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FOREWORD

This report documents the flight evaluation of a prototype MIL-T-85289
Linear QOptical Displacement Transducer (LODT) as a rudder actuator feedback
control monitor. The program objective was to collect performance data of the
flight response using the digital LODT in place of the analog Linear Variable
Displacement Transducer (LVDT) in the Advanced Flight Control Actuation System
(AFCAS) feedback 1oop. The test flights verified the LODT performance to be
highly satisfactory using on-board measurement equipment and telemetry data
relay. The laboratory tests showed the LODT to be very accurate with high sen-
sitivity. The aircraft used was the T-2C trainer, Bureau No. 152382, bailed to
Rockwell from the Naval Air Systems Command (NAVAIR), Washington, DC.

This flight evaluation was accomplished by Rockwell International (North
American Aircraft Operations) for the Naval Avionics Center (NAC) under Con-
tract No. N00163-82-C-0232. The principal investigator was Mr. L. L. Kohnhorst
of Rockwell. Funding for this effort was provided by NAVAIR., The NAVAIR tech-
nology administrator for this project was Mr. A, Glista, AIR-332C. The program
manager at NAC was Mr. John Cicak, Code 813, The NAC project engineers were
Messrs. Peter Jones and Bruce McCoy, Code 813,

This report has been reviewed and is approved for publication.
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ABSTRACT

The flight demonstration and evaluation of the operation of the MIL-T-
85289 Linear Optical Displacement Transducer (LODT) as an active sensing
unit of the Advanced Flight Control Actuation System in a T-2C aircraft
were successfully accomplished. The test installation contained a LODT
as the rudder position feedback device, fiber optic 1ink, computer inter-
face unit, microcomputer, direct-drive rudder actuator, electronic drive
unit, force transducers, and a localized 8000 PSI (55 MPa) hydraulic
supply. The system met all laboratory and flight test objectives and
demonstrated that the LODT represents a viable approach to EMI immunity
in advanced aircraft control systems.
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1.0 INTRGDUCTION

1.1 BACKGROUND INFORMATION

The MIL-T-65289 Linear Optical Displacement Transducer (LODT) was
developed by the Hamilton Standard Division of United Technologies under
contract to the Naval Avionics Center (Reference 1). The LODT was
designed as an electrically passive means of accomplishing linear motion
sensing in the rudder control system of a Rockwell International T-ZC
aircraft fitted with components comprising the Advanced Flight Control
Actuation System (AFCAS). Rockwell served as developer of the AFCAS
under contract to the Naval Air Development Center and provided NAC with
recormendations for configuring the LODT, such as mechanical envelope and
output code format, which would aid integration of the LODT into the
AFCAS.

The LODT represents a unique application of the developing technology of
airborne fiber optics to the field of flight control sensing. In order
to gain confidence in the LODT's ability to function as a reliable
component of a flight control system, it must undergo test while
subjected to conditions of a flight operation which cannot be simulated
in a laboratory environment.

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. The AFCAS concept
developed by the Naval Air Development Center (NADC) is a direct drive,
lightweight hydraulic, surface actuation system capable of being
controlled with a direct digital command (References 2 through 7). This
system was successfully flight tested in the T-2C aircraft in 1979 and
was reported on in Reference 7.

The optical command 1ink, developed and laboratory evaluated as part of
the Navy's HOFCAS (Hydra-Optic Flight Control Actuation System, Reference
8) program was successfully flight tested and reported on in Reference 9.

The assets of the programs cited were utilized in the Flight Evaluation
of a Linear Optical Displacement Transducer (LODT) program. Necessary
modifications to integrate the LODT as an active sensing unit of the
AFCAS installation in the T-2C aircraft, laboratory testing and
subsequent flight evaluation are described in detail in this report.

Pastrevgy: zor_n




1.2 OBJECTIVE

The objective of this program is to evaluate the operation of the
MIL-T-85289 Linear Optical Displacement Transducer as an active sensing
unit of the Advanced Flight Control Actuation System in a T-2C aircraft.

1.3 TECHNICAL APPROACH

The technical approach used in the evaluation of Linear Optical
Displacement Transducer utilized the assets of the AFCAS and HOFCAS
programs in conjunction with the LODT equipment, and to demonstrate
through rigorous system laboratory tests the suitability of the LODT
configured system for controlling the rudder of the T-ZC aircraft.

