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EUSTIS DIRECTORATE POSITION STATEMENT

This report describes the design, development, and flight test of the Advanced Hydro-
fluidic Stabilization System, which successfully demonstrated the application of
hydrofluidic aircraft state detectors and control command and conditioning devices to
perform automatic aircraft stability augmentation and pilot relief functions. The
stabilization system developed provides the helicopter pilot with stabitity augmentation
in three axes over the total flight envelope, and with pitch and roll attitude hold,
heading hold, altitude hold, and airspeed hold over the normal range of cruise airspeeds.
Definition and analysis of this advanced hydrofluidic stabilization system were completed
during a previous program. No further USAAMRDL R&D effort is anticipated for this
equipment, as the technology is sufficiently developed to be applied to specific user
applications.

Mr. George W. Fosdick of the System Support Division served as project engineer for
this effort.
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The findings in this report are not to be construed as an official Department of the Army position unless so
designated by other suthorized documents.

When Government drawings, specifications, or other data are used for any purpose other than in connection
with a3 definitely related Government procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the Government may have formulated, furnished,
or in sny way supplied the said drawings, specifications, or other data is not to be regarded by implication or
otherwise as in any maanner licensing the holder or any other person or corporation, or conveying any rights or
permission, to menufacture, use, or sell any patented invention that may in any way be relasted thereto.

Trade names cited in this report do not constitute an official endorscment or approval of the use of such
commercial hardware or software.

DISPOSITION INSTRUCTIONS

Destroy this report when no longer needed. Do not return it to the originator.
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PREFACE

This document is the final report on the design, development, and flight
test of an advanced hydrofluidic SAS. The program was conducted under
Army Contract DAAJO2-72-C-0019 and was administered under the
direction of the Eustis Directorate, U, S, Army Air Mobility Research
and Development Laboratory, Fort Eustis, Virginia, with Mr, G, W,
Fosdick as the Project Engineer. The work was conducted during the
period 23 November 1971 through 10 June 1975,
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SECTION I
INTRODUCTION

The teasibility and advantages of using a hydraulic fluidic (hydrofluidic)
control system to provide short-period stability augmentation for single-
rotor helicopters has been demonstrated by actual flight tests on a number
of vehicles, including the UH-1 and OH-58 helicopters. These results have
warranted continued development of more advanced fluidic flight control
systems and hybrid fluidic/electronic flight controls with the objective of
adding other pilot relief modes to the basic SAS.

The ultimate goal of this program is to obtain a reliable, low-cost flight
control system that provides pilot relief control modes. The definition
and analysis of this advanced hydrofluidic stabilization system were com-
pleted in 1972 under Contract DAAJ02-71-C-0040. The result of this
phase of the program was the detailed system specification presented in
Appendix A of this report. The flight control system defined provides the
pilot with stability augmentation in three axes over the total flight envelope,
and with pitch and roll attitude hold, heading hold, and altitude hold over
the normal range of cruise airspeeds (50 knots to maximum cruise).
Later, during flight testing, a modification was incorporated to add air-
speed hold to these modes.

The defined system design and mechanization are the resi .t of two trade-
offs: (1) between increased pilot relief and system flexibility and the de-
sire to obtain a simple, low-cost system, and (2) once the system was
defined, between fluidic or electronic mechanization of the component
parts. Design features or constraints that are incorporated to reduce the
complexity of the system are:

e Limiting the service flight envelope of certain system modes.
This eliminated the need for system control signals into the
helicopter collective axis and for switching or blending of
heading control signals between the roll and yaw axes,

e Requiring the pilot to trim the aircraft to the desired flight
condition prior to engaging the hold modes. This makes it
possible to use just three limited authority series servo-
actuators for all system modes, simplifies sensor designs,
and eliminates the need for synchronization of reference

signals,
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e Use of constant gain in all control modes., This eliminated
the need for complex gain scheduling networks and addi-
tional sensors for scheduling parameters.

e Use of control panel switching for engage/disengage of modes.
This eliminates the need for the stick force sensors, syn-
chronization circuits, and engage/disengage logic associated
with conventional control stick steering modes.

The fluidic versus electronic mechanization decision was based on the
criterion of using fluidic mechanizations as long as satisfactory perfor-
mance could be obtained with present state-of-the-art components without
compromising the complexity of the system, As a result, all of the sys-
tem components with the exception of the aircraft attitude references,
the control panel hardware, and the synchronization circuits added during
a later system modification are fluidic,

This report presents the results of the second phase of the program,
which includes: (1) the building and test in the laboratory of a flightworthy
system suitable for controlling the UH-1M helicopter and (2) the installa-
tion, flight test, and evaluation of the system in a UH-1M helicopter at
the Honeywell flight test facility., The system evaluation consisted of ob-
taining and analyzing quantitative data at representative flight conditions
for selected inputs and steady-state flight and qualitative evaluation by the
contractor's pilot and two Government test pilots.

14



SECTION II
SYSTEM DESIGN

DESIGN OBJECTIVE

The system was designed to provide a highly reliable, low-cost automatic
flight control system (AFCS) incorporating pilot relief modes,

AFCS modes aid the pilot in four ways:

® The AFCS helps the pilot maintain precise aircraft control
through stability augmentation and attitude hold during recon-
naissance and armament firing missions,

® The AFCS relieves the pilot of the routine task of maintain-
ing a given flight path such that he can concentrate on the
overall mission task. Attitude hold and heading hold modes
are typical examples.

