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- EXE CUTIVE 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 (AF CAS) 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
electrohydraulic servo valves. The actuator design employs a “building block”
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 froTn 1.0 to 0.2

• Reduction in ground crew training

• Improved reliability and increased utilization

• Lower life cycle costs ED ED C
~~~~~I?i1~• Improved vulnerability character istics I -

~ OCT 23 1978 H
• Simplified redundancy requirements
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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 wh ich 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 conf igured
actuator, and localized power package could b~ 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 op~:ration 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.

2
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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 transducer. This
coninand 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.

~~~~~~~~~~~~~~~~~~~~~ .:.::ii: ~~~~~
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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 (1.74 m/s). The first
two flights were dedicated to confirming satisfactory operation. Subsequent
f lights 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 corn-
pletely satisfactory. Comments made by the pilots concerning their flights
were:

The AFCAS installation worked exactly as designed

No malfunctions occurred

System pressure was steady

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 prograrrinable 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 programed 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.

4
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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 verif ied
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 RECOMMENDATION S

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 applications.
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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 comp lexity 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 philosop hy
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 Actua tors are designed with common-
Actuator: ality features which permi t the

formation of “ac tua tor c lasses” and
the fabrication of single , parallel ,
or tandem actuators using modular
“building blocks”.

Localized Power: Independen t pump/reservoir hydraul ic
power packages provide 8000 psi (55 MPa)
flu id to actuators in specific , loca l ized
areas on the aircraft.

*The me tric equivalent of 8000 psi is 55,158,000 pasca].s 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.

12 



Phase I e s t a b l i s h e d  t h a t  a d i r e c t - d r i v e  f low con t ro l  valve , modular
configured actuator , and localized power package could be readil y
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 I 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 app lied to
force (torque) motors emp loying 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 eng~-
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 cemmanded by a single stage spool/
sleeve valve driven directl y 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 supp ly 8000 psi (55 MPa) pressure for the rudder actuator.

13
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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 signa l
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” .

14
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The electronic drive unit was designed , fabricated , and packaged to be a
flightworth y assembly. The unit had dual channels with sub-circuits
which were dualized. The circuitry was designed with redundancy features
which provided high itmnunity 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 (LIIS ) 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
off-the-shelf , aircraft type 28 volt DC motor.

The force transducer incorporated in the test system was designed specif-
ically for this app lication. 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.
Fli ght 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-
tioris and instrumentation data were used as a basis for evaluating the
AFCAS Installation.

15
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2.0 T-ZC AIRPLANE

2.1 GENERAL DESCRIPTION

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 fli ght speed of the Buckeye is 465
knots (239 m/s) at 15,000 feet (4.6 kin); the service ceiling is 45,000
feet (13.7 kin). Take-off and landing speeds are in the range of 95 to
110 knots (49 to 57 mIs). A typical take-off gross weight is 13,000
pounds (5900 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

1i~e T-2C has a 3000 psi (21 MPa), Type II (-65 to +275°F) (-54 to +135°C)
sing le 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 7iston 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 supp ly
pressure should drop below 1800 psi (12 MPa), a pr ior i ty  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

E l e c t r i c a l  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; iriverter No. 2 generates 1500 volt-amperes for avionics
and serves as a backup source for instrument power.

18
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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 instal la t ion
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 Sec tor assemb ly

8691-524001-013 Sector support

8691-524001-021 Belicrank 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 safe ty  reasons , 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 relat ionship between pedal force and rudder t ravel  is approximately
7.5 ib/deg (33.3 N/deg)  of rudder movement or 90 lb (.4 kN)  for f u ll
travel ( 1 20 ) .  Pedal disp lacemen t was small , approximately  .50 in.
(13m),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 disp lacement
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 lb-in (249 N-rn). Maximum rudder deflec-
tion a pilot can achieve thus depends on air loads present. The AFCAS
rudder actuator can develop 13,000 lb-in (1470 N-rn). 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 orig inal and modif ied hydraulic systems are compared schematically
on Figure 6. Major changes required in the T-2C hydraulic system to - Si
accommodate the test installation were:

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

• Addit ion 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

• R e l i e f  valve installed in the 8000 psi system

• Heat exchanger installed in the 8000 psi pump case
drain l ine

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 coninon reservoir and common return lines. All major
components, except for the rudder actuator , were located in the fuselage 0

compartment above the engines. Plumbing details are given on Figure 8.
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TABLE I

LIST OF 8000 PSI (55 MPa) COMPONENTS

PART NO. DESCRIPT ION MANUFACTURER

66059 Motor/Pump Unit Aerospace Division
of Abex Corporation

Aerospace Electrical
Division of Westinghouse
Electric Corporation

8691-524001-101 Rudder Actuator Columbus Aircraft
Assembly Division of

Rockwell International

8691-524001-051 Bypass Valve Columbus Aircraft
Division of
Rockwell International

1180A Hydraulic Relief PneuDraulics, Inc.
Valve

R44598-6-0310 Hose Resistofl.ex Corporation

21-6-9 Tubing Trent Tube Division
of Colt Industries

Dynatube Series Fittings Resistoflex Corporation

MIL-H-83282 Fluid Royal Lubricants Co.

NOTE: 8000 psi instrumentation is not included in this listing, see
Section 3.5.

® Dynatube , a Resistoflex development , is patented
in the United States and foreign countries
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A thermal analysis performed i-n Reference 4 indicated a heat exchanger
would be required because of (1) the small surface area and volume of
the 8000 psi system, and (2) the oversize 8000 psi pump. The 8000 psi
pump had the potential for delivering 18.7 hp (13.9 kW). The output
was reduced to 2.6 hp (1.9 kw) to match rudder actuator flow rates and
T-2C electrical power generation capabilities.

Hydraulic fluid in the T-2C was changed from MIL-H-5606 to MIL-H-83282
for the LHS f l ight tes t program, Reference 13. This fluid was retained
for the AFCAS program.

3.3.2 Motor/Pump Unit

- The pump was designed and fabricated by the Aerospace Division of
Abex Corporation in Oxnard, California, and was identified as M/N AP1V-
106, P/N 63077. Design details are given in Reference 12. The pump is
a constant pressure , variable displacement , axial piston unit, Figure 9.
Rated delivery is 3.2 gpm(12.l L/m) at 7330 rpm and 7850 ps i (54 MPa)
with a +180°F (82°C) inlet fluid temperature. Delivery was reduced for
the AFCAS program to 0.54 gpm (2.04 L/m) at 8100 rpm and 7850 psi with
a +180°F inlet fluid temperature.

Motor - The motor was designed and fabricated by the Aerospace Electrical
Division of Westinghouse Electric Corporation, in Lima, Ohio. The unit
was originally built to drive a New York Air Brake pump in a comm ercial
airliner--the Lockheed “Jet Star”. The motor has a radio noise filter,
thermal protector , shock mounts, and is explosion-proof, Figure 9. The
unit is rated for 8 hours continuous duty at 35,000 ft. (11 km); motor
brushes have a design life of 500 hours. Rated output is 4.75 hp.

The motor, identified as P/N 914F591-2, had the following operating
characteristics when coupled to Abex pump M/N AP1V-106:

Input voltage: 28 volts DC (nominal)

Running current:  140 amperes (after warm-up)

Starting current: 1000+ amperes for 0.035 sec.
(1200 amperes peak)

Speed: 8100 rpm

Pump discharge pressure: 8000 psi (55 MPa)

Pump discharge flow: 250 cc/mm

A view of the motor/pump installation is presented as Figure 10.
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3.3.3 Rudder Actuator

The control-by-wire rudder actuator was designed by the Columbus Air-
craft Division of Rockwell International under Contract N62269-75-C-0311,
Reference 4. The assembly is an engineering model and should not be
considered a final design. MIL-C-5503 requirements were followed except
as modified for 8000 psi (55 MPa) operating pressure and utilization of
some modularization techniques to achieve commonality. The actuator is
shown on Figure 11. Design constants are listed below; design details
are discussed in Reference 4.

Operating pressure 8000 psi (55 MPa)
Piston r troke (total) 3.5 in. (8.9 cm)
Cylinder bore 0.926 in. (2.3 cm)
Rod diameter 0.748 in. (1.9 cm~
Piston effective area 0.234 in2 (1.5 cm’)
Force output (max.) 1870 lb (8.3 kN)
Piston velocity (max. ) .5.5 in/sec (14 cm/s)
Actuator length (extended) 18.375 in. (46.7 cm)

Actuator piston position and rate are commanded by a spool/sleeve type
flow control valve. The valve spool is driven directly by a lever
attached to the armature of a permanent magnet force (torque) motor
niounted on the valve housing. The motor has four independent coils for
redundancy. Actuator piston position feedback is provided by two DC-
operated LVDT transducers, one mounted on each side of the unit. A by-
pass valve was added to automatically interconnect the two cylinder
chambers in the event hydraulic power were lost. Manufacturers of major
components in the actuator were:

Part No. Description Manufacturer

8691-524001-101 Rudder Actuator Columbus Aircraft Division
Assembly of Rockwell International

8691-524001-051 Bypass Valve Columbus Aircraft Division
of Rockwell International

SO 4262-03-21 Control Valve Ronson Hydraulic Units
Corporat ion
Charlotte, North Carolina

99-D0234 Force Motor Servotronics, Inc.
(M/N 21-6-200) Buffalo , New York

2000 HCD Position Schaevitz Engineering
Transducer Camden, New Jersey

The rudder actuator installation is shown on Figure 12.
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3.4 ELECTRICAL SYSTEM

3.4.1 Electronic Drive Unit (EDU)

The electronic drive unit, P/N 8691-546604, was designed and fabricated b y
the Columbus Aircraft Division of Rockwell International Corporation . Circuit
concepts employed in the unit were developed under company funded IR&D projects.
Innovative app lication of redundancy and feedback techniques permit EDU o p e r a t i o n
to be maintained with multiple component failures. Although the assemb l y was de-
signed and fabricated to be suitable for flight , the EDU was nevertheles, an ex-
perimental model. The assembly contained discrete components , test point s, and
external adjustments to facilitate data acquisition. This resulted in a much
larger package than would be needed for a production unit. A production design
EDU would have approximately 57, of the volume of the AFCAS unit.

The EDU was powered by 115 volt 400 ~‘.‘AC and basically had two channels with
dual sub-circuits (4 channels total). Bias pots were provided to adjust the
input, feedback, and balance of each channel. Two power supp lies provided ±15
VDC for  the signal amp l i f i e r s  and system transducers.  Al l  c i r cu i t ry  was con-
tained on two identical printed circuit boards, Figure 15.

3.4.2 Force Transducer

The force transducer housing assembly, P/N 8691-524001-61, was designed and
fabricated by CAD, Figure 14. The housing contains two DC-operated LVDT force
transducers, P/N FTD-lT-500, built by Schaevitz Engineering in Camden, New
Jersey. The units have a maximum capacity of 500 lb (2.2 kN), a spring rate
of approximately 8000 lb/in (1.40 MN/m), and an output of 0.01 v/lb (.002 v/N)
in tension or compression.

