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EXECUTIVE SUMMARY

1.0 PURPOSE OF THE PROGRAM

The complexity of aircraft flight control systems has increased year-by-year
until present initial costs and required maintenance time are approaching
prohibitive levels. This situation is due primarily to the design philosophy
that improvements and refinements are best achieved by adding on accessories
and/or components to proven, traditional systems. Broad new approaches and
technologies involving advances in power generation, transmission, control,
and actuation will be required to alleviate complexity in future Navy air-
craft. The Advanced Flight Control Actuation System is a significant step

in this direction.

2.0 BENEFITS TO THE NAVY

The Advanced Flight Control Actuation System (AFCAS) program introduces con-
cepts for direct computer control of primary surface actuators. Computer
processed signals are applied directly to primary actuators, eliminating
traditional augmentation and secondary actuators with contaminant sensitive

approach which standardizes various elements in the assembly. This modulari-
zation provides simplicity, hardware commonality, and permits the development
of actuator classes. Combat survivability is improved through the use of
localized hydraulic power supplies.

Adoption of AFCAS concepts will permit significant gains in several areas:

+ Reduction in MMH/FH from 1.0 to 0.2
» Reduction in ground crew training

» Improved reliability and increased utilization

« Lower life cycle costs [:) [:) (:: 2

+ Improved vulnerability characteristics

o Simplified redundancy requirements _
tDk_J -u )
»

electrohydraulic servo valves. The actuator design employs a "building block"
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3.0 INVESTIGATION PROCEDURE AND RESULTS

3.1 Background Information

The AFCAS program examined the feasibility of three separate concepts:

Control-By-Wire: Computer processed signals are
applied to force motor direct-
driven flow control valves mounted
on hydraulic actuators operating
at 8000 psi (55 MPa).

Modular Actuator: Actuators are designed with common-
ality features which permit the
formation of "actuator classes" and
the fabrication of single, parallel,
or tandem actuators using modular
"building blocks".

Localized Power: Independent pump/reservoir hydraulic
power packages provide 8000 psi fluid
to actuators in specific, localized
areas in the aircraft.

The program consisted of five phases. Phase I was a feasibility study

which established that a direct-drive flow control valve, modular configured

actuator, and localized power package could be readily integrated into a ‘
computer-operated, control-by-wire system. Efforts to confirm the practi- '
cality of AFCAS concepts were begun in Phase II with the design and fabri-

cation of an engineering model control-by-wire, modular hydraulic servo

actuator, Phase III involved conducting laboratory performance tests on

the actuator. Major achievements accomplished in Phase III were:

+ Successful operation of a direct electrical control muscle
actuator for primary flight control surfaces.

+ Use of building-block elements to assemble dual tandem, dual
parallel, and single actuator configurations.

¢ Successful operation of a control-by-wire hydraulic actuator
utilizing 8000 psi (55 MPa) operating pressure,

« Successful performance of a laboratory-type electronic drive
unit which provided high immunity to circuitry failures.




An 8000 psi control-by-wire modular rudder actuator was designed and fabri-
cated in Phase IV, The actuator was built for flight testing on a T-2C twin
engine turbojet trainer. Phase V, reported herein, demonstrated the feasi-
bility of AFCAS concepts by flight testing.

3.2 Flight Verification of AFCAS
3.2.1 Test Installation - The directional control system in a T-2C airplane

was changed to a full-powered control-by-wire test installation containing:

¢ Hydraulic rudder actuator
¢ Electronic drive unit
+ Localized hydraulic power unit

+ Force transducer

The existing hydraulic system was altered to operate at two pressure levels:
3000 psi (21 MPa) and 8000 psi (55 MPa). Engine driven pumps powered the

3000 psi system in the usual manner. A localized motor/pump unit was added

to power the rudder actuator. The modified system functioned like the original
T-2C directional system except the rudder was hydraulically powered instead of
manually operated.