® The AFCS can relieve pilot fatigue by providing such modes
as altitude hold or airspeed hold.

® The AFCS can perform certain tasks significantly better
than the pilot can,

As increasing the degree of pilot relief and system flexibility is generally
in contrast to keeping the system simple and low cost, trade-offs had to be
made. The AFCS control mmodes and features that are included are those
that are of a major benefit to the pilot for typical observation and trans-
portation missions performed by the UH-1 helicopter. The final selec-
tion of the system design was based on the use of the mode or feature,
the frequency of use, and the functional and performance limitations of
a hydrofluidic mechanization, The system design mechanized and flight
tested on this program was defined and analyzed on an earlier design
, study performed for the Eustis Directorate of the U, S, Army Air Mobility
Research and Development Laboratory under Contract DAAJ02-71-C-0040,
l The results of that program are presented in USAAMRDL Technical Report
72-46, '"Advanced Hydrofluidic Stabilization System,"

Features incorporated in the system to reduce cost and to increase relia-
bility are:

e Use of control panel switching for system engage/disengage,
mode selection, and maneuver commands

o Use of aircraft standard display gyros to obtain attitude and
heading references

15
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e Use of three limited-authority, series servoactuators for
all system output motions

e Limitation of the service flight envelope of certain system
modes

MODES OF OPLERATION

Selection of the modes of operation for the system was based on an analy-
sis of mission tasks and the free-vehicle handling qualities of the UH-1-~
type helicopter, keeping in mind the guidelines of simplicity and low

cost,

The hydrofluidic flight control system is capable of controlling the heli-
copter in the following modes:

e Stability augmentation (three axis)
e Attitude hold (pitch and roll)

e Heading hold and heading select

e Altitude hold

e Airspeed hold

The flight envelope for operation of the various system modes is based

on the flight envelope of the UH-1 during typical observation and trans-
portation missions and the desired use of the modes during the various
segments of the mission profile. In general, the baseline system is in-
terded for operation over the range of airspeeds and altitudes at which the
UH-1 is flown the majority of the time. Information obtained on the typi-
cal flight profiles for the UH-1-type helicopter indicated that over 90
percent of the flying was done at airspeeds above 50 knots and at less

than 6000 feet density altitude. The following service flight envelope was
then defined for the system:

e Airspeed: Stability augmentation - Hover to maximum cruise
Attitude hold, heading
hold, altitude hold, and - 50 kn to maximum cruise
airspeed hold

® Altitude: All modes - 0 to 6000 ft

16



SYSTEM DESCRIPTION

The system consists of five modes of operation: SAS, attitude hold,
heading hold, altitude hold, and airspeed hold. Block diagrams of the
system's three control axes are shown in Figures 1, 2 and 3, There

are various interlocks between each of these modes. The SAS mode
becomes operable when the system is engaged by energizing the three
series servoactuators with aircraft hydraulic power. The other indivi-
dual modes or combinations of modes can then be selected. These modes
operate through the same three series servoactuators (pitch, roll, and
yaw) as the SAS., The need for system inputs into the aircraft's collec-
tive control is eliniinated by limiting the service flight envelope of these
modes to normal aircraft cruise conditions, which also makes it possible
to eliminate the need for switching or blending of control signals between
the yaw axis and the roll axis when in the heading hold mode.

The system has three additional features: (1) turn control, by which a
constant rate of turn can be introduced using a turn control knob or the
control panel; (2) manual trim, using either the trim knobe on the con-
trol panel or the trim switch on the stick; and (3) synchronization (auto-
matic trim). The synchronization feature along with the stick trim
switch was added later in the program to simplify the trimming require-
ments of the system, The synchronizer circuits, shown in Figures 1 and
2, were mechanized and tested in the laboratory with good results prior
to installation in the helicopter, but an electromagnetic interference (EMI)
problem was encountered upon installation, Simple filtering techniques
proved to be unsuccessful; therefore, the synchronization feature was not
flight tested.

Normal operating procedure is to engage the SAS prior to takeoff, and uoon
reaching the desired cruise flight conditions, the attitude hold modes

(pitch and/or roll) are engaged, thus controlling the aircraft to local vertical,
The pilot then may select the additional modes (heading hold, altitude hold,
and airspeed hold) depending on the desired flight path, For example, the
system will asgist the pilot in (1) flying at a fixed altitude while maneuvering
the aircraft, such as in holding over a fixed grouud location; (2) flying in a
fixed direction at a constant airspeed while varying altitude, such as in
making instrument-type approaches; or (3) using both heading hold and altitude
hold or airspeed hold together to provide pilot relief for long flights from
point to point, Because of their incompatibility, the altitude hold mode and
the airspeed hold mode can not be used simultaneously.