3.4.3 AFCAS C i rcu i t ry

A s impl i f i ed  block diagram of all  elements in the system is shown on F igure  16.
Pilot inputs are transmitted through the rudder pedals via cables, pulleys , and
belicranks to the force transducer located inside the vertical stabilizer.
Gearing mul t i plies p i lo t  e f f o r t  by 2.28. Transducer output is the command
signal (e j )  to the EDt!. Amp l i f i e r s  in the EDt! process ei- wi th  a feedback signal
(efb) and power the force motor coils which drive the spool X1 in the control
valve . The valve ports 8000 psi hydraulic fluid to the rudder actuator in re-
sponse to Xj.. Actuator piston travel is sensed by position transducers having
an output- of 5 v/in; this is the feedback signal (efb). Actuator piston travel
(±1.75 in. max.) is converted through a bellcrank and push rod to angular travel
of the rudder (±12° max.).
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A simplified diagram of electrical components in the test installation is pre-
sented on Figure 17. System redundancy is illustrated on Figure 18. The system
concept developed under CAD IRAD studies is flexible in that various levels of
redundancy could be emp loyed (as required) for other app lications. AFCAS re-
dundancy features include:

Dual force (input) transducers

Dual position (feedback) transducers

Dual power supplies

Quad electronics

Feedback fault correction

A schematic diagram of EDU electronics is presented on Figure 20. The
diagram also shows test points and adjustment features added for the AFCAS
program. Each of the four power amplifiers employs current feedback with
a highly reliable darlington power transistor configuration and independent
power supplies. The circuitry is designed so that in the event an output
stage fails “hard-over”, voltage app lied to a motor coil will not exceed
its rated value. This limiting feature permits a subunit failure to be
compensated or nullified by another subunit. Closed loop tests reported in
Reference 3 verified that operation of the redundant subunits provided high
imunity to component failures.

A math model of the idealized system is presented on Figure 19. The trans-
fer functions are for “small signal” inputs and do not reflect fluid flow
saturation limitations or motor current limitations imposed by coil inductance.
System spring-mass effects (actuator loaded) were not included . Optimum loop
gain was 90; this provided a theoretical band width of 14.3 Hz and a damping
ratio of 0.7.

Performance characteristics of the test installation were higher than could
be utilized in the T-2C rudder system. To assure satisfactory operation ,
AFCAS dyn amics were matched with T-2C directional system dynamics. This was
accomp lished by lowering loop gain to 20 and adding hig h f requency r o l l- o f f
filtering to reduce the possibility of system noise.

3.4.4 AFCAS Installation

The wiring diagram detailing AFCAS interconnecting cables and terminals is
presented as Figure 21. Standard p lugs and shielded wiring were used through-
out the system. AC and DC power control relays , circuit breakers, and cockpit
wiring are detailed on Figure 22. The electronic drive uni t was installed on
the forward bulkhead of the T-2C fuselage compartment, Figure 23.
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3.5 INSTRUMENTATION

The T-2C was equipped with several flight data acquisition systems. Two U
were used in the AFCAS program: (1) an 18 channel telemetry system, and
(2) a 21 hole photo recorder system. The telemetry oscillator package
was located in the aft cockpit seat area; the photo recorder was Installed
inside the nose, Figure 24.

Telemetry data were recorded at the CAD Telemetry and Data Processing
Center where a UHF receiving/tracking system provided real-time data
acquisition and direct read-out on strip charts, Figure 25. Audio
coninunication with the pilot was available for convenience and safety
mont tor ing.

Pilot instrumentation controls were located above the cockpit instrument
panel , Figure 26, and on the control stick. Data in the two recording
systems were related by means of correlator numbers printed on the photo
recorder film, and correlator blips on the TM strip chart. A correlator
counter could be read by the pilot for reference purposes.

New equipment installed to permit the pilot to monitor and control the
AFCAS system were:

• An indicator was provided for direct readout of
the motor/pump d ischarge pressure

• A switch was provided to turn the motor/pump unit
“on” and “off”

• An “oil hot” light was set to illuminate when
hydraulic fluid in the motor/pump suction line
exceeded approximately +200°F (93°C)

Flight data parameters instrumented in the T-2C for the AFCAS program
are listed on Table II. Operating range, accuracies, and response capa-
bilities are also listed.
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TABLE II LIST OF INSTRUMENTATION

READOIIT
I/WV. ACCURM~Y 8V’I~Ot0SF

PHGSO I~~t*Lt)RE SYST EM -

— I. Ti.. N/A

2. Air speed to  ~oo it. U

(2~ to 260 mIs)

3. Altitude 0 to 50,000 ft.
(15.2 too)

4. RPM , I/A Engines 0 to 8,000 R F14

5. Fuel Counters 0 N/A
I/I

6. Correlation and N/A
Pilot Marker

APCAS Pa ram eter s

7. Plow , P53.09 Case 0 to 1.0 GPM ±~ 
2 Hi

Drain Un. (0 to 3.78 14.)

8. Plow , Poaiy Suc tion 0 to 1.0 CP14 +21. 2 Hi
Une (0 to 3.18 LI.)

9. ?.~~ , EDU Housing -50 to +350 F ~n 2 Hz
(—46 to +177 C)

10. Te~~~, Fuselage -SO to +350 F +fl 2 Hi
Co.psrt..nt Air (-46 to +117’C)

11. Temp , Piaop Suction -50 to +350’? ±37. 2 Hi
Ftutd (-46 to +1~7 C )

12. ?.ep, Punp Ci.. -50 to ~3S0 1 - ~~ 
2 Hi

Drain Fluid (-46 to +177 C)

13. Temp . Hea t Exchanger -50 to +350 F ±37. 2 Ho
Inlet Fluid (-46 to +177°C)

14. T~~~, Hea t Exchanger -50 to +350 F ±~t 2 Hr
Outl.t Fluid (—46 to +177 C)

TELE0~ ’IRY SYSTEM

1-. Correlation and N/S.
Pilot Marker

2. Tamp, Ou tside Air -76 to +140 F (+60 c)

3. Accelera tion , -5 to +lOg
Norma l (Ver t ical )

AFCAS Para ,,,e ters

4. Press . Pump 0 to 30 psia 
~~ 

100 Hi
Suction Line (0 to .3 NP.) - -

5. Press , Pump 0 to 10,000 p u g  +3% 100 H.
Discharge Un. (0 to ~~ HP.)

6. Pr ess, Pump 0 to 100 psi. ~ 37. 100 H. U -

Ca.. Drain Line (0 to .6 NP.)

1, Position , Rudder ±12 ±27. 100 Hi

8, Position , APCAS ±10 volt, DC t~ 
100 4*

Transducer #l~

9. POsition , A?CAS +10 vol ts DC ±27. 100 H.
Transducer #2

10. Force. APCAS +2.3 vol t, DC +27. 100 Hi
Transducer #1 —

11. Force , A FCAS ±2.3 volt. DC 
~
fl 100 Hi

Transducer #2

12. Curr en t , AICAS ±1.0 volts DC ±n 100 H.
Motor Coil #1

13. Cu rrent , AFCAS ± 1.0 volt s DC ±21. 100 Hi
Motor Coi l #2

*4. Current , A?CAI ~~l.0 vo lts DC ±27. 100 N,
Motor Co I l  #3

IS. Cu rrent , ArrAi ±1.0 volt . CC ±21. 100 Hp
Motor CoI l  #4

16. T.mp , O I l  lot N/A
Lig ht (s200 r)
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4.0 PREFLIGHT TESTS

4.1 LABORATORY TESTS

4.1.1 Motor/Pump Unit

- The pump was removed from the motor for performance testing, and
mounted on a torque meter attached to a varidrive . The test system is
described in Reference 12. Data were taken to permit comparisons with
rated performance prior to pump de-stroking. Data covering rated per-
forinance (from Reference 12) and current performance are shown on Table
III. The rework lowered heat rejection approximately 12 percent during
zero discharge flow operation (the most prevalent operating mode). Data
taken under worst case operating conditions are also given on Table III.
Heat rejection Increased slightly under these conditions , but this would
not significantly affect AFCAS performance .

Motor - The motor was powered with a Hobart 28 volt DC motor-generator
rated for 1000 amperes. No. 1 gage stranded copper wire was used between
the motor-generator leads and the test motor. Current was measured using - -

a 600 ampere 50 my shunt, millivolt meter 1 oscilloscope, and oscillograph
with a 240 Hz galvanometer. No-load and load (with pump) operating data
were recorded. The results are summarized below:

No Load With Pump*

Speed , rpm 8640 8100

Peak starting current, amperes 1200 1200

Starting current >1000 amperes, 0.035 0.035
sec

Running current , amperes 20 140

Time to reach full speed , sec 0.4 0.4

Time to stop after shut-down, -- 1.1
sec

*Pump powered AFCAS hydraulic system. At start-up, system pressure
was zero; after start-up pressure was 8000 psi.
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TABLE II I

PUMP PERFORMANCE COMPARI SONS

PUMP M/N AP1V-106, S/N 151353 PUMP SPEED: 7330 RPM

INLET PUMP CASE DR.
MAX. FLUID RESERV. CASE DISCH. DISCH. CASE FLUID HEAT
DISPL., TEMP., PRESS., PRESS., PRESS., FLOW, FLOW, TEMP., REJECT.,
CIPR °F/°C PSIG PSIG PSIG CPM GPM °F/°C BTU/MIN

* .100 110/43 30 50 7500 3.22 .20 184/84 78
** .016 110/43 30 50 7500 .75 .35 170/77 89

*** .016 110/43 12 80 7500 .68 .29 187/86 100

.100 180/82 30 50 7500 3.17 .30 239/115 72

.016 180/82 30 50 7500 .50 .55 230/110 116

.016 180/82 12 80 7500 .48 .465 246/119 124

.100 110/43 30 50 8000 0 .57 175/79 142

.016 110/43 30 50 8100 0 .44 180/82 124

.016 110/43 12 80 8100 0 .39 202/94 139

.100 180/82 30 50 8000 0 .75 236/113 179

.016 180/82 30 50 8100 0 .66 240/116 157

.016 180/82 12 80 8100 0 .57 260/127 171

* Rated performance. Data taken from Reference 12.

** Dc-stroked configuration. Same operating conditions as Reference 12 data.

*** 12 pslg reservoir pressure and 80 psig pump case pressure are worst case
operating conditions.

Metric Conversions:

PSIG X 6895 = Pa

GPM X 3.785 = L/m —

BTU/MIN X 17.58 = W
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Motor operation was observed to produce significant noise on the supply
voltage. Supp ly voltage ripp le was less than +0.2 volts DC with the
motor off. With the motor running, voltage noise covered a band from
approximately 22 to 32 volts DC. The two 24 volt DC batteries in the
T-2C were anticipated to be an effective filter which woi~ld reduce the
noise level In the aircraft installation. To verify this , a 24 volt DC
aircraft battery was paralleled into the laboratory system. The supp ly
voltage noise, with the motor running and the battery filter , was reduced
to a band from approximately 26 to 29 volts. Two batteries further im-
proved noise filtering, reference Section 4.3.

Motor surface temperature was monitored during simulated flight testing,
Section 4.1.4. The temperature stabilized at 60°F (33°C) above ambient
after 1.5 hours of driving the AFCAS hydraulic system.