The T-2C cable system between the rudder pedals and rudder was changed to in-
corporate the control-by-wire test installation. The rudder pedal cables were
attached to a sector which operated a force transducer. Force on the pedals
was converted to a proportional electric voltage from the tramsducer. This
command signal was conditioned by an electronic drive unit which powered a
torque motor on the rudder actuator. The torque motor in turn operated a
single stage flow control valve on the actuator.

3.2.2 Preflight Tests - A laboratory setup integrating components to be
installed on the T-2C was assembled and performance tested. Six 1-1/2 hour
simulated flights were conducted on the laboratory setup to verify reliability.
Following system installation on the aircraft, hangar tests were conducted
using comprehensive checkout procedures. A ground demonstration test was con-
ducted on the T-2C to simulate a one hour flight from take-off to landing, and
provide a means to final check system operation and instrumentation.
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3.2.3 Flight Tests - The primary objective was to verify the feasibility
of AFCAS concepts by flight testing a control-by-wire, direct drive actuation
system powered by a localized motor/pump unit, The flight plan was designed
to determine directional control characteristics at several altitudes up to
30,000 feet (9.1 km) and various speeds up to 340 knots (174 m/s). The first
two flights were dedicated to confirming satisfactory operation. Subsequent
flights were scheduled to evaluate system performance while accumulating 10
flight hours. Two pilots participated in the program.

Both test pilots stated that performance of the AFCAS installation was com-
pletely satisfactory. Comments made by the pilots concerning their flights
weres

« The AFCAS installation worked exactly as designed

* No malfunctions occurred

+ System pressure was steady

o Hydraulic fluid temperatures were normal

+ Directional control response was judged to be superior
to the production T-2C

« Pilot adaptation to "force control" of the rudder was

quickly and easily acquired. Reaction of the aircraft
provided the clues to close the loop.

4,0 DIGITAL CONTROL OF AFCAS

The AFCAS concept is intended for application to automatic, computer operated
flight control systems. The AFCAS flights did not demonstrate the full per-
formance capabilities of the test hardware since the T-2C did not have computer
operated controls, Company funded investigations at the Columbus Aircraft
Division have verified the feasibility of controlling AFCAS actuators directly
by a digital computer.

A laboratory setup was assembled which interfaced AFCAS direct-drive actuation
circuits with a programmable digital processor. The processor was used for
closed loop control of a direct-drive dual tandem actuator built early in the
AFCAS program. The computer was programmed to generate the error signal in
four formats: (1) dc analog, (2) pulse-width modulation, (3) bang-bang, and
(4) time dwell modulation. Frequency response was determined for all four
modes. Simulated failure tests confirmed that digital control signals are
compatible with the automatic failure-compensation features inherent in the
AFCAS electronic drive unit.




5.0 CONCLUSIONS

The feasibility of the AFCAS concept was demonstrated in a T-2C aircraft.

The AFCAS installation functioned exceptionally well. Successful comple-

tion of this program confirmed the results of prior analyses and laboratory
investigations. The ease with which flight testing was accomplished verified
that direct-drive, control-by-wire 8000 psi actuation systems can be designed,
fabricated, and maintained without special techniques or state-of-the-art
advances.

6.0 RECOMMENDAT IONS

The test installation was an analog control-by-wire system; the AFCAS concept
is intended for application to digital control-by-wire systems. The Columbus
Aircraft Division has confirmed by laboratory testing that AFCAS components
are compatible with digital control-by-wire components. Therefore, it is
recommended that the AFCAS test system currently installed on the T-2C be
modified by the addition of a micro-processor and that additional flight
testing be conducted. This will provide the Navy with an economical approach
to demonstrate, in flight, advantages of the direct-drive features of AFCAS
with computer control.