The Electronic Drive Unit, and the Microcomputer Power Supply were used
without change. Modifications to the microcomputer included the addition
of a Gray-to-Binary code converter, differential line drivers and
receivers, internal wiring and electrical connector to interface with the
LODT Computer Interface Unit, and program changes to accommodate the LCDT
in the control loop and also provide an LODT analog output signal for
instrumentation. Hardware for mounting the LODT to the actuator body was
added to the AFCAS actuator. Two cable harnesses were added; one to
provide interconnection between the CIU and the microcomputer, and the
other to provide power to the CIU. Aircraft wiring changes consisted of
paralleling the LVDT No. 1 output to both channels of the EDU.

The LODT evaluation criteria were selected to provide a broad range of
system operation while maintaining compatibility with the T-2C dynamic
performance requirements. Safety provisions, including failure mode
evaluation, were based on T-2C flight safety requirements. Self-
monitoring features in the microcomputer program cause the system to
automatically revert to the Analog Back-Up (ABU) mode in the event that
predetermined tolerances are exceeded in the digital equipment. The
safety features also include a hydraulic by-pass valve on the direct
drive actuator. This device allows the rudder to seek a tiail position
if the rudder control system failed. Flight testing on previous programs
had established the aircraft can be safely landed with the rudder in the
trail position. This feature establishes a third level of redundancy
beyond the DFBL and ABU modes of control.

A1l major components needed to fly the LODT in the T-2C were assembled in
the laboratory for system integration testing. System operation was
verified in the laboratory prior to aircraft installation. Frequency
response, step response, linearity, hysteresis and failure modes
switching were performed simulating aircraft operation.

10
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The test system was installed in the T-2C with instrumentation for the
LODT and LVDT analog outputs as well as standard parameters such as
airspeed, altitude, engine rpm, etc. Flight data were collected by photo
recorder and telemetry systems.

Procedures were established for system checkout, ground demonstration,
and flight testing. More than fifty (5C) hours have been logged on the
Digital Fly-By-Light system prior to the LODT test installation. Pilot
observations and instrumentation data were used as a basis for evaluating
the test LODT installation.
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2.0 T-2C AIRPLANE

2.1 GENERAL DESCRIPTION

The T-2C "“Buckeye" is built by Rockwell International Corporation, North
American Aircraft Operations-Columbus. The Buckeye is a two-place,
subsonic 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 2-1.

The T-2C is equipped for cross-country flight, night flying and low
altitude, high speed navigation exercises. Maximum level flight speed of
the Buckeye is 465 knots (239 m/s) at 15,000 feet (4.6 km); the service
ceiling is 45,000 feet (13.7 km). Takeoff and landing speeds are in the
range of 95 to 110 knots (49 to 57 m/s). A typical takeoff 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
surfaces. Thus, in the event of a hydraulic system malfunction, control
of the aircraft can be accomplished manually.

2.2 HYDRAULIC SYSTEM

The T-2C has a 3000 psi (21 MPa), Type II (-65 to +2750F) (-54 to
+1350C), single hydraulic system. Two pumps, one on each engine,
provide power to operate the landing gear, speed brakes, arresting hook,
aileron actuator, and elevator boost package. The pumps are constant
pressure, variable delivery, axial piston designs. Each pump is capable
of delivering 4.9 gpm (18.5 L/M) at 7800 rpm. Hydraulic fluid (MIL-H-
5606) is supplied to the pumps by an air/oil type reservoir pressurized
by engine bleed air. Fluid cleanliness is maintained by 5 micron
absolute filters.

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

13
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2.3 ELECTRICAL SYSTEM

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

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

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

E
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3.0 AFCAS DIRECT DIGITAL DRIVE, LODT FEEDBACK TEST INSTALLATION

3.1 GENERAL DESCRIPTION

The fly-by-wire rudder control system incorporating a digital micro-
computer generated PWM valve drive signal was originally installed in the
T-2C aircraft during the AFCAS program (References 6 and 7). This system
was modified under Contract NO0163-82-C-0232 to test a Linear Optical
Displacement Transducer as the feedback element for controlling the
rudder of the T-2C aircraft while operating in the Digital Fly-By-Light
(DFBL) mode. Principal components in the test installation are:

o Linear Optical Displacement Installed and tested
Transducer (MIL-T-85289) per LODT program.

o Computer Interface Unit

o Fiber Optics Cable

o0 Gray-to-Binary Converter

- EDU
- Localized Hydraulic Power Unit

(8000 PSI)
- Force Transducers Previously installed
- LVDT Position Transducer & tested per Phase 5
- Microcomputer Assembly &6 of the AFCAS
- Microcomputer Power Supply program.