4.1.2 Rudder Actuator

The actuator has three control elements--force motor, flow control valve,
and position feedback transducers. Operating characteristics of each of
these units were evaluated .

Force Motor - Motor output force and displacement vs. input current were
measured using the control valve and housing discussed in Reference 3.
(The closed-end design of sleeve P/N SO 4262-03-li prohibited use of the
rudder ac tuator valve, Reference 4.) Motor output force was measured with
a hand-held spring scale app lied directly to the spool. Motor output arm
displacement was sensed by a dial indicator placed on the opposite end
of the spool. The four coils in the motor were connected in series, and
an adjustable DC power source was used to apply various amperage levels.
Current was measured with a clip-on type DC ammeter. Specific values of
current were applied and the force required to position the spool at
given disp lacements from null were measured. The results are presented
on Figure 27.

Maximum output force at null was approximately 40 lb (178 N). Saturation
began at ±0.3 amperes and approached 100 percent at ±0.8 amperes.  The
restoring force available at ±0.020 in. (0.76 nun) displacement averaged
62 lb (275 N). (+0.020 in. was rated spool displacement although dis-
placements up to jO.040 In. were possible.) Motor gain at ±0.020 in. dis-
placement and zero output force averaged 0.033 in/amp (.85 mm/amp) for
the coils connected in parallel; the design value was 0.035 in/amp,
Figure 19.

Flow Control Valve - The valve was tested in its housing on the rudder
actuator. External ports in the housing were utilized to interconnect
the actuator cylinder chambers (Cl and C2). This permitted continuous
flow to be controlled through the actuator. A needle valve was put in
the line connecting Cl and C2, and gages were installed to measure chamber
pressures. Flow was measured with a turbine meter in the actuator return
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l ine. The valve spool was driven by Servo tronics motor N/N 21-6-200
which in turn was driven by an adjustable DC power source. supp ly
pressure  was 8000 ps i  (55 t lP a) ;  in le t  fluid (MIL-f1-~ 3282) temperature
was +110 ±5°F (43 ± 3° C).  Three performance c h a r a c t e r i s t i cs  of the
valve/motor assemb ly were de termined: f low gain , pressure gain, and
in terna l leakage.

Flow Cain. The da ta on Figure 28 show input current vs. output flow
c h a r a c t e r i s t i c s  of the  motor/valve  ope ra t ing  open loop. Flow gain was
4.1 gpm/amp (15.5 L/m per amp ) for the extend direction (p iston motion),
and 2.1 gpm/amp (7.95 L/m per amp) for retraction . The design va lue
was 2.3 gpm/amp (8 .70 L/m per amp),  Fi gure 19.

A P  forces on the spoo l ends were believed to cause the asymme tr ica l
flow gain. Spool/sleeve type valves usually have exit flow patterns at
each end of the spool that are similar , providing approximately eq~ a1
A P forces across the spool for each flow direcc ion. (A hole is some-
times drilled length-wise through the spool to equalize these forces.)
The AFCAS valve was designed with one end closed (return flow through
the sleeve per i ph e r y ) ,  one end open (return flow around the large knob
on the spool), and no hole through the spool sp indle. The closed end
of the sleeve housed a pos i t ion  adjustment  fea tu re  which  pe rmi t t ed
mechan ical ali gnment of the valve and motor nulls. When return flow was
around the spool knob (actuator p iston extending), aiding AP forces
were developed , increasing f low gain , Reference 3. When return flow

--;ent through holes in the sleeve periphery, the aiding AP forces were
not present .  Al though the motor/valve c u r r e n t/ f l o w  gain was asymmetr ica l ,
tes t s  on the a c t u a t o r  assembl y repor ted  in Section 4.1.3 indicated th i s
discrepancy caused no s i g n i f i c a n t  deg rada t ion  in per formance .

Pressure Gain . Pressure  gain was determined wi th  por t s  Cl and C2
blocked . Motor/valve p ressure  gain was 220 ,000 psi /amp (1.5 CPa /amp) ,
Figure 29. This value was considered satisfactory. The small null
off-se t was due to a slight misali gnmen t between the pressure null of
the valve end mechanical null of the motor ; closed loop operation
e f f e c t i v e l y  e l iminated t h i s .

I nternal Leakage. Internal leakage peaked near null and was 0.058 gpm
(220 ccft~in). The desi gn value was 0.034 gpm (130 cc/mm ). The higher
th an d~~~i red ~eakage was attributed to manufacturing discrepancies. The
extra !eakage--90 cc/mm --was not considered detrimental to system per-
fr~r—~~n/ C .

- 
- 

k 
- 
r;~risdt~ cr ~ - Position transducer output voltage (efb) vs. corc

, e ” l n t  was measured  over the range of ac tua tor  p iston travel (± 1.75
‘r • ..-.A c’~~) .  Data covering piston trave l vs. load on the force
e4~~ r r  (F~ .) were also taken. The data were l inear and were summarize d
‘ — I
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Position
Transducer efh vs. Displacement ~2 

vs. Displacement

#1 (S/N 373) 4.7 V/in (1.8 V/cm) 116 lb/in (20.3 kN/tn)

#2 (S/N 374) 4.9 V/in (1.9 V/cm) 112 lb/in (19.6 kN/m)

4.1.3 System Integration

The laboratory setup integrating all major components to be installed on
the T-2C is shown on Figures 31 and 32. The system contained all the
equipment listed on Table I plus the electronic drive unit , force trans-
ducer , T-2C hydraulic system reservoir, oil-to-water heat exchanger , and
two 10 micron (nominal) filters. An oil-to-air heat exchanger used in
the aircraft test installation was not employed in the laboratory setup.

The 8000 psi (55 MPa) laboratory system is dep icted schematically on
Figure 33. The T-2C 3000 psi (21 MPa) hydraulic system (pump, aileron
actuator , elevator actuator , utility functions, etc.) were not included
in the laboratory setup because potential benefits derived from testing
a complete system did not warrant the added expense. Temperature, pres-
sure, and fluid flow instrumentation were installed at several locations
in the setup; this equipment did not simulate flight test instrumentation,
Section 3.5. Hydraulic line lengths and sizes used in the aircraft test
insta l la t ion were dup l icated (as nearly as pract ica l )  in the laboratory
setup. Tubing bends were not simulated , however, all elbow type fittings
employed in the aircraft were put in the laboratory system. High pressure
tubing was 1/4 x .025 in. 21-6-9 CRES. All 8000 psi tubing connectors
were standard MS flareless fittings. (8000 psi fittings used in the air-
craft were “Dynatube” series.) Static seals were MS 28778 0-rings. The
sys tem contained appr oximately 2.0 gal ( 7 . 6  1.) of MIL-H-832 82 f l u i d .  The
reservoir was placed 28 in.(71 cm) below the pump suction port to simu-
late aircraft orientation.

Fluid  flow in the pump case drain and actuator  re turn  lines was measured
by turbine meters with readout on frequency counters. Static pressures
were monitored with bourdon tube dial gages teed into the pump suction ,
discharge , and case drain l ines. Dynamic pressures were recorded on a
high response oscillograph using strain gage type transducers p lumbed
in the pump discharge and actuator return lines. Fluid temperatures were
sensed by thermocouples at seven locations: pump suction line, case H
drain l ine, actuator return line, heat exchanger inlet and outlet ports , H
pump motor surface , and ambient air. Temperature readout was on a
multi-channe l, selector-button type indicator. Fluid temperature
stabilization was achieved by means of a duration-adjusting type con-
troller and the oil-to-water heat exchanger.
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Electrical components in the system are shown on Figure 32. The force
transducer was installed in a fixture with a lever for app lying simu-
lated rudder pedal loads. Laboratory harness was made for interconnecting
the EDU with the rudder actuator and force transducer. A terminal board
was built which permitted voltage checks at 24 test  poi n t s w i th in the
EDU. A function generator was used to apply sinusoidal and step commands
to the EDU. Input and output (command signal and actuator  p iston posi-
tion) were recorded simultaneously on a dual channel strip chart for re-
sponse evaluations. A 460 cycle 110 volt AC power supp ly, digital volt-
meter , and clip-on DC ammeter completed the instrumentation.

Initial Checkout Tests - The first tests were continuity and circuit
checks on the EDU. Several minor wiring errors and omissions were found
and corrected. Power was applied and voltage checks were made at 24
test points, Figure 20. After all circuitry was confirmed , and EDU
operation was determined to be satisfactory, the transducer nulls were
adjusted. The position transducer cores were set so that when the
actuator piston was mid-stroke , transducer output  was less than +0.100
volts DC. The force transducers were removed from the housing and their
cores were adjusted so that, with no load app lied , transducer output
was less than +0.125 volts DC. With all the transducers at null , the
current in each of the motor coils was then adjusted to zero by external
bias pots on the EDU.

System Integration Tests

Hydraulic System Stability - Persisten t pressure osci l lat ions were ob-
served in the 8000 psi (55 MPa) circuit during initial start up of the
system. The oscillations were 800 psi (5.5 MPa) peak-to-peak at 25 Hz
and considered excessive. Attempts were made to attenuate the oscilla-
tions by adding various amounts of fluid volume at different locations
in the system. Eight  configurat ions  were tried with no success. After
consultation with the pump manufacturer (Abex), it was decided to turn
the pump compensator spring end-for-end and determine if variations in
the squareness of the ground ends were affecting stability. This was
done and the stability problem was corrected; discharge pressure was a
steady 8000 psi (55 MPa) (no oscillations) and pump ripp le was less than
±100 psi (.7 MPa).

Pressure Surges - Magnitudes of peak pressures measured dur ing system
start-up and actuator hard-over commands are summarized below. The
surges were well below the 120 percent (9600 psi ) maximum allowabl e,
Reference 8.

Hard-Over
Location Start-Up Commands

Pressure Line 8400 psi (58 MPa) 8350 ps i (57.6 MPa)
(60 in. from pump)

Return Line 12 psig (83 kPa) 50 psi (345 kPa)
(at rudder actuator)

69



p - - - ________________ - - 51 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —~~-—---- - 51-- 51-..

System Temperatures - Based on data reported in Reference 13, f l u i d
temperature in the pump suction line could be expected to range from
+130 to +140°F (54 to 60° C) .  Resul t s  of the laboratory test  w i t h
f l u i d  temperature stab i l i zed  at +132° F (57° C) in the suction line are
suninarized below. The temperatures, flows, and heat removed were all
considered satisfactory.

Heat
Removed

Pump Pump Actuator Ambient Pump Actuator By Heat
Suction Case Dr.  Return Air Case Dr. Return Exchanger

+132°F +214°F +151°F +85°F 0.56 gpm 0.07 gprn 157 BTU/min

+57° C +101°C +66° C +29° C 2110 275  2 . 7  kW
cc/ mm cc/m m

System Operation - Manual operation of the force transducer, reference
Fi gure 32 , provided a subjective indication of overall system performance.
Act u ato r p iston mo tion was controlled positively, with little overshoot

— 
and l i t tl e appa ren t hysteresis.  Sensitivity was excellent. (Less sensi-
tivity could be obtained , if desired , by simp le ad jus tments  in the EDU.)
Minimum time for full stroke (24° rudder  de f l ec t ion ) was approximately
0.5 sec. Pump speed was noted to sag slightly during actuator stroking
(pump loaded) and return to full speed when the pump was unloaded. No
external leakage was observed except for normal wetting of the actuator
p iston rod .