The remainder of this section describes the individual modes of the system
and the synchronization feature, A more detailed description of the system
and its performance is presented in the system specification, Appendix A;
pilot operating instructions for the system are presented in Appendix B,
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Stability Augmentation System

The SAS consists of a vortex rate sensor in each axis, the necessary gain
and shaping networks, an engage switch in the flight controller, and a
solenoid valve and a series servoactuator in each axis. The servoactua-
tors are mounted directly into the aircraft flight control linkage., In the
yaw axis (Figure 3), a flight control pedal transducer signal with the
proper gain and shaping is summed with the rate sensor signal *~ give
the pilot complete authority at all times. This in essence cancels

the rate feedback resulting from aircraft motion due to the pilot's input
command. Damping of external inputs is still available at all times,

The SAS mode is energized by a switch on the console~-mounted control
panel, which opens the solenoid valve supplying power to the series
servoactuators,

Attitude Hold Modes

The attitude hold modes consist of a vertical gyro, gain and shaping net-
works, trim indicators, roll and pitch trim controls, a turn command
control, engage valves, and an engage switch. The output of the roll
attitude channel is summed with the roll SAS channel signals through a
shaping network into the roll series servoactuator. The output of the pitch
attitude channel is summed with the pitch SAS channel signals in a similar
manner, In operation, the pilot comes to the desired attitude, trims the
aircraft through the cyclic stick, and if desired, engages the stick force
trim, He then checks and nulls, if necessary, the pitch and/or roll atti-
tude control loops by monitoring the trim indicators while operating the
pitch and/or roll trim controls, He then engages the attitude hold modes
with the mode select switches, If a turn is desired, it can be coonmanded
either with the stick or with the turn control knob on the function selector,
which commands roll attitudes up to approximately 15 degrees, If a trim
attitude change is required due to a change in flight conditions, the pilot
disengages the attitude hold mode, retrims the aircraft, checks the atti-
tude control loop nulls, and reengages the modes, With the synchroniza-
tion feature added, as shown in Figures 1 and 2, manual trimming of the
system prior to engaging these modes is eliminated,

Heading Hold Mode

The heading hold mode consists of a heading gyro, gain networks, a
heading select control, an engw.ge valve, and a mode select switch, The
heading channel signal is summed with the attitude channel signal and the
SAS channel signal of the roll axis, This limits the heading hold mode to
airspeeds above approximately 50 KIAS, due to the inability to satisfac-
torily hold heading through the roll axis at low air speeds.
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To use the heading hold mode, either the pilot can fly to the desired
heading, adjust the heading select knob to the existing heading, and en-
gage the mode; or he can simply turn the heading select knob to the
desired heading, engage the mode, and allow the control system to fly the
aircraft to the selected heading. The system will then maintain the air-
craft on the selected heading until the mode is disengaged or a new heading
is commanded.

Altitude Hold Mode

The altitude hold mode consists of an altitude error sensor, which senses
changes in the static pressure, amplification, and a mode select switch,
The altitude error signal is summed with the pitch attitude and pitch SAS
signals. As in the case of heading hold, this mechanization of altitude
hold (through the pitch axis only) limits the effective use of this mode to
airspeeds above approximately 50 KIAS,

To use the altitude hold mode, the pilot flies to the desired altitude, trims
the aircraft, and engag2s the mode. The system will then maintain the air-
craft at the selected altitude until the mode is disengaged. When an alti-
tude change is desired, the pilot disengages the mode, flies to the new
altitude, and reengages the mode.

Airspeed Hold Mode

The airspeed hold mode is similar to the altitude hold mode except that
the sensor in this case senses changes in dynamic pressure rather than
static pressure, The dynamic pressure error signal is summed with
the pitch attitude and pitch SAS signals, The control panel engage logic
is designed such that the pitch attitude and pitch SAS modes must be
engaged and the altitude hold mode disengaged before the airspeed hold
mode can be engaged,

To use the airspeed hold mc-'e, the pilot establishes the desired airspeed
and enpages the mode, The system will then maintain the aircraft at the
selected airspeed until the mode is disengaged. If an airspeed change is
desired, the pilot disengages the mode, establishes the new airspeed,
and reengages the mode,

Synchronization

The synchronization feature was added to the pitch and roll axis channels
to simplify the task of trimming the attitude hold modes prior to engaging
the system,
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The original attitude hold mode mechanization included a manual trim
function that was operated by the pilot to trim the attitude signal to
neutral prior ‘o attitude hold engage, The amount of attitude mistrim

was determined from a differential pressure sensing triz: indicator, Fig-
ure 4 is a block diagram that shows the basic configuration,

An automatic synchronizer was needed to eliminate the manual trimming
function prior to engagement, It was determined that the synchronization
function could be added with only minor modifications to the existing
system hardware; however, the modified system wouild still require
manual disengagement of the attitude hold mode prior to flight changes arud
reengagement when the new flight condition was attained.

The synchronization point is the fluidic output that supplied the original
trim indicator, Figure 5 is a block diagram of the attitude input with a
synchronizer loop. The trim indicator has been changed to an electrical
indicator,

SERIES SERVOACTUATOR AUTHORITY

Because the series servoactuators are used for the outer-loop pilot-assist
modes as well as the inner-loop SAS, an analysis was performed during
the earlier design study program to define the required servoactuator
displacement limits, Thiee factors were taken into account in selecting
the desired servoactuator displacement limits: (1) series servoactuator
range requirements for normal operation, (2) aircraft angular rates re-
sulting from a servoactuator hardover failure, and (3) the effects of the
series servoactuator hitting the limit during severe maneuvers or distur-
bances. The following is a summary of these results,

Range Requirements

The main rotor swash plate and tail rotor control limits for the UH~1 are:

Roll axis = 10,0 deg
Pitch axis = $13.75 deg
Yaw axis = $13.0 deg

The range requirements for the roll, pitch, and yaw series servoactuators
are shown in Table 1. These values are calculated by combining the dis-
placements resulting from maneuvers, wind gusts, engage transients,
trim changes, and component tolerances. Maneuver, wind gust, and
engage transient displacements were obtained from the computer simula-
tion of system operation, and displacements from trim changes and
component tolerances were calculated based on aircraft data and compo-
nent null-shift data. The displacements were separated into transient and
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Table 1. Series Servoactuator Range Requirements

Displacement (deg swash
Cause of Displacement plate/control)
T ransient Steady State
Roll Servoactuator
1. Turn maneuver (15-deg roll angle) 0.75 0
2. Lateral gust (20 ft/sec) 0. 80 0
3. Engage transient 0.10 0
4., Trim changes 0 0
5. Component tolerances 0 0.24
1,10 (RSS) 0.24
1,34 deg = 13, 4% total
Pitch Servoactuator
1. Turn maneuver (15-deg roll angle) 0.20 0
2. Lateral gust (20 ft/sec) 0. 40 0
3. Vertical gust (10 ft/sec) 0. 65 0
4. Engage transient 0.30 0
5. Trim changes (2 hours fuel consump- 0 0. 52
tion and £+20 knots airspeed change)
6. Component tolerances 0 0. 54
0. 84 (RSS) 1.06
1.90 deg = 13, 8% total
Tail Rotor (Yaw) Servoactuator
1. Turn maneuver (15-deg roll angle) 0.15 0
2. Lateral gust (20 ft/sec) 1,20 0
Component tolerances 0 0.24
1.21 (RSS) 0.24
1,45 deg = 11.2% total
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steady-state displacements, The transient values were evaluated by the
root sum of the squares technique and added to the steady~state values,
The total displacement required was then obtained by adding the transient
and steady-state totals, All displacements are shown in terms of

degrees of swash plate/control, The total displacements for the

three axes are then divided by their respective swash plate/control limits
to obtain servoactuator authority required in terms of percentage of con-
trol surface motion, As shown in Table 1, the required authorities for the
three axes are:

Roll servoactuator = 13.4%
Pitch servoactuator = 13.8 %
Yaw servoactuator = 11,2%

Failure Effects

Servoactuator failures were simulated on the computer to determine the
resulting helicopter angular rates, Servoactuator failures were assumed
to be ramp control linkage displacements at a maximum servoactuator
slew rate of 10 inches/second. The simulation results are presented in
Table 2 for both 15 percent series servoactuator authority and for the
authority actually used in the system (FSAS), The authorities of these
servoactuators, which were available from the three-axis fluidic SAS
program (Contract DAAJ02-70-C=0017), are:

Pitch - 18.2%
Roll - 25%
Yaw - 19,3%

The simulation results were compared with flight test results obtained
for the UH-1C without the stabilizer bar and without the SAS operating,
when a step stick input of equivalent swash-plate angle was applied, This
information was taken from the final report for Contract DAAJ02-70-C-
0017, USAAMRDL Technical Report 71-34, "Three-Axis Fluidic Stability
Augmentation System Flight Test Report''. In general, the flight test
results almost matched the simulation results, Where differences
occurred, the flight test results showed generally lower angular rates,
This is attributed to other factors, such as wind, which were present
during the flight test,
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Table 2. Angular Rates for Series Servoactuator
Failure (Degrees/Second)

Servo- Pitch Roll Yaw
actuator
Airspeed | Authority | At 1.0 sec | Peak | At 1.0 sec | Peak | At 1,0 sec| Peak
Hover 15% 10,7 20,17 18.0 18.7 17.0 30,7
FSAS 13.0 25.1 30.0 31.2 21.9 39.6
80 knots 15% 6.0 6.0 13.5 14,6 7.0 7.3
FSAS 7.4 7.4 22,5 24.4 9.0 9.4

Series servoactuator authorities for the FSAS were: Pitch - 18,2%,

roll - 25, 0%, and yaw ~ 19, 3%.

Effects of Servoactuator Hitting Limits

A computer simulation study was made to investigate aircraft motions
for commands and disturbances that saturate the series servoactuators.
Time responses were recorded for the various flight control modes with
servoactuator authority limits set at 10 percent of full swash plate/con-
trol travel. In general, relatively large disturbances were required to
saturate the servoactuators, When a servoactuator did saturate, the
response became that of the free aircraft, except that the peak rate was
reduced by the limited action of the saturated servoactuator. These
results indicate that no serious performance degradation occurs for
transient saturation of the series servoactuators as a result of severe
disturbances and commands.

Based on this analysis, an authority of at least 15 percent was recom-
mended for the roll, pitch, and yaw series servoactuators. As servo-
actuators from the earlier three-axis FSAS program were available,

these units were selected for use with the Advanced Hydrofluidic Stabiliza-

tion system.
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SECTION III
SYSTEM MECHANIZATION

The system consists of five major assemblies: the hydrofluidic package,
which contains all of the fluidic components; the control panel, which in-
cludes the interface electronic circuits; and the three series servoactua-
tors, which mount in the helicopter control linkages. Figure 6 shows the
hydraulic and electrical interconnection of these assemblies., A more
detailed description of these assemblies is presented in this section.