Two modes of system operation are provided, the Digital Fly-By-Light
(DFBL) mode and the Analog Back-Up (ABU) mode. In the DFBL mode, the
microcomputer converts the pedal force command into a digital signal,
sums it with the digital rudder position feedback signal from the LODT
and generates a PWM error command signal. The PWM error signal is
converted to an optical signal which is transmitted to the EDU via two
fiber optic cables where it is restored to an electrical PWM signal,
amplified and power converted into four separate coil currents within the
actuator torque motor. In the ABU mode, the pedal force commands anrd
rudder position feedback (now supplied by an LVDT) bypass the micro-
computer and are connected directly to the EDU where they are summed,
amplified and power converted into four separate coil currents within the
actuator torque motor.

A functional block diagram of the major components is shown in Figure
3-1. The shaded areas indicate which components were added or changed
for the Digital Fly-By-Light system incorporating the MIL-T-85289 Linear
Optical Displaement Transducer.

17
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3.2 SYSTEM DESCRIPTION

Figure 3-2 contains a functional block diagram that illustrates the DFBL
and ABU modes of operation. A functional schematic of the system appears
in Figure 3-3.

The DFBL mode is selected by momentarily holding the cockpit DFBL ENGAGE
switch to ON, energizing the DFBL control relays and resulting in the
following:

o The pedal command and LODT feedback signals are connected to the
microcomputer inputs. EDU pedal command and LVDT feedback signal
inputs are grounded.

0 The microcomputer PWM error command is connected to the EDU via the
fiber optic control links.

If the microcomputer senses the system is functioning properly, a power
ground is continuously supplied to the DFBL ENGAGE switch holding coil by
the microcomputer and the system remains in the DFBL mode.

The ABU mode may be selected by manually placing the DFBL ENGAGE switch
to OFF. The ABU mode is automatically selected when the microcomputer
senses abnormal system operation in the DFBL mode.

Switching to the ABU mode results in the following:

o The fiber optic error command 1ink output in the EDU is disabled and
the pedal command and LVDT feedback transducer outputs are connected
directly to the EDU where they are summed and power amplified to
drive the four coils in the torque motor of the actuator direct drive
valve,

The various system components are discussed in the following paragraphs.

3.2.1 Actuator Position Transducers

LODT (MIL-T-85289(AS))

The Linear Optical Displacement Transducer (LODT) provides the rudder
actuator feedback signal in the Digital Fly-By-Light (DFBL) mode. The
LODT MIL-T-85289(AS) equipment consists of the Displacement Transducer,
Fiber Optic Link and Computer Interface Unit as shown in Figure 3-4. A
cut-away view of the transducer is shown in Figure 3-5. Mounting of the
transucer on the rudder actuator is shown in Figure 3-9.

Absolute 1inear position over the + 1,75 inches (+ 4.45 Cm) of travel is
provided by means of a 12-bit Gray code using a fTber optic face plate
made up of a glass substrate with a chrome encoder mask. The 12-bit data
provides measurement resolution of approximately 0.0008 inches (0.02

mm). A digital-to-analog converted LODT signal is provided, for
instrumentation, in both the DFBL and ABU operational modes.
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LVDT

A Schaevitz Model 2000 HCD DC Linear Variable Differential Transformer
(LVDT) provides the rudder actuator feedback signal in the ABU mode. In
the DFBL mode, the LVDT is used for monitoring the validity of the LODT
feedback signal.

LVDT excitation is provided by the EDU + 15 VDC power supply. The LVDT
scale factor is 5.0 VDC/in (1.97 VDC/Cm). The actuator linear position
travel, + 1.75 in. (+ 4.45 Cm) max., is converted through a bell crank and
push rod to an angular rudder travel of + 120 max. The LVDT is shown
mounted on the rudder actuator in Figure 3-9.