The general consensus of several engineers and a pilot who operated the
force transducer lever was the laboratory system functioned very well.

Response Characteristics - Overall system response was determined from
square wave, saw tooth, and sinusoidal inputs app lied to the EDU by a
function generator while the rudder actuator was pressurized at 8000 psi.
(Force transducer inputs were not used.) The input signal and output
piston motion were recorded simultaneously.

Response to 0.5 Hz square wave and saw tooth inputs are shown on Figure 34.
Slight rounding at the saw tooth peaks was due to control valve dead band ;
this was not significant considering the amp litude and frequency of the
data. Overshoot peaks on the square wave were near optimum .

Frequency response was determined for three amplitudes at 0.5 Hz: ±.050,
± 100 , and ± .200 in. (± 1.27 , ±2 .54 , and ±5.08 tom). The 3 dB bandwidth for  ± .050 ,
± .lOO , and j .200 in. amp litude s were 9, 13 , and 11 Hz, respectively, Figure 35.
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Higher response could be achieved by ad jus t ing  loop gain.  Because of T-2C
direct ional  system dynamics the AFCAS response utilized was approximately
3 Hz. This bandwidth proved entirely satisfac tory for the test installation ,
Section 5.0.

4.1.4 Simulated Fl ight  Test ing

A total of approximately 10 flight hours were to be accumulated on the
AFCAS test installation, Section 5.0. The laboratory simulation con-
sisted of six 1-1/2 hour “ f l i g h t s” . The fol lowing schedule prof i les  a
typical flight:

Flight Phase Duration, M m .  Rudder Operation

Ground checkout and 15 Periodic
taxi out

Take-off 7.5 Periodic

Cruise 45 Periodic

Full-power flight 7.5 Periodic

Landing and 15 Per iodic
taxi in 

_____

Total 90

All tests were conducted with minimum reservoir pressurization (12 psig!
83 kPa) and maximum case drain pressure (80 psig/551 kPa). Pump suction
line fluid temperature was maintained in the range o~ +1~O to +140°F
(+54 to 60°C). The following parameters were tracked during the test:

(1) Pump case drain flow
(2) Actuator null flow
(3) External leakage (pump and actuator)
(4) Pump motor current
(5) Actuator motor null current
(6) Pump case drain filter debris (patch test)

Performance data taken before and after six 1-1/2 hour simulated flights
are summarized on Table IV.
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TABLE IV

SIMULATED FLIGHT PERFORMANCE SUMMARY

BEFORE TEST AFTER SIX “FLIGHTS”

Pump Case Drain Flow 0.53 gpm 0. 56 gpm
(at  +2 12° F/ 100°C) ( 2000 cc/mm ) (2120 cc/mm )

Actuator Null Flow 0.07 gpm 0.07 gpm
(at +160°F/71°C) (270 cc/mm ) (275 cc/mm )

Pump External Leakage None None

Actuator  External Leakage None Trace (at  rod seal)

Pump Motor Current 156 amperes 144 amperes
(after warm-up)

Actuator Motor Null Current

Coil #1 0 +0.02 ampere
Coil #2 0 +0.03 ampere
Coil #3 0 -0.01 ampere
Coil #4 0 -0.03 ampere

Pump Case Drain Filter Debris Clean 1. Normal quan ti ty
(from bowl and element) of metallic wear

par t i c les .

2. Large number of
very smal l  black
part icles.
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Pump performan ce was satisfac tory throug hout the test. System pressure
was a steady 8000 psi (55 MPa) with nominal pressure f luc tua tions dur ing
rudder actuator operation. The pump had no external leakage or leakage
at the shaft seal. A normal quantity of vis ible metall ic wear par ticles
collected in the case drain filter. Total operating time on pump M/N
AP1V-l06 prior to AFCAS flight testing is summarized below:

Hours

LHS testing reported in Reference 12 52

LHS testing reported in Reference 13 16

Miscellaneous testing 2

Abex tests (rework to 0.016 CIPR) 5

AFCAS component tests (reported herein) 14

AFCAS simula ted fl ight tests 9

Total 98

Actuator performance was satisfactory throughout the laboratory test.
No external leakage occurred except for normal wetting of the piston rod.

Motor running current decreased somewhat during the course of testing
(from 156 to 144 amperes). The 1-1/2 hours of continuous operation
dur ing a “flight” did not produce overheating; motor surface temperature
never exceeded +141°F (61°C).

Operation of the force transducer and EDU was satisfactory. Only slight
drif ting was observed in the EDU as evidenced by the motor null currents.
Response charac teristics of the system were unchanged by the test.

A large number of black particles less than 1 micron in size (0.00004 in.)
were flushed from the filter element when a patch test was made of debris
in the pump case drain filter. This type of particle was observed in a
prior LHS test, Reference 11. The source and composition of the particles
were not determined; Reference 14 may provide some insight into this.
Mob il Oil Corpora tion has recen tly developed f l uid analys is techniques
which disclosed that nitrogen-fixing and thermal cracking cause oil degra-
dation in 3000 psi systems; this may also be occurring at 8000 psi.
E f f e cts of the black particles on the operation of 8000 psi systems were
considered minimal in view of the excellent performance characteristics
observed thus far in both the LHS and AFCAS programs. An experiment in-
volving the use of an inert gas (argon) for reservoir pressurization is

— currently in progress in an LHS test. This should minimize oxidative-type
thermal/chemical reac tions and provide an indication whether these re-
actions (if present) are producing the black particles.
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4.2 HANGAR TESTS

4.2.1 Electrical Checks

Procedure details for checking the electrical system are given in
Appendix A. A summary of steps taken to assure proper operation of
the test system in the T-2C is presented in the following paragrap hs.

Continuity checks were made on all AFCAS electrical harness newly in-
stalled in the aircraft. Chassis ground checks were conducted to verif y
that specified pins in the EDU A/C disconnect were grounded. 400 Hz 115
volt power was applied to the harness and measurements were taken to
determine that voltage appeared on specified pins in the EDU disconnect.
Power was applied to the EDU only. (AFCAS electrical harness was not con-
nected to the force transducers or force motor.) The ‘ransducer supp ly
voltage (±15 VDC) was verified on each transducer disconnect. All the
foregoing preliminary checks were completed satisfactorily.

The AFCAS harness was connected to the transducers and force motor.
With power app lied to the EDU, the rudder actuator piston was moved
(by r~anual1y deflecting the rudder ) so that position transducer output
was within +0.100 volts. The belicrank-to-surface push rod was then
adjusted to obtain 0 ± 1/4° rudder position. Transducer and valve driver
outpu t voltages were recorded. Sufficient force was then applied (al-
ternately) to the rudder pedals to produce between 1 and 2 volts DC on
the force transducer outputs. The corresponding LED illumination on the
AFCAS test box was observed (indicating four hard-over signals). No
problems were encountered with any of the forego ing steps.

4.2.2 Hydraulic Checks

Procedure details are given in Appendix A. The first task involved filling
and bleeding the 8000 psi (55 MPa) system. The rudder acti.~ator pressure
and return lines were temporarily connected together and tempor&ry plumbing
was used to join the pump suction line with the discharge and case drain
lines (bypassing the 8000 psi pump). A bleed valve was installed in the
return line in the RH speed brake well. A ground cart was connected to the
aircraft and the system was filled with t4tL-H-83282 fluid. With 25 psig
(.2 MPa) app lied to the T-2C reservoir , air was bled from a port on the heat
exchanger and from the bleed valve in the return line.

A leak check was made on the 8000 psi portion of the system using a 0.2 gpm
(.76 L./m) , 10,000 psi (69 MPa) power supply containing an adjustable relief
valve. Pressures up to 8,000 psi were app lied; no external leakage occurred.
Pressure was increased sufficiently to operate the test system relief valve
(9000 psi/62 MPa). No leakage or malfunctions were observed .

The T-2C 3000 psi system was then pressurized with a service ground cart and
the various subsystems were operated. No problems were encountered.
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4.2.3 System Checkout

System checkout procedure is detailed in Appendix A. Twenty-five
ps ig was app lied to the T-2C reservoir and a 300 ampere, 28 vol t DC
rectifier-type power supply was connected to the aircraft. With elec-
trical power on the aircraft, the motor/pump unit was energized. The
cockpit gage was observed to read 8000 psig (55 MPa). Operation of the
8000 ps i hydraulic system was satisfactory; no malfunctions or leaks
occurred.

The rudder pedals were operated. Rudder control was smooth and positive.
A small amount of hysteresis was noted due to normal friction in the
cables , pulleys, and bellcranks used in the T-2C directional system.
Rudder operation details were determined and are summarized below. Pedal
force vs. rudder deflection data are presented on Figure 36.

Description Data

Maximum rudder deflection 11.8° Right
11.8° Lef t

Pedal force required for 11.8° rudder 93 lb (414 N)

Pedal deflection at 11.8° rudder 0.5 in. (1.3 cm)

Dead band at 0° rudder
with cable/pulley friction
(no pedal corrections) 1°
with cable/pulley friction minimized
(pedals alternately tapped ligh tly) 1/4°

Moment required to cause rudder to L.~-T 325 lb-in (37 N-rn)
trail with no pressure on rudder R-.-T 455 lb-in (51 N-rn)
actuator, breakout

All of the above data were satisfactory.

Temperature of the fluid in the pump suction line versus time was checked
with the heat exchanger blower running. The temperature stabilized at +179°F
(82°C) after 25 minutes of operating at 8000 psi. In a second test conducted
with the heat exchanger blower off, the suction line fluid temperature reached
+200°F (93°C) in 24 minutes; stabilization was not achieved.

A pressure transducer was installed (temporarily) in the 8000 psi system
pressure line to measure surges and oscillations. Readout was on an oscillo-
graph using a galvanometer with 600 Hz response capability. The maximum
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pressure overshoot observed with hard-over inputs to the rudder actuator
was 200 psi (1.4 MPa). Pump ripple was less than 100 psi (0.7 MPa) peak-
to-peak. No persistent pressure oscillations were present. The 8000 psi
system was exceptionally “quiet” with respect to pressure fluctuations.

A visual inspection was made of hydraulic lines in the 8000 psi system to
determine if any destructive vibrations were present when the system was
operating. No excessive vibratory conditions were observed.

A fluid sample was taken at the conclusion of hangar testing to determine
system contamination. Particulate size and quantity were measured with a
HIAC automatic particle counter. Contamination was well below NAVAIR 01-
IA-17 Class 5 allowables, and was equ ivalent to a Class 3, Page 95.

4.3 GROUND DEMONSTRATION TESTS

This test was conducted to simulate a one hour flight from takeoff to
landing, and provide a means to f inal check hydraulic system operation
and instrumentation. Engine speed , stick, and pedal inputs were varied
to simulate actual flight. Both engines and the motor/pump unit were run
continuously during the test. A portable potentiometer was used to monitor
fluid temperature in the suction line of the 8000 psi pump. A sumary of
the “flight” is given below; details are given in Appendix A.