A second recommendation is concerned with the direct-drive control module
(force motor and spool/sleeve valve). The motors and valves procured for
AFCAS projects were designed for concept verification only, and were not
intended to be production configurations. LHS and AFCAS technology have
progressed sufficiently that effort should now be directed toward optimized
designs which can be integrated into future production applicationms.
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1.0 INTRODUCTION

1.1 BACKGROUND INFORMATION

The development of Advanced Flight Control Actuation Systems (AFCAS)
for next generation aircraft has been a joint undertaking by the Navy
and Rockwell International Corporation since 1972. This report pre-
sents the results of flight testing a subsystem to verify concepts,
laboratory evaluations, and component designs developed in prior
phases of the AFCAS program.

The complexity of flight control systems has increased year-by-year until
present initial costs and required maintenance time are approaching pro-
hibitive levels. This situation is due primarily to the design philosophy
that improvements and refinements are best achieved by adding on acces-
sories and/or components to proven, traditional systems. Broad new ap-
proaches and technologies involving advances in power generation, trans-
mission, control, and actuation will be required to alleviate complexity
in future Navy aircraft. The Advanced Flight Control Actuation System is
a significant step in this direction.

Phase I of the AFCAS program was a study which examined the feasibility
of three separate concepts:

Control-By-Wire: Computer processed signals are
applied to force motor direct-
driven flow control valves mounted
on hydraulic actuators operating
at 8000 psi (55 MPa).*

Building-Block Actuators are designed with common-
Actuator: ality features which permit the

] formation of "actuator classes" and
the fabrication of single, parallel,
or tandem actuators using modular |
"building blocks".

3

Localized Power: Independent pump/reservoir hydraulic :
power packages provide 8000 psi (55 MPa)
fluid to actuators in specific, localized
areas on the aircraft.

*The metric equivalent of 8000 psi is 55,158,000 pascals or 55
megapascals (55 MPa). This newly adopted method of defining
pressure is based on the International System of Units (SI) and
has been approved by DOD, reference ASTM E 380-76, Standard for
Metric Practice, dated 19 January 1976. All dimensions in this
report have metric equivalents given in parentheses except where

- unnecessary repetition would occur or when a general note is used
on illustrations. A summary of metric conversions is given on
page 106,
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Phase I established that a direct-drive flow control valve, modular
configured actuator, and localized power package could be readily
integrated into a computer-operated, control-by-wire system. Adoption
of AFCAS concepts should enhance flight control system maintainability,
reliability, combat survivability, and lower initial costs, Reference 1.

Efforts to confirm the practicality of Phase 1 concepts were begun in
Phase II with the design and fabrication of an engineering model, 8000
psi (55 MPa), control-by-wire, modular configured aircraft type hydrau-
lic servo actuator, Reference 2. Electrical inputs were applied to
force (torque) motors employing cobalt samarium permanent magnets.
Motor output was connected directly to single stage spool/sleeve type
flow control valves. The force motors and flow control valves could

be integrated into dual tandem, dual parallel, or single actuator con-
figurations.

Phase III involved conducting laboratory performance tests on the engi-
neering model actuator(s) built in Phase II, Reference 3. Static and
dynamic tests were conducted on the force motors, motor/valve subassem-
blies, electronic drive unit, and actuator assemblies including dual
system tandem, dual system parallel, and single system configurations,
The dual tandem actuator was tested under load. Major achievements
accomplished in Phase III were:

® Successful operation of a direct electrical control "muscle"
actuator for primary flight control surfaces.

® Use of building-block elements to assemble dual tandem, dual
parallel, and single actuator configurations.

® Successful operation of a control-by-wire hydraulic actuator
utilizing 8000 psi operating pressure.

® Successful performance of a laboratory type electronic drive
unit which provided high immunity to circuitry failures.

In Phase IV, an 8000 psi (55 MPa) control-by-wire, modular rudder actu-
ator was designed and fabricated for future flight testing on a T-2C
airplane, Reference 4. Actuator design criteria were based on T-2C
aerodynamic considerations,envelope constraints, and single system
hydraulics. Actuator output was commanded by a single stage spool/
sleeve valve driven directly by a permanent magnet force motor. The
force motor was to be powered by an electronic drive unit which re-
ceived inputs from a force transducer in the rudder system and position
transducers on the actuator. A localized hydraulic power unit was
planned to supply 8000 psi (55 MPa) pressure for the rudder actuator.