3.2.2 LODT Fiber Optic Link

The LODT Fiber Optic Link consists of four bundles of seven fibers, each
packaged in a single strengthened cable. A 20-pin Hughes type C22 fiber
optic connector is terminated identically on each end. Dust covers are
supplied to maintain cleanliness of the fiber optic pin during storage.
The overall cable diameter is 3/8" (9.525 mm) with a 3.7 inch (9.4 Cm)
minimum bend radius. The strain relief of the connector and the Kevlar
strength members of the cable provide an overall pull strength in excess
of 80 1bs. (356 N).

Two of the seven fiber bundles are used to transmit the 1ight emitted by .
the LED's to the transducer. Six fibers in each of the other two bundles ;
are used to return the encoded signals from the transducer to the CIU.

Each of the 28 fibers is a low loss, 100 micron core, 140 micron clad,

graded index, communication grade, glass-on-glass fiber with a single

buffer. The fiber optic 1ink is shown in Figure 3-4 interconnected

between the CIU and LODT. :

3.2.3 Dual Channel PWM Fiber Optic Links

The dual channel fiber optic links are used to transmit Pulse Width
Modulated (PWM) rudder error signals from the microcomputer to the
Electronic Drive Unit. The unipolar optical PWM signals are received in
the EDU and restored to bipolar electrical PWM signals to drive the
actuator control valve. Commercially available fiber optic components
were used for both the transmitters.and receivers.

3.2.4 Computer Interface Unit (CIU)

The Computer Interface Unit contains the active electro-optic devices, and
the control and signal processing electronics for interfacing with the
Flight Control Computer. The CIU interrogates the transducer upon receipt
of a read command from the Flight Control Computer. Two Light Emitting
Diodes (LED's) are pulsed upon receipt of the read command. The trans-
ducer is interrogated and the encoded signal is received via twelve photo-
diodes. The diodes and a transimpedance amplifier are packaged in a
custom hybrid that provides less susceptibility to EMI and provides a low
noise level output. The data is received in parallel by the twelve photo-
diodes. The CIU and its aircraft mounting plate are shown in Figure 3-4.
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! 3.2.5 Electronic Drive Unit

The EDU in Figure 3-6 contains the electronics for sensor signal condi-
tioning, signal summation, and power amplification to current drive the
torque motor. The EDU was designed and fabricated by North American
Aircraft Operations. It consists of two independent channels, each sub-
divided into dual valve driver circuits. A functional schematic of the
EDU electronics is included in Figure 3-3. Each of the four power
amplifiers employs current feedback with a highly reliable “Darlington"
power transistor configuration, utilizing redundant power supplies. The
circuitry is designed so that in the event an output stage fails "hard-
over”, the voltage applied to a motor coil will not exceed its rated
value. This limiting feature permits a sub-unit failure to be compensated
or nullified by another sub-unit. Closed loop tests showed that operation
of the redundant sub-units provided a high immunity to component failures
as reported in Reference 4, NR75H-1, Control by Wire Modular Actuator
Tests (AFCAS).

3.2.6 Pedal Force Transducers

Two force transducers, Schaevitz Model FTD-IT-500 (Figure 3-7), are used

to convert pedal forces into DC signals. Excitation is provided by the

EDU + 15 VDC power supplies. The force transducers are connected to the

pedals through a cable/sector assembly having a mechanical advantage of i
2.28 (pedal force x 2.28 = transducer force). The transducers have a

maximum capacity of 500 1bs. (2.2 kN), a spring rate of approximately 8000 :
1b/in (1.4 MN/m), and a design scale factor of 0.01 v/1b (.002 v/N). ‘

3.2.7 Microcomputer Assembly

The microcomputer assembly is housed in an enclosed unit, and consists of
the following subassemblies: ‘

Part No. Nomenclature

M68MMO1A Motorola Mono-Board Microcomputer Module
M68MMO5A Analog-To-Digital (A/D) Converter Module
M68MMO5C Digital-To-Analog (D/A) Converter Module
M68MMCCO5 Card Cage & Mother Board Assembly

EO H383246-11 Signal Conditioning Board

EO H384415 Gray Code Converter

The mono-board microcomputer module is shown in Figure 3-8, and is a

complete computer-on-a-board having all the processing and control |
required for a microcomputer-based system. It incorporates the MC 6800

MPU, 1 K of Random Access Memory (RAM), provisions for 4 K of Programmable

Read Only Memory (PROM), timing and control, buffers, an Asychronous ,
Interface Adapter (ACIA) and two Peripheral Interface Adapters (PIA). ;
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Figure 3-6. Electronic Drive Unit

Figure 3-7.

gy
4

Force Transducer
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The A/D converter module consists of eight channels of A/D conversion of
which four are utilized. The D/A converter module consists of four
channels of D/A conversion.

f
|
!
Fv

The signal conditioning board contains four channels of sensor signal
conditioning and a relay driver that interfaces the microcomputer monitor
output with the system control logic.