Descript ion Engine Speed , ~ MRT Dura tion, M m .

System checkout 487. 10
& Taxi Out

Takeoff  l007~ 4

Cruise & Maneuver 80 to l0O7~ 36

Landing & Taxi-In 487~ 10

The engine access, hydraulic reservoir, and fuselage compartment doors were
open and the vertical stabilizer side panel was removed . Inspections for
hydraulic leaks and line vibrations were made during the simulated flight.
No leaks or excessive line vibrations were observed. A check was made to
determine the magnitude of the ripp le imposed on the supp ly voltage by op-
eration of the motor/pump unit. An oscilloscope was used to measure the
noise at the 28 volt DC bus. With both engines operating at idle , the in-
duced ripp le was approximately 1 volt peak-to-peak. This was considered
acceptable for the AFCAS program.

The simulated flight was stopped prematurely when aircraft fuel was erron-
eously dep leted after 43 minutes of satisfactory testing. Completion of the
remaining 17 minu tes of run time was no t cons idered necessary since the mos t

- severe parts of the test (907. and 1007. engine speeds) were finished, refer-
ence Appendix A.

_ _  .1



~ 

C b~ • ~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • ~~~~~~~~~~ ~~~~~~~~~~~~ • ‘ “  ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~

I .~ i. .. ,~ .~~ .~ i. I ~~ 
I~ OIL H~ t I.1(.Ilt

_______ Ill, I~ 1 . I (;eç,?~’.:~ __________

In . X 7.~ 40 • ce ~~~~ J II • ~ 1 Engtne RPM: IOOZ
it X .3048 — I • IL *— LIt ht Flickeri ng . . —.

Lb X 6.448 — N 
~~~ 

. III I Man euv .r2 Ha rd ove r peda l
p.I X 614 ) 5 — p, III i Ilifi .. III I Inputs

K 8 • S 144 • ,n/.ec I 1 lI ght Off

— —.
~ L~1~~1~i~ I~ JLL._

~
__ /T_ ___________________________________

C~ Ui E tAT l (*~~MARK S :

I~•• f~ 
10 Sac .iiii: ~1ll llll~’ !~J1~ _______________________ — 

t I ll J~ 1~t 1~ II 
I~~ 

— _

~~~~I I

Chart Tine Synch I

_ _  

~~~p.ed Ti~~~~~ 38 fltn

l~~ RIGHT I RUDDER P SI I I T 1  fl

~:.
1 in.  (RETRACT ) —

~ 
[ . 

ACTUATOR POSITION TRANSDUCER #1 r r1 p

~~~~ ° 

~~~ TT~

6 

~~~~~~~~~~~~~ 
ii
~
!i ’
~A~

t 

~ ~~~~~ 
~~~~~~~~~~~~

2 tn. (EXT t N D ) t t 1 _ I l .
~
1.. .L , . , 

. _ j .~ . . . , I  -~~~~~~

2 i n .  (RETRACT ) - . 
ACTUAT~~ POSITION TI(ANSDUC~~ #2 . J.~~~.

~~ in .  ( EXTE N D) I _ I .. _L . I. .— .— ~ I i . _ I~~~~ I .  L___ _._ . ._~~_ ~~~~~~~~~~~  •... ..LJ  ...I i_ I__ L I _ j _ .. ._A .J
I 4 4 . *  ~

__ f_ - 4 _ 4._~ 4 + .4- 4_.~~4 I 4. I 4_ 4 4_ I - 4._ . 4 1 * * , t . . . . . . —-• — _4—•—- • .,. ~~~~~~~~~~~~ _ _ _ ,

SOO lb (CO~~R.) I LI T F !  r ~~~~~~~~ : FORC~~ TRA1(SDUCER #1 : . i ~~~i .~~

0 

I I I 

I, ~~~~~~~~~~~

~O0 Lb (TENS ION) I ~I I I 

— 4 

I I

,00 lb (COMPR 

I~ 

I [ I I I FORCE TRANSDUCER #2 I I 
I 

—

~oo lb (TE~4s las ) i~~~~~~~;~~~~~~~~~~~~~~ I . : ; . !  . l
4 2 A ~l’EKES (!XT~ ND) 

I 

~~~~~~~~~~~~~~~~~~~~ 
I 

~~~~
. 

~

. 
I

I ,  I
• . - ° 

~~~~~ ~~M W N~~~—~------ ~~~~~~~~~~~~~ 
-

~~~
--

~~

—I AMtk.*ES (RETR ACT ) I I I . 
I 

I
C— - •— ~— - . f — F  •- . - - 

~~~~
. ...-_. ._ - ._...... . ,...... , - ,

. - -

80



-

44.4, 4 4 4 4 4 - . -4*4 , ~~~~~ 4~~ •4~
+2 AMPERE S (EXTE ND ) 1

~~~~~~~~~~ 1 I  VALVE PRYTOR COIL #2 I - . 
- -

I - I I . C3IOUNII I*E~-RjNSTl..AT!ON TEST
- , 

I ; t t l  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I 
• I

O ~-~~~~~ wwW~vv~~v-— -- -- - - — ~Mr~~w~rVw1Mtt :::.: Ha r d o v r  p.daI
: 1 . 1  ~ I~~ I I~~~~~~~ 

I F I I I i I
I~~~~~~

I • .
~~~~~~ inpu l. 1-

1 1 . 1 - . . ,  I (  — I .  I
t I l l ! I i  I I ’  I t I I i  I~~ I 1—2 AMPERES (RETRACT ) I . I - I I - - .1 I I. I I I I I I i I I ~.

+2 AMP~~ ES (EXTEND ) i 1 i ~ ; ; { { : I  VAL. VS MOT~~~ COIL~~3 I ’ I ’ I ~~~4 I  , I
I I 

I

I l I~
-r 0 -‘--- - r - -~M~~~~~MN~~fr r—’~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ —- r , ~

— I . I . ’ - ! I i . ! I ~~~~~~~- I I ,  . I 4
-- 

I 
- - :  - p— Chart Tin s Synch -  . 

I
- 1 - l I - I . .  . .1. I i  .

~~~~~
. .  I 

I - I  - I — I  1 1 . 1  I- — — —
•2 A1,ERES (REtRACT) — r - .~

_ . . t I . r t.. L t l 1’- I t I . i . ! I I , , I.. , I . . . I I J _ ...I-_ I -

— -- .— 4. - . ~ . • ~4 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ a~~ L , A a a .~~~~~ .a_... • .. ~~. ~ - ~ . *e~~~ A~~+2 AMP~~ ES (EXTEND ) 
I 

I I VALVE ~UT(~~ COIL #4 I r T 
~~~~ ~:

4 
—
~~~~~~~~~~~~~~~~~ ‘Yfr — 

~~ W w\rw1~W.iW~’w - 
“

2 AMP~~~ES (RLCT ) LL ~~ 1~~~~~ 
‘
~ WL 1~j~ t~~ ~±j y 

__+10 - F - 
‘

N~~~~~~ t (V~~TICAL) c ’s ~~s . ~~~~~~~~~~ — 4 I - —- - I I - —

_ _

-

~~~~

__ _ _  
-
_ _ _ _ _ _ _ _ _ _ _  

L I t ~~~
i

~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

____  
I ~~~~~~~~~~~~ _

-~~~~~~~~~~~~~~~~~~~~~~~~~

— 50 psi. —
~~~~~: 

—r r 
dl I PUMP S~ETION i~iiii ’ ~~~~i

— 
~r i  ~~

—

~~

--

~ 

-
~
- r

PLL 111 ~~ ~~~~*IDtfl1~~Uf~~~ h u m  ~ Lfl hI*1l~~~~~~~~~~~~~~~~~~1I ~~J~~ H l L~~L

34 pat s (aw E) ~~~.F r - :i. I 1_.~.. i ~:tJ :~~i .~:p_ ~::: ~±:F
1 L I _ I L L H  I I L  L J i i i L L ~~L 1  ~~~~~~~~~~~~~~~~~~~~~~~~~

4 t~ I—- *—- 4-- .—+- - 4 4 - - 4 4 t * • 4- - F - I  - + 4- 4- ---#-—+ -—4 - - .- - ---—-.——I —4-—4---+--—t-- I— -* - 4 .

14 100 p u g  I hi P~~~ D~~ CHARGE ~~~~~~~~~~~~~ 
~~~~—~~~~~ - L L 

8 

-— -~~~~‘--~~ F ~I I fl~~~~~~Y~~fl Jy
~Ir’•7 -

~ 
—

- I -  I L . I  i . H  I L  L .L I i .  .;~~.I
I - H.H [- .1 LuLl i J L~ . .! LI LI LLLI ; i j ~~~~j j  L LL  io — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ F 4 — 4 — 4 . - I - f - — s — I - I 4 + 4 — ~~~..f~~ 4 - 4  f— c- , - +~~~ 4 +-—4--- I- — . - -4 I I ’  •

100 pe t s  j I I I I I PUMP CAS E PRESSI_RE I I I I I I I I

U *II I~~~~ S~~~I Inns] -

- 

“
~..— 62 p . i . (avg)~~~~~~~~~~~~ I: i

~~o ‘ I  I I I L . I . . i ! I ~~~~~I I l _ I l  I I  I .!. — ~~~I. i I _ _ I: * . j . . _ l . I I , . I . _ L _ L 

I ’  I~~~~ OUTSID! AIR TEMP
~~

ATt
~~I I  I I I I ,

, r I 

r- 
~~r ~ r~~~~j-r 1 r , U

O l~~~!L :HH 
I 

I I  I I i i
‘ •~~ o~ 1 1 H I  LI. i i  I I l . I I .  ) . I. I I I  , i . I  I k i L l  Ii

- ‘ - -__. . ____.: - -_ ~ ~.- L_ I - I- I .J ,J. L .._ ..~ , 4 ‘ ‘ ,. ! .j ...i I 
• 

