trailer-mounted for RPV retrieval and transportation
to new sites)
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Section VI
SITE SETUP AND SYSTEM OPERATION

The guidelines used for developing the site setup and system operation of the
Aquila Program were as follows:

Operation from unprepared site
Minimum personnel required
Minimum skill level

Simplicity of operation
Minimum setup-operation time

Since the requirements of the RPV~-STD program addressed operation in a field
environment using a mini-RPV system with greater payload, performance, and
navigation capabilities than previously demonstrated, a semiautomatic operating
system, which placed the complex operating burdens within the computer, was
proposed. Thus, the man/machine interface could be greatly simplified if the
difficult operator tasks could be identified and automated.

To identify the tasks required for completion of the basic Aquila missions,a
functional flow analysis was performed that covered every aspect of system
operation. Since this study preceded many of the hardware design functiona.lt
drove, rather than reflected, many of the Aquila operating system parameters.
This study also highlighted the significant man/machine interface requirements.

GCS8 initialization

Waypoint programming
Search/lofter programming
Prelaumch RPV checkout
Inflight RPV command-status
Recovery
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An individual study of how each of these interfaces was developed is presented
in section 6.2,

The site setup and site geometry evolved from the performance capabilities-
limitations of the RPV, launcher, and retrieval system. The RPV performance
specifications (i.e., weight, velocity, rate of climb) were the driving factors in
the launcher and retrieval system design. A detailed discussion of site geometry
evolution is contained in the following section.

6.1 SITE SELECTION AND GEOMETRY

The driving factors for site selection and geometry were launch, recovery, and
RPV control. Launch and recovery constraints are similar in nature and will
be discussed together.

6.1.1 Launch and Recovery Constraints

Because of limitations in the RPV longitudinal acceleration forces of +6 g, both
launch and recovery velocities were minimized. Since the stall speed of the
Aquils baseline vehicle was ~36 knots, launch and recovery operations with a
20-knot tailwind would have required prohibitively long launch rails and retrieval
net runouts to ensure acceptable acceleration-deceleration forces. Therefore,
the dual-direction launcher-retrieval concept was selected. Launch and re-
trieval) analyses were run on a 6 degrees-of-freedom computer model of the
RPV using wind velocities up to 20 knots (steady state), with gusts up to 35 knots.
The wind directions were varied from direct headwind through crosswind to di-
rect tailwind. As expected, the model displayed system failure with strong tail-
winds, but verified safe operation under all wind conditions that contained no
tailwind companents, even up to the 35~kmot crosswind gusts. Placing the
laswmcher on & M36 truck allowed full mobility and choice of launch direction.
For retrieval, the net system was designed to accept recovery from two oppo-
site directions, with only minor adjustments required to switch direction.
(Thus, one placement of the recovery system to recover upwind and downwind
with respect to the prevailing wind would thea allow retrieval under all specified
wind conditions. )
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The next concern was recovery (or glide slope) angle. A steep recoverysangle
minimized the requirement for clearing ground obstacles and eased the criteria
for site selection. However, the steeper recovery angles required addition of
larger drag brakes to maintain acceptable recovery velocities. Because of
weight-complexity constraints on the RPV, the drag brake chosen wags a one-
shot system. Activated by springs, and deployed by a solenoid, the drag brake
was deployed prior to recovery and could not be retracted in flight. Since the
area in front of and behind the net had to be equally free of oBstructions to
allow bidirectional recovery, the "balanced field concept" yvas adopted. This
concept states ""there is no utility in designing a flight vehicle which can take off
from a short field but requires a longer one to land upon ‘or vice-versa.”" As
applied to the Aquila RPV, increasing the recovery angle necessitated a larger
drag brake area, which in turn decreased the recovery "abort" rate-of-climb,
Thus an increase in the recovery angle causes a Jecrease in the abort climb
angle, resulting in no net reduction in terrain préparation since operation in
both recovery directions must be anticipated. After analysis of several recovery
angles — 2, 4, 6, and 8 deg — the 4-deg recovery angle was selected because the
RPV with a drag brake sized for this angle was capable of a 4~deg abort climb
angle. Therefore, maximum terrain clearance during recovery was provided
with the 4-deg glide slope.

To allow sufficient terrain clearance for this configuration, both approach paths
should be cleared of obstacles which are higher than 2 deg above the horizon, for
a distance of 1,000 m, within 45 deg of each side of the projected retrieval
centerline.