HYDROFLUIDIC PACKAGE

Figure 7 shows the hydrofluidic package with cover installed, and Fig-
ure 8 shows the assembly with the cover removed. The package has
two levels: the lower level contains the SAS engage valves and the
hydraulic power conditioning equipment, and the upper level contains the
fluidic control components.,

Figure § is a picture of the package lower level showing the primary sole-
noid valve, the three SAS solenoid valves, a pressure regulator that
reduces the aircraft supply pressure to 1000 psi for the servcactuators,
a filter, the fluidic system flow control valve (temperature schedule),
and a back-pressure regulator to isolate servoactuator-inducea return
line surges from the fluidic controllers, The package upper level, which
can be separated from the lower level for testing, is shown in Figure 10,
The dynamic pressure sensor, which was a later addition to the system,
is shown mounted on top of the altitude sensor in the right foreground of
the picture. Figure 8 shows the package before the addition of the dy-
namic pressure sensor,

All hydraulic connections to the package are made through fittings on one
end, and electrical connections are made through a signal connector on
the same end. The flexible cable, which transmits the pedal motion from
the pedals to the position transducer on the yaw controller, is shown
extending from the package in Figure 7,

The control components are divided between the controllers for the three
axes, Hydraulic power to the three controllers is provided in series to
minimize total system flow consumption. Following is a description of
these subassemblies,
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MECHANICAL PEDAL INPUT

Figure 6. System Interconnection Diagram
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Yaw Controller

A schematic diagram of the yaw controller circuit is shown in Figure 11,
and a picture of the subassembly in Figure 12, The only mode operating
through the yaw axis is the yaw SAS, This mechanization with the pedal
displacement input is sometimes referred to as a yaw SCAS (stability and
control augmentation system). The yaw controller subassembly includes
a vortex rate sensor, a pedal displacement transducer, and an amplifica-
tion and dynamic shaping (high-pass) circuit, A description of the indi-
vidual components of the system is presented in Section IV of this report,
and performance data are included in Section V.

Pitch Controller

A schematic diagram of the pitch controller circuit is shown in Figure 13,
and a picture of the controller with the altitnde error sensor and electric-
to-fluidic (E/F) transducers in Figure 14, The pitch SAS, pitch attitude
hold, altitude hold, and airspeed hold modes operate through the pitch
axis,

The pitch attitude hold mode is engaged by closing the solenoid valve in
the amplifier circuit, and the mode is disengaged by opening the solenoid
valve, thereby shorting out the signal at that point, In the original manual
trim mechanization of the system, a trim indicator, which is a differential
pressure gauge, was included upstream of the solenoid valve to provide

a monitor of the circuit null, Later in the program, the pressure trans-
ducer, which is part of the synchronization circuit, was substituted for
the trim indicator.

The altitude sensor and the dynamic pressure sensor are both fluidic
devices that provide an output signal proportional to the difference be-
tween the reference aliitude/airspeed and the actual value. A double
bellows driving a flapper-nozzle device is used to convert the differential
air pressure to a hydraulic pressure signal. Both the altitude and air-
speed modes are engaged by closing solenoid valves within the respective
sensors that trap the reference pressure(s).

A description of the individual components is presented in Section IV of
this report. Figure 15 shows input/ovtput curves for the pitch attitude,
altitude, and airspeed loops, where the input signals are dc voltage to
the E/F transducer for pitch attitude and the prieumatic pressure differ-
ence for altitude and airspeed, and where the output is differential pres-
sure to the servoactuator. Frequency response data for the pitch con-
troller loops are presented in Section V,
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Figure 15, Pitch Axis Controller Performance

Roll Controller

Figure 16 is a schematic diagram of the roll controller, and Figure 17 is
a picture of the controller with the E/F transducers attached. The roll
SAS, roll attitude hold, and heading hold modes operate through the roll
axis,

The heading input limit was originally incorporated in the heading E/F
transducer., Later when the synchronization feature was added, it was
moved to the electronic circuit to provide more flexibility.

The roll attitude hold mechanization is similar to that of the pitch attitude
hold. The mode is engaged by closing the solenoid valve in the fluidic cir-
cuit. The trim indicator is located in a similar pcsition as in the pitch
axis, An electrical switch in the interface electrounic circuit is used to
engage the heading hold mode.

Figure 18 shows the input/output curves for the roll attitude and heading
signals, where the input signals are dc voltage to the E/ F transducers and
the output is differential pressure to the servoactuator. Frequency re-
sponse data for the roll axis modes are presented in Section V of this
report.
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Figure 17.

Roll Controller with E/F Transducers
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Figure 18, Roll Axis Controller Performance

ELECTRICAL INTERFACE AND SYNCHRONIZATION CIRCUITS

System electrical circuits provide: (1) demodulation of the aircraft gyro
signals (pitch and roll attitude, and heading), (2) summing of attitude sig-
nals with the pitch and roll trim and turn command signals, (3) attitude
loop gain adjustment, (4) synchronization of pitch and roll attitude, and (5)
stick trim capability. The first three functions are provided on a single
electronic circuit card that is located in the roll control panel. The syn-
chronization and stick trim functions, which were a later addition to the
system, are located in a separate assembly as shown in Figure 19, This’
package also contains the pressure transducers used in the two synchro-
nizer loops.