Additional information on the microcomputer assembly is contained in
Appendix A.

The Gray Code Converter board enables the computer to interface with the
optical transducer's Computer Interface Unit (CIU). The Gray Code _
Converter's buffers change the CIU differential signals to standard TTL )
level signals. The serial Gray code data from the CIU is then converted !

to straight binary by the use of an exclusive OR and shift registers. The ‘

shift registers in the Gray Code Converter have two functions. The first

function is to enable exclusive OR-ing of the previous bit with the ¥
present bit to generate the straight binary. The second function is 3

serial to parallel conversion with temporary storage. The data to be
loaded into the computer is stored in the shift registers until the
computer is ready to read the data. When the data has been shifted into
the registers, a flag in the PIA is set which informs the computer that
data is ready for loading. After loading the data, the computer resets
the shift registers so that another conversion can be started. Al

conversions start after the computer sends the CIU a read pulse. 1

3.2.8 Microcomputer Power Supply

A separate power supply, Motorola P/N M6BMMPS1, converts single-phase, 115
VAC, 400 Hz to + 5 VDC, and + 12 VDC to power the microcomputer assembly.

3.2.9 AFCAS Actuator

The fly-by-wire AFCAS rudder actuator, P/N 8691-524001-101, is directly
driven by a permanent magnet force motor having four independent coils for
redundancy. The force motor armature is mechanically coupled to a spool/
sleeve flow control valve which commands actuator piston rate. Piston
feedback is provided by a DC LVDT and LODT mounted externally on opposite
sides of the actuator housing. A hydraulic bypass valve was added to
automatically interconnect the two cylinder chambers in the event
hydraulic power were lost. The T-2C rudder has a travel of + 250, For
safety reasons, rudder travel was reduced to + 120 in the test installa-
tion by 1imiting actuator stroke. This permits the pilot to land safely
with a "hard-over” rudder, opposite engine out, and three knot cross-wind.




Actuator constants are listea below:

Operating Pressure 8000 psi (55 MPa)
Piston Stroke (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 In.2 (1.5 cm?)
Force Output (Max.) 1870 Lb. (8.3 kN)
Piston Velocity (Rated) 5.5 In/Sec. (14 cm/s)
Actuator Length (Extended) 18.375 In. (46.7 cm)

The actuator assembly is shown mounted on a laboratory test fixture in
Figure 3-9.

3.2.10 Hydraulic System

The hydraulic system remained unchanged from Phase V of the AFCAS test
program, described in Reference 6. Changes incorporated in the basic T-2C
hydraulic system for the Phase V test program were:

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

o Addition of an 8000 psi (55 MPa) control-by-wire rudder
actuator and bypass valve.

o Addition of a suction line from the reservoir to the 8000
psi (55 MPa) pump, pressure line from the pump to the rudder
actuator, and actuator return line.

o Addition of pump case drain return and shaft seal overboard
line.

o Relief valve installed in the 8000 psi (55 MPa) system.

o Heat exchanger installed in the 8000 psi (55 MPa) pump case
drain line.

The original and modified hydraulic systems are compared schematically in
Figure 3-10.

The modified system is shown schematically in Figure 3-11; 8000 psi (55
MPa) components are listed in Table 3-1. The 3000 psi (21 MPa) and 8000
psi (55 MPa) systems shared a common reservoir and common return lines.
A11 major components, except for the rudder actuator, were located in the
fuselage compartment above the engines.
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Figure 3-10. Original and Modified Hydraulic Systems
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PART NO.