Since the RPV has the drag brake stowed Guriag lamnoh, tae launch rats of climb
exceeds 4 deg and no additional terrain clearanse eonstraints are imposed during
laxmch,
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6.1.2 RPV Control Requirements

Control of the RPV was the other significant constraint in site selection. Con-
sidering the maximum slew rate of the tracking antenna, RPV flight perpendic-
ular to the antenna at distances closer than 15 m would cause the antenna to lose
track of the vehicle. Thus 15 m is the minimum acceptable spacing between the
tracking antenna and the launcher or the retrieval system. For similar reasons
the GCS van was placed perpendicular to the directions of retrieval to prevent
loss of track during recovery or abort operations.

At the frequencies used for command control of the Aquila RPV, the range is
essentially line of sight. The GCS van must be located in an area which pro-
vides unobstructed fields of view of the launcher retrieval system and areas of
anticipated flight operations.

8.1.3 Additional Site Considerations

Although not as significant as the above constraints, the following site selection
guidelines are presented: ‘

® Access. Although all components are capable of mobile deployment,
operation in areas with limited access should not normally be considered.

o Size, Total site size is partially determined by cable lengths and mini-
mum spacing requirements. A typical site should be approximately 108
by 72 m and should vary in elevation no more than 6 m within its bound-
aries. Since no two sites are totally similar, it is necessary to con-
sider safety, ease of operation, and capability of performing the mission
as the main objectives during site selection.

6.2 SYSTEM OPERATION

After initial hardware was developed, the system operation further evolved during
the period of field testing at Crows Landing NALF, California, and Fort Huachuoa,
Arisosa. This was the first opportunity for the components to be operated fully
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and together in a fleld environment, and many improvements to the overall sys-
tem resulted from these field tests. Evolution of the key elements of system
operation is discussed in this section,

6.2.1 GCS Initialization

Initialization of the GCS tracking antenna is required for accurate location of the
RPV and targets during flight. The UTM coordinates of the antenna must be
lmown to £10 m, and the antenna bearing must be referenced to within 11.0
mradian of grid north.

The antenna location problem was easily solved by converting the range and
bearing from the benchmark to the antenna into rectangular UTM coordinates
using the site computer. Using the theodolite and surveyors tape provided for
this purpose, accuracy of +2 m was easily achieved.

Alignment of the antenna to grid north is a more difficult problem. A prism
was mounted in a bracket on the back of the tracking antemna facing exactly 180
deg away from the azimuth of the tracking antenna beam. The prism acts as a
retro-reflector in the vertical plane and as a mirror in the horizontal plane.
To align the antenna, the radome is removed from the antenna, and the theodo-
Hte which was first initialized on the north sighting stake, is now rotated to view
the antenna. The antenna is now rotated electrically, or manually, to face the
prism toward the theodolite. Initially a xenon beacon was used to complete the
fine adjustment; however, field operation proved easier than anticipated and a
more direct method is now used. The theodolite operator moves to either stde
of the theodolite, while watching the prism, to see his reflection. Once his re-
flection is found, he "walks in" the reflection by signaling the antenna operator
to move the antenna in small increments until he can see his reflection while
standing behind the theodolite. At this time the theodolite is used to zero in the
asimuth. When the theodolite's image can be viewed in the prism by looking
through the theodolite, the system is autocollimated. The theodolite azimuth
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and elevation values are recorded and entered into the computer via the site set-
up program while the antenna is still in this position, This procedure has been
used for all antenna initializations at Fort Huachuca and has proved capable of
consistent accuracy to +1.0 mradian,

6.2.2 Waypoint Programming

Waypoint programming has not changed since its inception early in the Aquila
program. For convenience, and to provide growth capabilities, 100 waypoint
registers (00 to 99) were set aside for waypoint data storage. Each register con-
tains all of the data required to fly to that point — waypoint coordinates, altitude,
and airspeed. To allow for special waypoint modes, the registers were allocated
in the following manner:

o Register 00-49 For Waypoint Navigation

e Register 50-59 For Dead Reckoning

o Register 60-69 For Search

o Register 70-79 For Loiter

o Register 80-89 For Primary Recovery Path
o Register 90-99 For Secondary Recovery Path

Registers 50 through 79 are not used in the conventional manner, but are used
as storage for special parameters specifying the type of flight profile to be
followed. '

The waypoint system was first operated successfully at Fort Huachuoa. Since
that time, changes have been made in the guidance equations to optimize per-
formance of the RPV in following the planned ground track over a wider range of
airspeeds, and at extended distances from the ground site. These improvements
have been implemented entirvely in the software by changing gain terms, aver-
aging data, and adding an integral term to the guidance equation to “wash out"
bias errors. All waypoint modes — waypoint, dead reckoning, loiter, and
search — have been demonstrated in the field, and are now performed in &
routine manner.
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6.2.3 Prelaunch RPV Checkout