Figure 20 shows the basic synchronizer configuration for the attitude
input signals to the advanced hydrofluidic stabilization system, The
demod-amp on the input is part of the original circuit configuration that
was connected directly to the E/F transducer. Additional electronic cir-
cuitry has now been added to mechanize the synchronizer function, The
output of the demod-amp is fed through a polycarbonate capacitor to the
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Figure 19, Synchronizer Circuit Assembly

gate of an insulated gate field effect transistor (FET). The input imped-
ance of the gate is 1 x 1014 ohms. The FET output is then fed into an op-
amp that drives the E/F transducer. The balance loop of the synchro-
nizer takes the fluidic signal from the point in the system where the trim
indicator was connected, and feeds this signal to an F /E transducer to
convert it back to an electrical signal. The F/E transducer is a standard
variable reluctance~type pressure transducer. The output of the trans-
ducer carrier-demodulator is further amplified in an op-amp to get the
desired locp gain. The output of the op-amp is connected to the gate of
the insulated gate FET when synchronizing action is taking place.

When the attitude hold mode is engaged, the output from the feedback op-
amp is disconnected from the FET gate. Because of the high impedances
of this circuit, the charge on the gate is maintained, and attitude error
signals are coupled electrostatically through the capacitor to the FET to
develop normal control error signals in the system. The limited voltage
range over which the FET can operate linearly requires that the input
voltage be reduced from normal op-amp output levels. The gain in the
E/F transducer drive amplifier is scaled to provide the proper forward
loop gain.

The synchronizer circuit using the MOS FET is a relatively new circuit

concept that provides a savings in cost and size over previously used
electronic synchronizers.
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The stick trim circuit, which was added to the system configuratiot, is
also shown in Figure 20, The input from the pilot's stick trim button
supplies 28 Vdc to voltage divider circuits as well as a mode coatrol
relay. One signal input is inverted to produce the proper trim command
into the trim integrator, The integration output is fed through an FET
clamp circuit that holds the iniegrator output steady when on attitude
hold. When attitude hold is disengaged, the trim integrator will be re-
centered in 10 seconds or less,

Relay logic circuits are used for switching the synchronizer and trim cir-
cuits, The open relay contacts provide a much higher impedance than
solid-state switching elements at the FET gate to minimize drift during
integrator clamp or attitude hold operation.

PILOT CONTROL PANEL

Figure 21 shows the four assemblies that make up the pilot's control panel,
Control panel functions are provided in two panel sections. One panel
contains the pitch and power functions listed below:

115-V 400-Hz power switch

28-V dc power switch

Pitch SAS engage switch

Pitch attitude engage switch

Altitude hold engage switch

Manual pitch attitude trim control

The second parel contains the roll and yaw functions listed below:

Roll SAS engage switch

Yaw SAS engage switch

Master engage switch

Roll attitude engage switch
Heading hold engage switch
Manual roll attitude trim control

Turn control

Lighted push-button switches are used for all switching functions, The
power switches and the SAS engage switches are push ON - push OFF type
switches; the other switches are solenoid-held ON switches that can also
be disengaged by pushing OFF, When engaged, the switch position is held
partly depressed and the internal light is energized.
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Switch interlocks are provided to mechanize the proper logic functions.
The SAS engage switches can be in the ON position when the +28 V power
is OFF such that when the system power (master engage switch) is turned
on the SAS functions will also be turned on, Roll and pitch attitude hold
switching is interlocked with the master switch, which is interlocked with
the roll and pitch SAS engage switching and the emergency disengage
switch on the control stick, When the master engage switch is ON and roll
SAS is ON, roll attitude hold can be engaged. Manual synchronization of
the attitude error signal was required in the original configuration using
the roll trim knob on the control panel, With the roll attitude hold
engaged, the interlock is closed for heading hold to be engaged. The turn
control must also be centered so that the heading hold mode may be en-
gaged, as it has priority over the heading hold mode,

In a similar manner, when the pitch SAS is engaged and the master engage
switch is ON, pitch attitude hold can be engaged. Manual synchronization

of the attitude error signal was required in the original configuration using
the pitch trim knob on the pitch control panel, With the pitch attitude hold

engaged, the interlock is closed for altitude hold to be engaged.

~When pitch attitude hold, altitude hold, roll attitude hold, and heading
hold modes are engaged, a single operation of the emergency disengage
or master power switch will disengage all four modes,.

Addition of the automatic synchronization circuits to the system eliminated
the main functions of the pitch and roll trim knobs, However, these knobs
have been left on the control panels and the functions remain connected
electrically to the attitude input circuits as they were in the original sys-
tem mechanization,

The trim indicators, shown in Figure 21, are differential pressure gauges
that show the signals in the pitch and roll fluidic circuits just ahead of the
attitude-loop, engage solenoid valves, Hydraulic lines are run between
the hydrofluidic package and the trim indicators located on the pilot's con-
sole, With the addition of the synchronization feature, these gauges were
eliminated, and the electrical trim indicators shown in Figure 22 were
used to monitor system nulls,

Addition of the airspeed hold mode required another solenoid-held switch
on the pitch control panel, Mode switching requirements specified that

the pitch attitude mode must be engaged prior to airspeed hold engage and
that airspeed and altitude hold have equal priority; that is, whichever
function is selected must override the other, which required the addition

of a two-way interlock between the altitude hold and airspeed hold switches,
Figure 23 shows the pitch/power control panel with the airspeed switch
added above the altitude hold switch,
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A mode compatibility chart is shown in Figure 24, Symbols are given
for compatible modes, and prerequisite mode conditions are indicated,
that is, those modes that must be engaged prior to the mode in question.
To determine compatible modes, first select a mode in the first column.,
Read across the row to the diagonal bar and then down the column, noting
the dot symbols that indicate compatible modes. Using roll attitude as
an example, the modes indicated as being compatible are pitch SAS, yaw
SAS, pitch attitude, altitude, and airspeed. To determine prerequisite
modes, read across the rows and note the arrowhead symbols.

