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SUMMAPY

Tre use of digital computers in conjunction with
electrically-controlled analog hydraulic actuators requires the use of
intermediate digital-to-anelog (D/A) signal conversion units. Since the use
of on-toard digital computers or individual microprocessors to provide command
signals to hydraulic actuators are foreseen for future aircraft, a research
and development program was undertaken to design, fabricate, and demonstrate
an actuation system that can provide an output of a precise dispiacement or

- movement for each electrical input pulse transmitted from a digital computer.

The first .osk was to study potential aircreft applications for a
digital electrohydraulic actuation (DEHA) system, and to select one in order

to define the performance and physical size requirements for a demonstration
unit. Since the Air Force F-16 Lightweight Fighter aircraft was just entering
service and had a full fly-by-wire control system with actuator requirements
readily available, it was decided that one of its actuation systems would make
an excellent model. The F-16 rudder actuation system was selected as the

basis for the CEHA design and per formance requirements.

Tradeoff studies of various DEHA concepts were conducted with the
intent of finding a satisfactdry design and a qualified subcontractor for the
fabrication of a demonstration unit. A survey letter was sent to twenty-four
hydraulic equipment manufacturers; and, based on their rerlies and e number of
plant visits, fourteen were invited to submit design proposels.

Two of the supplier companies, Bendix Electrodynamics Division and
Sundstrand Aviation Mechanical, did submit proposals. However, in view of the

shortcomings of the concepts proposed, a number of alternate designs were

devised at Boeing. These were compared; and, in consideration of their
relative advantages, complexity, and development risk, one of these was

selected for development.
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Two hydraulic drive motors, controlled Iy a dual-channel rotary
distributor valve driven by an electric stepper motor, were utilized in the
selected design. Fixed-cylinder-block hydraulic motors wi%h a rotating swash
plate were used rather than conventional motors with a rotating cylinder
block; and, the two motors were mounted on a torque-summing gearbox which
could be used to drive an aerodynamic control surface through a series of
linked torque tubes and hinge-1ine mounted planetary gcarboxes. The use of
the fixed-cylinder-block motors and the separate rotary valve which externally
commutates flow to the motor pistons, rather than internally through
valve-plate kidney slots as in conventional motors, were chosen in order to
obtained a reduction in hydraulic flow required for slewing the control
surface at high rates under low-load conditions. In addition, the rotary
distributor valve offers the possibility of reducing the steady-state
quiescent leakage flow associated with electrohydraulic servovalves.

A prototype DEHA unit was assemtled with hydraulic drive motors,
rotary distributor valve, and torque-summing gearbox designed and fabricated
by suppliers selected by competitive bidding. An off-shelf electric stepper
motor and a feedback shaft encoder were purchased; and, the gearbox was loaded
with an existing conventional hydraulic motor which was used as a pump to
suprly resisting load torque and as a motor to supply an aiding load.

Significant reductions in the hydraulic power normally required,
with a conventional geared hydraulic motor system controlled by proportional
valves, were obtained. However, the measured power reductions were
considerably lower than predicted reductions. The failure to achieve the
predicted reductions, and also the predicted degree of power reversibility
under following (aiding) loads, was attributed to unexpected motoring
resistance in the combined motor, valve, and load pump assembly. It is
believed that most of the resistance was due to flow restrictions in the
distributor valve which could be relieved by the redesign suggested herein.

Frequency response of the hydromechanical portion of the DEHA system
was virtually flat out to 5 Hz and it acted as a second-order system with a
break frequency of about 10 Hz. However, the digital controller response was

iv




deficient in that severe low pass filtering of the input signal was necessary
to enable the stepping motor drive to follow that input signal.

Durability of the unit was less than desired due to unexpected
stress cracking of the rotary distributor valve housing; and, the durability
test was cut short of the planned number of actuation cycles required to
demonstrate 1,000 hours of flight operation. The same design changes which
could reduce motoring resistance would also serve to relieve the high cyclic
stresses experienced with the current design, and would thereby increase unit
durability.

! The program was of value in that it provided a comprehensive
' comparison of digital actuation schemes for a specific application and an
actual demonstration of the load-edaptive feature of the selected concept.