66059

8691-524001-101

8691-524001 -051

1180A

R44598-6-0310
21-6-9

Dynatube(:DSeries
MIL-H-83282

TABLE 3-1

LIST OF 8000 PSI {55 MPa) COMPONENTS

DESCRIPTION

Motor/Pump Unit

Rudder Actuator
Assembly

Bypass Valve

Hydraulic Relief
Yalve

Hose

Tubing

Fittings
Fluid

MANUFACTURER

Aerospace Division of Abex
Corporation

Aerospace Electrical Division
of Westinghouse Electric
Corporation

North American Aircraft
Operations, Columbus Plant,
Rockwell International
Corporation

North American Aircraft
Operations, Columbus Plant,
Rockwell International
Corporation

Pneubraulics, Inc.

Resistoflex Corporation

Trent Tube Division of Colt
Industries

Resistoflex Corporation

Royal Lubricants Co.

(:) Dynatube, a Resistoflex development, is patented
in the United States and foreign countries.
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3.3 SOFTWARE DESCRIPTION

3.3.1 Function

Software was developed to enable the microcomputer to perform three basic
functions; a command/feedback control function, a control monitor
function, and a digital-to-analog conversion of the LODT feedback signal
for instrumentation recording.

The command/feedback control function sums the pilot command and rudder
position signals to produce an output signal proportional to the
difference to drive the actuator.

The control monitor function measures the level of error between the pedal
command and the rudder actuator position feedback, and if a preset level

is exceeded for a given period of time, the engage command will be
removed. Actuator control will then revert to the ABU mode. A continuous
check is also made on the LODT and LVDT transducer input A/D conversion
hardware by comparing the two digital feedback signals with each other and
in a similar manner comparing the digital pedal signals. Any differences
exceeding preset levels for a given period of time will result in
automatic switching of system control to the ABU mode.

3.3.2 Pragram Modules

The DFBL Microcomputer Program Flow Chart, Figure 3-12, illustrates the
modular nature of the software and the sequence in which the modules
function. The program modules were designed, coded, and initially checked
as individual entities prior to being integrated.

Following is a brief description of the program modules:

Initialize - The Initialize module sets the D/A Converter (DAC) channel 4
to provide + 5 VDC to hold in relay K1 (ref. Figure 3-3). The K1 relay,
in turn, holds the DFBL Engage switch in the engage position. The
Initialize module also clears the Gray to Binary Converter and programs
the PIA for the necessary 1/0. All timing counters are also set to ensure
that the Monitor function does not immediately turn off the DFBL Engage
switch,

Input 1 - The Input 1 module, as the first in the repetitive loop, is used
to start the PWM output signals. This is done by setting both DAC-1 and
DAC-2 at + 10 VDC. 1t then reads the command or LODT depending on the
status of a memory location. If the memory location is set, the module
reads the LODT, otherwise it reads the conmand. The program operates at
500 Hz, which corresponds to reading the command or feedback at 250 Hz.
A/D conversion of the command is controlled by this module and so is the
start of a read pulse to signal the CIU for data. Data which is to be
outputted to instrumentation is also done during execution of this module.
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Command 1 Limit - Inputs are scaled so that full scale, + 129 of rudder
Ts + 5 VDU, which is one-half of full range for the A/D Channels. Since
the force transducer that provides CMD1 is not mechanically or
electrically limited to + 5 VDC, a software limit is provided to set CMDI
at either + 5 VDC, as appropriate, when that value is exceeded. Output of
the A/D converter is a 12-bit word, proportional to the voltage.

Error - The Error module performs a double precision subtract of CMD1 from

and sets computer gain through a series of shifts. It then
determines polarity of the error and transfers to the appropriate output
module.

Output - The Output module sets countdown timers that establish the
uration of the plus and minus portions of the PWM output signal. It
switches DAC-1 and DAC-2 to -10 VDC when the "positive" counters have
timed-out. When the "minus" counters time-out, it transfers control to
the Input 2 module.

Input 2 - The Input 2 module controls the conversion of CMD2 and P0S2 and
provides limits on CMD2 in the same manner as Input 1. CMD2 and P0S2 are
for use in the Monitor functions.

Monitor - The Monitor module compares the redundant pilot command and
rudder position input signals. If a difference in either of 1.59 is
detected for a period of 0.128 seconds, the program is set to deenergize
the DFBL holding relay (K1 in Figure 3-3) and reverts control of the
system into the ABU mode. The monitor also checks the magnitude of the
error signal. If it exceeds 1.50 for 2 seconds, the DFBL holding relay

is deenergized, and control of the system again reverts to the ABU mode.
As long as the monitor does not detect an error, it transfers control back
to the Input 1 module. The LODT read pulse which was started in the Input
1 module is also reset at the start of this module.