The test console shown in Figure 25 was used to check out the control
panels in the laboratory. The test console contains the required power
supplies and electrical interconnections to simulate the total system inter-
connection in the helicopter, The aircraft heading indicator is shown
mounted in the console with the control panel, The aircraft vertical gyro
can also be connected to the console for system testing. The large con-
nector on the upper right of the console is where the cable to the hydro-
fluidic package is attached, This console was used for total system
checkout and gain adjustment prior to installation in the helicopter,

SERVOACTUATORS

The servoactuators used in the system are the same units used for the
flight test of a three-axis hydrofluidic stability augmentation system on
Contract DAAJ02-70-C-0017, A performance summary for these units,
all three of which are identical, is presented in Table 3. One of these
units is shown in Figure 26,

The servoactuators are similar to conventional electromechanizal designs
except that the input torque motor (coil) was replaced with force cap-
sules (bellows), and mechanical feedback from the ram is used. The
differential output pressure from the fluidic controller acts on the two
force capsules, causing motion of the first-stage flapper, This flapper
motion closes one nozzle and opens the other of the first stage, producing
an amplified differential pressure signal to the spool valve, which in turn
causes the actuator ram to move. The mechanical feedback spring stops
the ram at a position proportional to the differential input pressure by
returning the flapper to its null position.

Bleed orifices, located in the input signal lines near the bellows, are
used to help purge air from the input section, Air that enters this sec-
tion passes out the reference port back to the return line of the controller,

The servoactuator also includes a centering and locking mechanism,

which is activated when hydraulic pressure is removed, and a position
transducer (LVDT) to measure actuator position,
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Figure 26. Series Servoactuator

Table 3. Servoactuator Performance

Scale Factor: 0.09 in. /psid

Stroke: 10.38 in

Supply Pressure: 1000 psi

Output Force: 160 1b (maximum)
Centering Force: 50 lb

Threshold: 1.0% (maximum)

Rated Velocity: 10 in./sec no load

Dynamic Response: 90 deg phase lag at 5 Hz
(minimum) at 25% rated input

Hysteresis: 2% of full stroke

Effective Input Capacitance: 5 X 1074 in. 3/psx
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SECTION IV
COMPONENT DESIGN AND PERFORMANCE

ATTITUDE REFERENCES

The system attitude references are the existing electrical display gyros
used for vertical attitude reference and aircraft heading reference infor-
mation on the UH-1M helicopter. Figure 27 shows the ID 998/ASN

course indicator which has an output proportional to the difference between
actual aircraft heading and a set heading, This is standard equipment on
the UH-1, Figure 27 also shows the MD-1-type roll and pitch vertical
gyro used on the UH-1, The electrical outputs from these references are
demodulated and amplified in the system electrical interface circuit,

Figure 27, Aircraft Vertical Gyro and Gyrocompass Indicator

VORTEX RATE SENSOR
Similar vortex rate sensor units are used in the three axes to provide

aircraft angular rate feedback signals. Figure 28 shows a disassembled
unit. The main housing contains the porting for sensor power, return,
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and signal lines., The etched coupling rings, which are thin washer-type
elements with integral spacers, are shown stacked on two pins within the
housing cavity, The two small blades shown inside the coupling element
are for sensor nulling and test input signals. The smaller blade, used
for built-in-test (BIT), is retracted out of the flow stream until activated
for testing. The sensor pickoff (center) is an electroformed unit that
includes the sink tube, airfoil, and pressure taps. The third piece is the
cover for the sensor, Figure 29 shows typical sensor scale factor and
noise data with a fluidic amplifier load.

Figure 28. Vortex Rate Sensor (Disassembled)

ALTITUDE ERROR SENSOR SCHEMATIC

The altitude error sensor is a differential bellows type with a fluidic pick-
off, A schematic of the sensor is shown in Figure 30, The fluidic pickoff
is a flapper-nozzle valve assembly similar to that used with conventional
servovalves, The sensor is engaged by closing a solenoid valve that traps
a reference pressure on one side of the differential bellows, Changes in
altitude produce a change in pressure on the other side of the bellows,
This differential pressure becomes a force on the flapper assembly, pro-
ducing a differential hydraulic pressure at the pickoff, The bellows-
sensing unit of this device has an added liquid-filled capsule that acts to
compensate for trapped air expansion with temperature change, It was
found during flight test that because the ambient temperature variation
normally occurring during the time the altitude hold mode is engaged is
small, the temperature compensation capsule was not needed, If a large
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temperature change should occur during mode engagement, the sensor can
be momentarily disengaged and reengaged withanew reference air sample,

The altitude error sensor is shown connected to the pitch controller in
Figure 14, The large capsule in the foreground is the temperature com-
pensation element, and the engage solenoid valve is shown in the center on
the left. The assembly at the far end contains the sensing bellows and
fluidic pickoff. The most forward bellows is the sensing element, and
the second bellows shown at the far side is used to balance the force on
the pickoff for thermal expansions in the components, Figure 30 shows

a typical performance curve for the altitude error sensor,
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Figure 30, Altitude Error Sensor Performance