13




1.2 OBJECTIVE

The objective of Phase V was to design, fabricate, and test a subsystem
to verify the feasibility of the Advanced Flight Control Actuation
System - Building Block concept. The test system was to be installed
in a T-2C twin engine turbojet trainer.

1.3 TECHNICAL APPROACH

The directional control system in a T-2C airplane was changed to a
full-powered control-by-wire test installation containing:

® Hydraulic rudder actuator

® Electronic drive unit

® Localized hydraulic power unit
® Force transducer

The existing hydraulic system was altered to operate at two pressure
levels: 3000 psi (21 MPa) and 8000 psi (55 MPa). Engine driven pumps
powered the 3000 psi system in the usual manner. A localized motor/
pump unit was added to power the rudder system which was formerly
operated manually by the pilot. The original 3000 psi and newly added
8000 psi systems shared the existing reservoir and return lines. The
T-2C electrical system was altered to power the localized motor/pump
unit and electronic drive unit. The modified system functioned the same
as the basic T-2C system except the rudder was hydraulically powered
instead of manually operated.

The original cable system between the rudder pedals and rudder was
changed to incorporate the control-by-wire test installation. The

rudder pedal cables were attached to a sector which was prevented from
rotating by a force transducer. Force on the pedals was converted to a
proportional electric voltage from the transducer. This command signal
was conditioned by an electronic drive unit which powered a torque motor
on the rudder actuator. The torque motor in turn operated a single stage
flow control valve on the actuator.

The direct-drive, 8000 psi rudder actuator designed and fabricated in
Phase IV was modified to incorporate a bypass valve. This device allowed
the rudder to seek the trail position if system pressure were lost. In
the event of a "hard-over" type electronic failure, the pilot could per-
mit the rudder to trail by turning the 8000 psi motor/pump unit "off".




The electronic drive unit was designed, fabricated, and packaged to be a
flightworthy assembly. The unit had dual channels with sub-circuits
which were dualized. The circuitry was designed with redundancy features
which provided high immunity to component failures.

Requirements were established for an 8000 psi localized hydraulic power
supply. The pump used was the same unit employed for flight testing in
the Lightweight Hydraulic System (LHS) development program, References 5
through 13, except delivery was reduced to match rudder actuator flow
rates and to lower input power requirements. The pump was mated to an
of f-the-shelf, aircraft type 28 volt DC motor.

The force transducer incorporated in the test system was designed specif-
ically for this application. The transducer utilized two linear variable
differential transformers mounted in series.

All major components in the test installation were assembled in the
laboratory for integration testing. Investigations were made to deter-
mine if detrimental pressure oscillations or surges were present., Motor
current and system heat rejection were measured. Frequency response
tests were conducted on the actuator/system. Nine hours of simulated
flight testing were performed to evaluate the endurance capability of
system components.

The test system was installed in a bailed T-2C with instrumentation for
monitoring pressures, flows, temperatures, etc. Standard parameters
such as air speed, altitude, engine RPM, etc., were also instrumented.
Flight data were collected by photorecorder and telemetry systems.

Procedures were established for system checkout, ground demonstration,

and flight testing. Approximately ten hours of flight time were logged
on the test system at various altitudes and airspeeds. Pilot observa-

tions and instrumentation data were used as a basis for evaluating the

AFCAS installation.
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2.0 T-2C AIRPLANE

2.1 GENERAL DESCRIPTION

2w

The T-2C "Buckeye" is built by the Columbus Aircraft Division of
Rockwell International Corporation. The Buckeye is a two-place, sub-
sonic trainer powered by twin turbojet engines. The aircraft is
designed for both land and carrier based operations. Distinguishing
features include wide-track tricycle landing gear, straight tapered
wings, and low slung intake ducts, Figure 1.