3.3.3 Flight Test Program Software

Support software, trade name "Microbug ROM" was purchased with the
microcomputer equipment and enabled communications with the microcomputer
via a Teletype Corp. Model 33TU teletype keyboard/printer reader/punch
unit. An RS-232-TO-TTY adapter unit provided the interface through the
ACIA, between the microcomputer and the teletype.

The communication consisted of entering both program, monitoring
microcomputer operation, and dumping of programs onto paper tape for
storage.

After the software modules were operating satisfactorily they were then
merged to become an operational program. After checking the operational
program with the microcomputer integrated into the rudder system (in the
laboratory), the program was then loaded into a PROM. The PROM was
installed in the microcomputer and the operational program verified. A1l
subsequent final system response testing and calibration for the flight
configuration was performed with this PROM installed in the microcomputer,

36

CORTTIY PRI 2T . i e




A listing of the flight program software is contained in Appendix B. The
program was designed to function at a rate of 500 Hz, and occupies 610
bytes of the available 4096 bytes of PROM and 19 bytes of the 1024 bytes
of “scratch pad" RAM. The PROM map is also contained in Appendix B.
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4.0 LABORATORY TESTS

4.1 TEST OBJECTIVES

Laboratory tests were conducted on the integrated Linear Optical
Displacement Transducer (LODT)/AFCAS system. The objective of the tests
was to verify the performance of the Digital Fly-By-Light rudder control
system with LODT feedback by comparing system performance data with that
obtained using conventional LVDT feedback. Testing included failure modes
as well as operational modes and monitoring of instrumentation parameters
to ensure a high level of confidence in system compatibility prior to
aircraft installation.

4.2 TECHNICAL APPROACH

The actual aircraft hardware was used whenever possible in the lab test
set-up to permit testing and evaluation of the flight hardware and to
eliminate potential problems during subsequent installation and operation
in the aircraft.

Included in the lab test set-up were the rudder LVDT and LODT feedback
transducers, rudder actuator, EDU, microcomputer and associated power
supply, Computer Interface Unit (CIU), digital display unit, fiber optic
cable, and the control panel switches and control relay used in the
aircraft. A laboratory hydraulic pump was utilized for all tests
requiring hydraulic flow.

4.3 INTEGRATION TESTS AND RESULTS

4.3.1 Lab Set-Up

A lab wire harness, configured to simulate the aircraft wiring, was used.
A terminal strip/interconnection board provided control, test points, and
the interface between the wire harness, system components, and lab test
equipment. A pictorial of the lab set-up is shown in Figure 4-1, and the
associated block diagram is depicted in Figure 4-2.

The hydraulic supply used for the laboratory testing utilized a variable
displacement, axial_piston, 4000 psi (27.5 MPa) pump. An accumulator of
approximately 50 in3 (820 cm3) was used in the supply 1ine to minimize
supply pressure transients.

4.3.2 LODT, CIU and Fiber Optic Cable Bench Tests

The LODT was mounted on a laboratory test fixture with the rod end
attached to a precision positioning device. Appropriate electrical and
fiber optic cable interconnections were made between the units under

test. The availability of a Digital Display Unit (DDU) provided a
convenient method of performing end-to-end operational checks on the LODT,
CIU and Fiber Optic Cable. The DDU provided readouts of LODT displacement
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in inches with corresponding Gray code and binary LED readouts. Required
outputs from the equipment were verified prior to interfacing with the
AFCAS components.

4.3.3 Digital Program and System Operation

The digital program used in Phase VI of the AFCAS program (Reference 7)
was modified to accommodate the digital feedback signals from the LODT and
its associated CIU. During this development stage, the modified digital
program was loaded into the AFCAS microcomputer random access memory (RAM)
via the teletype and punched paper tape. This provided the capability to
make program changes, as necessary, to obtain proper system operation and
desired LODT instrumentation output. Failure mode sensing and signal
amplitude features of the software program were also monitored. After
verification, the software program was stored in a PROM and installed in
the microcomputer for system laboratory testing, and subsequent
installation in the T-2C aircraft.