4 _L,..L_I 4 I I I
~ ...L... 2. . I._L~~~~~~~~~ 4 4 4 4 • I • 4~~~4

- 

81 

~~~~~ - - -~~~~~~~~~~~ - -~ ~~~~~~~~~~~ ---~~~~~~~~~ - - -. _ - . . •  A



- - - ___

Outside air temperature was 58°F/14 °C; fuselage bay air increased from
70°F/2l°C to 94°F/34°C during the run. Hydraulic fluid temperatures
are sunsnarized below. Flow in the 8000 psi pump case drain averaged
0.85 gpm (3.2 L./m). TM data are presented on pages 80 and 81.

Temperature, °F/°C
Elpased Engine Pump Pump Heat Exch. Heat Exch.
Time, Mm Speed Suction Case Dr. Inlet Outlet

1 487. 95/35 165/74 160/71 139/59

9 487. 120/49 195/91 190/88 166/74

14 1007. 143/62 213/101 209/98 181/83

25 907. 168/76 227/108 224/107 191/88

28 1007. 167/75 233/112 230/110 194/90

34 907~. 170/77 233/112 230/110 194/90

37 1007. 173/78 234/112 230/110 194/90

40 907. 174/79 235/113 232/111 194/90

— Total operating time on the aircraft test installation prior to flight test-
ing was

Hours

Hangar Tests 4.0

Ground Demonstration Tests 0.7

Total 4.7
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5.0 FLIGHT TESTS

5.1 FLIGHT PLAN

The primary objective was to verify the feasibility of the Advanced
Flight Control Actuation System (AFCAS) concept by flight testing a
control-by-wire, direct-drive actuation system powered by a localized
8000 psi (55 MP8) motor/pump unit. Demonstration of flying qualities
was not part of the program , however pilot comments were encouraged.
Ten flight hours were expected to be sufficient to evaluate AFCAS per-
formance, confirm prior analyses and laboratory testing, and provide
a measure of confidence in system reliability.

The f l ight plan was designed to determine directional control charac-
teristics at several altitudes up to 30,000 ft. (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 and reliability while accumulating 10
flight hours. Flight plan details are given in Appendix A.

5.2 RESULTS

The AFCAS f l ights are summarized on Table V. Two pilots participated in
the program and prepared reports detailing each test flight. Additional
comments were made during flight de-briefings. Both pilots stated that
performance of the AFCAS test installation was comp letely satisfactory.
Comments made by the pilots concerning their flights were:

The AFCAS installation worked exactly as designed

• No malfunctions occurred

• System pressure was steady

• 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.

• The force system had an advantage during take-offs and land ings
in high cross-winds. The fixed pedals provide full rudder and
allow much easier braking (in combination) without severe leg
and foot extension that is required for conventional deflection
controls.
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TABLE V

AYCAS OPER ATING TIM E

AFCAS
FLIGHT DESCRIPTION PILOT TIME , HRS REMARKS

GROUND FLIGHT

Ground Run -- .7 -- S imulated F l igh t

I T-2C Fit #623 Wenzell  .2 1.3 AFCAS Performance Checks

2 T-2C Fit #624 Wenzeil  .1 1.2 AFCAS Performance Checks

3 T-2C Fi t  #625 Wenzell .1 1.3 System Endurance Evaluat ion

4 T-2C Fit  #626 Wenzel l .1 1.3 System Endurance Evaluat ion

5 T-2C Fi t  #627 Wenzell  .1 1.5 System End u rance E v a l u a t i on

6 T- 2C F i t  #628 Cockburn .1 1.9 Sys tem Endurance  E v a l u a t i o n

7 T-2C FI t  #629 Wenzell .1 1.7 System Endurance Evaluat ion

TOTAL 1.5 10.2
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TM data cover ing var ious tests and maneuvers are presented on pages 86
through 93. Rudder kicks , shown on page 86 , demonstrated that  damp ing
was dead beat , and rudder re-centering was rapid and accurate. The
ability of air loading on the rudder to drive the actuator to the null
position wi th AFCAS “off” is shown on page 88. Decreasing air loads and
actuator rod seal friction prevented the rudder from reaching 00 ; the 30

(avg) achieved was considered satisfactory. Sideslip and landing data
are given on pages 90 and 92.

Photo recorder data taken during Flight #4 is presented on page 94..
Fluid temperatures were similar for all flights. Pump inlet fluid
te~peTature ranged from +125 to 135°F (52 to 57°C); case drain temp-
erat~ res were +190 to +200°F (88 to 93°C). Fluid temperature decrease
through the heat exchanger averaged 21°F/12°C. A one hour cold soak at
25 ,000 to 30,000 feet (7.6 to 9.1 kxn) during Flight #5 produced a corn-
partment air temperature of +l3°F/-l l°C minimum ; outside air temperature
averaged-5°F/-2l°C. The cold soak did not affect AFCAS operating charac-
teristics. All temperatures were considered to be nominal during the
seven AFCAS flights.

Case drain flow from the 8000 psi pump ranged from .80 to .85 gpm (3.0
to 3.2 L/m) throughout all tests (hangar, ground demonstration , and flight).
Flow measured during the “simulated flights” in the laboratory averaged
0.56 gpm (2.1 L/m). Schedule limitations prevented resolution of the
difference. Flow instrumentation used in the laboratory was a Fisher and
Porter turbine meter with readout on an electronic counter. Instrumenta-
tion used on the aircraft was a Flow Technology paddle-wheel meter with
readout on a Flow Technology indicator. Since pump case drain flow was
unchanged by ground and flight testing , the disagreement was due to an
instrumentation malfunction or a calibration discrepancy. The laboratory
flow data were considered to be correct.

System fluid contamination was measured periodicall y during the flight
program, and after 10.2 flight hours was equivalent to a NM/AIR Class 3,
page 95. This low level of contamination was evidence of minimal pump
wear and excellent fluid lubricity .

No external leak~.ge occurred in the 8000 psi system based on the fact that
the reservoir f l u id  level remained constant throughout flight testing (the
level was no ted before and after each flight). 
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6.0 D ISC U SSION

A direct-drive control-by-wire muscle actuator , powered by a localized
8000 psi hydraulic system, was used to control the flight of a T-2C.
Successful operation of the test installation represented a significant
milestone in the development of advanced flight controls. No problems
whatsoever were encountered; the system functioned exceptionally well
and p ilot response was favorable. - The test results confirmed analyses
and laboratory investigations reported in References 1 through 4. The
ease with which flight testing was accomp lished verified that AFCAS type
systems can be designed , fabricated , and maintained without special tech-
niques or state-of-the-art advances.

The AFCAS concept is intended for application to automatic , computer
operated flight control systems. The current AFCAS flights did not
demonst rate the fu ll pe rform ance capabi l i t ies  of the tes t  ha rdwa r e since
the T-2C did not have computer operated controls. Company funded in-
vestigations at the Columbus Aircraft Division have verified the feasi-
bility of controlling AFCAS actuators directly by a digital computer.
The following section is a brief discussion of this work.

DIGITAL CONTROL OF AFCAS

A laboratory setup was assembled which interfaced AFCAS direct-drive
actuation circuits with a PDP-ll. programmable digital processor. The
processor was equipped with an I/O (input/output) module which converted
dig ital data into analog commands , and which could also be used as a
signal buffer for the transmission of digital commands directly to the
input stages of the actuator contro l circuits.

The surface actuation control loop could be closed external to the corn-
puter or internal at the computer , Figure 37. With the ioop closed
externally, computer output corresponded to a surface position command .
With the loop closed internally, computer output represented the surface
position error signal. The error signal could be a dc analog voltage or ,
by chang ing the software , a pulse modulated signal repre sentative of other
waveforms.

The PDP-ll processor was used for closed loop control of the direct-drive
dual tandem actuator built early in the AFCAS program , Reference 2. The
processor 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 ,
and was approximatel y equivalent to that obtained with all-analog control ,
i.e., without the computer in the ioop.
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The bang-bang forma t was ruled out as a suitable waveform for AFCAS
control because of rough actuator operation and wear considerations.
Pulse modulated waveforms offer significant advantages over dc analog
drive signals for fly-by-wire systems because : (I) the need for digital-to-
analog converters at each surface is eliminated ; (2) fault monitoring
requirements are simplified; and (3) power consumption is reduced.
Time dwell modulation appeared to be a more suitable mode of control
for AFCAS than pulsewidth modulation because TDM is more compatible
with passive fault-isolation and produces quieter motor operation.

The effect of simulat .~id failures on closed ioop performance was evalu-
ated. It was confirmed that digital control signals are compatible with
the automatic failure-compensation features inherent in the EDU concept,
reference Section 3.4.3.

Operating in a pulse modulated system, the EDU functions like a high
speed switch (Class D amplifier) rather than a proportional amplifier
(Class A). Since the control unit is either full on or full off, power
dissipation in the EDU is minimal. This increases efficiency, reduces
operating temperatures, and results in improved reliability.

Torque motors built for the AFCAS program were designed for use in
analog proportional control systems, and were not optimized for use in
digital systems operating with pulse modulated (PM) signals. Since
failures in a PM system tend to be passive rather than hard-over , the
number of coils needed for redundancy may be reduced. The AFCAS motors
have four independent coils. Use of three coils in a PM system would
lessen the numbe r of c i r cu i t  components and reduce system comp lexi ty.
Fur the r study in this  area is required .
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7.0 RECOMME NDATION S

F l i g ht ver i f ica t ion  of the AFCAS concept was comp leted in Phase V using
a system with a direct-drive actuator, localized hydraulic power supp ly,
elec tronic drive unit , and force transducer. The test installation was
an analog control-by-wire system; the AFCAS concept is intended for appli-
cation to dig ital 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 con-
ducted. This will provide the Navy with an economical approach to demon-
strate , in flight, advantages of the direct-drive features of AFCAS with
computer control. A further benefit is the availability of a flight test
vehicle for future digital control-by-wire developmental effort.

The following tasks are recommended as logical next steps in the AFCAS
development cycle:

PHASE VI FLIGHT DEMONSTRATION OF DIGITAL CONTROL OF AFCAS
IN THE T-2C AIRPLANE

Task 1 Procure an off-the-shelf digital micro-processor

Task 2 Program the micro-processor

Task 3 Design the interface electronics and aircraft
modifications required to accommodate the addi~ ional
components

Task 4 Install components and make wiring changes per
drawings completed in Task 3

Task 5 Conduct flight testing to demonstrate the computer/
actuator interface method

A second recommendation is concerned with the direct-drive control module
(force motor and spool/sleeve valve). The motors and valves procured for
prior 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 can now be directed toward opti-
mized designs which can be integrated into future production applications.
The following tasks are therefore recommended: (1) establish force motor
design criteria required to achieve a reduced envelope and the reliability