The T-2C is used as a basic trainer for military pilots, and is equipped
for cross-country flight, night flying, and low altitude, high speed
navigation exercises. Maximum level flight speed of the Buckeye is 465
knots (239 m/s) at 15,000 feet (4.6 km); the service ceiling is 45,000
feet (13.7 km). Take-off and landing speeds are in the range of 95 to
110 knots (49 to 57 m/s). A typical take-off gross weight is 13,000
pounds (5500 kg).

Dual power sources are provided for the electrical, hydraulic, and air
conditioning systems. The flight control system includes hydraulic
full-powered ailerons, a boosted elevator, and an electric trim system;
rudder operation is manual. The aileron and elevator actuators are part
of mechanical linkage connecting the pilot's stick to the control sur-
faces. Thus, in the event of a hydraulic system malfunction, control

of the aircraft can be accomplished manually.

2.2 HYDRAULIC SYSTEM

The T-2C has a 3000 psi (21 MPa), Type II (-65 to +275°F) (=54 to +135°C)
single hydraulic system. Two pumps, one on each engine, provide power

to operate the landing gear, speed brakes, arresting hook, aileron actu-
ator, and elevator boost package. The pumps are constant pressure,
variable delivery, axial piston designs. Each pump is capable of de-
livering 4.9 gpm (18.5 L/m) at 7800 rpm. Hydraulic fluid (MIL-H-5606)

is supplied to the pumps by an air/oil type reservoir pressurized by
engine bleed air. Fluid cleanliness is maintained by 5 micron absolute
filters,

One pump can adequately handle all flow demands. However, if supply
pressure should drop below 1800 psi (12 MPa), a priority valve is used

to insure operation of the aileron and elevator actuators. A cockpit
controlled shutoff valve is installed in the aileron/elevator subsystem
to permit simulating loss of power for training purposes. The landing
gear and arresting hook can be lowered and locked by gravity, if desired.
The wheel brakes have an independent hydraulic system.
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2.3 ELECTRICAL SYSTEM

Electrical power is supplied by two 28 volt DC 300 ampere starter-
generators, one mounted on each engine. The generators are connected
for parallel operation and power the primary bus. Output voltages
are regulated for varying loads and engine speeds.

Two nickel-cadmium 24 volt re-chargeable batteries are used for engine
starting and emergency DC power. The batteries are normally connected
in parallel, but are used in series for engine starting.

A portion of the 28 volt DC power is converted to 115 volt 400 Hz AC
power by two rotary inverters. Inverter No. 1 produces 500 volt-amperes
for instruments; inverter No. 2 generates 1500 volt-amperes for avionics
and serves as a backup source for instrument power.

18




3000 PSI PUMP ___ ,4 /

5 & |
l' o ‘\\_C\rL FT.‘]IX i——-—‘\‘

T
&

PUMP(S) SUCTION LINE ____

— Al ___——-—"—‘ e
~ -
|
|
|
| METRIC CONVERSIONS /
i 3000 PSI PUMP --
3000 psi = 21 MPa
8000 PSI MOTOR/PUMP UNIT
800C psi = 55 MPa /e

NEW _COCKPIT IN

—

® HYDRAULIC PRESSURE INDICATOR (8000 PSI)

® "OIL HOT" WARNING LIGHT

o

8000 PSI MOTOR/PUMP UNIT
©® HYDRAULIC POWER "ON-OFF" SWITCH (8000 PSI)

ELECTRONIC DRIVE UNIT

I'— Coe

—— FUEL -
/// CELL

/ R
400 ~
INVERTER '

_/ P o
RESERVOIR & s
LINE

FUS.STA. FUS.STA. FUS.STA.
183.8 219.56 270.0




NEW RUDDER ACTUATOR

EXISTING ELEVATOR
ACTUATOR RETURN LINE

iy —

NEW 8000 PSI LINE
TO RUDDER ACTUATOR

g /

e HEAT EXCHANGER v y E

ELEVATOR ACTUATOR

EXISTING ELEVATOR

e 4 e ELECTRICAL CONNECTIONS
" 3% 2 e

NEW 8000 PSI LINE

TO RUDDER ACTUATOR \

FOOT PBDAL CABLES

NEW MOUNTING BRACKET
/ (Force Transducer)