4.3.4 System Response Tests

System response tests were performed in both the Digital Fly-By-Light
(DFBL) and Analog Back-Up (ABU) operational modes. Drive signals were
injected into the pedal command input at an amplitude representing
approximately + 0.2 inches (5.1 mm) of actuator travel. The drive signal
and either the LODT or LVDT feedback signal, as required, were recorded on
a strip chart recorder to provide frequency, gain and phase shift data.
System performance comparisons are presented showing the DFBL mode system
response with LODT feedback and previous DFBW data with LVDT feedback
taken from the Reference 8 report.

4.3.4.1 DFBL Frequency Response - Figure 4-3 shows the Digital
Fly-By-Wire mode frequency response with LVDT feedback reported in
Reference 8. System bandpass is 3.5 Hz (3 db point) with a gain margin of
12 db and phase margin of 55 degrees. Figure 4-4 shows the Digital
Fly-By-Light mode frequency response with LODT feedback. Essentially
identical results were obtained, verifying that system frequency response
is unaltered when the LODT is used as the feedback element.

4.3.4.2 ABU Frequency Response - The Analog Back-Up mode frequency
. response from Reference 8 data is shown in Figure 4-5. System bandpass is
0.7 Hz with a gain margin of 27 db and a phase margin of 110 degrees.
Since the LODT is not used to close the loop in the ABU mode, this data
was rerun only to verify that using one LVDT for both EDU channels had
little or no effect on system response or scale factor. Figure 4-6 ABU
mode frequency response shows a bandpass of 1.0 Hz with a gain margin of
32 db and a phase margin of 100 degrees which compares very closely to
Reference 8 data.

4.3.4.3 DFBL and ABU Mode Step Resgonses - The DFBL mode step response
is shown in Figure 4-/. Both the L gital-to-analog converted signal
and the LVDT signal were recorded for comparison purposes. It is seen

that LODT output is identical to the LVDT output and therefore should not
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degrade system operation. The maximum slewing rate calculated from Figure

4-7 DFBL mode data is 400/sec and exhibits stable control loop operation

with very little overshoot and satisfactory damping. The ABU mode step 1
response shown in Figure 4-8 exhibits a maximum slew rate of 520/sec and !
a damping of at least 0.7 with no overshoot. The 400/sec DFBL slew rate

is more than adequate, but is slower than the ABU slew rate. The reason

is that the Pulse Width Modulation in the DFBL mode is intentionally

limited to 88% to maintain capacitive coupling of the error command signal.

4.3.4.4 Linearity - A low frequency triangular wave (0.2 Hz) was used ;]
to check system Tinearity in both the DFBL mode with LODT feedback and the "
ABU mode with LVDT feedback. Measured system linearity in the DFBL mode '
was 0.2% of full scale taken from strip chart recording shown in Figure '4

4-9. Measured system linearity in the ABU mode was 1.25% of full scale ,
taken from strip chart recording shown in Figure 4-10. ‘

4.3.4.5 Failure Mode Tests - Simulated failures were induced while the
system was fully operational in the DFBL mode with LODT feedback to i
demonstrate the ability of the system to sense the failure and revert to ‘
normal operation in the Analog Back-Up mode with LVDT feedback.

Simulated loss of LODT fiber optic cable - Figure 4-11 shows
the LODT output in the upper channel and the LVDT output in the lower
channel with the system operating in the DFBL mode at the outset of the
test. The procedure consisted of inserting a steady state rudder pedal {
command and with the strip chart recorder running at 50 mm/sec, removing
the fiber optic cable connector from the CIU, and recording the sequence
of switching from the DFBL mode to the Analog Back Up (ABU) mode. At the
instant the connector is removed, the LODT output goes to -10 VDC (the
analog equivalent of all digital 0's coming from the LODT), while the LVDT
output continues to monitor true rudder position. In approximately 0.1
second the ABU mode is automatically switched in and the rudder returns to
its original position. The time from the initial failure to the return of
the rudder to its original position in the ABU mode occurred in 0.62
segonds. The transient would be noticeable, but insignificant to the
pilot.

Simulated loss of CIU power - Figure 4-12 shows the continuous
time history of automatic switching from the DFBL mode to the ABU mode
during an induced loss of power to the Computer Interface Unit (CIU). As
would be expected, Toss of power to the CIU produces results very similar
to the failure mode described in paragraph 4.3.4.5.1. The failure is
sensed and automatically switched from the DFBL mode to the ABU Mode in
approximately 0.1 seconds. Complete recovery an