Initial prelaunch RPV checkout was conducted in the fleld by an LMSC test-
engineering team, A high number of redundant, detailed tests were performed
during the first 20 or so flights to establish a data base for tactical RPV check-
out requirements. The prelaunch checkout iz now performed semiautomatically.
Additions to the prelaunch software program of automatic computer "go/no-go"
checks, and the deletion of nonrequired checks have toth combined to ensure a
thorough RPV prelaunch checkout in a fraction of the time once used. For exam-
ple, the first test flights conducted at Fort Huachuca required prelaunch RPV
checks of 2 days duration; current Army prelaunch checks with the semiautomatic
system require 1-1/2 hours, Additionally, the computer is able to check the
yaw-roll gyro and engine response more accurately than the human operator.

6.2.4 Inflight RPV Command-Status

Inflight command-status design has not changed from the initial configuration
first tested at Crows Landing. The flight commands are sent to the RPV using
three basic data words — altitude, airspeed, and heading rate. Additional dis-
crete words are used for flight-control mode commands. Although no automatic
flight modes were verified at Crows Landing, the three basic autopilot loop com~
mands were all exercised. From the first flights at Crows Landing, RPV status
has been calculated and displayed in the ground station by the computer. Once
initial software "bugs" were eliminated, the inflight status displays have demon-
strated their usefulness for monitoring the RPV and assisting in the diagnosis of
system malfanotions. A set of inflight emergency procedures has been com-
plled for use with these displays. Recently, an inflight disgnostic panel was
mwmqm»mmmm»ummm
mnanumeym. ‘
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8.2.5 Recovery

Recovery operations have undergone the greatest change of all Aquila system
operations. Because of the limited space and time available at Crows Landing,
the testing there was conducted using temporary tricycle landing gear and no
testing of the landing system was possible. During the first flights at Fort
Huachuca, the RPVs were recovered in a horizontal net by flying a vehicle sus-
pended hook into an array of arresting lines., The RPV was flown in a direct
remote control mode, like a conventional RC model airplane during final ap-
proach. The RC pilot was positioned behind the net. Although data were ob-
tained at this time on the ability of the ground fecovery camera to locate the
RPV, nr automatic recoveries were attempted. These initial recovery attempts
also highlighted many problems {nherent in the book/__arresting-line recovery
system, forcing abandonment of that technique. Full 8 degrees of freedom non-
linear, digital computer simulations of the recovery guidance equations were
run, at this time, as well as "man-in-the~-loop" mloé computer simulations.
In a similar mamer as with the waypoint equations, gains were optimized and
an integral term was added to the heading rate guidance equation o compensate
for bias errors. The simulations demonstrated a high degree of success with
these changes. When flight operations were resumed using the new vertical
barrier net, a series of successful flights and recoveries were made using the
RC mode for recovery. These flights demonstrated the feasibility and relia-
bility of the new barrier net.

-

6.2.6 Procedures

During the total period of evolution of the system, the fimotions required for sys-
tem operation have been reviewed and changed as necessary to reflect the cur-
rent operation of the system. These functions have been compiled into a
procedural guide manual, (Referenoce 10).
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The manual covers all aspects of system operation, from site setup through
RPV recovery. Current system emergency procedures are included in an

appendix,

The manual defines operation of the system in a test configuration at Fort
Huachuca. Many similarities exist between these procedures and tactical
operating procedures; however, they must be considered as only a guide to
system operation when used in operations simulating a tactical system.
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Section VII
CONCLUSIONS

Evolution of the Aquila Remotely Piloted Vehicle System Technology Demor-~
strator Program hardware was conceived to provide the Army with representa-
tive tactical RPV field experience without the cost and time normally required
for full system development. Use and adaptation of existing, proven hardware
and the use of commercial grade components did, indeed, provide for early flight
test (11 months from program initiation). The system initially did not perform
with sufficient reliability, however, and additional development and testing was
required befove operations became routine. Based on the results of the pro-
gram and its implications relative to modern RPV systems and their develop~
ment, the conclusions are:

e Application and adaptation of existing system elements, and use of
commercial components, coupled with limited system development
produced an effective RPV system technology demonstrator for the
Army at a fraction of the cost of a full engineering system development.

® An effective tactical RPV system can be accomplished with complete
engineering development and an upgrading of component reliability to
provide the reliability and effectiveness required by the Army in the
tactical environment.
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