NEW FORCE TRANSDUCER
/ (attached to sector)

/ PUSH ROD (P/N 249-52403 © _,)

(attached to bellcrank)

R B + Wal. +27.0

NEW SECTOR SUPPORT

NEW SECT
NEW RUDDER ACTUATOR o

NEW BELLCRANK

FIGIRE 2 AFCAS TEST INSTALLATION

21/22




3.0 AFCAS TEST INSTALLATION

3.1 GENERAL DESCRIPTION

The directional (rudder) system in a bailed T-2C (BuNo. 152382) was
changed from a manual to a full-powered control-by-wire system for
the AFCAS program. Principal components in the test installation were:
® Hydraulic rudder actuator
® Electronic drive unit
® Localized hydraulic power unit
® Force transducer
Modifications required in the T-2C to accommodate the new installation
are shown on Figure 2. Details of the modifications are discussed in

the following sections under four general headings: mechanical system,
hydraulic system, electrical system, and instrumentation.

3.2 MECHANICAL SYSTEM

Elements of the mechanical system are listed below and depicted sche-
matically on Figure 3. The installation is shown pictorially on Figure 4;
details are given on Figure 5.

Part No. Description

8691-524001-011 Sector assembly

8691-524001-013 Sector support

8691-~524001-021 Bellcrank assembly
8691-524001-041 Rudder actuator mounting bracket
8691-524001-053 Force transducer mounting bracket

The T-2C rudder has a travel of +25°. For safety reasomns, rudder travel
was reduced to +12° in the test installation by limiting actuator stroke.
This permits the pilot to land safely with a "hard-over" rudder, opposite
engine out, and three knot cross-wind.
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The relationship between pedal force and rudder travel is approximately
7.5 1b/deg (33.3 N/deg) of rudder movement or 90 1lb (.4 kN) for full
travel (12°). Pedal displacement was small, approximately .50 in.
(13mm), since the force transducer length changed only 0.025 in. (0.63mm)
for full rudder travel (pedal displacement was due primarily to cable
stretch), In the original manual control system, pedal displacement

was approximately 4 in, (10.2 cm) for full rudder travel (25°).

The maximum hinge moment normally applied to the T-2C rudder is based
on pilot strength and is 2200 1lb-in (249 N-m). Maximum rudder deflec-
tion a pilot can achieve thus depends on air loads present. The AFCAS
rudder actuator can develop 13,000 1b-in (1470 N-m)., Because of the
limited rudder deflection (12° max.) the high moment capability of the
rudder actuator required only minor adjustment in the T-2C flight en-
velope to assure safety.

3.3 HYDRAULIC SYSTEM

3.3.1 System Description

The original and modified hydraulic systems are compared schematically
on Figure 6. Major changes required in the T-2C hydraulic system to
accommodate the test installation were:

® Addition of an electric motor driven 8000 psi
(55 MPa) variable delivery pump

® Addition of an 8000 psi control=by-wire
rudder actuator and bypass valve

® Addition of a suction line from the reservoir to the
8000 psi pump, pressure line from the pump to the
rudder actuator, and actuator return line

® Addition of pump case drain return and shaft seal
overboard lines

® Relief valve installed in the 8000 psi system

® Heat exchanger installed in the 8000 psi pump case
drain line

The modified system is shown schematically on Figure 7; 8000 psi compo-
nents are listed on Table I. The 3000 psi (21 MPa) and 8000 psi (55 MPa)
systems shared a common reservoir and common return lines. All major
components, except for the rudder actuator, were located in the fuselage
compartment above the engines. Plumbing details are given on Figure 8.
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FIGURE 7 SCHEMATIC DIAGRAM OF MODIFIED HYDRAULIC SY<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>