necessary for digital control systems; (2) develop classes of control modules
to cover the span of actuator classes established in Reference 1; (3) pre-
pare procurement specifications and solicit potential suppliers for the
control modules.
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LIST OF ABBREVIAT IONS

AC alternating current

AFCAS Advanced Fl ight  Control Actuation System

A/S air speed

alt,  altitude

amp ampere

approx. approximately

avg average

BTU/min Bri t ish Therma l Units per minute

degrees Celsius

CAD Columbus Ai rc ra f t  Division

cc/mm cubic centimeters per minute

CIPR cubic inches per revolution

c centi ( 10-2)

cm3 cubic centimeters

CORR correlator

CRES corrosion resistant

dB decibel

DC direct current

deg degr ee

EDU electronic drive unit

degrees Fahrenhe it

FRP fl ight reference plane

F.S. fuselage station
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f t  feet

ft/sec feet per second

C giga (lOs)

gpm gallons per minute

hp horsepower

pressure altitude (29.91 in. Hg = Sea Level)

Hr hour

Hz Hertz (cycles per second)

I.D. inside diameter

in. inch

in2 square inches

I/O input/ output

J joule (metric unit of work)

k kilo (lO s)

K knots

kg kilogram

km kilometer

KOAS Knots Observed Airspeed (uncorrected)

kW kilowatt

L liter

LED light emitting diode

L/nt liters per minute

Ut, L/H left hand

LHS Lightweight Hydraulic System

L/R left and right
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LVDT linear variable differential transformer

m meter , also milli (l0 ’
~ ) , also minute

M mega (106)

max. maximum -

mm millimeter

M/N model number

mm minute (time)

MMH/FH maintenance man-hours per flight hour

MPa megapascals

MRT military rated thrust

MN mach number , also meganewtons

rn/s meters per second

N newton (metric unit of force)

NADC Naval Air Development Center

No. number

OAT outside air temperature

O.D. outside diameter

P-P peak-to-peak

AP differential pressure

Pa pascal (metric uni t  of pressure )

PLF power for level f l ight

psi pounds per square inch

ps ia pounds per squ are inch absol ute pressu re

psig pounds per square inch gauge pressure

PM pulse modula tion

I ~ 
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P/N part number

PWM pulse width modulation

- 
RH, K/H right hand

rpm revolutions per minute

- - s second (t ime) ,  also LaPlace transform operator

sec second (time)

S&L straight and level

TDM time dwell modulation

TM telemetry

T/O take-off

T time constant

• V volt

Vh maximum velocity for level flight

W watt

I
I
I
1
I 105

- 

- - 

I--—- ---~-- -- -- -- - - - - 4 - -  -~~~~~



SUMMARY OF METRIC CONVERSIONS

. 2 2Area in x 6.452 cm
ft2 x .0929 =

Fluid  Flow gal/mm x 3785 = cc/mm
gal/mm x 3.785 L/min
in3/sec x 16.39 cc/sec

Force lb x 4.448 = N

Heat Flow BTU/min x 17.58 = W

Length in x 2.540 = cm
ft x .3048 = m

Mass lb x .4536 = kg

Power hp x .7457 = kW
4- ft-lb/sec x 1.356 = W (= J/sec)

Pressure, Stress psi x 6895 = Pa (= N/rn 2 )
psi x .06895 = bar

Spring Rate lb/in x 175.1 = N/rn

Torque lb-in x .1130 = N-rn
lb-ft x 1.356 = N-rn

Velocity, Speed in/sec x 2.540 = cm/sec
ft/sec x .3048 = rn/sec
knots x .5144 = rn/sec

Volume in3 x 16.39 = cm3 ( cc)
gal x 3.785 = L
L x 1000 = cm3
m3 x 1000 = L

Work, heat ft-lb x 1.356 = J
BTU x 1.055 = kJ
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APPEN DIX A

TEST PROCEDURE S

This section details procedures used for
ground checking and flight testing the
AFCAS directional control installation
on the T-2 aircraft.

SECTION

A. 1 SYSTEMS CHECKOUT TESTS 108

A.2 GROUND DEMONSTRATION TESTS 115

PILOT INFORMATION 11.7

A.4 FLIGHT TESTS 
- 
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A.l SYSTEMS CHECKOUT TESTS

1.0 FILL AND BLEED 8000 PSI SYSTEM

A 3000 psi ground cart containing MIL-H-83282 fluid is required.

- Temporarily connect rudder actuator pressure and return lines
together. Adaptor fitting provided by Department 071.

- Install bleeder valve furnished by Department 071 in system return
line in RH speed brake well. Plug open line.

- Connect plumbing supplied by Department 071 to pump suction line
bleed por t, pump pressure hose, and case drain line.

- Leave pump case drain port open. Cap pump pressure port.

- Attach ground cart fill line to aircraft. Fill at approximately
1.0 gpm and 85 psi (max.)

- Bleed air from heat exchanger bleed port located at the upper left
aft corner of heat exchanger.

- Bleed air at valve in speed brake well.

- Fill reservoir to full mark.

- Dump reservoir pressure.

- Remove temporary plumbing in fuselage compartment and re-install A/C
lines. Take care to avoid losing fluid and introducing air.

2.0 LEAK CHECK 8000 PSI SYSTEM

- Connect portable hydraulic power supply (furnished by Department 071)
to 8000 psi pressure hose at the motor pump unit. Remove bleed valve
and connect power supply return line to the system return line in the
RH speed brake well. Lines and fittings furnished by Department 071.

- App ly 1000 psi pressure . Check for leaks. Increase pressure to 4000
psi, then to 8000 psi. Look for leaks.

- App ly pressure sufficient to crack relief valve (8600 to 9000 psi). Do
not relieve for more than 15 seconds to avoid overfilling A/C reservoir.
Look for leaks.

- Remove portable 8000 ps i power supp ly, re-install bleeder valve in RH
speed brake well , and reconnect 8000 psi pump hose hose and case drain line .
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3.0 BLEED 3000 PSI SYSTEMS AND OPERATIONAL CHECK

- Connect ground cart pressure pressure and suction lines to aircraft.
Make sure pressure line is full of fluid before making connection.

- Connect elevator actuator pressure and return hoses together.

- Apply 100 psi to pressure port. Bleed air at bleeder valve.

- Dump pressure. Reconnect elevator actuator hoses. Remove bleeder
valve and reconnect return line in RH speed brake well.

- Apply 3000 psi pressure. Look for leaks.

- Cycle, in order, the following:

Complete Cycles

1. Speed brakes 10
2. Ailerons 10
3. Arresting hook 5
4. Elevator 10

- Assure proper operation of above subsystems.

4.0 ELECTRICAL WIRING VERIFICATION

- Continuity check all wiring per AFCAS drawing No. 8691-546606.

- Fit check and verify all mating connectors used on rudder actuator,
position LVDT’s, force transducers, and electronic drive unit (EDU).

- With the EDU, position LVDT’s, force transducers, and actuator dis-
connected, verify that the following aircraft harness pins, and no
others, have continuity to aircraft chassis ground:

EDU A/C Disconnect Pin No.

J4 D
J4 L
J4 P

- Disconnect power plug from heat exchanger blower. Disconnect wire No.
C24OAOT from terminal Al of the A4D pump motor relay KA . Protect relay
terminals to prevent shorting when electrical power is applied to air-
craft busses.
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- Connect 28 VDC external ground power cart to a i r c r a f t .  DO NOT TUR N ON.

- Remove relays K108 and Kl09 , #1 and #2 generator bus control relays
#3, from relay sockets. Add j umper wire between pins 3 and 5 of both
relay socke ts, XK 108 and XK 109.

- With  the ED U , posit ion LVDT ’s , force transducers , and actuator dis-
connected, apply 28 VDC power to aircraft and turn #1 inverter on.
Turn hydraulic power switch on.

- Verify there is 115 VAC from J4 on the EDU A/C disconnect, pins N and
M, to aircraft ground. Verify that no voltage appears on the remaining
pins of this connector and on the LVDT and force transducer A/C dis-
connects.

- Ver ify operation of hydraul ic pump motor relay KA by testing for 28 VDC
present at terminal Al. Turn off #1 inverter and 28 VDC external power.

5.0 SYSTEMS CHECKOUT

5.1 Electrical System

- Connect J4 on the EDU to the A/C harness. Disconnect position LVDT ’ s ,
force transducers, and actuator motor plugs.

- Turn on 28 VDC ground power supply and #1 inverter.

- Turn rudder hydraulic power switch to “on”. Motor/pump unit should not
run, but power will be applied to EDU.

- Verify the following voltages:

Pins Required Voltage
Disconnect Low (Tolerance: +0.2 VDC)

Position LVDT #1 E D +15 VDC
Position LVDT #1 F D -15 VDC

Position LVDT #2 E D +15 VDC
Position LVDT #2 F D -15 VDC

Force Transducer #1 E D +15 VDC
Force Transducer #1 F D -15 VDC

Force Transducer #2 E D +15 VDC
Force Transducer #2 F D -15 VDC
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- Turn rudder hydraulic power switch “of f”. Connect the position LVDT’s,
force transducers, and actuator motor to aircraft harness.

— 
- Connect J3 on the EDU to the AFCAS test box provided by Department 071.

- Turn rudder hydraulic power switch “on”.

— Manually position rudder actuator , using the rudder surface, until the
voltages at the actuator LVDT output E for both LVDT’s is within 0 ±
.100 VDC. The rudder surface position shall be 0 ± 1/4°. Adjust bell-
crank-to-surface push rod as required to obtain 0 ± 1/4° surface position.

- Measure and record the voltages shown on Table I which are available at
terminals on the AFCAS test box.

- Apply sufficient pedal force to produce between 1.0 and 2.0 VDC on the
force transducer outputs. Observe the corresponding LED illumination on
the AFCAS test box during right and left commands.

- Turn rudder hydraulic power switch “off”, then turn #1 inverter “off”.

- Reconnect wire No. C24OAOT to terminal Al of the hydraulic pump motor
relay KA. Insure terminals of relay are protected against shorting.
Reconnect plug to power heat exchanger blower. Turn off 28 VDC ground cart.

5.2 Hydraulic System

- Apply 25 psig air pressure to reservoir. Use nitrogen bottle with
pressure regulators.

CAUTION: Operation of the 8000 psi motor/pump unit without engines
running requires external reservoir pressurization. App ly
air pressure through a capped Tee located near the reservoir
pressure regulator.

- Attach temperature potentiometer to thermocouple in motor/pump suction
line (furnished by Department 071).

- Disconnect powe r p lug f rom EDU.

- Insure jumper wires between pins 3 and 5 of relays K 108 and K 109 are
in place and secure.

- Appl y 28 VDC to aircraft. Turn on #1 inverter. Heat exchanger blower
should be running.

-
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- Turn rudder hydraulic power switch “on” in cockpit. Observt. that
pressure is 8000 psi on cockpit gage. Look for leaks.

- Run at 8000 psi  un t i l  th e suction line fluid temperature reaches 210°F
or the fluid temperature stabilizes (.5°F rise/minute). Do not run
longer than 20 minutes. Record fluid temperature every minute to esti-
mate stabilization temperature and to establish permissible hangar
operating time for the 8000 psi system. During the above test , the
“oil hot” light should illuminate when the fluid temperature reaches
205 ± 5°F. Reset suction line thermal switch as necessary. If the
fluid temperature did not reach 200°F, block the heat exchanger air
inlet (right hand side of aircraft) and observe fluid temperature and
oil hot light. Do not exceed 210°F fluid temperature. Reset thermal
switch as required.

- Turn off rudder hydraulic power switch, #1 inverter and 28 VDC ground
power supply.

- Manually push rudder full right and full left to verify trailing capa-
bility with hydraulic power off. Measure breakout force required to
make rudder trail. Apply load to trailing edge of rudder (not trim tab)
opposite push-rod attach point. Protect rudder skin. Record loads.

5.3 AFCAS Installation

- Connect power plug to EDU.

- Turn on 28 VDC ground power supply, #1 iaverter, and rudder hydraulic
power switch.

- Operate rudder pedals. Assure that rudder operation is satisfactory.
Rapidly oscillate rudder a sufficient number of cycles (at least 25)
to remove any trapped air within the rudder actuator. Note sensitivity