However, since there is a concern about the possibility of a single failure
Jjamming a motor-driven power-hinge system, other load-adaptive control schemes
which can be applied to hydraulic ram type servoactuators may have better
prospects of acceptance.
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I. INTROCUCTION

Present trends in aircraft actuation systems are toward electrically
controlled hydraulic actuators. Centrally located on-board digital computers
or individu2l microprocessors are foreseen to provide the command signals to
these actuators.

Digital computers have been used for many years for inertial
navigation and air data computing systems; and, they are now being developed
for primary flight control systems and for the control of other aircraft
functions such as engine variable geometry controls and radar antenna drives.
Conventional hydraulic ram actuators and motors controlled by electrohydraulic
servovalves are normally used for these tasks. Flight control surfaces are
positioned either by conventional integrated hydraulic servoactuators, which
can accept both mechanical input commands from the pilot and electrical
commands from the autopilot and stability augmentation systems, or by
all-electrical-command “fly-by-wire" actuators with electrohydraulic
servovalves. In each case, the electrohydraulic valves are analog devices;
and, digital-to-analog (D/A) signal conversion is required to adapt them to
digital control systems.

The purpose of the research and development program reported herein
was to examine hydraulic actuation and control techniques that can be directly
controlled by digital computers. The concept desired was to provide an output
of a precise displacement or movement for each electric pulse transmitted from
a computer or microprocessor. Upon identification and analysis of candidate
concepts, one was to be selected and a prototype unit designed and fabricated
and its performance demonstrated in laboratory tests. The unit was to bte
called a digital electrohydraulic actuator (DEHA).

The program description/specifications specified that actuation
concepts that do not require the conversion of digital command signals to
analog form were to be investigated. It also specified that the concepts must
be capable of performing continuous duty, high response, and high cycle rate
type functions. In addition, a preference for concepts which provide direct
rotary output was expressed.




In addition to eliminating the need for electronic D/A conversion
rrovisions, it was deduced that a DEHA system might provide the following
additional advantages over conventional fly-by-wire servcactuators:

a. A finer degree of repeatable position resolution vithout much of tre
hysteresis error associated withk analog systems. This could improve
aircraft tracking and vearon delivery.

b. Elimination of hardover transients due to oren-circuit feilure of a
feedback element. This would eliminate a worrisome failure cffect of
fly-by-wire servoactuators and thereby improve flight cafety.

c. A reduction of the steedy-state quicscent leakage flow associated vithk
conventional electrobydraulic servovelves. This would reduce power drain
and heat generation in the hydraulic supply system.

In addition, it was found that some of the candidete actuator
arrangements could be configured to adapt to changes in load so as to require
less fluid flow per unit of motion et low load tten et bigk load, such as with
2 variable~displacement hydraulic motor. Aircraft rydraulic systems are often
sized by maximum fligkt control 2ctuation rates whict occur at low Toads suct
s in gusty air during landing. The reductions in peak hydraulic flow demands
achieved tkhrough the use of rover-adeptive actuators could allow attractive
reductions in aircraft veight through the use of smaller pumps, bycraulic
lines, reservoirs, and other components.,

In this report, the candidate concepts whict were considered, the
rover-adaptive bydraulic steprer motor actuation system vhick was selected,
and its design and performence are described and discussed.




II. APPLICATICN SELECTICM

The first tesk in this researck and development progrem vas to study
Fotential aircraft applications for a CEHA system, and to select one in order
to define the performence and physical size recquirements for a prctotype unit.
It was epperent thet many utility ancd secondery flight control actuation
functions are viable candidates for control with microprocessors cr digital
computers. It was 2lso clear that the recuirements for continuous-duty
modulating actuation systems, suct as for primery fligkt control surfeces or
engine inlet control devices, are more demanding, end that, if @ concept could
be developed to meet those more demending recuirements, it could elso be
adapted to meet lesser requirements.

Since tre Air Force F-16 Ligrtweight Fighter Aircraft vas just
entevring orerational service and hes a full fly-by-wire flight control system
with actuator reauirements readily aveileble, it was decided thet one of its
actuation systems would make an excellent application for the desired
actuator. The F-1€ rudder actuation system was sclected as thre besis for the
DEFA design, and the detailed design requirements werc hased on the raremecters
of the existing hydraulic servoactuator listed in Table 1. A scrematic
diegram of the actuator is shown in Figure 1.