DYNAMIC PRESSURE DEVIATION SENSOR

The dynamic pressure (airspeed) sensor is very similar to the altitude
error sensor design, Figure 31 is a schematic of the sensor, and Figure
32 is a picture of the unit, The sensor is the same as that used for alti-
tude error except that (1) it has a valve on both bellows such that two re-
ference pressures can be held and (2) one of the bellows is inside a closed
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chamber such that a pressure different from ambient can be placed on
both outside and inside. The chamber is attached to the total pressure
manifold on the aircraft, and the opposite bellows senses cabin pressure.
The valve logic and equations for operation of the sensor are also shown
in Figure 31,

PEDAL INPUT TRANSDUCER

The pedal input transducer, shown in Figure 33, is the same unit used

in the previous three-axis fluidic stability augmentation system, The
motion of the pedals is transferred through a push=-pull cable from the
pedals to the pesition transducer mounted on the yaw controller. The
cable is attacted to the end of the black, motion-reducing arm. The

other end of the arm operates against a spring, which in turn pushes on

a flex pivot. The opposite end of the flex pivot varies the opening to two
nozzles in a hydraulic flapper-nozzle circuit, A typical input/output curve
for the unit is shown in Figure 34.

FLUIDIC AMPLIFIER CIRCUITS

Schematics of the amylifier circuits for the three controllers are shown
in Figures 11, 13, and 16. The proportional amplifiers are the beam-
deflection type, which were fabricated using the electroformed conduc-
tive wax process. The manifolds for the circuits were also fabricated
Ly this process., Figure 35 shows a disasser.abled view of the pitch con-
troller. The two electroformed manifolds, with the amplifier elements
mounted on the under side, attach to the two sides of the controller block.
The lower center part of the controller is the vortex rate sensor, and the
upper section contains the bellows capacitors and interconnection porting
between the two electroformed manifolds. Figure 36 is a picture of the
capacitor block used in the yaw controller with the bellows and several
orifice elements removed.

ELECTRIC-TO-FLUIDIC TRANSDUCERS

The two types of electric-to-fluidic (E/F) transducers used in the system
are shown in Figure 37, The analog-unit type shown on the left is used

to transform electrical pitch attitude, roll attitude, and heading signals
into fluidic signals, The input signal is differential dc current, and the
output is differential hydraulic pressure. The transducer consists of a
torque motor (magnetic coil) and a flapper-nozzle assembly, This device
is the same type used as the first stage of an electrohydraulic servo-
valve, Sample performance curves for several values of supply pressure
to the transducer are shown in Figure 38,
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Figure 33, Position Transducer (Yaw
Axis Pedal Input)
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Figure 34. Pedal Input Transducer Performance
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Figure 35. Pitch or Roll Controller (Disassembled)

: Figure 36. Yaw Capacitor Block (Bellows and Orifices Removed)
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The unit on the right of Figure 37 is a solenoid valve which is used in
both the pitch and roll axes to engage and disengage the attitude loops.

ELECTRICAL CIRCUITS

Attitude Input Circuits

The original attitude control input circuit consisted of a demod-amp that
also acted as the E/F valve driver. The trim pot with which the pilot
manually synchronized the attitude input feeds into the amplifier and also
a test input for measuring and setting the attitude gain provided. A

gain adjust was provided in the amplifier feedback circuit in series with
the E/F valve coil. The roll attitude input circuit is the same as the
pitch attitude input circuit with the addition of a turn control input, Fig-
ure 39 shows the roll attitude input circuit as originally mechanized.

In planning the addition of the automatic synchronizing functions to these
circuits, one objective was to keep as much of the original circuitry as
possible and to tie in the synchronizer functions at the appropriate point.
Other requirements are given below.

® The modified attitude input with electrical synchronization
shall provide the same forward loop gain during the attitude
hold mode as existed in the system prior to the modification.

Pitch - 0.202 mA at the E/F valve/deg attitude error,
Roll - 0.32 mA at the E/F valve/deg attitude error.
® The synchronization range shall be +30 deg attitude.
® Synchronizer reference drift shall be less than 1 deg/hr,

o Electrical synchronization time when switching from the
attitude hold mode shall be less than 10 msec.

o The pressure transducer - carrier demodulator portion of
the synchronizer loop shall have a gain capability of 0.4 V/
psi with a pressure input range of +20 psid.

The simplest way to modify the attitude input circuit was to disconnect
the E/F valve coil and gain adjust from the demodulator output and to
connect them at the synchronizer output amplifier., The added circuitry
was built into a separate electronics package with its own regulated +15-
volt power supply. The pitch and the roll synchronizer and trim circuits
were built on printed-circuit cards using the same card layouts., Test
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points were provided at various circuit points for test monitoring and
calibration purposes. The circuitry included on one circuit card is
shown inside the dotted lines in Figure 20,

Figure 40 shows the trim circuit details, The input is +28 volts from the
trim switch on the pilot's stick grip. This signal is the input to both the
trim integrator and the switching logic to relay K1, One position of the
stick input goes direct to the integrator amplifier U2, and the other input
goes through inverter Ul to provi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>