and dead band.

- Apply full right and left pedals. Measure and record maximum rudder de-
flection. Maximum right and left rudder should be 12 ± 1/2 degree. De-
termine that rudder returns to 0 ± 3/4 degree with no pedal force.

- Measure and record pedal force and rudder deflection to establish force
vs. deflection curve.

- Measure and record rudder pedal travel for maximum rudder deflection.

- Measure and record the voltages shown below with no rudder pedal command.
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Description Required Vo1tag~

Actuator LVDT 0 ± 0.100 VDC
Output E

Force Transducer 0 ± 0.125 VDC
Output E

Valve Driver 0 ± 0.500 VDC
Output E

- Hook up instrumentation provided by Department 071 for measuring pressure
transients.

- Operate hydraulic system at 8000 psi and check for detrimental pressure
oscillations. Operate rudder and measure pressure surges.

- Hook up osci lloscope prov ided by Depar tment 071 to 28 VDC terminals on
aircraft circuit breaker panel.

- Meas ure “noise” on 28 VDC bus with motor/pump unit running.

Secure Procedure

- Turn rudder hydraulic power switch “off”, then turn #1 inverter “off”
and remove external electrical power from aircraft.

- Remove jumper wires from relay sockets XK 108 and XK 109.

- Reinstall relays K 108 and K 109.

- Dump reservoir pressure.

Fluid Contamination Check

- Take fluid sample from reservoir using existing procedures for contami-
nation check. Visually examine case drain and return filter bowls for
debris.
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A.2 GROUN D DEMONSTRATION TESTS

1.0 PREPARATION S

- Open RH hydraulic bay access door. Open fuselage bay access door.
Put steps up to door. Remove vertical stabilizer side panel.

- Attach temperature potentiometer to thermocouple in motor/pump suction
line (provided by Departmettt ‘)71).

- Hook up oscilloscope (provided by Department 071) to check “noise” on
28 VDC bus.

2.0 SIMULATED FLIGHT TEST

- The test shown on Table A—Il simulates a one hour flight from take-off to
landing. Both engines shall be run. Instrumentation will be operated the
same as during an actual flight. A “data burst” as used on Table A-Il is
defined as turning the photo recorder “on” for approximately 15 sec., then
“off”. The TM oscillograph shall run continuously.

- Monitor pump suction line fluid temperature throughout this test using
portable potentiometer. If temperature reaches +200°F, turn hydraulic
power switch “off” and shut down.

- Measure “noise” on 28 VDC bus at engine idle with hydraulic power switch,,on,,.

- Take fluid sample from reservoir for contamination check within one
hour following ground demonstration test.

- Process film and reduce instrumentation data.

3.0 PREPARATIONS FOR FLIGHT TEST

- Remove pump case drain filter bowl. Deliver bowl, element and fluid
to Department 071 for patch test.

- Service reservoir in accordance with Specification HAO2O1-259, paragraph
4.2.7.

- Mark fluid level position on reservoir sight glass.

- Check instrumentation zeros and K Cels.
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TABLE A-It

GROUND DEMONSTRATION TEST

RUDDER ,
ENGINE ELAPSED AILERON & ELE-

SIMULATION SPEED ,7~I TIME , MIN. PHOTO RECORDER VATOR OPERATION

Engine Start 0 to 487, 0—...1/4 On No

Hyd. Power On
Switch “On”

System Check- 487. 1 DB Period~ c
out & Taxi Out 9 DB

Take-Off 1007. 10 DR Periodic
14 DB

907. 15
25 DB

1007. 26
28 DR

907. 29
Cruise 34 DB Periodic

1007. 35
37 DB

907, 38
43 DB

807. 44
50 DB

Landing & 487, 51 Per iodic
Taxi-In 59 DB (+ Speed Brakes)

Hyd. Power 60 On
Switch “Of f”

Engine 487. to 0 61 On No
Shutdown
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A.3 PILOT INFORMATION

Changes made to the aircraft to incorporate the Advanced Flight Control
Actuation System are described herein. The test installation is a full y
powered control-by-wire directional system containing :

. Electric motor driven pump

. Rudder actuator

. Electronic drive unit
• Force transducer

The modified hydraulic system will operate at two pressure levels: 3000 psi
and 8000 psi. An 8000 psi motor/pump unit has been added to power the rud-
der system (only). Both engines drive the normal 3000 psi pumps which power
the lateral , horizontal, speed brake, and landing gear systems in the usual
manner. The 3000 psi and 8000 psi systems share the T-2C reservoir and have
common return lines. The test installation is shown schematically on Figure
A-i. The modified system will operate functionally the same as the basic
T-2C aircraft except rudder operation will not be manual but hydraulically
powered. The variable stability system has been deactivated and the speed
brakes may be operated using the normal speed brake switch.

The original cable system between the rudder pedals and rudder has been
modified to incorporate the control-by-wire system. The rudder pedal cables
operate a sector which is prevented from rotating by a force transducer.
The rudder pedals will have very little disp lacement. Force on the pedals
is converted to a proportional electrical signal from the force transducer.
This cossnand signal is transmitted to the electronic drive unit which con-
ditions the signal and powers a torque motor on the rudder actuator. The
torque motor in turn drives a conventional control valve on the actuator.
The electrical system contains redundant circuitry which provides high im-
munity to component failures.

The rudder actuator has a pressure operated bypass valve which permits the
rudder to trail if hydraulic power is lost. In the event of a “hard-over”
electronic-type failure , the pilot can cause the rudder to trail by turning
the 8000 psi rudder hydraulic power system switch to “off”.

The rudder trim system Is unchanged. Trim response will be different,
however, due to the change from a manual to a fully powered rudder. The
yaw damper system has been disconnected.

Maximum rudder displacement is reduced from ±25 degrees to ±12 degrees.
This reduction will permit the pilot to land safely with a “hard-over”
rudder , opposite engine out, and a three knot crosswind. The relationship
between rudder disp lacement and pedal force is approximately 8 lb/deg. of
rudder movement (93 lb. for full travel).
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Because of the additional load imposed on the 28 VDC generators, the
motor/pump unit can be operated ~~~~ when both engines are running.For this reason, the unit should be turned “on” after both engines
have been started and turned “off” before engine shut-down.

Modifications in the cockpit area are as follows:

1. 8000 psi hydraulic pressure on the rudder actuator and electric power
to the EDU can be shut off by means of a rudder hydraulic power switch
located on the pilot’s auxiliary instrumentation control panel (shroud).

NOTE: For total flight control boost shut-off, the above hydraulic
power switch and the normal system boost shut-off switch must
be moved to “off”. The rudder will trail in this situation
and cannot be operated.

2. Output from the 8000 psi pump is displayed on the upper right hand side
of the pilot’s instrument panel.

NOTE: The pressure displayed is In the pump discharge l ine and will fall
to zero when the hydraulic power switch is at “off” .

— 3. An oil hot light is provided on the pilot’s auxiliary instrument panel
(shroud). This light indicates excessive hydraulic system fluid tern-
perature. Actuation of the light is an indication of system malfunction.

Contingency recommendations are:

1. If the left and right yaw responses become significantly different for
equal inputs , a malfunction in the system is indicated . Terminate test.
Turn the rudder hydraulic power switch “off”. Make return flight.

2. If the rudder should become “hard-over”, terminate test. Turn rudder
hydraulic power switch “off”. Make return flight.

3. If the oil hot light comes on, terminate test. Turn rudder hydraulic
power switch “off”. Reduce power setting and alternately cycle the speed
brakes and landing gear during return flight to lower bulk fluid tempera-
ture. Stop cycling when fluid temperatures become normal.

4. If the 8000 psi system pressure drops below 6000 psi , terminate test.
Turn the rudder hydraulic power switch “off” . Make return flight.

5. If it should become necessary to shut-down one engine, turn the rudder
hydraulic power switch “off” before engine shut-down.
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A.4 FLIGHT TESTS

NOTE : The principal objective is to log 10 hours of
flight time on the AFCAS test installation.

FIRST FLIGHT

Maximum Altitude 20,000 Feet
Maximum Speed 250 KOAS

Perform the following maneuvers at 10,000 and 15,000 feet:

- Directional control check with rudder hydraulic power switch “off”,
~~2OO KOAS, PLF (conduct remaining tests with rudder hydraulic power
switch “on”).

- Level flight MRT 250 K (Max.)
- Id le RPM descent ~ 250 KOAS

- 1/2 directional control, sidesl ip angle right and left @ 250 KOAS,
PLF

- Full d irec tional control , sidesl ip angle right and lef t @ 250 KOAS,
PLF

SECOND FLIGHT

Maximum Altitude 30,000 feet
Maximum Speed 340 KOAS or .85 MN

*Perform the following maneuvers at 20,000 and 30,000 feet:

- Level flight MRT (no airspeed limit).
- Idle RPM descen t~~~25O KOAS

- 1/2 directional control sideslip angle right and left, @ Vma,~ MRT.(This control input may be reduced at the pilot’s discretion.)

*Do not operate speed brakes above 20,000 ft.

THIRD AND SUBSE QUENT FLIGHT S

Fl ight Envelope : Sea leve l to 30,000 feet
Air Speed: Up to 340 KOAS or 0.85 MN, whichever is less.
Flight Maneuvers: Optional
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Fligh t Da ta

- Take-of fs and Landings:

Record data continuously during first one minute of take-off
and climb and continuously during the one minute prior to
touchdown (Flights 1 and 2 only).

- Flight: Record a 15 second data burst once every 10 minutes
(all flights).

- Maneuver: Record data continuously during maneuver.

Maneuvers for Pilot Comments

NOTE: Pilot to perform these at his discretion. Recorders not on.
Pilot to coment after landing.

- App ly small rudder inputs , note response and dead band.

- App ly pulse inputs, evaluate recentering, left and right.

- Make comparison of CBW “feel” with manual “feel” .

- Comment on rudder pedal operation , i.e., no displacement (force
onl y) .

- The pilo t is encouraged to perform any additional maneuvers that
would provide worthwhile data.

Post Flight Checks

- Plot fluid temperature versus time curves from test data.
(first two flights and last flight) (performed by Department 071)

- Look for any trends (increase) in pump case flow (Department 071).

- Remove pump case drain filter bowl (first two flights and after
final flight). Deliver bowl, element and fluid to Department 071
for patch test.

- Take fluid sample for contamination check (first two flights and
after final flight).

- De-brief pilot after each flight.

- Make decisions regarding changes or additional procedures for
next flight.
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REPORT NADC 75287-60

I N0. OF
COPIES

ABEX C O R P . ,  OXNARD , CA 1

I BELL HELICOPTER , FT. WORTH , TX 1

BERTEA , IRV INE , CA 1

BOEING , SEATTLE , WA 1

I GARRETT CORP. ,  TORRANCE , CA 1

GENERAL DYNAMICS CON VAIR , FT. WORTH , TX 1

I GRUMMAN , BETHPAG E , L . I . ,  NY  1

HONEYWELL , MINNEAPOLIS , MN 1

I HYDRAULIC RESEARCH , VALENCIA , CA . . . .  1

LOCKHEED , MARIETTA , GA 1

LTV , DALLAS , TX 1

I McDONNELL DOUGLAS , ST. LOUIS , MO . . .  1

NATIONAL WATERLIFT CO. ,  KALAMAZOO , MI 2.

I NORTHROP , EL SEGUNDO , CA 1

ROCKWELL INTERN ATIONAL , L.A. DIV. ,  INGLEWOOD , CA. • 1

I SERVOTRONICS , INC. ,  BUFFALO , NY . . . 1

SUB-TOTAL 16
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