TABLE 1 F-16 RUDDER SERVOACTUATOR PARAMETERS

1.

3.
4.

6.
7.

9.

10.
11.
12.

(per system)

Type

Hydraulic Fluid
Supply Pressure psi
Rated Output Stall
1b ft @ 3000 1b/in
(Both system Active)
‘aximum Surface Deflection
Degrees

No-lLoad Rate deg/s
Hysteresis Requirement
Threshold Requirement
Response Requirement

at 24 rad/s frequency:

at 140 rad/s frequency:

}orque

Actuator Stiffness 1b-in
rad
Rated Hydraulic Flow

29m
Surface lnertia 1b-in

Tandem Fly-by-wire Hydraulic Acutator
with Mechanical Feedback

MIL-H-5606

3100 Nominal (2800 minimum)

4792

+30

120

3.5% of Peak Input (Total Width)
0.2% of Rated Input

Amplitude ratio - 4db + 0.5db
Phase Shift less than 90 des
Amplitude ratio less than - 32db

2,633,000
4.97
2475
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Figure 1 F-16 integrated
(From SAE Paper

I. ™ ﬁ -

servoactuator schematic diagram
760940, Reference No. 3)
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IT1. PECUIREMENTS AM ORJECTIVES

Following the selection of the F-16 rudder actuation system as an
aircraft function reprcsentative of a potential application for 2 digitel
electrohydraulic aectuator, performance and design criteria pertinent to tke
arplication of a CEHA for performing that function were established. A
Froblem-statement specification was prerared for use in assessing candidate
actuation control concerts and for use in soliciting design proposals from
bydraulic servoactuator suppliers. It included the knovn pertinent
rerformance recuirements for tke F-1€ rudder actuation system and a
rrioritized 1isting of additional characteristics desired in a CEFA system.

3.1 CENERAL PESIGN REQUIREMENTS

In order to obtain equivalence to the F-1€ rudder servoactuator,
including its dual hydrzulic power source redundency, it was decided that only
trose actuation unit arrangements whick include two toroue producing elements,
vhich cen te rowered from two constant-rressure 2,0CC-psi hydraulic sources,
would be considercd, It was 2lso proposed that concepts must be cepetle of
teing configured s an acciptahle aircraft component whick could be installed
within the aft body and vertical fin envelore of the F-1€ aircraft to reflace
the current fly-by-wire dual-tandem lincar anaiog rudder servoactuator. Such
en ectuator vould be recuired to meet 211 pertinent clectric,trydrauv)ic, end
mechanical design requirements normelly specified for aircraft flight centrol
servoactuators.

In addition, it was specified that the control valving for the
Frototyre unit must be capable of responding directly to digital binary-word
infut signels directly from & digital computer or microprocessor to commend
the ectuetor outrut memter to move in step increments of severel sizes. Tre
requirement for capatility to respond to binary-word input signals vas for
convenience. Alttough other codes may be considered ir actuel systems, binery
codes are well known and thke tyre most commonly used in computer data
frocessing.
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The requirement for control velving careble of commanding the output
to move in step increments of several sizes wes specified es a means of
resolving the problem of output rate vs resolution whick occurs whenever e
sterring motor must bte designed to move at a high output rate and also
maintain e carpability for small individual Figh-resolution steps. A sccond
reason for specifying a multi-steprer tyre response wes that almost aeny direct
absolute electrical or hydraulic digital actuator not employing an A/C
feedback wes seen to require 2 response of this tyrpe.

The potential for reducing hydraulic power consumption by skipring
the pressurization of one or more pistons when slewing the rudder at high
rates under relatively lov hinge-moment load conditions was also recognized.
However, since there are other means of obtaining the potentiel power sevings,
piston skipping was not mede 2 requirement.

In addition to hydraulic power sevings, it was recognized that
digitally-controlled actuators could provide improved ectuator positioning
accuracy giving finer control surface position resolution which could improve
aircraft tracking capability and weapon delivery. It wvas alco recognized thet
2 digitally-controlled actuator could te designed to minimize the risk of
hardover failures bty using oren-loop control with a monitoring encoder
feedback used only for condition initializing and Tow-rate error correction.

Cn thke F-16 servoactuators, mechtanical feedbeck to thre
electrobydraulic servovelves is used to reduce the risk of harcdovers vhich is
inherent in units with electrical feedback to thke control valve summing
~ Junction. Fowever, with the mechanical feedback surmed withk the inputs to the
sbrvoya]ve toraue motor et the jet pipe armature, as shown in Figure 1, tre
hysteregfé”enror of the entire servoactuator cen bte no better than that
obtained from the &lectrohydraulic valves btecause there is no place to insert
electronic gain and phasé'éompensation in the servoactuator forvard loop.




2.2 CENERAL PERFCPMANCE PECUIREMENTS

P besic and overriding recuirement was that the DEHA be capable of
meeting tre specified performance requirements currently met by the F-16
cdual-tendem lineer servoactuator. The following general reqguirements vere
elso srecified.

,2.1 Fevement in Discrete Steps

The serve output shall move from one commanded position to another
in & series of discrete steps.

In order to follov 2 tinary word whick can be essumed to change by
least-bit increments during flight maneuvers, a CEHA servo must be capable of
moving in sters corresponding apprroximetely to the least variations of the
input vord.

2.2.2 Use cf Multiple Step Sizes

The size of actuator output steps shall be governed by the rate of
change of the magnitude of the net input digital word. These step amplitudes
shall very &s a binary progression.

This feature was intended to #llow relief of the switching rate vs.
resolution problem. A DEFA system must move an output through a 1imited

stroke at 2 defined rete by @ svitching process vhick produces discrete sters.
Pny cdecreese of tkis least step size will increase the required stepping rate.

Vith multiple sterp sizes, the problem of producing an adequatc stepping rate
would bte relieved,

The use of multiple step sizes was not a mandetory feature, but was
allowed if needed to relicve stepping rate protlems and as a potertial method
of reducing mctor volumetric displacement at high output slew rates.

LRV




3.2.3 Transient Excursions at Low Stepping Pates

For slowly changing input word magnitudes, the servo output shell
move in steps corresronding to the least-bit increment in the input word. No
Targe (greater tkan one least-bit) transient output excursions will be
rermitted in trensition between adjacent least-bit output values.

This stipulation limits the individual output steps to 100%
overshoot of a least-bit step.

3.2.4 Qutput Rate Saturetion

Large transient step commands shall cause the actuator output memter
to move toward the commanded position at a saturation 1imited rate.

Large step commands may occur as at startup of a system; and, such
step commands should be answered by an output response at & pre-determined

Timited rate.

2.2.5 Consequences of Partial Hydraulic Surply Failure

Following the loss of either hydraulic supply system, the unit shell
continue to operate but may suffer an approximetely fifty percent reduction in
output torque capability and a doubling of the leest-bit step size seen at the
output.

It is desirable for hydraulic supply failure to be reflected es a
loss of torque or resolution and not as a loss of control surface stroke.
Loss of surface rate capability could also be tolerated tetter than stroke
loss. This preserves the ability of an aircraft to return to its base and
land after a single hydraulic system power failure.




3.2.6 Consequences of Single Electrical or Flectrobydraulic Valve
Malfunction.,

The unit shall continue to operate with only a loss of output
resolution following malfunction of any single valve or electrical signal
input in any possible valve or signel state.

This requires a functional continuity of the DEHA system following
any conceiveble single component failure.

2.3 SPECIFIC PERFCRMAMCE PEQUIREMENTS

3.3.1 Qutput Rotation Capability

The output member which could be coupled directly to the F-1€ rudder
shall be capable of rotating + 30 degrees.

3.3.2 Cutput Rate Versus Resolution Capability

The PEHA shall be capable of driving the rudder at a rate of 120
deg/s while maintaining a capability to step withk a least-tit increment of
0.06 deg. This does not imply that the 120 deg/s rate must be made up of
0.06-deg steps.

3.3.2 Static Torcue Capacity

The DEHA shall be able to produce e static torque of 4C0C 1b-ft.
with a differential pressure of 28CC psi available to both torque producing
elements.

3.2.4 Qutput Stiffness

Vith only one of the two torque producing elements pressurized, the
blocked-port stiffness of the DEHA at the output member shell te at Teast
400,000 1b-in/rad.




2.5 Dynamic Requirements

a. Load poles, defined as the dominant second-order response characteristic
of the actuator response when driving a rudder mess load of 2,475 1b-1n2,

must bave a frecuency > 40 Hz,

b. Load role damping must be > 0.7 either with or without encoder feedtacks
connected.

3.4 ACCITICNAL CPARACTERISTICS DESIRED

The following additional characteristics, listed in their
arproximate order of importance, were included in the problem-statement
srecification to eprrise the btidders of the target properties which would be
used in evaluating prorosed concepts. It was also stated that it was not
exrected that all of these desirable characteristics would he obtainable with
any given design.

3.4.1 Absolute Positionel Ten-Bit Pesponse

A DEPA servo should be one having an absolute positional response to
@ digitel word of no less than 10 bits. The reference system made up of a
hydraulic analog position servo with an electronic D/A input exhibits absolute
positional response, hence the DEHA can do no less. A 10-bit resolution
giving, 1024 parts of an input variable or output full stroke, was believed to
be a minimum accertable resolution for any specific flight condition. Surface
force gain (sensitivity) at high flight dynamic pressures may require higher
sur face resolution equivalent to more bits in the input word.

2.4,2 Hardover Failure Imunity

A DEFA servo should not be prone to hardover failure upon total loss
of electronic feedback or upon loss of a specific electronic feedback
component. A1l electrobydraulic servos using electronic feedback of output
rosition, or spring fecedback as in the F-16 servos, are vulnerable to hardover
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sur face transients upon loss of the feedback transducer signal, or spring
breakage in the case of the F-16. This is a major arca of potentiel
improvement for a DEHA servo and this area must be exploited in order to
achieve one potential advantage of a DEHA device.

3.4.3 Aircraft Envelope Compatible

A DEMA servo should he adaptable to the minimum envelope
requirements for actuation of a thin aerodynamic surface trailing edge control
surface. Cne of the best means of meeting this requirement with 2 unit
rroviding a direct rotary output, which was an expressed preference in the
contract specifications, is with rotary geartoxes transmitting output torque
to the control surface at its hinge line.

2.4.4 Cood Frequency Pesponse

A DEHA servo should have frequency response to small-amplitude
periodic inputs comparatle to that of an analog type valved-ram servo.

3.4.5 Low Steady-State Power Cemand

A DEMA servo should have smell hydraulic power demand when holding
2gainst a stecady output load. The only significant hydraulic power demand of
a velved rem servo under these conditions amounts to a few tenths of a gmm of
oren-center flow in the hydraulic first stage of each electrohydraulic servo
valve used. Steady internal leakage flow in excess of the amount drawn by a
conventional analog type valve actuator system would be considered a serious
defect in a CEHA system.

2,4,6 Adarteble to Load and Rate

A DEHA serve should be able to run at least two different power
levels in order to adapt its servo power consumption to non-coincident maximum
load and rate requirements. A hydraulic motor commutated by an independent
free-cycling valve system will adjust its hydraulic power consumption to the
load that is applied to its shaft. DEHA concerts which provide comparatle
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rower savings as an inherent feature of their design were desired. The use of
inderendent variable-ratio or variatle-displacement mechanisms adepted for the
sole purpose of improving efficiency, and which could also bte adapted to
analog units, were not considered accertabtle means of setisfying this
requirement.

3.4.7 Adequatc Load Stiffness

A DEHA servo should be one having load stiffness equivelent to that
of an analog type valved ram servo in the same application. This requirement
insists on output stitfness equivelence to a system consisting of an
electronic U/A converter driving a velved-ram hydraulic servo with & high gain
position feedback. Equivalent output stiffness for toth systems should yield
comparable second order load-pole frequencies for equal mass loading.

3.4.8 PDual Hydraulic System Redundancy

A DEFA servo should have dual redundancy of power supply and velving
inherent in the servo design without additional gross duplication of system
components. This can be restated to say that the simplest accertablc system
having no single-thread failure modes would be considered the best system.

3.4.9 Low Sensitivity to Feedbtack Failure

A DEMA servo should not te fully dependent on an A/D encoder or
similar instrument in a feedtack path in order to achieve a conversion from a
digital input to a rotational position output. Full dependance upon such a
feedback would imply a bigh gain feedback from suck a position sensing
jnstrument. An open-circuit failure of such a sensor would cause an immediate
hardover failure of the actuator system. This was not intended to imply that
an A/D feedback could not be empl